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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 tissues has been investigated using IEF 
and Western blotting and a parallel assessment of mRNA 
levels made using RNase protection assays and Northern 
analysis. A polymorphism between inbred strains of mice 
has been detected using the mouse cDNA 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 mapping and 
sequence analysis. In particular the 5' promoter region 
which contains an HTF island has been investigated in 
detail. A 15kb Xhdl 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 1 of the
initiation signal 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 CO2 + H2O $ H*+ HCO3 is 

central to the release of CO2 from the blood into the 
lungs. However, uncatalysed hydration and dehydration of 
carbon dixoide are relatively slow processes (Faurholt, 
1924) . Henrigues (1928) recognised that this presented a 
paradox since blood passes through the capillaries 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 purified 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 in 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 specifically 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 -SO2 NH2 

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 that 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 
CO2 hydration turnover of rate of almost 106 sec-1 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 5xl04 sec-1 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 CA1 respectively. Studies
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of tissue distribution in man revealed widespread CA2 
expression whereas CA1 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 identified between the CA isozymes

15



TABLE 1.1 Summarised features of the mammalian CA isozymes
CA

Isozyme
Amino acid 
Residues

Activity
(mol/sec)

Subcellular
Location

Distribution

CAI 260 High 
(1x10°)

Cytoplasm Erythrocytes 
Gastrointest
inal eithelia

CAII 259 High 
(1x10s )

Cytoplasm Widespread- 
Certain cells 
of most 
tissues (not 
CNS neurons, 
monocytes, 
fibroblasts, 
osteoblasts, 
granulocytes)

CAIII 259 Low 
(lxlO4)

Cytoplasm Skeletal 
muscle (type 1 
fibres),
Rodent liver

CAIV ? High Membrane-
bound
glycoprotein

Lung, kidney

CAV ? High Mitochondria Kidney,liver, 
Probably many 
other tissues

CAVI 314 High/
low

Secreted
glycoprotein

Salivary 
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 receptor 
(Weinberger et al., 1986) but these proteins are not as 
significantly similar to the CA sequence.

1.2 Carbonic anhydrase III, CAIII
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 "... carbonic anhydrase would be 
an enemy to the organism rather than a friend; in its 
absence the CO2 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 detected on starch gels in red skeletal 
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. Characterisation 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 
rabbit 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 CO2 

hydratase, having the lowest activity of all the CA 
isozymes. The average CO2 turnover rate (4xl03 sec-1 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” 4 M in contrast 
to CAI and CAII which have values in the range Ki= 10” 7 - 
10”10M (Sanyal, 1984). In general the CO2 hydration 
activity of each isozyme is inversely 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 CAIII 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 H2 O or hydroxyl and the 
buffer medium during the interconversion of CO2 and HCO3 . 
However, site-directed mutagenesis experiments in which
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TABLE 1.2 Active site residues in carbonic anhydrase

Residue 1 1 1 1 1
no. 2 6 6 6 6 6 6 6 9 9 9 9 0 0 1 1 2

7 9 1 2 4 5 6 7 9 1 2 4 6 6 7 7 9 1
CAI (6) Y S N V H S F Ch] [n] * Q H H E H E H V
CAII (6) Y S N N H s F [N] [E] [i] Q H H E H E H V
CAIII (5) Y S N N [k] T [C] [R] V ER] Q H H E H E H V
CAY (1) X S N V H Q F Q V K Q H H E H E H F
CAVI (1) Y S N N H T V Q S K Q H H E H E H V
CAVII (1) Y S N N H S V Q D K Q H H E H E H V

Residue 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2
no. 3 4 4 4 9 9 9 9 0 0 0 0 0 0 0 1 4 4

1 1 3 5 2 4 8 9 0 1 2 4 6 7 9 1 4 6
CAI (6) f L [i] g W Y L T [H] P P * S V W [i] N R
CAII (6) F L V G W Y L T T P P[l] c V W V N R
CAIII (5) f [I] V G W Y [F] T T P P [E] C[I] W L N R
CAY (1) Y L V G W Y L T T P P A S V W V N R
CAVI (1) Y L V A Y Y L T T P P T N V W V D R
CAVII (1) F L V G W Y L T T P P S N V W V N R

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, (1989) and also from 
Fernley et al., (1988).
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His-64 in CAII was replaced by Lys did not significantly 
alter the rate of CO2 hydration (Forsman et al, , 1988). 
Recent mutation studies in David Silverman's laboratory 
show a marginal improvement in the rate of 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 
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,^Tu et al,, (1990)^ CAIII has Lys 
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 CAIII 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 
(Koester 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 
7mg/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. However, 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 which (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; Vaananen 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., 
1986c). 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 induced 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 the direction of modulation by thyroid 
hormone is directly related to the initial fibre type 
composition of the muscle, (Fr6mont 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, (Brownson et al,, 
1988) . Thus the expression of CAIII appears, in part, to 
be controlled by the pattern of nerve impulse, responding 
positively to slow muscle fibre type neurons.

However, a similar induction 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 CA1 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 100ug/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 in 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 al, 
1974). Carter and his co-workers (1981) purified this 
protein from rat liver and compared it to the muscle 
isozyme. They found that both showed the same level of 
inhibition by acetazolamide (Iso=10~4M) 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 residues 
thought to be unique to CAIII. This evidence suggests that 
the liver and muscle CAs are encoded by the same gene, 
although it does 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 CO2 (Gros et al., 1984) but it 
seems strange that muscle should rely on such a poor 
enzyme to fulfil this task rather than one of the more 
efficient 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 sple function of CAIII is the 
hydration of CO2 then it is surprising 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 Fr6mont 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 CAII 
no null mutants have been identified and the only human 
protein polymorphism characterised (31 lie - Val) is 
electrophoretically silent and apparently functionally 
neutral (Hewett-Emmett et al., 1983).

The autosomal recessive syndrome osteopetrosis 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 
in 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 moderate 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 CAIII cDNA
1.2.6.1 cDNA

A cDNA complementary 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 skeletal 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 sequence 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 apart 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 CAT 
(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 al., 1986b), 
by similar procedures. Finer scale mapping, by in situ 
hybridization, placed all three genes on the long arm 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 the 
prediction would be that all 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 CAS lies on human 
lpt36, (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-actina 
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 expression is confined 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 urigenital system, 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 developmental 
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 sequentially 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 findings 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 system for 
the analysis of muscle differentiation.

In contrast the 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 could 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 sufficient to initiate expression. The high 
frequency of myogenic conversion (30-40%) is consistent 
with only few (1-3) hyopomethylation events being 
necessary to effect the change. These facts led to the 
proposal that 5-aza-CR converts 10T1/2 cells by 
demethylating one or at most a few "determination" 
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 
(Konieczny 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 this effect was generalised 
and dominant since MyoDl could activate muscle-specific 
genes in pigment, nerve, fat, liver and fibroblast cell 
lines. However there are examples where the expression of 
MyoDl fails to transactivate endogenous muscle proteins 
for example the liver tumour cell line HepG2 and the 
cervical carcinoma cell line HeLa (Weintraub et al.,
1989) .
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MyoDl is skeletal muscle 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 MyoDl is vital for the induction of 
myogenesis. The corresponding region in c-myc is essential 
for transforming activity in vitro (Stone et al,, 1987). 
The MyoDl protein also contains a basic region at the NIh 
end which has been shown to be necessary for both 
myogenesis and the nuclear localization of MyoDl (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 transcription 
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 (CDM1), Lin et al,, 
1989 and Xenopus (MyoD), Hopwood et al., 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 MyoDl mRNA is 
not found in the myogenic cell lines L6 and L 8 (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 BC3 HI cells using MyoDl as a 
probe to screen a BC3 HI cDNA library (Edmonson and Olson, 
1989). The structure of myogenin is similar to MyoDl, in 
particular it shares the myc and basic regions shown to be
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vital for the myogenic properties of MyoDl. Myogenin 
differs 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 muscle 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 contrasts with MyoDl which is not expressed until 10.5 
days (Sassoon et al., 1989). It is of note that neither L6 

nor BC3 HI myogenic cells express MyoDl at any stage? 
whatever the relationship between myogenin and MyoDl 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 cells, 
have been identified by virtue of their homology to MyoDl; 
human Myf-5 (Braun et 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 0-transforming growth factor (TGF0) are also 
associated with repression of MyoDl 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
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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 (cTNT) 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 cTNT 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 myosin light 
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 lkb 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 heterologous 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:

C N G G C A C C T G C C N C
G A A  G G  T T G

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 relationship 
between MEF-2 and MBF-1 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-1 is completely down regulated within 4hrs 
after mitogen depletion. MEF-2 binding sites occur in 
other enhancers, the consensus sequence is:

C T A A A A  A T  A A C  C C C
T T T T

(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



the two approaches to gene analysis. At the same time it 
poses further questions. The direct interaction of MyoDl 
with proteins characteristic of mature muscle suggests a 
role in terminal differentiation rather than the 
initiation of myogenesis and indeed MyoDl 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 differentiation (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 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 
cDNA.
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CHAPTER 2
MATERIALS AND METHODS

2.1 General Techniques 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 (0.22iim pore size) .

10 x TBE
890mM Tris 
890mM boric acid 
2 OmM EDTA pH 8.3

10 x TAE
400mM Tris 
200mM Na acetate 
2 OmM EDTA pH 7.0

1 x TE
lOmM Tris 
ImM EDTA pH 8.0

20 x SSC
3.0M NaCl 
0.3M Na citrate 
pH to 7.0 with 
citric acid

PSM
lOOmM NaCl 

8mM MgSCU 
50mM Tris pH 7.2 

0.01% gelatin

20 x SSPE
360OmM NaCl 
200mM NaHzPOi 
2OmM EDTA pH 7.4

L-broth (1 litre) LM-broth (1 litre)
lOg tryptone 
5g yeast extract 
5g NaCl 
lg glucose
(for L-agar omit glucose 
and add 15g agar)

lOg tryptone 
5g yeast extract 
5g NaCl 
2g MgS04 .7H20 
(for LM-agar add 15g agar, 
for LM-agarose add 7g agarose)

2 x TY broth (11) H-aqar (11) H-top agar (11)
16g tryptone 
lOg yeast extract 
5g NaCl

lOg tryptone 
lOg agar 
8g NaCl

lOg tryptone 
8g agar 
8g NaCl

100 x Denharts 1M NaPQ4 buffer pH7.2
2% Ficoll for 100ml mix:
2% polyvinylpyrrolidone 39ml 1M NaH2 PO4
2% BSA (fraction V) 61ml 1M Na2HPO4
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HBS PH7.0 PBS PH7.2 (for IEF)

5mM KC1 
700pM Na2HPO<

2ImM Hepes 
137mM NaCl

137mM NaCl 
2mM KC1 
8mM Na2HP04 

1. 5mM KH2P04
6mM glucose

In subsequent DNA and RNA extraction methods "phenol" 
means phenol equilibrated 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 O.D. = 50ug/ml (the ratio of O.D.2eo/O.D.2so should be
1.8 for pure DNA). Smaller amounts of DNA were quantified 
by spotting 2-5pl of sample onto clingfilm stretched over 
a UV transilluminator, mixing with equal volume of TE 
containing 2pg/ml ethidium bromide and comparing the 
intensity of fluorescence with a set of standards (0.5- 
20pg/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 H2 O 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 H2 O to a concentration of 2yg/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)Fi x Fi 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. 1cm 
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 (lOOmM EDTA; 50mM Tris-pH8.0).
224pl of 4M NaCl was added followed by 60pl 20mg/ml
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Proteinase K and the solution mixed before addition of 
1.2ml 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 lOOpg/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 100-500pl 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 (ss0.5g) 
was vortexed in 5mls TE containing 125ul 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 lOpg/ml ampicillin) were used to seed 
200ml L-broth cultures (containing the same antibiotic) 
which were grown at 37*C overnight. Cells were harvested
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by centrifugation, (6 K, lOmin, 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 lOmins. 
15ml 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 11.5ml TE pH8.0 and 0.46ml 0.2M KaHPO* pH7.4. 12g of 
CsCl were added followed by 1.2ml lOmg/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

ZOOywl
and the pellet resuspended involution MP-1 (see large 
scale prep) containing 2mg/ml lysozyme. The mixture was 
incubated at room temperature for 15 mins, transferred to 
a 1.5ml Eppendorf and 400pl of 0.2M NaOH; 1% SDS added.
The extracts were mixed gently and stood on ice for 10 
mins prior to the addition of 200pl 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 500pl of isopropanol. After 10 
mins at room temperature the plasmid DNA was pelleted, 
dissolved in 40\il TE and treated with RNase (0.5\ig/ul 
final cone) 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 25pg plasmid DNA.

2.2.7 Preparation of phage DNA
The O.D. of an overnight culture of E.coli Y1088 was 

measured (1 O.D.= 8xl08 cells) and 1x10® cells were added 
to 5x10s 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 lyg/ml and RNase to lpg/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, lOmin and 
resuspended in 10ml PSH. lOmls 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 aqueous 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 lOmM NaCl, 
50mM Tris pH 8.0, lOmM MgCl2 . The protein coat was removed 
by digestion with 50pg/ml Proteinase K; 20mM EDTA, 0.5%
SDS and incubation for lhr at 65*C. The solution was 
extracted twice with phenol, twice with chloroform and the 
DNA ethanol precipitated.

2.2.8 Subcloninq techniques
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 lxTBE or lxTAE visualised by 
lOOng/ml ethidium bromide.

Restriction fragments were purified from gels by one of 
three methods:
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1) Bands were cut from gels under long-wave UV and 
placed inside 2cm width boiled dialysis tubing with 1ml of 
lxTBE. The DNA was electroeluted in a tank of lxTBE at 100 
Volts for l-4hrs and ethanol precipitated.

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

3) Extraction from low melting point agarose. The gel
agarose

was prepared with low melting pointy^(l%) and the DNA band 
cut out and weighed. 200pl of 0.3M Na acetate pH 8.0 was 
added for every lOOmg 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: 
43pl H2 O containing up to 5pg vector DNA

0.5pl 5mM spermidine
5ill 10 x CIP (lOmM MgCla , ImM ZnCla , 0.5M Tris pH9) 
lyl CIP (20 units) calf intestinal phosphatase

This was incubated at 37 *C for 15 min followed by 15 min
at 56 *C. A further lpl of CIP was added and the
incubations repeated. The reaction was stopped by adding:
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5ill 10% SDS
10pl 10 x STE (lOOmM NaCl, ImM EDTA, lOmM Tris pH8.0) 
40yl 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:
14yl H2 O containing 0.25-lpg DNA 
2]il 2OmM dNTP mix (5mM each)
2pl Klenow buffer (500mM Tris-HCl pH7.5, 70mM MgCl2 ) 
Ipl 50mM DTT
lpl Klenow enzyme (Boehringer 5u/ul)

This mix was incubated at room temperature for 30 min, the
reaction stopped with 2pl 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 follows:

4pl insert DNA (200ng) 
lpl vector DNA (20ng)
lpl 10 x ligation buffer (660mM Tris?

66mM MgCl2 pH7.5)
lpl 2OmM ATP 
lpl 5OmM DTT 
lpl 5mM spermidine 
lpl 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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10pl H2 O containing 5pg Xhol linkers (Amersham)
2pl 10 x LK buffer (0.1M MgCl2 ; 0.66M Tris-HCl pH7.6)
2pl 5OmM DTT
2\il lOmM spermidine
2]il lOmM ATP
lpl T4 kinase (10 units)

This mixture was incubated for 45min at 37*C, a further
lpl of T4 kinase were added and incubated for a further 45
min at 37*C.

1.25ug (5pi of above mixture) were ligated to 2pg of 
linearised (Smal) pUC9 overnight in a total volume of 
10pl. The volume was increased to 50|il with H2 O, lpl 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-HCl 
pH8.0) and passed down the column followed by a series of 
lOOpl 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 HB101 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 5min at 5000rpm and 4*C.
The pellet was gently resuspended in 40mls of freshly 
prepared, ice-cold lOOmM CaCl2 ; lOmM Tris-HCl pH7.5 and 
incubated on ice for 40min. Cells were repelleted and 
taken up in 1ml of the same solution. The suspension was 
dispensed into lOOpl aliquots, stored at 4*C and used 
within 48hrs. Maximum transformation efficiency was 
obtained with cells which had been kept for 24hrs. Up to 
lOng of supercoiled plasmid DNA or 200ng of DNA from a 
ligation were used to transform lOOpl of competent cells. 
DNA was incubated with cells on ice for lOmin 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 lhr to allow 
expression of the antibiotic resistance. Cells were plated 
on L-agar containing the appropriate antibiotic and 
incubated overnight. E.coli JM101 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 H2 O and neutralising in 1.5M NaCl; 
0.5M Tris-HCl 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
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filters were soaked in 0.4M NaOH for lmin 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
125pg/ml Herring sperm DNA 1 x Na pyrophosphate (PPi)

Radiolabelled probes, usually lOng ml-1 of a 108cpm pg-1
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 O.lxSSC; 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 32P 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 nticleotides from DNA (Haniatis, 
Fritsch and Sambrook, 1982). Sephadex G50 resin, expanded
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in sterile H2 O, 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 JM101 made 
competent by the CaCl2 procedure and plated in 3ml H-top 
agar with 25pl lOOmM IPTG; 25pl 2% X-gal (in 
dimethylformamide). Under these conditions recombinant and 
non-recombinant phage can be distinguished due to 
insertional inactivation of the 3-gal gene of M13mpl8; 
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 JM101 in TY broth for
4-5hrs shaking at 37’C. The clarified supernatant was then 
transferred to fresh tubes and 200pl 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 lOOpl TE and phenol extracted 
prior to ethanol precipitation. The DNA was washed in 70% 
ethanol and dissolved in 25iil H2 O; 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 (8jil) were annealed to 2ng of M13

universal primer (17-mer) in lOpl of lOmM Tris pH 8.5;
lOmM MgCl2 ) by heating to 65*C for l-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 dTTP, dGTP and dCTP at 125pM or, if the
corresponding dideoxy base was present, at 6pM. The
dideoxy bases were present at 250yM for ddTTP, 80pM for
ddGTP, 40pM for ddCTP and 5pM for ddATP. The annealed
primer-template was divided between four tubes (2pl each),
one for each of the nucleotide mixes (2pl of mix in each
tube). Enzyme-label mix was prepared as follows:

for 5 samples
4pl label (a38S dATP, lOpCi/pl)
6pi 5OmM DDT
2ul Klenow (5units/pl)

33pl lOmM Tris-HCl pH8.0
2pl added to each tube (final volume 6pl) and the mixtures
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incubated at room temperature for 20min. Reactions were 
chased by addition of nucleotide mix (2pl) containing each 
of the dNTPs at 250pM and further incubation at room 
temperature for 20min. Samples were prepared for loading 
onto the sequencing gels by adding 4pl 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. 4yl of the boiled reaction mix was 
applied to the gel using a sharktooth comb. Gels were 
dried for l-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 5pg plasmid DNA

2pl SP6 primer (5ng)
lpl 7OmM Tris pH 7.5; 70mM MgCl2 ; 500mM NaCl 

H2 O was added to give a final volume of lOpl, 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 Xgtll cDNA 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 lOmins. 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 lhr at
80*C. Filters were prehybridised and probed in:

4 x SSC 
10 x Denharts 

0.lmg/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 = ling/ml) . «50pmol of 
each oligonucleotide was used for each reaction. The 
melting temperature of the oligos was calculated from:

T.=69.3 + 0.41(G+C%) - 650
length

The annealing temperature was taken as 12* below the
average T* for the pair of oligos. The PCR was set up in a
0.5ml eppendorf as follows:

l-5pg genomic DNA (or 2-20ng cloned DNA)
10nl 15mM dATP
10ul 15mM dCTP
10pl 15mM dGTP
lOyl 15mM dTTP
lOpl 10 x PCR buffer
lOpl DMSO
50pmol of each oligonucleotide

H2 0 to a final volume of lOOpl
10 x PCR buffer
166mM ammonium sulphate 

0.67mM Tris-HCl pH8.8 
67mM magnesium chloride 

lOOmM 2-mercaptoethanol 
67uH 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
10pl of the reaction mix run on a mini gel (3% Nuseive for
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

All solutions except those containing Tris were prepared 
in diethyl pyrocarbonate (DEPC) treated water (0.1% DEPC). 
Tissue (50mg-lg) was flash frozen in liquid nitrogen and 
homogenised with a Polytron for SOsec in 6ml 6M Aristar 
urea/3M LiCl. The samples were stood at 4*0 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 6ml lOmM Tris pH7.5/ 0.5% 
SDS and Proteinase K added to a final concentration of 
50pg/ml. After incubation at 37*0 for 30-120 min the 
samples were extracted twice with phenol and once with 
chloroform. RNA was precipitated by adding l/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*0, 9.5K) and washed in 80% ethanol. The RNA pellet 
was drained well, dissolved in 0.1-0.5 ml DEPC treated H2 0
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and RNA concentrations estimated by measuring the 
absorbance at 260nM (1 O.D. ■ 40yg/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), lOmM NaPO* pH7.2 at 50*C for lhr. 1- 
10pg of RNA was treated in a total volume of 15pl before 
application to a 1% agarose gel in lOmM NaP04 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 lhr to immobilise the RNA. Northern 
blots were prehybridized overnight in 50% formamide; 5 x 
SSPE; 0.3% SDS; 250pg/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; lOmM 
NaPO< pH 6.5 at 65*C for lhr 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 (lOmM MOPS, 2.5mM NaAcetate, 0.5mM EDTA pH7.0), 
containing 15% formaldehyde (added in fume hood when the 
gel has cooled to 60*C). 10-20yg 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
500pl formamide
150pl formaldehyde
lOOpl 10 x DNA loading buffer (30% glycerol)
50ul 20 x MOPS 
3|il lOmg/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 H2 O and 
then 20 x SSC before blotting overnight onto Hybond-N in
20 x SSC. The blot was washed 1 min in 50mM NaP04 pH 7.2,
baked at 80*C for lhr and UV irradiated for 2 min. The 
filter was prehybridised in Church buffer (0.5M NaPO< pH 
7.2, 7.0% SDS, ImM 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 SPG promoter. Probes
were generated in the following mixture:
22.5pl DEPC treated H2 O containing lpg linear plasmid 
2.5pl 20OmM DTT 
2.5pl 10OmM spermidine 

lO.Opl 5xTB (30mM MgCl2 ; 50mM NaCl; 200mM Tris-HCl pH7.5) 
3.0pl RNase inhibitor (50 units)
5.0pl lOxrNTP (5mM of each ATP, CTP, GTP; 250pM UTP) 
l.Opl a3 2 P-UTP (40pCi/pl)
1. 5pl SP6 polymerase (5u/pl)

This mixture was incubated at 39-40’C for lhr and then the
template DNA was degraded by incubation with lpl of RNase-
free DNAse at 37*C for 10 mins. 5pl of lOOmM Tris-HCl pH8
were added and the mixture extracted with phenol-
chloroform. The organic phase was back extracted with TES-
2 (lOmM Tris-HCl pH8; lOmM EDTA; 1% SDS) and the RNA probe
ethanol precipitated from the pooled aqueous layers.

2.3.5 RNase protection assay
3 2 p-uTP labelled probes were resuspended in 20pl of 

hybridisation buffer (80% formamide; 40mM pipes pH6.7; 
lOmM EDTA, 0.4M NaCl), counted and diluted in the same 
buffer to 2 x 10s cpm/pl. lOpg of RNA in 2pl of DEPC- 
treated H2 0 were hybridised to lpl of probe in 30pl of 
hybridisation buffer overnight at 45*C. Overhanging and 
mismatched single-stranded RNA was digested by addition of 
300pl RNase solution (40pg/ml RNase A; 2pg/ml RNase T in 
lOmM Tris-HCl pH7.5; 5mM EDTA; 300mM NaCl) and incubation
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for lhr at 30*C. The reaction was stopped by addition of 
20yl 10% SDS and the RNase removed with 50pg of Proteinase 
K, incubated at 37*C for 10 mins. RNA was extracted twice 
with phenol-chloroform and precipitated along with 10pg 
tRNA as cold carrier. The pellet was resuspended in lOpl 
of loading buffer (7M urea? lxTBE? 0.1% bromophenol blue? 
0.1% xylene cyanol), heated at 95*C for 5 mins and loaded 
on a 6% polyacrylamide gel in lxTBE. Size markers were 
prepared by end-labelling 250ng AfspI 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 
E2 6 0 /E2 8 0 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) = E2 a 0 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.
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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 1mm 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 l-15yl were
loaded directly onto the gel at the cathodal end (js2cm 
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 a3000Vhrs). 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 
25pg/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 500pl (5mg/ml)
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diaminobenzidine (DAB)/75pl 9% H2 O2 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% acrylamide or 5-15% gradient acrylamide gel. 
Samples were solubilised by boiling in SDS and 
mercaptoethanol for 5mins before loading. Standard protein 
size markers were used and the gels run at 45mA for 5hrs. 
The gels were stained for protein using Coomassie 
brilliant blue (0.2% in 10% acetic acid).

2.5 Cell culture conditions and techniques
2.5.1 Cell lines and growing conditions

All cells cultured, G8 (Christian et al., 1977) and
C2C12 (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 ddH20 
9ml DMEM (xlO)
7ml 5.3% NaHCOa 

0.5-lml 1M NaOH to adjust pH to neutral 
10ml fetal calf serum (FCS) 
lml 0.6% penicillin?1% streptomycin in 200mM glutamine

The exception to this was the myogenic line 23A2
(Konieczny 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% CO2 . Cells were harvested using a 0.2% trypsin 
solution. The myogenic lines (G8, C2C12 and 23A2) were 
induced to differentiate by allowing the cultures to 
become confluent and changing the serum content of the 
medium from 10% fetal calf to 5% horse serum.

2.5.2 Immunodetection of CAIII in cells
CAIII was detected KCs 1 cc!>zically 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 (lOmM 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, O.lmM EDTA) for 10 min and any endogenous 
peroxidase activity quenched by incubating the coverslips 
in 0.3% H2 O2 in methanol for 30mins. The Vectastain ABC 
kit (Vector Laboratories) was applied as follows. Cells 
were blocked in normal goat serum diluted in PBS for lhr. 
The serum was removed from the coverslips by blotting and
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replaced by anti-rat or human CAIII antibody (at 25pg/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 lmg/ml 
diaminobenzidine (DAB) (diluted in 0.1M Tris-HCl pH8.0) 
and 0.03% H2 O2 . Cells were stained for lOmin and then 
rinsed in tap water for lOmin. Cells counterstained in 
heamotoxyiin 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 NaHC03;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, 1“4diazabicyclo 2-2-2 octane in 
glycerol:0.2M Tris pH7.5; 0.02% NaN3) containing 0.5pg/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 
(»0.6ml/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. 15-50pg 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 200pl. 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 
25-85pg/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 was 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 lOOpl of 0.25M Tris-
HC1 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 
35iil distilled H2 O 
20yl cell extract 
2pl [14C] Chloramphenicol (40-50 Ci/mmol, NEN)

20pl 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
200ul ethyl acetate and back extracted with a further
200pl. After spinning the organic phase, containing all
forms of chloramphenicol, was saved and dried down under
vacuum (Howe GyroVap). The samples were resuspended in 20pl
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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 H2 O. 2mls of 
scintillation fluid (42ml NEN Liquifluor/11 toluene) and 
lml of Tritori 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 

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 
2xl03 independent recombinants before amplification. The 
library was plated on E.coli Y1090 at a density of 
2xl04pfu/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 (pCA15, Lloyd et al, 1986). Of the five 
clones analysed in this way, ACAIIIM.1, 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



Figure 3.1 DNA lifts onto nitrocellulose filters of about 
102 plaques from ACAIIIM.7 at the second round of 
purification probed with 32P labelled human CA3 cDNA 
(pCA15). (A) and (B) represent duplicate filters showing
several Car-3 positive signals.
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was prepared from these homogeneous recombinants and from 
XCAIIIM.1,2 and 4 (Car-3 negative) for further analysis.

3.1.2 Subcloninq of cDNA inserts
DNA from the two Car-3 positive recombinants was 

digested with EcoRI to liberate the cDNA inserts. Clone 
XCAIIIM.7 was found to contain an insert of lkb and clone 
XCAIIIM.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 lkb insert 
from pCAIIIM.7. Purified insert DNA was digested with the 
six base pair cutters, BamHI, Jfindlll, PstI, Kpnl, Sail, 

SstI and Xhol; five base cutters, Avail, DdeI and four 
base cutters, TaqI, Hhal and HaeIII (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 Avail digest and a 
Sstl/PstI double digest were sequenced. Digested DNA 
fragments were purified from agarose gels and the ends 
"filled in", using Klenow enzyme, to allow ligation into 
the Smal site of the bacteriophage vector M13mpl8. 
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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Figure 3.2 Ethidium bromide stained cDNA inserts and 
vector fragments after JFcoRI digestion of (A) A 
recombinants: 1-XCAIIIM.7, 2-ACAIIIM.3 and (B) pUC8 
recombinants: 1-pCAIIIM.l, 2-pCAIIIM.3, 3-pCAIIIM.7. The 
molecular size markers in (A) were a mixture of 
tfindlll-digested X DNA and tfaelll-digested 0X174 DNA and 
in (B) the X 1-kb ladder was used.
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Figure 3.3 (A,B) Ethidium bromide stained fragments seen 
after restriction enzyme digestion of CAIIIM.7 insert DNA. 
A=Avail, B=BamHl, D=DdeI, H=HaeIII, Hh=HhaI, Hd=HindIII, 
K=KpnI, P=PstI, Sa=5ail, S=5stl, T=TagI, X=XhoI.
(C) Restriction map of CAIIIM.7 and sequencing strategy. 
Arrows indicate end points and direction of sequencing.
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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 positions to be 
checked multiple times in different fragments.

The nucleotide sequence of the cDNA 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, An=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 1 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 75• • * #  *ggacctgcgtgacgtgggtgactggagcaagaaagagcaggagctgtccagcgctgagaaacacgaaaggtgacc

100 125 150
ATGGCTAACGAGTGGGGCTACGCCAGCCACAATGGTCCTGATCACTCGCATGAACTTTATCCAATTGCCAAAGGG 
MetAlaLysGluTrpGlyTyrAlaArgHisAsnGlyProAspHisTrpHisGluLeuTyrProIleAlaLysGly

175 200 225
GACAACCAGTCACCCATTGAACTGCATACTAAAGACATCAAGCATGACCCCTCTCTGCAGCCCTGGTCAGCATCT 
AspAsnGlnSer'ProIleGluLeuHisThrLysAspIleLysHlsAspProSerLeuGlnProTrpSerAlaSer

250 275 300
TATGACCCTGGCTCTGCTAAGACCATCCTGAACAATGGGAAGACCTGCAGAGTTGTGTTTGATGATACTTATGAC 
TyrAspProGlySerAlaLysThrlleLeuAsnAsnGlyLysThrCysArgValValPheAspAspThrTyrAsp

325 350 375
AGGTCTATGCTGAGGGGTGGTCCTCTCTCTCGGCCCTACCGACTTCGCCAATTCCATCTTCACTGGCGCTCCTCT 
ArgSerMetLeuArgGlyGlyProLeuSerArgProTyrArgLeuArgGlnPheHisLeuHiaTrpGlySerSer

*100 425 450
GATGACCACGGCTCTGAGCACACCGTGGACGGAGTAAAATACGCTGCTGAGCTTCACCTGGTTCACTGGAATCCA 
AspAspHisGlySerGluHisThrValAapGlyValLysLeuAlaAlaGluLeuHiaLeuValHisTrpAsnPro

475 500 525
AGGTATAACACCTTTGGAGAGGCTCTGAAGCAGCCTGATGGCATCGCTGTCGTTGGCATTTTGCTGAAGATAGGA 
ArgTyrAsnThrPheGlyGluAlaLeuLysGlnProAspGlylleAlaValValGlylleLeuLeuLysIleGly

550 575 600
CGGGAGAAAGGCGAGTTCCAGATTCTTCTTGATGCCCTGGACAAAATTAAGACGAAGGGCAAGGAGGCCCCTTTT 
ArgGluLysGlyGluPheGlnlleLeuLeuAspAlaLeuAspLysIleLysThrLyaGlyLysGluAlaProPhe

625 650 675
ACACACTTTGACCCATCATGCCTGTTCCCTGCTTGCCGGGACTATTGGACCTATCACGGCTCCTTCACCACGCCG 
ThrHisPheAspProSerCysLeuPheProAlaCysArgAspTyrTrpThrTyrHisGlySerPheThrThrPro

700 725 750
CCCTGCGAGGAGTGCATTGTGTGGCTGCTGCTCAAAGAGCCCATGACTGTGAGCTCAGACCAGATGGCCAAGCTG 
ProCysGluGluCysIleValTrpLeuLeuLeuLysGluProMetThrValSerSerAspGlnMetAlaLysLeu

775 800 825
CGCAGCCTCTTCTCCAGCGCAGAGAATGAGCCCCCGGTGCCTCTGGTGGGGAATTGGCGCCCTCCTCAGCCTGTC 
ArgSerLeuPheSerSerAlaGluAsnGluProProValProLeuValGlyAsnTrpArgProProGlnProVal

850 875 900
AAGGGCAGGGTGGTGAOGGCCTCCTTCAAGTAAggctctgagcttgccctcttcgggcaagaaactctgcccctg 
LysGlyArgValValArgAlaSerPheLys***

925 950 975
aagagcctgcttgtctcctcctgtgctccctactccaagctgtccgacgaacacctagggaagaggagaagcagt

1000 1025 1050
cacatgcaaccgcagtgccttttgacatgatctcacccagaagcatgaatttcacacctaacattcttjiataacc

1077 
acctgttcta(1^)

Figure 3.4 The complete nucleotide sequence__oJE—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. CAIII  M • 7 B. CAII I  M 3

Figure 3.5 (A , B) Autoradiographs of sequencing gels 
showing the 5' and 3' ends of both mouse Car-3 cDNA 
clones (CAIIIM.7 & CAIIIM.3) with 13A residues at the 3' 
end of each clone. The direction of the sequence from the 
bottom to the top of the gels is indicated below. M13 
indicates vector sequence.
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A block of 12bp, CTTGCCCTCTTCr (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 regions 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, 

XCAIIIM.1,2 and 4, showed that these 3 clones were 
identical and contained an insert of 700bp, (see for 
example pCAIIIM.l 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 (An=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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1 10 
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 HO
Arg Gin Val Gly Ser Met Thr Lys Pro Thr Thr lie lie Glu Lys
AGG CAG GTC GGT AGC ATG ACC AAG CCT ACT ACC ATC ATC GAG AAG

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

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

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 lie His Val Gin Lys Trp Asp Gly Gin 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 lie 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, _  x------  (n=25)

Figure 3.6 The complete nucleotide sequence of MH-FABP.4 
and derived amino acid sequence of mouse heart fatty acid 
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) with 
highest levels in heart and skeletal muscle and moderate 
levels in kidney and testes.

DNA from two inbred strains of mice (DBA/2J and 
C57BL/6J) was digested with a series of restriction 
enzymes, the gel blotted and probed with 32P labelled pMH- 
FABP.4 insert. Identical fragments for C57BL/6 were seen 
with BamHl, Hindlll and EcoRI as reported by Heuckeroth et 
al., (1987) using the rat cDNA clone; however completely 
different patterns were obtained between the two strains 
with PvuII, PstI, TaqI, Mspl and EcoRI (figure 3.8).

The mouse H-FABP cDNA 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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Figure 3.7 Northern (formaldehyde gel system) blot analysis 
of total RNA from male (m) and female (f) mouse tissues 
(C57BL/6J and DBA/2J). The tissues in the numbered (1-16) 
tracks are identical to those given in (A). 10pg was 
loaded in each case except track 16 which contained 20pg. 
(A)-Ethidium bromide stained ribosomal RNA. The blot was 
hybridised to 32P labelled cDNAs: (B)-MH-FABP.4; (C)-
CAIIIM.7 (Car-3); (D)-human GAPDH.
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Figure 3.8 Southern blot analysis using pMH-FABP.4 as 
probe. (A) Restriction fragment patterns seen after 
digestion of lOpg of mouse kidney DNA (D= DBA/2J; 
B=C57BL/6J) with various restriction enzymes. (B) Hindlll 
restriction fragment patterns seen after digestion of lOpg 
of DNA from various species: H=human (lymphocyte); M=mouse 
(Rag cell line); R=rat (Faza cell line); Ha= hamster (A23 
cell line).
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(CBA/Ca X C57BL/6Mcl) Fi, 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/H2 O2 . 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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CAllT ^

CAIII

B IEF

CAIII

basic
0 5 10 20,

mM mere.

acidic

CAIII'

CAI

basic
AT GAS HT KI LIV LU MS SOL SPL

Figure 3.9 (A,B). Immunodetection of mouse CAIII after IEF 
of extracts 1:20 (w:v) of various male mouse tissues. (A) 
5pl samples of liver extract untreated (0) or treated with 
mercaptoethanol (5. 10 or 20mM). (B) 5pl of extracts
prepared from anterior tibialis (AT), gastrocnemius (GAS), 
cardiac muscle (HT) , kidney (KI) , liver (LIV) , lung (LU), 
masseter (MS), soleus (SOL) and spleen (SPL). The more 
acidic CAI derives from red cell contamination of tissues.
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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 
contains solely type 2A fibres. The results obtained from 
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 pi'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<^1^ Fi 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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Figure 3.10 (Top) Immunodetection of mouse CAIII after 
IEF. 5yl samples of various tissue extracts (1:20, w:v). 
Tissue abbreviations are the same as figure 3.9. An 
unusual uncharacterised component was occasionally seen 
(asterisked).
(Bottom) SDS-PAGE analysis of mouse tissue extracts at 
1:10 or 1:20 (w:v) dilution. The band asterisked has the 
same Mr as major urinary protein (MUP) (Norstedt and 
Palmiter, 1984) and shows elevated levels in male liver.
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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 1 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 generated 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 (Helton 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 DdeI 
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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Figure 3.12 (A) Double stranded sequencing of two of the 
SP6 subclones showing that SP65D/E-2 is in the 5' -=> 3' 
"sense" orientation while SP65E/D-4 represents the 
opposite 3 '-> 5 1 "antisense" direction.
(B) The orientation the CAIIIM.7 insert in the SP65 
subclones was determined by a double digest with SstI and 
PvuII. 1 and 2 are EcoRI digests of SP65E-8 and SP65E-9 
respectively showing the 1.1-kb inserts liberated from the 
vectors. Track 3 shows SP65E-8 digested with SstI and 
PvuII; the 700bp band is diagnostic for the "antisense" 
orientation (see figure 3.11). The 420bp band in track 4 
(also Sstl/PvuII) indicates that SP65E-9 is in the "sense" 
orientation.
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Figure 3.13 5pg of total RNA from various male (m) and 
female (f) mouse, (CBA/Ca X C57BL/6Mcl)Fi, tissues were 
analysed in an RNase protection assay. The tissues were 
gastrocnemius (GAS), cardiac muscle (HT), liver (LIV) and 
masseter, (MS). RNA hybridised to the "antisense" probe 
SP64P/E-10 (64/MCA) is on the left and RNA hybridised to 
the control "sense" probe SP65E/P-15 (65/MCA) on the 
right. End-labelled Mspl-digest fragments of pBR322 were 
used as markers.

100



Furthermore, the assay indicates that the liver and muscle 
mRNAs are identical in their 5 1 untranslated sequences. 
Since these regions are not generally conserved within 
gene families, it seems 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 tissues and the 
situation in the rat where in both- cases Car-3 mRNA is 
several fold higher in male liver than female, (Charlton 
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 mice fell into two groups with all 
classical inbred strains, derived principally from Mus 
musculus domesticus, (CBA/H, C57BL/6J, DBA/20Xa/e,
JU/FaCt, SDH, 101/H and 129/SV-SLJ-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 inbred at this time but three DNA samples were 
tested and all showed the same pattern. After TaqI 
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 TagI 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-SLJ-CP/e, CBA/H and DBA/201a/e) the 4.0kb band was 
apparently replaced by two fragments of 2.3 and 1.3kb (and 
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 the location 
of Car-3.

Mus musculus domesticus and Mus spretus interact as 
sympatric species (Britton and Thaler, 1978) but can be 
interbred under laboratory conditions allowing the DNA 
polymorphisms described (section 3.4.1) to be employed in 
a linkage study (for review see Avner et al., 1988). CAI 
and CAII isozyme variation, detected by electrophoresis 
and enzyme activity staining on blood samples, is also
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Figure 3.14 Restriction fragment patterns seen after 
Southern blot analysis of mouse spleen DNA using TaqI and 
PstI with pCAIIIM.7 insert as probe. The samples were 
(a) MSP15, (b) MSP16, (c) DBA/201a and (d) 129/SV-SLJ-
CP/e. tfindlll-digested A DNA and tfaelll-digested 0X174 DNA 
were used as molecular size markers.
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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 Fi 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. PstI 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 F2 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 
allele b . Figure 3.15 also demonstrates 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 types while 2 showed 
recombination between Car-l/Car-2 and Car-3. The data 
yielded a map distance of 2.4cM + 1.7% (table 3.1) between 
Car-l/Car-2 and Car-3.
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Figure 3.15 The PstI restriction fragment patterns seen 
after Southern blot analysis of DNA from 16 of the F2 mice 
using CAIIIM.7 as probe. The Car-3 phenotypes are 
indicated. The bottom half of this figure shows that it 
was possible to score these mice simply by the presence or 
absence of the 4.0-kb fragment.
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Table 3.1. Recombination of Car-1, Car-2 and Car-3

Parental mating Car-1a Car-2a Car-3a/Car-1^ Car-2C Car-3^ 

X Car-1a Car-2a Car-3a/Car-1a Car-2a Car-3a

Progeny class 

Non recombinant

Single recombinant 

(Car-1/ Car-2) - 'Car-3

recombination RF+ SE %

(Car-1/ Car-2) - Car-3 2/83 2.11+1.7

aa

ba

aa

ca

ba

aa

83

Progeny genotype ......... Number

Car-1 Car-2 Car-3

aa aa aa 36

ba ca ba H5

1 0 6

o+



CHAPTER 4 
HUMAN CARBONIC ANHYDRASE 3: RESULTS

4.1 Structure of the human CA3 crene
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 (XCA1.1, 1.2, 1.3) for
human CA3 were isolated 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
EcoRl fragment from XCA1.1 was subcloned into a plasmid
vector and used to screen another human genomic library in
A2001 (LeFranc et al., 1986). This yielded two further
clones, ACA2.1 and 2.2, which contained exon 1. ACA2.1
contained the entire coding region but did not extend as1
far in the 5 ’ direction as \CA2.2 which lacked the 
complete 3* untranslated region. A preliminary 
restriction map of the CA3 gene was constructed and the 
positions of most intron/exon boundaries determined by 
sequencing conveniently small EcoRl fragments or from 
sites known to be in the cDNA sequence.

It can be seen from figure 4.1 that positions had been 
determined for all exons except exon 5. Also the structure
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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)=£coRI, (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 fill 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 XCA2.1 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, implying 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/Avail fragment was 5' to the 1.2kb Hhal/Avail 
fragment. The 5' end of exon 5 was identified 50bp 
downstream from one end of the 1.2kb Avail 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 EcoRl fragment 
from A2.1 (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 sequence covering most 
of the fragment but with a gap of about 300bp in the 
middle which could not be filled by the existing random 
M13 recombinants.

In order to complete this sequence more information 
was required about restriction sites within the 2.8kb EcoRl 
fragment. Insert DNA was digested with various restriction 
enzymes, including Avail, PstI, Hhal, Hae111, Sail, Kpnl 

Taql and Narl. Fragment patterns with PstI and Taql looked 
most promising for further analysis. PstI generated three 
fragments, two comigrating on the gel at 1.4kb and a third 
of about lOObp (figure 4.2A). The PstI sites giving rise to 
these fragments were identified within the sequence 
already determined lying 128bp upstream of the 3' EcoRl 

site and 80bp 5' of the 300bp gap region. A TagI digest 
produced two fragments of 1.1 and 1.7kb. No Taql site 
could be found in the existing sequence of the 2.8kb 
fragment 5' to the central PstI site. This indicates that 
the 1.7kb Taql fragment lies 5' to the l.lkb fragment.
Only one Taql site could be identified in the existing 
sequence and since this site lies only 28bp 5 ’ to the 3' 
EcoRl site the upstream Taql site must fall within the 
300bp gap. Sequencing from the 5 ’ end of the l.lkb TagI 
fragment 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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ctgcaqtctttctgatcaaacagtgacagaaggagctgagagtttaagggccatttgt
ttactatgtttgcttggattttccgaaccttagttcctgattccacactgctattgt
gtggatcaaataatcccttgtcacaaaaataccctggggaatgactcccctggcgtt
ccaggtttatgagtgtggtcagtcattccacatgccttagggatgagctatctgtgc

Taql
catgagctgaggctgattttccttttggtcgantattgttcagtagcactgacatta
ggtttatctttcctcattgtcttaaaaaacttattactgaagttaaaaccaggagaa
attttacaatatactcttaaaattgtaaatatctactactgaccttctttgatatga
accataaccagacatttaaaaatatacttttcgtcatgtagacacactagaatgcc

Figure 4.2 (TOP) Ethidium bromide stained fragments seen 
after restriction enzyme digestion of CA2.8kb insert DNA. 
U=undigested; T=TagI; P=PstI. The molecular size markers 
were: (left) X lkb ladder, (right) a mixture of Hindlll
digested X DNA and tfaelll digested 0X174 DNA. (MIDDLE) 
Strategy used to complete the sequence of the 51 CA2.8kb 
fragment. Previously determined sequence is boxed.
(BOTTOM) Sequence of CA2.8 obtained from 0.3kb PstI/Taql 
and l.lkb Taql fragments. Newly determined sequence is 
shown in bold.
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Pst/Taq fragment directly abutts the l.lkb Taq fragment 
and sequence overlapping the join has not been confirmed. 
Therefore it is possible that there is an additional 
unidentified Taq fragment in this region but restriction 
mapping indicates that it would have to be very small 
(<50bp).

These studies completed the proximal 5' sequence since 
the 600bp EcoRl/HindLII 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 sequence 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/MspI which 
recognise the sequence CCGG. The 5' sequence of CA3 
predicts a cluster of 8 Hpall/MspI sites in a 1074-bp 
region within the 3.4kb HindllX 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 Hindlll fragment and its constituent 0.6kb 
and 2.8kb EcoRl/Hindlll fragments. The restriction 
fragments were 32P-end-labelled and separated on a 
nondenaturing acrylamide gel (6.5%) with Mspl 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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Figure 4.3 The Mspl-Hpall cluster at the 5' end of the 
CA3 gene. (A) Map of the Mspl-Hpall sites in the 3.4kb 
Hindlll fragment. The 0.6 and 2.8kb fragments derived from 
it by HcoRI digest are shown below. (B) Small Mspl 
fragments seen after digestion of the 3.4kb Hindlll and 
the 2.8 and 0.6kb HcoRI/Hindlll fragments, 32P-end- 
labelling and electrophoresis on a 6.5% nondenaturing 
acrylamide gel. Weak components are due to partial 
digestion. Lane M is a 32P-end labelled Mspl digest of 
PBR322 DNA.
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overlapping 5' SstI fragments, 7kb and lOkb, from 
XCA2.1 and 2.2 were subcloned into the SstI site of pUC18. 
Insert DNA from each recombinant was digested with EcoRl, 
Taql, Hindlll and Hhal and the complete map is shown in 
figure 4.4. The 5' SstI site of each fragment is 20bp into 
the left hand arm of X2001 (Karn et al, 1984) while the 3' 
SstI site is within the 0.9kb EcoKI fragment which 
encompasses exon 3.

4.1.6 Subcloninq the CA3 gene into a plasmid vector 
An attempt was made to subclone a DNA fragment 

containing the entire 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 showed that a fragment of 15kb 
containing the entire CA3 gene could be excised by Xhol 
digestion which cuts only at sites present in the flanking 
X arms and not within the gene itself. However, at the 
time of this study a vector containing an Xhol site in the 
polylinker was not available. As a solution an Xhol site 
was inserted into pUC9 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 Xhol. The modified vector was separated 
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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Figure 4.4 (A) Ethidium bromide stained fragments seen 
after restriction enzyme digestion of the 7 and lOkb 5' 
SstI fragments from XCA2.1 and XCA2.2 respectively.
(H) =HindlII, (E)=£’coRI and (T)=7TagI. Molecular size 
markers were a mixture of Hindlll digested X DNA and 
Haelll digested 0X174 DNA. (B) The same gel after Southern 
analysis using 32P labelled 0.5kb EcoRl fragment as probe. 
(C) Complete restriction map of the 5' region of the CA3 
gene. (E)=EcoRI, (Hi)=Hindi II, (Hh)=tfhal, (P)=PstI, 
(S)=SstI, (T)=TagI. Boxed sites are either in the vector 
or correspond to linker ends.
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subcloning a 6kb Xhol fragment from the human a-1- 
antitrypsin gene. This procedure was successful; the 6kb 
insert was released from the vector by digestion with 
Xhol. Attempts were then made to subclone the CA3 Xhol 
fragment. During the course of these experiments at least 
500 potential recombinants were analysed, initially by 
screening colony DNA using the 5' 7kb EcoRl genomic 
fragment as probe and subsequently by restriction 
digestion and blotting of selected positive recombinants, 
figure 4.5. None of the 80 clones picked would digest with 
Xhol to yield the expected insert and vector fragments, 
although when undigested they were all larger than the 
vector alone. The Xhol/EcoRl restriction patterns varied 
amongst the clones and none were identical to that seen 
when the isolated Xhol genomic fragment is digested with 
EcoRl (band sizes: 0.3, 0.5, 0.9, 2.6, 2.8 and lOkb), 
figure 4.5B. Two of the recombinants containing the 
largest inserts were analysed in greater detail and found 
to contain a deleted version of the Xhol insert, figure 
4.5. Attempts to subclone the fragment were eventually 
abandoned since it was relatively less time consuming to 
generate insert directly from the A recombinant. It is not 
clear whether the apparent instability of this insert is a 
reflection of its sequence composition which makes it 
prone to deletions or if the relatively large size of the 
fragment is straining the limits of compatability with a 
plasmid vector.
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Figure 4.5 (A) Duplicate DNA lifts onto nitrocellulose 
filters of about 102 colonies, potentially containing the 
15kb human Xhol fragment in pUC, probed with 32P labelled 
7kb EcoRl fragment. (B) Restriction fragments seen after 
digestion of 15kb Xhol insert DNA with (E)-EcoRl and (H)- 
HindJ.II. (C) DNA from 2 positive recombinants identified 
in (A) digested with Xhol (1,3) and Xhol/EcoRl (2,4). A 
Southern blot of this gel was probed with 5' (3.4kb
Hindlll) and 3' (1.3kb Taql) CA3 genomic probes (D and E).
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4.2 Transgenic mice
4.2.1 Initial characterisation

Using electroeluted 15kb Xhol insert, four rounds of 
injection into fertilised mouse embryos were carried out 
over a period of a year. Prior to injection the 
concentration of the DNA was assessed by spot assay and 
adjusted to 2ng/pl. 2picol. of DNA were injected usually 
into the male pronucleus. All injections and oviduct 
transfers were carried out by Dr Robin Lovell-Badge. The 
injected eggs were returned to 11 mothers and a total of 
33 mice were born, of which one died. Tail DNA was 
prepared from the 33 offspring and digested with Taql 
along with control human and mouse DNAs and analysed by 
Southern blotting.

Taql digested DNA samples from the first 18 offspring 
{two rounds of injection) were examined using the human 
2.8kb EcoRl fragment from the 5* end of the 15kb Xhol 
fragment as probe. Strong hybridisation was seen to the 
human control DNA, two bands of 3.9kb and l.lkb, but no 
signal was detected in either the control mouse DNA or the 
putative transgenic samples.

Four mice (designated TgCA3.1-3.4) were born from the 
third round of injections and were analysed as before. The 
expected TagI bands were seen in the human samples and the 
mouse parent showed no hybridisation. However DNA from 
these four 4 Tg (transgenic) offspring showed 
hybridisation to components of 1.5 and 0.7kb which did not
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correspond to either of the human bands/ figure 4.6A. This 
result was surprising since if the mice were transgenic 
for human CA3, the only fragment expected to vary in size 
is the 5' terminal 3.9kb TagI component. The size of this 
fragment will be determined by the position of TagI sites 
flanking the site of insertion in the mouse genome. The 
l.lkb TagI fragment which is generated from internal sites 
should remain intact in any transgenic animals. It also 
seemed unlikely that all four animals would be transgenic 
and that in each case the insertion site would be 
identical. Nevertheless, the possibility that the human 
transgene was rearranged in some way was examined and test 
hybridizations using different CA3 probes were carried 
out.

The human 2.8kb EcoKl fragment was cleaved using TagI 
to provide two probes of l.lkb and 1.7kb. Using the l.lkb 
TagI probe a two banded pattern of 1.5 and 0.7kb identical 
to that seen with the 2.8kb probe was seen in all the 
TgCA3 samples although the human sample hybridised only to 
the l.lkb band as expected, figure 4.6B. This l.lkb Taql 
probe also detected a very weak band of l.lkb in one of 
the mice, TG3.4. The 1.7kb Taql/EcoRl probe detected only 
the 1.5kb band in the offspring DNA apart from TgCA3.4 
which contained an additional faint component at 1.8kb, 
(figure 4.6C). These results raised the possiblity that 
the major bands detected by the human CA3 probe were due 
to pUC contamination. Since the human DNA fragments used
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Figure 4.6 TagI restriction fragment patterns seen after 
Southern blot analysis of DNA from putative CA3 transgenic 
mice (1-Tg3.1, 2-Tg3.2f 3-Tg3.3, 4-Tg3.4), human controls 
(H) and (CBA/Ca x C57BL/6Mcl)Fi mouse (M). The filter was 
hybridised to three 32P labelled CA3 genomic probes; (A) 
2.8kb EcoRl, (B) l.lkb TagI, (C) 1.7kb Taql/EcoRl and to
pUC8 DNA (D).

121



as probes were all derived from pUC recombinants it seems 
likely that such a contamination would be detected by 
trace amounts of contaminating plasmid in the probe DNA.
To test this the filter was finally probed with 32P 
labelled pUC DNA, (figure 4.6D). No hybridisation was seen 
to either the control mouse or human samples but the 1.5 
and 0.7kb fragments were detected in the TgCA3 mice DNAs 
and in the same relative amounts as seen using the human 
2.8kb EcoRl probe. These findings strongly suggest that 
the tail DNA had become contaminated with pUC DNA at some 
point during its preparation and prior to Taql digestion. 
Taql digestion of pUC DNA gives rise to fragments of 1.45, 
0.74 and 0.48kb, the same sizes as seen in the TgCA3 DNA. 
Apart from the 2.8kb EcoRl fragment all the other 
fragments used as probe were the products of Taql digests 
and any vector contaminating the probe DNA would also be 
digested. Digestion products of similar sizes to the probe 
would be co-purified resulting in apparently probe 
specific hybridisation products. For example, the 1.7kb 
CA3 Taql insert must have been co-purified with the 1.5kb 
pUC Taql fragment resulting in this band and not the 0.7kb 
band hybridising to the filter.

The weak components of l.lkb and 1.8kb detected in the 
TgCA3.4 DNA using the 1.1 and 1.7kb probes did not 
hybridise to pUC DNA and were not considered to be due to 
contamination.

Analysis of the final batch of 10 offspring failed to
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detect any cross-hybridisation specific to human DNA.

4.2.2 TqCA3.4 - a possible transgenic mouse
The Taql fragments of l.lkb and 1.8kb seen after 

analysis of TgCA3.4 DNA by Southern blotting suggested that 
this mouse was indeed transgenic for human CA3, This 
suggestion was strengthened by the finding that digestion 
of DNA with Hindlll and probing with the l.lkb 5' Taql 

fragment also identified a weak component of identical 
mobility to that seen in human DNA (not shown). However, 
the very faint signal in comparison to the controls 
suggested that it carried only one or probably less copies 
per cell and was possibly chimaeric.

Matings were set up to generate a Q, litter from the Qc 
founder mousp TgCA3.4 and sixteen offspring were born. At 
this stage the founder was sacrificed and protein extracts 
and mRNA were prepared from muscle and liver. Figure 4.7 
shows the analysis of these protein samples by IEF and 
Western blotting using the human CAIII antibody. The IEF 
system already described (section 3.3.1) resolves the 
human and mouse CAIII isoforms because the human CAIII has 
a more acidic mobility than the mouse. CAIII from both 
species can be detected using either anti-rat and anti
human CAIII antibodies. Figure 4.7 shows comparable 
amounts of extracts from mouse and human skeletal muscle 
mixed in various proportions and CAIII detected with the 
two types of antibody; as expected the human isoform is 
more intense with the anti-human antibody and can be
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Figure 4.7 Immunodetection of CAIII after IEF. (TOP) 
Soluble tissue extracts were prepared from human (H) and 
mouse (M) muscle and applied to the gel individually and 
as 2:1 or 1:2 mixtures. CAIII was detected using 
antibodies to human (anti-H) and rat (anti-R) CAIII. 
(BOTTOM) Extracts (2:5, w:v) were prepared from liver (L) 
and muscle (M) from TG3.4 and a male littermate. Human 
muscle extracts were 1:4 (w:v). 5pl of 1/5 and 1/50 
dilutions were loaded. The anti-human CAIII antibody was 
used.
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readily detected in a 2:1 mixture of mouse:human extracts. 
This figure also shows that there is no evidence for the 
expression of human CAIII in the tissue extracts from 
TgCA3.4.

RNase protection assays were used to assess whether 
any human CA3 mRNA was present in TgCA3.4 muscle or liver. 
RNA was hybridised both to a human probe from the 5' 
untranslated region known to be specific for human mRNA 
(LLoyd et al., 1987) and to the mouse probe pSP64P/E 
(which was demonstrated by Southern analysis to be mouse 
specific, figure 4.8). Protected fragments corresponding 
to human CA3 mRNA were detected in the control human 
muscle RNA sample but not in either of the TgCA3.4 
samples. High levels of a protected fragment (185bp) 
corresponding to the endogenous mouse Car-3 mRNA in the 
TgCA3.4 RNA demonstrated the integrity of the mouse RNA.

Tail DNA was prepared from the TgCA3.4 offspring (Cj, ) 
and TaqI digests analysed with the human 2.8kb EcoRI probe 
as before. Components of 1.8kb and l.lkb were detected in 
8 out of the 16 offspring and their intensity was markedly 
greater than in the founder mouse, figure 4.9 (13 
offspring shown).

The polymerase chain reaction (PCR),(Saiki et al,,
1988) was also investigated as a quick and simple means of 
screening these mice for the human CA3 transgene as 
suggested by Abbott et alf, (1988). A pair of oligo
nucleotides, each 30 bases in length, were generated which
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Figure 4.8 (A) Restriction fragment patterns seen after 
Southern blot analysis of TaqI digested mouse and human 
DNA using SP646P/E-10 insert as probe. (H)-human, (MB)- 
C57BL/6J mouse, (MF2)-(CBA/Ca x C57BL/6Mcl)F2 . (B) 5yg of
total RNA from muscle (Mu) and liver (Li) prepared from 
human tissue, Tg3.4 and a non-transgenic littermate were 
analyzed in an RNase protection assay. RNA was hybridised 
to a human antisense probe (HCA) and to mouse probe 
SP64P/E-10 (MCA) . End-labelled AfspI digest fragments were 
used as markers, (M).
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Figure 4.9 (A) Ethidium bromide stained genomic DNA after 
TaqI digestion: (H)-human, (MC)-mouse control (CBA/Ca x
C57BL/6Mcl)Fi , (1-13)-DNA from Tg3.4 offspring.
(B) Southern blot of same gel probed with 32P labelled 
human CA2.8kb EcoRI insert. (C and D) PCR products after 
amplification of genomic DNA with human CA3 specific 
oligonucleotides.: (H)-human, (MB)-C57BL/6J, (MFi)-as
MC in A, (1-13)-Tg3.4 offspring and cloned DNA: (C) and
(C/100)-600ng and 6ng ACA2.1 phage maxi. (0)-no DNA,
(Ma)-markers.



were homologous to sequences in the 5' flanking region of 
the human gene. These particular oligonucleotides were 
selected because there was less chance of them hybridising 
to the endogenous mouse DNA and they successfully amplify 
an 83bp sequence from total human genomic DNA and cloned 
insert DNA from the human Xhol 15kb fragment (figure 
4.9C).

DNA samples from 13 of the offspring of TgCA3.4 were 
tested and an amplified band seen in samples from those 
mice which had been identified as human CA3 positive by 
Southern blotting (figure 4.9D). This seemed good evidence 
that TgCA3.4 and half of its offspring did indeed carry 
the CA3 transgene. However, the quality of the PCR would 
need to be improved for use as the sole screening method 
in future experiments. Unfortunately, all of these /
offspring were sacrificed and the tissue disposed of 
before they were analysed for CAIII expression. Two 
factors combined to generate this loss. Firstly, the pUC 
contamination was not immediately recognised and in the 
interim F2 generations had been established from all four 
founder TgCA3 mice. As a consequence there were large 
numbers of stock with TgCA3 designations. Secondly the 
work on the transgenic expression system was brought to an 
untimely end with the departure of Dr Lovell-Badge for 
Mill Hill. At this time the mouse stocks were reduced 
drastically and all of the transgenic stocks were 
destroyed.
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4.3 CAIII in periodic paralysis
Familial periodic paralysis is an autosomal dominant 

disorder characterised by attacks of flaccid muscle 
paralysis. The disorder is associated with abnormal ion 
balance; patients serum can be either hypo-, normo- or 
hyperkalemic. Calcium metabolism has also been implicated, 
Weller and McArdle (1971) found calcium deposits within 
the muscle fibres (compare with CAII deficiency, section 
1.2.4). Most significantly the carbonic anhydrase 
inhibitor acetazolamide is an effective and immediate 
treatment for this disorder, (Griggs et al., 1970). These 
observations prompted a comparison between CAIII protein 
levels in a series of muscle biopsy samples taken from 8 
patients with periodic paralysis and 3 normal controls. 
This work was done partly in collaboration with Dr Stephen 
Jeffery (St. Georges Hospital, London) who assayed the

b>̂  Qif\
levels of CAIIIy^immunoprecipitation technique (Shiels et 
al., 1984), the results are shown in table 4.1. The 
extracts were also assayed by Western blotting and 
immunodetection, figure 4.10. The average CAIII 
concentration was 22±6ug/mg in the controls and 29±14pg/mg 
in the patients. The sample from patient 10 showed a high 
value, 62pg/mg soluble protein in the immunoassay but did 
not look exceptional when tested by Western blotting. The 
difference between the control samples and patients is not 
significant in such a small sample size. It is notable 
that the the electrophoretic mobility of CAIII is the same
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Figure 4.10 Immunodetection of human CAIII after 
IEF. Soluble protein extracts were prepared from muscle 
biopsies taken from normal controls (no.s 2, 7, 11) and 
patients suffering from periodic paralysis (no.s 1, 3, 4, 
5, 6, 8, 9, 10). Protein extracts were diluted to lOOng/pl 
and in each case 5pl was applied to the gel. (A) Samples 
applied in random order and (B) left to right in 
decreasing order of CAIII concentration as judged by 
radioimmunoassay.
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in both control samples and patients, indicating that 
those patients do not carry CA3 variant alleles encoding a 
change in protein charge.

TABLE 4.1 CAIII levels in periodic paralysis patients 
and normal controls

pg CAIII per mg 
soluble protein

kalemia
type

Patients
1 21 hypo
31 20 hypo
4 18.8
5 33 hyper
6 27.4 hypo
8 36.7
9 11.4 normo

10 62 hypo
Controls

2 17.5
7 30.8

11 19.1

1 Patient treated with acetazolamide

4.4 Analysis of promoter function after transfection into 
cultured cells

4.4.1 CAIII expression in cultured cells
Analysis of CA3 promoter activity by transfection 

requires a suitable myogenic cell line which exhibits good 
levels of CAIII expression. Currently there is no 
permanent human muscle cell line but a number of rodent 
lines are available. Three mouse cell lines from two 
distinct sources were considered; the first two lines 
originated from mature muscle and a third was derived from
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a mesodermal stem cell. The clonal line G8 (Christian and 
Nelson, 1977) was derived from an uncloned myogenic line 
(M114) which arose spontaneously in a culture of cells 
dissociated from Swiss Webster mouse hindlimb muscle.
C2C12 (Blau et al., 1983) is a sublone of C2, a clonal 
myogenic line derived from two month-old C3H mouse thigh 
muscle (Yaffe and Saxel, 1977). Both of these lines will 
fuse to from multinucleate myotubes in confluent culture 
with reduced serum and the G8 cells have been reported to 
contract spontaneously in culture.

The third myogenic line, 23A2, was generated by 5- 
azacytidine (5-aza-CR) treatment of a fibroblast like 
precursor C3H10T1/2 (10T1/2). 10T1/2 was originally grown 
out from early mouse embryo tissue (Reznikoff et al.,
1973) and appears to be a multipotential mesodermal line 
since treatment with 5-aza-CR converts it at high 
frequency to one of three mesodermal cell types; skeletal 
muscle, adipocyte or chondrocyte (Taylor and Jones, 1979), 
see introduction. 23A2 (Konieczny and Emerson, 1984) shows 
the characteristic bipolar morphology of a myoblast cell 
and is smaller and more refractile than the large 
10T1/2 cells which have numerous cytoplasmic processes. 
They also fuse to form multinucleate myotubes in low serum 
concentrations and express the characteristic muscle 
proteins.

All three myogenic cell lines and the precursor 10T1/2 
cells were examined for expression of CAIII using a
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specific antibody on both Western blots from IEF gels and 
directly onto fixed cells.

In the first instance the cells were harvested before 
confluence to provide samples of proliferating myoblasts. 
Soluble protein extracts were prepared and separated by 
isoelectric focusing. The results shown in figure 4.11A 
show that all three myogenic lines express CAIII but that 
C2C12 and 23A2 cells have significantly higher levels than 
G8. CAIII was not detected in the 10T1/2 cells (for an 
equivalent amount of protein). Cell extracts at different 
levels of confluence and after fusion to form myotubes 
were examined to see if there was any increase in CAIII 
expression associated with myotube formation. Figure 4.11B 
shows the 23A2 cells at 30% and 50% confluence and as 
myotubes; no dramatic increase associated with fusion was 
observed. This is in contrast to most other muscle 
specific proteins such as the genes of the contractile 
proteins which are not expressed until after cell fusion.

Immunohistochemical detection using the same anti-rat 
CAIII antibody provided additional information regarding 
localisation and timing of CAIII expression. A 
biotin/avidin detection system was used in which a 
biotinylated second antibody binds strongly to a preformed 
avidin-biotin-horseradish peroxidase complex. 
Diaminobenzidine (DAB) was used as a substrate for the 
peroxidase activity resulting in brown precipitates within 
cells containing CAIII. Figures 4.12 and 4.13 show CAIII
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Figure 4.11 Immunodetection of CAIII protein after IEF. 
(A) A comparison of CAIII levels in adult mouse muscle 
(MM), 10T1/2 cells and the myogenic lines G8, C2C12 and 
23A2. (B) CAIII levels in 23A2 cells at different stages
of confluence and after fusion, (MB)-myoblasts and (MT)- 
myotubes.
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detected in this way in both proliferating myoblasts and 
fused myotubes of the G8 and C2C12 lines. No brown 
staining was detected when the first antibody was left out 
of the reaction. The protein appears to be distributed 
evenly throughout the cytoplasm of the cells. However, it 
is worth noting that not all cells stained positively and 
this observation was true for all cell lines tested. This 
may reflect a real cell to cell variation in levels of 
CAIII perhaps marking some particular stage of myoblast 
culture but it could also be some artifact of the staining 
procedure. In an earlier experiment (data not shown) and 
on the Western blot (figure 4.11) G8 cells (of high 
passage number) appeared only weakly positive for CAIII 
and it was thought at the time of these experiments time 
that the G8 cells were losing myogenic potential during 
culture. The cells for the experiment shown here (and 
subsequent transfection experiments see section 4.4.5) 
were deliberately chosen because of their low passage 
number. The strongly positive results obtained with these 
cells support the view that there is indeed some variation 
in myogenic capacity of cells in continuous culture. It 
can be seen that the morphology of the G8 and C2C12 
myoblast is fairly similar but the C2C12 myotubes are 
typically more narrow and extended than those of G8.

The 23A2 cells formed myotubes most readily of the 
three cell lines and are also strongly positive for CAIII 
expression (figure 4.14). It was notable that in every
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Figure 4.12 CAIII protein in G8 cells detected using a 
specific antibody and a biotin/avidin/peroxidase 
conjugated system. Cells were counterstained with 
haemotoxylin. (A) and (B) proliferating G8 myoblasts at
x540 and xl35 magnification. (C) G8 myotube magnified 
x540.
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Figure 4.13 CAIII protein in C2C12 cells detected using a 
specific antibody and a biotin/avidin/peroxidase 
conjugated system. Cells were counterstained with 
haematoxylin. (A) and (B) proliferating C2C12 myoblasts at
x540 and xl35 magnification. (C) C2C12 myotubes magnified 
x540.
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Figure 4.14 CAIII protein in 23A2 cells detected using a 
specific antibody and a biotin/avidin/peroxidase 
conjugated system. Cells were counterstained with 
haematoxylin. (A) near confluent 23A2 myoblasts at x540
magnification. (B) 23A2 myotubes magnified x270.

138



A

#
%

% *

Figure 4.15 Biotin/avidin/peroxidase detection system for 
CAIII protein applied to 10T1/2 cells. Cells were 
counterstained with haematoxylin. (A) Proliferating 
fibroblastoid 10T1/2 cells. (B) Cells in confluent 
culture. (C) Dividing 10T1/2 cell. All at x540 
magnification.
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case, all myotubes in the culture were positively stained 
where as only a proportion of the myoblasts were stained. 
This observation supports the idea that there is no 
technical problem associated with even staining of the 
fixed cells and that the variation in CAIII levels seen 
amongst the myoblasts is real, indicating a pre-fusion 
state.

10T1/2 cells were examined both as proliferating 
fibroblasts and as a confluent culture. In confluent 
culture the cells become compressed and rounder with no 
evidence of the characteristic cytoplasmic processes seen 
in proliferating cells. There is no evidence of the cells 
"lining up" as the myoblasts do or of fusion between 
cells. Neither proliferating nor confluent 10T1/2 cultures 
contained strongly positive stained cells although some 
cells had a very faint tinge of brown. However it was 
noticeble that cells in metaphase were significantly more 
stained than the non-dividing cells, (figure 4.15) and 
this was also true for the myogenic cell lines.

In figures 4.12-4.15 the counterstain used to 
highlight cell morphology was haematoxylin. In some 
experiments methyl green was tried as an alternative 
counterstain as illustrated in figure 4.16 which shows G8 
myoblasts and 23A2 myotubes. The characteristic alignment 
of myoblasts prior to fusion can be seen in 4.16A and the 
multinucleate state of the 23A2 myotubes is particularly 
clear in figure 4.16B. Both types of counterstains provide
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Figure 4.16 CAIII protein in G8 and 23A2 cells detected 
using a specific antibody and a biotin/avidin/peroxidase 
conjugated system. Cells were counterstained with methyl 
green. (A) Confluent G8 myoblasts just prior to fusion 
magnified x540. (B) 23A2 myotubes magnified x270.
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clear constrast between CAIII positive and negative cells 
but neither are very suitable for black and white 
reproduction.

A second detection system was investigated in which the 
primary antibody was linked to a secondary antibody 
conjugated to fluorescein (yellow-green fluorescence). The 
anti-fade solution used in this method incorporated DAPI 
which causes proteins associated with DNA to fluoresce 
(blue) when viewed with an appropriate filter. This 
highlights the cell nuclei and gives an accurate picture 
the cell density. Figure 4.17 shows an example; one large 
23A2 myotube is viewed with the fluorescein filter (TOP) or 
a DAPI filter together with a phase. contrast optical 
system (BOTTOM) showing clearly the clustering of multiple 
nuclei within the myotube. Figure 4.18 (TOP) shows a 10T1/2 
culture stained in the same way and viewed with a 
fluorescein filter; no CAIII was detected in the 
cytoplasm. The same field viewed with a DAPI filter 
(figure 4.18-BOTTOM) indicates that the background 
fluorescence seen in 4.18 (TOP) is due to the nuclear 
proteins and not CAIII. This negative result for 10T1/2 
suggests that the slight brown staining seen with the 
peroxidase method was not significant.

4.4.2 Transfection conditions for cultured mvoblasts
Electroporation (Neumann et al., 1982) was the method 

selected for myoblast transfection experiments. There are 
a number of important variables, summarised in table 4.2,
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Figure 4.17 CAIII protein in 23A2 cells detected using a 
specific antibody and a biotin/avidin/fluoroscein 
conjugated system. Coverslips were mounted in an anti-fade 
solution containing DAPI. (TOP)- fluorescein visualisation 
(yellow) of CAIII protein within a developing myotube, 
x220. (BOTTOM)- the same field viewed with a combination 
of phase contrast optics and fluorescence using a U1 
filter showing DAPI (blue) stained nuclei.
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Figure 4.18 Biotin/avidin/fluoroscein detection system for 
CAIII protein applied to confluent 10T1/2 cells.
Coverslips were mounted in an anti-fade solution 
containing DAPI. (TOP)- fluorescein visualisation showing 
no CAIII positive cells, x220. (BOTTOM)- the same field 
viewed under fluorescence with a U1 filter showing DAPI 
(blue) stained nuclei.
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which affect the efficiency of this technique, and it is 
generally accepted that the electrical conditions must be 
optimised for each cell type. These conditions can vary 
widely between cell types: for example Neumann et al. 
(1982) used a 8000V/cm, 15-psec pulse to transfect mouse 
lyoma cells whereas 580V/cm and 20-msec was optimal for 
a human lymphoblastoid line, 721 (Knutson and Yee, 1987). 
Experiments were carried out using the Bio-Rad Gene Pulser 
transfection apparatus which generates high voltage 
exponential decay pulses by the discharge of a capacitor. 
The apparatus offers a choice of eight capacitor settings 
(0.25, 1.0, 3.0, 25.0, 125, 250, 500 and 960yFD) and the 
option of any voltage from 10-2500 Volts. The 
manufacturers of the Bio-Rad apparatus point out that the 
peak of tranfection may occur within a voltage range of as 
little as 200 Volts. Therefore it is sensible to limit 
voltage increments to 50-100 Volts although this makes a 
systematic search for optimum conditions daunting. The 
time constant (x) measured by the Bio-Rad apparatus is 
defined as the time taken for the voltage across the 
cuvette to drop to 1/e (about 37%) and this varies with 
the capacitance and resistance of the circuit. This pulse 
time can be increased either by using a larger capacitor 
or by resuspending the cells in a buffer of low ionic 
strength. Generally, fairly long pulse times of ^10-msec 
are advocated (Rabussay et al., 1987; Fromm et al., 1985). 
Electroporation has been carried out successfully in both
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TABLE 4.2 Factors affecting electroporation efficiency

Variables Conditions Applied To Myoblasts

Electrical
Field strength 625-875 V/cm (250-350 V)
Capacitance 960uF
Resistance low (high ionic solution)
Pulse time (t) 10-20 msec

Buffer
High salt: HBS,PBS Hepes buffered saline (HBS)
Non-electrolyte

Cells
Condition Healthy, 60-80% confluent
Number/expt. 1-3 x 106/expt (0.8ml)

DNA
Linear v. circular Circular, (2 x CsCl purified)
Concentration 10-30iig/ml (in 0.8ml)
Carrier DNA Sonicated herring sperm DNA 

125pg/ml (in 0.8ml)
Temperature

Incubations Room temperature or 4*C
Incubation times

DNA + cells pre-pulse lOmins
DNA + cells post-pulse lOmins (reduced to 2mins)
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low and high ionic strength buffers. In a direct 
comparison between these two types Rabussay et al. (1987) 
found that high salt Hepes buffered saline (HBS) was more 
effective for mammalian cells, so this buffer was used for 
the myoblast transfections. A high value capacitor is 
required to acheive a long pulse time with high salt HBS 
so two of the larger capacitors (125 and 960uFD) were 
chosen for the initial experiment. The Bio-Rad manual 
cited three examples of mammalian cell types which were 
successfully transfected in a high salt buffer at 960pFD 
and over a voltage range of 200-300V so this seemed a 
reasonable good starting point.

Other parameters include temperature, cell density and 
DNA concentration. In the first two experiments, described 
below, cells and DNA were incubated on ice for lOmins 
before and after electroporation as recommended by Potter 
et al. (1984). Subsequently these incubations were carried 
out at room temperature and the post pulse times reduced 
to 2mins.

4.4.3 Control Transfection Results
Electroporation conditions were established using G8 

mouse myoblasts (Christian and Nelson, 1977) which were 
shown to express endogenous CAIII (see section 4.4.1). The 
plasmid pRSVCAT which contains the Rous sarcoma virus 
promoter upstream of the bacterial chloramphenicol acetyl 
transferase (CAT) gene and has been shown to produce 
active CAT product in a wide range of mammalian cell types
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was chosen as a positive control (Gorman et al., 1982).
An initial experiment compared the difference between the
125pF and 960pFD capacitors over 4 voltage settings (100-

%
400V). G8 myoblasts were grown to 75% confluence and 
diluted in HBS to a concentration of 3xl06cells/ml. In 
each case 15ug of pRSVCAT and lOOpg carrier DNA were added 
to 0.6ml of cells and incubated on ice for 10 mins before 
and after the pulse. The cells were returned to culture 
flasks containing 10ml of warm medium and incubated for 
48hr. Rabussay et al., (1987) suggests that between 30-80% 
of cells must be killed before a high level of 
transfection is obtained and so the viability of an 
aliquot of cells was assessed by the trypan blue exclusion 
test after electroporation. This proved to be difficult 
since the effect of the pulse was to aggregate the cells 
in clumps and the incidence of these clumps increased with 
voltage. Most of the aggregated cells were dead and it was 
impossible to estimate cell number. Counting the free 
cells biased the estimate and suggested that 80% had 
survived in each of the eight experiments, however a 
visual inspection of the flasks after the electroporation 
revealed this was not the case. It could be seen that the 
number of live cells was approximately inversely 
proportional to the applied voltage with the samples 
treated at 100V 100% confluent after 48hrs and the 400V 
samples less than 10% confluent.

48hrs after electroporation the cells were harvested
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and resuspended in equal volumes of assay buffer and a 
fifth of the final sonicated extract was assayed for CAT 
activity. The result showed that there was no CAT 
expression using the 125pFD capacitor but a faint positive 
signal could be seen at 200V, 960pFD and a moderate signal 
at 300V, 960pFD. (The 300V, 960pF sample is shown in track 
6 of figure 4.19A). This result was promising and the 
experiment was repeated using smaller voltage increments 
in the range 150-360 volts. Figure 4.19A shows the result 
of one of these experiments in which pRSVCAT was 
transfected into G8 myoblasts at five voltage settings 
from 240V-360V. It is interesting to note that the time 
constant (t ) decreases as the voltage increases. In theory 
x should be independant of voltage but as the potential 
difference across a solution rises the resistance drops 
hence reducing the time taken for the capacitor to 
discharge. In this experiment the harvested, 
electroporated cells were resuspended in assay buffer so 
that the volume was approximately proportional to the size 
of the cell pellet for each sample. Figure 4.19A shows 
that some transfection occurred at all of the voltages 
used and that although the quantification was based on a 
visual assessment of the size of the cell pellet there 
does seem to be a gradual increase in CAT activity between 
240 and 360V with a maximum at 360V. This experiment also 
tested the effect of heating the extracts for 10 min at 
65* prior to the CAT assay; a procedure reported to
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Figure 4.19 CAT activity in G8 cells transfected with 15pg 
pRSVCAT. Electroporation was at 960pF and voltages as 
indicated (V). (ms)-pulse time in msec. Bacterial CAT 
enzyme was substituted for cell extract as control for the 
assay (CAT). (CM)-unacetylated [14C] chloramphenicol, (1- 
A),(2-A)-monoacetylated forms of CM. The percentage CM 
converted to acetylated products (%SC) is shown in the 
histograms below. (A) Extracts 1-5 were assayed before (L) 
and after (R) heating for lOmin at 65’C. Lane 6 is the 
300V sample from the initial experiment (see text). (B)
Extracts from duplicate transfections at 4 voltages 
assayed for CAT activity.
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stabilise the cofactor acetyl-CoA during the assay. This 
treatment did not considerably enhance the degree of [C14] 
chloramphenicol substrate acetylation although a small 
increase of about two fold was seen for all samples. Heat 
treatment was not included routinely.

An attempt was made to quantify the efficiency of 
transfection by assaying both the percentage of substrate 
acetylated (%SC) and the protein concentration of the 
final cell extract. The data could then be presented as 
either %SC per equal volume of extract or %SC per pg of 
soluble protein. The %SC/=vol data are given in the form 
of a histogram below each CAT assay and the full set of 
data are provided in an accompanying table. Background 
[14C] counts were subtracted from all figures prior to 
calculation of %SC. Values which were not above background 
are recorded as lc (low counts) in the tables. Cell 
extracts with protein concentrations of less than O.lpg/pl 
were too weak to be scored these are indicated in the 
tables as ns (not scored).

Figure 4.19B shows an experiment designed to test the 
reproducibility of the transfection procedure. Duplicate 
transfections were carried out at 150, 250, 350 and 450 V 
using the same harvested (G8) cells and within a few 
minutes of each other. In this experiment and all 
subsequent experiments the harvested, electroporated, 
cells were resuspended in identical volumes irrespective 
of the size of the pellet. Equal volumes of extract were
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used in the CAT assay. The results indicate that three of 
the duplicate pairs are similar but the %SC values of 250V 
samples vary by 12-fold. Variation in cell number is a 
potential source of error. This is a particular problem at 
high voltages where cell death is great and differences in 
post pulse cell numbers are magnified after 48hrs. 
Differences in cell number may reflect variation in the 
number of cells added to the cuvettes, variation in "kill 
rate" at a given voltage or the efficiency of recovery of 
cells after the 48hr incubation period. The protein 
concentration of the final extract is effectively a 
measure of cell density at the time of harvest and it is 
interesting to compare these figures for the duplicates in 
table 4.3. Taking the cell number into account by 
expressing the data as %SC/pg protein does not account for 
the difference between the 250V samples. In fact the 
stronger 250V sample contains less protein than the weaker 
sample. Also, despite widely differing protein 
concentrations, both 350V samples have a high CAT activity 
which extends beyond the linear range of the assay. This 
indicates that even for a given voltage the amount of 
protein is not directly proportional to the amount of CAT 
activity and that the cell number in the experiment may 
have some effect on the efficiency of the transfection. 
However, it seems likely that there was another unknown 
variable in the case of the 250V samples since they 
represent the most inconsistent result throughout all the
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experiments. In spite of these these difficulties it is 
clear from the data that the proportion of transfected to 
untransfected cells is different in each case and is 
highest in the 350V samples. This experiment also shows 
the relatively poor signal from the small number of cells 
after treatment at 450V and experiments hereafter were 
carried out at 300-350V.

Table 4.3 G8 myoblasts transfected with pRSVCAT
 6 ________
Sample Protein cone 

(ua/ul)
protein/ 
assay (ug)

%SC %SC/ug

150V 1 13.2 264 0.7 < 0.01
150V 2 12.1 242 1.0 < 0.01
250V 1 10.4 208 3.2 0.02
250V 2 6.8 136 38.7 0.28
350V 1 5.2 104 73.2 0.70
350V 2 0.8 16 94.5 5.91
450V 1 0.3 6 0.7 0.12
450V 2 0.4 8 1.3 0.16

Having established efficient conditions for the 
transfection of the G8 myoblasts they were applied to the 
other cell lines of interest viz; C2C12, 23A2 and 10T1/2. 
At this stage a second positive control plasmid, pPAcCAT, 
was introduced. This was generated by insertion of the CAT 
gene cassette (Pharmacia) into the Hindlll site of the 
expression vector pH(3APr-l-neo (Gunning et al., 1987a). 
Inserted sequences are transcribed under the control of 
the human strong constitutive p-actin promoter. The 
advantage of this vector was that it was replicated at
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high copy number and could be produced in greater 
quantities than the relatively low copy number pRSVCAT 
vectors. This allowed the same preparation of plasmid to 
be used for a series of experiments eliminating any 
effects of batch to batch variation.

TABLE 4.4 C2C12 and 10T1/2 control transfections
Sample Protein cone 

(ug/ul)
Protein/ 
assay (ug)

%SC %SC/pg

A. C2C12, pPAcCAT
100V 15.8 316 0.2 <0.01
150V 12.8 256 2.9 <0.01
200V 10.2 204 11.2 0.05
250V 2.8 56 72.2 1.29
300V 0.9 18 98.4 5.50
350V ns <4 0.3 ns
400v ns <4 1.3 ns

B. 10T1/2, pRSVCAT
150V 8.1 162 0.4 <0.01
250V 2.9 58 12.1 0.01
350V 0.4 8 12.0 1.50
450V ns <4 lc ns

C2C12 myoblasts were effectively transfected with
pPAcCAT at 250-300V and 250-350V gave reproducible
transfection of the fibroblast 10T1/2 cells with pRSVCAT
See for example figure 4 .20 and table 4.4.

Preliminary experiments suggested that the 23A2 cell
line was less effectively transfected in this voltage
range although 300V did work to some extent (see section 
4.4.5).
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Fiqure 4.20 CAT activity in C2C12 and 10T1/2 cells 
transfected with 15pg of the positive control plasmids 
ppAcCAT and pRSVCAT respectively. Cells were 
elecrtroporated at the voltages indicated below the assay 
and 960pF. Abbreviations as in caption to figure 4.19.
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4.4.4 CA3-CAT promoter constructs
The next step in the analysis of the human CA3 

promoter was to determine whether it would function 
efficiently in any of the mouse myogenic cells known to 
express endogenous CAIII at moderate levels. Expression of 
human muscle genes in a heterokaryons between human 
fibroblasts and mouse muscle cells suggests that there 
should be no difficulty with cross-species trans
activation, (Blau et al., 1983). 2.9kb of 5' flanking DNA 
was subcloned into the promoterless vector pGCAT-A 
(Frebourg and Brison, 1988). This vector contains a 
polylinker allowing easy insertion of promoter sequences 
5' to the bacterial chloramphenicol acetyl transferase 
(CAT) reporter gene. The 3.4kb H^ndTLl)fragment containing 
2.9kb of 5' flanking DNA, exon 1 and part of intron 1 (see 
figure 4.1) was the starting point for two initial 
promoter fragments. These shared the same 5' end at the 
Hindlll site but were shortened at the 3' end by digestion 
with two alternative restriction enzymes. The first 
fragment was generated by iVcoI digestion which cuts within 
the 3.4kb fragment at the first methionine codon, ATG, in 
the coding sequence and thus contains 2879bp of 5' CA3 DNA 
including the entire 5' untranslated region. The second 
digest with Banll cut at base -7 relative to the 
initiation site giving a slightly smaller fragment of 
2810bp without any coding sequence. Both fragments were 
end-filled with Klenow and subcloned into the Smal site of
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pGCAT-A. The orientation of the insert was determined by 
restriction mapping (figure 4.21) and the two types of 
recombinant were designated pHNc2.9-CAT (pHNc) and 
pHBa2.8-CAT (pHBa) in the positive orientation and 
pNcH2.9-CAT (pNcH) and pBaH2.8-CAT (PBaH) in the reverse 
orientation. It was hoped that these constructs would 
contain most of the upstream CA3 regulatory sequences.

Two shorter constructs were easily generated from each 
of pHNc2.9-CAT and pHBa2.8-CAT by utilising the 
restriction sites in the polylinker and sites internal to 
the CA3 sequence to excise 5' terminal fragments.
Digestion with BamHL resulted in the excision of a 2095bp 
CA3 fragment from both CAT recombinants. The shortened CA3 
constructs pBNc784-CAT (pBNc) and pBBa715-CAT (pBBa) which 
contain 784bp and 715bp of CA3 promoter were gel purified 
and religated. Restriction mapping identified the 
successful deletion constructs. Similarly PstI digestion 
and religation generated even shorter constructs pPNc323- 
CAT (pPNc) and pPBa254-CAT (pPBa) containing only 323bp and 
254bp of 5' sequence proximal to the coding sequence.

4.4.5 Expression of CA3-CAT constructs
All of the cell lines were transfected at optimal 

conditions with the six CA3 promoter CAT constructs and 
appropriate positive and negative controls.

The first experiment using the G8 cells was 
disappointing, no CAT activity was detectable with either 
of the two longest CA3 constructs (pHNc2.9-CAT; pHBa2.8-
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Figure 4.21 Schematic diagram of the 5' region of the CA3 
gene showing regions of homology with regulatory elements: 
glucocorticoid receptor element (GRE)f SV40 viral enhancer 
and thyroid receptor binding site (TRE). The proximal 
promoter region, expanded above, contains non-canonical 
TATA and CAAT motifs at -22 and -92bp (open boxes); two 
CCCGCC elements shown as filled boxes and a CArG sequence 
(striped box). Numbering is in relation to the CAP site. 
The strategy used to generate CA3 promoter-CAT constructs 
in the vector pGCAT-A is shown below. Restriction sites 
used were: (H) -Hindlll, (P)-Pstl. (B)-BamHl, (Ba)-Banll,
(Nc)-ATcoI. Blunt-ended H/Nc and H/Ba fragments were 
subcloned into the Smal site and their orientation 
determined by EcoRI digestion. (V)-linearised pGCAT-A. 
Constructs in the correct orientation (+) were used to 
generate deletions as indicated.
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CAT). At this stage the G8 cells had been continuously in 
culture for some time and the possibility that these cells 
had lost their myogenic capability was considered. (About 
the same time it was noted that these cells would not 
readily fuse to form myotubes). A new cell pellet of low 
passage number was deliberately selected for further 
attempts at transfection.
TABLE 4.5 CA3 promoter activity in G8 cells
Sample Protein cone Protein/ %SC %SC/pg

(uq/ul)________ assay (ug)
A.
p|3Ac-CAT 
pGCAT-A 
pHBa2.8-CAT 
pBBa715-CAT 
pPBa254-CAT 
pBaH2.8-CAT

6.6
5.9
7.9 

13.0 
14.4
4.1

132
118
158
260
288
82

55.9
lc

1.5
lc
lc

0.9

0.42
ns

<0.01
ns
ns

<0.01

B.
p3Ac-CAT ns <4 8.7 ns
pGCAT-A ns <4 lc ns
pHBa2.8-CAT ns <4 1.1 ns
pBBa715-CAT 1.5 30 2.2 0.07
pPBa254-CAT 0.8 16 2.4 0.15
pBaH2.8-CAT ns <4 lc ns
pHNc2.9-CAT ns <4 lc ns
pBNc784-CAT 0.3 6 lc ns
pPNc323-CAT 2.6 52 lc ns
pNcH2.9-CAT 0.5 10 lc ns

On two separate occasions the three CA3-Banll 
constructs were transfected into the low passage number G8 
myoblasts and the results were rather inconsistent. In one 
experiment (figure 4.22A) the longest construct appeared 
to show a considerably greater, at least ten fold, CAT 
activity than the two shorter constructs but the cpm for
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Figure 4.22 CAT activity in G8 cells transfected with CA3- 
CAT constructs and control plasmids by electroporation at 
960yF, 300V (A) and 350V (B). Abbreviations as in caption 
to figure 4.19. Controls were ppAcCAT (+), promoterless 
pGCAT-A (-) and reverse orientation CA3-CAT constructs: 
pNcH2.9-CAT (pNcH) and pBaH2.8-CAT (pBaH) {-). The CA3 
constructs were: (pHBa)-pHBa2.8-CAT, (pBBa)-pBBa715-CAT,
(pPBa)-pPBa254-CAT, (pHNc)-pHNc2.9-CAT, (pBNc)-pBNc784-CAT
and (pPNc)-pPNc323-CAT.
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the short constructs were too low to score accurately, in 
a second experiment all three constructs appeared to show 
similar levels of CAT activity (figure 4.22B) but in this 
case the protein concentration of cell extract transfected 
with the longest construct was too low to measure and the 
activity of the sample is probably underestimated. It was 
felt that in these early experiments the sensitivity of 
the assay system was close to its limit.

Semi-quantitative results from both the Western blots 
and slot blots of RNA had indicated that expression of 
CAIII was higher in the C2C12 myogenic line than in G8 and 
it was hoped that these cells would prove a more 
satisfactory system for the transfection studies. A 
preliminary experiment indeed suggested that the higher 
level of CAT activity could be found in C2C12 cells after 
transfection and the possibility that this would be 
further improved by increasing the concentration of the 
plasmid DNA was investigated using the longest CAJ-Banll 
construct, (pHBa2.8-CAT) figure 4.23A and table 4.6.

It can be seen from the data given below and the figure 
(4.23) that DNA concentrations above 30ug/ml did not 
increase the efficiency of transfection. The 40pg sample 
is suspiciously low but this may be due to a particularly 
low time constant of only 8.9ms whereas all other pulses 
took between 10.3 and 10.7ms to be delivered. The 30ug 
pHBa2.8-CAT sample gave a value in this experiment of »20 
%SC (0.27 %sc/pg). This is approximately 10 fold more CAT
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Figure 4.23 CAT activity in C2C12 cells transfected with 
CA3-CAT constructs and control plasmids by electroporation 
at 960|iF, 300V. Abbreviations as in caption to figure 
4.19. Controls were ppAcCAT (+), promoterless pGCAT-A {-) 
and reverse orientation CA3-CAT constructs: pNcH2.9-CAT 
(pNcH) and pBaH2.8-CAT (pBaH) (-). The CA3 constructs
were: (pHBa)-pHBa2.8-CAT, (pBBa)-pBBa715-CAT, (pPBa)-
pPBa254-CAT, (pHNc)-pHNc2.9-CAT, (pBNc)-pBNc784-CAT and
(pPNc)-pPNc323-CAT. (A) Cells were transfected with 
pHBa2.8-CAT (PHBa) at 10-50ug/ml as indicated above and 
control plasmid at 30ug/ml. (B) C2C12 cells transfected 
with all CA3-CAT constructs plus controls plasmids 
(30pg/ml).
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activity than seen with the corresponding G8 experiments 
(see figure 4.22).

TABLE 4.6 CA3 promoter activity in C2C12 cells
Sample DNA

(ug)
Protein cone 
(ug/ul)

Protein/ 
assay (ucr)

%SC %sc/ug

A.
pBaH2.8-CAT 30 6.9 138 lc ns
pHBa2.8-CAT 10 9.4 188 1.0 <0.01
pHBa2.8-CAT 20 3.1 62 7.7 0.12
pHBa2.8-CAT 30 3.7 74 20.1 0.27
pHBa2.8-CAT 40 7.3 146 6:5 0.04
pHBa2.8-CAT 50 6.0 120 20.6 0.17
p3Ac-CAT 30 4.8 96 54.5 0.57
pGCAT-A 30 5.0 100 lc ns

B.
pPAc-CAT 30 3.6 72 97.4 1.35
pGCAT-A 30 2.7 54 lc ns
pHBa2.8-CAT 30 3.0 60 13.0 /i.i 7 0.22
pBBa715-CAT 30 4.6 92 0.01
pPBa254-CAT 30 4.3 86 0.8 <0.01
pBaH2.8-CAT 30 4.3 86 lc ns
pHNc2.9-CAT 30 4.2 84 0.3 <0.01
pBNc784-CAT 30 4.0 80 lc ns
pPNc323-CAT 30 0.4 32 lc ns
pNHc2.9-CAT 30 0.3 24 lc ns

The C2C12 cells were then transfected with all six 
constructs and the positive and negative controls, all 
30ug, (figure 4.23B). The longest construct showed about 
10-fold greater CAT activity (%SC) than either of the two 
short constructs and there was little difference between 
the two shorter constructs. The CA3-Nco constructs showed 
levels of activity barely above the negative control 
level. A similar observation was seen using G8 cells, data 
in figure 4.22.

163



Following on from the early observations that CA3 was 
expressed at high levels in the azacytidine derived 
myogenic cells 23A2 a preliminary experiment has been 
carried out in which the CA3-Ban constructs have been 
transfected into both the 23A2 cells and their fibroblast 
precursor 10T1/2. The longest construct showed the 
greatest CAT activity in the 23A2 cells in line with the 
results using the C2C12 cells however the overall 
percentage of substrate converted was very low. The 
largest Banll construct (pHBa2.8-CAT) seemed to be
similarly active in the 10T1/2 cells.

TABLE 4.7 CA3 promoter activity in 23A2 and 10T1/2 cells 
Sample Protein cone Protein/ %SC %SC/pg

(ug/ul)_________assay (ug)
A. 23A2 
p£Ac-CAT 1.3 26 27.4 1.10
pGCAT-A 1.4 28 lc ns
pHBa2.8-CAT 3.9 78 0.6 <0.01
pBBa715-CAT 4.2 84 lc ns
pPBa254-CAT 5.0 100 lc ns
pHBa2.8-CAT1 18.8 376 lc ns
no DNA 3.8 76 lc ns
pBaH2.8-CAT 1.0 20 lc ns
1 Negative control sample-DNA added but not electroporated

B. 10T1/2 
ppAc-CAT 6.5 130 70.0 0.54
pGCAT-A 3.6 72 lc ns
pHBa2.8-CAT 7.8 156 3.4 0.02
pBBa715-CAT 4.8 96 lc ns
pPBa254-CAT 7.3 146 lc ns
pBaH2.8-CAT 7.4 148 lc ns
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Figure 4.24 CAT activity in 23A2 and 10T1/2 cells 
transfected with CA3 Banll-CAT constructs and control 
plasmids. Abbreviations as in caption to figure 4.19. 
Controls were p|3AcCAT ( + ) , promoterless pGCAT-A (-) and 
the reverse orientation CA3-CAT construct pBaH2.8-CAT 
(pBaH) (-). The CA3 constructs were: (pHBa)-pHBa2.8-CAT,
(pBBa)-pBBa715-CAT and (pPBa)-pPBa254-CAT. (A) 23A2 cells 
electroporated at 300V, 960pF. Two additional negative 
control experiments were included; sample (-) was 
electroporated but contains no DNA and sample pHBa to the 
left of this contains 30pg of pHBa2.8-CAT but was not 
electroporated. (B) 10T1/2 cells electroporated at 250V, 
960pF.
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CHAPTER 5 
DISCUSSION

5.1 Mouse Car-3
5.1.1 cDNA Structure

The cDNA for mouse Car-3 (pCAIIIM.7) isolated during the 
course of this study contains a 3 '-untranslated region 
which is about 600bp shorter than the equivalent region in 
the human CA3 cDNA. However, the Car-3 mRNA size estimated 
from Northern analysis is similar to the human mRNA 
(1.7kb). The most likely explanation is that the mouse 
cDNA reported here is incomplete at the 3* end. This may 
result from premature termination at the non-consensus 
polyadenylation signal found llbp upstream of the poly-A 
(Ai3 ) tail in clone pCAIIIM.7 suggesting that there is a 
more commonly used termination signal downstream of these 
clones. If this were the case then it is perhaps 
surprising that second shorter clone isolated, 
pCAIIIM.3, terminates at the same 3' position also with an 
(A1 3 ) poly-A tail. This leads to an alternative suggestion 
that a run of 13As present in the mRNA sequence acts as a 
template during cDNA synthesis. It is interesting to note 
that a run of 19As is found in the 3' untranslated region 
of the mouse Car-1 sequence (Fraser and Curtis, 1986). 
Incidentally, both rabbit and rat CA3 mRNAs are also about 
1.7kb and thus it seems likely that CA3 mRNA in most 
mammalian species is characterised by a long 
3 1 untranslated region of about 900bp.
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Isolation of a cDNA clone for rat CA3 has been 
reported since the start of this project (Kelly et al,
1988). A comparison of nucleotide and amino acid sequences 
between rat and mouse CAIII reveals a high level of 
homology; over the coding region these sequences are 92% 
and 95% homologous. Not surprisingly, the 5' and 3'- 
untranslated regions of the rat and mouse sequences also 
show a higher degree of conservation than seen when human 
and mouse are compared. The proximal 43bp of the 
5'untranslated regions are 95% homologous if 4 base pair 
insertions are assumed to have occurred in the mouse and 1 
in the rat. Only 43bp of 3' noncoding sequence have been 
determined for the rat CAIII cDNA clone but these show 74% 
homology with the equivalent region of the mouse.

Table 5.1 shows a comparison of all the CAIII amino 
acid sequences deduced to date (mouse, human, rat, horse 
and ox) and reveals that all active site residues are 
conserved in the mouse sequence. However, three sites 
which have been defined as invariant amongst CAIII protein 
sequences by previous species comparison differ in the 
mouse sequence, tyr-113 becomes leu, lys-127 becomes arg 
and phe-147 becomes leu).

Comparison of the Car-3 coding sequences with those 
already published for mouse Car-1 and Car-2 (Curtis et 
al., 1983; Fraser and Curtis, 1986) reveals 62 and 63% 
homology (respectively) at the DNA level and 55% homology 
to both at the amino acid level.
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TABLE 5.1 Comparison of CAIII amino acid sequences

MCAIII1 AKEWGYARHNGPDHWHELYPIAKGDNQSPIELHTKDIKHDPSLQPWSASY
RCAIII2
HCAIII3
ECAIII4
BCAIII3

S
S
D
D

F N
F N N

R 
R 
N 

E N

V
V

KA T 
K T

* * * * * *
MCAIII DPGSAKTIILNNGKTCRVVFDDTYDRSMLRGGPLSRPYRLRQFHLHWGSS
RCAIII
HCAIII
ECAIII
BCAIII

G
PG
TA
AA

* *
MCAIII
RCAIII
HCAIII
ECAIII
BCAIII

DDHGSEHTVDGVKLAAELHLVHWNPRYNTFGEALKQPDGIAVVGILLKIG
Y
Y
Y
Y

K
K
K

SK

SE 
K 

Y G 
SYAT

F
F

VF
VF

* * * * *
MCAIII REKGEFQILLDALDKIKTKGKEAPFTHFDPSCLFPACRDYWTYHGSFTTP 
RCAIII N
HCAIII H N F K Q
ECAIII LF N T R
BCAIII L NN N

* * * *
MCAIII
RCAIII
HCAIII
ECAIII
BCAIII

PCEECIVWLLLKEPMTVSSDQMAKLRSLFSSAENEPPVPLVGNWRPPQPV
NV

V
I T Y

S
R
R

I
I
L
I

MCAIII KGRWRASFK 
RCAIII 
HCAIII NN 
ECAIII
BCAIII I K

1 Mouse (Tweedie and Edwards, 1989)
2 Rat (Kelly et al., 1988)
3Human (Lloyd et al., 1986)
4 Horse (Wendorff et al., 1985)
0 Bovine (Tashian et al., 1980; Engberg et al., 1985, 
modified by Eriksson, 1988)

Residues postulated to occur in the active site region are 
marked with an asterisk (Hewett-Emmett et al., 1984).
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5.1.2 Car-3 expression
The distribution of CAIII amongst mouse tissues is 

similar to that reported for the rat, (Shiels et al.,
1984). In contrast to the strict muscle specificity found 
in man and other mammals, both of these rodent species 
show moderate levels of CAIII in the liver. Northern 
analysis suggested a low level of Car-3 transcripts in 
mouse kidney mRNA (figure 3.7) and indeed trace amounts of 
CAIII protein were also detected in rat kidney by 
radioimmunoassay (Shiels et al., 1984).

The evidence which first indicated that the muscle and 
liver isozymes are identical came from a limited sequence 
comparison of purified peptides (Carter et al., 1981). 
These studies do not exclude the possibility that two 
genes are involved which determine closely homologous 
proteins. This type of genetic arrangement is exemplified 
by the actin gene family where a-skeletal and cardiac 
actin proteins differ by only 4 of 375 residues 
(Vandekerckhove and Weber, 1978) but are encoded by 
distinct genes on chromosomes 1 and 15, respectively, in 
man (Gunning et al., 1984). The immunoblotting data 
presented here (section 3.3.1) demonstrates that the 
electrophoretic mobility of both the liver and muscle 
proteins on IEF gels is identical, implying overall 
conservation in charged amino acid composition. 
Furthermore, the RNAse protection assay (figure 3.13) 
indicate that the muscle and liver mRNAs are identical
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over the entire length of the 5'-untranslated regions. 
Since 5'-noncoding sequences are not generally closely 
conserved within gene families, it seems likely that a 
single gene encodes both proteins. However, the existence 
of two closely linked genes undergoing sequence exchange 
is not ruled out (as in the case of the two human a-globin 
genes, Liebhaber et al., 1981).

5.1.3 Sexually Dimorphic Expression in Liver
In order to establish whether the sexual dimorphism in 

CAIII levels found in rat liver is also a feature of the 
mouse, male and female tissue samples were compared. The 
results were equivocal. In one set of experiments,
(figures 3.10; 3.13) Western blotting of protein and RNAse 
protection assay of mRNA using material from (CBA/Ca x 
C57BL/6Mcl)Fi mice gave no evidence for a sex related 
variation. In contrast a second analysis, this time of 
C57BL/6J and DBA/2J liver mRNA levels by Northern 
analysis, suggested liver CAIII expression was about 3-8 
fold higher in males than females. Both the strain and the 
ages of the mice differed between these two groups of 
experiments. The mice used in the first experiments were 
younger (4-6 weeks) than the mice in the second analysis 
(>2months). It seems less likely that the difference is 
due to the strain of mice since both inbred strains showed 
a sex difference in the Northern and these strains are 
closely related to those used to generate the Fi mice. 
Also, data from three papers on the rat enzyme, (Shiels et



al,, 1983a,b; Carter et al,, 1988) suggest that age is an 
important factor in the determination of sex differences 
in CAIII levels. Prepubertal male rats have low levels of 
CAIII, this rises dramatically to a peak at 50days and 
then drops to below normal female levels at 800days. These 
changes are correlated with changes in testosterone levels 
throughout development and aging. However, the influence 
of androgens on CAIII expression in rat liver is indirect. 
It appears that a pulsatile pattern of growth hormone (GH) 
secretion in males leads to one pattern of enzyme 
synthesis while a continuous release in females causes 
"feminization” of the liver (Mode et al,, 1982; Norstedt 
and Palmiter, 1984). These effects were demonstrated in 
rats by hypophysectomy which increases CAIII levels in 
females (Jeffery et al,, 1984) while continuous infusion 
of GH to male rats reduces hepatic CAIII (Jeffery et al,, 
1986a). It seems likely that such a control mechanism also 
acts in the mouse since the expression of sexually 
dimorphic liver proteins such as the major urinary protein 
(MUP) and prolactin/GH receptors can be altered by 
changing the pattern of GH secretion, (Norstedt and 
Palmiter, 1984). In the light of these findings it is 
possible that at 4-6 weeks of age male mice had not yet 
reached the peak of CAIII expression and consequently the 
sexual dimorphism is less marked than seen in the mature 
adults. It may also be true that the basal level of CAIII 
in female liver is relatively higher in the mouse compared

171



with the rat such that the male/female difference is 
generally less striking. This observation is true for both 
MUP and prolactin/GH receptors in the mouse (Norstedt and 
Palmiter, 1984). It is interesting to note that King et 
al. (1974) found that acetazolamide resistant CA 
(presumably CAIII) was not sexually dimorphic in mice or 
rabbits; however there is no data on the age of the 
animals tested.

In this study no sex difference was observed in mouse 
muscle CAIII expression in any of the mice tested and this 
is in agreement with findings in the rat, (Jeffery et al.,
1988). However these authors found evidence for age 
related changes in soleus muscle (largely type 1 fibres) 
such that CAIII protein declined gradually from 400days to 
a minimum at 800days. In contrast muscles richer in type 2 
fibres (EDL and AT) increased their CAIII content during 
this time, peaking at 800days. These effects probably 
reflect changes in the fibre type composition of the 
muscle with maturity and ageing. It was also noted that 
muscle CAIII levels varied substantially amongst 
individual rats.

In the future, it will be interesting to characterise 
the molecular basis for these interspecific variations in 
CAIII mRNA and protein levels. Genomic clones for rat 
CAIII have been isolated and it will be of particular 
interest to compare the promoter regions with respect to 
liver-specific transcription factor binding sequences and
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possible growth hormone receptor binding sites.

5.1.4 Linkage Analysis and Evolutionary Considerations
Polymorphisms between Mus spretus and Mus domesticus 

mouse strains were readily detected using the cDNA probe 
pCAIIIM.7. An interspecific backcross was then used to map 
the Car-3 gene close to Car-1 and Car-2 on mouse 
chromosome 3. This method (reviewed by Avner et al., 1988) 
has recently been used to construct a linkage map of mouse 
chromosome 8 (Ceci et al., 1990) and to map actin and 
myosin genes (Robert et al., 1985). Subsequent mapping by 
in situ hybridisation to mouse chromosomes using the Car-3 
cDNA as probe allowed localisation of Car-3 to the A2 band 
of chromosome 3 (Beechey et al, 1990).

The discovery that Car-3 is linked to Car-1 and Car-2 
in the mouse, as in man, adds a further locus to a 
chromosome segment conserved between mouse and man which 
lies in the centre of the long arm of human chromosome 8 
and the proximal region of mouse chromosome 3. The extent 
of linkage conservation between these chromosomes is 
confined to the carbonic anhydrases at present and is in 
the order of IcM in length. However, few markers have been 
assigned to the proximal region of mouse chromosome 3, and 
until this region is more densely mapped any estimate of 
the length of the conserved segment must be considered 
approximate. There is now evidence for at least 50 
conserved segments among human and mouse autosomes
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represented by groups of two or more loci (Searle et al.,
1989).

The two recombination events, detected in the 
backcross, between Car-3 and Car-l/Car-2 may suggest that 
Car-3 is not located in the centre of the Car gene cluster 
on chromosome 3. This is consistent with preliminary data 
from pulse field gel analysis which suggests that human 
CA1, CA2 and CA3 lie in the 5' to 3' order CA1, CA3, CA2 

within a span of less than 180kb, (Venta et al., 1987; 
Tashian, 1989) . The minimum distance between CA1 and CA3 
is estimated at 27kb (Kearney et al., 1987).

The tandem duplication which gave rise to these three 
linked carbonic anhydrase genes is the most recent event 
in the evolution of the gene family, (Hewett-Emmett and 
Tashian, 1990). Since the CA1, CA2 and CA3 genes are 
present in birds and mammals they must have formed prior 
to the divergence of reptiles and mammals about 300 
million years ago, and remained linked in the mammalian 
lineage since that time. Phylogenetic relationships based 
on amino acid comparisons suggest that the gene encoding 
the salivary CAVI isoform was the first to diverge from 
the primitive ancestral root, (Tashian et al., 1989).

5.2 Mouse Heart Fatty Acid Binding Protein
Heart fatty acid binding protein (H-FABP) is one of 

three structurally distinct FABPs which have been 
identified in rat tissues and which have been designated 
liver, intestinal and heart FABP after their initial site
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of detection. Although heart is the major site of H-FABP 
expression, relatively high levels of mRNA have also been 
found in slow twitch muscle such as rat soleus, [63% of 
the level in heart] (Heuckeroth et al,, 1987). The 
principal source of energy in muscles rich in type 1 
fibres is fatty acid metabolism. Various roles have been 
proposed for FABPs in the uptake, transport and targeting 
of fatty acids so that their presence in this tissue is no 
surprise and accounts for the relatively abundant 
occurrence of clones encoding H-FABP in the mouse skeletal 
muscle cDNA library. In contrast fast twitch muscle which 
relies heavily on glucose for energy expresses only low 
levels of H-FABP. Other minor sites of expression in 
testes, brain, kidney and adrenal gland have been reported 
for the rat (Heuckeroth et al,, 1987) and the present 
study confirmed that there was also expression in mouse 
kidney and testes (figure 3.7).

The FABPs are part of a larger multigene family which 
includes cellular retinol binding protein, adipocyte 
protein aP2 and myelin P2. Heuckeroth and his colleagues 
(1987) were curious to see if these related genes were 
clustered in the genome so they mapped H-FABP in the mouse 
using mouse-hamster somatic cell hybrids and the rat H- 
FABP cDNA as probe. Even at high stringency they found at 
least three loci located on chromosomes 4, 8 and 1 or 15. 
The genes were obviously not clustered and the authors 
subsequently mapped aP2 to chromosome 3 using recombinant



inbred (RI) strains; aP2 mapped within 2.2cM of mouse 
Car-2,

This mapping data placing aP2 close to the Car gene 
cluster seemed a remarkable coincidence and promoted a 
careful search for homology between aP2 (Hunt et al,,
1986) , H-FABP and the Car genes in a bid to explain why 
the CAIII specific antibody detected H-FABP in the library 
screen. However, comparisons of both nucleotide and amino 
acid sequences failed to reveal any significant homology 
between Car-3 and the other genes and the finding appears 
to be a genuine coincidence. It will be interesting to see 
if the human homologue of aP2 gene maps to chomosome 8, 
extending the syntenic linkage group with mouse chromosome 
3.

The 5 polymorphisms detected between DBA/2J and 
C57BL/6J with the mouse H-FABP probe (figure 3.8) provide 
a means of mapping the H-FABP genes in the recombinant 
inbred strains BXD, (Taylor, 1978). This might resolve 
whether one of the H-FABP genes lies on mouse chromosome 1 
or 15 and will also provide the potential for regional 
localization of the other genes.

5.3 Human CA3 - expression studies
5.3.1 Transgenic Mice

A transgenic mouse line expressing human CA3 would have 
been a valuable asset from a number of aspects. In 
particular it would have been interesting to see if the
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human transgene was expressed in mouse liver, like the 
endogenous Car-3 or whether the stricter muscle 
specificity seen in humans was maintained. More 
fundamentally it would provide some information regarding 
the extent of 5' and 3' genomic DNA required for correct 
temporal and tissue specific regulation.

It would also be interesting to see whether the trace 
amounts of human CAIII protein detected in tissues other 
than muscle such as lung (Jeffery et al,, 1980) are due to 
low expression in all lung cells or more significant 
levels of expression in a minor cell population. This 
situation was recognised by in situ analysis of a 
transgenic mouse carrying the human a-l-antitrypsin gene 
where unexpectedly strong hybridisation was detected in 
several minor sites including the Paneth cells of the gut, 
bronchioles and epithelia of bronchi. Using in situ 
hybridization procedures these sites of expression were 
confirmed in normal human tissues and thus shed some light 
on physiological symptoms associated with a-l-antitrypsin 
deficiency viz? gastrointestinal ulcers and pulmonary 
emphysema (Koopman et al., 1989).

The single CA3 transgenic mouse (Tg3.4, section 4.2) 
did not appear to express human CA3. The intensity of 
hybridization on the Southern analysis suggests that this 
mouse may have been a chimera although it did transmit the 
gene to 50% (8/16) of its offspring suggesting that the germ 
cells were derived from a homogeneous cell population
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which was heterozygous for the transgene. If the mouse was 
a chimera then the lack of expression may reflect a 
failure to detect very low levels of mRNA and protein in 
the tissues examined (liver and muscle). It is also 
possible that there were insufficent regulatory sequences 
included in the injected human Xhol 15kb fragment.
However, the 2.8kb of 5' flanking sequence included in 
this fragment was sufficient to direct expression of the 
CAT gene at moderate levels in myogenic cells. The 
remaining possibility is that the site of integration was 
incompatible with expressipn. There are few examples of 
this phenomenon but a recent paper by Al-Shawi et al., 
(1990) demonstrates that aberrant expression of a MUP-Tk 
construct is due to the insertion site rather than a 
rearrangement of the transgene.

The transgenic mouse approach is an important 
corollary to the study of promoter function by 
transfection into cultured cells. One reason for this view 
is that the pattern of gene expression within a particular 
cell line is not an accurate representation of the in vivo 
situation. For example Brinster et al., (1988) found that 
transgenes containing introns expressed 10 to 100 fold 
more mRNA than mini-gene constructs with no introns. 
However, there was little difference in the expression 
levels of these same constructs after transfection into 
cultured cells. These observations suggest that introns 
have an important influence on the function of genes
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introduced into the germline of mice and that this effect 
may be manifest only on genes exposed to developmental 
influences.

5.3.2 CAIII expression in cultured cells
Analysis by IEF and immunocytochemical methods have 

clearly shown that CAIII is expressed in the rodent 
myogenic lines 23A2, C2C12 and G8 but not in mouse C3H 
10T1/2 cells (section 4.4.1). The pattern of expression 
revealed by the immunocytochemical studies showed that all 
myotubes but not all myoblasts expressed CAIII. 
Furthermore, the proportion of non-expressing myoblasts 
appears to increase in the myotube cultures, perhaps 
indicating that the expressing cells fuse preferentially. 
If this is the case CAIII could represent a marker for 
fusion competent myoblasts. It has been previously noted 
in myogenic cultures that only a proportion of myoblasts 
fuse into myotubes (Richler and Yaffe, 1970) suggesting 
that there are cells with different myogenic potential 
within a single culture. This may be analogous to the 
situation in C2 myoblasts where cells are either 
permissive and fuse spontaneously or inducible, requiring 
insulin or IGFI for differentiation. Notably, inducible 
cells only express MyoDl after differentiation whereas 
permissive cells constitutively express MyoDl (Montarras 
et al,, 1989). This provides evidence for two distinct 
stages of the progression of determined muscle cells
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towards terminal differentiation. Unfortunately, in our 
experiments, it is not possible to tell if CAIII non
expressing cells fuse since generally, cytoplasmic 
proteins are not discretely localised after fusion but 
move freely throughout the length of the fibre. 
Consequently diffusion of CAIII protein synthesized by any 
CAIII positive cells within a forming myotube would 
eliminate any mosaic effects and the whole fibre appears 
positive.

It should be noted that not all proteins can move 
freely within muscle cells (for review see Hall and 
Ralston, 1989) and interest in these observations has been 
stimulated recently with the possibility of inserting 
normal nuclei into diseased fibres for therapeutic 
purposes. For example, in mice both mdg fibres which lack 
excitation-contraction coupling and dystrophic mdx muscle 
can be rescued by fusion with genetically normal cells 
(Chaudhari et al., 1989; Partridge et al., 1989). The
success of these treatments depend largely on the range of
"diffusion" of the normal protein products within the 
fibre.

The observation that CAIII is expressed in mononucleate 
dividing myoblasts is important and suggests that CAIII 
falls into the unusual category, along with desmin, 
membrane protein H36 (Kaufman and Forster, 1988) and (3- 
enolase (Lamand6 et al,, 1989), of a muscle specific
protein which is initially expressed in myoblasts prior to
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fusion. If this proves to be generally true then CAIII may 
be a useful marker for the analysis of early myogenic cell 
lineages. It will be of interest to examine the pattern of 
CA3 expression throughout development in mouse embryos by 
in situ hybridization to sectioned embryos and the various 
cDNA fragments subcloned into SP6 vectors (figure 3.11) be 
useful for such experiments.

An element of caution is necessary in extrapolating 
information from cultured cells to the situation in vivo. 
In this context it is notable that Gunning et al. (1987b) 
failed to detect CA3 transcripts in either human myoblasts 
or myotubes cultures derived from adult skeletal muscle 
satellite cells by Northern analysis. However, it is 
possible that the message was very low in abundance and 
therefore not readily detectable by this procedure. In the 
present study the IEF analysis required up to 100 fold 
more protein to be loaded from the cell extracts compared 
to adult muscle extracts to get a similar signal on the 
Western blot (figure 4.11). It is also possible that 
satellite cell derived cultures are not typical of all 
muscle cells although the mouse cell line C2C12 was almost 
certainly derived from satellite cells and expresses CAIII 
at moderately high levels.

5.3.3 Electroporation as a transfection method 
The results in section 4.4.3 demonstrate that 

electroporation is an effective method for the 
transfection of a number of cell lines. The principal
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difficulty associated with this procedure was accurate 
quantification of the data. The technique requires a high 
proportion of cell death for maximal efficiency. Very few 
cells survive the electrical pulse so that it is difficult 
to ensure 100% recovery on harvesting and differences in 
recovered cell numbers are magnified during the post pulse 
culture period. Consequently estimates of protein 
concentrations from the various cell extracts can vary 
widely, even within a single experiment, making it 
difficult to compare CAT activities (% chloramphenicol 
acetylated per pg protein) between experiments. In order 
to minimise this problem it is best to compromise on high 
efficiency and settle for a voltage which gives higher, 
and therefore less variable, cell viability. Another 
suggestion would be to increase the initial cell number 
used in each experiment. Very recent experiments in which 
the cell number was increased by 2-3 fold to 6xl06 , (per 
cuvette), successfully reduced variation between duplicate 
samples. The attempts made here to quantify relative 
transcription rates of the bacterial CAT gene activity are 
only approximate. It has been assumed that there is no 
variation in the efficiency of the CAT assay and no 
attempt has been made to incorporate the errors associated 
with counting [14C] or assaying protein. These factors 
should be considered before accurate estimates of activity 
can be made. It is also vital to carry out duplicate 
experiments, particularly in the light of occasional



aberrant readings (for example 250V samples in table 4.3).
It would have been interesting to compare the . 

efficiency of electroporation with other transfection 
methods such as CaPC>4 precipitation (Graham and van der 
Ebf 1973), which is commonly used to transfect myogenic 
cell lines. Tur-Kaspa et al., (1986) found that for rat
hepatoma cells the two methods gave comparable results but 
this may not be true for all cell types.

The distinct advantage of electroporation as a 
technique is that large numbers of experiments can be 
carried out very rapidily. It has also been reported to be 
useful for transfecting cells refractory to other methods 
such as primary hepatocytes (Tur-Kaspa et al., 1986). In 
contrast to calcium phosphate mediated transfection and 
protoplast fusion, electroporation frequently gives rise 
to stable transformants that carry one, or at most few, 
intergrated copies of foreign DNA (Boggs et al., 1986). It 
is also interesting to note that despite the general 
belief that voltage and time constant must be optimised 
for every cell type all three myogenic lines and the 
10T1/2 cells were transfected under similar conditions. 
Since these experiments the colon carcinoma cell line 
Caco-2 has also been successfully transfected at 300V, 
960pF (Edwards and Swallow, personal communication).

5.3.5 Human CA3 promoter
Sequence analysis of the 5' region of CA3 revealed a
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number of elements which may play a role in tissue or 
developmental-specific gene expression. A single CArG box 
(CCTAATAAGG) is located at -56 to -47bp between the TATA 
and CAAT boxes. This position is fairly typical for these 
elements and although they often occur more than once a 
single CArG box at -91bp has recently been implicated in 
human dystrophin expression (Klamut et al., 1990).

About 1.5kb upstream of the cap site there is a 
stretch of sequence (280bp) which shows striking homology 
with the SV40 early enhancer (Zenke et al,, 1986). It is 
interesting to note that while this enhancer allows 
ubiquitous expression, elements from this region are found 
in the the muscle-specific creatine kinase enhancer 
(Jaynes et al,, 1988).

Since fast-to-slow muscle fibre transitions and 
concomitant increases in muscle CAIII are induced by 
thyroid hormone treatment (Fremont et al,, 1987) a search 
was made for possible thyroid hormone receptor binding 
elements in the CAIII sequence. The most likely candidate 
was found at -854bp and shows homology across a 20bp 
region with the TRE in the rat growth hormone gene (Koenig 
et al,, 1987). A possible glucocortocoid receptor element 
[GRE] (Glass et al,, 1988), similar to that found in the 
rat metallothionein II gene, occurs at -2100bp.

The recent publication of a consensus MyoDl/MEF-1 
binding site (Buskin and Hauschka, 1989) prompted a 
homology search within the CA3 sequence. Two possible
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matches were identified. The first was located 8bp into 
the first intron and differed from the consensus by two 
bases (CAGGCAGCTGCGAC). In the second sequence, lying 
between -155 and -142bp, only the first base (T) deviated 
from the consensus. In contrast to the MCK enhancer 
(Buskin and Hauschka, 1989) no likely binding sites were 
detected in the region of SV40 homology.

The initial CA3 promoter CAT constructs generated 
(pHB2.8-CAT and pHN2.9-CAT) contained all of the putative 
regulatory elements mentioned above (except the MyoDl 
element in intron 1). pHB2.8CAT was expressed at moderate 
levels in both C2C12 and G8 cells although expression was 
7 to 12-fold higher in C2C12 cells than the G8 cells 
relative to the control plasmid pPAcCAT. This is in line 
with the comparatively low levels of CAIII protein 
detected in G8 cells by Western blotting (figure 4.11).

The alternative construct, pHN2.9CAT, which included 
all of the 5' untranslated region and the ATG, did not 
express in any cells. When the vector sequence between the 
insertion site in the polylinker and the CAT coding region 
was obtained (courtesy of Dr D. Latchman, U.C.L./Middlesex 
Hospital, London) it became clear that translation 
initiating at the CA3 ATG would lead to the CAT coding 
sequence being read out of frame, thus accounting for the 
lack of activity.

Preliminary deletions generated from pHB2.8-CAT, using 
convienient restriction sites, removed all the potential
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upstream elements (SV40 sequence, TRE, GRE). Both of these 
abbreviated constructs (pBB715-CAT and pPB254-CAT) were 
expressed to an equivalent level in C2C12 and G8 cells 
suggesting that there are no vital promoter elements 
located between -715 and -254bp. However, the deleted 
plasmids were approximately 10-fold less active than the 
full length construct in C2C12 cells. This implies that at 
least one positive regulatory element lies within between 
-2879 and -715bp. Characterisation of these elements 
relies on generating a finer series of deletions and this 
may be achieved by exoIII digestion of pHB2.8CAT, with 
emphasis on the region of SV40 enhancer homology.

10T1/2 cells were shown be negative for endogenous 
mouse CAIII expression but they do express the human 
PHB2.8CAT construct. This suggests that the 5' 2.8kb 
flanking region of the human gene lacks muscle specific 
control elements. One possiblity is that more extensive 5' 
sequences are required for specific expression and 
experiments are underway to increase the 5' extent of the 
sequence in the pHB2.8CAT construct to 7kb. Sequences 3' 
of the coding region should also be considered; the 
candidate MyoDl binding site in intron 1 may point to an 
important region analogous to the second MCK enhancer 
(Sternberg et al., 1988). Transfection studies in 
additional CAIII negative cell lines such as HeLa or mouse 
L cells should indicate whether the activity of pHB2.8-CAT 
is specific to mesodermal cells or general. Further
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transfection experiments in conjunction with DNA binding 
studies should delimit the minimal promoter and assess the 
function (if any) of the CArG box, TRE and MyoDl/MEF-1 
binding sites.

During the course of this study genomic clones for 
human CA1 and CA2 and mouse Car-1 have been characterised 
in other laboratories. The human CA1 gene is quite unusual 
since it contains two introns within the 5' untranslated 
region, subdividing the first exon into three parts: la, 
lb and lc (Brady et al., 1989a). Furthermore the CA1 
primary transcript is alternatively spliced to give mature 
mRNA with or without the non-coding region lb. A similar 
situation occurs in mouse Car-1 except that only one 
intron (10-250kb long) is present in the 5'untranslated 
region (Fraser et al., 1989). These authors identified two 
distinct promoters; an "erythroid" promoter associated 
with the upstream portion of exon 1 and a "colon" promoter 
proximal to the remainder of exon 1. The erythroid arid 
colon promoters generate transcripts which are 
alternatively spliced to include the equivalent of human 
la or lb respectively.

The human CA1 gene contains six "GATAAG" like elements, 
within the erythroid promoter region, thought to be 
important in erythroid specific expression (DeBoer et al., 
1988; Plumb et al., 1989). All six sites bind the same 
erythroid specific factor (presumably GF-1, Tsai et al.,
1989) and two of the 5' elements promote a 2 to 3 fold
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induction of erythroid specific expression when attached 
to a heterologous promoter (Brady et al., 1989b). Evidence 
from heterokaryon experiments suggests that an additional 
trans-acting factor is required for the correct 
developmental expression of CA1 (Butterworth et al.,
1990).

The 5' region of the human CA2 gene has been studied by 
promoter deletion analysis in a CAT expression vector. 
Maximal expression levels were obtained when a construct 
containing 270bp of 5 ‘ flanking sequence were transfected 
into mouse L cells, (Shapiro et al., 1987). This region 
contains 7 CCGCCC elements, a putative CAAT box, TATA box 
and a consensus element required for high level p-globin 
expression. The 5' regions of both the mouse Car-2 and 
human CA2 genes are highly G+C-rich (Venta et al., 1985; 
Shapiro et al., 1987), a feature suggesting the presence 
of a HTF island, although the methylation status of these 
regions has not yet been determined. As indicated in 
section 4.1.4, human CA3 also contains an HTF island and 
it is interesting to note that the G+C content in a 
comparable region of CA2 is higher (80%) than CA3 (65%). 
The G+C content in the Car-1 and CA1 promoters is not 
above that of bulk DNA (40%). Studies with methylation 
sensitive restriction enzymes demonstrated that all CpG 
dinucleotides tested within the CA3 HTF island are 
unmethylated in both expressing and non-expressing tissues 
(Edwards et al., 1988). In contrast, several non-clustered
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CpG sites distributed along the length of the gene, show a 
methylation pattern that correlates with gene expression 
(Lloyd et al., 1987). It is not clear what role CpG 
islands play in tissue-specific gene expression, in 
general they are more commonly associated with 
housekeeping genes (for review see Edwards, 1990). Meehan 
et al., (1989) have recently identified a protein (MeCP) 
which binds to a wide variety of unrelated DNA sequences, 
provided they are methylated at multiple CpGs. If this 
protein either directly or indirectly blocks transcription 
it may give rise to the incompatibility between DNA 
methylation and transcription which is generally observed.

5.4 Disease association and CAIII
Periodic paralysis was examined in a preliminary study 

as a candidate for aberrant CAIII expression. Interest in 
these patients was stimulated by the fact that the effects 
of this disorder are due to an ionic imbalance which gives 
rise to marked fluctuations in serum and muscle K+ . These 
symptoms are relieved by administration of acetazolamide 
(Diamox™). Griggs and colleagues (1970) remark in their 
paper, published prior to the identification of CAIII in 
muscle in 1976, that "although one action of acetazolamide 
is carbonic anhydrase inhibition, muscle is thought to be 
devoid of carbonic anhydrase." The study presented here is 
too small and does not contain enough control material to 
draw any definitive conclusions. However, it indicates
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that patients have levels of CAIII protein within the 
normal range and that there is no major structural 
difference in the protein. These studies do not exclude 
the possibility of a difference in CAIII activity between 
normal and affected subjects.

There are other muscle disorders for which the 
underlying biochemical defect has not been determined and 
which may be worthy of investigation. The rare autosomal 
dominant disorder myositis (or fibrodysplasia) ossificans 
(Sastri and Yadav, 1976) is another candidate disease for 
aberrant CA3 expression. Calcium deposits form in the 
muscle and associated connective tissue which results in a 
progressive stiffening and restricted movement. Thus the 
role of CAIII in maintaining ion balance is again 
implicated. Unfortunately, a study of CAIII levels in 
these patients is hampered by a lack of material since the 
site of muscle biopsy forms a focus for further 
calcification (Rogers and Geho, 1979) .

Interest in the human CAII deficiency has been 
stimulated by the generation of a mouse model for the 
disease. Mice lacking CAII protein but containing normal 
levels of Car-2 mRNA were detected after N-ethyl-N- 
nitrosourea induced mutagenesis, (Lewis et al., 1988). 
These mice show some characteristic symptoms of human CAII 
deficiency in that they are runted and have renal tubular 
acidosis but there is no sign of osteopetrosis. There is 
also no evidence of cerebral calcification although
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calcium deposits were found in a number of blood vessels 
and in the testis, (Ghandour et al., 1989; Spicer et al., 
1989). Even though CAII is the only CA isozyme normally 
detectable in the brain there were no abnormalitites 
associated with oligodendroctyes, glial cells or neurons 
in CAII deficient mice, (Ghandour et al., 1989).

The contrasting features of both the mouse and human 
deficiencies highlight the physiological differences 
between these two species and the limit to which findings 
in mouse models can be extrapolated to the human disease.

It would be interesting to characterise a CAIII 
deficient mouse as a means to dissecting the function of 
CAIII within muscle (and rodent liver). It is possible 
that such an animal already exists in mutant stocks and 
could be identified in an analogous way to the mdx mouse 
model for Duchenne muscular dystrophy, (Bulfield et al., 
1984). In the longer term it maybe possible to generate a 
null mutant using homologous recombination (Mansour et 
al., 1988) to delete and disrupt the Car-3 gene. Whether 
this would eliminate all CA activity from the muscle is 
not clear as there is still some debate about the presence 
or absence of the CA other isoforms in muscle fibres. In 
this context it should be remembered that CAI activity 
within the erythrocytes of CAII deficient patients is 
sufficient to maintain normal respiratory function 
(Dodgson et al., 1988) and only tissues where CAII is the 
sole isoform present, are grossly affected.
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Similarly people with asymptomatic CAI deficiency 
probably have adequate CA activity from the other isozymes 
or CAI protein is less stable in red cells and is 
sufficiently stable to provide activity in other cell 
types. The functional degeneracy of the CA family may also 
result in very subtle defects when CAIII is absent. Since 
CAII, if it is present in muscle, is only at low
levels it would be valuable to assess the effects of a 
double deletion of CAII and CAIII. It would also be 
interesting to see if the coding sequences of CAIII under 
the control of the CAII promoter could rescue the CAII 
deficient mouse despite the relatively "poor" kinetic 
propeties of the CAIII isoform.
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Human muscle carbonic anhydrase: gene 
structure and DNA methylation patterns 
in fetal and adult tissues
Julie Lloyd, Carol Brownson,1 Susan Tweedie, Jillian C harlton, and Yvonne H. Edwards
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We report the isolation and analysis of genomic clones comprising the entire gene coding for the human m uscle 
carbonic anhydrase, CAIII. The gene spans 10.3 kb and has a seven-exon/six-intron structure. A noncanonical 
TATA box, a CCAAT motif, and two CCGCCC elem ents are present in the sequences upstream of exon 1. 
Although the expression of CAIII shows strict tissue specificity, the gene exhibits a number of features 
normally associated w ith housekeeping enzymes. For example, there is 48% homology w ith a 25-bp consensus 
sequence between the TATA box and the cap site and there is a CpG-rich island spanning a 469-bp sequence 
near to the origin of transcription. M ethylation studies suggest that some CCGG sites clustered in the CpG-rich 
island are undermethylated in DNA from fetal and adult muscle and in other tissues irrespective of CAIII 
expression. In contrast, several nonclustered CCGG sites show a methylation pattern that correlates with 
gene expression. However DNA from differentiated type II adult muscle fibers is undermethylated at these 
sites even though CAIII is not expressed.

[Key Words: Carbonic anhydrase; tissuc-spccific gcnc; CpG-rich islands; methylation; m uscle development! 
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Carbonic anhydrase III (CAIII, carbonate dehydratase EC 
4.2.1) is a monomeric zinc m etalloenzyme catalyzing 
the reversible hydration of carbon dioxide. In man, CAIII 
is an abundant m uscle-specific protein (Carter et al. 
1979) involved in the maintenance of ionic balance and 
acid-base homeostasis. CAIII is characteristic of slow- 
twitch, aerobic, type I m uscle fibers. The structural gene 
for CAIII is part of a multigene family, other members of 
which show tissue- and organelle-specific expression. 
CAI activity is confined largely to erythrocytes. CA1I is 
also a major protein in erythrocytes but is expressed in a 
wide variety of other tissues. D istinct mitochondrial and 
membrane isoforms of CA have also been described. 
Protein and cDN A nucleotide sequence analyses of CAI, 
CAII, and CAIII have shown that these genes are evolu
t io n a r y  related (for review of CA sec Tashian and He- 
wett-Emmett 1984). These three genes in man have been 
assigned to chromosome 8 (Venta et al. 1983; Edwards et 
al. 1986a,b), and more recently it has been shown that 
CAI and CAIII are in the same region of this human 
chromosome at q22 (Davis et al. 1987).

The CAIII gene appears to be differentially regulated 
both in adult tissues where high expression is confined 
to one cell type, and in fetal m uscle at different stages of 
development (Jeffery et al. 1980; Lloyd et al. 1986). In 
human limb m uscle, trace amounts of CAIII protein and 
mRNA are detected at 10 weeks gestation. These levels 
increase to approximately 20% of mature adult m uscle

levels by 20 weeks and to about 50% by birth. CAIII ex
pression can also be manipulated experimentally by 
m uscle denervation (Wistrand et al. 1986) or electro
stim ulation (Edwards et al., in prep.), procedures that 
alter the contractile properties and fiber type distribu
tion of the m uscle. An unusual situation occurs in rat 
tissues where CAIII is expressed in liver as well as skel
etal muscle. In the liver the CAIII protein levels exhibit 
a sexual dimorphism which is apparently regulated by 
growth hormone (Jeffery et al. 1986).

To provide probes for the analysis of the regulation of 
the CAIII gene, we have recently isolated a cD N A  clone, 
pCA15, encoding the entire sequence of human muscle 
CAIII (Lloyd et al. 1986). In the present study this cDNA  
clone was employed to isolate the CAIII gene and to elu
cidate its structure. Since methylation of cytosine res
idues has been implicated in gene regulation (for review, 
see Razin et al. 1984; Bird 1986), we have investigated 
the pattern of m ethylation in DNA from CAIII ex
pressing and nonexpressing tissues, using both cDNA  
and genom ic D N A  probes.

Results and discussion
Isolation of the CAIII gene: mapping of exons and  
in ti  on s

The recombinant clones \C A 1.1, 1.2, and 1.3 shown in 
Figure 1 were isolated by screening a genomic library in
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Figure 1. (A) The sequencing strategy employed to determine the exon-intron boundaries in the human CAIII gene. Subcloncd 
fragments are indicated: (E) EcoRI; (T) Taql; (P) PstI; (Hh) Hhal; (R) Rsal. Their size and position relate exactly to the physical map 
given below in B. The hatched boxes indicate subcloned fragments that were sequenced in full after the generation of multiple, small, 
random MI3mp8 subclones. [B] Physical map of the CAIII gene, with coding sequences indicated by filled boxes and nontranslated 
mRNA sequences by open boxes. (C) Various recombinant phage clones are shown, and the relative positions of two subcloned 
genomic fragments (pCA2.2 and pCA3.4) referred to in the text are indicated.

Charon 4A (Lawn et al. 1978) using the CAIII cDNA  
pCA15 (Lloyd et al. 1986) as a probe. The most 5' 2.2-kb 
EcoRI fragment from XCAl.l was subcloned into pUC8 
(pCA 2.2) and used to screen the Charon 4A library and 
another human genomic library in X2001 (LeFranc et al. 
1986) to derive the CAIII recombinants XCA2.1 and 
XCA2.2. An EcoRI, Hindlll, and Taql restriction enzyme 
map extending across a 22-kb region of genomic DNA  
and encompassing the whole of the CAIII gene was de
rived by a combination of single and double digests of 
DNA from the various XCA genomic clones. All of the 
EcoRI and Taql fragments from XCAl.l and XCA2.2, 
shown in Figure IB, were subcloned into pUC8. Exon 
sequences were localized by hybridization of restriction 
enzyme digests (Hhal, Rsal, Avail, PstI) of these sub
clones to the 32P-labeled CAIII cDNA clone and to Ddel 
fragments derived from the 5' end (278 bp), the center 
(576 bp), and the 3' end (419 bp) of the cDNA clone (see 
Lloyd et al. 1986 for cDNA sequence).

In some cases further subclones were prepared which 
contained smaller DNA inserts cross-hybridizing to the 
cDNA. The DNA inserts from the various subclones 
(Fig. 1A) were sequenced from both ends to obtain the 
precise location of each of the exon-intron boundaries. 
In addition, the 2.2-kb 5 '-terminal EcoRI fragment of 
XCAl.l, containing exon 2, and the 2.8-kb 5'-tcrminal 
EcoRI fragment of XCA2.1 were sequenced in full using 
the dideoxy method and 57 independent, randomly gen
erated M13 subclones (hatched boxes in Fig. 1A).

These analyses showed that the gene for human CAIII 
is about 10.3 kb long and comprises seven exons. The 
sequences at the 5' and 3' junction of each intron are 
shown in Figure 2. All the introns, which vary in size 
from 750 bp (IVS 4) to 2360 bp (IVS 2), conform to the 
consensus eukaryotic structure beginning with the din
ucleotide GT and ending with AG. Exon 1 contains 59 
bp of 5' noncoding sequence and 34 bp of coding se

quence. The most 3' exon contains 147 bp of coding se
quence and 877 bp of 3' noncoding sequence. The other 
exons vary in size between 63 and 198 bp.

The overall architecture of the m uscle carbonic anhy
drase gene CAIII appears to be very similar to that de
scribed for the reticulocyte gene CAII isolated from the 
mouse (Venta et al. 1985). The CAII gene is also inter
rupted by six introns. The sizes of IVS 5 and 6 arc similar 
in the two genes but the sizes of the other introns show 
considerable variation; in particular, IVS 2, which is 2.4 
kb in the CAIII gene, is 7.2 kb in the CAII gene. The 
positions of five of the introns arc identical to those 
found in CAII. However, IVS 4 which in the CAIII se
quence occurs between codons 147 (Lys) and 148 (lie) is 
found 14 bp upstream in CAII where it intermpts the 
codon for Gly-143. This difference between CAII and 
CAIII is unexpected and may represent a peculiarity of 
the mouse CAII sequence since there is some recent evi
dence that human CAI and CAII (Venta et al. 1987; R. 
Tashian, pers. comm.) and chicken CAII (Yoshihara et 
al. 1987) have IVS 4 in the same position as described 
here for CAIII. In general, intron positions within multi
gene families arc conserved between homologous mam
malian and avian genes. Although long evolutionary dis
tances may lead to insertion or loss of introns, it is diffi
cult to envisage a mechanism by which a shift in the 
position of an intron might occur.

3' End of the CAIII gene

The nucleotide sequence extending 270 bp downstream 
of the poly(A) addition site was determined. The se
quence TTGTGTTTT is found 25 bp downstream of the 
AATAAA polyadenylation motif and this fits the con
sensus sequence YGTGTTYY discussed by McLauchlan 
et al. (1985), which is thought to be required for efficient 
formation of mRNA 3' termini. This sequence motif is
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Exon 1 (93bp) 
(59bp non coding)

Exon 2 (198bp)

Exon 3 (119bp)

Exon 4 (93bp)

Exon 5 (63bp)

Exon 6 (156bp)

Exon 7 (1004bp) 
(887bp non coding)

Ala Ser His Asn G 
GGC AGT CAC AAC G

75
Tyr Asp Arg Ser M 
TAT GAT AGG TCA A

114
Lys Tyr Ala Ala Glu 
AAG TAT GCA GCG GAG

145
Gly lie Phe Leu Lys 
GGC ATT TTT CTG AAG

166
Lys H e  Lys Thr Lys 
AAG ATT AAG ACA AAG

218
Val Ser Ser Asp Gin 
GTG AGC TCT GAC CAG

gtgagtgcaggcagccgcga IVS1(768bp) tctcctcgacttatttccta

gtaagtatgacaatgaggta IVS2(2360bp) caagcttatctgaatcacag

gtaagaggaactgccataat IVS3(1900bp) tctgtcttctatggtttcag

gtaaagtaaaaattgactat lVS4(750bp) ggatttctgttttcttacag

gtaaacaaaaatcattttcc !VS5(1l40bp) tgcaacctgctcttacccag

gtgagcagccttgtgaacag IVS6(1700bp) gtctgcccctgcccttgcag

13
ly Pro Asp His 
GT CCT GAC CAC

79
et Leu Arg Gly 
TG GTG AGA GGG

119
Leu His Leu Val 
CTT CAT TTG GTT

150
lie Gly His Glu 
ATA GGA CAT GAG

171
Gly Lys Glu Ala 
GGC AAG GAG GCG

223
Met Ala Lys Leu 
ATG GCC AAG CTG

Figure 2. Structural details of the CAIII gene. Each exon-intron junction is illustrated by giving on the left the 3' end of an exon and 
at the right the 5' sequences beginning the next exon (capital letters). The corresponding amino acids arc given above numbered in 
terms of amino acid sequence. The beginning and ending of each intron are shown in lower-case lettering. The sizes of each exon and 
intron (IVS) are given in parentheses. The length of exon 1 is given as 93 bp based on the assessment of the 5' end of the mRNA (see 
text).

___-613 -603 -593 -583 ” -573 -563 -553 -543 -533 -523
tccggaccct ttcttcccat cctttgctce taggatttta catgttgcct gcaaagggag acaaacttag ggggcaggca aacaaacgag ttctttccag

-513 -503 -493 -483 -473 -463 -453 -443 -433 -423
cctctgtaac cggatcgcta gagegaaata aactcgcaca agtgtccaga gategtagee agacagccag cctgcgcttg aagcaacttt taagtgaggc

-413 -403 -393 -383 -373 -363 -353 -343 -333 -323
tgeaagagee geegggatgt agattttagt tcgtggccaa gcacaactac gacgatcctg tceetgcccc accccatccc caagaatgca tggaggaagg

-313 -303 -293 -283 -273 -263 -253 -243 -233 -223
agagaggagc aggtgagggo cgcctgcatt tctgcacgtc ggcgccggtt agaaaccctg cagttttgag agagaagaag aggagatgga ggggccagga

-213 -203 -193 -183 -173 -163 -153 -143 -133 -123
gccacgactc ccgggagagc gcagggaggg gCgtgggtgC .cccttcgccc acctccgccc ccgtcacctc gacagctgtc ccgctcttgg aattcattgg

-113 -103 -93 -83 -73 -63 -53 -43 -33 -23
cttcctctac ccggcctggg aaacaccacc ccaatctagt ttagcccccc gccccaccct cgctgaccta ataaggccat gcaagtgtgc gggggagcta

-13 -3 +1 8 18 28 38 48 58 68 78
cataaaagcg cgggctcgcg cgACTCTGCA CCACGCAGGG GAAGAGAAAG CAGGAGCCGT CCAGCACGGA GGAAGGCGAC CATGGCCAAG GAGTGGGGCT

88 98 108 118 128 138 . 148 158 168 178
ACGCCAGTCA CAACGgtgag tgcaggcagc cgcgacccgg ccaggaaggg atgccagtcc aggagagccc tgccattgca cagaaatggg caactttaga

188 198 208 218 228 238 248 258 268 278
gactgcagtg gaaaatgtag gagtagaata acacctaaca tttactgagg cttttcaact gccaaatgct getgettett tttttccttc atctcatttg

288 298 308 318 328 338 348 358 368 378
gttctcccta gtatggaatt tttatttccc ttggagaaaa ctgaagtgea gagaagttgg atcacttgcc taagattccc attgcctctg agaagtcaga

388 398 408 418 428 438 448
cagaaagagg tcaggtgtga ctggCGctta ttctgtttta ctggacaagc acctaacctg agcttggtgc eggt

Figure 3. Nucleotide sequence at the 5' end of the CAIII gene. Numbering starts at the cap site. Exon 1 sequence is given in 
upper-case lettering. The ATG initiation codon and two CCCGCC elements are underlined. The noncanonical TATA sequence and 
the CCAAT motif are boxed. The Mspl-Hpall restriction sites, CCGG, are overlined and correspond to sites 1 -8  referred to in the 
text and Fig. 5A.
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not found in the mouse reticulocyte gene C AII, and 
there is no other homology between C A III and C A II in
this 3 ' region.

5' End of the CAIII gene

Part of the sequence at the 5' end of the C A III gene (1074 
bp) is shown in Figure 3. The transcription in itiation site 
was identified using a 191-bp genomic probe, derived 
from a 600-bp F coR I-H ind lll fragment (Fig. 1A), which 
extended from the £coRI site ( -1 3 1  in Fig. 3) to a Ball 
site at the extreme 5' end of the coding sequence ( + 61 
in Fig. 3). This fragment was cloned into pSP65 and the 
[32P]UTP-labeled antisense strand used to hybridize to 
poly(A)+ R N A  from human and rodent skeletal muscle. 
An RNase-protected fragment of 63 bp was identified in 
R N A  from human muscle (Fig. 4) and comparison w ith  
the Ball-EcoKl  probe nucleotide sequence shows that 
the 5' end of this fragment corresponds to an A  residue 
16 bases upstream of the start of the cD N A . Protected 
fragments were not found in the rodent samples. Pre
sumably the homology between the human and rodent 
5' untranslated sequences is not sufficient to allow the 
formation of stable hybrid molecules. Protected frag
ments were not formed between human muscle R N A  
and the sense strand of the Ball-EcoKl  probe (data not 
shown).

Tw o of the elements normally associated w ith  genes 
transcribed by R N A  polymerase II were identified. A pu
tative T A T A  box, C A TA A A , was found at position - 2 2  
relative to the CAP site and the consensus sequence 
C C A A T  occurs at position -9 2 .

The upstream sequences of the C A III gene exhibit a 
number of features which are considered to be charac
teristic of housekeeping genes and which are not usually 
associated w ith  genes expressed at high levels in re
stricted cell types. For example, there is fairly good 
alignment, 48% w ith  the 25-bp consensus sequence 
found downstream of the T A T A  box in a number of 
genes for housekeeping enzymes (for review, see M artin i 
et al. 1986):

consensus TATAAA^GCGGCCGCCGCGGCJCGGjGgc^
CAIII C A T A A A A G C G C G G G C T C G C G C G A C T C T G C A

In addition the hcxanuclcotide C C G C C C  occurs twice 
w ith in  170-bp upstream of the cap site of the C A III gene 
and in one case is an exact inverted complement of the

Spl binding decanucleotide jG G G C G G ^ ^ y

(Fig. 3). The core sequence C C G C C C  occurs twice in the 
SV40 genome and is thought to be part of the binding 
site for the Spl transcriptional factor. This m otif has 
been found in the 5' region of a number of eukaryotic 
genes (for review, sec Kadonga et al. 1986), and M artin i 
et al. (1986) have noted the occurrence of m ultiple  
copies in the promoter regions of several housekeeping 
genes and suggest that it is part of a regulatory system 
that defines their constitutive expression. Such rationale 
does not account for these sequences in C A III, since this 
gene is not expressed constitutively.

The sequences flanking the cap site of the C A III gene

bp
2 4 0 -
2 1 7 -

18 0 -

160-

122 -

9 0 -

6 7 -

*

M 1 C T A G

Figure 4. Analysis of the 5' end of the CAIII m R N A .  RNase 
protection mapping using as probe a B a l \ -E c o R l fragment ex
tending from the 5' end of the protein coding sequence to an 
£coRI site 191 bp upstream of this position. (Lane 1) £. coli  
t R N A ;  (lane 2) m o u s e  muscle total R N A ;  (lane 3) rat muscle 
poly(A)+ R N A ;  (lane 4) h u m a n  fetal muscle poly(A)+ R N A ;  
(lane 5) h u m a n  adult muscle poly(A)+ R N A ;  (lanes C T A G )  di- 
deoxy sequencing reactions of the 191-bp B a l l -E c o R l probe 
cloned into M 1 3 m p l 8 ; (lane M )  MspI digest of pBR 3 2 2  D N A ,  
32P-end-labeled and used as marker; (lane P) labeled probe with 
attached (50 bp) pSP65 sequences.

are highly G /C  rich. A 469-bp sequence extending from 
- 3 1 7  to + 152  contains 65% G + C (compared with  
40% for bulk D N A ) and contains 32 CpG and 49 GpC  
dinucleotides (Fig. 4). This sequence has many of the 
characteristics of the Hpdll-tiny-fragment (HTF) islands 
of nonmcthylated CpG-rich D N A  reported by Bird et al. 
(1985). It has been proposed that the CpG-rich sequences 
arc peculiar to housekeeping genes (Bird 1986). However 
this view is gradually being eroded by the identification 
of CpG islands in tissue-specific genes such as the ret
inol-binding protein (d'Onofrio et al. 1985), the Thy-1 
antigen (Kolsto et al. 1986), a-globin (Bird et al. 1987), 
and now C A III.

M ethylation  of CpG  residues in and around the CAIII 
gene

Several lines of evidence suggest a role for D N A  m ethyl
ation in eukaryotic gene regulation and, broadly 
speaking, two different patterns of methylation seem to 
be implicated. First, analyses of CpG sites that are 
widely spaced in and around a particular gene indicate 
that most tissue-specific genes are nonmcthylated in 
tissues where they are expressed and heavily methylated 
in nonexprcssing tissues and in germ line cells (for re
view, see Yisraeli and Szyf 1984). However, for CpG
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sites which occur in clusters at the 5' end of genes near 
the origin of transcription (HTF islands), a rather dif
ferent situation seems to be emerging (for review, sec 
Bird 1986). Here it is predicted that the CpG clusters rep
resent regions of the genome consistently protected 
from methylation by bound factors and that they w ill be 
nonmcthylated in germ cell D N A . There is also evi
dence showing that methylation of the CpG clusters in 
activates the associated gene. Methylation of cytosine in 
CCG G sequences can be investigated using the CpG 
mcthylation-sensitive enzyme Hpall and its CpG rneth- 
ylation-inscnsitive isoschizomer Mspl. Published data 
derived using methylation-sensitive restriction enzymes

/HJ2*I m/m m /m m/m m /m m /m m /m m /h

B. bp 1 B§ bp

j-
»»•*

404—  *+

&  — 330
309—

190—  U  — ■

160—  M  

1*7—  •

Bgjaw — 133

122—  -

90—

m  -»6
76—  fef

67- -66

1 I 1M 0.6 I 3.*
2.6

Figure 5. T h e  M s p l - H p a l l cluster at the 5' end of the CAIII 
gene. (A) M a p  of the M s p l - H p a l l sites in the 3.4-kb Hi/idM 
fragment. T h e  0.6- and 2.8-kb fragments derived from the 3.4- 
kb fragment by £coRI digest are s h o w n  below. (B) Restriction 
fragment patterns seen after Mspl digestion of the 3.4-, 2.8-, and 
0.6-kb fragments, 32P-end-labeling, and electrophoresis on a 
6.5% nondenaturing acrylamide gel. T h e  w e a k  components 
seen in the 2.8- and 0.6-kb tracks are due to partial digestion. 
Lane M  is a 32P-end-labeled Mspl digest of p B R 3 2 2  D N A .

are commonly confined to the widely spaced CpG sites. 
The clustered CpGs are characterized by closely spaced 
sites and the digested fragments are often small (50 -  150 
bp) and more difficult to analyze by conventional 
Southern blot analysis (Bird et al. 1985).

In the present study a total of 13 M spl-H pall  sites 
have been identified by a combination of sequence anal
ysis and restriction enzyme mapping of subcloned frag
ments (Fig. 1). Four sites are in the 3' half of the gcne; 
two occur in exon 6 separated by 8 bp, another in intron 
6, and the fourth in the 3'-flanking region 2 kb down
stream of exon 7. There is a single site in the distal 5' 
region, 4 kb upstream of the cap site. The remaining 
eight sites are clustered in a 1074-bp region (sequence 
and Mspl sites given in Fig. 3) which includes exon 1 and 
a region 5' to it (Fig. 5A). The positions of these closely 
spaced sites were confirmed by Mspl digestion of the 
3.4-kb H indlll fragment, pCA3.4 (Fig. 1), and its constit
uent 2.6-kb and 0.6-kb £coRI fragments (Fig. 5A). The 
sizes of the constituent Mspl fragments (Fig. 5B) agree 
exactly w ith  those expected from the sequence (given in 
Fig. 3). The M sp l-H p a ll sites are numbered 1 -11  in Fig.
1 (excepting the most 5' site, which is not discussed) for 
easy reference. Since the two sites in exon 6 are very 
close, they are referred to collectively as 9.

M ethylation  of clustered CpG sites

Using a subcloned 3.4-kb H ind lll fragment from X2.2 
pCA 3.4 (Fig. 1C) as probe, a preliminary analysis has 
been made of the pattern of methylation in the CpG-rich 
cluster at the 5' end of the C A III gene, M spl-H pall  sites 
1 -8 . H in d lll-M sp l or H in d lll-H p a ll digestion of human 
D N A  gives rise to a major fragment of 2.3 kb hybridizing 
to the probe that represents the H indlll-M spl  fragment 
immediately adjacent and upstream t() the Mspl site 1 
(Figs. 5A and 6A). The size of this fragment does not vary 
among the adult tissues studied or during muscle devel
opment (Fig. 6A). This implies that the most 5' site at 
position -6 2 2  relative to the cap site, is always un- 
methylated in tissue D N A  irrespective of gene expres
sion. Using the probe labeled to high specific activity 
(109 cpm/jjig) and long exposures (10 days) of autoradio
graphs, smaller fragments from the cluster (Fig. 6B) can 
be detected. The most prominent is about 350 bp and 
shows a size variation between Mspl and Hpall digests 
in noncxpressing adult tissues and in fetal muscle D N A  
but not in adult muscle D N A . This size variation is very 
small, between 20 and 35 bp, and was best resolved after 
electrophoresis on 1.3% agarose gels. In addition, tissues 
that never express C A III exhibit a fragment of about 600 
bp in H in d lll-H p a ll digests that is more weakly seen or 
absent from the H in dlll -M sp l  digests. This fragment is 
much more intense relative to the 350-bp fragment in 
placenta, liver, and kidney than in fetal or adult muscle. 
An invariant fragment of about 250 bp is seen in digests 
of all human D N A  samples. D N A  fragments smaller 
than 250 bp were not detected in these experiments, al
though very recent studies using denaturing acrylamide 
gels and an electroblotting procedure indicate that frag-
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ments of around 100 bp and 60 bp are present in most 
tissue D N A  tested (data not shown). Firm identification 
of the various D N A  components should emerge from a 
detailed analysis using fragment-specific probes derived 
from the 3.4-kb H ind lll fragment. However, one possible 
explanation for the preliminary findings presented here 
is that the 350-bp fragment lies between sites 7 and 8 
and the small variation in size seen in nonexpressing 
tissue D N A  and in fetal muscle D N A  arises by m ethyl
ation of site 8 (+  448 bp) and a concomitant increase in 
size of 28 bp (sec Fig. 5A). The 250-bp fragment could lie 
between sites 6 and 7 and the 600-bp fragment between 
site 6 and the 3' H ind lll site. If this is the case then it is 
proposed that site 6 ( - 1 1 2  bp) is also unmethylated in 
D N A  from all tissues irrespective of C A III expression. 
Site 7 ( +  118 bp) is at least partially methylated in non
expressing tissue but is apparently less methylated in 
adult and fetal skeletal muscle. If sites 2, 3, 4, and 5 were 
methylated, a fragment of 509 bp would be expected in 
the Hpall digests. Since this could not be clearly identi
fied in any D N A  tested, it may be that at least some of 
these other sites are unmethylated in all tissues.

Although we stress that other interpretations can be 
made of these preliminary data, it appears that the most 
3' of the C C G G  sites in the CpG cluster (Mspl 7 and 
Mspl 8) are methylated in a variable manner associated 
w ith  lack of gene activity. A t least two sites in the 
cluster, Mspl 1 and Mspl 6, appear to be methylation free 
not only in D N A  from tissues that express or have the 
potential to express C A III, but in all tissues irrespective 
of whether C A III is expressed or not. A similar observa
tion has recently been reported by Kolsto et al. (1986) 
from studies of the tissue-specific gene Thy-1 in trans
genic mice. Here, the CpG island of a microinjected 
m ouse-hum an hybrid Thy-1 gene remained m ethyl
ation free in all tissues, whether the hybrid gene con
struct was expressed or not. It has very recently been 
shown that the CpG cluster around the transcription 
start site of the human a-globin gene is nonmethylated 
in all tested tissues, including sperm, and furthermore 
sites upstream of the pscudo-a gene are also nonmcthy
lated m sperm D N A  (Bird et al. 1987). These findings 
prompt the proposal that while methylation-free CpG  
islands may be prerequisite for gene transcription they 
are, alone, not sufficient for gene transcription.

M ethylation  of nonclustered CpG  sites  
Using the C A III cD N A  as a probe, the methylation pat
tern of the widely spaced C CG G  sites 9, 10, and 11 (Fig. 
1) has been investigated. Comparison of the Mspl and 
Hpall restriction fragment patterns (Fig. 7) w ith  the 
C A III genomic map provides data for each site. For ex
ample H in d lll-H p a ll digests of adult liver and kidney 
D N A  do not exhibit a 3.2-kb fragment seen in the Hin
d ll l -M sp l  digests (Fig. 7B, kidney not shown). This frag
ment is replaced in the H indll l -H pall  digests by one of 
5.2 kb. This suggests that sites 10 and 11 are fully m eth
ylated at the inner C of the C CG G  site in liver and 
kidney D N A . Similarly, the presence of the 4.2-kb frag
ment in the same H in d lll-H p a ll digests indicates that 
site 9 is at least partially unmethylated. The presence of

an intact 9.4-kb H indlll fragment in the Hindlll-Hpall 
digests and a 10.0-kb EcoRI fragment in the EcoRI-  
HpuII digests indicates that sites 9, 10, and 11 are fully 
methylated in white blood cell (wbc) D N A  (the H in d lll- 
Mspl, H in d lll-H p n ll digests of wbc D N A  are not shown 
in Fig. 7). In contrast, patterns indicating no methylation 
at the inner C of sites 9, 10, and 11 were found in adult 
skeletal muscle. These observations are compatible with 
the view that there is an association between gene ac
tiv ity  and reduced methylation and that at least two 
CpG dinucleotides in the 3' half of the C A III gene arc 
implicated. The doublet of bands at the 3.4-kb position 
in the H in d lll-M s p l digests and the 5.5-kb band in the 
EcoRI-M spI digests may indicate that site 11 is partially 
methylated at the outer C of the tC G G , site, since Mspl

v___ / v___ i \___ / v___ j c.
lOwk 18wk 24 wk adult adult

fetal muscle muscle liver

B  !’ ft * bp

**■ m * m

5 i 1

—  350

—  250

15wk 24**k
fetal muscle

adult 
muse le

adult 
I Iver

adult
kidney

placenta

Figure 6. Restriction fragment patterns seen after digestion of 
D N A  from h u m a n  adult muscle, liver, and kidney, placenta, 
and fetal muscle at various times during development (weeks). 
T h e  D N A  w as digested with Hindlll prior to digestion with 
Mspl (lanes M )  or H p a l l (lanes H). A  32P-labeled 3.4-kb Hindlll 
fragment (see Fig. 5) was used as probe. (A) T h e  2.3-kb Hindlll— 
Mspl fragment seen after 2 days exposure of the autoradiograph, 
(fi) Smaller fragments detected using the probe labeled to high 
specific activity (109 cpm/p.g) and after exposure of the autora
diograph for 10 days.
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Figure 7. Restriction fragment patterns seen after digestion of 
D N A  from h u m a n  adult muscle, liver, and white blood cells 
(wbc), placenta, and fetal muscle at various times during devel
o p m e n t  (weeks). T h e  D N A  was digested with £coRI (A) or H in 
dll l  [B], prior to digestion with M sp l (lanes M )  or Hpall (lanes 
H). 32P-labeled CAIII c D N A  was used as probe.

is sensitive to methylation at this site. This methylation 
does not appear to correlate w ith expression since it 
occurs in D N A  from all the tissues analyzed. Placental 
D N A  is relatively undermethylated at the nonclustered 
CpG sites in the C A III gene (Fig. 6A) and this is consis
tent w ith the low methylation estimated in bulk pla
cental D N A  (47% placenta, 70 -80%  other tissues) (for 
review, see Razin and Cedar 1984).

In line w ith  studies on other tissue-specific genes (see, 
for example, Turcotte et al. 1986), it was expected that 
the increasing levels of C A III during muscle develop
ment would be accompanied by changes in D N A  m eth
ylation at the nonclustered CpG sites. However muscle 
D N A s at 10, 18, and 24 weeks gestation show m ethyl
ation patterns virtually identical to each other and to the 
C A III nonexpressing tissues (Fig. 7B). There are at least 
two possible explanations for the apparent absence of 
demethylation in fetal muscle D N A . First, C A III expres

sion in fetal muscle may be confined to a m inority popu
lation of fibers w ith  relatively high C A III activity, pre
sumably the type I fiber precursors. Since there are only 
a few recognizable type I fibers (1 .5 -2 .5% ) at 20 weeks 
gestation (Colling-Saltin 1978), their contribution to the 
D N A  sample might not be detected against a back
ground of non-CAIII-expressing, methylated D N A . A 
second possibility is that poor D N A  demethylation may 
be intrinsic to muscle and may reflect the low incidence 
of cell division in this tissue. The major wave of mitosis 
in the developing muscle is over before myoblast fusion 
and thereafter there arc very few m itotic events. Since 
demethylation in eukaryotes is thought to be dependent 
on the prevention of methylation of newly replicated 
D N A , this low level of mitosis may lead to an unusually 
long delay between gene expression and demethylation. 
It is not clear how the donations of nuclei from undiffer
entiated satellite cells to the growing fiber (Schultz 
1985) would affect this picture.

The apparent absence of methylation at sites 9, 10, 
and 11 in adult muscle D N A  was also unexpected since 
it implies that D N A  from the CAIII-expressing type I, 
slow, fibers (40 -50%  in adult muscle) and the non- 
CAIII-expressing type II, fast, fibers (50 -60%  in adult 
muscle; Dubowitz 1985) must be equally undermethyl
ated. It is possible that this pattern of methylation is 
related to the fiber type plasticity that can be observed 
when muscle is exercised or artificially stimulated. In 
these conditions there appears to be some transforma
tion of preexisting fibers from one type to another (for 
review, see Salmons and Henricksson 1981; Pette 1984) 
w ith  accompanying changes in the expression of fiber 
type-specific genes (for example, see Pette 1984; Rubin
stein et al. 1978; W illiam s et al. 1986). Thus, the under- 
methylation of C A III D N A  in type II fibers may reflect a 
potential for C A III expression in this cell type.

Materials and methods

G en era l  m e t h o d s

High-molccular-weight D N A  was prepared by standard tech
niques (Maniatis et al. 1982) from 10 grams of flash-frozen 
tissue or from leukocytes. Poly(A)+ R N A  was isolated from 
adult h u m a n  limb muscle removed during amputation and 
from flash-frozen postmortem rodent muscle (Lloyd et al. 
1986). Southern blot hybridizations were performed in the pres
ence of dextran sulfate using GeneScreen Plus membranes. 
D N A  fragments used for hybridization probes were purified by 
agarose gel electrophoresis and clectroclution. 32P Labeling of 
D N A  fragments was performed using the oligonucleotide 
primer meth o d  (Feinberg and Vogelstein 1984).

D N A  sequences were determined by the dideoxy chain-ter- 
mination m e t h o d  of Sanger et al. (1977) and Biggin et al. (1983). 
A  2.2-kb £coRI fragment (pCA2.2 in Fig. 1C) containing exons 1 
and 2 and a 3.4-kb Hindlll fragment (pCA3.4 in Fig. 1C) were 
sequenced in full. These fragments were sheared by sonication 
(Deininger 1983), end-repaired using the Klenow fragment of 
D N A  polymerase 1, and fragments 400- 9 0 0  bp long recovered 
by agarose gel electrophoresis. Fragments were ligated into the 
S m a l  site of M 1 3 m p 8  or m p  18 R F  D N A  and transfected into £. 
co l i JM101. Sequences across intron-exon junctions were de
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termined using selected fragments subcloned into M13mp8 or 
mp 18 (Fig. 1A).

RNase protection assay

A 191-bp BflII-£coRI fragment from pCA3.4 (Fig. 1C) was sub- 
cloned into the Smal site of pSP65 and the cloning orientation 
determined by sequence analysis. Five micrograms of double- 
stranded plasmid DNA was dissolved in 10 p.1 of 7 mM  Tris (pH 
7.5), 7 mM  MgCl2, and 50 mM NaCl. Two microliters (5 ng) of 
the pSP65 dccanuclcotide primer (Bethesda Research Labs) was 
added and the DNA-primer mix placed at 100°C for 5 min. 
After rapid cooling on ice, sequence reactions were carried out 
as described. Plasmids that transcribed to give an antisense ver
sion of the insert DNA were linearized at the Hindlll site and a 
single-stranded RNA probe transcribed in the presence of 
[a-32P]UTP (Melton et al. 1984). RNA (10 jxg) in hybridization 
buffer was mixed with an excess, 2.5 x 10s cpm, of probe. Hy
bridization and RNase protection were carried out as described 
(Melton et al. 1984). RNase-resistant fragments were resolved 
on 7 M urea, 6% polyacrylamide gels.
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A  c D N A  for the m o u s e  carbonic anhydrase, CAIII, has been isolated f r o m  a 
Xgtl 1 expression library. T h e  cloned c D N A  contains all of the coding region 
(777 bp) a n d  both 5' untranslated (86-bp) a n d  3' untranslated (217-bp) 
sequences. T h e  coding sequence shows 87 %  h o m o l o g y  at the nucleotide level 
a n d  91 %  homology, w h e n  a m i n o  acid residues are compared, with h u m a n  
CAIII. Protein a n d  m R N A  analyses s h o w  that C A I I I  is present at low levels 
in cultured myoblasts a n d  is abundant in adult skeletal muscle a n d  in liver. 
T h e  m a r k e d  sex-related differences in C A I I I  distribution, described for rat 
liver, are not seen in the mouse. Restriction fragment length polymorphisms 
MJ/rtgTaqI a n d  PstI are described which distinguish between  Mus spretus a n d  
Mus musculus domesticus.

KEY W O RD S: X gtU ; evolution; horm onal regulation; m yoblasts; isoelectric focusing; D N A  
polym orphism.

INTRODUCTION

Carbonic anhydrase (CA; EC 4.2.1.1.) is a widely distributed enzyme in the 
animal and plant kingdoms. It catalyzes the reversible hydration of carbon 
dioxide and in mammalian species is believed to have an important role in the 
maintenance o f ionic balance and acid-base homeostasis. Numerous isoforms 
of CA have been identified and current evidence strongly suggests that as
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m any as seven separate genes determ ine C A  in vertebrate species (for reviews 
see Tashian and H ew ett-E m m ett, 1984; Dodgson et al., 1988).

C A I, C A II, and C A III have been characterized extensively at the 
protein level. In addition, D N A  sequences com plem entary to the m R N A s for 
human C A I, C A II, and C A III (Barlow et al., 1987; M ontgom ery et al., 1987; 
Lloyd et al., 1985) and m ouse C A I and C A II (C urtis, 1983; Fraser and 
Curtis, 1986) have been cloned. A m ino acid and nucleotide sequence ho
m ologies indicate that these genes have arisen by duplication events during 
evolution (H ew ett-E m m ett et al., 1984; Fraser and Curtis, 1986). Further
more, in man all three genes have been assigned to the sam e region of 
chrom osom e 8 (V enta et al., 1983; Edwards et al., 1986a, b; Davis et al., 1987; 
N akai et al., 1987) and in other species, m ouse, guinea pig, and macaque 
m onkey, there is evidence for linkage between C A I and C A II (Carter, 1972; 
D e Sim one et al., 1973; Eicher et al., 1976).

There are, however, quite distinct differences in the tissue patterns of 
gene expression o f  these three C A  isoforms. Thus, for exam ple, CAI is 
abundant in erythrocytes and found at low levels in the gastrointestinal tract 
and salivary glands (Tashian, 1977; K upulainen, 1981; H ennigar et al., 
1983). C A II is also a prominent protein in erythrocytes but occurs at 
m oderate levels in a w ide variety o f  other tissues (T ashian, 1977; S ly  et al.,
1983). In contrast, C A III is confined to red skeletal m uscle in m an and most 
other m am m als (K oester et al., 1977; H olm es, 1977; Carter et al., 1979). An 
unusual situation occurs in the rat, where C A III is expressed in liver as well as 
m uscle, but the am ount o f  C A III protein found in the liver is apparently 
determ ined by the sex o f the anim als, since m ales show 10-fold higher levels 
than fem ales (Jeffrey et al., 1986).

W e have recently undertaken a series o f  experim ents using transgenic 
m ice, designed to identify structural elem ents o f the hum an C A III gene which 
m ay be im portant in the tissue-specific pattern o f  gene expression. As a 
prerequisite to such studies it was essential to have som e knowledge o f the 
distribution o f C A III in the host m ouse tissues and to identify probes which 
would distinguish between the m ouse and the hum an gene products and DNA  
sequences. In this paper we report the isolation o f  a m ouse C A III cD N A  and 
the determ ination o f  its nucleotide sequence together with studies on the levels 
o f C A III protein and m R N A  in different m ouse tissues. T he c D N A  probe has 
also been used to identify restriction fragm ent length polymorphism (RFLP) 
differences between inbred strains o f  m ice as a prelim inary to detailed linkage 
analysis.

M A TER IA LS A N D  M E T H O D S  

m RN A Preparation and Northern A nalysis

M ouse tissues were frozen in liquid nitrogen and stored at — 70°C . R N A  was 
prepared after precipitation in 4  M  LiCl and 8 M  urea and p o ly (A )+ RNA
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obtained by passage through an oligo(dT) column as described previously 
(Lloyd et al., 1985). m R N A  was denatured in glyoxal, separated in a 1.1% 
agarose gel (Thomas, 1980), and transferred to a nylon (Pall Biodyne) 
membrane. Hybridization was carried out according to the manufacturer’s 
instructions using the 32P-oligolabeled (Feinberg and Vogelstein, 1984) mouse 
CAIII cD N A  (recombinant pCAIIIM.7; see Results) as probe. Membranes 
were washed in 0.2 x  SSC, 0.1% sodium dodecyl sulfate (SD S) at 50°C and 
autoradiographed at -- 70°C.

RNase Protection Assay

An EcoRI-P^/I fragment from the mouse CA1I1 cD N A  encompassing all of 
the 5' untranslated region and about 100 bp of coding sequence of CAIII was 
subcloned into the vectors pSP64 and pSP65 by standard techniques. Single- 
stranded R N A  probes were transcribed from these templates (“antisense” 
64/M C A  and “sense” 65 /M C A ) in the presence of [a-32P]UTP as described 
by Melton et al. (1984). Samples of 5 ng  of total R N A  in hybridization buffer 
were mixed with 2.5 x  105 cpm of probe. Hybridization and RNase digestion 
were carried out at 45 and 30°C, respectively, as described previously (Melton 
et al., 1984). Protected fragments were resolved on 7 M urea, 6% polyacryl
amide gels, which were dried and autoradiographed at — 70°C.

cDNA Library in the Vector Xgtl 1

m RNA from hind-limb adult mouse muscle was used to construct a cDNA, 
library in the expression vector Xgtl 1 using the protocols described by Huynh 
et al. (1985). The library was 90% recombinant and contained 2 x 105 
independent recombinants before amplification. The library was screened 
with an antibody specific to rat muscle CAIII (a generous gift from Dr. N . 
Carter, St. George’s Hospital, London).

Southern Blotting

High M r D N A  prepared from livers of various mouse strains was a generous 
gift from Dr. J. Peters (M RC Radiobiology Unit, Chilton). D N A  samples (10  
fig) were digested with various restriction enzymes and separated on 0.8% 
agarose gels in a Tris-borate-EDTA (TBE) buffer. D N A  was transferred by 
passive blotting (Southern, 1975) to nylon membranes (Gene-Screen Plus) 
which were hybridized in the presence of 10% dextran sulfate at 65°C. The 
32P-labeled mouse CAIII cD N A  was used as probe.

Nucleotide Sequence Analysis

Intact mouse CAIII cD N A  and various fragments obtained by restriction 
enzyme digestion of the cD N A  were subcloned into M 13m pl8. Single-
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stranded D N A  isolated from recombinant M 13 phage served as a tem plate for 
the dideoxy-chain termination sequencing method o f Sanger et al. (1977) and 
Biggin et al. (1983).

Electroblotting and Immunodetection

Proteins from aqueous extracts o f mouse tissue (1:2, w:v) were separated 
either by SD S-polyacrylam ide gel electrophoresis (PA G E) using 16% poly
acrylamide gels or by isoelectric focusing (IE F ). The IEF gel was 1 mm thick 
and contained ampholines (LK B) in the ranges pH  3 .5 -1 0 , pH  5 -7 , and pH  
7 -9  at a ratio of 13:20:100, respectively. Separation was achieved by 
electrophoresis for 30 min at 300 V, 10 m A, followed by 60 min at 1000 V, 10 
mA, and 75 min at 1500 V, 10 mA. Proteins separated by SD S-PA G E  and 
IEF were transferred from the gel to nitrocellulose membranes (Schleicher 
and Schull) by electroblotting in 20% (v /v ) methanol in 20 m M  T ris/150  m M  

glycine, pH  8.3. Filters were blocked and probed with antibody exactly as 
described by Lloyd et al. (1985).

R ESULTS

Sequence Analysis o f the M ouse CAIII cDNA

N ine candidate CAIII recombinant clones were identified by screening the 
mouse muscle cD N A  library. One o f these, XCAIIIM .7, was shown to contain 
a 1-kb mouse cD N A  insert. The insert D N A  was subcloned both into the 
plasmid vector pUC8 (pC A IIIM .7) and into M 13m p l8 . The restriction map 
of the CA III cD N A  and the strategy used for obtaining the nucleotide 
sequence are shown in Fig. 1. The sequence (Fig. 2) comprised the entire

»_ 100-bP i

E A  A A A E
u 1 1 . ' ' . 1P P S

Fig. 1. R estriction  m ap  o f insert cD N A  from  p C A IIIM .7  an d  sequencing stra tegy . A rrow s 
ind icate  end points an d  d irection  o f  sequencing. A , Avail; E , £ c o R I; P , Pstl; S , Ssll.
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35 70 '> • k  « •
Mo CAIII AKEWGYARHNGPDHWHELYPIAKGDNQSPIELHTKDIKHDPSLQPWSASYDPGSAKTILNNGKTCRWFD 
Hu CAIII .......S .......... F.N...E......... ..............V...G...................

105 1^0•• • • * • •
Mo CAIII DTYDRSMLRGGPLSRPYRLRQFHLHWGSSDDHGSEHTVDGVKLAAELHLVHVNPRYNTFGEALKQPDGIA 
Hu CAIII ..............PG.......................................... K ___ K..... R ____

175 210• • • • «••• • •• »
Mo CAIII VVGILLKIGREKGEFQILLDALDKIKTKGKEAPFTHFDPSCLFPACRDYWTYHGSFTTPPCEECIVWLLL 
Hu CAIII .I..F....H.N F .................. K ................. Q ..................

2H5

Mo CAIII KEPMTVSSDQMAKLRSLFSSAENEPPVPLVGNWRPPQPVKGRWRASFK 
Hu CAIII ..................L ............ S ....... INN........

Fig. 3. A  com parison o f th e  am ino  acid  sequences o f m ouse and  hum an  C A III . O nly 
those residues in the hum an  w hich d iffer from  those o f th e  m ouse a re  given. A sterisks 
ind icate  those residues w hich a re  postu lated  to  occu r in th e  active-site region.

The length of 3' untranslated sequence in this mouse CA III cD N A  (214  
bp) appears to be markedly shorter than the equivalent region in the human 
cD N A  (877 bp). However, a comparison o f electrophoretic mobilities o f  
mouse and human m R N A  after Northern analysis suggests that the two 
m R N A s are closely similar in size, about 1.7 kb. The most likely explanation 
for these observations is that the mouse cD N A  reported here is an abbreviated 
form of CAIII m R N A  whose termination is signaled by the nonconsensus 
polyadenylation signal, A A U A A C . This implies that there is another more 
readily used polyadenylation signal some 600 bp further 3'. M ultiple polyade
nylation signals have been reported in mouse CAI and human C A I, C A II, and 
CAIII (Fraser and Curtis, 1986; Barlow et al., 1987; Lloyd et al., 1985). Both 
rabbit and rat CAIII m R N A s are also about 1.7 kb and thus it seems likely 
that the major CAIII m R N A  in most mammalian species is characterized by 
a long 3' untranslated region o f about 900 bp.

Expression o f M ouse CAIII

A range of adult mouse tissue extracts was analyzed by isoelectric focusing 
(IEF) and by SD S-polyacrylam ide gel electrophoresis (SD S-P A G E ). The 
gels were electroblotted onto nitrocellulose and CA III protein was detected  
using a specific antibody. After IEF (Fig. 4A ) two isoforms, C A III and 
CAIIF, were detected which correspond to the monomeric and disulfide 
bridged dimeric forms, respectively. The CAIII' isoform could be converted to
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50 100
Mo gaagaacgggacctgcgtgacgtgggtgactggagcaagaaagagcaggagctgtccagcgctgagaaacacgaaaggtgaccATGGCTAAGGAGTGGGG 
Hu ac.ctgcacca.gc.ggg..ag..a.agcaggagc..tcc..o.cgga.g....c........C..........

150 200
Mo CTACGCCACCCACAATGGTCCTGATCACTGGCaTGAACTTTATCCAATTGCCAAAOGGGACAACCAGTCACCCATTOAACTOCATACTAAAGACATCAAG 
Hu ........T C....... C............... TO---A..... G.... A....... 0....... G.................. C.

250 300
Mo CATGACCCCTCTCTGCAGCCCTGGTCAGCATCTTATGACCCTGGCTCTGCTAAGACCATCCTGAACAATGGGAAGACCTGCAGAGTTGTGTTTGATGATA ' 
Hu .......T,......... A.... T.TG....... TGG........ C............. T.............. C...... A.........

350 400
Mo CTTATGACAGGTCTATGCTGAGGOGTGGTCCTCTCTCTCGGCCCTACCGACTTCGCCAATTCCATCTTCACTGGGGCTCCTCTGATGACCACGGCTCTGA 
Hu ......T A ....... A. .G........ C..G.A................ G..T................ T..G.... T..T.......

450 500
Mo GCACACCGTGGACGGAGTAAAATACGCTGCTGAGCTTCACCTGGTTCACTGGAATCCAAGGTATAACACCTTTGGAGAGGCTCTGAAGCAGCCTGATGGC 
Hu ...........T.... C. .C..T..A..G....... TT............ C. .O.A........T... AA.. .A. .C......... GC....G

550 600
Mo ATCOCTGTGGTTGGCATTTTGCTGAAGATAGUACOGGAOAAAGGCGAGTTCCAGATTCTTCTTQATGCCTTGOACAAAATTAA0ACGAA0GQCAACGAGQ 
Hu ........A......... T............ AT T ......... T.C.... A...... G....... A............

650 700
Mo CCCCTTTTACACACTTTGACCCATCATGCCTGTTCCCTGCTTGCCGGGACTATTGGACCTATCACGGCTCCTTCACCACGCCGCCCTGCGAGGAGTGCAT 
Hu .G. .C..C...A.G..........C G- .A......... C.......C..G.... A.......................A...

750 600 
Mo TGTGTGGCTGCTGCTCAAAGAGCCCATGACTGTGAGCTCAGACCAGATGGCCAAGCTGCGCAGCCTCTTCTCCAGCGCAGAGAATGAGCCCCCGGTGCCT 
Hu ....... G..G.......... C....... T ...................G..... C...... T..T....C....... A.....

850 900
Mo CTGGTGGGGAATTGGCGCCCTCCTCAGCCTGTCAAGCGCAGGGTGGTGAGGGCCTCCTTCAAGTAAggctctgagcttgccctcttcgggcaagaaactc 
Hu ..T...A.C..C A A A... .TAA........... A. .T...... .A.......gctg.a.ottg.o. .cttcagg.a.ggaaa

950 1000
Mo tgcccctgaagagcctgcttgtctcctcctgtgctccctactccaagctgtccgacgaacacctagggaagaggagaagcagtcacatgcaaccgcagtg 
Hu ccta..attg...agcttggt..cttg...c.t..ggtgctctt.ct.caagtetattt..tt.ttcc.cact...e.atgaatgtga.ag.tgtggtca

1050
Mo cottttgacatgatctcacccagaagcatgaatttcacacctaacattcttaataaecacctgttetaf
Hu ..aagatctga.t.acttgttga...a.a.ttac.tt.ga.a.gato.aa..tg..agcata.a.t.continues for a further 676bp

Fig. 2. A com parison o f the  nucleotide sequences o f mouse (M o) and hum an (H u ) C A III 
cD N A . O nly those bases in the  hum an w hich are  different from  those in the mouse are shown. 
T he  coding sequence is in uppercase lettering , and  the noncoding in lowercase. T he putative 
polyadenylation signal a t the 3 ' end of the cD N A  is underlined. T he hum an cD N A  sequence is 
taken  from  Lloyd et al. (1986, 1987).

protein coding region (777 bp), a 5' untranslated region (83 bp), and a 3' 
untranslated region (214 bp) including a poly(A) tail (A; N  = 13).

The mouse CAIII cD N A  nucleotide sequence and derived amino acid 
sequence are compared to those of human CAIII in Figs. 2 and 3, respectively. 
The coding sequences show an 87% homology at the nucleotide level and a 
slightly greater homology, 91%, when amino acid residues are compared. The 
mouse sequence shows 24 amino acids which are different from those found in 
human, but of these, 13 are identical to residues found in cither the horse or 
the ox sequences and do not include any of the 30 residues known to be 
important in the CAIII active site (marked with an asterisk in Fig. 3).

It is not certain from the study of this single cD N A  clone whether the 
mouse CAIII 5' untranslated sequence is complete. However, it extends 24 bp 
further 5' than the complete human sequence (Lloyd et al., 1987). Nine of the 
eleven nucleotides immediately proximal to the coding region are conserved 
between the two species.
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CAIII by pretreatment with a sulfhydryl reducing agent such as 5 mM 

mercaptoethanol (Fig. 4A ), although this procedure was not routinely carried
out.

The pattern of distribution among different mouse muscles appears to be 
related to the fiber-type composition and is in good agreement with earlier 
immunohistochemical studies made in rat (Wistrand et al., 1987) which 
suggest that CAIII is confined to slow-twitch type 1 muscle fibers. For 
example, high levels of CAIII are seen in the gastrocnemius (G A S), soleus 
(SO L), and anterior tibealis (A T ), whereas CAIII protein is not detected in 
the massetter (M A S) (Fig. 4B). In the mouse the SO L contains mostly type 1 
fibers, and the G A S and AT a mixture of types 1, 2A, and 2B fibers, whereas 
the M AS contains solely type 2A fibers. Heart muscle is structurally and 
ontologically distinct from skeletal muscle and showed no CAIII expression.

CAIII protein was not found in other major organs such as the spleen, 
kidney, and lung (not shown) but occurred at a relatively high level in the liver 
(Fig. 4B). Both CAIII and CAIIF isoforms were detected and were indistin
guishable in p\ from those of skeletal muscle. A careful comparison of extracts 
of male and female liver prepared in an identical fashion and containing very 
similar amounts of total soluble protein (Fig. 4C) did not reveal any 
significant sex-related differences in the levels of CAIII detected by either 
immunoblotting (IEF; Fig. 4B) or protein staining (SDS-PAG E; Fig. 4C).

 ̂m f^  ̂m   ̂ m  f /

6 4 /MCA GAS HT L IV  MS M GAS HT LIV MS 6 5 / MCA

Fig. 5. Five m icrogram s o f  total R N A  from various m ale  (m )  and fem ale  (0 m ouse tissues 
was analyzed  in an R N a s e  protection assay. G astrocnem ius,  G A S ;  cardiac m uscle,  HT; liver, 
LIV; m assetter , M S . R N A  hybridized to the “ an tisen se” probe ( 6 4 / M C A )  is on the left, and 
R N A  hybridized to the “ sen se” probe ( 6 5 / M C A )  on the right. End-labeled A/j/>I-digest 
fragm ents o f  p B R 3 2 2  were used as markers.



M ouse Carbonic Anhydrase Hi 25

CAIII  actin

CAIII

MB MT

Fig. 6 . ( A )  C A III  polypeptide detected  in extracts  o f  cultured m y o 
blasts ( M B )  and m yotu bes  ( M T )  differentiated in cu lture after S D S -  
P A G E , electroblott ing, and im m unodetect ion  using a specific antibody.
(B )  N orthern  an a lys is  o f  m R N A  from the m ouse m yogen ic  cell line, G 8 ,  
before ( M B )  and after ( M T )  in v i tro  differentiation in cu lture using the  
m ethod described by W alsh  and Phillips ( 1 9 8 1 ) .  Either m ouse CAI I I  
c D N A  or hum an actin  c D N A  (G illesp ie  et al. ,  1984) was used as  
probe.

Analyses of CAIII R N A  levels by R N ase protection assays using total 
R N A  from different mouse tissues were in good agreement with the protein 
data (Fig. 5). N o protected fragments were seen using the “sense” probe; 
however, the “antisense” probe detected a protected fragment of 185 bp in 
skeletal muscle and liver m R N A  but not in heart and massetter m R N A . It 
was interesting to note that as in the protein studies, no sex-related differences 
in the levels of CAIII m R N A  were observed in either muscle or liver m R N A  
(Fig. 5).

Muscle CAIII expression is not confined entirely to differentiated 
skeletal muscle cells but is present at low levels in precursor muscle cells as 
judged by analysis of protein extracts and m R N A  prepared from the 
undifferentiated myoblasts of the mouse cell line G8 (Fig. 6). Fusion of cells 
and myotube formation induced in culture (Walsh and Phillips, 1981) does 
not appear to increase the level of either CAIII protein or m R N A . This is in 
contrast to the muscle contractile proteins such as myosin, tropomyosin, and 
actin, which show changes in levels of activity and isoforms, associated with 
myotube formation (for review see Emerson et al., 1986); see, for example, the



switch from nonmuscle (2.2-kb) to a-skeletal muscle (1.6-kb) actin m RNA in
Fig. 6B.

DNA Polymorphisms in Inbred Strains of Mice

D N A  from several strains of Mus musculus domesticus (C 57B L /6 , SDH, 
D B A /201a , 129 /SV ) and two Mus spretus lines (M SP15 and M SP16) was 
analyzed by Southern blotting after restriction enzyme digestion using the 
mouse CAIII c D N A  as probe. 129 /S V , C 5 7 B L /6 ,  and D B A /2  are inbred 
strains and SD H  is derived from Peru-Coppock (wild-caught mice). Mus 
spretus interacts as a sympatric species but can be interbred under laboratory 
conditions. Polymorphic variation was seen using both TaqI and Pst 1, which 
distinguished between the D N A  from Mus spretus and that from all the other 
mouse lines (Fig. 7). After Taq\ digestion the M SP15 and M SP16 DNAs 
showed bands at 5.0, 4.8, 2.0, and 0.9 kb. In D N A  from the other lines the 
0.9-kb fragment was apparently replaced by one of 1.3 kb, presumably by loss 
of a Taq\ site. After Pstl  digestion the M SP15 and M SP16 D N A s showed 
bands at 4.3, 4.0, and 0.8 kb, while in the D N A  from the other mouse lines the

Taq I
tt** : >■ ■■ vr*.

\
. —  S.

•• v. ;r/vv v ■

if *'
k ' V-

. ■

- 0-9

1 ■ v ••*...rfeX* >SKaS1

kb

- 4 3
- 4-0

- 2-3

- 1-3

- 0-8

Fig. 7. Restriction fragm ent patterns seen after d igestion  o f  m ouse spleen D N A  using either 
T a q \  or P s t \ .  T h e  sam ples  were (a )  M S P 1 5 ,  (b)  M S P 1 6 ,  (c )  D B A / 2 0 1 a ,  and (d)  1 2 9 /S V .  
/ / / W i l l - d i g e s t e d  X D N A  and / / a e l l l - d ig c s t e d  0 X 1 7 4  D N A  were used as m olecular size 
markers.
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4.0-kb band was apparently replaced by two fragments o f 2.3 and 1.3 kb (and 
presumably a 0.4-kb fragment not hybridizing to the cD N A ). This fragment 
pattern suggests the presence o f two additional Pstl sites in the M .  m. 
domesticus  D N A s.

DISCUSSIO N

W e describe for the first time the nucleotide sequence of mouse CA III 
m R N A . Comparisons with coding nucleotide sequences already published 
(Fraser and Curtis, 1986) show that this m R N A  is 62 and 63% homologous 
with mouse CAI and CAI1, respectively. Sim ple pairwise comparison of  
amino acid residues gives a 55% homology with both C A I and CAI I protein 
sequences. O f the 30 residues known to be involved in active-site interactions 
(H ewett-Em m ett et al., 1984), 17 are conserved in all three isozymes, 4 are 
conserved between CAIII and CA II, and 4 others are conserved between 
CAII and CAI but no others are conserved between C A III and CAI; the 
remaining 5 residues are different in each protein. These observations are in 
keeping with comparisons of the amino acid sequences determined for the 
human (Lloyd et al., 1986) and ox (H ewett-Em m ett et al., 1984) isozymes. 
The mouse (and human) CAII and CAIII sequences are both one amino acid  
shorter at the N-term inal end and have an amino acid missing at position 126, 
and each has an extra Lys at the C terminus compared with CAI. The overall 
data from the amino acid comparisons point to less divergence between CAIII 
and CAII than between CAIII and CAI.

Details o f the chromosomal organization o f the mouse carbonic anhy
drase genes have yet to be established. Breeding crosses using a mouse line 
with a translocated chromosome 3 have suggested that the CAI and CAII 
gene loci are within 1.5 cM , close to the centromere on this chromosome 
(Eicher et al., 1976). A t present there are no data on the localization of the 
mouse CAIII locus, although all three genes in man are known to be clustered 
on the long arm of chromosome 8. The restriction fragment length polymor
phisms described in this study should facilitate the determination o f the 
linkage relationships o f CAIII to the other CA loci in the mouse.

The distribution o f CAIII among the tissues o f the mouse is very similar 
to that reported for the rat. In contrast to the strict skeletal muscle specificity 
found in man and other mammals, both o f these rodent species show moderate 
levels o f CAIII in the liver. Close similarities in the immunological character
istics and amino acid sequence of a 15-residue peptide between the CAIII 
proteins in liver and those in muscle have led to the proposal that these 
isozymes are identical (Carter et al., 1981). These studies do not exclude the 
possibility that two genes are involved which determine closely homologous 
proteins. This type of genetic arrangement is exemplified by the actin gene
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family. Alpha skeletal actin and cardiac actin proteins differ by only 4 of 375 
amino acid residues (Vandekerckhove and W eber, 1978) but are encoded by 
distinct genes on chromosomes 1 and 15, respectively, in man (Gunning et al.,
1984). The R N A se protection assay data described in this paper are rather 
more definitive and indicate that the liver and m uscle m R N A s are identical in 
their 5' untranslated sequences. S ince these sequences are not generally highly 
conserved within gene fam ilies, it seem s likely that a single gene encodes both 
isozymes. However, the data could still be com patible with the occurrence of 
two closely linked genes undergoing sequence exchange [as, for example, in 
the case of the a-globin genes (Liebhaber et al., 1981)].

In mouse and rat the liver is sexually differentiated such that males and 
fem ales differ in the production o f certain plasma proteins, steroid metaboliz
ing enzymes, steroid binding proteins, and membrane-bound hormone recep
tors (for review see Gustafsson, 1983). Differences in the secretory rhythm of 
growth hormone (G H ) are thought to be responsible for at least some of these 
sex-dependent functions (M ode et al., 1982; N orsted and Palmiter, 1984). For 
example, it has been shown that the induction o f the mouse major urinary 
protein (M U P ) m R N A  depends upon the episodic bursts o f G H  release found 
naturally in the male mouse, whereas in fem ales, which have a more 
continuous secretion o f G H , M U P  m R N A  is not induced (see Fig. 4C). 
N orm al male rats have hepatic C A III concentrations 10 -20  times those in 
fem ales. Studies o f rats which have been hypophysectomized or infused with 
GH have led to the proposal that G H  is also an important factor in the control 
of C A III synthesis (Jeffrey et al., 1985). However, in this study we were not 
able to find any significant difference between m ale and fem ale mouse livers 
in the levels o f either C A III protein or m R N A . Since the G H  secretory 
rhythms in rats and m ice are very similar, it appears that the relationship 
between GH secretion and C A III expression in the rat must be complex and 
involve some other factors such as secondary hormones or hormone receptors 
which differ in m ice and rat tissues.

NO TE A D D ED  AT PROOF

A twelve base pair block of com plete homology CTTG CCCTCTTC is 
found between the mouse and human cD N A s in proximal portion of 
3'untranslated region.
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The fatty acid binding proteins (FABPs) are small polypeptides (14-15 kDa) 
which bind long chain fatty acids. It is proposed that FABPs enhance the 
cellular uptake and transport of fatty acids and target them to specific 
metabolic pathways. At least three structurally distinct FABPs have been 
identified in rodent tissues and named liver, ilrtrestinal and heart after 
their initial site of detection. [For review see Heuckeroth, R.O. et al. 
(1987) J. Biol. Chem. 262, 9709-9717]. In the mouse several heart (H) FABP 
gene sequences have been identified by Southern analysis using a rat cDNA 
as probe. The sequence given here is for one H-FABP mRNA isolated from a 
mouse skeletal muscle cDNA library in Xgtl1 by antibody screening. Three 
positive recombinant clones were identified but these were identical as 
judged by restriction mapping and sequence analysis. This finding may 
indicate that only one of the H-FABP sequences is expressed and that the 
others may be pseudogenes.

1 10 20 
Met Ala Asp Ala Phe Val Cly Thr Trp Lys Liu Val Asp Sir Lyl Asn Phi Asp Asp Tyr Hit Lya Sir Leu Cly

CGCCTCCTC1LTCATCGCACCATO CCO CAC CCC TTT CTC COT ACC ICC AAO CIA CTO CAC ACC AAO AAT TIT OAT CAC TAC ATO AAO TCA CTC CCT

30 AO 50
Val Cly Phi Ala Thr Arc Cln 111 Cly Sir Hit Thr Lys Pro Thr Thr lit 111 Clu Lys Asn Cly Asp Thr 111 Thr lie Lys Thr Gin Ser
CTG CCC TTT CCC ACC ACC CAC CTC GGT ACC ATG ACC AAC CCT ACT ACC ATC ATC GAO AAO AAC CCO GAT ACT ATC ACC ATA AAO ACA CAA ACT

60 70 90
Thr Phi Lys Asn Thr Glu 111 Asn Phe Gin Leu Gly lie Clu Phi Asp Clu Val Thr Ala Asp Asp Arg Lys Val Lys Ser Leu Val Thr Leu
ACC TTC AAG,AAC ACA CAG ATC AAC TTT CAG CTO CCA ATA GAG TTC CAC CAO CTC ACA CCA CAT CAC CCC AAG CTC AAO TCA CTG CTC ACG CTO

90 100 M O
Asp Cly Cly Lys Leu 111 His Val Cln Lys Trp Asp Cly Cln Clu Thr Thr Leu Thr Arg Clu Leu V»1 Asp Cly Lys Leu H e  Leu Thr Leu
CAC CCA CCC AAA CTC ATC CAT CTG CAC AAG TCG CAC CCC CAG CAG ACC ACA CTA ACT ACC CAC CTA GTT CAC GCC AAA CTC ATC CTC ACT CTC

120 130 
Thr His Gly Ser Val Val Sir Thr Arg Thr Tyr Glu Lys Clu Ala
ACC CAT GCC ACT GTG GTC ACC ACT CGG ACT TAT GAG AAG CAG CCCTGACCTCCCTCCTCCCTCACTGACCCCCCCCGCTCCTCTCCCAACTGCCXACCCCTCACCTCAG 

CACCATGCTCCCTCATGCTTTTCCCCTCTCACATTTTCTATAAACATTCTTGCGTTGCCATTTTTCTCCACATACCGGCCATCACCCTCCACCCAGTTCCTACTATGTATCTGGTTTATTTTT

TAAAACTCTATCCAAAGCCTGCTCCAAGCTCAATIAAGCAGAACCAACCCCA, „  „-----  (ni25>
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At least s ix  separate genes determ ining tissue- and 
organelle-specific isoform s of carbonic anhydrase are  
know n. We have determ ined the chrom osom e location  
of one o f these genes, carbonic anhydrase-3 (Car-3) in 
the mouse and carried out a lin k age analysis o f  Car- 
1, Car-2, and Car-3. Car-3 has been assigned to band 
3A 2 by in situ hybridization. We identified a P s f l  re
striction fragm ent length polymorphism between Mus 
spretus and Mus mus domesticus and, by using an in 
terspecific backcross, show ed that Car-3 is 2 .4  ± 1.7% 
SE from both Car-1 and Car-2, calcu lating genetic  
distance as percentage recom bination. No recom bi
nants w ere found between Car-1 and Car-2 in 100  
backcross offspring, and when these data are combined  
w ith earlier results, these two loci are estim ated to be 
1.2 cM from each other at the 95% confidence interval. 
The three homologous carbonic anhydrase loci in man 
had earlier been assigned to 8q 2 2 , and the finding o f  
linkage o f Car-3 to Car-1 and Car-2 in the m ouse adds 
a further locus to the conserved segm ents on mouse 
chromosome 3 and human chromosome 8 . o i89o Academic
Press, Inc.

The zinc metalloenzymes known as carbonic anhy
drases occur widely in nature and catalyze the rapid 
and reversible hydration of  C 0 2. T h e activity is im
portant in respiratory function, fluid secretion, and 
maintenance of cellular acid/base homeostasis. At least 
six separate genes determining tissue- and organelle-

1 To whom all correspondence should he addressed.

specific isoforms have been identified (for review see 
Tashian and Hewett-Emmett, 1984; Femley, 1988).
cDNA for three of the mouse isoforms, Car-1, Car-

2 (Curtis et al., 1983; Fraser and Curtis, 1986), and 
Car-3 (Tweedie and Edwards, 1989), has been cloned, 
and nucleotide sequence comparisons show 62-63% 
homology across the protein coding region, confirming 
that these genes have arisen by gene duplication.
In man all three genes have been assigned to the 

center of the long arm of chromosome 8q22 (Venta et 
al., 1983; Edwards et al., 1986a,b; Dariv et al., 1987; 
Nakai et al., 1987). The close linkage of mouse Car-1 
and Car-2 to each other and to the centromere of chro
mosome 3 was reported 13 years ago (Eicher et at., 
1976), but there are no data concerning the chromo
some location and linkage relationships of mouse Car- 
3. This paper describes the assignment of mouse Car-
3 to chromosome 3 by in situ hybridization using the 
cDNA (pCAIIIM.7) as probe and the linkage analysis 
of Car-1, Car-2, and Car-3.
All mice used were from stocks maintained at the 

MRC Radiobiology Unit.
Hemolysates were prepared by lysing 10 /d of washed 

red cells in 40 p\ of 0.003 M EDTA (disodium salt). 
One part of skeletal muscle was homogenized in three 
parts of distilled water, and cleared supernatant was 
prepared by centrifugation at 10,000 rpm for 10 min. 
Analysis of carbonic anhydrase by cellulose acetate 
electrophoresis and isozyme detection were as described 
by Whitney (1984), except that electrophoresis was 
carried out for 45 min instead of 30 min.
High-molecular-weight DNA was prepared from 100- 

to 500-mg mouse spleen samples using an Applied Bio-

W)1 oxHM-7ri-vi/W) *:un>
C o p y rig h t HMMI liv A r i id e m ir  I’m-sk. I n r .  

A ll r ig h ts  i»l' r e p rn d iii 'tin n  in  a n y  fo rm  re se rv e d .
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F IG .  1. Electrophoretic separation of  carbonic anhydrases from 
skeletal muscle on cellulose acetate plates. CAR-2A and CAR-2B  
have similar mobilities on this system. (1) M. spretus; (2) SDH; (3)  
C 3H /H eH ; (4)  SDH. CAR-1 is not seen in skeletal muscle.

Both carbonic anhydrases-1 and -2 were scored by 
cellulose acetate electrophoresis of hemolvsates. Car
bonic anhydrase-3, found in skeletal muscle hut not in 
red cells, has an electrophoretic m obility close to that 
of C A R -2  (Fig. 1) and was invariant in M. spretus  and 
all the M. m. dom esticus  strains tested, viz, C B A /H , 
C 3 H /H e H , C 5 7 B L /6 J , D B A /2 0 1 a /e , H R S /J , IS/Cam , 
J U /F a C t, S D H . S M /H ,  SVVR /O la, T F H , 101/H , and 
1 2 9 /S V -S L J-C P /e . Thus, it was not possible to assess 
the linkage relationships of all three carbonic anhy
drases by protein analysis alone.

However, when D N A  from the inbred strain 101/H  
and M. spretus  was analyzed by Southern blotting using 
various restriction enzymes, a P s t l  polymorphism that 
is characterized by D N A  fragm ent sizes o f 4.3, 2.3,1.3, 
and 0.8 kb in 1 0 1 /H  and 4.3, 4.0, and 0.8 kb in M. 
spre tus  was found (Fig. 2). T h e  F] hybrid pattern was 
a simple m ixture of those shown by the parents and 
was identical in both sexes. These observations are 
compatible w ith  the occurrence of a lternative alleles 
at an autosomal locus. T h e  allele carried by 101/H  has 
been designated Car-.T and that carried by M. spretus 
Car-3b. As 1 0 1 /H  carries C a r - la and Car-20 while M. 
spretus  carries C a r - lh and Car-21, as determined bv 
electrophoresis, these mice were an ideal system for 
testing the linkage relationships between Car-1, Car- 
2, and C ar-3.

systems 340A D N A  extractor according to the m anu
facturer’s instructions, w ith  typical yields o f 100-500  
pg.  D N A  samples (10 pg) were digested w ith  the re
striction enzyme P s t l  and separated on 0.8% agarose 
gels in T r is -b o ra te -E D T A  (T B E ), pH  8.3, buffer. D N A  
was transferred by passive blotting (Southern, 1975) 
to nylon membranes (GeneScreen Plus) which were 
hybridized in the presence of 10% dextran sulfate at 
65°C . T h e  1JP-labeled mouse c D N A  (p C A IIIM .7 ,  
Tw eedie and Edwards, 1989) was used as probe.

Chromosome preparations were obtained from the 
bone m arrow (Ford, 1966) of male mice homozygous 
for the reciprocal translocation t(2 ;3 )24H  w ith  cyto- 
logical breakpoints at 2E2 and 3H1 (Searle et al., 1979). 
T h e  32 product is readily recognized in m itotic cells, 
even w ithout G-banding, as it is longer than the longest 
mouse chromosome, chromosome 1. Slides were treated 
as described by Lyon e t al. (1986) and hybridized with  
insert c D N A  from p C A IIIM .7  labeled by nick trans
lation using [3H ]d C T P  to a specific activity of 8.2 X 10' 
c p m /p g  D N A . Slides were developed at intervals be
tween 14 and 25 days, and G bands were induced by 
incubation for 7 -15  minutes in 2X SSC at 60°C  
(Adolph et al., 1987). Thus, grains were located and 
counted on G-banded chromosomes.

kb

&  fcf **

H  ftt M  

• *  C P  *•

- 2 - 3

- 1 - 3

-0-0
V.
Mus spretus

-/101 /H  FI 101/H F 1 101/H

F IG . 2 .  T he  P.sfl restriction fragment patterns seen after diges
tion of  DNA from M us spretus, M us mus musculus 101/H, and the 
F| heterozvgote. T he  prohe is T - lahe led  cD N A  insert from p('A- 
IIIM.7.
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For linkage analysis, crosses were made between 101/ 
H  females (C a r - la Car-20 Car-3°/Car-l°  Car-2° Car-3°)  
and M . spre tus  males (C a r - lb Car-2C Car-3b/C a r - lb Car- 
2° Car-3b) and then F! females (Car-1° Car-2° Car-30/  
C a r-lb Car-2f Car-3/3) were backcrossed to 101 /H  males. 
No recombinants were found between Car-1  and Car- 
2 out of a to tal of 100 backcross olfspring, indicating  
th a t these two loci are between 0 and 3.6 cM  of each 
other at the 95% confidence level. D N A  was available 
from 83 of the backcross offspring and these were typed 
for Car-3. Typ ical results are shown in Fig. 3. T h e  re
sults o f the th ree-po int test are shown in Table  1. Tw o  
recombinants were found between Car-3  and Car-1 and 
Car-2, giving a recom bination frequency of 2.4 ±  1.7%.

A fte r in s itu  hybridization a total of 134 grains over- 
lying all chromosomes were scored in 80 m itotic cells

probed w ith  ‘H -labeled  Car-3  cD N A . O f these, 41 
(30.6% ) were overlying one or both 32 markers. Using  
estimates o f relative chromosome length from the 
standard karyotype o f the mouse (C om m ittee on S ta n 
dardized Genetic Nom enclature for M ice, 1972) com 
bined with data on banded karyotypes (N esb itt and 
Francke, 1973) and assuming random grain distribution  
over all chromosome regions, 8.3% o f grains would be 
expected to overlie the 32 markers in the male m itotic  
cells scored. In  fact, nearly four times this frequency 
of grains was found, and 51% of these grains (2 1 /4 1 )  
were located in band A2 just distal to the centrom eric  
region (Fig. 1), allowing localization of Car-3  to the A2  
band of chromosome 3.

T h e  finding o f no recombinants in 100 backcross 
offspring between Car-1 and Car-2  supports the data

kb

« ... M  «•
-4-0

* '*r. V- - 1 - 3

■-"j * • ’’. • ■ -7.
* •>■-

sfe ~°'8
" f e .

Car-3 b - a  a b-a b -a  b-a b -a  a b-a 
phenotype

r: ts i f -  5  — — 4-3
— 4 0

Car-3 b-a b-a b -a  a b-a a a b -a  
phenotype

FIG . 3 .  T he  P stl  restriction fragment patterns seen in the F-, mice. The probe was insert cD N A  from pCAIIIM.7 and the CAR-.? phenotypes  
are indicated. The bottom half o f  this figure shows that it was possible to score these mice simply by the presence or absence o f  the 4.0-kb 
fragment.
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of Eicher et al. (1976), who showed no recombinants 
in 209 backcross offspring. When both sets of data are 
combined, the two loci are within 1.2 cM of each other 
at the 95% confidence interval. The homologous loci 
in man are also likely to be closely linked because 
physical mapping using pulsed-field gradient gel elec
trophoresis shows that CAI and CAII may be between 
27 and 350 kb apart (Venta et al, 1987) and CAI and 
CAIII maximally 160 kb apart (Kearney et a l, 1987).

It seems likely th a t both Car-1 and Car-2 are also in 
band A2 in which we have placed Car-3 by in situ hy
bridization, because the linkage data show that the 
three loci must be very closely linked. This position, 
close to the centromere, also supports the findings of 
Eicher et al. (1976), who observed only 6.98 ±  2.6% 
recombination between Car-1, Car-2, and the centro
mere.

There is now evidence for a t least 50 conserved seg
ments among human and mouse autosomes repre
sented by groups of two or more loci (Searle et al, 1989). 
The finding that Car-3 is linked to Car-1 and Car-2 in 
the mouse, as in man, adds a further locus to the con
served segment found in the center of the long arm of 
human chromosome 8 and the proximal region of 
mouse chromosome 3. The extent of linkage conser
vation between mouse chromosome 3 and human 
chromosome 8 is confined to the carbonic anhydrases 
at present and is of the order of 1 cM in length. How
ever, few markers have been assigned to the proximal 
region of mouse chromosome 3, and until this part is 
more densely mapped any estimate of the length of the 
conserved segment must be considered very approxi
mate.

TABLE 1

R ecom bination o f Car-1, Carbonic A nhydrase-1; 
Car-2, Carbonic A nhydrase-2; and Car-3, 

Carbonic A nhydrase-3

Parental mating: Car-1" Car-2'  Car-3'/Car-lb Car-2T Car-:ih 9 
X  C ar-/4 Car-2' Car-3'/Car-l' Car-2' Car-3' 6

Progeny genotype

Progeny class Car-1 Car-2 Car-3 Number

Nonrecombinant aa aa aa 36
ba ca ba 45

Single recombinant
(Car-1, Car-2)-Car-3 aa aa ba 1

Total
ba ca aa I

83

Recombination RF ± SE (%) 
(Car-1, Car-2)-Car-3 2/83 2.4 ± 1.7

T24H

• •••• •• •
3-i

__3

2

FIG . 4 . Distribution of the 41 silver grains observed to overlie 
the long 3* m arker chromosome of t(2;3)24H. T he translocation 
breakpoint is shown by the arrow.

The homolog of Car-1 and Car-2 are also linked in 
the guinea pig (Carter et a l, 1972) and in pigtail ma
caques (Do Simone et a l, 1973), and as ('ar-3 is linked 
to Car-1 und ('ar-2 in both mice and men, it seems 
probable that linkage conservation al Car-1, Car-2, and 
Car-3 is widespread among mammals.
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