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Summary

This thesis describes studies of the mouse histone variant Ij2A.Z. The

overall aim was to investigate the biological sígni"ficance of this protein.

The first part of the thesis describes the isolation and characterisation of

mouse histone IIZA.Z genomic clones from different mouse genomic libraries.

A clone containing a mouse H2A.Z gene was initially isolated from a mouse

genomic library derived from the BALB/c strain. If2A.Z dones were also isolated

from a mouse genomic library derived from the 129 strairy for gene targeting

experiments. Southern analysis indicated that the histone ÍJ1A.Z gene is present

as a single copy per haploid genome, with several pseudogenes. Northern

analysis of total RNA isolated from embryonic stem (ES) cells demonstrated that

¡heH2A.Z gene is expressed in ES cells.

Two mouse histone H2A.Z pseudogenes were also isolated during the

course of this work. One of the pseudogenes contains sequences identical to a

cDNA copy of the If2A.Z gene. A useful adjunct to this finding was that this

mouse histone HàA.Z pseudogene sequence was used in an Escherichiø coli

expression system to obtain HZA.Z protein. A high level of HZA.Z protein was

produced for use as an antigen for monoclonal antíbody production.

The second part of the thesis describes FIIA.Z gene targeting in mouse E14

ES cells, derived from the 129 strain. Several targeting vectors were constructed.

The successful vector, pFIZHR3, was derived from 129 strain DNA. It contains a

disrupted If2A.Z gene with a fragment containing a neomycin-resistance gene

and approximately 18 kb sequence homology to the chromosomal locus, in order

to obtain a high targeting efficiency. Targeted ES cell clones in which one allele of

theþI2A.Z gene was disrupted by homologous recombination were obtained.

The third part of the thesis describes an attempt to generate ES cell lines

and mice which lack the functionalIa1A.Z protein, in order to investigateFI2A.Z

function in aitro and ín oiuo.
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To generate ES cells in which both alleles were disrupted, targeted ES cells,

in which one allele had been disrupted, were subjected to a second round of gene

targeting using the targeting vector pFIZHR4. pllZllßrf was constructed to obtain

a high targeting efficiency, and to use a hygromycin-resistance gene as a selectable

marker. The targeted ES cell clone, designated ES-193 was electroporated with

pFIZHR4 DNA. 282 hygromycin-resistant ES cell clones were analysed and none

of these clones had both alleles disrupted. To verify this result, the experiment

was performed in reverse order: using first the hygromycin resistance based

construct, p}InAFt , and then the neomycin resistance based construct, pHZHR3.

The second round of gene targeting yielded 293 C4l}-resistant ES cell clones were

analysed. None of these clones had both alleles disrupted. These results imply

that ES cells which lack a functionalH2À.Z do not survive.

To generate mice which lack a functional Ia2A.Z gene/ two targeted ES cell

clones were used. Chimaeric mice were generated from both clones. Flowever,

only one of these clones contributed to the germ line. The heterozygous mice

derived from the germ line chimaeras were cross-bred in order to obtain mice

homozygous for the disruptedÍL2A.Z gene. Preliminary results indicate that lack

of a functional H2A.Z gene is lethal during embryonic development.

The results presented here demonstrate for the first time that H2A.Z l:.as

an essential role in mammals.
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Clupter 7 Intrcduction

11 r

1.1 Introduction

The work presented in this thesis describes studies of the mouse histone

H2A variant, 1fl12A.Z. The overall aim was to investigate the biological

significance of this protein. Gene targeting by homologous recombination in

mouse embryonic stem (ES) cells has been used as a tool for this investigation.

This chapter summarises the general background relevant to these studies.

These include the structure and function of chromatin, transcriptionally active

chromatin, histone proteins, histone variants, and in particular histone HZA.Z.

Gene targeting is also briefly described.

\.2 Chromatin

The DNA in the eukaryotic nucleus is packaged in association with other

macromolecules, primarily the histones and nonhistone ch¡omosomal proteins,

generating a complex referred to as chromatin. Chromatin is a highly dynamic

complex that continuously changes its composition and conformation to

accommod.ate different stages of genetic activity, ê.8., transcription and

replication. This dynamic behaviour of chromatin plays a key role in the

regulation of gene expression. The structure of chromatin and transcriptionally

active chromatin will be discussed below.

1.2.L Nucleosome stnrcture

The nucleosome is the fundamental unit of chromatin. A nucleosome

core particle consists of M6 bp of DNA wrapped around a histone octamer,

containing two each of the histones FI2A, If2B, H3 and H4 (reviewed by McGhee

and Felsenfeld, 1980; van Holde, 1988). Histone HL is located in the region where

the DNA enters and exits the core particle and is able to link two turns of DNA

L



Chapter 7 l¡tt¡odttction

around the histone octamer.

The structure of the nucleosome core particle was previously determined

by using an electron microscope and X-ray diffraction of the octamer at 22 A,

resolution (Finch et a1.,t977;K1,rg et a1.,1.980) and at 7 Å resolution (Richmond

et a1.,1984). The results demonstrated that the core particle is a flattened wedge-

shaped disc approximately 1L nm in diameter and 5.7 nm in height. DNA

(1a6 bp) is wrapped in L.75 turns of a left-handed superhelix around the histone

core. Recently, the structure of the histone octamer has been determined by X-ray

crystallography to a resolution of 3.L Ä (Arents et a1.,1991). The histone octamer

is a tripartite assembly in which a centrally located (H3-H4)2 tetramer is flanked

by two H2A-ÉI2B dímers. The area of interaction between the }J2A-IJ1B dimers

and the (H3-H )2 tetramer is more extensive than the interface between the two

H3-H4 dimers that make up the (H3-Ha)2 tetramer. The two ÍIZA'IJ2B dimers

and the (H3-H4)2 tetramer create a protein spool consisting of a left-handed

protein superhelix with an aPParent pitch of 28 Å'

L.2.2 Higher order structune

The nucleosome is onty the first level of DNA packaging inside the cell.

At the second level of chromatin organisation is a L0 nm fibre generated by

folding of the internucleosomal linker DNA into the bead-tike particles. This

structure is then coiled into a solenoid 30-nm diameter fibre with six

nucleosomes per solenoid turn (Finch and Klug, L976; Felsenfeld and McGhee,

t9g6; Butler, 1988). This higher structure is dependent on the presence of histone

H1. (Thom a et al.,lgTg) which is located inside of the 30-nm fibre (Graziano et al.,

tee4).

At the third level of hierarchical structure, seen in both interphase and

metaphase chromosomes, the 30-nm chromatin fibre appears to be folded into

loops, or domains (Benyajati and worcel, t976; Igo-Kemenes and zachau, L977;

2



Cløpter 7 Infrcdttction

paulson and Laemml| tg77). These domain structures are believed to be

anchored by specific nonhistone proteins to the supporting nuclear structure

d.esignated as nuclear matrix or chromosomal scaffold (Mirkovitch et al., L984).

The domains are suggested to be supercoiled stretches of chromatin comprising

from 5 to 1.00 kb of DNA. Domains appear to be essential elements of higher

order chromatin structure and may be related to the units of replication and

transcription (reviewed by Gasser and Laemmli, 1987; Georgiev et ø1., L99'l';

Zatanova and van Holde, t992).

1.2.3 Active chromatin

The major functions of chromosomes are replication and transcription.

Active ch¡omatin is defined as the regions of the chromosome which are actively

transcribed. Studies have revealed that active chromatin has several

characteristics which are different from the chromatin structure described above.

The features of active chromatin and factors that are involved and associated

with transcriptionally active chromatin will be briefly summarised below. There

have been several recent reviews which cover a number of aspects of active

chromatin (Elgin, t990; Grunstein, L990a, t990b; svaren and chalkley, L990;

Kornberg and Lorch, L99L; Felsenfeld , L992; Kornberg and Lorch, t992; wolffe,

t992; Svaren and Hörz, t993).

Nucleosomes are present on both transcriptionally active and inactive

genes but actively transcribed genes are apparently packaged in an altered

nucleosome structure and are associated with domains of chromatin that are less

condensed or more open than inactive domains (Reeves, 1988). The open,

decondensed structure associated with transcriptionally active chromatin is

detectable by a general increase in the accessibitity to DNA of a variety of DNA-

modifying agents including DNase I (reviewed by Eissenberg et a1.,1985). Several

factors are fesPonsible for the generation of an oPen conformation'

3



CÍøpter 7 lrútPdudion

In addition to the general nuclease-sensitivity of active chromatin, actively

transcribed genes often have DNase I hypersensitive sites. These sites are found

within the DNase I sensitive region and have been demonstrated in a cell- and

tissue-specific manner near the ends of most active or potentially active genes

(reviewed by Elgin et al., 1988; Gross and Garrard, L988). The structure and

function of DNase I-hypersensitive sites are not fully understood. They are

thought to be nucleosome-free regions available for binding of trans-acting

factors to facilitate initiation of transcription (Svaren and Chalkley' L990)-

The transient displacement of the histone octamer as a result of RNA

polymerase activity may contribute to the altered conformation of chromatin

within actively transcribed regions (Lorch et ø1., L987; Pfaffle et aI., L990; Clark and

Felsenfeld, tggt). RNA polymerase-mediated changes in chromatin structure

may be involved in displacement of histones from the path of transcription to

another part of the template (clark and Felsenfeld, L99I, L992).

Nucleosomes sometimes adopt precise, well-defined locations with respect

to specific DNA sequence (i.e. these nucleosome are said to be positioned). The

precise positioning of nucleosomes around eukaryotic promoters and enhancers

is important for gene transcription (reviewed by Simpson, t99L; Felsenfeld, t992;

Wolffe, tgg41). Studies have demonstrated that nucleosome positioning allows

trans-acttng factors to gain access to the recognition elements which is the initial

step for gene activation process (Straka and Hörz, L99L, Bresnick et øl-, L992; Lee

and Archet, t994). In addition, nucleosome positioning can also facilitate

transcription process by bringing together distant regulatory elements (Lt et al.,

L993; Schild et al., t993).

The presence of linker histone and higher order structure on actively

transcribed chromatin have been observed by several investigators (reviewed by

Garrard, tgg¡). Kamakaka and Thomas (1990) have provided evidence that

histone H1 is present in active chromatin but depteted in its amount and bound

4



Chapter 7 hf¡Pdudion

in a somewhat different manner, leading to a more oPen chromatin

conformation.

Histone post-translational modifications (see section L.3.2), in particularly

histone acetylation, and histone structural variants, may be involved in active

chromatin by generating structurally and functionally heterogeneous

nucleosomes and thereby providing a means for altering chromatin structure.

Specific base modifications have been proposed as a potential mechanism

for altering the transcriptional template capacity of eukaryotic genes. About 2 to

4% of the cytosine residues in the DNA of higher eukaryotes are methylated.

The usual site of methylation is the dinucleotide CpG. The demethylation of

specific CpG dinucleotides correlates with active transcription (Bird ' L986).

Studies have shown that DNA methylation can cause gene silencing either by

direct interference with transcription factor binding or indirectly by promoting

the formation of inactive chromatin (Watt and Molloy, L988; Holliday and Ho,

I99I; Boyes and Bird, LggL). It remains unclear whether inhibition of

transcription by DNA methylation is direct or indirect effect (reviewed by Bird,

1992; Tate and Bird, L993').

Alteration in DNA structure and conformation has also been postulated to

have a role in control of transcription process. B-DNA is the most commonly

form of DNA structure. Non-B-DNA structures such as Z-DNA, triplex DNA

and cruciform DNA can also exist, and these structures can be formed under

physiological conditions and are stabilised by unconstrained negative

supercoiling. The mechanisms by which the non-B-DNA structure effects the

transcription process remain under speculation (reviewed by van Holde and

Zatanova, L994).

5
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1.3 Histones

1.3.1 Histone Proteins

Histones are the fundamental structural proteins of eukaryotic chromatin.

They are small polypeptides with 100 to 200 amino acid residues which do not

contain tryptophan, but are rich in lysine and/or arginine (Isenberg, L979; Wu

et a1.,1986). The histones canbe classified into five classes. Histones IazA,Íf2B,

H3 and H4 interact with DNA to form the nucleosome core. Histones Hl' or

linker histones play a key role in the compaction of nucleosomes into a higher-

order structure (section 7.2.2). The primary structure of histones have been

highly conserved throughout evolution (Isenb etg, t979) suggesting that their

functions may be identical in all eukaryotes. Histones H3 and H4 are among the

most conserved proteins known in evolution. Histones H2A and H2B are more

divergent than H3 and H4 (Thatcher and Gorovsky, !994) while HL is the most

variable of the histones.

The primary structure of histones is known. Each of the four core histones

contains three domains: a long extended hydrophilic amino-terminal tail,

containing a number of positively charged amino acids; a globular, hydrophobic

core with a high cr-helix content; and a very short hydrophilic carboxy-terminal

tail. The hydrophobic cores are involved in both the histone-histone and the

histone-DNA interactions that allow nucleosome assembly and stability in oitro

(McGhee and Felsenfeld, 1.980; van Holde, L988). Enzymatic removal of the N-

terminal tails has a minor effect on stability or assembly of the core particle

(Whitlock and Stein, t978; Ausio et ø1., LgSg), which suggests that their principle

function is likely to be in histone and protein (Johnson et al-, L990) or histone

and DNA (Hill and Thomas, 1990) interactions outside of the core particle. The

basic N-terminal tails are the sites of most of the post-translational histone

modifications, including acetylation, methylation and phosphorylation.

6



Clwpter 1 lttfrcdrtúion

Histone HLs have a tripartite structure consisting of a globular central

domain flanked by lysine-rich, highfy charged amino-terminal and carboxy-

terminal tails (van Holde, 19SS). The central hydrophobic domain appears to

interact with the nucleosome core particle while the positively charged tails

interact with the linker DNA and are important in ch¡omatin condensation

(Allan et a1.,1.980; Staynov and Crane-Robinsory 1988)'

L.3.2 Post-translational modifications of histones

Histones can be post-translationally modified in several ways. These

include acetylation, phosphorylation, ubiquitination, methylation and ADP-

ribosylation (reviewed by Matthews, L988; Sterner et aI', 1989)' Histone

modifications provide means for altering the chromatin structure. Three of

these modifications will be briefly discussed below'

(i) Acetylation

The core histones can be modified by reversible, post-translational

acetylation of specific lysine residues within the amino-terminal domains. The

level of acetylation is the result of a balance between acetylating and deacetylating

enzymes, and inhibition of the latter with sodium butyrate results in a shift to

more hig6y acetylated isoforms (Boffa et ø1.,L978; Candido et ø1.,L978; Sealy and

chalkley, LgTg). Addition of an acetyl group to the tysine residue of core histones

neutralises their positive charge. This modification weakens the electrostatic

interaction of the histones with DNA and may facilitate the unfolding of the

chromatin fibre (McGhee and Felsenfeld, L980)'

Histone acetylation has been correlated with att aspects of DNA processing

in eukaryotes: replication, transcription, spermatogenesis (reviewed by Allfrey,

19g0; Csordas, 1990). Histone acetylation, in particular highly acetylated forms of

H3 and H4, have been strongly correlated with elevated levels of transcription

7
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(Allegra et ø1., t987; ]ohnson et a1.,t987; Chan et a1.,1988; Hebbes, et al., 1988).

Recent experiments of Lee et ø1., (L993) have demonstrated that increasing the

level of histone acetylation allows TFItrA transcription factor free access to a 55

RNA gene in a nucleosome. Acetylation is presumed to release the N-terminal

tail of the histones from the DNA, and thereby either make the nucleosomal

DNA accessible, or induce a conformational change in the nucleosome which

promotes TFtrIA binding. Acetylation of core histones has been found to alter

the capacity of the H1 histones to form compact higher order chromatin

sffuctures (Ridsdate et a1.,1.990). This witl also facilitate trans-acting factor and

polymerase access to DNA in the nucleosome'

Several other findings support the role of histone acetylation in the

transcription process. In the ciliated protozoan Tetrahymena, studies using

antibodies against acetylated synthetic peptides of histone H4 demonstrated that

histone acetylation is specific to the transcriptionally active macronuclei at all

stages of the life cycle except when the transcriptionally inert micronuclei

trnd.ergo periods of rapid replication and chromatin assembly (Lin et ø1.' 1989)-

Studies in yeast have found that the silent mating type loci are specifically

associated. with hypoacetylated core histones (Braunstein et al', L993)'

(ii) PhosPhorylation
phosphorylation of linker histones has been associated with progression

through the cell cycle and specifically with the process of chromatin

condensation. Phosphorylation occurs during S-phase, during mitosis, and as a

response to hormonal stimulation. In each case, different and higily specific

serine and threonine residues are phosphorytated (Isenberg L979). Each molecule

becomes phosphorylated at multiple sites (3 to 6 sites/H1) in both amino-

terminal and carboxy-terminal tails (Gurley et aI., L978). Phosphorylation of the

tails will decrease their positive charges and the interaction of Hl' with DNA will

I
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be weakened. It has also been shown that the amino acid sequence SPKK in H1,

the Hl-growth associated kinase phosphorylation site, has a specific interaction

with AT-rich DNA segments (Churchill and Suzuki, 1939). The nature of this

interaction is not understood, but it is expected that phosphorylation of these

sites would probably abolish their interaction with DNA. It has been suggested

that H1 phosphorylation is not in itsetf sufficient to promote chromosome

condensation (Krystal and Poccia et a1.,1981.). Therefore, it is possible that HL

phosphorylation acts to facilitate the dissociation of the protein from chromatin,

thereby allowing access to DNA of the nonhistone proteins that might directly

mediate chromatin condensation ([erzmanowski and Cole, 1990).

(iü) Ubiquitination

Histone lfz[ and H2B can be combined with a small, highly conserved

protein, ubiquitin (Gotdstein et al., L975; Hershko, 1983), at their carboxy-terminal

tails to form proteins uH2A and uH2B, respectively. Ubiquitin is covalently

attached to H2A and H2B by an isopeptide bond between the carboxy-terminus of

ubiquitin and the e-amino group of the target lysine side chain (Goldknopf and

Busch, L1ZT). All mammalian lf2/^ variants can be modified by ubiquitination

(West and Bonner, L980).

The function of ubiquitination is not known. Conjugation of ubiquitin to

proteins in the cytoplasm appears to be necessary for intracellular protein

degradation (Ciechanover et al., L984; Hershko et al., t984; Jentsch, 1992). Several

indirect observations suggested that ubiquitinated histones might be

preferentially enriched in transcriptionally active regions of chromatin. In

Drosophila, ulH2A has been found enriched in the transcribed chromosomal

regions and absent from nontranscribed satellite chromatin (Levinger and

Varshavsky, 1982). It has also been reported that fractionated nucleosomes

containing active DNA sequences are enriched in uH2A and particularly in

9
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uH2B (Nickel et a1.,19g9). It has been suggested that histone ubiquitination in

transcribed regions may Pfevent the formation of higher-ofdef chromatin

structure by modifying nucleosome-nucleosome interactions (Levinger and

Varshavsky, t9g2). Variations in the level of ubiquitinated histone aPPears to be

cell cycle dependent (Matsui, et al., t979; Mueller et al., 1'985), since the

ubiquitinated H2A is absent during mitosis but ubiquitin is bound again to FI2A

when the cell enters Gl Phase.

1.3.3 llistone stnrctural variants

Although the primary sequences of histones have been conserved

throughout evolution, variations in primary structure do occur in all types of

histones. They are referred to as subtypes or variants'

Within a single species, non-allelic histone variants exist (reviewed by

Isenberg, t979; Wt et at., 1986). The structural variants of a particular histone

class can be differentially expressed during development, during the cell cycle or

in specific cell tYPes.

The best studied example of developmental regulation of histone variant

expression is found in the sea urchin, where different subtypes of histones are

expressed during embryogenesis (reviewed by Maxson et a1.,1983; Romano, L992)'

Histone variants can be grouped into four classes on the basis of their

relationship to DNA synthesis (Zweidler, L984; Old and Woodland,1984):

(i) Reptication-dependent variants: These are induced at the

start of DNA synthesis and are repressed at the end'

(ii) partially replication-dependent variants: These are expressed

at the start of DNA synthesis, but are not completely repressed at the end of S

phase.

(iii) Replication-independent variants: These are constitutively

expressed during the cell cycle or in nondividing cells, e.9., HLo

L0
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(iv) Minor histones: These variants are replication-independent

and are present in small amounts in somatic cells, e- 8-,If2A.X,lf2A'Z'

Tissue-specific histone variants have also been described. In birds, histone

H5, a variant of H1, is specific to nucleated red blood cells (Neelin et ø1., L964)- In

mammals, there are sperm-specific histone variants which are synthesised in

spermatocytes, but are not expressed in other cell types (Zweidler, Lg84)'

The existence of histone variants, whose synthesis is differentially

regulated during development and at different times, suggests the possibility that

nucleosomes containing different variants may perform distinct functions.

1.3.4 Histone Hl variants

Histone HL is the most variable of all histones. There are several distinct

subtypes with tissue-specific and species-specific differences in amino acid

sequence.

As noted above, histone H5 is,an extreme variant of the H1 linker histone

and is found in the nucleated erythrocytes of birds (Neetin et øl-, 1964; Aviles

et al., L1ZB\. Histone H5 accumulates as a major DNA-associated protein during

erythrocyte maturation (Appels and Wells, L972). It replaces the majority of HL

molecules on chromatin and is correlated with chromatin condensation and a

decrease in transcription and replication (Weintraub, L978; Appels et ø1, L972).

Studies using microinjection of H5 into rat myoblasts (Bergman et al., 1988) or

transient expression of H5 sequence in transfected rat sarcoma cells have shown

that overexpression of H5 inhibits DNA replication (Sun et ø1., L989; Sun et ø1.,

1ee0).

Histone H1o was originally found in mammalian tissues and is more

abundant in non-proliferating tissues (Panyim and Chalkley, L969). HLo shows

closer similarity to H5 than it does to H1. H1o is similar to H5 with respect to

sequence homology (Pehrson and Cole, 1.981.), structu¡al features (Cary et ø1.,1981)

11
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and immunological cross-reactivity (Mura and Stollar, 1981). These results

suggested that Hlo and H5 histones might have a similar function, distinct from

those of the other H1 variants. However, Hlo is not tissue specific as is H5. It is

found in several tissues (Eisen et aI., t98L; Lennox and Cohen, 1983). The level of

histone H1o increases when cells undergo terminal differentiation in viao

(varricchi o, t977; Lennox and cohen, 1.983, t984; Pina et al., L984). Histone Hl'o

appears to be hormonally regulated in those tissues which depend on hormones

to maintain their differentiated functions (Gjerset et ø1.,1932). HLo has been

found preferentially associated with repressed genes (Roche et a1.,1985). HLo

expression is responsive to induction by agents that induce differentiation

(Alonso et a1.,1988; Rousseau et a1.,1.991.). These results lead to the proposal that

HLo may be involved in the differentiation Process'

In an attempt to explore the function of histone HLo in mammalsr $€ll€

targeting by homologous recombination in mouse embryonic stem cells was also

initiated during the course of this work (described in Appendix).

1.3.õ Histone H2A variants

Histone Iit2A has the most variant forms of the core histones.

Mammalian cells contain four histone H2A isoprotein species, called HZA.L'

H2A.2,lf2L.z and H2A.X (West and Bonner, !980; west and Bonner, 1.983). The

former two are the predominant forms and are synthesised in concert with DNA

replication, while the latter two are minor forms and are synthesised throughout

the cell cycle (Wu and Bonner, 1981).

Histone H2A.X and H2A.Z rcpresent 5 to 20% of the total histone H2A

protein. They were shown to be IJ2A variants by the following characteristics:

(Ð the arginine/lysine ratio of H2A.X and ÉI2A.Z arc typical of H2A and different

from the other core histones, (ii) they contain the conserved H2A sequence

AGLeFpVG& known as the FI2A box, (iii) they can be modified by the covalent

12
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attachment of ubiquitin (Wu et a1.,1986)'

Human histone H2A.X cDNA has been isolated and characterised by

Mannironi et ø1. (1989). The deduced amino acid sequence shows that it contains

L42 residues, L3 more than human H2A.l-. The H2A'X sequence is almost

identical to that of human H24.1 up to amino acid residue 120. However the

carboxyl-terminal region beyond residue L20 is un¡elated to any known sequence

in vertebrate histon e F[2A, but it contains a sequence homologous with those of

several species of lower eukaryotes' e.g.' sacchatomyces cereaisiøe H2A'1 and

H2A.2 (Choe, et ø1., Lg82), Aspergittus nidulans H2A (May and Morfis' L987),

Tetrahymena iH2A.1 and Schizosaccharomyces pombe H2A (Matsumoto and

yanagida, 1gg5). It has been hypothesised that this carboxyl-terminal sequence

homology has been maintained during evolution because it participates in an

essential cellular function (Mannirori et a1.,1989). The biological role of histone

H2A.X is unknown, but it has been found to be enriched in active chromatin

(Bhatnagar et al., t984; Huang et al',1986)'

1.4 Histone HZA-Z

There is a potential for confusion due to the naming of the variant HLAZ

gene and its protein. The nomenclature of theta2L.Z gene from different species

is summarised below:

mammals

chicken

sea urchin

DrosoPhila

TetrahYmena

Histone H2A.Z protein was initially characterised from histone extracts of

mouse nucleosomes. Subsequently, it has been found in alt cell types and species

lf2¡^.z,ML

FI2A.F

rf2A.F /Z

H2A.2, H2AvD

hv1.

13
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studied where it represents 5 to 10 "/" of the total FI2A (West and Bonner, 1'980).

A chicken H2A.F cDNA clone which was later shown to code for the ÍI2Æ.2

protein, was originally isolated and sequenced in this laboratory (Harvey et al.,

1933). Counterparts have been cloned from sea urchin (Ernst et al., L987),

Tetrahymena (Wlite et ø1., L988), Drosophila (van Daal et ø1., L988), rat, cow, and

human (Hatch and Bonnet, \988i Hatch and Bonner' L990\'

Histone ËnA.Z is only about 60% identical in amino acid sequence to

major H2As within the same species. Comparison of the derived protein

sequences of IH2A.Z in different species shows that ÉI2A.Z is highly conserved

across species (85-100% identity) and is more conserved than major FI2As (White

et a1.,1988; van Daal et al., t990; Thatcher and Gorovsky, 1994). These results

indicate that the la2A.Z variants have evolved differently than the major H2As,

are under different selective pressures and therefore, histoneIJ2A.Z variants and

the major H2As must have distinct and important functions.

1.4.1 Post-tra¡rslational modifi,cation of histone H'2"pt z

ÍI2A.Zis ubiquitinated as are the other FI2As. It is not phosphorylated and

lacks the N-terminal serine residue that is normally phosphorylated in H2A

subtypes. Its acetylation pattern is different from that of H24.1 (Pantazis and

Bonner, 1981).

L.4.2 I{istone I'lz"þt-Z gene

The gene coding lor HZA.Z has unusual features, that are summarised

below.

lf2A.Z gene organisation is different from that of the other histone genes.

It exists as a single copy per haploid genome. The genes encoding the major core

and histone H1 proteins are typically present in multiple copies (reviewed by

Hentschel and Birnstiel, t98l; Maxson et a1.,L983; Stein et a1.,t984; Hnilica et ø1.,

t4
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19S9). The genes coding f.or If2A.Z isolated from chicken (Harvey et al., L983),

human (Hatch and Bonner, LggO), Tetrahymena (White et al', 1988) and

Drosophilø (van Daal et al., L988) have been shown to appear as a single copy.

The exception is sea urchin which has four copies of the gene (Ernst et al., L987\.

The presence of several pseudogenes in the human Senome has been reported by

Hatch and Bonner (L990).

The H2A.Z gene contains introns. Histone genes typically lack introns.

This feature is not unique to the variant IJr2A.Z gene since the gene coding for

chicken histone H3.3 also contains introns (Engel et al., t982). The gene for hvl

in Tetrahymenø and H2AvD in Drosophilø have two and three introns

respectively (van Daal et at., LÐ0). The gene for H2A.F in chicken (Dalton et al.,

i.989) has four introns as does the gene lot HZA.Z in human (Hatch and Bonner,

1.9e0).

H2A.Z genes are expressed throughout the cell cycle and their mRNAs are

polyadenylated. The genes encoding the major core and histone H1 proteins are

expressed primarily in concert with DNA replication, producing mRNAs with a

stem loop structure (reviewed by Schümperli, 1988). The conserved

polyadenylation signal in the FI2AvD gene is AATAA. For the H2A.F gene, the

polyadenylation signal is GATAAA and a sequence capable of forming a stable

hairpin loop is found in the 3' untranslated region (Dalton et ø1., 1989). In

mammals, cDNAs from rat, cow and human }J2A.Z have been characterised

(Hatch and Bonner, L988). All three have a polyadenylation signal, AATAAA,

and a potential stem loop-forming sequence.

1.4.3 Possible biological function of llÍ2Á'2

The high degree of conservation of H2A.Z throughout evolution suggests

that this protein must have an essential function. The biological significance of

histone lf2A.Z is still unclear. There are many observations that indicate a role
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for this protein in association with transcriptionally active chromatin.

Vegetative cells of the ciliated protozoan Tetrøhymenø thermophilø

contain two types of nuclei, the transcriptionally active macronucleus and the

transcriptionatly inert micronucleus. These nuclei are products of a single

postzygotic division during conjugation. In this organism, hv1 is found

exclusively in the transcriptionalty active macronucleus and is absent from the

transcriptionally inert micronucleus (Allis et al., 1980). Recent studies have

suggested that hv1 is required for the formation of active chromatin rather than

appearing secondarily as a consequence of transcriptional activity (StargelL et ø1.,

11ggg). Antibodies specific to hvl stain nucleoli in mammalian cells, presumably

in the highty transcriptionally active rDNA chromatin (Allis et al., L982). In

addition, hvl has been found to be an essential gene in Tetralrymena (Liu and

Gorovsky, unpublished observation, cited in Thatcher and Gorovsky, L994).

In the sea urchin,H2L.F/Z mRNA is found in all embryonic stages and

adult tissues tested (Ernst et al., Lg87), in contrast to the developmental class

switching shown for the major H2As (Newrock et al., L978). In situ hybridization

studies demonstrate that maternal H2A.F/Z mRNA is stored in the egg

cytoplasm and is present at equal levels in all cells of the mesenchyme blastula-

stage embryo, suggesting that lFrzA.F/Z is not coordinately regulated with DNA

synthesis (Mclsaac et al., t992)-

The distribution of chicken histone variant H2A.F has been investigated

in this laboratory using Western blot analysis and immunofluorescence

technique (Whiting, 1988). Western blots were performed on histone extracts

from various adult organs, and from embryonic tissue from days 4 to 10. The

results showed that FI2A.F is present in all tissues examined and the levels of

H2A.F do not vary in any of the stages or tissues studied. The level of H2A.F in

histone extracts from transcriptionally-inert mature erythrocytes and

transcriptionalty active early chicken erythroid cells (cultured AEV ts34 cells)
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were also analysed by Western blots. The data showed that, in these cells of the

same lineage, the FI2A.F levels are the same, suggesting that no correlation exists

between the H2A.F content and either the state of cell differentiation or

transcriptional activity of the cell. However, immunofluorescence staining of

sectioned chicken embryos showed that H2A.F is present in all cell tyPes and is

localised to the nucleolus and nuclear periphery, known sites of transcriptional

activity.

ln Drosophilø, H2AvD transcript is abundantly expressed in early

embryogenesis, but also remains present in all later developmental stages.

Antibodies to H2AvD bind specifically to the interband region of polytene

chromosqmes (van Daal et al., L988). Significantly, deletion of the FI2AvD gene
x

is lethal, demonstrating an essential role for this protein in development. Null

mutant flies only survive until the third larval instar stage, presumably utilising

maternal supplies of FI2AvD up to this stage (van Daal and Elgin, t992)'

¡r+rs¡,,.,T'qßnôù lL.@,ÐJ irÂ <tr bþ elts,ÞJÞrc'+ De2-tnqr'¡ '.1ttr RÙ4'4JÙS

\ðfe þJùÞE gr*.o+Þ Efp^J /ilD sc'\4Ë Ft-rq+Jt¿¡Ú<. Sã:QtJE7q5.

1.5 Gene targeting by homologous recombination

Gene targeting or gene "knock-out" has been made possible by joining two

technologies: embryonic stem (ES) cells and homologous recombination. This

technology allows the generation of cells or mice deficient for a defined gene

(reviewed by capec chi, 1989; Koller and Smithies, 1-992; Capecchi, t994). This

technique has been used in this study to investigate the function of laZA.Z in

mice. The background to this technique is outlined in this section, and strategies

used to disrupt genes are described.

1.õ.1 Embryonic stem (ES) cells

Murine embryonic stem (ES) celts are pluripotent stem cells derived from

the inner cell mass of the mouse blastocyst 3.5 days post coitum (Evans and
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Kaufmar¡ LSBL; Martiry 1931). ES cells can be cultured for long Periods, subjected

to manipulation in aitro and, upon return to the interior of another blastocyst,

can contribute to the development of all cell lineages. Significantly, the ES cells

can contribute to the development of germ cells, allowing the transmission of

the (manipulated) genome of the ES cells. Therefore, ES cells provide a method

for the introduction of specific mutations into mice. Several ES cell lines that are

competent for introduction of mutations into the mouse germ line have been

isolated. Most of them have been derived from the 129 mouse strain.

In order for ES cells to maintain germ line competence, they must be

grown in specialised conditions to avoid differentiation and loss of totipotency.

ES cells can be grown in an undifferentiated state in aitro either on monolayers

of mitotically inactivated fibroblast cells (also referred to as feeder cells) (Evans

and Kaufman, L98L; Martin, 1981), or on gelatinised tissue culture dishes in

Buffalo rat liver (BRL) cell conditioned medium (Smith and Hoopet, L987\, or in

the presence of leukemia inhibitory factor (LIF, also termed differentiation

inhibitory activity, DIA). LIF is a cytokine required for maintaining ES cells in

vitro (Smith et a1.,1988; Williams et al., 1988)'

1.5.2 Gene targeting i¡r ES cells

Gene targeting, the homologous recombination between chromosomal

DNA sequences and introduced DNA sequences, provides the means for

systematically altering the mammalian genome (Lin et al., L985; Smithies et ø1.,

L985; Thomas and Capecchi, 1936). Gene targeting has been widely used,

particularly in mouse embryonic stem (ES) cells, to mutate many different loci.

The phenotypic consequences of these genetic modifications can be assessed in ES

cells or in mice.

The general procedure for gene targeting to generate mice with specific

mutations is summarised in Fig. L-1. A targeting vector containing the desired
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Figure 1-1

General strategy for gene targeting experiment

ES cells are derived from inner cell mass of the mouse blastocyst 3.5 days

post coitum. The targeting vector is introduced into ES cells by electroporation

and targeted ES cell clones are selected. Targeted ES cells are inhoduced into a

host blastocyst which has different genetic markers from the ES-cell derived

blastocyst. In this example, the ES cells are derived from a mouse homozygous

for the black coat colour allele and the host blastocyst is derived from an albino

mouse. The blastocysts are transferred into a foster mother. The resulting

chimaeric animal is born with mixed coat colours. Breeding of the chimaeric

mouse to an albino mouse yields some black mice, indicating that the ES cells

contributed to the formation of the germ line. These progeny are screened for the

presence of the modified gene. The heterozygotes are crossed to generate

homozygous animals carrying the modified gene.
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alteration is introduced into ES cells by standard transfection methods. In some

cells, the targeting vector pairs with the cognate chromosomal DNA sequence

and the mutation is transferred to the genome by homologous recombination.

Screening and enrichment procedures are used to identify ES cells in which the

targeted event has occurred. A targeted ES cell will then have the newly mutated

allele in the genome. Chimaeric mice are formed by microinjecting a small

number (5-1S) of targeted ES cells into the blastocoel of a blastocyst. The injected

blastocyst is transferred into the uterus of a pseudopregnant mother. The

resulting animal is a chimaera in that it is composed of cells derived from both

the donor stem cells and the recipient blastocyst. If ES cells contribute to the

germ line, interbreeding of heterozygous siblings yields animals homozygous for

the desired mutation. However, this can be achieved only if modification of both

alleles of the particular gene do not lead to embryonic lethality.

It is also possible to generate null mutant ES cells in which both alleles

have been disrupted in oitro (te Riele et al., 1990). The methods involve

sequential targeting by two separate constructs using two different selectable

markers. These mutant cells allow the investigation of questions to be addressed

easier in cell lines than in the whole organism.

1.õ.3 Targeting vector

A summary of gene targeting vector design is presented in Fig. L'2. For

more detailed descriptions see review by Hasty and Bradley (1993), Ramlrez-Solis

et aI., (1993).

In general, targeting vectors contain DNA homologous to the target locus,

a positive selectable marker, and sometimes a negative selectable marker in a

plasmid. The most commonly used selectable makers are the bacterial genes

neomycin phosphotransferase (neor\, hygromycin B phosphotransferase (hyT')

and the mammalian gene hypoxanthine phosphoribosyl transferase (hprt). The
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Figure 1-2

Two types of targeting vector used for homologous recombination

Two types of vector, replacement and insertion vectors, which are

commonly used in gene targeting experiments are illustrated. Exons are boxed

and numbered. The black box represents a positive selectable marker.

In a replacement vector, the positive selectable marker is inserted into a

construct that contains DNA that is homologous to the target locus. The

insertion shown disrupts exon 2 in the coding sequence. The replacement vector

is linearised outside the target homology. Two crossover events result in the

replacement of the endogenous sequences, with the corresponding sequence

derived from the targeting vector.

In a insertion vector, the positive selectable marker is inserted outside the

region of homology. The insertion vector is linearised within the target

homology. A single recombination event results in an integration of the entire

targeting vector.
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positive selectable marker is necessary because it allows isolation of cells that

have incorporated the targeting vector into the genome'

The targeting vector commonly used in gene targeting can be classified

into two types, replacement type and insertion type (Fig. 1-2). They differ in

configuration. After homologous recombination has occurred, they yield

different integration Products.

The targeting efficiency is greatly influenced by several factors including

the length of homology. The targeting efficiency is defined as a PorPortion of

transformed cells which have integrated the targeting construct by homologous

recombination. The homology between the targeting vector and the

chromosomal locus is critical to high targeting efficiency. Therefore it is

important to construct the targeting vector from isogenic DNA derived either

from ES cells or the mouse strain from which they were derived. van Deursen

and Weiringa (L992) have demonstrated that targeting efficiency of the creatine

kinase M gene using isogenic DNA vector is 25-fold more efficient than that

using non-isogenic DNA.

1.6.4 Enrichment Pnocedu¡e

The majority of integration events are random. Several approaches have

been used to enrich for homologous integration events. Mansour et aI. (1988)

used positive/negative selection (PNS) to target t}:re hprt and int-2 genes. Their

construct included homologous DNA and a neor expression cassette to allow

positive selection of cells that had integrated the vector. External to the targeting

homology, a¡ herpes simplex virus-thymidine kinase (HSV-úk) cassette was

added which was lost during homologous recombination. Cells which had

integrated the HSV-úk cassette were killed using purine analogues such as

acyclovir or gancyclovir. Mansour et al., (1988) and Thomas and Capecchi (1990)

have shown that they can obtain as much as 1000-fold or greater enrichment for
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homologous recombination with PNS. Although similar levels of enrichment

have not been observed by other investigators (Mann et al., \993), it is clear that

pNS significantly enhances the selection process and the chances of finding

targeting events at some loci (]ohnson et al., L989; DeChiara et a1.,1990).

Other approaches that lower the background of non-homologous

integration use targeting vectors containing a positive selectable marker that lack

either a promoter or a polyadenylation signal. These selectable markers are

expressed only after homologous recombination or if randomly integrated into

another gene in an appropriate fashion. Although transcription of the targeted

locus in ES cells is required for this approach to succeed, very low levels of

transcription seem to be sufficient ([eannotte et al., L99t). Polyadenylation signal-

less markers (foyner et al., 1989) require integration close to a genomic

polyadenylation signal to stabilise the transcript sufficiently to confer antibiotic

resistance. These approaches have been used successfully to enrich of about 5 to

100-fold for targeted clones (Schwartzb erg et al., L990; Donehower et aI., L992).

1.5.5 Scneening assays for homologous recombinants

(i) Pofr¡merase Chain Reaction

Unique DNA regions generated by homologous recombination can be

detected by polymerase chain reaction (PCR) (Saiki et a1.,1985). PCR has been

used to screen a population or a pool of ES cell clones and detect the ES cells in

which the targeting events occurred (Zimmer and Gruss,1989; ]oyner et a1.,1989).

The advantage of PCR is its sensitivity. Kim and Smithies (1988) reported

identification of homologous recombination events in as few as L in a

background of 10,000 nontargeted ES cells. The result obtained by PCR is not

conclusive. Homologous recombinants identified by PCR are require

confirmation by Southern analysis for correct integration.
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(ü) Southern analYsis

Southern blotting (Southern, Ig75\ can be used to detect a restriction

enzyme digestion pattern characteristic of the modified genotype. This technique

is suitable for the detection of single copy sequences and can therefore be used to

screen clones. An example of Southern analysis is showed in Fig. 1'-3. The probe

used for the primary screening should be to a region external to the targeting

vector to avoid detecting random integration events. Homologous recombinants

identified in the primary screen can be further characterised using different

enzyme digestions and probes. Complete characterisation of the 5' end and

3' end of the targeted locus will eliminate the possibility of incomplete

homologous recombination or "pick-up" events. This involves a strand

exchange of the vector with the target in the vector picking uP some sequences

which flank the target sequence. Subsequently, the vector dissociates from the

target and may integrated at a random location to generate a partial third allele

(Adair et a1.,1989). This will be discussed more fully in chapter 4.

1.6.6 SurnrnarJf

Gene targeting can be achieved in ES cells, via a number of strategies. The

frequency of homologous recombination reported has been as high as 33o/"

(te Riele et al., L9g2). Many kinds of change, to any gene in a genome can be

introduced., and mouse with specific, predetermined genetic alterations can be

produced. At present, this technology has an important application in basic

research. Several animal models have been generated for investigating the

biological functions of a number of Senes involved in cell growth,

differentiation, development and human genetic disorders (reviewed by

Zimmet, t992; Capecchi, L994)-
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Figute 1-3

An example of Southern analysis for detection of homologous recombination

events in ES cells

The replacement type targeting vector is shown at the top. Exons are boxed

and numbered. The black box represents a positive selectable marker. The probes

used in Southern analysis are shown in striped boxes. Probes A and C are

external probes that do not contain any sequence within the targeting vector and

can be used for the primary screening. Probe B is an internal probe containing

the sequence Plesent in the vector.

After homologous recombination, the endogenous gene is replaced with

the corresponding sequence derived from the targeting vector. In this example

Eco RI can be used to detect the mutated allele, which will have a smaller

hybridising fragment when using an external probe for the primary screening.

The targeted ES cell clones isolated by the initial screening require verification by

several restriction enzyme digests and probing with the internal probe to

determine the number of integration sites of the vector within the genome.
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1.6 Aims of thesis

Work in this laboratory has focused on studies of histone genes, in

particular histone variants If1A.Z and H5. The cDNA of chicken histone FI2A.F

was initially isolated and characterised in this laboratory. The functional

significance of this histone variant is still unclear. Recent studies indicate an

essential role of this variant during Drosophilø development. However, the

biological role of this protein has not been established.

Histone lÉif2L.Z gene "knock-out" in mouse embryonic stem cells was used

in these studies with an aim to create ES cell lines, and animals, lacking,H2[.Z,

allowing a functional investigation of this gene in uitro and in oioo.

The gene coding for mouse histone }JÌA.Z had not been cloned. Therefore

the initiat aim was to isolate and characterise the mouse histone FI1A.Z gene.

Once the fl2A.Z genomic clone was obtained, the second aim was to create

homozygous null mutant ES cell lines and animals by gene targeting.
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2.1 Abbreviations

Abbreviations are as described in "Instructions to authors" (L994)

Biochem. 1.297, t-L1. In addition:

A*"* absorbance ât xxx nm

APS ammonium PersulPhate

BCIG 5-bromo-4-ciloro-3-indolyl-B-D-galactoside

bisacrylamide N, N'-methylene-bisacrylamide

BRL Buffalo rat liver cell

BRL-CM Buffalo rat liver cell conditioned medium

CAPS 3-(cyclohexylamino)-1-propanesulphonic acid

DEPC diethYlPYrocarbonate

DMEM Dulbecco's modified Eagle's medium

DMF dimethYlformamide

DMSO dimethYlsulfoxide

DTE dithioerYthritol

DTT dithiothreitol

EDTA ethylenediaminetetra-acetate

EGTA ethyleneglycol bis(amino-ethyl ether)tetra-acetate

ES cells embrYonic stem cells

FBS foetal bovine serum

FIAU 2'-fluoro-5'-iodo-L-p-D-arabinofuranosyluracil

G418 geneticinrM, Gibco

FIPLC High performance liquid chromatography

IPTG isopropyl-Þ-D-thio-galactopyranoside

Uf leukaemia inhibitorY factor

MT PBS mouse tonicity phosphate-buffered saline

NBT nitro blue tetrazolium

PBS PhosPhate-buffered saline
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PEG

Pfu

PSB

RSP

TEMED

TMACI

USP

polyethylene glycol

plaque forming unit

phage storage buffer

reverse sequencing primer

N, N, N', N'-tetramethylethylenediamine

tetra methyl ammonium chloride

universal sequencing primer

2.2 Materials

2.2.1 General neagents and materiafs

Reagents used were generally of analytical reagent grade, or the highest

available purity. Chemicals were obtained from a number of suppliers, the

sources of the more important materials are listed below:

acrylamide, agarose (type I), ampicillin, BCIG, dNTPs, DTT, DTE,

EDTA, IPTG, PEG 6000, salmon sPerm DNA, SDS and

spermidine: Sigma Chemical Co.

bisacrylamide, low melting point agarose, mix bed ion exchange

resin AG 50L-X8 (D), TEMED and Zeta-Probe blotting

membrane : Bio-Rad Laboratories

CsCl: Boehringer Mannheim

dextran sulfate, Sepharose CL-68: Pharmacia

GeneScre€flrM, PlaqueScreenrM : New England Nuclear

Immobilon-P: MilliPore

methanol (I{PLC grade) : Waters Associates Pty. Ltd

TMACI: Aldrich

urea (ultra-pure): Merck
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2.2.2 Reagents for cell culture

The sources of the chemicals and reagents are as follows:

DMEM (cat. No 430-2L00), Dulbecco's PBS (without Ca2+ and Mg2+),

FBS, G4LB Sulfate, Trypsin-EDTA: Gibco

EGTA, gelatin, nonessential amino acid, mitomycin C: Sigma

Chemical Co.

FIAU; Bristol-Myers Squibb

gentamycin: Delta West

hygromycin B: Calbiochem

LIF @SGROTM) : Amrad (Australia)

2.2.3 Kits

Erase-a-base kit Promega

Geneclean kit: Bio 10L

Megaprime DNA labelling system kit Amersham

Sequencing kit Bresatec, United States Biochemical Corporation

2.2.4 Enz5rmes

Enzymes were obtained from the following sources:

Calf intestinal phosphatase: Sigma, Boehringer Mannheim

E. coli DNase I: Worthington Biochemical Corporation

E. coli DNA-polymerase I, Klenow fragment: Bresatec

Proteinase K: Boehringer Mannheim

Restriction Endonucleases: Boehringer Mannheim,

New England Biolabs,

Pharmacia and Bresatec

Ribonuclease A: Sigma

Tøq DNA polymerase: Cetus Corporation

T4 DNA ligase: Boehringer Mannheim, Bresatec
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T4 DNA polynucleotide kinase: Bresatec

2.2.6 Radiochernicals

6¡32p-¿¡1p (specific activity,3000 Cilmmole),132P-dATP (specific activity,

4000 Cilmmole) and ü-3sS-dATP (specific activity, 1500 Cilmmole) were

purchased from Bresatec.

2.2.6 Bacterial strains

Escherichia coli :

|M101: supE, thi, A (Iac-pro AB), ÍF' tacflZnMrll, traD36, proAB J (Messing,

LeTe)

8D8799: hsds,metBT, supE, r6lnY)44, supF, (tyrT)59, L(løcZ)M1S, rk-, hk-

(gift from Dr. S. Clarke, Biotechnology Australia)

DHScr: supE44, AtøclJL69 (ø80 lacZ ML5), hsdRL7, tecAl, endAL, gyrA96

thi-L, relAL (Sambrook et al., L989)

L8392: F supE44, supFlï, hsdRSL  (ryi mr-),lacYt ot L(lacIZY)6, gø1K2,

gaIT22, metVI, trpR11, À- (Sambrook ¿ú ø1.' 1989)

BL2I: (DE3)pLysS, F-, ompT, hsdss(rs- , ms-) (Studier et a1.,1990)

2.2.7 Mouse genomic DNA libraries

(i) Mouse genomic library I (lambda Charon 4A):

a gift from E. Webb (The Walter and Eliza Hall Institute of Medical Research

(WEHI), Melbourne, Australia), was prepared from DNA isolated from BALB/c

mouse embryos. Partially Eco Rl-digested DNA fragments were cloned into

lambda Charon 4A vector.

(ii) Mouse genomic library tr (lambda EMBL3 SP6/T7):

a gift from A.Dunn (Ludwig Institute for Cancer Research, Melbourne,

Australia), was prepared from BALB/c adult mouse liver. Partially Snu 3A'
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digested DNA fragments were cloned into Bam Hl-digested lambda EMBL3

SP6/T7 vector.

(iii) Mouse genomic librafy m (lambda Fix IIrM. from stratagene):

a gift from R. Harvey (WEHI, Australia), was prepared from DNA isolated from

D3 embryonic stem cells (derived from 129/Sv mouse).

2.2.8 fissue culture cell Lines

(i) Mouse embryonic stem cell line E14 (derived from t29/Ola mouse)

was kindly provided by A. Michalska with permission from M. Hooper

(Department of Pathology, Universif of Medical School, Edinburgh, UK).

(ii) G418-resistant STO cells (Transformed mouse embryonic fibroblast

cell line) (E. Robertson, Columbia Universit/, New York) were kindly provided

by R. Harvey, WEHI, Australia.

(iií) Hygromycin-resistant STO cells (L. Robb, WEHI, Australia) were

kindly provided by R.Harvey, WEHI, Australia.

(iv) Buffalo rat liver cell line (BRL=34, ATCC No. CRL 1442)

2.2.9 Bacterial gnowth media

Bacterial growth media were prepared with distilled and deionised water

and sterilised by autoclaving, except heat labile reagents, which were filter

sterilised.

All bacteria, except E. coli JM101, were grown in L-broth or L-agar plates.

E. coti JM101 was grown in minimal medium, 2xYT broth and on minimal plus

glucose plates. Ampicillin (50-100 pglml) was added where required for

selection.

L-broth (Luria broth): L"/" (w/v) amine A
05% (w /v) yeast extract

1% (w /v) NaCl, pFJ7.0.

L-agar plates: L-broth
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LMN-broth:

LMN-agarose:

Minimal medium:

Minimal plate:

2xYT broth:

L.5% (w /v) bacto-agar.

L-broth

0.2% (w /v) maltose

10 mM MgSO¿.

LMN-broth
01% (w/v) agarose.

2.L"/o (w /v) K2HPOa

0.9% (w /v) KH2POa

0.2% (w /v) NHdzSO¿
0.L% (w /v) tri-sodium citrate.

Minimal medium
0.4% (w /v) glucose

0.0001% (w/v) thiamine

t.S"/o (w /v) bacto-agar.

t.6% (w /v) bacto-tryptone

t% (w /v) yeast extract

0.5% (w /v) NaCl, pH7.0.

2.2.10 Tissue culture media

Incomplete ES medium: DMEM

3.7% sodium bicarbonate

50 pglml gentamycin

100 ¡rM p-mercaptoethanol

Complete ES medium: 85% Incomplete ES medium

15% FBS

1000 U/ml LIF

2xFreezing medium: 80% FBS

20% DMSO

BRL-CM: BRL-34 was cultured in incomplete ES media until confluence.

The conditioned medium was collected every 3 days and cell debris was removed

by filtration. Fresh complete ES medium was added to the conditioned medium

at the dilution of 2:3 before use with ES cells.
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2.2.LL Bu-ffers

Commonly used buffers were:

PBS:

PSB

SSC:

TAE:

TBE:

TE:

Acrylamide load buffer:

Agarose gel-loading buffer:

Formamide load buffer:

RNA load buffer:

7.5 mM NazHPO¿

2.5 mM NaHzPO¿.ZWO

145 mM NaCl

10 mM Tris-HCl pH7.a
1.0 mM NaCl

10 mM MgClz

150 mM NaCl

L5 mM sodium citrate

40 mM Tris-acetate pH 8.2

L mM EDTA

50 mM Tris-borate pH 8.3

L mM EDTA

10 mM Tris-HCl pH 8.0

1 mM EDTA

50% (v/v) glycerol

50 mM Tris-HCl p}I7.4
5 mM EDTA

O.L"/o (w/v) Bromophenol blue

0.1% (w /v) Xylene cyanol

30% (v /v) glycerol

0.25o/" (w/v) bromphenol blue

0.25% (w/v) Xylene cyanol FF

80% (v /v) formamide

250 mM EDTA

0.1"/" (w /v) Bromophenol blue

0.1% (w/v) Xylene cyanol

50% (v/v) glycerol

1. mM EDTA

0.L% (w/v) Bromophenol blue

10% (v /v) glycerol

375 mM Tris-HCl pH 8.8

5% (w/v) SDS

2 x SDS load buffer:
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0.L% (w /v) Bromophenol blue

5% (v /v) B-mercaptoethanol
(added just prior to use)

2.2.12 Cloning vectors

pBluescript KS+, pBluescript SK+ (Stratagene), pUC19 (Yanisch-Perron

et al, 1985) and M13mp18, M13mp19 (Yanisch-Perron et ø1, 1985): gift from

A. Robins (Department of Biochemistry, University of Adelaide, Adelaide,

Australia).

pTZIgF.: Pharmacia

2.2.13 Recombinant DNA clones

(i) pBSL4-2.9 (Wait, Hons. thesis 1990)

(ii) pBSLT-3 (Wait, Hons. thesis 1990)

(iii) pgkHYG (te Riele et a1.,1990): a gift from H. te Riele (Division of

Molecular Genetics of the Netherlands Cancer Institute,

Amsterdams, The Netherlands).

(iv) pgkNEOpA: a gift from R Harvey (WEHI, Australia).

(v) pgkTKpA: a gift from R. Harvey (WEHI, Australia).

(vi) pET8.H3 (TZ expression plasmid): a gift from R. Sturm'

(vii) pHlo (Mouse histone HLo genomic clone, Breuer et a1,,1989): a gíft

from A. Alonso (Deutsches Krebsforschungszentrum, Institute of

Expe rimental Patho logy, Heidelber g, Germany).

2.2.L4 Molecular size markers

(i) DNA markers

DMW-SI: Eco Rl-digested sPPl phage DNA (0.38-7.U kb), Bresatec

DMW-PI: HpaÍI-digested pUC19 DNA (26-502bp), Bresatec

DMW-LL: Hindfr-digested )t DNA (0.56-23 kb), Bresatec

DMW-MI: Hi-Lo mixed DNA markers (0.L3-23 kb), Bresatec

31



Chøpter 2 Moterials and Metlwds

(ii) Protein markers

Prestained protein molecular weight standards, low range

(3000-43000 daltons): BRL

2.2.L6 Oligonucleotides

All oligonucleotides were synthesised by Bresatec using an Applied

Biosystems Model 3g0B DNA synthesiser. The sequence of the oligonucleotides

used in this work are as follows:

RSP: 5' dAACAGCTATGACCATG 3'

USP: 5' dGTAtuL{CGACC'CCCAGT 3'

PllZl: 5' dTGGATTCTCTGATAAACCTACC 3'

PIfZ2: 5' dTGTC'GATGTGTGC'GATGACAC 3'

PTIZæq1': 5' dCGGAGAAGATAGAATTAC 3'

PIlZæq2: 5' 3'

dGTTAAGATAAGATGTGCG 3

dCCCCATGGCTGGCGGTAAGGCT 3'

dAAAAGCTTfuL\CAGTCTTCTGTTG 3'

dTCTCCCTGGATATCAGCCACGATCA 3'

dCGTAC'GGTTCTAGAGGTATTGCCTA 3'

dGCGCCACCATCTGTAGTCGACGAATTCCG

PFIZseq3:

PHZ.Nco:

PTfZ.Hd:

H1o/RV:

Hl0lXb:

I{to/9bp:

5'

5'

5'

5'

5'

5'

J

2.3 DNA Methods

2.3.L Isolation and purification of plasmid DNA

plasmid DNA was isolated by the alkaline lysis method as described by

sambrook et aI. (1989). Plasmid DNA was purified by cscl gradient
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ultracentrifugation.

A single bacterial colony containing the plasmid of interest was picked in

S0 ml of L-broth plus appropriate antibiotic and gtown overnight at 37oC with

vigorous shaking. The cells were collected by centrifugation at 5,000 rpm

(Sorvall, HB-4 rotor) for L0 minutes at 4oC. The cell pellet was resuspended in

3 ml of 50 mM Glucose, 25 mM Tris-HCI pH 8.0, L0 mM EDTA pH8.0 and kept on

ice for 5 minutes. The suspension was mixed with 6 ml of freshly prepared

0.2 N NaOH/1% (w/v) SDS and kept on ice for 10 minutes then 4.5 ml of 3 M

potassium acetate was added and the mixture was kept on ice for a further 20

minutes. The chromosomal DNA and cellular debris were removed by

centrifugation at 12,000 rpm (Sorvall, HB-4 rotor) for 15 minutes at 4oC. The

supernatant was collected and DNA was precipitated by adding 8 ml of ice cold

isopropanol, and spinning at L2,000 rpm (Sorvall, HB-4 rotor) for 15 minutes.

The DNA pellet was resuspended in 1.38 ml TE buffer, and added to l'.5 g CsCl in

a 10 ml tube. After the CsCl was dissolved, L20 ml of 10 mglml ethidium

bromide was added to give a total volume of 2.2 ml which was placed in a small

Beckman TL-L00 heat sealable tube. The sample was then centrifuged at 80000

rpm for 16 hours at 20oC in a Beckman TL-100 centrifuge'

The lower band in the CsCt gradient containing supercoiled plasmid DNA

was removed from the tube using a needle and syringe. To remove ethidium

bromide, one volume of water-saturated butanol was added, mixed, and the top

layer discarded. This step was repeated three times. One volume of water, and

three volumes of nuclease-free ethanol were then added, and the DNA

precipitated. The DNA was pelleted by centrifugation for 5 minutes in a

microfuge. The DNA pellet was washed with 70% (v/v) nuclease-free ethanol,

the purified DNA was then resuspended in 0.5 ml TE buffer, and stored at -20oC.
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2.3.2 Isolation of Phage DNA

Approximately 10s Î, phage were absorbed to 500 pl of an overnight culture

of E. coli strain LE31Z at 37oC Íor 20 minutes. This was added to 50 ml LMM-

broth and incubated overnight at 37oC with shaking. Cells were removed by

centrifugation (Sorvall, SS-34 rotor; 5,000 rPm for 5 minutes), and the

supernatant treated with 50 pg crude DNase I, and L00 ¡tg Ribonuclease A at

room temperature for 30 minutes. The suspension was then sPun (SS-34 rotor;

18,000 rpm for 15 minutes), and the supernatant collected. The phage were

petleted by centrifugation (SS-34 rotor; 20,000 rpm for 3 hours), and resuspended

in 0.L M Tris-HCI pH 8.0, 0.3 M NaCl and 0.2% (w/v) SDS. Proteinase K (200 pg)

was added, and the sample incubated at 37oC for 30 minutes. This was then

extracted with phenol/chloroform three times before the DNA was Precipitated

with ethanol and resuspended in 100 pl of TE. The yield of DNA from this

method was approximately 50-100 [rB, and the DNA was sufficiently clean for

restriction enzyme digestion.

2.3.3 Isolation of mouse genornic DNA

(i) Isolation of genomic DNA from tissue samples

A tissue sample was cut into a small pieces and placed in liquid nitrogen

before grinding to a powder. The powdered tissue was gradually added into a

tube containing ten volumes of extraction buffer (10 mM Tris-HCl pH 8.0,

j.00 mM EDTA, 0.5"/" (w/v) SDS and 20 tLg/ril pancreatic RNase) and the solution

was mixed thoroughly. Proteinase K was added to a final concentration of

100 pglml and the viscous solution was incubated at 37oC fot 12'16 hours. The

solution was gently extracted twice with an equal volume of phenol/chloroform,

once with an equal volume of chloroform before ethanol precipitation using

0.2 volume of L0 M ammonium acetate and 2 volumes of nuclease-free ethanol.

The DNA pellet was collected after centrifugation at 10,000 rpm (Sorvall, SS-34
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rotor) for 10 minutes. The peltet was washed twice with 70"/" efh;anol and

resuspended in TE buffer. The DNA concentration was determined by UV

spectrophotometry at a wavelength of 260 nm. The DNA was kePt at 4oC or at

-20oC for long term storage.

(ü) Isolation of genomic DNA from mouse tail biopsy

Tail fragments were placed in Eppendorf tubes and 500 pI of tail buffer

(50 mM Tris-HCl pH 7.5,5 mM EDTA, 150 mM NaCl, 1% SDS, 200 pg/m\

proteinase K) was added. After incubation at 55oC f.or t2-t6 hours, the solution

was extracted once with 500 pl of phenol/chloroform and once with 500 pl of

chloroform. The DNA was then precipitated by the addition of 0.1 volume of

4 M NaCl and 2 volumes of cold nuclease-free ethanol. The DNA pellet was

obtained by centrifugation and washed with 70o/o ethanol and dissolved in an

appropriate volume of TE buffer depending on the pellet size. Genomic DNA

isolated using this protocol was pure enough to be digested with restriction

enzymes and the amount of DNA obtained varied from 40-50 pg.

(üi) Isotation of genomic DNA fiom tissue culture cells

Cells attached to tissue culture dishes were washed twice with PBS and 200

pl of extractionbuffer (10 mM Tris-HCt pFI7.5,1' mM EDTA, 100 mM NaCl, 1%

SDS, 500 ¡rglml Proteinase K) was added. After incubation at 37oC for \2-16

hours, the solution was transferred to an Eppendorf tube containing 200 pl of 10

mM Tris-HCL pH7.5,1 mM EDTA and 100 mM NaCl, and then extracted with 400

¡rl of phenol/chloroform. The DNA was precipitated by the addition of

0.L volume of. 4 M NaCl and 2 volumes of cold nuclease-free ethanol. The DNA

pellet was obtained by centrifugation and washed with 70% ethanol before being

d.issolved in an appropriate volume of TE buffer depending on the pellet size.

Genomic DNA isolated using this protocol was pure enough to be digested with
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restriction enzymes and the amount of DNA obtained from each clone varied

from 20-30 pg Per 1.5 cm. diameter well.

2.3.4 Restriction enz5me digestion of plasmid and phage DNA

Restriction endonuclease digestions were performed using the conditions

recommended by the supplier for each enzyme.

Analytical digest was perform in 20 pl containing 0.5-1.0 pg of DNA and 2-5

units of enzyme for t hour. The reaction was stopped by the addition of 4 pI of

agarose gel loading buffer and electrophoresed through an agarose gel.

preparative digests were performed in 100 ¡rl reactions containing 2'L0 ¡tg

DNA and 8-L5 units of enzyme. After at least an hour of incubation the reaction

was stopped by phenol/chloroform extraction and DNA was recovered by

ethanol precipitation. The DNA was then resuspended in appropriate volume of

TE buffer.

2.3.6 Agarose gel electrophoresis of phage a¡d plasmid DNA

Agarose was dissolved in TAE to the final concentration required

(O.Z-g.0%), and poured in appropriate gel mould for horizontal gels. For

restriction enzyme analysis, 75 mm x 55 mm gels were used. For large scale

preparation of DNA fragment, 75 mm x 150 mm gels were used. TAE was used

as a running buffer and a current of 70-L20 mA was applied to the gels. DNA in

TE buffer was mixed with 1/6 volume of agarose gel toading buffer before loading

onto the gel. After electrophoresis, the DNA was visualised under UV light after

staining with 0.5 pglml ethidium bromide and photographed.

2.3.6 Isolation of DNA fragment from agarose gel

DNA samples were localised on agarose by illumination under long wave

length UV light (365 nm) after staining with 0.5 pglml ethidium bromide. The
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gel slice containing the required fragment was excised. DNA was recovered by

either of the following methods:

(i) DNA was recovered from an agarose gel slice using the protocol and

solutions provided by Bio L01 and based on the method of Vogelstein and

Gillespie (L979). The agarose gel slice containing the required fragment was

excised from the gel, placed into an Eppendorf tube and 3 volumes of 6 M NaI

solution was added. The agarose was dissolved by incubating at 50oC for

S minutes. A 5 pl aliquot of Glassmilk solution (containing a silica matrix

suspension) was added and incubated on ice for 10 minutes to allow the DNA to

bind. The Glassmilk/DNA complex was pelleted by centrifugation for 5 seconds

and the supernatant discarded. The pellet was washed three times with 500 ml of

a wash buffer containing NaCl and ethanol to remove all traces of NaI. The final

pellet was resuspended in a small volume of water and incubated at 50oC for

5 minutes. After spinning lor 2 minutes the supernatant containing the DNA

was transferred to another tube. This method was used to isolated DNA

fragments larger than 300 bp since the recovery of DNA smaller than this was

very low.

(ii) DNA was recovered from a low melting point agarose gel. The gel

slice containing the required fragment was excised from the gel, placed into an

Eppendorf tube and an equal volume of TE buffer was added. The agarose was

melted at 65oC for 10 minutes. DNA was recovered by one phenol extraction,

one phenol/chloroform extraction, followed by ethanol precipitation of the

aqueous layer.

2.3.7 Polyacrylamide gel electrophoresis

Etectrophoresis of oligonucleotides was carried out on L0%-20% (w/v)

polyacrylamide/bis-acrylamide (30:1), which had been deionised with mixed bed

ion exchange resin. The acrylamide was polymerised in 1 x TBE buffer by the
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addition of 0.Lo/o (w/v) APS, and 0.1% (v /v) TEMED. The gel (14 cm x L4 cm x 0.5

mm) was pre-electrophoresed for 30 minutes at 400 V prior to loading. A quarter

volume of acrylamide load buffer was added to the samPles which were directly

loaded into gel slots approximately 1. cm wide. All acrylamide gels were

electrophoresed at 400 Volts. DNA was visualised under UV light (254 nm) after

ethidium bromide staining, or by autoradiography if the DNA was radioactively

labelled.

2.3.8 Labelting of DNA fragments

(i) End-labelling of s¡rnthetic oHgonucleotides

Oligonucleotides were 5' end-labelled with T4 polynucleotide kinase and

T-32p-Atp. Usually 50-100 ng of synthetic oligonucleotide was labelled in a L0 pl

reaction mixture containing 50 mM T¡is-HCl pH 7.5,10 mM MgC12, 5 mM DTT,

S0 ¡rCi of y32p-4* and 1 unit of enzyme. The reaction mixture was incubated at

gToC for 30 minutes, then 5 pl of acrylamide loading buffer was added and the

mixture loaded onto a 10%-20% (w/v) polyacrylamide gel for purification. The

band corresponding to the labetled oligonucleotide was located by

autoradiography for L minute, excised using a scalpel blade, and eluted by

incubation at 37oC overnight in 400 pl of TE buffer.

ü) Ofigo-labelling of DNA fragments

Oligo-labelling of DNA fragments was performed using an Amersham

Megaprime DNA labelling kit according to the manufacturer' s instructions.

This protocol is based on a method described by Feinberg and Vogelstein (1983).

2.3.9 Southern tra¡rsfer and hybridisation of DNA on GeneScneen

plasmid and phage DNA fragments fractionated by agarose gel

electrophoresis were transferred to GeneScreen membranes by a modified
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method of Southern (1.975). Gels were presoaked in 0.6 M NaCl,0.2 M NaOH and

then washed twice in 25 mM sodium phosphate solution pH 6.5. Trarrsfer of the

DNA from the gel to the membrane occurred in 25 mM sodium phosphate

solution pH 6.5 solution for a minimum of 4 hours. After transfer, the filter was

baked in a vacuum oven at 80oC for at least 2 hours.

Membranes were prehybridised at 42oC for at least 4 hours in a solution

containing 40"/" (v/v) formamide, t0"/" Dextran sulfate, t% (w/v) SDS, 50

Tris-HCl pH7.4,1 M NaCl,5 x Denhardt's, 100 ml/ml denature sonicated salmon

sperm DNA. Heat denatured probe was added and allowed to hybridise for t6'24

hours at 42oC. Membranes were washed at a stringency aPPropriate for the probe

in use. Usually filters were washed in 2 x SSC/O.L"/" (w/v) SDS at room

temperature for L5 minutes and then in 0.2xSSf/0.1% (w/v) SDS at 65oC for an

additional 30-60 minutes depending on the signal. The filters were then

autoradiographed at -80oC with a tungsten intensifying screen. If filters were to be

reprobed, they were stripped by boiling in 0.5% (w /v) SDS for 10 minutes before

being probed again.

2.3.10 Southern analysis of mouse genornic DNA

Generally mouse genomic DNA (7-L0 pg) was restriction enzyme digested

in a 200 pl reaction mixture containing 33 mM Tris-acetate pH 7.8, 62.5 mM

potassium acetate, L0 mM magnesium acetate, 4 mM spermidine and 0.5 mM

DTE. The amount of enzyme added in the reaction was usually in five to ten

fold excess to allow complete digestion. The reaction was incubated for t2-16

hours at the temperature recoûunended by the supplier. After the digestion was

completed, the DNA was ethanol precipitated, washed with 70"/" ethanol and

then redissolved in L7 pl TE buffer.

For electrophoresis, the digested-DNA in TE buffer (17 pt) was mixed with

3 ¡rl agarose gel loading buffer and loaded onto a 0.7%-t% agarose gel (190 nun x
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L40 mm x 5 mm). TAE was used as a running buffer and the gel was run at 25-45

volts for 76-20 hours at room temperature. After electrophoresis, the DNA was

visualised under UV light after staining with 0.5 pglml ethidium bromide and

the photograph was taken.

Genomic DNA fragments in agarose gel were transferred to Zeta-Probe

membranes by the alkatine blotting procedure described by Chomczynski and

Qasba (L9U), as modified by Reed and Mann (1985), using an LKB 201.6 VacuGene

vacuum blotting apparatus. Gels were placed on the apparatus, covered with

0.25 M HCI for 8 minutes under 40 cm/H2-O pressure. The acid solution was

removed, and the gel washed with distilled water. The gel was then covered

with 0.4 M NaOH solution, and the transfer continued for 90 minutes at 40

cm/HzO pressure. Filters were washed in 2 x SSC for 5 minutes and left air dry at

room temperature.

Filters were prehybridised at 65oC for 5 minutes in a solution containing,

0.25 M Na2HPOa pIJr7.2,1 mM EDTA, t0% (w/v) PEG 6000, 7% (w/v) SDS, and

L00 pg/ml denatured sonicated salmon sperm DNA. Heat-denatured probes

were added, and allowed to hybridise for t2-L6 hotus at 65oC. Filters were washed

in 40 mM Na2HPOa pH 7.2,L mM EDTA,5"/o (w/v) SDS,65oC for 30-60 minutes

and then in 40 mM Na2HPOa pH 7.2, L mM EDTA , 7"/" (w /v) SDS, 65oC for 30-45

minutes depending on the signal. The filters were then autoradiographed.

If filters were to be reprobed, they were first stripped by washing twice in a large

volume of 0.1 x SSC, 0.5% (w /v) SDS at 95oC for 40 minutes. They were checked

by overnight exposure before being reprobed.

2.3.1f Screening of mouse genornic l, libraries

A culture of E. coliLB392 was grown overnight in LMM-broth. An aliquot

representing 5 x 10a pfu from the l,library was mixed with 300 pl of the overnight

culture for 20 minutes at37oC before 10 ml of LMM-agarose was added and the

40



Clupter 2 Mqteríals and Metlwds

sample plated onto 15 cm L-agar plates. Twenty plates were screened to cover the

total genome. The plates were incubated at 37oC for 8-1.0 hours or until almost a

confluent plate of lysis was obtained, and then cooled at 4oC before the phage

were lifted in duplicate onto PlaqueScreen filters. The phage were lysed by a 2

minute treatment in an autoclave set at 1.05oC and the DNA baked onto the

filters for 2 hours at 80oC. Filters were prehybridised at 42oC for at least 4 hours in

a solution containing 50% (v/v) deionised formamide, 10"/" (w/v) dextran

sulfate, t.}Y" (w/v) SDS,50 mM Tris-HCl pH7.4,1M NaCl,5 x Denhardt's and

100 pglml denatured sonicated salmon sperm DNA. The prehybridisation

solution was removed and was replaced by the same solution plus the heat-

denatured probes. The fitters were hybridised for L2-t6 hours at 42oC. Filters

were washed at a stringency appropriate for the probe in use. Usually filters were

washed in 2 x SK./0.L% (w/v) SDS at room temperature for 30 minutes and then

in 0.2 x SSC/0.1"/" (w/v) SDS at 65oC for an additional 30-60 minutes depending

on the signal. The filters were then autoradiographed at -80oC with a tungsten

intensifying screen.

2.3.L2 Subcloning of restriction fragments into plasmid vectors

(i) Preparation of plasmid vectors

Plasmid DNA was digested with the appropriate restriction enzyme(s),

then dephosphorylated with calf intestinat phosphatase in a 100 pl reaction

mixture containing 50 mM Tris-HCl pH 8.5, 0.1 mM EDTA and 1.0 unit of

enzyme. After incubation at 37oC for one hour, the linearised, dephosphorylated

vector was purified from uncut vector by running the DNA on a 0.8%'L.2"/" low

melting point agarose gel in TAE buffer. The vector DNA was recovered from

the gel slice as previously described (2.3.6).
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(ü) Preparation of DNA nestriction fragments

The cloned DNA was digested with the appropriate restriction enzyme(s)

and electrophoresed on agarose gel or low melting point agarose gel. Restriction

fragments were isolated as previously described (2'3'6)'

(ru,

ligation

End.filling of vectors and DNA fragments for blunt end

Digested-DNA with protruding 5' termini was end-filled with 1 unit of

DNA polymerase I, Klenow fragment in 10 mM Tris-HCl pH 7.5,50 mM NaCl,

10 mM MgClz, 1 mM DTT, 100 mM of each dNTP at 37oC for 30 minutes- After

this time, DNA was loaded onto an agarose gel and isolated as described (2.3.6).

(iv) Ligation into ptasmid vectorÉ¡

Generally the DNA fragment and appropriate vector were ligated in

a molar ratio of 3:1 respectively, in a 20 pl reaction containing 20 ng of vector,

50 mM Tris-HCl p:H7.5,10 mM MgClz, 1mM DTT, 0.5 mM ATP,5% PEG 6000 and

L unit of T4 DNA ligase. The reactions were incubated for 4-L6 hours at 4oC.

(v) Tfansformation of plasmid recombina¡rts into bacteria

E. coli EDBTgg and E. coli DlH.Su, were made competent and transformed

using a modification of the method described by Dagert and Ehrlich (\979).

E. coli ED879g, or E. coli DHtSo,, was grown overnight in L-broth at 37oC

with constant shaking. The cells were subculture d L/L00 (v/v) into fresh L-broth

and grown with shaking at 37oC until an Aeoo of 0.5-0.6 was obtained. The cells

were chilled on ice for L5 minutes and pelleted by centrifugation at 5,000 rpm

(Sorvall, HB-4 rotor) for 5 minutes at 4oC. The cells were gently resuspended in

half the original volume of ice-cold 100 mM MgClz. The cells were pelleted again

by centrifugation and gently resuspended in t/25 volume of ice-cold 100 mM

CaCtz and left on ice for at least 3 hours prior to use'

Usually a quarter of a ligation reaction was mixed with 200 pl of the
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competent cells, and kept on ice for 15 minutes. After heat-shock for 2 minutes

at 4ZoC, the cells were kept on ice for a further 15 minutes and then warmed to

room temperature. L-broth (0.5 ml) was added and the cells incubated at 37oC for

20 minutes. After this time, the cells were gently pelleted, resuspended in 100 pl

of L-broth, and spread directly onto an L-agar plate (with the appropriate

antibiotic). When colour selection was required with E. coli 8D8799, ot E. coli

DHScr cells, L-agar plates (with the appropriate antibiotic) were used with 60 pl of

BCIG (20 mg/ml in DMF) and 40 pl of IPTG (20 mglml) spread directly onto the

su¡face of each plate. The plate was incubated overnight at 37oC.

2.3.13 Subcloning of DNA nestriction fragments into M13 Vectors

(i) Pneparation of M13 replicative fom (R,F)

A singte plaque was picked into 1.5 ml of 2xYT broth containing 40 pl of a

fresh E. colilM10l overnight culture grown in minimal media. This culture was

incubated at 37oC with vigorous aeration for 6 hours and then dispensed into 50

ml of 2xYT broth and grown overnight. The method of isolation of M13 RF from

this culture was the same as that used for the isolation of plasmid DNA (2.3.1).

(ü) Subcloning into M13 vectors

Vector M13 DNA and insert was prepared as described (2.3.t2). Ligations

generally contained 20 ng vector and sufficient insert to give a 3:L molar ratio of

vector to insert.

(iü) Tïa¡rsfomation of necombinant M13 into E. eolí JM!O|

preparation of competent E. coli JM101 cells and transfection of

recombinant M13 was performed as described by Messing (1983).

Competent E. colilMl01 cells were prepared as described (2.3.12 (v)). One

quarter of the ligation reaction was mixed with 200 ttl of the competent cells and

the cells were kept on ice for 20 minutes. After heat-shock at 42oC for 2 minutes,
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the cells were mixed with 3 ml of L-agar (warmed at 42oC) containing 30 pl of

BCIG (20 mg/ml in DMF), 10 pl of IPTG (20 mg/ml in water) and 0.2 ml of a

E. coli JMl0L overnight culture (diluted 1:40 in 2xYT broth), and then plated

directly onto a minimal plus glucose plate. The plate was incubated overnight at

1PC.

(iv) Preparation of single'stranded M13 DNA

M i.3 phage plaques were picked into 2.0 ml of a I:40 dilution of a fresh

E. coli JM101 overnight culture (grown in minimal medium) in 2xYT broth.

After incubation at 37oC with vigorous shaking for 5 hours, L.5 ml of the cultu¡e

was transferred into an Eppendorf tube and centrifuged for 10 minutes in a

microfuge. The supernatant was transferred into an Eppendorf tube containing

200 pl of 2.5 M NaCl, 20% (w /v) PEG 6000 and left at room temperature for

15 minutes. The single-stranded M13 phage particles were obtained as a pellet

after centrifugation for 5 minutes. After removal of the supernatant, the pellet

was resuspended in 200 pl of TE buffer and extracted with phenol/chloroform.

The DNA was recovered by ethanol precipitation, resuspended in 25 pl of

TE buffer and stored frozen at -20oC.

Z.g.l4 Otigonucleotide-directed ín aítro mutagenesis (Zoller and Smith'

1e83)

(i) End-fabelling of the oligonucleotides

The oligonucleotide primers used in mutagenesis reactions were all

end-labelled before use. The end-labelling reaction (in a total volume of 10 ¡tl)

containing 100 ng of oligonucleotide, 50 mM Tris-HCl pH 7.5, L0 mM Iv'{gCL2'

1mM DTT, 1 mM ATP, 1 unit of T4 polynucleotide kinase was incubated at 37oC

for t hour, then heated to 65oC for 1.0 minutes, diluted to 4 ng/Wl and stored at

-200c.
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(ü) Mutagenesis reaction and transformation

The DNA fragment to be mutated was cloned into a M13 vector and

single-stranded DNA was isolated (2.3.13 (iv)). The mutagenesis reaction (in a

total volume of 15 pl) containing 100 ng of single-stranded DNA, 4 ng of kinased

mutagenic primer, 2.5 ng kinased USP, 200 mM NaCl, 10 mM Tris-HCl pH 8.0

and 1.0 mM MgCl2 was heated at 65oC for 5 minutes and was cooled down at

room temperature for 10 minutes to allow annealing to occur. Then 5 pl of 500

mM each dNTP, 5 pt 10 mM ATP, 5 pl 10 mM DTT, 2 units of Klenow enzyme

and L unit of T4 DNA ligase was added. The reaction was incubated at room

temperature for 4 hours and aliquots of 0.5, 1 and 2 pl transformed into

E. coli IM101.

(üi) Screening plaques for mutants

A plate containing approximately 100 welt separated plaques was chosen

for screening. Duplicate nitrocellulose lifts were made by the method of Benton

and Davis (L977). The filters were allowed to dry and baked at 80oC for 2 hours.

The filters were prehybridised at 42oC for 2 hours in a solution containing

0.9 M NaCI, 90 mM Tris-HCl pH 7.5,9 mM EDTA, 05% (v/v) Nonidet P40,

5 x Denhardt's and L00 þg/ml sonicated salmon sPerm DNA. Following

prehybridisation mutagenesis oligonucleotides which have been 32P-labelled by

kinasing (2.9.8 (i)) was added to a concentration of 10 ng/ml and incubation at

42oC overnight.

(iv) Washing frlters qrith TLACI

Mutant were distinguished from the parental plaques by selective washing

in 3M TMACI. In a 3 M solution of this compoundG/C and A/T base pairs have

equal binding energies allowing base independent melting temperatures which

can be estimated from a predetermined melting curve (Wood et a1.,1985).

Following overnight hybridisation at 42oC, filters were rinsed twice in

6 x SSC at room temperature and then once with TMACI solutio4 (3 M TMACI,
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50 mM Tris-HCt pH 8.0, 0.1"/" (w /v) SDS and 2 mM EDTA) at room temperature.

Two 30 minutes washes were then done at the selection temperature determined

from the melting profile presented by Wood et al. (L985). The filters were then

sealed. in plastic bag and autoradiographed overnight. Positive plaques were

picked off the original plate, grown up and sequenced to con-firm the base

changes.

2.8.16 Dideory chain teruination sequencing (Sa¡rget et ø1., 1977)

(i) Sequencing neaction

Sequencing was performed using either single-stranded M13 DNA,

prepared as described (2.3.13 (iv)), or double-stranded plasmid DNA as a template.

plasmid DNA (2 pù dissolved in L3.5 pl of TE buffer was treated with

1.5 pt of Ribonuclease A (10 mglml) at 37oC for 1.5 minutes, then 3.75 pl of 1 M

NaOH/1 mM EDTA was added and incubated at 37oC for L5 minutes. The DNA

was then purified by centrifugation through a Sepharose CL-68 column before

using as a template in sequencing reaction.

Sequencing reaction was performed using a sequencing kit according to the

manufacturers' instructions.

(ü) Sequencing gels

Dideoxy chain-termination sequencing reaction products were

electrophoresed on 6"/o polyacrylamide gel containing 8 M urea and TBE buffer.

The gels used were 20 cm x 20 cm x 0.25 mm and were pre-electrophoresed for 20

minutes before loading the sample. The gels were run in TBE buffer under the

constant current of 20 mA. After electrophoresis was complete the gel was

attached to a sheet of 3 MM Whatman paper and covered with plastic-wrap

before drying on a gel drier for 30 minutes. The dried gels were

autoradiographed overnight at room temperature.
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2.3.16 PolSrmerase ch^a,fur reaction (PCR) analysis (Saiki et ø1.,1985)

pCR was carried out using a Perkin-Elmer/Cetus DNA thermal cycler

(model Oggg-84L2). PCR reactions were performed in a total of 50 pl volume

containing L0 mM Tris-HCl pH 8.3, 50 mM KCl, 0.00L% (w /v) gelatin, 2 mM

MgCl2, 200 UM dNTP's, L00 ng of template DNA, L pg each primer and 1 unit

Taq polymerase. Thirty cycles were performed with denaturation at 95oC for L

minute, annealing for 45 seconds at the temperature aPProPriate for each primer

set and extension f.or 2 minutes at7?oC.

pcR cycles for PFIZ.Nco (2.2.15) and pfIZ.Hd(2.2.L5) are as follows:

cycle 1-10: 95oC for 1 minute,45oC for 1 minute,T2oc for 2 minutes,

cycle i.i.-40: 95oC for 1 minute, S4oC for 1 minute,T2oC for 2 mínutes.

An atiquot (10 pl) of the reaction was analysed by electrophoresis on to/o-

2"/o agarose gel depending on size of the PCR product.

Z.g,L7 Preparation of plasmid DNA for elêctroporation into ES cells

plasmid DNA, prepared by CsCl ultracentrifugation (2.3.L), was digested

with the appropriate enzymes using the conditions recommended by the

supplier. Normally L00-L50 pg DNA was incubated with 150-200 units of

restriction enzyme for at least 5-6 hours in the reaction volume of 400 pl. After

this time an aliquot of the reaction was examined by agarose gel electrophoresis

to ensure that the digestion was completed. The reaction was extracted once with

phenol/chloroform, once with chloroform. The aqueous layer containing DNA

was taken and extracted twice with an equal volume of water'saturated ether in

order to removed traces of phenol and chloroform from the DNA solution.

Traces of ether were removed by heating the DNA solution at 50oC for 30

minutes. The DNA was ethanol precipitated and washed three times wít}:.70%

ethanol before dissolving in appropriate volume of water. Usually DNA was

resuspended to a final concentration of 2 ttg/ttl.
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2.4 RNA Methods

2.4.1 Isolation of total RÀTA from mouse ES cells

Total RNA was extracted from ES cells following the method described by

Edwards et al. (L985). ES cells were harvested by trypsinisation and washed by

centrifugation in PBS. The cell pellet was resuspended in 2 ml of ice-cold

solution containing 30 mM Tris-HCl pH 7.6, 150 mM NaCl, 15 mM MgCl2 and

0.4% Nonidet P40 and the cells were lysed by vigorously mixing. The solution

was kept on ice for 5 minutes and then centrifuged at 3000 rpm (Sorvall, SS-34

rotor) for 20 minutes at 4oC. The supernatant was collected into the tube

containing2 ml of TUNES (10 mM Tris-HCl pH 8.0,7 M urea,350 mM NaCl,

1. mM EDTA and 2"/" SDS). The solution was mixed and extracted with phenol

and chloroform, and then RNA precipitated by the addition of one tenth

volume of 3 M sodium acetate (pH 5.5) and 2 volumes of nuclease-free absolute

ethanol. After centrifugation the supernatant was collected, and RNA

precipitated by miing in one volume of isopropanol and incubating at -20oC for

L5 minutes. After centrifugation (SS-34 rotor; 10,000 rpm for 20 minutes at 4oC),

the RNA pellet was dissolved in 400 pl of DEPC-treated water and the solution

was transferred into an Eppendorf tube. The RNA was ethanol precipitated again

before dissolving in the appropriate volume of DEPC-treated water. The RNA

was stored at -20oC. The amount of RNA was determined by UV spectroscopy.

2.4.2 Northern transfer of RNA

Electrophoresis of RNA was performed o¡ L.2"/" (w/v) agarose gels,

containingz.2 M formaldehyde and 1 x formaldehyde gel-running buffer (20 mM

MOPS pH 7.0,8 mM sodium acetate and L mM EDTA). RNA samples were

ethanol precipitated, and resusPended in 4.5 pl DEPC-treated watet, 2 ¡tl

S x formaldehyde gel-runningbuffer,3.5 pl formaldehyde, and 10 pl formamide.
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Samples were heated to 65oC for 15 minutes prior to loading. The gel was

submerged in L x formaldehyde gel-running buffer and run at 4 volts/cm.

RNA was transferred onto Zeta-Probe membranes after agarose gel

electrophoresis by capillary transfer for 12-L8 hours, using 50 mM NaOH as the

blotting solution. After transfer, the membrane was rinsed ín 2 x SSC and RNA

was fixed onto the membrane by baking in a vacuum oven at 80oC for 30

minutes. The filter was prehybridised and hybridised as described (2.3.10). The

filter was washed in 40 mM Na2HPOa pH 7.2, ! mM EDTA ,5"/" (w /v) SDS at 65oC

for 30 minutes and then in 40 mM Na2HPOa pH 7.2, I mM EDTA , t"/" (w /v) SDS

at 6SoC for 15-30 minutes depending on the signal. The filter was then

autoradiographed.

2.6 Protein Methods

2.6.1 Preparation of protein fnom E. eolú

protein extracts were prepared from E. coli cultures by collecting the cells

(Eppendorf centrifuge, L min) and resuspending in one twentieth volume x A5gg

of 2 "/o (w/v) SDS, L0% 
,(v 

/v) Þ'mercaptoethanol. The cells were vortexed and

then boiled for 5 minutes. Extracts were stored at -20oC. This concentration was

suitable for 10 pl to be run ori a 0.5 cm thick SDS-polyacrylamide gel, with 1' cm

wide gel slots.

2.6.2 sDs/poryacrylarni de gel electnophonesis of proteins

Protein was electrophoresed on vertical L4 x L4 x 0.05 cm

SDS/polyacrylamide gels (Laemmli, t97O). The gel mix contained 15% (w/v)

acrylamide (38:1 acrylamide: bisacrylamide), 375 mM Tris-HCl pH 8.8, 0'L% (w /v)

SDS, 0.2"/" (w/v) APS and 0.1% (v/v) TEMED. The gels also contained a 2 cm
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a% @ /v) acrylamide stacking gel. Protein samPles were treated before loading

onto the gel by addition of a half volume of 2 x SDS loading buffer (L0% (v /v)

glycerol, 375 mM Tris-HCl pH 8.8, 5% (w/v) SDS, 0.L% bromophenol blue,

5% p-mercaptoethanol (added just prior to use) and incubation at L00oC for

3 minutes

Gel tanks contained approximately 1 L of running buffer (50 mM Tris-HCl

pH 8.3, 380 mM glycine and 0.1% (w/v) SDS ), and gels were run at 30 mA. The

protein in the gel was visualised by staining with 0.1% (w /v) Coomassie brilliant

blue in 50Y" (v/v) methanol, 10"/" (v/v) acetic acid overnight at room

temperature. The gel was destained in several changes of 5% (v /v) methanol,

t0% (v /v) acetic acid by diffusion at room temperature.

2.6.8 \[estern transfer

Protein was transferred to PVDF membrane (Immobilon-P) by the method

of Matsudaira (1987), using a Hoefer transfer electrophoresis unit. Búefly,

protein to be transferred was fractionated on a L5 % SDS/polyacrylamide gel

(2.5.2). The gel was transferred to an Immobilon-P membrane in 10 mM CAPS

and 10% (v/v) HPLC-grade methanol at 200 mA for L0 minutes.

The membrane was blocked in PBST (PBS containing 0.05% (v/v) Tween

20) at room temperature for at least t hour before antibodies diluted in PBST was

added and incubated at 37oC for L hour. The filter was washed in 3 changes of

pBST and then the second antibody, conjugated to alkaline phosphatase, was

added. This was incubated for a further hour at 37oC and again washed in PBST

before rinsing in substrate solution (100 mM Tris-HCl pH 9.5, 100 mM NaCl,

5 mM MgCl2). The membrane was left in a minimal volume of substrate

solution.

The detection system comprised addition of 80 pl NBT (75 mglml in 70%

(v /v) DMF) and 80 pl BCIP (50 mglml in DMF) per 20 mI of the substrate
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solution. A blue precipitate was allowed to develop for 5-L0 minutes before the

reaction was terminated by addition of l'0 mM EDTA.

2.6 Tissue Culture Methods

Tissue culture cell lines were maintained al37oC in an atmospherc of 10o/"

CO2 in air.

Tissue culture dishes used for ES cells without feeder layer were

gelatinised by treatment with 0.L% gelatin in PBS for a minimum of 30 minutes

at room temperature.

2.6.1 Preparation of sTo feeder layer for ES cell cultr¡re

G4L8-resistant or hygromycin-resistant STO cells (2.2.8) were used as a

feeder layer for growing ES cells.

The STO feeder layer was prepared as described by Robertson (L987). STO

cells were grown in DMEM supplemented with L0% FBS. The cells were

passaged before they reached confluence, in order to prevent the accumulation of

cells which had lost contact inhibition.

STO cetls, treated with mitomycin C to prevent cell division, were used as

feeder layers. When the cells were ready to passage, the culture medium was

discarded and replaced with fresh medium with 10 þB/mI of mitomycin C. The

flask was incubated at 37oC f.or 2 hours before the STO cells were gently washed

three times with PBS. Then, the cells were collected by trypsinisation with 0.1%

trypsin, followed by centrifugation at 1200 rpm for 5 minutes. The cells were

resuspended in culture medium at 3 x 105 cetls/ml, then seeded onto plates at a

dilution of 5 x LOa cells/cm2. These mitotically inactive STO cells were used as

feeder layers for ES cell culture .
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2.6.2 Passaging and maintenance of ES GeUs

E14 ES cells were grown on STO feeder cells in DMEM suPPlemented with

ß% FBS and L000 U/ml LIF, 50 þ8/ mI gentamycin and 0.1mM

p-mercaptoethanol. ES cells were passaged every 3 days. When the cells were

ready to passage, they were washed with 5 mM EGTA in PBS and then treated

with 0.1% trypsin-EDTA for 2-3 minutes and disaggregated by repeated pipetting.

The cells were washed by centrifugation at 1200 rpm for 7 minutes, resuspended

in complete ES medium and counted. The E14 ES cells were reseeded on the

feeder cell layer at a 1:10 or L:20 dilution. The dilution which gave the best cell

distributio r the next passage' êæÞ czLoel-
fvWÈíttot Oúr¡ W,+tc+l C¿'¡.rìÉ.¡p"g n Wfic"s't^ E-S ¿Þ¿-

naoflfuoøËt ft^r Lt¡l5¡fæÊJ¡alDâT6Þ -s¡-7lr?F'

2.6.3 Electroporation of ES cells

Three protocols for electroporation of ES cells were described in these

studies. The protocol used in each electroporation experiment are stated in the

text. They are as follows:

Protocol 1: HBS (20 mM HEPES pll7.0,137 mM NaCl,5 mM KCl,

0.2 mM NazHPO¿, 6 mM glucose and 0.1 mM p-mercaptoethanol) was used as an

electroporation medium and the setting was 960 pF capacitance, 2l'0 volts

(L. Wiltiams, pers. comm.);

protocol 2: PBS (Dulbecco's PBS (without Ca2+ and Mg2+)) was used

as an electroporation medium and the settings were 25 pF capacitance,350 volts

(] Beal1, pers. comm.);

Protocol 3: MT PBS (16 mM Na2HPO+,4 mM NaH2POa.2H2O and

1S0 mM NaCl) was used as an electroporation medium and the setting was 500

pF capacitance,220 volts (I. Lyons, pers. comm.).

E14 ES cells were maintained and harvested by trypsin as described (2.6.2).

ES cells were resuspended in cold electroporation medium at the concentration

of L x 108 cells/ml. 5 x 107 ES cells in 0.5 ml (electroporation medium) were

placed in a 0.4 cm cuvette and mixed with DNA. The mixture was incubated at
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4oC for L0 minutes before electroporation using Bio-Rad Gene Pulser. After

receiving the pulse, the sample were placed at room temperature for L0 minutes.

The cells were plated at the derrsity of 5 x 106 per 100 mm plate on either the

G4l8-resistant or hygromycin B-resistant STO feeder layer L0 minutes after

electroporation. Selection either with G418 or hygromycin was begun 24 hours

after plating. The selective medium was change every 2-3 days.

2.8.4 Picking a¡rd fneezíWES cells colonies

The strategy was to identify transformed colonies and then each

individual colony was divided in hatf. Half of the colony was fuozen and the

other half was cultured in BRL medium without STO cells for DNA preparation.

After 8-I2 days of selection, the 100 mm dishes which contained

G4L8-resistant or hygromycin-resistant ES cells colonies were washed once with

PBS/0.5 mM EGTA and replaced with L0 ml of the same solution. Individual

colonies were harvested in 50 pl volume using a Pipetteman Pz00 and then

transferred into a unique well of a 96-well tray containing 50 pl of 0.L% trypsin.

The colonies were dispersed by repeated pipetting and then 50 pl of this cell

suspension was transferred into the wells of gelatinised 24-wells tray containing

the medium (60% of BRL{M and 40% of complete ES cell medium, see section

2.2.L0) without feeder layer. The plates were incubated at37oC for 3-5 days before

the cells were lysed and DNA was isolated for Southern analysis as described

(2.3.9 (iii)). The remainder of the cell suspension (50 pl) was transferred to a well

of. a 24-well plate containing 200 pl of feeder cell suspension. Following addition

of 250 pl of 2 x fueezi¡g medium (20% DMSO in FBS), the plates were stored (in a

polystyrene box) at -80oC.

2.6.5 Pnocessing of the positive ES cell clones

The positive clones identified by Southern analysis were thawed from the
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master plate kept at -80oC. The clones were expanded for verification by

Southern analysis, mycoplasma testing and karyotyping before injection into

host blastocysts. To thaw the master plate, the 24-wells trays were taken from

-80oC and 2 ml of warm complete ES medium (37oC) was added to the well(s) that

contained the required clone(s). The trays were incubated at 37oC for 5 minutes

and then the cell suspension was transferred into a new well of a 24-weII ftay

containing a fresh feeder layer. The plate was incubated at 37oC f.or 2 hours,

during which the ES cells attached, and then the medium was replaced with

fresh medium. The ES cells were expanded and an aliquot of the cells was stored

in freezing medium (10% DMSO in FBS) and kept in a -80oC freezer. The ES cells

were passaged cultured on the gelatinised plate using BRL medium. After

expansion, the ES cell clones which were verified by Southern analysis,

mycoplasma-free, normal karyotype and good morphology were chosen for

injection into blastocyst.

2.6.6 Blastocyst infection a¡rd production of chimaeric mice

Blastocyst injection and production of chimaeric mice were carried out

essentially as described (Bradley, L987). Ten to fifteen ES cells were injected into

CBAxC5TBL/61 Fz blastocysts, and then transferred to CBAxC5TBL/61 Ft

pseudopregnant females. Pups were born and chimaeras were identified by the

coat colour.

2.7 Autoradiography

Radioactively labelled DNA, which had been electrophoresed on

polyacrylamide gels, was visualised by autoradiography. Gels were either

covered by a thin sheet of plastic wrap before exposure, or dried onto a piece of 3

MM Whatman paper. A sheet of Fuji X-ray film or Kodak X-OMAT film was
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placed over the gel enclosed in an Ilford autoradiography cassette, and exPosed at

room temperature for the required amount of time. For detection of low levels

of radioactivity, autoradiography was carried out either in a cassette with a

tungsten intensifying screen at -80oC. After exPosure, the X-ray film was

developed, fixed, washed, and dried automatically using an Agfa Curix 60 model

X-ray film developer.

2.8 LIV Spectrophotometry

The concentrations of nucleic acid samples were determined by measuring

their UV absorbance at a wavelength of 260 nm using a Shimadzu UV-1604

recording sPectroPhotometer.

2.9 Computer Programs

The comparison of nucleic acid sequences described in this thesis was done

using the program Bestfit in the Genetics Computer Group sequence analysis

software package version 6.L,1989 (Devereux et øl.,I9U).

2.10 Containment Facilities a¡rd Animal Ethics

All manipulations involving recombinant DNA were carried out in

accordance with the regulations and with the approval of the Australian

Academy of Science Committee on Recombinant DNA and the University

Council of the University of Adelaide.

AIl procedures involving animals were carried out with the approval of

the University of Adelaide Animal Ethics Committee.
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Clupter 3 Isoløtion and Cløracterisøtion of the Mouse Histone H2A.Z Gene

3.1 Introduction

A cDNA encoding the chicken histone H2A.F protein was first isolated

and characterised in this laboratory (Harvey et al., 1933) and subsequently the

entire genomic clone containing five exons and four introns was sequenced

(Dalton et al., 1989). IJ2A.Z gene homologues have been isolated from many

species, e.g., Tetrahymena (White et al., 1988), sea urchin (Ernst et al., t987\,

Drosophilø (van Daal et ø1.,1988), human, rat and cow (Hatch and Bonner, 1988;

Hatch and Bonnet, L990). Flowever, the mouse histone Ia1A.Z gene had not been

isolated and characterised at the commencement of this project.

The genes encoding l12A.Z protein are Present in only one coPy Per

haploid genome, except in sea urchin which probably has four copies of this gene.

The presence of several pseudogenes was reported in the human genome (Hatch

and Bonnet, t990\.

prelimindry worþ using chicken histone H2A.F cDNA as a probe to screen

a mouse genomic library was performed in this laboratory by P. Wait

(Hons. thesis, L990). Two subclones (pBS1a-2.9, pBSl7-3) were isolated and

preliminary Southern analysis indicated these as possible candidates for mouse

1E12A.Z genomic clones. However, as indicated below, DNA sequence analysis of

these putative HLA.Z clones at the beginning of this project demonstrated that

one corresponded to a portion of the major H24.1 gene and the other was likely

to be a processed pseudogene derived from FI2A.Z.

To isolate an authentic mouse histone H2A.Z gene, two mouse genomic

libraries (I and n;2.2.7), derived from mouse strain BALB/c, were screened.

This chapter describes the isolation and characterisation of the mouse

histone 1¡¡2A.Z gene from the genomic libraries. Southern analysis of mouse

genomic DNA and Northern analysis of total RNA isolated from ES cells, are

also described. In addition, a clone corresponding to mouse histone H2A.Z

cDNA was also isolated during the course of this work and used to produce
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histone }J2A.Z protein in bacteria

9.2 Results

3.2.L Analysis of previous isolated clones, pBSl4'2.9 and pBSl7-3

It was shown that a 0.55 kb Pou L fragment derived from pBSL4-2.9 and

pBSLT-3 hybridised with the 5' end of chicken histone H2A.F cDNA (Wait, Hons.

thesis, 1990). However, the sequences of these fragments had not yet been

obtained.

(i) Sequencing analysis of pBSl4'2.9

pBSI4-2.9 contained a 2.9 kb insert from which a 0.55 kb Puu II fragment

was isolated and subcloned into Eco RV-digested pBluescript KS+ (Fig. 3-1). After

transformation, the recombinant plasmid pBSL4-0.55 was obtained.

Sequence analysis was performed by the dideoxy chain termination

method of Sanger et al., (L977) using double-stranded DNA as template with USP

and RSp as sequencing primer. 135 bases of sequence were read using USP

(data not shown) and 185 bases of sequence were read using RSP primer (Fig. 3-1).

The nucleotide sequence of pBS14-0.55 was comþared to chicken H2A.F

cDNA (Harvey et ø1., 1983) and the coding sequence of mouse histone H24.1

(Gruber et a1.,1990). It was found that the sequence of pBSl-4-0.55 obtained from

ItSp primer was highly homologous (approximately 89%) to the coding sequence

of mouse histone H2A.L (Fig. 3-1). Therefore, this clone was not studied further.

(ü) Sequencing analysis of pBSl7'3

pBStT-1, which contained a 3 kb insert fragment in pBluescript KS+, was

digested with Pau 1.. The 0.55 kb Pou II fragment was isolated and subcloned
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Figure 3-1

A : Restriction map of pBS14-2.9 containing a 2.9 kb Eco RI insert in

pBluescript Ks+. The internal fragment size is indicated by the numbers in

kilobases. The polylinker restriction sites are boxed in black and abbreviations

used are as follows:

Kpn I
Eco RV
PstI
SacI

B: The map of pBs14-0.55 containing 0.55 kb Pau II fragment in

pBluescript KS+ derived from pBSl4-2.9 is shown, together with the strategy

used to obtain the sequence as indicated by the arrows. The polylinker restriction

sites are boxed in black and abbreviatiorrs used afe as follows:

Hindlll
Eco RI

c: The comparison of pBS14-0.55 sequence obtained using RsP primer

to mouse histone H2A.i. coding sequence (Gruber et a1.,1990) is illustrated" The

numbers indicate the base sequence from 5' end to 3' end.
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into Eco RV-digested pBtuescript KS+ vector. The recombinant plasmid was

named pBS17-0.55.

Using double-stranded DNA of pBS17-0.55 as a template, the total sequence

of 573 nucleotides was obtained. In order to obtain sequence located at the 5' end

of 0.55 kb Pou II fragment, DNA from the parent clone, pBSLT-3 was also

sequenced using the RSP primer. The maps of pBS17'3 and pBSL7-0.55 are

shown in Fig. 3-2, together with the strategies used to obtain sequences at the

5' end of pBS77-3 clone. As a result, a 760 nucleotide sequence (Eco RI to Pou n

restriction site) was obtained (Fig. 3-3).

Comparison of the pBS17-3 sequence (Eco RI to Pau n restriction site) to

chicken histone H2A.F cDNA (Harvey et al., 1983) and human H2A.Z cDNA

(Hatch and Bonner, 19S8) showed approximately 76"/" and 85% homology

respectively (Fig. 3a). Inspection of the homologies indicated that this second

clone isolated by P. Wait is certainly related to Lf2A.Z and the sequence did not

appear to contain any intron donor or acceptor sites. Therefore, it is most likely

to be a processed pseudogene present in the mouse genome. It is referred to as

mouse histone FJ2A.Z pseudogene L.

3.2.2 Mouse genomic library I scneening

The mouse genomic library I (2.2.7) containilg_ approximately 2x106

independent recombinants, was screened using tlre fuTbp Pau II fragment of

mouse histone IH2A.Z pseudogene L (Fig. 3-5), referred to above. This probe

contained 1EtzA.Z homologous sequence and a highly repeated T, non-specific

sequence. The library was plated as described (2.3.11). The probe was labelled

with a32p dATP (2.9.8 (ii)) and then hybridised to the filters. After hybridisation

the filters were washed at a stringency of 0.5x SSC, 0.L% SDS at 65oC and set up for

autoradiography.

The autoradiography result showed a high background, probably due to
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Figure 3-2

A: Restriction map of pBS17-3 containing a 3 kb Eco RI insert in

pBluescript KS+. The internal fragment size is indicated in kilobases. The

polylinker restriction sites are boxed in black and abbreviations used are as

follows:

Kpn I
Eco RV

PstI
SacI

B: The map of pBS17-0.55 containing 0.55 kb Pau II fragment in

pBluescript KS+ derived from pBSl7-3. The strategy used to obtain the sequence

is indicated by the arrows. The polylinker restriction sites are boxed in black and

abbreviations used are as follows:

H HindIII
E Eco RI

C: The position of the mouse histone }I1A.Z pseudogene L in pBStT-3

is shown. The 760 bp Eco Rl/Pau ll restriction fragment was sequenced as

indicated by the arrows. The homology of this sequence to chicken histone

H2A.F cDNA and to human histone H2A.Z cDNA is represented by the striped

box. The numbers indicate the distances in basepairs from the Eco RI restriction

site on the left side of the diagram.
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Figure 3-3

Nucleotide sequence of mouse histone WLA.Z pseudogene 1

The sequence of ttre 760 bp Eco RI to Pau lI restriction fragment derived

from the plasmid pBSLT-3 (Fig. 3-2) is shown. This sequence is measured in

basepairs, relative to the Eco RI site located at the 5' end of the regiorç and the

position of restriction enzFne sites used for probe preparation for further library

screening (Fig. 3-5) are shown.



1

Mouse histone H.2A.Z Pseudogene 1

ECO RI
GAATTC TGC C ATGATGGAGTTTAC AÀATTGC TC C TGAÂAAACGAC AGAGAGGÀGATTC TA 60

6 1 TTAACTÀTTÍCTGTTATAÀÀATAAATTC€CAGTTTçAÀTTGCGGTCCGACAGÀGGAGTGG 1.2 O

1-2 1- GCGCCE€GATCTCGCTGAGCGTCCGCCTC'GCTTCGTCTCTTCCTCGCTTGTCGGAGCGAG 18 O

Pvu ff
18L 240

e7u t

2 4 T G"TT CCCTGGGGCCCGGTATTCÀTCGACÀCCTGAAÀTCTAGGAGAATCAGCCACCGACTGT 3 O O

3 O 1 GTGCGACCGCCGCTGTGTACAGCGCÀGC CÀTCCTGGÀGTÀCCTCÀCCGCAGAGGTACTTG 3 6 O

3 6 1. AGTT'GGCAEGAAATGCATCÀÀÀÀGACTTÀÀÀGGTAATGCGTATCÀCCCCTCGTCÀCTTGC 4 2 0

Alu I
42 ]. GGCTTGCTATACGTGGÀGATGAAGÀÀTTEÆATTCTCTCATCÀ.AAGCTACCATTGCTGGTG 48 O

4 8 1 GTGGTGTCATCCCACACATCCACÀAATCGCTGACTGGG AAGAAAGGÀCÀACAGAAGACTG 5 4 O

5 4 1 TCTÄÀGGATCTCTGGÀTTCCTTÀTTÀTCTCAC'GACTCTAÀATTTTTTGTTTTGTTTTGCT 5 O O

60 1- TTÀTTTC,GTTTGGTTTGGTTTTTTGÀGACAGGGTTTCTCTGTGTAGCCCTCGCTGTCCTG 660

6 5 1 GAÀC TCAC TCTGTAGACCÀGGC TGGC C TCGAÀCTCAGAÀÀTC CÀCCTGCCTCTGC C TC CC 7 2 O

PVU II
7 2 ]- AAGTGCT€GGATTÀ,¡U\GGCÀTGTGCCÀCGAGGCCgAGCTG

Alu I
160



Figure 3-4

Comparison of nucleotide sequences for the mouse histone W2^.2 pseudogene 1,

the human histone IilzA.Z cDNA and chicken histone H2A.F cDNA

The alignment of DNA sequences of mouse histone \f2A.Z pseudogene 1-

to human histone }JLA.Z cDNA (Hatch and Bonner, L988) (top) and chicken

histone H2A.F cDNA (Harvey et a1.,1983) þottom) is illustrated. The homology

region spans from ATG through TAA (indicated by ***) in human histone

¡¡2A.Z cDNA, to 37 bases 3' of the stop codon. The identity of this region is 85%.

Comparison with chicken histone H2A.F cDNA, from ATG to TAG (indicated by

*:rx¡ indicatesT6 7" nucleotide homology to the mouse sequence.
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Hlrman histone H2A.Z cDNA. . . . . ÀTGGCTC'GCGGTAAGGCTGCAAAC'GÀCTCCGGÀIU\GGC
¡¡¡| l l l llllllllllllllllllllll

Mouse histone H2A.Z pseudogene 1- AIIGGC---TGC-À-G-CTGGAÀAGGÀCTCCGGÀÀÀGGC
ilrr ll I I llll llllll lll lllll

Chicken tristone H2A.F cDNA..... ÀTGGCAC€TGGGÀÀGGCTGC'GAÀGGACÀGCGC'GAÀC'GC

39 108
.G-TATTCÀTCGAC

tilt llllllllll I I I I lll I I llllllll I lllll I I

CÀAGTCAÀÀGGCEGT-T-TC -C -C -CAGT- - -C -G- - - - -CAGTTCCCTG-GGGCCCGGT

ilil I llllllll I ll I I lll I I llllllll I lllll I

CAÀGGCGAÀGGCEGTGTCTCGCTCGCÀGÀGÀGCCC'GÀTTGCAGTTCCCCGTEGGCC - GC -

ililllllll
ÀTTCATCGÀC
il lllil l

ATCCATCGGC

1-09 178

ACCTAAÀ-ÀTCTÀG-G-ÀCGÀ-CCÀCTCATGGACGTGTGCGCGCGÀCTGCCGCTGTGTACÀGCGCAGCCA
ilil il llilil I I I I | ll ilt I r llll llllllllllllllllllllll
ACCTGAÀ-ATCTAG-G-ÀGAATC-AGCCACCGÀCTG-T-GTG-CGÀCCGCCGCTGTGTACAGCGCAGCCA
il|llt I I I I I I I il|t I I I I I I I llllllll lllllllllll llll

ACCTGAÀGÀ-C--GCGCÀCCA-CGÀGCCÀTGGGCGGGTCGGGGCCÀCCGCCGCCGTGTACAGCGCTGCCA

779 248

TCCTEGAGTACCTCACCGCAGAGGTACTTCAÀCTGGCAC'GAAÀTGCATCAAÀÀGACTTAÀÀGGT-ÀÀÀGC
| ll il | | | ll il ll il |il ll ll ll l il lllllllllllllllllllllllllllll ll ll

TCCT'GGAGTÀCCTCÀCCGCAGAC.GTACTTçAGTTC,GCAC'GAÀATGCATCAAÀÀGACTTÀÀAGGT-AATGC
ll| llilt illlt | ililt ll llllrlllll ll ll ll ll lll I lllll ll ll

TCCTCGAGTATCTCÀCTGCTG}AEGTCCTC,GAGTTC,GCAGGCAÀCGCCTCCÀÀGGÀCCTGAAGGTGAÀ-GC

24s 318

GTATTÀC-CCCTCGTCACTTGCAACTTGCTATTCGTC,GAGATCAAGAATTGGATTCTCTCATCAÀGGCTA
llll il il|ll|llll| ililllil lrlllllllllllllllllllllll lllll llll

GTATCÀC-CCCTCGTCACTTGCGGCTTCCTÀTACGTC.GÀGATGAAGAÀTTGGÀTTCTCTGATCAÀÀGCTA
I |llt llt | | llil ilt | il | lr ll lllll llllllll ll llllllll I

GCÀTCÀCTCCC-CGCCATTTGCAGCTG,GCGATCCGCGGCGACGAÀGAGTÍGGATTCCCTCATCAAÀGCCA

319 388

CAATTGC TC,GTGGTGGTGTC ATTC C ACÀC ATC C AC A.AÀTC TC TGATT - C'GGAAGAÀAC'GACAAC AGÀÀGA

I il|il|llilllililll |ililtrllrlll llll I llllllllllllllllllllll
CCATTGCTGGTGGTGGTGTCÀTCCCÀCÀCATCCACÀ.AÀTCGCTGACT-EC'GÀÀGAÀÀEGACAÀC\GAAGA
|| il | | | llil|| lllllilillr ll llll I llllllll ll ll lllll I

CCATAGCGGGGEGAGGCGTCATCCCCCACATCCACAÀGTCTCTGA-TCC'GGAAGAAGGGCCAGCAGAAÀA

389 434
*!: *

CTGTCTÀ - AGGATGCC TGGÀTTC CTTGTTATCTCAGGACTCTAÀÀT

ll|lll llllll lllllllllll lllllllllllllllllll
CTGTCTÀ - AGGATGTC TC€ATTC CTTÀTTATCTCAEGACTCTAÀÀT

t t il llll l ll
i**



Figure 3-5

Map of the probes using for mouse genomic library I screening and

Southern analysis.

The map of the 567 bp Pau lI fragment probe (probe A) derived from

pBS17-0.5S (Fig. 3-2) and rhe275bp Alu I fragment probe (probe B) derived from

t¡re 760 bp Eco RI to Pau lI fragment are shown. Sequences homologous to

histone ÍI2A.Z are boxed. The sequence is measured in base pairs, relative to the

Eco RI site located at the 5' end of the regiory and the positions of the restriction

enzyme sites are also indicated. When probe A was used for library screening

there was high non-specific hybridisation. Probe B, derived from probe A,

contained only sequences homologous to If2A.Z and was preferred for Southern

analysis.
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non-specific binding of probe to the filters. Since the probe contained a highly

repeated T sequence (Fig. 3-3), this may have contributed to the high background.

Nevertheless hybridising plaques could be seen and a total of fourteen Positive

plaques were picked and underwent two more rounds of screening in order to

obtain pure positive plaques. Thirteen plaques were obtained after the three

rounds of screening and of these, five positives (À5w , ÌuL2w, ì,'L7w, ?vL7s, À18) were

chosen for further analysis.

(i) Analysis of frve positive clones with the õ73 bp Pou II pnobe

À DNA was prepared from the above five positives as described (2.3.2).

Eco RI-digested fragments were analysed on a L"/" agarcse gel. The Eco RI

digestion patterns indicated that all five were independent clones and different

from LL7 from which the mouse histone H2A.Z pseudogene L was derived

(Fig. 3-6 A). In order to characterise these clones, Southern analysis with Eco RI

and Pau II restriction digestion was performed using the 567 bp Pou tr fragment

from histone IFILA.Z pseudogene 1 as probe. Eco Rl-digested pseudogene À17

DNA was included on the same filter as a positive control. This probe gave some

non-specific hybridisation with all clones (Fig. 3-6 B). However, when the same

filter was rehybridised and probed with a 275 bp Alu I fragment, derived from the

567 Pau II probe (Fig. 3-5), only 1,17w hybridised with this pseudogene 1 "coding"

probe. As shown in Fig. 3-6 C, putative coding regions as defined by 275bp AluI

probe were contained within a 6.5 kb Eco RI fragment and a 2.8 kb Pau II

fragment of the clone LL7w.

(ii) Subcloning and sequencing analysis of clones derived from

1.17w

tv1Tw DNA was prepared as described (2.3.2). DNA was digested with

Eco RI and the 6.5 kb Eco RI fragment was isolated and subcloned into
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Figure 3-6

Southern analysis of À positive clones derived from mouse genomic library I

A: ¡, DNA from each of the 1,5w, LL2w, Ìt|7w, Ll7s,l'18 clones was

digested with Eco RI andPvu II, and runwithEcoRl-digested DNA of the ì,L7

clone, from which the mouse histone H2A.Z pseudogene 1 was derived, as a

positive control. The digested DNA was electrophoresed on 1% agarose gel along

with DNA size markers. DNA was visualised by staining with ethidium

bromide. Lanes are as follows:

1) Eco Rl-digested 1.17s DNA 2) Puull-digested À17s DNA

3) Eco Rl-digested 1,L8 DNA 4) Pau n-dtgested 1,18 DNA

5) Eco Rl-digested tuLTw DNA 6) Pou\-digested ?uI7w DNA

7) Eco Rl-digested lsw DNA 8) Pou n-digested l.Sw DNA

9) Eco RI-digested tul2w DNA 10) Pau[I-digested L12w DNA

11) Eco Rl-digested À17 DNA

12) Eco Rl-digested SPP1 phage DNA size markers

B: DNA was transferred from the above gel to a GeneScreen

membrane, probed with 32P-labelled 567 bp Pau II fragment, containing the

homologous sequences to }JLA.Z (Fig. 3-5), and the hybridising bands were

detected by autoradiography. Sizes of the markers are shown. Lanes are the same

as in A.

C: The same membrane as in B after stripping and re-probing with

32p-labelled, 2ZS bp AIu I fragment, the internal fragment of 567 bp Pau II

fragment (Fig. 3-5). The hybridising bands were detected by autoradiography.

sizes of the markers are shown. Lanes are the same as in A.
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Eco Rl-digested pBluescript KS+ vector. The recombinant plasmid, p1.7w-RI was

obtained (Fig. 3-7 A).

plZw.RI was digested with PauII and a 2.8 kb fragment was isolated and

subcloned into Eco RV-digested pBluescript KS+ vector. This subclone was

named pl7w-Pvu tr (Fig. 3-7 B).

Sequence analysis of pt7w-Pvu II was initially performed at both ends of

the 2.8 kb Pvu tr fragment using double-stranded DNA as template with USP and

RSP sequencing primers. The sequence was compared to mouse histone Íl2A.Z

pseudogene 1 and it was found that the sequence obtained from the RSP primer

had significant homology to mouse histone IIZA.Z pseudogene 1.. In an attempt

to obtain sequences at the 3' end of the clone, sequence analysis was performed

using tlrte PI|Z2 (2.2.L5), (a primer complementary to a specific sequence within

the insert) and a total sequence of 503 bases was obtained.

The 503 nucleotide sequence from pl.7W-PvuII was compared to mouse

histone H2A.Z pseudogene 1 and was found to be highly homologous

(approximately 90 %) (Fig. 3-8). Since the 503 bp region covers the entire IaZA.Z

coding region (Fig. 3-8) and given that chicken and human fJzA.Z genes contain

introns at identical positions (Dalton et al., 1989; Hatch and Bonner, L990) it is

highly likely that the 503 bp fragment represents another mouse histone HZA.Z

pseudogene. It is referred to as mouse histone }IZA.Z pseudogene 2.

Comparison of p17w-Pvu II sequence to chicken histone H2A.F cDNA (Harvey

et a1.,1983) and humanIa2A.Z cDNA (Hatch and Bonner, 1988) showed 80% and

9L% homology respectively (Fig. 3-9).

If mouse histone lHt2A.Z pseudogene 2 codons are compared with those

from human H2A.Z cDNA (Hatch and Bonner, 1988), it can be seen that they

encode identical proteins despite the fact that there are 20 single nucleotide

changes between the two (Fig. 3-10)-
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Figure 3-7

A: Restriction map of. pLTw-RI containing a 6.5 kb Eco RI insert in

pBluescript KS+. The internal fragment size is indicated in kilobases. The

polylinker restriction sites are boxed in black and abbreviations used are as

follows:

Kpn I
Eco RV
Pstl
SøcI

B: The map of. ptTw-Pvu II, containing a 2.8 kb Pou II fragment

derived from pL7w-RI in pBluescript KS+ is shown. The numbers indicate the

distances in basepairs from tlrre Hind III restriction site on the left side of the

diagram. The position of the mouse histone II2A.Z pseudogene 2 (represented

by the striped box) is shown. The thick arrow indicates the orientation of the

mouse histone lHzA.Z pseudogene 2. The strategy used to obtain the sequence is

indicated by the arrows. A total sequence of 503 bp was obtained. The polylinker

restriction sites are boxed in black and abbreviations used are as follows:

Hindtr.l
Eco RI

K
RV
P

S

H
E
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Figure 3-8

Comparison of nucleotide sequences for mouse histone IJ2A'2 pseudogene 1 and

mouse histone IJZA.Z Pseudogene 2

The alignment of mouse histone H2A.Z pseudogene 1 (top) to mouse

histone YI2A.Z pseudogene 2 þottom) is illustrated. The homology region sPans

498 nucleotides and starts from 65 bases 5' of ATG ( indicated by ###) ttuough

TAA ( indicated by rr**) to 43 bases 3' of the stop codon and the identity of this

region is 89"/".
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Figure 3-9

Comparison of nucleotide sequences for mouse histone IILA.Z pseudogene2,

human histone H2A.Z cDNA and chicken histone H2A.F cDNA

The alignment of mouse histone H2A.Z pseudogene 2 to human histone

Íl2A.Z cDNA (Hatch and Bonner, 1988) (top) and chicken histone H2A.F cDNA

(Harvey et a1.,1983) þottom) is illustrated. The homology region sPans from

ATG through TAl{ (indicated by **") in human histone }I2A.Z cDNA to 49 bases

3' of TAA, and the identity of this region is 91o/o. Comparison with chicken

histone H2A.F cDNA, from ATG to TAG (indicated by ***) indicates 80 %

nucleotide homology to the mouse sequence.
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Figure 3-10

Comparison of the coding sequence of human histone I:I2!^.2 cDNA and

mouse histone IJLA.Z pseudogene 2

The alignment of coding sequence (ATG to TAA), for human histone

IJLA.Z protein (Hatch and Bonner, 1938) (top) to mouse histone FIZA.Z

pseudogene 2 (bottom) is illustrated. An asterisk (*) indicates a base substitution

in mouse histone IitLA.Z pseudogene 2. The two nucleotide sequences encode

the same amino acid sequence (shown in the single letter code).



Human histone F{2A.Z cDNA

Mouse histone If2A.Z pseudogene 2...............

ÀGGKAGKDSGKAKTK
ATG GCT GGC GGT AÀG GCT GGA AÀG GÀC TCC GGA AÀG GCC ÀAG ÀCA ÀAG

|t |t lll lll lll lll lll lll lll lll lll lll lll lll lll lll
ATG GCT C,GC C,GT AÀG GCT C.GA ÀÀG GAC TCC EGÀ AAG GCC ÀAG ACÀ AAG

ÀvsRsaRAGI,aFPVGR
GCG GTT TCC CGC TCG CAG AGÀ GCC GGC ÎIIG CÀG TTC CCA GTG GGC CGT

llt ilt lll lll lll lll ll lll lll lll lll lll ll lll lll lll
GCG GTT TCC CGC TCG CAG CGA GCC GGC TTG CAG TTC CCT GTG GGC CGT

**

IHRIII,KSRTTSHGRVG
ÀTT CAT CGÀ CAC CTÀ ÀÀA TCT ÀGG ACG ACC AGT CÀT GGA CGT GTG GGC

|t llt lll lll ll lll lll lll ll lll ll ll lll lll lll lll
ÀTT CAT CGA CAC CTG ÀÀÀ TCT AGG ACÀ ÀCC AGC CÀC EGA CGT GTG GGC

****

ATÀÀVYS.ã'ÀILEYIJTA
GCG ÀCT GCC GCT GTG TAC AGC GCA GCC ATC CTG GAG TÀC CTC ACC GCÀ

|t ll lll lll lll lll lll lll lll lll lll lll lll lll lll lll
GCG ACC GCC GCT GTG TAC ÀGC GCA GCC ÀTC CTG GAG TAC CTC ACC GCA

*

EVIJELÀGNå'SKDIJKVK
GAG GTA CTT GAÀ CTG GCA C,GA ÀÀT GCÀ TCA AÀA GAC TTA ÀÀG GTÀ AÀG

llt |t |l ll ll lll lll lll ll lll lll lll lll lll lll lll
GAG GTA CTT GAG TTC GCA GGA AÀT GCG TCA AÀÀ GAC TTA ÀÀG GTA ÀÀG

***

RITPRHIJOI,AIRGDEE
CGT ATT ÀCC CCT CGT CÀC TTG CAÀ CTT GCT ATT CGT EGÀ GÀT GAÀ GÀÀ

llr ll lll lll lll lll lll ll lll lll
CGT ÀTC ACC CCT CGT CAC TTG CAG CTT GCT

**
ll
ÀTA

*

llt llr lll lll lll
CGT GGA GAT GÀA GAÀ

LDSLIKATIÀGGGVIP
TTC GÀT TCT CTC ÀTC AÀG GCT ACA ATT GCT EGT GGT C'GT GTC ÀTT CCÀ

llt |t |l ll lll ll lll ll lll lll lll lll lll lll ll lll
TTG GAT TCT CTG ÀTC ÀÀÀ GCT ACC ATT GCT GGT GGT GGT GTC ATC CCÀ

****

HIHKSLIGKKGOOKTV
cÀc ÀTc cAc AÀÀ TcT CTG ÀTT GGG AÀG ÀÀÀ GGÀ CAA CÀG AAG ÀCT GTC 1ÄÀ

|t |t lll lll ll lll ll lll lll lll lll lll lll lll lll ll lll
CAC ÀTC CAC AAA TCG ClG' ÀTC C'GG AAG ÀÀÀ GGA CAA CAG AÀG ACT GTT TAÀ

***



Clwpter 3 Isolotion and Cluracte¡isqtion of the Mouse Histone H2A.Z Geræ

B.Z.B Isolation of an authentic mouse histone I:12.þt-Z genomic clone

(i) Mouse genomic librarry II screening

The attempt to isolate the mouse histone }I2A.Z gene from the first library

was unsuccessful. This result may be due to quality of the library and specificity

of the probe. It was possible that this library did not contain the DNA sequence

representative of the entire genome. In the second attempt, a new mouse

genomic library (II) (2.2.n was screened using a 275 bp Alu I fragment, containing

only sequences homologous to I{r2A.Z (see Fig. 3-5). The library was plated as

described (2.3.11). The probe was labelled with q"-32P dATP (2.3.8 (ii)) and then

hybridised to the filters. After hybridisation the filters were washed at a

sEingency of 0.5x SSC, 0.1% SDS at 65oC and set up for autoradiography.

A total of sixteen positive plaques were picked and these underwent two

more rounds of screening in order to obtain independent plaques. Eight

positives (L .L,^5.!,^5.2,1,8, î,10, Llz,L1^3, ?"14) were analysed further.

(ii) PCR analysis of eight positive clones

preliminary characterisation was carried out by PCR. Based on the fact that

the histone 1¡¡12A.Z gene from chicken and human contains introns, PCR primers

was designed to anneal at the exon-intron boundaries. By inspection of mouse

histone :HZA.Z pseudogene L and 2 coding regions and the conserved exon-

intron boundary positions in chicken and human}J2y'^.Z genomic clones, it was

possible to design exon-annealing primers to analyse the eight putative mouse

genomic clones. Two primerc, P}JZ1 and PILZT (2.2.15), were designed from

sequences within exon 4 and 5 which contained 100% sequence identity between

the two pseudogenes. It was hoped that this conserved sequence would be

identical with the mouse histone If1A.Z genomic sequence. In order to ensure

pCR with these two primers was satisfactory, the PCR reaction using Tø4 DNA

polymerase was first tested using mouse genomic DNA as a template (see Fig. 3-
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cløpter 3 Isoløtion and characterísation of the Mouse Histone H2A.Z Ge-ne

L1, lane L0). The predicted approximately 300 bp amplified Product' containing

intron 4 and part of exons 4 and 5, was visualised ín a 2"/" agarose gel after 35

cycles of PCR reaction (95oC for 1 minute, 54oC for L minute and 45 seconds,TzoC

f.or 2 minutes).

¡, DNA was prepared from the eight positives ()'4.L, L5.1, 15.2,Ì,f,,LL0,\12,

ìvlg, t\LA) as describ ed (2.3.2) and amplified under the same conditions as for

mouse genomic DNA. The result showed that only [13 DNA gave the predicted

amplified product, the same sîze as the mouse genomic DNA fragment

(Fig. 3-11, lane 8), and this clone was analysed further.

(üi) Southerrr analysis and subclone of clone À13

The insert was cleaved from the vector by restriction enzyme digestion

using SalI.

To ensure that clone l,L3 contained the mouse H2A.Z gene, Southern

analysis was performed by digestion of DNA with Sal I, Eco RI, and the

combination of Sal I and Eco RI, and a 275bp Alu I fragment was used as a probe

(see Fig. 3-5). The result showed that clone 1,13 contained an insert of

approximately 1.4.3 kb with two internal Eco RI sites. The probe hybridised with

a 4.8 kb Eco R7/ Søl I fragment (Fig. 3-t2).

Further characterisation of DNA from clone 1,13 was carried out on the

4.8 kb Eco p¿I/Sat I fragment after subcloning into an Eco F.I/Søl I-digested

pBluescript KS+ vector. The recombinant plasmid was named pES4.8.

(iv) Sequencing of the mouse histone II%LZ gene

In an attempt to define the map of pES4.8 in more detail and determine

the fragment containing the FI2A.Z sequences for subcloning and sequencing

analysis, pESa.8 DNA was digested with several restriction enzymes

(and combinations) and Southern blotted using tl:re 275 bp Alu I fragment as
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Figure 3-11

PCR analysis of eight positive clones

A: PCR reactions were performed with DNA template (10 ng) from

eight positive clones, derived from mouse genomic library II and from mouse

genomic DNA (100 ng) as a positive control. Samples (7 ttL) from each of the

reactions, along with DNA size markers, were electrophoresed on a 2o/o agarose

gel. DNA was visualised by staining with ethidium bromide. Lanes are as

follows: 1) Eco RI-digested sPPl phage DNA size markers (500 ng)

2) î,4.1 DNA as a temPlate

3) À5.1 DNA as a temPlate

4) À5.2 DNA as a temPlate

5) ÀS DNA as a temPlate

6) À10 DNA as a temPlate

7) 1,12 DNA. as a temPlate

8) 1.13 DNA as a temPlate

9) 1,14 DNA as a temPlate

10) mouse genomic DNA as a temPlate

11) negative control (sterile water)

12) Hpa|I-dígested pUCL9 DNA size markers (1 pg)

The pCR product, approximately 300 bp in size, from lane 8 indicated that

Àl_3 contains intron 4, which is part of the mouse histone rI2A.Z gene.

B: The diagram shows the sequence and the annealing sites of the two

primers, PIHZ1, (top) and PHZ2 þottom), used in the PCR reaction' The arrow

represents the primer annealing site and the direction of newly synthesised DNA

from the PCR reaction.
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Figure 3-12

southern analysis of 1,13 derived from mouse genomic library II

A: 1,13 DNA, d,erived from mouse genomic library II (2-2.7), was

digested with Søll,Eco RI and the combination of Sal I and Eco RI. The digested

DNA was electrophoresed on a !o/o agarose gel along with DNA size markers.

DNA was visualised by staining with ethidium bromide. Lanes are as follows:

1) Hi-Lo mixed DNA size markers (Bresatec)

2) undigested 1.13 DNA

3) Sall-dígested ì.13 DNA

4) Eco Rl-digested ¡,13 DNA

5) SølI a¡d Eco Rl-digested l'13 DNA

B: DNA was transferred from the above gel to a GeneScreen

membrane, probed with 32P-labelled 275 bp AIu I fragment, containing

homologous sequences to lÉIzA.Z (Fig. 3-5), and the hybridising bands were

detected by autoradiography. Size of the markers are shown. Lanes are the same

as in A.

C: Restriction map of 1,13 clone containing a 14.3 kb SaI I insert in

Lambda EMBL3 SR6/TZ vector is shown. The internal fragment size is indicated

in kilobases and Lambda arms are boxed in black. The 4.8 kb sal r/Eco rlr

fragment containing the sequence hybridising with the probe is shown below'
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Figure 3-13

Southern analysis of subclone pES4.8 derived from 1,13

A: pES4.8, containing a 4.8 kb Eco RI/SaI I insert fragment in

pBluescript KS+, was digested with Hinc II, Hind In, Kpn I, Pst l, Pou n, Xbø I,

Xho l, and combinations of. Eco R[ and Sal l, Eco RI and Pau II, Pst I and Pou n.

The digested DNA was electrophoresed on a L"/" agarose gel along with DNA size

markers. DNA was visualised by staining with ethidium bromide. Lanes are as

follows:

1) Eco Rl-digested SPPL phage DNA size markers

2) Eco RI and SøI I-digested DNA

3) Hinc Il-digested DNA

4) Hind Itr-digested DNA

5) Kpn l-dígested DNA

6) Psú I-digested DNA

7) PouÍI-digested DNA

S) Xba l-dtgested DNA

9) Xho l-digested DNA

10) Eco RI and Pau ll-digested DNA

11) Psú I and PaUIl-digested DNA

B: DNA was transferred from the above gel to a GeneScreen

membrane, probed with 32P-labelled 275 bp Alu I fragment, containing

homologous sequences to }J2A.Z (Fig. 3-5), and the hybridising bands were

detected by autoradiography. Size of the markers are shown. Lanes are the same

as in A.
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clupter 3 IsoLøtion and clwracterisation of tÍæ Mouse Histone II2A.Z C,ene

probe (Fig. 3-13). From this analysis, the map was drawn as shown in Fig. 3-L4

and it indicated that the fragment which hybridised to the probe sPanned a 2.0 kb

Pst llHinc II fragment. Therefore, a 1.8 kb Psú l/Pt:u tr and a 0.5 Xba l/HincII

fragment overlapping this region was subcloned into Psú l/Eco RV-digested

pBluescript KS+ vector and Xba l/Hinc II pBluescript KS+ vector resPectively.

The sequence of these subclones was obtained by subcloning the fragments

further and generating nested deletions with Exonuclease III using an

Erase-a-base kit (2.2.3). The sequence of the 2.0 kb Psú l/Hinc II fragment was

compared to the human }JZA.Z gene (Hatch and Bonner, 1990). It contained

stretches of homology within the coding sequence for exon 2, 3, 4 and 5. Each of

exon is flanked by consensus sequences for splice acceptor and donor sites. In

addition, the exon-intron boundaries occurred at the same position as in the

human sequence. This indicated that the pES4.8 clone contained part of the

mouse }{zA.Z gene.

In an attempt to obtain the entire }J2A.Z gene sequence, a 1.5 kb

Hind III/Hinc II and a 300 bp Hinc II fragment were isolated from pES4.8 and

subcloned (see Fig. 3-L4). In order to obtain the sequence of the 1.5 kb

Hindtll/Hinc II fragment, the subclone was mapped further and two other Psú I

sites were found, located upstream from the site that was used in subcloning the

1.8 kb Pst l/Pau II fragment. These Pst I sites were used in subcloning and

sequence was obtained. The sequence of the 1.5 kb HindITI/Hinc II fragment was

obtained in both directions using the PHZseql and P}IZseq2 primers (2.2.15)

complementary to the sequence within the insert. As a result, the sequence of

3223bp, from HindIII to Hinc II, was obtained.

The strategy used to obtain thre 3223 bp of sequence is summarised in

Fig. 3-15, and the sequence is shown in Fig. 3-1.6. The mouse H2A.Z transcript

was predicted by comparison of the 3223 bp sequence containing the mouse

¡¡2A.Z gene to the human}J2y'^.Z gene (Hatch and Bonner, 1990). The alignment
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Figure 3-14

Restriction maP of PES4.8

The restriction map of pES .8 containing a 4.8kb Eco Rl/Sal I insert in

pBluescript KS+ is shown. The polylinker restriction sites are boxed in black and

the abbreviations used are shown below. Sequences hybridising to the probe

(2ZSbp Alulfragment containing the Ët2A.Z homologous sequence) is indicated

by the striped box. The fragments subcloned into a plasmid vector for sequence

analysis are shown in thick lines and the fragment sizes are indicated in

kilobases.
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Figure 3-15

Sequencing strategy

The sequencing strategy used to obtain tl:re 3223 bp sequence between a

Hindltr and Hincn site derived from the plasmid pESa.8 is summarised.

The position of the mouse histone ttZA.Z gene is shown on the maP. The

exons are boxed in black. The subcloned fragments are shown in thick lines and

the fragment sizes are indicated in kilobases. The directions of the sequence

obtained from the subclones are shown by the arrows below each subclone

fragment. The abbreviations used for the restriction enzymes are also shown.
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Figure 3-16

Nucleotide sequence of the mouse histone fIzA.Z gene

The sequence of 3223 bp flanked by Hind III and Hinc II restriction sites

derived from the plasmid pESa.8 is shown.

Nucleotides in the predicted transcript are in capital letters. The sequence

is numbered in basepairs relative to the origin of the transcript. The first exon

begins at position L and the fifth exon ends at position 2249. The mouse Lf2A.Z

gene has five exons interrupted by four introns. The coding regions show the

amino acid sequence in single letter code above the nucleotide sequence. The

consensus sequences are outlined as follows:

The ATG codon (at position 107) and the termination codon (TAA,

at position L87L) are underlined.

The (putative) TATA box at position -30 is shown in green

The (putative) CCAAT boxes at position -78, -L23 and -180 are shown

in orange.

The (putative) GC boxes at position -93 and -L53 are shown in

yellow.

The polyadenylation signal (AATAAA) at position 2228-2233 is

shown in pink.
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Mouse histone H2A.Z sequence

-757 aagcttcctgtgtgtagacaaaattacttgttatccc

cacggtaactt ggctccactgtt gt tatgagacaggatgaggggggtgaggggtaacaag

aggtgaggacagaagtggaggaagaEgaaaaaacta ccgggggLggggtaggtgacact t

EtatcagggaagtggttcaccaagtagaggccgagctgagctctE cttgccggacgccct

tcgagccacctgtcagaaggcaggactctgaaggaaaccgagatctgcggacacgaaagg

ccaggccagagggcaaccgagaggcgccggttgtca gcgagggggccaggctagaccggg

aggrgaagc t cacgt g gt ct ccggagcaccgcgggggagt ggaggggggaggc t g c ag cgg

ggaggacgccagcgcgcgctcctccccagccttccagctcctccctccaggcacgtgaca

ccaccgt ccact cgÍctcggtggcgcagcgctctgtt gctgccctc ccgccgcggcgcccc

ttctÈctcccggtcctcgtcccgccgcatctcctcccccccctaactcatcccccacgcg

ccaatcatcgcE cgagctcccgagcgcccgccccgccactccgctgtgcgttctcccatt

ggct ggagcct caaggacgcgt cccgagggcgggaggcaaccattggtggccgaaccggc

cgagttcccggatgagggaacattctgca gggcgcgaggaaggcgggagacgg

TGGcCTcGTc TCTTCCTCGCTCGTCGGAGCTTCAGCÀCGGTCCGAGÀIGg t aac g t gaa g
L--+ intron 1

agt gacggcgggcggccgcgggct gcaggct ccgagcgggcggggccgccgtccccgggg

ct gggagaggcggcggcggcggcgagtgggagcgtg cgggg acggggtcgggac gagcgg

aggggaggtgt t t t cggagccccggagct ccaggcgggaggcgacggttsgsssggcgcg

cacggcgcggct gggagccggcgcgggggcgcgcagccgcggcgggctcgcggcaggggt

cgg cgggggagaagggcgggcggggggcgagcggcggcccggggtccccggcggggcggg

cggcgggcggccgagcgcgcgct cgctcgcctccaggacgcgct gt ggt ggggg agggg c

gcgccgccttggtaattctatcttctccgtcctcccgggctcgcgggcgEcggcggcgcc
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cttbggcgcgcacatcttaEcttaacgaatttcctatctttgtgcatstttttttcttgtt
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l-> ¡rtron 3

tgggggggcgggggaaagtggcgagagagaaggaggaaagtgatgcaagaaaact cgcag

gccctaagctaagagcggcgcgcagaccgagggagcgctagagggagctcgcgt t cagcc

gaggaggct gctgggccagagt gt gctgctcctgcaaatgcaattgcgtgcccc!.t"SSS

ttttttgggtggttttttttÈtttttttttgcataattctgcataattttaEcattcagg

tagtagggaatgacaacagttggtaaataacaccattgaggttcaaagatct t gatstgaa

GG
TGGTGqEat gt cat ccctaaact ccÈaacat tctat ttaagaagaaaat t cctacacÈ cc

L----> intron 4

cattgtttctagaagagatttcagtacagggtgctttcatggggtttggctttccactta

gtttttgctaagatcattgttccatccctcaagttttcactttgtaEatgaaÈtttacct

gctttgagttcatgtattgtttttttaaatgtttatccagaaggtagacttaatctgtgt

c c c t c t c c t agGTGTCATCCCACACÀTCCACAAATCGCTGATCGGGAAGÀ-AAC'CÀCAÀCÀ
intron 4 <l

KTVEnd
cAÀcAC TGTTTèÀGGATGCCTGGATTCCTTÀTTATC TCAGGACTCTAAATATTC C TAACA
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TGC AGAÀGTTATAGTAÀCAÀGC ATÎTGGTTTTGTACAGÀC ATTGTTTC C AC TC TGGTGGA

TAÀGCTC TCATATCCCAÀÀCTagcLttaaactEgctEaataatcgggtctta

ccttagatctcactcagcaacaagtacatEctctgcttactaattaaacagtgcatctgt

agtcataaccccgtggtacttttgttgbttctttgtatcatatgacctcLtagggtcEta

gaacttgggttgEtgctggaggtaactgcttttggcgtccccccccccccccaatggaca
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of the transcript sequence of the two genes showed that the sequence identity of

the 5' untranslated region and coding sequence are 85o/o and 9Lo/o resPectively.

The strongest homology (98%) is observed for the 3' untranslated region. The

features of the nucleotide sequence presented in Fig. 3-16 can be summarised as

follows:

(1) Starting from the predicted 5'-cap nucleotide to the

polyadenylation site, the mouse H2A.Z gene contaíns 2249 nucleotides.

(2) The mous e H2A.Z gene has five exons that are interrupted by

four introns, predicting a transcript of 869 nucleotides prior to polyadenylation.

(3) Between the S'-cap and ATG, the S'-untranslated region is

109 nucleotides long. The first exon contains the S'-untrarrslated region and the

initiation codon (ATG). The second exon and the third exon are 78 and

114 nucleotides encoding 26 and 38 amino acids, respectively. The fourth exon is

the largest, encoding 44 amino acids. The fifth exon is 62 nucleotides encoding

L9 amino acids. Thus, the mouse histone }J2A.Z protein is predicted to be t27

amino acids long.

(4) Between the chain termination TAA (nucleotide L87L'1873) and

the predicted polyadenylation site (nucleotide 2249) there arc 376 nucleotides,

including the polyadenylation signal AATAAA (nucleotid e 2228-2233).

(5) Inspection of the 5' flanking region identified a (putative) TATA

box (located 30 bp upstream from the transcription start site), three (putative)

CCAAT boxes (located 78, L23 and 180 bp upstream from the transcription start

site) and two (putative) GC boxes (located 93 and 153 bp upstream from the

transcription start site). These were found at similar positions as in human

la2A.Z (Hatch and Bonnet, L990).

These features strongly indicated that the 3223 bp sequence contained the

functional mouse la2A-Z gene.

As previously mentioned (3.2.2 (ii)), mouse histone lf2A.Z pseudogene 2

64



Cløpter 3 Isolqtion a¡¿d Cløracterisúion of the Mouse Histone H2A.Z Gene

encodes an identical protein to human fIzA.Z. To determine whether mouse

histone H;?-A.Z pseudogene 2 represented mouse histone }J'ZA.Z cDNA, the

coding sequence of the mouse histone }J2A.Z gene was compared with the

mouse histone H2A.Z pseudogene 2 nucleotide sequence. The result indicated

that they were identical. A useful adjunct to this finding was that mouse histone

If2A.Z pseudogene 2 could be used in an Escheríchiø coli exptession system to

obtain laz/'.Z proteiry as described in section 3.2.6.

3.2.4 Southern analysis of mouse genomic DNA

The aim of this work was to determine the copy number of the murine

[I2A.Z gene per haploid genome. Therefore, genomic DNA obtained from the

CSTxCBA Fl mice, which was available at that time, and was used for Southern

analysis.

Mouse genomic DNA was isolated from liver of a CSTxCBA Fr mouse as

described (2.3.3 (i)). The DNA was digested with different restriction enzymes

and Southern analysis was performed as described (2.3.10). The filter was initially

probed with a 0.8 kb Hinc In/Xba I fragment isolated from pESa.8 (probe A in

Fig. 3-L7). This probe contained exon 3 and exon 4 and the intron sequences.

After hybridisation, the filter was washed at high stringency. The result is

presented in Fig. 3-18 A. This suggests that this probe not only hybridised to

fragments containing H2A.Z gene but also hybridised to other fragments,

probably representing the }JIA.Z pseudogenes. Two pseudogenes, containing

sequence homologous to the coding sequence of the H.ZA.Z gene, were isolated

during the course of this work (3.2.1. (ii)) and 3.2.2 (ii)). Therefore the probe

containing the coding sequence of H2A.Z also hybridises to the fragments

containing pseudogene sequence. It was likely that the more intense bands

represented the H2A.Z gene, whereas the less intense bands were the fragments

containing the pseudogenes. To verify this interpretation, the same filter was
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stripped and with a 0.5 kb Hinc II fragment (probe B in Fig. 3-17). This probe is

located at the 3' flanking region of the mouse ff2A.Z gene and does not contain

any sequence homologous to histone ff2A.Z pseudogene L or 2. The result is

shown in Fig. 3-L8 B. O.ly single hybridising fragments were observed for all

restriction enzyme digestions except in the Puu II digestion (lane 14 in

Fig. 3-18 B), the hybridising fragment was undetectable; it may be smaller than

1.0 kb and therefore it is not present on the filter). This indicated that only a

single copy of the IJ2A.Z gene exists in the mouse haploid genome. In ten

enzyme digestions (lanes 2, 4-8, !0, L2, L3, t5 in Fig. 3-18 B), the band matched

with the more intense band obtained with the initial probe, indicating that the

sequences homologous to the two probes used in this analysis reside on the same

fragment. Flowever, in three enzyme digestions (lane t, 9, LL in Fig. 3-18 B) the

band obtained from probe B in Fig. 3-18 did not match with the more intense

band obtained from the initial probe, indicating that the sequences homologous

to the first probe and the second probe resided on different fragments. This was

due to the presence of the restriction enzyme sites in the region between probes

A and B (Fig. 3-t7). This results in the different hybridising fragment detected by

these two probes.

8.2.6 Northern analysis of total RI\TA from ES cells

The aim of this work was to determine if the mouse FI2A.Z gene

is expressed in embryonic stem (ES) cells. Therefore, total RNA isolated from

mouse E14 ES cells was used for Northern analysis.

RNA isolation and Northern analysis was performed as described Q.Q.

The fitter was probed with a 397 bp Nco l/Hind III fragment isolated from

pET.H2AZ, containing the sequence corresponding to the mouse H2A.Z cDNA

(described in section 3.2.6 (Ð). After hybridisation, the filter was washed at high

stringency. A single hybridising band was detected as shown in Fig. 3-L9.
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Figure 3-17

Probes for Southern analysis of mouse genomic DNA

The probes used in Southern analysis of genomic DNA are shown in

striped boxes relative to the 4.8 kb Eco Rl/ Sal I fragment in pESa'8 Q'2'3 (iv))' The

position of the mouse histone H2A.Z gene is shown in the maP. The exons are

boxed in black. Probe A is a 0.S kb Hincln/Xbø I fragment containing the exon

and the intron sequences of the }lt2A.Z gene. Probe B is a 0.5 kb Hinc tr fragment

located in the 3' flanking region of the lf2A.Z gene.
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Figure 3-18

Southern analysis of genomic DNA isolated from CSTxCBA mouse

A: Genomic DNA isolated from a CSTxCBA mouse was digested with

individual restriction enzymes and combinations. The digested DNA was

electrophoresed on a 0.8% agarose gel along with DNA size markers. DNA was

transferred from the gel to a Zeta-Probe membrane, probed with 32P-1abe11ed

0.8 kb HincnI/Xba I fragment, containing the exon 3 and exon 4 and the intron

sequences of the Í12A.2 gene (probe A in Fig. 3-17). After hybridisation at 65oC

overnight, the filter was washed at 65oC with 40 mM Na2HPOa pH 7.2, ! mM

EDTA, 5% (w /v) SDS for 30 minutes, and then in 40 mM Na2HPOa pH7.2, L mM

EDTA, 7% (w /v) SDS, 65oC for 30 minutes and the hybridising fragments were

detected by autoradiography. Lanes are as follows:

1) Bgln-digested DNA 2) Bam lfl-digested DNA

3) Hind lll-digested l, DNA marker 4) Eco Rl-digested DNA

5) Eco RV-digested DNA 6) Eco Rl/Eco RV-digested DNA

7) Eco RY /Hind nI-digested DNA 8) Hind trI-digested DNA

9) HindIn./Xba l-digested DNA 1.0) Kpn I-digested DNA

11) Xba I-digested DNA L2) Nco I-digested DNA

13) Psf l-digested DNA L4) Pau tr-digested DNA

15) Sca I-digested DNA (partial digestion)

1.6) Spe I-digested DNA (partial digestion)

B : The same membrane as in A after stripping and rehybridising with 32P-

labelled 0.5 kb Hinc II fragment (probe B in Fig. 3-17). The fragments were

detected by autoradiography after hybridisation and washing as described above.

Lanes are the same as in A.

The result shows that the hybridising fragments in lanes 2,4-8, \0, L2, \3, \5

correspond to the strongly hybridising fragments shown in A.
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Figure 3-19

Northern analysis of total RNA isolated from mouse ES cells

10 pg of total RNA isolated from mouse E14 ES cells, along with DNA size

markers, was run on a L.2"/" formaldehyde-agarose gel. The RNA was transferred

to Zeta-Probe membrane. The filter was probed with 32P-labelled 397 bp

Nco l/Hind III fragment isolated from pET.H2AZ, containing the sequence

corresponding to the mouse H2A.Z cDNA (described in section 3.2.6 (Ð). After

hybridisation at 65oC overnight, the filter was washed at 65oC with 40 mM

Na2HPOa pH7.2, L mM EDTA, 5% (w /v) SDS for 30 minutes, and then in 40 mM

Na2HPO4 pH 7.2, L mM EDTA, 1"/" (w/v) SDS, 65oC for 15 minutes and

hybridisation was detected by autoradiography. The ethidium bromide stained

gel (A) and the autoradiograph (B) are shown, with the size of the DNA markers.

The hybridising band is indicated by an arrow.
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The band corresponding to H2AZ mRNA is approximately 1.3 kb in size,

as judged by the DNA markers (predicted size is 1-1.1 kb). This size may not be

accurate since DNA and RNA migrate at different rates through agarose gels

containing formaldehyde (Wicks, L986). However, this experiment shows that

theHZA.Z is expressed in mouse ES cells.

3.2.6 Expression of mouse histone \I2A-Z in bacteria

The aim of this work was to produce a monoclonal antibody against

mouse LI2A.Z proteiry to use as a tool to investigate the distribution of H2A.Z

protein at different times during mouse development and in different tissues.

It was important to have sufficient amounts of mouse FI2A.Z protein, without

contamination from other proteins, for use as an antigen in the immunisation

process. The best way to achieve this was to produce this protein in bacteria,

since an}l2L.Z cDNA was available.

A T7 RNA polymerase-mediated expression system was chosen for the

production of mouse H2A.Z protein i¡ Escherichiø coli. The RNA polymerase of

bacteriophage TT is very selective for specific promoters that are rarely

encountered in DNA unrelated to T7 DNA (Chamberli¡ et ø1., L970; Dunn and

Studier, 1933). Efficient termination signals of T7 RNA polymerase are also rare,

so that the enzyme is able to make complete transcripts of almost any DNA that

is placed under control of a T7 promoter (Studier et al., 1990). TZ RNA

polymerase elongates RNA transcript five times faster tl:ran Escherichia coll RNA

polymerase (Chamberlin and Ring, t973; Golomb and Chamberlin, L974). These

properties make T7 RNA polymerase attractive for directing high level

expression of a cloned gene in Escherichia colí (Studier and Moffatt, L986).

The bacterial host for expression was ttre Escherichia coli strain BL21(DE3).

The features of this strain relevant to the expression system are as follows:

(1) As a B strain, it is naturally deficient in the lon protease
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(Bukhari and Zipser, L973; Phitips et ø1.,1984). It also lacks tl:re ompT outer

membrane protease which can degrade proteins during purification (Grodberg

and Dunn, L988).

(2) It contains bacteriophage lysogen DE 3. This phage carries a

single copy of the TZ RNA polymerase in the chromosome under the control of

inducible løc llYS promoter. Addition of 0.4 mM IPTG to a culture of BL21(DE3)

induces TZ RNA polymerase, which in turn initiates high level expression of a

target gene in the plasmid (Studier et a1.,1990).

The vector used for expression of thelf2A.Z gene was pET8.H3 (Fig. 3-20).

This expression plasmid was derived from plasmid pBR322 as described by

Studier et al., (1990). This vector carries a T7 promoter, translation initiation

signals and a transcription terminator. The Nco I site, containing an ATG

initiation sequence, was created to facilitate the cloning of the DNA fragment

into this vector. The DNA to be expressed can be subcloned into pET8.H3 by

using the Nco I site at the 5'end and the Hind III site at the 3' end.

The foltowing section describes the expression of }JZA.Z gene in

Escherichia coli using a T7 expression system as described by Studier et al., (1990)

and the use of this protein as an antigen for antibody production and

purification.

(i) Cloning of mouse histone Iil;ZA,.Z cDNA sequences into the

expression vector

Mouse histone }JLA.Z pseudogene 2 carries sequences (from the ATG

initiation codon to the TAA termination codon) corresPonding to mouse histone

1¿ZA.Z cDNA sequence. To clone theÍI2A.Z cDNA sequence (ATG to TAA) into

pET8.H3 plasmid (Fig. 3-20), it was necessary to create the Nco I site at the ATG

initiation codon, and the Hind trI site at the TAA termination sequence.

The strategy used for constructing the expression vector is summarised in
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Fig.3-2L. Two PCR Primers, PFIZ.Nco (2.2.L5) a^dPHZ.Hd (2.2.15), were designed

to introduce flanking Nco I and Hind III restriction sites to 5' and 3' ends of a

pCR amplified cDNA, respectively, while maintaining the reading frame of the

protein coding region. HLA.Z coding sequence was amPlified from a clone

containing the mouse histone L-I2A.Z pseudogene 2 (pl7w-Pvu II, described in

J.2.2. (ii)) as a template. The amplified product of 397 bp was obtained after 40

cycles of PCR (2.3.16). Ttre 397 bp fragment was digested with Nco I and HindIJJ'

and subcloned into Nco I and Hind Ill-digested pET8.H3 vector. After

transformation into BL21(DE3) the recombinant plasmid was named pET.H2AZ.

To ensure that no mutation occurred during the PCR step, pET.H2AZ was

sequenced. No nucleotide substitution or deletion was observed in tl:re }I2A.Z

cDNA sequence.

(ii) Production of mouse histone HàLZ protein

A single colony of BL2L(DE3) containing pET.H2AZ was inoculated in

25 ml of L-broth plus ampicillin and cultured at 3fC for "J.6 hours. One millilitre

of the overnight culture was used to inoculate 100 ml of fresh L-broth containing

ampicillin. When the A5,gg of this culture reached 0.6, one millilitre of culture

was taken (0 hour) before the cells were induced with 0.4 mM IPTG. Another

millilitre was taken L,2 and 3 hours after IPTG induction. Protein extracts were

prepared from these aliquots as described (2.5.1) and electrophoresed on

a t5"/" SDS/polyacrylamide gel (2.5.2).

The protein gel shown in Fig. 3-22 demonstrated that pET.H2AZ is highly

expressed in BL21(DE3) after induction. The induced protein had an approximate

molecular mass of L6 kDa, which corresponds to the deduced molecular mass of

mouse histone Íf2A.Z (15,674 Da) (Fig. 3-16).
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Figure 3-20

Relevant restriction map of expression vector pET8.H3

A The relevant restriction map of expression vector pET8.H3 is shown.

This plasmid is derived from pBR322 and contains T7 Q10 promoter sequences

inserted in the opposite orientation to the tetracycline resistance (Tc) gene.

B The TZ S10 promoter and upstream sequences of pET8.H3 are shown,

together with the relevant restriction sites.
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Figure 3-21

Construction of pET.H2AZ

A flow chart illustrating the construction of pET.H2AZ is shown. The

plasmid pET8.H3 was digested with Nco I and Hizd III. The sequences

corresponding to }JZA.Z cDNA were obtained from PCR reaction using the

plasmid p17w-Pvu II as a template with primer PHZ.Nco and P\fZ.Hd (2.2.L5).

The PCR product was then digested with Nco I and Hind III and the fragment

was isolated and ligated to pET8.H3 vector. As a result, the plasmid pET.Ia2AZ

was obtained.
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Figure 3-22

Expression of mouse histone H2A.Z from plasmid pET.ÍI2AZ

BL21(DE3) cells containing pET.H2AZ were induced with 0.4 mM IPTG for

1.,2 and 3 hours. Protein extracts prepared from the cells before (0 hour) and after

induction were electrophoresed on a L5% SDS/polyacrylamide gel, along with

molecular weight markers, and stained with Coomassie blue. A band of protein

corresponding to the expeeted molecular weight of mouse histone H2A.Z was

observed after the BL21(DE3) cells were induced for at least L hour.
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(iii) lVestern analysis

To ensure that this expressed protein was mouse F{.ZA.Z, Western blot

analysis was conducted. Protein extracts prepared from uninduced BL21(DE3)

containing pET.H2 AZ (negative control), a 3 hour induced BL21(DE3) containing

pET.IH2AZ, along with protein markers were electrophoresed on a L5%

SDS/polyacrylamide gel (2.5.2). The proteins were transferred onto the

membrane. The filter was incubated with polyclonal antibodies against chicken

H2A.F produced by l. Whiting (Ph.D. thesis, 1988) and subsequently the protein

bound to these antibodies was detected as described (2.5.3). The result indicated

that the antibodies bound to the band corresponding to the position at which

expressed HzL.Zprotein was located (data not shown). uës,íëÐ+) R¿.,r gr{o¿t'"p

rr4da ÈEË^) Sryrr¿ll rts rpc¿easà ¡ - l6luÞ B/þ> /'r7ÞÚçt^l/ RflJft'¿s'

tv o'T@ púf',Ðrú9t /'Ù Ftrs' ì'¿> ^JoT 
cÐ^J\'¡r¡Cr I'r Q> '

(iv) The use of histone HZLZ ex¡rression product

(L) As an antigen for monoclonal antibody Production

Having established a protocol to obtain high expression of mouse histone

H2A.Z, a large scale preparation (5 litre culture) was performed. It was found that

the highly expressed protein formed inclusion bodies within Escherichiø coli

cells. This facilitated purification of FI2A.Z away from most of the other bacterial

protein by extraction of inclusion bodies.

An attempt to produce a monoclonal antibody in mice against the

recombinant H2A.Z protein was conducted by I. Wrin. The inclusion body

material was dissolved in a solution containing 50 mM Sodium Acetate and 6 M

urea pH 4.5 and applied to a Mono S cation exchange column. FI2A.Z was eluted

from the column at 400 mM NaCI in 50 mM Sodium Acetate and 6 M urea pH

4.5. A series of immunisations with the purified protein were performed. None

of these mice developed a detectable antibody titre in ELISA assays. This may be

due to this protein being an endogenous protein.
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(2) Affinity purification of specific H2A.Z antibodies

Since the production of a monoclonal antibody against ÍI2A.Z Protein was

unsuccessful, potyclonal antibodies against the synthetic peptides (designed to the

C terminal end of }ir2A.Z protein by I. Wells) were consigned and produced by

Chiron mimotopes. This sera contained high titre cross reactivity with H2A.Z in

mouse liver total histone extracts (M. Clarkson, Pers. comm.). Tl:re H2A'Z

expression product was used for affinity purification of specific H2A.Z antibody

from immunised sheeP sera.

3.3 Summary and Discussion

B.B.l Isolation a¡rd characterisation of the mouse histone I'I2þ\Z gene

This chapter describes the isolation and characterisation of a mouse

histone lf2A.Z gene from the BALB/c strain. The mouseH2AZ transcript was

predicted on the basis of homology to sequence from the human la2A.Z gene

(Hatch and Bonner, L990).

The mouse IH2A.Z gene encodes a protein of L27 residues. The gene

consists of four introns and five exons and has an exon-intron organisation

similar to that of chicken H2A.F (Dalton et al., 1989) and human H2A.Z

(Hatch and Bonner, L990). The exon-intron boundaries of mouse II2A.Z occur

in the same positions in the coding sequence and the intron lengths are similar

to human IHZA.Z but are quite different from chicken. The four mouse }JZA.Z

introns are 435,309, gg0, and 246 bp long, compared to 427,276,332, and 287 bp in

the human gene and 1536, 246, tg7}, and 2681 bp in the chicken gene' The

polyadenylation signal (AATAAA) of the mouse HZA.Z is identical to the signal

inIf2A.Z mRNA from cow, rat and human (Hatch and Bonner, 1988). Flowever,

it is slightly different in chicken which is GATAAA (Dalton et a1.,1989)'

7L



ctupter 3 Isolation and characterisation of tle Mouse Histone H2A.Z C'ene

Two mouse histone }JàA.Z pseudogenes were isolated and characterised

during this work. One of these pseudogenes, designated mouse histone }J2A.Z

pseudogeîe 2, contains sequence identical to mouse histone HZA.Z cDNA.

The presence of I{LA.Z pseudogenes in the genome was also found in human

(Hatch and Bonner, L990).

3.3.2 Southern analysis of mouse genornic DNA

Southern analysis indicated that there is only a single coPy of the mouse

H2A.Z gene per mouse haptoid genome. There are also several pseudogenes in

the mouse genome, as demonstrated by Southern analysis using a probe

containing the coding sequence for the H2A.Z gene.

8.3.3 Northern analysis of total RNA from ES cells

Northern analysis of total RNA isolated from ES cells demonstrated that

the H2A.Z gene is expressed in these cells. This result was expected since it is

known that H2A.Z ís expressed at a low level throughout the cell cycle, in all cell

types.

3.3.4 Expression of mouse histonelJ2À-Z in bacteria

High level expression of mouse histone H2A.Z protein in Escherichia coli

cells was obtained by using a T7 RNA polymerase-mediated expression system.

The coding sequence used was obtained from mouse histone HZA.Z pseudogene

2. The expression vector was corrstructed by cloning a PCR fragment, amplified

from mouse histone lHzA.Z pseudogene 2, into pET8.H3. The vector was then

transformed into Escherichia coli BL2L(DE3) and the protein was exPressed, and

formed inclusion bodies, in the cells after induction with IPTG for at least t hour.

Several results indicated that the expressed protein was mouse histone

IJ2A.Z. Firstly, the molecular mass was the same as histone FIZA.Z. Secondly,
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Western blot analysis using polyclonal antibodies against chicken H2A.F cross

reacted with recombinant Ít2A.Z. Finally, this protein was successfully used for

purification of FI2A.Z speciÍic antibodies

In collaboration with D. Tremethick at the Iotn Curtin School of Medical

Research, Australian National University, the exPressed }I2A.Z protein is being

used for chromatin assembly studies.
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chapter 4 Histone H2A.Z Gene "Knock-at" bg Homalogous Reæmbitt(É'ionin
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4.1 Introduction

The biological function of histone }JZA.Z is unknown but recently it has

been shown to be essential in Drosophiln development (van Daal and Elgin,

tgg2). Null mutant flies only survive until the third larval stage, presumably

utilising maternal supplies of the histone up to this stage. The function of this

gene has not been demonstrated in mammals.

To investigate the role of the mouse H'2A.Z gene, homologous

recombination of this gene in embryonic stem (ES) cells was performed, to create

ES cells and mice lacking a functional H2A.Z gene. This chapter describes

targeted disruption of the histone IJ2A.Z gene in ES cells. The aim was to create

heterozygous H2A.Z gene "knock-out" ES cell clones. Subsequently, these cells

could be used to generate homozygous I{^2A.Z gene "knock-out" ES cell lines and

mice; these experiments will be described in Chapter 5.

Three different targeting vectors (pHZHR1, pIfZÞ[Il2 and pIJZHR3) were

constructed., as described in this chapter. The first vector, pIJZlJRl, was prepared

from the clones containing the H2A.Z gene derived from the BALB/c mouse

genomic DNA library, which were isolated and characterised as described in

Chapter 3. During the course of this work, emerging evidence in the literature

showed that vectors prepared from isogenic DNA are more effective in

homologous recombination experiments than vectors prepared from

non-isogenic DNA (Deng and Capecchi, 1992; Le Riele et al., 1992 and van

Deursen and Wieringa, 7992). The E14 ES cells, to be used for gene targeting, are

derived from t]¡e L29/Ola mouse strain. Therefore, mouse genomic library III

(2.2.7), derived from mouse strain t29/Sv, was screened for the isogenic}J2A.Z

gene. Clones containing the isogenic }JZA.Z gene were isolated and used for

constructing the targeting vectors p}JZ}JF2 and pÍIZHR3. The three vectors

were classified as replacement type (Thomas and Capecchi, L987). They contained

the neomycin phosphotransferase gene (neor) flanked by nucleotide sequences
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homologous to ttre H2A.Z gene locus. The purposes of using l}:re neor gene in

these vectors were: (1) to disrupt theIJ2A.Z gene; (2) to act as a selectable marker

(conferring resistance to the antibiotic drug GalS) for cells containing an

integrated copy of the targeting vector. DNA was introduced into EL4 ES cells by

electroporation; cells which had integfated the targeting construct were selected

by G418 treatment. Homologous recombination events were identified by

Southern analysis.

4.2 Results

4.2.1 Electroporation of E14 ES cells with targeting vector pHZIIRI

(i) Constmction of PHZIIR1

The targeting vector pHZHRI was constructed using the H2A.Z gene

isolated from a BALB/c mouse genomic DNA library. pHZHRI was derived

from a 4.0 kb Eco p¿I/Hinc\I fragment of pES4.8 (Fig. 3-14). It contains 3.7 kb of

DNA homologous to lhe vrl., 
locus. To inactivate the F{2A.Z gene/ 257 bp

(from nucleotide pn b !*3{, in Fig. 3-16) were deleted, removing exon 2 and

part of intron 2, and.were replaced with the neor gene (isolated from pgkNEOpA,

2.2.Ig). T1¡e neor gene was inserted in the same transcriptional orientation as

1g12A.Z. For further enrichment of the clones in which homologous

recombination events occurred, a strategy using the neor gene without

polyadenylation signals was used. Therefore, pFIZHRL was designed without the

polyadenylation signals from either the neor gene or the H2A.Z gene. The

protein product which has a functional neor resistant actívity can be produced

only when the vector is integrated in the genome in such a way that stable

transcripts of the neor gene are produced using polyadenylation signals from the
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genome. Therefore G4L8-resistant ES cell clones were exPected to be enriched for

homologous recombination events. The map of pHZHRI is presented in

Fig.4-1.

(ü) Electnoporation and Southern analysis

Prior to electroporation pHZHRL was digested with Eco RI and Sal I in

order to release the insert and processed as described (2.3.17). E14 ES cells were

maintained as described (2.6.2\. For electroporation, 5xL07 E14 ES cells were

mixedwith25tLgorEcoF.l/SølI.digestedpHZHRl.in0.5mlHBSand

electroporated at 220 volts and 960 pF capacitance with a Bio-Rad Gene Pulser

as described (2.6.3). Transformed cells were selected with G418 (200 pg/ml) for

10 days. G4l8-resistant colonies wefe expanded as described (2.6.a\.

Genomic DNA was isolated from individual ES cell clones and analysed by

Southern blot. DNA was digested with Bam til. and Kpn I and filters were

probed with a 1.5 kb Hinc tr fragment which was isolated from p129ES (described

in section 4.2.2 (ä)) (see Fig. 4-2). This probe did not contain sequences present in

the targeting vector and hence will only hybridise to endogenous I{2A.Z locus

fragments, not random integration fragments derived from the targeting vector.

The endogenous IFI2A.Z allele was detected as a 14 kb hybridising fragment with

this probe. If a homologous recombination event occurred, the Bøm Hl

restriction site in the vector would be integrated in the genome. Thus tllre I{2A.Z

disrupted allele was expected to generate a 3.6 kb hybridising fragment.

No homologous recombination was observed in any of the 120 G4L8-resistant ES

clones.

4.2.2 Isolation of a mouse histone HZLZ genomic clone derived from

morrse strain 129

The first targeting construct, pHZHR1., was constructed before the
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Figure 4-1

Map of taqgeting vector PHZHR1

The restriction map of pHZHRI containing a 5.1 kb Eco RI/ Sal I fragment

in pUCL9. The lf2A.Z genomic fragment is shown as an oPen box with exons

filled and numbered. Thre neor cassette disrupted Ia2A.Z gene is indicated with

the arrow above indicating the direction of the transcription. The restriction sites

within the insert fragment and the polylinker are abbreviated as indicated.
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Figure 4-2

Southern analysis of ES cells transfected with pHZHRI

The targeting vector pHZHR1 is shown at the top in alignment with the

restriction map of thelf2L.zlocus. Exons of the la2y'..z gene are represented by

open boxes and. are numbered. The afrow above Ihe neor cassette indicates the

direction of the transcription of neor gene'

ES cell DNA was digested with Bamlil, and' Kpn I restriction enzymes and

probed with a L.5 kb HincII fragment represented by the black box' This probe is

located 3' and external to pHZHRL. The endogenous and the disrupted HLA'Z

alleles generated from an homologous recombination event were expected to

give a 1.4 kb and a 3.6 kb hybridising fragment respectively.
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importance of utilising isogenic DNA was appreciated. In order to improve the

targeting efficiency, vectors were prepared from isogenic DNA. To achieve this,

it was necessary to obtain I-I2A.Z genomic clones from isogenic DNA. E14 ES

cells, to be used for the gene targeting experiments, are derived from L29/Ola.

Therefore, mouse genomic library Itr (derived from L29 /Sv mouse strain; 2.2.7)

was screened for isogenic H2A.Z clones.

(i) Screening mouse genomic library III
The results from previous library screenings (described in Chapter 3)

indicated that there are at least two histone H2A.Z pseudogenes in the mouse

genome. In order to isolate the mouse histone H2A.Z gene and avoid isolation

of pseudogenes, mouse genomic library III (2.2.7) was screened using probes

flanking the transcribed region. Thereforè, a 0.5 kb Hincll/Hind II, a 0.6 kb

Hind III/Xho I and a 0.5 kb Hinc II fragment (probes A, B and C in Fig. 4-3)

derived from the 4.8 kb Eco RI/ Sal I fragment in pES4.8 were used in this

screening. The mouse genomic library Itr was plated as described (2.3.11). The

probe was labelled with a a-32P dATP (2.3.8 (ii)) and then hybridised to the filters.

After hybridisation the filters were washed at a high stringency of 0.1x SSC, 0.1%

SDS at 65oC and set up for autoradiography.

A total of six positive plaques were picked and these underwent two more

rounds of screening in order to obtain clonal positive plaques. Three plaques

were obtained after the three rounds of screening and all of these positives

(Ì,,1, ì\2, À1,0) were analysed further.

(ii) Characterisation of the three ¡rositive lambda clones (Ìul, Ìu2,

À10)

DNA was prepared from ?,,!,7v2, LL} (2.3.2) and Southern analysis was

performed, using DNA digested with Søl I and Eco R[, and probed with the 0.6 kb
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Figure 4-3

Probes for screening of mouse genomic DNA library III

The probes used in library screening are shown in striped boxes relative to

the 4.8 kb Eco RI/Sal I fragment in pE9t.8. Fragments A and B are the 5'flanking

region probes, fragment C is the 3' flanking region probe. The restriction

enzymes used to prepare these probes from pESa.8 are indicated on the map.
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Hind lll/Xho I fragment (probe B in Fig. 4-3), which is located 5' of the mouse

H2A.Z gene. The result is shown in Fig. 4-4 and the alignment of the clones is

shown in Fig. 4-5. It was fot¡nd that (a) all of the clones contained t}:re ff2A.Z

gene and are overlapping, and (b) the DNA obtained from these overlapping

clones spanned 20.1 kb with approximately L0.2 kb flanking the 5' end of the

H2A.Z gene region arrdT kb flanking the 3' end of the IJ2A.Z gene region.

The insert fragments in the overlapping lambda clones were subcloned

into plasmid vectors for further analysis. The map of the subclones, p72953.6,

p129SK and p1.29ES, relative to the lambda clones, is shown in Fig. 4-5. pL2953.6

contained a 3.6 kb Eco RI/ SøI I fragment, isolated from 1,1.0, in pBluescript KS+

vector. p129SK contained a L4.L kb SalI/Kpn I fragment, isolated from ?u2, in

pBluescript KS+ vector. pL29ES contained a 12 kb Eco KI/Sal I fragment, isolated

from À1, in pBluescript KS+ vector. Partial sequencing oÍ pL29ES using a primer,

p¡¡Zseq1 (2.2.L5), which annealed to an internal sequence of lf2A.Z, confirmed

that it contained the H2A.Z gene as expected. The restriction map and the

generation of the targeting constructs are described in the following section.

4.2.3 Electroporation of 814 ES cells with targeting vector p'HIDHRZ

(i) Constmction of PHZHR2

The second targeting vector pHZHR2 was constructed using a region of the

ÍI2A.Z locus cloned from ttte 129/Sv mouse DNA described above. This vector

contained 5.8 kb of DNA homologous to thela?./-Z locus and a neor gene driven

by the mouse phosphoglycerate kinase promoter (pgk-promoter) and a pgk-

potyadenylation signal (pgk-polyA). The neor was chosen as a selectable marker

since the enrichment strategy described above for homologous recombination

using ttte neor gene without a polyadenylation signal was unsuccessful.

The strategy used to create the targeting vector pFIZHR2 is presented in
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Fig. 4-6. To constrvct 7HZHRZ, p129xb and pL29ElRV were generated by

subcloning the fragment isolated from pI29ES (Fig. a-5). A fragment containing

aneor cassette was introduced into Mlu I/Bst Ell-digested p129Xb. The resulting

plasmid, designated plz9xb.neo, contains the pgkneor cassette transcribed in the

opposite orientation to l72A.Z. H2A.Z is therefore rendered nonfunctional by

the loss of part of the Ii^2A.Z promoter region, exon 1, intron L, exon 2 and Part of

intron 2.

(ii) Electroporation of pHZHR2 into ES cells and Southern

analysis

Prior to electroporation pIIZ}JF9 was digested with Eco RI and Kpn I in

order to release the insert and processed as described (2.3.17). E14 ES cells (5x107)

were mixed with 25 þg of Eco I<l/ Kpn l-digested pÍfZÍfl?.2 in 0.5 ml HBS and

electroporated at 220 volts and 960 pF capacitance as described (2.6.3).

Transformed cells were selected with G41.8 (200 ¡rglml) for 10 days. G4l.8-resistant

colonies were expanded as described (2.6.$.

Genomic DNA was isolated from individual ES cell clones and analysed by

Southern blot. DNA was digested with Bam Hl and probed with a 0.6 kb

Bam Ífl/ Sma I fragment (isolated from pL2953.6; probe B in Fig. 4-L0) which is an

external probe not present in the vector. The endogenous FJ2A.Z allele was

detected as a 27 kb hybridising fragment with this probe. If a homologous

recombination event occurred, tlrre Bam HI restriction site in the vector would be

introduced into theII2A.Z locus. Thus a disruptedfl2{.Z allele was exPected to

generate a 10 kb hybridising fragment. Homologous recombination was not

observed in any of the 273 G4l9-resistant ES clones.
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Figure 4-4

Southern analysis of.7v7.,1,2 and 1,10 derived from mouse genomic library III

A : DNA of. LL,î,2 and 1,10, derived from mouse genomic library III, was

digested with søl I and Eco RI. The digested DNA was electrophoresed on a L"/"

agafose gel along with DNA size markers. DNA was visualised by staining with

ethidium bromide. Lanes are as follows:

1) Hi-Lo mixed DNA size markers (Bresatec)

2) Søl I and Eco Rl-digested l'1 DNA

3) Søl I and Eco Rl-digested (Eco RI with star activity) 1,2 DNA

4) Søl I and Eco Rl-digested L10 DNA

B : DNA was transferred from the above gel to a kta-Prcbe membrane,

probed with 32P-labelled 0.6 kb Hinð, trl/Xho I fragment located at the 5' end of

IJLA.Z (probe B in Flg. 4-3), and the hybridising bands were detected by

autoradiography. Sizes of the markers are shown' Lanes are the same as in A
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Figute 4-5

Alignment oÍ.ìu\,1,2 and À10 and subclones p12953.6, p129SK and p129ES

The overall restriction map of the region of genomic DNA covered by the

inserts of ?ú,1,2 and À10 is shown below the maps of individual clones. The

numbers above the map indicate the distances in kilobases from the 5' end of the

genomic region. The location of the H2A.Z gene is shown, and the arrow

indicates the orientation of the gene. The thick lines represent the insert

fragments subcloned into plasmids and the names of the recombinant plasmid

are indicated.

pL2953.6 contains a 3.6 kb Eco RI/SaI I fragment (isolated from î,L0)

subcloned into a Eco RI/ Sal I-digested pBluescript KS+ vector. pL29SK contains a

14.i. kb Søt I/Kpn I fragment (isotated from ì,2) subcloned into a Sal I/Kpn I'

digested pBluescript KS+ vector. p129ES contains a 12 kb Eco I\I/ Sal I fragment

(isolated from À1) subcloned into a Eco F.I/ Sal I-digested pBluescript KS+ vector.
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Figure 4-6

Construction of targeting vector pHZHR2

The strategy used for constructing the targeting vector pÍJZ}JI<2 is shown.

The H2A.Z genomic fragment is shown as an open box with exons filled and

numbered. The pgk neor cassette is shown with the arrow above indicating the

direction of transcription. The restriction sites within the insert fragment and

the polytinker are abbreviated as indicated. The restriction sites whích were lost

as a result of the ligation reaction are shown in brackets.

pL29Xb contained a 3.6 kb Xbalfragment subcloned into the Xbal-digested

pBluescript KS+ vector. A 0.7 kb Mlul/Bst EII fragment containing part of the

I11A.Z promoter region, exon L, intron 1, exon 2 and part of intron 2 was replaced

with a 1.8 kb Eco Rt/HindlII pgkNEOp A (2.2.13) fragment. The resulting plasmid

containing the neor gene inserted in the opposite transcriptional direction to

IJ2A.Z gene was named pl29Xb.neo.

p129ElRV contained a7.3 kb Eco III/Eco RV fragment, carrying the entire

1¡2A.Z gene, subcloned into a EcoRl/HincIl-digested pUC19 vector. To create

ptJZIJIl2, a 4.7 kb Xba I fragment isolated from p129Xb.neo was replaced by a 3.6

kb Xba I fragment in P129EIRV.

For electroporation, pHZHR2 was digested with Eco RI and Kpn I

restriction enzymes to release the insert.
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4.2.4 Homologous necombination in Es cells using pHzHIUl

(i) Constnrction of PHZIIR"3

pHZHR3 was constructed from pH.ZFJIL2 to extend the homology

sequence flanking tlrre neor cassette from 5.8 kb to a total of L8.6 kb. The efficiency

of homologous recombination is proportional to the length of the homology up

to 14 kb (Hasty et al., tgg:l\ L,jnrø.r(.a 
'i¿na** elmèÊertt (aqù Ê,-)Þ N'ù^)¿,,NeÉR '

The features of pÉZHR3 were essentially the same as pHZHR2. By using a

fragment isolated from plJZH.F!-, p129ES.neo was generated as a Precursor for

constructing pHZHR3 (Fig. a-f. The strategy used to construct pHZHR3 is

shown in Fig. 4-8.

(ii) Isolation of an overlapping clone containing sequences

downstream fnom clone 1,1

The aim of this work was to obtain a clone containing sequences

downstream from pHZHR3 for use as 3'-external probe for detection of the

homologous recombination event. Therefore, mouse genomic library nl Q.2.7)

was screened using the 0.3 kb Xba I/ Søl I fragment, located at the 3' end of À1

from which pHZHR3 was derived (Fig. 4-9), as a probe. One positive phage (¡,6.1)

was obtained from the first round. This phage was purified by three subsequent

rounds of screening at low density. DNA was prePared from the phage and

digested with Eco RI, SaI I, and Eco RI plus Sal I. Southern analysis using the

0.3 kb Xbal/ Sal I fragment allowed the map to be drawn in alignment with clone

1"1 and î,10 obtained from the previous screening (Fig. 4-9)- In total, 31.9 kb

surrounding the H;2A.Z gene was obtained from the mouse genomic library trI

(2.2.7). The insert fragment of ?',6.1 was isolated and subcloned into a plasmid

vector for further analysis in order to search for a specific probe. It was found

that a 0.6 kb Eco F(l/Hind III fragment, located 4.2 kb downstream from l,L

(Fig. a-9) was a suitable probe for Southern analysis to identify the ES clones in

which homologous recombination had occurred.
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Figure 4-7

Construction of p129ES.neo

The strategy used for constructing p129ES.neo plasmid, as a precursor for

pFIZHR3, is shown. The FI2A.Z genomic fragment is shown as an oPen box with

exons filled and numbered. The position of the neot cassette within t}:re If2A.Z

fragment is shown with the arrow above indicating the direction of transcription.

The restriction sites within the insert fragment and the polylinker are

abbreviated as indicated.

pt29ES contained a 12 kb Eco RI/ Sal | fuagment subcloned into the Eco

KI/ Sat l-digested pBluescript KS+ vector. Eco RI/Bsú Ell-digested p129ES vector

was ligated to the Eco Rl/Bsú EII fragment isolated from p[fzlfx.2. The resulting

plasmid was design ated pL29ES.neo.
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Figure 4-8

Construction of the targeting vector pHZHR3

The strategy used for constructing the targeting vector pHZHR3 is shown'

The H2A.Z genomic fragment is shown as an oPen box with exons filled and

numbered. The position of the neot cassette within the IJ2A'Z fragment is

shown with the arrow above indicating the direction of transcription' The

restriction sites within the insert fragment and the polylinkef are abbreviated as

indicated.

pHZHR3 (23.4 kb) was generated by ligation of a 7'7 kb Cla\lHcoRI

fragment of pL29SK , a !2.7 kb Eco PJ / Sal I fragment derived from pl29ES'neo

and, ClaI/SatI -digested pBluescript KS+ vector'
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Figure 4-9

Alignment of \,1,1.10 and 1,6.1

The overall restriction map of the region of the genomic DNA covered by

the inserts of ),1, î,10 and ?v6.1 is shown below the maps of individual clones. The

numbers above the map indicate the distances in kilobases from the 5' end of

genomic region. The location of theIaZA.Z gene is indicated. A 0.3 kb XballSall

probe used to screen mouse genomic library III (2.2.7) in order to obtain )r,6.1 is

shown in a striped box (A). The position of a 0.6 kb Eco Rl/Hind III fragment,

used as a probe for detection of homologous recombination, is shown as a striped

box (B) relative to the overall restriction maP.



À ¿rrm ?" arrn

Sarl Sall
EcoRl EcoRl

l, 10

Sall Sall

À1

I6.1

-J
EæRl

I

3.6

EcoRl

Eco Rl
I

8.1

Eco Rl

ÉG
A

Sall
Eco Rl

24.3

Eco Rl

Sal I

31.9 kb0

À arrn 1, arm

H2A.Z



clupter 4 Histone H2A.Z Gene "Knock-OLû" bv Homalogous Recombinãionin
Mouse Embryonic Stem Cells

(üi) Electno¡roration of pHzÍIR3 and southern analysis

Prior to electroporatiory pHZHR3 was digested with Sal I to release the

insert and processed as described (2.3.L7).

Two electroporations were performed using Sall-digested pHZHR3. In the

first experiment, 50 pg of DNA was introduced into 5x107 E14 ES cells using the

electroporation conditions as previously described (4.2.1 (ii)). Transformed cells

were selected with G41.8 (200 pg/ml) for 10 days. G4l8-resistant colonies were

expanded as described (2.6.Q.

Genomic DNA was isolated from individual ES cell clones and analysed by

Southern blot. DNA was digested with Bam [il. and filters were probed with

a 0.6 kb Eco III/HindIJ.I fragment (probe A in Fig. a-10)which is a 3'-external

probe not present in the vector. No homologous recombination was observed in

any of the 120 G418-resistant ES clones. To determine whether the introduced

DNA integrated only in a single site in the genome, the filters were reprobed

with the neor coding probe (a 696 bp Psú I fragment isolated from pgkNEOpA

(2.2.13)). Unexpectedly, about 60% of these clones had multiple-copies of DNA

randomly integrated in the genome. This suggested that these electroporation

conditions, with a high concentration of DNA (50 pg) may contribute to high

copy number integration.

Therefore, the second experiment was performed using 25 Pg DNA of

pHZHR3 introduced into ES cells (5x107) at passage 2'l'. Electroporation was

performed using the same conditions as previously described (4.2.L (ii)).

Transformed cells were selected with G418 (200 pglml) for 10 days. G418-resistant

colonies were expanded as described (2.6.a). Genomic DNA was isolated from

individual ES clone and analysed by Southern blot. DNA was digested with

Bam HI and filters were probed with a 0.6 kb Eco Ill/Hind III fragment

(probe A in Fig. 4-10) which is a 3'-external probe.

The result showed that 31 out of 305 clones gave an extra hybridising

fragment of 18 kb as expected if one allele was mutated (see Fig. 4-10).
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The structure of the mutated allele was further confirmed by rehybridising the

same filters with two probes: (1.) probe B in Fig. 4-t0, a 0.6 kb Bam HI/ Sma I

fragment present in the vector, (2) the neor coding sequence probe, a 696 Pst I

fragment isolated from pgkNEOp A (2.2.L3). A surprising result was obtained

from probe B. Three out of 3L positive clones identified with probe A did not

give the expected band of 10 kb. These 3 clones were classified iffiìt
undergone a "pick-up" event (as explained in discussion). Hybridisation with

t}:te neor probe revealed that 11 out of 31 positive clones with probe A gave an 18

kb fragment as expected plus an extra fragment(s) indicating a random

integration event together with an homologous recombination event in these

clones. The three outcomes from this experiment are summarised in Table 4-1.

An example of Southern blot analysis is shown in Fig. 4-11.

Tabte 4-1 Electroporation of ES cells with pHZHR3: Southern blot analysis

Southern anal

Event 7number of
clones

end probe end probe
(kb) (kb)

neor ptobe
(kb)

HRA

HR and RIb

" pick-upc "

t7

L1

27,L8 27,L0

27,78 27,!O,Fd

27,18 27

1.8

18, Fe

L83

305 clones were analysed by Southern blot after Bam HI digestion.

"(HR) Homologous Recombination.
b(ru) Random integration.
c(pick-up) Type III recombination (described by Adair et ø1.,1989).
d1f¡ frug-ent(s) not L0 kb in size.

e(F) Fragment(s) not L8 kb in size.

82



Figure 4-L0

Disruption of the IJ2A.Z gene in mouse embryonic stem cells

The targeting vector pHZHR3 used to disrupt t}ire lf2A.Z gene is shown at

the top. The crossovers between the genomic H2A.Z allele (middle) and the

targeting vector are indicated by the dashed lines. The predicted map of the

mutated allele following homologous recombination is shown below. Exons of

t}ne IJZA.Z gene are represented by numbered open boxes. T}:re neor cassette is

represented by the arrow indicating the direction of transcription. Probes A, B, C

and neor and the lengths of fragments recognised by these probes are indicated.

The H2A.Z gene is flanked by two BamÊ[. sites about2T kb apart. T}:re neor

cassette within pHZHR3 contains a Bam HI site approximately 10 kb from the

5' end of the vector. As a result of homologous recombination, a Bam til. site is

inserted between the endogenous sites to generate two Bam HI fragments of

about 10 kb and L8 kb in size.
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Figure 4-1L

Southern analysis of selected ES cell clones after electropotation with pHZHR3

DNA isolated from 21 individual ES cell clones (numbers L-2L) was

digested with Bam Lil. The digested DNA (lanes t-21) was electrophoresed on a

0.2% agarose gel along with DNA size markers (lane 22), and transferred onto

Zeta-Probe membrane. The filter was initially probed with a 3' external probe

(probe A in Fig. a-10) and the result is shown'in A. The arrows indicated the

clones in which the L8 kb fragment was observed. The same filter was stripped

and reprobed with a 5'-internal probe (probe B in Fig. 4-10) and neor probe, and

the results are presented in B and C respectively.

The result obtained from these three probes indicated that ES cell clone

number 4 is a homologous recombination clone. ES cell clone number 10 is

classified as a "pick-up" event clone due to the absence of a 10 kb hybridising

fragment when probed with probe B (Fig. 4-10). ES cell clones L8 and 20 gave a 27

kb and an 18 kb band with probe A but when these clones were probed with the

S'-internal fragment (probe B in Fig. 4-10) and neor probe they gave multiple

bands which indicated both homologous recombination and random integration

events have occurred.
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(iv) Verifrcation

Southern analysis of 3L positive clones was confirmed by digestion with

Bamlil, and hybridising to the three Probes (probe A,B, neor Ptobe in Fig. 4-L0)

after expanding from the frozen stock. To define the structure of the disrupted

allele in detail, DNA isolated from L7 positive clones without random

integration was also analysed by Xba I digestion using a 0.6 kb Hindfr/ Xho I

probe (probe C in Fig. 4-10). This probe contained DNA sequences present in the

targeting vector and located in the promoter region of the H2A.Z gene.

The expected fragments oÍ 3.6 kb (endogenous IJ2A.Z gene allel") rrtì$$f,g
(mutated allele) were observed with an equal intensity (Fíg A'Lz). To wifiE+he

"pick-up" event in the three clones, DNA was also digested with Xba I and

probed with 0.6 kb Hindfr/ Xho I probe (probe C in Fig.4-10). Two hybridising

fragments with different intensities were observed. The 3.6 kb fragment, derived

from the endogenous lf2A.Z gene allele, had double the intensity of the band on

autoradiography compared to the other fragment of 4.7 kb, derived from the

pHZHI{3 DNA (Fig. a-12). This result indicated that the two functional copies of

1¡zA.Z were still intact and in addition the pHZHR3 DNA was randomly

integrated in the genome.

4.3 Srrmmary and Discussion

This chapter describes targeted disruption of the histone H2A.Z gene in

mouse ES cells. The successful targeting vector (pHZHR3), gave a frequency of

homologous recombination of L in 1.1 of the G418-resistant clones. There are at

least two factors that contribute to this high efficiency: the utilisation of isogenic

DNA and the long stretch of homologous DNA (a total of 1.8.6 kb) between the

vector and the II1A.Z locus.

Southern analysis was used to identify the homologous recombination
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Figure 4-12

Southern analysis of positive ES cell clones

DNA was digested with Xba I. The digested -DNA (lanes L-L2) was

electrophoresed on a t.0% agarose gel along with DNA size markers, and

transferred onto Zeta-Prcbe membrane. The filter was probed with a 0.6 kb Hind

Ill/ Xho I fragment (probe C in Fig. 4-10). The endogenous H2A.Z allele and the

disrupted IJàA.Z allele were detected as a 3.6 kb and a 4.7 kb hybridising

fragment, respectively.

Lane 1: Unmanipulated E14 ES cell DNA. The If2A.Z allele was

detected as a 3.6 kb hybridising fragment with the probe.

Lane 2,9, and L0: ES cell clones classified as "pick-up" event DNA.

Two hybridising fragments, a 3.6 kb (endogenous }lzA.Z gene) and a 4.7 kb

(randomly integrated pÍJZ}JR3 DNA), were detected. The 3.6 kb fragment has

double the intensity of 4.7 kb fragment.

Lane 3-8, 1L and L2: Targeted ES cell clone DNA. Two hybridising

fragments, 3.6 kb (endogenots II2A.Z gene) and 4.7 kb (disrupted H2A.Z allele)

in lengtþ were detected with equal intensity.
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events and confirm the structure of the disrupted FJ2A.Z allele. As previously

mentioned, 3 out of 31 clones were classified as "pick-up" or tyPe III

recombination events as described by Adair et al., (1989). The frequency of this

event is L out of 10 homologous recombinants, which is higher than previously

reported by other investigators. A frequency of 1 out of 21 homologous

recombinants in ttrte pim-7 targeting experiment was rePorted by te Riete et al.

(L990), and a frequency of 1. out of 48 homologous recombinants in the

retinoblastoma gene experiment was reported by te Ríele et al. (1992). This event

is probably a result of incomplete homologous recombination, with the products

of incomplete reaction subsequently integrating elsewhere in the genome.

Southern analysis with Xba I and a probe containing DNA sequence present in

the targeting vector (probe C in Fig. 4-10) confirmed that two functional copies of

the H2A.Z gene were still intact, with one copy of the disrupted I72A.Z gene

within the targeting vector randomly integrated in the genome.

Southern analysis using t}:re neor probe (4.2.4 (iii)) suggested that the

amount of DNA and the electroporation conditions, used to introduce DNA into

ES cells, may be factors that contribute to multiple copies of DNA integration in

the genome. This speculation led to the evaluation of various electroporation

conditions with different amounts of DNA, with an aim to define the best

conditions resulting in a single site of DNA integration. This experiment

appears in chapter 5.

Targeting attempts using pHZHRI and pHZHR2 were unsuccessful. This

may be due to the fact Ihat p}JZHRl. was derived from non-isogenic DNA and

the length of homologous DNA was too short (onfy 2.4 kb homology at the

5' end and 1.3 kb homology at the 3' end of neor gene) to allow the alignment of

the homologous region to occur. Although pHãIR2 was derived from isogenic

DNA, the low targeting efficiency observed may have been due to it utilising

only 5.8 kb of homology with the IJ2A.Z locus.
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Chapter 5 Prcduction of H2A.Z l'Íttll lultnarús In vitro artd In vitn

5.1 Introduction

The aim of this work was to establish homozygous H2A.Z gene

"knock-out" ES cell lines, and create homozygous F{2A.Z gene "knock-out" mice.

To generate homozygous FIZA.Z gene "knock-out" ES cell lines, the

heterozygous H2A.Z gene "knock-out" ES cells lines were subjected to a second

electroporation to disrupt the remaining wild-type IJ2A.Z allele. To do this,

a targeting vector containing a positive selectable marker different from the neor

gene was required. Therefore, a new vector named pFJZIJR  was constructed

containing the hygromycin phosphotransferase (hVSr) gene as a positive

selectable marker. This construct was designed to improve the efficiency of

homologous recombination using a long stretch (17 kb) of homologous isogenic

DNA.

The electroporation protocol previously used (described in Chapter 4) may

contribute to multiple copies of DNA integrating into the genome. Therefore,

prior to performing the second electroporation, various electroporation

conditions were evaluated. Conditions which most frequently gave integration

of a single copy of the targeting construct were used.

To create homozygous H2A.Z gene "knock-out" mice, heterozygous

la2A.Z gene "knock-out" ES cells lines were injected into host blastocysts and

then transferred into pseudopregnant mothers to generate chimaeric mice.

The heterozygous animals were obtained and the breeding Program was set up in

order to obtain the homozygovs mutant animals.

This chapter describes the approaches used to obtain ES cell lines, and

mice, which a lack the fr¡nctional histone Íf2A.Z gene.
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5.2 Results

6.2.L Test for electroporation conditions resulting in single copy

integration of introduced DNA

Experiments were designed to identify conditions for introducing a single

copy of the targeting vector per transformed ES cell. Parameters explored

included the amount of DNA, electroporation buffer, and capacitance and

voltage settings used for electroporation. High (20 pg) and low (5 pg) amounts of

pHZHR3 DNA (4.2.4 (i)) were tested. Three different electroporation protocols

(see section 2.6.3) which were described by other investigators, including the

original electroporation (protocol 1), were tested. Th"y afe as follows:

Protocol L: HBS was used as an electroporation medium and the settings

were 960 pF capacitance,2L0 volts;

protocol 2: PBS was used as an electroporation medium and the settings

were 25 UF capacitance,350 volts (J. Beall, pers. comm.);

protocol 3: MT PBS was used as an electroporation medium and the

setting wefe 500 pF capacitance,220 volts (I. Lyons, Pers. comm.).

E14 ES cells resuspended in electroporation buffer were mixed with

Sat l-digested pHZHR3 DNA (20 pg or 5 pg) and the electroporation was

performed as described (2.6.3). Forty-eight G418-resistant clones were picked from

each electroporation experiment after 10 days of selection with G418 at 1.50 þ8/ml'

(2.6.4). Genomic DNA was isolated from individual clones and analysed by

Southern blot. DNA was digested with Bam HI and filters were probed with a

neor codi¡g sequence probe (696 bp Psú I fragment isolated from pgkNEOpA, see

Fig. a-10). There is only one Bam HI site in the pHZHR3 DNA. The size of the

hybridising fragments with this probe varies depending on the next Bam HI síte

in the genome from the site of integration. Therefore the number of integration

copies can be determined by the number and intensity of the hybridising

fragments. The data are presented in Table 5-1.
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Table 5-1 The effect of electroporation conditions and amount of introduced

DNA (pHZHR3) on the number of integration copies

Electroporation
condition

DNA used
(pg)

number of
analysed clones

% of. clones
with 1 copy

o/o of clones
with >1. copy

HBS

960 ¡tF,210 volts
48

50

52

50

47

48

5

20

PBS

25 ¡tF,350 volts
13

55

87

45

38

a
5

20

MT PBS

500 pF,220 volts

The condition that gave the highest percentage of single coPy integration

was electroporation with the electric pulse setting at 25 pF, 350 volts and using

5 pg of DNA in PBS. This condition was then used for electroporating DNA into

ES cells in the following experiments.

6.2.2 An attempt to create a homorygous HàLZ gene 'Lsrock.out" ES cell

line

(i) Constmction of PHZHM

pHZHR4 was constructed from }JZA.Z clones derived from a L29/Sv

mouse genomic library (described in chapter 4). It contained L7 kb of DNA

homologous to tlrre IJ2A.Z locus and the hygromycin phosphotransferase (hygr)

gene as a selectable marker. T}:r" lryg' gene was driven by the phosphoglycerate

M
50

56

50

M
40

5

20
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kinase (pgk) promoter, with pgk polyadenylation signals. The cells that

incorporated pFIZHR4 were resistant to hygromycin B-

To create pHZHR4, three recombinant plasmids named pUChyg,

pt29St/Xh.hyg and pL2gBst/S, were generated as Precursors. pUChyg was

derived from pgkHYG (2.2.13) by subcloning a fragment containing the hygr

cassette into pUCL9 vector. The map of pUChyg is presented in Fig. 5-1.

pL29St/Xh.hyg was derived from puChyg. The strategies used to create

pL29St/Xh.hyg and pt2gBst/S are presented in Fig.5-L and Fig. 5'2, respectively.

The strategy used for constructing pFIZHR4 from the precursors is shown

in Fig. 5-3. pllZlJRA contained the hygr cassette transcribed in the same direction

as la2A.Z and located at a position almost identical to where t}:re neor cassette was

located in pHZHR3. IJZA.Z is rendered nonfunctional by the loss of a 0.8 kb

Xho l/Bst EII fragment containing part of the promoter region, exon 1, intron L,

exon 2 and part of intron 2.

(ä) Gene targeting using pWtHB4

The ES cell line designated E$193 is one of the 18 positive clones in which

one allele of f12A.Z has been disrupted as described in chapter 4 (Table 4-1). This

clone was chosen'on the basis of normal karyotype, good morphology and

normal growth characteristics. ES-193 was subjected to second round

electroporation in order to generate homozygous IJZA.Z gene "knock-out" ES

cell clones.

Before electroporation, pHZHR4 was linearised with Sal I to release the

insert and processed as described (2.3.17). ES-193 cetls (5x107) were transformed

with 5 pg of Søt-digested pH.Z}IFI  using and electroporation protocol 2

(see section 5.2.1). Transformed cells were selected in the presence of hygromycin

(110 pglml) for I days. Hygromycin-resistant colonies were expanded as described

(2.6.4).
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Figure 5-1

Construction of pUChyg and pl29SUxh.hyg

The strategy used for constructing plz9St/Xh.hyg plasmid, as a Precursor

for pIJZHR4, is shown. The H2A.Z genomic fragment is shown as an open box

with exons filled and numbered. The position of tlrre hygr cassette within the

;g12A.Z fragment is shown with the arrow above indicating the direction of

transcription. The restriction sites within the insert fragment and the polylinker

are abbreviated as indicated. The restriction sites which were lost as a result of

the ligation reaction are shown in brackets.

pUChyg was constructed by subcloning a 2.0 kb BgI n fragment containing

t1¡e hygr cassette isolated from pgkÉIYG (2.2.13) into Xbø l-digested pUC19 vector.

p129SK contained aL4.Lkb SatI/Kpn I fragment subcloned into pBluescript KS+

vector. p129St/Xh.hyg was constructed by subcloned a 7.6 kb Stu I/Xho I

fragment of p129SK into Søl I-digested puChyg vector. The ligation between the

blunt end fragment and blunt end vector in the correct orientation generates a

unique Søl I site within the recombinant plasmid as shown in the maP'
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Figure 5-2

Construction of p129BsUS

The strategy used for constructing the p129Bst/S plasmid, as a precursor for

pIJZLJR , is shown. The H2A.Z genomic fragment is shown as an oPen box with

exons filled and numbered. The restriction sites within the insert fragment and

the polylinker are abbreviated as indicated. The restriction sites which were lost

as a result of the ligation reaction are shown in brackets.

pL29ES contained a 12 kb Eco F.rI,/ Sal I fragment subcloned into pBluescript

KS+ vector. pL2gBst/S was constructed by removing a 2.6kb EcoRI/BstEn'

fragment from p129ES.
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Figure F3

Construction of the targeting vector pHZHRa

The strategy used for constructing the targeting vector pHZHR4 is

shown. The H2A.Z genomic fragment is shown as an open box with exons filled

and numbered. The position of the hygr cassette within the H2A.Z fragment is

shown with the arrow above indicating the direction of transcription. The

restriction sites within the insert fragment and the polylinker are abbreviated as

indicated.

pIJZIdR  (22 kb) was generated by ligation of a 9.6 kb sal I /Bam [il,

fragment isolated from p129St/Xh.hyg, a 9.4 kb Bam Iil/Xho I (end-filled)

fragment isolated from p129Bst/5., and Sal I/Eco RV-digested pBluescript KS+

vector
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Genomic DNA was isolated from individual ES cell clones and analysed by

Southern blot. DNA was digested with Bam Hl and filters were probed with a

0.6 kb Bam ÍII/Smal fragment, (probe A in Fig.5-a). As this probe did not

contain any sequence present in pkIZllR , it hybridised only to the endogenous

I12A.Z gene allele and not to randomly integrated pHZHR4. The functional

¡¡2A.Z allele and the disrupted }JàA.Z (neor) allele present in the genome of

ES-193 cells were detected as 27 kb and 10 kb hybridising fragments, resPectively.

If homologous recombination occurred, the Bøm HI site within pHZHR4 would

integrate in the genome. Thus, the disrupted }J2A.Z (hygr\ allele generated by

this vector was expected to generate a 11.6 kb hybridising fragment (Fig. 5-a).

ES cell clones in which both atleles were disrupted were not found in any of

282 hygromycin-resistant clones. Flowever, 5 of the analysed clones appeared to

contain two disrupted alleles plus a wild-type allele. Also, 9 clones had

undergone homologous recombination in such a way that the hygr sequence had

replaced ttte neot sequence. Therefore the targeting efficiency for this experiment

was apptoximately L4 out of 282 clones (- 1 in 20 analysed clones). An example of

the Southern analysis is presented in Fig. 5-5.

The apparent presence of three alleles in 5 of the clones could be explained

in several ways. Firstly, there are three alleles in these clones. Secondly, the

2Z kb hybridising fragment may be the result of incomplete digestion by Bøm HL

Finally, it may be the result of mixed populations of cells (the original ES'193 and

cells in which hyg, replaced neor sequence). To rule out the latter two

possibilities, one of these clones, designated ES-dko-LZ2, was subjected to further

investigation. ES-dko-122 cells were grown at low density and 24 subclones were

isolated. Genomic DNA from ttte 24 subclones was digested with Bam HI and

filters were probed with a 0.6 kb Bnm tn/smn I fragment (probe A in Fig. 5a).

The structure of the three hybridising fragments was investigated further by

rehybridising the same filter with a 0.6 kb Eco RI/Hind fII fragment (probe B in
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Figure 5-4

Targeting with pHZHR4 in heterozygous H2A.Z gene " knock-out " ES cells

The targeting vector pFIZHR4 is shown. The crossovers between pIIZYIR 

and the two H2A.Z alleles, wild-type and mutated (neor), are indicated by the

dashed lines. The predicted map of the mutated allele following homologous

recombination is shown at the bottom. Exons of H2A.Z gene are represented by

open boxes and numbered. Tl:re neor and hygr cassettes are represented by

arrows indicating the direction of transcription. Probe A (0.6 kb Bamlil/Smal

fragment) and B (0.6 kb Eco F.l/Hindfr, fragment), and the lengths of fragments

recognised by these probes are indicated.

Southern analysis of heterozygolrs [J.?A.Z gene knock-out ES cell DNA

using Bøm III and probe A generates two fragments: one is 27 kb, representing a

wild-type allele, and the other one is L0 kb, representing the mutated (neor)

allele. Homologous recombination between pH'Z}IR4 and the wild-type allele

results in ES cells in which both alleles have been disrupted. Southern analysis

of these cells using Bam HI digestion and probe A shows hybridising fragments

of 10 kb (neor allele) and 1.L.6 kb (hygt allele).
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Figure 5-5

An example of Southern analysis of selected ES cell clones after

electroporation with pHZHR4

DNA isolated from individual ES cell clones was digested with Bøm lil'
The digested DNA was electrophoresed on a 0.7"/" agarose gel along with DNA

size markers, and transferred onto Zeta-Probe membrane. The filter was probed

with a S'-external probe (probe A in Fig. 5- ).

Lanes are as follows:

1) ES-dko-L2l DNA

2) ES-dko-L22 DNA

3) ES-dko-L23 DNA

The result indicates that in lane L: no homologous recombination event

by plfZEIRa has occurred; lane 2: it appears that both alleles of the IJ2A.Z gene

have been disrupted, but that a wild-type allele remains; lane 3: homologous

recombination has occurred in such a way that tl:te hygr sequence has replaced

tlrre neot sequence.
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Fig. 5-a). AIL 24 clones gave the same hybridising fragments indicating that the

original clone was a pure population. The results obtained from 16 clones are

presented in Fig. 5-6. It can be seen that all three alleles were detectable and the

size of hybridising fragments were as expected for the wild type allele, the

mutated (hygr) allele and the mutated (neo\ allele with both S'-external and

3'-external probes. This resutt verified that there are three alleles present in the

genome of the ES-dko-L22, and that the cell population was clonal.

To determine whether the apparent presence of the third allele was due

to gaining an extra chromosome, karyotyping of the ES-dko-122 cells were

performed in parallel with the E14 ES cells and the parental ES-193 cells. The

results show that ES-dko-L22 has a normal karyotype (G. Webbz p€fs. comm.),

indicating that the extra copy of the lf2A.Z gene was not due to gross changes at

the chromosome level.

The mechanism which generates the third allele remains unknown. It

has been postulated that the parental ES-193 cells may have had an extra allele

before the second round of gene targeting. This possibility is unlikely since

Southern analysis of this clone using Xba I digestion and probed with 0.6 kb Hind

nl/Xho I fragment (probe C in Fig. 4-10) gave two hybridising fragments, of 3.6 kb

(H¿A.Z witd-type allele) and 4.7 kb (the mutated neor alLele) in length, with equal

intensíty on the autoradiograph (see lane 7 in Fig. 4-L2). Therefore, it seems

likety that the third allele was generated during the second round gene targeting

experiment. It is possible that the third allele occurred as a result of type III

recombination (Adair et al., 1989). Flowever, type Itr events usually show "pick-

up" on only one side of the locus. The result presented here is unique in that the

extra band is detectable with both S'-external and 3'-external probes (as

mentioned above). The S'-external probe is located 1.6 kb upstream from the

targeting sequence and the 3'-external probe located 4.2 kb downstream from the

targeting sequence. If the third allele is the result of type III recombination, it

90



Figure 5-6

Southern analysis result of 16 individual clones isolated from

a pool of ES-dko-122 clones

DNA isolated from individual ES clones was digested with Bøm LII. The

digested DNA was electrophoresed on a 0.7"/" agarose gel along with DNA size

markers, and transferred onto Zeta-Probe membrane. The filter was initially

probed with a S'-external probe (probe A in Fig. 5-4) and the result is shown in

panel A. The same filter was stripped and reprobed with a 3'-external probe

(probe B in Fig. 5-4), and the result is shown in panel B.

Lanes are as follows:

1) ES-193 DNA (as a positive control for neor mutated H2A.Z allele)

2) ES-dko-123 DNA (as a positive control for hygr mutatedIJ2A.Z allele)

3-18) DNA of individual ES cell clones (numbers L-1.6), isolated from

pool of ES-dko-122 clones

The result obtained from these experiments indicated that the ES-dko-IZ2

clone is pure. Southern analysis using probe A gave the same result as

previously obtained (see lane 2 in Fig. 5-5). The result obtained from the two

probes confirmed the apparent presence of the three HZA.Z alleles (wild-type,

neor -targeted, and hy gr -targeted).
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must have occurred in such a way that incomplete homologous recombination

"picks up" the surrounding sequence at both ends of the locus (the size of the

"pick-up" sequence is at least 27 kb, whích includes the two BømHI sites) before

random integration elsewhere in the genome. The other possibility is that

duplication of the functional H2A.Z locus by another mechanism, has allowed a

second round of gene targetíng to occur without eliminating F{2A.Z gene

function.

The absence of any "double knock-out" ES cells suggests that functional

If2A.Z protein is required for ES cell viability. Flowever, this result was obtained

from one experiment and only one particular ES clone. Therefore, it was

necessary to verify this result, as described in the following section.

6.2.3 Verifrcation of the double allele W¿P\Z gene krock out experiment

To confirm that ES cells lacking a functional I{2A.Z gene do not survive,

the double "knock-out" was repeated, but with a reversal of the order of the

targeting constructs used. Therefore, EL4 ES cells were initially electroporated

with pHZHR4, and targeted cells were subsequently electroporated with pHZHR3

(4.2.4).

(i) One allele gene targeting using pllZHRA

814 ES cells (5x107) were mixed with 5 pg of Sal I-digested pHZHR4

(5.2.2 (i)) and electroporation was performed using protocol 2 (see section 5.2.1).

Transformed cells were selected in the presence of hygromycin (1L0 þglml) for

8 days. Hygromycin-resistant colonies were expanded as described (2.6.Q.

Genomic DNA was isolated from individual ES cell clones and analysed by

Southern blot. DNA was digested with Bam Hl and filters were probed with a

0.6 kb Bøm III/ Sma I ltagment (probe A in Fig. 5-4), which is a S'-external probe.

The results show that t7 out of 116 hygromycin-resistant clones gave an extra

91.



CÍupter 5 Ptoduction of H2A.Z NtlI Múants In uilro and In vítn

hybridising fragment of L2 kb corresponding to the mutated allele

(data not shown). To confirm the structure of the mutated allele, genomic DNA

was reanalysed by Southern blot using Bam Hl and probed with a 0.6 kb

EcoR.I/HindnI fragment, a 3'-external probe (probe B in Fig.54) and a L.2 kb

Aat n/Sca | fuagment isolated from pUChyg (5.2.2 (i)) containing the coding

sequence of the hygr gene. The result obtained with the hygr coding gene probe

indicated that the introduced DNA was present as a single copy in all of these

clones, and supported the finding that the electroporation conditions used in this

experiment result in a high percentage of single coPy integration

(see section 5.2.1).

The results presented here indicated that the targeting efficiency of

pHZHR4 in this experiment was approximately L tn 7 of analysed hygromycin-

resistant clones. A targeted ES cell clone, designated ES-hyg-123, was chosen for

the second round of gene targeting.

(ii) Second allele gene targeting using pIIZIIRÍ|

ES-hyg-123 cells (5x107¡ were míxed with 5 pg of Sal l-digested pHZHR3

(4.2.4 (i)) and electroporation was performed using protocol 2 (see section 6.L).

Transformed cells were selected in G418 (150 pglml) for 8 days. G4L8-resistant

colonies were expanded as described (2.6.\.

Genomic DNA was isolated from individual ES cell clones and analysed by

Southern blot. DNA was digested with Bøm HI and filters were probed with

a 0.6 kb Eco KI/Hind III fragment, which is a 3'-external probe (probe B in

Fig. 5a). ES cell clones in which both alleles have been disrupted were not found

in any of 293 G4l8-resistant clones. In 2 out of the analysed clones, the wild-type

If1A.Z hybridising fragment was found in conjunction with both neo- and

hyg-modified fragments. In 8 clones, homologous recombination had occurred

in such a way that the neor sequence had replaced t}:te hygr sequence. Therefore
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the targeting efficiency in this experiment was 10 in 293 (1/30) analysed

G418-resistant clones.

This result is consistent with the previous result (described in 5.2.2 (ii)) in

that ES cell clones in which both alleles have been disrupted were not obtained.

Therefore it is likely that ES cells require a functional FI2A.Z gene for viability.

6.2.4 Generation of II2ÀZ defrcient mice

(i) Blastocyst irdection and production of chinaeric 'nice
Two independent H2À.Z-targeted E14 ES cells lines (ES-193 and ES-325,

described in chapter 4) were used to make chimaeras (2.6.6). These two clones

were not infected with mycoplasma, had a normal karyotype and

undifferentiated ES cell morphology in oitro. The two ES cell lines used in these

injections were passage number 4. Ten to fifteen ES cells were injected into

blastocysts which were transferred to the uteri of CBAxC5TBL/61 Fl

pseudopregnant females. Chimaeric pups were identified by coat colour.

CBAxC5TBL/61 Fr embryo donors are Aa BB CC at the agouti, B, and albino loci,

and are phenotypically agouti. Their offspring are agouti (AA or Aa) or black (øø)

in the mendelian ratio of 3:1,. E14 cells arc Aw Aw 66 ,chrch and give rise

to chinchilla coat when Et4 € agouti chimaeras are generated.

E14 <+ black chimaeras have chinchilla and black patches of coat, or regions

of agouti where low levels of. EL4 cells provide Agouti factor to skin that would

otherwise be black. The blastocyst injection was initially performed using an

unmanipulated E14 ES cell clone to test whether the parental E14 ES cells could

contribute to the germ line. 36, 47 and L3 pups were born from blastocysts

transferred after injection with unmanipulated E14 ES cells, ES-193 ES cells and

ES-325 ES cells respectively. The percentage of coat colour chimaerism in these

pups is presented in Fig. 5-7. Among the chimaeras with some chinchilla coat
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Figure 5-7

Coat colour of chimaeras

A Et4 € CBAxC5ZBI/61 Fz

B ES-193 <> CBAXCSTB1/61 F2

C E9325 <-> CBAXCSTBI/ 6I Fz

The Fz's are agouti or black (3:1). Black is from the host blastocyst and

chinchilla is from E14 while agouti may be from host or from the combination of

black and EL4 ES cell.
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colour, the proportion of chinchitta within individual animals is higher in

chimaeras obtained from injection of unmanipulated E14 ES cells. This indicated

that the unmanipulated E14 ES cells gave higher contribution to the skin of

chimaeras than did the two targeted-ES cells.

As expected, the sex ratio of the chimaeras is distorted toward male because

the E14 cells (XY) are able to cause some XX blastocysts to develop into males.

(ü) Gelm line chimaera testing

Male chimaeras were mated to BALB/c females (AA bb cc); white coat.

The offspring from this cross had either agouti or grey coat colour. Pups with

grey coat colour (ArAbbcchc) indicated that E14 ES cells contribute to the germ

line.

Eight male chimaeras derived from ES-325 ES cells were tested for ES

contribution to the germ line. One of the chimaeras (mouse number 8 in

Fíg. S-7 C) gave tOO % germ line transmission (n = 29). The other two chimaeras,

mouse number 4 and 6 in Fig. 5'7 C, gave approximately t0 % germ line

transmission (n = 4/30 and 5 /Sï,respectively).

The parental E14 ES cells could transmit the ES cell genome through the

germ line. Two out of four fertile chimaeras tested transmitted the ES genome to

their offspring (data not shown).

Thirty-four male chimaeras derived from ES-193 clones were mated to

B,LLB/c females. Three were sterile. At least 9 pups (average 39) were generated

from each fertile chimaera and none of these pups had the grey coat colour,

indicating EL4 contribution to the germ line. This suggested that the ES-193 cell

clone had lost the capacity to contribute to the germ line'
*rltg >r frsreeJé ,^j * Atr"rY ro ar^r..etí¡.rre-'ro W1€ Ceft^ LrpÈ Û'-- 6-Sc-êlJ-S

lS eotr*od tú M44J¿prrLû'RaL¡ ùF çSC€J-g, V-ttg a6¿4¡ftl¡Jtsll t) u^'/¿¿^''oLol' 
'

(iü) Detection of the disnrpted l{àaLz gene in Fr rnice

DNA from the first seven offspring of mouse number 8 in Fig. 5-7 C
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designated 925-A, 325-8, 325-C,325-D, 325-8, 325-F, 325-G, were analysed by

Southern blot to identify mice with the mutated tf2A.Z allele (I{2A.Z- allele).

Genomic DNA was isolated from tail biopsy as described (2.3.3. ii). DNA was

digested with Xba I and the filter was probed with a Xho l/ Hind Itr fragment

(probe C, Fig. 4-10). The functional H2A.Z allele (H2a,.Z+¡ and the mutated allele

were detected as 3.6 and 4.7 kb fragments, respectively. The result showed that

five of seven offspring were heterozygous for a mutated }J.2A.Z locus (lane 2, 4

and 6-8 in Fig. 5-8). Among these mice only 325-A is female. Two of the

heterozygous H2A.Z+/lfz/-.Z- micewas mated to test whether EI2A.Z deficiency

is lethal.

A breeding program was established to generate sufficient mice to study

the phenotype induced by targeted inactivation of the If2A.Z gene.

5.3 Discussion

5.8.1 Test for electroporation conditions resulting in single copy

integration of introduced DNA

Results presented in Table 5-1 show that the conditions which gave the

highest percentage of single copy integration involved the use of 5 pg of DNA

with PBS as the electroporation medium with a pulse of. 25 pF, 350 volts. This

suggested that both DNA concentration and electroporation conditions were

factors contributing to the copy number of integrated DNA. Using PBS as an

electroporation medium, and 25 pF at 350 volts, ffiâY result in less cell

permeability compared to the other two protocols described above, thereby

resulting in less DNA introduced into the cells. Using lower amounts of DNA

also appears to result in lower rates of multiple copy integration. Although this

result was obtained from only one experiment, it was later confirmed by the
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Figure 5-8

Southern analysis of seven offspring derived from the cross between chimaeric

mouse number 8 (Fig. 5'7 Cl and BALB/c female

Tail DNA from seven offspring, designated 325-4, 325'8,325<' 325-D' 325-

E, g2S-F and 325{ was isolated. DNA of E}325 cells from which the chimaera

was derived was also used in this analysis as a positive control. The digested

DNA was electrophoresed on a 0.8% agarose gel along with DNA size markers,

and transferred onto Zeta-Probe membrane. The filter was probed with a

Xho t/ Hind Itr fragment (probe C in Fig. 4-10). The functional H2A.Z allele and

the mutated-allele were detected as 3.6 and 4.7 kb hybridising fragments

respectively. Lanes are as follows:

1) ES-325 cells DNA

2) 325-A DNA

3) 325-B DNA

4) 325< DNA

5) 325-D DNA

6) 325-E DNA

7) 32s-F DNA

8) 32s-G DNA

Genotype of mice at the II2A.Z locus are indicated: +/ + for wild type and

+/- for heterozygous. Five heterozygous for FI2A.Z locus are obtained. Of these 4

are male (M) and only one is female (F).



12345678
4.7 Rb

_ 3.6 kb

genotype +l- +l'
F

+l+
M

+l-
M

+l- +l+
MM

+l- +l-
MM



Chapter 5 hoduction of H2A.Z Null Mtr'a¡ús In uilro anà In uiw

other electroporation performed using these conditions, i.e., all of the pHZHR4-

targeted ES cells had only a single coPy of integration.

6.8.2 An attempt to establish homorygoas[Izlt-Z " hrock'out " ES cells

Two independent ES celt clones were used in an attemPt to generate ES

cells which lack a functional IJ2A.Z gene. The results obtained from these two

clones are consistent in that homozygous HZA.Z gene "knock-out" ES cell clones

were not found in any of the analysed clones. This result was not due to low

targeting efficiency since each experiment showed that homologous

recombination did occur at a frequency of at least 1 in 30 of analysed transformed

clones.

The clones which appeared to have two alleles disrupted always had an

extra copy of a H2A.Z gene. This suggests that a functional H2A.Z gene is

essential for cell viability. It should be noted here that the presence of t}:re H2A.Z

gene was demonstrated by Southern analysis, without demonstrating the

presence of functional H2A.Z mRNA. The third IJZA.Z allele may be due to

either a type III recombination ,/"pick-up" event or to a duplicatíon event þy an

unknown mechanism). This supports the idea that functionalHZ&.Z is required

for cell growth and proliferation.

5.3.3 Generation of IILLZ defrcient rnice

EI4 ES cells retain the capacity to contribute to the germline after

maintenance in our laboratory. Therefore, it was possible that ES cells which

have been subjected to electroporation and selection might still be germ line

competent. However, it is also possible that electroporation and other

manipulations may result in loss of this capability. It has been shown that the

manipulated MBL-S ES cell line did not give germ line transmission in contrast

to unmanipulated cells (L. Williams, pers. comm.)'
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Two independent H2[.Z-targeted ES cell lines, ES-L93 and ES-325, were

used to generate chimaeras. ES-325 contributed efficiently to the germ-line of

chimaeras whereas the other clone, ES-1.93 appeared to have lost this caPacity.

Both clones were chosen on the basis of good morphology and normal growth

characteristics. One of chimaeras derived from ES-193 had a high degree of coat

colour chimaerism (mouse number 34 in Fig. 5-7 B), indicated by the high

percentage of chinchilla coat colour. Therefore, it was predicted that the ES-L93

clone would have a high probability for germ line transmission. In contrast the

chimaera (mouse number 8 in Fig. 5-7 C) derived from ES325 which had a lesser

degree of coat colour chimaerism gave L00% germ line transmission. From this

experiment it is clear that a high percentage of chinchilla coat colour does not

necessarily predict germ line contribution. Several factors may contribute to the

loss of this capability such as the timing of ES cells in culture, the passage number

of the ES cells and culture conditions.

Mice heterozygous for a mutated H2A.Z mice (}JZA'.2+ /IJZA.Z- ) were

obtained and cross-bred to generate }l2A.Z deficient (}jZA.Z- /}IZA.Z- ) mice.

Preliminary results indicated that the absence of a functional F{ZA.Z gene may

lead to embryonic lethality. Twenty-five offspring from this cross-breeding have

been analysed and none atefl2A.Z-/}{zA.Z-.

This result seems to agree with a requirement for functional FT.2A.Z

protein for cell viability (described above).

In summary, the results presented in this chapter indicate an essential role

fot HZA.Z in both ES cells and in mice.
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Chapter 6 Finøl Dúscussion

6.1 Conclusions and Discussion

G.1.1 Isolation and characterisation of the mouse histone WàA|-Z gene

Mouse histone ÍnA.Z was initially isolated and characterised as described

in chapter 3. Histone }J2A.Z is highly conserved throughout evolution,

indicating an essential function for this protein. To date histone IJ.2A.Z genes

have been isolated from several organisms. Histone fIzA.Z genes are different

from the major histone genes in that they exist as a single coPy gene Per haploid

genome, contain introns, and encode polyadenylated mRNAs. The expression

of Þl2A.Z genes is not tissue-specific and occurs throughout the cell cycle.

The mouse histone lf2A.Z gene, isolated and characterised in the present

work, contains four introns and exists as a single copy per haploid mouse

genome with several pseudogenes. The presence of If2A.Z pseudogenes was also

found in the human genome (Hatch and Bonner, L990). One of the mouse

pseudogenes contains sequence equivalent to mouse histone ÉI2A.Z cDNA, and

was used in this work to produce H2A.Z protein in Escherichia coli, using a T7

expression system. This protein was used as an antigen for monoclonal antibody

production, and in purification of H;ZA.Z polyclonal antibodies. Expression of

histone Í12A.2 in mouse ES cells was demonstrated by Northern analysis.

6.L.2 Histone ItzA;Z gene targeting in mouse embryonic stem cells

Gene targeting by homologous recombination in mouse ES cells has been

widely used to investigate the function of many genes. This approach was used

here to study the function of IJ2A.Z by attempting to generate ES cells and

animals deficient in a functional H2A.Z gene. To generate ES cells in which one

allele of the }it2A.Z gene was disrupted, several targeting vectors derived from

both nonisogenic (derived from BALB/c strain) and isogenic DNA (derived from

LZg/Sv strain) were constructed. These vectors were replacement type vectors,
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and targeting utilised only a positive selection strategy. The successful targeting

vectors were derived from isogenic DNA and contained a long stretch of DNA

(approximately t7-L8 kb) homologous to the H2A.Z ch¡omosomal locus. The best

targeting efficiency described in this thesis is L in 7 of the analysed clones. This

result supports the finding by other investigators that utilising isogenic DNA is

important for high targeting efficiencies. Targeted ES cell clones were obtained

and then used in attempts to generate ES cells and germ line chimaeras which

lack a functionalI{.2A.Z gene.

To generate ES cell lines which lack a functional I{.1A.Z gene, targeted ES

cells were subjected to a second round of gene targeting as described by te Riele

et ø1., (1990). ES cells in which both alleles were disrupted were not found

amongst the 575 analysed clones, from two separate experiments, suggesting that

histone la2L.Zmay be required for cell viability. The clones which appeared to

have both alleles disrupted always had th¡". alleles of the FI2A.Z gene. The third

allele may have been generated by a form of type III recombination (Adair et al.,

1e8e).

To attempt to generate mice deficient for histone H2A.Z, targeted ES cells

were used to generate germ line chimaeras. Mice which are heterozygous for the

disrupted H2A.Z gene were obtained and a breeding program has been set up to

attempt to obtain mice (or embryos) which are homozy1orts for the disrupted

H2A.Z gene. Preliminary results indicate that deficiency of a functional H.ZA.Z

gene may lead to embryonic lethality, since mice homozygous for the FI2A.Z gene

were not found in any of the twenty-five pups born and analysed so far.

Heterozygous mice were obtained from breeding male chimaeras and normal

females, suggesting that sperm carrying the disruptedH2L.Z gene are viable. To

test whether eggs carrying the disruptedH2L.Z gene are viable, crosses between

female mice which are heterozy1otrs for the disrupted H2A.Z gene and normal

males were set up. Mice which are heterozygous for the disrupted Ia2A.Z gene

* gl-trrTlcfrl- "(*ffipetf¡ Þæ,Añ¡ÈLtr fiaÈ PugÁcfl'no¡J.
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were obtained, indicating that eggs lacking the H2A.Z gene are also viable.

Therefore, the results suggest that the lack of the live-born homozygotes from the

crosses between the heterozygotrs mice was not due to the inability to produce

viable gametes. Rather they indicate that H2A.Z is required during

embryogenesis. Experiments are now underway in this laboratory to determine

the stage at which death occttrs during embryonic development.

In summary, ES cells and animals which are homozygous for the

disrupted HI2A.Z gene were not obtained. These results indicate for the first time

that histone H2A.Z has an essential role in mammals.

6.2 What is the function of histone H?,4.2?

There are an increasing number of studies indicating a functional role of

histones in transcription. Flowever, little is known about the function of histone

variants. There has been much speculation that the presence of histone variants

could generate nucleosome heterogeneity for distinct functions and have

significant biological consequences.

As previously mentioned, histone HZA.Z is highly conserved throughout

evolution and has been found to be essential ín Tetrahymena (Liu and

Gorovsky, unpublished observation, cited in Thatcher and Gorovsky, L994) and

in Drosophila (van Daal and Elgin, L992). Studies described above indicate an

essential role for Ia1A.Z in mammalian development.

The biological role of histone H2A.Z is still unclear. Some work indicates

that histone}l2A.Z is associated with active chromatin (A1lis et ø1,t980). Recent

studies suggest that histone }JZA.Z may have a role in establishing an active

chromatin structure rather than appear as a consequence of active transcription

(Stargelt et al., L993). The question of how H2A.Z facilitates gene transcription

still requires further investigation.

Histone }l2A.Z is different from histone }I2A in several regions, including
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the N-terminal and C-terminal regions. These regions are known to be i*òtV"¿

in DNA interaction. Therefore it can be predicted that histone }I2A.Z may

interact with DNA in a different way from normal H2A. Furthermorc, H2A.Z

may interact differently with other histones in the nucleosome.

The structure of the histone octamer has been solved at 3 Å resolution

(Arents et al., 1,991) and the topology of the histone octamer surface used in

docking the nucleosome DNA has also been investigated (Arents et al., t993).

It may be possible to use computer modetling to predict the structural and

functional consequences of incorporating H.ZA.Z in nucleosomes. Also, this

laboratory is collaborating with the laboratory of Dr. V. Ramakrishnan

of Brookhaven National Laborator/, Upton, New York. They are Proposing to

solve the 3-dimensional structure of H2N.Z-containing nucleosomes. This can

be achieved by utilising the recombinant mouse histone H2A.Z to form

nucleosomes in aitro.

6.3 Future work

The work presented in this thesis indicates an essential role for histone

1¡¡2A.Z in mammalian development. Experiments can now be conducted in

order to further investigate the function of this protein.

Current work in this laboratory is designed to investigate the stage at

which death occurs during embryonic development of mice lacking a functional

ÍI2A.Z gene. Two approaches are being taken: (1) Obtaining embryos at different

stages from a heterozygous cross; (2) Obtaining fertilised eggs from a heterozygote

cross and attempting to culture these to different developmental stages in aitro.

PCR wilt be used to identify the genotypes of the embryos.

In addition a monoclonal antibody specific for histone }J^2A.Z will be used

to d.etermine the abundance and distribution of H2A.Zin wild-type and mutant

embryos, by immunohistochemistry.
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Some studies indicate that H2A.Z ís associated with active chromatin

(Atlis et a\,1980). One experiment which would test this association of HZA.Z

with active chromatin is the following: Chromatin from particular cell types can

be digested with micrococcal nuclease to prepare mononucleosomes (Simpson,

L1TB). H2A.Z-specific antibodies can be used to isolate the H2A.Z-containing

nucleosomes by immunoprecipitation. The DNA from unbound and antibody-

bound fractions can then be probed for gene sequences that are active or inactive

in the cells. If histone HlzA.Z is enriched in active chromatin, DNA that can

hybridise to the probe representing an active gene will be found in antibody-

bound fractions. This method has been previously described by Hebbes et ø1.,

(lgg4\ and used successfully to study the preferential distribution of acetylated

histone H4.
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tþpendix. Toutards Histone Hlo C,ene "Knock-Otû" ín Mouse Embryonic Stem Cells

4.1 Introduction

The overall aim of this work was to investigate the possible role of histone

Hl.o in mammals. Histone H1o is a variant of histone H1. It is similar to histone

HS, (found in nucleated erythrocytes of birds) with respect to sequence homology

(pehrson and Cole, LgSt), role in chromatin condensation and accumulation in

terminally differentiated cells (Panyim and Chalkley, 1969; Gjerset et al., L982).

Flowever, H1o is found in several tissues, and exPression of H1o can be regulated

by hormones (Gjerset et al., t982; García-Segufa et al., \993). It has been

postulated that HLo and H5 may have a similar function. The studies in this

laboratory have focused on several aspects of chicken histone H5, and the

chicken histone H5 gene has been isolated in this laboratory (Krieg et a1.,1983).

The biological functions of histone Hl-o have not yet been definitively

demonstrated. Several studies have suggested that histone HLo may have an

important role in differentiation. As mentioned above, histone H1o has been

found to increase in terminally differentiated tissues and is associated with

non-transcribed chromatin (Gjerset et aI., 1982; Roche et aI., L985; Mendelson

et aI., 1936). HLo expression is increased in resPonse to induction by

differentiation inducing agents (Alonso et al., 1988; Rousseau et aL, t991).

To investigate the role of the mouse histone H1o, gene targeting by

homologous recombination in ES cells was initiated during the course of these

studies. The aim was to generate mice lacking a functional H1o gene. The Hlo

gene exists as a single copy per haploid mouse genome (Alonso et ø1.,1988) and

a mouse H1o genomic clone had been previously isolated and characterised

(Breuer et al., L989).

A targeting vector, designated pHLoHR1., used in this experiment was

derived. from an HLo genomic clone which was previously isolated and

characterised by Breuer et ø1., (1989). The mouse strain from which the Hl'o

genomic clone was derived was unknown. This vector was constructed to enrich
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for cells containing the targeted disruption by using a Positive/negative selection

strategy as described by Mansour et al., (1988). In addition, the vector was

designed with the initial intention to use PCR as a screening method for targeted

HIoES cells. Flowever, Southern analysis was later used as a screening method.

The work presented here describes an attempt to obtain ES cells in which

one allele of the HLo gene has been disrupted by homologous recombination.

pH1oHR1. DNA was introduced into E14 ES cells by electroporation and Southern

analysis was used to screen for the targeted-ES cell clones. In order to improve

the targeting efficiency the H1o gene was isolated from a 129 mouse genomic

DNA lTbrary, in order to construct an isogenic targeting vector. This targeting

vector, pHLoHR2, was constructed, but has not yet been used in a targeting

experiment. The strategy for detection of homologous recombination with

pHloHR2 is described.

A.2 Results

A;z.l Electro¡roration of 814 ES cells qrith targeting vector pHloHRl

(i) Construction of PHloHRl

The targeting vector pHLoHRL was constructed from the recombinant

plasmid named pHlo (2.2.13), containing a mouse Hlo genomic clone. A 9.0 kb

Eco RI fragment within pHlowas subcloned for further analysis. The maps of

the subclones, relative to the 9.0 kb Eco R[ fragment, are Presented in Fig. A-1.

Three subclones, named pMH1o.L, pMHl.o.2 and pMHlo.3, were generated and

used to create the targeting vector. pMH1o.1., pMH1o.2 and pMHLo.3 were

generated by subcloning a 2.9 kb Eco RI/Xho I fuagment, a 2.5 kb xho l/sall

fragment and a 3.6 kb Sal l/Eco RI fragment into Eco RI/Xho l-digested

pBluescript KS+ vector, Xho I/ Sal l-digested pBluescript KS+ vector and
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Sal l/ Eco Rl-digested pBluescript KS+ vector, resPectively-

pHloHRL contains 7.6 kb of DNA homologous to the HLo locus.

As mentioned above, this vector was designed for enrichment of the clones

in which homologous recombination events occurred by using

a positive/negative selection shategy. Therefore, it was designed to contain both

the neomycin phosphotransferase gene (neor) and Herpes simPlex virus-

thymidine kinase (HSV-úk) gene. The purposes of using t}:re neor Sene in this

vector was to disrupt the Hlogene and to act as a selectable marker by conferring

resistance to the antibiotic drug G418. The HSV{k gene was used in order to

select against ES cells in which the targeting vector DNA was randomly

integrated into the genome. Cells which incorporate the functional HSV-úk gene

are sensitive to the nucleotide analogue FIAU and will be eliminated during

selection. In addition, pHloHRl was designed to include a 9 bp insertion into the

targeting vector, 1.9 kb upstream from the HLo gene, for use as a unique primer

binding site for PCR detection.

To create pHLoHRL, seven recombinant plasmids named pMHLo.2RV,

pMHlo.2neo, pMHloneo, pMHloneo/tk, pHP1,.3, pPH0.7 and pMHlo.Lmut were

generated as precursors. The restriction maps of pMHLo.2RV and pMHl-o.2neo,

pMH1oneo and pMHloneo/tk, are Presented in Fig. A-2 and Fig. A-3, together

with the strategies used to create these plasmids. The restriction map and the

strategies used for construction of pFIPL.3 and pPH0.7, and pMH1o.1'mut are

presented in Fig. A-4 and Fig. A-5, respectively.

The strategy used for constructing pHLoHR1. from the precursors is shown

in Fig. A-6. pHloHRL contained ttte neor gene transcribed in the opposite

direction to HLo and the HSV-úk gene transcribed in the same direction as Hl.o.

Hl.ois rendered nonfunctional by the disruption of the coding sequence by the

neor gene.
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Figute A-1

Restriction map of an Hlogenomic ftagment and subclones

Restriction map of a 9.0 kb Eco RI fragment, containing a mouse HLo

genomic clone, in pHlo (2.2.73) is shown at the top. The numbers above the map

indicate the distances in kilobases from the Eco RI site located at the 5' end. The

location of the Hlogene within this fragment is shown in the black box, and the

arrow ind.icates the orientation of the gene. The open boxes below the map

represent the insert fragments subcloned into plasmids, and the names of the

recombinant plasmids are indicated.

pMH1.o.1 contains a 2.9 kb Eco RI/Xho I fragment subcloned into a Eco

Rl/Xho I-digested pBluescript KS+ vector. pMHLo.2 contains a 2.5 kb Xho I/ SalI

fragment subcloned into a XhoIlSøI l-digested pBluescript KS+ vector. pMHl'o.3

contains a3.6kb Satr/Eco RI fragment subcloned into a Søll/Eco Rl-digested

pBluescript KS+ vector.
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Figure A-2

Restriction maps of pMHlo.2RV and pMHlo.2neo

The restriction maps of pMHl.o.2RV and pMHLo.2neo are shown in A and

B, respectively. The H1o genomic fragment is shown as an oPen box with the

coding sequence filled. The restriction sites within the insert fragment and

polylinkers are abbreviated as indicated. The restriction sites which were lost as a

restilt of the ligation reaction are shown in brackets. T}:re neor cassette is shown

with the arrow above indicating the direction of transcription.

pMH1o.2RV was derived from pMH1o.2 (Fig. A-1). It was modified from

pMHLo.2 by creating an Eco RV restriction site within the coding sequence of the

Hlogene at a position 103 bp from the ATG initiation site (Alonso et al., 1988).

The Eco RV restriction site was generated by mutagenesis and was then used for

insertion of aneor gene into the Hlogene, in order to inactivate the HLogene.

To create pMH1o.2RV, a 2.5 kb KpnI/Sal I fragment was initially subcloned

into ML3mp18 as described (2.3.13) and the recombinant Ml.3 was obtained. The

single-stranded M13 DNA was prepared from this phage (2.3.13) and used in a

mutagenesis reaction (2.3.1-4) in the presence of a 25 base oligomer named

HlolRV (2.2.t5). This oligomer contains bases homologous to the HLo coding

sequence at a positiong2-LLí bp from the ATG initiation site, except at position

104 (C to A). The replicative form (RF) DNA was PrePared from the positive

plaque and digested with Eco RV, Eco RY / SøI I, and Kpn I/Eco RV to verify the

correct clone. pMHLo.2RV was obtained after subcloning the 2.5 kb KpnI/SalI

fragment isolated from RF DNA of the correct clone, into Kpn I/ Sal l-digested

pBluescript KS+ vector.

pMHlo.2neo was generated by subcloning a 1.8 kb Eco F.I/Hind III

pgkNEOp A (2.2.13) fragment into a Eco RV-digested pMHLo.2RV vector. It

contains t¡1e neor gene inserted in the opposite transcriptional direction to the

HLogene.
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Figure A-3

Restriction maps of pMHloneo and pMHloneo/tk

The restriction maPs of pMH1oneo and pMHloneo/tk are shown. The

neor and. the HSV-úk cassettes are shown with the arrows above indicating the

directions of transcription. The restriction sites within the insert fragment and

polylinkers are abbreviated as indicated. The restriction sites which were lost as

a result of the ligation reaction are shown in brackets.

pMHloneo was generated by subcloning a 3.6 kb fragment isolated from

pMH1o.3 (see Fig. A-L) into a Sall/Eco Rl-digested pMHlo.2neo (see Fig. A-2).

pMHl.oneo/tk was constructed by subcloning a 2.85 kb Eco RI/Hind lll

(end-filled) fragment isolated from pgkTKpA (2.2.13) into the Eco Rl-digested

(end-filled) pMHloneo vector.
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Figure A-4

Restriction maps of pHP1.3 and pPH0.7

Restriction maps of pHP1.3 and pPH0.7 (represented by thick lines) are

shown relative to a 2.9 kb Eco KI/Xho I fragment within pMHLo.L (Fig. A-1). The

H1o genomic fragment is shown as an open box. The restriction sites are

abbreviated as indicated.

pHP1.3 and pPH0.7 were generated in order to obtain the sequence

surrounding the Psf I restriction site. This sequence was required for designing

the oligomers for mutagenesis reactions to generate fragments containing a 9 bp

insertion, and an Xba I restriction site, which were then used to generate

pMHlo.lmut (Fig. A-5).

pHP1.3 and pPH0.7 were generated by subcloning a 1.3 kb HindIII/Pstl

fragment and a 0.7 kb Pst I/Hind III fragment isolated from pMH1o.1 into a Hind

III/ Pst I-digested pBluescript KS+ vector, respectively. Double-stranded DNA of

pFIPL.3 and pPH0.7 were used as templates for sequencing analysis (2.3.15) with

USP primer. The direction of sequencing and the DNA sequence obtained from

this analysis are indicated by arrows. a61. bp of DNA sequences was obtained

(represented by the thin line spanning from A to B). The sequence is shown

below with the Psú I site indicated. The boxes indicate the regions used to design

the oligomers for mutagenesis reactiorrs.
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Figure A-5

Restriction map of pMHlo.lmut

Restriction map of pMHlo.Lmut is shown. The Hlogenomic fragment is

shown as an open box. The restriction sites are abbreviated as indicated. The

striped box represents a 0.6 kb Søcl/Xba I fragment which was used as a probe for

detection of homologous recombination in ES cells.

pMHlo.Lmut was modified from pMHLo.1, by insertion of an Xba I site and

an extra 9 bp sequence, by mutagenesis.

To create pMH1.o.Lmut, a L.3 kb Hind lI/Pst I fragment and a 0.7 kb Psf

I/Hind III fragment isolated from pMHLo.1 were initially subcloned into

ML3mpl9 and ML3mp18, respectively. Single-stranded DNA was isolated from

these phages and used for mutagenesis reactions. The mutagenesis reactions

were performed as described (2.3.1.4), using a 25 base oligomer named FILO/Xb

(2.2.15) for generating an Xba I site within the L.3 kb Hindln/ Pst I fragment, and a

47 base oligomer named }ILo /9bp (2.2.1,5) for insertion of 9 bp (indicated in the

box above the restriction map) within the 0.7 kb Psú l/Hínd III fragment. H'Lo /Xb

and Hlo/9bp contained bases homologous to DNA sequence positions t71,-195

and 318-355 in Fig. A-4, respectively. Positive plaques were obtained and

sequence analysis was used to verify the correct clones. Replicative form (RF)

DNA was prepared from the correct clones. pMHlo.lmut was then generated by

ligation of a 1.3 kb Hind tr[,/ Pst I fragment containing the new Xba I site, a 0.7 kb

Pst I/Hind trI fragment with the 9 bp insertiory and Hind trI-digested pMHLo.1

vector (see Fig. A-1).
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Figure Aó

Construction of the targeting vector pHloHRl

The strategy used for constructing the targeting vector pHloHRL is shown.

The Hl.ogenomic fragment is shown as an open box with coding sequences filled.

The position of the neor and HSV-úk cassettes within the HLo fragment are

shown with the arrows above indicating the direction of transcription. The

restriction sites within the insert fragment and polylinkers are abbreviated as

indicated.

pHloHRL (14.2 kb) was generated by ligation of a 1.5 kb Xba llXho I

fragment from pMHlo.Lmut, a L0.8 kb Xho I/Xba I fragment from pMHloneo/tk

andXbø I-digested pBluescript KS+ vector.
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(ii) Electroporation of pHloHR,l into ES cells and Southern

analysis

Prior to electroporation, pHLoHRL was digested with Xba I in order to

release the insert, and processed as described (2.3.L7). E14 ES cells passage 20

(5x1Oz¡ were mixed with 20 pg of Xba l-digested pHloHRl in 0.5 ml HBS and

electroporated at 220 volts and 960 pF capacitance as described (2.6.3). ES cells

were selected with FIAU (0.2 ¡rM) plus G418 (200 Fglml) for 1L days.

To determine the enrichment by FIAU, ES cells were also selected with only G418

(200 pglml). The result showed that only two fold enrichment was observed.

This result is consistent with results observed by other investigators in that the

negative selection gave little enrichment. To date, results as high as the 2000 fold

enrichment reported by Mansour et al., (1938) have not yet been obtained by

other investigators. Transformed-ES cell colonies which were resistant to both

G418 and FIAU were expanded as described (2.6.$.

Genomic DNA was isolated from individual ES cell clones and analysed by

Southern blot. DNA was digested with Søc I and probed with a 0.6 kb Sacl/Xbal

fragment isolated from pMHlo.l.mut (see Fig. A-5 and A-7) which is an external

probe not present in the vector. The endogenous HLo allele was detected as a

4.4 kb hybridising fragment with this probe. If a homologous recombination

event occurred, the HLodisrupted alle1e was expected to give a 6.2kb hybridising

fragment, since Sac I was not present in the neor cassette, and therefore the size

of the Sac I hybridising fragment was increased by the length of the neor cassette

insertion (1.8 kb). No homologous recombination was observed in any of the 105

analysed clones.

A-B Discussion

An attempt to obtain targeted Hlo ES cell clones using the

positive/negative selection strategy described above was unsuccessful. This
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Figure A-7

Southern analysis of ES cells transfected with pHloHRl DNA

The targeting vector pHLoHRL is shown at the top in alignment with the

restriction map of the H1o locus. The H1o coding sequence is represented by a

black box. The arrows above lhe neor and FISV-úk cassettes indicate the direction

of the transcription of these genes.

ES celt DNA was digested with Sacl and probed with a 0.6 kb SøcI/Xbøl

fragment (represented by the striped box) located S''external to the targeting

sequence. This probe was isolated from pMHlo.lmut (see Fig. A-5). The "wild-

type" allele and the disrupted Hlo allele generated from an homologous

recombination event, were expected to give a 4.4 kb and a 6.2 kb hybridising

fragment, respectively.
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result indicated that targeting efficiency at the Hlolocus using this vector is very

low. Several factors may be responsible for this low targeting efficiency. Firstly,

negative selection using FIAU gave very little enrichment, suggesting that the

HSV-úk cassette may not be fully functional or that the concentration of FIAU

used in this experiment was not high enough to eliminate cells which had the

targeting vector randomly integrated in the genome. Secondly, it may be due to

the low level of HLogene expression in ES cells. In post-implantation embryos,

the expression of HLo is very low up to day ten post coitum (Garcfa-Iglesias

et ø1., tg93), therefore it may be predicted that expression of the H1o gene in ES

cells is very low as well. It has been postulated that the variation in targeting

efficiency at different gene loci may depend on the level of gene expression in ES

cells and the chromatin environment surrounding the target gene. A gene

expressed in ES cells is believed to have an open chromatin conformation which

would facilitate access for recombination machinery. Finally, the vector may not

be derived from isogenic DNA, and one end of the vector contained the

nonhomology sequence of HSV-úk (2.85 kb), both of which may decrease the

targeting efficiency.

In order to improve the targeting efficiency, a vector derived from isogenic

DNA was made. The E14 ES cells are derived from the 729/Ola strain of mouse.

Therefore, to isolate HLo isogenic DNA, mouse genomic library lll (2.2.7) was

screened, as described in the following section. Clones containing the HLo gene

were isolated and used for constructing targeting vector pHLoHR2.

L4 Isolation of a mouse histone Hlo genornic clone derived from mouse

strain 129

A4.l Screening mouse genomic library Itr

The mouse genomic library lll (2.2.7) was screened using the 0.6 kb

L07
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SøcI/Xba I fragment isolated from pMHl.o.1mut as a Probe (Fig. A-5). The library

was plated as described (2.3.11). The probe was labelled with a o'32P dATP

(2.3.S (ii)) and then hybridised to the filters. After hybridisation the filters were

washed at a stringency of 0.5x SSC, O.L"/" SDS at 65oC, and set uP fof

autoradiograPhY.

Two positive plaques were picked and these underwent two more rounds

of screening in order to obtain Pufe positive plaques. The two plaques,

designated î,2 and )rA,were obtained after the three rounds of screening and were

analysed further.

A-4.2 Characterisation of the two positive lambd,a clones (),2 and M)

DNA was prepared from 1,2 and ?r,4 and Southern analysis was performed,

using DNA digested with S¿f I and Eco RI, and probed with the 0.6 kb SacI/XbøI

fragment isolated from pMH1.o.1mut (Fig. A-5). This result allowed the

alignment of the two clones to be drawn as shown in Fig. A-8. It was found that

1,4 contains DNA internal to 7,,2. The î,2 insert was aPProximately L8 kb with

approximately 3.S kb flanking at the 5' end of the HLo gene region and L4.0 kb

ftanking at the 3' end of the H1o gene region'

The insert fragments in the 1"2 clone were subcloned into plasmid vectors

for further analysis. The map of the subclones, pH1oS5.9, pHloXS, pHl'oSE and

pHLoES, relative to the lambda clones, is shown in Fig. A-8. Several restriction

enzyme digestions of these subclones were performed, and showed that the

restriction map surrounding the H1o gene was identical to the previously

isolated clone (Breuer et al., tgSg), indicating that the positive lambda clones are

Hloclones. The restriction map and the generation of the targeting construct are

described in the following section.
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Figure A-8

Alignmentofluland À2 and subclones pH1oS5.9, pHloXS, pHloSE and pHloES

The overall restriction map of the region of genomic DNA covered by the

inserts of ?,,4 and 1,2 is shown below the maps of individual clones. The numbers

above the map indicate the distances in kilobases from the 5' end of the genomic

region. The location of the Hlo gene is shown, and the arrow indicates the

orientation of the gene. The thick lines represent the insert fragments (isolated

from À2) subcloned into plasmids, and the names of the recombinant plasmids

are indicated.

pH1oS5.9 contains a 5.9 kb Sal I fragment subcloned into a Sal l-digested

pTZ79R vector. pHLoXS contains a 5.3 kb XbaI/Sal I fragment subcloned into a

XbaI/ Sal I-digested pUC19 vector. pHloSE and pHloES contain a 3.6 kb SaII/Eco

RI fragment and a 9.L kb Eco RI/Sal I fragment subcloned into a Søl I/Eco RI-

digested pBluescript KS+ vector, respectively.



ì arm
À a¡m

Setl

L4

L2

Sarl

Sall

@

0 0.6 1.3

Xba I Kpn I

Sa/ I

Sa/ I

RO

Sa/ I

Eoo Rl

Eoo Rl

9.5 10.1

EæRl Xbal

14.0

Kpnl

pHloES

Sall

17.6 18.6 kb

Kpn I->

pH1oS5.9

pHloXS

pHloSE

^ 
ârm

À arm



Appendix: Toutard.s Histone H7o Gene "Kt'tockQut" in Mouse Embryonic Stem CelLs

A-5 Strategies for gene targeting using Hlo isogenic DNA

In an attempt to improve the targeting efficiency, it was decided to prepare

an isogenic DNA construct using only a positive selection marker since the

result described above showed that the enrichment strategy using

positive/negative selection did not work. Therefore, a new targeting vector,

named pH1oHR2, was constructed. It contains the neomycin phosphotransferase

gerte (neof flanked by nucleotide sequences homologous to the Hlogene locus.

Flowever, pHloHIt2 has not yet been used for targeting. Therefore, the strategy

that can be used for screening of homologous recombination in ES cells will be

described in the following section. In order to identify suitable diagnostic

restriction enzyme sites for screening, Southern analysis of EL4 ES cell genomic

DNA was performed as described below.

Àõ.f Construction of PHloHR2

The targeting vector pH1.oHR2 was constructed using an HLo genomic

clone derived from a 129/Sv mouse genomic library (described above). This

vector contained L1.8 kb of DNA homologous to the HLo locus, and thre neor

gene, driven by the mouse phosphoglycerate kinase promoter (pgk-promoter)

and a pgk-polyadenylation signal (pgk-poly A), as a selectable marker.

To construct pHloHP, two recombinant plasmids named pHloXS.neo

and pHloXK.neo were generated as precursors. The strategies used to create

pHloXS.neo and pHloXK.neo are presented in Fig. A-9 and Fig. A-10,

respectively.

The strategy used for corrstructing pHloHR2 from Precursors is shown in

Fig. A-10. pH1.oHR2 contained the neor cassette transcribed in the opposite

direction to HLo. H1o is rendered nonfunctional by the loss of the promoter

region ( S bp upstream from the transcription start site), the 3'-untranslated

region, and the coding sequence (amino acids 1-168) of the HLo gene (Alonso

et al., t988; Breuer et al., L989).
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Figure A-9

Construction of pHloXS.neo

The strategy used for constructing pHloXS.neo plasmid, as a precursor for

pH1oHR2, ís shown. The Hlogenomic fragment is shown as an oPen box with

coding sequences filled. T}:te neor cassette is shown with the arrow above

indicating the direction of transcription. The restriction sites within the insert

fragment are abbreviated as indicated. The restriction sites which were lost as a

r'esult of the ligation reaction are shown in brackets.

pHloXS.neo (8.9 kb) was constructed by replacing a 819 bp SacII/StuI

fragment from pHLoXS (Fig. A-S) containing the promoter region (45 bp

upstream from the transcription start site), the 3'-untranslated region and coding

sequence (amino acids 1-L63) of the Hlogene (Alonso et ø1.,1988; Breuer et al.,

tgSg), with a 1,.8 kb Eco III/Hind trI pgkNEOPA (2.2.L3) fragment. The ligation

between the blunt end fragment and the blunt end vector regenerated the Eco RI

restriction site as shown.
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Figure A-10

construction of pHloXK.neo and the targeting vector pHLoHR2

The strategies used for constructing pHl.oXK.neo and the targeting vector

pHLoHR2 are shown. The Hlo genomic fragment is shown as an oPen box with

coding sequence filled. The position of ttrre neor cassette within the Hl,ofragment

is shown with the arrow above indicating the direction of transcription. The

restriction sites within the insert fragment are abbreviated as indicated.

The HLochromosomal locus is shown at the top. pHLoXK.neo (17.0 kb)

was generated by ligation of a 6.3 kb Xbal/ Sat I fragment from pHloXS.neo (see

Fig. A-9), a 8.1 kb Sat I/ Kpn I fragment from À2 (see Fig. A-S) and Xba I/ Kpn I

-digested pUC19 vector.

pHLoHR2 (16.3 kb) was generated by subcloning a L3.7 kb Kpn I fragment

from pHloXK.neo into a Kpn I-digested pUC19 vector'
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¡¡6.2 Southern analysis of mouse genomic DNA isotated from 814 ES cells

DNA was isolated from E14 ES cells as described (2.3.3 (iü)). The DNA was

digested with different restriction enzymes and Southern analysis was performed

as described (2.3.10). The filter was probed with a 1.3 kb Sall/Kpn I fragment

isolated from pH1oS5.9 (see Fig. A-8). This probe is located 5' to the HLo gene.

After hybridisation, the filter was washed at high stringency. The result is

presented in Fig. A-11. Most of the restriction enzyme digestions gave only

a single hybridising fragment. From this result, Eco R[ was chosen as a diagnostic

enzyme for detection of homologous recombination in ES cells. In addition, this

result also showed that the probe contains a unique DNA sequence and therefore

can be used as a 5' external probe for gene targeting experiments.

À5.3 Strategy for gene targeting using pHloHR2 DNA

prior to electroporatiory pHloHR2 can be digested with KpnI in order to

release the insert fragment from the plasmid (see Fig. A-10) and processed as

described (2.g.LT). pHloHR2 DNA can then be introduced into ES cells using

electroporation protocol 2 (see 2.6.3 and 5.2.1), since the studies described in this

thesis show that this protocol gives the highest percentage of single copy

integration (5.2.1). After selection with G418 for 8-10 days, DNA isolated from

G418-resistant clones can be screened by Southern analysis using Eco RI and

probed with a 1.3 kb sal I/Kpn I isolated from pH1oS5.9 (see Fig. A-8). This

strategy is presented in Fig. A-12. The probe does not contain any sequence

present in pHLoHR2. The wild-type allele will give a 14 kb hybridising fragment,

whereas the mutated allele resulting from the homologous recombination will

give a g.7 kb hybridising fragment with this probe. To verify the targeted ES cell

clones, and to determine the number of integration sites, DNA isolated from the

positive clones obtained from the initial screening can be digested wit}:. Kpn I and

probed.with a neor coding probe. Flowever, it is also necessary to probe the DNA

of the positive clones using a 3'-external probe in order to ensure that the
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Figure A-LL

Southern analysis of mouse genomic DNA isolated from E14 ES cells

Genomic DNA isolated from E14 ES cells was digested with individual

restriction enzymes and combinations. The digested DNA was electrophoresed

on a 0.8% agarose gel along with DNA size markers. DNA was transferred from

the gel to a Zeta-Probe membrane, probed with 32P-1abe11ed 1.3 kb SaI I/ Kpn I

fragment isolated from pH1oS5.9 (see Fig. A-8) which is located at the S'-end of

the H1o gene. After hybridisation at 65oC overnight, the filter was washed at 65oC

with 40 mM Na2HPOn pH 7.2, 1. mM EDTA,5"/" (w/v) SDS for 30 minutes, and

then in 40 mM NarHPOn pH 7 .2, 1 mM EDTA, 1% (w / v) SDS, 65oC for 30 minutes

and the hybridising fragments were detected by autoradiography.

Lanes are as follows:

1) Hi-Lo mixed DNA size markers 2) Bam HI-digested DNA

3) Bsf Ell-digested DNA 4) Eco Rl-digested DNA

5) Eco RV-digested DNA 6) HincII-digested DNA

7) Hind Ill-digested DNA 8) Kpn I-digested DNA

9) Psú l-digested DNA 10) Pau Il-digested DNA

11) XbaI-digested DNA

12) BamHI/Eco Rl-digested DNA

13) BamÍII/Eco RV-digested DNA

14) Bam F{.I/ Hind III-dígested DNA

15) Bam ÍII/ Kpr I-digested DNA

16) Kpn I/Eco Rl-digested DN

L7) KpnI/Eco RV-digested DNA

18) Eco Rl-digested SPP1 phage DNA size markers
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Figure A-12

strategy for detection of a homologous recombination event in
ES cells using pHloHR2 DNA

The targeting vector pHLoHR2 is shown at the top in alignment with the
map of the HLochromosomal locus. The Hlogene is represented by an open box.

The neor cassette is represented by the arrow indicating the direction of
transcription. A 1.3 kb SaI I/ Kpn I fragment isolated from pH1oS5.9 (see Fig. A-g)
is represented by the striped box. This fragment is located 5'-external to the

targeting sequence.

The HLo gene is flanked by two Eco RI sites about 14 kb apart. The neor

cassette within pHLoHR2 contains a unique Ëco RI site. If ES cells were

transfected with pHloHR2 DNA and homologous recombination occurred, a

new Ëco RI site would be inserted between the endogenous sites. Therefore, it is
possible to screen the ES cells transfected with pHloHR2 by Southern analysis

using Ëco R[ digestion and hybridising with a 1.3 kb SøI I/ Kpn I fragment as a

probe' By using this strategy, the "wild-type" and. the mutated alleles are expected

to give hybridising fragments of 14 kb and 9.7 kb, respectively. The positive ES

cell clones from the initial screening can be further analysed by digestion with
Kpn I and probing with a neor coding probe to determine the number of
integration sites. The mutated allele is expected to give a 1,i.7 kb band with the

neor coding probe.
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positive clones are not the result of a type III recombination event (Adair et al-,

1e8e).

A-6 Sumrrrary

The work presented here describes an attemPt to use gene targeting in

order to obtain an ES cell in which one allele of the Hlogene has been disrupted.

Targeting vector pHloHRL was designed using a positive/negative selection

strategy in order to enrich for the targeted ES cells. The result showed that this

strategy gave only a two fold enrichment, and homologous recombination was

not observed in any of 105 analysed clones.

In order to improve the targeting efficiency, a mouse genomic library

derived from L29 strain was screened to allow production of a targeting vector

with isogenic DNA. HLo genomic clones were isolated and then used to generate

the targeting vector pH1oHR2. This vector contains 11.8 kb of DNA homologous

to the Hlolocus, and t}1e neor gene as a positive selectable marker. pHloHR2 has

not yet been used for gene targeting experiments. The strategy for detecting

homologous recombination with pHLoHR2 has been described (Southern

analysis of Eco Rl-digested DNA and a L.3 kb Sal I/ Kpn I fragment isolated from

pHLoSS.9 as a probe). Southern analysis on ES cell genomic DNA was performed

and described. The result showed that the 1.3 kb SalI/Kpn I probe can be used for

the initial screening, since it contains a unique sequence.

L7 Fuhrre work

Gene targeting in ES cells can be performed using pHloHR2 as a targeting

vector, and HLo targeted-ES cells can be identified using the screening strategy

described above. Flowever, a 3'-external probe, and the appropriate restriction

1L1
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enzyme digestion have not yet been identified. Further work is therefore

required to search for a specific 3'probe and diagnostic enzyme(s).

If H1o targeted ES cell clones were obtained and verified, the next steP

would be to inject the targeted ES clones which have normal karyotype, ate

mycoplasma-free and have normal growth characteristics, into host blastocysts

and generate germ line chimaeras. A breeding program with mice heterozygous

for the disrupted H1-o gene would then be set uP to attempt to generate mice or

embryos homozygous for the disrupted Hlogene.
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