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ABSTRACT

The work described in this thesis investigates the
regulation of expression of human and mouse carbonic
anhydrase 3 (CA3 and Car-3 respectively). A cDNA for mouse
Car-3 has been isolated from an expression library, the
nucleotide sequence determined and compared with that of
mRNAs encoded by other members of the mouse Car gene
family and with human CA3 mRNA. The distribution of CAIII
protein in mouse tissuesvhas been investigated using IEF
and Western blotting and a parallel assessment of mRﬁA
levels made using RNase protection assays and Northern
analysis. A polymorphism between inbred strains of mice
has been detected using the mouse c¢DNA as probe which
allowed a linkage analysis between Car-3 and other members
of the Car gene family on mouse chromosome 3. A cDNA clone
isolated during the library screen, but which was not Car-
3, was sequenced and identified as a full length cDNA
clone encoding mouse heart fatty acid binding protein (H-
FABP).

The partial characterisation of genomic clones for
human CA3 has been completed by restriction maﬁping and
sequence analysis. In particular the 5' promoter region
which contains an HTF island has been investigated in
detail. A 15kb Xhol fragment containing the entire gene
with 3* and 5' flanking sequences was used in attempts to
establish mice transgenic for human CA3. A single

transgenic mouse was identified which did not express the



human gene.

Transfection of cultured myogenic cells was
investigated as an alternative system for the analysis of
CA3 regulation. Three cell lines showing moderate to high
levels of CAIII expression were identified and
characterised immunocytochemically. These studies showed
that CAIII was present at high levels in proliferating
myoblasts and was distributed evenly throughout the
cytoplasm. Successful conditions were established for
electroporation of two of these cell lines and a
fibroblast line which did not express CAIII. The human CA3
5' promoter region was subcloned into a promoterless
vector containing the bacterial CAT gene and from this two
abbreviated constructs were generated. The efficiency of
these promoter constructs were tested by transfection into
myoblast cells and assay of CAT activity. The results of
these experiments suggest that 254bp of sequence 5' of the
initiation signél are sufficient for CA3 expression in
myoblasts and at least one additional positive regulatory

element lies between -2817bp and -722bp.
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CHAPTER 1

INTRODUCTION

1.1. The Carbonic Anhydrase Gene Family

The reversible reaction COz + H:O @ H*+ HCOs: is
central to the release of CO: from the blood into the
lungs. ﬁowever,vuncatalysed hydration and dehydration of
carbon dixoide are reiatively slow processes (Faurhblt,
1924). Henriques (1928) récognised that this presented a
paradox since blood passes through the cqpillaries of the
lung too fast for the exchange to take place. This implied
that the uptake and release of carbon dioxide involved an
enzyme catalysed reaction. Haemoglobin was originally
credited with this activity, partly since it was
implicated in the transport of carbon dioxide in the blood
and because partially pﬁrified preparations of this
protein were demonstrated to hydrate carbon dioxide.
However, in 1933 Roughton and his student Meldrum carried
out the classical experiment in which they added
chloroform to a preparation of haemoglobin, shook it up,
centrifuged it and discovered that the enzymatic activity
was actually iﬁ-the haemoglobin free supernatant. The
enzyme responsible was named carbonic anhydrase (CA).
Keilin and Mann (1940) purified carbonic anhydrase from
red blood cells and demonstrated that a bound zinc ion was
essential for the activity; thus CA was the first recorded
zinc metalloenzyme.

Interest in carbonic anhydrase and particularly its
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mechanism of action was stimulated by the discovery that
this enzyme is sﬁecifically inhibited by sulphonamide
drugs, (Mann and Keilin, 1940). The recognition that the
'side-effects' of sulphonamide treatment were not confined
to the'red cells led to a search for carbonic anhydrase in
other tissues. It has since been shown that the -S0:zNH:
group interacts directly with the active site of the
enzyme. These drugs are used to treat a wide range of
conditions including glaucoma and gastric ulcers.

The carbonic anhydrases can catalyse. other reactions
in addition to the hydration of carbon dioxide albeit at
lower rates. These include the hydrolysis of esters of
carboxylic acids and carbonic acids and the hydration of
aldehydes (Pocker and Sarkenan, 1978).

In the early 1960s carbonic anhydrase was purified by
chromatography from bovine and human red cells and it
became apparent thﬁt in humans there were at least two
forms of the enzyme in blood (Lindskog, 1960; Nyman,
1961). The more active of the two isoforms was found to be
one of the most efficient enzymes ever described with a
COz hydration turnover of rate of almost 10® sec-! at pH
7.5 and 25°C. The second isoform accounted for nine-tenths
of the CA protein in red cells but had the lower turnover
rate of 5x104 sec-! under the same conditions, (for review
of the comparative kinetics see Sanyal, 1984). These two
isozymes were shown to be determined at two seperate CA

loci, now referred to as CA2 and CAl respectively. Studies
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of tissue distribution in man revealed widespread CA2
expression whereas CAl is restricted principally to
erythrocytes, (Tashian et al., 1984).

Since that time the number of genes which have been
identified in amniotes has increased such that the CA
family is now known to comprise at least seven genes.
Amongst these is CA3 which encodes the muscle specific
-isozyme first identified in 1976. This gene is the main
subject of this thesis and will be described in greater
detail below. The most recent addition to the family is a
fourth cytosolic form, CA7 (Montgomery, 1988). The other
isoforms, which are membrane bound (CAIV), mitochondrial
(V) and secreted (VI), have recently been reviewed by
Fernley (1988). CA "Y" is the tentative designation for a
further CA gene whose sequence was derived from a mouse
liver cDNA, however this gene may actually encode the
mitochondrial isozyme CAV (M.Amor and T.Meo, unpublished
data; Tashian et al., 1989). The various CA isoforms
differ in the detail of their kinetic properties, tissue
distribution and subcellular localisation. These features
are summarised in table 1.1.

In addition to these primary isoforms other isozymes
have been described which can be attributed to poSt—
translational modifications such as deamination of
glutamine or asparagine or thiol interactions with free
sulphydryl groups (Shows, 1967; Koester et al., 1978) .

Homology has also been jdentified between the CA isozymes

15



TABLE 1.1 Summarised features of the mammalian CA isozymes

Subcellular

CA Amino acid Activity Distribution
Isozyme Residues (mol/sec) Location
CAI 260 High Cytoplasm Erythrocytes
(1x10°%) Gastrointest-
inal eithelia
CAII 259 High Cytoplasm Widespread-
(1x108) Certain cells
of most
tissues (not
CNS neurons,
monocytes,
fibroblasts,
osteoblasts,
granulocytes)
CAIII 259 Low Cytoplasm Skeletal
(1x104) muscle (type 1
fibres),
Rodent liver
CAIV ? High Membrane- Lung, kidney
bound
glycoprotein
CAV ? High ‘Mitochondria Kidney,liver,
Probably many
other tissues
CAVI 314 High/ Secreted Salivary
low glycoprotein glands
(acinar cells)
CAVII 263 ? Cytoplasm Salivary
glands
CA"Y" 262 ? unknown Mouse liver
(possibly CAV)
Taken from Tashian, 1989.
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and two viral proteins. There is 37% identity between a
CAIII consensus amino acid sequence and the vaccinia virus
D8 product (Niles et al., 1986; Niles and Seto, 1988).
However, it seems unlikely that this 304 amino acid
transmembrane protein has CA activity since several
crucial active site residues are not conserved. The 3'
portion of the v-erb-A oncogene from the avian
erythroblastosis virus (Debuire et al., 1984) is
homologous to a region spanning residues 10-183 in CAI,
CAII and CAIII. The human and chicken cellular c-erb-A
genes are known to encode a thyroid hormone receéptor
(Weinberger et al., 1986) but these proteins are not as

significantly similar to the CA sequence.

1.2 Carbonic anhydrase III, CAIIIX

1.2.1 Identification and characterisation of CAIII protein

The muscle specific isozyme, CAIII, was not identified
until almost 15 years after the isolation of the red cell
isoforms, CAI and CAII. This partly reflects the accepted
view, held at the time, that carbonic anhydrase would not
be found in muscle. Roughton himself said in 1935 that in
a tissue such as muscle "... cérbonic anhydrase would be
an enemy to the organism rather than a friend: in its
absence the CO: is able to diffuse away rapidly without
loitering appreciably by the wayside in the form of
bicarbonate ions." This view was not challenged until

1974 when Cherniak and his colleagues suggested that the
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carbon dioxide storage in muscle could not be explained
entirely by simple diffusion and hydration, thereby
implicating some other factor in muscle (Cherniak et al.,
1974). Two years later Holmes reported that a carbonic
anhydrase activity, distinct from the erythrocyte
isozymes, could be detectedvon starch gels in red skeietal
muscle from a variety of mammals (Holmes, 1976).

At around the same time a group in California were
trying to isolate phosphoglucose isomerase from rabbit
muscle but found it co-purified with substantial amounts
of an unidentified basic protein. Characterisati¢n of the
size and amino acid composition suggested a similarity to
carbonic anhydrase. However, it had only minimal esterase
activity and failed to fulfil the mandatory criterion of a
carbonic anhydrase: viz inhibition with very low
concentrations (10-¢M) of the sulphonamide, acetazolamide.
Following a fruitless search for other activities and the
recognition that their basic protein contained a bound
zinc moiety, they returned to the conclusion that this
abundant muscle protein was a third carbonic anhydrase
isoenzyme, now designated CAIII (Koester et al., 1977).
Interestingly, these authors also drew attention to a
paper published more than ten years earlier'by Scopes,
(1966). In a survey of sarcomeric proteins by starch gel
electrophoresis Scopes had detected and purified a basic
cytoplasmic protein of 'around 34kD' which was very

abundant and characteristic of red skeletal muscle. This
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protein was almost certainly CAIII but because Scopes
could not identify a function, it remained designated
simply as protein F. |

Human CAIII was first purified in 1979 (Carter et al.)
and its amino acid composition determined. By this time
rabbif and ox CAIII had been purified and sequenced and
partial amino acid sequences were available for gorilla
and chicken. Comparisons of>CAIII isolated from these
various species indicated a number of properties which
were characteristic of this isozyme.

Firstly, CAIII is a relatively inefficient CO:
hydratase, having the lowest activity of allAthe CA
isozymes. The average COz turnover rate (4x10® sec-! at
pH7.5 and 25°C) of cat CAIII is only 4% of that of human
CAII; Secondly, CAIII is unusually insensitive to
sulphonamide inhibition with a Ki= 10-7-10-4M in contrast
to CAI and CAII which have values in the range Ki= 10-7-
10-19°M (Sanyal, 1984). In general the CO: hydration
activity of each isozyme is ipversely proportional to its
sensitivity to inhibitors.

CAIII also shows two other catalytic activities; a
carboxyl-esterase activity which it has in common with
other carbonic anhydrases and a p-nitrophenyl phosphatase
activity at low pH which is unique to CAIII, (Koester,
Pullan and Noltmann, 1981). Another feature of CAIITI is
the increased number of cysteine residues CAIII contains

relative to CA's I and II; human CAIII contains five
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cysteine residues whereas CAI and CAII both contain only
one. These residues seem able to form intermolecular
disulphide bridge and account for the unusual ability of
‘CAIII to form stable, active dimers (Koester et al., 1978;
Carter et al, 1979).

The three-dimensional structure of CAI, CAII and CAIII
has been determined by X-ray crystallography at 2.0A
resolution, (Notstrand, Vaara and Kannan, 1974; Eriksson,
1988) and they are each very similar despite only about
60% homology between any two of them. In all cases the
active site has a conical shape and the catalytically
important zinc ion is coordinated to three conserved
histidine residues (His-94,96 and 119) and to one water
molecule to form a tetrahedron. Structural studies and
kinetic analysis have identified 36 residues involved in
the active site (table 1.2).

It seems likely that the functional characteristics of
CAIII might be attributed to one or more of its eight
unique residues which occur in the CAIII active site: Arg
or Lys at positions 64, 67 and 91, Cys-66, Ile-141, Phe-
198, Glu-204 and Ile-207. Particular attention has focused
on the basic residues at positions 64, and 67. In all
other isozymes there is a histidine at position 64 and
this is thought to act as an intermediate in the transfer
of protons between the zinc bound H20 or hydroxyl and the
buffef medium during the interconversion of CO: and HCOs.

However, site-directed mutagenesis experiments in which

20



TABLE 1.2

Active site residues in carbonic anhydrase

Residue
no.

CAI (6)
CAII (6)
CAIII (5)
CAY (1)
‘CAVI (1)
CAVII (1)
Residue
no.

CAI (6)
CAII (6)
CAIII (5)
CAY (1)
CAVI (1)
CAVII (1)
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Residue number is based on human CAI sequence; numbers in

parentheses indicate the number of species investigated;

residues in square brackets are unique to an isoform. At

any one position lower case indicates preponderant residue

and upper case uniformity;

* indicates variable residue.

Data taken mainly from Tashian,

Fernley et sgl.,

(1988).
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His-64 in CAII was replaced by Lys did not significantly

alter the rate of CO: hydration (Forsman et al., 1988).

Recent mutation studies in David Silverman's laboratory

show a marginal improvement in the rate¥;¥ proton transfer

when CAIII Lys-64 is mutated to His but a much more //
significant improvement when Arg-67 is replaced by Asn. It
seems that the positively charged Lys-64 and Arg-67 ' Q
contribute to a restriction of access of small buffer ions

to the zinc moiety. Removal of Arg-67 improves access and

rate of proton transfer,(fu et al., (1990). CAIII has Lys jy/
at this position and cannot benefit from the active His
intermediate and must pass its protons directly, and

therefore less efficiently, to the buffer molecules. These
findings are consistent with structural analysis of bovine
CAIII which suggests that Arg—-67 and Phe-198 reduce the

size of the active site cavity (Eriksson, 1988). Eriksson

also proposed that Phe-198 and Ile-207 would sterically
interfere with the region of substrate binding. The low

CAIII activity probably results from the combination of

these features.

1.2.2 CAIXI expression in skeletal muscle

CAIII is a substantial component of red skeletal
muscle where it is readily detectable after SDS-PAGE by
protein staining (Tipler, Edwards and Hopkinson, 1978).
This enzyme accounts for more than 10% of soluble muscle
protein in humans (Carter et al., 1979) and 2% in rabbits

(Roester et al., 1977). Immunoassay of various human
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tissues using a CAIII polyclonal antibody has shown that
CAIII is present in limb muscle at a concentration of
Tmg/g wet weight of tissue while cardiac and smooth muscle
contain only 1% of this level (Jeffery et al., 1980).
Trace amounts of CAIII have also been detected in lung and
red cells (Jeffrey, Edwards and Carter, 1980; Heath et
al., 1983a). Holmes (1976) also found CAIII in sheep lung.

The early reports on distribution also noted that CAIII
was abundant in the red muscles of chicken, cat and rat
but absent from white, fast twitch muscle such as chicken
breast (Holmes, 1976, 1977; Moynihan, 1977). Knowledge of
muscle fibre type distributions suggested a correlation
between the presence of type 1 fibres and CAIII
expression. Assay of mRNA in rabbit muscles which contain
a preponderance of a single muscle fibre type supported
this theory; CAIII mRNA levels in EDL, AT (type 2B) and
masseter were only 3-10% of that measured in soleus (type
1), (Brownson et al.,1988).

Localization of carbonic anhydrase by immunocytochemical
studies confirmed that CAIII is present in type 1 fibres
from both human (Shima et al., 1983; Moyle et al., 1984)
and rat (Riley et al., 1982; Jeffery et al., 1986b).
However, there is confusion about whether other fibre
types also contain CAIII. Riley et al., (1982) employed a
histochemical stain for CA, distinguishing CAIII by
acetazolamide inhibition, and found that most CAIII

activity in type 1 fibres, a little in type 2A and none in
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type 2B. Hoﬁever, Shima et al. (1983) and Jeffery et al.
(1986b) both used peroxidase-linked detection systems and
agreed that CAIII was type 1 fibre specific. Moyle et al.
(1984) detected CAIII by immunofluorescence in all fibre
types; Jeffery et al. (1986b) suggested this lack of
differentiation is accounted for by using undiluted
antiserum.

There is also conflict as to whiéh (if any) of the
other CA isoforms are found within muscle fibres.
Although, it is generally agreed that a high activity CA
isozyme is present in at least type 1 fibres (Jeffery et
al., 1986b; Vaanadnen et al., 1982). The inconsistent
reports on this topic are likely to be due in part to
cross-reacting antibodies.

The distribution of CAIII in muscle can be altered in
two ways; i) by either variation in the levels of thyroid
hormone and ii) by altering the pattern of electrical
stimulation to the muscle. Studies in rats showed that
thyroidectomy resulted in an increase in CAIII protein
levels in the anterior tibialis. Immunohistochemical
analysis, using ATPase staining to differentiate fibre
types, revealed a dramatic increase in the number of dark
staining fibres (a subset of type 2A, intermediate fibres)
and these stained positively for CAIII (Jeffery et al.,
1986¢c). These results are consistent with the report by
Gagnon et al. (1985) that an increase in the level of a

30-kD protein (CAIII) is associated with the type 2 to
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type 1 fibre transition indﬁced by thyroidectomy. Rats
treated with thyroid hormone display the reverse effect
such that CAIII is reduced in soleus muscle, presumably
accompanied by a type 1 to type 2 fibre transition.
However, thyroid treatment also increases CAIII in
superficial vastus lateralis muscle (primarily type 2B)
suggesting that thé direction of modulation by thyroid
hormone is directly related to the initial fibre type
composition of the muscle, (Frémont et al., 1987).

An analogous fast to slow fibre type transformation
can be induced in rabbit by application of chronic
electrical stimulation to fast twitch muscle, thus
producing a similar electrical pattern to slow twitch
muscle. During this transition CAIII is upregulated such
that the stimulated muscle contains up to 13 fold more
CAIII mRNA than its paired, unstimulated control at 10
days after the start of stimulation, (quwnson et al.,
1988). Thus the expression of CAIII appears, in part, to
be controlled by the pattern of herve impulse, responding
positively to slow muscle fibre type neurons.

However, a similar induétion of CAIII protein is seen
after resection of the sciatic nerve in rats with increased
CAIII protein and mRNA in the hind limb fast muscles.
CAIII expression in the soleus, a slow muscle served by
the same nerve, remains high for several weeks after nerve
resection, (Carter et al., 1988). |

Preliminary developmental studies suggest that the CA3
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gene expression is initiated before CAl and CA2, in man.
CAIII mRNA can be detected by Northern analysis at 10
weeks gestation (Lloyd et al., 1986) and by 11 weeks CAIII
protein represents 100#g/g wet wt tissue (Jeffery et al., .
1980). This protein level gradually increases until the
20th week when there is a more rapid rise such that the
level at birth is 50% of adult skeletal muscle (Jeffery et
al., 1980). This substantial increase in the third
trimester probably correlates with the time of adult
muscle fibre type differentiation. CAI and CAII are
expressed relatively later iﬂ development; both proteins
are first detected in erythrocytes at 22 weeks gestation
but levels remain low until the 32nd week and rise
dramatically around birth (Tashian, 1977, Boyer et al.,

1983).

1.2.3 CAIII expression in rat liver

Skeletal muscle is the only major site of CAIII
expression in most mammals so far examined including man,
cat and sheep. However, an interesting variation occurs in -
the rat where male liver shows high levels of a
sulphonamide insensitive carbonic anhydrase, (King et él,
1974). Carter and his co-workers (1981) pufified this
protein from rat liver and compared it to the muscle
isozyme. They found that both showéd the same level of
inhibition by acetazolamide (Is0=10-*M) and shared an

identical mobility after electrophoresis on cellulose
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acetate plates that differed from that shown by both CAI
and CAII. In addition the enzymes were immunologically
indistinguishable and partial sequence analysis revealed a
stretch of 15 identical amino acids including 4 xesidues
thought to be unique to CAIII. This evidence Suggests that
the liver and muscle CAs are encoded by the same gene,
although it dpes not exclude the possibility that they are
merely closely related genes. CAIII in the rat liver has
recently been localized to perivenous hepatocytes by
immunofluorescence (Carter et al., 1989).

The other peculiar feature of this discovery was that
the level of CAIII protein in male rat liver is between 10
and 30 times greater than that found in female rat liver,
(Shiels et al, 1983a,b; Jeffery et al, 1984). This
observation appears to be consistent with an earlier
report'that liver CA is induced by testosterone, (Garg,
1974). This potential androgen-linked control of CAIII was
investigated in more detail by administering testosterone
and oestradiol to gonadectomised rats, (Shiels et al,
1983a,b). Castration of male rats resulted in a 75-90%
reduction in CAIII and a slightly greater reduction was
seen when oestradiol was implanted into these animals but
both levels were higher than that seen in the normal
female. Testosterone replacement in castrated rats
increased the levels of CAIII to 80% of their original
value and the effect of testosterone on ovariectomised rats

was a 5 fold increase in CAIII. In more recent studies
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Jeffrey, Carter and Wilson (1984) have shown that the
regulation of CAIII by androgens is indirect and is
mediated via the pituitary gland and growth hormone. This

control mechanism is discussed further in section 5.1.3.

1.2.4 Physiological function

The exact function of CAIII in muscle is still
something of a puzzle. It has been implicated in the
facilitated diffusion of COz (Gros et al., 1984) but it

seems strange that muscle should rely on such a poor

—

enzyme to fﬁlfil this task rather than one of the more

~ L

5f§ic1ent isoforms, although the relatively low catalytic
activity of CAIII may be compensated by the great
abundance of protein. One clue may be provided by the
observation that unlike other isoforms, CAIII shows
kinetic parameters which are independent of pH in the
range pH5.5 to 8.5 and this may be particularly important
in the context of muscle (Sanyal, 1984; Engberg et al.,
1985). However, if the sole funétion of CAIII is the
hydration of COz then it is surpriSihg that expression is
not correlated with the oxidative capacity of the muscle
fibres. Both type 1 and type 2A fibres carry out oxidative
phosphorylation but CAIII is restricted to type 1 fibres.
This observation together with the effects of
thyroidectomy on CAIII expression lead Frémont et al.
(1987) to suggest that CAIII is somehow associated with
the slow-twitch contractile apparatus. It is also possible

that CAIII may have some yet undiscovered physiological
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function perhaps related to the phosphatase function

described by Koester et al, (1981).

1.2.5 Clinical significance.

Analysis of CAIII function has not been aided by
naturally arising mutations. In contrast to CAI and CAIIX
no null mutants have been identified and the only human
protein polymorphism characterised (31 Ile - Val) is
electrophoretically silent and apparently functionally
neutral (Hewett-Emmett et al., 1983).

The autosomal recessive syndrome 6steopetrosis with
renal tubular acidosis and cerebral calcification was
correlated with CAII deficiency (Sly et al, 1983). Twenty-
one patients from twelve unrelated families have now been
identified and all show a virtual absence of CAII protein
ip erythrocytes while levels of CAI are normal or slightly
elevated (Sly et al, 1983, 1985). Obligate heterozygotes
are asymtomatic and have half the level of CAII protein.
The clinical consequences of this disorder imply that CAII
plays an important role in bone resorption as well as
kidney and possibly brain metabolism. A human
promyelocytic cell line (HL-60) which should provide a
model system for studying osteoclast-specific CAII
expression has recently been described (Shapiro et al.,
1989). The physical effects of this syndrome are quite
varied; the most severe features are commonly mental

retardation and metabolic.acidosis but repeated bone
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fractures are sometimes reported as the most disabling
symptom. Even though CAII probably has the most widespread
distribution and highest activity of all the CA isozymes
this deficiency is still compatible with long survival.
Presumably this reflects the ability of the other isoforms
to compensate to some extent for loss of CAII in certain
tissues. A Greek family has also been described which
completely lack CAI protein with apparently no detrimental
effects (Kendall and Tashian, 1977). Since the major site
of CAI activity is the red cells, this deficiency is
probably relieved by the presence of mcderate levels of
CAII.

Elevated levels of CAIII protein have been found in
the plasma of patients with various myopathies disorders
including Duchenne muscular dystrophy (DMD), presumably
due to the degradation of muscle fibres and leakage of
soluble proteins (Heath et al., 1983; Carter et al.,
1983). In this context, it was proposed that CAIII might
be a useful adjunct to muscle creatine kinase (MCK) as a
marker of muscle damage, particularly since in certain
disorders such as motor neurone disease CAIII is elevated
when MCK is not (Heath et al., 1983). Measurement of CAIII
levels was also tested as a method of prenatal diagnosis
for DMD (Heath et al., 1985) but only partial
discrimination between affected and normal was achieved
and this has since been superceeded by the isolation of

dystrophin DNA probes and antibodies.
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1.2.6 CAIII - molecular genetics CAIITI cDNA

1.2.6.1 cDNA

A cDNA qomplementary to human CAIII mRNA was first
isolated from a human muscle expression (Agtll) cDNA
library using a polyclonal antibody specific to CAIII
(Lloyd et al., 1985). The sequence contained a relatively
long 3'-untranslated region of 887bp with two possible
poly-adenylation signals (Lloyd et al., 1986). Northern
analysis using the cDNA as probe detected a mRNA of 1.7kb
present at high levels in skeletai muscle and low levels
in gastrointestinal tract and cardiac muscle (Lloyd et
al., 1986). The derived CAIII amino acid sequence shows
62% and 54% homology to CAII and CAI respectively (Hewett-
Emmett et al. 1984) and is 87% homologous to the known
protein sequeﬁce for horse CAIII (Wendorff et al., 1985).

The first CA cDNA to be identified encoded mouse CAII

[CAR-2], (Curtis, 1983; Curtis et al., 1983) and this was
subsequently used as a probe to isolate the mouse CAI cDNA

(Fraser and Curtis, 1986).

1.2.6.2 Gene structure

At the start of this project (October 1986) our
knowledge of CA gene structure was confined to the mouse
CAII gene. Mouse genomic clones were isolated from A and
cosmid libraries using the mouse CAII cDNA as probe. One
cosmid clone containing an insert of 38kb included the
entire mouse CAII gene with the coding region spread over

16kb, (Venta et al., 1984). Mapping and sequencing of
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intron-exon boundaries revealed'a pattern of seven exons
and six intervening sequences, (Venta et al., 1985). The
proximal promoter region contained a classical TATA box
and CCAAT-like box. A comparison of the structures of CAII
exons and functional protein domains showed no significant
relationships apar£ from the observation that all active
site residues are encoded on four out of the seven exons.
The human CAIII cDNA provided a probe for the

identification of genomic clones which encompassed the
entire CA3 gene within 10.4kb. A preliminary restriction
map was constructed and most of the intron-exon boundaries
located. Only the position of exon 4 differed between
mouse Car-2 and human CA3 but this has recently been shown
to reflect an error in the original characterization of
the mouse gene (see Tashian et al., 1989). The intron-exon
boundaries are now known to be conserved between both
these genes and chicken CA2 (Yoshihara et al., 1987),
human CA2 (Venta et al., 1987) and human CA7
(Montgomery et al., 1988).

The complete structure of human CA3 was established
early in 1987 together with a characterisation of the
proximal promoter region - some of this work makes up part

of this thesis and is described in section 4.1.

1.2.6.3 Chromosome location

Human CA3 was initially mapped to chromosome 8 by

analysis of DNA from a panel of rodent/human somatic cell
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hybrids using the cDNA as probe (Edwards et al., 1986a).
The genes encoding human CAII and CAI were also mapped to
chromosome 8 (Venta et al., 1983; Edwards et el.( 1986Db),
by similar procedures. Finer scale mapping, by in situ
hybridization, placed all three genes on the long arh of
the chromosome within band q22, (Davis et al., 1987a;
Nakai et al., 1987).

The genes encoding CAI and CAII are also tightly linked
in the guinea-pig, (Carter, 1972) and pigtail macaque
(DeSimone, Linde and Tashian, 1973). The mouse Car-1 and
Car-2 genes were mapped to chromosome 3, close to the ,'
centromere when linkage was demonstrated to the
‘Robertsonian translocation between chromosomes 1 and 3,
(Eicher et al., 1976). No mapping information is available
for CA3 gene in any species other than humans although fhe
prediction would be that qll three cytosolic genes will be
linked in all mammals.

It has recently become clear that not all CA genes are
linked. Membrane bound CA7 maps to human 16q21-23,
(Montgomery, 1987) and the secreted form CA6 lies on human

1pt36, (Sutherland et al., 1989).

1.3 The control of muscle gene expression

Since human CA3 is a muscle-specific gene it seems
appropriate to consider what is known about the control of
muscle gene expression. This section gives a brief summary

of muscle development together with a guide to the
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changing pattern of gene expression throughout this
process. The identification of cis- and trans-acting
factors associated with muscle gene expression is also

discussed.

1.3.1 Muscle development

There are three general types of muscle: cardiac,
skeletal and smooth. CA3 expressioﬁ is confingd to the
most highly differentiated of the three types, skeletal
muscle, and subsequent discussion will concentrate on
~ this.

All muscle is derived from the mesodermal germ layer of
the developing embryo. The mesoderm also gives rise to
cartilage, bone, vascular system, bone marrow, notochord,
connective tissue, the urigeniﬁal systenm, lymphoid tissue
and the epithelium of a variety of organs. The precursors
of skeletal muscle are the myoblast cells which are found
within the myotome compartment of the somites. Some of
these cells migrate out from the somite to the limb buds
and others remain in the myotome to develop into the
musculature of the trunk etc. In both sites the
undifferentiated mononucleate myoblasts undergo repeated
divisions then start to elongate, aggregate and eventually
fuse to form multinucleate syncitial tubules. Many of the
proteins characteristic of mature muscle such as those of
the contractile apparatus are expressed only after fusion
to form myotubes of the contractile apparatus (for reviews

see Shani et al., 1981; Caravatti et al., 1982). In
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addition to de novo expression, switching of developmenfal
isoforms also occurs during this transition period. For
example the beta and gamma actins which predominate in
myoblasts are switched off and replaced by a-actin in
myotubes, (Garrels and Gibson, 1976) and three distinct
myosin heavy chain isoforms appear sequéntially in rat
muscle develpoment (Whalen et al., 1981).

After fusion the myotubes continue to grow in length
and the nuclei migrate from a central position to the edge
of the cell. The contractile apparatus becomes organised
into bundles of myofibrils and the muscle takes on a
striated appearance.

Finally the muscle matures under the control of
hormones and innervation to give distinct fibre types.
Although, Miller and Stockdale (1986) proposed that
distinct myoblast lineages exist which are committed to
particular fibre types prior to innervation. Type 1 fibres
are slow twitch, rich in both mitochondria and myoglobin
and dependent on oxidative phosphorylation as a source of
energy. Type 2 fibres are subdivided into type 2B (which
are fast twitch, contain fewer mitochondria and use
glycolysis for energy) and the so-called intermediate
fibres, type2A. Gene expression is tempered further at
this stage to accomodate the individual fibre types: for
example fast and slow forms of myosin are synthesised
which differ significantly in the level of actin-activated

ATPase activity, and contribute to the physiological
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differences between fast and slow contracting muscle
fibres (Jolesz and Sreter, 1981; Salmons and Henriksson,
1981).

Substantial efforts have been made to improve our
understanding of the control of muscle gene expression.
The two general approaches which have been taken are
direct cloning of muscle-specific transcription factors
and the identification of regulatory sequences in muscle-
specific genes. The findingé which have emerged from these

efforts are discussed below.

1.3.2 Isolation of muscle-specific determinants

Until relatively recently the most accessible stage of
muscle development which could be studied in vitro was the
fusion of myoblasts into myotubes. This was possible
because of several permanent rodent myoblast cell lines
-which grow in culture to form monolayers and can be
induced to fuse to form myotubes in mitogen deficient
medium (Yaffe, 1968). These myotubes accumulate
contractile proteins like normal muscle and contract
spontaneously in culture providing a good model syétem for
the analysis of muscle differentiation.

In contrast fhe earlier stages of muscle development,
specifically those in which the mesodermal stem cell
becomes committed to the myoblast lineage and the
subsequent signals that stimulate fusion, were more of an

unknown quantity. Recently several genes have been cloned
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which encode factors involved in controlling myogenic
determination and differentiation. The stimulus for this
research was the observation that a non-muscle cell line
(C3H 10T1/2) derived from an early mouse embryo ;ould be
transformed at high frequency into myogenic clones by
brief treatment with 5- aza-cytidine (5-aza-CR)
(Constantides et al., 1977). These myogenic cells are
stable, have the classical bipolar morphology of myoblast
cells and fuse to form myotubes expressing muscle specific
proteins. Adipocytes and chondrocytes (cartilage cells)
also arose from this treatment, although less frequently
(Taylor and Jones, 1979). All three cell types originate
from a common embryonic germ layer suggesting that 10T1/2
cells represent a multipotential mesodermal line, blocked
in development. 5-aza-CR acts as a nonspecific demethylase
(Jones, 1985) but it activates genes in a specific manner
presumably because there are few loci where demethylation
alone is suffic;ent to initiate expression. The high
frequency of myogenic conversion (30;40%) is consistent
with only few (1-3) hyopomethylation evénts being
necessary to effect the change. These facts led to the
proposal that 5-aza-CR Eonverts 10T1/2 cells by
demethylating one or at most a few "determinétion"
regulatory loci controlling each of the muscle, adipocyte
and fat cells lineages {(Konieczny and Emerson, 1984). This
view was supported by the observation that uncloned

genomic DNA from a myoblast cell line but not from 10T1/2
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cells had the capacity to convert 10T1/2 cells to muscle
cells at a frequency consistent with the transfer of a
single locus (Lassar et al., 1986).

Proteins from both 10T1/2 cells and a 5-aza-CR derived
muscle line were compared by 2D gel analysis. Both had
very similar profiles but there were a least 5 proteins
specific to 10T1/2 and 1 specific to the myoblast
(Ronieczny and Emerson, 1984). It was postulated that
proteins found in myoblasts but not in 10T1/2 cells were
candidates for myogenic determination factors. MyoDl was
the first factor cloned, on this basis, by a subtractive
screening method between mRNAs from the two cell lines
(Davis et al., 1987b). Probes present in both normal
myoblasts (C2C12) and 5-aza-CR derived myoblasts but
absent from 10T1/2 were used to screen a myoctye cDNA
library. One of the selected clones, designated MyoDl,
caused the transformation of 10T1/2 to a myoblast
phenotype when the cells were transfected with MyoDl under
the control of a strong.viral promoter. Weintraub and
colleagues (1989) showed that fhis effect was generalised
and dominant since MyoDl could activate muscle-specific
genes in pigmept, nerve, fat, liver and fibroblast cell
lines. However there are examples where the expression of
MyoD1l fails to transactivate endogenous muscle proteins
for example the liver tdmour cell line HepG2 and the
cervical carciﬂoma cell line Hela (Weintraub et al.,

1989).
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MyoDl1l is skeletal musclé specific and is present in
both adult and fetal muscle. One region of the protein
shows striking homology to a sequence in the myc protein
family and site-directed mutagenesis indicates that this
sequence in MyoD1l is vital for the induction of
myogenesis. The corresponding region in c¢-myc is essential
for transforming activity in vitro (Stone et al., 1957)..
The MyoDl protein also contains a bésic region at the NH:
end which has been shown to be necessary for both
myogenesis and the nuclear localization of MyoDl1l (Tapscott
et al., 1988). The ability of MyoDl to transform cells to
a myogenic phenotype, its characterisation as a
phosphoprotein and its presence in the cell nucleus all
strongly suggested that the protein was a trahscription
factor and would function as a DNA binding protein.
Evidence which supported this idea came from Murre et al.
(1989a) who identified two cDNAs (E12 and E47) whose
dimerized products bind to the kappa E2 sequence located
in the immunoglobulin kappa chain enhancer. Both cDNAs
share a region of extensive homology to MyoDl and indeed
stable dimers form between MyoDl and E12 or E47 which bind
to DNA (Murre et al., 1989b). E12, E47 and MyoDl proteins
form a helix-loop-helix (HLH) structure which is important
in DNA binding (Murre et al., 1989a).

Homologues of MyoDl have since been identified in human
(Myf-3), Braun et al., 1989a; chicken (CDM1l), Lin et al.,

1989 and Xenopus (MyoD), Hopwood et ai., 1989.
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MyoDl obviously plays a key role in myogenesis but
does not seem to be absolutely essential for the
development of a myogenic phenotype since MyoDl1l mRNA is
not found in the myogenic cell lines L6 and L8 (Braun et
al., 1989b).

Pinney et al. (1988) used an alternative scheme to
identify myogenic determination genes. A human cosmid
library was transfected into 10T1/2 cells and colonies
transformed to the myogenic phenotype were subcloned. The
frequency with which these colonies arose was consistent
with the transformation being due to a single gene,
designated myd. Genomic DNA from the myd transformed cell
line transfected into 10T1/2 cells produced myogenic
colonies and also activated expression of the endogenous
MyoDl gene. This finding led the authors to propose that
myd acts before MyoDl in the myogenic pathway. The myd
gene has yet to be recovered from the transdifferentiated
cell line but Southern analysis shows it is distinct
from MyoDl and other related genes.

A third myogenic determination gene, myogenin, was
cloned from rat L6 myoblasts (Wright, Sassoon and Lin,
1989) using a differential screening scheme to clone genes
transiently expressed during the transition from myoblasts
to myotube and from mouse BCzHl1l cells using MyoDl as a
probe to screen a BCiH1l c¢DNA library (Edmonson and Olson,
1989). The structure of myogenin is similar to MyoD1l, in

particular it shares the myc and basic regions shown‘to be
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vital for the myogenic properties of MyoDl. Myogenin
differé from MyoDl by containing an additional potential
DNA binding motif, the leucine zipper described by
Landschulz et al., (1988). Northern analysis indicates a
20 fold higher level of myogenin mRNA in fetal mﬁscle than
adult muscle and in situ hybridization to mouse embryo
sections revealed expression in the somites at 8.5 days
post coitum. This early expression was somewhat unexpected
given that there is apparently no expression in myoblasts
and céntrasts with MyoDl1l which is not expressed until 10.5
days (Sassoon et al., 1989). It is of note that neither L6
nor BC:Hl1l myogenic cells express MyoDl at any stage;
whatever the relationship between myogenin and MyoDl1l in
vivo these genes and their products can obviously function
independently in vitro. Co-transfection experiments showed
myogenin activates the muscle creatine kinase (MCK)
promoter. The human homologue of myogenin was identified
by Braun et al. (1989b) and designated Myf-4.

Three distinct but related genes which can induce a
myogenic phenotype on transfection into cultured celis,
have been identified by virtue of their homology to MyoDi1;
human Myf-5 (Braun ef al., 1989a), human Myf-6 (Braun et
al., 1990) and rat MRF-4 (Rhodes and Konieczny, 1989).
Thus a total of at least six genes influence myogenic
differentiation. MyoDl, myogenin, Myf-5, Myf-5 and MRF-4
show the helix-loop-helix structure, which has been

implicated in both DNA binding and dimer formation and it
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is tempting to speculate that heterodimers between these
muscle factors may serve subtly different functions in
vivo. The same genes and their products are also capable
of autoregulation and transregulation. It is clear that
not all members of this family are expressed at the same
time in all populations of cells and the extent to which
their functions overlap in vivo has yet to be determined.
Other factors controlling expression of these genes
are also of interest. It has been shown that myogenesis
can be inhibited by a number of factors including
activated oncogenes. Since myoblasts withdraw from the
cell cycle prior to fusion this effect could simply be due
to the maintainence of cell proliferation. However, Olson
et al. (1987) demonstrated that the oncogenic N-ras and H-
ras alleles inhibition was independent of cell
proliferation. It was later found that these oncogenes and
fos inhibit both MyoDl and myogenin expression and that
the expression of retroviral encoded MyoDl in ras-
transformed myoblasts leads to the re-expression of
terminal differentiation markers (Lassar et al., 1989).
Inhibition of myogenesis by fibroblast growth factor (FGF)
and type B-transforming growth factor (TGFB) are also
associated with repression of MyoD1l mRNA but in this case
forced expression of MyoDl does not reverse the inhibition

(Vaidya et al., 1989).

1.3.3 Regulatory sequences associated with muscle genes

In addition to cloning DNA binding trans-acting factors
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directly there have been extensive efforts to identify
cis-acting DNA sequences important in the regulation of
transcription of muscle genes.

A number of tissue specific and developmental specific
elements have been found within the region proximal to the
start site of muscle genes. The motif CC(A+T rich)GG (or
CArG box) was first identified in the human cardiac actin
gene (Miwa and Kedes, 1987; Phan-Dinh-Tuy et al., 1988)
and described as a muscle-specific control element. There
are four copies of the CArG box in the cardiac actin
promoter and deletion experiments show that the two motifs
nearest the cap site are required to maintain high-level
transcriptional activity. Small variations in distance
between the boxes can be tolerated, suggesting that their
alignment on the DNA helix is not critical and that the
sites function independently. However, the positive effect
of these elements is directly proportional to their
distance from the TATA box unlike the positional
independence shown by typical enhancer elements (Miwa and
Kedes, 1987). There is evidence that a common
transcription factor (CBF) binds to CArG boxes in both the
human cardiac actin boxes (Phan-Dinh-Tuy et al., 1988;
Gustafson et al., 1988; Miwa et al., 1987) and skeletal
muscle actin genes (Muscat et al., 1988). CBF is not
confined to muscle nuclei and is indistinguishable from
the factor which binds the serum response element [SRE]

({Gustafson et al, 1989). The interaction between CBF and

43



the CArG sequence has been shown to induce DNA bending.
The issue of specificity was further confused by the
discovery of MAPF2 described by Walsh and Schimmel (1987;
1988) which also binds to the CArG box but which is
muscle-specific. CArG boxes occur in non-muscle genes
although their functional importance may be muscle gene
specific.

Not all CArG boxes are functionally effective;
deletion of two CArG boxes in the rat muscle creatine
 kinase gene or one from the cardiac troponin T gene has
little or no effect on transcriptional activity in
cultured cells, (Sternberg et al., 1988; Mar and Ordahl,
1988).

A second element implicated in muscle gene expression
has been identified in the proximal promoter of the
cardiac troponin T (c¢TNT) gene. Two copies of a heptamer
(CATTCCT), lie in the region 50-129bp upstream of the
start of transcription; mutation within either copy
inactivates the c¢TNT promoter in embryonic skeletal muscle
cells (Mar and Ordahl, 1988). The effect of these elements
is abolished when moved further upstream, indicating that
its ability to direct tissue specific expression requires
proximity to other components in the transcription
initiation region. M-CAT motifs have also been identified
in many contractile protein genes, (Nikovits et al.,
1986).

Not all proximal elements have a positive effect on
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transcription. The chicken cardiac myosin light-chain 2-A
gene (MLC2-A) has a highly condensed promoter with those
elements required for muscle specific expression confined
within 64bp upstream of the start of transcription.
Deletion of the region -64 to -55bp does not decrease
transcription in myogenic cells but caused a 10 fold
increase in non-muscle cells. Footprinting and band shift
assays demonstrate protein binding to this region and
indicate that it may be important in preventing expression
~in non-muscle cells (Braun et al., 1989c).

Enhancer elements (for review see Serfling et al.,
1985) confer tissue specificity, usually increase the
basal level of transcription by several fold and function
in a manner which is independent of position and
orientation within the gene. Muscle specific enhancers
have now been found in a number of genes. The myosinilight
chain 1/3 enhancer is contained within a 0.9kb element
which lies at least 24kb downstream of the start site
highlighting the observation that enhancers can function
over a great distance and that not all elements involved
in gene expression are conveniently close to the start of
transcription, (Donoghue et al., 1988). This enhancer is
sufficient to induce both developmentally regulated and
tissue specific expression in mice transgenic for a
construct containing the appropriate rat sequence
(Rosenthal et al., 1989).

One of the best characterised enhancers is that
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located just over 1lkb upstream of the transcription start
site in the mouse muscle creatine kinase (MCK) gene. The
MCK enhancer increases the basal level of transcription by
up to 100 fold and will confer muscle specific expression
on a hetérologous promoter (Jaynes et al.,1988). Sternberg
et al., (1988) described an additional, weaker MCK
enhancer within the first intron and Buskin and Hauschka,
(1989) identified a sequence, present in both MCK
enhancers, which binds a myocyte specific factor MEF-1.

- Similar binding sites have been identified in a number of
other muscle specific enhancers including the MLC 1/3
enhancer. Comparisons of these sequences led Buskin and
Haushcka to propose the following consensus sequence for

MEF-1 binding:

CN GCA TGCCNC
G A TT G

G ccC
A GG
Preliminary evidence from antibody cross reaction suggests
that MEF-1 is in fact MyoDl or at least a closely related
protein. Also, a recent paper by Lassar et al. (1990)
confirms that MyoDl does bind to the MCK enhancer.

MEF-2 is an additional factor which accumulates only
after myogenic cells are stimulated to differentiate and
binds to an A + T rich region immediately 3' of the core
MCK enhancer. This region is distinct from the MEF-1/MyoDl

binding site and although it is only functional in

conjunction with the rest of the enhancer it is required
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for maximal enhancer activity (Gossett et al., 1989). MEF-
2 is myocyte specific but the MEF-2 binding site also
binds a myoblast specific protein (MBF-1) with different
mobility in a gel retardation experiment. The re;ationship
between MEF-2 and MBF-1l is unclear but it is unlikely that
MEF-2 is a modified version of MBF-1 since MEF-2
expression is prevented by cyclohexamide treatment of
myoblasts. MBF;l is completely down regulated within 4hrs
after mitogen depletion. MEF-2 binding sites occur in
other enhancers, the consensus sequence is:

"CTAAAAATAACCCC
T TTT

(Gossett et al., 1989).

Horlick and Benfield, (1989) have shown that the rat
MCK gene enhancer (containing the MEF-1 binding site)
consists of multiple functional domains which bind at
least three proteins found in a wide variety of cell
types. The authors propose that interaction between muscle
and non-muscle specific factors is required for full
enhancer function.

In conclusion it is clear that several factors
interact to control muscle-specific expression. In the
case of muscle creatine kinase gene at least two muscle
specific proteins, MyoDl (MEF-1) and MEF-2, bind to
enhancers to produce high levels of expression and these,
or very similar, binding sites are also found in other
muscle genes. The discovery that MyoDl binds to muscle

specific enhancer elements is a satisfying link between
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the two approaches to gene analysis. At the same time it
poses further questions. The direct interaction of MyoD1
with proteins characteristic of mature muscle suggests a
role in terminal differentiation rather than the
initiation of myogenesis and indeed MyoDl1l and Myf-5 are
not expressed in all cultured myoblast cells. Nevertheless
both sequences can induce a myogenic phenotype on
transfection expression; myogenin expression is confined
to myotubes and MRF-4 and Myf-6 are not found in any
~cultured myogenic line. These observations have led Rhodes
and Konieczny (1989) to propose that the normal site of
expression of MyoDl (and related proteins) is myotubes and
not myoblasts. They suggest that the high level of MyoDl
expression in some cultured cells is an anomaly of these
permanent lines. This hypothesis would certainly fit with
the lack of MEF-1 (MyoDl) prior to diffefentiation (Buskin
and Hauschka, 1989). It is also somewhat surprising that
as many as six proteins should be capable of inducing a
myogenic phenotype. This contradicts the original
hypothesis of Konieczny and Emerson (1984) that 1 or at
most 3 genes were responsible for the myogenic conversion
of 10T1/2 cells. It is possible that MyoDl, myogenin etc;
may themselves be regulated by an unidentified gene which
is expressed earlier in myogenesis. This gene may well be

myd.
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1.4 Aims

The long term aim of this study is to identify DNA
sequences important in the expression of CA3 using a
combination of transgenic mice and cultured cell
expression systems. In the shorter term the following
objectives were established:

1. To complete the characterization of the human CA3

promoter region by restriction mapping and sequencing.

2. Generation of a series of constructs containing the CA3

promoter and a reporter gene.

3. Identification of a cultured cell line which would"

express CAIII and determination of efficient transfection

conditions.

4. Isolation and characterization of a c¢cDNA for mouse
Car-3, providing a species specific probe for transgenic

studies.

5. Characterization of the profile of endogenous CAIII

expression in a variety of mouse tissues.

6. Chromosomal assignment of Car-3 using the mouse

CcDNA.
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CHAPTER 2

MATERIALS AND METHODS

2.1 General Technigues and Reagents

Buffers and media were prepared using Analar or Aristar

grade reagents and where possible sterilised by
autoclaving (15 psi, 121°C for 25 mins) or filter

sterilised (0.22um pore size).

10 x TBE 10 x TAE l1 x TE
~890mM Tris 400mM Tris 10mM Tris
890mM boric acid  200mM Na acetate @ 1mM EDTA pH 8.0

20mM EDTA pH 8.3 20mM EDTA pH 7.0

20 x SsC PS 20 x SSPE
3.0M NaCl 100mM NacCl 3600mM NacCl
0.3M Na citrate 8mM MgSO4 200mM NaHz POq4
pPH to 7.0 with 50mM Tris pH 7.2 20mM EDTA pH 7.4
citric acid 0.01% gelatin
L-broth (1 litre) LM-broth (1 litre)
10g tryptone 10g tryptone
5g yeast extract 5g yeast extract
5g NaCl 5g NaCl
1g glucose 2g MgSO« .7H20
(for L-agar omit glucose (for LM-agar add 15g agar,
and add 15g agar) for LM-agarose add 7g agarose)
2 X TY broth (11) H-agar (11) H-top agar (11)
16g tryptone 10g tryptone 10g tryptone
10g yeast extract 10g agar 8g agar
5g NaCl 8g NacCl 8g NacCl
100 x Denharts 1M NaPOs buffer pH7.2
2% Ficoll for 100ml mix:
2% polyvinylpyrrolidone 39m1 1M NaH:z POq
2% BSA (fraction V) 61ml 1M Naz HPO«
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HBS pH7.0 PBS pH7.2 (for IEF)

21mM Hepes 137mM NacCl

137mM NaCl 2mM KC1l
5mM KC1 8mM Naz HPO«
700uM Naz HPO4 1.5mM KHz PO4

émM glucose
In subsequent DNA and RNA extraction methods "phenol"
means phenol quilibrated with TE pH7.5 and containing
0.1% hydroxyquinoline. "Chloroform" refers to a 24:1 (v/v)
mixture of chloroform and isoamyl alcohol.
"Phenol/chloroform” means a 25:24:1 mixture of

equilibrated phenol, chloroform and isoamyl alcohol.

Biological containment. Manipulations of recombinants were

carried out in accordance with the stipulations for
Category 1 containment, as recommended by the Genetic
Manipulation Advisory Group (GMAG) and the UCL genetic

manipulation subcommittee.

2.2 DNA Isolation and Analysis

2.2.1 Assay of DNA concentration

DNA was assayed by measurement of absorbance at 260nM;
1 0.D. = 50ug/ml (the ratio of 0.D.260/0.D.200 should be
1.8 for pure DNA). Smaller amounts of DNA were quantified
by spotting 2-5ul of sample onto clingfilm stretched over
a UV transilluminator, mixing with equal volume of TE
containing 2ug/ml ethidium bromide and comparing the
intensity of fluorescence with a set of standards (0.5-

20nug/ml) spotted in the same volume.
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2.2.2 DNA precipitations

DNA precipitations were routinely performed by addition
of Na acetate pH 5.5 to a final concentration of 0.3M and
adding 2 vols of ethanol before chilling at -20°C
overnight or at -70°C for 1 hour. Precipitated DNA was
recovered by centrifugation at 10-15 K and washed in 70%
ethanol before briefly drying under vacuum and

resuspending in Hz20 or TE.

2.2.3 Transgenic mice and DNA from mouse tails

‘The insert DNA for injection was prepared by extraction
from low melting point agarose (see section 2.2.8) and
diluted in H20 to a concentration of 2ug/ml. All
microinjection of fertilised mouse eggs and transfer of
manipulated eggs to oviducts were performed by Dr Robin
Lovell-Badge at the MRC Mammalian Development Unit.
Approximately 2picol of DNA was injected into the male
pronucleus of (C57BL/6Mcl x CBA/Ca)Fy x F1 fertilised
eggs. After overnight culture, two cell stage embryos were
transferred to the oviducts of day 0.5 pseudopregnant Fi
foster mothers.

Ear-marking of mice and tail tipping were carried out
by Dr Lovell-Badge at about three weeks after birth. 1lcm
of surgically removed tail tip was chopped into small
pieces with a clean scalpel and homogenised with a
Polytron homogeniser for 5-10 secs in a sterile container
containing 4ml cold SB (100mM EDTA; 50mM Tris-pH8.0).

224nl of 4M NaCl was added followed by 60nl 20mg/ml
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Proteinase K and the solution mixed before addition of
1.2ml1 10% SDS. The samples were incubated at 37°C
overnight and then extracted once with TE saturated
phenol, once with chloroform and dialysed against 4
changes of TE. NaCl was added to 200mM, RNase to 100ug/ml
prior to incubation at 37°C for 1-2 hours. RNase was
removed using Proteinase K at 100ug/ml and incubation at
37°C for 1-2 hours after which the DNA was extracted with
phenol (x2) and chloroform (x2) and ethanol precipitated.
High molecular weight DNA was hooked out using a sterile
~ loop, washed in 70% ethanol, air dried briefly and

dissolved in 100-500ul TE.

2.2.4 DNA from other tissues

DNA was extracted from other tissues such as spleen by
an abbreviated version of the above method. Tissue (=0.5g)
was vortexed in 5mls TE containing 125ul1l 10% SDS and
=~500ug Proteinase K and incubated overnight at 37°C. The
DNA was extracted with phenol/chloroform and treated with
RNase (30mins at 37°C) and then Proteinase K (15mins at
37°C). The DNA was extracted twice with phenol and once

with chloroform and then ethanol precipitated.

2.2.5 Preparation of plasmid DNA (large scale)

10ml bacterial cultures containing the appropriate
antibiotic (usually 10unug/ml ampicillin) were used to seed
200ml L-broth cultures (containing the same antibiotic)

which were grown at 37°C overnight. Cells were harvested

53



by centrifugation, (6 K, 10min, 4°C), and an alkali lysis
method used to extract plasmid DNA (Maniatis, Fritsch and
Sambrook, 1982) as follows: The cell pellet was
resuspended in solution MP-1 (10ml 50mM glucose;.lomM
EDTA; 25mM Tris-HCl pH8.0) containing 5mg/ml lysozyme
(added just prior to use) and stood at room temperature
for 5mins. Lysis was then completed by the addition of
20ml 0.2M NaOH; 0.1% SDS and incubation on ice for 10mins.
15ml1 cold 3MKAc pH4.8 were added and incubated on ice for
a further 10-30 mins. Cell debris was removed by

" centrifugation 18K for 20mins at 4°C and DNA precipitated
from the supernatant by 0.6 vols of isopropanol. After 10-
20 mins at room temperature the pellets were recovered by
centrifugation (10K, 15mins, 20°C) and washed in 70%
ethanol. The final pellet was vacuum dried and dissolved
in 11.5m1 TE pH8.0 and 0.46m1 0.2M K: HPO« pH7.4. 1l2g of
CsCl were added followed by 1.2ml 10mg/ml ethidium bromide
and the mixture transferred to centrifuge tubes which were
finally topped up with paraffin oil. The DNA fractions
were resolved by centrifugation in a vertical rotor at 45K
for 17hr at 20°'C. The plasmid DNA (lower) band was
separated from the ethidium bromide by repeated extraction
with isoamyl alcohol saturated with CsCl and dialysed
against 3x1 litre of TE before ethanol precipitation. This
procedure usually produces between 0.5-2mg DNA for high

copy number plasmids.
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2.2.6 Plasmid DNA, "mini preps"

Glycerol stocks were prepared from 10ml overnight
cultures grown with the appropriate antibiotic in L-broth.
Cells were spun down for 5 min in an Eppendorf microfuge
and the pellet resuspended ié;:giution MP-1 (see large
scale prep) containing 2mg/ml lysozyme. The mixture was
incubated at room temperature for 15 mins, transferred to
a 1.5ml1l Eppendorf and 400ul of 0.2M NaOH; 1% SDS added.
The extracts were mixed gently and stood on ice for 10
mins prior to the addition of 200ul of 3M Na acetate pH
" 4.8 when they were vortexed and incubated on ice for 30
min. The bacterial DNA was pelleted for 15 mins in a
microcentrifuge and plasmid DNA precipitated from the
supernatant by addition of 500ul of isopropanol. After 10
mins at room temperature the plasmid DNA was pelleted,
dissolved in 40ul TE and treated with RNase (0.5ug/wul
final conc) for 30 min at 37°C. DNA was extracted once
with phenol and once with chloroform before ethanol
precipitation. The yield from these preparations averaged

around 25ug plasmid DNA.

2.2.7 Preparation of phage DNA

The 0.D. of an overnight culture of E.coli Y1088 was
measured (1 O.D.= 8x10°% cells) and 1x10® cells were added
to 5x10% pfu of phage in 200ml prewarmed L-broth. The
phage were allowed to absorb to the bacteria for 20 min at
37°C without shaking. Cells were shaken for =5hrs, until

cell lysis was obvious with the appearance of cell debris
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and protein froth. Lysis was completed by addition of 2ml
chloroform and shaking for 20 min at 37°C. 8g NaCl was
added followed by DNase to lug/ml and RNase to 1lug/ml and
the cultures stood at room temperature for lhr. The phage
were precipitated from the cleared, (10K, 4°C, 10 min),
supernatant with 20g PEG 6000 (10% w/v) at 4°C overnight,
collected by centrifugation at 10K, 4°C, 10min and
resuspended in 10ml PSM. 10mls of chloroform were added to
the phage suspension and the mixture stood on ice for 30-
60min. CsCl (0.75g/ml) was added to the agqueous layer
"which was transferred to a tube and spun in vertical rotor
at 35K, 10°C, 24hrs. The "blue-white" phage band was
collected and dialysed against (2 x 11) sterile 10mM NaCl,
50mM Tris pH 8.0, 10mM MgCl:. The protein coat was removed
by digestion with 50ug/ml Proteinase K; 20mM EDTA, 0.5%
SDS and incubation for 1lhr at 65°C. The solution was
extracted twice with phenol, twice with chloroform and the

DNA ethanol precipitated.

2.2.8 Subcloning technigues

Restriction enzyme digests were set up according to

manufacturers instructions, generally with buffers
provided with the enzyme and containing 2.5mM DTT where
appropriate and 5mM spermidine. DNA was separated on 0.8-
1.2% agarose gels run in 1xXTBE or 1xTAE visualised by
100ng/ml ethidium bromide.

Restriction fragments were purified from gels by one of

three methods:

56



1) Bands were cut from gels under long-wave UV and
placed inside 2cm width boiled dialysis tubing with 1ml of
1XTBE. The DNA was electroeluted in a tank of 1xTBE at 100
Volts for 1-4hrs and ethanol precipitated.

2) DNA was electrophoresed (10V/cm) onto a small strip
of ion exchange paper (NA 45 DEAE, Schleicher and Schuell)
in TAE buffer for 5-iv~..~ depending on the'size of the
fragment. After complete transfer of DNA to the paper the
strip was placed in 400ul 2M NaCl at 70°C for 1lhr to elute
~ the DNA which was ethanol precipitated for lhr on iced
water.

3) Extraction from low melting point agarose. The gel

adaroese
was prepared with low melting pointA(l%) and the DNA band
cut out and weighed. 200ul of 0.3M Na acetate pH 8.0 was
added for every 100mg of gel and then heated to 65°C to
melt the agarose. The solution was phenol extracted until

there was no interphase and then the DNA precipitated.

Alkaline phosphatase treatment of vectors

The terminal phosphate was removed from linearised
plasmid vectors to prevent recircularisation as follows:
43ul H:0 containing up to 5ug vector DNA

0.5u1 5mM spermidine
5p1 10 x CIP (1i0mM MgClz, 1mM ZnClz, 0.5M Tris pH9)
1ul CIP (20 units) calf intestinal phosphatase
This was incubated at 37°C for 15 min followed by 15 min
at 56°'C. A further 1nl of CIP was added and the

incubations repeated. The reaction was stopped by adding:
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5ul 10% SDS
10ul 10 x STE (100mM NaCl, 1mM EDTA, 10mM Tris pH8.0)
40ul H20
and incubating at 68°C for 15 min. DNA was extracted with
phenol, which was back extracted before a final extraction

with chloroform and precipitation.

Blunt-ending restriction fragments

Fragments for blunt-end ligation were end-filled using
Klenow as follows:

14ul Hz20 containing 0.25-1pg DNA

2pl 20mM ANTP mix (5mM each)

2ul Klenow buffer (500mM Tris-HCl1l pH7.5, 70mM MgCl:)
1pl ‘50mM DTT S
1ul Klenow enzyme (Boehringer 5u/ul)

This mix was incubated at room temperature for 30 min, the
reaction stopped with 2ul 0.5M EDTA and the DNA ethanol
precipitated. Insert DNA was ligated to appropriately cut
and phosphatased vector using an excess (=10 fold) of
insert fragments over vector as follbws:

4ul insert DNA (200ng)
1pl vector DNA (20ng)
1pl 10 x ligation buffer (660mM Tris;
66mM MgCl: pH7.5)
1ul 20mM ATP
lpl 50mM DTT
1pl 5mM spermidine
1pl T4 ligase (5units)

Addition of linkers to blunt ended vector

An Xhol site was created in the vector pUC9 (Vieira and
Messing, 1982) by the addition of linkers containing a
Xhol site to Smal linearised pUC9. Prior to ligation the

linkers were kinased as follows:
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10ul Hz20 containing 5ug XhoI linkers (Amersham)

2ul 10 x LK buffer (0.1M MgClz; 0.66M Tris-HCl pH7.6)

2pl 50mM DTT

2ul 10mM spermidine

2pl 10mM ATP

1pul T4 kinase (10 units)
This mixture was incubated for 45min at 37°C, a further
1pl of T4 kinase were added and incubated for a further 45
min at 37°C.

1.25ug (5nl of above mixture) were ligated to 2ug of

linearised (Smal) pUC9 overnight in a total volume of
10ul. The volume was increased to 50ul with H20, 1ul of
. 0.5M EDTA added and the DNA phenol/chloroform extracted
and ethanol precipitated. The vector plus linker DNA was
digested with Xhol and linker fragments were separated
from the vector DNA by passage through a sepharose 4B
column. The DNA was respuspended in 50pl of column
equilibration buffer (1.5M NaCl; 2mM EDTA; 20mM Tris-HC1l
pH8.0) and passed down the column followed by a series of
100ul washes. DNA was precipitated from fractions

containing the vector as judged after electrophoresis on a

mini agarose gel.

Preparation of competent cells

Either the recA- E.coli strain HB10l or its recA*
derivative RR1 was routinely used as a host for plasmids.
A 10ml overnight culture in L-broth was grown up from a
single colony. This was used to innoculate a 100ml culture
which was grown with vigorous shaking to an optical

density of 0.2-0.3 at 600nm. The culture was chilled on
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ice and the cells pelleted for Smin at 5000rpm and 4°C.
The pellet was gently resuspended in 40mls of freshly
prepared, ice-cold 100mM CaClz; 10mM Tris-HCl pH7.5 and
incubated on ice for 40min. Cells were repelleted and
taken up in 1lml of the same solution. The suspension was
dispensed into 100pl aliquots, stored at 4°C and used
within 48hrs. Maximum transformation efficiency was
obtained with cells which had been kept for 24hrs. Up to
10ng of supercoiled plasmid DNA or 200ng of DNA from a
ligation were used to transform 100ul of competent cells.

' DNA was incubated with cells on ice for 10min after which
the cells were heat shocked at 37°C for 5min. 1ml of warm
L-broth was added then incubated at 37°C for 1lhr to allow
expression of the antibiotic resistance. Cells were plated
on L-agar containing the appropriate antibiotic and
incubated overnight. E.coli JM10l were made competent as
above except that they were grown in 40ml YT broth and
taken up in a final volume of 2ml of which 300ul were used

for each transformation.

2.2.9 Southern Blotting

After electrophoresis in agarose gels, DNA was
denatured by submerging the gel in 1.5M NaCl; 0.5M NaOH (2
X 15min), rinsing in H20 and neutralising in 1.5M NaCl;
0.5M Tris-HC1l pH 7.5 (2 x 15 min). The DNA was blotted
(Southern, 1975) onto a nylon filter (Genescreen-plus or
Hybond-N) in 10 x SSC for 4-24hrs according to

manufacturers instructions. When using genescreen the

60



filters were soaked in 0.4M NaOH for 1min and neutralised
in 0.2M Tris-HCl pH7.5; 2 x SSC after blotting. Both
genescreen-plus and Hybond-N filters were exposed to
short-wave 240nM UV light for 2mins to cross-link DNA to
the filter. Prehybridization was carried out at 65°C for

4-24hrs in the following solutions:

Genescreen—-plus Hybond-N

1M NaCl 5 x SsC

1% SDS 0.1% SDS

10% Dextran sulphate 5 x Denharts

- 125ug/ml Herring sperm DNA 1 x Na pyrophosphate (PPi)
Radiolabelled probes, usually 10ng ml-! of a 10%cpm ng-?
probe, were added to the prehybridisation solution and
incubated overnight at 65°C. Blots were washed down at
various stringencies, most commonly 0.1 x SSC; 0.1% SDS,
65°C for homologous probes. Filters were exposed to X-ray
film. Probes were removed from Genescreen-plus filters by
boiling in 0.1xSSC; 1% SDS for 20-30 mins and from Hybond-
N by 30 mins incubation in 0.2M NaOH at 42°C followed
by 30 mins in 0.2M Tris-HCl pH7.5; 0.2% SDS; 0.2xSSC at

42°C.

2.2.10 Preparation of radiolabelled probes

adCTP 82P labelled probes were prepared using the random
primer procedure exactly as described by Feinberg and

Vogelstein (1984). "Spun column" chromatography was used
to remove unincorporated nucleotides from DNA (Maniatis,

Fritsch and Sambrook, 1982). Sephadex G50 resin, expanded
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in sterile H20, was used to fill 1ml syringes plugged
with siliconised glass wool. These mini-columns were spun
at 1500g for 3 mins before and after applying the
radioactive reaction mix. The eluted 32P labelled DNA was
heated to 100°C for 5mins and cooled on ice before adding

the hybridisation solution.

2.2.11 DNA sequencing

Sequencing was carried using the chain termination
method described by Sanger, Nicklen and Coulson (1977).
~DNA fragments were subcloned into the bacteriophage vector
M13mpl8 for analysis as described in section 2.4. Ligated
DNA was transformed into the host strain E.coli JM10l1l made
competent by the CaCl: procedure and plated in 3ml H-top
agar with 25pl1 100mM IPTG; 25ul 2% X-gal (in
dimethylformamide). Under these conditions recombinant and
non-recombinant phage can be distinguished due to
insertional inactivation of the f-gal gene of M13mplS8;
recombinants appear as white plaques on the chromogenic

(X-gal) substrate.

Preparation of single stranded DNA

Recombinant plaques were grown in 1.5ml of a 1:100
dilution of an overnight culture of JM101l in TY broth for
4-5hrs shaking at 37°C. The clarified supernatant was then
transferred to fresh tubes and 200ul of 20% PEG
(polyethyleneglycol 8000) in 2.5M NaCl added to

precipitate the DNA. This was collected by centrifugation
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taking care to remove the supernatant completely. The
pellet was resuspended in 100ul TE and phenol extracted
prior to ethanol precipitation. The DNA was washed in 70%
ethanol and dissolved in 25ul H20; this is sufficient for
3 sets of reactions. Sequencing was carried out either
using reagent solutions prepared in this laboratory and
the Klenow fragment of DNA polymerase I or latterly a

Sequenase kit.

Klenow Method

Aliquots of DNA (8ul) were annealed to 2ng of M13
universal primer (17-mer) in 10nl of 10mM Tris pH 8.5;
10mM MgCl:z) by heating to 65°C for 1-2hrs and then cooling
slowly. Nucleotide mixtures were prepared, containing the
appropriate dideoxynucleotide triphosphate so that the
reaction could be terminated at each of the four bases.
These contained ATTP, 4dGTP and ACTP at 125uM or, if the
corresponding dideoxy base was present, at 6uM. The
dideoxy bases were present at 250uM for 4dTTP, 80uM for
ddGTP, 40uM for 44dCTP and 5uM for AdATP. The annealed
primer-template was divided between four tubes (2ul each),
one for each of the nucleotide mixes (2ul of mix in each
tube). Enzyme-label mix was prepared as follows:

for 5 samples

4ul label (a?8S 4ATP, 10uCi/ul)
6ul 50mM DDT

2ul Klenow (5units/ul)

33pl 10mM Tris-HC1l pHS8.0

2pl added to each tube (final volume 6ul) and the mixtures
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incubated at room temperature for 20min. Reactions were
chased by addition of nucleotide mix (2upl) containing each
of the dANTPs at 250uM and further incubation at room
temperature for 20min. Samples were prepared for loading
onto the sequencing gels by adding 4ul of formamide dye
mix and boiling for 3mins. The buffer gradient system of
Biggin, Gibson and Hong (1983) was used with 6%
polyacrylamide gels containing 7.6M urea and 2.5-0.5 x TBE
gradients as described. 4ul of the boiled reaction mix was
applied to the gel using a sharktooth comb. Gels were
dried for 1-2hrs at 80°C and exposed to X-ray film at room

temperature.

Sequenase method

An alternative protocol used the enzyme Sequenase which
is a modified bacteriophage T7 polymerase (Tabor and
Richardson, 1987). This was purchased as part of a kit
supplied by United States Biochemical Corporation and the
reaction carried out exactly according to the

manufacturers using single stranded DNA prepared as above.

Sequencing from double-stranded templates

Inserts in the vectors pSP64 and pSP65 (Melton et al.,
1984) were sequenced directly from double-stranded
templates using the sequenase kit as follows:

mix 5uyg plasmid DNA
2ul SP6 primer (5ng)
1pul 70mM Tris pH 7.5; 70mM MgClz; 500mM NacCl

H2 0 was added to give a final volume of 10nl, the
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solution boiled for 5mins and then plunged on ice. The
sequenase reaction was carried out as for single stranded

sequencing.

2.2.12 Plating and screening library

The mouse muscle Agtll c¢DNA library was plated and
screened by Dr Edwards exactly as described by Huynh,
Young and Davis (1985) using a polyclonal anti-rat CAIII
antibody. Serial rounds of screening at increasing
dilutions were carried out until single positive plaques

~could be picked.

2.2.13 Screening bacterial colonies

Bacterial colonies were plated on nitrocellulose
filters, two replicas made from each plate and grown
overnight on fresh plates. DNA was transferred to the
filters by placing on filter paper saturated in 0.4M NaOH;
1.5M NaCl for 10mins. The filters were neutralised in 1M
Tris pH 7.5 for 5mins and then 0.5M Tris; 1.5M NaCl pH 7.5
for 5mins. Residual cell debris was wiped off the filter
after 15mins soaking in 3 x SSC and then baked for 1lhr at
80°C. Filters were prehybridised and probed in:

4 x SSC
10 x Denharts
0.1mg/ml Herring sperm DNA
2.0% saturated sodium pyrophosphate (PPi)
0.1% SDS

2.2.14 Polymerase chain reaction (PCR)

The polymerase chain reaction was carried out

essentially by the method of Saiki et al. (1988).
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Oligonucleotides were obtained from Oswell DNA,
(Edinburgh) and the concentration estimated from the
absorbance at 260nM (50 O.D. units = 1mg/ml). =50pmol of
each oligonucleotide was used for each reaction. The
melting temperature of the oligos was calculated from:
Te=69.3 + 0.41(G+C%) - 650
length
The annealing temperature was taken as 12° below the
average Ta for the pair of oligos. The PCR was set up in a
0.5ml1 eppendorf as follows:
' 1-5ug genomic DNA (or 2-20ng cloned DNA)

10ul 15mM 4ATP

i0ul 15mM 4CTP

10nl 15mM d4dGTP

10ul 15mM 4TTP

10ul 10 x PCR buffer

10nl DMSO

50pmol of each oligonucleotide

H20 to a final volume of 100ul

10 x PCR buffer

166mM ammonium sulphate
0.67mM Tris-HC1l pHS8.8
67mM magnesium chloride
100mM 2-mercaptoethanol
67uM EDTA
0.17% BSA
The reaction mix was heated to 95°C for 5 mins, the
resulting condensation spun down and 2-3 units of Taq
polymerase (Anglian) added. Paraffin oil was layered over
the sample to prevent evaporation and the tubes incubated
at three temperatures in rotation; 70°C for elongation of
DNA, 95°C to denature double stranded DNA and a specific

annealing temperature to allow primers to rehybridise.

Elongation times were altered (30-90 secs) to suit the
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length of DNA (80-1000bp) to be amplified. On average

tubes were passed through 30 cycles by moving manually
between three waterbaths. Liquid paraffin was removed and i
10ul of the reaction mix run on a mini gel (3% Nuseive for‘2<
small products) to check for amplified fragments. Great \
care was taken to eliminate contamination of all solutions

by exogenous genomic or cloned DNA.

2.3 RNA extraction and analysis

2.3.1 Preparation of total RNA from mouse tissues

" A1l solutions except those containing Tris were prepared
in diethyl pyrocarbonate (DEPC) treated water (0.1% DEPC).
Tissue (50mg-1lg) was flash frozen in liquid nitrogen and
homogenised with a Polytron for 60sec in 6éml 6M Aristar
urea/3M LiCl. The samples were stood at 4°C for 24 to
48hrs and then the precipitate spun down, (9.5K, 20min,
4°C). The pellet was vortexed briefly in a further 6ml of
urea/LiCl and spun as before. After draining thoroughly
the crude RNA was dissolved in éml 10mM Tris pH7.5/ 0.5%
SDS and Proteinase K added to a final concentration of
50ug/ml. After incubation at 37°C for 30-120 min the
samples were extracted twice with phenol and once with
chloroform. RNA was precipitated by adding 1/10th volume
2M sodium acetate and 2.5 volumes aristar ethanol and
placing at -70°C for at least lhr. RNA was spun down (30
min, 0°C, 9.5K) and washed in 80% ethanol. The RNA pellet

was drained well, dissolved in 0.1-0.5 ml DEPC treated H20
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and RNA concentrations estimated by measuring the
absorbance at 260nM (1 0.D. = 40ug/ml). The integrity of
the sample was assessed by looking at ribosomal RNA bands

on a mini-gel. RNA was aliquoted and stored at -70°C.

2.3.2 Northern blots

Two gel systems were used to generate Northern blots.
In the first method RNA was denatured with glyoxal and
DMSO (McMaster and Carmicheal, 1977) by incubation in 50%
DMSO, 1M glyoxal (deionised and stored in "one-use"
~aliquots at -20°C), 10mM NaPO« pH7.2 at 50°C for lhr. 1-
10pg of RNA was treated in a total volume of 15ul1 before
application to a 1% agarose gel in 10mM NaPO« pH 7.0. Gels
were run at 3-4V/cm for 6hours and the gel and electrodes
reversed every 30mins to maintain the pH of the buffer.
Since this electrophoresis buffer does not contain
ethidium bromide the strip of gel containing size markers
was removed and stained separately. The remainder of the
gel was blotted without pretreatment (Thomas, 1980) onto
Pall Biodyne A membrane in 20 x SSC overnight and then
baked at 80°C for 1lhr to immobilise the RNA. Northern
blots were prehybridized overnight in 50% formamide; 5 x
SSPE; 0.3% SDS; 250ug/ml herring sperm DNA at 42°C.
Hybridizations were carried out in the same buffer
containing probe for =20hrs at 42°C. Filters were
generally washed down to 0.2 x SSC; 0.1% SDS at 50°C.
Probes were removed by incubating in 50% formamide; 10mM

NaPO« pH 6.5 at 65°C for 1lhr and then washing in 2 x SSC,
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0.1% SDS (2 x 15mins).

The second method used a formaldehyde gel system
(Lehrach et al., 1977). 1.5% agarose gels were prepared in
1 x MOPS (10mM MOPS, 2.5mM NaAcetate, 0.5mM EDTA pH7.0),
containing 15% formaldehyde (added in fume hood when the
gel has cooled to 60°C). 10-20ug total RNA was aliquoted
in a volume less than 10ul) and 3 vols of loading buffer
(see below) added. Samples were heated to 65°C for 10 min
and loaded onto the gel.

Northern loading‘buffer‘

500ul formamide
150ul formaldehyde
100ul 10 x DNA loading buffer (30% glycerol)
50ul 20 x MOPS
3ul 10mg/ml ethidium bromide
Electrophoresis was carried out in 1 x MOPS for 3-4hr at
8V/cm at room temperature. The gel was washed in Hz20 and
then 20 x SSC before blotting overnight onto Hybond-N in
20 x SSC. The blot was washed 1 min in 50mM NaPOs« pH 7.2,
baked at 80°C for 1lhr and UV irradiated for 2 min. The
filter was prehybridised in Church buffer (0.5M NaPO« pH
7.2, 7.0% SDS, 1mM EDTA) for at least lhr at 65°C after
which the labelled probe (2-5 x 10° cpm/ml) was added and
incubation continued at 65°C overnight. The filter was
washed 2-3 x 30 min at 65°C in 50mM NaPO« pH7.2, 1% SDS
and exposed to X-ray film. The probe was removed by

pouring on a solution of 0.1% SDS at 100°C and rocking

gently until the solution was cool.
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2.3.4 Synthesis of RNA probes

RNA probes were generated by subcloning fragments into
the pUC derived vectors pSP64 and pSP65 (Melton et al.,
1984) which contain the bacteriophage SP6 promoter. Probes
were generated in the following mixture:

22.5u1 DEPC treated Hz0 containing lug linear plasmid
2.5p1 200mM DTT
2.5p1 100mM spermidine
10.0ul 5xTB (30mM MgClz; 50mM NaCl; 200mM Tris-HCl pH7.5)
3.0ul RNase inhibitor (50 units)
5.0u1 10xrNTP (5mM of each ATP, CTP, GTP; 250uM UTP)
1.0pl1 ad®2P-UTP (40uCi/nl)
1.5u1 SP6 polymerase (5u/ul)
~This mixture was incubated at 39-40°C for 1hr and then the
template DNA was degraded by incubation with 1lul of RNase-
free DNAse at 37°C for 10 mins. 5upl of 100mM Tris-HC1l pHS8
were added and the mixture extracted with phenol-
chloroform. The organic phase was back extracted with TES-

2 (10mM Tris-HCl pH8; 10mM EDTA; 1% SDS) and the RNA probe

ethanol precipitated from the pooled aqueous layers.

2.3.5 RNase protection assay

32p-~-UTP labelled probes were resuspended in 20ul of
hybridisation buffer (80% formamide; 40mM pipes pH6.7;
10mM EDTA, 0.4M NaCl), counted and diluted in the same
buffer to 2 x 10% cpm/ul. 10ug of RNA in 2ul of DEPC-
treated H20 were hybridised to 1ul of probe in 30ul of
hybridisation buffer ovérnight at 45°C. Overhanging and
mismatched single-stranded RNA was digested by addition of
300pl1 RNase solution (40ug/ml RNase A; 2ug/ml RNase T in

10mM Tris-HC1l pH7.5; SmM EDTA; 300mM NaCl) and incubation
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for 1hr at 30°C. The reaction was stopped by addition of
20ul 10% SDS and the RNase removed with 50ug of Proteinase
K, incubated at 37°C for 10 mins. RNA was extracted twice
with phenol-chloroform and precipitated along with 10ug
tRNA as cold carrier. The pellet was resuspended in 10ul
of loading buffer (7M urea; 1xXTBE; 0.1% bromophenol blue;
0.1% xylene cyanol), heated at 95°C for 5 mins and loaded
on a 6% polyacrylamide gel in 1xXTBE. Size markers were
prepared by end-labelling 250ng Mspl cut pBR322 with 32p

dCTP using 1 unit Klenow for 15 mins.

2.4 Protein methods

2.4.1 Protein assays

Two methods were used to determine protein
concentration; estimation by extinction at 260nm and
280nm and a colorimetric method using the Bio-Rad protein
reagent. In the first method the extinction of the
solution is measured at 260nm and 280nm and the ratio
Ez60/E2080 calculated. Using this ratio the proportion of
nucleic acid in the protein solution can be calculated and
a correction factor determined from a table (Dawson et

al., 1969). The protein concentration is given by:

Protein concentration (mg/ml) = Ezeo x factor x 1/d,
where d=length of light path in cm.
The Bio-Rad assay was carried out exactly as described
by the manufacturers, using bovine plasma gamma globulin

as a standard.

71



2.4.2 Isoelectric focusing (IEF) and immunodetection

Protein from aqueous extracts of mouse and human
tissues and cultured cells were separated by isoelectric
focusing in 1lmm gels containing ampholines (LKB) in the
ranges pH 3.5-10, pH 5-7 and pH 7-9 at a ratio of
13:20:100, respectively. Gels were 5% acrylamide (Bio-Rad)
polymerised with either ammonium persulphate/temed or
riboflavin and were prefocused for 30 min at 300V, 10mA,
10W at 8-10°C. Protein samples in volumes of 1-15ul were
loaded directly onto the gel at the cathodal end (=2cm
"from the wick). Separation was achieved by electrophoresis
for 30 min at 300v, 10mA, 10W followed by 60 min at 1000V
and 75 min at 1500V (total of =3000Vhrs). Proteins were
electroblotted from the gel onto nitrocellulose in cold
TGM (20mM Tris pH8.3, 150mM glycine, 20% methanol) for 15-
30 min at 0.6mA, 200V (Bio-Rad electroblot). The filter
was blocked in PBS containing 0.15% Tween 20 (PBS-T) for
at least 30 min, 4°C, before incubating with the first
antibody. Polyclonal antibodies against human and rat
CAIII raised in rabbit were provided by Dr N.Carter (St.
Georges Hospital, London). Antibodies were diluted to
25ug/ml in 10ml PBS-T and incubated with the filter at 4°C
o/n. The filter was washed twice in PBS-T for 20 min and
incubated with the peroxidase conjugated second antibody
(goat anti-rabbit IgG from Bio-Rad, diluted 1 in 1000 with
PBS-T) for 3.5-4hrs. After 2 further washes (2x20 min) in

PBS-T the filter was stained with 500ul (5mg/ml)
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diaminobenzidine (DAB)/75ul 9% H20z in 25ml 0.1M Tris
pH8.0 for 5 to 20 min. The reaction was stopped by washing

copiously in tap water.

2.4.3 SDS-PAGE

SDS-PAGE was carried out using the discontinuous Tris-
Cl/ Tris glycine buffer system of Laemmli (1970), and
either a 10% écrylamide or 5-15% gradient acrylamide gel.
Samples were solubilised by boiling in SDS and
mercaptoethanol for Smins before loading. Standard protein
~size markers were used and the gels run at 45mA for Shrs.
The gels were stained for protein using Coomassie

brilliant blue (0.2% in 10% acetic acid).

2.5 Cell culture conditions and technigues

2.5.1 Cell lines and growing conditions

All cells cultured, G8 (Christian et al., 1977) and
C2Cl1l2 (Blau et al., 1983; Yaffe and Saxel, 1977) myoblasts
and 10T1/2 (Reznikoff et al., 1973) fibroblasts, were
grown in complete Dulbeccos modified Eagle's medium (DMEM)
plus 10% fetal calf serum (FCS) plus antibiotics as
follows:

74ml 4ddH:20

9ml1 DMEM (x10)
Tml 5.3% NaHCOsa
0.5-1ml 1M NaOH to adjust pH to neutral

10ml fetal calf serum (FCS)

iml 0.6% penicillin;1% streptomycin in 200mM glutamine
The exception to this was the myogenic line 23A2

{Ronieczny and Emerson, 1984) which was grown in the same

medium but containing 15% FCS instead of 10%. In addition
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this cell line was initially grown on a collagen monolayer
prepared by coating each T80 bottle with 8ml of 1%
Vitrogen-100 in a serum/antibiotic free DMEM for at least
30mins at 37°C. The excess solution was removed just prior
to plating the cells. All cells were cultured at 37°C in
5-8% COz. Cells were harvested using a 0.2% trypsin
solution. The myogenic lines (G8, C2Cl1l2 and 23A2) were
induced to differentiate by allowing the cultures to
become confluent and changing the serum content of the

medium frqm.10$ fgtal‘qalf‘t915$ hqrse’serum.

2.5.2 Immunodetection of CAIII in cells

CAIII was detected (mwwiinul z1zohzsnically in cultured
cells by both peroxidase and fluorescent detection
systems.

Cells were grown to.an appropriate density on
coverslips (22 x 22 mm) in small petri dishes. The cells
on the coverslips were rinsed twice in PBS (10mM sodium
phosphate pH7.5;0.9% saline) and fixed for 30 min in 4%
paraformaldehyde/ PBS. Cells were made permeable by
incubating in RIP buffer (0.1% NP40, 2mM Tris-HCl pH7.4,
15mM NaCl, 0.1mM EDTA) for 10 min and any endogenous
peroxidase activity quenched by incubating the coverslips
in 0.3% H202 in methanol for 30Omins. The Vectastain ABC
kit (Vector Laboratories) was applied as follows. Cells
were blocked in normal goat serum diluted in PBS for 1hr.

The serum was removed from the coverslips by blotting and
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replaced by anti-rat or human CAIII antibody (at 25ug/ml)
for a further lhr. Coverslips were washed in PBS (2 x 5
min) and then incubated with diluted biotinylated second
antibody for 30min. The cells were again washed in PBS,
then the horseradish peroxidase-avidin complex was added,
incubated for 45 mins and rewashed. The stain substrate
was prepared by mixing equal volumes of 1mg/ml
diaminobenzidine (DAB) (diluted in 0.1M Tris-HCl pHS8.0)
and 0.03% H202. Cells were stained for 10min and then
rinsed in tap water for 10min. Cells counterstained in

" heamotoxylin or methyl green and then rinsed in water. In
the case of heamatoxylin cells were additionally
differentiated briefly in acid/alcohol and then back into
water before dehydrating through a series of alcohols 70-
100% and finally into histoclear. Coverslips were mounted
on slides with DPX. All procedures were at room
temperature. Cells were photographed using Kodak Kodacolor
Gold 100 film.

Fluorescent detection was carried out exactly as above
except that the step to remove peroxidase activity was
omitted; also the incubation time with the biotinylated
antibody was reduced to 20 mins and carried out at 37°C.
The horse-radish peroxidase conjugate was substituted by
fluorescein—-avidin D (Vector Labs, diluted to 20ug/ml in
200mM NaHCOs ;150mM NaCl pH8.2) and incubated for 20mins at
37°C. Cells were washed twice in PBS containing 0.05%

Tween-20 and dehydrated by passing through a series of
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alcohols. Coverslips were mounted onto slides in antifade
solution (9:1, 2% DABCO, t-4diazabicyclo 2-2-2 octane in
glycerol:0.2M Tris pH7.5; 0.02% NaNs) containing 0.5upg/ml
DAPI (4'.6-diamidino-2-phenyl indole) and sealed with
clear nail varnish. Cells were viewed using a Reichert-
Jung Polyvar microscope equipped for DAPI and fluorescein
fluorescence. Photographs were taken with Scotch 640T

£film.

2.5.3 Transfection by electroporation

Cells for transfection by electroporation (Neumann et
al., 1982) were grown to a density of about 70-80% and
harvested as usual. The cell pellet was washed in cold HBS
and finally resuspended in a minimal amount of HBS
(0.6m1/T80 flask). The cells were counted in a
haemocytometer, diluted to a concentration of 3x10% /ml and
kept on ice prior to transfection. Plasmids for
transfection were prepared by the standard maxi prep
method (see above) except that they are banded on CsCl
gradients twice for extra purity. 15-50ug of test DNA was
used per experiment together with 20ul of 5mg/ml sonicated
herring sperm carrier DNA diluted in HBS to a final volume
of 200ul. The DNA solution was added to 0.6ml of cell
suspension (2x10% cells) in the electroporation cuvette
and pipetted up and down to mix (final conc. of test DNA
25-85ug/ml). This was incubated at room temperature for 10
mins and then subjected to an electric pulse in a Bio-Rad

pulsaphor. A range of voltages and capacitance was used
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but 200-300 volts and 960 pF was appropriate for all cell
lines tested. After the pulse, cells were incubated at
room temperature for 2-10 mins before returning to T80
flasks containing 10ml of appropriate culture medium. For
transient assays cells were harvested after 48hrs and

pellets either assayed immediately or stored at -70°C.

2.5.4 CAT assay

This ﬁas performed essentially by the method of Gorman
(1985). Following transfection the cells were washed with
'HBS, harvested and transferred to a 1.5ml microcentrifuge
tube. The pellet was resuspended in 100pl of 0.25M Tris-
HC1l pH 7.8 and the cells disrupted by sonication (3 x 4
sec bursts with 30 sec interval). Tubes were kept on ice
during sonication. The debris was spun down and the
supernatant saved to test for enzyme activity, (samples
were stored at -20°C). The reaction was set up as
follows:

70pl 0.25M Tris-HCl pH 7.8

35ul distilled Hz0

20ul cell extract

2ul [*4C] Chloramphenicol (40-50 Ci/mmol, NEN)

20ul 4mM acetyl CoA (made fresh)
The reaction was incubated for 60 min at 37°C. The
chloramphenicol was extracted by vortexing for 30 sec with
200pl1 ethyl acetate and back extracted with a further
200ul. After spinning the organic phase, containing all

forms of chloramphenicol, was saved and dried down under

vacuum (Howe GyroVap). The samples were resuspended in 20ul
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of ethyl acetate and spotted onto silica gel thin layer
chromatography plates {(Kieselgel 60, 0.25mm, Merck). The
plates were subjected to ascending chromatography with a
95:5 mixture of chloroform:methanol in an equilibrated
tank for 45min or until the solvent front had moved 10cm
from the origin. When dry the plate was exposed to X-ray
film for 1-7 days.

After autoradiography the spots were scraped from the
TLC plate and resuspended in 0.5ml of H20. 2mls of
scintillation fluid (42ml NEN Liquifluor/l1l1l toluene) and
'1ml of Triton X-100 were added and the 14C in the samples

counted in a LKB 1211 Minibeta scintillation counter.
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CHAPTER 3

MOUSE CARBONIC ANHYDRASE 3: RESULTS

3.1 Mouse carbonic anhydrase 3 - cDNA structure

3.1.1 Library construction and screening

cDNA clones for mouse CAIII (Car-3) were isolated from \ (f\
a mouse muscle cDNA library constructed in the expression
vector Agtll with mRNA prepared from hind limb adult mouse
muscle. The library was 90% recombinant and contained
2x10% independent recombinants before amplification. The
'library was plated on E.coli Y1090 at a density of
2x104pfu/140mm plate and screened with a polyclonal
antibody specific to rat CAIII. Twenty five positive
recombinants were identified by the antibody and of these
9, (ACAIIIM.1-9) were picked and purified to homogeneity
by successive rounds of plating at lower density.

When the plaques were partially purified DNA lifts were
prepared in duplicate from small plates containing a
maximum of 102 plaques. The filters were probed with cDNA
for human CA3 (pCAl5, Lloyd et al, 1986). Of the five
clones analysed in this way, ACAIIIM.1l, 2 and 4 did not
hybridise to the human CA3 sequence but two others,
ACAIIIM.3 and 7, gave strong hybridisation signals. Figure
3.1 shows the autoradiograph of the screen of ACAIIIM.7
probed with human CA3 cDNA. Positive plaques were
identified for each recombinant which appeared on both

duplicate filters and could be picked to homogeneity. DNA
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was prepared from these homogeneous recombinants and from

ACAIIIM.1,2 and 4 (Car-3 negative) for further analysis.

3.1.2 Subcloning of cDNA inserts

DNA from the two Car-3 positive recombinants was
digested with EcoRI to liberate the ¢DNA inserts. Clone
ACAIIIM.7 was found to contain an insert of 1kb and clone
ACAIIIM.3 a smaller insert of 500bp. The insert DNA was
purified and subcloned into the EcoRI site of the plasmid
vector pUC8. EcoRI digests of both phage and plasmid DNA
are shown in figure 3.2.

A restriction map was constructed of the 1lkb insert
from pCAIIIM.7. Purified insert DNA was digested with the
six base pair cutters, BamHI, HindIll, Pstl, Kpnl, Sall,
Sstl and XhoIl; five base cutters, Avall, Ddel and four

base cutters, Taql, Hhal and HaelIIl (figure 3.3).

3.1.3 Sequence data

The restriction mapping data for pCAIIIM.7 was used to
design a sequencing strategy (figure 3.3) in which the
fragments obtained from a single Avall digest and a
Sstl/Pstl double digest were sequenced. Digested DNA
fragments were purified from agarose gels and the ends
"filled in", using Klenow enzyme, to allow 1igation into
the Smal site of the bacteriophage vector Ml13mpls.
Following transformation of the ligated DNA into E.coli
JM101, single stranded DNA was isolated from recombinant

phage and this served as a template for nucleotide
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sequencing. In addition, the intact cDNA was inserted into
the EcoRI site of M13mpl8 and about 250 bases were
sequenced in from each end. This strategy allowed the
entire cDNA to be sequenced and many base positipns to be
checked multiple times in different fragments.

The nucleotide sequence of the c¢DNA insert from
pCAIIIM.7 is given in figure 3.4 above the derived amino
acid sequence. The nucleotide sequence comprises the
entire protein coding region of 777bp, an 83bp 5°'
untranslated region and 224bp of 3'untranslated sequence
including a poly A tail, As=13 (ie the entire length =
1090bp without the EcoRI sites).

Sequencing reveals that ACAIIIM.3 is a truncated
version of ACAIIIM.7 with both clones sharing the same 3'
end including an identical length poly-A tail, figure 3.5.
The shorter clone lacks the first 524 bases of ACAIIIM.7
and curiously has an additional poly-A sequence at the 5°'
terminus.

Comparing the mouse nucleotide sequence with that of
human CA3 there is 87% homology in the coding region. It
is not clear from studying this one clone whether the
5'untranslated region is complete or not but as it stands
it extends 24bp further 5' than the complete human
sequence of 59bp (Lloyd et al, 1987). Nine of the eleven
nucleotides immediately proximal to the coding region are
conserved between the two species and are indicated in

figure 3.4.
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gaagaacg

25 50 .
ggacctgcgtgacgtgggtgactggagcaagaaagagcaggagctgtccagcgctgagaaacacéagggétéaea

100 125 150
ATGGCTAAGGAGTGGGGCTACGCCAGGCACAATGGTCCTGATCACTGGCATGAACTTTATCCAATTGCCAAAGGG
MetAlalysGluTrpGlyTyrAlaArgHisAsnGlyProAspHisTrpHisGluLeuTyrProlleAlalysGly

175 200 225
GACAACCAGTCACCCATTGAACTGCATACTAAAGACATCAAGCATGACCCCTCTCTGCAGCCCTGGTCAGCATCT
AspAsnGlnSerProlleGluLeuHisThrLysAsplleLysHisAspProSerLeuGlnProTrpSerAlaSer

250 275 300
TATGACCCTGGCTCTGCTAAGACCATCCTGAACAATGGGAAGACCTGCAGAGTTGTGTTTGATGATACTTATGAC
TyrAspProGlySerAlalysThrIleLeuAsnAsnGlyLysThrCysArgValValPheAspAspThrTyrAsp

325 350 375
AGGTCTATGCTGAGGGGTGGTCCTCTCTCTCGGCCCTACCGACTTCGCCAATTCCATCTTCACTGGGGCTCCTCT
ArgSerMetLeuArgGlyGlyProLeuSerArgProTyrArgleuArgGinPheHisLeuHisTrpGlySerSer

400 u25 us0
GATGACCACGGCTCTGAGCACACCGTGGACGGAGTAAAATACGCTGCTGAGCTTCACCTGGTTCACTGGAATCCA

AspAspHisGlySerGluHisThrValAspGlyVallLysleuAlaAlaGluLeuHisLeuValHisTrpAsnPro

475 500 525
AGGTATAACACCTTTGGAGAGGCTCTGAAGCAGCCTGATGGCATCGCTGTGGTTGGCATTTTGCTGAAGATAGGA
ArgTyrAsnThrPheGlyGluAlaLeuLysGlnProAspGlyIleAlaValValGlyIleLeuLeulysIleGly

550 575 600
CGGGAGAAAGGCGAGTTCCAGATTCTTCTTGATGCCCTGGACAAAATTAAGACGAAGGGCAAGGAGGCCCCTTTT
ArgGluLysGlyGluPheGlnIleLeuLeuAspAlaLeuAspLysIleLysThrLysGlyLysGluAlaProPhe

625 650 675
ACACACTTTGACCCATCATGCCTGTTCCCTGCTTGCCGGGACTATTGGACCTATCACGGCTCCTTCACCACGCCG
ThrHisPheAspProSerCysLeuPheProAlaCysArgAspTyrTrpThrTyrHisGlySerPheThrThrPro

700 725 750
CCCTGCGAGGAGTGCATTGTGTGGCTCCTGCTCAAAGAGCCCATGACTGTGAGCTCAGACCAGATGGCCAAGCTG
ProCysGluGluCysIleValTrpLeuLeuLeuLysGluProMetThrValSerSerAspGlnMetAlaLysLeu

775 800 825
CGCAGCCTCTTCTCCAGCGCAGAGAATGAGCCCCCGGTGCCTCTGGTGGGGAATTGGCGCCCTCCTCAGCCTGTC
ArgSerLeuPheSerSerAlaGluAsnGluProProValProlLeuValGlyAsnTrpArgProProGlnProval

850 875 900
AAGGGCAGGGTGGTGAGGGCCTCCTTCAAGTAAggctctgagettgecetettegggcaagaaactetgecectg
LysGlyArgValValArgAlaSerPheLys###

925 950 975
aagagecctgettgtetectectgtgetecctactccaagetgtecgacgaacacctagggaagaggagaageagt

1000 1025 1050
cacatgcaaccgcagtgecttttgacatgatctcacccagaagecatgaatttcacacctaacattettaataace

1077
acctgttcta(q3)

Figure 3.4 The complete nucleotide sequence of CAIIIM.7

and derived amino acid sequence for mouse CAIII. The

coding sequence is in uppercase lettering and the

noncoding in lowercase. The putative polyadenylation
signal at the 3' end of the cDNA is printed in bold and
underlined. A 12bp block of homology between the mouse and
human 3' untranslated regions is underlined and a region

of homology at the 5' end indicated by asterisks.
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A block of 12bp, CTTGCCCTCTTC, (figure 3.4), in the
proximal 3' region is completely conserved between human
CA3 and mouse Car-3 mRNAs but otherwise there is little or
no homology in the comparable untranslated regiops and the
214bp 3'untranslated region is much shorter than that of

human (877bp).

3.2 A cDNA for heart fatty acid binding protein

Analysis of the Car-3 negative recombinants,
ACAIIIM.1,2 and 4, showed that these 3 clones were
videnti;al‘and‘qoptainedlanvinse:t’of‘700bp,‘(see‘fqr
example pCAIIIM.1 in figure 3.2). The complete insert
sequence of these non-Car-3 recombinants was determined in
the hope of identifying what obviously represented a
relatively abundant mRNA in skeletal muscle. The sequences
from all three clones were identical and consisted of
658bp with an open reading frame encoding 132 amino acids
starting 21bp in from the 5' end (figure 3.6). The 3°'
portion contained a canonical polyadenylation signal 21bp
upstream of a poly-A tail (A.=25).

When this sequence was compared to those in the EMBO
genebank a 92% homology was found to the coding region of
rat heart fatty acid binding protein (H-FABP), (Heuckeroth
et al, 1987; Claffey et al, 1987). The amino acid
sequences were 94% homologous with only 8 residues
differing between the two species. The three H-FABP

recombinants were redesignated pMH-FABP.1,2 and 4.
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Met Ala Asp Ala Phe Val Gly Thr Trp Lys Leu Val Asp Ser Lys
ATG GCG GAC GCC TTT GTC GGT ACC TGG AAG CTA GTG GAC AGC AAG

20
Asn Phe Asp Asp Tyr Met Lys Ser Leu Gly Val Gly Phe Ala Thr
AAT TTT GAT GAC TAC ATG AAG TCA CTC GGT GTG GGC TTT GCC ACC

30 40
Arg Gln Val Gly Ser Met Thr Lys Pro Thr Thr Ile Ile Glu Lys
AGG CAG GTC GGT AGC ATG ACC AAG CCT ACT ACC ATC ATC GAG AAG

50
Asn Gly Asp Thr Ile Thr Ile Lys Thr Gln Ser Thr Phe Lys Asn
AAC GGG GAT ACT ATC ACC ATA AAG ACA CAA AGT ACC TTC AAG AAC

60 70
Thr Glu Ile Asn Phe Gln Leu Gly Ile Glu Phe Asp Glu Val Thr
ACA GAG ATC AAC TTT CAG CTG GGA ATA GAG TTC GAC GAG GTG AcCA

. 80
"Ala ' Asp Asp Arg Lys Val Lys Ser Leu Val Thr Leu Asp Gly Gly
GCA GAT GAC CGG AAG GTC AAG TCA CTG GTG ACG CTG GAC GGA GGC

90 100
Lys Leu Ile His Val Gln Lys Trp Asp Gly Gln Glu Thr Thr Leu
AAA CTC ATC CAT GTG CAG AAG TGG GAC GGG CAG GAG ACC ACA CTA

110
Thr Arg Glu Leu Val Asp Gly Lys Leu Ile Leu Thr Leu Thr His
ACT AGG GAG CTA GTT GAC GGG AAA CTC ATC CTG ACT CTC ACC CAT

120 130
Gly Ser Val Val Ser Thr Arg Thr Tyr Glu Lys Glu Ala
GGC AGT GTG GTG AGC ACT CGG ACT TAT GAG AAG GAG GCGTGACCTGG

CTGCTCCGTCACTGACCGGCCCGGCTCCTCTGCCAACTGGCCACCCCTCAGCTCAGCAC
CATGCTGCCTCATGGTTTTCCCCTCTGACATTTTGTATAAACATTCTTGGGTTGGGATT
TTTCTGGAGATACGGGGCATCAGCCTGGACCCAGTTCCTACTATGTATGTGGTTTATTT

TTTAAAACTGTATCCAAAGGGTGCTCCAAGGTCAATAAAGCAGAACCAAGGCCA(n_zs)

Figure 3.6 The complete nucleotide sequence of MH-FABP.?
and derived amino acid sequence of mouse heart fatty agld
binding protein (H-FABP). Numbering is according to amino
acid residues. The polyadenylation signal at the 3' end of
the cDNA is printed in bold and underlined.
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The distribution of H-FABP mRNA in several
different mouse tissues was assessed by Northern analysis
(figure 3.7) and is similar to that reported for the rat
{Heuckeroth et al., 1987; Claffey et al., 1987) vith
highest levels in heart and skeletal muscle and moderate
levels in kidney and testes.

DNA from two inbred strains of mice (DBA/2J and
CH7BL/6J) was digested with a series of restriction
enzymes, the gel blotted and probed with 22P labelled pMH-
FABP.4 insert. Identical fragments for C57BL/6 were seen
with BamHI, HindIII and EcoRI as reported by Heuckeroth et
al., (1987) using the rat c¢DNA clone; however completely
different patterns were obtained between the two strains
with Pvull, PstI, Taql, Mspl and EcoRI (figure 3.8).

The mouse H-FABP ¢DNA also hybridises weakly to rodent
(rat and hamster) and human DNA (figure 3.8). Two
moderately intense fragments of 7.6 and 6.4kb could be
detected in all three human samples and it may be possible
in the future to assign these fragments to chromosome(s)

using DNA from somatic cell hybrids.

3.3 Expression of CAIII in mouse tissues

3.3.1 Protein studies

The pattern of expression of mouse CAIII was
investigated at the protein level by SDS-PAGE and Western
blots from isoelectric focusing (IEF) gels. Soluble

protein extracts were prepared from a range of mouse,
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(CBA/Ca X C57BL/6Mcl) Fi1, tissues by sonication in water
(1:2, wt:vol) and separated on an IEF gel in which the
pH7-9 range was expanded. The gel was electroblotted onto
nitrocellulose and CAIII protein detected using an
antibody specific to CAIII, either anti-rat or anti-human
CAIII. The protein was visualised after incubation with a
peroxidase-conjugated second antibody to rabbit IgG and
staining with diaminobenzidine/H202. Using this system two
isoforms, CAIII and CAIII', were detected. The relative
proportions of these forms varied amongst extracts of the
' same tissues and were dependent on the age of the samples,
CAIII' increasing relative to CAIII in older stored
samples. It was shown (figure 3.9) that the CAIII' isoform
could be converted to CAiII by pretreatment of the tissue
extracts with the sulphydryl reducing agent,
mercaptoethanol. Tissue extracts were incubated at room
temperature with mercaptoethanol at concentrations ranging
from 5mM-160mM for 20 mins prior to loading onto the gel.
The minimum concentration of 5mM was sufficient to produce
the change in mobility. It has previously been reported
that CAIII can exist in both monomeric and dimeric forms.
The dimer apparently results from the formation of a
disulphide bridge which would be reduced by the action of
mercaptoethanol.

In addition to the two isoforms of CAIII, CAI was
detected at a more acidic position on the gel by both the

anti-human and anti-rat CAIII antibodies. CAI was most
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abundant in extracts with blood contamination (figure 3.9).
The pattern of CAIII distribution amongst mouse tissues
is shown in figure 3.9. Firstly, considering the muscle
tissues, it can be seen that CAIII is not ubiquitously
expressed; present in soleus, gastrocnemius and anterior
tibialis but not in masseter. This differential
expression appears to relate to the fibre type composition
of each muscle. In the mouse the soleus contains mostly
type 1 fibres, gastrocnemius and anterior tibialis a
mixture of type 1, 2A and 2B fibres whereas masseter
‘céntéihs'sbieiy'type'ZA'fibfés; The'réshité 6btéihéd'ffdm'
this experiment therefore agree with earlier
immunohistochemical studies in the rat (Jeffery et al.,
1986b) where a correlation was found between expression of
CAIII and presence of type 1 fibres. Heart muscle which is
structurally and ontologically distinct from skeletal
muscle also shows no CAIII expression.

Other major organs such as brain (not shown), kidney,
spleen and lung did not show CAIII protein but relatively
high levels were detected in the liver. Analysis of CAIII
distribution in large mammals such as sheep (Holmes,
1977), ox (Tashian et al, 1978) and man (Tipler et al,
1978) have shown that this protein is confined to skeletal
muscle. However CAIII has been found in rat liver in
addition to muscle (Carter et al, 1981) and this present
study demonstrates it is also present in mouse liver

suggesting that hepatic CAIII expression may be a feature
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common to rodents. It was not clear from the studies in
the rat, which were based on immunoassay, whether the
liver isoform was identical to that of muscle. In this
context it is relevant to note that the pl's of the mouse
liver CAIII/CAIII' isoforms are indistinguishable from
those of the CAIII/CAIII' muscle isoforms (figure 3.9).
CAIII expression in rat is further complicated by the
finding that levels in liver are sexually dimorphic with
male hepatic CAIII concentrations of 10-20 fold higher
than females. To determine if there is evidence for a
'similar sex difference in mouse tissues a comparison was
made of male and female mouse liver extracts from 4-6 week
old (CBA/Ca X C57BL/6M€€) F1 mice containing identical
amounts of total soluble protein, figure 3.10. No
significant sex-related differences in CAIII levels were
found either by immunoblotting or protein staining after

SDS-PAGE, figure 3.10.

3.3.2 RNA studies

In a preliminary study the level of Car-3 mRNA in
mouse (DBA/2J and C57BL/6J; >2months old) liver, kidney
and muscle was assessed by Northern analysis using the
CAIIIM.7 cDNA probe (figure 3.7). High levels were seen in
both liver and muscle whereas only a weak signal was seen
in kidney. Similar levels of mRNA were seen in muscle from
male and female DBA mice and female C57BL (male C57BL was
degraded) while the level of Car-3 mRNA in liver was

higher (3-8 fold) in the male samples than the females.
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The same Northern blot was probed with human GAPDH
(Edwards et al., 1985) and similar levels of mRNA were
detected in the male and female liver samples.

The tissue distribution of Car-3 mRNA was also
assessed using RNase protection assays. As a prerequisite
to this procedure various cDNA fragments were subcloned
into the plasmid vectors pSP65 and pSP64, figure 3.11. In
particular, fragments from the 5' and 3' ends were
subcloned with a view to generating species specific
probes for use in subsequent transgenic mouse experiments.
The pSP6 vectors contain a promoter for RNA polymerase and
hence RNA probes can be generéted from the cloned inserts.
Each fragment was cloned in both orientations allowing
both sense and anti-sense probes to be produced; the anti-
sense probes hybridise to the mRNA and the sense probes
provide a useful negative control. The orientation and
integrity of subcloned fragments were verified by double
stranded sequence analysis'for the smaller inserts and
restriction mapping of the full length cDNA insert, figure
3.12. Figure 3.13 shows an RNase protection assay in
which 5' EcoRI/Pstl sense and anti-sense RNA probes
(SP65E/P-15 and SP64P/E-10) were hybridised to equal
amounts (5pg) of total RNA from various mouse tissues .
{CBA/Ca X C57BL/6Mcl) Fi; 4-6 weeks old. The Car-3 probe \/
protected an mRNA present in both male and female liver
and gastrocnemius but not heart or masseter. These results

correlate well with the data on CAIII derived using IEF.
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Figure 3.11 Diagram of the pSP65 vector (Melton et al.,
1984) showing the restriction sites present in the
polylinker. Base #1 corresponds to the start of
transcription; cutting sites of the enzymes used are shown
below. A restriction map of CAIIIM.7 is given at the
bottom of the figure showing the various sites which were
used to generate SP6 subclones (only one of many Ddel
sites is shown). The 4 fragments which were subcloned in
both orientations are given above the map together with
fragment sizes. Asterisks indicate where restriction sites
were destroyed due to end-filling prior to ligation to the
Smal cut vector. All fragments were subcloned into pSP65
except SP64P/E-10 which used the vector pSP64 which has
the same polylinker as pSP65 in the reverse orientation.
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Furthermore, the assay indicates that the liver and muscle
mRNAs are identical in their 5° untranslated sequences.
Since these regions are not generally conserved within
gene families, it seéms likely that a single gene encodes
both isozymes. Comparisons of the relative amounts of
protected fragments in male and female muscle and liver
show no significant difference between the sexes. This
contrasts with the results from the earlier Northern
analysis of mRNA from DBA/2J and C57BL/6J tiésués and the
situation in the rat where in both cases Car-3 mRNA is
'séﬁefai fdld higﬁef.ih haié ii&ér.th&nvféﬁaie; fChérifoh
and Edwards, unpublished data). This may indicate a strain
or more likely age dependent variation in the Car-3 mRNA

levels between male and females livers, see section 5.1.3.

3.4 Genetic studies

3.4.1 DNA polymorphisms in inbred strains of mice

DNA from several strains of mice were analysed by
Southern blotting after restriction enzyme digestion using
the mouse Car-3 cDNA as probe. Several enzymes were
tested and polymorphic variation was initially seen with
Taql. The‘strains of micé fell into two groups with all
classical inbred strains, derived brincipally from Mus
musculus domesticus, (CBA/H, C57BL/6J, DBA/20la/e,
JU/FaCt, SDH, 101/H and 129/SV-SL’-CP/e) having one
pattern and Mus spretus (MSP) having a variant pattern

(for example see figure 3.14). The Mus spretus line was
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not fully iﬁbred at this time but three DNA samples were
tested and all showed the same pattern. After Taql
digestion the Mus spretus DNA showed bands at 5.0, 4.8,
2.0 and 0.9kb. In DNA from other lines the 0.9kb fragment
was apparently replaced by one of 1.3kb presumably by loss
of a Taql site. A PstI polymorphism was also identified
(figure 3.14) with Mus spretus DNA showing bands at 4.3;
4.0 and 0.8 kb while in DNA from other mouse lines (101/H,
129/SV-SLY~-CP/e, CBA/H and DBA/20la/e) the 4.0kb band was
apparently replaced by two fragments of 2.3 and‘;.3k§ (gnd
presumably a 0.4kb fragment not hybridising to the cDNA).
This pattern suggests the presence of two additional PstI

sites‘in the Mus musculus domesticus DNAs.

3.4.2 Linkage relationship of Car-1, Car-2 and Car-3

Breeding crosses using a mouse line with a translocated
chromosome 3 had previously revealed the mouse Car-1 and
Car-2 genes to be closely linked within 1.5cM and
positioned near to the centromere of chromosome 3 (Eicher
et al, 1976) but there was no information on tﬁe location
of Car-3.

Mus musculus domesticus and Mus spretus interaét as
sympatric species (Britton and Thaler, 1978) but can be
interbred under laboratory conditions aliowing the DNA
polymorphisms described (section 3.4.1) to be employed in
a linkage study (for review see Avner et al., 1988f. CAI
and CAII isozyme variation, detected by electrophoreSis

and enzyme activity staining on blood samples, is also
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observed between Mus spretus and other inbred lines
(Whitney, 1984; Beechey et al, 1990). Variants can be
attributed to alternative alleles at the two CA loci of
which one is specific to Mus spretus and the other to Mus
musculus domesticus. |

An interspecies cross was set up between strain 101/H
and Mus spretus by Dr Jo Peters, MRC Radiobiology Unit.
Blood samples from the progeny of the 101/H X Fi1 backcross
were analysed for their CAI and CAII isozyme phenotypes by
Dr Peters who showed that the parental haplotypes remained
intact 'and no recombinants were seen. At ‘the same time I
analysed DNA samples prepared from the spleens (by Dr
Nigel Spurr, ICRF) for their Car-3 phenotype. PstlI digests
of DNA, blotted onto nylon filters were probed with
radioactively labeled mouse cDNA insert (pCAIIIM.7). The
Car-3 fragment patterns for sixteen of the Fz offspring
are shown in figure 3.15 using a system of designation in
which the 101/H allele is called a and the Mus spretus
a11e1e E. Figure 3.15 also demonstrateé that it was
possible to type the offspring simply on the basis of the
presence or absence of the 4kb PstI band. Of the 83 mice
tested 81 were of the parental typeé while 2 showed
recombination between Car-1/Car-2 and Car-3. The data
yielded a map distance of 2.4cM + 1.7% (table 3.1) between

Car-1/Car-2 and Car-3.
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Recombination of Car-1, Car-2 and Car-3

Table 3.1.

Parental mating Car-12 Car-22 Car-32/Car-1P Car-2¢ car-3b ¢

X Car-18 Car-22 Car-32/Car-12 Car-22 Car-32 o

. Progeny genotype . Number
Progeny class Car-1 Car=-2 Car-3
Non recombinant aa aa aa ‘ 36
ba ca ba 45
Single recombinant
(Car-1/ Car-2) - Car-3 aa aa ba 1
ba La aa

= |
—

recombination RF+ SE %

(Car-1/ Car-2) - Car-3 2/83 2.4+1.7
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CHAPTER 4

HUMAN CARBONIC ANHYDRASE 3: RESULTS

4.1 Structure of the human CA3 gene

4.1.1 Background information

Figure 4.1 shows the genomic clones isolated for CA3
and the restriction map of the gene as it stood at the
start of this project. The map had been constructed in the
following way: three genomic clones (ACAl.1, 1.2, 1.3) for
human CA3 were isoclated by screening a genomic library in
the vector Charon 4A (Lawn et al., 1978) using the human
'¢cDNA pCA15 (Lloyd et al., 1986) as probe. On initial
characterisation they were found to contain the entire
coding region except for exon 1. |

In order to complete the gene map, the most 5' 2.2kb
EcoRI fragment from ACAl.l was subclbned into a plasmid
vector and used to screen another human genomic library in
22001 (LeFranc et al., 1986). This yielded two further.
clones, ACA2.1 and 2.2, which contained exon 1. )\CA2.1
contained the entire coding region but did ?ot extend as
far in the 5' direction as ACA2.2 which lacked the
complete 3' untranslated region. A preliminary
restriction map of the CA3 gene was constructed and the
positions of mést intron/exon boundaries determined by
sequencing conveniently small EcoRI fragments or from
sites known to be in the c¢cDNA sequence. |

It can be seen from figure 4.1 that positions had been

determined for all exons except exon 5. Also the structure

107



—
1kb
ACA12
ACAY3

ACAY.1 (17kb)

ACA2.2
(\7kb)

g% Tz @ T 38
T o T ﬁTﬁi T T T W
e B Y N o R
L ]
E E
pCA2.2
E‘ E
pCA2-8
H H
pCA3.4
5'' cgaagtaaaagaactatacttaggattt
ctgttttcttacagATAGGACATGAGAA
TGGCGAGTTCCAGATTTTCCTTGATGCA
TTGGACAAGATTAAGACAAAG GG taaaca
aaaatcattttccctcctaaaacataaa
gcagattatgcagattttctttacatat
tttcaagtatttttttcaccectaaaa 3

Figure 4.1 Physical and partial restriction map of the CA3
gene, with coding sequences indicated by filled or hatched
boxes and untranslated mRNA sequences by open boxes.
Various recombinant phage clones are shown above and the
relative positions of three subcloned genomic fragments
(pCA2.8, pCA2.2, pCA3.4) referred to in the text are
indicated. (E)=EcoRI, (H)=HindIII. Asterisks indicate
sites present in the vector. The boxed region at the 5'end
refers to the undetermined sequence within CA2.8 (see
figure 4.2). The sequencing strategy employed to determine
the position of exon 5 (hatched) is shown below together
with 193bp of sequence across this region. Exon 5 is
highlighted in uppercase bold.
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and sequence of the immediate 5' flanking region was
incomplete. It was the objective of this part of the study

to £ill in this information.

4.1.2 Mapping of exon 5

Hhal sites occur within exons 4 and 6 of the human
CA3 cDNA. A 2kb Hhal fragment cut from ACA2.1 had been
sequenced from each end. The 5' end was shown to
correspond to the Hhal site in exon 4 and the 3' end to a
site in exon 6, implyiAg that exon 5 must be located
within this 2kb fragment. The 2kb Hhal fragment was
isolated and digested with AvaIl; a single site gives
products of 1.2 and 0.8kb which were subcloned into
M13mpl8 and sequenced. Sequence analysis of the ends
orientated the fragments 5' to 3' and showed that the
0.8kb Hhal/Avall fragment was 5' to the 1.2kb Hhal/Avall
fragment. The 5' end of exon 5 was identified 50bp
downstream from one end of the 1.2kb Avall fragment. 193bp
of sequence across exon 5 (63bp) is given in figure 4.1.
It can be seen that the intron-exon boundaries conform to
the splice site consensus sequence with GT at the 5' end

and AG at the 3' end (Rogers and Wall, 1980).

4.1.3 5'end of the CA3 gene

Prior to my involvement in this project some effort had
been made to sequence the 5' terminal 2.8kb EcoRI fragment -
from \2.1 (see figure 4.1) thought to contain the promoter

region of CA3. Initially, 57 random M13 subclones were
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generated from the insert and sequenced. Overlaps between
the clones were identified giving sequénce covering most
of the fragment but with a gap of about 300bp in the
middle which could not be filled by the existing ran&om
M13 recombinants.

In order to complete this sequence more information
was required about restriction sites within the 2.8kb EcoRI
fragment. Insert DNA was digested with various restriction_-
enzymes, including Avall, Pstl, Hhal, Haelll, Sall, Kpnl
Tagl and Narl. Fragment patterns with Pstl and Taql looked
most promising for further analysis. Pstl generated three
fragments, two comigrating on the gel at 1.4kb and a third
of about 100bp (figure 4.22). The PstI sites giving rise to
these fragments were identified within the sequence
already determined lying 128bp upstream of the 3' EcoRI
site and 80bp 5' of the 300bp gap region. A TaqI digest
produced two fragments of 1.1 and 1.7kb. No Taql site
could be found in theiexisting sequence of the 2.8kb
fragment 5' to the central Pstl site. This indicates that
the 1.7kb Taql fragment lies 5' to the 1.1kb fragment.
Only one Taql site could be ‘identified in the existing
sequence and since this site lies only 28bp 5' to the 3'
EcoRI site the upstream Tagl site must fall within'the
300bp gap. Sequencing from the 5' end of the 1.1kb TaqI
fraément and from the 0.3kb PstI/Taql fragment in both
directions provided the missing sequence data (figure

4.2). However it should be noticed that the central
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Pst/Taq fragment directly abutts the 1.1kb Taqg fragment
and sequence overlapping the join has not been confirmed.
Therefore it 'is possible that there is an additional
unidentified Taq fragment in this fegion but restriction
mapping indicates that it would have to be very small
(<50bp) .

These studies completed the proximal 5' sequence Qince
the 600bp EcoRI/HindlIl fragment which adjoins the 3' end
of the 2.8kb fragment had already been sequenced in full.
Analysis of the completed 5' sequence revealed two
classical promoter elements. A putative TATA box, CATAAA,
was found at position -22 relative to the cap site and the
consensus sequeﬁce CCAAT occurs at position -92, (see
figure 4.21). (The transcription initiation site was
shown to be 16bp upstream of the start of the cDNA by

RNase protection analysis, Lloyd et al., 1987.)

4.1.4 Characterisation of an HTF island

The sequences flanking the cap site of the CA3 gene
are highly G/C rich. A 469-bp sequence extending from -317
to +152 contains 65% G+C which is much higher than the 40%
characteristically displayed by bulk DNA. The dinucleotide
CpG is normally under-represented in DNA since it is prone
to methylation which in turn leads to deamination and
mutation due to misincorporation of bases on replication
(Bird, 1986). The 469-bp region in CA3 contains an
abnormally high proportion of CpGs to GpCs (32:49). The

increased G/C content coupled with the lack of supression
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of the CpG dinucleotide results in an increased number of
restriction sites for enzymes such as Hpall/Mspl which
recognise the sequence CCGG. The 5' sequence of CA3
predicts a cluster of 8 Hpall/Mspl sites in a 1074-bp
region within the 3.4kb HindIII fragment resulting in
digestion products ranging from 66-330bp. The postions of
the closely spaced sites was confirmed by Mspl digestion
of the 3.4kb HindIII fragment and its constituent 0.6kb
and 2.8kb EcoRI1/HindIII fragments. The restriction |
fragments were 22P-end-labelled and separated on a
nondenaturing acrylamide gel (6.5%) with MspI digested
pBR322 DNA as a size marker (figure 4.3). The fragment
sizes matched the predicted values based on the sequence
data. The region has subsequently been shown to be a bona-
fida HTF island (Edwards et al., 1988). This term has been
used to denote the nonmethylated CpG rich regions of DNA
often described in association with the 5' regions of
"housekeeping genes" (Bird, 1986). The 5' flanking
sequences of CA3 show the typical characteristics of an
HTF island with the exception that it is not a
housekeeping gene. Several other examples of tissue
specific genes with islands have now been described

(Edwards, 1990).

4.1.5 Further mapping of genomic clones

In addition to obtaining sequence in the immediate 5'°'
flanking region it was planned to make a reliable map of

the more distal 5' region. Towards this end the
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overlapping 5' Sstl fragments, 7kb and 10kb, from

ACA2.1 and 2.2 were subcloned into the Sstl site of pUC18.
Insert DNA from each recombinant was digested with EcoRi,
Taql, HindIII and Hhal and the complete map is shown in
figure 4.4. The 5' Sstl site of each fragment is 20bp into
the left hand arm of )X2001 (Karn et al, 1984) while the 3°
Sstl site is within the 0.9kb EcoRI fragment which

encompasses exon 3.

4.1.6 Subcloning the CA3 gene into a plasmid vector

An attempt was made to subclone a DNA fragment
containing the entiré.CA3 gene into a plasmid vector. It
was hoped that this would provide a convenient source of
insert DNA for transfer into fertilized mouse embryos in
transgenic mouse experiments. Restriction mapping of
recombinant ACA2.1 shoﬁed that a fragment of 15kb
containing the entire CA3 gene could be excised by XhoI
digestion which cuts only at sites present in the flanking
A arms and not within the gene itself. However, at the
time of this study a vector containing an XholI site in the
polylinker was not available. As a solution an Xhol site
was inserted into pUCY9 in the following way: the vector
was digested at the Smal site in the polylinker to give
blunt ends. Kinased Xhol linkers were ligated to each end
and digested with XhoI. The modified vector waé separatéd
from the free linkers by passage'down a sepharose 4B
column. Accurately modified vector was identified by

successful digestion with Xhol and was tested by
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