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Abstract

The histone H5 protein is a variant linker histone which is expressed in the

nucleated erythrocytes of birds. The function of histone H5 is to repress the bulk

of the chromatin of avian erythrocytes. Expression of the histone H5 gene in

erythrocytes is under the control of a promoter region and a number of enhancer

elements, including an enhancer located 3' of the protein coding region. The

promoter and 3' enhancer region were examined for the ability to interact with

erythroid nuclear proteins, through the use of in vitro assays. A number of

erythroid-specific and ubiquitous factors were shown to be capable of binding to

the regions. The factors which were able to bind these regions and which were

studied most extensively were the Sp1 factor and GATe-1, an erythroid specific

factor.

Sp1 was shown to be capable of binding with h¡gh affinity to a site in the

promoter and with medium and weak affinity to four sites in the enhancer. The

Sp1 binding sites were occupied by high molecular weight complexes which

suggested formation of tetrameric and multiples of tetrameric complexes of Sp1 as

had been demonstrated previously. Sp1 bound at distant sites has been shown to

be capable of interacting resulting in a looping out of the intervening DNA gene

chromatin in chicken erythrocytes in which Sp1 bound at the promoter interacts

with Sp1 bound within the enhancer is suggested based on these data. This

interaction allows the enhancer and promoter to be juxtapositioned, with a looping

out of the intervening DNA. The enhancer bound factors are therefore able to

interact with the promoter bound factors and thereby affect transcription. Some of

the largest complexes bound at the Spl binding site may also have contained other



proteins in addition to sp1, such as factors of the generar transcription factor TFIID
(Weinzíerl et al., 1gg3).

GATA-1 was shown to be capabre of ínteracting with non_DNA binding

proteins to form GATA-1 conta¡ning protein complexes. GATA-1 contaíning protein

complexes were partially purified. These GATA-1 containing protein complexes

may be involved in affecting transcription activity and/or the chromatin structure of
the transcriptionally act¡ve histone H5 gene in chicken erythrocytes. The action of
the GATA-1 containing protein complexes is expected to occur within the context
of the looping model.

The transcription factor NFl which has variants that are associated with the
nuclear matrix was shown to have a binding ,ia" *,an,n the histone Hb gene (sun ef
al' 1992)' Therefore, this transcription factor may provide an anchorage site for
the histone H5 gene' The function of the nuclear matrix association would be to
allow the gene access to RNA polymerase ll whích is thought to be nuclear matrix
associated.

i¡i
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lntroduction

Role of transcription in tissue specificity of genes expressed within tissues

Science has begun to understand how diverse cell types of a multicellular

organism are generated. ln a multicellular organism all cells contain essentially the

same genetic material as the zygote; one maternal and one paternal set of

chromosomes. However, despite the identical genotype, cells display widely

divergent phenotypes. Different cell phenotypes are the result of differences in

their pattern of gene expression. This causes cell-specific protein expression,

which then affects cell function and phenotype.

Gene expression is controlled at a number of levels including transcription,

transcript processing, stability of the transcript, translation to prote¡n, stability of

the protein and post-translational modifications. Although each of these processes

is important in its own right for the phenotype of the cell, transcription is arguably

the most important. Because initiation of transcription is the first step in expression

of proteins, it is the controlling step at which the cell can decide to expend energy

to express the gene. This may be the reason there is such an intricate control of

transcription by a plethora of tissue specific, stage specific and ubiquitous

transcription factors.

This thesis is concerned with the factors that bind to the histone Hb gene of

chicken erythrocytes. Histone H5 is expressed only in nucleated erythrocytes, an

environment in which most genes are silenced. Therefore the transcription factors

involved in H5 gene expression need to overcome the factors that are important for

silencing the majority of the genes. H5 gene expression is different from many of



the erythroid-specific genes in that its expression begins earlier than most, during

erythroid differentiation. The results of this research centre on three major themes:

1) The interaction of the erythroid-specific factor GATA-1 with other proteins which

are believed to have an ímportant effect on transcription; 2) The interaction of Sp1

or Sp1-like proteins, to form high molecular weight complexes, which are thought

to be important for bringing the 3' enhancer region of HS into juxtaposition with the

promoter; and 3) the other factors binding to the 3' enhancer and to the promoter

region of H5, which are also important to H5 gene expression. Transcription in vivo

takes place in the presence of chromatin, and since chromatin and transcription

factors each have an effect on the other, this thesis will begin with a general

discussion of chromatin. After the discussion of chromatin and the changes in

transcriptionally act¡ve chromatin, the ¡ntroductíon will move to transcription

initiation' The introduction will close with erythropoiesis, the factors involved in

transcription during erythropoiesis and finally the specifics of histone HS gene

expression.

Chromatin Domain Organization

ln higher eukaryotes, gene regulation is controlled to such an extent that a

gene which is switched off is transcriptionally suppressed by as much as 1Os fold

relative to its fully active state. Generally gene expression is regulated at two

different levels (Weintraub, 198S; Mitchel and Tjian, 19g9; Felsenfeld, 1gg2).

First, a general mechanism unfolds the chromatin domain to allow the transcription

machinery access to the gene. The second mechanísm includes the interact¡on of

trans-acting factors with crs-acting regulatory DNA sequences such as promoters



and enhancers (Dynan, 1989; Mitchell and Tjian, 1989). The two mechanisms do

not act in isolation. For example, there is evídence that transcription factors alter

the structure of chromatin, which in turn changes accessibility for these and other

trans-acting factors. Therefore a discussion of transcription would not be complete

without a discourse on chromatin domain organizat¡on within the cell.

The chromatin structure of the DNA within a cell allows an immense amount

of DNA to be organized in such a way that individual genes are readily accessible.

The chromatin structure compacts DNA and yet allows those genes to be

expressed whose products are needed in a particular tissue. Thus chromosome

structure and function has the overall effect of reducing the accessible genome by

removing from the environment, through nucleosome assembly and higher order

chromatin organization, DNA which would compete for transcription factors. ln

some cases, it has been shown that chromatin structure is required for transcription

factors to be able to exert their effect (Laybourn and Kadonaga, 1gg2).

As an example of the extent of folding of DNA, the nuclei of most human

cells contains about 6 X 10t bp of DNA, which is roughly 2 meters in length when

extended. This DNA is folded about 12,000-fold and is condensed to a 1e pm

diameter sphere thereby effecting a final packing ratio of 2OO,OOO-fold (Getzenberg

et a|.,1991). There is a hierarchy of chromatin structures which is responsible for

this folding (Figure 1). At the first level of chromatin folding, DNA binds histones,

to form a long 10 nm fiber of nucleosomes which isthe "beads-on-a-string"

appearance of the chromatin when it is spread across an electron microscope grid

at low ionic strength. The beads correspond to nucleosome core particles, the

basic repeating structural units in chromatin, and the stretch of DNA that joins

J



Figure 1. Schematic of the levels of organization within a chromatid of a

chromosome. Approximately 160 bp of 2 nm DNA helix is wound twice around the

histone octamers to form the 1O nm nucleosomes. ffr"r" nucleosomes form a

"beads on a string" fiber, which winds in a solenoid fashion with 6 nucleosomes

per turn to form the 30 nm chromatin filament. The 30 nm fílament forms the 6O

kilobase DNA loops that are attached at their bases to the nuclear matrix structure.

The loops are then wound into the 18 radial loops that form a miniband unit or 1

turn on the chromatid. Reproduced from Getzenberg et al. (1991).
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them is termed the linker. The core part¡cle has a disc-like shape, is 1 1 nm in

diameter and 5.6 nm in height. The nucleosome consists of 146 base paírs of DNA

wrapped in 1.75 turns of left-handed super helix around a protein core composed of

two copies of the four histones H2A, H2B, H3 and H4, arranged as a (H3-H4),

tetramer and two H2A-HZB dimers. The length of the linker DNA may differ among

genes in the same tissue, as well as between tissues and species, from a minimum

of 15 to 20 base pairs in yeast to about 80 base pairs in sea urchin sperm (van

Holde, 1988).

ln the nucleus the 10 nm chromatin fiber is usually compacted further into

the 30 nm fiber, also called the solenoid, whicfr is the interphase state of

chromatin. The chromatosome is a term used to include the nucleosome together

with the linker histone and also includes about 167 basepairs of DNA required for

these histones to bind. Linker histone (H1, H5, H1o) is required for stabilization of

the 3O nm fiber (Thoma etal., 1979; Renz ef a|.,1977: Allan ef al., 1981; Thoma

and Koller, 1981; McGhee et a|.,1983). The solenoid model for the 30 nm fibre

has six nucleosomes per turn of the 'beads on the str¡ng' (Finch and Klug, 1976;

Sperling and Klug, 1977; Renz ef al., 1977: Widom and Klug, 1985; Felsenfeld and

McGhee, 1986; Butler, 1988). There have been many models proposed to describe

the 30 nm filament, all of which predict a packing ratio of approximately 35-50 for

the DNA within the filament.

A further level of chromatin structure involves the folding of the 3O nm fiber

into loops or domains, and complex arrays of chromatin loops form chromosomes

(Paulson and Laemmli, 1977; Warren and Cook, 1978). The interphase nucleus,

consists of 30 nm filaments which form approximately 50,000 loop domains, each



of which is a unit of gene regulation, and are attached at their base to the inner

portions of the nuclear matrix (Pardoll et a|.,1980; Rodi and Saverbier, 1989;

Huberman and Riggs, 1968). Loop sizes range from a few to several hundreds of

kilobasepairs (Gasser and Laemmli, 1987). The conformational state of the

chromatin (e.9., supercoiling, compaction, accessibility to protein factors) is

controlled for each loop índividually.

Structure of Histones

Each of the four core histone proteins contains three domains; a long

extended hydrophilic amino-terminal tail, containing a number of positively charged

amino acids; a globular, hydrophobic core; and a very short hydrophilic carboxy-

terminal tail. The hydrophobic cores are involved largely in the histone-histone

interactions of the octamer. Enzymatic removal of the amino-terminal tails has only

a minor effect on stability or assembly of the core particle (Whitlock and Stein,

1978; Ausio et a|.,1989), which suggests that their principal function is likely to

be in histone/protein (Johnson et al., 1990) or histone/DNA (Hill and Thomas,

1990) interactions outside of the core particle. The N-terminal tails of the

nucleosomal histones are also thought to contribute to the stability of higher order

chromatin structures by interacting with the DNA of the neighbouring nucleosome.

Linker histones contain three domains, a hydrophobic, globular, central core,

a short N-terminal tail and a long C-terminal tail both of which are hydrophilic and

unstructured and have a high content of basic residues, especially lysine (Hartmann

et al., 1977; Aviles et al., 1978; strickland et al., 19go; puigdomenech et al.,

1980). The linker histones are arranged head to taíl in the 30 nm chromatin (Noll



and Kornberg, 1977;Lennard and Thomas, 1985). The globular domain of linker

histones interacts at the nucleosome dyad and seals the two turns of the

nucleosomal DNA by binding with a 1O-bp nucleotide region at both ends of

nucleosomal DNA, thereby protecting the chromatosomal 166 bp of DNA (Simpson,

1978b; Thoma et a1.,1979; Allan ef al., 198O; Gaubatz and Chalkley, 1977). The

H1 or H5 carboxyl tails interact with linker DNA (Segersetal.,1991; Allanetal.,

1980; Thomas and Wilson, 1986; Drew and McCall, 1987; van Holde, 1988) and

act to condense the chromatin fiber ín the physiological range of ionic strength

(Allan et al., 1980).

Poised/Transcribed Chromatin differs from Repressed chromatin

Transcription, and in particular initiation of transcription, is affected by

chromatin structure. This is due in part to the effect of chromatin on transcription

factor access to DNA. Within chromatin, general mechanisms which repress gene

activity are nucleosome and linker histones which stabilize condensed chromatin

structure and act as a barrier to transcription factor access to DNA (Weintraub,

1985; Croston et a|.,1991; Laybourn and Kadonaga, 1991; Finch and Klug, 1g76;

Renz et al., 19771. The experiments of Croston et al. (1991) and Laybourn and

Kadonaga (1991) demonstrated this. Binding of H1 to naked DNA or DNA

reconstituted with core histones inhibited transcription of a test gene containing

flanking binding sites for GAL4-VP16, Sp1 or GAGA factor in vitro (Croston et al.,

1991). Addition of the appropriate factor relieved the inhibition by H1. Histone H1

binds to DNA less tightly than do the core histones and so the order of addition is

less important for histone H1 than for core histones: GAL4-VP16, even if added



after H1, was able to reverse the inhibition. ln this in vitro system, there is

irreversible repression by core histones, semi-reversible inhibition by H1, and

activation above the basal level by GAL4-VP16 on chromatin (Laybourn and

Kadonaga, 1991; Croston et a|.,1991). Therefore sequence-specific factors such

as Sp1 and GAL4-VP16 both counteract the chromatin-mediated repression

(antirepression) and facilitate transcription (true activation) (Laybourn and

Kadonaga, 1992). Dusserre and Mermod (1992) demonstrated antirepression and

transactivation mediated by cofactors of the transcription factor CTF.

Most expressed genes are organized as nucleosomes that are more

susceptible to digestion by nucleases, including deoxyribonuclease I (DNase l) than

the bulk of the genome (Gross and Garrard, 1987; Elgin, 1gB8; weisbrod, 1982).

The DNase I sensitivity, which is used as a biochemical tool indicates that the 3O

nm fiber in the neighbourhood of transcribed genes is at least partially disrupted

(Kimura et a|.,1983; Fisher and Felsenfeld, 1986). In vivo, factors that contribute

to the variant 30 nm fiber are reversible post-synthetic histone modifications (e.g.

histone "tail" acetylation, methylat¡on, ubiquitination and linker histone

phosphorylation), histone variants or subtypes and nonhistone chromosomal

proteins (van Holde, 1988; Davie and Nickel ,1987; Davie and Saunders, 1981; Ball

et a|.,1983). Among the effects of these modifications is the disruption of H1-H1

contacts essential for the cooperative H1 histone binding. There is some deptetion

of H1 (or H5) in transcriptionally competent chromatin (Postnikov et a\.,1991;

Kamakaka and Thomas, 1990; Davie and Nickel ,1987). The DNase lsensitivity of

active genes is not restricted to the coding region of the gene but extends far into

adjacent non-transcribed sequences (Gross and Garrard, 1gB7). lt is thought that
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the DNase I sensitive domain is a chromosomal loop. For example, the 3b kb

DNase I sensitíve ß-globin domain of adult chicken erythrocytes consists of four

genes, rho- ßH-, ßA- and e-globin (Rocha et al.,1g84).

Function of H5

During the transition from the erythrocyte colony forming unit (CFU-E) to the

mature erythrocyte, histone H5 gradually increases four-fold in nuclei with little

concomitant displacement of the H1 histones in chickens (Affolter et al.,1gB7).

The highest relative increase in H5 content occurs before the cell loses its

proliferative potential, between the CFU-E and the erythroblast stage. This results

in a 7O%o net increase in linker histone (H1 plus H5) content, causing the chromatin

to be highly condensed. During this process maturing red blood cells (RBCs) cease

to replicate and most genes, except for erythroid-specific genes such as Hb and ß-

globin, become transcriptionally inactive (Affolter et al., 1gg7; Ringertz and Bolund,

1974; Williams, 1972). The accumulation of histone HS in the nucleus is thought

to cause inactivation of the bulk of the genome (Moss et al., 1g73; Appels and

Wells, 1972; Bergman et a|.,1988; Ringertz et a\.,1985; Ruiz-Carrillo et al., 1g74;

Brasch et al., 1974; Dardick and Setterfield, 1g76; Weintraub, 197g). The

increased stability of the higher-order structure is thought to be due to the higher

affinity of H5 for chromatin than that of H1 (Torres-Martinez and Ruiz-Carrillo,

1982; Mura and Stollar, 1984; Wu ef al., 1986). Another factor contributing to the

chromatin condensation is that chicken erythrocytes have on average a higher

proportion of linker histone than most other cell types. Erythrocytes have on

average 1.2 linker histones (0.9 H5,0.3 H1)per nucleosome compared to less than

I



o.7 for most cells (Bates and rhomas, 1981). Thus regions of the chicken

erythrocyte chromatin have up to 2linker histones per nucleosome (Thomas et al.,

1985;Olinsef al., 1976; Urban etal.,1g80;Weintraub,lgTB;Allanef at., 1991).

The nucleosomes in this chromatin show an increased tendency toward interaction

with neighbouring nucleosomes, and thus chromatin is compact even at low salt

concentration (Nelson et al., 1979).

Evidence that H5 is a general repressor of chromatin is that when chicken

erythrocyte nuclei are reactivated by fusion with HeLa cells, H5 disappears, the

chromatin decondenses and RNA is synthesized (Appels et al., 1974il. Further

support is obtained by microinjection of H5 intp proliferating L6 rat myoblasts (a

cell line that maintains the potential to differentiate into myotubes) or transfection

and transient expression of the H5 gene in rat sarcoma XC cells, which do not

express H5. These treatments were linked to ¡nh¡bition of transcription and

replication (Bergman et al., 1988; Sun ef at., lg9g; Sun ef a/., 1990). The

selectivity of these effects suggests that H5 plays an active role in the control of

DNA replication and cell proliferation.

Linker Histone Phosphorylation

ln early dividing erythroblasts, newly synthesized H5 may have up to nine

phosphate groups added. As the erythrocyte matures histone Hb becomes

dephosphorylated (Sung et al., 19771and this correlates with genomic inactivation

and chromatin condensat¡on (Briand et al.,lgBO; Sung and Freelender, 1g7g;

Affolter et al., 1987; Mura ef a|.,1982). The phosphorylation of linker histone,

through neutralization of charges, produces a protein that has less affinity for DNA.
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The modified amino acids of histone H5 are located in the carboxyl-terminal region

which is the regíon that contributes most to chromatin condensation. Therefore,

through phosphorylation of histone H5, chicken erythrocytes are able to handle a

high amount of H5 without causing condensation and hence inaccessibility to the

transcription apparatus. other evidence support¡ng a role for histone HS

phosphorylation in contributing to transcriptional activity comes from studies using

"normal" chicken and quail fibroblast (L6 and XC) cells and transformed cells

derived from these lines (6C2 and 0T6) (Aubert etal.,lggl). Hb expressed in

transformed cells is phosphorylated in contrast to the more normal cells, whích

show a greater decrease in transcription. ln vivo, chicken embryonic erythrocytes

become senescent and the erythroid condenses at 5 to 6 days and at 17 to 1g

days, and this is correlated with histone H5 dephosphorylation (Pikaart et al.,

1 991 ).

Histone H1, on the other hand, has a phosphorylation peak during mitosis, at

a time when chromatin is highly condensed. Roth and Allis (1992) present a model

to explain the function of linker histone tail phosphorylation in chromatin

condensation. When linker histone is phosphorylated, the tails are unable to

interact with DNA. This causes a charge repulsion within adjacent chromatin

brought on by the positively charged linker histone tails. Therefore a domain

specific decondensation would allow factors to access the DNA. The DNA could

then be reprogrammed, so that either it would be condensed or, if the binding

factors are transcription factors, the DNA could become transcriptionally active.

Therefore, phosphorylation of both of the linker histones H1 and HS is responsible

for maintaining decondensed chromatin. Although in somatic cells, histone H1 is
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phosphorylated throughout the cell cycle, there is a peak in histone H1

phosphorylation at G2lM. This transient phosphorylation may allow factors that

cause condensation of the chromatin during mitosis access to the chromatin. The

condensation of chromatin, when linker histone is phosphorylated, may still be

dependent on core histone deacetylation. ln addition, opposite charges between

deacetylated core histone and phosphorylated linker histone tails could facilitate

interactions between these tails to allow a high degree of condensation (Roth and

Allis, 1992).

Acetylation of Core histones

Reversible histone acetylation occurs at the epsilon amino group of specific

lysine residues located in the basic N-terminal domains of core histones (Allfrey ef

al., 1964; Allfrey, 1971; Allfrey, 1g77; Doenecke and Gallwitz, 1gg2; Reeves,

1984; Matthews and Waterborg, 19BS; Matthews, l ggg). Histone

acetyltransferases link the acetyl group of acetyl-CoA to specific lysine residues and

this neutralizes positive charges within the N-terminal part of the histone molecule.

This modification can be reversed by the action of deacetylases.

It is thought that histone acetylatíon is involved in transcription (van Holde,

1988; Ramanathan and smerdon, lggg). Active c-fos and c-myc genes, and

histone H2A and H4 gene chromatin in S phase contain highly acetylated histones

H4, H3 and H2B in HeLa cells (Allegra et al., 1gg7; Sterner et a\.,19g7). The

activation, repression and superinduction of murine fibroblast proto-oncogenes c-fos

and c-myc occurs with rapid and reversible histone acetylation (Chen and Allfrey,
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19871. ln chicken ß-globin gene switching, highly acetylated histones occur in both

transcriptionally active and in genes which are poised for transcription but as yet

inactive (Hebbes et a|.,1992). ln growing yeast all the genes are active or

potentially active and the entire chromatin is highly acetylated (Lohr and Hereford,

1979:- Davie et al., 1981). Duríng bird erythrocyte maturation there is a decreasing

steady-state level of histone acetylation (Ruiz-Carrillo et at., 1g741, during which

time transcriptional act¡vity decreases. ln this system the transcriptionally active

histone H5 gene is associated with acetylated nucleosomal histones (Ridsdale et al.,

1990; Hendzel et al., 1991).

A positive role has been suggested for the effect of histone acetylation on

transcription factor binding. The transcription factor TFlllA binds and forms ternary

complexes with complete nucleosome cores that are enriched in acetylated histones

(Lee er al., 19931. Tryptic removal of the histone tails also allows TFlllA binding,

suggesting that the positively charged tails of unacetylated core histones repress

TFlllA binding (Lee eú a|.,19931. These studies suggest that TFlllA can bind DNA

which is packaged with complete nucleosome cores, and that the binding is

facilitated by acetylation of the core histones.

Histone hyperacetylation of the nucleosomal h¡stones has several effects on

chromatin, including minor effects on the stability of the nucleosome core particle

(Loidl, 1988; Loidl and Grobner, 1gB7; Simpson, 1g7ga; Ausio and van Holde,

1986;Libertini eta|.,1988;Bodeef at., 1gB3; lmai eúa\., 1gg6l,

Hyperacetylation of chromatin also changes the 30 nm fiber. Histone acetylation

neutralizes basic lysine residues in the N-termini of the core histones, thereby

preventing interaction with the negat¡vely charged DNA backbone, and causing
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unfolding of chromatin fibres (McGhee and Felsenfeld, 1980). Core histone

hyperacetylation also prevents the N-terminal tails from interacting with

neighbouríng nucleosomes (Reeves, 1984) and alters the capacity of linker histones

(H1 and H5) to condense transcriptionally active histone H5 gene chromatin in

chicken erythrocytes (Ridsdale et al., 1990; Hendzel et al., 1gg1). Electron

microscopy of hyperacetylated interphase chromatin of HeLa cells after butyrate

treatment shows that the chromatin forms thinner fibres with an average diameter

of 2Q nm under physiologícal conditions (Annunziato et al., 1gBBl. The DNA

between hyperacetylated core particles is more DNase I sensitive which suggests a

less constrained conformation. Therefore, core histone acetylation can cause a

moderate unfolding of chromatin (Hansen and Ausio, 1992), although this effect is

in conjunction with linker histone effect (Allan et al., 1gB2).

DNase I Hypersensitivity within Chromatin

The generalized changes in chromatin structure, such as DNase I sensitivity

which occur throughout the chromatin domain of a poised or transcriptionally active

gene are accompanied by specific localized nucleosome-disrupted or nucleosome-

free regions in chromatin structure which occur at defined places within the loop.

These localized changes are important because they allow specific binding of

transcription factors, which are important for basal and activated transcription of

the gene. For example, histone octamer displacement at the start site for

transcription is known to be required for RNA polymerase ll activity (Laybourn and

Kadonaga, 1991). The nucleosome-disrupted sites are detected by hypersensitivity

to DNase I digestion or chemical modification (approximately 1OO X more than bulk
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chromatin) and are referred to as DNase lhypersensitive (DH) sites (Reeves, 1984).

Therefore, changes in the overall chromatin structure of a gene, which result in

general DNase sensitivity are associated with hypersens¡tivity at specific s¡tes

within the gene domain, both of which are associated with transcriptional

act¡vat¡on.

Binding sites for trans-acting factors are necessary tor generating

hypersens¡t¡vity. DH sites often exhibit multiple "hot" spots in vivo which

correspond to DNase I protected regions caused by the presence of bound trans-

acting factors (Elgin, 1988). DH sites have been mapped at positions known to

affect transcription, including promoters, upstr;eam activation sequences, enhancers

of active or inducible genes and silencers of transcription (Elgin, 1988; Gross and

Garrard, 1988). several classes of nuclear proteins have been found with

transcriptíon-associated hypersensitive sites, including topoisomerases I and ll,

short-range nucleosome phasing elements, RNA polymerase ll, and transcription

factors (Elgin, 1988; Gross and Garrard, 1988).

Generation of Hypersensitive Sites

Felsenfeld (1992) hypothesizes that there are two kinds of mechanisms for

disruption of chromatin structure based on transcription activation experiments.

The two mechanisms; "dynamic competition" and the "pre-emptive" model, vary

with regard to whether a transcription factor is able to bind DNA located in

chromat¡n or requires free DNA for binding. lt should be noted that not all

transcription factors fall at these two extremes. For example, nucleosome phasing

affects the ability of the transcription factor TFlllA to recognize its binding site
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(Hayes and wolffe, 19921. ln the pre-emptive model, access by frans-acting

factors occurs during replication, when core histones or compact higher-order

structure which blocks factor binding sites, is disrupted at the replication fork

before chromatin assembly (Wolffe and Brown, 1988). After the DH site is

established, the absence of large pools of unbound histones and the presence of

active assembly mechanisms are important to maintaining the site (Felsenfeld,

1992',).

Consistent with the pre-emptive model, in vitro transcription is observed íf a

preinitiation complex is formed on an adenovirus tVpe-2 major late promoter (MLP)

before, but not after chromatin assembly (Knezetic et a/., 1988). pre-binding of

TFIID or yeast TATA binding protein to the TATA box protects the promoter against

subsequent nucleosome binding (Meisterernst ef al., lgg}; Workman and Roeder,

19871. Tissue-specific factors bound near a ß-globin promoter are able to exclude

nucleosomes in vítro, but are not able to displace them (Emerson and Felsenfeld,

1984). Human heat-shock factor is unable to bind nucleosomal DNA (Taylor et al.,

1991; Workman and Kingston, 1992). Nuclear factor ldoes not bind with its site

in the mouse mammary tumour (MMTV) promoter until after the glucocorticoid

receptor has bound, as discussed below (Pina ef al., lgg}: Archer et al.,1gg1l. tn

vivo evidence for this model is that many kinds of dividing differentiated cells can

be reprogrammed (Blau and Baltimore, 1gg1; Miller and Nasmyth, 1gg4).

Dynamic competit¡on does not require DNA replication since transcription

factors and histone octamers compete for binding sites in the non-dividing cell.

Factor binding causes nucleosome core destabilization and displacement. Trans-

acting factors that can bind to DNA when incorporated into nucleosomes, probably
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mediate the first steps in the disruption of repressive chromatin structures (Hayes

and Wolffe, 1992l'and establishment of occupancy of these regulatory sequences

in chromatin (Felsenfeld, 1992]'.

ln support of the dynamic competition model, evidence suggests that

nucleosome displacement associated w¡th transcription of certain genes does not

require DNA replícation. For example, c-fos, c-myc and the MMTV promoters are

activated minutes after induction, which provides insufficient time for replication

(Cordingley et al., 19871. Replication-independent nucleosome disruption has been

demonstrated for the yeast PHOS promoter (schmid et al., 1gg2; Almer et al.,

1986; Fascher et a|.,1990). The extent of chr,omatin disruption in yeast by

estrogen receptor derivatives roughly correlates with the strength of the activation

domain in transcription activation (Pham et a|.,1991). Taylor et at. (1991) showed

that GAL4 and GAL4 derivatives can bind to DNA in chromatin, with an estimated

affinity that is 1OO-fold lower (for a single site) or 1O-fold lower (for five sites in

tandem) than binding to the corresponding naked DNA template.

ln vitro evidence for dynamic competition is that binding of certain

transcr¡ption factors results in the formation of ternary complexes containing

factors, histones and DNA. Studies of the MMTV promoter have demonstrated that

the glucocorticoid receptor forms a ternary complex with a nucleosome positioned

over the promoter (Perlmann and wrange, 1gB8; pina ef al., lgge; Archer et al.,

1991)and disrupts the nucleosome by a "hit and run" mechanism (Rigaud et al.,

1991). lt is proposed that this binding alters the nucleosome so that nuclear factor

| (NFl) and TFIID can bind to this promoter and activate transcription (Pina er

a|.,199O; Archer et al., 1991; Cordingley et al., 1gB7).

17



Nucleosome displacement by Gal4 via an unstable intermediate ternary

complex was demonstrated by Workman and Kingston (1992). Nucleosome core

destabilization by GAL4 did not require a transcriptional activation domain, which

indicates that this displacement depends on the nature of the DNA binding domain

(Taylor et a|.,1991). After binding, the activation domains of regulatory factors

play a crucial role in a second competition for occupancy of the core promoter by

nucleosomes or general transcription factors and RNA polymerase ll (Workman et

al., 19911. Accessory factors might be involved in removing histones from factor-

nucleosome complexes (workman and Kingston, 1gg2). For example, GAL4-Vp16

requíres a factor present in a yeast transcriptiqn extract to alleviate repression due

to nucleosome cores present at the transcription start site or the TATA box of a

yeast promoter (Lorch et al., 19921.

In vivo evidence for the dynamic competition model comes from the fusion

of heterogenous cells to form heterokaryons contaíning separate nuclei. ln the

absence of DNA replication, the cells were reprogrammed to produce distinct gene

products (chiu and Blau, 1984; Blau eta\.,1983; Baron and Maniatis, 1gg6;

Bergman and Ringertz, 1990). ln these experíments, trans-acting factors from one

cell nucleus exerted a dominant effect on expressíon within the other nucleus.

Activation of transcription was specific and not the result of a general activation of

transcription (Baron and Maniatis, 1986).

A highly specific transient deacetylation, which would create a localized net

positive charge in histones, has been proposed for the binding of regulatory proteíns

with acidic motifs to DNA (Lopez-Rodas ef at., 19931. The deacetylation would

allow an interaction between the acidic region of the transcription factor and the
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posit¡ve charge with¡n the N-termini of the core h¡stones. This binding is proposed

to occur concomitant with a sequence specific recognition of DNA sites by

regulatory proteins. The model attributes a structural role to the general histone

acetylation within a chromatin loop and a regulatory function to the transient,

localized histone deacetylation in the early transcriptional activation of genes.

Locus Control Regions

Locus control regions (LCRs) are crs-acting elements that make the

expression of associated genes independent of their position within the genome and

proportionate to the number of genes ¡ntegrated into the chromatin (Grosveld et al.,

1987; Forrester et al., 1987; Evans et a|.,1g90; Townes and Behringer, lggo).

Both human and chicken ß-globin LCR domains have been identified, some of which

do not function as enhancers in transient expression assays, but only when stably

integrated, suggest¡ng that the activity is associated w¡th chromatin structure and

is not due to enhancer activity (Tuan et al.,1gBg; Talbot et a\.,1990; philipsen ef

al., 199o; Talbot and Grosveld, 1991; Reitm an et at., 19go; Fraser et al., 19go;

Caterina et a|.,1991). Felsenfeld (1992) suggests that a primary role of the LCR is

to enter into cooperative binding interactions that keep the promoter free of

histones during replication. A similar role has been proposed by Wolffe (19g0) for

enhancers. Felsenfeld (1992) suggests that this is done through an 'overkill' in the

multiple factor sites within the LCR.

All proteins that have been identified as binding to LCR sequences also bind

to promoters and enhancers. ln the human ß-globin LcR s' HS 4, the minimal

sequence needed to form a DH site in murine erythroleukemia (MEL) cells binds NF-
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E2/AP-1, Sp1 and GATA-1 (Lowrey et a|.,1992). The overall activity of erythroid

LCRs on linked gene expression appears to be dependent on three core DNA motifs:

GATA, CACCC (GGTGG), and TGAGTCA (an AP-1 motif) (Talbot and Grosveld,

1991; Talbot et a|.,1990; Strauss and Orkin, 1gg2; philipsen et al.,1ggO). No

single element of human ß-globin LCR 5' hypersensitive site 2 is necessary for LCR

function (Enver et a|.,1990) and isolated NF-E2 sites, single or multimerized, do not

have LCR activity (Talbot et al.,1gg0). The conclusion is that the LCR

hypersensitive site function is due to the collection of transcription factors binding

to this region (Reitman et al., 1993).

Nuclear Matrix

The nuclear matrix organizes chromatin into three dimensional loop domains

(Ward and Coffey, 199O; Kalandadze et a|.,199O; Vogelstein et a\.,1980; pardoll

et a|.,1980). ln the context of gene expression, the nuclear matrix brings nuclear

activ¡t¡es that are responsible for transcription, RNA processing and transport

together (van Driel et a|.,1991). Jackson and Cook (1985) provided evidence that

transcription complexes were attached to the nucleoskeleton. Active genes have

been found to be associated with the nuclear matrix only in cell types in which they

are expressed (Getzenberg et a|.,1991). Transcriptionally active histone HS and ß-

globin, but not the transcriptionally inactive e-globin, chromatin of chicken

erythrocytes is associated with nuclear mater¡al found in the low salt residue

(Delcuve and Davie, 1989; Hendzel et al.,1gg1).

DNA sequences attached to the nuclear matrix are referred to as matrix (or

scaffold) associated regions (MARs or SARs) (Gasser et a\.,1989; Gasser and
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Laemmli, 1987; van Holde, 1988). MARs are usually about 2oo base pairs in

length and are A + T rich (Chou et a|.,1990). Most MARs contain consensus

binding sequences for topoisomerase ll, a matrix-associated protein (Earnshaw ef

al., 1985: Berrios et al., 1985). Several nuclear matrix associated sequence-

specific DNA-binding proteins have been identified that bind to MAR elements

(Gasser et a|.,1999; Dworetzky et al., 1ggzl, including transcription factors such

as the mYc ptotein, the large T ant¡gen of the SV4O virus, and E1A from adenovirus

(Eisenmann et a1.,1985; Staufenbiel and Deppert, 1983; Sarnow et al.,1gg2;

Waitz and Loidl, 1991). Hendzel et al. (1991)and Hendzel and Davie (1992)

suggest that nuclear matrix compartmentalization of transcription processes is

accomplished by the interaction of prote¡ns of the nuclear matrix (including

transcription factors, histone acetyltransferase and deacetylase) and MARs of DNA

in transcriptionally active chromatin.

MARs are located, at least in some cases, close to enhancer elements and at

the borders of chromatin domains (cockerill and Garrard, 1gg6; Gasser and

Laemmli, 1987:- Zenke et al., 19gO; Bennet et al., 19g9; phi-Van and Stratling

1988; Bode and Maass, 1988; Levywilson, and Fortier, 1gg9; Mirkovitch etal.,

1984; Jarman and Higgs, 1988). Similar to LCRs, MARs dampen the variations in

gene expression levef due to position effects at the integration site in the genome,

and increase transcription levels after stable integration in the genome (Klehr et al.,

1991; Phi-Van et a|.,1990; Stief ef a/., 19Bg). lt is not known what the

relationship is between LCRs and MARs. lt may be that the shielding effect of

MARs is due to their ability to bind to the nuclear matrix.
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Looping, Long Range Activation of Transcription and Chromat¡n Structure

The basic idea of DNA looping is that a remote enhancer and a promoter

interact physically with each other via proteins bound to these elements, thereby

looping out the intervening spacer DNA and allowing a gathering together of

recognition complexes (Serfling et a|.,1985; Picard and Schaffner, 1g8b; ptashne,

1986; Ptashne, 1988). The looping model explains activation over large distances,

the orientation independence of enhancers, and provides a mechanism whereby the

effect of upstream promoter and enhancer elements can be funnelled through the

basic transcription machinery. There are examples of trans-acting factors bound at

widely separated sites which can interact with each other to form homodimers or

heterodimers and induce loop formation in DNA. For example, homodimers of

progesterone receptor (Theveny et al., 19871, homotetramers Sp1 (Su ef al., 19g11

or a heterodimer of Spl and the BPV enhancer E2 protein are able to form (Li et al.,

1991). Evidence from the chicken ßA-globin gene, suggests a physical association

of the enhancer/LCR and promoter. Neither promoter nor enhancer/LCR is sufficient

índividually to open chromatin, but when both are present, each becomes

hypersensitive and both are essential for activation (Reitman et at., 1gg3l.

Felsenfeld (1992) envisions a physical promoter-enhanceriLCR activation and then

recognition and activation of the closed promoter.

DNA sequences present in the linker DNA of chromatin, but separated by

> 1500 bp, will be superimposed in a 3O nm solenoidal structure. Thus when

nucleosomes are present on the intervening DNA, it seems likely that transcription

factors bound to proximal promoters may interact with those bound to distal

sequence elements. Long-range activat¡on of transcription by GAL4-VP16 protein
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located 1300 base pairs upstream of the RNA start site was dependent on

packaging of the template into histone H1-containing chromatin (Laybourn and

Kadonaga, 1992). These results índicate that long-range activation of transcriptíon

can be achieved in vítro and is dependent on packaging of the template into

chromatin.

Transcription

Basal Apparatus

lnitial chromatographic fractionations and reconstitution assays

demonstrated that the selectivity of RNA polymerase ll (RNA pol ll) initiation in

crude extracts requires several components termed transcription factors (Matsuí ef

al., 198o; samuels et al., 1982; Dynan and rjian, 1983; price et al., 1gB7; Tsai ef

a|.,1981; Lewisand Burgess, 1982). These general transcription factors which are

required for basal transcription, were initially separated by chromatography on

phosphocellulose. They were designated TFIIA for the flow-through factor, TFIIB

for the factor in the 0.5 M KCI step, and TFIIC and TFIID for the two components

present ín the 1 M Kcl fraction (Greenleaf et al., 1976; Matsui et al.,19go;

Samuels et al., 1982; Davison et a|.,1983). Component TFIIB was later shown to

contain two activities, designated TFIIB and TFIIE respectively (Dignam et al.,

1983a) and TFIIE has been separated into TFIIE and TFIIF (Burton et a\.,1986;

Flores et a|.,1988).

RNA Polymerase ll

RNA pol ll is a 500-600 kDa multisubunit enzyme, and is composed of two
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large polypept¡des and a collection of smaller proteins, the subunit composition of

which is not clearly established (Sawadogo and Sentenac, 1990). lmmunological

cross-reactivity and DNA sequencing of cloned proteins show that the polypeptide

composition seems highly conserved in lower eukaryotes, plants, insects, and

vertebrates (Chambon, 1975; Roeder, 1976; Lewis and Burgess, 1982; Sentenac,

1985). Many of the different activit¡es are highly interchangeable between species.

This property has been useful in biochemical studies.

The largest subunit of RNA pol ll is 22O-24O kDa and is probably involved in

binding the DNA template (Horikoshi et a|.,1993; Chuang and Chuang, 1g87;

Gundelfinger, 1983; Breant et a|.,1983; Carroll and Stollar,1982; Horikoshi et al.,

1985). lt is also involved in binding the nascent RNA chaín (Gundelfinger, 1983;

Bartholomew et al., 1986). This subunit has a highly conserved, carboxy-terminal

domain (CTD) which is subject to phosphorylation (Corden, 1g90; young, 1gg1),

and consists of tandem repeats of the consensus heptapeptide sequence (Tyr-Ser-

Pro-Thr-Ser-Pro-Ser). The tailpiece accounts for 1O-2O% of the subunit mass.

Deletion analysis has shown that approximately half of the repeats in yeast,

Drosophila, and mice are required for cell viability (Nonet et al., 1gg7; Allison et al.,

1988; Bartolomei et a|.,1988; Zehring et a|.,1988).

The second largest subunit 1140-150 kDa) has conserved immunological

determinants. This subunit is probably involved in binding DNA (Gundelfinger,

1983), the nascent RNA chain (Bartholomew ef al., 19861and the nucleotide

substrates (Riva ef al., 1987; Grachev et a\.,1986). The smaller polypeptides of

RNA pol ll range in size from 10 to 40 kDa and vary in number from 6 to 10,

depending on the investigators and the enzyme source.
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Trans-Acting Factors

TFIIA from HeLa cells consists of three polypeptides of 34, 19, and 14 kDa

(Samuels and Sharp, 1986; Usuda et a|.,1991; Cortes et al, 19g2). The genes of

the 32 and 13.5 kDa subunits of yeast have been isolated (Ranish et al.,1gg2l.

Rat TFIIB is a single polypeptíde of 35 kDa (Ha et al.,1gg1; Conaway et al., 1gg7l.

BothTFllEandTFllFhavebeencloned (Ohkuma etal.,1g91; peterson etal.,1gg1;

Sumimoto et al., 1991; Sopta et al., 1989). Human TFIIF is a tetramer of two 74

kDa and two 30 kDa subunits, which prevent non-specific DNA-binding by RNA pol

ll. TFIIG is composed of TFIIH and TFllJ. TFIIH has been shown to be composed

of polypeptides of 92,62 (cloned), 43,40 and,25 kDa. TFIIH phosphorylates the

CTD of RNA pol ll. This kinase activity is stimulated by TFllE. Human TFtl-l is a

120 kDa protein.

TFIID

Native human and Drosophila TFIID is a multisubunit complex of - 700 kDa

termed holo-TFllD composed of TATA-binding protein (TBP), an act¡v¡ty that binds

specifically to the TATA box (Buratowski et al., 198g; Van Dyke et al.,199g; pugh

and Tjian, 1990; Tanese et a|.,1991; Dynlacht et a\.,1991; Conaway et al.,1gg1)

and several TATA-binding protein associated factors (TAFs), ranging in size from 28

to 250 kDa (TAFru to TAFruo) (Zhou et al., 1992l'. Yeast TFIID act¡v¡ty on the other

hand, consists of only TBP (Buratowski et al., 1988; Horikoshi et al.,19B9b). The

various TBP genes have a distinct, bipartite structure with a highly conserved (BO -

9O%l "core" domain of - 180 amino acids at the carboxyl-terminal end of the

protein (amino acids 63-240]'which is sufficient for binding to rhe TATA box and
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functionally substitutes for the human TFIID fraction in directing basal transcription

in vitro (Hahn et al., 1989; Schmidt et a|.,1989b; Cavalinni et al.,1gBg;

Eisenmann et a|.,1989; Horikoshi et a|.,1989a; Peterson et al.,1g9O; Horikoshi ef

a|.,199O; Pugh and Tjian, 1990). The amino-terminal end is variable in length with

little or no sequence similarity among species.

Functions performed by holo-TFllD including activation of transcription by

several classes of transcription factors and from RNA pol ll promoters lacking a

TATA box, is not supported by TBP alone, but requires the associated rAFs

(Dynlacht et a|.,1991; Hoey ef al., 1993; Tanese et a|.,1991; pugh and Tjian,

1990, i 991, 1992; zhou et al., 1992; Berger .et al., l ggo; Kelleher et al., 1990;

Flanagan et a\.,1991; Meisterernst and Roeder, 1991; Meisterernst et al.,1gg1).

Thus, some of the TAFs are expected to function as coactivators and others may

serve as bridging proteins that allow different coact¡vators to assemble into a

complex containing TBP (Comai et al., 1gg2; Taggart et al., 1gg2; lobo et al.,

1992; White and Jackson, 1992; Kassavetis et al., 1gg2).

The components and structure of TFIID has been partially elucidated. Both

human TBP (hTBPl and Drosophila TBP (dTBP) interact directly with the apparently

homologous hrAFruo and drAFr5e, respêctively (Zhou et a\.,19g3; weinzierl et al.,

1993;Takada etal., 1992; Ruppert etal.,1g93;). hrBpalsobindstohrAF,ru, but

doesnotbindanyof thesmallerTAFs(Zhou eta\.,1993),similartotheresultsof

Hoey ef a/. ( 1 993) for dTBP and its TAFs. Therefore the remaining lower molecular

weight TAFs likely ínteract with TBP indirectly, through TAF25o and TAF.Iru. on the

basis of a comparison of the DNase I protected region produced by hofo-TFllD on

the adenovirus major late promoter to the DNase I protected region produced by
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isolated TBP, Zhou et al. (1992) proposed a model in which TBP is at one side of

the holo-TFllD complex.

Hoey et al. (1993) cloned the gene lor DrosophilaTAFrlo (dTAFlro) and

found that this protein interacts specifically with the activation domains of Sp1, but

does not bind directly to dTBP. Weinzierl et al. (1993) assembled a partial TFIID

complex conta¡n¡ng a C-terminal truncated version of dTAFruo (deltaN250), dTBP

and dTAF,,o. Their studies suggest that dTAF,,250 provides a direct link between

the Sp1 coact¡vator dTAF,,1 10 and dTBP and thus might play a central role in

coordinating and regulating the assembly of the TFIID complex in vivo. However,

the Sp1-partial TFIID complex only slightly activates transcription when

reconstituted with RNA pol ll and the other basal factors in an in vitro assay.

Weinzierl et al. (1993) speculate that activators such as Sp1, which contain

multiple activation domains, may interact with more than one target or component

of the TBP-TAF complex, and the other TAFs of TFIID may also be necessary for

full coactivator activity. lt may also be that the N-terminal sequences lacking in the

deltaN2SO truncated version of dTAF,,25O may be important for the assay.

Cis Elements

Crs elements are DNA sequences which are able to affect transcription of a

gene. They are commonly determined through the use of such assays as CAT

(chloramphenicol acetyl transferase) assays, in which DNA sequences of interest

are subcloned into a plasmid containing the coding sequence for the CAT protein.

The ability of the potential cr.s element to affect transcription of the CAT gene ís

then tested, by testing for act¡vity of the final protein product, the CAT protein.
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Crs elements are the specific DNA sequences to which transcription factors bind

and as such are important, since their presence allows specific binding by

transcription factors, which in turn affect transcription. As a research tool, crs

elements are important since prote¡n bound to the sites protect the region from

DNase I digestion and can therefore be detected in DNase I protection assays.

Alternatively, the DNA sequence of the crs element can be used for other

experiments. One example is electrophoretic mobility shift assays in which binding

of proteins to DNA affects the mobility of the DNA in a non-denaturing

electrophoretic system. Most transcription factors bind to a consensus DNA

sequence and therefore knowledge of the DNA sequence of an enhancer or

promoter allows researchers to gain an understanding of the transcription factors

that are act¡ng on a gene.

The promoter is defined as the control region in the immediate vicinity of a

transcription start site. Therefore this DNA element includes transcríption factor

binding motifs that are near the initiation site for RNA pol ll. The operational

definition of an enhancer is a region that regulates a promoter from a distance and

in an orientation-independent fashion. Typically enhancers and promoters have one

or more recognition sites for transcriptional activator proteins, each consisting of 7-

20 bp of DNA. The TATAAA(A) consensus sequence or TATA box, which is

typically located 25 to 30 base pairs upstream of the transcriptional start site or

initiator element in many, but not all RNA pol ll promoters is the binding site for

TFIID and as such is a determinant of the site of initiation (Corden et al., 1980;

Breathnach and Chambon, 1981; Struhl, 1gB7; Nakajima et al., l ggg).

The TATA box is required for basal transcription activity in many genes.
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Cr,s-acting DNA motifs, in addition to the TATA box, and typically upstream of the

TATA box are important for creating a promoter that may be weak by itself but will

respond strongly to a remote enhancer (Kuhl et a., 1gg7; westin et al.,1gg7). For

example in many globin genes, motifs such as a CCAAT box or GC box, located

upstream from the TATA box are required for transcríption (Grosschedl and

Birnstiel, 1990a, 1990b; Dierks et a\.,19g3; McKnight and Tjian, 1gg6). Addition

of several further sequence motifs upstream of the TATA box, however, can result

in the build-up of an enhancer/promoter region that does not require the presence of

a remote enhancer (Westin et al., 19871.

Promoter and enhancers can overlap both physically and functionally. For

example, many enhancer elements studied so far are €lso found to stimulate

transcription when inserted directly upstream of a TATA box. Many transcriptíon

factors bind both to promoters and enhancers and may interact with the cellular

transcriptional machinery ín fundamentally the same way.

Formation of Basal lnitiation Complex

After nucleosomes have been removed or modified so that transcription

factors may bind, there are a number of steps required for transcription by RNA

polymerase ll. These steps are thought to ínclude (1)the assembly of a

preinitiation (complete closed) complex, which includes the polymerase, general

transcription factors, seguence-specific transcription factors (other than the general

transcription factors) and accessory proteins, on the RNA polymerase promoter site

(conaway and conaway, 1gg1;zawel and Reinberg, 1g93); (2) two or more ATp-

dependent events, including multiple phosphorylation of the CTD of bound RNA pol
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ll, by the kinase activity present in TFIIH (Bunick et al.,1gg2; Sawadogo and

Roeder, 1984; Rappaport and Weinmann, 1987; peterson and Tjian, 1g92) and

unwinding or melting of the DNA around the start site to expose the template

strand likely by TFIIF; this assembly is called the open complex (Wang et al.,

1992a); and (3) initiation and elongation of the RNA transcript in the presence of

NTPs supported by TFllF, to produce product. Concomitant with elongation there is

a reclosing of the DNA around the start site.

ln the absence of act¡vator, the assembly of complete closed complexes on

templates containing the TATA element involves the sequential addition of the

general transcription factors llD, llA, llB, RNA pol lllllF and llE respectively

(Buratowski et a|.,1989; Flores et al.,1gg1; Greenblatt, 1gg1a; 1991b; Van Dyke

et a|.,1988; Horikoshi et al.,1gBBb; Reinberg et al., 1997, Reinberg and Roeder,

1987: Roeder, 1991; zawel and Reinberg, 1993). The first step, binding of rFllD

to the TATA box may require additional factors in the absence of a TATA box

(Nakajíma et al., 1988; Davison et al., 1983; Fire et al., 1gg4; Buratowski et al.,

1989). TFIID binding to the TATA elements results in template commitment

(Buratowski et al., 1988; cavallini et al., 1988; conaway and conaway, 19gg;

Reinberg etal., 1987; Samuels and Sharp, 1gB6), which is resistantto challenge by

Þoly (dl'dC) or other DNA templates (Davison ef al., 1983; Fire et al.,1gB4; Hawley

and Roeder, 1985; carthew et al.,1gBB) and may be stable through multiple

rounds of transcription (Van Dyke ef al., 1988; 1989). The formation of stable

complexes seems to be facilitated by TFllA, specifically when the TFIID

concentration is low (Davison ef a|.,1983; Reinberg et al., 1gg7; Samuels and

sharp, 1986; Matsui et a|.,1980; Egly ef al., 1gg4; Buratowski et al.,1ggg). ln



other experiments TFIID appears to act alone (Davison et a|.,1983; Conaway and

Conaway, 1989; Sawadogo and Roeder, 1985; Van Dyke et al.,1g8g). Recent

evidence shows that there ís a direct interaction between TFIIA and TBP and that

TFIIA enhances TFIID binding to DNA by elíminating an otherwise inhibitory effect

of the nonconserved N-terminus of TBP in S. cerevisiae (Lee et a\.,1992). Their

data also suggest that TFIIA plays a role in allowing TFIID to recognize a wider

variety of promoters. The effect or lack of effect of TFIIA on transcription as well

as on the formation of stable complexes may also relate to the presence of

contaminating repressors which compete with TFIIA for binding to the TFIID

complex in the in vitro systems (Meisterernst and Roeder, 1991). ln some systems

TFIIA ís replaced by other factors. For example, the TATA-less H5 promoter of

duck erythrocytes requires the duck erythrocyte TF upstream stimulating factors

(eUSF) (Bungert et a|.,1992a;1992b). The factorTFil-|, which binds to an initiator

element of Ad2MLP can substitute for TFIIA to direct TFIID binding to Ad2MLp

(Roy ef al., 19911.

It is proposed that TFIID with help from TFIIA then recru¡ts TFllB, followed

by RNA pol ll, concomitant with TFIIF and finally TFIIE to form the complete

preinitiation complex (Davison et al., 1983; Fire et al., 1gB4; Reinberg and Roeder,

1987; Buratowski et al., 1989; Conaway et al., 19gO; Flores et al., 1gg1). RNA

pol ll is brought into the complex as the non-phosphorylated form, in part, by an

interaction of rBP with the crD (usheva et. al.,1gg2; Lu ef al., 1gg1). The

interaction of TBP with the CTD may explain the requirement of TBp in transcription

from TATA-less promoters (smale et al.,1gg0; carcamo et al.,1gg9; iggl; pugh

and Tjian, 1991). The complete prein¡tiation complex is in all likelihood identical to
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the "rapid start" or "activated" complex (Fire et al., 1gg4; Hawley and Roeder,

1985; Carthew et a1.,1988) identified by kinetic studies, or to the "complex O"

(Dietrich et al., 1986; Cai and Luse, 1g97l. Once the preinitíation complex is

formed' RNA pol ll is phosphorylated by a protein kinase present in TFIIH (Laybourn

and Dahmus, 1989; 1990; Lu ef at.,1gg1), and this results in the dissociation of

RNA pol ll and associated factors from TFIID (Buratowski et at.,1gg9; Maldonado

et a|.,1990; Cortes et al., 1992l'. This "disengagement,,allows RNA polymerase ll

to leave the promoter as it begins to synthesize RNA (Kim and Dahmus, 1gg6;

Cadena and Dahmus, 1987; Laybourn and Dahmus,lggO). lt should be noted that

various interactions take place between TFllB, TFIIE and RNA pol ll in solution,

although they are not stable enough to be detected by DNase I protection assays.

This may índicate that the order of transcription factor addition to form the

complete preinitiation complex may be somewhat flexible (Van Dyke et al.,1ggg;

Sawadogo and Sentenac, l ggO).

Effect of Transcription Factors

As discussed above, general transcription factors are involved in establishing

the multisubunit initiation complex and promoting basal level transcription. proteins

interacting with upstream promoter elements (UPEs) and/or enhancers are thought

to stab¡lize and/or facilitate the formation of the active initiation complex, thereby

increasing the level of transcription (Gralla, 1g9O; 1 gg 1 ).

Transcriptional activators are also thought to act at decision points between

the formation of productive or nonproductive complexes. Fractions used for the in

vrTro studies may have contaminating negative cofactors which compete with TFIIA
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to bind rFllD and repress transcr¡ption (Meisterernst and Roeder, 1gg1;

Meisterernst et al., 1991; lnostroza et al., 1gg2; Wang et al., 1gg2b). The

negative cofactors might represent TAFs for RNA pol I and lll, which also require

TBP (schultz et al., 1992; simmen et al., 1g91; Margottín et al.,1gg1), and are

thought to associate with distinct TAFs (Timmers and sharp, 1gg1; comai et al.,

19921. The role of activator and TFIIA would then be to prevent this binding,

thereby promot¡ng formation of a RNA pol il complex (wang et al.,1gg2b).

Therefore, transcriptional activators, including Sp1 (and repressors) which affect

the final extent of productive preinitiation complex formation, rather than the

observed rate constant for formation of productive complexes are thought to

influence whether the complex forms a productive or a non-productive complex

(Carcamo eta|.,1989; Schmidt etal.,198ga; Ayerand Dynan 1g90; Katagiri ef

al., 199o; Johnson and Krasnow, 1gg2; white et al., 1 gg2). However, it is not

known whether there are branches during transcriptional initiation ín yiyo since the

contaminating fractions thought to be present in the in vitro assays may not have

access to the RNA pol ll complexes in vivo.

The basal factor TFIID is thought to be a key link between promoter-specific

transcription factors and the RNA pol ll basal complex (Sawadogo and Roeder,

1985; Horikoshi et al., 1988a; Horikoshi et al., l gggb; Stringer et al., 19gO;

Ptashne and Gann, 1990; lngles et a\.,1991; Peterson et al.,lggO). Transcription

factors like USF, AP-1 and CREB bind to the promoter cooperatívely with TFIID

(Sawadogo and Roeder, 1985; Sawadogo, 1988; Garcia et al.,1gg7). ln addition,

yeast GAL4 and human ATF factors alter the interaction of human TFIID with the

TATA box region (Horikoshi et al., 1gB8a; l9ggb; Hai ef al., lggg; Lin et al.,
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1 988). A herpes-virus (pseudorabies) immediate-early protein enhances

transcription in vitro by facilitating TFIID binding to the promoter (Abmayr et al.,

1988; Workman et a|.,1988). Thus, in several systems, the interaction of TFIID

with the TATA box has been implicated as a target for regulatory factors.

ln addition to affecting the initial interaction of TFIID with the TATA box,

activators may help to stabilize a TFIID-TFIlA-activator complex through multiple

rounds of transcription. ln vitro, the association of TFIID with the TATA box is

slow and rate-limit¡ng during transcriptíon initiation, whereas assembly of an open

complex from a TFIID-TFIlA-activator complex is rapid (Reinberg and Roeder,lggT;

Schmidt et a|.,1989). This would allow subsequent rounds of assembly and

transcríption to also be rapid, as has been observed (wang et at.,1gg2b).

Addition of TFIIB also prevents diversion to repressed complexes. Thus,

once TFIIA is bound, recruitment of TFIIB by activator (Lin ef al., 1lggl) could

further protect against competition by negat¡ve cofactors (Meisterernst and Roeder,

1991; Meisterernst et a|.,1991). Activator may be involved at more than one step,

which could account for its ability to activate transcription synergistically

(Meiklejohn and Gralla, 1989; Carey et al., 19gOa, l ggOb). For example one

molecule of VP-16 which ínteracts with both TFIID and TFIIB could enhance the

stability of TFIID binding and another could enhance the stability of TFItB binding

(Lin and Green, 1991; Lin ef a\.,19g1; Stringer et al.,1gg0; lngles et al.,1gg1).

Binding of TFIIB has also been proposed to be a rate-limiting step in the assembly

pathway (Lin and Green, 1gg1).

Alternatively, distinct transcription factors may act synergistically to increase

transcription. For example, within cis-acting elements there are frequently sites for
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constitutive transcr¡ptional activator proteins. These binding sites may be important

for creating low levels of transcription. They may also help to create an

environment where overall transcription is highly responsive to the presence of

inducible proteins bound to nearby sites.

Coactivators

Current evidence indicates that enhancer and promoter-bound proteins may

not ¡nteract directly with each other but require intermediary proteins, such as

adaptors or coact¡vators, to effect transcriptional activation (pugh and Tjian, 1gg2;

Ham ef al., 19921. A coactivator is defined as.a protein that acts with another

transcription activator to directly ¡nteract with one of the basic transcript¡on

factors. An adaptor refers to a protein that binds to a sequence-specific DNA-

binding protein and contains an activation region that can directly interact with one

of the basic transcription factors (Martin, 1991). As discussed above, the TAFs of

TFIID are thought to be coactivators.

The experiments of Berger et al. (1990) provided evídence for the ex¡stence

of adaptors in activated transcription. They demonstrated that GAL4-VP16 is able

to interfere with transcription of the heterologous dA:dT UAS-promoter sequence

through two mechanisms. The first: crs-inhibition of basal-level transcription was

probably due to a non-specific affinity for DNA by GAL4-VP16. Irans-inhibition

was the second mechanism. ln this experiment non-specific DNA added to the

assay to interact with GAL4-VP16 prevented non-specific binding of GAL4-Vp16 to

the heterologous dA:dT UAS promoter. Under these conditions basal level, but not

activated transcríption was restored. An adaptor was invoked to explain this result.
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The GAL4-VP16 in the system was thought to have "mopped up" coactivator

required by the transcription factor which acts through the dA:dT UAS to increase

transcription. Kelleher et al. (1990) found that the inhibition can be relieved in vitro

by a crude yeast nuclear preparation but not by any of the known (purified) basal

transcription factors, including TFllD.

Dusserre and Mermod (1992) purified cofactors of NF1 which were required

for both antirepression and transactivation. Croston et al. (1992) found that in

addition to the requirement by GAL4-VP16 for a cofactor to act¡vate transcription,

antirepression also required a cofactor. They suggest a model in which their

cofactor acts as a histone H1 sink, since RNA can partially substitute for the

activity. Therefore the cofactor is responsible for accepting H1, which then allows

access of the basal transcription factors to the DNA template.

Development of Erythrocytes

During maturation of an organism, two distinct changes occur in the process

of erythropoiesis; first, erythroid cells express different globin proteins at different

developmental stages; and second, another level of control causes globin gene

expression to be activated in a single cell lineage so that a pluripotent stem cell

differentiates to form erythrocytes.

Developmental Switching

The developmental program of hematopoiesis is conserved throughout

vertebrate evolution (Zon et al., 1991). The site of blood formation changes

sequentially during development from yolk sac in the early embryo, to the líver in
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the fetus, and finally to bone marrow in the adult (lngram, 1gg1; Tobin et al.,

1981; Groudine and Weintraub, 1981). The earliest events determining the

hematopoiet¡c program in vertebrates have yet to be defined. Hematopoietic

commitment begíns during early gastrulation, at about 2O to 23 hours welt before

blood formation is histologically evident (Groudine and weintraub; 19g1).

Ïhe first hemoglobinized cells appear in the blood islands in chicken embryos

at 35 hours (Romanoff, 1960; Groudine and Weintraub, 1gg1), and these primitive

cells produce embryonic hemoglobins; the alpha-globin genes pi, A, and D and the

two embryonic ß-globin genes rho and e (Bruns and lngram,1973). Beginning

about 5 days after incubation, this primitive group of erythroid cells is replaced by

definitive red blood cells, which synthesize adult hemoglobins: the alpha-globins A

and D and the ß-globins H and A (Brown and lngram,1974l. The transcription of

the latter two genes in red blood cells arising from the bone marrow is maximal at

about days 9 - 14 atter fertilization. After hatching, a second type of definitive

erythrocyte appears in which the ßH-globin gene is silenced while ßA-globin gene

expression is maintained (Roninson and lngram, 1gg3; Landes et al., 1gg2:

chapman and Tobín, 1979). This changing pattern of globin isotypes during

development ís referred to as hemoglobin switching. The "switch" in hemoglobin

synthesis in vertebrate organisms may occur at a particular stage of embryonic

development in the pluripotent hematopoietic stem cell (lngram , 1g72: weatherall

et a|.,1976) or committed cells of the erythroid lineage may also be able to switch

(Papayannopoulou et al., 1 gB6).
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Differentiation

ln both embryos and adults, the pluripotent stem cell gives rise to

multipotential progenitors of the lymphoid and myeloid lineages (Figure 2). These

lineages become progressively restricted in developmental potential and one of the

lineages the myeloid stem cell gives rise to is the erythroid lineage (Figure 2l lTill et

al', 1964; Harrison 1982a,b; Dexter and Spooncer, 19g7). There are at least two

committed erythroid progenitor stages. The first, known as the burst-forming unit-

erythro¡d (BFU-E) stage gives rise to the colony-forming unit-erythroid (CFU-E)

stage. These progenitors are thought to divide rapidly for a limited number of

times. Division occurs until the cells reach the erythroblast stages of terminal

differentiation. With maturation they divide no further (Till and McCulloch, 19gO).

During the later stages of erythroid differentiation, various characteristic erythroid

proteins, including hemoglobin are synthesized (Lazarides, 1gg7; Gasaryan, 1gg2,).

The colony stimulating factor (CSF) interleukin 3 (lL_3), promotes the

survival and proliferation of pluripotent stem cells and of most types of committed

progenitor cells. ln its presence, large erythroid colonies develop from single

cultured BFU-Es of bone marrow. The BFU-E is distinct from the pluripotent stem

cell in that ¡t has a limited capacity to proliferate and gives rise to colonies that

contain erythrocytes only, even under culture conditions that enable other

progenitor cells to give rise to other classes of differentiated blood cells. lts
progeny must go through as many as 12 divisions before they become mature

erythrocytes. BFU-E is relatively insensitive to erythropoietin (Epo), and the

proliferation of BFU-E does not depend on Epo, although the Epo receptor (EpoR) is

expressed at low levels (Eaves and Eaves , 1gg4; Fukamachi et al., 1gg7; Noguchi
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Figure 2' Scheme of erythropoiesis. The haemopoietic stem cell gives ríse to the

lymphoid and myeloid lineages. The myeloid lineages gives rise to the erythrocyte

via the intermediate progen¡tor cells (BFU-Es and CFU-Es) as summ arized. Sites of

action of interleukin-3 (ll-3) and erythropoietin (Epo) in the erythroid lineage are

indicated. (Modified from Alberts et at. (1999).
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et al., 1987).

At the next stage of erythroid development, the CFU-E is highly sensitive to

Epo. ln factor-dependent cell lines, the major regulatory step determining the

erythroid-specific response to Epo is the efficiency of EpoR translocation to the cell

surface (Miggliaccio et a|.,1991). CFU-E cells can be identified by culturing single

bone marrow cells in a semisolid matrix in the presence of erythropoietin. ln a few

days, smaller colonies (than the BFU-E derived colonies) appear, which give rise to

mature erythrocytes after about six division cycles. Physiologically, a lack of

oxygen or a shortage of erythrocytes stimulates cells in the kidney to synthesize

and secrete increased amounts of Epo into the,bloodstream, thereby stimulating

CFU-E maturat¡on (Burgess and Nicola, 1983; Adamson, 1968). The CFU-Es do not

yet contain hemoglobin, and must progress through the erythroblast stages (Figure

3).

An early effect of erythropoietin on the CFU-E is to stimufate the selective

production of RNA synthesis. The histone H5 gene is already expressed at thís

stage (Affolter et al., 1987). The mRNA molecules that code for globin appear

later, indicating that hemoglobin formation is the end result of an involved

differentiation process. Maturation of the erythroblast involves a limited number of

cell divisions (Figure 3). During this time the cell produces erythroid-specific

proteins and progresses through a number of stages as nuclear and cytoplasmic

RNA amounts decrease (Schweiger, 1962; Sinclair and Brasch, 1g75: Zentgraph ef

al., 1975; Harrison et a|.,1988). The decrease in cytoplasmic RNA is seen in

decreasing basophilic staining of maturing erythrocytes and lower amounts of

polyribosomes and ribosomes in electron micrographs (Grasso and Woodard, 1966;
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Figure 3. The pathways of erythroid differentíation in normal and acutely anemic

adult pigeons. (A) Peripheral blood; (B) bone rilârrow., pRo, proerythroblast; BE,

basophilic erythroblast; PE, polychromatic erythroblast; OE, orthochromatic

erythroblast; BR, basophilic reticulocyte; PR, polychromatic reticulocyte; oR,

orthochromatic reticulocyte; E, erythrocyte (normal); Eo, erythrocyte formed in

anemic condition; M, mitosis; C, ploidy (DNA equivalent). Reproduced from

Gasaryan (1982).
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Tooze and Davies, 1967; Small and Davies, 1972). Hence, early erythroblasts

(proerythroblasts) have high RNA content and in sequence basophilic,

polychromatic and orthochromatic erythroblasts have correspondingly less RNA at

each stage. Mature erythrocytes do not show polyribosomes in electron

micrographs (Gasaryan, 1 982).

During normal erythropoiesis maturation of the red blood cell takes place in

the bone marrow. At the last stage, the orthochromatic erythroblast becomes

elongated before it is released from the bone marrow into blood circulation and

becomes a mature erythrocyte. During anemia the basophilic erythroblast is

released into the bloodstream and becomes elongated to form a basophilic

reticulocyte (Figure 3; Scherrer et a\.,1g66; Gasaryan, 1gg2l. The cell continues

to mature in a process known as "reserve erythropoiesis" (Gasaryan, 1gg2).

"Reserve erythropoiesis" differs from normal erythropoiesis in that only one mitotic

division takes place, and the final hemoglobin content of these cells is reduced by

about 30% (Gasaryan, 199Ð. These differences between normal and "reserve

erythropoiesis" suggest that gene activity may be somewhat perturbed in the

anemic bird (Gasaryan, 1gg2).

The mechanisms responsible for decision-making in hematopoietic

development likely consist of two interrelated pathways; one ínvolving nuclear

regulatory proteins (particularly GATA-1) which directly control gene expression,

and a second involving signal transduction from growth factors (especially Epo)

(Zon et al., 1991b; Heberlein ef al.,1gg2; Chiba et al., i991; Tsai ef al., 1gg1l.

The two mechanisms do not act in isolation, each affects the activity of the other

to form a positive autoregulatory loop. Relatively low levels of GATA-1 (or GATA-
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2, discussed below), the amounts of which are enough to transactivate the EpoR

gene, are triggered to express by unknown differentiation stimuli in the early stage

of hematopoiesis. The presence of the GATA-1 causes activation of the EpoR

promoter, which has GATA-1 bindíng sites and is strongly activated by GATA-1 in

all species (Kuramochi et al., 1990; youssoufian et al., l ggo). zon et a/. (1991b)

showed that the haematopoietic-specific transcription factor GATA-1 is necessary,

and indeed sufficient as the sole cell-restricted regulator, for activatíon of the EpoR

promoter in fibroblast transfection assays. There are also GATA-binding sites in the

promoters of GATA-1 genes which provide a positive regulatory loop by which

GATA-1 locks the promoter into ar'ì "on" state (schwartzbauer et al., 1gg2; Ho ef

al., 1989; Hannon eta|.,1991;zonetal., 1gg1b;Heberleinef at., 1gg2;chibaef

al., 1991; Tsai et a|.,1991). Erythropoietin-mediated signals enhance GATA-1

gene expression in BFU-E and CFU-Es. Thus GATA-1 ensures cont¡nued survival of

erythroid progenitors in the presence of Epo. The presence of GATA-1 also

programs the progressive increase in mature protein content during cellular

maturat¡on. Hence, a cell-specífic transcription factor and a cell-surface receptor

effectively cooperate to promote survival and maturation of erythroid progenitors.

Erythroid Transcript¡on Factors and Motifs

GATA-1

Structure of GATA-B!nding Proteins

GATA-1 is a 37 - 39 kDa protein (perkins et al.,19gg; Evans and

Felsenfeld, 1989). GATA-1 may first be expressed at the multipotential CFU-GM

stage, and then subsequently downregulated along the myeloid pathway, and
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Figure 4. Amino acid sequence of GATA-1 (Evans and Felsenfeld, l gBg). The zinc

fingers are indicated in ghudgw. The three activation domains are indicated by

dauþic uld€dite. The DNA binding polypeptide studied by omichinski er a/.

(1993b) through NMR is from amíno acids 156 to 218. The presumptive nuclear

targeting signal ís underlined.
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ma¡ntained along the erythroid, megakaryocytic and mast cell lineages (Figure 2)

(Orkin, 1992). Chicken GATA-1 was cloned by Evans and Felsenfeld (198g), who

showed that it was a basic protein with a net positive charge oÍ 12, which was

able to increase expression (bV 7So/ol of the chicken aD-globin gene promoter

containing a single GATA binding site. The exceedingly basic region (KGKRR) may

be a nuclear localization signal (Dingwall and Laskey, 1g91)(Figure 4). The protein

has two related but nonidentical zinc fingers (cys,,o to cys,.o and cys,uo to cys,rs)

of the form CXNCX4TXLWRRX3GX3CNAC, each followed by a basic domain. The

two finger regions have a high degree of similarity 55o/o of the amino acids from

residues 11O-1 47 and 163-202 are identical (well beyond the cysteine cores). The

region downstream of the cyste¡nes (located on the same exon) is well conserved

among species although it is not well conserved between fingers I and ll (yang and

Evans, 1992)' The pattern of amino acids conserved wíthin or between the GATA

fingers, does not resemble any of the conserved patterns found in other finger

proteins, suggesting that GATA proteins are a unique form of zinc finger protein.

Finger ll and the basic downstream regions of it are required for DNA-binding

activity (Yang and Evans, 19921. The C-terminal finger binds a GATA site with a

specific association constant of 1.2 X 1OB as compared with values of about 1Os

for the full-length GATA-1 protein (Omichinski et al., tg93a). The methylation

interference patterns for finger ll are identícal to that of full length GATA-l

(Omichinski et al., 1993a).

Finger I may contribute to the discrimination between high- and low-affinity

sites and play a role in specificity and stability of binding of both chicken (yang and

Evans, 1992) and mouse GATA-1 (Martin and Orkin, 1990). A finger ll protein-
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DNA complex shows a similar half-life regardless of the DNA probe, while the wild-

type protein has a 1.7 -fold greater half-life for a higher-affinity oP-globin site

relative to a n-globín-derived probe. When GATA-1 is bound to appropriate double

GATA-binding sites, DNA methylation interference assays reveal that the finger I

protects one of the binding motifs but has little effect on the dissociation constant

(Martin and Orkin, 1990; Tsai ef al., 1gg1l.

'GATA-1 binds DNA specifically as a zinc or iron complex (yang and Evans,

1992. Omichinski et a|.,1993a). Zinc binds at a molar ratio of 1 to the carboxyl

finger (Omichinski et a|.,1993a). The binding of DNA is dependent on the cysteine

residues at the base of the fingers, which complex the zinc (yang and Evans,

1992). The 3' C-X-X-C site of finger ll makes critical contacts on the bottom

strand of a GATA binding site which are postulated to be required for GATA-1 to

activate transcription (Yang and Evans, 1gg2l.

omichinski et al. (1gg3b) used NMR to study the configuration of a

polypeptide encoding finger ll of GATA-1. Their data showed that the DNA bases

pairs from -1 (sequence'rA GAT *1AAcc*4) to +4 were in contact with amino

acids 162 to 216 (including finger il) of GATA-1 (Figure SA). Residues 1b9 to 162

form a turn, followed by two short irregular ant¡parallel ß sheets, a helix (residues

185 to 195) and a long loop (residues 196 to 20g; Figure SB). ß strands 1

(resídues 162to 164) and 2 (residues 168 to 1711 form the first ß sheet, and ß

strands 3 (residues 175to 178) and 4 (residues lg1 to 1g4) form the second ß

sheet. The core of finger ll is dominated by the zinc which interacts with the Sn".."

atoms of cys'6a, cystut, cysttu and cys'88. cystuo is located in ß strand 1, cysl67

in the turn between ß strands 1 and 2 and cysttu and cyslBB in the helix. Hence
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Figure 5. chicken GATA-1 fínger ll: structure and interaction with DNA.

A. Schematic ribbon drawing of the core of the chicken GATA-1 DNA binding

domain (residues 162to 2161. The description of the protein fragment is given in

the text.

B. Sketch summarizing the contacts between the chicken GATA-1 DNA bindíng

domain and DNA with the DNA represented as a cytiÅOrical projection. Bases

interacting with the protein are shaded; phosphates are represented as circles: filled

circles indicate sites of interactions with sugar and phosphate or both in the major

and minor grooves. Reproduced from Omichinski et at. (1gg3b). The numbering of

the nucleotides of Omichinski et al. (1993b) were changed to correspond with the

nucleotide numbering used throughout this project and are relative to the central

GAT sequence. The amino acid residue numbering from Omichinski et al. (1gg3b)

were changed to reflect the position of the amino acid residues within the full

length GATA-1 protein.
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the zinc is responsible for determining the orientation of the helix with respect to

the first ant¡parallel ß sheet.

The DNA base pairs contacted by finger ll were from -1 (sequence'tA GAT

*lAACC*4, where the superscript designates the position of the nucleotide relative

to the core GAT sequence) to +4 (Figure 5B). The cGATA-1 DNA binding domain

makes specific contacts with eight bases, seven in the major groove (A at -1 of the

core GATA sequence; G and A of the core GAT sequence; T and A of the

complementary strand within the core ATC sequence; and at the Ts complementary

to position + 1 and + 2) and one in the minor groove (the T of the core GAT

sequence). These data are in agreement with.methylation interference experiments

of the major and minor grooves which have implicated every position of the GATA-

1 binding site from base pairs -2 to + 2 (Martin and Orkin, 19gO; yang and Evans,

1992; omichinski et a|.,1993a). The bases which are contacted in the major

groove are through the helix and the loop connecting ß strands 2 and 3. The

remaining contacts involve the sugar-phosphate backbone, the majority of which

are located on the complementary strand to the GATA sequence. Salt bridges or

hydrogen bonds or both are made by Argr77, Argtou and Hisle6 with the phosphates

of the G of the core GAT sequence, the A of the reverse ATC and the T on the

opposite strand at +2 in the major groove. Argror, Thrzo8, Argrrr and Arg2la

contact the phosphates of the C at +4, the T and C of the reverse ATC sequence

and the T on the reverse strand at the -1 position in the minor groove. The

interactions of Argzos and Arg211 above and below the polypeptide chain span the

full length of the target site and are probably responsible for the bending of the

DNA in the direction of the minor groove.
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The helix and the loop connecting strands ß2 and ß3 (which is located

directly beneath the hel¡x) are located in the major groove of the DNA, and the

carboxyl-terminal tails wrap around the DNA and lie in the minor groove, directly

opposite the helix (Figure 5A). Omichinski et al. (1993b) suggest the structure of

GATA-1 bound to DNA is analogous to a right hand holding a rope, with the rope

representing the DNA, the palm and fingers of the hand the core of the protein, and

the thumb the carboxyl-terminal tail. This results in a pincer-like configuration of

the protein that causes a kink in the DNA in the directíon of the minor groove in the

DNA between base pairs + 1 and +2.

Ko and Engel (1993) used random DNA sequences in EMSAs with GATA-1

and then PCR amplified those sequences which were shifted by GATA-1 in order to

determine the sequences with which GATA-1 preferred to interact. lt was found

that at positions -3 and -2 there was no real nucleotide preference. At position -1,

A occurred at a high frequency, but T and c were also allowed, whereas G

appeared to be prohibited. The presence of a T at this position resulted in a high

affinity binding site for GATA-1. The GAT sequence of the core was essential as

determined by methylation interference studies (Wall eral., lggg) with G being the

most critical contact point (Schwartzbauer et al.,1gg2). There was a strong

preference for A in both position + 1 and + 2. The + 2 position differed from the

canonical sequence in that a G was allowed at this position in the canonical

sequence whereas this was not seen in the PCR amplified sequences. There was

no apparent preference at the +3 position, but this site did appear to depend on

adjacent sequences. An A was preferred at the +4 position. They also found that

the sequence of adjacent nucleotides often affected the affinity of GATA-1 for the
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sequence. For example by chi-square analysis, the dependence of the identity of

the + 2 position upon the + 1 identity exceeds the O.OO5 level of significance when

the two sites contain adenines (Ko and Engel, 1gg3).

Activation of transcription depends on DNA-binding and three activation

domains in cGATA-1 which act synergistically to affect transcript¡on (yang and

Evans, 1992). The first domain (act l) appears to be located within amino acids 1

to 71 but is difficult to map precisely because of protein instability; the second

domain (act ll) maps near or within finger I and seems to be critical (yang and

Evans, 1992; Figure 4). Deleting amino acids 227 to 280 reduces activ¡ty to 31o/o

of wild-type and is the third activation domain.(act lll). Three qualitatively different

activation domains were also mapped by structure-function studies on the mouse

GATA-1 homolog by fusion of N- and C-terminal regions to a heterologous DNA-

binding domains (Martin and Orkin, 1990). The N-terminal mouse domain (an acidic

region) confers transcriptional activation in this assay, whereas the C-terminal

portion does not. lt should be noted that in these activation assays the constructs

for GATA-binding did not include binding sites for other erythroid factors which

may interact with GATA-1 (see below; Walters and Martin, 1992,). Thus there may

be as yet unmapped domains of GATA-1 which are important for interactions with

other factors. Because finger I is well conserved among GATA family members, act

ll is a good candidate for a general GATA protein act¡vation domain, and perhaps

interacts with specific cellular proteins. This may account for the observation that

avian or mammalian GATA-1 proteins both function when expressed in

heterologous cell types (i.e. cGATA expressed in human HeLa cells or hGATA-1

expressed in primary chick fibroblasts), despite the lack of sequence conservation
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between the factors outside the presumptive DNA-binding domain (yang and Evans,

1992l,- Alternatively, a system of poorly conserved repeats among the first So and

the last 50 resídues of chicken, mouse and human GATA-1 proteins might be

important for interact¡ng with prote¡ns of the transcription apparatus (Trainor et al.,

1990).

The activation domains of GATA-1 which do not contain obvious protyp¡c

domains such as an acidic domain may act to properly position the protein to

interact with the DNA sequence. Walters and Martin (1gg2) suggest that subtle

changes in the way GATA-1 interacts with its cognate site may have a dramatic

affect on how other regions of the factor make protein-protein contacts. As an

example, a mutant GATA-1 binding site leads to a very subtle alteration in the DNA-

protein interaction but results in inappropriately high levels of globin gene

expression (Martin et a|.,1989). This mutation results in a promoter, that is 4-S

times more active than the wild-type promoter when tested in erythroid cell (Martin

et a|.,1989).

GATA-Binding Sites

Binding sites for the transcription factor GATA-1 formerly known as Eryf 1,

NF-E1 or GF-1 in human erythroid cell tines were first identified in the promoters of

the alphaD- and rho-globin genes (Kemper et al., 1gg7; Evans et al.,lggg, wall ef

al., 1988, Martin et al.,lggg). Evans et at. (1ggg) reported that alt chicken globin

gene promoters contained a GAÏA-sequence conforming to the consensus

[T/A(GATA)A/GÌ. There are no known erythroid-expressed genes that have been

shown to be independent of GATA-motifs within their promoters, enhancers or
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LCRs (Tsai ef al., 1991; Grosveld etal.,1gB7; Orkin, 1gg0; Talbot and Grosveld,

1991; Talbot et a|.,1990; Strauss and Orkin, 1gg2; Strauss et al.,1gg2; Jarman

et a|.,1991; Philipsen et a|.,1990). This includes globin genes, heme-biosynthetic

genes and all other genes which are expressed in erythrocytes, including the

enhancer of the erythroíd-specific chicken Hb gene (Trainor et al., 1gg7; Rousseau

et al., 1 989). The species examined are human, mouse and chicken. There are

three GATA-binding proteins expressed in erythroid tissue which have been cloned,

GATA-1 , -2, and -3 respectively. GATA-2 and GATA-3 are strongly conserved

among avians, amphibians, and mammals, whereas GATA-1 is not (yamamoto ef

al., 199O;Zon et a|.,1991). Another GATA-bìnding protein, F6 is a nuclear matrix

protein and may mediate an interaction between the nuclear matrix and certain

erythroid genes (Vassetzky et al., 1gg3).

Chimeric mice derived in part from embryonic stem cells with a mutant

GATA-1 gene, require GATA-1 expression for generation of a fully differentiated

erythroid lineage (Pevny et a|.,1991) and in vitro lor differentiation into erythro¡d

cells (simon et a|.,1992). Therefore, GATA-1 may be the primary determinant

protein of erythroid lineage. The GATA-binding factors play a conserved role in

erythropoiesis. The changes in the relative abundance and the expression pattern

of all three GATA factors during erythroid differentiation are very similar across

species (Yamamoto et al., 1990). Therefore, it is expected that each of the GATA

factors, which vary in binding specificity and in transactivation potential, play a

specific role at the time that they are expressed. GATA-1 expression is high

throughout erythroid differentiation and increases slíghtly as the cell matures;

GATA-2 is down-regulated shortly after the induction of differentiation, during
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which time GATA-3 is induced (yamamoto ef a/., 1990). For example, the

glycophorin B promoter is not active in transfected T cells that contain abundant

GATA-3, but is highly active in the GATA-1-rich erythroid environment. GATA-1

has greater transactivation potential than GATA-2 or GATA-3 (Martin and orkin,

1990; Evans and Felsenfeld, 1gg1). Therefore, it is possible that the GATA

proteins bind to the same target sequences (or a common subset) but due to

different actívation potentials have different effects within cells. For example, there

is evidence that GATA-2 maintains erythro¡d progenitors in an immature state.

Expression and activity of a GATA-2/estrogen receptor chimera inhibits terminal

erythroid differentiation and concurrently promotes proliferation of immature

erythroblasts in an estrogen dependent manner (Briegel et al.,1gg3). GATA_2 is

down-regulated shortly after induction of differentiation in ts-oncogene-

transformed erythroblasts. The similar down-regulation of GATA-2 in vivo might be

a key event required for terminal differentiation of erythrocytes. Briegel et al.

(1993) suggest that the upregulation of GATA-3 during late maturation may be

important for globin gene switching. cGATA-3 is not expressed in embryonic

(primitive) or immature definitive erythroid cells (Yamamoto et al.,1ggo).

Sefected amino acid differences are character¡st¡c of the different GATA

proteins, such that the fingers of GATA-1 can be distinguished from GATA-2 and 3,

and similarly GATA-2 and GATA-3 can be distinguished from each other and from

GATA-1 (Zon et al., 1991). Analysis of the DNA-binding characteristics of the

GATA factors demonstrates that each factor binds to consensus (WGATAR) sites

with similar affinities, but chicken GATA-2 and GATA-3 are also capable of binding

to an alternative consensus sequence (AGATcrrA) with high affinity (Ko and
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Engel, 1993). Therefore the GATA factors may bind to different transcriptional

regulatory sequences, whose distinct target genes then elicit separate effects on

the physiological program of erythroid cells, such as promoting self-renewal (GATA-

2) or terminal differentiation (GATA-3).

It is thought that the complexity in erythro¡d control elements correlates to

the function of the gene product. For example, genes that are required early in

erythropoiesis have promoters which can be directly trans-activated by GATA-1 in

non-erythroid cells (Zon et at.,1991b). Examples are the GATA-1 promoter itself,

the erythropoietin receptor gene and the alphaA globin gene which is expressed

throughout erythroid development and has a simple enhancer which appears to only

contain GATA binding sites (Chiba et al.,l9g1; Evans and Felsenfeld, 1g91;

Hannon et a|.,1991; Zon et at.,1gg1b; Knezetic and Felsenfeld, lggg). ln other

cases, GATA-1 does not function in heterologous systems to transactivate

erythroid-specific promoters, implying the importance of other factors. The ß-globin

family' which goes through a series of gene switching, contain in addition to GATA-

binding motifs, sites for the binding of other factors.

There is, as well, complexity in GATA binding sites with respect to the

sequence of the site, whether the site occurs as a single or double copy and in the

case of double copy sites, the orientatíon with respect to each other and distance

apart including overlapping sites (Tsai ef al., 1gg1; Martin and Orkin, 1990; Evans

and Felsenfeld, 1991)' This complexity affects the strength of binding and the

transcription efficiency. The human gamma-globin (Martin et al.,1g99; Martin and

Orkin, 1990) contains a slightly higher-affiníty site consisting of two copies of the

GATA-binding sequence, both contacted by a single molecule of GATA-1. The
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GATA motif occurs as isolated single copies in number of globin enhancers and

promoters. The ßA/e-globin enhancer contains two adjacent GATA binding sites in

opposite orientatíon which binds two molecules of GATA-1 noncooperatively (Evans

et a|.,1988). The GATA-1 binding site in øD promoter of chicken, which contains a

double GATA motif, binds one molecule of GATA-1 that recognizes primarily the

downstream GATA mot¡f. The presence of the first motif however causes GATA-1

to bind with a two-fold higher affinity, relative to the second motif alone and this

facilitates a four-fold higher level of trans-activation (Evans and Felsenfeld, 1gg1).

GATA-1 binding site clusters, such as in the chicken GATA-1 promoter which has 3

sites and may bind 2-3 molecules of GATA-1,.can be strong positive crs-acting

elements (Hannon et al., 1gg1; Evans et al., l ggg; Martin et al.,1ggg; Evans and

Felsenfeld, 1 991 ).

GATA-1 may serve to mediate an interaction between the 3'-enhancer and a

noncanonical TATA-box (GATRAA) in certain erythroid genes (Fong and Emerson,

19921'. lt is thought that at these motifs GATA-1 binds first and establishes an

interaction between the 3' enhancer and the promoter. GATA-1 is subsequently

displaced by TFIID in conjunction with adaptor proteins to form an active initiation

complex. Thus a critical step ¡n the tissue-specific regulation of the ß-globin gene is

the establishment of enhancer-promoter interaction mediated, in part, by CGATA-1

bound at the -30 position. Fong and Emerson (1992) propose that interaction of

cGATA-1 with the distal 3' enhancer and the specialized TATA box confers

erythroid specíiicity to the initiation complex by mediating promoter-enhancer

communication. Proximal promoters of several erythroid-expressed genes

(erythropoietin receptor, pyruvate kinase, and glycophorin B) also contain a GATA
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motif in lieu of a traditional TATA box (Orkin, l ggO). ln contrast to more complex

promoters (such as those of the adult ß-globin genes), they are directly trans-

activated in heterologous cells by coexpression of GATA-1.

CACCC motif/GC box

Ïhe CACCC and GC motifs are grouped together because most factors that

bind to one mot¡f also bind to the other, albeit more weakly. Sp1, NEF-2 and other

erythroid factors bind these elements. Which if any regulates erythroid genes

however is unknown (Gumucio et a\.,1g91; Davidson et al.,19gg; Emerson et al.,

1989). Sp1 is a ubiquitous transcription factor that is modified by O-glycosylation

and phosphorylation (Jackson and Tjian, 1988). The glycosylation enhances the

ability of Sp1 to activate transcription and Sp1 is phosphorylated after binding DNA

by a DNA dependent kinase (Jackson et a\.,1990). Transcriptional activation by

Sp1 depends on a three zinc finger structure which is responsible for DNA binding

(Kadonaga et al., 19871. There are four activation domains; 2 glutamine rich

domains (domains A + B), a weakly basic domain (C), all located amino-terminal to

the DNA-binding domain and the last domain (D) which has no outstanding features

is located at the carboxy terminus (Pascal and Tjian, 19g1). sp1 is able to act¡vate

transcription synergistically when more than one DNA-bínding site is present

(Anderson and Freytag, 1991; pascal and Tjian, 1gg1). Synergism requires the

glutamine-rich domaíns A and B and domain D. Sp1 forms a tetramer which is

subsequently assembled into multiple tetramers and Sp1 proteins bound at DNA

sites separated by 1.8 kb will interact, resulting in the looping out of the intervening

sequences in a manner dependent on at teast one glutamine rich domain (su et al.,
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1991; Mastrangelo et a|.,1991; Pascal and Tjian, 1991). This information may be

important since it would provide a mechanism whereby Sp1 bound at distant sites

could bring the sites into juxtaposition and allow proteins bound at the sites to

interact, and if they are in contact with a promoter, to affect transcription. Human

Sp1 increases the number of productive transcription complexes formed in vitro on

the adenovirus E1b promoter without apparently affecting TFIID binding or

promoting transcription reinitiations (Schmidt et al., 1989a). Sp1 action probably

prevents diversion of initiation complexes into non-productive complexes as

discussed above.

Sp1 binds to the sequence (G/T)(G/A)GFC(cÆ)(c/A)(G/A)(G/T) (Faisst and

Meyer, 1992). Sp1 also binds to sequences where the central C is changed to T or

A, although these changes reduce the affinity of the sequences for Sp1 binding

(Letovsky and Dynan, 1989; Lobanenkov etal.,199o; yu ef at., 1gg1l. cAccc

factors also bind the sp1 consensus sequence (Jackson et al.,1ggg). cAccc

sequences are present in the human 3'ß-globin enhancer (Giglioni et a\.,198g) and

chicken ßA/e LCR/enhancer (Emerson et a\.,1987) and are important for ß-globin

expressíon(Linef al.,1987; Myers etal.,1986). BíndingsitesforSp1,besidesthe

CACCC element have been identified in the ø-globin promoters of chicken (Kemper

et al., 19871, mouse (Barnhart et al.,1gBg), human (whitelaw et al.,lggg) and in

the chicken ßA promoter which has been shown to bind human or avian sp1 (Evans

et a|.,1988; Lewis et a|.,1988). The ßA promoter site is critical for transcriptional

activity (Jackson et a|.,1999; Emerson et a\.,1989). Sp1 binds to the human zeta

promoter, but may be displaced in vitro by erythroid-specific factors that bind to

overlapping sites (Yu er al., 1990l'.
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Sp1 also binds the stage selector element (SSE) found in the chicken ßA-

globin promoter required in definitive erythroid cells for both the expression of the

adult gene and the suppression of a linked embryonic € gene (Choi and Engel,

1988; Lewis et a|.,1988; Jackson et al.,19Bg; Emerson et al.,1ggg). A 65 kDa

protein (NF-E4), also binds the purine-rich RAGAGGRGG motif (R:A or G) and may

be the relevant protein in vivo, since it is present in mature adult erythrocytes, but

not in primitive erythrocytes that express the e gene (Gallarda et a|.,1989). The

mode of action of NF-E4 may be to mediate a physical interaction between the

adult-stage specific promoter and the LCR/enhancer located between the epsilon

and ß-globin genes (Nickol and Felsenfeld, 1988; choi and Engel, 1988). Thus

there is a competition for the shared enhancer by the promoters of each of the

genes and after the NF-E4 protein begins to be expressed in maturing erythrocytes

the adult ß-globin promoter is able to "win" the competit¡on as the chicken

matures. ln humans a similar mechanism may be present in which an embryonic

factor performs the role of NF-E4 (Jane et al., 1gg2).

CCAAT Motif/ NFl t(T/C) cc (A/C) Ns_6 GCCAA

There are at least five distinct CCAAT binding factors (CBFs) or families of

factors three of which have been implicated in erythroid maturation that recognize

the CCAAT motif, a region commonly protected in DNase I protect¡on assays of

erythroid genes (Chodosh et al.,1988; Dorn ef al., 1gB7a;1g97b; Superti-Furga et

a|.,1988; deBoer eta|.,1988; Lietal., 1gg2; Santoro etal.,lggg). Thefactors

are distinguishable by sequences peripheral to the conserved CCAAT core, the

strength of binding and by homology among proteins. The ubiquitous factor CBF
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(NF-Y/CP1) is composed of 2 subunits, which are highly conserved in vertebrates

(Li ef al., 19921 and has the consensus sequence

(c/T)NNNNNN(A/c)(A/G)CCAATCAN(C/T(G/T) (Chodosh ef at., 1 988). CBF

appears to be the factor that interacts with highest affinity to CCAAT elements in

the promoters of the human ø, ß, and gamma genes and mouse ß-globin (chodosh

et a|.,1988; deBoer et a|.,1988; Gumucio et a|.,1988; Superti-Furga et a/., 198g).

A mutation that increases the similarity of a CCAAT sequence to the consensus

binding site for CP1 (Chodosh ef a/., 1988) creates a stronger binding site for the

human gamma-globin promoter (Gumucio et al., 1988), which correlates with

increased expression of this gene. CP2 interaets preferentially with the human

zeta-globin promoter (Yu ef a/. 1990). The cp2 consensus sequence is

(C/T)AG(C/T)NNN(A/G)RCCAATCNNNR and the protein appears to be a heterodimer

(Chodosh et al., 1988).

Nuclear factor 1 (NF1), also known as CTF is a family of proteins that bind

to the sequence ff/C)GG(A/C)Ns.6GCCAA and some of the proteins also bind the

CCAAT mot¡f (Kawamura et al., 1993). Four NFl genes in chicken have been

identified;NF1-4,-8,-c,-X(Rupp etal.,199o;Kruse etal.,1ggl),whichcodefor

proteins of 46 to 62 kDa. Differential splícing and protein modification (O-

glycosylation) also contríbute to the heterogeneity in the NF1 family (Rupp et al.,

1990). A mouse NF-1 factor that recognizes primarily the NF-1-binding sequence

and not the CCAAT box is phosphorylated in vitroby cdc2 kinase, although the

significance of this result was not determined (Kawamura et al.,1gg3). Human

crF-2, which is homologous to chicken NF1-c2 (Rupp et al., l ggo) regulates

transcription via a proline-rich activation domain (Mermod et al.,1gBg). Cell
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specific differences in the amount and forms of NF1 have been observed (Goyal et

a/., 1990).

CTF/NF1 from HeLa cells has been shown to bind to a CCAAT box and

stimulate transcription from the human ø promoter (Jones et al.,1gg7l. CTF/NF1

related proteins are capable of inhibiting binding of positive transcription factors to

an adjacent site in the promoters of the chicken ßH- (Plumb et a\.,1986) and the

chicken ßA-globin (Jackson et a\.,1989). PAL, the chicken ßA inhibitor is a mature

erythrocyte prote¡n, the appearance of which correlates with the shut off of globin

expression in mature erythroblasts (Jackson et a|.,1989). This protein binds in an

anti-cooperative manner with a positively act¡ng CACCC factor. A CTF/NF1 activity

related to the CCAAT displacement protein (CDP) of sea urchins (Barberis et al.,

1987) binds within the human ß globin genes (deBoer et a|.,1988). lt also binds to

the duplicated CCAAT elements of the human gamma promoter and inhibits binding

of CP1 (Superti-Furga et al., 1988l'. A similar situation may exist ín the mouse ø

promoter (Barnhart et al., 1988).

clBR

clBR (chicken initiation binding repressor) is a 7b kDa DNA binding

glycoprotein from mature chicken erythrocytes. lt protects the sequence -10 to

+ 19 of the transcription start s¡te of the H5 gene in DNase I protection assays

(Gomez-Cuadrado et a|.,1992). clBR represses transcription from the H5 promoter

in vitro by interfering with assembly of the initiation complex. Human TFIID bound

to the TATA element prevents subsequent binding of clBR, although clBR does not

affect binding of TFllD. lt was found that clBR did not affect transcription when
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bound upstream of the promoter. Based on these data it was suggested that clBR

directly interferes with general transcription factors other than TFllD, possibly TFllB.

Transcriptionally active, immature erythrocytes contain clBF (chicken initiation

binding factor) instead of clBR. Purífied clBF is a non-glycosylated 68-70 kDa DNA

binding protein(s) which protects a slightly larger region (-8 to +231of the H5 gene

in DNase I protection assays. The two proteins however make the same DNA

contacts with a shorter region (-6 to *4), as inferred from methylation interference

studies.

AP-l ITGA (G/C} T (C/A) A1 /NF-82 TTGACTCAG]

AP-1/NF-E2 binding sites are present ín control elements of a number of

erythroid specific genes, such as the chicken ß-globin enhancer, the promoter of

PBGD and in the LCRs of alpha and ß globin genes some of which are tandem AP-1

sites(Emersonef al., 1987: Mignotte etal.,1g89b;Neyef al., lgge; philipsenet

al., 1990; Disela et al., 1991). AP-1/NF-E2 elements may be composite hormone

response elements which may respond to a number of AP-1 transcription factors

(Walters and Martin,1992l. There are several AP-1/NF-E2 binding factors present

in erythroid tissue, including fosljun, the thyroid hormone receptor c-erbA and NF-

82, an erythroid-specific protein with a distribution pattern similar to GATA-1

(Schule et a|.,1990; Zenke et a|.,1990; privalsky et a|.,1990; Talbot and

Grosveld, 1991); Mignotte et al.,19g9b). The major component of murine NF-E2 is

a 45 kDa prote¡n that belongs to the basic-region-leucine zipper family of

transcription factors (Andrews et a|.,1993). Mice homozygous for a mutant form

of NF-E2 are severely anaemic (Peters et a|.,1993). Normal human and murine
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erythroblasts express a high level of c-fos mRNA throughout their differentiation

(Caubet et a|.,1989), and it is suggested the Fos protein has a role in the regulation

of the transcription of genes switched on during the terminal erythroid

differentiation (sambucetti and Curran, 1986; Rauscher et al., 1g88a; 1g88b;

Franza et a|.,1988).

V-erb{ regulates the erythroid-specific proteins; anion transporter band 3,

carbonic anhydrase ll, and the enzyme aminolevulinate synthase through AP-1 sites

(Disela et a|.,1991). C-erbA blocks differentiation in a hormone-dependent manner

(Zenke et a|.,1990). The promoter of the chicken GATA-1 has a potential bindíng

site for members of the steroid hormone-recepfors superfamily. This region is

protected in DNase I protection assays when non-erythroid (but not erythro¡d)

extracts are used (Hannon et a|.,1991). Therefore, it may represent a negative

regulator of GATA-1 gene activation.

Synergy Between Erythroid Transcription Factors

There is evidence for synergy among some erythroid factors, which may

reflect a physical interaction between factors. ln erythroid tissue it has been noted

that ß-globin promoters often have a TATA box at about -30, a CCAAT box near -

70 to -90 and a cAccc motif often from -9s to -120 (McDonagh et a\.,1991; Lin

etal., 1987; Myers eta|.,1986;Yuef al., 1gg1l. Gong etat.(1g91)notedthatin

addition to these factors there is a conserved GATA motif at about -16s in

mammalian epsilon globin genes. ln the human epsilon-globin promoter, this site is

required for interaction with an enhancer and in the absence of the enhancer, the

site does not affect transcription (Gong et a|.,1991). Further research showed that
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the binding of an AP-1-like factor to the enhancer was required for enhancer

activity (Gong and Dean, 1993). Gong and Dean (1993) suggest a multimeric

interaction may be responsible for this effect.

Additionally, it has been noted that CACCC elements are found close to

GATA motifs in erythroid elements (collis et al., l ggo). Activity of the

porphobilinogen deaminase gene (PBGD) promoter is lowered when the spacing

between GATA-1 and CACCC elements is increased (Frampton eú a/., 19gO). The

HPFH-associated changes in GATA-1 activity (discussed above), are expressed in

nonerythroid cells only when the site is linked to either a CACCC or a AP-1/NF-E2

element (Martin and Orkin, 1990). ln transient transfection assays none of the

elements GATA, cAccc, and AP-1/NF-E2 alone created an active erythroid

promoter, whereas combinations of two elements created act¡ve promoters in

mouse and human erythroid leukemia cell lines (Walters and Martin, 1992,t.

Therefore GATA-1 mot¡fs linked to either CACCC or AP-1/NF-E2 elements form

strong, índucible erythro¡d promoters. This result suggests that GATA-1 requires

erythroid-specific factors in order to function in erythroid cells. These data imply

that globin gene regulatíon is achieved by the combined action of several

transcription factors (Walters and Martin, 19921. Thus GATA-1 may interact with

factors binding to the CACCC andlor Ap-1/NF-E2 elements.

Minie et al. (1992a; 1992b) suggest that a combination of the changing

concentrations of transcription factors together with the variability in binding

affinities of Sp1 and GATA-1 to control sites of individual erythroid-specifíc genes

is important for differential regulation of these genes. ln the developing chicken

embryo, the concentrations of GATA-1 and Sp1 decrease by almost an order of
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magnitude as the primitive cells are replaced by definitive cells at day S (Minie ef

al., 1992a; 1992b1. Therefore the number of doubly occupied sites in the rho

promoter which contains a GATA and an Sp1-binding site are estimated to decrease

by two orders of magnitude (Minie et al., 1992a; 1992b). Thus regulation of rho-

globin expression can be controlled by factors that are not confined to a particular

lineage. A similar concentration-dependent mechanism (involving additional factors)

appears to account for lineage-specific expression of the alphaei-globin gene (Minie

et al., 1992a;1992b).

lntroduction to H¡stone H5

Histone H5 is a variant of the H1 family (Aviles etal., 1g7g; Neelin etal.,

1964) found in nucleated erythrocytes of bírds (Neelin et ar., 1g64; shannon et al.,

1985). H5 shows structural (Aviles et al.,1g7g) and sequence (yaguchi et al.,

1977l-simílarities to histone H1. The expression pattern of histone HS is similar to

that of the adult ß-globin gene in that both are expressed at higher levels in

erythrocytes than in early erythroblasts (Beug et al., 1gg2; Neelin, 196g; sotirov

and Johns, 19721. However, histone H5 is transcribed in avian erythroblastosis

virus-transformed CFU-E erythro¡d cells, at an earl¡er stage than the ß-globin gene

(Beug et al., 1979; zenke et al., 1988). Before the maturing cells lose their

proliferative potential, transcription of the H5 gene increases by up to a factor of 6.

As the cells enter the terminal G1 phase, the rate of H5 gene transcription remains

high. Although the transcription rates of H5 and ßA-globin genes are similar, the

level of ßA-globin mRNA increases 30-17O-fold over that of H5 mRNA as the cells

reach the erythroblast stage. Moreover, while the level of ßA-globin mRNA is
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maintained, that of H5 mRNA drops during maturation, probably due to a lack of

mRNA transport to the cytoplasm (Affolter et al., 1gB7).

Expression of Chicken Histone H5 Gene

Unlike most h¡stone genes which are replication dependent or partially

replication dependent, histone H5 belongs to the class of histone genes which code

for replication-independent variants. The H5 gene is unique, and the polyadenylated

H5 mRNA lacks the terminator element typical of other histone messengers (Krieg

et a|.,1983). H5 does not have any introns and is unlinked to either H1 or core

histones over 41 kilobases (Krieg et a|.,1983;iRuiz-Carrillo et al.,1gB3). The site

of polyadenylation is at *768, which is about 880 bases from the putative cap site

at -109, in good agreement with the estimate of g0O bases for mature HS mRNA

(Krieg et al., 1 983). The H5 gene TATA box has the sequence TTAAAT located

at-22to-17 (Ruiz-carrillo etal.,1983l. The s'region of the HS gene does not

have a 'CAAT' box which is observed 30 to 6O bases upstream from the TATA box

in many eukaryote genes (Benoist et al., 1gg0).

Both the chicken ßA-globin gene and the histone H5 genes have downstream

enhancers conta¡n binding sites for GATA-1. Each of the enhancers also has

sequence similarity w¡th¡n a 34 base pair region which is protected in DNase I

protection assays in the chicken ßA-globin (DNase I protected region V; Trainor ef

al., 19871. Both the histone H5 and the ß-globin gene are only expressed in an

erythroid environment and therefore would be expected to be under the control of

erythroid-specific factors. An important distinction between h¡stone H5 gene

expression and ß-globin expression is that the histone gene is expressed earlier than
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the ß-globin gene and does not have a pattern of gene switching as does the ß-

globin gene. This would suggest that despite similarities between the two genes,

the control of transcription is different for the two genes.

DNase I Hypersensitive Sites of Chicken Erythroid Histone HS Gene Chromatin

Renaud and Ruiz-Carrillo (1986) examined 14.4 kb around the chicken H5

gene for DH sites at several stages of erythroid differentiation. Taking the mRNA

cap site ( + 1 ) as the reference, the DH sites map at -21 90 (DH 1 l; -1499 to -141 1 ,

(DH 2); -1296to-1216, (DH 3); -840 (DH 4); -117(r6) (DH 5); -25(+6) (DH 5L);

28(+7) (DH 6); 1003(x.121(DH 7.); 1095(+1,21 (DH 7u) and 2118 (DH B), the

latter being the only site that is not tissue specific (Renaud and Ruiz-Carrillo, 1986).

This thesis is concerned with the region of promoter which includes DH site 5. and

the 3'enhancer which includes DH sites 7rand7u. ln immature erythrocytes,

micrococcal nuclease (MNase) cleaves at -111(+6) (DH 5), 1016( *.121(DH 7.) and

1211(+12) (DH 7u). DH site 7 contains stretches of relatively unprotected DNA

interspersed with more resistant structures. The regions sensitive to the

exonucleolytic activity of MNase are about 59 bp (DH 7L) and 66 bp (DH 7u).

Digestion with MNase I resulted in a nuclease-resistant region of 50 to 7O basepairs

bordered by DH sites 7. and 7r. s, nuclease maps DH site 7 to 1026(*.121.

A decline in sensitivity of the DH 5r, which maps close to the TATA box,

correlates with a decrease in transcription initiation (Ruiz-Carrillo et a|.,1983). DH

site 5 also maps near a tissue-specific upstream promoter element (Rousseau et al.,

1989; Trainor and Engel, 1989). The histone H5 gene promoter has two positive

elements: a GC-box (-83 to -75) and an upstream activating sequence (UpE, -51
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to -33) (Rousseau et a|.,1989). Deletion of either of these elements reduces the

strength of the promoter (Rousseau et a|.,1989; Trainor and Engel, 1989; Shannon

et al., 1985; Wigley and Wells, 1987; Trainor et a|.,1987). An upstream negative

element mapped to -95 to -1 15 (Rousseau et al., 1989).

DH sites 7, and 7.- map with a 3' erythroid-specific enhancer element which

is located in the region +851 to +1185 (Trainor et al., 1987; Rousseau et al.,

1989). ln trans¡ent transfection studies using H5 expressing cells, the H5 3'

enhancer requires the presence of H5 promoter elements, including the GC box and

most of the UPE (-38 to -90) to activate transcription (Rousseau et a/., 1989). This

suggests that enhancer-bound proteins interact directly or indirectly (by way of

coactivators or adaptors) with proteins associated with promoter elements that are

localized between -38 to -90. The 3' enhancer is less act¡ve in immature than

mature erythro¡d cells (as represented by line HD6 or undifferentiated HD3) (Trainor

et al., 1987).

Significance of In Vitro lnte¡act¡ons Between Factors of Chicken Erythrocyte Nuclei

and DNA Elements of the Histone H5 Gene

Knowledge of in vítro interactions between nuclear proteins of chicken

erythroid cells and gene sequences of the chicken histone H5 gene should be

instructive for understanding in vivo interact¡ons and functions of factors binding to

the histone H5 gene chromatin. Therefore, this project stud¡ed in vitro interactions

of nuclear extracts of chicken erythroid cells with DNA elements of the chicken

histone H5 gene using a number of techniques. Based on the data obtained, a

looping model is presented for physical protein interactions between factors bound
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at the promoter and the 3' enhancer within the gene chromatin. We propose that

this looping occurs in vívo and is important for transcriptional activ¡ty within the

histone H5 gene chromatin. Possible functions of factors bound within the looping

model are suggested as they relate to transcriptional activity of the gene.

68



Materials and Methods

Materials

Amersham

deoxyadenosine 5'-ø [35S] thiotriphosphate

a-[32P] deoxyadenosine triphosphate

ø-l32Pl deoxyguanine tri phosphate

q-Í32P1 deoxycytosine tri phosphate

laC-methylated Protein Standards

Bio-Rad

Bio-Rad Protein assay

acrylamide

Boehringer Mannheim

Ouick SpinrM G-25 sephadex columns

British Drug House

casamino acids

Pharmacia

calf intestinal alkaline phosphatase

T4 DNA ligase

poly dl'dC

Klenow enzyme

Kpnl

EcoRl

Hindlll

Hhal

69



Promega

RO1 Deoxyribonuclease I

Sigma

Cyanogen bromíde activated Sepharose 48 beads

Deoxyribonuclease I

1 -acetyl2-phe nyl hyd razi ne

phenyl-agarose

heparin-agarose

S-sepharose

Q-sepharose

double-stranded DNA cellulose

single-stranded DNA cellulose

United States Biochemical Corporation

Sequenase DNA sequencing kit

Mval

Worthington Biochemical Corporation

Micrococcal Nuclease

DNA Laboratory (University of Manitoba) and Regional DNA synthesis Laboratory

(University of Calgary)

oligonucleotides

Buffers used:

20 x SSC: 3 M NaCl, 0.3 M Na Citrate, pH 7.0 with HCI

TE buffer: 1O mM Tris.HCl, 1 mM EDTA

Reticulocyte standard Buffer (RSB): 10 mM Tris'HCl pH 7 .5, 1o mM Nacl, 3 mM
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MgClr, 10 mM sodium butyrate

TBE: 0.09 M Tris, O.O9 M borate 2 mM EDTA (pH 8.3 without adjustment)

TNE: 5 mM Tris'HCl pH 8, 1 mM EDTA, 15 mM NaCl

Buffer D:20 mM HEPES pH 7.9 (NaOH), 2Oo/o glycerol,0.1 M KCl,0.2 mM EDTA,

1 mM dithiothreitol, 1 mM PMSF

Buffer E: 40 mM HEPES pH 7.9 (NaOH), 2Oo/o glycerol, O.2 mM EDTA, 1 mM

d¡thiothreitol, 1 mM PMSF (Sepharose column)

Buffer G: 2o mM HEPES'KOH, 5 mM Mgclr,0.1 mM EDTA, 1 mM dithiothreitol,

0.1% NP-40, 1Oo/o glycerol (double-stranded DNA-cellulose column)

[ + (NH4)2504]

Buffer H: 20 mM HEPES'KOH,12.5 mM Mgclr, 1 mM dithiothreitol,0.1% Np-40,

2OYo glycerol (single-stranded DNA-cellulose column) ( * KCI)

Equilibration buffer: 2o mM HEPES pH 7.9 (NaoH), 2oo/o glycerol, s mM Mgclr, 1

mM dithiothreitol,0.1 mM EDTA,25 mM (NH4)2SO4, O.35o/o Brij-3s

(Emerson and Felsenfeld, 1984)

Buffer Z: 100 mM KCl,20 mM HEPES (pH 7.9), 12.b mM MgClr, 1 mM

dithiothreitol, 0.1% NP-40,2Q o/o glycerol (Evans and Felsenfeld, 1gB9)

Blood Collection buffer: 1O mM Tris'HCl pH 7.5,75 mM NaCl,25 mM EDTA

l XEMSA bindíng buffer:10mMTris'HCl pH 7.5,40mM NaCl, 1mM EDTA, 1

mM ß-mercaptoethanol, 4 o/o glycerol (weight/volume)

2 x sDS sample buffer: 30 mM Tris'HCl pH 6.8, b% glycerol (v/v), 1% sDS, 2s

mM ß-mercaptoethanol, 6 X 1O-4o/o bromophenol blue
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Protease inhibitor concentrations for column fractions and tissue

preparations as specified in the methods are as follows: phenylmethanesulphonyl

fluoride (PMSF), 1 mM; iodoacetamide (lAC), 1 pglml; aprotin¡n, 1 gglml and

leupeptin, 0.5 ¡rglml. NP-40 was used at a final concentration of O.1% unless

otherwise stated. Distilled, deionized water was used throughout. All culture

media were autoclaved or filter sterilized. All procedures were done on ice, or at

4oC unless otherwíse stated.

Methods

Most manipulations of DNA were done,according to Ausubel et al. (1987).

This manual was also used for some protein manipulations, including SDS-

polyacrylamide gel electrophoresis.

Subcloning and Purification of DNA Fragments

Adolfo Ruiz-Carrillo kindly supplied a plasmid containing the region -777 to

+ 1368 (relative to the start of transcription) of the chicken histone H5 gene. The

chicken H5 gene Dde lrestriction enzyme fragment from +893 to +1177 (DS1 +

DS2) was cloned into the Sma I site in the multiple cloning region of pGEM-3 and

was used asthe source of DNA for subcloning the DS1 fragment. DS1 extends

from the Dde lsite at +893 to the Hpall site at 1068. DS1 was subcloned into

pGEM-3 and the double-stranded DNA was sequenced. The insert was removed

from vector by digesting with appropriate pairs of enzymes such as Xba l/EcoR I,

BamH l/EcoR l, Hind lll/EcoR I which cut within the multiple cloning region of

pGEM-3, one on either side of the insert. Therefore the insert contained parts of
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Figure 6. The H5 gene DNA fragments used in this study are indicated. US1a,
'

DS1 and DS1 + DS2 were subcloned into pGEM-3, and the DNA fragments

containing US1a, DS1a, DS1b, DSla-U, DSla-L and DS2 were excised from the

appropriate clone. The arrowheads show the location of the DNase I hypersensitive

(DH) sites in the erythro¡d histone H5 gene chromatin (Renaud and Ruiz-Carrillo,

1986).

73



, usLa 
,

'rd

l+{
F¿{
¡¡

DSLa-U DSLa-L

\a¡
o\

I

DSla /DS1b

DH 5L

ca
o\
oo
-+.

\-{ fr.O \f\oOO OO
O\ F{ Fl-{-- -|- -t-

r

ry

DdeI

MvaI

DH 7U

flHpaI

I HhaI

f-.
fr.

-f

DHTL

É{
)-(
cü

Êq
I

50 bp
E



the pGEM multiple cloning site at either end. Other DNA sequences used were the

chicken histone H5 5'promoter (H5-5'P) from Sau3A l(-350) to Sau3A I (+212ll,

USla (-95 to -1)and the ß-globin 3'enhancer region (ß-globin-3'E) from Pvu ll

(+18771to Pvu ll (+21781, each of which was subcloned into pGEM-3. The

purified insert was prepared similar to DS1 and therefore also contained pGEM

multiple cloning region sequence. DSla (+893 to +1041)was isolated by

digesting the pGEM-3 vector containing DSl with Hindlll and Hhal. DSla-U (+893

to +980) and DSla-L (981 to 1041)were isolated from DS1 which was digested

with Mva I and Hha l, respectively (Figure 6). Therefore the plasmids described

were digested appropriately to produce a sample containing vector and insert.

The samples were electrophoresed to separate insert from plasmid on a 1o/o

agarose gel containing 5 ¡rglml of ethidium bromide. when the insert was

separated from the plasmid DNA, the band containing the insert was cut out of the

gel and eluted electrophoretically as follows. A well was prepared which was lined

with dialysis tubing which had been soaked in 1o/o (w/v) EDTA tor 2Q minutes,

washed several times in water and then left in TBE until needed. The band

containing the insert was placed in the well and the well was filled with TBE. The

DNA was electroeluted into the TBE after which the TBE together with the DNA

was moved to a 13 ml polypropylene tube. The TBE and DNA was extracted with

equal volumes of isoamyl alcohol unt¡l the sample was reduced to 1 ml. The

isoamyl alcohol both removes the aqueous phase and ethidium bromide which

would cause strand breakage of the DNA. The DNA was ethanol precipitated and

then resuspended in 1OO ¡tl TE.

A number of sequences containing GATA-binding sites of erythroid-specific
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genes were synthesized. The HS-GATA sequence covers the region from + 1O45

to + 1067 downstream of the start of transcription of the chicken H5 gene and

covers the GATA-protein binding site (Rousseau ef al., 19891. The complementary

sequences of this site are GAGGCTGGAGATAACAGTGCGG (Hs-GATA-for) and

GCCGCACTGTTATCTCCAGCCT (Hs-GATA-rev). The -for or -rev noted in the

naming of each strand was used to indicate coding and non-coding strand

respect¡vely. ß-globin 3' GATA contains the GATA sequence of the chicken ß-

globin enhancer located from *1888 to +1910 downstream of the start of

transcription (Evans et al., 1988). The synthesized sequences are

CAGGTTGCAGATAAACATTTTG (ß-globin 3' çATA-for) and GCAAAATGTTTATCT-

GCAACCT (ß-globin 3' GATA-rev). The oligonucleotides encoding the chicken ß-

globin promoter sequence, which has a GATA sequence in place of the TATA box

were synthesized (Fong and Emerson, 1992). The sequences used were

GGCGGAGG CGATAAAAGTG GGG (ß-globin prom oter TATA/GATA-f or) and TCCCC-

ACTTTTATCGCCTCCGC (ß-globin promoter TATA/GATA-rev). The chicken rho-

globin promoter sequence GGACAGCAAGATAAGGGCTGCT (rho-globin promoter-

for) and CAGCAGCCCTTATCTTGCTGTC (rho-globin promoter-rev) were

synthesized (-200 to -206; Minie et a|.,1992a). The mouse ø-globin promoter

sequence (located at -189 to -1741 GGGGCAACTGATAAGGATTCCC (qcz

promoter-for) and TGGGAATCCTTATCAGTTGccC (aG2 promoter-rev) were

synthesized (Plumb et a|.,1989). The strands were annealed by mixing equal

amounts of each pair of complementary DNAs in 7 X sSE, placing the tube in

boiling water and allowing them to cool to room temperature.

Oligonucleotides containing the histone H5 GC-box (-92 to -67), which has
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the sequence of a high affinity Sp1 binding site, and the UpE (-S4 to -26) were

synthesized. The following oligonucleotides that contained the histone H5 Sp1

motifs 5'-GATGccrccGGGccGGGGCAGAGGGG-3' (Sp1 -for) and b'-Tccccrcr-

GccccGccccccAGGcAT-3' (sp1 -rev), 5'-GGGTTGcGGTGGGcGGGTGGAGcA-

cr-3' (Pl-for) 5'-TAGTCcrccAcccGcccAccGcAAcc-3' (pt-rev), s'-GGGGGAG-

GTAGGAGGGcTcTcAGAcc-3' (Pll-for), 5'-TGcrcrcAcAccccTccrAccrcccc-

3' (Pll-rev), 5'-GGAGGAGAGGGGACTCCTCCTTGTCC-3' (Ptt-for), S,-TGGACAA-

GGAGGAGTCCCCTC-TCCTC-3' (Plll-rev), 5'-GGGCCATTGGGGTGGGGTTGAACG-

cr-3' (PV-for), 5'-TAGcGTTcAAccccAccccAATGGcc-3' (pV-rev). The histone

H5 UPE-oligonucleotides were 5'-TAGGCAGTÇcrccccccGGTccGTGccc-3'

(UPE-for) and 5'-GCGGCACGGACCGCGGGGAGGACTGCCT-3' (UpE-rev) were

synthesized. The double-stranded compet¡t¡on oligonucleotide Sp1 (b,-

GATCGATCGGGGCGGGGCGATC-3') was obtained from the Stratagene HotFoot

DNase I Footprinting kit. Oligonucleotides that contained the NF1 motif S'-

TCGAGGGCTTGGCACAGCCCCAAGACCA-3' (NF1 -for) and 5'-cTGGTCTTGGGGC-

TGTGCCAAGCCCTCG-3' (NF1 -rev) were synthesized.

Preparation of [tzP]-labetted DNA

End-labelled oligonucleotide and plasmid insert DNA were prepared using 3 -

8 units of Klenow enzyme, 1O-50 ttCi of the appropriate ø-[32p] dNTp, * O.g mM

unlabelled dNTP as required and DNA in a buffer of b0 mM Tris.HCl pH 7.2, 10 mM

MgSOo, O.1 mM dithiothreitol, 50 pglml bovine serum albumin in a final reaction

volume of 25 ¡.rl (Ausubel et a|.,1987). Enzyme was added last, and the reaction

was at 37oC for 15 minutes. The amount of DNA used for the reaction was 1OO
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ng of insert DNA (e.g. DS1)or 1O ng of oligonucleotide. The reaction was stopped

with 2.5 pl ot 25O mM EDTA. The sample was diluted to 40 pl with TNE buffer.

Unincorporated nucleotides were separated from DNA w¡th a Ouick SpinrM column.

lncorporated radioactivity was determined by measuring counts per minute in a

scintillation counter.

Primer Extension Labelling of Oligonucleotide

Primer extension labelling of oligonucleotides was used to label one strand of

a double-stranded oligonucleotide (Ausubel ef al., 19871. The probe was prepared

with the oligonucleotide HS-GATA-for hybridized to a 8 bp complementary primer

(5'-CCGCACTG-3') or by hybridizing the oligonucleotide H5 GATA-rev to a 8 bp

complementary primer (5'-AGGCTGGA-3'). The template and primer were

hybridized by mixing the two in water, placing the sample in boiling water and

allowing the water to cool slowly to room temperature. The DNA was used at 5 ng

of oligonucleotide per labelling react¡on. The oligonucleotide was made completely

double-stranded by incubation with the Klenow polymerase in a reaction mix

containing O.O5 mM of the non-radioactive deoxynucleotide triphosphates (dNTPs),

50 pCi of 32P-labelled dNTP, 3-8 units of Klenow enzyme and hybridized template

and primer in a buffer of 50 mM Tris'HCl pH 7.5,10 mM MgClr, 1 mM

dith¡othre¡tol, and 5O pglml bovine serum albumin in a total volume oÍ 25 ¡tt. The

enzyme was added last, and the reaction was allowed to proceed tor 2 - 4 hours at

room temperature. The uniformly labelled oligonucleotide was used for many of the

EMSAs, since it allowed incorporation of a high amount of 32P and hence produced

a probe with high specific activ¡ty. ln order to increase efficiency of ultraviolet light
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cross-l¡nking, UTP was used in place of dTTP (Ausubel et al, 1987). The labelling

reaction was stopped by adding 2.5 pl of 250 mM EDTA. The mixture was diluted

to 40 ¡.d with TNE buffer. Unincorporated nucleotides were separated from DNA

with a ouick spinrM column. lncorporated radioactivity was determined by

measuring counts per minute in a scintillation counter.

Preparation of GATA-Affinity Column

The two complementary oligonucleotides used for preparation of the column

were 5'-GCTTcccccGTTGCAGATAAACATTTAT-3' and 5'-CCCGGGAAGCATAA-

ATGTTTATCTGCAA-3'. The annealed fragments form the double-stranded binding

site for GATA-binding proteins and ís the sequence found within the chicken ß-

globin gene region lV DNase I protected region as identified by Evans et al. (1988).

Evans and Felsenfeld (1989) used this sequence for purifying GATA-1 from mature

chicken erythrocytes. The method of Kadonaga (1990) was used for preparat¡on of

the DNA. Two batches of 22O ng of each complementary oligonucleotide were

placed in separate eppendorf tubes in a buffer of 50 mM Tris'HCl pH 7.6, r0 mM

MgClr, S mM dithiothreitol,0.l mM spermidine and 0.1 mM EDTA inTS ¡tl. The

mixed oligonucleotides were incubated at 88oc for 2 minutes,6soc for 10

minutes,3ToC for 1O minutes and at room temperature for 5 minutes to allow

hybridízation. ATP including 1 ¡rCi of 32P ATP was added to each tube to a final

concentration of 3 mM. One hundred units of T4 polynucleotide kinase was added

in a final volume of 100 ¡rl. The phosphorylation reaction was allowed to proceed

lor 2 hours at 37oC. Filty ¡tl of 1O M ammonium acetate and 1OO pl of water was

added. The DNA was heated at 65oC for 15 minutes to inactivate the kinase and
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the samples were cooled to room temperature. The DNA was ethanol precipitated,

redissolved to 225 pl ín TE, phenol/chloroform extracted and chloroform extracted.

Twentyfive pl of 3 M sodium acetate was added and the DNA was ethanol

precipitated again, followed by a 75o/o ethanol wash. The pellet was dried.

Ligation of the oligonucleotides was done in a buffer containing 66 mM Tris.HCl pH

7.6, 10 mM Mgclr, 15 mM dithiothre¡tol, 1 mM spermidine, 3 mM ATp and 3o

Weiss units of T4 DNA ligase. The ligation mixes were incubated overnight at

15oC. Ligation was monitored by determining the size distribution of DNA when

the ligated DNA was electrophoresed in a 1% agarose gel. After ligation, the DNA

was phenol and phenol/chloroform extracted, ammonium acetate was added to 2 M

and the DNA followed by an isopropanol precipitation. The DNA was dissolved in

TE wíth sodium acetate added to 0.3 M and ethanol precipitated. The pellets were

washed two times with 750 pl ethanol and then dried. The DNA was dissolved in

4oo¡tl 10 mM potassium phosphate pHB.2 with pooling of the DNA. onepl of

the DNA was removed for determining radiation by scintillation counting.

Preparation of the column was according to Evans and Felsenfeld (1989).

Preparation of the column was done in the cold room. The column was made using

1.2 grams of cyanogen bromide activated Sepharose 48 beads. The beads were

hydrated in 20 ml of 1 mM HCl, poured into a sintered glass funnel and then

washed wíth 15O ml of 1 mM HCI using a slight vacuum to draw the buffer through

the funnel. The next steps were done rapidly. The column matrix was washed

w¡th 4 X 15 ml of cold 1o mM potassium phosphate pH g.2. The sepharose 48

was transferred to a 15 ml tube in 6 ml of 1o mM potassium phosphate pH 9.2.

The ligated DNA was added to the tube, which was then capped and left to rotate
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constantly at room temperature Íü 1 6 - 18 hours. The reaction was stopped by

adding Tris'HCl pH I to 0.1 M. Washing of the column was at room temperature.

The column was transferred back to the glass funnel and washed in succession

with 10 ml of 0.1 M Tris'HCl pH 8,3 X with 10 ml of 0.1 M potassium phosphate

pH 8.2, 3 X with 1O ml of 1.5 M sodium chloride, 10 mM Tris.HCl pH I and 3 X

with 10 ml of 0.1 M sodium chloride, 1O mM Tris'HCl pH 8, 1 mM EDTA. By

determining the total radiation present in the first washes and subtracting this value

from the total radiation present at the start of the reaction, the percent of radiation

incorporated could be determined. Typically 7OY" of the counts were incorporated.

The column was ready for use at this time. i

Preparation of Peripheral Blood

Adult White Leghorn chickens were made anemic by intramuscular injections

of 2.5% 1-acetyl-2-phenylhydrazine hydrochloride in 60% ethanol (Williams, 19721.

The injection schedule was day 1) 0.7 ml, dav 210.7 ml, day 3) 0.6 ml, day 4) 0.4

ml, day 5) 0.8 ml, day 6) 0.8 ml. The proportion of immature reticulocytes

increases from near zero to 95o/o over this time (Sung et al., 19771. Ninety percent

of the blood cells are late- or mid-polychromatic (Sung et al., 19771. Peripheral

blood from the chickens was collected on the seventh day. The chickens were

anaesthetízed and the carotid arteries were cut in order to bleed them.

Blood of adult chicken was collected into blood collection buffer at a final

dilution of about 1:2 on ice. The blood was filtered through 3 layers of cheese

cloth and then centrifuged in a GSA rotor for 10 minutes at 3,OOO rpm. The blood

was washed two more times in blood collection buffer with pelleting by
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centr¡fugation. After the last centrifugation, the supernatant was aspirated,

together with as many white blood cells as possible. The packed cells were either

used fresh or were frozen to -80oC until further use.

Preparation of Nuclear Extract

Five ml of RSB and PMSF was added to 5 ml of frozen or fresh chicken

erythrocytes (adult immature or mature peripheral erythrocytes or from

developmentally staged embryos). The frozen erythrocytes were thawed at 37oC.

A pasteur pipette with the tip removed was used to resuspend the cells. The

resuspended cells were transferred to a homogenizer with 40 ml of RSB. PMSF,

IAC and 5OO pl 25% NP-40 were added with rapid mixing. The suspension was

homogenized 3-5 strokes, then pelleted at 5,000 rpm for 10 minutes using a SS34

rotor. The supernatant was discarded and the nucleí were resuspended in 30 ml of

RSB with PMSF and IAC and homogenized as above. A sample of the homogenized

nuclei from this step was used to determine absorbance at 260 nm. To prepare the

sample for reading the absorbance, 10 ¡tl of nuclei was vortexed in 1 ml in 5 M

uÍea, 2 M Nacl. The nuclei were pelleted by centrifugation at 4,000 rpm in an

ss34 rotor for 10 minutes. The final nuclear pellet was suspended to 200

absorbance units at 260 nm. Four molar sodium chloride was slowly added with

mixing to a final concentration of 0.3 M (later ít was found that using a final

concentration of O.175 M NaCl resulted in as good GATA-1 and GATA-1 containing

protein complexes). At the same time PMSF, lAc, aprotin¡n and leupeptin were

added. The nuclei were extracted for 10 minutes at37oC with mixing. After

extraction, the nuclear debris was removed by centrifugation at 1 0,000 rpm for 10
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minutes in an SS34 rotor. The supernatant was used immediately or glycerol was

added to a final concentration of 20% (vlv\. The protein was aliquoted and stored

at -80oC. Final concentration of the crude nuclear extract was 5 - 1b mg/ml as

determined using the Bio-Rad protein microassay. lf the protein was to be

concentrated, ammonium sulphate was added to a final concentration of O.3b g/ml

and the sample was centrifuged at 14,SOO rpm in a SS34 (Sorvall) rotor for 20

minutes, or for 5 minutes in a microcentrifuge to pellet the protein. lnitially crude

nuclear extracts were dialysed against buffer D. Later it was found that better

results were obtained when the protein was not díalysed (see Results). The

Dignam et al. (1983b) method of preparation gf crude nuclear protein extract was

also used, and the gel mobility shift patterns seen with these extracts were not

noticeably different from patterns obtained w¡th nuclear extract prepared as

described with dialysis. Larger or smaller scale preparat¡ons were scaled

accordingly. Protein concentration was determined using the Bio-Rad protein

microassay based on the Bradford method of determining protein concentrat¡on.

Uninduced and índuced mouse erythroleukemia cells (MEL) were a gift from

Dr. Mike Mowat. Extracts made from MEL cells were prepared according to the

method of Greenberg and Zitt (1984). Cell were resuspended at 107 cells/ml in

RSB, and allowed to swell on ice for 10 minutes. NP-40 was added to O.S% (v/v)

w¡th PMSF. The cells were mixed and left on ice for 5 minutes. The nuclei were

pelleted by microcentrifuging for 5 minutes. The nuclei were washed once with

RSB in the presence of PMSF. The absorbance at 260 nm was determined as

above and the cells were resuspended to 2OO A260 absorbance units per ml. Four M

NaCl was added to 0.3 M as above. The crude nuclear extract was dialysed
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against buffer D over 5 hours at 4oc and frozen in aliquots to -Booc.

Collection of Erythrocytes From Chicken Embryos

Chicken embryos were staged according to Hamburger and Hamilton (19S1).

Preparation of nuclear extracts of chicken embryos was according to Minie et at-

(1992a). The eggs were cracked open at the blunt end of the egg. Enough of the

shell was removed so that the embryo was accessible. Day 5 embryos were put

¡nto PBS containing 1 mM PMSF. The embryos were minced to release as much

blood as possible. The embryos were removed by filtering through cheesecloth.

For later stage embryos, the blood was collectpd by venous puncture. The blood

was pelleted by centrifugation and washed once with PBS. The blood was pelleted

through lymphocyte separation media, washed once with PBS and then frozen to -

Sooc or the nuclei were purified and extracted as described above.

Electrophoretic Mobility Shift Assay

The electrophoretic mobility shift assay (EMSA) was an important tool for

this research. A protein-DNA binding reaction was prepared by allowing

radioactively labelled DNA to interact wíth protein. The mixture of bound and free

DNA was separated electrophoretically and an autorad¡ogram was made of the gels.

Typically, the binding reaction contained 32p-labelled DNA (1o,ooo to bo,ooo

counts per minute), poly dl'dC and protein with a final concentration of 1 X EMSA

binding buffer in a reaction volume of 1o¡rl. The amount of protein varied

depending on the degree to which it had been purified. Crude nuclear extract was

used at about 5 - 20 /g protein/ng of labelled DS 1 a or 5 - 20 ttg protein/Q. 1 ng of
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labelled oligonucleotide. Thus, the final ratio of crude nuclear extract to DNA was

1 to 4 trg of protein per femtamole of labelled DNA. Order of addition of protein to

the binding reaction did not affect the complexes formed. Poly dl'dC was added at

100 ng to 3.6 pg per binding reaction (0.5 to 20 ttg of crude nuclear extract). For

binding reactions using partially purified protein extracts, bovine serum albumin was

added to a final concentration of 1 ¡tglpl (Kozmik et a|.,1990). For these reactions

the amount of partially purified prote¡n and poly dl'dC added was determined

empirically. For example, 1O ng of poly dl'dC with 5 pl of partially purified protein

was adequate for prevent¡on of non-specific protein-DNA binding. Addition of NP-

40 to a final concentration of 0.05% greatly alded in the detection of shifted

complexes, especially with the part¡ally purified protein. The addition of the NP-40

may have prevented the protein from sticking to the eppendorf tube or to the

pipette tip used for loading the gel, or it may have helped to stabilize the protein.

The NP-40 had to be added before the DNA in order to be effective. The binding

reaction was allowed to incubate on ice for 30 minutes prior to electrophoresis.

Electrophoresis was through a 1 mm, 4% (2O acrylamide: 1 bis-acrylamide),0.5 X

TBE gel either at room temperature or at 4oC at 200 volts on a 16 cm mini slab

apparatus (ldea Scientific) using a PSSOOX power supply (Hoefer Scientific

lnstruments). Time of electrophoresis was adjusted empirically so that the free 32P-

labelled DNA was just short of running off the gel. After electrophoresis, the get

was dried and an X-ray film was exposed to it in order to prepare an

autoradiograph. For competition assays, competitor DNA was added with the

radioactively labelled DNA.

Molecular weight determination of protein-DNA complexes were done as
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detailed by Bading (1988). The standard binding reaction of DNA and protein was

used. The gel was 5% acrylamide (stock 3O acrylamide: 0.8 bis-acrylamide), 0.5 X

TBE, which had been pre-run for t hour at 160 volts. After loading the binding

reactions onto the gel, it was run at 80 volts, for g hours when using the DS1

fragment. The molecular weight (M.w.) of the protein-DNA complexes was

determined bythe formula M.W.=(M/M'-1)K, where K is a constant determined by

Bading (1988) to be 215 for a 5To gel, M is the mobility of free DNA and M' is the

mobility of DNA shifted by protein complexes.

For the two-dimensional diagonal mobility shift assay (Schaufele et al.,

1990), a binding reaction was prepared in which the amount of protein and DNA

(radioactive and poly dl dC) present in 1 0 ¡.rl was scaled up so that l OO,OOO counts

per minute was present. The samples were electrophoresed in the first dimension

in a standard EMSA w¡th 0.8 mm spacers. The lane was cut from the wet gel and

overlaid to another 4%o acrylamide, 0.5 X TBE gel, with 1 mm spacers instead of

the 0.8 mm. One ml of a buffer of 1 X binding buffer, 24 ttg poly dl'dC and 250 ¡rg

of bovine serum albumin was placed on top of the gel slice. A control lane was

foaded in parallel with a protein-DNA bound mixture. The electrophoresis apparatus

was the Bio-Rad Protean System. The gel was electrophoresed in the second

dimension as it was in the first dimension.

Ultraviolet Light-Crosslinking of Protein and DNA

The DNA used for ultraviolet crosslinking was a primer extension labelled

oligonucleot¡de w¡th bromouridine incorporated in place of thymidine. A binding

reaction was prepared in which the amount of protein and DNA (radioactive and
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poly dl'dC) present in lOpl was scaled up so that lOO,OOO counts per minute was

present per sample. Duplicate reactions were prepared so that a control, which

was not crosslinked by the ultraviolet light, could be prepared. The binding react¡on

was allowed to proceed for 30 minutes. The eppendorf tubes were covered with

plastic wrap instead of the attached lids and the tubes were placed on ice for the

crosslinking. ultraviolet light-crosslinkíng was accomplished using a u.V.

Stratalinker 24OO (254 nm). Time of crosslinking was determined empirically, and

good results were obtained with 7 - 30 minutes (7 to 28 Joule/cm2) of crosslinking.

After the crosslinking was done, aliquots of each tube were removed for EMSAs.

cacl, and Mgcl, were added to I and 5 mM, respectively. DNase I (sigma) and

micrococcal nuclease were added to final concentrations of 0.07 mg/ml and O.02

units/ml, respectively. The DNA was digested for 3o minutes at 37oc. The

reaction was stopped by adding 1 volume of 2X SDS sample buffer. The samples

were boiled tor 2 minutes and then electrophoret¡cally separated on a SDS lOYo or

12o/o polyacrylamide gel with toC-labelled protein standards as markers. After

electrophoresis the gels were dried, and an autoradiogram was prepared to visualize

the proteins.

DNase I Protection Assays

A DNA fragment which had been labelled at a unique site with 32P, either at

the 5' or the 3' end of the fragment was used for these experiments. The binding

react¡on of the EMSA was scaled up for DNase I protection assays, so that

100,000 to 2OO,0OO counts per minute of radioactivity were present in the

reaction. After the DNA and protein had been allowed to bind, MgCl, was added to
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create a final concentration of 5 mM. DNase I (RO1" Promega) was added and

digestion was allowed to proceed for 1 minute at 25oC. The reaction was stopped

with 1/lovolume of 15 mM EDTA pH7.2,0.2% sDS. one-tenth volume of 1

mg/ml calf thymus DNA was added to the tube. After a phenol/chloroform

extraction, the DNA was ethanol precipitated and then resuspended in formamide

loading buffer. Two controls were used, a control of unbound DNA, and a control

of the labelled DNA which had been chemically sequenced (see below).

Preparative EMSAs were also used for DNase I protection assays. ln this

case, the binding reaction was scaled up to a total 1 X 1Oo counts per minute. The

binding and DNase I digestion were done as described, however the reaction was

stopped with only EDTA. The sample was electrophoresed through a preparative

EMSA. An autoradiograph was made of the wet gel in order to determine where

the bands were. The bands were then cut out of the gel. DNA was eluted from

each band in the presence of 400 pl of 20 mM HEpES pH 7.s, o.s M sodium

chloride, 1 mM EDTA overnight at 37 oC. The buffer was removed from each gel

slice, which was washed once with 100 pl of buffer. The 400 and 1OO ¡rl fractions

were pooled and passed through siliconized glass to remove gel particles. A

phenol/chloroform extraction was done, carrier calf thymus DNA was added to

0.15 mg/ml and the labelled DNA was precipitated w¡th ethanol. The final product

was dissolved in equal volumes of water and formamide loading buffer, and just

before electrophoresis boiled for 2 minutes to denature the sample. Ten-thousand

counts were applied per lane and the partially digested DNA was separated using a

sequencing gel. The electrophoresis apparatus used was a Bio-Rad Sequi-Gen'

Nucleic Acid Sequencing Cell and the power supply was a model 3OOO/3OO Bio-Rad
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Power Pack.

Chemical Sequencing

Chemical sequencing of DNA based on Maxam and Gilbert (1gBO) was done

to provide a control lane for DNase I protectíon assays. The G * A, and c + T

reactions were used. Approximately 1O0,OOO counts per minute of end-labelled

DNA was used. Each reaction had 1 ¡tg of carrier DNA added. For the G + A

reaction, the DNA was diluted to 30 pl with water and then 1 pl of 1 M formic acid

was added. The reaction was incubated 2s minutes at 37oc. For the c + T

react¡on, the radioactive DNA was diluted to 1o pl with water and 1 s ¡tl ot

hydrazine was added. The react¡on was incubated at room temperature for 10

minutes. The above reaction times were varied empirically so that not too much or

too little modification of the labelled DNA occurred. After the incubation, 1 ml of n-

butanol was added, the sample was mixed well and microcentrifugation for 1

minute caused precipitation of the DNA. The butanol was removed.

Cleavage of the modified DNA was the same for both the G + A and C + T

reactions. Freshly prepared 1 M piperidine (150¡rl) was added to the reaction

which would then be placed on ice until it was heated to gOoC for 30 minutes.

The reaction was cooled to room temperature. N-butanol (1.2 ml) was added, the

sample was mixed well and microcentrifuged for 1 minute to pellet the DNA. The

DNA was dissolved in 150 ¡rl of water and moved to a fresh tube. The DNA was

reprecipitated with 1 millilíter of n-butanol. The final product was dissolved ín equal

volumes of water and formamide loading buffer. ln DNase I protection assays

10,000 counts were applied as a control lane to a sequencing gel.
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Protein Purification

Heparin-Agarose Column Chromatography

Heparin-agarose column chromatography was done according to Plumb ef a/.

(1989). Crude nuclear extract was diluted to less than 5 mg/ml in buffer D with a

final potassium chloride concentration of o.2 molar. PMSF, iodoacetamide,

aprotinin and leupeptin were added at the concentrations defined in the list of

buffers. The protein was applied to the heparin agarose column at a ratio of 6 mg

of protein per ml of column. Three or more column volumes of buffer D with 0.2 M

potass¡um chloride containing 1 mM PMSF were used to wash the column. The

column was then eluted with buffer D containing 0.4 M potassium chloride with

PMSF. Flow rates of 2 ml/minute were used for a column of 30 ml ín a column

with a 2.5 centimeterd¡ameter. Fractions of 1O ml were collected. Protein peaks

were monitored by measuring absorbance at 280 nm. GATA-1 act¡víty was

monitored with the EMSA. GATA-1 act¡vity elutes at 0.4 M potassium chloride.

Protein recovery of approximately 1O% was seen. The active fraction from the

heparin-agarose column could be stored at -80oC for one to two weeks. Storage

resulted in a loss of complexed GATA-1 activ¡ty, so that more of the GATA-1

activity was seen as GATA-1 alone rather than as higher GATA-1 containing protein

complexes.

S-Sepharose Column Chromatography

Protein from the heparin agarose column (0.4 M KCI) was diluted by % with

buffer E. NP-40 was added depending on the step to be used after the S-sepharose

column. For instance NP-40 is inappropriate for applicatíon to the phenyl-agarose
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column, if it was to be used subsequent to the S-sepharose column. Recovery of

GATA-1 and GATA-1-complex activity appeared to be better with NP-40 present.

Approximately 2.5 milligram of protein was applied per milliliter of S-sepharose.

The column was washed with 3 or more column volumes each of buffer E with 0.2

M NaCl, buffer E with 0.3 M NaCl, buffer E with 0.5 M NaCl. Fractions of about b

ml were collected. The flow rate for the column was 1 ml per minute for a 7.S ml

column with a diameter of 1.5 cm. Protein peaks were monitored by measuring

absorbance at 28O nm. GATA-I activity was monitored with the EMSA. Storing

these samples by freezing to -80oC resulted in significant loss of GATA-binding

activ¡ty. Approximately 35% of the protein applied to the S-sepharose column was

collected in the 0.5 M NaCl fraction and 4o/oin the 0.3 M fraction.

Phenyl-Agarose Column Chromatography

Protein from the heparin-agarose or S-sepharose column was applied to the

phenyl-agarose column. The protein was applied at 1O mg/ml of column matr¡x.

The protein from the heparin-agarose column was dilutedto Yz with buffer D

(without glycerol) with the addition of dry ammonium sulphate to a final

concentration of 0.7 molar for application to the column. The column

chromatography was done with a Pharmacia FPLC. The column was developed

with a gradient from 0.7 M ammonium sulphate to O M ammonium sulphate in

buffer D (without glycerol). Fractions of 1 ml were collected. Flow rate for the

column was 1 ml per mínute for a 1 ml column of 0.5 cm diameter. Protein peaks

were monitored by measuring absorbance at 280 nm. GATA-1 act¡vity was

monitored with the EMSA. After the protein samples were collected from the
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column, PMSF, NP-40 to 0.1o/o and glycerol to 2oo/o were added. These samples

could be stored at -B0oC. lt was not determined how long these fractions could be

stored at -8Oo without significant loss of activity.

Double-Stranded DNA Cellulose Column Chromatography

The double-stranded DNA cellulose column chromatography was done

according to Evans and Felsenfeld (1989). The matrix used was a 2:1 mixture of

cellulose:double-stranded DNA cellulose. Partially purified protein was diluted to

less than 0.05 M of the salt of the previous column with buffer G (without

ammonium sulphate). The protein was applied to the column and eluted in a step

gradient from O.075 to 0.25 M ammonium sulphate in buffer G (with PMSF) in

increments of 25 mM. For a 7 ml column of 1.s cm diameter, so mg of protein

was applied and eluted with 10 ml at each salt concentration. Flow rates were 1

ml/min. Fractions consisted of the ent¡re eluate at each salt concentration. GATA-

binding activity from this column was stable when frozen to -8OoC, presumably

because of the presence of NP-40 in the buffer. lt was not determined how long

fractions from this column were stable at -8OoC.

Single-Stranded DNA Cellulose Column Chromatography

The single-stranded DNA cellulose column chromatography was done

according to Evans and Felsenfeld (1989). The matrix used was a 2:1 mixture of

cellulose:single-stranded DNA cellulose. Partially purified protein was diluted to less

than 0.1 molar salt with buffer H (without potassium chloride). The protein was

applied tothe column and eluted in a step gradient from 0.125to 0.3 M potassium
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chloride in buffer H (with PMSF) in 2b mM increments. For a7 ml column of 1.b

cm diameter, 50 mg of protein was applied and eluted with 20 ml at each salt

concentration at flow rates of 1 ml/min. Fractíons consisted of the entire eluate at

each concentrat¡on. GATA-binding activity from this column was stable when

trozen to -80oC, presumably because of the presence of Np-40 in the buffer. lt

was not determined how long fractions from this column were stable at -BOoC.

GATA-Affinity Column Chromatography

Partially purified protein was diluted with buffer D (without potassium

chloride) so that the salt concentration of the previous column was below 0.2 M.

NP-40 and PMSF were added, after which the protein was applied to the column.

The column was developed with at least three column volumes of buffer D with 0.2

M KCl, NP-40 and PMSF and eluted in 3 column volumes with buffer D with 0.4 M

KCI' The column volume was 1 or 2ml and the amount of protein applied was

determined empirically. The entire eluate at o.4 M KCI was collected. Flow rate

for the column was 1 ml per minute. GATA-1 activity was monitored with the

EMSA.

Ammonium Sulphate Precipitation of proteins

Ammonium sulphate precipitation of proteins was used for some

experiments. After precipitation the proteins were resuspended in a smaller volume

in order concentrate the proteins. Ammonium sulphate was added and dissolved to

0.35 grams per ml of protein sample. The precipitated protein was collected by

microcentrifuging at4oC for 10 minutes. lt wasthen resuspended in a smaller
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volume of appropriate buffer. lf the protein was resuspended in a buffer containing

NP-40, recovery of activity was usually good. Precipitation of the proteins worked

best if NP-40 was not present. lf NP-4O was present, but glycerol levels were

below 1Oyo, the precipitation still worked. At higher glycerol concentrations, GATA

binding activity was present in a precipitate that appeared at the top of the sample

after centrifugation.

TCA Precipitation of Protein

Casamino acids QO% w/v) were added if protein samples were dilute.

Protein samples were made 20% with respect to cold trichloroacetic acid ffCA).

The samples were centrifuged 30 minutes at lO,OOOirpm in an SS34 rotor or for

1O minutes in a microcentrifuge. The protein pellet was washed once with 20%

TCA and then twice w¡th acetone. The pellets were dried and resuspended in SDS

loading buffer.

Staining and Silver Staining Polyacrylamide Gels

The acrylamide gel was stained with Coomassie Blue G-250 (45o/o methanol,

1.5 M acetic acid, 0.04olo Coomassie Blue G-250). After staining the gel was

destained rapidly in a 1 2.5o/o methanol, 2.2 M acetic acid solution. When the gel

had been partially destained, further destaining was achieved in a solution of So/o

methanol, 1.3 M acid acid. For silver staining, the gel was soaked in b0%

methanol overnight with at least one change of solution. This was followed by 3O

minute washes in the following buffers: water, 1 mM dithiothreitol, O.1Yo (wlvl

silver nitrate. The gel was washed rapidly with water and then 3% sodium citrate
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containing O.O25% formaldehyde and then stained with 3% sodium citrate. The

colour react¡on was stopped by adding 1/10 volum e 2.3 M citric acíd.
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Results

An important diagnostic tool used for this research was the electrophoretic

mobility shift assay (EMSA). ln the EMSA, protein is allowed to interact with

radioactively labelled DNA sequences which are potential binding sites for

sequence-specific DNA-binding proteins. After the protein-DNA complexes have

formed, they are electrophoresed through a non-denaturing gel, in order to separate

protein-bound DNA from free DNA. Although charge and conformation of the DNA-

protein complexes affects migration during electrophoresis, the protein-DNA

complexes are also separated on the basis of mass. Therefore when an

autorad¡ogram of the gel is prepared, the positions of the labelled DNA are

detected. Unbound DNA migrates furthest through the gel and protein-bound DNA

is retarded or shifted relative to ¡t. DNA bound by small proteins is shifted less than

DNA bound by larger proteins or protein complexes.

ln this project the 5' promoter and 3' enhancer of the chicken histone Hb

gene were investigated. At the start of this project, the histone H5 gene had been

partially characterized. This gene is characterized by a number of DNase

hypersensitive sites (Figure 7; Rousseau et a\.,1989). Deletion mutants of the

gene had been used in transient transfection assays to determine the downstream

enhancer and regions of the promoter which were important for transcription, and

by comparison of the sequences of the histone H5 gene, potential binding sites for

few transcription factors were known. Within the promoter region there is a GC

box (-83 to -75) which is a binding site for Sp1 and an UPE located at -S1 to -33

just 5'of the TATA box region (Rousseau et al.,1gBg). DH SL maps between the

latter two regions (Figure 7). Factors binding to the promoter between -9S to -1
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Figure 7. Model of histone H5 gene in 1989. An enhancer is located 3' of the

prote¡n codíng region. The DNase I hypersensitive sites in the region of the

promoter and in the 3'enhancer are indicated. The elements are described in the

text.
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Figure 8. Specific ínteractions between the histone H5 enhancer region and factors

from adult chicken immature erythrocyte nuclear extracts. A 203 bp Xba l-EcoR I

(DS1) end-labelled DNA fragment was incubated in the presence or absence of

nuclear proteins extracted from adult chicken immatqre erythrocytes and used for

EMSAs. The left lane in each panel did not contain any prote¡n and the other lanes

each contained 1O ttg of prote¡ns and 1 ng of labelled DNA. The second lane from

the left does not contain any competitor DNA, and the next lanes contain increasing

amounts of competitor DNA as indicated below each lane. Competitor DNA

amounts are in molar excess of DS1 (left panel) and excess by weight for salmon

sperm DNA (right panel). DS1 is the free DNA fragment, and c1 - c10 are the

protein-DNA complexes.
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were investigated. The 3'enhancer is located in the region +851 to +1185

(Rousseau et a|.,1989; Trainor et a|.,1987) and factors binding to this region were

studied. The 3' enhancer has a GATA binding site and a 34 base pair region with

sequence similarity to the site bound by NF-E4 in chicken ßA-globin (Trainor and

Engel, 1987; Emerson et al., 1987; Gallarda et a|.,1989). DH sites 7u and Trmap

at 1003 and 1095 base pairs downstream of the start of transcription respectively.

For the purpose of this study the 3'enhancer was subdivided into DS1 and DS2

(Figure 6). DS1 was further divided into smaller fragments as indicated in Figure 6.

These smaller fragments are described in Results with the data relating to them.

Oligonucleotides which cover protein binding gites within the histone H5 gene

elements were also synthesized and used in the study. These smaller fragments

are described in Materials and Methods and are explained in Results with the data

relating to them.

Most of the data concerning interactions of regions of the histone H5 gene

with proteins were examined using extracts from nuclei of adult chicken immature

erythrocytes. The immature reticulocytes make up 95% of the red blood cells at

this time and 90% of the blood cells are late- or mid-polychromatic (Sung et al.,

1977; Figure 3). Therefore, the adult immature erythrocyte represents a stage in

development of the tissue in which erythro¡d genes are act¡vely expressed. This

suggests that interactions between nuclear proteíns and DNA sequences of the

erythroid-specific gene histone H5 are expected to affect transcription (or chromatin

structure as it relates to transcription) in a positive manner. lnteractions of H5 gene

elements with extracts from erythrocytes of chicken embryos at three stages of

development (stages 28,38 and 40), with extracts from chicken mature
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erythrocyte nuclei and from uninduced and ¡nduced mouse erythroleukemia (MEL)

cell nuclei were also studied. Nuclear extracts of chicken embryos were used in

studies to determine if factors interacting with GATA-1 in adult chicken immature

erythrocytes were also present in the embryo. This was of interest because at

stage 28 the embryonic ß-globin genes epsílon and rho start to become repressed

and the adult ß-globin genes start to be expressed (Emerson et al.,1ggg). At

stages 38 and 40, the adult ß-globin genes ßA and ßH are expressed (Emerson et al.,

1989). Therefore differences in GATA-1 multisubunit complexes might reflect the

changing pattern of expressed ß-globin genes. Protein interactions on the histone

H5 gene of the adult chicken mature erythrocyte were of interest because at this

stage gene expression is decreased (Gomez et al., 1992; Jackson et al.,1g8g).

The other system which received brief attention was the uninduced and

induced MEL cells. lt was of interest to know if GATA-1 multisubunit complexes

were present in MEL cells. The uninduced and induced cells also represent a

population of cells prior to and during expression of mature erythrocyte genes,

respect¡vely. Therefore, changes in DNA-binding activities of proteins between

induction states could represent alterations which affect expression of mature

erythrocyte genes. These cells were studied for the presence of mouse GATA-1

multisubunit complexes.

Proteins Binding to DSl

The EMSA was used to identify the nuclear prote¡ns that bind to the histone

H5 3'enhancer. The 203 bp fragment containing DS1 (Figure 6; Trainor et al.,

1987; Rousseau et a|.,1989) was incubated with a nuclear extract from adult
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chicken immature erythrocytes. Figure I shows that ten or more shifted bands

were generated, indicating the presence of several binding activities. Complex C3

does not appear in the gel-shift pattern shown in Figure 8, but in later data will be

shown to be due to non-specific protein binding to DS1, particularly DS1a. All of

the other complexes showed specific binding to DS1. A 1OO-fold molar excess of

unlabelled DS1 competed effectively for all of these complexes, whereas the non-

specific competitor salmon sperm DNA did not compete effectively, even at high

levels. Demczuk et al. (1990) noted that addit¡on of DNA probe to the binding

reaction before the nuclear protein extract promotes the formation of non-specific

protein-DNA complexes. The order of addition of protein to the binding mixture did

not alter the number of complexes observed on the histone HS DNA sequences.

The Majority of the complexes Forming on DSl are Associated with a DNA

Segment Containing the GATA-Binding Site

An experiment similar to the stairway assay was used to determine where

the complexes were forming with DSl (van Wijnen et al., 1992,,. ln the stairway

assay, a DNA sequence is subdivided into fragments, which are then used in

EMSAs. EMSAs for the DNA fragments are compared to determine the region of

DNA which binds a particular complex. The DSl fragment was subdivided into a

number of smaller fragments and EMSAs were performed on the various segments

of DS1. By comparing the intensity of the complexes formed with the DNA

fragment with different nuclear extracts, as well as their position in the gel pattern,

the complexes formed with the DNA fragments were assigned. Figure gA shows

that, with two dífferent nuclear extracts, complexes c1, c2, a weak c3 and c4-
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Figure 9. Multiple protein-DNA complexes are formed with the GATA region of

DS 1 . The lower part of this Figure shows the DNA f ragments that were used in the

EMSA. The arrows show the position of the Dde I ( + 893) and Xma lll ( + 1 064)

restriction endonuclease cleavage sites. The fragment enclosed by these sites

forms DS1. Restriction endonuclease cleavage sites (Hind lll, Xba l, Kpn I and EcoR

l) in the multiple cloning region of pGEM-3 and restriction endonuclease sites (Mva I

and Hha l) in DS1 are shown. The restriction endonuclease cleavage site that was

labefled is indicated with an asterisk. Note that the 11 bp Hha l-EcoR I fragment

(C) was contaminated with a longer fragment. The 23 bp oligonucleotide HS-GATA

was synthesized as described in Materials and Methods. The DNA fragments used

for each of the EMSAs are indicated at the bottom of each panel. ln each case the

left lane is control DNA with no added protein. The middle and right lanes show

the protein-DNA complexes formed with two different nuclear extracts (10¡rg of

protein/ng of DNA) of adult chicken immature erythrocytes. HS-GATA is the free

oligonucleotide, and C1 - C10 are the protein-DNA complexes. EMSAs were

performed with six different nuclear extracts and each of the DNA fragments

shown. By comparing the intensities of various complexes formed with each DNA

fragment and nuclear extract, the complexes which formed with each of the DNA

fragments were assigned.
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Figure 1O. DNase lprotection analysis of the histone H5 DS1. Two 3'end-labelled

DNA fragments, a 203 bp Xba l-EcoR I ilabelled template (T) strandl and a 24O bp

Hind lll-Kpn lfiabelled non-template (NT) strand], containing DSl were incubated

with (*) or wíthout (-) proteins (P) (1O ttg ot protein/ng of DNA) extracted from

adult chicken immature erythrocyte nucle¡. The DNase l-resistant region generated

by the GATA protein (Rousseau et a|.,1989) is shown. The arrowheads indicate

the DH sites of the GATA-DNA complex. The DNA sequence was determined by

comparison of the control lane (-protein) to other gels in which a chemical

sequencing lane was present.
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C1O were formed on DS1. Complexes C3,C7, C9 and C1O were associated with

DSla (2O7 bp Hindlll-Hhal) (Figure 9B) and DSla-U (146 bp Hindlll-Mval, Figure

9E). These data are shown in more detail in subsequent sect¡ons of the results. A

23 bp oligonucleotide (HS-GATA) containing the sequence AGATAA was also used

ín the EMSA. Figure 9D shows that complexes c1 , c2, c4-c6, and cg formed

with this oligonucleotide and with DS1b. Thus the GATA DNA-binding sequence

(AGATAA) and as little as 8 bp on either side of it were sufficient to generate

complexes c1 , c2, c4-c6 and C8. These complexes were independent of C3, C7,

c9 and c10 since the two groups of complexes (C1 , c2, c4-c6 and c8) and (C3,

C7, Cg and C10) were seen with the two separate regions of the DS1 DNA

fragment. The GATA binding site of DS1 was also protected from DNase I

nuclease digestion when the DNA was incubated with adult chicken immature

erythrocyte nuclear protein. This indicates that proteins, which bind the GATA site

of DS1, are present in the nuclear extract (Figure 1o; Rousseau et al., 1g9gl.

Multiple Factor Complexes are Formed with the GATA-Binding Site

The results presented in Figure 9 demonstrated that several complexes were

formed with an oligonucleotide containing the GATA-binding site AGATAA. We

investigated whether DNA fragments with the GATA sequence could compete for

complexes c1, c2, c4-c6 and c8 formíng with the 203-bp DS1 DNA fragment.

Figure 1 1 shows that the 23 bp HS-GATA oligonucleotide selectively and

effectively competed for complexes c1 , c2, c4-c6 and c8. complexes c7, cg

and C10 were relatively unaffected. A 328-bp Xbal-EcoRl DNA fragment that

harbours the ß-globin 3'enhancer and contains two binding sites for GATA
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Figure 1 1. DNA fragments contaíning the GATA sequence compete for complexes

C1, C2, C4-C6 and C8. The left lane in each panel did not conta¡n any protein and

the other lanes contained 1O ug of nuclear extracted prote¡n from chicken immature

erythrocytes and 1 ng of DNA (3' end-labelled 2o3-bp Xba l-EcoR I DNA fragment

containing DS1). The second lane from the left does not contain any competitor

DNA, and the next lanes contain increasing amounts of competitor DNA as

indicated in molar excess. competitor DNA was the synthesized 23 bp

oligonucleotide HS-GATA, a 328 bp Xba l-EcoR I restriction fragment containing the

ß-globin-3' enhancer and a 528 bp Xba l-EcoR I restriction fragment containing the

H5-5'promoter. DSl isthe free DNA fragment, and C1 - C1O are the protein-DNA

complexes.
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(AGATAA and TGATAG) also selectively and effectively competed for the same

complexes as the H5-GATA oligonucleotide. lt should be noted that the 32g-bp ß-

globin enhancer fragment contained an NF-E4 binding site (Gallarda et al., l ggg)

the DNA segment with sequence similarity to the 34 bp region of the histone HS

enhancer (Trainor and Engel, 1gB7). However, this DNA fragment did not

effectively compete with complexes c7, cg and c1o. A b2g-bp Xbal-EcoRl DNA

fragment containing the histone H5 5'promoter region (Hb-S'p) wasìalso used in

the competit¡on experiments. This DNA fragment does not contain a GATA

consensus site. Figure 1 1 shows that the higher molecular mass complexes Cg, Cg

and c10, but not c1-c7, were competed at low levels of Hb-s, p DNA. The

oligonucleotide containing the Sp1 binding site from the Stratagene Hotfoot kit

(Materials and Methods) was not effective at preventing formation of any of the

GATA-1 multisubunit complexes (data not shown).

To investigate further whether the nucleotides flanking the GATA-binding

site influenced the generation of multiple complexes, another 23 bp GATA-

containing oligonucleotide with the sequence of one of the GATA-binding sites in

the ß-globin 3' enhancer (DNase I protected region lV) was synthesized. Figure 12

shows the results of EMSAs with labelled oligonucleotides HS-GATA and ß-globin-

GATA. The same complexes were formed with both ol¡gonucleotides,

demonstrating that the DNA sequence surrounding the consensus GATA sequence

was not important ín forming the complexes c1 , c2, c4-c6 and cg.

The DNA-binding location of each of the complexes c1, c2, c4-c6 and cg

was demonstrated by DNase I protect¡on assays. The non-template strand of the

24O bp Hindlll-Kpnl DS1 DNA fragment was end-labelled and incubated with a
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Figure 12. complexes c1, c2, c4 - c6 and cg form with oligonucleotídes

contaín¡ng the GAÏA-binding site. EMSAs were done with nuclear extract and each

of the oligonucleotides HS-GATA and the ßA-glob¡n enhancer GATA binding

sequence as described in Materials and Methods. ln each of the panels the left lane

does not contain protein and the right lane has nuclear extracted protein from

chicken immature erythrocytes (10 pg of protein/ng of DNA) added to the assay.

The 23 bp oligonucleotides with the GATA sequence were synthesized as described

in Materials and Methods.
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Figure 13. DNase I protect¡on analysis of the complexes of histone H5 DS1. The

3' end-labelled DNA fragment, a 24O base pair Hind lll-Kpn I (labelled non-template

strand) containing DS1 was incubated with (*) or without (-) (1Opg protein per ng

DNA) proteins extracted from adult chicken immature erythrocyte nuclei. After

partial DNase I digestion of the protein-bound DNA, the complexes were separated

by preparative EMSA as descríbed in Materials and Methods. The DNA of each

complex was purified and the DNase I protected region was revealed on a

denaturing 6% polyacrylamide (DNA sequencing gel). The complex from which the

DNA was isolated is indicated at the lower edge of each lane of the DNase t

protect¡on assay. The arrowheads indicate sites which are hypersensitive to DNase

I dígestion. The DNA sequence had been determined from control chemical

sequencing reactions as detailed in Materials and Methods.
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nuclear extract from adult chicken imrnature erythrocytes, after which the DNA was

partially digested with DNase l. After isolatíon of each complex by electrophoresis

on a preparative gel, the DNA of each complex was purified and electrophoretically

separated on a sequencing gel to reveal sequences protected from DNase I

digestion due to the presence of bound protein. The characteristic GATA protected

site (Figure 1O) was present in DNA purified from each of the complexes (Figure

13)' These results provide evidence that the only protein ín the complexes that is

binding to DNA is the GATA protein, suggest¡ng that these complexes are

generated by the interaction of heterologous proteins with GATA-1, since GATA-1

does not dimerize (Evans and Felsenfeld, l gBg).

The GATA-I DNA-B¡nding Protein is common to at Least six comptexes

The approximate molecular mass of the DNA-bound proteins in the

complexes was determined by the method described by Bading (1988). This

method is subject to a number of assumptions, including that the protein does not

bend DNA and the charge of the protein is negligible compared with the charge of

the DNA fragment. The limit of mass determination is 450 kDa. Thus this method

provides a rough estimate of the molecular mass of the DNA-binding protein. The

end-labelled 24O bp Hindlll-Kpnl H5-3'E DNA was incubated with a nuclear extract

isolated from chicken ímmature erythrocytes, and the complexes were resolved on

a 5o/o polyacrylamide gel (Figure 14). The migration of the complex relative to that

of the free DNA was used to calculate the molecular mass of the bound protein(s)

(Materíals and Methods, Bading, 1988). The protein in complexC2 had a molecular

mass of approximately 45 kDa, which is consistent with the bound protein being
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Figure 14. Molecular weight determination of DSl complexes. The EMSA and

molecular weight determinations were according to eâding (1ggg) in a non-

denaturing 5% polyacrylamide gel. The left lane contains DSI without added

protein. The right lane contains labelled DSl bound by proteins of adult chicken

immature erythrocyte nuclei. The complexes are indicated on the left and the

calculated molecular masses of the protein complexes are indicated on the right.
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GATA-1' The increase in apparent molecular mass in the EMSA over the reported

39 kDa for GATA-1 resolved in SDS-polyacrylamide gel electrophoresis may be due

to DNA-bending by GATA-1 (Schwartzbauer et al., 1992,). The binding site for

GATA-1 is close to the 3'end of the gene, therefore the DSl DNA fragment was

not shifted as much as it might have been, since shifting in EMSAs by a DNA

bending protein is greatest when the factor binding site is near the middle of the

DNA sequence. The molecular mass of the DNA-binding protein of complex C1

was approximately 31 kDa. The protein(s) of complexes c4, cs and c6 had

molecular masses of approximately 150 kDa, 176 kDa and 322 kDa respectively.

The molecular masses of the DNA-binding proteins of complexes c7, cg, cg and

C1o were greaterthan 450 kDa. Complexes with bound proteins of approximately

56 kDa (GATA-2) or bb kDa (GATA-3) were not detected.

The novel diagonal EMSA described by Schauf ele et a/. (19g0) was used to

determine the protein components of the GATA-related complexes. The labelled 23

bp HS-GATA oligonucleotide was incubated with a nuclear extract isolated from

chicken immature erythrocytes, and the sample was electrophoresed for such a

time that complex C2 was running off the non-denaturing gel. A lane from the first

gel was placed horizontally onto a second non-denaturing gel and electrophoresed.

During electrophoresis in the second gel, a portion of each of the complexes

dissociated as it entered the second dimension. Therefore complexes remaining on

the diagonal were intact, whereas those below the diagonal had dissociated. lt

should be noted that only those dissociated complexes containing a DNA-binding

protein will be detected. From the pattern of dissociation it was possible to

determine which complexes were part of a larger complex. Figure 1S shows the
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Figure 15. Diagonal EMSA of GATA-1 complexes. The labelled 23 bp

oligonucleotide H5-GATA was incubated with nuclear extracted protein of chicken

immature erythrocytes. The diagonal EMSA was done as described in Materials and

Methods. As a reference, gel slices from the first and second gels are placed on

the top and left side of the diagonal ger shift pattern iespectively. (a) and (b) are

autoradiograms of the same two-dimensional gel pattern, except that the

autoradiogram in (b) was exposed for a longer time than in (a). The arrowheads

show the locat¡ons of the C2 complexes that had dissociated from the complexes

C4 - C6 and C8. (c) is a schematic representation of the gel pattern shown in (a)

and (b). The symbols represent individual proteins present in each complex. The

symbol .ô, represents GATA-1 , and'_'shows the DNA fragment. Other symbols are

explained ín the text.
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results of this experiment as well as a schemat¡c representation (Figure 1bc) of the

gel shown in Figures 15(A) and 15(B). The diagonal EMSA was also done with

labelled DS1. The gel-pattern results indicate that the pattern of dissociation of the

complexes was as follows: CB -> C4 and C2; Cø -> CS and C2; CS -> C4 and

C2; C+ -> C2. Complex C2, the GATA-1-DNA complex, was a common

component of complexes C4-CG and CB (indicated by arrowheads in Figure l bA

and 158). None of the complexes dissociated to C1, the complex containing the

GATA-1 proteolytic product. These results suggest that C4 was also common to

the larger complexes C5, C6 and C8. The interpretat¡on of the results shown in

Figure 15C was that there were at least four p¡oteins in addition to GATA-1

involved in forming the complexes. GATA-1 (symbol a)wasthe only DNA-binding

protein. Protein(s) A of i 05 kDa (symbolv) ¡nteracts with GATA-1, forming

complex C4. Protein(s) B of 26 kDa (symbolo) interacted with protein A to

generate complex C5. Protein(s) C, which is 146 kDa (symbolo) bound to protein

A and/or B to form complex c6, whereas a large protein(s) D (symbol¡)

assocíated with protein A generating complex CB.

The chicken GATA-binding proteins, GATA-1 , -2 and -3, have molecular

masses of about 39.5, 56, and 55 kDa on SDS-containing gels (Yamamoto et al.,

1990). Of these three GATA-binding proteins, GATA-1 is the most abundant in

immature erythrocytes (Yamamoto ef at., 19901. lt was conceívable that some of

these complexes arose from the interaction of these different GATA-binding

proteins with the GATA-binding site. To elucidate which GATA-binding protein was

interacting with the histone H5 enhancer region, a uniformly labelled HS-GATA

oligonucleotide was incubated with a nuclear extract isolated from chicken
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Figure 16. Ultraviolet light crosslinking of the GATA-1 protein-DNA complexes

reveals that the trans-acting factor GATA-1 is bound to the histone Hb enhancer

region. The internally labelled 23 bp oligonucleotide (HS-GATA) containing the

GATA sequence of the histone H5 enhancer region was incubated wíth the nuclear-

extracted protein of chicken immature erythrocyt"". ïn, incubation mixtures were

(+) or were not (-) irradiated with ultraviolet light and analyzed by EMSA (shown in

the left panel). H5-GATA is the free DNA fragment, and c1 , c2, c4 - c6 and cg

are the protein-DNA complexes. The protein-DNA complexes were digested with

DNase I and micrococcal nuclease, and the affinity-labelled proteins were analyzed

by electrophoresis on denaturing 10% or 12o/o polyacrylamide/sDS gels. Molecular-

mass markers (M) are from Amersham. Molecular masses of the proteins were

calculated from a logmorecurar msss versus mígration plot.
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immature erythrocytes, and then the sample was irradiated with ultraviolet light

(254 nm). The function of irradiation was to specifically crosslink radioactively

labelled nucleotides of a protein-recognition site of DNA with a DNA-binding protein

(Ausubel et al., 19871. Purine and pyrimidine free radicals are produced by

irradiation of DNA with ultraviolet light. The free radicals interact and form a

covalent bond with a protein if it is in close association with the DNA. pyrímidines

are more sensitive to ultraviolet light irradiation than purines and form photoadducts

with cysteine, serine, methionine, lysine, arginine, histidine, tryptophan,

phenylalanine and tyrosine (Ausubel et al., 1gB7). Bromodeoxyuridine increases

ultraviolet sensitivity. After ultraviolet crosslinking, the sample was incubated with

DNase I and micrococcal nuclease to digest non-crosslinked DNA, and the affinity-

labelled proteins were identified on SDS-containing gels. Figure 16 shows that

proteins of approxímatelY 29 and 43 kDa were labelled. The results were the same

for an HS-GATA oligonucleotide containing a tabelled template or non-template

strand. ln a similar experiment using purifíed GATA-1, perkins et at. (1ggg)

observed that a protein of about 40 kDa was labelled. The 2g kDa labelled protein

was likely a proteolytic product of GATA-1 that is sensitive to degradation (Evans

and Felsenfeld, 19Bg; perkins et al.,1gg9; Evans and Felsenfeld, 1gg1). proteins

of molecular mass greater than the 43 kDa GATA-1 protein were not observed,

even after longer exposure of the autoradiogram. This result suggested that GATA-

1 was the major DNA-binding protein of the GATA-related complexes.

GATA-1 is the Only Protein Binding to DNA

It was of interest to know ¡f GATA-1 was present in each of the complexes.
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Figure 17. Ultraviolet light crosslinking of GATA-1 and GATA-I multisubunit

protein-DNA complexes reveals that GATA-1 is present within the GATA-1

multisubunit complexes c2 and cB. The internally labelled HS-GATA

oligonucleotide was incubated with adult chicken imçature erythrocyte nuclear

extracts enriched in C2 and CB activ¡ty. The incubation mixtures were ( + ) and

were not (-) irradiated with ultraviolet light and analyzed by EMSA (left panel). H5_

GATA is the free DNA and C 1, C2, C4-C6 and C8 are the protein-DNA complexes.

The protein-DNA complexes were digested with DNase I and micrococcal nuclease,

and the affinity-labelled proteins were analyzed on a 1 2yo polyacrylamide/SDS gel.

Molecular mass markers (M) are as indicated. Molecular masses of the proteins

were calculated from â log-or"",ru, mass versus migration plot.
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The ultraviolet light crosslinking experiment was repeated using an extract enriched

in either complex C2 or complex CB although each of these preparat¡ons also had a

small amount of the other complexes (Figure 17). These fractions were prepared

by dialysis against buffer D and RSB + 0.3 M NaCl respectively as described

below. Proteins of 37 and 1 7 kDa were cross-linked by ultraviolet light with each

of the nuclear extract preparations. ln 4 replications of this experiment,

preparations enriched ín either C2 (GATA-1 only) or hígher complex activity cross_

linked a protein ot 37-4O kDa. This included EMSAs that were high in either of the

two predominant complex act¡vit¡es, C5 and C8. This indicates that GATA-1 is the

sole DNA binding prote¡n of each of the complpxes.

Sequence Specificity of GATA-1 Multisubunit Complexes

The G,ATA-binding sequences found in a number of erythroid genes were

synthesized and used in competition studies (Table 1, Figure 1gA). Competitions

were done at 2.5 molar excess over the labelled HS-GATA sequence which was

used for the EMSA. The rho and øG2 oligonucleotides were also used in

compet¡tions at 1.25 and 0.625 molar excess. Each of the sequences decreased

the binding of GATA-1 and GATA-1 complexes to the H5-GATA sequence (compare

to control lane). The strength of competition was alphac2 > rho, H5-GATA > ß-

globin enhancer, ß-globin TATA/GATA. plumb et al. (1ggg) also observed that the

ß-globin (lV) region was less efficient than the øG2 sequence at binding GATA-1.

ln EMSAs the ß-globin TATA/GATA sequence formed not only the complexes C2,

C4, C5, C6 and CB which is characteristic of GATA-1 binding sites, but also a

complex of slightly slower mobility than the complex C2 containing the individual
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Table 1. Comparison of sequences used for competition assay. The canonical

sequence ís based on sequences to which GATA-1 binds and which are found

within erythro¡d genes (Evans and Felsenfeld, 1989). The PCR amplified sequence

is an average of the sequences which were amplified by successive rounds of the

PCR of oligonucleotides bound by GATA-1 in the EMSA (Engel et a\.,1992). The

superscript represents the position of the nucleotide relative to the core GAT

sequence as defined by Engel et al. (1992) and the subscript indicates the relative

frequency of a particular nucleotide occurring at a given position. These numbered

positions are indicated at the lower edge of the Table. The next sequences are

GATA-1 binding sites from selected genes. HS-GATA is the sequence found in the

histone H5 gene 3'enhancer (Rousseau etal.,198g). The ß-globin enhancer (lV)

sequence is the first of two GATA-1 binding sites in the 3' enhancer of the chicken

ß-globin gene at DNase I protected region lV (Emerson et al.,1gg7). The ß-globin

promoter TATA/GATA sequence is found in the promoter of chicken ß-globin gene

and is a binding site for both TFIID and GATA-1 (Fong and Emerson, 1992). aGZ

(mouse) is the GATA binding sequence in the promoter of the mouse ø-globin gene

(located at -189 to -174l' (Plumb et al., t 9g9).
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Figure 18. lnteraction of GATA-1 and GATA-1 containing protein complexes with
GATA-binding sites found in a number of erythroid genes.

A. Competition by GATA-binding sequences found in a number of erythroid genes.
HS-GATA oligonucleotide was labelled and allowed to bind to proteins of adult
chicken immature erythrocyte nuclei in the absence and presence of compet¡tor
DNA. The left lane does not have competitor DNA added and is a control lane.
The oligonucleotides used for compet¡tions are as indicated at the lower edge of
each lane and are described in Materials and Methods and Table 1. Each of the
competitors were used at 2.s molar excess over the labelled HS-GATA

oligonucleotide (designated 1 for rho and alphaG2) The rho and alpha G2

sequences were also used at 1.25 (designated 112) and 0.625 (designated 1l4l
molar excess of labelled HS-GATA oligonucleotide. 5O ng of each of the compet¡tor
oligonucleotides were also electrophoresed in a 1 2o/o polyacrylamide gel (1 X TBE
buffer) and the gel was stained with ethidium bromide as shown in the lower
port¡on of the Figure. The oligonucleotides are as indicated.

B. lnteractions of labelled GATA-1 binding olígonucleotides with chicken
erythrocyte nuclear extracts. EMSAs were performed with the labelled GATA
binding site containing olígonucleotides. The ß-globin enhancer (0.s ng) and rho
(0.25 ng) sequences were incubated with 18 ¡rg crude nuctear extract. HS-GATA
(0.025 ng) was incubated with 1 pg of crude nuctear extract. The ß-globin
TATA/GATA (0.125 ng) sequence was incubated w¡th 10 pg of crude nuclear
extract. ThealphaG2(O.25 ng)wasincubatedwith 18¡rg of crudenuclearextract.
The GATA-1 complexes are labelled. The complex, whích is presumed to be a
TFIID/adaptor complex, is marked with an arrow. Note that only the HS-GATA and
ß-globín TATA/GATA sequences were labelled to a high specific activity. The low
specific activity of the other fragments made it difficult to optimize EMSA
conditions
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GATA-1 (Figure 188). Fong and Emerson (1992) showed that a TF¡D/adaptor

complex bound at the TATA/GATA sequence migrated slightly slower than GATA-1

under their EMSA conditions. lt is likely that the complex seen on these shifts is

also the TFIID/adaptor complex. Each of the other oligonucleotides used in the

study also formed the characteristic GATA-1 complexes c2, c4,cs, c6 and cg,

although EMSA conditions were not optimal for most of these sequences (Figures

188, 12).

Dissociation of GATA-1 containing protein complexes through Diatysis

Other research groups have never reported a physical interaction by GATA-1

with heterologous proteins to form multisubunit protein complexes. lt was noted

that other investigators use different conditions for preparation of GATA-1.

Therefore, the effect of buffers on GATA-1 containing protein complex stability was

examined. lt was found the GATA-1 containing protein complexes readily

dissociate under certain dialysis conditíons. Figure 19 shows that complexes CS

and C8 predominated in the EMSA when the Hs-GATA-oligonucleotide was

incubated with undialysed nuclear extract or extract díalysed against RSB + 0.3 M

Nacl. However, complex c2 predominated in the EMSA when H5-GATA was

incubated w¡th the nuclear extract that had been dialysed against buffer D. RSB

has a pH of 7.5 and buffer D is at pH 7.9. The difference in pH did not affect the

dissociation of GATA-1 containing protein complexes to GATA-1 (data not shown).

The EMSA patterns generated with DNA fragments DS1a, DS2, USla and the Sp1

oligonucleotides were the same with nuclear extracts that were or were not

dialysed against RSB + 0.3 M NaCl or buffer D (data not shown). Other commonly
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Figure 19. Dissociation by dialysis of GATA-1 containing protein complexes formed

with an oligonucleotide containing the GATA binding site.

A. An end-labelled oligonucleotide (0.025 ng) containing the HS-GATA motif was

incubated in the presence (2 pgl of nuclear proteins extracted from adult chicken

immature erythrocytes. A) Nuclear extract was eithár not dialysed (-), dialysed

against RSB + O.3 M NaCl, 2Oo/o glycerol and 1 mM dithiothreitol (RSB) or against

buffer D (D). B) Nuclear extract was dialysed against RSB + 0.3 M Nacl, 20%

glycerol, 1 mM dithiothreitol (RSB); buffer D (D); buffer Z (Zl; equilibration buffer

(E.B') or RSB + 0.3 M NaCl, 2Oo/o glycerol, 1 mM dithiothreitol wíth HEPES instead

of Tris buffer (RSB/HEPES) prior to incubation with fabelled HS-GATA for use in the

EMSA' The buffer D, buffer Z and equilibration buffer are detailed in Materials and

Methods. C2, C4, C5, C6 and CB are the protein-DNA complexes.
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used buffers include buffer Z and equilibration buffer (Evans and Felsenfeld, 19Bg;

Emerson and Felsenfeld, 1984). Dialysis against these buffers also results in

dissociation of GATA-1 containing protein complexes (Figure 1gB). Dialysis against

RSB + 0.3 M NaCl, with HEPES instead of Tris as the buffer resulted in partial

dissociation of complexes (Figure 198).

Many researchers (marked ^ in the references) prepare nuclear extracts

based on the Dignam (1983b) method. ln this method and in a number of other

methods (marked * ín the references) the proteins are dialysed against buffer D.

From the data ín Figure 19, the GATA-1 contain¡ng protein complexes seen in

EMSAs of these preparations are expected to be dissociated. For other extract¡on

methods (marked by ! in references) HEPES was present in at least one of the

buffers. Each of buffer D, equilibration buffer and buffer Z included HEPES. ln

Figure 198 (RSB lane versus RSB/HEPES lane), HEPES in the díalysis buffer caused

at least partial dissociation of GATA-1 containing protein complexes. The presence

of HEPES together with other differences in buffer conditions were in all líkelihood

responsible for dissociation of GATA-1 conta¡n¡ng protein complexes ín the work of

the researchers. We did not determine which of the other differences between the

various buffers in addition to HEPES was responsible for dissociation of the GATA-1

contain¡ng protein complex which formed CS in the EMSA. For some of the

methods which used HEPES buffer, whole cell extracts were used for EMSAs

(marked # in the references). We noted that contamination of nuclear extracts with

cytoplasm caused partial dissociation of GATA-1 containing protein complexes

(data not shown). Therefore the data suggest that other researchers would not

have noted GATA-1 multisubunit complexes ín the EMSA due to methods and
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buffers used for preparation of nuclear extracts.

Developmental and Species Specificity of GATA-l Comptexes

chicken erythrocytes of stage 28 (days s-6), stage 3g (day 12; and stage

40 (day 14) embryos were isolated and nuclear extracts of the red blood cells were

prepared without dialysis. When these fractions were used in EMSAs, the pattern

of GATA-1 containing complexes was similar to that formed by extracts of adult

immature erythrocytes. The GATA-1 complexes C2, c4, cs and Cg were formed

by each of the extracts (Figure 2O), although the stage 28 extract formed a higher

relative amount of C2 than did extract of the stages 38 and 40. This result may be

significant, however, the stage 28 extract showed more proteolytic degradation

than stages 38 and 40 as evidenced by the higher relative amount of complex C1 in

the EMSA. lt may be that proteolytic degradation was responsible for the lower

relative amounts of C5 and C8 and the higher relative amounts of complex C2 in

the EMSA of the stage 38 extract. ln any event the data indicate that the GATA-1

multisubunit complexes are present in the developing embryos during the time that

the embryoníc rho and epsilon-globin genes are expressed. The complexes are also

present during the time the A and H ß-globin genes are expressed. This does not

indicate a different role for the protein complexes in the embryo when compared to

the adult chicken.

Nuclear extracts of uninduced and induced MEL cells were used for EMSAs.

A complex, which migrated slightly slower than chicken GATA-1, was seen (Figure

211. The murine GATA-1 is 50 kDa (Whitelaw etal.,199O), and therefore would

be expected to migrate slightly slower than the chicken GATA-1. Therefore

122



Figure 20. lnteractions between nuclear proteins extracted from stage 28, stage

38 and stage 40 chicken embryo erythrocyte nucleí. protein (0.37s lrg) extracted

from the nuclei of each of the stages was íncubated with O.O2S ng of labelled Hb-

GATA oligonucleotide for use in the EMSA. Complexes are indicated on the left.
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Figure 21' lnteractions between labelled HS-GATA oligonucleotide and nuclear

proteins extracted from uninduced (-) and induced (+) mouse erythroleukemia cells.

The complexes are indicated on the right. Nuclear protein (30 pg of uninduced, 1O

pg oÍ induced) was incubated with 0.2 ng of DNA in the presence of 1 pg of poly

dr.dc.
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complex c1 of the MEL extracts was likely the murine GATA-1. A higher

complex(es) was seen in addition to the hypothesized GATA-1 containing complex

C1. ln this assay, we were not able to determine complexes which corresponded

to the complexes formed on HS-GATA using nuclear prote¡ns extracted from

chicken erythrocytes. The MEL complex C2 may well correspond to one of the

complexes produced by the chicken erythrocyte extracts. lf the complexes are

homologous, the finding could be indicative of similarity of GATA-1 function

between different species, despite the dissimilarities between GATA-1 proteins

among species. lt should be noted that these results are from a preliminary

experiment.

Partial Purification of GATA-1 Containing protein Complexes

The aim of this part of the project was to purify the proteins which form

complex C5 in the EMSA, so that subsequently the proteins of the complex could

be separated into its component parts and then reconst¡tuted. Complex C5 was

chosen for purification because from the data (Figure 15) ¡t is expected to only

contain a small number of proteins in addition to GATA-1, and C5 is more abundant

than complex C4, the next simplest GATA-1 containing protein complex. Complex

c4 contains the protein(s) of 105 kDa in addition to GATA-1, and complex cb

contains these proteins and additionally a protein(s) of 26 kDa. Chromatographic

columns that were used included heparin-agarose, s-sepharose, o-sepharose,

phenyl-agarose, double-stranded DNA cellulose, single-stranded DNA cellulose and a

GATA affinity column based on the GATA-binding sequence of the chicken ß-globin

gene enhancer.
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Both the heparin-agarose and S-sepharose columns have a hígh negative

charge and thus enriched proteins with positive charge. GATA-1 is a basic protein

(+121and thus both GATA-1 and GATA-1 containing protein complexes have

affinity for these columns. The phenyl-agarose column selected for proteins on the

basis of hydrophobicity. This property was useful for 2 reasons. lt separated the

complex C5 from the other complexes and from the decreased requirement for poly

dl.dC in the EMSA, it was apparent the column reduced the amount of non-specific

DNA binding proteins in the fractions w¡th GATA-1 and GATA-1 containing prote¡n

complexes. The double-stranded and single-stranded DNA cellulose columns

selected for proteins with an affinity for DNA in general. DNA-binding prote¡ns

have varying affinities for either double- or single- stranded DNA, and therefore

each of these columns was useful. The GATA affínity column which consisted of

concatamers of GATA-binding sequences was desígned to select for protein based

on a specific affinity for the GATA binding site. The O-sepharose column was also

used' This column selects for proteins with negative charge. Most of the GATA-1

containing protein complexes had little affinity for O-sepharose, and were displaced

by 0.1 M NaCl, although a small portion of the C5 complex was displaced at 0.4 M

NaCl.

Heparin-Agarose Chromatography

Typically, crude nuclear extract was chromatographed first on a heparin-

agarose column. After the protein was applied to the heparin-agarose column, the

column was washed with buffer D containingO.2 M KCl, and GATA-1 containing

protein complexes eluted in the next wash atO.4 M KCI (Plumb et a\.,198g). An
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Figure 22. Protein elution profile of heparin-agarose column. Crude nuclear extract

(24O mgl in 60 ml of buffer D with a final concentration of 0.2 M KCI was applied

to a 60 ml heparin-agarose column. The column was eluted sequent¡ally with

buffer D containing 0.2 (150 ml) and 0.4 (80 ml) M KCl. Fractions of 1O ml were

collected. Note that the flowthrough and 0.2 M KCI fractions occur together, since

the protein was applied in this concentration of KCl. The fraction numbers are

indicated at the lower edge of the plot and the scale for the absorbance at 280 nm

is índicated at the left edge of the plot.
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elution profile of the heparin-agarose column is shown in Figure 22. Note that the

flowthrough and 0.2 M KCI together form the protein peak labelled flowthrough.

Figure 258 demonstrated that the column does enrich for GATA-1 and GATA-1

containing protein complexes, since 0.5 pg of protein from the starting crude

nuclear extract formed a smaller amount of GATA-1 and GATA-1 containing protein

complexes with labelled HS-GATA than did the same amount of protein from the

heparin-agarose column (also see Figure 2BA, compare nuclear extract to heparin-

agarose). Approximately 1 Oo/o of the starting protein was present in the 0.4 M KCI

heparin-agarose fraction. ln order to determine enrichment of protein, a filter

binding assay could be employed. ln the filter binding assay, protein and

radioactively labelled DNA are allowed to interact. DNA bound by protein is

retained on the filter and the radíoactivity can be measured, in order to determine

the amount of DNA binding act¡v¡ty relative to prote¡n present in the assay. This

assay would be useful for determining the enrichment of the GATA-1 containing

protein complexes, although it would need to be done in conjunction with EMSAs

which would show the particular GATA-1 containing protein complex which was

enriched in the fraction.

S-Sepharose Chromatography

Chromatography of the S-sepharose column was done with the 0.4 M KCI

heparin-agarose fraction. After application of the protein to the S-sepharose

column, proteins were eluted w¡th a step gradient. An elution profile of the S-

sepharose column is shown in Figure 23. Note that the flowthrough and 0.2 M

NaCl together formed the proteín peak labelled flowthrough. Figure 24 shows that
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Figure 23. Protein elution profile of S-sepharose column. Crude nuclear extract

which had been partially purified by passage over a heparin-agarose cofumn (0.4 M

KCI fraction, 40 mg) was diluted to 1/2 of the initial concentration with buffer E

without NaCl and applied in 150 ml of buffer E to a 7.5 ml S-sepharose column.

The column was eluted sequent¡ally with buffer E containingO.Z (30 ml), O.3 (20

ml) and 0.5 (20 ml) M NaCl. Fractions of 5 ml were collected. Note that the

flowthrough and 0.2 M NaCl fractions occur together, since the protein was applied

in this concentration of KCl. The fraction numbers are indicated at the lower edge

of the plot and the scale for the absorbance at 280 nm is indicated at the left edge

of the plot.
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Figure 24. EMSAs of proteins eluted from the S-Sepharose column. The 0.4 M KCI

fraction of a heparin-agarose column chromatography was applíed to an s-

Sepharose column and eluted with increasing concentrations of NaCl (0.2, 0.3, O.s

M). EMSAs of the proteins of the heparin-agarose column fraction (hep-ag),

flowthrough (F.T.), O.2,O.3 and 0.5 M NaCl fractions are as indícated atthe lower

edge of the lanes. Five pl of each fraction (3 pg, heparin-agarose; o.3 pg,0.3 M

Nacl, S-sepharose; 2.6 pg, o.s M Nacl, s-sepharose) were used for the EMSAs.

Note that there is no 0.4 M NaCl fraction.
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Figure 25. Partíal purification of GATA-1 conta¡n¡ng protein complexes. panel A)

GATA-affinity column chromatography of GATA-1 containing protein complexes.
The 0.5 M NaCl fraction from an S-Sepharose column (derived from O.4 M KCI

fraction of a heparin-agarose column) was applied to a GATA-affinity column. The

column was washed with o.2 M KCI and GATA-1 act¡v¡ty eluted at 0.4 M Kcl.
Protein from the S-Sepharose (S-seph) fraction was used in EMSAs with labelled

HS-GATA oligonucleotide as was protein from the 0.2 M KCI wash and 0.4 M KCI

elution from the GATA affinity column as indicated in the Figure. Panel B) Crude

nuclear extract (NE) of adult chicken immature erythrocyte was chromatographed

over a Heparin-agarose (Hep-ag) column. The 0.4 M.KCI fraction contained GATA_

1 activity and this fraction was chromatographed over an S-Sepharose column (S-

seph). Protein (0.5 ¡rg) of the crude nuclear extract (N.E.), O.4 M KCI heparin-

agarose fraction and 0.5 M NaCl fraction of the S-Sepharose profile were used in

EMSAs with labelled HS-GATA oligonucleotide. Panel c) The 0.5 M Nacl fraction
from the S-sepharose column was chromatographed over the phenyl-agarose

column. Samples (2.5 ¡tll from each of the act¡ve phenyl-agarose (phenyl-ag)

fractions were used in EMSAs with labelled H5-GATA olígonucleotide as indicated.

Panel D) 1O ag of protein from the crude nuclear extract, 0.4 M KCI heparin-

agarose fraction, 0.5 M NaCl of the S-Sepharose fraction and fraction 18 (C2

enriched) and fraction 23 (Cb enriched) of the phenol-agarose column were TCA
precipitated and separated on a 12o/o polyacrylamide/SDS gel. The molecular

masses of the marker proteins are indicated on the left. The position of the 39 kDa

GATA-1 is indicated. An arrowhead marks the posítion of a b4 kDa protein which
was enriched in GATA-1 contain¡ng protein complex containing fractions.
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the 0.2 M Nacl step did not have any GATA-1 conta¡ning protein complexes

interact¡ng with the Hs-GATA oligonucleotide in the EMSA. GATA-1 containing

protein complexes eluted at 0.3 M NaCl and 0.5 M NaCl. The EMSA shows that

the 0.3 M NaCl (0.3 ¡rg protein) and 0.5 M NaCl (2.6 ¡tg protein) fractions were

enríched in GATA-1 and GATA-1 containing protein complexes over the heparin-

agarose column (3 gg protein). Less C2 complex was seen in the EMSA using the

0.3 M NaCl fraction, a higher amount of CB complex and similar or less C4lCs

complex when compared to the 0.5 M NaCl fraction. The 0.5 M NaCl fraction

formed a larger amount of c2 complex in the EMSA. sDS-polyacrylamide gel

electrophoresis shows that the protein composition was complex in the O.b M NaCl

fraction (Figure 25D, S-sepharose). The 0.5 M NaCl fraction was used for most

further fractionations, although it was somet¡mes pooled with the 0.3 M Nacl

fraction. The 0.3 M NaCl fraction alone was not used successfully for further

fractíonations. An SDS-polyacrylamide gel electrophoresis of the 0.3 M NaCl

fraction is not available. Future fractionations using the 0.3 M NaCl S-sepharose

fraction might be useful for purification of the GATA-1 containing protein

complexes.

GATA-Affinity Chromatography

The GATA-affinity column was also used for protein purification (Fígure 25).

Partially purified prote¡n (0.S M NaCl fraction of S-sepharose) was applied to the

column and eluted atO.2 M KCI and 0.4 M KCI as described in Materials and

Methods. GATA-1 and GATA-1 containing protein complexes eluted at 0.4 M KCl.

A 0.3 M KCI step was not included because it was found that GATA-1 and GATA-1
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contain¡ng prote¡n complexes eluted in this fraction. Protein complexity did not

decrease significantly through use of this column, although a b4 kDa protein was

seen in the GATA-1 containing protein complex enriched fractions (data not

shown)' Had a 0.3 M NaCl wash step been included, perhaps a lot of non-specific

proteins would have been eliminated. Recent research by Ko and Engel (19g3) and

data presented in this thesis (see above) showed the sequence used for the column

was not optimal for GATA-binding. lf a sequence with a higher affinity for GATA-

1-binding activity were used, a 0.3 M NaCl wash might be employed and result in

purification of the GATA-1 containing protein complex.

Phenyl-Agarose Chromatography

Partially purified protein from either the heparin-agarose or S-sepharose

column (heparin-agarose first, Figure 258) was applied to a phenyl-agarose column

in 1 M ammonium sulphate (Figure 25C). The protein was also applied in 0.7 M

ammonium sulphate and this worked well. The advantage of the 0.7 M ammonium

sulphate is that less proteins interact with column, which leaves more matrix

available for the GATA-1 containing protein complexes to bind. The column was

developed with a decreasing gradient of ammonium sulphate. A mixture of

complexes C2 and CB were seen in the EMSA of proteíns which eluted in fractions

15 to 18, and the concentration of ammonium sulphate in this pooled fraction was

O.38 M' For a number of different chromatographic separatíons over the phenyl-

agarose column complexes C2 and CB formed in the EMSA using fractions that

eluted from 0.45 to 0.32 M ammonium sulphate in about 5% of the starting protein

(Heparin agarose and S-sepharose column fractionation first, Figure 2b). When
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fractions 19 to 23 were used for the EMSA, complex C5 was more abundant than

using other fractions which eluted from the phenyl-agarose column. The pooled

fractions 19 to 23 had a concentration of 0.15 M ammonium sulphate. Complex

C5 was characteristically formed ín the EMSA using fractions which eluted at O.23

to 0.083 M ammonium sulphate in about 5o/o of the starting protein (Heparin

agarose and S-sepharose first). Complexes C4 and C6 were minor components in

the EMSAs. Complex C4 was seen in the EMSA in fractions which were eluted

between at the fractions which formed complex C2 and complex Cb in the EMSA

(Figure 25c1. Typically this was about 0.3 M ammonium sulphate. Thus, the

column was useful for separating proteins forming complex CS in the EMSA from

proteins forming other GATA-1 multisubunít complexes in the EMSA (see also

Figure 28, heparin-agarose versus phenyl-agarose). The column also decreased the

requirement for non-specific competitor DNA poly dl.dC in the EMSA (data not

shown), indicating a significant decrease in non-specífic DNA-binding proteins.

when the proteíns of the fractions which contained GATA-1 and GATA-1

conta¡n¡ng protein complexes were size-fractionated by SDS-polyacrylamide gel

electrophoresis, the pattern showed a protein of 39 kDa, which corresponds in size

to GATA-1. Another protein seen consistently with fractions which formed

complex C5 in the EMSA was a 54 kDa protein (marked by an arrowhead, Figure

25't. SDS gels with a higher percentage of polyacrylamide would be useful for

separating proteins of smaller size such as the 26 k)a protein which the data

suggest is present in complexes CS and C6.
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Double-Stranded DNA Cellulose Chromatography

Chromatography of partially purífied extracts over a double-stranded DNA

cellulose was employed in order to attempt to purify GATA-1 containing prote¡n

complexes. A 0.4 MKCI fraction from a heparin-agarose column enriched in GATA-

1 containing protein complexes of adult immature erythrocyte crude nuclear

extract, was chromatographed over an s-sepharose column. The 0.5 M Nacl

fraction was applied to a double-stranded DNA cellulose column. The double-

stranded DNA cellulose column was eluted with a step gradient of ammonium

sulphate in increments of 0.025 M as described in Materials and Methods (Figure

261. More than 5Oo/o of the protein eluted in the flowthrough and in the O.OS M

ammonium sulphate fraction. The 0.125 M ammonium sulphate fraction formed

complexes C2 and some C5 in the EMSA. Complex C5 was seen maximally in the

EMSA in fractions which eluted at 0.15 and O.175 M ammonium sulphate in about

1O% of the protein. The EMSA demonstrates that the amount of complex formed

bythe o.125 (o.17 lrg prote¡n),0.1s (0.19¡.rg protein) and o.17s p.14¡rg protein)

M ammonium sulphate fractions was only slíghtly less than that of the S-sepharose

fraction (25 ¡tg protein), demonstrating an enrichment of GATA-1 and GATA-1

contain¡ng protein complexes which is estimated to have been up to 50 fold. The

SDS-polyacrylamide gel electrophoresis revealed that the protein fractions from this

column were complex. At the concentration of polyacrylamide used for the gel

(1Oo/ol, proteins of 39 kDa (GATA-1) run close to the dye front and therefore were

not separated and detected. Due to the protein complexity, it could not be

determined if the 54 kDa protein was enriched (arrowhead, Figure 26).
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Figure 26. Double-stranded DNA-cellulose column chromatography of GATA-1 and

GATA-1 containing protein complexes. The 0.4 M KCI fraction of heparin-agarose

column fractionated crude nuclear extract of adult chicken immature erythrocytes

was fractionated over an s-sepharose column. The pooled 0.3 and 0.b M Nacl

fraction from this column was applied to a double-stranded DNA-cellulose column

as described in Materials and Methods and eluted w¡ih increments of o.O2s M

ammonium sulphate. Panel A shows EMSAs of labelled HS-GATA oligonucleotide

using 5 pl (0. 14 to o.2 pg of o.os to 0.1 7s M ammonium sulphate, o.o3s ltg ot

0.025 and 0.2 M ammonium sulphate, and Q.28 ¡tg of the flowthrough fractíon) of

each of the fractions of the double-stranded DNA column profile and 2.b ¡tl (25 pgl

of the S-Sepharose (S-seph) starting fraction. Panel B shows a silver stained 1O%

polyacrylamide gel of 10 trg of each of the fractions. Molecular masses of the

standards are indicated on the left. The arrowhead indicates 54 kDa. Since the get

was 1Oo/o polyacrylamide, GATA-1 ran too close to the dye front to be noted.
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Single-Stranded DNA Cellulose Chromatography

Chromatography of partially purified extracts over a single-stranded DNA

cellulose column was employed in order to attempt to purify GATA-1 containing

protein complexes. The GATA-1 containing protein complexes of adult immature

erythrocyte crude nuclear extract, which had been chromatographed over a heparin-

agarose column, was chromatographed over an S-Sepharose column. The pooled

0.3 and 0.5 M NaCl fractions were applied to a single-stranded DNA cellulose

column. The single-stranded DNA cellulose column was eluted with a step gradient

of KCl. About 50% of the protein eluted in the flowthrough and o.1 M Kcl.

EMSAs were done with the starting S-sepharose fraction l2S pgl and each of the

eluted fractions. Some of each of the GATA-1 containing protein complexes eluted

at 0.175 M KCI (0.15 ttg prote¡n; Figure 27}. A large proportion of the complex CS

was seen in the EMSA using the fraction which eluted atO.2 M KCI and somewhat

less was seen in the 0.225 M KCI fraction (0.15pg, O.OSpg protein, respectively).

A comparison of the amount of protein present in the EMSA and the amount of

act¡vity of each of the fractions compared to the S-sepharose starting material for

the column demonstrated that the fractions with GATA-1 and GATA-1 containing

prote¡n complexes were enriched. The GATA-1 containing protein complex

enriched fractions were enriched in a 54 kDa protein (0.175 toO.225 M KCI in

Figure 27!..

137



Figure 27. Single-stranded DNA-cellulose column chromatography of GATA-1 and

GATA-1 containing protein complexes. The 0.4 M KCI fraction of heparin-agarose

column fractionated crude nuclear extract of adult chicken immature erythrocytes

was fractionated over an s-sepharose column. The pooled 0.3 and 0.b M Nacl

fractions from this column were applied to a single-stranded DNA-cellulose column

as described in Materials and Methods and eluted wiih increments of O.O2S M KCl.

Samples of protein from the column fractions were used for EMSAs and size

fractionated on SDS polyacrylamide gels. Panel A shows EMSAs using S ¡tl (O.45

to O.15pg) of each of the fractions from the single-stranded DNA cellulose column

and 2.5 pl (25 /9) from the S-Sepharose fraction. Panel B shows a silver stained

gel (1O%o polyacrylamide) of 10 pg of each of the fractions. Panel C shows a silver

stained gel (12To polyacrylamide) of 1O ttg of the fractions 0.175, O.2 and 0.22b M

Kcl. The arrowhead indicates b4 kDa. The position of GATA-1 (3g kDa) is

indicated.
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Fractionation of Nuclear Extract over Heparin-Agarose, S-sepharose, phenyl-

Agarose, Double-Stranded DNA Cellulose and Single-stranded DNA Cellulose

Columns

ln another series of column chromatographs, crude nuclear extract was

fractionated over a heparin-agarose corumn (0.4 M KCI fraction), a phenyl-agarose

column @.23 to 0.083 ammonium sulphate, GATA-1 contain¡ng protein complex

C5 enriched), followed by double-stranded and single-stranded DNA cellulose

column chromatography as described in Materials and Methods. The EMSAs for

this series of column chromatographs is shown in Figure 28. The starting crude

nuclear extract had very little GATA binding activity in O.b ¡.rg. The heparin-agarose

fraction had significantly more GATA binding activity in O.S ¡rg protein. The phenyt-

agarose column separated the proteins forming complex CS in the EMSA from

those forming the other GATA-1 complexes in the EMSA.

Each of the double-stranded DNA cellulose fractions O.1 , O.125 and 0.175

M ammonium sulphate had GATA-1 conta¡n¡ng protein complex activity, contrary to

the data shown in Figure 26, where the 0.1 M ammonium sulphate fraction had

little GATA-1 and GATA-1 multisubunit complex activity forming in the EMSA. lt

should be noted that in Figure 26 the series of columns included a fractionation

over an S-sepharose column, whereas this series of column chromatographs did

not. A number of EMSA profiles of column fractionations have demonstrated that

GATA-1 containing protein complexes elute over more than one salt concentration.

Examples are the S-sepharose column fractionation, where GATA-1 containing

protein complexes eluted at 0.3 and o.s M Nacl, both the double and single-

stranded DNA cellulose columns, and as will be shown in Figure 29, GATA-1
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Figure 28. EMSA profíle of GATA binding factors eluting sequentially from a

number of columns. GATA-1 and GATA-1 containing protein complexes present in

crude nuclear extract (N.E.) were eluted sequentially from a heparin-agarose (hep-

ag) column, phenyl-agarose column (phenyl-ag), double-stranded DNA cellulose (ds

DNA cell) column and single-stranded DNA cellulose (ss DNA cell) column.

Fractionations were as described in Material and Methods. GATA-1 multisubunit

complex activity (Cb) from the phenyl-agarose (2S mg) was applied to a 4 ml

double-stranded DNA cellulose column, which was then eluted with 12 ml at each

of the ammonium sulphate concentrations. The double-stranded DNA cellulose

fractions were diluted 2 X with buffer and applied to a 2 ml single-stranded DNA

cellulose column. The column was then eluted with 6 ml at each of the KCI

concentrations. Protein (0.5 ¡rg) of the crude nuclear extract, heparin_agarose and

phenyl-agarose fractions were used in the EMSA. Five pl of each of the double-

stranded DNA cellulose and single-stranded DNA cellulose fractions were used for

the EMSA.
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contain¡ng protein complexes eluted over a range of NaCl concentrations from the

O-sepharose column. These results are complicated by dissociation of GATA-1

containing protein complexes to their constituent components in some of the

buffers used, although we tried to keep this to a minimum by working quickly with

fractions which were not stable in a given buffer. Protein purification was not

achieved. The 54 kDa protein was enriched after the final columns (data not

shown).

O-Sepharose Column Chromatography

crude nuclear extract of adult chicken immature erythrocytes was also

applied to and eluted from a O-sepharose column. lt should be noted that since the

S-sepharose fraction was diluted 5 X prior to applying to the O-sepharose column,

the EMSA for the flowthrough fraction does not reflect the amount of activity

present in the fraction, since equal volumes of each fraction were used for the

EMSA. Therefore the flowthrough fraction had significant GATA-1 and GATA-1

conta¡n¡ng protein complexes. Fractions were eluted batchwise from the column in

increments of 0.1 M NaCl.

Much of the GATA binding act¡v¡ty eluted at 0.1 M NaCl including most of

the monomeric GATA-1 (complex C2, Figure 291, a smaller amount of all of the

GATA-1 containing complexes eluted ato.z M Nacl. There appeared to be an

enrichment in the proteins forming CG and a complex larger in size than Cg in the

0.2 molar NaCl fraction. A small amount of proteins forming complex Cb in the

EMSA eluted at o.4 M Nacl. This demonstrates that some of the GATA-1

containing protein complexes, especially the complex forming c5 in the EMSA
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Figure 29. EMSA profile of GATA binding factors eluting from a e-sepharose

column. The O.5 M NaCl fractíon of a S-sepharose column was diluted S X with

buffer (20 mM Tris pH 8.o,2oo/o grycerol,0.2 mM EDTA) and applied to a o-

sepharose resin. The resin was eluted batchwise with 2 X 2.5 buffer volumes of

the column at each of the Nact concentrations o.1,0.2,0.3, 0.4 and o.b M Nacl.

The EMSAs with 5 pl of each of these fractions and the starting S-sepharose

fraction are shown.
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consisted of a population of complexes with varying affinities for the column.

Variations in the amount of post-translational modifications to the proteins present

in the complexes could account for the varying affinities for the columns. lt should

be noted that GATA-1 was found not to be post-translationally modified, therefore

the proteins interacting with GATA-1 may be expected to have the modifications

(Evans et al.,19Bg). This column was not used for further fractionations.

DNase I Protection Assays of DSI and DS2

The chicken H5 3'enhancer was localized in the region +8b1 to +1064

(Figure 6, Trainor et a|.,1987). Proteins other than GATA-1 formed protein-DNA

complexes w¡th DS1 and these proteins bound in the region +Bg3 to +9g0. The

binding sites of the adult chicken immature erythrocyte nuclear proteins were

ídentified in DNase lprotection assays of DSl and DS2. Figure 3OA and 3OB show

the DNase I protection sites generated by proteins binding to DNA sequences

present in DNA fragments DSla and DS1 + DS2, respect¡vely. Three DNase I

protected regions were observed with DNA fragment DSla with the level of

protect¡on being l>ll>lll. DNase lprotected regions land ll contained potential

Sp1 bínding sites (TGGGC*s3scGGT and TAGGA*966GGGC), and these DNase I

protected regions covered approxímately 22 and 24 bp, respectively, which was

similar to protect¡on generated by human Sp1 (Jones et a\.,19g5; Jones and Tjian,

1985). Both of these Sp1 binding sites were present ¡n the region spanned by DNA

fragment DSla-U. lnterestingly, DNase I hypersensitive sites gene rated in vitro

were localized at sites approximately equidistant between the two Sp1 binding sites

(boxes I and ll), suggesting that the binding of the Sp1-like proteins distorted the
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Figure 30. DNase I protection analysis of proteins interacting with the histone Hb

enhancer region. DNA fragments DSla (A) and DS1 + DS2 (B) were end-rabelled

on the template (T) or non-template (NT) strand, and incubated with (+)or without

(-) chicken immature erythrocyte nuclear extract (12 or 14 pg of protein per ng of

DNA for DSla or DS1 + DS2 respectively). ldentical DNase lprotected regions

were obtained when the complementary strand was end-tabelled (not shown). G +

A or C * T chemical sequencing reactions are indicated. The amount of DNase I

added to 50pl was as follows (left to right): 0.1, 0.05, 0.2, o.1, o.o1 and 0.1

units (Panel A) and O.1,O.2,0.1 and 0.01 units (panel B). The arrowheads show

the DNase I hypersensitive sites of the complex. The Roman numerals indicate the

protected regions. This work was done by Mr. Jian-Min sun.
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intervening DNA structure. The third protected region (DNase I protected region

lll), which was in DNA fragment DSla-L, also harboured a potential Sp1 binding

site (CTCCT*1oo2CCTT). The protected region lll also had the sequence

GAGAGGGG which was the sequence of the ß-globin developmental stage selector

element that bound the 6s kDa protein NF-E4 (Gallarda et al.,1ggg). Three

protected regions (DNase I protected regions lV, V and Vl) were observed between

+1o41 and + 1177. Protected region lV had the AGATAA motif at + 10b3, which

is the binding site of GATA-1 described above. A potential Sp1 binding site

(GGGGT*10s3GGGG) was found in the 24bp protected region V. This sequence ís

also recognized by the CACCC factor (Jackson et al.,1ggg). DNase I protected

region Vl harboured a TTGGCACAGCCCCAA sequence (+ 1 1 22 to + 1 13b) which

was similar to the NF1 binding sequence (yTGGCANNNTGCCAR; Rupp et al.,

1990; Kruse et al.,1gg1).

EMSAs with the DNA fragment DSla (+g93 to +1O41; see Figures 6, g

and 314) used to detect chicken erythro¡d nuclear proteins that bind to this region

shows thatthe DNA fragment DSla formed four complexes, cg, c7, c9 and c1o.

The molecular masses of the DNA-bound proteins were approximately 2OO kDa for

complex C3, while the molecular masses of the proteins of complexes C7, Cg and

CIO were greater than 450 kDa, which is the limit of determining size (Bading,

1988). Competition experiments were used to determine the specificity of binding

of these complexes to DSla (Figure 31A). complexes c7, cg and clo showed

specific binding to the DSla fragment as they had for DSl (Figure g). A 1Og-fold

molar excess of the unlabelled DNA fragment DSla competed effectívely for all four

complexes (Figure 314). The non-specific competitor salmon sperm DNA did not
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Figure 31. lnteractions between the histone H5 enhancer regíon and proteins from

adult chicken immature erythrocyte nuclear extracts. The DNA fragment used in

the EMSA is indícated at the bottom of each panel. Panel A: End-labelled DNA

fragment DSla (2O7 bp,0.3 ng) was incubated with 0.36pg poly (dt.dC)/pl in the

presence ( +, 5 ltgl or absence (-) of nuclear proteins extracted (NE) from adult

chicken immature erythrocytes. The amount in molar excess of competitor DNA

fragment (DS1a, USla or Sp1-oligonucleotide from the Stratagene Hotfoot kit), as

indicated at the top of the panel, was 1z.s,2s, so, 1oo, and 2oo. panel B; End-

labelled DNA fragments DS1a, DSla-U (91 bp), OSIå-f_ (63 bp), or oligonucleotide

Pl were incubated in the presence (+) or absence (-) of immature erythroid nuclear

proteins. The oligonucleotide was incubated with O.OS pg poly (dt.dC)/pl. The

arrow heads show the complexes formed with the oligonucleotide pl. panel C:

End-labelled DNA fragment DS2 fi 24 bp, 1 ng) was incubated w¡th 0.36 pg polv

@l'dCllpl in the presence (+, 1 2 pgl or absence (-) of erythroid nuclear proteins.

The amount in molar excess of competitor Spl-oligonucleotide (hístone HS

promoter) added was 12.5,50 and 200. C1 to C6 are the protein-DNA complexes.

Panel D: End-labelled DNA fragment DS2 and oligonucleotide pV were incubated

with 0.36 or O.O5 ug poly ßl.dCll¡tl, respect¡vely, in the presence (+, 1 2ttgl ot

erythroid nuclear proteins. The arrow heads point to the complexes formed with

the oligonucleotide PV. This work was done with Mr. Jian-Min sun.
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effectivelycompete for C7, C9 and C1o, but did compete for complex c3 (not

shown), suggesting that complex C3 is non-specific. Competition studies were also

done with a DNA fragment spanning the promoter region of the histone Hb gene

(fragment us1a, Figure 6). The usla DNA fragment competed for the four

complexes forming with DSla with the following efficiencies: Cg, C1O > C7> C3

(Figure 314).

The results of the DNase I protection assays indicated that several potential

Sp1 binding sites were localized in the regíon +893 to +1041. Since the histone

H5 promoter region has a strong Sp1 binding site (GC-box), it was possible that the

USla DNA fragment was compet¡ng with the DSla DNA fragment for the binding

of a Spl-like protein. This possibility was tested by using an oligonucleotide

containing a high affinity Spl binding site (see Materials and Methods). The Spl

oligonucleotide competed effectively for complexes Cg, C1O and to a lesser extent,

c7 that formed with the DNA fragment DSla (Figure 3oA). The sp1-

oligonucleotide did not compete effectively with complex C3. These observations

suggested that a Spl-like protein was ínvolved in the generation of complexes Cg

and C10.

To further delineate the location of the complexes, EMSAs were done with

the DNA fragments DSla-U (+893 to +980) and DSla-L (+981 to +1041, Figure

6). Two strong and several weaker complexes were formed with fragment DSla-U

(Figures 318 and 8). Other gel patterns showed that the major complex formed

with DSla-U was two closely migrating complexes with mobilities slightly greater

than complexes c9 and c10 that formed with DS1a. one major complex with

electrophoretic mobility similar to the major complex generated with DSla-U formed
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w¡th the fragment DSla-L (Figure 8 and 318). The intensity of this complex was

similar to the intensity of the major complexes formed with DSla or DSla-U. To

determine whether DSla-U and DSla-L contained Spl-binding sites, competition

experiments with an oligonucleotide containing the high affinity Sp1 binding site of

the histone H5 promoter (-92 to -67) were done. This sp1-oligonucleotide

effectively competed for the major complexes forming with DSla-U and DSla-L.

Oligonucleotides conta¡ning the potential Sp1 binding sites present in DSla

were synthesized (see Materials and Methods). The oligonucleotides, which are

referred to as Pl, Pll, and Plll, correspond to DNase lprotected regions l, ll and lll

respectively (Figure 304). Two complexes, one strong and the other weak, formed

with oligonucleotides Pl, Pll and Plll (Figure 328). The observation that several

complexes form with the Sp1-oligonucleotide ís consistent with the observations of

others, indicating factors other than Sp1, bind to these sequences (Jackson et al.,

1989; Ma et al., 1991; lmataka et al., 1gg2; Alemany et al.,1gg2). These factors

include cAccc factors, sp1-like factors and factors which are not well

characterized. The mobilities of the major complexes formed with these

oligonucleotides were identical. However, the relative intensities of the major

complexes were different with Pl > Plll > Pll, reflecting their refative binding

affinities for Sp1. The mobilitíes of the two complexes formed with oligonucleotide

Pl were identical to those generated with DSla-L and slightly greater than the

migration of the major complexes formed w¡th DSla and DSla-U (Figure 318).

Thus, although the lengths of the DNA fragments DSla (1S6 bp), DSla-U (g1 bp),

DSla-L (63 bp) and the Pl oligonucleotide (26 bp) were quite differenr, the

migration of the major complexes formed with these fragments were similar. These
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Figure 32. Analysis of protein binding to oligonucleotides containing Spl sites.

Panel A; End-labelled DNA fragments USla (1g2bp, O.b ng), DSla (2O7 bp,O.5

ng) and DS2 (124bp,0.5 ng) were incubated with 0.36¡¡g poly (dtdc)/¡.d in the

presence (+,5l,lg) of nuclear proteins extracted (NE) from adult chicken immature

erythrocytes. The arrow heads point to the major complexes formed with these

DNA fragments. Panel B; End-labelled oligonucleotides pl, pll, plll, pV and Sp1

were incubated with 0.36pg poly (dt.dCllpl in the presence (* ,5 ttgl of nuclear

proteins extracted (NE) from adult chicken immature erythrocytes. The arrow

heads point to the minor complexes formed with these DNA fragments. This work

was done by Mr. Jian-Min Sun.
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observations demonstrated that an Sp1-like protein was involved in the generat¡on

of the major complexes formed w¡th DNA fragments DS1a, DSla-U and DSla-L.

EMSAs with the DNA fragment DS2 (Figure 6) were done to ascertain

whether erythroid nuclear proteins bind to the region + 1068 to + 1177. Figure

31C shows that 6 protein-DNA complexes were formed with this DNA fragment,

with complexes C5 and C6 being the most intense (see also Figure g21l. The

approximate molecular masses of the prote¡ns present in complexes C1 and C2

were 227 and 347 kDa, respectively. The proteins of complexes C3 to C6 were

greater than 450 kDa. Unlabelled DNA fragment DS2 competed effectively for the

six complexes, while salmon sperm DNA competed effectively for only C1 (not

shown), suggesting that complex C1 ís non-specific. .DNase I protection analysis

(Figure 3oB) indicated a potent¡al sp1 binding site, GGGGT*1os3GGGG, in the DS2

fragment. Figure 31C shows that an oligonucleotide containing the high affinity

Sp1 binding site of the histone HS promoter (-92 to -67) effectively competed for

complexes C2 to C6 (DS2 DNA fragment). An oligonucleotide (pV) containing the

potent¡al Sp1 binding site (DNase I protected region V in Figure 30B) in DS2 was

synthesized. One major complex, which had a mobility similar to CS and C6, and

several less íntense complexes were generated with the oligonucleotide pV (Figure

31D). This is consistent with an Spl-like protein(s) being involved in the generation

of the major complexes formed with DNA fragment DS2.

Comparison of the intensities of the major complexes formed with DNA

fragments DS2, DSla and USla indicated thatthe Sp1 binding site of DS2 had the

lowest relative affinity for Sp1. This was confirmed by comparing the relative

intensities of the major complexes formed with oligonucleotides pl, pll, plll, pV and

150



Sp1 which has the high affinity Sp1 binding site of the histone Hb promoter. The

relative intensities of the major complexes were sp1 > pl> plll> pll> pV (Figure

328).

ldentification of Prote¡ns that Bind to DNA Fragments Spanning the Histone HS E,

Promoter

DNase I Protection Assays of USla

Figure 33 shows the DNase I protected regions generated by proteins

binding to DNA sequences present in the USla DNA fragment, which spans the

promoter region (-95 to -1, Figure 6). Four protected regions were observed.

DNase I protected region I was a 21 bp region that harboured the strong Sp1

binding site (GGGGC-T'GGGG), DNase I protected region ll contained the UpE,

DNase I protected region llA was from -68 to -52 and DNase I protected region lll

spanned the TATA box at -22 (TTAAAT). DNase I protected region lla includes the

region -68 to -63, since this region was also protected in Figure 36 and in Rousseau

et al- (1993). DNase I protected region lla was not characterized further.

Rousseau et al. (1993) noted a similarity between the sequence of DNase I

protected region llA and a portion of conserved region CTGCGGGGACACATNT in

the histoneH2A and H2B genes of C etegans. The GGGACAC sequence occurs

between the árs-ll and /¡rb-1 2 (H2A and H2B) genes, his-1O and á¡.s-9 (H4 and H3)

and in the upstream of the års-3 (H2al gene in C. elegans (Roberts et al. lggg).

lmperfect copies of the sequence are also present in the his-1 (H4l and elsewhere

in these C. elegans genes, many of which are conserved (Roberts et al.,1ggg).

Rousseau et al. (1993) refers to this sequence as a direct repeat. The region was
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Figure 33. DNase I protection analysis of proteins binding to the histone HS

promoter region. DNA fragment usla was end-labelled on the template (T) strand

and incubated in the absence (-) or presence ( + ) of the nuclear extract eO ¡tg

protein per ng DNA) isolated from chicken immature êrythroid nuclei. ldentical

DNase I protected regions were obtained with the end-labelled non-template strand

(not shown). C + T indicates the chemical sequencing reaction. The amount of

DNaseladdedtoS0¡.rl wasasfollows(lefttoright): o.1,o.2,0.1,0.01,and0.1

units. The arrowheads are the DNase I hypersensitive sites of the cornplex. The

Roman numerals indicate the protected regions. This work was done by Mr. Jian-

Mín Sun.
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not requ¡red for promoter activity in transient transfection assays in HD3 cells

(Rousseau et al., 19Bg). Characterization of binding factors for this region of the

histone H5 gene would allow the function of this crs element to be determined.

EMSAs were done with DNA fragment US1a, and a nuclear extract from

adult chicken immature erythrocytes. Figure 34 shows that several protein-DNA

complexes were formed with the USla DNA fragment. Of the eight complexes

detected, complexes C7 and C8 were the most intense followed by complexes C3,

C4 and C5. Complexes C1, C2 and C6 were weak. The approximate molecular

masses of the proteins present in the various complexes were as follows: C1, gO

kDa; c2, 117 k)a; c3, 334 kDa; c4, 380 kDa. All the protein-DNA complexes

showed specific binding to the USla fragment. A 1OO-fold molar excess of the

unlabelled DNA fragment USla competed effectively for all the complexes (Figure

344), whereas the non-specific compet¡tor salmon sperm DNA did not effectively

compete (not shown). DNA fragment DSl (enhancer region) also competed

effectively for all the complexes, with the exception of complex C6 (not shown).

The two positive elements of the histone H5 gene promoter are a GC-box

(the strong Sp1 binding site) and an upstream promoter element (UpE) (Rousseau ef

a/., 1989). Oligonucleotides containing these elements were used in competition

and EMSA experiments. A 2S-fold molar excess of the Spl-oligonucleotide

competed effectively for complexes Cb, C7 and C8, but not complex c6 (Figure

34C). Similar results were obtained when this study was done with another

oligonucleotide containing a strong Spl binding site from the Stratagene HotFoot

DNase I Footprinting kit (see Materials and Methods). A SO-fold excess of the UpE-

oligonucleotide effectively competed for complex c6 (Figure 348). However, this
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Figure 34' lnteractions between the histone H5 promoter region and proteins from

adult chicken immature erythrocyte nuclear extracts. Panel A: End-labelled DNA

fragment USla (182bp, O.S ng) was incubated wíth 0.36pg poly (dtdC)/pl in the

presence ( +, 5 ItQl or absence (-) of nuclear proteins extracted (NE) from adult

chicken immature erythrocytes. The amount in molar excess of competitor DNA,

which is indicated at the top of each panel, was 12.s, 2s, so, 1 00, and 2oo tor

usla and 12.5,2s and b0 for upE-origonucleotide (panel B) and sp1-

oligonucleotide (histone H5 promoter) (panel C). The arrowhead points to complex

c6. Panel D: End-labelled DNA fragment usla (192 bp, o.b ng), oligonucleotide

sp1 or oligonucleotide UPE were incubated with o.36 (or o.os for the

oligonucleotides) pg poly ßl'dCllltl in the presence (+, s ¡tgl of nuclear proteins

extracted (NE) from adult chicken immature erythrocytes. C1 to CB are the protein-

DNA complexes. This work was done by Mr. Jían-Min Sun.
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oligonucleotide was not effective at competing for the formation of complexes C7

and C8. An oligonucleotide containing the GATA sequence did not compete

effectively (not shown). The Sp1 oligonucleotide generated a major complex and

several minor complexes that had mobilities similar to complexes of similar

intensities formed with the much longer USla fragment (Figure 34D). This result

demonstrated that the Sp1 was involved in the formation of the major complexes

C7 and C8.

One of the minor complexes formed with the PV oligonucleotide would be

generated by the binding of the CACCC factor (Jackson et al.,1g8g). The DNase I

protected region ll over the h¡stone H5 upstream promoter region was interesting in

that it had protected regions interspersed with DNase I hypersensitive sites (Figure

33). To provide further evidence that a protein was associated with the histone HS

upstream promoter element (UPE), an oligonucleotide containing this element was

used in EMSAs. Figure 34D shows that the UPE-oligonucleotide formed a complex

wíth electrophoretic mobility slightly slower than the free usla fragment.

Levels of Transcription Factors in lmmature and Mature Erythrocyte Nuctei

The EMSA with DNA fragments US1a, DS1 and DSla-U was used to detect

adult chicken immature and mature erythro¡d nuclear prote¡ns that ¡nteracted w¡th

the histone H5 promoter and enhancer regions. The abundance of the USla

complexes C7 and CB was low in mature erythrocyte nuclear extracts (Figure 3SA).

The amounts of these complexes in different mature erythrocyte nuclear extracts

was variable, but theír levels were always considerably lower than those of

immature erythrocyte nuclear extracts. Furthermore, the Sp1 cornplexes Cg and
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Figure 35. Transcríptíon factor levels of adult chicken immature and mature

erythrocytes. The DNA fragment or oligonucleotide used in the EMSAs are

indicated at the bottom of each panel. A. Histone HS upstream DNA fragment

USla and downstream DNA fragments DS1, DSla-U were incubated with nuclear

extracts (NE) isolated from immature (lE) or mature (ME) erythrocytes. One ng of

end-labelled DNA fragments was incubated with either b or 1 O ¡tg of protein as

indicated. B. End-labelled oligonucleotides were incubated w¡th b or 1 O ¡tg of

immature or mature erythrocyte nuclear extracted protein as indicated. C1 to ClO

are the protein-DNA complexes. This work was done by Mr. Jian-Min sun.
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C1O that formed with DSla-U were lower in abundance in mature erythrocytes

nuclear extracts than in immature erythrocyte nuclear extracts (Figure 3SA). This

suggested that mature erythrocyte nuclear extracts had low levels of Sp1. This

was confirmed in EMSAs with SP1-oligonucleotide and mature or immature

erythrocyte nuclear extracts. Figure 358 shows that Sp1 binding actívity was

reduced in mature erythrocyte nuclear extracts which had approximately 1O to 20%

of the Sp1 activity present in immature erythrocyte nuclear extracts. Transcription

factors have been shown to leak out of the erythrocyte nuclei during their isolation

(Jackson et a|.,1989; Emerson et al., 1g97l. However, when nuclear extracts and

cytoplasmic supernatants from mature erythrocytes were analyzed by EMSA, the

majority of the Spl and GATA-1 activities were present in the nuclear extracts (not

shown). The complex CX ín this EMSA is a minor component, which was not

examined more closely.

The major complex formed with mature nuclear extracts and the USla

fragment was the UPE complex C6. EMSAs with a UPE-oligonucleotide and nuclear

extracts from immature and mature erythrocyte nuclear extracts demonstrated that

the abundance of the UPE-binding proteins was similar in both cell types (Figure

358).

The relative levels of each of the GATA-I complexes c2, c4, cs and cg

formed with DSl were lower in mature erythrocyte nuclear extracts than ín

immature erythrocyte nuclear extracts. EMSA with GATA-oligonucleotide and

either mature or immature erythrocyte nuclear extracts demonstrated that GATA-1

and GATA-1 multisubunit complexes were low in mature erythrocyte nuclear

extracts (approximately 1 Oo/o of the ímmature erythrocyte nuclear GATA-1 actívity)
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(Figure 358).

ln contrast to GATA-1 and Sp1, the abundance of NF1 was similar in nuclear

extracts from mature and immature erythrocytes (Figure 35B). Both nuclear

extracts formed a similar spectrum of complexes with a NF1-oligonucleot¡de that

contained the NF1 binding site in the histone H5 enhancer. These complexes were

effectively competed with unlabelled NF1-oligonucleotide but not with the Sp1

oligonucleotide (not shown).

Figure 36 shows DNase I protection analysis of DNA fragments spanning

either the h¡stone H5 promoter or enhancer and nuclear extracts of immature and

mature erythrocytes. The TATA box region, DR (direct region at -6g to -b2) and

UPE of the promoter were protected by both the mature and immature nuclear

extracts. Similarly, the high affinity Sp1 binding site of the promoter was protected

with eíther immature or mature erythrocytes. With different mature erythrocyte

nuclear extracts this high affinity Sp1 binding site was generally well protected.

However, the weaker Sp1 binding sites in the enhancer region were less protected

with nuclear extracts from mature cells than with those from immature

erythrocytes. The degree of protection at the Sp1 bindíng sites in the enhancer

region varied with the different mature erythrocyte nuclear extracts, reflecting the

different levels of Sp1 act¡vity in these preparations. The level of protection at

these enhancer Sp1 binding sites generated with mature erythrocyte nuclear

extracts was always less than that protected by immature erythrocyte nuclear

extracts. Similarly, the protection of the GATA binding site was always greater

with immature erythrocyte nuclear extracts than with mature erythrocytes nuclear

extracts. ln contrast, the UPE and NF1 binding sites were similarly protected with
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Figure 36. DNase I protection analysis of adult chicken immature and mature

erythrocyte nucfear extracted proteins interacting with the histone HS promoter and

enhancer regions. DNA fragments (1to2 ng) usla (promoter) or DS1 + DS2

(enhancer) were end-labelled on the template (T) or non-template (NT) strand, and

incubated with (*) or without (-) 1O to 30 ttg of nuclear extracted prote¡n isolated

from immature (lE) or mature (ME) erythrocytes. c + T or G + A chemical

sequencing reactions are indicated. The amount of DNase I added to SO ¡.d was as

follows (left to right): O.2, O.1, and 0.01 units. For enhancer panel (ME) the units

of DNase lwere 0.2 and 0.1 units. The factor binding sites are indicated. Thís

work was done by Mr. Jian-Min Sun.
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nuclear extracts from immature and mature erythro¡d nuclear extracts. lt should be

noted that this assay measures only DNA-binding activity and not absolute levels of

factor. For example factors could be present, but such that they no longer bind to

DNA and are thus rendered undetectable in the EMSA.
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Discussion

Factors Binding to the Histone HS promoter and 3, Enhancer

ln vitro binding of adult chicken immature erythroid nuclear proteins to the

promoter and the 3' enhancer regions of the chicken histone H5 gene were

examined in this project (Figure 6). These data are summarized in Figure 37. The

chicken histone H5 promoter region has two positive elements, a GC-box at -g3 to -

75 and a proximal element (UPE) at -54 to -38 (Rousseau et al.,1ggg). ln DNase I

protection assays, adult chicken immature erythrocyte nuclear extracts protected

four regions of the DNA fragment USla (Figure 6) from digestion. These regions

corresponded to the GC box, a high affinity S?1 binding site (DNase I protected

region l), a direct repeat (DNase I protected region llA), UpE (DNase I protected

region ll) and rATA box (DNase I protected region lll, Fígure 30).

To gain a better understanding of the factors binding to the promoter region,

the DNA fragment USla (Figure 6) was used in EMSAs with nuclear extracts of

adult chicken immature erythrocytes. This DNA fragment formed several protein-

DNA complexes. complexes cs, c7 and cg which formed major and minor

interactíons with USla as determined by relative intensities on the EMSA were

accounted for by the binding of protein(s) to the GC box. The GC box was shown

to be a strong Sp1 binding site as demonstrated by 1)EMSAs with USla and wíth

an oligonucleotide containing the Spl binding sequence and 2) competition with an

oligonucleotide with Spl bínding sequences.

The less abundant complex C6, which formed on the USla DNA fragment,

was due to the binding of the UPE-binding protein which formed DNase I protected

region ll. The histone Hb upE has sequence similarity to the H4 gene subtype-
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Figure 37. Summary of data from studies of proteins binding to the histone HS

promoter and enhancer regions and mapping of DNase I hypersensitive sites in

histone H5 gene chromatin. The sequences are numbered from the histone Hb

gene 5' promoter and 3'enhancer regions. Double underlines indicate the DNase I

protected regions and the arrowheads show the positions of the DNase I

hypersensitive sites in the complexes. The shadowed sequences show the

recognition sequence of various transcription factors. Roman numerals correspond

to those shown in Figure 30 and 33. The dashed line and arrow show the positions

of the DNase I hypersensitive regions in the histone H5 gene chromatin of chicken

immature erythrocytes (Renaud and Ruiz-Carrillo, 1gg6).
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spec¡fic element which binds to the 65 kDa transcription factor H4TF2 (binding

sequence, GGTTCTCN4CGGTCCG (Rousseau et al., 1989; Faisst and Meyer, 1gg2).

However, the chicken histone H5 gene UPE-binding factor has a molecular mass of

77 kDa (Mr. J.-M. Sun, unpublished data) suggest¡ng that the UpE-binding protein

is not the same as H4TF2. Other minor complexes may be due to the binding of

TATA-box binding proteins, since the DNase I protected region lll was over the

TATA box. Other less prevalent complexes may be due to binding of protein to

DNAse I protected region llA.

The approximate mass of the protein(s) of the major complexes C7 and Cg

was greater than 450 kDa which is much greater than the molecular mass of the

Spl-like protein (typically 95/105 kDa; Faisst and Meyer, 1gg2). ln preliminary

studies, the molecular mass of the chicken erythrocyte nuclear proteins that bind to

the Spl oligonucleotide are 75/97/105 kDa (Mr. J.-M. Sun, unpublished data). lt

has been demonstrated by several groups that Sp1 forms multimers (Mastrangelo er

al., 1991; Pascal and Tjian, 1g91; Su ef at.,1gg1l. Mastrangelo et al. (1991) have

shown that Sp1 is first organized as a tetramer which is subsequently assembled

into multiple tetramers. lt is possible that comptexes c7 and c8 consíst of several

stacked Sp1 tetramers. The slowest migrating complex CB of the USla EMSA may

be generated by the combined association of Sp1-like proteins and other proteins.

For example, sp1 has been shown to interact with Drosophila TFllD, the

multisubunit complex which binds to the TATA box (Hoey et al., 1 9g3; Weinzierl ef

al., 1993l'.
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Comparison of Published DNase I Protected Regions of the Histone H5 promoter

Rousseau et al. (1993) also performed DNase I protectíon assays of the

promoter region of the histone H5 gene. Several of the protected regions which

they observed were different from those noted in this project. Small differences

between the protected region observed by Rousseau et a/. (1993) and this project

are probably not significant. ln some cases the data of Rousseau et al. (1gg3)

were for the opposite strand from that which we studied. Some DNA-binding

proteins will interact with different strands of DNA to different degrees. The

enzyme used DNase I also displays some sequence specificity with respect to s¡tes

of action. We also found that changes in the concentration of DNase I used for a

reaction also had an affect on the extent of digestion of DNA near a DNase I

protected site (for example compare the 3 lanes in which prote¡n was present in

Figure 3oA). This could have explained small differences in the extent of protection

of DNase I protected regions between Rousseau et at. (19g3) and ourselves. The

region used by Rousseau et al. (1993) extended from -313 to +67, and therefore

extends 5'and 3'of usla (-97 to +10) used in this project. Note that the

numbering system of Rousseau et a\.,1993 is shifted S nucleotides in the S,

direction when compared to our numbering. The reason for this is that the oríginal

clone (Krieg et a|.,1983; Ruíz-Carrillo et a\.,1983) included a cloning artifact in

which the sequence GGCGGCAGC was absent in the mRNA leader. Gomez-

Cuadrado et al. (1992) reported the revised start site of transcription. The work of

this project was however, done with the origínal plasmid and therefore the earlier

numbering system is used for both the work reported here and in comparisons

between this work and the literature data. The fragment used by Rousseau ef a/.
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(1993) included the UNE and their data showed an Sp1 binding site located at-164

5'of USla and at the 3'end of the fragment the clBR/clBF binding site. Rousseau

et al. (1993, 1989) d¡d not determine the effect of deletion of the sp1 binding site

a't -164. The clBR/clBFsite was partially deleted in the DNA fragment USla used

in this project. The sources of nucrear extract used by Rousseau et at. (1993) were

differentiated HD3 cells, adult chicken mature erythrocytes and T-lymphoblastoma

(MSB-1) cells. Our project used adult chicken immature and mature erythrocyte

nuclei.

The Sp1 binding site (DNase lprotected region lll of Rousseau ef at.,1gg3;

DNase I protected region I in Figure 33 of this thesis) was determined to be the

same by both Rousseau et al. (1gg3) and us except that we interpreted the

protected region as extending 1 nucleotide further 3'. Rousseau et al. (1g93) used

compet¡tion with Spl binding oligonucleotides in the DNase I protection assay to

determine that Spl bound to this site. ln our project Sp1 binding oligonucleotides

were used in EMSAs and in competition against EMSAs with USla to also show

that Sp1 bound this site. This binding site is key to the model we propose for

histone H5 gene chromatin.

Protected region lV of Rousseau ef a/. (1993) which extends from -6g to -b2

of USla was also determined by us (Figure 33) using nuclear extracts of adult

chicken immature erythrocytes. This region was best protected using nuclear

extracts of chicken mature erythrocytes and T-lymphoblastoma (MSB-1) cells

(Figure 5 in Rousseau ef at., 1993). The smaller amount of protection by non-

differentiated HD3 cells suggested the factor was in low abundance or was

modífied in such a waY as to be unavailable for binding in these cells. Neither the
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transcription factor binding in this region or the effect of deletion of only this region

on promoter function was determined, although the sequence is similar to a direct

repeat found in several histone gene promoters (Rousseau et al., 1gg3).

Our determínation of the region protected by the UPE factor was -SO to -25.

A comparison of this data to that presented by Rousseau et at. (1gg3l shows that

they interpreted this region as consisting of two DNase I protected regions (V, -SO

to-41 and Vl, -32to -20) with a protein free region between -40 and -33 and the

second protected region extending further 3'than ours. We however, interpreted

the region -40 to -33 as being hypersensitive to DNase I digestion due to binding of

the UPE factor and that UPE bound over the entire region (-bO to -25). Examination

of the DNAse I protected region of Rousseau et al. (1993) shows a similar

hypersensitivity at -4O to -33. Rousseau et at. (1993) interpreted their DNase I

protected region Vl (-32 to -20) as a binding site for CACCC factor, TÊF-2 or Con.

DNase I protection assays with competitor DNA containing binding sites for Sp1 or

the CACCC sequence, prevented detection of DNase I protected region Vt

(Rousseau et al., 1993), suggesting that spl or CACCC binding factor may have

bound the site. However, we found that the UPE oligonucleotide formed a single

major complex in EMSAs, which migrated further than the Spl and CACCC binding

factor complexes (Figure 34D). lt should be noted that our DNase I protection data

was for the template strand and that of Rousseau et al. (1gg3) was for the non_

template strand. A synthesized oligonucleotide (upE, -6g to -39) which has

sequence similarity to the cognate sequence of H4TF2 was able to bind human and

the 65 kDa chickenH4TF2 in EMSAs (Rousseau et al., 1gg3). However, our data

show that the prote¡n bound by UPE is 77 kDa (Mr. J.-M. Sun, unpublished data).
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ln order to determine the factor(s) which binds this region in vivo, further stud¡es

need to be done.

Our data show that a factor was binding from -23 to -16. This included part

of protected region Vl (-32 to -20) of Rousseau et al. (1gg3) and sequences 3, of it.

Our interpretation of this protected region was that TFIID was bound at this síte

which includes the TATA box. A potential reason that Rousseau et a/. (19g3) did

not report factor binding at th¡s site is that poly dA'dT was used as the non-specific

competitor. Poly dA'dT may have competed for TFIID binding at the TATA box, a

region rich in adenines and thymines.

Factors Binding to the 3' Enhancer of Histonu 
"U 

O"n"

The enhancer located at the 3' end of the chicken histone HS gene is

erythroid-specific. The enhancer activity has been shown to be present in the

region +851 to +1185 by Rousseau etal. (19gg) and +gb1 to +1064 byTrainor

et al (1987). ln DNase I protection assays, adult chicken immature erythrocyte

nuclear extracts protected síx regions of DS1 and DS2 (+gg3 to +1177,Figure 6l

from digestion. These regions corresponded to a medium (DNase I protected region

l) and three weak sp1 binding sites (DNase I protected regions ll, lll and V), a

GATA binding site (DNase I protected region lV) and an NF1 binding site (DNase I

protected region Vl, Figure 30). Both the DNA fragments which span the regíon

+893 to +1064 (DS1) and which span the region +1065 to +1177 (DS2) were

used to detect adult immature chicken erythrocyte nuclear DNA-binding proteins

that interacted with the enhancer DNA element (Figure 6). The DS1 fragment

formed a number of complexes, C1-C10. The DS1 fragment could be separated
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¡nto two sequences; DS1a, which interacted with C3 (a non-specific complexl, C7,

c9 and c10, and DS1b, which interacted with c1, c2, c4-c6 and cg. The

prote¡ns forming complexes w¡th DSl b were shown to interact with the GATA

binding site. This was determined through DNase I protectíon assays and

compet¡t¡on assays with sequences containing GATA binding sites. Furthermore,

only the GATA core sequence was required for the nuclear protein interactions as

demonstrated by the competition assays and through EMSAs with both the Hb-

GATA sequence and the chicken ß-globin gene sequence (+1ggg to +1910)

containing the GATA-binding site. Each of the complexes generated DNase I

protected region lV, a DNase I protected region which had previously been observed

by Rousseau et al. (1989), who used a DNA fragment encompassing the region

+980 to + 1087.

ln adult chicken immature erythrocytes there are several proteins that

recognize the GATA DNA binding mot¡f. The levels of the transcripts encoding

these proteins belonging to the GATA family indicate that, ín adult immature

erythroid cells, GATA-1 is the most abundant, followed by GATA-2, then GATA-3

(Yamamoto et a|.,1990). The results of the ultraviolet light-cross-linking

experiments presented evidence that GATA-1 was the only member of the GATA-

binding proteins that was affinity-labelled when nuclear extracts of adult chicken

immature erythrocytes were used, indicating that GATA-1 is the major protein

binding to the GATA sequence of the histone H5 enhancer region. Furthermore,

complexes containing proteins of 55 and 56 kDa, which correspond to the size of

GATA-2 and GATA-3, were not detected in the EMSA. Therefore the GATA-

binding complexes were formed by prote¡ns associating with the GATA-1 trans-
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act¡ng factor. lt is unlikely that these complexes were formed by GATA-1 dimers,

since complexes of approximately 8O to g0 kDa were not seen. Moreover, Evans

and Felsenfeld (1989) reported that chicken GATA-1 did not dimerize. Furthermore

the data indicate that GATA-1 is the sole DNA binding protein of these complexes.

The estimated molecular masses of these GATA-related complexes and the

results of the diagonal EMSAs suggest the following arrangement of proteíns in the

complexes. A protein(s) of approximately 105 kDa associates with GATA-1,

forming complex c4. The larger complexes are generated by other proteins

associating with GATA-1 and the 105 kDa protein(s) as follows; complex CS, a 26

kDa protein(s); complex c6, 26 kDa and 146 kDa proteins; complex cg, a

protein(s) with molecular mass greater than 450 kDa. Note that the molecular

masses of these proteins are rough estimates. Partial purification of complex Cb

caused enrichment of a prote¡n of 54 kDa. This suggests that the 10b kDa

protein(s) present in each of the complexes is composed of a dimer of two 54 kDa

proteins which together form a molecular mass of 1OB kDa which is close to the

est¡mated mass of 105 kDa noted for the complex. Complex C5 and/or complex

C8 may be the relevant GATA-1 protein complexes in vivo, since these were the

most abundant complexes in EMSAs when nuclear extracts were prepared without

dialysis. Complex C4, C6 and C2 may have been present in the EMSAs as a result

of dissociation of the larger complexes during preparation of the nuclear extract.

The proteolytic form of GATA-1, which forms complex C1, obviously hasthe ability

to bind its recognition sequence. However, the presence of the proteolytic form

was not detected in the complexes c4-c6 and cB, suggesting that the GATA-I

bínding proteins do not interact with finger ll of GATA-1 which is the DNA-binding
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domain.

Several of the non-GATA-1 complexes of DS1, C7, C9 and C1O which also

bound DSla could be accounted for by the DNase lprotected regions l, ll and lll.

These regions and the DNase lprotected region V of DS2 conta¡ned Sp1 binding

sites (Figure 3O). The CACCC sequence of DNase I protected region V may bind

spl or the CACCC factor (Jackson et al.,lggg). EMSAs, DNase I protection

assays and competition experiments with the DNA fragments DS1a, DSla-U, Dsla-

L and DS2 which span the histone H5 3' enhancer region (Figure 30), demonstrated

that Spl-like high molecular masses bound to these protected regions of the

downstream enhancer with varying affinities. 
.The 

sequences of these Sp1 binding

sites suggest that their relative affinities for the Sp1 protein are medium (DNase I

protected region l) and weak (DNase I protected regions ll, lll and V) (Kadona ga et

al., 1986; Letovsky and Dynan, 1989; Lobanenkov et al.,1g9o; yu et al., 1gg1).

The level of DNase I protection (e.g. DNase I protected region I was stronger than

DNase I protected region ll with DSla) and the relative intensities of the complexes

formed with oligonucleotides Pl, Pll, Plll and PV agrees with the proposed affinities

(Figures 30,31).

ln addition to being a weak Sp1-binding site, DNase I protected region lll has

the sequence GAGAGGGA, which is similar to the sequence recognised by the ß-

globin enhancer chicken adult erythroid-specific factor NF-E4 (Emerson et al., 1gg7;

Gallarda et a|.,1989). Both the chicken ß-globin enhancer NF-E4 binding sequence

and the histone H5 DNase I protected region lll sequence are part of a 34 bp

sequence which is similar in the two genes. The differences between the 34 bp

sequence in the histone H5 3' enhancer and the ß-globin 3' enhancer include a
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seven nucleotide mismatch and a single base-pair deletion (Trainor et al.,1gB7). lt

should be noted that NF-E4 protects an 18 bp region of the ß-globin enhancer

(Emerson et a|.,1987l', and that the sequence of this 18 bp segment differs by five

mismatches in the histone H5 enhancer. The DNA fragment (DS1a-L) containing

this sequence does not form protein-DNA complexes well, suggesting that the

abundance of NF-E4 is low or that NF-E4 has a weak affinity for this sequence in

the histone H5 enhancer.

Protected region Vl has an inverted repeat TTGGCACAGCCCCAA which is

similar to the inverted repeat found in the chicken ßH globin gene promoter region

and the consensus recognition sequence for the chicken TGGCA protein/NF1 (Rupp

et a|.,1990; Kruse et a|.,1991; Rupp ef at., 1gBBl. The TGGCA sequence is also

found in the chicken ß-globin enhancer (DNase lprotected region activity l,

Emerson et a|.,1987). Deletion of this region did not affect ß-globin enhancer

activity (Reitman and Felsenfeld, 1988). Sun ef a/. (1g93) demonstrated that SB,

59 and 64 kDa NF1 forms were enriched in nuclear matrix extracts of mature

chicken adult erythrocytes. This suggests that certain members of the NFi family

of proteins assist in the specific association of the histone HS gene chromatin wíth

the nuclear matrix. Therefore, NFI which activates transcription (Jones et al.,

19871may aid in the targeting of specific genes to sites on the nuclear matrix that

have bound the transcription and RNA processing machinery (Sun ef at., 1gg3l.

sun ef a/. (1993) suggest that a NF1 homo- or heterodimer binds to the NF1-

oligonucleotide and that similar to what has been noted for sp1 and GATA-1,

higher mofecular weight complexes may be formed by proteins associating with

NFl dimers by protein-protein interactions (Goyal et al.,1g9o; Martin, 1gg1).
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A Comparison of Published DNase I Protected Regions of the Histone HS 3,

Enhancer

The regions protected in DNase I protection assays of the 3' enhancer were

generally determined to be in the same regions by both Rousseau et at. (19g3) and

ourselves. DNase lprotected region lwhich we determined to be from +92g to

+949 was determined by Rousseau etat. (1993) to extend from +931 to +g42.

When the DNase I protected region was compared between mature erythrocytes

and differentiated HD3 cells, it was noted that the region protected by extracts

from differentiated HD3 cells extended 3, of +942 (Rousseau et al., 1gg3). They

demonstrated through competition wíth Sp1-binding oligonucleotides in DNase I

protection assays, using nuctear extracts from mature chicken erythrocytes, that

factors other than Sp1 were able to bind this site. However, the data presented in

this thesis demonstrate that the DNase I protected region I bound Spl,like factors

in EMSAs using extracts derived from adult chicken ímmature and mature erythroid

nuclei. Taken together, these results suggest that erythrocytes actively expressing

histone H5 as is the case for differentiated HD3 cells and immature adult chicken

erythrocytes, have Sp1 bound at protected regíon l. The sequence may also allow

binding of other factors such as cAccC factors. ln mature erythrocytes, therefore

where Spl levels are decreased and H5 is not expressed, a CACCC factor is also

able to bind to the regíon, although the physiological relevance of this binding is

unknown.

DNase I protected region ll of the histone H5 3' enhancer was determined by

this project to be from +9bS to +979. Rousseau et al. (1993) determined this

region to be from +953 to +969. Both groups agreed on the factor bínding to this
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reg¡on. Rousseau et al. (1gg3) used oligonucleotides containing an Sp1 binding site

and a CACCC factor binding site in competitions with DNase I protection assay.

Their data show the Sp1 and CACCC factors were able to bind this site. They also

suggest that NF-E4 may bind this site. our data show that in EMSAs using

synthesized oligonucleotide containing the DNase I protected region ll, complexes

were formed that corresponded in size to Sp1 complexes and potentially a CACCC

factor. Competitions with olígonucleotides containing an Sp1 binding site also

prevented formation of this complex on DSla in the EMSA.

DNase lprotected region lll was determined by usto extend from +gg6 to

+1013 and by Rousseau et a/. (1g93) to be from +g92 to +1014. Both the data

of Rousseau et al. (1993) and our data suggest Sp1/CACCC factor/NF-E4 binding.

DNase I protected region lV is the binding site of GATA-1. We determined

the region to be at +1043 to +1063 and Rousseau ef a/, (1993) determined it to

be located at +1051 to +1062. We included DNase lhypersensitive sites at

+ 1 046 and + 1047 and the 4 bases pairs 3' of it which shows protection in our

determination of the extent of the DNase I footprinted region. Our data are for the

non-template strand. A difference in hypersensitivity depending on the strand

which was labelled for the DNAse I protection assay was also seen in Figure 1O.

we determined DNase I protected region V to extend from + 10g2 to

+1105 whereas Rousseau etat. (1g93) determined itto be at +1Ogb to +1O9g.

Similar to DNase I protected region I, they determined that th¡s site was not bound

by Sp1 when extracts of mature chicken erythrocyte nuclei were used in DNase I

protection assays, however, the region protected by differentiated HD3 cells more

closely resemble the pattern we noted. We demonstrated that Sp1 and/or CACCC
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factor were able to bind this region in EMSAs using an oligonucleotide which

contained this bindíng site. We suggest that occupancy of this site by Sp1 occurs

in erythrocytes actively expressing histone H5, but not ¡n mature erythrocytes,

where Sp1 levels are decreased. ln mature erythrocytes the data of Rousseau ef a/.

(1993) suggest that another factor binds to this region.

we determined site Vl as extending from +1116 to +1141 whereas

Rousseau et al. (1993) determined it to be from + 1 1 16 to + 1143. This small

díscrepancy may have been due to opposite strands being examined. The data

from both groups showed NF1 binding to the sequence. Rousseau et al. (1gg3),

determined additional DNase I protected regions at + 1 160 to + 1 1gg bound NF1,

+1205 to +1237 and +1246 to +1264 (AP-1 consensus sequence) all of which

were 3'of DSl and DS2, the sequences used ín this study. The lattertwo were

not stud¡ed further by Rousseau ef at. (19931. Preliminary evidence suggests that

the NFl site at + 1 160 to + 1 188 is not bound ín vivo, since DNase I protect¡on

assays of histone H5 chromatin do not show a factor bound at the site (J.-M. Sun

unpublished data). Chromatin beyond these sites is resistant to DNase I digestion

and RNA polymerase ll also terminates transcription in this region (Affolter and

Ruiz-carrillo, 1986). Therefore the last binding site marks the boundary of

accessible chromatin (Renaud and Ruiz-Carrillo, 1gg6).

Enhancer Function of Histone HS DNase t Hypersensitive sites I and lll

Rousseau et al. (1993) determined that DH sites I (2296 ro _1g17) and ilt (_

1321 to -1}7ol functíon as enhancers. They examined these two enhancers for

potential factor binding sites. ln the DH I region, nuclear extracts from chicken
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erythroid cells protected 6 regions from DNase ldigestíon (Rousseau et al., 1gg3).

Four of the sites were potential GATA-1 binding sites, two of which were shown to

be capable of binding GATA-1 in EMSAs. The other DNase I protected sites were

not studied in detail. One of the potential GATA-1 binding sites was also a

potential NF1 binding síte. DH site lll has a GATA-1 binding site and a potential G-

string protein binding site (Rousseau et al., 1993). DH sites I and lll synergistically

act¡vate transcription when the 2 sequences are both present on a plasmid

transfected into HD3 cells (Rousseau et al., 1993). The 3' enhancer of histone H5

did not activate transcription synergistically with the S' enhancers in the same

assay in non-differentiated and differentiated HD3 cells.

Histone H5 is expressed at the CFU-E stage of erythroid development, before

the globin genes are expressed. Histone H5 expression continues through the

terminal stages of erythroid differentiation, although its expression is decreased in

mature erythrocytes. The mature erythrocyte contains factors which specifically

repress histone H5 expression (Gomez-Cuadrado et al., 1gg2; Bungert et al.,

1992b)' Expression of histone H5 also occurs in the chicken embryo in primitive

chicken erythrocytes (Pikaart et a\.,1991). Therefore histone HS expression occurs

príor to globin gene expression in a lineage dependent manner and ín both the

embryonic and the definitive erythrocytes. These latter cells have different ß-globin

genes expressed. The transcription elements and the presence of three enhancer

elements in histone H5 should reflect the need for expression in this wide range of

devetopment and lineage stages. The 3' enhancer of the histone HS gene has a

strong binding site for GATA-1, which might be important for allowing expression

of the histone H5 gene at the CFU-E stage when GATA-1 levels are still low. The
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continued expression of histone H5 in definitive erythro¡d cells, may be also depend

on the transcription factor NF-E4, which is only expressed in definitive cells. Other

factors which might influence the ability of H5 to be expressed in the range of cell

stages is that the promoter has a strong binding site for Sp1.

Looping Model of Histone H5 Gene Chromatin

The histone H5 enhancer activ¡ty has been localized in the region +gS1 to

+1185 in undifferentiated HD3 cells by Rousseau et a/. (19g9) and +gS1 to

+ 1064 in differentiated HD3 and in HD6 cells, a cell line with higher Hb mRNA

levels than several other erythroid precursor cell lines by Trainor et al. (1gg7l. The

region +1065 to +1363 d¡d not have 
"nhrn""r. 

activity (Trainor et al.,1gg7). Our

results show that the region in common, +gs1 to + 1064, has two sites with

moderate and weak binding affinity (TGGGC*s3scGGT and TAGGA*s66GGGC,

respect¡vely) for an Spl-like protein and a binding site for GATA-1. ln transient

transfection studies using histone HS expressing cells, Rousseau et al. (1gggl

demonstrated that to activate transcr¡pt¡on the histone HS 3' enhancer required the

presence of the histone H5 promoter element (-38 to -90) which contains the GC

box, a strong Sp1 binding site, and the UPE. Sp1 multimers bound at DNA sites

separated by 1.8 kb will interact, resulting in a looping out of the intervening

sequences (Pascal and Tjian, 1991; Mastrangelo etal.,1gg1; Su ef at., 1gg1l. We

propose that Sp1 multimers bound at the promoter (GGGGC-T9GGGG) and enhancer

(+939 and/or +966) interact to mediate the juxtapositioning of the enhancer and

promoter elements (Figure 38) and that GATA-1 interacts with factors bound at the

promoter. A model has also been proposed for the ß-globin gene, whereby the 3,
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Figure 38. Model for positioning the 3' enhancer next to the b' promoter through

protein-protein interactions. The DNase I protected r'egion at + 120b is indicated by

the site of the DNase I protected region. This model suggests that the association

of the Spl multimers mediates the juxtapositioning of the enhancer and promoter

elements, bringing the GATA-1 multisubunit complex (and other factors) next to the

initiation site. Adapted from Dr. Michaet Hendzet.
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enhancer is juxtapositioned next to the promoter elements through protein-prote¡n

interactions (Choi and Engel, 1988).

The key elements of the histone H5 gene looping model are the interaction

of Sp1 bound in the promoter w¡th Sp1 bound in the enhancer and interactions of

GATA-1 with factors bound at the promoter. However, the data show that there

were binding sites for other transcription factors in the region + 1065 to + 1 365

and this region in histone H5 gene chromatin of chicken erythrocytes, is DNase I

sensitíve and has DNase I hypersensitive sites, suggest¡ng that the region is

accessible to transcription factors and has bound transcription factors respectively.

It is probable that these binding sites are important to histone H5 gene expression

in vivo. ln the transient transfections the lack of a requirement for these sequences

may have been because the DNA sequences were not integrated into the genome.

Therefore the assays would not show the effects of chromatin and of interaction of

the histone H5 chromatin with nuclear matrix. lf on the other hand, the in vitro

model which we suggest is placed into a physiological context, the other factors

interacting with the promoter and 3' enhancer are expected to perform a function.

The effect of the juxtapositioning is to bring the bound GATA-1 multisubunit

complex and the other histone H5 gene chromatin bound factors next to the

initiation site. The histone H5 3' enhancer bound factors would therefore be able

to affect transcription through direct physical contact. lt has been suggested that

the function of looping is to funnel the effect of transcription factors, bound at

remote enhancers, through the promoter (Ptashne, 1988).

Renaud and Ruiz-Carrillo (1986) observed DNase I sensitivity within the

histone H5 gene chromatin. The looping model incorporates the features of altered
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chromatin structure observed on transcribed, DNase I sensitive chromatin. These

features include core histone hyperacetylation and linker histone phosphorylation,

both of which result in histones with less affinity for DNA and which is therefore

reflected by an altered more open chromatin structure than bulk chromatin.

Amounts of the general transcription repressor linker histone are reduced.

Kamakaka and Thomas (1990) suggest that loss of even a few linker histones

results in loss of cooperative chromatin condensation. The diagram includes DH

sites where nucleosomes are absent and are bound by transcr¡ption factors. ln the

model Sp1 plays a major role in causing an interaction between the enhancer and

promoter regions. Factors bound to GATA-1 may also act to bridge the two

regions (Fong and Emerson, 1992). The gene chromatin is also diagrammed as

interacting with the nuclear matrix which acts as a source of the transcription

machinery, since RNA pol ll is associated with it.

Within the promoter (Figure 38), the transcription factor binding sites (Sp1,

DR, UPE, TFIID and clBF) are occupied by their respective factors in the DNA

looping model. The enhancers located at histone H5 DNase I hypersensitive sites I

and lll are also not diagrammed in the looping model. The factors binding these

sites were not well characterized by Rousseau et at. (1993). lt has been suggested

that erythroid promoters require binding by at least three transcription factors in

order to function (walters and Martin, 1gg2). GATA, and one of CACCC or Ap-

1/NF-E2 elements were required for promoter activity of a minimal promoter in

erythroid cells (walters and Martin, 1gg2l. A synergy between GATA-1 and

CACCC factor in the human porphobilinogen gene promoter was demonstrated

(Frampton et al., 1990). Although the histone HS gene promoter does not have
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binding sites for these elements, loss of the Sp1 binding site at -79 and the UpE

element reduced act¡v¡ty of the promoters.

The looping model explains activation over large distances, the orientation

independence of enhancers, and provides a mechanism whereby the effect of

upstream promoter and enhancer elements can be funnelled through the basic

transcription machinery. ln this model, the transcription factors bound within the

complex also affect transcription. For example, Sp1 will continue to stabilize the

formation of productive initiation complex (Kollman et al., 1gg2). The model does

not take into account the function of the UNE, an element which is bound by a

ubiquitous factor. The diagram includes the factors identified within this research

and additionally the factors bound at sites *f"r¡"fr were not included in this study but

have been demonstrated by Rousseau et at. (1993). Some or all of the factors are

expected to activate transcription in a synergistic manner as a result of multiple

cooperative contacts between the proteins and the general transcription apparatus

(Berk and Schmídt, 1990). The multiplicity of Spl-bound sires would affect

transcription synergistically as has been demonstrated at a modified thymidíne

kinase promoter with a downstream Sp1 bindíng site 1.8 kb distant (Su et al.,

1991).

The role of the nuclear matrix associated factor NFl would be to assist in

the specific association of the nuclear matrix associated RNA pol ll and RNA

processing functions with the histone H5 gene. Renaud and Ruiz-Carrillo (lgg6)

found thatthe region downstream of DH 7 (3, of +114b) was resistantto DNase I

digestion and that in run on experiments most of the polymerases engaged on the

H5 gene terminate transcription after traversing the DH 7 region. These data may
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reflect the proposed role for MAR factors in defining boundaries of transcriptionally

active chromatin. Renaud and Ruiz-Carrillo (1986) speculate that DHS 7 together

with the more compact chromatin structure downstream from it are involved in the

process of transcription termination. When transcription is terminated the newly

synthesized RNA would remain attached to the nuclear matrix for final processing

and then transport to the cytoplasm (Warren and Cook, 1978). A function which

some of the enhancer-bound transcription factors may then be involved in, is to

immediately assist in recruiting the newly released RNA pol ll and associated

factors. ln this way the factors could be transferred rapidly back to the initiation

site.

A potential function of the factors with which GATA-1 interacts is to provide

a bridge between the nuclear matrix and the enhancer. F6 protein is a nuclear

matrix protein which is apparently a member of the GATA family (Vassetzky et al.,

1993). lt's relationship if any to GATA-1 or its associated factors is unknown.

Role of GATA-I in Transcription

The factors identified in this project which interact with GATA-1 to form

multisubunit complexes are presumed to have a function in assisting or modulating

GATA-1 action within the nucleus. Factors which may affect DNA-binding

transcription factors have been grouped into three categories, adaptors, co-

activators and accessory proteins (Martin, 1991). Adaptors form bridges between

the transcription factors and the basal transcription machinery to affect

transcription. Co-activators act with the transcription factors to affect

transcription. Both factors make contact with the basal transcription. Accessory
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prote¡ns do not contact the basal transcription machinery, but instead they

modulate the activity of transcription factors. Little is known of the mechanism of

action of GATA-1. Therefore the roles in transcription played by GATA-1 and the

factors of the GATA-1 multi-subunit complexes are not known.

The role of transcription factors may be to recruit or stabílize factors of the

RNA pol ll initiation complex. Therefore GATA-1 and/or GATA-1 multisubunit

complexes may interact w¡th the general transcription apparatus in this manner.

The two general transcription factors which are thought to be affected by specific

transcription factors are TFIID and TFllB. GATA-1 complexes may interact with

either of the factors. The present data do not rule out the possibility that the

proteíns associated with GATA-1 may be part of the ïFllD complex. There are

prior examples of transcription factors such as Sp1 and CTF-1 which make direct

contact with factors of TFIID (Dussere and Mermod, 1992). Sp1 actsthrough the

Drosophila 110 kDa TAF (TFllD associated factor) in order to affect transcription. lt

should be noted that the GATA-1 multisubunit complex C8 is greater that 4S0 kDa

and that holo TFIID isolated from a number of species is 500-600 kDa (Dynlacht et

al., 1991). ln this regard ít is also noteworthy that the histone Hb S'promoter

fragment (-350 10 +212) but not Sp1 oligonucleotide were effective competitors

for GATA-related complex C8 (data not shown). This suggests that either the UpE

protein, DR protein, TFIID or clBF are part of the GATA-1 multisubunit complex Cg.

It has been suggested that a promoter requires at least one factor binding site other

than a TATA box in order to respond to enhancers. ln transíent transfection studies

using histone H5 expressing cells, Rousseau et al. (199g) demonstrated that to

activate transcription the histone H5 3' enhancer required the presence of the
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histone H5 promoter element (-38 to -90) which contains a strong Sp1 binding site,

the DR binding site and the UPE but not the TATA box and ctBF binding site. An

explanation for this observation has been proposed in that Sp1 factors bound at the

promoter and the 3' enhancer could interact. This does not preclude an interaction

between the UPE or DR bound factor, TFIID or clBF and a 3, enhancer-bound

factor. The GATA-1 multisubunit complexes may interact with the UpE or DR

bound factor. competition with the histone Hb- promoter, but not sp1 was

effícient at preventing formation of the GATA-1 multisubunit complex C8 in the

EMSA. However, there is also data suggesting a transient interaction between

GATA-1 and TFIID via an adaptor protein (Fong and Emerson, 19g2).

Three activat¡on domains were mapped in chicken GATA-1 (yang and Evans,

1992). The third activat¡on domain is located at amino acids 227 to 280 (Figure 3).

Out of 53 amino acids, 12 are proline. This includes seven consecutive proline

resídues. lt has been demonstrated that the proline-rich activation domain of the

transcr¡pt¡on factor CTF interacts with TAFs (TATA binding protein associated

factors) of TFIID and thereby with the TATA binding protein (Tanese et al.,1gg1).

Similarly, GATA-1 might interact with TAFs. GATA-1 interaction with TFIID via the

third activation domain does not preclude GATA-1 interaction with other proteins

bound to the histone H5 promoter via either of the other activation domains

mapped to GATA-1.

Data from this project which would suggest a role for GATA-1 multisubunit

complexes in activation of transcription come from the preliminary study done with

the uninduced and induced mouse erythroleukemia (MEL) cells. The uninduced cells

did not express mature erythroid proteins and nuclear extracts from these cells did
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not form GATA-1 multisubunit complexes in the EMSA. When the MEL cells were

induced to differentiate, mature erythroid genes began to be expressed. EMSAs

done with nuclear extracts prepared from these cells demonstrated the presence of

GATA-1 containing protein complexes. This would suggest that expression of

mature erythroid proteins requires GATA-1 multisubunit complexes. A functional

assay to test act¡v¡ty of the GATA-1 containing protein complexes needs to be

developed in order to prove or disprove this hypothesis. The possible functions of

the GATA-1 multisubunit complexes would occur within the framework of the

looping model.

GATA-1 tnteraction with Proteins of the fUuttisubunit Complex

Both zinc fingers of GATA-1 proteins are highly conserved. The second

finger plays a crucial role in binding DNA. ln order to determine the activation

domains of chicken GATA-1, mutant proteins were expressed in QT6 cells (yang

and Evans, 19921, which may have provided GATA-1 associated factors. Although

the first finger also plays a role in binding to DNA, it has been identified as an

activation domain of chicken GATA-1 and murine GATA-1 (Yang and Evans, 1g92;

Martin and Orkin, 1990). The conserved finger I may be responsible for GATA-1

interactions to form multisubunit proteín complexes. The zinc fingers of GATA-1

are conserved in GATA-2 and GATA-3 and therefore may also form multi-subunit

complexes. Alternatively, GATA-1 interactions with other prote¡ns may be

dependent on activation domains l, lll and/or as yet unmapped regions of GATA-1.
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GATA-1 lnteractions with DNA Binding Sequences

The affinity of GATA-1 and GATA-1 containing protein complexes for the

histone HS 3' GATA binding sequence was compared to the affinity of a number of

other GATA binding sequences (Figure 14, Table 1). The strength of binding was

alphaG2 > rho, HS-GATA > ß-globin enhancer, ß-globin TATA/GATA. Plumb et al.

(1989) also noted thatthe sequence alphaG2 bound mouse GATA-I with higher

affinity than the chicken ß-globin enhancer region, which has two GATA-1 binding

sites including the one used here. Ko and Engel (1993) and Engel et at. (1gg2l

purified and PCR-amplified sequences which bound GATA-1 in EMSAs, to ga¡n an

understanding of the sequences for which GATA-1 has affinity. The PCR-amplified

sequence was -'AlCo.r,, A-'0.u. GAT +lAAo.ru Co.u, A*oo.u, (Engel et al.,1gg2),where

the superscript represents the position of the nucleotide relative to the central GAT

as defined by Engel et al. (1992) and the subscript indicates the relative frequency

of a particular nucleotide occurring at a given position. There are similarities and

differences between expected affinitíes for GATA-1 of the sequences used in this

study when compared to the PCR-amplified sequences.

The data of Omichinski ef a/. (1993b), which showed that the DNA-specific

carboxy-terminal finger of GATA-1 did not interact with the DNA before -1 or

beyond the +2 position, suggests that outside of -1 and +2 changes ín DNA

seguence should not have altered the binding of any of the oligonucleotides in the

compet¡tion assays. However, the data of Ko and Engel (1993) suggest that

sequence context is important. Yang and Evans (1993) demonstrated that

methylation of nucleotides -4, -2, -1, G and A of GAT, +1, +2and +4 interfered

with GATA-1 binding to its cognate site. Thus finger I of GATA-1, which has been
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shown to affect stability of DNA binding (Omichinski et at.,1g93a) may not only

contact the nucleotides between positions -1 to *2, but additionally finger I may

contact nucleotides outside of -1 to +2.

At positions +1 and +2 the sequences of all of the oligonucleotides

conformed to the PCR-amplified sequences. At the -1 position the ß-globin

TATA/GATA promoter sequence and the øG2 (mouse) sequences differed. The

data of Ko and Engel (1993) showed that a T at the -1 position resulted in higher

affinity binding, whereas the C at th¡s position was allowed for binding by GATA-1

but did not result in greater binding. The data presented here taken with the data

of Ko and Engel (1993) and Omichinski ef a/. (1g93b) suggest thatthe C at position

-1 of the ß-globin promoter TATA/GATA sequence may have affected the affinity of

the sequence for GATA-1. lt should also be noted that in the binding assay,

TFIID/adaptor was present which also binds the oligonucleotide. This would

effectively remove an amount of the oligonucleotide from solution and therefore

affect the amount of the DNA available for competition with the H5-GATA for the

GATA-1 and GATA-1 containing protein complexes.

The ß-globin enhancer (lV) sequence did not compete as effectively for

binding of the GATA-I and GATA-1 complexes as HS-GATA, alphaG2 and the rho

sequence. The ß-globin enhancer (lV) sequence did not have the A, which was

preferred at posit¡on *4, or the c preferred at position *3. Two of the

oligonucleotides, the rho-globin promoter sequence and the alphaG2 sequence, had

a G at the +4 position and also had relatively strong binding to GATA-1 complexes

when compared to the other GATA-binding olígonucleotides. Both of these

oligonucleotides also have a G which was not preferred atthe +3 position. This is
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contrary to the data of Ko and Engel (1993) which showed that GATA-1 preferred

an A at the +4 position and a C at +3. These results may reflect the finding of Ko

and Engel (1993) that sequence context is important for GATA-1 binding.

Methylation at -4 affects GATA-1 binding, however, Ko and Engel (1993)

did not determine sequence preference at -4. The rho globin promoter had a G at

this position, which may have assisted in a slightly higher affinity for GATA-1.

There was not a clear effect for other nucleotides at this position, since HS-GATA

and the ß-globin enhancer sequence each had a T at this position. The

TATA/GATA and the alphaG2 sequences each had an A at this position. For each

of these pairs of examples, one of the oligonucleotides had significantly more

affinity for GATA-1 than the other.

These data overall demonstrate that progress has been made with respect to

determining sequences with which GATA-1 is able to interact. However, the rules

have not been clearly delineated to determine with which sequences GATA-1 will

interact with high affinity. The nucleotides which create a strong GATA-1 binding

site will do so by creating a better fit between GATA-1 and the nucleotides present

in the DNA. The better fit may be created through specific DNA-GATA-1

interactions or by allowing the conformation of the DNA to be altered so that

GATA-1 is better able to interact with it. For example, certain nucleotide

sequences allow DNA to bend readily. Nucleotide sequence may play a role in the

bending which occurs at the *1 to +2 position. lt should be noted that in each of

the competitions in Figure 14, a given competitor DNA affected GATA-1 containing

prote¡n complex binding to the same degree as it affected monomeric GATA-1

binding to the sequence.
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GATA-1 is the only Protein of the GATA-1 Multisubunit Comptexes that tnteracts

with DNA

These data provide evidence that GATA-1 is the only protein of the

complexes that interacts with DNA and that the heterologous proteins do not affect

GATA-1 binding to DNA. 1) The proteins which were cross-linked did not díffer

between the C2 (GATA-1 alone) and C5 or CB enriched complexes. lt would be

expected that if proteins other than GATA-1 in the larger complexes made contact

with the DNA, that they should become cross-linked by the ultraviolet light and

would be seen on the SDS-PAGE gels. This was not seen when either the template

or non-template strand was labelled. 2) The preparative DNase I protection assays,

did not show a difference in DNase I protected patterns for each of the complexes.

lf the non-GATA-1 proteins of the GATA-1 protein complexes ¡nteract with DNA or

affect GATA-1 binding to DNA, the DNase I protected region would have been

expected to be different for the multisubunit complexes when compared to the

DNase I protected region of GATA-1 alone. 3) Binding of the higher complexes

was not affected by changes in the DNA sequence outside of the GATA binding

site. This was illustrated by two experiments. The first, an experiment which

demonstrated that the pattern of complexes which formed on HS-GATA was the

same as the pattern formed on a number of oligonucleotides containing GATA

binding sites (Figure 9, 188). These oligonucleotides each have a GATA binding

site, but have very different sequences outside of this core (Table 1). The second

experiment which demonstrates that only GATA-1 interacts with DNA is that the

aforementioned GATA bínding oligonucleotides, when used in competition assays

did not preferentially prevent binding of any of the GATA-1 mutlisubunit complexes
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over GATA-1 (Figure 184). lf any of the non-GATA-1 proteins of the multisubunit

complexes interacted with DNA, they would have been expected to show a DNA

sequence preference. Both the EMSAs and the compet¡tion assays do not show

this. Therefore our hypothesis is that GATA-1 alone interacts with DNA and the

proteins which interact with GATA-1 to generate the multisubunit complexes do

not.

Role of Histone H5 Binding Factors in DNase I Hypersensitive Site Formation

ln chicken immature erythrocyte chromatin, DNase I hypersensitive (DH) síte

5 maps at -1 17+6 and DH site 5.- maps at-25.*6 in the promoter region (Renaud

and Ruiz-Carrillo, 1986). Thus, the DH site 5 is located immediately 5' to the GC

box, while DH site 5. co-maps with the protected regions ll (the UPE) and lll (TATA

box) (Figure 37l,. lt has been suggested that factors bound to enhancers physically

interact with promoters to assist in clearing promoters of bound nucleosomes and

thereby creating DH sites (Reitman et al., 1993). ln the looping model we propose,

Spl bound at the strong Sp1 binding site in the histone H5 promoter interacts with

the enhancer which has a medium and several weak sp1 binding sites.

One of the funct¡ons of upstream transcription factors may be to remove

nucleosomes from the TATA box region in order to allow general transcriptio

factors to interact with the promoter (Berk and Schmidt, l ggo). Reitman ef a/.

(1993) have demonstrated that in the ß-globin gene, both the promoter and the 3'

enhancer/LCR are required for preventing chromatin condensat¡on. They propose a

mutual physical interaction between the two regions similar to this model for

histone H5. ln the histone H5 gene chromatin looping model, Spl may play a direct
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role ¡n keeping the chromatin open. Sp1 not only activates transcription, but in

cooperation with cofactors it also acts as an anti-repressor and displaces the

general repressor histone H1. Given the similarities between the linker histones H1

and H5, Sp1 may also displace h¡stone H5. ln the linker histone rich environment

of the maturing erythrocyte this may be an important role of Sp1, and which results

in preventing repression of the gene chromatin. other factors may prevent

deposition of nucleosomes at the promoter and enhancer sites.

ln the histone H5 enhancer, DHS 7L(+ 1OO3 t12l and 7r(+ lOgS *.121 co-

map with DNase I protected regions lll and V, respectively (Figure 371. Lowrey ef

al. (1992l'demonstrated that interactions between ubiquitous factors (e.g. Spl) and

erythroid-specific nuclear proteins (e.g., GATA-1) were required to form a DNase I

hypersensitive site within the human globin locus control region. The binding sites

for GATA-1 and Spl (e.9., at CACCCi Yu et at., 1991) are commonly found in the

promoter and enhancers of globin and other erythro¡d-specífic genes (e.g.

porphobilinogen deaminase gene) (Yu et al. 1991, Frampton et a\.,1990; Evans ef

a|.,1990l. Thus, sp1 and GATA-1 may be invorved in the formation of

hypersensitive sites in chromatin within the histone H5 enhancer as well as the

globin enhancer and promoter regions. lt should be noted the CACCC sequence

found at DNase I protected region lV is a weak Spl binding site, and this sequence

may bind to other proteins such as the CACCC factor.

Developmental and stage specific control of Histone HS Gene Expression

It had been previously assumed that the levels of Sp1 are at similar levels

throughout all stages of erythroid development (Jackson ef al., 1gïgl. Our data
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showed this was not the case, mature cells had lower levels of transcription factors

sp1 and GATA-1 and multi-subunit GATA-1 complexes than immature

erythrocytes. NF1 was at similar amounts in mature and immature erythrocytes.

The DR and UPE-binding protein were also at similar amounts in mature and

immature erythrocytes, although Rousseau et al. (1993) determined that deletion of

the UPE-binding sequence inactivated the promoter in non-different¡ated HD3 cells,

but had no effect in differentiated HD3 cells. This suggests that the UpE-binding

protein affects transcription early in the differentiation of erythrocytes and may still

be present, but is not functional as the cell matures.

The physiological implication of the reduction of GATA-1 multisubunit

complexes and of Sp1 at regions I and lll in the enhancer in mature erythrocytes is

that in the looping model the positioning and function of the histone HS enhancer

could be seriously compromised. The low abundance of these proteins would also

hinder the expression of the ß-globin gene (Evans et a\.,1990; Minie et al.,1ggza;

1992b). The histone H5 gene has a UNE which represses transcription of the gene

in both non-differentiated and differentiated HD3 cells (Rousseau et al., 1gg3).

chicken mature erythrocytes contain the factor clBR which binds to the

transcription start site of the histone H5 gene and represses its expression (Gomez-

Cuadrado et a|.,1992). clBR is not present in early erythro¡d cells that express the

histone H5 gene (Gomez-Cuadrado et a|.,1992). Further, the inactivat¡on of the

general transcription factor TFIIA may also contr¡bute to the inactivation of the

histone H5 in mature erythrocytes (Bungert et at., 1gg2b). Together, these

observations suggest that several mechanisms are involved in the specific

repression of the histone H5 gene (as well as other erythroid-specific genes;
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Jackson et a|.,1989) in mature erythrocytes.

Minie et al. (1992) demonstrated that GATA-1 and Sp1 levels decrease in

chicken embryos after day 5, during which time the rho-globin gene ceases to be

transcribed. Our data demonstrated that the GATA-1 multisubunit complexes were

present at this early stage of development. This suggests that the ability of GATA-

1 to form multisubunit complexes does not affect rho-globin expression throughout

erythropo¡es¡s.

Partial Purification of Protein of GATA-I Containing protein Comptexes

Evans and Felsenfeld (1999) purified GATA_1. They did so using a number

of chromatographic steps followed by electrophoresís on a denaturing

polyacrylamide gel to separate the proteins of the final chromatographic step. Their

first step was to concentrate proteins of crude nuclear extract derived from adult

erythrocytes by ammonium sulphate precipitation. The protein was then

chromatographed on double-stranded calf-thymus DNA-cellulose. A second

chromatographic separat¡on using a single-stranded DNA-cellulose column was

performed. This step removed a major contaminant, a heteronuclear RNA protein

with a molecular mass of 39 kDa which is the size of GATA-1. The last

chromatographic step was achieved by passage over an affinity column consisting

of concatamers of an oligonucleotide duplex conta¡n¡ng GATA-1 binding site from

the chicken ß-globin enhancer. Active fraction from this step was separated on a

denaturing polyacrylamide gel. lndividual protein bands were excised, eluted and

renatured. GATA-1 activity was shown to be present as a 39 kDa protein.

We wished to purify GATA-1 containing protein complexes ¡nstead of GATA-
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1. We were interested in the nature of the proteins which interacted with GATA-I.

Specifically the complex we sought was complex C5. This complex was abundant

and was the least complicated of the complexes other than the less abundant

complex C4. Similar to Evans and Felsenfeld, extracts of mature chicken

erythrocyte nuclei were used, however only C2 (monomeric GATA-1) activity was

present after partial purification under conditions which preserved the integrity of

complex C5 prepared from adult chicken immature erythrocytes. We do not know

why this occurred and the experiment was not repeated. Therefore, the

chromatographic separat¡ons were done using adult chicken immature erythrocytes.

A number of different columns were used for the partiat purification of complex CS.

Heparin-agarose was used as the first column with act¡v¡ty eluting in the 0.4 M KCI

fraction. This was followed by an S-sepharose column, which was eluted at 0.3

and 0.5 M NaCl after a 0.2 M NaCl wash. These columns both select for positively

charged proteins. The 0.5 M fraction was used for subsequent fractionations,

however, because the 0.3 M fraction had less total protein, it may be possible to

purify complex C5 from this fraction. The 0.3 M NaCl fraction of S-sepharose was

chromatographed over a phenyl-agarose column once, without successful recovery

of activity. The fractionation might be repeated with altered conditions. Most of

the GATA-1 containing protein complexes had little affinity for e-sepharose, and

were eluted in the flowthrough or displaced by 0.1 M NaCl, although a small

portion of the C5 complex was displaced at 0.5 M NaCl. This suggests that there

was little negative charge in the complexes and in GATA-1 which is known to be

basic (Evans and Felsenfeld, 1989). Phenyl-agarose was frequently used as the

second or third column for purification of GATA-1 containing protein complexes.
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This column separated proteins on the basis of hydrophobicity. Complex CS was

separated from complexes C2 (GATA-1 monomer) and C8 in about b% of the

starting mater¡al. When the proteins from this fraction were analyzed on denaturing

polyacrylamide gels, there were fewer proteins present than in the fractions from

previous columns. A 54 kDa protein was enriched in the fraction wíth C5 activity.

Other columns used were double-stranded and single-stranded DNA-

cellulose. The active protein fraction from these columns had less protein

complexity than the starting material. The single-stranded DNA cellulose column

was better for this than the double-stranded DNA-cellulose column. However,

when the column steps were heparin-agarose to phenyl-agarose to double-stranded

DNA-cellulose to single-stranded DNA cellulose, pure C5 was not obtained, since

there was a fair number of proteins present, when the active fractions were

analyzed by denaturing polyacrylamide gel electrophoresis (not shown).

Affinity column chromatography using concatamers of oligonucleotide bound

to sepharose beads did not prove useful for decreasing the complexity of the

proteins. A reason for this might be that the 0.3 M KCI step used by Evans and

Felsenfeld (1989) was omitted, since a lot of GATA-1 activity eluted atthis salt

concentratíon. ln retrospect, the 0.3 M KCI elution might have proved useful to rid

the column of nonspecific proteins, since GATA-1 containing protein complex

activity was also seen at 0.4 M KCl. lt should however be noted that Evans and

Felsenfeld (1989) used extract of adult chicken mature erythrocytes. ln these cells

transcriptional activity is generally lower than in adult chicken immature

erythrocytes. Therefore, the starting protein complexity is different for mature

erythrocytes than it is for immature erythrocytes. lt should however be possible to
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purify complex C5 in the future, using the fractionations described here as a

building block for further purification.

Future Experiments

The results described in this research are from in vitro experiments. These

data were useful for showing interactions which are possible on the histone HS

gene. However, it does not demonstrate the effect of the erythroid environment

and histone H5 gene chromatin structure on accessibility of the transcription factors

to the gene. To gain an understanding of the physiological interactions on the

gene, in vivo DNase I protection assays of the. H5 gene chromatin are required. ln

vivo DNase I protection assays will demonstrate whether the potential binding sites

identified in this study are bound by factors within the chromat¡n structure of the

histone H5 gene.

A number of potential factor binding sties which we identified were able to

bind a number of related or unrelated transcription factors and/or transcription

factors which were poorly characterized. Many of these factors have not been

characterized well enough to be able to distinguish the particular factor which will

¡nteract with a specific DNA sequence. This fact is even more important when the

bindíng sites are considered within the context of other transcription factors and

chromatin present under physiological conditions in the cell. ln order to fully

understand the mechanics which occur in order to activate a gene, the particular

transcription factors binding to the gene and the effects of the transcription factor

in vivo need to be understood. The looping model which we propose needs to be

tested. Electron micrograph techniques exist to demonstrate physical interactions
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between Sp1 factors bound at distant sites (Su et a\.,1991; Mastrangelo et al.,

1991).

Little is known of the mechanism of action of chicken GATA-1 on

transcription and on chromatin structure. We determined that the GATA-1

multisubunit complexes were able to form on a number of GATA-1 binding

sequences. Therefore, the effect of GATA-1 multisubunit complexes on the histone

H5 gene may also be found on other genes. The major GATA-1 containing prote¡n

complexes (C5 and C8) need to be purified and tested in defined transcription

assays against monomeric GATA-1, to see if the complexes affect the amount of

final RNA product. These assays would then allow the mechanism of act¡on of

GATA-1 and GATA-1 multisubunit complexes to be tested. lt could be determined

whether the factors increase the rate of formation or stability of initiation complex.

Concurrently, it should be possible to determine the target of GATA-1 action. The

two general transcription factors which are known to interact with certain

transcription factors are TFIID and TFllB. These are the factors which would be

tested initially.

There have been suggest¡ons that GATA-1 affects chromatin structure. For

example GATA-1 in conjunction with CACCC factors or NF-1 are thought to form

DH sites (Lowrey et al., 1992). This implies that the factors either displace

nucleosomes actively (dynamic competition) or prevent formation of nucleosomes

at the site during DNA replication (pre-emptive). tn vitro assays could be employed

to determine íf GATA-1 or GATA-1 multisubunit complexes are 1) able to displace

nucleosomes from DNA either alone or in concert with other factors when binding

sites for the factors are present on the DNA or 2) require the factors bound to the
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DNA followed by nucleosome binding for DH site formation.

Determining functions for the factors of the GATA-1 multi-subunit

complexes should help to answer the question whether these complexes exist rn

vivo. lt can be ruled out that the complexes are an artifact of the 1-acetyl-2-

phenylhydrazine injections since comparable complexes were present in the nuclei

of chicken embryo erythrocytes which díd not receive any treatment prior to

collecting erythrocytes from the embryos.

Factors that could affect binding of GATA-1 to accessory proteins could

include post-translational modifications to the accessory proteins. The evidence

(Evans and Felsenfeld, 1989) is that GATA-1 is not post-synthetically modified.

However, it is possible that there are post-synthetic modifications to the GATA-1

accessory proteins and that these modifications affect multisubunit complex

formation. Evidence that modifications occur comes from the column fractionation

studies, in which GATA-1 containing protein complexes eluted over a number of

salt concentrations from the O-sepharose column, from the double-stranded and

single-stranded DNA cellulose columns and from the S-sepharose column.

Cloning of the proteins of the GATA-1 multisubunit complexes will allow

further characterizatíon of the nature of the proteins, their interactions and effects

on GATA-1 function. Deletion mutants of GATA-1 and of these proteins could be

synthesized to determine the site and nature of interaction of these proteins. These

mutants could also be used to show the effect of the proteins on cell function. The

tissues and species specificity of the factors could also be determined to show

whether the factors are ubiquitous.

Evans and Felsenfeld (1991)found that the chicken alpha-globin promoter
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can be activated in chicken fibroblast cells by expression of a transfected GATA-1

coding plasmid. This would suggest that either the accessory proteins that interact

with GATA-1 are found in more than one cell type (fibroblast cells), or that the

accessory factors were not needed for activation in fibroblast cells. Another

potential explanation is that the accessory proteins modulate GATA-1 activity. lf

they increase activity of GATA-1, then Evans and Felsenfeld (1991)may not have

seen the true activation which GATA-1 is capable of. lf on the other hand the

accessory proteins decrease the activity of GATA-1, th¡s may explain why Evans

and Felsenfeld (1991)and other workers (Martin and Orkin, 19gO; Frampton etal.,

1990; Walters and Martin , 1992; deBoer et a|.,, l ggB) have found that GATA-1

binding sites alone are not capable of activating transcr¡ption in erythroid cells.

ln summary this research has demonstrated potential binding sites in the

chicken histone H5 promoter and 3' enhancer for proteins of adult chicken

immature erythrocytes. These data show that sp1 and GATA-1, both of which

form multisubunit prote¡ns complexes as well as a number of other transcription

factors were able to interact with the DNA. We proposed a model whereby Sp1 is

responsible for juxtapositioning the enhancer and promoter. The proteins bound at

these sites are then able to ¡nteract with the final result that the enhancer bound

transcription factors are able to affect transcription from the promoter. The model

was placed in the context of chromatin structure and in the chicken erythrocyte

environment. These data suggest that this looping model would be compromised in

nuclei of mature erythrocytes due to a decrease in Sp1, GATA-1 and GATA-1

multísubunit complexes.
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