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ABSTRACT

The carbonic anhydrase I gene (CAI) is part of a
multigene family,

the protein products of which are enzymes

characterised by their ability to catalyse the reversible
hydration of C02. It exhibits a tissue specific pattern of
expression,

notably being expressed at high levels in

erythroid cells in humans.

It also shows regulation at a

developmental level, with the CAI protein at very low
concentration in the blood of the foetus till a few weeks
before birth.
cDNA and genomic clones encoding CAI were isolated and
charachterised. Analysis of cDNA clones showed the presence
of an occasional exon in the 5* leader of the transcript,
while at the 3 ’-end two polyadenylation sites could be used,
while analysis of genomic clones showed that CAI is atypical
amongst the carbonic anhydrases

in having a large intron of

36 kb separating the erythroid specific promoter from the
coding region,

making the entire gene some 50 kb in length.

Pulsed-field gel electrophoresis was used in the analysis
of the physical linkage relationship between CAI and the CA2
and CA3 genes.

Both of these genes lie 5 ’ to CAI and are

transcribed away from it.

CA3 lies centrally in this cluster

separated from the 5 ’ end of CAI by 80 kb, while the 5 ’-end
of CA2 lies some 20 kb downstream of the 3 ’ end of CA3.
The DNA methylation state of the gene in several
erythroid and non-erythroid cell lines was examined.

This

showed that in the majority of these cell lines, which do
not express the CAI gene,

extensive regions around CAI were

largely d e m e thy lat ed . In contrast,

DNA from the only CAI

expressing cell line, H E L , appeared highly methylated at all
HpaII sites tested apart for one site at the erythroid
promoter and another at the 3 ’-end of the gene. High levels
of methylation of the CAI gene were also found in DNA from
untransformed cells.
d i sc us sed .

The possible implications of this are
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ABBREVIATIONS
A

Adenine

amp

ampicillin

APRT

adeninephosphoribosyl transferase

ATP

adenine triphosphate

bp

DNA base pairs

BSA

bovine serum albumin

C

cytosine

CAI

carbonic anhydrase I

CAI

gene encoding carbonic anhydrase I

cDNA

complementary DNA

CIP

calf intestinal phosphatase

ddNTP

dideoxynucleotide triphosphate

DHFR

dihydrofolate reductase

dNTP

deoxynucleotide triphosphate

DDW

double distilled water

DEPC

diethylpyrocarbonate

DNA

deoxyribonucleic acid

DNase

deoxyribonuclease

EBV

Epstein Barr virus

EDTA

ethylenediamine tetra-acetic acid

FCS

foetal calf serum

FIGE

field-inversion gel electrophoresis

G

Guanine

hr

hours

HSV

Herpes Simplex Virus

IPTG

isopropyl 13-D-thiogalactopyranoside

kb

kilobases / kilobase pairs

kd

kilodaltons

Klenow

Klenow fragment of DNA polymerase I

pCi

microcuries

min

minutes

mRNA

messenger RNA

M.W.

molecular weight

nt

nucleotide

OFAGE

orthagonal field agarose gel electrophoresis
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ODx

optical density at x nm

PAGE

polyacrylamide gel electrophoresis

PBGD

porphobilinogen deaminase

PBSa

phosphate buffered saline

PEG

polyethylene glycol

PFGE

pulsed-field gel electrophoresis

pfu

plaque forming units

phage

bacteriophage

PMSF

phenyl methyl sulphonylfluoride

PNK

polynucleotide kinase

p o l y (A + )

polyadenylated

Pu

purine

Py

pyrimidine

RNA

ribonucleic acid

RNase

ribonuclease

rpm

revolutions per minute

RT

room temperature

SDS

sodium dodecyl sulphate

SSC

saline sodium citrate

T

Thymine

TCA

trichloroacetic acid

Td
TEMED

dissociation temperature

tk

thymidine kinase

tRNA

transfer RNA

u

u n i t (s )

uv

ultraviolet

wk

week(s)

Wu

Weiss units

X-gal

5-bromo-4-chloro-3-indoyl 13-D-galactopyranoside

N ,N ,N ’,N ’-tetramethyl ethylenediamine
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CHAPTER ONE:

INTRODUCTION

The results described in this thesis have been divided
into four sections;

1) Isolation and characterisation of

cDNA clones encoding human carbonic anhydrase I; 2)
Isolation and characterisation of the gene for carbonic
anhydrase I {CAI);

3) Analysis of the physical relationship

between CAI and the closely linked genes CA2 and CA3; 4)
Analysis of the methylation state of CAI, CA2 and CA3 in
various cell types. This work took place within the context
of several distinct fields of study and this introductory
chapter has therefore been divided into three main sections.
The first of these deals with the carbonic anhydrase
isozymes,

a family of proteins distinguished by their

ability to catalyse the reversible hydration of carbon
dioxide

(H20 + C02 -- H 2C03) . This relatively simple reaction

plays an important role in a number of physiological
processes such as respiratory C02 transport,
ion exchange in a wide variety of tissues.

pH balance and

Each of the

isozymes in this family has its own set of kinetic and
physical properties and in addition shows a distinct pattern
of tissue specific distribution.

This variation presents

evolutionary biologists with a model system to study the
changes which have taken place within the family of carbonic
anhydrase proteins

(CAI, CAII,

CAIII,

etc) and the genes

{CAI, CA2, CA3, etc) which encode them.
The interest in CAI as a subject for study by the
techniques of molecular biology stemmed from two features of
its expression in man, namely the tissue specific nature of
its expression and the temporal control of its expression.
CAI is found in a number of tissues of the body, but is
found at its highest levels in the red blood cell in man and
is one of the earliest detectable markers which appears
during the process of formation of the erythrocyte from
pluripotent haematopoietic stem cells.
exhibits developmental changes,

CAI expression also

vis a dramatic increase in

expression late in foetal life. Both

of the above

characteristics - high levels of expression in erythroid
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tissues and fetal to adult developmental activation of gene
expression - are shared with the globins,

possibly the best

characterised gene family to date. A brief description of
the process of erythropoiesis and the place of CAI within it
is therefore given in the second part of the Introduction.
The last section deals with a general description of the
control of gene expression at a transcriptional level, with
an emphasis on erythroid tissue specificity.

1.1 The Carbonic Anhydrases

1.1.1 The Historical Background

The discovery of carbonic anhydrase was prompted by
essentially theoretical considerations.

It had been pointed

out as early as 1928 that the exchange of carbon dioxide in
the lungs could not be accounted for by the known rates of
hydration and dehydration of C02 (Henriques,

1928).

Subsequent experiments involving the exposure of blood to a
vacuum showed that the release of C02 from the blood was in
fact extremely rapid. At this time there was dispute over
whether C02 was transported through the blood as bicarbonate,
or whether (like oxygen) there was some substance with which
it could be complexed.

One of the suggested candidates for

this role was haemoglobin, which was one of the first
characterised red cell proteins and was known to be
responsible for oxygen transport. This confusion over the
role of haemoglobin in C02 transport in the blood was
compounded by the finding that "purified" haemoglobin could
catalyse the hydration reaction (van Slyke and Hawkins,
1930). This error was of course due to contaminating
carbonic anhydrase in the preparation.

It may also have been

an attractive unifying concept to think of globin as having
a role in transporting both the oxygen needed for
respiration,

and the waste product of that respiration.

dispute about the role of globin in C02 transport and
catalysis in the blood was finally settled with the

This
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discovery of carbonic anhydrase in 1933 when it was shown
that the catalytic activity could be separated from the
haemoglobin content of blood during extraction with
chloroform (Meldrum and Roughton,

1933).

The identification of carbonic anhydrase together with
assays for its activity was followed by the isolation of the
enzyme from tissues other than blood,
mucosa (Davenport and Fisher,

firstly in gastric

1938) and shortly afterwards

in the kidney (Davenport and Wilhelmi,

1941).

It was at

about this time that a discovery was made which has been of
enormous importance for those working on the physiological
role of CA, namely the specific inhibition of CA activity by
the sulfonamide antibiotics
finding,

(Mann and Keilin,

1940). This

followed by the synthesis of a number of related

compounds with more effective inhibitory action,

has

facilitated a wide range of studies to determine the
physiological role of the enzyme in a variety of tissues.
From the 1 9 4 0 ’s onwards,

there has been a steady increase

in the number of tissues identified as CA-co nta ini ng . The
application of CA inhibitors to these tissues and the study
of the resulting physiological changes also brought an
appreciation that carbonic anhydrase was not only
functioning to facilitate the exchange of respiratory C02 but
was involved in a number of other processes centred on the
production of H + or bicarbonate ions and often used in the
generation of trans-membrane concentration gradients (Maren,
1988).
Over the same period it was also found that what had been
termed simply as carbonic anhydrase could be resolved into a
number of distinct isozymes. This began when Nyman (1961),
at about the same time as a number of other workers,

began

applying more sophisticated methods of chromatography to
preparations of carbonic anhydrase and demonstrated the
presence of two distinct forms in human blood. One of these
had a relatively low activity and was termed CA B (later to
become known as CAI), while the other had a very high
activity and was called CA C (now known as CAII). A third

16
isozyme - CAIII - was discovered in the late 7 0 ’s in muscle
(Holmes,

1976; Koestler et al. 1977 ; Register et al. 1978 ).

The three isozymes mentioned above are all cytoplasmic
forms of the enzyme.

Of great interest has been the more

recent discovery of non-cytoplasmic C A s . These include a
membrane-bound form which has been found in both kidney and
lung (CAIV),

a mitochondrial form (C A V ) and a secreted

salivary form (C A V I ) (see Fernley,

(1988) for a review of

the non-cytoplasmic CA isozymes). A seventh isozyme

(CAVII)

has been proposed to exist based on the analysis of genomic
clones containing a carbonic anhydrase-like gene (Montgomery
et al. , 1986 ) .
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1.1.2 General characteristics of the carbonic anhydrases

The cytoplasmic isozymes CAI,

II and III are the best

characterised of the carbonic anhydrases.

They are all

monomeric zinc metalloenzymes with a molecular weight of 2830 kd and possess 259 or 260 amino acids. The essential zinc
atom lies at the bottom of the active site cleft and is
coordinated by three histidine side chains
and 119 which

are invariant in all known CA isozymes)

one H20 or 0 H “ ion (Nostrand etal., 1974;
Eriksson,

(numbers 94,

1988).

Kannan,

96,

and

1980;

It is thought that the zinc ion binds a

water molecule and acts to stabilise the -OH group formed,
at a pH where

OH“ is not usually present in quantity.

this hydroxyl

ion which then adds to the C02 substrate.

It is
The

zinc therefore acts to facilitate the generation of an
attacking base in the reaction (Woolley,

1975).

Structural

considerations together with comparison of protein sequence
of CAs from a number of species have identified those
residues needed for either catalytic activity or structural
integrity of the protein.

These are shown in Fig.

1.1. The

active site residues are found on four of the seven exons,
but apart from this there is no strong correlation between
exon structure and functional domains of the protein (Venta
et al. , 1985).

(see Fig 2 which shows the exon to structure

relationship of CAII).
Although their general structure is similar,

the

cytoplasmic isozymes vary considerably in their catalytic
properties.

CAI has a C02 hydration turnover number of

approximately 2 X 105 s"1 and will also catalyse the
hydration of acetaldehyde though at a thousand-fold slower
rate (Khalifa,

1971, Sanyal and Maren 1981). CAII has a

turnover number of 106 - the highest known turnover number of
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Fig. 1.2 Exon to protein domain relationship of carbonic anhydrase. The
figure depicts human carbonic anhydrase II which has an almost identical
crystal structure to CAI. Helical structures are depicted by cylinders
and 13-segments by unshaded straight sections. Residues whose side chains
project into the active site are designated by the one letter code of
Dayhoff. The positions of the introns are shown by triangles in the
intact molecule and the seven exons have been drawn below, separated in
an exploded form. The numbering of the residues is based on the human
CAI sequence (From Venta et ah , 1985).

20
any enzyme

(Khakifa 1971,

Sanyal and Maren,

1981), while the

catalytic efficiency of CAIII is much lower than this with a
turnover number of approximately 4 X 103 (Tu et al, , 1983).
This isozyme lacks the His 64 residue found in all other
known CAs. This may be responsible for the rather low
activity of this isozyme and may also be responsible for its
resistance to inhibition by sulfonamides.

The non-

cytoplasmic CAs differ from the cytoplasmic CAs in being of
different sizes and/or post-translationally modified.

These

features are described in the next section which deals with
each isozymes distribution and possible metabolic role.

1.1.3 The distribution of the isozymes

CAI is the second most abundant protein in the red blood
cell at about lOug/mg haemoglobin,
and Deutsch,

(Nyman,

1961;

Funakoshi

1971) and there are indications that in this

location it may be complexed with a 24,000 molecular weight
protein similar to the band 3 spectrines or glycophorin A
(Shafer and Dietsch,

1984). CAII is also found in this

tissue but at only 1/5 of this concentration (Nyman,

1961).

CAI is not however a universal feature of the mammalian
reticulocyte,

for example,

ox blood contains only one type

of carbonic anhydrase - the high activity CAII

(Lindskog,

1960) .
CAI has also been identified in various parts of the
alimentary canal.

In the rodent, CAI has been shown to exist

at reasonably high levels in the caecum and proximal colon
and at lower levels in the small intestine (Carter and
Parsons,

1971). More recently, more sensitive methods of

immunohistochemistry has shown the isozyme to exist in
particular cell types in a number of other tissues

(Spicer

et al. , 1984; Tashian et al. , 1984).
CAII has a more widespread tissue distribution than CAI;
examination of a number of mammalian species shows that it
is invariably present in red blood cells,
tissue examined contains the enzyme

but almost every

(though it may only be
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found in particular cells)

(Tashian et aL , 1984).

Interestingly several of the sites containing CAI are
those cell types from which CAII is absent. These include
(in humans) vascular endothelium (Kumpulainen and Korhonen,
1978; Ryan et al. , 1982), myoepithelial cells of the secretory
coil of the sweat gland (Briggman et al. , 1983),

luminal and

basal cells of the coiled and straight segment of the sweat
gland duct (Spicer et al. , 1982; Kumpulainen,

1981),

goblet columnar cells in the colon (Lonnerholm,

non

1984; Spicer

etal. , 1982), corneal endothelium (Wistrand, P. J. 1984b) and
submandibular gland acini in the rat (Spicer et al, , 1984).
This pattern is not universal and the cellular distribution
of CAI and II often overlap so it is unclear as to what
specific role each isozyme might play.

It is fairly clear

however that the rapid production of H* and H C03" is required
for a number of processes involving secretion and pH
balance.

In all of these processes,

bicarbonate ions or

protons may be required as counter ions in transport across
membranes.

CA is thus acting in a secondary role providing

the ions which other cellular transport systems use to
generate pH or ionic gradients across cell membranes.
Fig.

See

1.3.
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Fig. 1.3 The role of CA in secretion. A) The role of proton separation
and carbonic anhydrase in gastric secretion. Primary process is linkage
of active Cl" movement and H*

production. B) A general scheme for

secretion of pancreas, salivary glands, cerebro-spinal fluid, aqueous
humour and sweat. Sodium secretion linked to ATP-ase activity operates
in concert with "HCO formation.

(From Maren 1984)
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CAIII is found in muscle,

notably in type 1 fibres

(Register et al. , 1978) and the male rat liver where it
appears to be under hormonal control

(Carter et al. 1981).

Recent work also indicates that it is found in adipocytes
and the notochord (Lyons et al. , 1990)
Less well characterised than CAI,

II and III

(though

attracting increasing interest) are the non-cytoplasmic
carbonic anhydrases.

The membrane bound CAIV is found in

both lung and kidney (Whitney and Briggle,
and Knuuttila,

1982; Wistrand

1989) and the isozyme appears to be located

on the luminal surface of the brush border of the proximal
kidney tubule and of the pulmonary endothelial cells of the
lung (Ryan et al. , 1982). Recent work shows the enzyme to be
bound to the membrane via a phosphatidylinositol-glycan
linkage (Sato et al. , 1990).
Mammalian hepatocyte and kidney mitochondria exhibit low
levels of a carbonic anhydrase termed CAV contained entirely
within the inner mitochondrial membrane

(Dodgson et al. ,

1983). The protein has been partially sequenced showing that
it lacks the first 21 N-terminal amino acids found in the
other CAs

(Hewett-Emmett et al. , 1986).

In this location,

it

is thought that the enzyme is playing a physiological role
distinct from those already mentioned (Dodgson et alt 1984;
Dodgson and Contino,

1988).

The salivary isozyme

(CAVI) was first isolated in 1979

and has an apparent molecular mass of about 45,000.

This is

significantly larger than the cytoplasmic CAs. However much
of this is due to the fact that the enzyme is glycosylated
(Murakami and Sly,

1987; Fernley et al. , 1988a).

Purification

and sequencing of the protein has shown it to have 307 amino
acid residues
isozymes).

(compared to 260 for the cytoplasmic

This additional length is due to a 45 residue

carboxy-terminal extension which may be responsible for its
secretory properties

(Fernley et al, . 1988b).

It is unclear

what the role of CAVI in saliva may be, although it is a
high activity form like CAII

(Fernley 1988a) and may play a

role in the formation of bicarbonate and buffering in the
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oral cavity.

1.1.4 Clinical aspects of the carbonic anhydrases

1.1.4.1 Deficiencies in CA levels

Familial deficiency states of CAI in which the enzyme is
absent from erythrocytes has been reported in both humans
(Kendall and Tashian,

1977) and the pigtailed macaque

(Ferrell etaL , 1981).
clinical symptoms.

In both these instances there were no

This asymptomacy is probably due to the

presence of CAII which is probably carrying out the same
role, or capable of substituting for CAI,
cell.

in the red blood

It should be pointed out however that the other

tissues in which CAI is present were not examined for
presence of the enzyme.

By contrast CAII deficiency has been

shown to be responsible for symptoms of osteopetrosis with
renal tubular acidosis in both humans
mice

(Sly etal. , 1983) and

(Lewis et ah , 1988a). Changes in the level of CAI found

in the red blood cell has been found in a number of medical
states. Patients suffering from thyrotoxicosis have been
shown to have a CAI concentration only about one third that
of normal controls

(Funakoshi and Deutsch,

1971), while a

similar drop in CAI levels has been found in premature
babies suffering from respiratory distress syndrome
and Petering,

(Sell

1974). A low activity form of CAI has also

been reported to exist in erythrocytes of some patients
suffering from renal tubular acidosis

(Kondo et al, , 1978) and

primary aldosteronism (Kondo et al. , 1984).
The apparent asymptomacy of CAI deficiency coupled with
the fact that many species lack the enzyme in erythrocytes
raises the question of the necessity of CAI

(at least in the

red blood cell) for normal physiological function.

It should

also be borne in mind that the various inhibitors used
clinically (either as CA inhibitors, or as antibiotics) are
often applied at concentrations which should be sufficient
to inactivate CA in most of the sites discussed above.
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Although side effects of these drugs are seen,

often

requiring administration of supplementary amounts of sodium
and potassium salts to balance losses through poor kidney
reabsorption,

it seems surprising

(given the numbers of

processes in which CA has been implicated)

that they are not

more toxic. This is probably a reflection of the fact that
spontaneous hydration,

dehydration and diffusion of C0 2 is

sufficient for the unstressed metabolism.

1.1.4.2 CA inhibition in clinical treatment

Inhibition of CA activity is the basis of a number of
clinical treatments including the treatment of gastric and
duodenal ulcers,

hydrocephaly and oedema. By far the most

common use of CA inhibitors however is in the treatment of
glaucoma,
(Wistrand,

accounting for over 95% of prescribed usage
1984b). The enzyme is required in the process of

aqueous humour formation in the eye, and inactivation causes
a reduction in intraocular pressure by reducing the rate of
entry of sodium and bicarbonate into the aqueous humour
(M a r e n , 1988 ) .

1,1.5 Evolutionary relationships of the CAs

The carbonic anhydrases are an ancient class of enzymes
and have been found in organisms of all phyla examined.
is clear that the genes for these isozymes

It

(CAI, CA2,

CA3...etc) are descended via duplication events from a
single ancestor and that over time the duplicated genes have
evolved distinct set of functions,

patterns of tissue

distribution and temporal regulation.

This makes the CAs a

rich vein of data for evolutionary biologists and
comparative studies of the isozymes and their genes have
been carried out for some time. The identification of
homologous isozymes in different species and comparison with
tiger shark CA indicate that the duplication events which
gave rise to these genes occurred at some time between the

divergence of the elasmobranchs

(450 million years ago

(mya)) and the divergence of the amniotes
Emmett et al, , 1984).

Fraser and Curtis

(300 mya)(Hewett-

(1986) on the basis of

nucleic acid sequence comparison of mouse CAI and CA2 cDNAs
suggest a divergence time of 320 mya. Comparison of the
protein sequences of CAI, CAII and CAIII suggests that CAII
and III are more closely related to each other than either is
to CAI (Lloyd et a l . 1986., Hewett-Emmett and Tashian,

1990).

Until recently much less was known about either the
protein sequence or gene localisation of the non-cytoplasmic
C A s . In.^last three years however these isozymes have been
extensively purified and in the case of CAVI completely
sequenced

(Fernley et al. , 1988b) while CAIV and CAV has been

partially sequenced (Zhu et ah , 1988; Hewett-Emmett et al. ,
1986). Not surprisingly considering their different
subcellular location,

immunogenic and physical properties,

such comparisons have shown these isozymes to be more
distantly related to CAII than either CAI or III (HewettEmmett and Tashian 1990). Apart from the genes known to be
associated with identified proteins, molecular genetic
studies have identified recombinant clones encoding two
other potential CAs these have been designated CAVII
(Montgomerey et al* , 1987) and CAY (cited in Tashian,

1989).

The chromosomal location of several of the genes for
these isozymes has been determined.

CAI, CA2 and CA3 are known

to be tightly linked within a few hundred kb of each other
in both mouse and man (Kearney et al. , ‘1987 ; Venta et al. ,
1987).

In man they lie on the long arm of chromosome 8

(8q22)

(Edwards et al. , 1986a, b; Davis et al. ,1987; Nakai et al. ,

1987) while the mouse genes lie on chromosome three
3A)

(band

(Eicher et al. , 1976; Beechy et al. , 1990). Other members

of the family have been assigned to other chromosomal
locations,

CAY being found on chromosome 1 (Tashian 1989)

and CAVII on chromosome 16 in humans (Montgomery e t al. ,
1987) .
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1.2 Erythropoiesis

1.2.2 Erythropoietic Differentiation

The mature mammalian erythrocyte is an enucleate cell
lacking RNA and incapable of regeneration.

Such cells are

just one of a number of cell types - macrophage,

granulocyte

and lymphoid produced from a single pluripotent
haematopoietic stem cell

(Weatherall and Clegg,

1981)

(Fig.

1.4).
During the process of differentiation an undifferentiated
stem cell receives a stimulus - such as the hormone
erythropoietin - which directs it towards the erythrocytic
series. The individual cells moving down this pathway in
this early stage of differentiation are not distinguished by
any visible morphological changes,

but can be distinguished

by their appearance following in vitro culture e.g. burst
forming units

(BFU-E),

colony-forming units (CFU-E)

(Dexter,

1979; Lajtha,

1989). This process in which cells become

irreversibly committed is generally termed determination and
is associated with a general loss of regenerative capacity.
Once determined,

the stem cell becomes a proerythroblast the

first morphologically distinct cell type of the erythrocytic
series,
(Fig.

following which a process of maturation takes place

1.4). During maturation a fixed number of cell

divisions occurs and visible phenotypic changes take place
as erythroid-specific proteins

(such as spectrin,

glycophorin A and the globins) accumulate.

The nucleus is

lost at about the same time as the cell is released into the
circulation.

The reticulocytes,

which in a normal human make

up only 2 % of the circulating red cells,
their RNA to become mature erythrocytes.

eventually lose
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pronormoblast is reached, following which a visible process of
maturation takes place culminating in the loss of the nucleous and
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Although differentiating haematopoietic stem cells can be
isolated from bone marrow (Dexter,

1979; Lajtha,

1979),

the

extent to which various lineages are "committed” or can be
re-dedicated to another lineage is difficult to assess. This
problem of determination vs pluripotencey is of course not
specific to the haematopoietic system, but is a more general
problem encountered in developmental biology. Answers to
such problems often require

(in the absence of obvious

visual distinctions between differentiation pathways) the
identification of gene products which can act as specific
"markers" for that lineage.

In this respect the globins are

particularly unhelpful as indicators of lineage commitment,
being produced relatively late in the pathway of
erythropoiesis at the pronormoblast stage.

CAI on the other

hand has been identified in cells of the BFU-E stage or
earlier, prior to the appearance of other red cell markers
such as spectrin or glycophorin A (Villeval et al, , 1985).
Because of this early activation,

it is hoped that isolation

of the CAI gene and characterisation of its regulatory
mechanisms may provide more information regarding the early
processes of erythroid commitment.

1.2.3 Developmental Changes
The site of erythropoiesis in man (as in most other
vertebrates) changes throughout ontogeny.

Erythropoietic

progenitor cells are first found in the foetal yolk sack.
After 4 or 5 weeks however erythropoiesis shifts to the
developing liver and by 12 weeks this is the exclusive site
of erythropoiesis.
onwards,

By the twentieth week of fetal life

the liver is gradually replaced by the adult site

of erythropoiesis - the bone marrow.
this role during later foetal life
1981, Karlsson and Nienhuis,

The spleen also shares

(Weatherall and Clegg

1985).

In parallel to this change in the site of erythropoiesis
the type of globin found in circulating erythrocytes also
changes.

Each haemoglobin tetramer consists of two chains of

a-like globin (f - or a-globin) and two of 0-like globin (£-,
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or |3-/£-globin) . In the early embryo the

f°rm

predominates together with some of the a2£2. By the twelfth
week of foetal life however this has been almost exclusively
replaced by the foetal haemoglobin a22(2. Late foetal life
sees a third change or "switch” in which the foetal ^-globin
is replaced by adult 13-globin (Karlsson and Nienhuis,

1985).

Despite the similarity in timing between changes in the
site of erythropoiesis and changes in the type of globin
produced,

there does not seem to be a causal link between

the two. Thus erythroid cells from different haematopoietic
tissues can produce both foetal and adult globins
(Stamatoyannopoulos et al, , 1987). The timing of the switch
may be dictated by some internal mechanism of the
erythropoietic cells themselves rather than response to
external stimuli

(Wood et al, , 1985; Melis et al, , 1987)

CAI levels also change during development,

being

virtually absent in early foetal life but rising markedly
from about 34 weeks of gestation (Boyer et al, , 1983). The
fact that CAI and B-globin levels both increase in late
foetal life prompts speculation that common genetic control
elements may be involved and indeed CAI deficiency in adult
life is often associsated with persistence of foetal
haemoglobin (Eng and Tarail,
Sheridan et al. , 1976).

1966; Alter et al, , 1976;

It should be noted however that the

developmental changes in CAI levels differ somewhat from
that of globin in being relatively gradual and prolonged,
continuing for several years after birth (Weatherall and
McIntyre,

1967; Sell and Petering,

while the switch from
al, , 1977 ).

1974; Boyer et al. , 1983),

to 0-globin is more rapid (Wood et
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1.3 The Control Of Gene Expression

The machinery which directs eukaryotic gene transcription
is complex and must allow expression in the correct temporal
and cell-type specific manner.
a unique sequence,
that many genes,

Every protein-coding gene has

but beneath this diversity it is apparent

together with the elements associated with

modulating their transcription share common features. The
gene itself can, at its most basic level, be represented as
a simple stretch of DNA awaiting transcription - the first
and probably most critical stage for controlling expression
of the gene as a protein.

For simplicity,

the various

elements responsible for control of transcription can be
divided into two parts:

those which are an integral part of

the gene - the cis-acting DNA sequences - and those which are
part of the nuclear environment in which the gene is
expressed - the trans-acting (usually protein)

factors.

Cis-acting DNA sequences are conventionally divided into
two types, promoters and enhancers - although it is clear
that the term enhancer can embrace sequences which operate
in different ways. The essential difference between these
two classes of sequence is that promoters have a fixed
positional relationship to the gene,

lying at its 5 ’-end,

while enhancers have a looser relationship and can exert
their effects from considerable distances

(for review see

Serfling et al 1985; Dynan 1989;).
The promoter region is responsible for accurate
initiation of transcription,

allowing association of RNA

polymerase II with a specific region of the DNA in a multi
protein initiation complex. This complex contains at least
five proteins.

One of these,

termed TFIID, binds to the

highly conserved TATA box sequence motif found 25-30 bases
upstream from the point where transcription is initiated
(Breathnach and Chambon,

1981; LaThange and Rigby,

1988).

Other common elements found upstream of the site of
initiation include the CAAT box and often a GC rich element
GGGCGG (Lee et al, , 1987). These sequences are less highly
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conserved and are usually found at a distance of up to 100
bases from the transcription start point. Other less common
elements can be found in the upstream region

which have

been implicated in mediating the responses of the gene to
particular signals,
(Evans,

for example hormone responsiveness

1988) or response to heat shock (Davidson et al. ,

1983).
The term enhancer was first used to describe a region of
DNA found in the genome of the eukaryote virus SV40. This
region could not in itself act as the site of initiation of
RNA transcription but, when linked in cis, could increase
(enhance) the level of transcription from not only the SV40
promoters with which it is normally associated,

but the

promoters of non-SV40 cellular genes such as 0-globin.

It

was also found that it could exert its effect across several
thousand bp of intervening sequence and in either
orientation relative to the gene (Banerji et al. , 1981).

1.3.1 Transcription Factors

The last few years has seen the a d o p t i o n 1of techniques
designed to examine interactions between nucleic acids and
proteins.

For example the bandshift assay (in which proteins

bound to DNA retard its migration through polyacrylam ide d^
gels,

Fried and Crothers,

1981;

1984) and DNA footprinting
from nuclease digestion,

Strauss and Varshavsky,

(where bound proteins protect DNA

Galas and Scfhimitz,

1978). These

techniques have shown that many of the cis-acting sequences
identified from mutagenesis studies as being important in
transcription exert their effect in combination with
sequence-specific,
be ubiquitous,

DNA-binding proteins. These proteins can

found in all cells,

or restricted to

particular cell types.
Purification and cloning of transcription factors has
revealed that they are diverse in their physical and
chemical properties.

They have been found to range in size

from 36 kD to 100 kD. They can act as dimers

(Landshulz et

al, ,1988; Kumar et al. , 1988) or monomers

(Kadonga et al, , 1987)

and have been found to use a variety of cofactors

(for

reviews see: Jones e t al, , 1988; Ptashne 1988; Mitchell and
Tijan 1989; Latchman 1990).

They can however be divided into

a number of classes principally defined by the mechanism by
which they interact with DNA (Struhl 1989). This is usually
accomplished via a domain of basic residues which can
interact with DNA in a sequence specific manner. Another
region of the protein often consists of acidic residues
which are thought to carry out the "activating11 function of
the transcription factor by interacting with the
transcription initiation complex or other proteins
1988; Sigler,

(Ptashne

1988). These two domains are often

functionally independent such that mutants in the activating
region which are no longer capable of modulating
transcription are still able to bind to their DNA sequence.
r.

This independence allows elegant "domain swap" experiments
to be carried out in which proteins containing the DNAbinding region from one factor and the activating region
from another can be linked together

(e.g. Green and Chambon,

1987; Kumar et a l ., 1987; Brent and Ptashne,

1985).

Promoter and enhancer regions of genes can contain
binding sites for many different transcription factors.

Some

of these factors can show synergy or be mutually exclusive
in their binding sites. Activity of a gene can thus be
modulated in quite complex ways by the presence of such
factors in different combinations.

Erythroid-Specific Transcription Factors

The last two or three years has seen the identification
of an erythroid-specific transcription factor which is
highly conserved from species to species both at a protein
sequence level and in terms of the DNA sequence recognised
(Trainor et al. , 1990). This sequence - centering on a GATA
core sequence - is found,

sometimes in multiple copies,

both the promoter and enhancer region of many,

at

if not all,
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globins and non-globin erythroid-specific genes

(Evans et aJ. ,

1988; Plumb et ah , 1989; Wall et al. , 1988).
This factor has been investigated by several research
groups and has been given a variety of names such as GF1
(mouse)

(Martin et al, , 1989),

1988), NF-E1

(human)

Eryfl

(chicken)

(Wall et al. , 1988), EF-1

(Barnhart et al. , 1989), and EF a (human)
1988)

(Evans et al.
(mouse)

(Gumucio et al. ,

and has recently been designated GATA-1

(Pevny et al. ,

1991). Both the mouse and human GATA-1 consist of a 413
amino acid polypeptide containing two Cys-Cys domains
reminiscent of "zinc finger" structures

(Tsai et al. 1989;

Zon

et al. , 1990), while the chicken factor is slightly smaller
but shares extensive homology.
Trainor et al. 1990).

(Evans and Felsenfeld,

1989;

Such zinc fingers have been found in a

number of transcription factors and seem to be a common
structural motif used in DNA binding

(Evans and Hollenberg,

1988).
GATA-1 is found in the nuclei of mammalian erythroid
tissues at all stages of development and its binding sites
are found in erythroid genes expressed in embryonic,

foetal

and adult life (Plumb et al. , 1989; Wall et al. , 1988).

It has

more recently been found in a number of other cell types,
including megakaryocyte and mast cell lineages
1990; Romeo et al. , 1990), HeLa,

(Martin etal. ,

embryonic carcinoma cells and

lymphoid cells (Perkins et al. , 1990).

In all of these cases

the factor is found at much lower levels than in erythroid
cells.
At least one other mammalian erythroid transcription
factor has been identified and termed NF-E2

(Mignotte et al. ,

1989). Although this has not been cloned and analysed in the
same detail as G F 1 , this factor appears to bind to the same
site as the factor API though with a slightly different
specificity,

and appears to increase in concentration

following treatment of the mouse erythroleukaemic cell line
MEL with DMSO to induce high-level expression of fi-globin
(Mignotte et al. , 1989).
The promoters of many globins and other erythroid
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specific genes contain a so-called CACCC motif,

deletion of

which causes 5 to 10 fold reduction of ft-globin
transcription in vivo (Orkin et al. , 1984; Orkin efcai.,1982).

It

is unclear whether the protein which binds this motif is
erythroid-specific. Despite the assertion by Mantovani et ah
(1989) that the factor which binds this sequence is
erythroid-specific, the evidence is inconclusive and is
contradicted by the finding that deletion of this motif in
transient expression constructs causes a reduction in
transcription

in the non-erythroid mouse 3T6 cells, a

fibroblast cell line

(Dierks etah , 1983).

As yet little progress has been made towards
identification of those factors responsible for the
developmental switching program seen in mammalian globins.
More successful has been the search for developmental stagespecific proteins which control the similar switch seen in
the chicken.

Three related GATA motif binding transcription

factors have been identified in this organism and one of
these (NF-Elc)
et ah , 1990).

is found only in adult erythrocytes
In addition to this,

(Yamamoto

non-GATA-binding proteins

showing temporal variation have also been described. One
erythroid-specific protein " BGP 1", binding to a poly(dG)
motif upstream of the adult 0-globin gene is only detected
late in development

(from 5-9 days of incubation) and is

possibly a factor associated with the switch from expression
of embryonic to adult globin (Lewis et ah , 1988a). No obvious
counterpart of either the poly(dG) motif or BGP1 has been
found in mammals. Another stage specific erythroid DNAbinding protein has also been reported in the chicken termed
NF-E4

(Gallarda,

1989), while it has been proposed that the

adult B-globin expression levels are also regulated by two
proteins PAL and CON which vary reciprocally during
development.

CON has also been described as the CACCC

binding protein in this organism (Emerson etah , 1989).

1.3.2 Chromatin structure and gene expression
The majority of DNA in the chromosome exists in a highly
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condensed form,

associated with the histones H1-H4 and

highly resistant to attack by nucleases. Actively
transcribed chromatin by contrast exhibits an increased
sensitivity to digestion by nucleases
Groudine,

(Weintraub and

1976; Garel and Axel 1976) and an altered

appearance when examined electron microscopically (Foe et al. ,
1976). This sensitivity is usually interpreted as a
reflection of the DNA existing in a more "relaxed" or open
conformation,

in which the gene is accessible to the

machinery of transcription.

It has been suggested that this

change in conformation may be the result of acetylation or
other modification of nucleosomal histones

(Vidali et al. ,

1978; Hutcheon et al, , 1980), absence of histone HI
Cole 1984;

Schlissel and Brown,

nonhistone proteins

(Huang and

1984) or the presence of

(in particular high mobility group

proteins; Weisbrod and Weintraub 1979; Sandeen etal, , 1980;
Gazit et al, , 1980) or methylation (see section 1.3.3.)
These more open regions or chromatin domains are often
large,

covering several tens of kb of DNA and may be

demarcated by chromosomal matrix attachment regions
(Cockerill and Garrard,

1986;

Loc and Stratling,

1988).

More detailed analysis of these regions of active
chromatin often reveals the presence of sites which are at
least one order of magnitude more sensitive to nuclease
digestion than the surrounding DNA (Elgin,

1981). These

DNase I hypersensitive sites (HSS) frequently lie in the
promoter and enhancer regions of genes,

regions identified

as being the sites of interaction with transcription factors
(see Gross and Garrard,

1988 for review).

In the human j3-globin gene,

for example hypersensitive

sites exist in the body of the gene within an intragenic
enhancer as well as at the 5* end of the gene in the -200
region and at the 3 ’ end of the gene (Groudine et al, , 1983).
The 5 ’ site lies within the promoter region of the gene,
while the intragenic site and the 3 ’ site lie within regions
defined as having enhancer activity (Antoniou et al, 1988;
Behringer et al, , 1987; Kollias et al. , 1987). The other genes
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in this cluster also possess HSS in their promoter regions.
Both these and the sites near the D-globin gene are more
susceptible to digestion in cells of the developmental stage
in which they are expressed (Groudine et al. , 1983; Tuan et
al, . 1985).
In addition to these sites located in or close to the
body of the gene, there is another set of sites which have
to be considered in any survey of the globin genes. These
sites,

lying 5-20kb upstream of the D-globin gene,

are

present in erythroid tissues at all stages of development
and appear to contain sequences which are capable of
defining a region of DNA as competent for expression in
erythroid cells

(Grosveld etal.

1987).

Stable expression

constructs of the J3-globin gene which contain these
superhypersensitive sites are able to escape the so-called
"position effect" of integration on expression

(Gordon and

Ruddle,

1985; Palmiter and Brinster 1985), producing high
Clevel copy number-dependant expression levels (Grosveld et

al. , 1987 ). This region has been termed the Dominant Control
Region (DCR)

(Grosveld et al. 1987)

(Talbot et al. , 1989) or

the Locus Activating Region (Forrester et al. , 1987 ).
Sequences which have similar properties to the DCR/LAR have
been found in other genes,

for example the human CD2 gene

(Greaves et al. , 1989) the chicken lysozyme gene

(Steif et al. ,

1989). More recently the a-globin gene cluster has been
shown to have a DCR-like element lying 30-50 kb upstream of
it (Higgs et al. , 1990).
The sequences flanking the lysozyme gene are the same as
the matrix attatchment sites which demarcate the boundaries
of the genes chromatin domain (see above) and it would
appear that these regions are also sites of interaction with
topoisomerase II. This observation leads to the idea that
these sequences serve to allow the introduction of torsional
stress into regions of DNA,

encouraging the changes noted in

chromatin conformation and serving to open up the DNA duplex
(Cockerill and Garrard,

1986; Loc and Stratling,

1988).
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1.3.3 Methylation and Gene Expression

Within the AT-rich mammalian genome

(60% A + T ) , the

dinucleotide CG is found at only one fifth the frequency
predicted from base composition (Russell et al. , 1976 ). Of
those CG dinucleotides which are found,

the majority are

methylated at the 5- position of the cytosine pyrimidine
ring. These two observations are probably related since the
(spontaneous) deamination of methyl cytosine produces the
base tjhiajnirie, producing G:T mismatches and subsequent
depletion of cytosine

(Green et al, , 1990; Wang et al, , 1982).

Several lines of evidence indicate that this methylation of
cytosine in CpG dinucleotides plays a role in gene
regulation.
The first of these concerns the role of CpG rich HTF
(Hpall tiny fragment)

"islands” which make up about 1% of

the nuclear DNA in vertebrates

(Bird et al. , 1985).

These HTF

islands are G,C-rich regions which have been shown to be
associated with the 5 ’region of most housekeeping genes and
a number of tissue-specific genes.

CpG dinucleotides within

such islands are extensively demethylated and thus
susceptible to digestion by the methylation sensitive
restriction enzyme Hpall

(Bird,

1987).

Many genes which are expressed in a cell-type specific
manner do not contain CpG islands and exhibit methylation
levels which vary from tissue to tissue,

typically showing

hypomethylation only in the tissue in which the gene is
expressed (Cedar,

1988). CpG sites in the globin genes are

usually undermethylated only in erythroid cells and
generally show demethylation of specific sites close to
genes only in the developmental stage in which they are
expressed (Van der Ploeg and Flavell,

1980; Mavilio et al. ,

1983; Enver et ah , 1988b).
The notion that methylation of CpGs may affect gene
expression is supported by several other lines of evidence.

1.3.3.1 Azacytidine treatment of cells
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The application of the nucleoside analog 5-Azacytidine
(5-Aza-CR) to cells in culture is capable of producing
enormous changes in expression levels of genes. This
compound does not appear to exert its effect via
mutagenesis,

but rather to act as an inhibitor of DNA

methylation (Jones,

1984). The changes in expression are

often permanent and can lead to a complete reprogramming of
the differentiated state of the cell.

So for example the

mouse embryonic fibroblast cell line C3H10T1/2 can be
converted to myoblasts with a high frequency (Taylor and
Jones,

1979), while teratocarcinoma-derived mesenchymal

cells can be converted into epithelial cells

(Darmon et al,

1984). This reproducible reprogramming of cell phenotype at
a high frequency suggests that particular key genes which
may be important determinants of a cells differentiation
state are being activated by demethylation (Jones,

1984).

1.3.3.2 Introduction of methylated genes into cell lines.

One way in which it was hoped to determine whether
methylation can directly affect expression was to compare
exression levels from methylated and unmethylated genes
following reintroduction into cell lines. This has been done
with a number of tissue-specific and non-tissue-specific
genes such as APRT and DHFR (Stein et al, , 1982)

)f-globin

(Busslinger et al, , 1983) thymidine kinase (Wigler et al, ,
1981) genes.

In all of these cases,

it was found that

methylation acted to block transcription in transient
transfection assays. This block to transcription was also
found to be localised such that particular sites, often (but
not always) close to the 5 *-end of the gene were more
effective in reducing transcription levels when methylated.
(Busslinger et al, , 1983; Keshet et al, , 1985; Murray and
Grosveld,

1987).

1.3.4 Methylation and transcription factors
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Because inhibition of transcription by methylation is
often localised to areas known to bind transcription
factors,

the simplest hypothesis to explain this effect is

that CpG methylation affects factor binding. This has been
explored experimentally by looking at factor binding in vitro
to methylated and non-methylated templates.

In this way

several factors have been shown to be prevented from binding
by methylation of CpGs in their recognition site
Ariga and Schaffner,

(Iguchi-

1989; Kovesdi et al. , 1987; Becker et al. ,

1987; Comb and Goodman,

1990).

It is clear however that this

is not always the case,

the factor Spl is unaffected in

either its binding or activation function by methylation of
the CpG in its binding site (Iguchi-Ariga and Schaffner,
1989). Because Spl sites are often associated with
housekeeping promoters,

Holler etal,

(1988) have suggested

that constitutive Spl binding may prevent de novo methylation
which would be important for maintaining gene activity.
Apart from this immunity to methylation,

many factors do not

have methylatable CpGs in their recognition sequences.
The inhibition of gene expression associated with
methylation may be a secondary effect since methylated DNA
has been shown to affect the formation of active chromatin
(Keshet et al, , 1986) while introduced methylated DNA can be
transcribed for several hours until association with
nucleosomes occurs, when transcription ceases
al. , 1987).
which the

(Buschhausen et

It has also been shown in cell fusion studies in
to ft-globin switch takes place in vitro that

methylation of the # -globin gene may occur after
transcription has ceased (Enver et al. , 1988a).
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1.4 Aims of this work

A number of questions of a fairly general or long-term
nature arise from what has been described in this
introduction.
How might expression of the CAI gene be controlled in a
tissue-specific manner - what features might it have in
common with other genes expressed in erythroid tissues and
why is it activated early in erythropoiesis?
Is the mechanism of the developmental switch observed for
CAI the same as that found in globins?
In the context of the Carbonic Anhydrase family, how does
CAI compare with other CA genes already isolated and can
this throw light on their evolutionary relationships?
With these questions in mind the aims of this project
were:
1. To isolate and characterise cDNA clones encoding human
CAI.
2. Use the cDNA to isolate (and then characterise)
genomic recombinants containing the human CA-1 gene.
4. Determine the linkage relationship between the three
human cytoplasmic genes CAI, CA2 and CA3, clustered on the
long arm of chromosome 8 using pulsed field gel
electrophoresis.
3. Assess the methylation state of CAI in expressing and
non-expressing cell lines.
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CHAPTER TWO: MATERIALS AND METHODS

2.1 Materials
Standard reagents: AR grade supplied by BDH,

Fisons and

Sigma.
Enzymes:

Restriction enzymes from New England Biolabs,

Betheseda Res. Labs.

(BRL) and Anglian Biotechnology.

Other enzymes used were from the same sources except
RNase-free DNAase,

and calf intestinal phosphatase from

Boehringer Mannheim.

Electrophoresis reagents: Acrylamide from BDH.
Agarose and TEMED from Sigma.
Ultra-pure Urea from BRL.
Tissue Culture:

media and cultureware - sources described in

Section 2.22.
Miscellaneous:

d N T P s , NTPs and NAP-5 columns supplied by

Phar m a c i a .
Yeast tRNA and spermidine from Sigma.
NA45 paper from Schleicher and Schuell.
RNAsin from Promega.
rNTPs from Boehringer Mannheim.
Radiochemicals from New England Nuclear

(NEN),

or Amersham,
Nuclease-free Bovine Serum Albumin from BRL.
Guanidinium hydrochloride and thiocyanate from
Fluka.

Common Buffers:
1

X TBE:

1 X TE:

89mM Tris. H C 1 , 89mM Boric acid,

2mM EDTA.

lOmM Tris. HC1 and ImM EDTA, pH 7.4.

20 X SSC:

175.3g NaCl,

88.2g of sodium citrate / litre.
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2.2 Bacterial strains and microbiology media

a) bacterial strains
HB101

(general recA host for plasmids):

F- supE44

hsdS20 (rB- , mB- ) recA13 ara-14 proA2 lacYl galK2 rpsL20
(Smr ) xyl-5 mtl- 1 A LE392

(host for Acharon 4A) : hsdR- hsdM+ supE44 supF thi met
lacY.

JM101

(M13, pUC and Bluescript host):
F ’[fcra.D36 proAB* lacP iac^5M15],

Q358

(host for \2001):

Y1090

(host for \gtll):

supE thi 6( lac-proAB) ,

r+m+.

hsdR supE,
supF hsdR araD139

Ion

iacU169 rpsL

trpC22 : :TnlO(tet) pMC98
Y1088

(host for A g t l l ) : supE supF hsdR metB trpR tonA2\
proC::Tn5

b) microbiology media
Bacto tryptone,

Yeast extract and agar from Difco

LB (Luria-Bertini medium)
Per liter:
lOg Tryptone
5g Yeast Extract
lOg NaCl

2YT media
Per liter:
16g Tryptone
lOg Yeast extract
5g NaCl

H media
Per liter:
lOg Tryptone
8g NaCl
12g agar
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Glucose/minimal medium plates
(These plates select for retention of the F ’ episome of
JM101 required for M13 propagation)

add to 1 litre of sterile M9 salts:
lml 1M MgS04
lml 0.1M CaCl2
lml 1M Thiamine HC1
10ml 20% glucose

M9 minimal salts
Per liter:
6g Na2HP04
3g KH2P04
lg NH4C1
0.5g NaCl

Agar plates made by adding 12g/lit.

of bacto agar to the

above broths.
Top agar overlays made by adding 7g/lit.

agar

Top agarose overlays for phage lifts made by adding
7g/lit.

agarose

SM (bacteriophage lambda storage medium)
Per liter:
5.8g NaCl
2g MgS04 •7H20
50ml 1M Tris HC1

(pH 7.5)

5ml 2% gelatin solution

2.3 General methods
All solutions and (silicon is ed) glassware for nucleic
acid work were sterilised by autoclaving at 15 p.s.i.
min, unless heat labile.

for 20

For RNA work the extra precaution

of overnight pre-incubation at 37°C with 0.1%
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diethylpyrocarbonate

(DEPC) was taken.

were worn for all experimentation.

Disposable gloves

The basis for most of the

methods used in this thesis can be found in Maniatis et al.
(1982 ), Sambrook et al. ( 1989) or Perbal

(1988). All

autoradiography involving 32P was carried out by exposure to
X-ray film (Fuji) with an intensifying screen at -70°C.

2.4 Genomic DNA preparation
Genomic DNA was isolated from tissue or cultured cells
using protease K treatment followed by organic extractions,
essentially by the method of Maniatis et al. 1982. Blocks of
tissue weighing l-5g were frozen with dry ice or liquid
nitrogen.

Single blocks were ground to a fine powder in the

prescence of solid C 0 2 using a coffee grinder.
tissue (lg in 50 ml) or cultured cells
ml) were suspended in 100 mM EDTA,

Powdered

(1 x 107 cells in 10

0.5% SDS and 100 pg/ml

Protease K. Protease K treatment was carried out at 55°C
overnight.

Following protease digestion,

the solution was

mixed gently with an equal volume of phenol/chloroform for 1
hour at room temperature.
centrifugation

The phases were separated by

(5,000g 15min) and the aqueous phase removed,

taking care to take as little interface material as
possible.

The extraction was repeated once more with

phenol/chloroform and once with chloroform.
precipitated by addition of 1/10 vol.
2 vols. ethanol.

DNA was

3M sodium acetate and

Large quantities of DNA (>250pg) were

spooled onto a glass rod or hooked out as a floating
precipitate, while smaller quantities were centrifuged.

DNA

was rinsed once with 70% ethanol and resuspended over
several days in T.E. usually at a concentration of 0.20. 5]ig/)j.l.

2.5 Preparation of DNA in agarose for pulsed-field gel
electrophoresis
For pulsed-field gel electrophoresis,

the cells used to

prepare the DNA were spun down and resuspended in phosphatebuffered saline at a concentration of SxlO^lxlOyT* An equal
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volume of molten 1% agarose

(Ultrapure, Bio-Rad) was added,

and the suspension pipetted into 80 pi block formers
(Pharmacia LKB).

Solidified blocks were digested in >10

volumes of 0.5% S D S , 100 mM EDTA,
55°C for at least 6 hours.

100 pg/ml proteinase K at

Following proteinase digestion

cells were washed (20 min 55°C) twice in >10 volumes TE (10
mM Tris-HCl pH 8.0,

1 mM EDTA),

twice in TE plus 2.5 mM

phenylmethyl sulphonyl fluoride and twice more in TE.

2.6 Restriction enzyme digests
a) DNA in solution
Restriction enzyme buffers were those suggested by New
England Biolabs and for most enzymes were:
(pH7.5),

lOmM Tris.HCl

lOmM MgCl2, lOOpg/ml BSA together with 0, 50 or

lOOmM NaCl depending on the enzyme.
lOmM Tris.HCl

(pH 8.0),

For SmaI the buffer was

20mM K C 1 , lOmM MgCl2, lOOpg/ml BSA.

Some digests were carried out using Boehringer Mannheim
incubation buffers for restriction enzymes,
by the manufacturer.

as recommended

For most digests sufficient enzyme was

added to give a 10-times overdigestion according to the unit
activity given in the data sheet for the enzyme.

b) DNA in agarose for PFGE
For pulsed-field gel electrophoresis,

half an 80 pi

agarose block containing DNA (Section 2.10) was used per
restriction enzyme digestion.

After pre-equilibration in 400

pi of the appropriate reaction buffer,

40 units of enzyme

was added to the block in a reaction volume of 150 pi and
incubated for at least 4 hr.

If a second digestion was

required, using a different reaction buffer, the first
buffer was removed and the block was equilibrated with the
second buffer prior to digestion.

Following digestion blocks

were equilibrated with stop buffer/dye-mix

and inserted

into wells.
Stop buffer/dye mixes were:
bromophenol blue,
sucrose,

a)0.5 x T B E , 50mM EDTA 0.1%

0.1% xylene cyanol or b) 7M urea,

50mM EDTA,

50%

0.25% bromophenol blue and 0.25% xylene

cyanol.
Size markers for PFGE were lambda concatamers purchased
from Pharmacia LKB

2.7 DNA modification reactions
Blunt-ending of overhangs generated by restriction
enzymes was needed for many cloning reactions.

5*-overhangs

were filled in with the Klenow fragment of E.Coli DNA
Polymerase I. Reactions were performed at 37°C for 30 min in
a solution containing lOmM Tris.HCl,

pH 7.5,

lOOmM NaCl,

lOmM MgCl2» 200pM of all four dNTPs and 0.25u/pl of Klenow.
Reactions were terminated by heating to 65°C for 15 min.

3 ’-

overhangs were blunted using either klenow polymerase or T4
polymerase using the same reaction conditions.
Dephosphorylation of plasmid vectors to prevent self
ligation was acheived using calf intestinal phosphatase
(CIP). Typically 2-5ug of vector would be digested in 20ul.
Following digestion,

lu of CIP was added to the reaction and

the reaction allowed to proceed for 1 hr. The reaction was
stopped by addition of EDTA to 20mM and incubation at 65°C
for 20 min. The DNA was then precipitated from 0.3M NaOAc
with 2 volumes of ethanol, washed with 70% Ethanol and
resuspended in TE at 10-50ng/ul.

Dephosphorylated vector was

used for all blunt-ended cloning and most sticky-end
ligations especially where insert was at low concentration.
10-50ng of vector were used for most subcloning
operation^ Ligations were carried out in lOul of a solution
containing 50mM Tris.HCl
spermidine,

(pH7.4),

lOmM MgClz» 10mM DTT,

ImM ATP and lOOpg/ml BSA.

ImM

Reactions were

performed at 4-8°C overnight and generally contained about a
3-fold molar excess

of insert DNA to vector DNA

with 15 Weiss units

of T4 DNA ligase.

together

2.8 Agarose gel electrophoresis and recovery of DNA
fragments
DNA was resolved
prepared in 18 X 18

on 0.7-2.0% neutral agarose
cm or 9 X 9

gels

cm flat-bed moulds. The gels
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were generally run at

2V/cm overnight or at up to lOV/cm

shorter periods.

were made up and run in TBE buffer

(90mM Tris.HCl,

Gels

90mM boric acid & 2mM EDTA).

for

DNA fragments

were visualised by ethidium bromide staining and uv
transillumination.
DNA fragments required for subcloning procedures and for
use as probes were isolated from agarose gels as described
in Young et al

(1985). In this method,

normal agarose gel. A

DNA is run out in a

cut is then made

in the gel below the

band of interest and into is placed a piece of Schleicher &
Schull NA45 ion-exchange paper.

Electrophoresis is then

resumed so that the DNA band runs into the paper to which it
binds. The paper is then transferred to an Eppendorf
centrifuge tube containing 0.45ml of a 1M NaCl/50mM arginine
(free base)

solution which is then heated to 70°C for 30-60

min to elute the DNA. The paper is then removed and,
single phenol/chloroform extraction,

after a

the DNA is recovered

from solution by ethanol precipitation at -70°C for 15 min.

2.9 Preparation and transformation of competent E.Coli
Competent E.Coli HB101 and JM101 cells were prepared using
the CaCl2 procedure as described by Maniatis et al (1982).
30ml of L-broth were inoculated with 0.5 ml of an overnight
culture of the appropriate strain.

This was incubated at

37°C with shaking until the culture reached an OD550 of 0.40.5. The culture was then chilled on ice for 10 min.

The

cell suspension was centrifuged at 500 rpm at 4°C in a
Sorvall SS34 rotor.

The bacterial suspension was resuspended

in 15ml of an ice-cold,

sterile,

50mM CaCl2 solution and kept

on ice for 15 min. The cells were then pelleted as before
and resuspended in 3.0ml ice-cold,

sterile,

50mM CaCl2.

The resuspended cells were stored on ice for at least 2
hours before proceeding.

For transformation 200-300ul of

competent cells were aliquoted into pre-cooled tubes and up
to 50ng of DNA added. This mix was left on ice for 30 min
and heat shocked at 37°C for 2 min before plating out. The
selection media onto which the transformed cells were plated
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depended on the vector used,

that for M13 is described below

in Section 2.14. When using plasmids based on pBR322,

the

cells were pre-expressed in 0.5ml L-broth at 37°C for 30 min
and then plated onto L-agar plates containing 125pg/ml
ampicillin (amp) and incubated overnight at 3 7°C. When using
pUC or Bluescripts plasmid utilising blue/white screening
50ul of 2% X-Gal and 20 ul of lOOmM IPTG were spread onto
amp plates. This was allowed to dry before spreading the
transformed bacteria

2.10 Large scale and rapid plasmid preparations
Bacterial plasmids were isolated from large-scale,

liquid

cultures by the alkaline lysis method of Birnboim and Doly
(1979) as modified by Ish-Horowitz and Burke

(1981) and

carried out exactly as described in Maniatis et aL

(1982).

Supercoiled plasmid DNA was purified on a CsCl-ethidium
bromide gradients.

Following centrifugation,

the supercoiled

DNA was recovered by puncturing the side of the centrifuge
tube and drawing out the supercoil band (visualised under uv
light) with a hypodermic syringe.

Ethidium bromide was

removed by repeated extractions with isopropanol
equilibrated with saturated CsCl solution.

Supercoiled DNA

was removed from solution by repeated ethanol precipitations
then quantified and analaysed for purity by
spectrophotometry at 220-300nm and by gel electrophoresis.
Rapid plasmid isolations were performed by the small-scale
version of the above technique,

also exactly as described in

Maniatis et al ( 1982 ).

2.11 Pulsed-field gel electrophoresis
The two pulsed-field electrophoresis systems used in this
work were the orthagonal field electrophoresis system
(OFAGE)(Carle and Olson,

1984) using a double inhomogeneous

field and the field inversion system (FIGE)

(Carle et al, ,

1986) .
OFAGE was carried out on a LKB Pulsaphor system
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(Pharmacia L K B ). Gel concentration was 1.4% agarose in 0.5x
TBE,

run at 330v for 30-40 hours with a switching interval

of 90 seconds.
(North West),

Electrodes were set as follows. Anodes:
90mm (North East).

(South West) and 5, 95,

Cathodes:

5, 95,

90mm

180mm

180mm (South East).

Field inversion was carried out using a commercial
(Flowgen) or workshop built apparatus,
similar results.

Gels

both of which gave

(18cm in length) were 1.1-1.4% agarose

in 0.5x TBE run at 7.5 volts/cm.

Switching intervals were

linearly ramped from 3s forward,

Is reversed at the start of

the run to 120s forward 40s reverse after 48 hours
runs were often terminated after 24 hours).
smaller fragments was required,

(although

If separation of

the switching pattern was

restarted after 16 hr and allowed to run for a further 4 hr.
Transfer of DNA to hybridisation membranes was as for u n 
pulsed gels

2.12 Southern analysis
Southern analysis

(Southern,

1975) was carried out

essentially as suggested for Hybond N membranes
Following electrophoresis,
briefly in distilled water.

(Amersham):

agarose gels were rinsed

The gel was then immersed in a

solution of 0.25M HC1 and rocked gently for 20-30 min.

The

gel was rinsed again in distilled water and immersed in
denaturing solution and rocked gently for at least 30 min.
For Hybond N + charge modified nylon membranes

(Amersham)

denaturing solution was 0.5M NaOH and for Hybond N or
Genescreen membranes

(Dupont) was 1.5M NaCl/0.5M NaOH.

Following denaturation DNA was transferred by standard
capillary blotting

(Maniatis et al, , 1982) to the

hybridisation memebrane using denaturing solution as the
transfer buffer.

Following transfer the membrane was rinsed

in 2 X SSC following which Hybond N+ membranes were used for
hybridisation.

DNA on Hybond N and Genescreen membranes was

UV cross-linked following removal of excess liquid by
placing face down on a short wavelength (245nm) UV
transilluminator

(UV Products)

for 2 min.
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Prehybridisaton and hybridisation was in 4 x SSC,
Denhardts solution,

10 x

0.1% S D S , 10 mM sodium phosphate pH 6.8,

6% polyethylene glycol

(mol w t . 6000) and 100 pg/ml

denatured salmon sperm DNA at 65°C. Prehybridisation was
carried out for at least 2 hours.

Fifty to two hundred

nanograms of DNA probe was used per hybridisation,
by the random oligo primer technique
Vogelstein,

labelled

(Feinberg and

1983b) to a specific activity of >5xl08 cpm/pg

using a Boehringer Mannheim kit. After overnight
hybridisation,

filters were washed for 20 min in 2x SSC,

0.1% SDS once at room temp and once at 65°C and once in 0 . lx
SSC,

0.1% SDS for 20 min,

repetitive sequence,

65°C.

If probes contained

sonicated,

denatured human DNA was

added to the hybridisation at a concentration of 20pg/ml.

2.13 Isolation of total and mRNA
Total RNA was isolated from human peripheral blood
(provided by the Haematology Department,

U C M H M S ) of patients

with an elevated reticulocyte count and also from cord
blood. The blood cells were washed three times in phosphatebuffered saline

(PBSa;

8g/l N a C l , 2g/l K C 1 , 1.5g/l Na2HP04,

2g/l KH2P04), the buffy coat removed and the remaining cells
pelleted.

The cell pellet was rapidly homogenised in 4

volumes of 6M urea/3M LiCl

(Auffray & Rougeon,

1980) and

left at 4°C overnight to precipitate the RNA. The RNA was
collected by centrifugation at 16000g for 30 min at 4°C. The
pellet was resuspended in 9ml of 8M g u a n i d i u m .H C 1 , 0.4%
sodium acetate and 0.1M B-mercaptoethanol

(Chirgwin et

al.,1979). This solution was layered on top of 2.5ml 5.7M
CsCl / 0.1M EDTA, p H 8 .0, in a 14ml polypropylene centrifuge
tube.

Following centrifugation for 18 hours at 33000 rpm and

20°C in a swing-out rotor the contents of the tube were
removed to leave an RNA pellet at the bottom which was
resuspended in 0.1% DEPC-treated DDW and recovered by two
ethanol precipitations from 0.3M NaOAc

(pH5.2).

The RNA was finally resuspended in DDW and its
concentration and purity measured by spectrophotometry at
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2 2 0-300nmmRNA was purified from total RNA using oligo-dT cellulose
chromatography based on the method of Aviv and Leder,
Briefly,

1972.

total RNA was dissolved in DDW, heated at 65°C for 5

min adjusted to binding buffer concentration (0.5M NaCl,
lOmM Tris.HCl,
oligo-(dT)

pH7.5,

column

ImM EDTA,

0.1% SDS) and loaded onto an

(o li g o - (dT)12-is cellulose from BRL )

equilibrated with the same buffer concentration.

The RNA was

recycled twice through the column and the column was then
washed with binding buffer until the A260 of the eluant was
<0.05. The column was then given a further wash with 0.1M
NaCl,

lOmM Tris.HCl,

pH7.5,

ImM EDTA,

0.1% SDS and the bound

RNA eluted with elution buffer (lOmM Tris.HCl,
EDTA & 0.05% SDS).

pH 7.5,

ImM

The eluted RNA was then mixed with an

equal volume of 2 X binding buffer and the binding, washing
and elution procedure repeated once more.

Finally,

(A+) mRNA was adjusted to 0. 3M N a O A c , pH5.2,

the poly

and

precipitated with 2.5 volumes of ethanol.

2.14 Northern analysis
Formaldehyde gels were used in northern blot analysis,

as

described by Fourney et al, (1988) with some modifications.
20-30pg of total RNA was resuspended in 5pl DEPC-treated
DDW to which was added 25pl of an electrophoresis sample
buffer made up of 0.75ml deionized formamide,
formaldehyde,

0.1ml DEPC-treated DDW,

0.24ml

0.1ml glycerol,

0.08ml

of a 10% bromophenol blue solution and 0.15ml 10 X MOPS
buffer (0.2M 3-N-morpholinopropanesulphonic acid,
NaOAc,

lOmM EDTA, pH7.0).

50mM

The mixture was heated at 65 C for

15-20 min and chilled on ice for 5 min.

2pl of a lmg/ml

ethidium bromide solution was added before the sample was
loaded on a denaturing agarose gel. The gel consisted of
2.2g agarose,

18ml 10 X MOPS,

152.7ml DDW and 9.3ml 37%

formaldehyde.

Electrophoresis was for 16-18 hours in 1 X

MOPS buffer at 30V.
Following electrophoresis the RNA was visualised by
uv transillumination and photographed.

The gel was then
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soaked in 10 X SSC for 2 X 20 min before transfer of the RNA
to a membrane filter,
Hybond N-Plus
technique

either GeneScreen Plus

(Amersham),

(DuPont-NEN) or

by the standard capillary blot

(Maniatis et ah ,1982)

in 10 X SSC. After transfer

GeneScreen Plus filters were baked at 80°C for 2 hours
whereas Hybond N-Plus filters were treated with 0.05M NaOH
for 5 min to fix the RNA. Both types of filter were pr e 
hybridised and hybridised in a solution containing 6 X SSC,
5 X D e n h a r d t ’s, 0.5% SDS and lOOpg/ml single stranded
herring sperm DNA at a temperature determined by the probe.
Pre-hybridisation was for 4-5 hours and hybridisation for
14-16 hours.

Filters were then washed in 6 X SSC / 0.1% SDS

twice for 10 min at RT and twice in 0.6 X SSC / 0.1% SDS for
15 min at 5 to 10 degrees below the hybridisation
temperature depending on the experiment before
autoradiography at -70°C.

2.15 Oligonucleotide synthesis and purification
Oligonucleotides were synthesised using the
phosphoramidite method by either Dr C. J. Taylorson (London
Biotechnology Ltd., U.C.L.)
(Biosearch,

on a Cyclone DNA synthesizer

Inc) or Dr Y.-Z. Xu.

(Biochemistry Dept.,

U.C.L.) on a Cruachem PS200 DNA synthesizer.
Oligonucleotides were cleaved from the support matrix on
which they were synthesised using 1ml 0.88M ammonia.

Ammonia

solution was either injected into the synthesis column and
left for lh or the support material was decanted into an
eppendorf tube and ammonia added. The
ammonia/oligonucleotide solution was heated at 65°C for 4 h.
or 50°C overnight in a sealed container.

If the

oligonucleotide synthesis was finished in the trityl-off
state,

the ammonia was removed by lyophilization and the

oligonucleotide resuspended in 1ml TE buffer. The small
protecting groups were removed from the oligonucleotide by
passing the 1ml solution of oligonucleotide in TE down a
NAP-5

(Pharmacia) desalting column.

The column was p r e 
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equilibrated in 20% ethanol.
the column

The 1ml of TE

was passed down

and this was followed by 1.5ml of 20% ethanol.

The eluant was lyophilized and the resulting purified
oligonucleotide resuspended in 0.5ml of sterile double
distilled water or TE.
trityl-on state,

If synthesis had been finished in the

the oligonucleotide was purified on a

NENSORB PREP cartridge

(NEN-DuPont) which selectively binds

fully elongated trityl-on oligos. The ammonia treated oligo
was partially lyophilised to remove most of the ammonia (to
give a volume of <0.5ml) and the volume made up to 4ml with
0.1M tri-ethylammonium acetate

(TEAA). The TEAA solution was

then loaded onto the cartridge and washed through with 10ml
acetonitrile/0.1M TEAA (10:90 v/v) to remove failure
sequences and salts.

25ml of 0.5% tri-flouroacetic acid was

then passed through the column to hydrolise the trityl
group. After another wash with TEAA the oligo was eluted in
35% methanol,

65% water,

lyophilysed and resuspended in

water or TE.

2 .16 32P labelling of DNA
a) 5*-end labelling with T4 polynucleotide kinase.
T4 polynucleotide kinase was used with [^-32P]ATP to endlabel oligonucleotides,
restriction enzymes.

linkers and 5 ’ overhangs left by

Dephosphorylation of 5 ’ overhangs to

increase labelling efficiency was carried out using calf
intestinal phosphatase as in section 2.7. Oligos and linkers
did not require dephosphorylation since they were
synthesised without 5 ’-ph os pha tes . Labelling was carried out
in a 20 ul reaction containing 50mM Tris.HCl
MgCl2, ImM EDTA,

ImM spermidine,

(pH7.6,

lOmM

lOOpCi of [^-32P]ATP and

lu/ul T4 PNK. Up to 50pmol could be efficiently labelled
(equivalent to approximately 300ng of a 20-mer oilgo or 80ug
linear pBR322).

The reaction was terminated by heating to

65°C for 15 min. For oligonucleotides labelled in this manner
to be used in hybridisations,

the unincorporated nucleotides

were removed by ion-exchange chromatography on DE-52
cellulose

(Wallace et al.,1981). The labelled oligonucleotide
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was diluted 10-fold with TE buffer and loaded onto a 0,3ml
DE-52 column equilibrated with T E . The column was then
washed with 2ml TE buffer,

the unincorporated ATP eluted

with 3ml TE / 0.2M NaCl and finally the labelled
oligonucleotide eluted with three 0.5ml aliquots of TE /
0.5M NaCl.
b)

Continuously labelled probes.

Continuously labelled DNA probes using plasmid DNA or
isolated restriction fragments were also labelled by either
nick-translation (Rigby et al.,1977) or by random priming
(Feinberg & Vogelstein,

1983).

For most library screening,

insert fragments were purified away from vector to reduce
background hybridisation,

this was especially necessary if

the vector contained cloned bacterial sequences.
In both nick-translation and random-priming,
unincorporated nucleotides were removed from the labelled
probe using 1ml sephadex G-50

(Pharmacia) columns,

the

reaction volume was made up to 150pl and loaded onto a
column pre equilibrated with the same volume of TE. These
were spun at 2000 rpm for 3 min on a bench centrifuge.
The specific activity of the labelled DNA was assessed by
removing 1/100 of the reaction into 200pl of 10%
trichloroacetic acid (TCA) / 5% sodium pyrophosphate and
50pg of BSA carrier.

This mix was kept on ice for 15 min and

the solution passed through a Whatman GF/C filter.

The

filter was then washed three times with a large volume of 5%
TCA / 5% sodium pyrophosphate to remove unincorporated
nucleotides.

Following drying,

scintillation counting.

radioactivity was measured by

All probes were denatured by boiling

prior to addition to hybridisation solution.

2.17 Lambda and cosmid library plating and transfer to
hybridisation membranes.

2.17.1 Lambda library lifts.
Human genomic clones were isolated from a human genomic
library kindly provided by Dr T.H.

Rabbitts,

Laboratory of
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Molecular Biology,
1986)

Cambridge.

This library (LeFranc et al. ,

was constructed using DNA from an EBV-transformed B-

lymphoblastoid cell line,

S H . The DNA was partially digested

with Sau3AI and ligated into BamHI-digested X2001
bacteriophage vector (Karn et al. , 1984) and propagated on the
E.Coli Q358 strain (Karn et al. , 1980).
cDNA recombinants were isolated from two separate Xgtll
libraries constructed using human reticulocyte RNA and
propagated in E.Coli Y1088 or Y1090.
An amount equivalent to 25-40000 pfu was added to 1ml of
an overnight culture of host bacteria grown in lOmM MgC l 2 and
0.2% maltose.

The phage were allowed to adsorb to the

bacteria for 15 min at 37°C.
agarose,

12ml of soft agarose

(0.6%

kept at 50°C to prevent setting) was then added,

mixed and plated onto a pre-dried L-agar/lOmM MgCl2 plate in
a 140mm Petri-dish (Sterilin).

This was done for 12 seperate

plates giving a total of about 480,000 pfu to be screened.
After setting of the agarose,

the plates were inverted and

incubated at 37°C for 7-9 hours depending on growth and
ensuring that the plaques remained sub-confluent.
Lifts were then taken from each plate by laying a 132mm
Biodyne (Pall) or Hybond

(Amersham) transfer membrane on the

soft agarose and marking its position by stabbing through
both filter and agar with a hot wire. A duplicate filter
lift was made for each plate. After 90 sec, each filter was
removed and laid, plaque face up, on Whatman 3MM soaked in
denaturing solution (0.5M N a O H , 1.5M NaCl). After 5 min,

the

filters were similarly laid on 3MM paper soaked in 3M NaOAc,
p H 5 .5 (Biodyne) or 0.5M Tris.HCl pH7.5,

1.5M NaCl

(Hybond).

After a further 5 min the filters were removed from the 3MM
and allowed to air dry for 15 min. The filters were baked
overnight at 80°C.

(Biodyne) or UV cross-linked

(Hybond) to

fix DNA to filters.

2.17.2 Cosmid library lifts.
Three cosmid libraries were screened for genomic CAI
clones.

The first library was constructed in the vector
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LoristB (Cross and Little,
Peter Little

1986)

(Imperial College,

in the laboratory of Dr
London) by partial Hindlll

digestion of human DNA inserted into the Hindlll site of the
vector.

This library had already been plated and transferred

onto hybridisation membranes.

The second library was

constructed in the vector cos202 using DNA from the
lymphocytic leukaemia cell line HPB-ALL
1987)

(Kiouissis et al, ,

and was provided by Dr Paul Brickell

Biochemistry Department).

(U.C.L.

The third library screened was

constructed in the vector Lorist 6 (Gibson et al. , 1987) and
was a gift of Dr Terry Rabbits.

This library was constructed

by Dr Laki Buluwela (MRC Laboratory of Molecular Biology,
Cambridge),

by insertion of partially digested DNA from the

cell line COLO 320 HSR into the Hindlll site of the vector.
Each of these libraries were propagated and screened in the
same way apart from using different antibiotic-selection.
Lorist libraries were grown on kanamycin (30pg/ml) and the
cos202 library on ampicillin (lOOpg/ml) containing media

Growth of colonies and transfer to filters.
The cosmid screening method used was essentially that of
Little 1987. The library was spread directly onto
hybridisation membranes

(Hybond N, Amersham) which had been

laid on the appropriate selection media (L-agar plus
antibiotic) and grown till colonies were 0.5mm across. These
"master" membranes were then removed and placed onto
antibiotic plates containing 25% glycerol and left 2-3 h.
This filter was removed and placed face up onto three or
four filter papers,

the top one of which had been pre-wetted

with L.broth plus 15% glycerol. A second hybridisation
membrane was pre-wetted by laying onto a selective plate
containing 25% glycerol and laid carefully on the first
(master) membrane covered with colonies.
filter papers,

Three or four

the first one of which was pre-wetted with L-

broth plus g l y c e r o l , were then laid on top of the second
membrane.

This "sandwich" was then compressed to transfer

the bacteria.

The filter papers were then peeled away and
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registration holes were made through both membranes using a
sterile needle. After this the duplicate membrane was then
laid on the appropriate selective agar plate to regrow till
colonies were easily visible.
Membranes were then placed

(colony side up) on pre-soaked

filter papers as follows:

3 mins 10% SDS.
5 mins 1. 5M NaCl,

0 .5M

5 mins 1.5M NaCl,

0.5M

NaOJ^.H
Tris HC1 (pH 8.0).

5 mins 2x SSC.

Hybridisation membranes were then air dried for 1 hr, UV
treated to cross link DNA to filters (laid DNA face down on
shortwave UV transilluminator for 3 m i n s ) and baked at 80°C
for at least two hours.
The above process was repeated to give a duplicate
hybridisation filter. After this a third filter was placed
onto the master and the sandwich compressed and stored
frozen at -40°C. Following screening this third filter could
be removed and re-grown as
being

a source of recombinants,

replaced with a fresh sterile

membrane wetted

always
in

glycerol containing selective media.
Following screening to detect recombinants the
appropriate region of the filter was identified and colonies
scraped from an area of l-2cm diameter using a sterile loop.
Bacteria were suspended in L-broth and re-spread on large
petri dishes to give 50-200 colonies per plate. These were
then treated as above for the secondary screening stage.

2.18 Hybridisation of plaque and colony lifts.
Following fixing of DNA to filters,
membranes were washed in 1 X SSC,

hybridisation

0.1% SDS to remove

bacterial debris.
If nick-translated or random oligo labelled probes were
used,

filters were pre-hybridised at 65°C for at least 2

hours in a solution containing 4 X SSC,

10 X Denhardts
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solution (50 X D e n h a r d t ’s = 1% BSA (Pentex),
1% Polyvinylpyrrolidone),

1% Ficoll and

50mM sodium phosphate and lOOpg/ml

denatured sonicated salmon sperm DNA (6% polyethylene glycol
was also used if increased signal strength was needed).
Probe was added after denaturation to a fresh aliquot of the
same solution.

The probe was labelled to a specific activity

of 1-5 X 108 c.p.m /ug and lOOpg to 500pg was used in a
hybridisation volume of 20-50ml. Hybridisation was carried
out overnight at 65°C.
Following hybridisation,

filters were washed once at room

temperature and once at 65°C in 2 X SSC,
65°C in 0.1 X SSC,

0.1% SDS and once at

0.1% SDS for 20 min each wash.

Filters

were then autoradiographed at -70°C
For oligonucleotide probes, prehybridisation and
hybridisation was carried out in 6 X SSC,
phosphate

(pH6.5),

50mM sodium

lOOpg/ml denatured herring sperm DNA and

5 X D e n h a r d t *s solution at a temperature determined by the
base content of the probe to be hybridised to the filters.
The optimum hybridisation temperature was approximated from
the formula Td = 2 C X n o . of A:T base pairs

(bp) + 4 C X no.

of G:C bp, where Td is the temperature at which ^ of the
duplexes are thermally denatured in the presence of
sodium ions. The

oligonucleotide probes

0.9M

used to screen the

library were labelled and separated from unincorporated
32P-$-ATP as described above.
The labelled oligonucleotide in TE / 0. 5M NaCl was then
added directly to the hybridisation solution, made up
exactly as the

pre-hybridisation solution.

Both p re

hybridisation and hybridisation were at the same
temperature,

the latter being left for 12-16 hours.

The

filters were first rinsed 3 times with 6 X SSC at 4°C and
then washed twice in 6 X SSC for 30 min at R T . The filters
were now rinsed in a tetramethylammonium chloride solution
(3M tetramethylammonium chloride,

50mM Tris.HCl,

EDTA and lmg/ml SDS) at 37°C (Wood et al. , 1985b),

p H 8 .0, 2mM
and then

washed twice for 20 min at 2-3°C above the hybridisation
temperature.

The filters were finally rinsed in 6 X SSC at
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RT before autoradiography.
Each plaque on the plates producing a positive signal on
both primary and duplicate filters as judged by
autoradiography was picked into 1ml of phage storage medium
(SM) which is lOOmM NaCl,
0.01% gelatin.

8mM MgS02, 50mM Tris.HCl,

Each isolate was then titred,

single 90mm Petri dishes

p H 7 .5 and

replated on

(Sterilin) at 200 pfu / plate and

rescreened as above. Positive plaques were again picked and
screened for a third time at 50 pfu / plate so that single
positive clones could be isolated.

2.19 High-Titre phage stocks from plate-lysis
Several ml of high-titre

( 1 x 1010) phage stocks could be

prepared by plating purified phage isolates at sufficient
concentration to produce confluent lysis on 90ml petri
dishes. Host bacteria were infected with sufficient phage to
just produce confluent lysis in soft agar overlays.
Following overnight growth the overlays were mashed up with
2 ml SM using a sterile glass spreader.

The agar was then

transferred to 1.5 ml eppendorf centrifuge

tubes and

chloroform added. The mixture was vortexed

briefly and

allowed to stand for 1 h at room temperature.

15ul of

The tubes were

spun at 12000rpm for 10 min and the supernatant removed and
stored at 4°C in the prescence of chloroform (0.3%)

2.20 Large scale preparation of

X

bacteriophage DNA

Large scale preparation of DNA from the phage isolates
was necessary to facilitate further analysis.

The stocks

were titred and 5 X 108 pfu of each isolate were allowed to
adsorb to 1 X 1010 E.Coli Q358. The same ratio of pfu to host
was also used when preparing DNA of an isolate from a
library made in the Charon 4A phage vector using E.Coli LE392
as host.
The phage were adsorbed for 20 min at 37°C. The mix was
then added to 200ml of L-broth and lOmM MgCl2 and incubated
with shaking at 37°C for 8-9 hours.

2ml chloroform was added

and shaking continued for a further 15 min to ensure
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complete lysis of bacteria before being centrifuged in a
Sorvall SS34 rotor at 7000 rpm and 4°C for 10 min to pellet
bacterial debris.

8g NaCl,

200pg DNAase and RNAase were then

added and the mix kept at RT for one hour. Polyethylene
glycol

(Mol Wt 6000) was added to a concentration of 10%

(W/V) dissolved very gently and kept 2 hr to overnight at
4°C. The solution was then centrifuged as previously,

the

pellet formed resuspended in 10ml of SM and extracted with
10ml of chloroform.

0.75g/ml CsCl was added to the resulting

aqueous phase which was then centrifuged in 14ml
polycarbonate tubes overnight at 35000 rpm and 4°C in a MSE
Prepspin centrifuge. The CsCl forms a gradient which
separates intact phage from other contaminants.

The intact

phage was visible as a thin blue band. This was removed by
puncturing the centrifuge tube and drawing out with a
hypodermic syringe in a volume of about l-2ml. This small
volume containing the intact recombinant phage was dialysed
overnight at 4°C in one litre of dialysis buffer (50mM
Tris.HCl,

p H 8 .0, lOmM MgCl 2 and lOmM NaCl).

phage dialysate was added 25pl

To each 0.5ml of

10% SDS / 40pl 250mM EDTA

and 30pg of proteinase K and the mix incubated at 65°C for
one hour. This was then extracted once with phenol,
with phenol/chloroform,

twice

once with chloroform and finally

preciptated from 0.3M NaOAc

(pH7.0) with ethanol. The

recovered phage DNA was then quantified and analysed for
purity by spectrophotometry at 220-300nm and by gel
el ec trophoresis.

2.21 cDNA library construction
cDNA synthesis was carried out by the RNAseH method as
described by Gubler and Hoffman (1983), but in a single
reaction tube.

1/25 of each reaction was removed for

scintillation counting to asess effficiency of synthesis
reaction.

First strand cDNA synthesis was caried out in a

50pl volume using 6pg PolyA+ RNA in:

50 mM Tris HC1

(pH 8.1)
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140 mM KC1
6 mM MgCl
30 mM fl-mercaptoethanol
1 mM of each ofd A T P , dCTP, d G T P , dTTP
100 pg/ml oligo d T 12_18
50 units Placental RNAse Inhibitor
10 pCi

[a-32P ]dCTP (800 C i / m M o l )

lu/pl AMV Reverse Transcriptase
React 1 hr 41°C
20 units of RNAseH was then added and incubated for 5 min
at 44 C. The volume was then increased to 250pl with
compoments of the second strand cDNA synthesis reaction:

20 mM TrisHCl(pH 7.5)
5 mM MgCl2
10 mM (NH4)2S04
100 mM KC1
0.15 mM D-NAD
0 . lu/pl DNA polymerase I
0.05u/pl E.coli ligase
incubate 1 hr 12°C
1 hr 22°C
Following second strand cDNA synthesis,

the reaction

mixture was heat inactivated at 70°C for 15 min. The ends of
the cDNA were blunted by addition of 10 units Klenow
fragment of DNA polymerase plus 4 units T4 DNA polymerase
and incubation for 20 min at 22°C. Two phenol/chloroform and
one chloroform extractions were carried out before ethanol
precipita ti on.
For the EcoRI methylation protection reaction the cDNA was
resuspended in 20pl lOOmM Tris HC1

(pH 8.0),

lOmM EDTA,

1.5mM S-adenosyl methionine and 20 units EcdRI methylase and
incubated 5 hr 37°C. The reaction was heat inactivated for 15
min 65°C and ethanol precipitated.
1v)

.

For attition of linkers the cDNA was resuspended with 2
pg of kinased EcoRI linkers in a lOpl volume of:
50 mM Tris HC1 pH7.8

(q/
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10 mM Mg Cl2
20 mM dithiothreitol
1 mM ATP
50 ug/ml BSA (nuclease free)
3 weiss units of T4 DNA ligase.
incubate 16 hr 10°C

Following ligation,

the reaction was heat killed 15 min

65°C and the volume was made up to 50 pi with EcoRI
restriction buffer.

200 units EcoRI was added and incubated

37°C 3 hr. The volume was increased to 150 ul with TE and the
digested cDNA/linkers were then extracted twice with
phenol/chloroform,

twice with chloroform and twice with

ether and the ether driven off by heating to 65°C.
Immediately after heating,

digested linkers were separated

from cDNA on a sephadex G50 spun column, previously
equilibrated with TE buffer. A second separation step was
carried out using a "NACS prepac"
column.

(GIBCO-BRL)

ion exchange

The eluate from the spun column was mixed with 0.5

ml 0. 2M NaCl/TE solution and applied to the column. The
column was rinsed once with 1 ml 0.2M NaCl/TE and 150 pi
aliquots of 0.3M,
the column.

0.4 M , 0.5M and 0.75M NaCl/TE applied to

Elution of cDNA from the column was asessed

using a hand monitor.

A large rise in eluted material was

detected with the 0.75m NaCl wash,

this fraction was saved

and a further 2 X 150 pi aliquots of 2 M NaCl/TE applied to
the column and pooled with the 0.75 M NaCl/TE eluate.
lpg of dephosphorylated Xgtll arms

(Vector Cloning

Systems) was mixed with the eluted cDNA and co-precipitated
with ethanol overnight.

Following co-precipitation,
in 5pl ligation mix:

50 mM Tris HC1 pH7.8
10 mM Mg Cl2
20 mM dithiothreitol

vector/cDNA was resuspended

63
1 mM ATP
50 ug/ml BSA (nuclease free)
1 weiss unit of T4 DNA ligase.
incubate 16 hr 10°C

In vitro packaging was carried out using a "Gigapack" from
Vector Cloning Systems according to the manufacturers
instructions.

2.5pl of ligation mix was added to contents of

the freeze/thaw extract tube on ice.
extract was then added,

15 pi of sonicated

mixed gently and incubated for 2 hr

at 22°C. 0.5ml of phage storage media (S M ) was added followed
by 20pl chloroform and mixed gently.

Dilutions were plated

out on E.coli Y1090 as in section 2.17 to titre library.
An amount equivalent to 1/4 of the original 6 pg of PolyA+
was finally used in the packaging reaction,

and this

produced a total of 3.3 X 105 recombinants,

with

approximately 7% non-recombinants as assessed by blue/white
colony screening.

2.22 Hybridisation to DNA in gel membranes
Hybridisation of labelled oligonucleotides
in Section 2.9),

to plasmid and to

X

(prepared as

phage DNA fractionated

on agarose gels, was performed on dried gel membranes as
described in Singer-Sam et al (1983).
electrophoresis the gel was stained,

Following
photographed,

trimmed

of excess agarose and soaked in 0 . 5M NaOH / 0.15M NaCl for
30 min. The gel was then neutralised with 0 . 5M Tris.HCl
(pH8.0) and 0.15M NaCl for 30 min, placed on two sheets of
3MM paper and dried at 60°C. The dried gel,

resting on a

single sheet of 3MM paper, was floated in DDW till the dried
gel membrane could be carefully peeled off the 3MM paper and
placed in a sandwich box for hybridisation.
gel membrane was then hybridised,

The DNA in the

without pre-hybridisation,

to the labelled oligonucleotide probe at the appropriate
temperature for 6-7 hours

(10 degrees below Td). The

hybridisation solution contained 6 x SSC, 0.1% SDS and 100
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pg/ml tRNA or denatured salmon sperm DNA. The gel membrane
was subsequently washed twice in 6 X SSC,

0.1% SDS for 15

min at the hybridisation temperature before autoradiography
at -70°C.

2.23 Rapid restriction mapping of DNA cloned in

X

phage

vectors
32P labelled oligonucleotides complementary to the
cohesive

(cos) ends of \ phage

(ON-L and ON-R) can be used

to rapid restriction map DNA cloned in X phage vectors.

They

are annealled to a partial digest of the recombinant and run
out on an agarose gel, dried and autoradiographed,

as

described in Rackwitz et al (1984).
The \ DNA to be mapped was partially digested in a
solution containing lpg of X DNA,
buffer,

1 pi of 10 X restriction

0.5u of the enzyme diluted in DDW and the volume

adjusted to 10 pi with DDW. This mix was incubated at 37°C.
After 7 min two 2pl aliquots were removed and added to lpl
of 150mM EDTA on ice to stop further digestion.
The cos o l i g o n u c l e o t i e s , ON-L and ON-R (New England
Biolabs) were 5 ’-end labelled with 32P. ON-L is complementary
to the left cohesive terminus of \ DNA and ON-R to the right
terminus.

0 . 5ng of labelled ON-L or ON-R was added to the

aliquot of partial digest and DDW and NaCl added to make the
solution 150mM NaCl.

The mixture was heated to 75°C for 2 min

and immediately transferred to a 45°C waterbath for 30 min to
anneal.

5pl of gel loading buffer

30mM Na H 2P04, 60mM EDTA,

(36mM Tris.HCl,

p H 7 .7,

50% glycerol and 0.1% bromophenol

b l u e ) were added and the mixture was loaded onto a 0.5%
agarose gel.

Electrophoresis was carried out at 1.5V/cm for

24 hours in 36mM Tris.HCl,

p H 7 .7, 30mM NaH2P04 and ImM EDTA.

Relevant 32P labelled markers

(lambda C 1857 partial digests)

were also run. The gel was washed briefly and dried onto
Whatman DE-81 cellulose paper at 60 C before autoradiography
at -70°C.

2.24 DNA sequencing in M13 phage by the dideoxy chain-

termination method
The ligation mixture of M13 vector and insert DNA was
transformed into E. Coli J M 1 0 1 , made competent by the CaCl2
procedure

(Section 2.6) and plated with IPTG and X-gal.

Under these conditions recombinant and non recombinant phage
can be distinguished due to insertional inactivation of the
13-galactosidase gene of M13 mpl8 or mpl9;
appear as white plaques on the chromogenic

recombinants
(X-gal)

su bs trate.
Single-stranded template was prepared from 1.5ml cultures
of single white plaques picked into 1:100 dilutions of
E.Coli JM101 and grown for 6-7 hours at 37°C. Cells were
removed from the culture medium and the phage precipitated
in 3.5% PEG 6000,

500mM NaCl for 15 min at R T . The protein

coats of the particles were removed by one phenol extraction
and one phenol chloroform extraction and the single-stranded
DNA recovered by ethanol precipitation.
A

Aliqouts of single-stranded DNA were annealed to 2ng of
appropriate primer in lOpl of lOmM Tris.HCl,

p H 8 .5, lOmM

MgCl2 at 50-55°C for one hour. Nucleotide mixtures were
prepared,

containing the appropriate dideoxynucleotide

triphosphate so that the reaction could be terminated at
each of the four bases.
at 125pM or,

These contained dTTP, dGTP and dCTP

if the corresponding dideoxy base was present,

at 6pM. The dideoxy bases were present at 67pM for ddTTP and
3 3pM for ddATP,

ddCTP and ddGTP.

The annealed primer-

template was mixed with lOpCi of 35S-a-dATP (400 Ci/mmol)
2u of Klenow DNA polymerase.
four tubes

(2.5pl each),

and

This mix was divided between

and 2.5pl of the nucleotide mix

added. After 20 min at RT the reactions were chased by
addition lpl of a nucleotide mix containing each of the
dNTPs at lOOpM and given an additional 20 min incubation at
R T . Samples were prepared for loading onto the 8% acrylamide
sequencing gels by adding 4pl of formamide dye mix (80%
formamide,

lOmM EDTA,

0.1% xylene cyanol and 0.1% bromphenol

blue) and boiling for 3 min. After running the gels were
dried and exposed to X-ray film at RT for 24-48 hours.
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2.25 Tissue culture and cell lines
Tissue culture practice was standard as described in
Freshney,

1983. Media (Gibco-BRL or Sigma) were either

reconstituted from powder and sterilised by filtration
through a 0.22pm filter or, bought ready-made.
passaged in 175cm2 culture flasks,
Dickinson)

or Nunc

(Gibco-BRL),

Cells were

either Falcon (Becton-

at 37°C and 5% C02. As far as

possible cells were maintained in logarithmic growth phase
at 2-4 X 10s cells/ml.

Total cell and viable cell counts were

done using a Neubauer haemocytometer and Trypan Blue
staining.

(Sigma)

All media were supplemented with 10% (FCS) foetal

calf serum (Flow),

100 international u/ml penicillin,

lOOpg/ml streptomycin,

2.5pg/ml amphotericin B and 2mM

g l uta min e.
A wide variety of cell lines were used in the work in
this thesis. HeLa cells are a line of human cervical
carcinoma cells

(Gey etal. , 1952).

SW480 cells are a human

colorectal adenocarcinoma cell line (Leibovitz et al. , 1976).
Both these cell lines were maintained in Dulbeccos modified
Eagles medium (DMEM). K562 cells are human erythroleukaemic
cells with an embryonic/foetal phenotype
1979; Villeval et ah , 1983).
adherent subclone of K562

(Andersson et al, ,

K562 SAI cells are a semi

(Spandidos,

1984). HEL (92.1.7)

cells are human erythroleukaemic cells (Martin &
Pa payannopoulou, 1982). These erythroid cell lines were
maintained in Iscoves modified Dulbeccos medium (I M D M ).
Finally,

CEM (pre-T-cell,

REF) and H9 (T-cell, REF) were

maintained in RPMI 1040 medium.
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CHAPTER 3: CAI cDNA ISOLATION

Two human reticulocyte cDNA libraries were used in this
work both of which used the vector Xgtll.

This vector uses

an E.coli lacZ promoter to drive expression of inserted cDNA
sequences allowing antibody screening of recombinants
and Davis,

(Young

1983). The first of these libraries had been

constructed and screened prior to the work described here
(using a CAI specific polyclonal antibody) by J. Barlow and
Y. H. Edwards

(personal communication).

Three positive

clones had been identified and designated \ C A I .3, \ C A I .9 and
XCAI.ll.

This chapter describes the analysis of these

recombinants and the construction and screening of a second
cDNA library in order to find sequences not found in the
first set of recombinants.

The sequence and structure of the

various recombinants referred to throughout the text is
shown in Figs.

3.9 and 3.10.

3.1 Analysis of CAI recombinants from the first cDNA
library.

The first isolate to be analysed was X C A I .3. EcoRI
digestion of DNA from this recombinant released a single
band of about 550 bp. Despite the fact that this band size
was smaller than that expected for CA-1 message

(based on

protein size) this band was isolated and ligated into EcoRI
digested M13mpl8 and 19. Following transformation,
white plaques were picked and the DNA extracted.

several

The single

stranded DNA from these recombinants were annealed to one
another prior to running on an agarose gel to determine the
orientation of the insert in each recombinant.

Several

recombinants were then sequenced using the dideoxy chain
termination method (Sanger 1977).
The results of this

(Fig.

3.1) showed the sequence

expected from the carboxy-half of the known human CAI
protein sequence,

commencing at an 2?coRI site within the

coding sequence at Asn residue no 124. At the other end of

Fig. 3.1 Sequencing of insert

from the cDNA isolate \CAI.3. A and B:

Sequencing in the3 ’— >5’ direction

showing sequence corresponding to the

carboxy-terrainal end of the protein (position of TGA stop codon
indicated),

3’-untranslated sequence and poly(A) tail. C: 5 ’->3’

sequence showing protein-coding sequence from residue 142 of the
protein. The full

sequence of this cDNA recombinant is shown in Fig. 3.9

together with the

sequence of other recombinants described in this

chapter.
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this

fragment

a poly

106 nt d o w n s t r e a m
polyadenylation

(A)

tail

sequence

seen

signal

(AATAAA).

end of the CAI

digests

cDNA was absent

like \ C A I .3,

from the v e c t o r

fragments were of a d i f f e r e n t
smaller

these

recombinant.
were also

only a single

(Fig.

grown and

seq u e n c e s

3.2).

EcoRI

insert

These

size to the X C A I .3 insert

in the case of \ C A I .9 and

This d i f f e r e n c e

that dif f e r e n t

from this

sources of a f u l l - l e n g t h cDNA.

d i g e s t i o n showed that,
band was re l e a s e d

for

Since no o t her band was

\ C A I .9 and \CAI.11

pu r i f i e d as po t e n t i a l

of X C A I . 11.

to be s u b c loned

of X C A I .3 it was a s s umed that the 5 ’-

R e c o m b i n a n t clones

being

R e s t r i c t i o n enzyme analysis

sequence determination.

in EcoRI

found

from the stop c o d o n close to a consensus

a l lowed a P v u l I - E c o R I s u b f r agment
confirmatory

(14 A ’s) was

in size,

(perhaps the

larger

in the case

it was hoped,
5 ’ end)

signified

existed

in

recombinants.
3

M

M

(kb)

M

M

9

M

11

w
.622
.492
.404

Fig. 3.2 Agarose gels of cDNA recombinant digests showing sizes of
inserts (arrowed) in isolates XCAI.3, 9 and 11.
markers (sizes in kb).

M= molecular weight
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X C A I -11
ACGT

PAS 1 {
polv(A)

-

ACGT

m

in A C A I . 3 * *

i?coRI

■*

Ml 3

.*•
Fig. 3.3 Sequencing of the 3 ’-end of the insert from XCAI.11. an
additional 150 nt of 3 ’ untranslated sequence is found which is not
present in XCAI.3. No Poly(A) tail sequence is seen in this recombinant
or in XCAI.9. The stippled region indicates sequence common to XCAI.3
with the position of the poly(A)tail and polyadenylation signal (PAS1)
(AATAAA) found in that recombinant indicated.
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Sequence analysis however showed that both these fragments
contained only the 3 ’ end of the cDNA. Unlike isolate \ C A I .3
no poly (A) tail sequences were found in these recombinants
(Fig.

3.3) and instead a longer 3 *-untranslated region was

present implying use of a second polyadenylation downstream
of the EcoRI site in the untranslated sequence.

Isolate 9

appeared to be the product of incomplete cDNA synthesis or
degradation,

containing about 70 bp of coding sequence

(commencing from amino acid residue 237), while the 5 *-end
of isolate 11 was the same as \ C A I .3. starting at residue
124 of the protein.

The structure of these clones is shown

in F i g . 3 . 1 0 .
In an attempt to find a full-length cDNA,

the DNA

fragment from \ C A I .3 was used to re-screen the reticulocyte
library.

Several recombinants were found,

contained more than one insert fragment.

but none of these
It was concluded

that the EcoRI methylase protection step of the library
construction had not worked.
The insert from X C A I .3 was also used in the screening of
a genomic library in order to find CA-1 genomic recombinants
(see Chapter 4) which could be used as a source of probes
for the 5 *-end cDNA (see below).

3.2 Construction and screening of a second human
reticulocyte library

Since the first library screened had not produced clones
containing the 5 5 end of human carbonic anhydrase I, a
second library construction was undertaken.
construction of the library,

Prior to

a trial in vitro EcoRI methylase

protection reaction was carried out since the inadequacy of
this step was responsible for the failure to isolate a
complete cDNA in the first library screening.

This was

apparently successful although a higher than recommended
concentration of the m e t h y l - d o n o r , (S-Adenosylmethionine)
was required (Fig.

3.4).

The source material for constructing this library was RNA
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isolated

from the blood of an individual

pyruvate

kinase d e f i c i e n c y - i n d u c e d h a e m olytic

which the reticulocyte

level

suffering

is e l e vated

value of 2% to a p p r o x i m a t e l y 20%.

from

anaemia

in

from its normal

660pg of RNA was

isolated

from 50 ml of blood and poly A + selected to give 20 pg polyA*
RNA.

M

0.1

1.0

U

Fig. 3.4 In vitro EcoRI methylase protection. 2pg of XDNA was treated
with EcoRI methylase prior to digestion with EcoRI. The two middle lanes
are of DNA treated with 0.1 and 1.0 mM S-adenosyl methionine next to
untreated (U) DNA. M : markers (X Hindlll Ec oR I).

6 pg of P o l y A + RNA was used
reactions and
reaction.

in the cDNA synthesis
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isolated from these
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screening was c a r ried out

isolated from the

first screening produced

screening

input RNA).

from recombinant X C A I . 11

three r e c o m b i n a n t s

7% were

r ecombinants
as w i t h the

fragments were

These were all the

same size and

a p p e a r e d to be ide n t i c a l to the
(Fig.

3.5)

implying

insert

that d e spite

found

in X C A I . 11

increasing the

c o n c e n t r a t i o n of the methyl donor the m e t h y l a t i o n p r o t e c t i o n
of the Ec oRI

site

internal

to the cDNA had b e e n

incomplete.

M

■WM
**1.3

kb

-*0.56

kb

Fig. 3.5 EcoRI digestion of 12 cDNA recombinants isolated from the
second cDNA library using the insert from XCAI.11 as a probe. All DNA
samples which digested released a single insert fragment of the same
size as seen in \CAI.11. M = markers.
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isolate
50 bp
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-
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M l

2

3

6

7

8

10

M

Fig. 3.6 EcoRI digests of isolates containing the 5’-end of the cDNA
sequence (X5’CAI.l to -.10). Sequencing of isolates 1 and 6 showed that
the larger size of \5’CAI.6 is due to a small insert in the 5’ leader
sequence (Fig. 3.7).

Sequencing

of

isolates

1 ( \ 5 ’CAI.l)

and 6 (X5*CAI.6)

showed that both these

inserts c o n t a i n e d

( 5 ’ ) of the

in the coding

EcoRI site

sequences u p s t r e a m

region

5 ’-end of the 3 ’-cDNA recom b i n a n t s d e s c r i b e d
and ex t e n d e d

into the 5 ’- n o n -coding

There was however an u n e x p e c t e d
that the

longer of the two

(which formed the
in S e c t i o n 3.1)

region of the message.

feature of the sequences

isolates

( \ 5 ’CAI.6)

con t a i n e d an

insert of 54 nt

in the leader sequence c o m pared to the

shorter

(Fig.

isolate

3.8).

This

lb element while the adjacent
being d e s i g n a t e d
isolate

la and lc.

( \ 5 ’CAI.10)

X 5 ’CAI.l,

lacking

la

showed

in

54 bp region was termed the

regions common to both cDNAs

Sequence

analysis of a third

it to be of the same type

as

lb.

lb (XCAI.6 only)

lc
coding sequence

Fig. 3.7 Diagram of the elements found in the 5’-leader sequence of the
CAI cDNA isolates
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\5’CAI.6

\5’CAI.l

at g

Fig. 3.8 5’->3’ sequencing of the 5 ’-leader region of A 5 ’CAI.6 and -.1
showing the insert (stippled region) in A 5 ’CAI.6. Coding sequence is
indicated by a broken line together with the position of the initiation
codon (atg).

76

3.3 Identification of a second more distal polyadenylation
site

Section 3.1 has already described the finding of 3 *-end
cDNA recombinants which did not contain any polyadenylation
sequences.

These recombinants

(\ C A I .9 and \CAI.11) appeared

to be derived from a message which was

truncated atan EcoRI

site downstream of the polyadenylation

site seen in

recombinant X C A I .3. To identify cDNA recombinants containing
sequences distal to this 2?coRI site the cDNA library was
screened with a genomic probe containing 3* flanking
sequence,

The genomic fragment used as a probe for these 3 ’

untranslated cDNAs was a 2.2 kb Hindlll-Xbal fragment
containing downstream flanking sequence 3* of the EcoRI site
which formed the 3* boundary of isolates \ C A I .9 and XCAI.ll.
Sixteen potential positive clones were detected
hybridisation was weak)
was sequenced (Fig.

(although

following screening and one of these

3.9). This isolate

contained a long

Poly

(A) region at one end and was 81 nt in length (from the
centre of the EcoRI site and not including poly A tract)
making the total 3 ’-untranslated message length 334 n t . The
poly (A) tract started 18 nt from a consensus AATAAA
polyadenylation signal.

Sequencing of the 3*-flanking region

from genomic recombinants

(Chapter 4) confirmed the location

of this sequence at the 3* end of the cDNA
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A C A I - 3 ’UT

Fig. 3.9 Sequencing of the insert from cDNA isolate ACAI3’UT containing
sequence downstream of the E c cR I site in the 3 ’-untranslated region.
Poly(A) tail sequence is at the top of the gel and the position of the
second polyadenylation signal (AATAAA) is marked (PAS2).
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la element
50
<-----caggtgcaaccccctgcgtggtcctctgtggcagccttctctcattcagagctgttttcc
--------------------- lbe l e m e n t ------ 1 0 0 ------ >
acagaggtagtgaaaagaactggattttcaagttcactttgcaagagaaaaagaaaactc
lc element
150
agtagaagataATGGCAAGTCCAGACTGGGGATATGATGACAAAAATGGTCCTGAACAAT
MetAlaSerProAspTrpGlyTyrAspAspLysAsnGlyProGluGln>
10

200
GGAGCAAGCTGTATCCCATTGCCAATGGAAATAACCAATCCCCTGTTGATATTAAAACCA
TrpSerLysLeuTyrProIleAlaAsnGlyAsnAsnGlnSerProValAspIleLysThr>
20

30

250
300
GTGAAACCAAACATGACACCTCTCTGAAACCTATTAGTGTCTCCTACAACCCAGCCACAG
SerGluThrLysHisAspThrSerLeuLysProIleSerValSerTyrAsnProAlaThr>
40

50

350
CCAAAGAAATTATCAATGTGGGGCATTCTTTCCATGTAAATTTTGAGGACAACGATAACC
AlaLysGluIleIleAsnValGlyHisSerPheHisValAsnPheGluAspAsnAspAsn>
60

70

400
GATCAGTGCTGAAAGGTGGTCCTTTCTCTGACAGCTACAGGCTCTTTCAGTTTCATTTTC
ArgSerValLeuLysGlyGlyProPheSerAspSerTyrArgLeuPheGlnPheHisPhe>
80

90

450
ACTGGGGCAGTACAAATGAGCATGGTTCAGAACATACAGTGGATGGAGTCAAATATTCTG
HisTrpGlySerThrAsnGluHisGlySerGluHisThrValAspGlyValLysTyrSer>
100
no
500
EcoRI
CCGAGCTTCACGTAGCTCACTGGAATTCTGCAAAGTACTCCAGCCTTGCTGAAGCTGCCT
AlaGluLeuHisValAlaHisTrpAsnSerAlaLysTyrSerSerLeuAlaGluAlaAla>
120

130

550
600
CAAAGGCTGATGGTTTGGCAGTTATTGGTGTTTTGATGAAGGTTGGTGAGGCCAACCCAA
SerLysAlaAspGlyLeuAlaValIleGlyValLeuMetLysValGlyGluAlaAsnPro>
140

150

650
AGCTGCAGAAAGTACTTGATGCCCTCCAAGCAATTAAAACCAAGGGCAAACGAGCCCCAT
LysLeuGlnLysValLeuAspAlaLeuGlnAlaIleLysThrLysGlyLysArgAlaPro>
160

170

700
TCACAAATTTTGACCCCTCTACTCTCCTTCCTTCATCCCTGGATTTCTGGACCTACCCTG
PheThrAsnPheAspProSerThrLeuLeuProSerSerLeuAspPheTrpThrTyrPro >
180

190

750
GCTCTCTGACTCATCCTCCTCTTTATGAGAGTGTAACTTGGATCATCTGTAAGGAGAGCA
GlySerLeuThrHisProProLeuTyrGluSerValThrTrpIlelleCysLysGluSer>
200

210

800
j--- > A c a i.9
TCAGTGTCAGCTCAGAGCAGCTGGCACAATTCCGCAGCCTTCTATCAAATGTTGAAGGTG
IleSerValSerSerGluGlnLeuAlaGlnPheArgSerLeuLeuSerAsnValGluGly>
220

230
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850
900
ATAACGCTGTCCCCATGCAGCACAACAACCGCCCAACCCAACCTCTGAAGGGCAGAACAG
AspAsnAlaValProMetGlnHisAsnAsnArgProThrGlnProLeuLysGlyArgThr>
240

250

950
TGAGAGCTTCATTTTGAtgattctgagaagaaacttgtccttcctcaagaacacagccct
ValArgAlaSerPhe***
260

1000
gcttctgacataatccagttaaaataataatttttaagaaataaatttatttcaatatta
PAS1
.p ( A )I
1050
gcaagacagcatgccttcaaatcaatctgtaaaactaagaaacttaaattttagttctta
(a )n in XCAI.3
1100
ctgcttaattcaaataataattagtaagctagcaaatagtaatctgtaagcataagctta
1150
EcoRI
1200
tcttaaattcaagtttagtttgaggaattctttaaaattacaactaagtgatttgtatgt
p(A)II
ctatttttttcagtttatttgaaccaataaaataattttatctctttc(a)n
PAS2
A.
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Fig. 3.10

Sequence obtained from the human CAI cDNA recombinants

described in this Chapter. Numbering of the protein sequence does not
include the first methionine. S’-leader sequence (designated lb) found
only in \5’CAI.6 is underlined. The EccRI sites (bold) which formed the
boundaries of the recombinants are shown as are the two polyadenylation
signals (PAS1 and 2)

B: Sequencing strategy. EccRl (E) fragments were

subdivided with Avail (A) or PvuII (P) before subcloning into M13.
Arrows indicate direction of sequencing.
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3.4 Summary of results of cDNA cloning
The structure of the different CAI cDNA recombinants
isolated is shown in Fig.

3.10. There were variations at

both the 3 ’- and 5 *-untranslated ends of the cDNA.
3 ’-end,

For the

this appeared to be the result of variable use of

two polyadenylation sites

(p(A)I and p(A)II),

both of which

used consensus polyadenylation signals. These signals have
been designated PAS1 and PAS2 and give rise to a 3 ’untranslated message length of 109nt and 334nt respectively.

ATG

EcoRI

1

F'coRI
1

1
i
p(A)I

1

I

|p(A)II

— ( lb)--------------------- 1

\ 5 ’C A I .1

1

------------ 1

X 5 ’C A I .6

1

X C A I .3

|--------------

X C A I .11

|-------------- --------------- 1
|

1

>CAI.9

AAA

i

|

---------------- 1
X3 ’UT16 |------A

Fig. 3.11 Diagrammatic representation of the cDNA recombinants isolated
and their position relative to a hypothetical message containing the
longer of the two 5’-leader sequences found in the cDNA clones and
polyadenylated at the more distal poly A site. The coding sequence
(stippled), EcdRl sites and polyadenylation sites (AAA) are indicated.
The brackets in X^’CAI.l indicate the region absent in this cDNA
relative to \ 5 ’CAI.6.
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The untranslated leader sequence heterogeneity presented
a less straightforward picture.

All three sequenced

recombinants shared a common sequence at the extreme 5 ’ end
and immediately 5* of the coding sequence,

but one of these

also contained a 54 bp insert within the leader sequence.
These three regions were designated la (the first 50 nt or
so of transcript),

lb (the insert found in X 5 ’CAI.6) and lc

(including the first part of the coding sequence. This
divergence of sequence could not be adequately explained by
either a heterogenous transcript initiation site or as a
result of a cloning artifact.

One explanation for this

complexity would be that this insert is the result of a
complex splicing pattern (and therefore exon structure)
the 5* flanking sequences.

in

This was thought to be unlikely

at the time since no such feature had been found in the
closely related genes for CAI and CAII
Lloyd et ah , 1986).

(Venta et ah , 1985a;

Further work however revealed that CA-1

had an exon structure which differed from that of the other
carbonic anhydrase genes

(described in Chapter 4).

3.5 Assessment of relative use of polyadenylation sites I
and II

Of the three cDNA recombinants sequenced containing the
3*-half of the coding sequence,

one was a product of

polyadenylation at p(A)I, while the other two

(XCAI.9 and

11) extended further 3 ’ to an EcoRI site. These were presumed
to be products of transcripts which were processed at the
second identified polyadenylation site p(A)II.
were isolated but not sequenced and appeared,
of insert,

to be identical to isolate \CAI.11.

Other clones
from the sizes
This finding

suggested a preferential use of p(A)II rather than p(A)I. To
test this,

an oligonucleotide probe for the region between

the two polyadenylation site was synthesised.
(Oligo 3 ’UT2,

This probe

sequence 5’GATTACTATTTGCTAGCTTAC3’) was

hybridised to Northern blots of total RNA from reticulocytes
(Fig.

3.11). For comparison a second oligonucleotide probe
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(Oligo CAI#3,

sequence ^GTCATCATATCCCCAGTCTGG3') for the

protein coding region was hybridised to a duplicate blot.
Dot blots of samples of recombinant plasmids containing CAI
sequences were used as a control to assess the relative
efficiency of hybridisation.

Similar levels of hybridisation

were obtained from each probe by this method. Unfortunately
differences in levels of background hybridisation and
variation in signal intensity depending on temperature made
accurate quantitation impossible.

It could however be

concluded that the majority of transcripts were not
processed at p(A)I since this would result in a low signal
level using Oligo 3 ’UT2.
It should also be borne in mind that the distance between
the two poly(A)

sites is about 200 n t . A difference in size

of this magnitude should easily be visible on a northern
blot given that the total message length is only 1,400 or so
(including poly(A) tail).

Since only one band has ever been

detected using a variety of CAI specific probes (this work
and data not shown, H. Brady personal communication)

it was

concluded that the majority of message terminated at the
second polyadenylation site. No other consensus
polyadenylation signal is found in the genomic sequence for
several hundred nt downstream of poly (A) II.
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Oligo lc

Oligo 3’UT2

18s
CA

MI24

lng
O.Ing
O.05ng

Fig. 3.12 Assessment of relative usage of p(A)I and p(A)II.
Autoradiograph of northern blots of reticulocyte RNA probed with
oligonucleotide probes for either the protein coding region (Oligo. lc)
or sequence between the two polyadenylation sites (Oligo. 3 ’UT2). Both
probes were hybridised at 10° below their Td (64° and 45°C respectively).
Background hybridisation seen with 3 ’UT2 is probably due to the
relatively low hybridisation temperature used and is not found using
more stringent hybridisation conditions. Use of a higher temperature
however also changes the absolute level of signal obtained, and level
relative to DNA controls. For this reason this method was not considered
useful except as a rough guide to transcript level.

CHAPTER 4: ISOLATION OF THE CAI GENE

Since the long term aim of the group was the dissection
of the genetic elements involved in controlling CAI
expression,

the first step was the isolation of CAI

containing recombinants.

This chapter describes the work

undertaken to isolate and physically characterise the CAI
gene.

Due to the unexpectedly large size of the CAI gene in

comparison to other members of this gene family the process
was more complicated than initially envisaged.
has therefore been divided up into three parts.
describe:

This section
These

1) the isolation of the clones containing protein

coding sequence,

2) the isolation of clones,

with the first recombinants,

not contiguous

containing sequence from the

extreme 5 ’-end of the cDNA and 3) the isolation of
overlapping clones linking these two sets of recombinants.
This work was carried out in close collaboration with Jon
Barlow who isolated the first CAI recombinants and Hugh
Brady.
When the large size of the CAI gene became apparent,
parallel screening of cosmid libraries v^erf*e also carried out
in the hope of isolating recombinants containing either the
whole gene or larger sections than those found in the lambda
recombinants.

These experiments are described in Section

4.7.

4.1 Genomic clones containing CAI coding sequence.

The genomic recombinants containing the CAI gene were
isolated from a \2001 vector library kindly supplied by Dr
T. Rabbits
Cambridge).

(M.R.C.

Laboratory of molecular biology,

This replacement vector contains multiple

cloning sites for the restriction enzymes EcoRI, Hindlll,
B a m H I , XbaI, SstI and Xhol

(Karn et al. , 1984). The library was

constructed by cloning Sau3A partially-digested DNA into the
BamHI sites of the vector,
sites

removing the EcoRI and Hindlll

(Le Franc et al. , 1986).
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4.1.1 Initial recombinant isolation

The library was initially screened by J. Barlow using the
650 bp EcoRI fragment from the cDNA recombinant X C A I . 11
(Chapter 3). Two recombinants were isolated from this
screening and designated XHGCAI.JB#2 and JB#5
subsequently as XJB#2 and XJB#5).
restriction site mapping,

(referred to

Following initial

several subfragments were isolated

which hybridized to the cDNA recombinant.

These recombinants

were partially restriction mapped and the approximate
position of several exons identified.

The exon/intron

junctions were sequenced - after subcloning fragments which
hybridized to the cDNA into M13 - using oligonucleotide
primers designed to read outwards from the coding sequence.
The opposite strand was then sequenced using
oligonucleotides synthesised on the basis of this sequence
and designed to read back into the coding sequence (J.
Barlow, personal communication).
is shown in Fig.
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Fig. 4.1. Map of the recombinants XHGCAI.JB#2, and JB#5. The positions
of the exons are indicated above the restriction map. Exons shown as
solid boxes were positioned by their proximity to restriction sites from
which they were sequenced. Shaded areas indicate those regions thought
to contain exons, 3 and 5. The EcoRI site which formed the boundaries of
the cDNA recombinants described in Chapter 3 lie in exons 4 and 7. B:
BamHI, E: EcdRl, H: Hindlll, K: Kpnl, S: Smal, Ss: SstI, X: Xbal, Xh:
Xhol
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Since one of the main aims of the group was dissection of
the promoter sequences responsible for expression,
were made to locate this region.

attempts

It was found however that

neither of these two recombinants would hybridize to an
oligonucleotide probe

(Oligo #3) for the first part of the

protein coding sequence
sequence:

(amino acid residues 3-9 (Pro-Asp),

5'GACATCATATCCCCAGTCTGG3, ) (Fig 4.3).

4.1.2 Mapping of exons 3 and 5

Fig.

4.2 shows the experiments carried out to localise

exons 3 and 5. Work carried out while subcloning fragments
for sequencing

(J. Barlow,

personal communication) together

with data supplied with recombinant H24

(see Section 4.1.4)

indicated that exon 3 lay within a 1.2 kb Xbal-EcoRI region
(part of a 3.2 kb Xhol fragment which could be isolated from
\JB#5), while exon 5 lay within a 1.6 kb EcoRI-Xbal fragment.
Examination of the cDNA sequence showed that exon 3
contained single sites for Avail and SspI, while exon 5
contained a PstI site.

The fragments were isolated and

digested with the appropriate enzymes,

allowing positioning

of the exons.

4.1.3 Isolation of recombinants containing the 5* end of the
coding sequence

In order to find recombinants containing the first exon
and the 5*-flanking sequence,

the \2001 library was screened

using the insert from cDNA clone X 5 ’CAI.6 containing the 5 ’half of the cDNA sequence

(Chapter 3). Seven clones were

identified and designated X101“X107

(the X100 series). These

clones were then screened with the Oligo #3 (Fig.

4.5). One

of these - X104 - hybridized to this probe but not the 3*half of the cDNA and was therefore thought likely to extend
further upstream of JB#5

(Fig.

4.3). This recombinant was

restriction mapped and shown to extend some 10 kb upstream
of the protein coding sequence

(Fig.

4.4).
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A

B

Exon 1

Exon 5

PstI
Avail
GTIGGTCAGGCCAACCCAAAGCTGCAGAAAGTACTTGATGCCCTCCAAGCAATTAAAACC
TGCTGAAAGGTGGTCCTTTCTCTGACAGCTACAGGCTCTTTCAGTTTCATTTTCACTGG ValGlyGluAlaAsnProLysLeuGlnLysValLeuAspAlaLeuGlnAlalleLysThr
160
ValLeuL
AAGGGCAAACGAGCCCCATTCACAAATTTTGACCCCTCTACTCTCCTTCCTTCATCCCTG
SspI
L^sGlyLysArgAlaProPheThrAsnPheAsgProSerThrleuLeuProSerSerLeu
GGCAGTACAAATGAGCATGGTTCAGAACATACAGTGGATGGAGTCAAATATTCTGCCGAG
GlySerThrAsnGluHisGlySerGiuHisThrVaiAsgGlyValLysTyrSerAlaGlu
GATTTCTGGACCTACCCTG
As
19
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Pst
SspI
<-1.05 -->[<0.6 >
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5 ’cDNA

Oligo #3

5 'c « r

b

Fig. 4.3 Hybridisation of the 3 ’-cDNA (left) and Oligo #3 (right) to plaque
lifts of X104 and other genomic recombinants containing protein coding
sequence. In the left panel \JB#5 and XCAI.11 are detected while X104 does
not cross hybridize. In the right panel, Oligo #3 hybridizes to X104,
X5’CA1.6 (containing the 5’ half of the cDNA) and a number of DNA controls
(top left). XJB#5 however is not detected. At the bottom of the right panel
are filters containing DNA from the other X100 series of clones which did
not cross hybridize to Oligo #3.
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time the

des i g n a t e d H24
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(University of
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sequenced.

4,

The data supplied w ith

this recombinant m a t c h e d the r e s t r i c t i o n enzyme m a p ping
sequence data for \JB#2,
In summary,
coding

sequence,

AJB#5.

6 and

and

and X104.

A J B#5
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w h ile

\JB#2 e x t e n d e d

but exon 1 of the p r o t e i n
further 3 ’ to these

isolates and did not c o n t a i n the first 3 exons.

A104

contained
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only exons 1-3 and extended some 10 kb 5 ’ to the coding
sequence. H24 extended about 2.5 kb 5 ’ of the coding sequence
at its 5 ’-end and ended within the 3 ’-untranslated region.

A

map of the region covered by these recombinants is shown in
Fig 4.4. The coding region is spread over 14 kb and as with
the other carbonic anhydrase genes the coding sequence is
interrupted by six introns.

These were found to lie at the

same position in the protein sequence as other CAs (Venta et al
1985a,

Lloyd et al, 1987). The sequence at the exon intron

junctions is shown in Fig.
Barlow,

U.C.L.

Michigan,

4.19

(sequence determined by J.

and P. J. Venta/R.

E. Tashian University of

personal communication)
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Fig. 4.4 Map of the region covered by recombinants containing CAI coding
sequence, \104, \JB#2, JB#5 and H24. Positions of exons (1-7) are shown
above the restriction map. Below the map are shown those regions subcloned
into plasmids and refered to elsewhere in the text as sources of probes or
sequencing material. B: BamHI, EiBcoRI, K: Kpril, S: Smal, Ss: Sstl, X:
XbaI, Xh: Xhol,
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4.1.4 The 5*-end of the cDNA is not found upstream of the
coding sequence

Chapter 3 has described the finding of cDNA clones with
two different types of 5*-leader sequence,

one of which

contained an apparent insert of 54 nt relative to the other
sequences - the lb element

(Fig.

4.5)

It was assumed initially

that this may have been some kind of cloning artifact and that
sequencing of the corresponding region from genomic clones
would help resolve the origin of lb. To this end the region
upstream of the first coding exon was isolated for sequencing.

Oligo #5
Oligo #7
CACCAGGAGACACCGTCGGA
caggtgcaaccccctgcgtggtcctctgtggcagccttctctcattcagagctgttttcc

acagaggtagtgaaaagaactggattttcaagttcactttgcaagagaaaaagaaaactc
------ lb element--------------------------- ><----------01igo#3
GGTCTGACCCCTATACTACTG
agtagaagataATGGCAAGTCCAGACTGGGGATATGATGACAAAAATG
MetAlaSerProAspTrpGlyTyrAspAspLysAsnG
--------- lc element------------------------- >
Fig. 4.5 The 5’-end of the cDNA showing the three different elements of
the leader sequence. The lb element is found only in a minority of cDNA
species (see Chapter 3, Section 3.2). This sequence was used to generate
several oligonucleotide probes used in cloning and sequencing and the
position of these is indicated. Oligo sequence written above the cDNA
sequence shows oligos complementary to the message, while the regions
underlined are from the other strand.

Oligo #3 which would hybridize to sequence coding for
amino acid residues 3-9 was used as a probe to localise the
region containing exon 1. Recombinant clones were digested,
separated on agarose gels and southern blotted prior to
hybridisation with this probe.
A 1.8 kb EcoRI-PstI fragment from clone A104 was
identified in this way and subcloned into M13 for
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sequencing.

Sequencing using oligo #3 as a primer showed

that the genomic sequence

upstream of exon 1 did not

correspond to either of the two sequences found in the 5 ’leader of the cDNA clones and suggested that this fragment
did not contain the promoter of the gene. To check that this
was not specific to recombinant XI 0J+. , the same fragment was
also sequenced from clone H24 with the same result.

Fig. 4.7

shows the sequence obtained upstream of the protein coding
sequence compared with the cDNA sequences.
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Fig. 4.6 Map of recombinant XHGCAI.104 showing exon position and region
cloned for sequencing
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<
la element of cDNAcaggtgcaaccccctgcgtggtcctct

cDNA
genomic

..ATGGCCTATTAAAAGCAAATAAGTTTCTATAA

la--------------------- ><-------------- lb element of cDNA-----gtggcagccttctctcattcagagctgttttccacagaggtagtgaaaagaactggattttcaagtt
AAACGCCCAAGCAGGGATTTAAGGCATCTCCTGCATGCACAGTTGCAGTTAGTTATTCCAGGTATTA

lb--------- ><------------------ lc element of cDNA--------------cactttgcaagagaaaaagaaaactcagtagaagataatggcaagtccagactggggatatgatgac
i i i i i i i i i i i i ii i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i
i i i • i i i i i i i i ii i i i i i i i i i i i i i t i i i i i i i i i i i i i i i i i i i i i i i i i i i i

TTTTTGTTTTCAGAAAAAGAAAACTCAGTAGAAGATAATGGCAAGTCCAGACTGGGGATATGATGAC
MetAlaSerProAspTrpGlyTyrAspAsp

Fig. 4.7 Comparison between genomic sequence upstream of the first coding
exon and corresponding sequence from the cDNA clones. Genomic sequence is
in upper

case,cDNA in lower case. The sequence of the cDNA and genomic

recombinants diverges 5’ of the lc region found in the cDNA.

Underlined

region in the coding sequence indicates the complementary sequence to
oligo #3 used as a probe to isolate X104.

4.1.5 Sequencing of the 3 ’-flanking region

The cDNA recombinants X C A I .9 and X C A I . 11 both contained
3 ’ non-coding sequence which extended 100 nt downstream of
the polyadenylation site found in recombinant X C A I .3 but did
not contain any poly(A) tract

(Chapter 3).

It was assumed

that since both these recombinants ended at the same EcoRI
site,

that this was not a cloning artifact

(i.e.

one of the

linkers used in cloning) but represented a genuine EcoRI site
in the 3 ’ flanking region of the gene. Restriction mapping
of XHGCAI.JB#5 and information supplied with recombinant H24
allowed identification of a 2.2 kb Hindlll-Xbal fragment
which contained an EcoRI site close to the Hindlll site,
found in the cDNA sequence,
3 ’-flanking sequence

as

and should therefore contain CAI

(see Chapter 3). This fragment was

subcloned and used for two purposes a) as a source of

fragments for sequencing,

and b ) as a probe for cDNA clones

containing 3* untranslated sequence and a more distal
polyadenylation site (described in chapter 3). Fig.

4.8

shows a map of the region at the 3 ’-end of the gene.
Sequencing of this region showed the expected
untranslated sequence found in the cDNA clones together with
a second polyadenylation signal 150 nt downstream of the
EcdRl site which formed the 3 *-end of X C A I •9 and X C A I . 11.
Altogether some 700 bp of flanking sequence was obtained as
shown in Fig. 4.9.
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Fig. 4.8 Restriction map of the subcloned 2.2 kb Hindlll-Xbal fragment
containing 3’-flanking sequence of the CAI gene. B: BamHI, E: BcoRI,
Su: Sau3A, X: XbaI. The BcoRI site close to the left-hand end of this
map forms the 3’-end of cDNA recombinant clones XCAI.9 and XCAI.11. The
position of the more distal polyadenylation site (p(A)II) is also shown.
The more proximal polyadenylation site (p(A)I) is not found in this
clone and lies about 100 bp 5’ of the Hindlll site. Some 700 bp of
sequence downstream of the Hindlll site was determined (Fig 4.9.) as
shown in the sequencing strategy below the restriction map. Sequence
commencing at a
for that region.

indicates use of an oligonucleotide primer specific
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Hindlll
GATA-1
EcdRl
50
AAGCTTATCT TAAATTCAAG TTTAGTTTGA GGAATTCTTT AAAATTACAA CTAAGTGATT
--------- XCAI.9 / 1 1 --------------- X ------------------------PAS2 100
P(A)II
TGTATGTCTA TTTTTTTCAG TTTATTTGAA CCAATAAAAT AATTTTATCT CTTTCTTTCT
----------- XCAI.3’UT
150
GTTGTGCATT CAGTTTCTAA AACCATTAAG TTTCTACTCC ATTTACATTC AAAAATCTTA
200
AATACTTTAC TTGCAAGAGT ATTTTGCTTCAAATACAACA ACCTAAGAGC AGCTGGAGAT

250
300
GAAATATTGG GAAATTCATT TGCTTACTCCTGAAGACAAA AATATAGCTG AGATGACCAC
350
Sau3A
TGGATTTAAT ATCGTTATGC TGGCCCAACA TTGCTACCAT TTGTGTTGTC TGTGATCAAA
GATA-1
400
ATGATTATCT TTTATATAGG AAGATGACGC TTCTGGATAT TGCTTTCACT TCTTCTCCCC
450
ACGTTAGCAA GGACAATGCT TCTCTGCCAT TATTACAACT AGTTAGTTTG CATGGAGAAT
500
CTTTACTTTA AAATTGGAAG AAAAGTCACAAGTGAATGGT TTATAAAAAT

GCTAAAGAAG

550
Apl
TCATTCTTGC TTAGAATCAT ATAGAAACATCATGCAATCT TTTAGTCAGA

600
TGTGCGCTTC

GATA-1
650
ACCTTATGCT ATTTTTATCT TTAATTGACA CACAATAATT GTACATGTTT ATGGAGTATA
700
GTGTGGTGTT TTCTGTTTGT TTGTTTGTTT TTTGAGACAA GGTCTCACTC TGCCAGTCAG
730
GGTGGAGTGC GATGGT

Fig. 4.9 Sequence of the 3*-flanking region of the CAI gene. The
sequence in bold is found in the cDNA clones (Chapter 3). The position of
the more distal polyadenylation signal (PAS2) is underlined as well as
the second polyadenylation site p(A)II. Potential transcription factor
binding sites are also indicated including the erythroid-specific factor
GATA-1 (see Section 4.6)

>
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4.2 Isolation of recombinants containing the CAI promoter
(the \200 recombinants)

Since the 5 ’-end of the cDNA sequence had not been found
adjacent to the protein coding sequence in \104 and H24,
second oligonucleotide

a

(Oligo #5, sequence:

5 AGGCTGCCACAGAGGACCAC 3’) was synthesised as a probe for this
region.

This probe was designed to hybridize to the la

element of the cDNA sequence

(see Fig.

4.5). Oligo #5

identified four recombinants from the X2001 library
designated X201-X204.

These recombinants were restriction

mapped by a combination of conventional restriction digests
and "COS" mapping in which 32P-labelled oligonucleotides
complemetary to either the right or left cohesive end of
lambda are annealed to partially digested XDNA.
This revealed that X201 and X202 were identical and that
there was extensive overlap amongst the other clones. X204
was found to extend some 15 kb 5* to the region detected by
Oligo #5 while X203 extended 12 kb 3 ’ to this region (Fig.
4.11).
Restriction digests of the X200 series were probed with
Oligo #5 (Fig.

4.5) to identify fragments containing the

promoter region ^and from this mapping 4.2 kb Hindlll-SstI
fragment was selected for subcloning into Bluescript KS
vector (plasmid

p B k s 2 0 4 H S 4 .2, Fig.

4.12).

This plasmid

provided the source material for the sequencing of
approximately 900 bp of upstream sequence. An additional

1.4

kb of upstream sequence was obtained from an Avail fragment
lying adjacent to this region.

See Figs.

4.12 to 4.14 for

sequencing strategy and sequence obtained from this region.
This sequencing showed that these genomic clones
contained sequence identical to that of the la element of
the cDNA recombinants but did not contain lb or lc (see Fig.
4.5)
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The transcription start point for reticulocyte mRNA was
mapped by primer extension analysis using both Oligo #3 and
Oligo #5 as well as by SI nuclease analysis and was found
some 20 nt upstream of the 5 ’-end of the cDNA (Brady et aL
1989 ) .
A201-204 did not show any overlap with the previously
isolated genomic recombinants as far as could be determined
by restriction mapping and no cross-hybridisation between
these recombinants and a radiolabelled 2.0 kb XbaI fragment
from the 5 ’ end of A104 could be detected.

Thus at this

stage there appeared to be two sets of unlinked genomic
recombinants,

one of which contained coding sequence while

the other appeared to contain the promoter.

The

determination of the physical relationship between these two
sets of recombinants is described in the next section.

Fig. 4.13
1 kb

- 4 \ 0 - h . O

Fig.

4.14
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Fig. 4.12 Restriction map of 4.2 Kb Hindlll-Sstl fragment containing the
promoter region of the CAI gene. Transcription start point is shown by
an arrow over the Kpnl (K) site. A: Avail, K: Kpnl, H: Hindlll, Hf:
Hinfl, P: PvuII, R: RsaI S: Sstl, Sp: SspI.
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1CTTTAGCCCA ACAGTCAAAA ATAATTGATG CTACCCTACA AATGTCCAAA ACTCTAGTAT
-8 0 0
Sspi
61a t c a t a t t t c TAAGTTACAG CAAATATTAG TCCTGCTAAA CCAGGGAGCT TTGGCAAAAA

121t g t t t t t t g a CAGTAAATTT GTCCTTGATT ATATATTAAC TAGTCAAAGA GGTGTTTGTA
-7 0 0

181a c a t t a t t a g AGCTTCTTGT TGTAGGTGGG TTAACACCAC CAATCAAGAG GTCATTCTAA
241c a ga a a g c c t GGATCAGAAA ACCATCACCC TAAAAAAACA TGCCTTACAT ATTTAACACA
on."600

301c t ct g a a a t c CAGTCAAAAT ATGACTAAAG GCCCTTGCCA TGACTGATGT ATTCTCCTGG
-5 0 0

361c c a a c g c c a a ACAAATGGGA GCCTGGTTAC GAGTCAGCCT TCAGGGACTT GTCACATTTC
421t a c t t g g t tt CTTCCTTGTT ATTGTCATAA TAAAATGTTT TCTATGCTGT TTAGTGCAAC
-4 0 0

481t t a g g c c c t a TTCTGTAGAA GTCTCCTCTA CTATTCAGGC CACTCAAACA CCCCAAATAA
Apl

541t t ga g t t c a a AATCGACATC AAGATATAAA GGAATCAGTG ACTAAATATA TTTCATATAT
-3 0 0

GATA-1

601g g t a t t t t t a TTGATTATTG TGCTGTCTTG ACCTAGTATG GAGGCCTTGG CTAGAGGCTG
GATA-1
CACCC
-200
Pvun
661g t c a g t t t c c TCTCTTGAGC AGCTGATTAA ATCCACACCC CAACCACTTC CCTTATCAGG
GATA-1

721t t ct c a c a c t CTGGGGCCAC TATGTACCCA CTCTAATCAC CACAGGGCCA GACATCAGAC
-100

Spl

Oct-1

781a a tt a a g g a c AGCGCCCATG CCCCAAAGCC CGCCAAAATT ATGCAAATTA TTCAAAATTA
TATA

841t t c a a c c t a g CTAACCCCAC CCTTTTTGCT GTACATAAGC TGCCCATTCC CCCTCCAGCC
Avall Oligo #5
901t g t g g t /£cc AGTCCTCAGG TGCAACCCCC TGCGTGGTCC TCTGTGGCAG CCTTCTCTCA
<--------------------------- Exon la
961TTCAGAGCTG TAAGTAACAA AGACTTCTGC CTTTCATCTA ->
------- ><----- Intron 5’UTI (25 k b ) -----

100 bases to H i n d i n

Fig. 4.13 Human CAI promoter sequence. The transcription start point
(+1) is at residue 902 with the region highlighted in bold text the first
exon (Exon la, 68 bp). This region is found at the 5*-end of the cDNA
sequence. Sequence complementary to Oligo #5 used in isolation of the
A200 series of recombinants is underlined. The position of several
sequence motifs associated with transcriptional control are also
underlined. These include the TATA box and potential binding sites for
several transcription factors including the erythroid specific factor
GATA-1. (See Section 4.6 and Fig. 4.21).
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1 GGTCCAATTA TAGGAGTATT CTGGATGCCA GCATCTTTGC TAGCTGTGCA CCCACAAAGC
-2100

61 CTTTGACTAA AAAGACATTT GTGAATCAAG CTCCCAGGAC CCAACATTGT ATTCAAATTC
Hinfl

121 TACAAATGAC TCAGCCCCAT TATAACACCA CAGAGTCACA AAAATACAGC CCACATCAAC
-2000

181

CCTAGTGGGTATCCATGTGG GAAGGATACC CTAGTCCGAC ACAGTGCCCT AGCTCAAGAC

241

CATGCCATTAAAGATGACAT GCCCCCTGCC TCCCAACCAA CTATGGGCAG TGCCAACTAC
-1900

301 ACTAGCACAT

GGAATGTCTTGCCATTCATA GGAGACCAGA GGCTCTTGGT TTTCCAGTAG

361 CTGGTTACAC

TGCTGACTTCTGTTTTAAAA AAGCAAGACC CACAACACTG GAGTAACTTT

-1800

TaqI

421

CCAGACTTTACAGACACCTA TAAAACTCGA AGTTCTGCTC TCTGTGATTG TAATTCCACT

481

CTATACCTGGCTTAGCCCTT ATGAGACCAA GTCCAATACC TCCCTAATGC TTCTAAGATT
GATA-l

CACCC

-1700

541 CAGGTTCCTG

CTAATCCCACCCACTTCTCC TGCCTAAAGG GTAACCTGAC TGAAGTATTC

601 CACCCTGTGT

GCTCTCCTAGGAGTAAAAGG AGCATCTGCT GGTCTCCGAC TGTCAAACCA

661 TTTATTCCCT

TCCATCCTCCTCGCCTTCCC TTTCTCATTG TCAGTATCCC TACTCCCACC

721 CCTATCTTTT

CCGTCCTAACAGCATCTTCT CCTCTTGCCC TCTAAAAGAC TACGTAAGTA

-1600

-1500

781 AAATTCAAAC CCACTGCCCC AGCTTCTCTG ATATTTATAC AGACATCCAA AATACAAACA
CACCC

841 CATTTGACTG AAGTAGGCTC TTCTGCACTG ACTATCCATA ACTCATCACC CTGCTTCCAC
GATA-l

GATA-l

-1400

901 ATATCCCACA

TCACACATTTACCCAACTGA TAATTGCCCC AGAGATGAAA AATACTGAGA

961 AATGAAAAAC

ACTTCCAAACGGCCTTTTCT TCTGTATTGG GGTGCCCCCT CATGGCAAGT

1021 GGCAACTGCA

CTCGTATTTCCTCAATACAT ACCACAGATG GGCTACCCAA TGAACAACTG

1081 CATATTCTCA

CCATATGCCCAACAAAAGCC ACTGTCTTCC TCCAGTCCCA TTCTTTAGTA

-1300

-1200

Rsal

b3/c2

1141 ATTTCCCTTT ACCTAAATCA AGGTACAATT TTCCAGTCTA ATGGTAATGC CACAAAACTA
-1100

1201 TATTGTGTCC

CAACCAACAAGGTGTTTATC CCCTCTCCTT TGCCCTTCCA TTACTCTGAA

1261 ACTGGAAGCC

ACGAGATGCATTCTGGCCTC TCTTGGCATT CCTATTTATA TAAATGTTAA

1321 TTATTCTTTC

CCTACCCAGCCAAATGTCAT TGATGTGCCA CATTTGTACC TATAATACTG

1381 GGACTCACCA

CTGCTCTGGGACTTGCTGCG ATGGCCACAA GGACC

-1000

Rsal

Fig. 4.14 Sequence of 1.4 kb Avail fragment upstream of the promoter
region. Potential transcription factor binding sites are underlined. (See
Section 4.6 and Fig. 4.21). Positions (relative to +1) are approximate as
sequence around -900 is not well defined.
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4.3 A chromosome walk to isolate recombinants lying between \104 and
\203

In order to test whether the genomic sequences isolated in \104 and
X204 lay on a contiguous region of the chromosome, the linkage of these
two clones was analysed using pulsed-field gel electrophoresis (PFGE).
Fig. 4.15 shows the result of a PFGE experiment in which K562 DNA has
been digested with Sail, Clal, Sstll and iVael, and probed with one probe
from the 3 ’-end of \203 (\203H-XG) and another from the 5 ’-end of A104
(\104.YbaD). Both probes hybridized to the same Sail, Sstll and Nael
bands showing that the recombinants isolated were in fact linked and
less than 150 kb apart.
M

Cla Sal Sst Nae

A203

M

Cla Sal Sst Nae

Kb

\104

300

200

100

Fig. 4.15 Demonstration of linkage of A104 and A203 using pulsed-field
gel electrophoresis (PFGE). K562 DNA was digested with Sail, Clal, Sstll
and IVael, southern blotted and sequentially probed with the 3’-end of
\203 (203HindllI-XbalG fragment)and the 5 ’-end of A104 (104XbaID
fragment). Both probes detect the same Sstll and Sail and IVael bands.

To isolate
genomic
from the
were

r e c o m b i n a n t s u p s t r e a m of X104,

library was

r e - s c r e e n e d w i t h the 2.0 kb X b a l

5 ’-end of \104.

Five p o t e n t i a l y useful

i d e n tified and d e s i g n a t e d \301-\305.

showed that \301

extended

e xtended an o t h e r

5 kb beyond

H y b r i d i s a t i o n of these
fragment

from the

the A2001
probe

recom b i n a n t s

Mapping of these

6.5 kb 5 ’ of \104 while X303
this

i.e.

11.5

kb 5 ’ of X104.

r e c o m b i n a n t s with the Hindi 1 1 - X b a l

3 ’-end of X203

showed no cross

102
hybridisa ti on.
A 2.5 kb EcoRI fragment from the 5 ’-end of \303 was
identified as a suitable probe for further genomic library
screening,

and used to isolate several recombinants

designated A401-\403.

\403 was found to extend some 5 kb

upstream of \303 and a 3.6 kb Xbal fragment

(fragment C)

from 'the 5 ’-end of this recombinant was subcloned into the
vector Bluescript for use as probes

(p BK S40 3 X b a C ).

4.3.1 \203 and A403 share overlapping sequence

With the isolation of A303 and ,\403 over 25 kb of
sequence had been cloned upstream of the protein coding
sequence.

In order to test how close these recombinants

might be to the promoter containing recombinants,

duplicate

southern blots were prepared of human placental DNA digested
with various enzymes.

These were then hybridized with probes

from the 3 ’-end of A203
A403

(Hindi 11-XbaI,G ) and the 5 *-end of

(subfragments of A403 X b a l ,C ). Several bands were seen

to be common to both probes including fragments for BamHI,
EcoRI, SphI and Tthlll
shared fragments

(Fig. 4.17, A). The smallest of these

(SphI) was 7 kb in size indicating close

proximity of the two clones. Because restriction mapping had
shown that a SmaI site was found at the 3 ’end of A203 and
the 5 ’end of A403
overlapped.

it was suspected that this region

To test this,

detailed restriction mapping of

the subcloned end-fragments of these recombinants was
carried out

(Fig.

4.17,B).

This showed that these

recombinants overlapped by about 2 kb.
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104

B
Probe: 3 ’-end \203
M 1 2 3 4 5 6 7 8 9

|

Probe: 5’-end \403
M 1 2 3 4 5 6 7 8 9

M

i

I
1. Apal 4. Bgl I
2. Aval 5. BstEIl
3. BamHl 6. E cc R I

7. Hindi 11
8. SphI
9. Tthlll

B
1. pBks 203H-XD, Smal+AccI
2. pBks 403XbaD, Swal^Accl
3. pBks 203H-XD, S mal + EccRV I

Fig. 4.17 \203 and \403 share overlapping sequence. A: Southern blot of
human genomic DNA digested with various enzymes and probed with a probe
from the 3’-end of \203 (\203H-XG, left panel) and from the 5 ’-end of
X403 (A403XbaD, right panel). Both probes detect the same B a n M l , Eco RI,
SphI and Tthlll fragments (arrowed in right-hand autoradiograph), the
smallest of which is the 7 kb SphI band (lane 8).

B: Lanes 1 and 2 show

two different plasmids containing the subcloned ends of \203 (Lane 1)
and \403 (Lane 2) cut with S m a l + A c c I . Both give the same fragments of
600 bp and 550 bp

(kb)
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4.4 Summary of CA1 recombinant isolation

Altogether five sets of recombinants were isolated
covering the CA1 transcription unit. Of these JB#2,

JB#5 and

X104 contained the protein coding sequence and w^s isolated
using a cDNA probe,

as did recombinant H24 which was

isolated in the laboratory of Dr. R. Tashian.

Another set -

the X200 series - containing the promoter sequences was
isolated using the 5 ’-cDNA oligo probe.

The other isolates

(the X300 and X400 series of recombinants) were isolated by
walking along the chromosome from the coding sequence to the
upstream promoter.
In all 65 kb of genomic sequence was cloned with the
coding sequence found in a region of 14 kb,

separated from

the promoter by about 36 kb (Fig. 4.18).
In order to retain some consistency of nomenclature
between the different CA genes the numbering of the coding
exons is the same as that given to CA2 and C A3, with the 5*
non-coding exons being designated la and lb and the first
coding exon designated lc. This nomenclature however differs
from that given to the mouse gene where the first coding
exon has been designated Exon 2.
The small

insert found in the untranslated leader

sequence of the 5 *cDNA recombinant X 5 ’CAI.6 was found to lie
some 10 kb upstream of the coding sequence.

This was

determined by carrying out hybridisations using an
oligonucleotide probe specific to this region.

The sequence

round this exon was determined by J. Sowden (personal
c o m m u nic at ion ).

-■
\
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5kb

-10

t

lc 2 3

lb

la
+ 10

a

+30

+20

204

i i
+40

4 5

6 7

ii

i b
+50
H24
JB5

402
304

203
201/2

104

403

JB2

301

Fig. 4.18 The structure of the CA1 gene. The scale is numbered in kb
from the transcription start point. Exons, marked la-7 are indicated by
black bars (coding sequence) or open boxes (non-coding sequence) and are
not drawn to scale. The annotated lines below indicate the extent of the
cloned regions in the various lambda recombinants isolated.

Exon la
27kb
Exon lb
ATTCAGAGCTgtaagtaaca..intron 5 *UTA.aatcctgtgcttgcctctagGTTTTTCCAC
Exon lb
9.5kb
Exon lc
TTTGCAAGAGgcagtaggaa..intron 5’UTB.ggtattatttttgttttcagAAAAAGAAAA
Exon lc
2.8kb
Exon 2
GACAAAAATGgtaacacttc...intron 1....acacgtgtttgtcctggtagGTCCTGAACA
Exon 2
l.Okb
Exon 3
AACCGATCAGgtgagctgaa...intron 2....tcggttcccttttcttccagTGCTGAAAGG
Exon 3
3.6kb
Exon 4
TTCTGCCGAGgtaatgtaat...intron 3....aaccatagtatcatttttagCTTCACGTAG
Exon 4
0.9kb
Exon 5
TTTGATGAAGgtgagttaca...intron 4....ttattttcttaaatctccagGTTGGTGAGG
Exon 5
3.0kb
Exon 6
TAAAACCAAGgtaaacacac...intron 5....gatgtattcttttcttccagGGCAAACGAG
Exon 6
0.8kb
Exon 7
CTCAGAGCAGgtagagttgt...intron 6....aaaatattttatccttctagCTGGCACAAT

Fig. 4.19 Sequence of the CA1 exon/intron junctions. Exon sequence is
shown in capitals, introns in lower case. Coding sequence is shown in
bold. The nonconsensus donor splice site of intron 5*UTB is underlined.
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4.5 CA1 contains a second promoter adjacent to the coding
sequence

While this work was in progress,

Fraser and Curtis

(1989)

demonstrated that a second promoter is found in mouse CA1
adjacent to the coding sequence.

This promoter is

responsible for CA1 expression in colon epithelial tissue
and probably the other secondary sites of CA1 expression.
Comparison of the mouse colon promoter and the human
sequence upstream of exon lc shows considerable sequence
homology in this region (Fig. 4.20). Transcript analysis
(primer extension and SI mapping) of human colon RNA
confirmed the presence of a colon specific leader sequence
(H. Brady personal communication and manuscript in press).

Hum

ataattctcttttacaatataagaaaattaagcaa-tgaaactaacatagcccttgtagtattttt
*

Mus

**

*

*

*

*

*

*

*

* * * * *

***

**

atatttcatttttatattacaataacataaaacaattcatgctgaccta-ccccaat-agacattt

Mus

GATA-l
tacaacaccttttttttagatatgtgtacttcctgataagcagagatgatgaaataatggcctatt
*
*
* ** *
*
*
* *
* * **
tacaataccattttattttatgtgtatacttcctgatgagcaaagttgatgaaacagtgaactatt

Hum

•+1
aaaagcaa-ataagtttctataaaaacgcccaagcagggatttaagGCATCTCCTGCATGCACAGT

Hum

Mus

Hum
Mus

acacggaagacaagcttctataaaa— gcccatggtgtcacttaagatctctgCTGCAGGTGTAAG
•+ 1
GATA-l
TGCAGTTAGTTATTCCAGGTATTATTTTTGTTTTCAGAAAAAGAAAACTCAGTAGAAGATAATG
*
***
*
**
*
*■' **** * * * * *
* Met..
TGCAGTTAGTCATTTCACATATCATTTCTCTTTACAGGAATCACAACCTAAATAAGAGAAAATG

Fig. 4.20 Comparison of mouse and human DNA sequence upstream of the
coding sequence. Upper case letters indicate transcribed sequence with
transcription start sites being those of Fraser et aL (1989) for the
mouse and H. Brady personal communication for the human. The proposed
TATA boxes are underlined. Also shown are the potential binding sites
for the transcription factor GATA-l discussed in section 4.6.2.
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4.6 Analysis of the DNA sequence flanking the CA1 gene

4.6.1 General features associated with control of gene
expression
Examination of the sequence obtained from the regions
flanking the CA1 transcription unit

(Figs.

4.9,13,14,20)

shows there to be a number of potential cis-acting sequences
known to be associated with control of gene expression.
Close to the (erythroid)

transcription start point at -28

a ’’TATA" box motif is found.

This sequence -5’CATAAG3>-

diverges from the canonical TATA box sequence

(5>TATa/tA 3,)

but is similar to the TATA box of several globin genes in
having the first T of the motif replaced with a C residue
(Konkel et ah , 1979

[human J3-globin] , Lawn et al. , 1980

i3maj-globin] , Leung et aL , 1987

[mouse

[human 0-globin] ) . There are

no very good candidate sequences for a CCAAT box motif,
other commonly found motif in promoter sequences,

the

upstream

of this TATA box although there are three CCAAT like regions
between -60 and -90. The CCAAT box is a less highly
conserved element in promoters,

and is often replaced by G/C

rich region which may bind the factor S p l . A potential
binding site for this factor,

identical to that found in the

HSV-1

(Jones and Tijan,

intermediate early gene

1985)

is

found at -93. This region also contains a sequence which may
be recognised by the Oct-l/Oct-2 transcription fators
(5’ATGCAAAT3’) (Fletcher et al. , 1987). While Oct-1

is

ubiquitous and could possibly influence the activity if this
promoter,

Oct-2 is unlikely to play a role in the expression

of CA1 since it has been shown to be a lymphoid specific
factor (a cell type in which CAI is absent).
Also found at both the 5*- and 3*-flanking sequence of
the gene (at -342 and 801 bases downstream from the end of
the coding sequence respectively) are binding sites for the
factor AP-1

(Lee et al. , 1987, Jones et ah , 1988).
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4.6.2 Sequence motifs associated with erythroid-specific
gene expression

Potential binding sites for the GATA-l erythroid specific
factor (consensus sequence P u t/aG A T a/ tP u t/g , Wall et al. , 1988)
are found at three places in the promoter region at
positions -190,
223,

-149 and -290, at the 3 *-end of the gene

581 and 833 bases downstream of the coding sequence and

at the 5* end of the coding sequence,
Met codon,

one overlapping the

and one 158 bp upstream of the coding sequence

(position -77 of the colon promoter start site).
The erythroid promoter of the gene also contains a
binding site for the CACCC box factor about 20 bp from the
most consensus GATA-l site and a similar clustering of
potential GATA-l and CACCC binding sites are also seen in
the sequence of the upstream 1.4 kb Avail fragment.

These

sites lie about 1.5 kb upstream of the promoter at a
position defined as a DNasel hypersensitive site (J. Sowden
personal communication,

see also Discussion,

Chapter 7).

This region also contains a binding site termed b3/c2

(A/T N

A/G TAATNNN A/G) which is found in the erythroid promoter of
the human porphobilinogen deaminase gene and the 3 ’-enhancer
of the human 0-globin gene

(Wall et al. , 1988; Mignotte et al. ,

1989) .
The Apl site at -320 has already been mentioned as a
generalised transcription factor binding site, but this
motif may also bind an erythroid specific factor NF-E2 as
found in the PBGD gene (Mignotte et al. , 1989).
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Fig. 4.21 Diagram of potential transcription factor binding sites in the

CA1 gene. The top line shows the region upstream of the erythroid
promoter while the lower line shows the region finking the coding
sequence. Potential factor binding sites are indicated by circles. Light
shading indicates non-coding transcribed sequence, dark shading
indicates coding sequence. The numbering at the 3 ’ end of the gene is
distance from the stop codon.
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4.7 Cosmid library screening for CA1

Following the isolation and characterisation of A203

it

became apparent that due to the large intron in the 5 ’
leader large numbers of recombinants would have to be
isolated in order to clone the entire gene.

Several cosmid

libraries were therefore screened since the larger inserts
in this type of vector would reduce the work required for a
walking exercise.
Three different cosmid libraries were screened
gifts of Dr P. Little,

Department of biochemistry,

College,

Dr T. H. Rabbitts,

Biology,

Cambridge and Dr P. Brickell,

biochemistry,

(kind

M.R.C.

Imperial

Laboratory of Molecular
Department of

University College London).

In all a total of

approximately 2 X 106 recombinant clones were analysed and
multiple hybridisations on duplicate lifts were carried out
using probes from the large intron of CA1 (1 kb Hindlll-Xbal
from \203 and 1 kb EcoRI-Xbal from \104).

Despite the large

number of hybridisations carried out no positive clones were
de t e c t e d .
To test the screening procedure,

one of these libraries

was screened using a 1.8 kb c-myc genomic probe.

The

c -myc

region of the chromosome in the cell line from which this
library was prepared (COLO 320 HSR) was highly amplified,
providing a good positive control for the screening process.
The results of this screening is shown in Fig.

4.22.

Several

strong positives are seen indicating that the screening
methodology was not responsible for the failure to isolate
recombinant clones from this library.
The library was screened again using a 1.4 kb Avail
fragment from close to the promoter.
15 positive recombinant clones,

This screening revealed

but following stripping of

the filters no hybridisation was obtained using probe 203
Hindlll-Xbal.G despite the fact that this probe lay only 10
kb from the first probe.
This failure to find cosmid clones using probes for the
large intron,

despite the apparent presence of several
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recombinants for the region adjacent to the promoter (1.4
Avail fragment),
observations.

should also be set against two other

These are that firstly, while carrying out the

chromosome walking exercise between X203 and X104 the
library was re-screened with \203HindIII-XbaIC fragment but
no other recombinants apart from X203 were found containing
this region.

Secondly an earlier screening exercise carried

out on a cosmid library using a CAI specific oligonucleotide
probe produced isolates which appeared to be unstable i.e.
positive colonies could not be purified to homogeneity (J.
Barlow personal communication).

Fig. 4.22 Hybridisation of COLO320 cosmid library with a probe for the
oncogene c-myc which is amplified in the cell line from which this
library was constructed.
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C H A P T E R 5: P H Y S I C A L M A P P I N G OF
As d e s c r i b e d
be closely
and

in the

introduction,

CA1, CA2, a n d C A 3

linked to two other carbonic

C A 3 , lying

al. , 1986a,b;

on the

Davis

et al. ,1987;

Nakai

shown to

anhydrase

long arm of chr o m o s o m e

also been shown using p u l s e d - f i e l d
the genes lie

has b e e n

CA1

genes

8 (Edwards

et al. , 1987).

gel

less than 200 kb apart

CA2
et

It has

electrophoresis

that

(Kearney et al. , 1987;

Venta et al 1987 ).
This c h a p ter d e s c r i b e s

PFGE expe r i m e n t s

c a r r i e d out to

map this cluster of genes.

5 .1 Notes on m e t h o d o l o g y and probes used

The PFGE
field

s y stem used

i n v ersion

electrophoresis
electrodes

(F I G E ). This uses a st a n d a r d ag a r o s e
system

straight

gel width w i t h o u t

1984)

electrodes

lie at

lanes leading
relatively

was use d

two systems are

inhomogeneous

field

useable

This

syst e m

arrays.

(Carle and

sets of

s y s t e m p r o d u c e s curved

difficulty

area of the gel.

in Fig.

This

full use of the

in which two separate

right angles.

shown

et al. , 1986).

for c o m p l i c a t e d e l e c t r o d e

to two problems:

small

(Carle

lanes and allows

the need

Initially a d o u b l e

gel

in w h ich the p o l a r i t y of the

is p e r i o d i c a l l y altered

system pr o d u c e s

Olson,

for this work was p r i n c i p a l l y the

in sizing
Examples

and a
of these

5.1
1 2

3 4

5 6 7 8 9 10 11 12

Fig. 5.1 Examples of pulsed field gel electrophoresis using double
inhomogeneous field (left) or field inversion (right).
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Figure 5.2 shows diagrams of the CA1, CA2 and CA3 genes
and indicates the positions of the probes used in this work
relative to the genes.

Similar maps are also shown in the

fold out Appendix Fig. A2 and A3 which can be used as
reference.
plasmid

The 5* 1.4 kb Avail fragment was isolated from a

(p B k s 2 0 4 H S 4 .2) containing the promoter region of

CA1, a subclone of the lambda recombinant H G C A 2 0 4 . The lkb
EcoRI-Xbal fragment was isolated from plasmid pBksl04XbaD
containing the untranslated exon lb, a subclone of AHGCA104
(see Chapter 4 and Fig A l ) . The CA2 probes

(2.3 kb EcoRI-Clal

and 1.5 kb EcoRI-Clal) were prepared by ClaI, EcoRI digestion
of plasmid H25-3.8 containing a 3.8 kb EcoRI fragment
containing exons 1 and 2 of CA2 together with 1.4 kb of
upstream sequence

(kindly provided by Richard Tashian,

University of Michigan and originally subcloned from the
lambda recombinant H25, Venta et al. , 1984 ). The CA3 probe
used was a 2.8kb EcoRI-Hindlll fragment isolated from a
plasmid containing the promoter region of the gene,

a

subclone of the lambda recombinant C A 2 .1 (Lloyd et al. , 1987).
The human erythroleukaemic K562-SA1 cell line

(Spandidos

et al. , 1984) was used for all the PFGE work described here.
Some experiments have been repeated with other cell lines
including:

CEM

(T-Lympho bl ast oi d), H/9

HeLa (fibroblast) and HEL

(T -L y m p h o b l a s t o i d ),

(erythroleukaemic).

Although

differences in restriction fragment sizes could be seen
between these cell lines,

the results were consistent with

those found in K562. Differences in banding patterns were
all explicable as changes in the methylation state of the
recognition sites for the enzymes used in mapping.
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1.4kb
AvaH

lkb
EcoRI-Xbal

£

CAl
J ~ k ------------ * T
C M Xhol
Xbol

Xhol

2.3kb
EcoRI-Clal

1.5kb
EcoRI-Clal
BamHI

V V
m

h

—

?

15

s Sstll C M
\(x6)

'

_______ CA2

2.8kb
EcoRI-Hindni
Xhol

■■■■■■■

^

* ------------------- P ..... ..........
EcoRI

EcoRI

Fig. 5.2 Diagram of probes used for PFGE mapping. The CAl, CA2t CA3
genes together with the relative positions of the nucleic acid probes
(denoted by bars above the genes) used in the mapping experiments shown
in Figs. 5.3-5.5. The extent of the transcribed regions (position of
exons not shown) is shown by open boxes with arrows indicating the
direction of transcription. All the restriction enzyme sites shown have
been mapped in recombinants, and only those sites relevant for the
mapping work presented here have been shown.
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5 .2 PFGE to map

5.2.1
CAl

CAl, C A 2 and

Determining

CA3

the order of the genes:

CA3

lies b e t ween

and C A 2 .

Fig.

5.3

shows

the results of sequential

hybridisations

to Sail,

genomic

specific

probes

Avail and

C A 3 2.8

Sail fragment
Clal probe,
fragment

for

Cial d i g ested DNA with

C A l , C A 2 and

CAl

1.4 kb

kb EcoR I - Hind 111 probes detect a common

while the

C A 2 and

(110 kb) w h ich
these

a d i f f erent

1 2 3

CAl
1.4A v a il

indicate that

sites.

kb ScoRI-

detect an Xhol
CAl

CA3

from C A 2 by one or more

from CAl by one or more Xhol

MS a X C

C A 3 probes

C A 2 1.5

is not d e t ected by the

findings

C A 2 , separated

probe detects

The

CA3.

(170 kb) not d e t ected by the

Taken together
CAl and

Xhol and

So u t h e r n blot

probe.

lies be t w e e n

Sail sites and

In addit i o n each gene

Cla I fragment.

4 5 6

MS a X C

CA2
1. 5Eco- Cla

7 8 9

H S a X C

CA3
2 .8Eco-Hind

Fig. 5.3 Determining the order of the CA genes. Southern transfer of a
pulsed-field gel sequentially hybridised with probes for C A l , C A 2 and
C A 3 (see Fig. 5.2 for probe details). DNA was digested with Cial (C),

Sail (Sa), or Xhol (X). Lambda concatamer markers (M) are sized in kb.
C A 3 shares a common Sail fragment with CAl (lanes 1 and 7) and a common

A'hol fragment with C A 2 (lanes 5 and 8).
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5.2.2 The relative orientation of the genes:

CAl is

transcribed away from, and in the opposite direction to CA2
and CA3.

Mapping of recombinant clones

(Chapter 4) shows that a

single ClaI site exists in the CAl gene
probe

(1.4kb Avail)

(see Fig.

5.2). A

for the 5 ’ end of the gene detects a

Clal fragment of about 80 kb (Fig.

5.3,

lane 3) while a probe

(lkb EcoRI-Xbal) which lies 3 ’ to this site detects a band of
over 200 kb in size (Fig.

5.4A.,

lane 1). Since neither of

these fragments are detected by the CA2 or 3 probes,

and the

ClaI fragment extending 3 ’ to the ClaI site in CAl is larger
than the maximum distance apart of these genes,

CA2 and 3

must be located upstream (5 ’ ) of CAl and separated from it
by 80 kb or more.
Orientation of the CA2 gene relative to CAl and CA3 was
made possible by the identification of a Sail site between
CA2 and 3 (see above) and a Clal site at the 5 ’ end of the
CA2 gene. This

Clal site lies within the region cloned and

used for probe preparation (see Fig.
lying 5* to this Clal site

5.2).

The CA2 probe

(2.3 kb F'coRI-Clal) detects a Sail

site 10 kb upstream of the promoter (Fig.

5.4B)

in double

digests using Sail together with Clal (or S a m H I , or Sstll,
sites for which lie close to the Clal site in the
recombinant).

This probe also detects the same Clal-Xhol

fragment as the CA3 probe

(see Fig.

5.5). The probe

(1.5 kb

ScoRI-Clal) lying 3 ’ of this Clal site on the other hand fails
to detect a Sail site downstream of the gene,

and hybridises

to a Clal-Xhol fragment not detected by the CA3 probe.

These

data confirm the observation of Venta et al, (1987) that CAl
(and from this study CA3) lies 5* to CA2.
The relative orientation of CA3 was determined using an
Xhol site lying 5 kb upstream of the transcription start
site which had been mapped in recombinant clones
Edwards,

personal communication).

(Y.

Since the ability of the
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Fig. 5.4 Determining the orientation of the genes. A: Southern transfer
of pulsed-field gel hybridised with a CAl probe (1 kb EcoRI-Xhal ) lying
3’ to the single Clal site in the gene. The 200 kb Clal fragment seen in
lane 1 is larger than the maximum separation between the genes and does
not

contain either C A 2 or C A 3 which lie on smaller fragments (see Fig.

5.3). Lanes 3 and 4 contain double digests of Clal together with Sail or
Sstll, and show the position of these sites downstream of C A l . Panel B:
Southern transfer of standard and pulsed-field gels hybridised with C A 2
probes lying 5 ’ (2.3 kb EcoRI-Clal) or 3’ (1.5 kb EcoRI-Clal) to the
single Clal site in CA2. Lanes 1-4 and 7-9 probed with 5 ’ probe, lanes
5, 6 and 10-12 probed with 3* probe. Double digests with Sail together
with either BamRl

(lane 2), Sstll (lane 4) or Clal (lane 9) using the 5’

probe detects a Sail site 10 kb upstream of the gene. This site lies
between C A 2 and C A 3 (see Fig. 5.3). No site is detected using the 3 ’
probe (lanes 6 and 12). Panel C: Southern transfer, hybridised with a
C A 3 probe (2.8 kb EccMl-Hindl 11), of DNA from several cell lines

digested with EcoRI and Xhol. The parental EcoRI fragment of 7 kb (lane
1) is reduced in size by Xhol, indicating that the single Xhol site (5kb
upstream of the gene) identified in C A 3 recombinant clones is
susceptible to digestion
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so-called rare-cutter restriction enzymes used in this work
to digest DNA is affected by DNA methylation state, digests
were carried out to show this site was in fact being cut in
the cell line used in this work (K562). This is shown in
Fig.

5.4C in which a number of different cell lines have

been digested with EcoRI and Xhol, Xhol reducing the EcoRI
band from 7 to 5.2 kb. Having established that this site is
indeed susceptible to digestion,
common Xhol fragment,
downstream

and that CA2 and CA3 share a

it becomes apparent that CA2 lies

( 3 5 ) of CA3,

5.2.3 Distance separating the genes.

The distance between the CAl and CA2 genes can be
determined from the size and termini positions of the Sail
fragment on which

both CAl

and CA3 lie.One end of

this

fragment has been

shown to

lie between CA2 and CA3

10 kb 5*

to CA2 (see above).

The other end of this fragment,

lying

approximately 70 kb 3* to the ClaI site in the CAl gene,

can

be detected with a Clal/Sall double digest using probe CAl lkb
EcoRI-Xbal

(Fig.

5.4A,

lane 3). This data provides an

estimate of about 110 kb as the distance between the two
genes. A similar figure is arrived at from calculations
based on the size

of a 200

contains both CAl

and 3 sequences

not shown).
fragment,

kb Sstll fragment which
(Fig. 5.4A,

also

lane 6 and

data

This fragment is roughly co-linear with the Sail

one end lying slightly further 3 ’ to CAl than the

Sail site (compare lanes 3 and 4, Fig.

5.4A), while the other

end lies near the promoter of CA2 (within the region cloned
in H 2 5 - 3 . 8 ) .
The distance between CA2 and CA3, can be determined by
making use of the Cial site in CA2 and the Xhol site in CA3
to fix the position of these genes using a Clal/Xhol double
digest. However while carrying out this work it became
apparent that there were certain anomalies in the sizing of
these fragments.

For example the Xhol fragment detected by

CA2 and CA3 probes has an apparent size of about 110 kb (Fig.
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5.3,

lanes

Clal

and the

probes

5 and 8).

apparent

fragment can be s u b d i v i d e d with

fragments p r o d u c e d h y b r i d i s e d w i t h the two

(2.3 kb EcoRI-Clal

a Clal site

which,

This

(see

and

1.5 kb EcoRI-Clal)

for example Fig.

size of both these bands

when

parental

summed together,
fragment.

Xhol

c ons i d e r i n g
containing

5.4B,

is greater

e x c eeds

the smaller

and

s e p arated

7 and
than

10).

Similar pr o b l e m s arose w h e n

C A 3 sequences.

This

of the

Sail band

sug g e s t e d

that either

fragments have an a b e r r a n t l y low mobility,
have an a b e r r a n t l y high m o b i l i t y

this e l e c t r o p h o r e t i c

system.

workers

(R.

suspected
differed

Since the

size of the

in good agreement w i t h est i m a t e s
Tashian,

personal

the case,

used to size the

C lal-Xhol

end of C A 2 and

showed that

sized below 50 kb

(Fig.

M

in

Sail

c o m m u n i c a t i o n . ) it was

of the m o l e c u l a r

w hether this was

or

from other

that the mo b i l i t y of the smaller DNA
from that

The

60 kb

the larger f r a g ments

fragment was

by

the size of the

the sizes of s u b - f r a g m e n t s
CAl

lanes

CA2

fragments

size markers.

a conventional

(unpulsed)

fragm e n t c o n t a i n i n g
indeed this

To test
gel was

C A 3 and

fragment

the

5’

should be

5.5).

C+X C

M

C+X

50 f t
30

M fc

<

Fig. 5.5 Comparison of fragment sizes in PFGE and unpulsed gels.
Southern transfer, probed with C A 3 2.8 kb EccR I- Hin dl 11. The gel on the
left shows a Clal and Clal,Xhol digest separated on an unpulsed 0.5%
agarose gel. The right hand gel shows a similar Clal/Xhol digest
separated by FIGE. The Clal,Xhol band which appears to be 60kb using the
field inversion system is sized at about 40 kb using an unpulsed gel.
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In pulsed field gels,

migration of restriction enzyme

fragments has previously been reported to be slower than
expected in regions of high local DNA concentrations
(Michiels et al, , 1987 ). This phenomenon probably accounts for
the anomalous running positions of the smaller fragments
seen using our field inversion system.
The map shown in Fig.

5 has been drawn taking the above

considerations into account.

It is assumed that there are no

additional sites for either ClaI or Xhol between CAl and CA3
i.e. that the Xhol and Clal fragments containing the 5 ’ end
of CAl (Fig.

2, lanes 2 and 3) abuts the fragments

containing CA3 (Fig.

2, lanes 8 and 9). Although the

possibility of extra sites between these genes cannot be
discounted,

the size constraints within which identified

fragments have to be fitted and the relative rarity of these
sites would seem to make this unlikely.

5.3. Summary of PFGE mapping data
The genes lie in the order CA2, CA3, CAl, with CA2 and
being transcribed in the same direction,

away from CAl,

which is transcribed in the opposite direction.
relatively close together,

with a gap ofabout 20

the 3* end of CA3 and the 5* end of CA2.

CA3

CA2 and 3 are
kb

between

CAl lies further

away with the 5 ’ end of CAl lying about 80 kb from the 5 ’
end of CA3 (the distance between the coding regions of CAl
and CA3 is in fact over 110 kb because of the large intron
in the 5 ’ leader of CAl),

It is not known how these genes

lie on the chromosome in terms of centromere/telomere
or ientation.
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Fig. 5.6 Map of the human carbonic anhydrase locus located on the long
arm of chromosome 8 (8q22). The three genes found at this locus - CAl, 2
and 3 - are indicated by black boxes, with arrows indicating the
direction of transcription. The distances between the genes are shown
below the map (sizes in kb). Letters indicating the sites for various
enzymes are: C, Clal; X, Xhol; Sa, Sail; Ss, Sstll. All the sites shown
are those susceptible to digestion using K562 cell-line DNA, but may be
resistant to digestion in other cell types. Those sites which have been
mapped in recombinant clones are marked with an asterisk. The distances
between selected sites are shown above the map.
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CHAPTER 6: METHYLATION ANALYSIS OF THE CA GENES

6.1 Notes on cell lines and methodology.

This chapter presents data on methylation states of CpG
dinucleotides in and around the CAl gene. As described in
Chapter 1, the methylation state of cytosine in CpG
dinucleotides can vary from cell type to cell type, usually
with a lower level of methylation found in the cell type in
which the gene is active

(Cedar,

1988). Analysis of the

methylation state of DNA in human erythroid cells is
hampered by the nature of the source material.

Nucleated

erythroid cells are found only in small numbers in the bone
marrow of adults,
difficult.

making studies on in vivo material

A number of workers have however used

erythroleukaemic cell lines to study methylation patterns
the vicinity of the globin genes.

in

These studies have largely

supported the notion of hypomethylation being associated
with gene expression (Bird et al, , 1987b; Enver et al, , 1988a).
Two cell lines in particular are of interest with regard
to analysis of erythroid CAl expression,

the HEL-92 cell

line (Martin and Papayan nop ou lou , 1982) and the K562

(S A 1 )

cell line (Spandidos 1984). These cell lines appear to mimic
different developmental stages of erythroid tissue. HEL
cells express both CAl and low levels of |3-globin and for
this reason may be considered to have a foetal/adult
phenotype

(Enver et al. , 1988b).

K562 cells on the other hand

express neither CAl or ft-globin, but do express foetal and
embryonic globins and are considered to represent an earlier
foetal or foetal/embryonic stage of development
1980; Enver et al. , 1988b).

(Benz et al, t

It has been shown that the lack of

ft-globin in K562 cells can be overcome by fusion with the
MEL C88 mouse erythroleukaemic cell line which has an
"adult” phenotype
1986) and,
clones,

(Wright et al, , 1983; Baron and Maniatis,

subsequent to the isolation of CAl recombinant

the same phenomenon has been shown for CAl (Brady et

al, , 1990).

In these short term fusion experiments

(transient
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h e t e r o k a r y o n s ), nuclei do not fuse,

and this trans

activation suggests that CAl and 13-globin genes in K562 are
responding to developmental stage specific trans-acting
factors.

By contrast the non-erythroid HeLa cell line (Gey et

al. , 1952) does not show this type of trans-activation (Brady
et al. , 1990; Baron and Maniatis,

1986) and so it might be

considered that in some way the CAl and 13-globin genes are
poised for expression in K562 cells,

perhaps by having a

suitable chromatin conformation.
The experiments below were therefore largely concerned
with comparing the methylation state of CAl in HEL and K562
cell lines. Other cell lines have also been examined
including the HeLa cell line and other non-erythroid cells,
although not in the same detail.
Methylation state was determined by restriction digests
and Southern blot analysis using the enzyme HpaII which
recognises the sequence C C G G . Methylation of the cytosine in
the central CG doublet renders this site insensitive to
digestion by Hp a l l , making the site "invisible" on Southern
analysis.

The Hpall isoschizomer MspI is insensitive to

methylation and can be used to disclose the position of
HpaII sites independent of methylation state.
In addition to this examination of CAl some information
regarding methylation states of the whole region round the
CAl, 2 and 3 genes became available as a by-product of the
PFGE mapping experiments described in Chapter 5. This data
is described in Section 6.3.

6.2 Methylation analysis of CAl
Figs 6.1 to 6.4 show the results of experiments carried
out to determine the methylation states of HpaII sites along
the length of the CAl gene. These experiments used Hpall
single digests and/or Hpall + Kpnl and Hpall*Sstl double
digests.

In each figure is a map of the region examined with

relevant restriction sites shown. The map positions

(in kb)

in these figures are the same as those shown in the Appendix
figure A l . Each of the HpaII sites analysed has,

for
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convenience,

been designated a letter code (A to 0) and the

positions of these within the CA1 gene is shown in the fold
out Appendix Fig. A 2 . This figure also shows the location of
the probes used in this work and should be used in
conjunction with figures 6.1 to 6.4.

6.2.1 Methylation patterns at the 5* end of CA1.
Methylation at the 5 ’ end of the CA1 gene was studied by
probing Southern blots of Hpall digests with a 1.4 kb Avail
genomic fragment from 1 kb upstream of the erythroid
promoter.

Four Hpall sites lie in this region A1 and A2 at -

4.75 and -4.5 and B1 and B2 at +1.25 and +1.5

(see Fig.

6.1). Analysis was carried out on DNA from two
erythroleukaemic cell lines,

K562

(non-CAl-expressing) and

HEL (CAl-expressing), together with a number of nonerythroid lines:
cell,

L. Goff,

Hospital,

CEM (pre T-cell,

Foley et al, , 1965), H9

Department of Haematology,

personal communication),

al. , 1952 ) and SW480

University College

HeLa (fibroblast,

(colon carcinoma,

(T-

Gey et

Leibovitz et al. ,

1976 ) .
In Hpall single digests

(lanes 1-6) it was found that HEL

DNA appeared to have the highest level of methylation,
producing high molecular weight bands

(>25 kb, lane 2). DNA

from K562 and CEM showed multiple bands indicating partial
methylation while the other cell lines

(lanes 3, 4, and 6)

appeared to be completely demethylated producing a band size
the same as that produced by MspI

(lane 7). These single

digests were not informative as to the pattern of
methylation at individual sites and more information was
generated by double digests.
Digestion with Hpall+Kpnl allows analysis of sites B1 and
B2 downstream of the probe while Hpall + Sstl digestion allows
analysis of sites Al and A2 upstream.
analysed in this way.

Only K562 and HEL were

In K562 DNA all four sites were

partially methylated since bands corresponding to digestion
at each Hpall site can be detected as well as the parental
Kpril and Sstl bands

(lanes 10 and 11).
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Fig. 6.1 Hpall analysis of methylation states at the erythroid promoter.
A: Southern blot of DNA digested with Hpall

(Hp), MspI (M), K p n l

(K)

or SstI (S) as indicated and hybridised with the 1.4kb ,4vaII fragment
probe. Lanes 1-6 show Hpall digests of DNA from the K562, HEL, HeLa, H9,
CEM, and SW480 cell lines. Lanes 10-13 double digests of K562 and HEL
DNA. Lanes 7-9 show placental DNA digested with the methylation
insensitive Hpall isoschizomer MspI (together with Kpnl or MspI as
indicated). The arrowed bands in lanes 10 and 11 correspond to the
fragments labelled in B. The highest bands in these two tracks are the
Kpnl

(7.0kb) and SstI (8.5kb) fragments.

B: Map of the region around the erythroid promoter with particular
fragments produced in the digestions indicated by lines below the map
(not all fragments are indicated). The map positions are those of Fig.
Al. Only H p a l l , Kpnl and SstI sites are shown.
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In HEL DNA the upstream sites Al and A2 are completely methylated and
onlythe Kpnl fragment is detected in Hpal l+Kpnl digests (lane 12) while
the downstream site B1 is completely unmethylated, producing a fragment
size in Hpall + Sstl digests (lane 13) identical to that of MspI +SstI
(lane 9)

6.2.2 Methylation patterns within the large intron and at exon lc.

Spall sites C, D and E lie 2.3, 9.3 and 10.4 kb downstream of the
erythroid promoter, within the large intron. Methylation at these sites
was assessed using a 1 kb Hindlll-Xbal probe which covered site D (Fig.
6.2). As in Fig. 6.1 Spall single digests of K562, HEL, HeLa, CEM, H9
and SW480 were analysed as well as double digests of K562 and HEL.
In single digests HEL DNA appears to be highly methylated producing a
high molecular weight band, CEM DNA is partially methylated producing
multiple bands, while HeLa, H9 and SW480 DNA are unmethylated producing
a band size identical to that seen in MspI digests (lane 7). K562 DNA
which was partially methylated at sites Al, A2, B1 and B2 also appeared
to be largely demethylated although some faint high molecular weight
bands could be seen (lane 1). Double digests of HEL DNA (lanes 12 and
13) failed to detect demethylation at any of sites C, D or E or at any
sites downstream of the probe up to 16 kb 3* to exon la.
The region around the colon promoter was analysed using a 0.8 kb
EccMl probe from 0.3 kb upstream of exon lc. Hpall site J lies within
this probe with site I positioned 0.8 kb upstream of this and site K 3.5
kb downstream, close to exon 2 (Fig. 6.3). K562 DNA shows no sign of
methylation at any of these sites and Hpall digestion (lane 1) gives the
same fragment sizes as those seen in MspI digests (lane 3). HEL DNA, as
found previously, is highly methylated and in Hpall+Kpnl and Hpall +Sstl
digests only bands corresponding to Kpnl or SstI fragments were detected
(lanes 7 and 8). These Kpnl and SstI fragments are large (22.5 and 16
kb) and show that in DNA from this cell line no Hpall sites are cut in
the region from 15 kb 5* of exon lc to close to exon 6. Other data (not
shown) also indicated, as found in analysis of other sites, that CEM DNA
was partially methylated in this region while DNA from HeLa and H9 was
completely digested. The methylation state of SW480 could not be
determined.
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Fig. 6.2 Methylation analysis within the large intron of CA1. Sites

C,

D and E analysed using the lkb Hindi 11-Xbal probe. Details of the figure
are the same as those in Fig. 6.1. Lanes 1-6: Hpall digested DNA from
the cell lines K562, HEL, HeLa, H9, CEM and SW480. Lanes 7-13: Double
digests of K562 and HEL DNA using Hpall together with Kpnl or SstI . The
position of the Kpnl and SstI fragments is shown to the side of the
figure. The arrowed bands are those shown in the map beneath. The small
fragment created by digestion at sites D and E cannot be seen on this
blot, but is detected in experiments where the gel is not run as far as
shown here (data not shown). The strong band of 8 kb in size seen in the
CEM digest (lane 5) may indicate partial digestion at site D.
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6.3 Methylationanalysis ofthe regionaround exon

cell

DNA digestedwith

Hpall (lanes

1 and2)

lc. K562 and HEL

alone orwith

April (lanes

5 and 7) and SstI (lanes 6 and 8). Lanes 3 and 4 are K p n I + M s p I and
Sstl+Mspl controls. The probe used was a 0.8 kb E cd RI fragment lying

just 5 ’ to exon lc allowing analysis of sites I, J and K. All other
details as Fig. 6.1. The large fragments detected in lanes 7 and 8 close
to the 21 kb marker are the sizes expected (from recombinant mapping)
from Kpnl and SstI digests (22 and 16 kb).
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6.2.3 Methylation patterns at the 3 ’-end of CA1,

HpaII + Kpnl and Hpall + SstI digests of DNA from K562 and HEL
cells were hybridised using a 0.7 kb Hindlll-Rsal probe
covering exon 7 and extending

into 3 ’-flanking sequence.

Three Hpall sites were analysed in this way,

sites M and N

lying between exons 5 and 6 and site 0 lying 4.2 kb
downstream of exon 7 (see Fig.

6.4).

K562 DNA is completely unmethylated at site O and
produces a 5.2 kb fragment
(Fig.

6.4,

(band 1) in Hpall+Kpnl digests

lane 3). Site N upstream of exon 6 is partially

methylated and allows the fragment produced from digestion
at sites M and O to be seen in the Hpall+SstI digest
lane 4). Site M appears to be completely digested,
unmethylated,

(band 4,
i.e.

and no fragments can be detected above band 4.

In HEL DNA site O is partially methylated and the .Kpnl
fragment

(band 2 in lane 4) can still be detected in

tfpall+Kpnl digestion.

Sites M and N are completely

methylated and the 14 kb SstI band

(extending almost to exon

3) is seen in Hpall + SstI digests as well as a slightly
smaller band formed by partial digestion at site 0.

6.3 Summary of CA1 methylation analysis

The pattern of methylation in the cell lines examined is
shown in Fig.

6.5. A wide variation in methylation level

ha^e been found in the various cell types examined. HEL

X

cells express CA1 and it was anticipated that these cells
would have a generally lower level of methylation in the CA1
gene.

The results shown above however demonstrate that,

general,

in

the CA1 gene is very highly methylated in this cell

line and that most Hpall sites cannot be digested. Only two
exceptions to this pattern were found. One site

(Bl) lying

about 1.5 kb downstream of exon la is completely
demethylated

(the neighbouring site 0.25 kb 3 ’ to this may

also be demethylated but this could not be determined).
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The second site which shows demethylation (showing partial
digestion)

in HEL cells is site 0 at the 3 *-end of the gene

4kb from exon 7. Unfortunately the lack of Hpall sites in
critical areas round the promoter and 3 ’-flanking region of
the gene did not allow more detailed examination of what may
be demethylated regions rather than single sites.

Indeed the

general paucity of Hpall sites in CA1 may well have prevented
disclosure of other demethylated areas.
K562 cells which are considered to have a foetal
phenotype show partial DNA methylation at/iof the Hpall sites
examined, with multiple bands produced on Southern blots.
There was no obvious relationship between the methylation
patterns seen in K562 and HEL cells i.e.

sites which showed

lower methylation levels in one cell line were not those
with lower methylation levels in the other.
All the non-erythroid cell lines showed little or no
methylation of the Hpall sites close to the CA1 probes used.
The exception to this was the pre-T-cell CEM cell line which
showed partial methylation at most sites,

and appeared to

show a higher level of methylation than K562 DNA.
Since most of these cell lines showed digestion of Hpall
sites in a way which implied complete demethylation over
tens of kb,

it was clearly of interest to know whether this

was a general phenomenon or localised to the CA1 gene. This
is investigated in Section 6.3.
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6.3 Methylation states of the other CA genes and in non-cell
line DNA.

Although no comprehensive survey of the methylation state
of the other CA genes has been carried out in these cell
lines,

some information can be derived from the physical

mapping experiments described in Chapter 5. The restriction
enzymes used for PFGE analysis

(of mammalian cells) contain

CG dinucleotides within their recognition sequences and are
susceptible to inhibition by methylation of cytosine.
Because of this,

PFGE analysis,

of necessity often has to

address the question of DNA methylation since changes in
methylation state can complicate analysis of such data.
Chapter 5 has described the location of rare cutter sites in
the CA locus and Appendix Fig. A3 shows a slightly more
comprehensive map of these sites.

These sites have been

designated numbers and are referred to as RC1 to RC18.
Difficulties in obtaining accurate sizes of fragments in
PFGE analysis hap already been mentioned in Chapter 5 and,
from other r e p o r t s ^ a p p e a r s to be a common problem (Chen et
A

ah , 1988; Michiels etah , 1987).

For this reason the

fragment sizes given in this section should always be
regarded as apparent and may differ considerably from the
actual fragment size.

For example the ClaI band detected with

a 5 ’-CA1 probe seen in lane 3 of Fig.

6.8 appears to be

about 140 kb, but has been shown in other experiments,

for

example those shown in Chapter 5, to run at around 100 kb
and is probably slightly smaller than this.

The position of

some of the sites shown in Fig. A3, which may only have been
detected in one or two experiments,
regarded as provisional.

should therefore be

This is especially the case for

those sites lying downstream of CA2.

XT
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6.3.1 Variation in methylation patterns between cell lines

All of the cell lines examined in section 6.2 have been
analysed,

to a greater or lesser extent, with pulsed-field

gel analysis.

These experiments have been carried out

principally with the enzymes Clal, Sail, Sstll and Xhol
although the enzymes SmaI, Mlul and NaeI have also been used.
The results shown in Figs 6.6 to 6.11 illustrate particular
features of this work,

and the overall results are

summarised diagrammatically in Fig.

6.12.

One of the first indications that methylation patterns at
rare cutter sites varied dramatically from cell line to cell
line came from a comparison of fragment sizes obtained by
digestion of HEL DNA and K562 DNA.

K562 DNA shows fragment

sizes of 80 to 280 kb with single digests of Clal, Nae I, Sail,
Xhol,

Sstll (Chapter 5) and Mlul (data not shown) when probed

with a fragment from the 5 ’-end of CA1,
The results obtained with HEL DNA were very different
(Fig.

6.6). No bands were produced from either the Sail or

Mlul digests, while the Clal fragment of 300 kb (lane 1) was
much larger than that detected in K562 Clal digests
kb).

In K562 DNA,

(80-100

5 ’- and 3 *-end CA1 probes detect different

Clal fragments whereas re-probing of the blot of HEL DNA
shown in Fig.
bands,

6.8 with a 3 1-CA1 probe did not detect any new

indicating that the Clal site in CA1 (RC12) was not

being digested.
Clal digests were also carried out on CEM, H9, HeLa, K562
and HEL DNA and hybridised with probes for CA1 and CA3. As
can be seen in Fig.

6.7A, HEL DNA stands out as producing a

higher molecular weight band than the other cell lines when
probed with CA1 (lane 2). By re-probing this filter,
determined that the smaller bands,

it was

seen in all cell lines

but HEL, were the products of digestion at RC10 and RC12.
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Fig. 6.6 PFGE analysis of HEL DNA. DNA was digested with Clal, Sail,
Sstll, M l u l , or double digests and hybridised with the 1 kb Hindlll-Xbal
fragment from CA1. Only high molecular weight smears are seen for either
Sail or Mlul digests while the Clal fragment is substantially larger than
that produced in K562 digests. All the fragments seen here are also seen
when probed with a 5 ’-end probe for CA1 whereas different Clal fragments
are detected in K562 DNA using 5’ and 3 ’-end CA1 probes.
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Fig. 6.7 Clal digests of CEM, HEL, HeLa, H9 and K562 cell line DNA
hybridised with CA1 and C A 3 probes. A: blot was probed with CA1 lkb
Hindi Il-Xbal

probe lying 5 ’-to the Clal site in the CA1 gene (RC12). HEL

DNA shows a clear difference to the other cell lines producing a band
size of over 300 kb (lane 2) while all other cell lines give apparent
fragment sizes of between 100 and 150 kb.
B: The same blot has been hybridised with a probe for C A 3 and shows
that although the same HEL band (lane 2) is detected with this probe,
all other bands are different, with CEM and H9 giving notably higher
fragment sizes than K562 (280 and 250 kb faint bands in lanes 4 and 5).
This gel also demonstrates the variation in mobility seen between
different DNA samples of the same cell line for example lanes 6, 7 and 8
both contain K562 DNA while lanes 1 and 9 are HeLa samples. In each case
samples with lower DNA concentration show greater mobility.
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When this filter was re-hybridised with a probe for the
5*-end of CA3 (2.8 EcoRI-Hindlll) an interesting difference
was noted from the results obtained using the CA1 probe.
Whereas all the cell lines

(HEL excepted) appeared to give

similar digestion patterns with the CA1 probe,

the CA3 probe

showed a more heterogenous fragment pattern, with CEM and H9
(lanes 4 and 5) in particular showing larger Clal fragments
than K 5 6 2 .
CEM and H9 were explored further to see how the
methylation state of the rare-cutter sites round the CA2
gene may vary. A Xhol site (RC9) lies 5 kb upstream of the
CA3 promoter and it was known that this site was digested in
all cell lines except HEL (see Chapter 5, Fig.5.4c).
of this,

Because

Xhol digests could provide a defined fragment end,

allowing analysis of the region downstream of the CA3 gene.
Fig.

6.8 and 6.9 show comparative digests of K 5 6 2 , H9 and

CEM DNA probed with CA1 and CA3 probes.

In Fig.

6.8 X h o l ,

Ahol + Clal, and Xhol + Sall digests of K562 and H9 DNA show
identical bands when probed with the CA1 1 kb Hindi 11-Xbal
probe,

suggesting identical methylation patterns in this

region (compare K562 lanes 1, 2, and 3 and their
corresponding digests using H9 DNA in lanes 5, 6 and 7).
Hybridisation with CA2 (arrowed bands in Fig.
larger fragment sizes from the Xhol digest

6.8 B ) produces

(lanes 1 and 5)

and the Xhol + Clal digest of H9 DNA (lanes 2 and 6) indicating
that the Xhol site downstream of CA2 (RC3)

and the Clal site

close to the CA2 promoter (RC5) are poorly digested.

The

faint multiple banding pattern seen in the Xhol + Clal digest
(also seen with CA3 probes see Fig.

6.9) is probably caused

by partial Clal digestion at RC4 and RC5.
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Fig. 6.8 Comparative digests of K562 and H9 DNA1 digested with Xhol,
Xhol + Clal, Xhol + Sall. A: blot hybridised with CA1 1 kb Hindlll-Xbal

fragment showing the same band size produced in each cell line. Lanes 4
and 8 are not comparable (BamHl and Clal digests). B: The blot has been
re-hybridised with C A 2 3.8 kb EccMl fragment without removing the first
probe and novel bands are indicated by arrows. Comparison of the Xhol
digests (lanes 1 and 5) shows that RC3 is scarcely digested in H9 DNA
producing a faint band of 100 kb (lower arrow lane 5) while the major
band detected is 175 kb in size. Xhol+Clal digest of H9 DNA (lane 6)
produces several faint bands most of which are larger than that seen in
the K562 digests showing partial digestion at RC5.
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That these alterations in banding pattern are due to
changes in methylation state (rather than for example
deletions or insertions in the different cell lines)

is

supported by the finding that the Xhol+Sall digest gives the
same band size (80 kb) in both cell lines and that a faint
band can be detected in the H9/XhoI digest

(lower arrow,

lane 5) corresponding to a low level of digestion at R C 3 .
A similar experiment to that shown in Fig.
in Fig.

6.8 is shown

6.9, with CEM, H9 and K562 DNA digested with Xhol

and Xhol plus Clal, Sail or Sstll. When hybridised with a
probe for the 5 ’-end of CA1, all three cell types give the
same size Xhol fragment (90 kb).

Since the mapping data

showed there to be a Clal site 5 ’ of the CA3 gene it would be
expected that the Xhol + Clal digest should be slightly smaller
than the Xhol fragment.

This can be seen as a slight

increase in mobility for the K562 and H9 digests

(lanes 6

and 10). This was not seen in lane 2 due to aberrations in
the g e l ).
Hybridising the same blot with a CA3 probe
demonstrates that CEM DNA,

(about 175 kb in

In CEM DNA both the Clal and Sstll sites close to CA2

(RC5 and R C 6 ) are methylated
site is unmethylated,
the K562 digest

(lanes 2 and 4) while the Sail

producing the same fragment size as

(lanes 3 and 10). H9 DNA is unmethylated at

the Sstll and Sail sites
Fig.

6.9B)

like H9 DNA is methylated at R C 3 ,

producing a larger Xhol fragment than K562
size).

(Fig.

(RC6 and R C 8 ) close to CA2 and as in

6.8 produces faint multiple bands from the Xhol + Cial

digest (lane 6).
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Fig. 6.9 Comparative digests of CEM, H9 and K562 DNA digested with A'hol,
Xhol + Clal, Xhol + Sail and XhoI + Ss£I I. A: Hybridisation carried out using

probe CA1 1.4 Avail. All three cell lines demonstrate the same digestion
pattern but note aberration in gel around lane 3 and 4. B: The same blot
hybridised with

C A 3 2.8 E ccMl-Hindlll . Several faint bands are detected

in the Xhol+Clal digests of H9 DNA (lane 6, not visible in this figure)
and one of these is the same as that seen in the Xhol + Clal digest of CEM
DNA (lane 2) but no band was detected of the same size as that produced
in K562 Xhol + Clal digests.

142
6.3.2. Methylation of the CA genes in DNA from non
transformed cells

Figs.

6.10-6.11 shows some of the experiments carried out

using DNA from sperm and white blood cells

(W.B.C.).

Although detailed mapping was not carried out,

it was clear

that both sperm and white blood cell DNA demonstrate a
generally high level of methylation.
In Fig.

6.10 DNA from sperm,

K562 and HEL cells has been

digested with Clal, BscI (an exact isoschizomer of Clal), Sail
and Sstll. As described for HEL digests,

no fragments could

be detected from Sail digestion of the sperm DNA.

This

suggests that no two demethylated Sail sites exist in this
region within the resolving power of the PFGE system used
(700-800 kb). Again,

as with HEL digests,

probes for CA1 and

CA3 both detect the same 300 kb Clal fragment
6.10C lanes 1 and 2),

(Fig.

6.10A and

indicating that the Clal site within

CA1 (RC12) and close to CA3 (RC10) are resistant to
digestion.

That these 300 kb Clal fragments from both sperm

and HEL terminate at RC5 in the promoter of CA2 is
demonstrated in Fig.

6.10B.

In this panel the blot has been

hybridised with the 3.8 kb EcoRl fragment containing the Clal
site in the promoter region of CA2 (RC5) and two bands are
seen in both sperm and HEL Clal digests

(lanes 1,2 and 9,10).

All three cell types generate Sstll fragments of
approximately 200 kb which terminate in the promoter of CA2
(RC6 ).
The only other non-cell line DNA examined was that of
peripheral white blood cells.

It is particularly pertinent

to compare these cells to HEL and K562 since the various
white blood cell types and erythroid cells are derived from
a common haemopoietic progenitor cell pool,

and indeed HEL

and K562 cells share some characteristics of these nonerythroid cell types
1986).

(Gootenberg et al. , 1981; Villeval et ah ,
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Fig. 6.11 PFGE analysis of white blood ceil DNA. Peripheral blood white
cell DNA was digested with Xhol, Clal , Sail, Nael and various double
digests and hybridised with a CA1 probe (1 kb Hindi 11- X b a l ). Lanes 1
and 2 show K562 DNA digested with Cial and X h o l . All fragments detected
are larger than those found in K562 digests with the exception of the
Nael and Sstll digests which appear to be the same size. This and other

data (

) suggests that these two fragments are more or less

co-linear and it is proposed that one end of these fragments lie in or
near the C A 2 promoter, while the other lies less than 40 kb downstream
of CA1. No bands can be detected in either Clal (lanes 3 and 8) or Sail
(lane 4) digests.
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6.4.

Summary of results of methylation analysis.

Results
Fig.

6.12)

from the pulsed-field analysis

(summarised in

appear at first sight to suggest that the

methylation patterns described in Section 5.2 for CA1 extend
beyond this gene and into the area around CA2 and CA3, with
K562 and HeLa appearing to be completely demethylated but
with HEL cells selectively demethylated at particular sites.
The CEM and H9 digests however show that these cell lines
may have low levels of methylation in one region while other
regions are more highly methylated.

Despite this variation

between the cell lines it would appear that most of the cell
lines have a much lower level of methylation around this
gene cluster than either white blood cell or sperm DNA.
Unfortunately little is known about the expression
profiles of the various cell lines examined

(apart from what

has already been mentioned regarding CA1 in HeLa, HEL and
K562 cells).
CAIII

However,

since the distribution of CAI and

is restricted to a relatively small number of cell

types it seems unlikely that either CAI or CAIII would be
found in any of these cells.

It is more likely that the CA2

gene is active in some of these cells since this isozyme is
far more widely distributed and indeed the CpG-rich promoter
of this gene appears more typical of a housekeeping gene.
However it is known that CAII is not found in HeLa cells
(Shapiro et al, , 1987 ).
Both sperm and W.B.C.

appear highly methylated and show

demethylation at a few specific sites,
this respect.

resembling HEL DNA in

These sites are probably only those which lie

within CpG-rich demethylated regions.

The CA2 promoter is

one such region and examination of its sequence (Venta,
al., 1985b)

shows that several rare cutter sites,

et

including

Sstll and Nael and multiple Hpall sites are located here. No
other Sstll or Nae I sites have ever been detected in this
gene cluster apart from those in the CA2 promoter so it is
almost certain that the two fragments seen in the W.B.C.
digests are co-linear and probably mark another CpG-rich

DNAs

mark could not be definitively

resolvable

on the gels used.

to sizing difficulties, or because
fragments

due either

restriction

designated

(HEL, sperm, W.B.C.) did not produce

question

highly

methylated
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region 3*-of the CAI gene.

Similarly sized Sstll and Nael

fragments have also been found in K562 and HEL digests and
mapping experements using K562 DNA places these sites about
50 kb from the 3 ’-end of CAI.
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CHAPTER 7: DISCUSSION

This thesis has described several findings.

Firstly the

isolation and characterisation of reticulocyte cDNA clones
encoding human carbonic anhydrase I in which a heterogeneous
5 ’-leader was found. This was followed by the cloning and
characterisation of the human CAI gene during which it was
discovered that the 5 ’-ends of the cDNA clones were derived
from an erythroid specific promoter located tens of
kilobases upstream of the protein-coding sequence.

The

physical relationship of this gene to two other members of
the carbonic anhydrase gene family,
determined using PFGE.

CA2 and CA3, was also

Finally the methylation state of CpG

dinucleotides in and around the CAI gene was determined in a
number of cell types including those cell lines which had
been used for CAI expression studies by other members of the
research group.

7.1 Structure and transcription of the CAI gene

One of the most striking findings made during the course
of this work was the difference between CAI and the other
carbonic anhydrase genes characterised to date
Venta et al. , 1985;

(CA2 and CA3

Lloyd et al. , 1987 ), namely the presence of

a large intron (36.5 kb in size) which separates the
erythroid-specific promoter of the gene from the coding
sequence

(Chapter 4, Fig.

4.18). A number of other genes

have also been shown to have introns in the 5 ’-non-coding
region (see Leff et al. , for review). Although in most cases
such introns are relatively small the c-abl gene possesses an
intron of some 200 kb in its leader sequence (Bernards et al. ,
1987) and so clearly CAI cannot be considered unique in this
r e sp ec t.
Within this large intron, next to the coding sequence is
found a second promoter.

This more conventionally positioned

promoter is active in colon epithelia,

and is probably also

responsible for CAI transcription in the other non erythroid
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tissues where CAI is found.
Many genes are required to be active in more than one,
although not all cell types. This limited pattern of gene
activity has been shown to be adequately coped with by use
of a single promoter active in different cell types.

In this

instance the promoter may for example contain binding sites
for a number of different tissue-specific transcription
factors,

different sets of which would be important for

expression in different cell types

(Dynan,

1989). The

occurrence of two or more promoters in a single gene is not
however unique

(see Schibler and Sierra 1987 for review)

although the large distance separating the two CAI promoters
is unusual.

The porphobilinogen deaminase gene (P B G D ) for

example possesses two promoters,

one of which has a

housekeeping function, while the other,
in erythroid cells

like CAI, is active

(Chretien et al. , 1988).

The two promoters

in this instance are relatively close together separated by
only 3 kb with the erythroid promoter

(unlike CAI) adjacent

to the coding sequence.
It should be noted that although the exact distance of
the erythroid promoter from the colon promoter/coding
sequence in the mouse gene for CAI

(car-1) has not been

determined it is known to be at least 10 kb (Fraser et al. ,
1989).

In general it has been observed that intron size is

quite flexible,

and since the mouse and human lineages have

been separated for some 100 million years the maintenance of
a large intron may reflect some functional significance.

For

example the erythroid promoter may lie within another
chromatin domain from that of the colon promoter.
Investigation of this possibility,

or any other aspect of

non-erythroid expression would be facilitated by the
availability of a non-eythroid CAI expressing cell line.
It has already been mentioned in Chapter 1 that
individuals deficient in erythrocyte CAI appear to have no
overt clinical symptoms

(Kendall and Tashian,

1977) and it

would be of interest to see whether such individuals lack
CAI in other sites of expression such as colon. The distance
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of the erythroid promoter from the body of the gene would
clearly allow for a range of mutations in and around exon la
which would not affect the colon promoter.

Lack of CAI

expression in the red blood cell where CAII would be capable
of substituting for CAI activity would probably be of less
consequence than loss of activity in non-CA2 containing
sites.
The evolutionary origin of the CAI erythroid promoter is
a topic for speculation.

It may of course be possible that

this promoter results from a duplication or capture of a
pre-existing erythroid-specific promoter from another gene
rather than de-novo creation of a new promoter.

If this were

the case traces of a such a gene may be found within the
large intron such as open reading frames or sequences with a
higher than average G/C-content than normally found in
introns.

It might even be possible that another active gene

could be located in this region.

Experiments have not been

carried out to see whether any other transcripts can be
detected using probes from within this intron so this latter
possibility has not been tested.

Northern analysis using

oligonucleotide probes specific for exon la detect only CAI
message

(H. Brady personal communication).

This large intron also contains a small 54 bp exon (exon
lb) 10 kb upstream of the coding sequence

(Fig. 4.18) which

only appears in a minority of the cDNA species and could not
be detected in northern blot analysis using exon lb-specific
p r o b e s (Chapter 3, Fig.

3.8 to Fig.

personal communication).

3.10 and J. Sowden

The gene which most resembles CAI

in the possession of such an "optional" exon in the 5*leader sequence is the 3-hydroxy-3-methylglutaryl coenzyme A
synthase gene which gives rise to a small 5 *-untranslated
exon in approximately 50% of its transcripts.

In this

instance it has been suggested that the exon has a
functional role on the basis that it is conserved between
hamsters and humans

(Gill et al. , 1987 ) but no such occasional

exons have been reported in the mouse gene encoding CAI

(car-

1) (Fraser et al. , 1989) The production of occasional exons
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may simply be a reflection of the fact that, within an
intron of this size, more than one sequence capable of
acting

(albeit inefficiently)

as splice junctions would be

found.

The non-consensus splice site at the 3 ’-end of exon

lb may be responsible for the rarity of this exon since the
adjacent intron starts with a G C , rather than the almost
universal GT (Fig. 4.19).
intron/exon boundaries,

(In a survey of over 400

a GT at the 5 ’ end of the intron was

found in over 99% of the sites examined;

Padgett et al. ,

1986). Although the 5 ’-GT is almost invariant,

suggesting

that this sequence is required for efficient splicing,

it

may well be the case that other features of a splice
junction may reduce any stringent requirement for this
sequence.

Thus the cox 5b gene from S. cerevisiae, which

contains a 5 ’-GC in its most 5 ’ intron,

is unaffected in

terms of its splicing by being mutagenised to the consensus
GT sequence

(Hodge and Cumsky,

1989), while chicken and duck

a-globin genes which are required to be efficiently
expressed at high levels also possess 5 ’-GC-containing
introns

(Padgett et al. , 1986).

7.2 Evolution of the CAI, CA2, CA3 gene cluster.

The PFGE mapping work described in Chapter 5 has shown
the CA genes lying on the long arm of chromosome 8 to be in
the order CA2, CA3, CAI.
together,

CA2 and CA3 are relatively close

being separated by about 20 kb and are transcribed

in the same direction,

away from CAI. These two genes are

separated from CAI by some 80 kb and CAI is transcribed in
the opposite direction to the other two genes i.e. away from
CA2 and CA3 (Fig.

5.6). This is the first time this gene

cluster has been mapped in any species.
The three genes mapped in this study have existed as
distinct forms for over 300 million years,

being formed some

time between the divergence of the elasmobranchs
million years ago

(450

(m y a )) and the divergence of the amniotes

(300 mya). Comparison of the sequences of CAI, CA2 and CA3 at

both the protein and nucleic acid levels suggests that CA2
and CA3 are slightly more closely related to each other than
either is to CAI (Lloyd et a l . 1986., Hewett-Emmett and
Tashian,

1990). This suggests that the duplication event

which gave rise to CA2 and 3 (estimated to be 300-320 mya;
Fraser and Curtis 1986) post-dated the duplication giving
CAI and the CA2/3 ancestral gene although Hewett-Emmett and
Tashian

(1990)

suggests that till further evidence is

available it would be safer to regard these genes as being
formed by a trifurcation event.
separated through evolution,

Since genes tend to become

the fact that the CA2 and CA3

lie relatively close together physically compared with the
distance between CA3 and CAI would lend support to the later
duplication event to form CA2 and CA3, though clearly no firm
conclusion can be drawn from this line of evidence.
this interpretation,

Against

it should be noted that models of gene

duplication based on unequal crossing over between sister
chromatids at meiosis assume that once an initial
duplication event has taken place,

secondary duplications

should be facilitated by slippage and mis-pairing between
the two adjacent genes

(Maeda and Smithies,

1986). This

process would be less likely to take place once the CAI gene
was inverted and so suggests that either the inversion of
CAI relative to CA2 and CA3 took place some time after the
second duplication event producing CA2 and CA3, or that CAI
was produced

(with an inversion) after CA2 and CA3. If

duplication and inversion events were separate,

species may

be found with all three genes in the same orientation.
Although as yet this gene cluster has not been definitively
mapped using PFGE in any other species some data isf
available for the mouse.

In this organism interspecific

backcrosses between Mus musculus and Mus spretus showed
recombination between car-3 and the other two genes in this
cluster

(located on chromosome 3) indicating that car-3 is

unlikely to be located between car-1 and car-2 as is found in
humans

(Beechey et al. , 1990). This indication that the genes

may be arranged differently in the mouse is supported by
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preliminary PFGE data placing car-2 downstream of car-1 (Peter
Curtis,

Wistar Institute,

Philadelphia,

personal

communic at ion ).
A very similar arrangement of genes is seen in the
cluster of human protease inhibitor genes a^-antitrypsin
(PI),

a1-antichymotrypsin (A A C T ) and the Pl-like gene PIL

found on chromosome 14. In this cluster the two closely
related genes PI and PIL are found close together and are
transcribed in the same direction away from the more distant
(220 kb) AACT gene which is, like CAI, transcribed in the
opposite direction

(Sefton et al. , 1990).

Inversion of genes

within multigene families does not appear to be a
particularly rare event,
gene clusters

and have been found in human HOX

(Acampora et al. , 1989),

(Boer and Hickey,

1986),

Drosophila a-amylase

human CD1 human thymocyte

differentiation antigen (Yu and Milstein,
III

1989), MHC class

(Sargent et al. , 1989) and the mouse major urinary protein

genes

(Ghazal et al. , 1985).

Whatever the exact arrangement of the carbonic anhydrase
genes may be in the mouse,

it is clear that they have

remained closely linked for some considerable time

(CAI and

CA2 are also known to be tightly linked in the guinea-pig
and pigtail macaque;

Carter,

1972;

DeSimone et al. , 1973a).

It

could be hypothesised that the maintenance of such a close
relationship is indicative of a functional relationship
between these genes and in this regard it is interesting to
note that a partial deficiency of CAI in the pigtail macaque
is always associated with a reduction in the level of CA2
produced from the cis-CA2 gene

(DeSimone et al. , 1973a and b),

while Carter et al. (1984) have reported an increase in CAIII
levels in individuals showing a reduction in the amounts of
red cell CAII.
The different patterns of expression seen in these three
genes is reflected in the different nature of the promoters
of these genes.

It has already been noted in Chapter 6 that

CAI is particularly deficient in sites for the restriction
enzyme Hpall, and examination of the erythroid promoter
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sequence reveals that only 3 CpG dinucleotides are found
between -300 to +100. The colon promoter is similarly
lacking in Hpall sites and contains only one CpG
dinucleotide in the region from -175 to +80. By contrast the
CA2 promoter appears to resemble the promoter of an
idealised housekeeping gene being G+C rich and containing 50
CpGs between -300 to +100. This CpG richness is also
reflected in the large number of rare cutter restriction
sites in the promoter of CA2 - sites which are demethylated
even in the highly methylated DNA from sperm, white blood
cells and HEL cells.

CA3 lies somewhere between these two

extremes with 30 CpGs in the -300 to +100 region.

Despite

the fact that expression of this gene is restricted to only
a few tissues,

several of the Hpall sites in the promoter of

CA3 are demethylated in all tissues examined (Edwards et al. ,
1988),

a characteristic typical of HTF-island containing

housekeeping genes.

It has been suggested (Edwards,

1990)

that this property of the CA3 promoter may be a reflection
of this gene's evolution away from a more ubiquitously
active,

\y

CA2-like gene.

The tentative identification of a demethylated CpG-rich
region downstream of CAI (Section 6.3,

Fig.

6.11) prompts

further investigation and the first step in examining this
region would be to carry out a more extensive search using
rare cutter restriction enzymes.

If the limited mapping data

is correct this region should be about 50 kb beyond the 3 ’end of the CAI gene. This is a comparatively short
intergenic distance for the mammalian genome and,
does reside in this area,

if a gene

the possibility that another

member of the CA family is located here should be
con si de re d.

7.3 Gene expression

Analysis of the sequence obtained at both the 5 ’- and 3*ends of the gene showed that these regions contained a
number of potential transcription factor binding sites.
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Of great interest is the finding that the CAI gene has
features in common with other genes expressed in erythroid
tissues.

The most obvious of these is the presence of

several binding sites for the transcription factor GATA-1
(Section 4.6.2,
introduction,

Fig.

4.21). As described in the

binding sites for this factor are found to be

associated not only with the globin genes,

but have also

been found upstream of the erythroid-specific promoter of
the porphobilinogen deaminase gene

(Mignotte et al. , 1989 ).

Potential binding sites for this factor (consensus
sequence Put/aGATa/tPut/g , Wall et al. , 1988 or a close variant
thereof,

Plumb et al. , 1989) are found at three places in the

erythroid promoter region at positions -190,
at the 3 ’-end of the gene 223,

-149 and -290,

581 and 833 bases downstream

of the coding sequence and at the 5 ’ end of the coding
sequence,

one overlapping the Met codon,

upstream of the coding sequence
promoter start site).

and one 158 bp

(position -77 of the colon

Several of these sites have been

analysed by the methods of DNAsel footprinting and gel
mobility shift assays and shown to bind GATA-1
1989 and J. Sowden,

(Brady et al. ,

personal communication) and are almost

certainly of importance for expression of CAI in erythroid
tissues.

A similar arrangement of GATA-1 sites at the 5 ’-

and 3 ’-ends of the gene has also been found in the human 13globin gene

(Wall et al. , 1988).

The erythroid promoter of the gene also contains a
binding site for the CACCC box factor about 20 bp 5 ’-of the
GATA-1 site at -190. Close proximity of the CACCC box and
the GATA-1 site has been found previously,

and it has been

suggested that the factors binding these motifs act c o
operatively (Mantovani et al. , 1988; Mignotte et al. , 1989).
Interestingly,

a similar clustering of potential GATA-1 and

CACCC binding sites are also seen in the sequence of the
upstream 1.4 kb Avail fragment

(Fig.

4.14).

DNasel

hypersensitive sites have been identified at both -200 and 1500 bp upstream of the erythroid promoter
personal communication and PhD thesis,

(J. Sowden

1991) and it would
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seem likely that these sites are of critical
in vivo gene expression.
site termed b3/c2

importance for

This region also contains a binding

(A/T N A/G TAATNNN A/G) which is found in

the erythroid promoter of the human porphobilinogen
deaminase gene and the 3 ’-enhancer of the human 13-globin
gene

(Wall et al. , 1988; Mignotte et al. , 1989).

Following the work described in this thesis,

attempts

have been made to analyse the properties of the CAI
erythroid promoter by means of reporter gene constructs.
Chimeric genes were created by linking CAI promoter
fragments extending 5 kb upstream of the erythroid promoter
to a reporter gene and these were stably transfected into
erythroid and non-erythroid cells
communication and PhD thesis,

(J, Sowden personal

1991).

These constructs have been introduced into the three cell
lines described in Chapter 6; 1) The CAi-expressing mouse
MEL cell line;
expressing,

2) The K562 cell line which is non-CAl-

but can be trans-activated by fusion with MEL

cells to produce CAI; 3) The non-erythroid,
transactivatable HeLa cell line.

In brief,

nonthese constructs

have produced low levels of expression (<5% of endogenous
CAI) in both erythroid cell lines despite the fact that the
foetal/embryonic K562 cells do not normally produce CAI,
while no expression is seen in HeLa cells.

This result

implies that while the promoter appears to confer erythroid
tissue specificity,

sequences other than those upstream of

the erythroid start site are responsible for mediating the
developmental regulation of this gene. The location of
possible regulatory regions can only be speculated on at
present.

Clearly attention might be paid to the 3*-end of

the gene which appears to show demethylation (Section
6.2.2), while DNAsel hypersensitive sites discovered by J.
Sowden (personal communication and PhD thesis 1991) may
indicate other regions of interest. As well as HSS sites
within the vicinity of the promoter at -200 bp and -1.5 kb,
other sites have been found within the large intron. These
sites lie approximately 6.5 kb and 10.5 kb downstream of

157
exon la and are found in HEL and K562 but are absent in HeLa
cells.
Work has been carried out defining HSS in the mouse car-1
gene.

In this gene two sites have been found in similar

positions to the two sites upstream of the erythroid
promoter in the human gene
personal communication).

(Peter Curtis, Wistar Institute,

The same study has also identified

two sites close to the colon promoter which may bind a
factor(s)

associated with the differentiation process

al., 1991 and P. Curtis personal communication).

(Ma et

This region

has not yet been studied for hypersensitive sites in the
human gene.
If more work using expression constructs is to be carried
out in order to define those sequences involved in the
temporal and developmental regulation of this gene certain
considerations should be borne in mind.

It is now known that

important contributions are made to gene regulation by
remote DNA sequences such as locus controlling regions and
nuclear scaffold attachment regions.

Such considerations and

the size of CAI make it probable that large expression
constructs will be required to take this aspect of the work
further.

Since even cosmid clones could not accommodate the

entire gene,
PI vectors

alternative strategies such as the use of phage

(Sternberg,

1990) which are capable of

accomodating 100 kb insertions may be needed.
The difficulties experienced in trying to isolate cosmid
clones containing this gene should also be noted if this
work is to be undertaken.

Other workers have reported

difficulties in isolating particular regions of eukaryotic
DNA in bacterial cloning vectors

(Wyman et al. , 1985, Coulson

et al. , 1986) and it would appear that some sequences will
remain resistant to this type of cloning.

If parts of CAI

are unclonable an alternative approach to expression work
may be needed.

One such approach may be to use yeast

artificial chromosomes
review).

(YACs;

see Sch lessinger, 1990 for

YACs are capable of accommodating hundreds or even

thousands of kb of sequence and are thought to be less prone
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to the problems of sequence rejection than bacteria.
Acquisition of yeast artificial chromosome clones would
also potentially be of use in other lines of investigation.
For example allowing investigation of any cis-acting coregulation effects as suggested in Section 7.2.
Characterisation of CAI-containing YACs would also have the
by-product of allowing isolation of the CpG-rich,
demethylated region hypothesised to exist downstream of CAI
(Section 6.4 and Fig.

6.11).

Such expression work would obviously be complemented by
more detailed analysis of in-vivo chromatin conformation,
hypersensitive sites and a clearer picture of methylation
states of the CAI gene.

7.4 Methylation Patterns of CAI

The finding of regions of demethylated CpGs in a
generally highly methylated background is a fairly common
observation,

and so the results seen in the Hpall digestion

of HEL cell DNA were not unexpected

(Fig.

6.5).

Such

demethylated sites may lie in or close to those regions
important for control of gene expression and so the fact
that demethylated sites are found at the 3 ’- as well as the
5 ’-end of the gene may reflect a need for the 3 ’-end of the
CAI gene to be incorporated into expression constructs in
order to reproduce the expression patterns seen in-vivo.
Although only two demethylated Hpall sites were found in
the CAI gene it is quite likely that other CpGs which do not
lie within Hpall recognition sequences would also be
demethylated.

Unfortunately the general paucity of Hpall

sites in this gene has made a more precise analysis
impossible by this method.

This work could in future be

extended using other methylation sensitive restriction
enzymes such as HhaI.
The lower level of methylation seen in the CAI gene in
the non-CAl-expressing cells was somewhat less expected and
is at variance with results reported in studies of other
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genes.

The fact that K562 cells show partial methylation

particularly at the sites closest to the erythroid promoter
(Section 6.2.1)

is especially interesting since it has been

shown that the CAI can be trans-activated in this cell line
following fusion with the adult phenotype mouse
erythroleukaemia cell line, MEL (Brady et al. , 1989).
contrast,

By

the completely demethylated CAI gene of the HeLa

cell line cannot be activated in this manner,

and it is

tempting therefore to suggest that in the case of CAI the
relationship between methylation and

gene expression is the

reverse of that found for most other genes.
This interpretation however should be treated with
caution since DNA methylation states of transformed cells
may well have a different significance from that of normal,
untransformed tissue. A number of studies have demonstrated
that transformed cells and tumour cell lines exhibit an
overall reduction of around 10% in their 5-methylcytosine
content

(Hoffman,

1984;

Feinberg et al. , 1988; Gama-Sosa et

al. , 1983 ), while genes fully methylated in normal tissues
may be substantially hypomethylated in malignant cells
(Feinberg and Vogelstein,

1983d; Goelz et al. , 1985).

Such

observations have lead some workers to propose that the
lower levels of 5-methylcytosine found in transformed cells
may be linked to the demethylation and subsequent aberrant
expression of oncogenes,

implicating demethylation as an

early event in neoplastic transformation (see for example
Feinberg and Ranier 1990).

In apparent contradiction,

other

workers point to the findings that many genes are apparently
inactivated during transformation (Holliday,

1990) and that

5-azacytidine treatment of cell lines can reactivate
inactive genes in transformed cells (Jones,

1985),

suggesting that "established cell lines frequently
inactivate genes by de-novo methylation"

(Holliday,

1990).

These apparently conflicting views of the relationship of
the transformed state to DNA methylation may be reconciled
if it is assumed that a qualitatively different type of
demethylation is taking place in these cells and that this
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is what has been detected in and around the CA genes
(Section 6.3 and Fig.

6.13).

This aberrant type of

demethylation may be characterised by being a) more complete
than that found in normal tissues, where demethylation along
the length of the gene would usually be reduced rather than
absent and b) extensive,
kilobases.

covering tens or even hundreds of

Within such regions of demethylation the

relationship between gene activity and methylation may be
completely different from that found in normal somatic
tissues and it seems likely that the maintenance of a
partially or wholly methylated gene would be a requirement
for activation.

Such a notion would be supported by the

observation that genes not normally active in colonic mucosa
such as y-crystalin and

y-globin are hypomethylated in

colorectal carcinomas and premalignant adenomas
and Vogelstein,

(Feinberg

1983; Goelz et al. , 1985). Most studies of

methylation states in particular genes examine relatively
small regions of DNA and would not therefore disclose any
long range demethylation such as that seen here.
The relationship between DNA methylation and chromatin
structure is particularly relevant here. The association
between hypomethylation and chromatin decondensation or
nuclease sensitivity has been well documented
1984;

Buschhausen et al. , 1987; Cedar 1986,

discussion in Selker 1990).

(Schmidt et al. ,

also see

If it is a general rule that

demethylated DNA is coincident with a decondensed chromatin
state,

it might be expected that the demethylated regions

demonstrated here would show sensitivity to nucleases.
However,

since it has been found that DNAse treatment of

nuclei has detected DNAse hypersensitive sites only in the
HEL and K562 cell lines
and PhD thesis,

1991),

(J. Sowden personal communication
it could be tentatively suggested

that the HeLa DNA in this region is in a condensed,

but

demethylated form. Unfortunately these hypersensitivity
studies could not determine the general level of DNasel
sensitivity of this region.

Clearly further investigation is

needed in this area, but it would seem likely that such work
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on the demethylation seen here

(which appears to have taken

place in most of the cell lines),

is more likely to throw

light on the relationship between methylation and the
transformed state than that between methylation and CAI
expression.

The difficulty of obtaining nucleated erythroid

tissue from bone marrow has unfortunately prevented study of
more normal CAl-expressing cells.

Fig. A l . MAP OF THE HUMAN CAI GENE. Distances are marked in kb from the 5 ’-end of lambda recombinant 204. The erythroid p romoter
lies at 15kb and the colon promoter at 51 kb. Exons are shown above the line as black bars (coding sequence) or open boxes
(untranslated
sequence). Below the line, the positions of the ends of the various lambda recombinants are indicated. Lines
below the map indicate those regions subcloned into plasmids or used as probes. Bars beneath these lines indicate repetitive-
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S UMMARY

The gene (CAI) encoding human carbonic anhydrase I (CAI) has been isolated and shown to have a total length of 50 kb.
Some 36 kb of this consists of a large intron separating the erythroid-specific promoter from the coding region. A small (54 bp)
noncoding exon from within this intron is occasionally found in transcripts. Two different polyadenylation sites have been
found, the most distal of which is the most commonly used. Methylation levels near the promoter differ widely in cell lines.
In G4/-expressing cells, a region of DNA near the promoter is demethylated in a generally highly methylated background.
Surprisingly, non-G4/-expressing cell lines show much lower levels of methylation.

INTRODUCTION

The carbonic anhydrases are a family of zinc metalloenzymes which catalyse the reversible hydration of C 0 2.
They are found in almost all organisms and in mammals
exist in a number of isoforms each of which exhibits a
characteristic pattern of tissue distribution. Of these iso
zymes, the cytosolic carbonic anhydrases CAI, II and III
are probably the best characterised. CAI is found at its
highest levels in red blood cells, CAIII is characteristic of
muscle and male rat liver while CAII is distributed in a wide
range of tissues and cell types. Distinct isozymes have been
shown to exist in mitochondria (CAV), as a membranebound form in lung and kidney (CAIV) and as a secreted
Correspondence to: Dr.P.H.W. Butterworth,BiochemistryDept.,Univer
sity College London, Gower St., London WC1E6BT (U.K.)
Tel.(071)387-7050, ext.2234/7; Fax (071)380-7193.

Abbreviations: aa, amino acid(s); bp, base pair(s); CAI, carbonic
anhydrase I;CAI, gene (DNA) Rencoding CAI; cDNA, D NA comple
mentary to RNA; EBV, Epstein-Barr virus;kb, kilobase(s) or 1000bp;
nt,nucleotide(s);oligo,oligodeoxyribonucleotide; tsp, transcriptionstart
point.
0378-1119/90/S03.50 © 1990 Elsevier Science Publishers B.V. (Biomedical Division)

salivary form (CAVI). A seventh isozyme (designated
CAVII or CAZ) has been proposed to exist based on the
analysis of genomic clones containing a carbonic anhydrase-like gene. For recent reviews see Femley (1988)
and Tashian (1989).!
CAI is the second most abundant protein in human
erythrocytes after globin and has been shown to be a very
early marker for erythroid differentiation. It appears before
most other proteins considered to be characteristic of the
erythroid lineage, being found in cells of the BFU-E stage
or earlier (Villeval e|t al., 1985). At lower levels, CAI has
been shown to be present in the intestinal epithelium, vascu
lar endothelium, corneal epithelium and lens of the eye. In
addition to its tissue specificity, CAI is also regulated at a
developmental level: during fetal development CAI levels in
the blood change, being virtually absent early in gestation,
rising just before birth and reaching their adult levels several
years after birth (Boyer etal., 1983). Developmental
changes in gene expression have received much attention in
the case of the globins and the molecular mechanisms
underlying these changes are just starting to be understood.
Similar molecular analysis of nonglobin genes such as CAI
will be critical in determining whether these mechanisms are

gene-specific or are examples of a more general form of
developmental control.
As a family, the carbonic anhydrases present evolu
tionary biologists with a closely related set of genes which
have, through evolution, acquired diverse patterns of
expression. The molecular analysis of these genes should be
a useful complement to studies of other multigene families
such as the globins in which all members of the family are
expressed in the same tissue type.
The aim of the present study was to isolate and charac
terise recombinants containing the human CAI gene, as a
prelude to the elucidation of the molecular mechanisms
controlling its regulation.

RESULTS A N D DISCUSSION

(a) Isolation and characterisation of recombinants encod
ing the entire CAI gene
Initial recombinants (AHGCAI5.1, AHGCAI2.1) con
taining most of the protein coding sequence were isolated
by screening a human genomic library in A2001 with the
human CAI cD N A ;(Barlow etal., 1987). Recombinants
(AHGCAI201-204) containing exon la at the extreme 5'
end of the transcript were isolated using an oligonucleotide
probe designed to hybridise to the 5' end of the cDNA,
while clones spanning the large intron (AHGCAI104,
301-303, 402-403) were isolated by chromosome walking.
In addition to these recombinants we were also provided
with a ACharon4a recombinant (AH24) by Richard
Tashian (University of Michigan), isolated by low strin
gency probing of a library with a human CAII cDNA. The
position of these recombinants is shown in Fig. 1.
In total, over 70 kb of DNA was cloned with the protein
coding region lying within a stretch of 14 kb. Exon la lies
approximately 36 kb 5' to the translation start, separated

by a large intron giving a total gene length of approximately
50 kb. Within this large intron lies a small (54 bp) exon
(exon lb) which is found in a minority of cDNAs.
Restriction fragments containing cDNA sequence were
subcloned into M13 and sequenced, either using M13
sequencing primers where the intron/exon junctions lay
close to a convenient restriction site or using oligos which
flank the junctions. As with the other CA genes, we found
that, apart from the unusual exon structure in the 5' leader,
the gene is divided into seven exons (Fig. 1). To retain some
consistency of nomenclature within the G4 family, those
exons containing protein-coding sequence have been
termed lc-7, and are equivalent to exons 1-7 in CAII and
CAIII (Venta etal., 1985; Lloyd etal., 1987). The two
noncoding exons lying upstream from these have been
designated la and lb (Fig. 1). The boundaries of exons lc-7
lie in the same positions within the protein as those in other
CA genes, except for mouse CAII where the junction
between exons 4 and 5 interrupts a Gly codon 14 nt 5' to
its position in CAI (Yoshihara etal., 1987). All the
intron/exon junctions have the form Exon/GT..intron..AG/Exon except for intron 5' UTB which has a GC
at its 5' terminus (the donor splice site; Fig. 3).

(b) cDNA sequences suggest the possibility of minor alter
native RNA processing events
Sequencing and restriction enzyme analysis showed that,
at the 5' end of the message, only one out of seven cDNA
recombinants contained exon lb suggesting that message
containing this exon is a minority species. To support this
hypothesis, Northern blots of reticulocyte RNA were
hybridised with oligo probes specific for either exon lb or
exon lc (see Fig. 2 for position of oligos). Strong signals
were obtained using the exon lc probe, while no signal
could be seen with the lb probe (data not shown). In
addition primer extension experiments, carried out to map
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Fig. 1. The structure ofthe human carbonic anhydrase Igene. The scaleisnumbered inkb from the tsp identifiedinBrady etal.(1989). Exons, marked
1a-7,areindicatedbyblackbars (codingsequence)oropen boxes (noncodingsequence)and arenotdrawn toscaledue totheirsmallsize.The annotated
lines below indicate the extent ofthe cloned regions in the various A recombinants isolated. The methylation analysis shown in Fig.4 was carriedout
on the region around la.The A2001 library used (a kind giftofDr T. Rabbits, M.R.C. Laboratory ofMolecular Biology, Hills Rd., Cambridge, U.K.)
was generated by insertion of Sau3A partially-digested EBV-transformed SH-cell (a human B-lymphocyte cellline)D N A into the BamHl site ofthe
vector (LeFranc etal., 1986). The library was screened on PALL Biodyne A membranes using nick translated or random oligo-labelledprobes by the
method ofManiatis etalJ(1982).For the isolationofA HGCAI201-204, a 32P-labelledoligoprobe ‘5'UT18-38’(see Fig.2)was used with a tetramethylammonium chloride wash followinghybridisation (Wood etal., 1985). ‘Cos’mapping ofthe recombinants was carried out essentiallyby the method of
Rackwitz etal. (1984).
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-300
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-200
GF1 fB )-180
-160
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-120
AACCACTTCCCTTATCAGGTTCTCACACTCTGGGGCCACTATGTACCCACTCTAATCACCACAGGGCCAGACATCAGACAATTAAGGACAGCGCCCATGC
-100
Sp I
Oct-1
-60
"CACCC"
“TATA“-20
CCCAAAGCCCGCCAAAATTATGCAAATTATTCAAAATTATTCAACCTAGCTAACCCCACCCTTTTTGCTGTACATAAGCTGCCCATTCCCCCTCCAGCCT
+1
Oligo 5 ’UT18-38
laylb
GT GGT ACCCAGT CCT CAGGT GCAACCCCCT GCGT GGTCCTCTGT GGCAGCCTT CTCT CATTCAGAGCT GTTTTCCACAGAGGTAQT GAAAAGAACTGGAT
Oligo 1b
1by1c
Oligo 1c
1c y 2
TTT CAAGTTCACTTTGCAAGAGAAAAAGAAAACTCAGTAGAAGATAATGGCAAGTCCAGACTGGGGATATGATGACAAAAATGGTCCTGAACAATGGAGC
MetAlaSerProAspTrpGlyTyrAspAspLysAsnGlyProGluGlnTrpSer
AAGCT GT AT CCCATT GCCAATGGAAATAACCAATCCCCTGTTGATATTAAAACCAGTGAAACCAAACATGACACCTCTCTGAAACCTATTAGTGTCTCCT
LysLeuTyrProIleAlaAsriGlyAsnAsnGlnSerProValAspI1eLysThrSerGluThrLysHisAspThrSerLeuLysProIleSerValSer

2f 3

ACAACCCAGCCACAGCCAAAGAAATTATCAATGTGGGGCATTCTTTCCATGTAAATTTTGAGGACAACGATAACCGATCAGTGCTGAAAGGTGGTCCTTT
TyrAsnProA1aThrAlaLysGlul1el 1eAsnValG1yH isSerPheHi sValAsnPheGluAspAsnAspAsnArgSerValLeuLysGlyGlyProPhe

3Y

CTCTGACAGCTACAGGCTCTTTCAGTTTCATTTTCACTGGGGCAGTACAAATGAGCATGGTTCAGAACATACAGTGGATGGAGTCAAATATTCTGCCGAG
SerAspSerTyrArgLeuPheGlnPheHisPheHisTrpGlySerThrAsnGluHisGlySerGluHisThrValAspGlyValLysTyrSerAlaGlu
y 4
4y 5
CTTCACGT AGCT CACT GGAATT CT GCAAAGTACTCCAGCCTTGCTGAAGCTGCCTCAAAGGCTGATGGTTTGGCAGTTATTGGTGTTTTGATGAAGGTTG
LeuHisValAlaHisTrpAsnSerAlaLysTyrSerSerLeuAlaGluAlaAlaSerLysAlaAspGlyLeuAlaVallleGlyValLeuHetLysVal
5y 6
GT GAGGCCAACCCAAAGCT GCAGAAAGTACTTGATGCCCTCCAAGCAATTAAAACCAAGGGCAAACGAGCCCCATTCACAAATTTTGACCCCTCTACTCT
GlyGluAl aAsnProLysLeuGlnLysValLeuAspAlaLeuGlnAlal1eLysThrLysGlyLysArgAlaProPheThrAsnPheAspProSerThrLeu
CCTTCCTTCATCCCT GGATTTCT GGACCT ACCCT GGCT CTCT GACT CAT CCT CCTCTTT AT GAGAGT GT AACTTGGAT CATCTGT AAGGAGAGCAT CAGT
LeuProSerSerLeuAspPheTrpThrTyrProGlySerLeuThrHisProProLeuTyrGluSerValThrTrpIlelleCysLysGluSerlleSer
6y 7
GT CAGCTCAGAGCAGCTGGCACAATTCCGCAGCCTTCTATCAAATGTTGAAGGTGATAACGCTGTCCCCATGCAGCACAACAACCGCCCAACCCAACCTC
ValSerSerGluGlnLeuAlaGlnPheArgSerLeuLeuSerAsnValGluGlyAspAsnAlaValProMetGlnHisAsnAsnArgProThrGlnPro
T GAAGGGCAGAACAGT GAGAGCTT CATTTT GATGATTCT GAGAAGAAACTTGT CCTTCCTCAAGAACACAGCCCTGCTTCTGACATAATCCAGTTAAAAT
LeuLysGlyArgThrValArgAlaSerPhe***
PAST
p( A )I
AAT AATTTTT AAGAAAT AAATTT ATTTCAAT ATT AGCAAGACAGCAT GCCTT CAAAT CAATCTGTAAAACTAAGAAACTTAAATTTTAGTTCTTACTGCT
Oligo 3 ’UT2
GF1 (D)
T AATTCAAATAATAATTAGTAAGCTAGCAAATAGT AATCTGTAAGCATAAGCTTATCTTAAATTCAAGTTTAGTTTGAGGAATTCTTTAAAATTACAACT
-EAS2e(A)Il
AAGT GATTTGT AT GT CT ATTTTTTT CAGTTT ATTT GAACCAAT AAAAT AATTTT AT CTCTTT CTTTCTGTTGTGCATTCAGTTTCTAAAACCATTAAGTT
TCTACTCCATTTACATTCAAAAATCTTAAATACTTTACTTGCAAGAGTATTTTGCTTCAAATACAACAACCTAAGAGCAGCTGGAGATGAAATATTGGGA
AATTCATTTGCTTACTCCTGAAGACAAAAATATAGCTGAGATGACCACTGGATTTAATATCGTTATGCTGGCCCAACATTGCTACCATTTGTGTTGTCTG

fiEI (E)
TGATCAAAATGATTATCTTTTATATAGGAAGATGACGCTTCTGGATATTGCTTTCACTTCTTCTCCCCACGTTAGCAAGGACAATGCTTCTCTGCCATTA
TTACAACTAGTTAGTTTGCATGGAGAATCTTTACTTTAAAATTGGAAGAAAAGTCACAAGTGAATGGTTTATAAAAATGCTAAAGAAGTCATTCTTGCTT
. Ap-1
SF1 (F)
AGAATCATATAGAAACATCATGCAATCTTTTAGTCAGATGTGCGCTTCACCTTATGCTATTTTTATCTTTAATTGACACACAATAATTGTACATGTTTAT
GGAGTATAGTGTGGTGTTTTCTGTTTGTTTGTTTGTTTTTTGAGACAAGGTCTCACTCTGCCAGTCAGGGTGGAGTGCGATGGT

Fig.2. Sequence ofhuman CAI and flankingnt sequence. The transcribed sequence isshown inbold type,with the CAI aa sequence shown below the
translatedregion. The points where introns interruptthe sequence are shown by arrowheads, with the exon numbers given on either side.The putative
‘TATA’box (-28)isshown. Overlined arepotentialbindingsitesforseveraltranscriptionfactors— Apl, Spl,Octl,‘CACCC’and theerythroidspecific
factor GF1. The signals forpolyadenylation are overlined (PAS1 and PAS2) and the sites ofpolyadenylation (p(A)) are dotted over the nt where the
firstA ofthe poly(A) tailisfound. Three oligos were used as probes to assess transcript levels ofvarious parts ofthe message (see text); these have
been designated as oligos lb, lc and 3'UT2. The sequence towhich they would hybridise isunderlined and labelled. Oligo 5'UT18-38 was used inthe
isolation of genomic recombinants 2HGCAI201-4. Sequencing was carried out using the chain termination method of Sanger etal. (1977) following
subcloningofoverlappingrestrictionfragments isolatedfrom genomic A recombinants (seeFig. 1).This sequence has been depositedwith Genbank and
carries the accession number M33987. Three asterisks: stop codon.

the tsp, also failed to produce an extension product corre
sponding to that expected if exon lb is present (Brady et al.,
1989). Mouse CAI has also recently been shown to possess
a large intron in the leader sequence but ‘optional’ exons

have not been reported. In this instance it has been shown
that a second promoter, responsible for expression of CAI
in colon, lies just upstream of the protein-coding region
within this large intron (Fraser etal., 1989). Given the

Exon la
27kb
Exon lb
ATTCAGAGCTgtaagtaaca..intron 5/UTA.aatcctgtgcttgcctctagGTTTTTCCAC
Exon lb
9.5kb
Exon lc
TTTGCAAGAGgcagtaggaa,.intron 5'UTB.gtattattctctgttttcagAAAAAGAAAA
Exon lc
2.8kb
Exon 2
GACAAAAATGgtaacacttc...intron 1....acacgtgtttgtcctggtagGTCCTGAACA
Exon 2
1.Okb
Exon 3
AACCGATCAGgtgagctgaa...intron 2....tcggttcccttttcttccagTGCTGAAAGG
Exon 3
3.6kb
Exon 4
TTCTGCCGAGgtaatgtaat...intron 3....aaccatagtatcatttttagCTTCACGTAG
Exon 4
0.9kb
Exon 5
TTTGATGAAGgtgagttaca...intron 4....ttattttcttaaatctccagGTTGGTGAGG
Exon 5
3.Okb
Exon 6
TAAAACCAAGgtaaacacac...intron 5 . ...gatgtattcttttcttccagGGCAAACGAG
Exon 6
0.8kb
Exon 7
CTCAGAGCAGgtagagttgt...intron 6....aaaatattttatccttctagCTGGCACAAT
Fig. 3. Sequence ofhuman CAI intron/exonjunctions. Exon sequence isshown in capitals,introns inlower case. Coding sequence shown inbold.The
nonconsensus donor splice site of intron 5'UTB is underlined. Restriction fragments from genomic A recombinants which had been shown, by
hybridisation to the cDNA or oligo probes, to contain cDNA sequence were subcloned into M13 and sequenced using the chain termination method
of Sanger etal.(1977).Those exon/intronjunctions which did not lieclose enough to a convenient cloning siteto be sequenced with the M13 universal
primer were sequenced using primers from within the exon and the sequence obtained used to make primers for sequencing the other strand.

similarity of structure between the mouse and human gene,
it seems likely that the same arrangement could exist in the
human CAI gene.
At the 3' end of the gene, two different cDNA species
have been found, terminating at two different polyadenyla
tion sites. The proximal site (p(A)I) gives rise to a
3'-untranslated message length of 109 nt, while the distal
site (p(A)II) produces a length of 334 nt. Although signifi
cantly different in size, only one transcript has ever been
detected by Northern blot analysis, showing a predominant
use of only one site. This site would appear to be p(A)II,
based on two lines of evidence. Firstly, sequencing and
restriction analysis of cDNA recombinants showed that
only one out of eight clones were of the shorter type.
Secondly, an oligo specific for the transcript sequence
between the two polyadenylation sites produces a com
parable signal to that produced with a protein-coding region
probe (data not shown). Although we have no direct evi
dence for the use of the proximal site, both types of cDNAs
terminate in a string of A’s not found in the genomic se
quence which lie 18 nt beyond a consensus polyadenylation
signal (AATAAA) and therefore probably indicates genuine
message rather than a cloning artifact.
The mouse CAI cDNA sequence reported also shows a
polyadenylation signal 60 nt beyond the termination codon.
The reported sequence however extends beyond this 320 nt
downstream from the termination codon. Whether this first
signal is utilised is not reported (Fraser and Curtis, 1986).

(c) The gene contains sequences associated with erythroid
expression
Analysis of sequence flanking the 5' and 3' ends of the
transcript shows the presence of a number of motifs asso
ciated with gene expression (Fig. 2). The promoter has a
rather poor TATA box (-28), and no obvious CAAT box
in a suitable position suggesting that expression from this
promoter may be low in the absence of other elements
regulating transcription. Potential binding sites for several
transcription factors (including Ap-1, CACCC, Octl, and
Spl) which may increase transcription are found flanking
the gene and are shown in Fig. 2.
It has been shown that for many genes which are
expressed specifically in erythroid tissues, high levels of
expression are dependent on the presence of certain se
quence motifs (RWGATWRJ; Wall et al., 1988), which act
as the binding site for the erythroid-specific transcription
factor GF1 (see Tsai et al., 1989, for a description of the
cloning of this factor). Several of these sequences are found
at both the 5' and 3' ends of the gene (Fig. 2) and are likely
to be an important determinant of the expression of this
gene. These sites have been shown to bind a protein using
bandshift assays and DNase I footprinting, while a
191 bp DNA fragment containing GF1 sites A and B has
been shown to up-regulate a heterologous gene promoter in
erythroid cells (Brady et al., 1989).
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for at least 4 h in a volume of 30 pi. For DNA embedded in agarose, a block of 40 pi volume containing approximately 5 pg DNA would be digested
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(d) M ethylation patterns at the C A I gene in expressing,

genes (Bird et al., 1987), while in genes whose expression is

and non-expressing cell lines

limited to particular cell types, hypomethylation of specific

Methylation at CpG dinucleotides has been shown to be
negatively correlated with gene expression. For house

regions o f D N A (usually close to the promoter) is frequently
found in those cells or tissues expressing the gene (Cedar,
1988).

keeping genes, this is usually seen as a permanent demethylation o f CpG-rich ‘islands’ close to the 5' end of

Analysis of the methylation state of D N A in human

erythroid cells is hampered by the nature of the source
material. Nucleated erythroid cells are found only in small
numbers in the bone marrow of adults, making studies on
in vivo material difficult. A number of workers have how
ever used erythroleukemic cell lines to study methylation
patterns in the vicinity of the globin genes. These studies
have largely supported the notion of hypomethylation being
associated with gene expression and have shown changes
in methylation similar to those in vivo (Bird et al., 1987;
Enver et al., 1988a).
Methylation at the 5' end of the CAI gene was studied
by probing Southern blots of Hpall digests with a genomic
fragment from just upstream of the promoter (Fig. 4).
Analysis was carried out on DNA from two erythro
leukemic cell lines, K562 (non-G4/-expressing) and HEL
(G4/-expressing), together with a number of non-erythroid
lines: H9 (T-cell), CEM (pre T-cell), HeLa (fibroblast) and
SW480 (colon carcinoma). The results shown in Fig. 4
indicate that the G4/-expressing cell line (HEL) appears to
have the highest level of methylation, producing highmolecular-weight bands (> 2 5 kb) when digested with
Hpall (lane 2). The K562 and CEM cell lines are partially
methylated (lanes 1 and 4), while HeLa, H9 and SW480
show little or no methylation, producing a band size of
6.5 kb (lanes 3, 4, 6). Double digests of K562 DNA using
Hpall together with Kpnl or Sstl reveal two Hpall (Msp)
doublets, one pair lying upstream of the tsp, at
-4.75/-4.5 kb (sites A l and A2), and another pair
1.25/1.5 kb downstream from the tsp(B1 and B2). In K562
cells all these sites aije partially methylated producing three
bands in each of lanes 10 and 11 (Kpnl + Hpall and
Sstl + Hpall respectively). In HEL cells, the upstream site
(site A) is completely methylated producing only the
parental Kpnl band of 7 kb (lane 12: Kpnl + Hpall), while
the 3' site is completely unmethylated producing a fragment
size in the Sstl + Hpall digest (lane 13), the same as that
of the Sstl + Mspl digest (lane 9). Analysis of similar
Southern blots using a probe lying within the first large
intron (intron 5' 1A) at + 10 kb again shows high levels of
methylation in HEL cells, suggesting that the region of low
methylation covers only a region round the promoter (data
not shown). Unfortunately, the low G + C content of this
region and the lack of Hpall sites make the assessment of
the extent of this demethylated region impossible by this
method.
\
The specific hypomethylation of a region of DNA near
the promoter of an active gene, as found here in the HEL
cells, has been found in many other studies including the
globins in erythroid tissue (Mavilio etal., 1983; van der
Ploeg and Flavell, 1984), so the finding of this at the pro
moter of the CAI gene was not surprising. The complete
lack of methylation, or low level of methylation, in cell lines
which do not express CAI was however unexpected, being

at variance with the findings generally reported for tissues
and cell lines (Cedar, 1988). Interestingly, it has been found
in this laboratory that the CAI gene can be transactivated
in K562 cells by fusion with the CAI expressing-mouse
erythroleukemia cell line MEL C88 (Butterworth etal.,
1990). Since these results show the G 4/ gene is partially
methylated in K562 cells, this would seem to suggest that
a certain level of methylation may be a requirement for the
activation of this gene. Alternatively the accessibility of the
gene, through some change in chromatin conformation, to
those factors required for transcription may at the same
time allow methylation to take place. In other words one
should look at methylation (at least in this instance) as
having a coincident, rather than a cause/effect, relationship
with gene expression. The fact that changes in gene expres
sion precede methylation, in cell fusion experiments
designed to activate the adult jft-globin gene and inactivate
the foetal y-globin gene in foetal erythroblasts, supports this
idea (Enver etal., 1988b). It will be interesting to see
whether these methylation patterns extend beyond the
regions examined here, for example, to the two other closely
linked carbonic anhydrase genes, CAII and CAIII, and
whether these patterns are reproduced in vivo.
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A cluster of genes encoding the three cytoplasmic car
bonic anhydrase isozymes CAI, CAII, and CAIII lie on the
long arm of chromosome 8 (8q22) in humans. These genes
have been mapped using pulsed-field gel electrophoresis.
The genes lie in the order CA2, CA3, CAI. CA2 and CA3 are
separated by 20 kb and are transcribed in the same direc
tion, away from CAI. CAI is separated from CA3 by over
80 kb and is transcribed in the direction opposite to CA2
and CA3. The arrangement of the genes is consistent with
proposals that the duplication event which gave rise to CAI
predated the duplication which gave rise to CA2 and CA3.
The order of these three genes differs from that suggested
for the mouse based on recombination frequency. © 1991
Academic Press, Inc.

The genes encoding each of these isozymes have
been isolated and shown by direct mapping using mo
lecular probes and by classical genetic studies to be
clustered on chromosome 8 (8q22) in. humans (Ed
wards et al., 1986a,b; Davis et aL, 1988; Nakai et al,
1987) and chromosome 3 in mice (Eicher et al., 1976;
Beechey et al., 1990) and to lie within about 200 kb of
each other in humans (Kearney et al, 1987; Venta et
al., 1987). Other members of the carbonic anhydrase
gene family have been assigned to other locations,
CA6 being found on chromosome 1 and CA7 on chro
mosome 16 in humans.
This paper presents the structure of the CAI, CA2,
and CA3 gene cluster as determined by pulsed-field
gel electrophoresis (PFGE).

INTRODUCTION
MATERIALS AND METHODS

The carbonic anhydrases (CA) (EC 4.2.1.1) are a
family of enzymes characterized by their ability to
catalyze the reversible hydration of carbon dioxide to
carbonic acid. The various mammalian isozymes
characterized to date include cytoplasmic (CAI, CAII
and CAIII), membrane-bound (CAIV, CAVII), mito
chondrial (CAV), and secreted (CAVI) forms that
carry out diverse roles in pH balance, ion exchange,
and C 02 metabolism.
The three well-characterized cytoplasmic isozymes
CAI, CAII, and CAIII with which this paper is con
cerned each exhibit specific patterns of tissue distri
bution. CAI is found at high levels in red blood cells
and at lower levels in epithelial tissue, notably intes
tinal epithelia. CAII is a high activity form and is
found in a wide variety of tissue types and CAIII is
confined mainly to skeletal muscle (and in the rat
male liver) (see Tashian, 1989; Fernley, 1988, for re
cent reviews of the carbonic anhydrases).
1To whom all correspondence should be addressed.

Sources of Probes Used
Two recombinant clones containing the human
CAI gene (Lowe et al., 1990) were the source of the
probes shown in Fig. 1. The 5' 1.4-kb Auall fragment
was isolated from a plasmid—pBKS204HS4.2—con
taining the promoter region of CAI, a subclone of the
X recombinant HGCAI204. The 1-kb EcoR\-Xbal
fragment was isolated from plasmid pBKSl04XbaD
containing the untranslated exon lb, a subclone of
HGCAI104. The CA2 probes (2.3-kb EcoRl-Clal and
1.5-kb EcoRI-Cial) were prepared by Clal/EcoRl di
gestion of plasmid H25-3.8 containing a 3.8-kb EcoRI
fragment containing exons 1 and 2 of CA2 together
with 1.4 kb of upstream sequence (kindly provided by
Richard Tashian, University of Michigan and origi
nally subcloned from the X recombinant H25 (Venta
et al., 1984)). The CA3 probe used was a 2.8-kb
E coR l-H indlll fragment isolated from a plasmid
containing the promoter region of the gene, a sub
clone of the X recombinant CA2.1 (Lloyd et aL, 1987).
0888-7543/91 $3.00
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Cell Lines

I kb
EcoRI-Xbal

1.4kb
Avail

The human erythroleukemic K562-SA1 cell line
(Spandidos et al, 1984) was used for all the PFGE
work described in this paper. Some experiments have
been repeated with other cell lines (see, for example,
Fig. 2C), including CEM (T-lymphoblastoid), H/9
(T-lymphoblastoid), HeLa (fibroblast), and HEL
(erythroleukemic), and the results were consistent
with those found in K562. Differences in banding pat
terns between the various cell lines (data not shown)
were all explicable as changes in the methylation
state of the recognition sites for the enzymes used in
mapping.
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DNA Preparation and Digestion
DNA for conventional agarose gel electrophoresis
was prepared and digested using standard methods
(Maniatis et al., 1982). For pulsed-field gel electropho
resis*, the cells used to prepare the DNA were spun
down and resuspended in phosphate-buffered saline
at a concentration of 5 X 106-1 X 107. An equal vol
ume of molten 1% agarose (Ultrapure,. Bio-Rad) was
added, and the suspension was pipetted into 80-jil
block formers (Pharmacia, LKB). Solidified blocks
were digested in >10 vol of 0.5% SDS, 100 mM
EDTA, 100 fig/ml proteinase K at 55° C for at least 6
h. Following proteinase digestion cells were washed
(20 min 55°C) twice in >10 vol TE (10 mAf Tris-HCl,
pH 8.0,1 mM EDTA), twice in TE plus S^m Af phenylmethylsulfonyl fluoride, and twice more in TE.
Half an 80-pl block was used per restriction enzyme
digestion. After preequilibration in 400 g\ of the ap
propriate reaction buffer, 40 units of enzyme was
added to the block in a reaction volume of 150 id and
incubated for at least 4 hr. Following digestion blocks
were equilibrated with stop buffer/dye-mix (0.5X
TBE, 50 mAf EDTA 0.1% bromophenol blue, 0.1%
xylene cyanol) and inserted into wells.

lkb
I

Xhol

X"

JL_

EcoRl

CA3
EcoRI

FIG. 1. The CAI, CA2, CA3 genes together with the relative
positions of the nucleic acid probes (denoted by bars above the
genes) used in the mapping experiments shown in Fig. 2-4. The
extent of the transcribed regions (position ofexons not shown) is
shown by open boxes with arrows indicatingthe direction oftran
scription. All the restriction enzyme sites shown have been
mapped in recombinants, and only those sites relevant for the
mapping work presented here have been shown.

SDS, 10 mAf sodium phosphate, pH 6.8,6% polyethyl
ene glycol (mol wt 6000), and 100 /ug/ml denatured
salmon sperm DNA at 65°C. Fifty to two-hundred
nanograms of DNA probe was used per hybridization,
labeled by the random oligo primer technique (Feinberg and Vogelstein, 1983) to a specific activity of >5
X 10® cpm//ig using a Boehringer-Mannheim kit.
After overnight hybridization, filters were washed for
20 min in 2X SSC, 0.1% SDS once at room tempera
ture and once at 65°C and once in 0.1X SSC, 0.1%
SDS for 20 min at 65°C.

Electrophoretic Conditions and Southern Blotting
A field inversion system (Carle et al, 1986) was
used for PFGE gels with switching intervals linearly
ramped from 3 s forward 1 s reversed at the start of
the run to 60 s forward 20 s reverse after 24 h. Gels
were 1.1% to 1.4% agarose in 0.5X TBE (0.05 Af TrisHCl, 0.05 Af boric acid, 1 mAf EDTA) and were run at
7.5 V/cm. If separation of smaller fragments was re
quired, the switching pattern was restarted after 16 h
and allowed to run for a further 4 h. Following electro
phoresis, DNA was alkali blotted onto a Hybond N+
hybridization membrane (Amersham International)
according to the manufacturer’s instructions. Hybrid
ization was in 4X SSC, 10X Denhardt’s solution, 0.1%
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RESULTS

We have carried out pulsed-field gel electrophoresis
using a field inversion system (FIGE) with probes
from three human carbonic anhydrase genes, CAI,
CA2, and CA3 (see Fig. 1 for the position of probes
relative to each gene), principally using the human
erythroleukemic cell line K562.
Determining the Order of the Genes: CA3 Lies
between CAI and CA2
Figure 2 shows the results of sequential Southern
blot hybridizations to Sail-, Xhol-, and Chzl-digested
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FIG. 2. The order of the CA genes. Southern transfer of a
pulsed-field gel sequentially hybridized with probes for C A I, CA2,
and C A 3 (see Fig. 1 for probe details). D N A was digested with C lal
(C), S a il (Sa), or X h o l (X). The X concatamer markers (M) are
sizedin kb. C A 3 shares a common S al Ifragment with C A I (lanes 1
and 7) and a common X h o l fragment with C A 2 (lanes 5 and 8).

D N A with genomic probes specific for CAI, CA2, and
CA3. The CAI 1.4-kb A va il and CA3 2.8-kb EcoRIH m d lll probes detect a common S a il fragment (170
kb) not detected by the CA2 1.5-kb EcoRI-C/al probe,
while the CA2 and CA3 probes detect an X hol frag
ment (110 kb) that is not detected by the CAI probe.
Taken together these findings indicate that CA3 lies
between CAI and CA2, separated from CA2 by one or
more Sal I sites and from CAI by one or more Xhol
sites. In addition each gene probe detects a different
Clal fragment.
The Relative Orientation of the Genes: CAI Is
Transcribed A w ay From and In the Opposite
Direction to CA2 and CA3
Direct mapping o f recombinant clones shows that a
single Clal site exists in the CAI gene (see Fig. 1). A
probe (1.4-kb A va il) for the 5' end of the gene detects
a Clal fragment o f about 80 kb (Fig. 2, lane 3), while a
probe (1-kb E coR I-X hal) that lies 3' to this site de
tects a band o f over 200 kb in size (Fig. 3A, lane 1).
Since neither of these fragments are detected by the
CA2 or CA3 probes, and the Clal fragment extending
3' to the Clal site in CAI is larger than the maximum
distance apart o f these genes, CA2 and CA3 must be
located upstream (5') o f CAI and separated from it by
80 kb or more.
Orientation o f the CA2 gene relative to CAI and
CA3 was made possible by the identification of a Sal I
site between CA2 and CA3 (see above), and a Clal site
at the 5' end of the CA2 gene, within the region cloned
and used for probe preparation (see Fig. 1). The CA2
probe lying 5' to this Clal site (2.3-kb EcoRI-CTal)
detects a Sal I site 10-kb upstream of the promoter
(Fig. 3B) in double digests using Sal I together with
Clal (or B am H l or S stll, sites for which lie close to the
Clal site in the recombinant). This probe also detects
the same C la l-X h o l fragment as the CA3 probe (see
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Fig. 4). The probe (1.5-kb E coR l-C lal) lying 3' o f this
Clal site on the other hand fails to detect a Sal I site
downstream of the gene and hybridizes to a C lalX hol fragment not detected by the CA3 probe. T hese
data confirm the observation of Venta et al. (1987)
that CAI (and from this study CA3) lies 5' to CA2.
The relative orientation of CA3 was determined u s
ing an X h ol site lying 5 kb upstr-eam of the transcrip
tion start site that had been mapped in recombinant
clones. Since the ability of the so-called rare-cutter
restriction enzym es used in this work to digest DNA
is affected by D N A methylation state, digests were
carried out to show that this site was in fact being cut
in the cell line used in this work (K562). T his is shown
in Fig. 3C in which a number of different cell lines
have been digested with jF co RI and X hol, X h ol reduc
ing the EcoRI band from 7 to 5.2 kb. Having estab
lished that this site is indeed susceptible to digestion
and that CA2 and CA3 share a common X h ol frag
ment, it becomes apparent that CA2 lies downstream
(3') of CA3.
Distance Separating the Genes
The distance between the CAI and the CA2 genes
can be determined from the size and termini positions
of the Sal I fragment on which both CAI and CA3 lie.
One end of this fragment has been shown to lie be
tween CA2 and CA3 10 kb 5' to CA2 (see above). The
other end of this fragment, lying approximately 70 kb
3' to the Clal site in the CAI gene, can be detected
with a C la l/S a il double digest using probe CAI 1-kb
E coR l-X bal (Fig. 3A, lane 3). These data provide an
estim ate of about 110 kb as the distance between the
two genes. A similar figure is arrived at from calcula
tions based on the size o f a 200-kb S stll fragment that
also contains both CAI and CA3 sequences (Fig. 3A,
lane 6, and data not shown). This fragment is roughly
colinear with the Sal I fragment, one end lying slightly
further 3' to CAI than the Sal I site (compare lanes 3
and 4, Fig. 3A), while the other end lies near the pro
moter of CA2 (within the region cloned in H25-3.8).
The distance between CA2 and CA3 can be deter
mined by making use o f the Clal site in CA2 and the
X h ol site in CA3 to fix the position o f these genes
using a C lal/X h ol double digest. W hile carrying out
this work it became apparent that there were certain
anomalies in the sizing of these fragments. For exam 
ple, the X h ol fragment detected by CA2 and CA3
probes has an apparent size of about 110 kb (Fig. 2,
lanes 5 and 8). This fragment can be subdivided with
Clal and the fragments produced hybridized with the
two CA2 probes (2.3-kb E coR l-C lal and 1.5-kb
E coR l-C lal) separated by a Clal site (see, for exam 
ple, Fig. 3B, lanes 7 and 10). The apparent size o f both
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FIG. 3. Orientation ofthe genes. (A) Southern transfer ofpulsed-field gel hybridized with a C A I probe (1-kb EcoRI-Xfeal) lying 3'to the
single C la l site in the gene. The 200-kb Clal fragment seen in lane 1 islarger than the maximum separation between the genes and does not
contain either C A 2 or C A 3 which lieon smaller fragments (see Fig. 2). Lanes 3 and 4 contain double digestsofClal together with Sail or Ssfll
and show the position ofthese sites downstream of C A I. (B) Southern transfer ofstandard and pulsed-field gels hybridized with C A 2 probes
lying 5'(2.3-kb EcoRl-Clal) or 3' (1.5-kb EcoRl-Clal) to the single Clal site in C A 2. Lanes 1-4 and 7-9 were probed with 5'probe, and lanes
5, 6, and 10—12 were probed with 3'probe. Double digests with Sail together with BamHI (lane 2),Ssfll (lane 4),or Clal (lane 9) using the 5'
probe detect a Sail site 10-kb upstream of the gene. This site lies between C A 2 and C A 3 (see Fig. 2). No site isdetected using the 3' probe
(lanes 6 and 12). (C) Southern transfer, hybridized with a C A 3 probe (2.8-kb £coRI-//mdIII), of D N A from several cell lines digested with
BcoRI and X h o l. The parental BcoRI fragment of 7 kb (lane 1) isreduced in size by X h o l, indicating that the single X h o l site (5 kb upstream
of the gene) identified in C A 3 recombinant clones is susceptible to digestion.

these bands is greater than 60 kb which, when
summed together, exceeds the size of the parental
X hol fragment. Similar problems arose when con
sidering the sizes of subfragments of the Sal I band
containing CAI and CA3 sequences. T his suggested
that either the smaller fragments have an aberrantly
low mobility or the larger fragments have an
aberrantly high mobility in this electrophoretic sys
tem. Since the size of the Sal I fragment was in good
agreement with estim ates from other workers (R. T a
shian, personal communication) it was suspected that
the mobility of the smaller D N A fragments differed
from that of the molecular size markers. To test
whether this was the case, a conventional (unpulsed)
gel was used to size the C la l-X h o l fragment contain
ing CA3 and the 5' end of CA2 and showed that indeed
this fragment should be sized below 50 kb (Fig. 4). In
pulsed-field gels, migration of restriction enzyme
fragments has previously been reported to be slower
than expected in regions of high local D N A concen
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trations (M ichiels et al., 1987). T his phenom enon
probably accounts for the anomalous running posi
tions of the smaller fragments seen using our field
inversion system.
The map shown in Fig. 5 has been drawn taking the
above considerations into account. It is assumed that
there are no additional sites for either Clal or X hol
between CAI and CA3, i.e., that the X h ol and Clal
fragments containing the 5' end o f CAI (Fig. 2, lanes 2
and 3) abuts the fragments containing CA3 (Fig. 2,
lanes 8 and 9). Although formally the possibility of
extra sites between these genes cannot be discounted,
the size constraints within which identified frag
m ents have to be fitted and the relative rarity of these
sites would seem to make this unlikely.
D IS C U S S IO N

The three human carbonic anhydrase genes lie in
the order CA2, CA3, CAI, with CA2 and CA3 being
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plication event that gave rise to C A z and c a j (esti
mated to be 300-320 mya (Fraser et al., 1989)) post
dated the duplication giving CAI and CA2/CA3. The
fact that CA2 and CA3 lie relatively close together
compared with the distance between CA3 and CAI
would lend support to this view, though clearly no
firm conclusion can be drawn from this line of evi
dence. The other members of the carbonic anhydrase
family diverged considerably earlier than the CAI,
CA2, CA3 divergence and lie on separate chromo
somes.
Studies of other linked multigene families of sim i
lar antiquity have found many instances of gene con
version in the globins (Scott et al., 1984; Slightom et
al., 1985), haptoglobins (Maeda and Sm ithies, 1986),
immunoglobulins and histocompatability genes (Flan
agan et al., 1984; W eiss et al., 1983), a-am ylases (Weibauer et a l, 1985), and bovine vasopressin and oxyto
cin genes (Ruppert et al., 1984). Despite their close
linkage there are no signs of gene conversion taking
place within the carbonic anhydrase genes.
These three genes are also known to be closely
linked in the mouse (Eicher et al., 1976; Beechey et al.,
1990) and have been assigned to band A2 on chromo
some 3. In a linkage analysis using an interspecific
{Mus spretus/M us mus domesticus) backcross, no re
combinants were found between CAI and CA2,
whereas a recombination frequency of 2.4% was
found between CA3 and CA1/CA2 (Beechey et al.,
1990). This implies that CA3 does not lie centrally in
the mouse gene cluster. If these linkage data are
correct, we must suggest that the arrangement of
these genes in the mouse genome differs from that in
the human. Gene order between homologous genes
within conserved segments in mouse and man is
usually (Nadeau, 1989) but not always (Nadeau and
Reiner, 1989) conserved. It is possible, for example,
that in the evolutionary past a gene conversion event
in a mouse or human ancestor switched positions of
the CA genes. Genomic or cDNA clones for CAI, CA2,

C+X

100
50
50
30

17

FIG. 4. Southern transfer, probed with C A 3 2.8-kb EcoRIThe gel on the left shows a C la l and a C la l/X h o l digest
separated on an unpulsed 0.5% agarose gel. The right hand gel
shows a similar C la l/X h o l digest separated by FIGE. The C la l/
X h o l band that appears to be 60 kb using the fieldinversion system
issized at about 40 kb using an unpulsed gel.

H in A lll.

transcribed in the same direction, away from CAI,
which is transcribed in the opposite direction. CA2
and CA3 are relatively close together, with a gap of
about 20 kb between the 3' end o f CA3 and the 5' end
of CA2. CAI lies further away with the 5' end of CAI,
lying about 80 kb from the 5' end of CA3 (the distance
between the coding regions o f CAI and CA3 is in fact
over 110 kb because CAI contains a large intron of
some 37 kb in its 5' untranslated region). It is not yet
known how these genes lie on the chromosome in
terms of centromere/telom ere orientation.
The three genes mapped in this study have existed
as distinct forms for over 300 million years. The iden
tification of homologous isozymes in different species
indicates that the duplication events that gave rise to
these genes occurred at some time between the diver
gence of the elasmobranchs (450 million years ago
(mya)) and the divergence of the amniotes (300 mya).
Comparison of the sequences of CAI, CA2, and CA3 at
both the protein and nucleic acid levels suggests that
CA2 and CA3 are more closely related to each other
than either is to CAI (Lloyd et al., 1986, Hewett-Em
mett and Tashian, 1990). This suggests that the du
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FIG. 5. Map of the human carbonic anhydrase locus located on the long arm of chromosome 8 (8q22). The three genes found at this
locus— CAI, CA2, and C A 3 — are indicated by black boxes, with arrows indicating the direction oftranscription. The distances between the
genes are shown below the map (sizes in kb). Letters indicating the sites forvarious enzymes are C, C lal; X, Xhol; Sa, S al I;and Ss, SstlI.All
the sites shown are those susceptible to digestion using K562 cellline DNA, but may be resistant to digestion inother celltypes. Those sites
that have been mapped in recombinant clones are marked with an asterisk. The distances between selectedsites have been shown above the
map.
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and CA3 have been isolated from the mouse by
various workers and it is anticipated that the exact
arrangement of the genes in this organism will soon
be resolved. Indeed the increasing number of carbonic
anhydrase gene probes that are becoming available
from various species should provide a rich source of
data for evolutionary biologists.
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1

20

Met Ala Ser Pro Asp Trp Gly Tyr Asp Asp Lys Asn Gly Pro Glu Gin Trp Ser Lys Leu Tyr Pro lie Ala
AAAAGAAAACTCAGTAGAAGATA ATG GCA AGT CCA GAC TGG GGA TAT GAT GAC AAA AAT GGT CCT GAA CAA TGG AGC AA6 CTG TAT CCC ATT GCC

40
Asn Gly
AAT GGA

Asn Asn Gin Ser Pro Val Asp lie Lys Thr Ser Glu Thr Lys His Asp Thr Ser Leu Lys Pro H e Ser Val Ser Tyr Asn Pro
AAT AAC CAA TCC CCT GTT GAT ATT AAA ACC AGT GAA ACC AAA CAT GAC ACC TCT CTG AAA CCT ATT AGT GTC TCC TAC AAC CCA

Ala Thr
GCC ACA

Ala Lys Glu lie lie Asn Val Gly His Ser Phe His Val Asn Phe Glu Asp Asn Asp Asn Arg Ser Val Leu Lys Gly Gly Pro
CCC AAA GAA A H ATC AAT GTG GGG CAT TCT TTC CAT GTA AAT TTT GAG GAC AAC GAT AAC CGA TCA GTG CTG AAA GGT GGT CCT

Phe Ser
TTC TCT

Asp Ser Tyr Arg Leu Phe Gin Phe His Phe His Trp Gly Ser Thr Asn Glu His Gly Ser Glu His Thr Val Asp Gly Val Lys
GAC AGC TAC AGG CTC TTT CAG TTT CAT TTT CAC TGG GGC AGT ACA AAT GAG CAT GGT TCA GAA CAT ACA GTG GAT GGA GTC AAA

Tyr Ser
TAT TCT

Ala Gly Leu His Val Ala His Trp Asn Ser Ala Lys Tyr Ser Ser Leu Ala Glu Ala Ala Ser Lys Ala Asp Gly Leu Ala Val
GCC GAG CTT CAC GTA GCT CAC TGG AAT TCT GCA AAG TAC TCC AGC CTT GCT GAA GCT GCC TCA AAG GCT GAT GGT TTG GCA GTT

lie Gly
ATT GGT

Val Leu Met Lys Val Gly Glu Ala Asn Pro Lys Leu Gin Lys Val Leu Asp Ala Leu Gin Ala H e Lys Thr Lys Gly Lys Arg
GTT TTG ATG AAG GTT GGT GAG GCC AAC CCA AAG CTG CAG AAA GTA CTT GAT GCC CTC CAA GCA ATT AAA ACC AAG GGC AAA CGA

Ala Pro
GCC CCA

Phe Thr Asn Phe Asp Pro Ser Thr Leu Leu Pro Ser Ser Leu Asp Phe Trp Thr Tyr Pro Gly Ser Leu Thr His Pro Pro Leu
TTC ACA AAT TTT GAC CCC TCT ACT CTC CTT CCT TCA TCC CTG GAT TTC TGG ACC TAC CCT GGC TCT CTG ACT CAT CCT CCT CTT

Tyr Glu
TAT GAG

220
Ser Val Thr Trp lie H e Cys Lys Glu Ser H e Ser Val Ser Ser Glu Gin Leu Ala Gin Phe Arg Ser Leu Leu Ser Asn Val
AGT GTA ACT TGG ATC ATC TGT AAG GAG AGC ATC AGT GTC AGC TCA GAG CAG CTG GCA CAA TTC CGC AGC CTT CTA TCA AAT GTT

60

80
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260

Glu Gly Asp Asn Ala Val Pro Met Gin His Asn Asn Arg Pro Thr Gin Pro Leu Lys Gly Arg Thr Val Arg Ala Ser Phe CTS
GAA GGT 6AT AAC GCT GTC CCC ATG CAG CAC AAC AAC CGC CCA ACC CAA CCT CTG AAG GGC AGA ACA GTG AGA GCT TCA TTT TGATGATTCTG
AGAAGAAACTTGTCCTTCCTCAAGAACACAGCCCTGCTTCTGACATAATCCAGTTAAAATAATAATTTTTAAGAAATAAATTTATTTCAATATTAGCAAAAAAAAAAAAAA(GAATTC)

Human carbonic anhydrase I (CAI) is an erythrocyte-specific zinc metalloenzyme which catalyses the reversible hydration of C02 . It is a member of a
multigene family occurring on the long arm of chromosome 8 (Edwards, Y.H. et
al . (1986) Ann. Hum. Genet. 50, 123-129; Davis, M.B. et al (1987) Som. Cell
Mol. Genet., in press). Human CAI cDNA-containing clones were isolated from a
* gtll expression library prepared from human reticulocyte poly-A+ RNA.
Analysis of a number of clones indicates the use of multiple polyadenylation
sites: the example shown above has the shortest 3'-untranslated sequence.
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Conservation of a common ‘backbone’ in the genetic organization of the IncP plasmids RP4 and
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RP4 and R751 are related self transmissible broad host range plasmids belonging to the IncP
subgroups at and ft respectively (1). A composite restriction map o f plasmid R751 for clea
vage sites o f Sphl and S a il is presented. All sites including those characterized by others (2,3)
were adjusted to each other. The maps are calibrated in kilobase coordinates. Although
recognition sites for restriction endonucleases appear to be clustered mainly in two regions of
both plasmids, a relationship is not obvious because sites do not match. However,
heteroduplex studies (4) as well as D N A hybridization experiments (3), reveal a certain degree
o f homology. The genetic loci for oriT (origin o f transfer), pri (D N A primase), and d f r , Tpr
(dihydrofolate reductase) have been determined by molecular cloning o f Sphl fragments into
the vector plasmid pBR329. Including data on oriV (5,6) the R751 physical and genetic map is
presented in a version which readily demonstrates striking similarities in the genetic
organization as compared to RP4 (7). The relative order o f oriV , rep (t r f A ), pri and oriT on
both plasmids indicates the evolutionary conservation of the
arrangement o f essential
replication and conjugation functions.
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Multiple GF-1 binding sites flank the erythroid specific transcription unit
of the human carbonic anhydrase I gene
Hugh J.M. Brady, Jane C. Sowden, Mina Edwards, Nicholas Lowe and Peter H.W. Butterworth

DepartmentofBiochemistry,UniversityCollegeLondon,GowerStreet,London WC1E6BT,England
Received 14 September 1989
Six potential GF-1 sites which bind an erythroid factor are present in the 5' and 3' regions flanking the erythroid-specific transcription unit of
the human carbonic anhydrase I (HCAI) gene. When two of these sites are placed upstream of a minimal eukaryotic promoter they confer upregulated expression in erythroid over non-erythroid cells. The presence of the erythroid factor in TPA-treated HEL cells in which the level of
HCAI transcripthas greatlydecreased and innon-HCAI-expressing K562 cellssuggeststhatinthesecasesthe presence ofthe factorisnot sufficient
forHCAI expression.
GF-1; Erythroid specifictranscription factor;Human carbonic anhydrase I;Tra/w-acting protein

1. INTRODUCTION
Certain conserved DNA sequence elements to which
transcription factors bind are necessary for the expres
sion of most eukaryotic genes by RNA polymerase II;
other elements, binding specific trans-acting protein
factors have been shown to determine cell-specific ex
pression [1]. In erythroid cells, the promoters of globin
genes contain the conserved ‘TATA’ or ‘CATA\
‘C A A T and ‘CACCC’ sequence cassettes and recent
work has identified a sequence motif ‘GATAAG’ (or
closely related variants thereof) which binds an
erythroid-specific protein [2-5]. This sequence element
is conserved across species and is found in either orien
tation in the regulatory regions o f erythroid-specific
genes. A cDNA encoding this factor has recently been
cloned and designated GF-1 [61. This paper defines the
erythroid-specific transcription unit of the HCAI gene,
the expression of which is characteristic of erythroid
cells of the adult phenotype [7], and examines the bin
ding of the erythroid-specific factor to sequences flank
ing it.
2. MATERIALS AND METHODS
2.1. Transcription unit mapping
Total human reticulocyte RNA was prepared by the guanidinium
hydrochloride/caesium chloride method [8]. Primer extension
analysis [9] of the 5'-end of HCAI mR N A used a single-stranded
D N A oligonucleotide primer (3'-CACCAGGACAGACCGTCGGA-5') complementary to a sequence in the 5'-leader region of the
HCAI gene (from +33 to +52). The primer was 5'-end labelledwith
address: H.J.M. Brady, Department of
Biochemistry, University College London, Gower Street, London
WC1E 6BT, England
Correspondence

T4 polynucleotide kinase and [y-32P]ATP and hybridised to 25 fig of
RNA followed by extension with reverse transcriptase.
Si-nuclease mapping used single-stranded DNA probes generated
from M13 templates [10].For 5'-endmapping, aPv«II-///rtdIII frag
ment containing the first HCAI exon was subcloned into M13mpl8
and the complementary strand synthesised using the above primer.
For 3'-end mapping, a H indlll-M bol fragment from the
3'-untranslated region (221-572 bp downstream from the stop
codon) was subcloned into M13mpl9 and synthesis of the com
plementary strand initiated using the 17mer Amersham sequencing
primer. 3 x 105 cpm of 5'-end probe was hybridised to 15 fig total
human reticulocyte RNA at 62 or 70°C for 3 h. 1.4 x 10scpm of
3'-end probe was hybridised to 9 f i g of RNA for 1 h at 50 or 58°C.
Si-nuclease digestion was carried out for 2 h at 20°C.
2.2. Cell lines and tissue culture
The erythroid celllines used were K562 [11], K562-SA1 [12], HEL
(92.1.7) [13] and mouse erythroleukemic (MEL) cells F412B2 (TK~)
[14]. K562 have an embryonic/foetal phenotype, the others an adult
phenotype. All were grown in Dulbecco’sM E M (DMEM) with 10%
foetal calf serum (Gibco) plus penicillin (100 U/ml), streptomycin
(100fig/m\) and amphotericin B (2.5fig/wA). Another MEL cell line
C88 (APRT-)[15] was alsoused and grown inar-MEM supplemented
with 10% foetal calfserum and 50/ig/ml diaminopurine. HeLa cells
were grown in D M E M as above. HL-60 (myeloid) [16] and HUT-78
(lymphoid) [17]were grown inRPMI 1640 plus 10% foetalcalfserum
with antibiotics and amphotericin B as above. All media were sup
plemented with 2 m M glutamine.
HEL cells were induced to undergo a macrophage-like shift by
treatment with 12-O-tetradecanoyl-phorbol-l3-acetate (TPA) [18].
TPA was dissolved in dimethylsulphoxide (DMSO) and used at
10-6 M for 4-8 days. Control cultures contained equivalent amounts
of DMSO (0.01%).

2.3. Protein preparation
Whole cell extracts used for gel retardation were prepared by
modification ofthemethod of Dale etal. [19]: frozen cellpelletswere
made of total volume 0.2 ml containing 2-3 x 107 cells. 1.0 ml icecold extraction Buffer A (10 m M Hepes, pH 7.9, 0.4 M NaCl,
1.5 m M MgCl2,0.1 m M EGTA, 0.5 m M DTT, 0.5 m M PMSF and
5% glycerol)was added toa singlepelletforlysis.The lysatewas cen
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trifuged at 100000 x g at 4°C for 15 min. The supernatant was
desalted with Buffer B (same as Buffer A but with 50 m M NaCl) on
a NAP-5 column (Pharmacia) and stored at -70°C.
Nuclear proteins for footprinting were prepared from 10® cells
which were washed twice in phosphate-buffered saline and twice in
Buffer I(0.05% Nonidet P-40, 10 m M Hepes pH 7.9, 10 m M NaCl,
3 m M MgCU). The lysatewas resuspended in 10 ml Buffer II(10 m M
Hepes, pH 7.9, 10 m M NaCl, 3 m M MgCl2) and sedimented twice
through 10 ml 30% sucrose inBuffer IIat 1000 x g at4°C for 5 min.
Nuclei were resuspended in 3 ml Buffer III (20 m M Hepes pH 7.9,
0.42 M NaCl, 1.5 m M MgCh, 0.2 m M EDTA, 0.5 m M DTT,
0.5 m M PMSF, 25% glycerol) and the protein extract prepared as
described by Wildeman [20] apart from the addition of 0.5 m M
PMSF to the buffers used. Typically 5-10 mg-ml-1 protein was ob
tained from 10s cells and stored in aliquots at -70°C.
2.4. Oligonucleotides and probe preparation
The oligonucleotide ‘ag2’ derived from mouse o-i-globinwas a gift
from Dr M. Plumb (Beatson Institute, Glasgow). Other
oligonucleotides (antisense strand shown below) were made as com
plementary single-stranded sequences and annealed before use:
Oligo A:
Oligo B:
Oligo C:
Oligo E:
Oligo F:
Oligo ag2:

5'-GTATTTTTATTGATTATTGTGCTG-3'
5'-ACCACTTCCCTTATCAGGTTCTC-3'
5'-CCCACTCXAATCACCACAGGGCCA-3'
5'-TGATCAAATGATTATCTTTTATAT-3'
5'-CTATTTTTATCTTTAATTGACACA-3'
5'-GATCCGGGCAACTG AT A A GG ATTCCCAGATC-3'
Oligo CACCC: 5'-CTGATTAAATCCACACCCCA-3'

The oligonucleotides were 5'-end labelledas above and 5'-overhangs
were filledin using excess dNTPs and Klenow fragment and purified
by electrophoresis on a 10% polyacrylamide gel.
Fragment ‘D\ a 57 bp Nhel-EcoRl fragment (195-251 bp
downstream from the ‘stop’ codon) which lies between the two
polyadenylation sites, was dephosphorylated using calf intestinal
phosphatase and 32P end-labelled as above.
2.5. Gel retardation assay
Gel retardation assays using whole cell extracts were carried out
essentiallyas described by Dale etal. [19]. 10/A of extract was prein
cubated with 1/d of 5 mg-ml-1 poly(dl-dC)•poly(dl-dC) for 15 min
at 20°C. Additional components were added to a finalconcentration
of 0.5 x Buffer B, 2% Ficoll (w/v), 0.25 mg‘ml-1 BSA,
10-20000 cpm end-labelledD NA and 100 ng competitor D NA where
indicated in a final volume of 40 fil. The mixture was incubated for
a further 15 min at 20°C. Samples were electrophoresed on a 5%
nondenaturing polyacrylamidegelin0.5 x TBE (89 m M Tris, 89 m M
boric acid and 5 m M EDTA) at 150 V for 2 h.
2.6. Footprinting analysis
The 255 bp P vu \l-A va\l fragment (-219 to +35) was subcloned
into the Smal site of Bluescript plasmid (KS+, Stratagene). Both
strandswere labelledfor DNase Ifootprintingofthepromoter region
of HCAI: the coding and noncoding strands were 5'-end labelled at
the polylinkerH in dlll siteand theD de Isiteat +14, respectively, and
fragments were purified after secondary digestion with HaeII (-107)
for the coding strand and with P stl (in the polylinker) for the non
coding strand. Markers were prepared by Maxam-Gilbert sequencing
of the 5'-end labelled fragments.
Nuclear protein (50-100 /ig) was preincubated with 1/ig poly(dIdC) •poly(dl-dC) in 40 fi\ binding buffer (50 m M KC1, 5 m M MgCl2,
1 m M EDTA, 10 m M Tris-HCl pH 8.0, 1 m M DTT, 12.5% glycerol
and 0.1% Triton X-100) at 4°C for 30 min. Labelled fragments
(20000 cpm) were added and incubated at 4°C for 30 min. DNase I
digestionat0.5 /tg-ml-1,inthepresence ofproteinand 0.01 /ig -m r 1
inthe absence of protein, was at20°C for 2 min, followed by the ad
dition of 0.1 vol. of ‘stop’ solution (1 m M EDTA, 10% SDS,
1 mg-ml-1 tRNA). D N A was purified by organic extraction and
resolved on an 8% denaturing polyacrylamide gel.

452

November iy«y

2.7. Transfection
F412B2 MEL cells and HeLa cells were transfected using calcium
phosphate/DNA precipitation as described by Rosenthal [21]. 1.5 x
106F412B2 cellswere plated on 100 m m Corning tissueculturedishes
(Bibby) 20-22 h before transfection whereas 3 x 106HeLa cellswere
plated on 75 cm2Falcon tissueculture flasks (Becton and Dickinson)
at the equivalent time. The precipitate was left in contact with
F412B2 cells for 24 h and with HeLa cells for 6 h, followed by
glycerol shock for 2 min. Both types of cell were left for 48 h after
adding the precipitatebefore harvesting. Cell lysates were then made
by 3 cycles of freeze-thawing.
2.8. Chloramphenicolacetyl transferase (CAT) and /8-galactosidase
assays

/?-Galactosidase assays were performed exactly as described by
Herbomel etal. [22]. Equivalent amounts of/?-galactosidase activity
for each transfectedplateor flaskwere then assayed for CAT activity
exactly as described by Gorman et al. [23].
2.9. Northern analysis
RNA was separated and transferred onto Gene Screen Plus [24],
HCAI m R N A was detectedby hybridisingthe filterwith 1 x 103cpm
HCAI cDNA [25] labelled with [-y-32P]dCTP using random primers.
Hybridisation and washing conditions were as recommended for
Gene Screen Plus.

3. RESULTS AND DISCUSSION
Si-mapping and primer extension studies have defin
ed the position o f the 5' -end of the transcription unit
(fig.lA ,B ). Si-mapping has also identified the
polyadenylation site, pA(II) at the 3' -end of the most
abundant HCAI mRNA species (fig. 1C) which lies
225 bp downstream from an alternative (yet rarely us
ed) site o f 3 '-end maturation, pA(I), previously
described from an analysis of cDNA clones [25]. Con
sensus sequences for the binding of general transcrip
tion factors are apparent (fig.ID). At -2 8 there is a
globin-like ‘CATA’ motif [26] and three potential
‘CAAT’ box sequences [26] between -6 0 and -90.
The flanking sequences also contain consensus binding
sites for characterised transcription factors: for the
‘CACCC’-binding factor [27] at -2 0 9 and -4 7 ; for
AP-1 [28] at -3 2 4 and 801 bp downstream from the
end o f the protein-coding sequence; for Spl [29] at -93
and Oct-1 [30] at -8 1 . Based on previously reported
consensus sequences [3-5] for the binding of an
erythroid-specific transcription factor, GF-1, six poten
tial sites are found flanking the HCAI gene: sites A, B
and C at -2 9 0 , -1 9 0 and -1 4 9 , respectively, and sites
D, E and F located 223 bp, 581 bp and 833 bp
downstream from the ‘stop’ codon. Site D lies between
the two polyadenylation sites and site E has the se
quence motif in two orientations.
Gel retardation assays show that all six GATAAGlike sequences flanking the HCAI transcription unit
bind the same erythroid-specific protein (fig.2).
Double-stranded oligonucleotides (23- or 24-mers) con
taining sites A, B, C, E and F and a 57 bp fragment
containing site D were used. Each gives rise to a ban
ding pattern containing a more abundant upper band

and a much less abundant lower band when incubated
with a protein extract from erythroid (M EL) cells. In
each case, com petition using O ligo-B or Oligo-o'g2 (in
which the only com m on sequence is a G A T A A G -like
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D. (i) 5-region flanking the transcription start site
- 3 60

-260

-160

- 50

AP-l
GF1(A)
TGAGTTCAAAATCGACATCAAGATATAAAGGAATCAGTGACTAAAT ATATTTCATATATGGTATTTTTATTGATTATTGTGCTGTCTTGACCTAGTATGG
Ta'ql
•CACCC'
GF1(B)
AGGCCTTGGCTAGAGGCTGGTCAGTTTCCTCTCTTGAGCAGCTGATTAAATCCACACCCCAACCACTTCCCTTATCAGGTTCTCACACTCTGGGGCCACT
PvuII
GFl(C)
Sol
Oct-1
A T G T A C C C A C T C 7 A A T C A C C A C A G G G C C A G A C A T C A G A C A A T T A A G G A C A G C G C C C A T G C C C C A A A G C C C G C C A A A A T T A T G C A A A T T ATT C A A A A T T AT
Rs'al
Haelll
Haell
'CAAT1
’CAAT'
'CAAT'
'CACCC'
'TATA'
+1
TCAACCTAGCTAACCCCACCCTTTTTGCTGTACATAAGCTGCCCATTCCCCCTCCAGCCTGTGG7ACCCAGTCCTCAGGTGCAACCCCCTGCGTGGTCCT
Od'el

(ii) 3' region flanking the translation stop signal
_____
Arg Ala Ser Phe CTS CTS
A G A . G C T . T C A . T T T . T G A . TGA . . . . . . . . . . . . . . . . . . . . . . . . . T T T T T A A G A A A T A A A T T T A T T T C A A T A T T A G C A A G A C A G C A T G C C
1
7*7
GF1 (0)
pA(II)
TCTGTAAGCATAAGCTTATCTTAAATTCAA .... TATTTGAACCAATAAAATAATTTTATCTCTTTCTTTCTGTTGTGCATTCAGTTTCTA ....
209
302
GF1(E)
AP-l
GF1(F)
TGATCAAAATGATTATCTTTTATAT
572

CAATCTTTTAGTCAGATGTGCGCTTCACCTTATGCT ATTTTTATCTTTA A T T G A C A C A . . . . . .
794

Fig. 1. The HCA I transcription unit. (A) Si-m apping and (B) prim er extension analysis defining the transcription start site. (C) Si-m apping of
the m ost 3 '-polyadenylation site. (D) DNA sequences flanking the 5 ' - and 3 '-en d o f the H C A I transcription unit showing relevant restriction
endonuclease cleavage sites and consensus sequences for binding o f ubiquitous and cell-type specific transcription factors and for 3 '-end
m aturation.
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F ig.2. The binding o f factors to G A TA A G -like sequences flanking the H C A I gene. Gel retardation assays o f 5 '-en d labelled double-stranded
oligonucleotides with 50 fig protein extracts from erythroid and non-erythroid cell lines. C om petition assays were perform ed with 150 ng
unlabelled double-stranded oligonucleotides as specified. Those involving labelled oligo-B give rise to a characteristic band which does not occur
with any o f the other oligonucleotide probes used.
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F ig .3. F ootprint analysis o f the -2 1 9 to -1-14 region o f the HCA I
gene. T + C indicates M axam -G ilbert sequencing reactions; ‘0’
indicates DNase 1 digestion w ithout protein. The boxes to the left o f
the panels denote the footprint around each consensus: CACCC
( - 2 0 9 and - 4 7 ), GF-1 binding sites B and C ( - 1 9 0 and -1 4 9 ,
respectively), Spl ( - 9 3 ) and Oct-1 ( - 8 1 ) . (A) Analysis o f the n o n 
coding strand from PvwII (-2 1 9 ) to ( + 14) after binding with HEL*
(50 /ug) and H E L (100 ^g), H eLa (100 ^g) or HUT-78 (100 ^g)
nuclear extracts. C om petition o f the fo otprint over GF-1 (site B) in
H E L extracts was by the addition o f 200 ng double-stranded
oligonucleotide B or ag 2. (B) Analysis o f the coding strand from
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2, 5 -1 0 ) all contain the factor (form ing complexes with
O ligo-B which are com peted out by Oligo-F); thus the
factor is present in erythroid cells even in embryonic
cells in which H CAI is not expressed (see [6]). The fac
tor is absent from non-erythroid haem opoietic cells
(H L-60 and H U T -78, lanes 1 1 -1 4 ). H eLa cells do not
have the same factor; however, this non-erythroid cell
line does contain a small am ount o f a protein which
form s a lower m olecular weight com plex with the
G A T A A G m otif in O ligo-B (com peted by Oligo-F,
lanes 3 and 4). Comparing the six binding sites with the
other published consensus sequences [3 -5 ] suggests a
core recognition site o f 3'-P y-I-A -T -C -T -5'.
D N ase I footprinting o f the H C A I promoter region
by H EL, HeLa and HUT-78 nuclear proteins (fig.3)
show s protection around the G A T A A G m otif at Site B,
exclusively with proteins from erythroid cells. The
region between - 1 9 3 and - 1 7 9 containing Site B is
footprinted by H EL cell proteins with the induction of
a hypersensitive site at - 1 8 0 . The footprint is
specifically com peted out by the addition o f GATAAG
m otif-containing double-stranded oligonucleotides B
and a g2 but not the ‘C A C C C ’ oligonucleotide. No
footprint is evident on either D N A strand for Site C at
- 1 5 0 which suggests non-equivalence in function bet
ween the multiple G A T A A G -like elements. Footprints
over the Sp-1, Oct-1 and ‘C A C C C ’ consensus se
quences are also observed which are not erythroid
specific [26,28,29].
T o show in vivo effects o f erythroid specific factor
binding, the 5' T aql-R sal fragment ( - 3 4 8 to -1 5 7 ) of
PvuW ( -2 1 9 ) to H aeII (- 1 0 7 ) after binding with protein extracts
from H E L (100 ^g) and H eL a (100 /*g); com petitor for footprint at
site B was 200 ng Oligo-B.

(-346)

+TPA

(-157)

lagl [

] Rsal

pHCAI CAT T /R

]IaaI

Rsal

Days of
treatment

4

8

+DMSO
4

8

pHCAI CAT R/T

Xbal

pBL CAT2 •

tk

CAT

SV40

Am p1

Fig.4. Taql-Rsal fragment of HCA I (- 3 4 8 to -1 5 7 ) inserted (in
either orientation) into the unique X b a l site of pBLCAT2, upstream
o f a minimal thymidine kinase (tk) prom oter fused to the CAT
reporter gene, the SV40 small t intron and polyadenylation site.

HCAI was placed in either orientation into an expres
sion vector upstream o f the minimal thymidine kinase
promoter [31] fused to the CAT reporter gene il
lustrated in fig.4. Constructs containing the HCAI
fragment, or vector alone, were cotransfected into cells
with a plasmid containing the /?-galactosidase reporter
gene driven by the herpes simplex virus immediate early
gene 4 promoter to normalise transfection efficiency.
The transfected cells were MEL F412B2 cells which ex
press mouse CAI and HeLa cells which do not express
CAI. The plasmid containing the Taql-R sal fragment
o f HCAI shows a 2 .5 -2 .8 -fo ld induction over the con
trol plasmid in MEL cells but not in HeLa cells (table
1). This fragment which flanks the 5 '-end o f the HCAI
gene contains two G ATAAG-like motifs (Sites A and
B), and consensus sequences for A P -l and ‘CAC C C ’
binding proteins. However, ‘CACCC’-box and A P -l
binding proteins are present in both HeLa [27,28] and
MEL cells [4,32].
HEL cells constitutively express H CAI. When
treated with the phorbol ester TPA , a shift takes place
from erythroid to myeloid lineage as evidenced by the
morphological, biochemical and functional changes
they undergo [17]. Northern analysis (fig.5) shows that
the treatment o f HEL cells with TPA reduces the
steady-state level o f HCAI mRNA 7 -8 -fo ld compared
with untreated HEL cells (from scanning den
sitometry). This is in contrast to the induction o f CAII
mRNA observed in TPA-treated HL60 cells [33] which

Fig.5. Northern analysis of equivalent am ount of total RNA from
control and TPA -treated HEL cells probed with ,: P-labelled HCAI
cDNA.

indicates a difference in the regulation o f CAI and
CAII transcription. However, gel retardation assays
with protein extracts from TPA-treated and control
HEL cell cultures show no change in the binding pat
tern o f the erythroid factor to Oligo-B (data not
shown).
The presence o f the erythroid factor in TPA-treated
HEL cells in which the level o f HCAI transcript has
greatly decreased and in non-expressing K562 cells sug
gests that the presence o f the erythroid factor (GF-1) is
not sufficient for HCAI expression.
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