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Abstract.

The mechanism by which B-agonists induce skeletal muscle hypertrophy is

belicved largely to be through a reduction in protein degradation. These growth
promoters are also known to effect the activity of the calcium dependent proteinases
(calpains) and their specific endogenous inhibitor calpastatin. The changes in activity
appear to be toward a decrease in the calpain system’s proteolytic potential. In this study
attempts were made to determine whether the altered activity of the enzymes and inhibitor
were brought about by induced changes in gene expression, as reflected by altered levels
of specific mRNAS.

Various strategics were employed to generate oligonucleotide and cDNA probes
to calpain I and I and calpastatin which would detect their respective mRNAs in L.dorsi
total RNA samples originating from a bovine growth trial using the B-agonist cimaterol.

Semi-quantiative measurements of specific mRNAs using Northemn blot analysis

were related to enzyme and inhibitor activities. In addition B-agonist-mediated effects on

muscle RNA and expression of actin and myosin light chain 2 mRNAs were determined.
Using a human calpain cDNA specific hybridization was detected for bovine
calpain IT mRNA, which increased by 34% in the L.dorsi of cimaterol treated animals,

similar to the increase in the enzyme activity, 28%.

A novel bovine-specific calpastatin cDNA was generated by the polymerase chain
reaction and sequence analysis allowed comparison to those already published for other
species. Using this PCR cDNA as a probe multiple calpastatin mRNAs were detected in
cattle L.dorsi, as had been observed in rabbit. The predominant mRNA increased by
160% in cimaterol treated steers compared to a 76% change in inhibitor activity.

These changes were in contrast to the essentially unchanged response of muscle

total RNA and actin and myosin light chain 2 specific mRNAs in treated animals.

The implications for the calpain system in B-agonist-induced hypertrophy are

discussed.
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Chapter 1. Introduction,

This thesis examines the calcium activated neutral proteinase, calpain, of skeletal
muscle and its possible role in muscle growth. Calpain is associated with an endogenous
specific inhibitor calpastatin and their activities are ubiquitously distributed in the tissues
of mammals where there is differential expression of the calpain isoforms, calpain I and
11.

Calpains are involved in particular proteolytic events in cells cleaving membrane,
cytoskeletal and contractile proteins along with various enzymes. Calpain does not
appear to be a general catabolic enzyme; its role, if any, in muscle protein tumover may
be to initiate protein degradation by cleaving specific proteins. As calpain is
nonlysosomal, active at neutral pH, and regulated by its own calcium sensitivity it is a
good candidate for a trigger thereby beginning a chain of proteolytic degradation events
or irreversible “‘activation’ of proteins. Although there are other proteinases involved in
nonlysosomal proteolysis, including pathways that are ATP-dependent and the ubiquitin
targeting system which have been described in recent reviews (1,2), this thesis is
primarily concerned with the calpains. Subsequent proteolysis, initiated by calpain,
could then be taken over by other nonlysosomal or lysosomal systems, the latter being a
concentrated environment of several proteolytic enzymes which carry out degradation to a
conclusion.

B-Adrenergic agonists act as repartitioning agents by producing an increase in
skeletal muscle mass and a decrease in fat deposition in livestock. The means by which
they induce muscle hypertrophy is believed to be achieved by suppressing protein
degradation resulting in augmented protein accretion. The rate of protein breakdown
must be dependent on the activities of the proteolytic enzymes. From observations in our
laboratories calpain and calpastatin activity has been associated with this B-agonist
induced skeletal muscle growth., Other proteolytic enzymes may be involved but the
decrease in protein degradation is concurrent with inhibition of the ‘calpain system' by

changes in the activity status of the calpain isoforms and calpastatin. The effects of the



inhibition may be to achieve a decline in the initiating events of proteolysis as described

above.
Experiments carricd out in this thesis were specifically concerned with an

examination of this cfTect, particularly whether B-agonists induce an alteration in gene
cxpression of the calpain system's components which could be responsible for the

changes seen in their activities.



Chapter 2. Litcrature Review.

2.0. Introduction.

In order to comprehend the possible implications of changes in calpain and

calpastatin activity in B-agonist induced skeletal muscle hypertrophy an understanding of
the calpain system is required. The first sections of this review deal with the structure
and the possible activation mechanisms of the calpains along with an examination of
calpastatin and its interaction with and inhibition of the enzyme. The identified substrates
of calpain mediated proteolysis are then discussed with particular reference to those of
skeletal muscle and states of altered protein turnover where the calpain system is thought
to be involved.

A brief review of B-agonist induced skeletal muscle hypertrophy and an appraisal
of studies carried out so far on the relationship of the calpain system to this type of

muscle growth is discussed. Finally there is an examination of the possible means by

which B-adrenergic agonist-mediated induction of cAMP could bring about increases in

the activaties of enzymes and/or protein expression with particular reference to the calpain

system.

2.1.0. The Calpains.

Calcium activated neutral proteinases (CANP), also known as calpains, are
intracellular nonlysosomal thiol (cysteine) proteinases. They have a neutral pH optimum
and are absolutely dependent on calcium ions for proteolytic activity. There are at least
two isoforms of the enzymes with different calcium sensitivities:

Calpain I (0HCANP) activated at pM concentrations of Calt,
Calpain I (nCANP) activated at mM concentrations of Ca2+,

Early purification procedures identified an isoform of calpain from pig skeletal
muscle (3) which required 0.57mM Ca2+ for half maximal activity. This is now called
calpain IT and has been isolated from many tissues across mammalian species and been

identified in fish (4) and crab muscle (5). The second isoform of calpain, calpain I, was



first isolated in canine cardiac muscle and has subsequently been purified in other species
(6,7.8). The distribution of calpain is probably ubiquitous in mammalian tissues and
cells but the activity of the two isoforms varies (9,10). In human and rat erythrocytes
only a calpain I isoform was identified by Murachi et al (9), although it was called calpain
11 by Pontremoli et al (11). With a half maximal activity at a Ca+ concentration of 40-50
1M the erythrocyte calpain would be calpain I by current definition as native calpain 11 is
not active at these calcium concentrations.

In some tissues, like chicken skeletal muscle, where only a calpain 11 type
isoform was reported to be present (7,12), it has subsequently been found that there are
probably three isoforms. They were identified by their calcium requirements for activity
as a calpain 1, calpain Il and a *high® calcium requiring isoform (13). Such variation in
the distribution and activity of the calpain isoforms may be, in pant, due to the presence of
the specific protein inhibitor to calpain, calpastatin, and the autolytic change in the
isoforms, which alter their calcium sensitivity, causing stimulation but ultimately leadto a
loss of activity.

Full understanding of the calpain isoforms will emerge as the genes are sequenced

and the activation charactenistics along with the physiological roles of the isoforms are

descnibed.

2.1.1. The Subunit Structure of Calpain.

Both calpain I and II are composed of 2 subunits to give a heterodimer consisting
of approximately 80 kDa and 30 kDa proteins in each isoform. The 80 kDa large subunit
contains the catalytic capability. The primary sequence predicted from cDNA analysis
was first determined for the chicken skeletal muscle large subunit (14). Subsequently
cDNAs for the calpain I and II large subunits from rabbit and human have been isolated
(15-17). The cDNA sequence of 30 kDa small subunit has also been determined for pig,
rabbit, human and cattle (18-21). The small subunit is common to both isoforms of the

enzyme (22). It follows that the calcium sensitivity of calpain isoforms is attnbutable to

their large subunits.



The 80kDa large subunit.

Both calpain [ and Il contain the same domain structure in their large subunits, as
shown in Figure 1 (23). The large subunit consists of four domains. Domain Il contains
the proteinase activity, identified as the cystcine proteinase type in nature from its
homology’lo the similar enzymes cathepsin B, H and papain (14). The amino acid
residucs responsible for the catalytic activity are cysteine and histidine at positions 108
and 265 in the primary sequence. Domain IV has been identified as the *calmodulin-like’
Cal+ binding domain, as it contains E-F hand motifs which bind Ca2+ (24), similar to
those in sequences like calmodulin, troponin C and myosin light chain (14). Four E-F
hands, cach a helix-loop-helix structure, were identified in the chicken skeletal muscle
calpain and the other isoforms w!:ich have been isolated. Domains I and 11l have no
homology with any othier known protein sequence (23).

Comparison of primary sequences of chicken calpain with both isoforms of
human have shown a high homology across isoforms and species in domain 11 (Table 1).
Domain 1V has variation in sequence homology, which is expected as the domain is
responsible for the calcium sensitivity. Domain III is homologous across the isoforms.
It is suggested that domain 111 links the calcium binding characteristics of domain IV to
the catalytic properties in domain Il (17). Domain I, the amino terminal, differs in size
and homology between calpain isoforms (Table 1). This domain is involved in the
autolytic activation of calpain so homologies may indicate similar activation mechanisms.
The 3J0KDa small subunit.

The small subunit is also divided into distinct domains (Figure 1). The N-
terminal domain V is rich in glycine residues and is believed to be involved in membrane
interaction as it is hydrophobic in nature (25) (Figure 1). The C-terminal domain IV’ is
similar to domain IV in the large subunit (19,23) in that it contains four proposed E-F
hand structural motifs. From site directed mutagenesis studies on the small subunit
domain IV’ the capacity and position of the active calcium binding E-F hands of both

domain IV’ and IV have been identified (26). Of the eight potential sites five are thought

to be capable of binding calcium ions. This had been confirmed in earlier studies where

' The word *homology" is used to indicate that the similarity of the nucleotide and
deduced amino acid sequences of a group of proteins is due to them evolving from a common

ancestral gene.



Figure 1: The domain structure of calpain (23).
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Table 1: Amino acid homology among the calpain large subunits of chicken (14) and the
two isoforms of human (16,17). Taken from Imajoh et al (17).

Homology between

Domuains
Calpain species | | 11 IV  Toal
compared
Humancalpainllvs 51 73 62 48 62
human calpain |
Humancalpainllvs 70 75 64 33
chicken calpain

Human calpain I vs Sl 78 71 65 70
chicken calpain



in chicken calpain 3-6 moles calcium ions bound per mole of calpain (27). Three of the
sites arc occupiced in the large subunit and two in the small. Domain IV’ has also been
identificd as the point of association between the large and small subunit.

The small subunit is clearly involved in the calcium binding of the enzyme, but is
identical in both isoforms (22). Association of calcium ions to the small subunit may
trigger some conformational change in the large subunit leading to its conversion to an
active form as the calcium sensitivity of the enzyme appears to be attributable to the large
subunit,
p9d

Calpains appear to be ubiquitous in their tissue distribution although the isoforms
do vary in their expression. In addition a calpain-like protein p94 encoded by a recently
isolated cDNA from rat and human has been identified as being specific to skeletal muscle
(28). The sequenced cDNA encoded a protein of 821 amino acids of calculated molecular
weight 94kDa, which was homologous to calpain I and II large subunits, 54% and 51%
respectively. Sorimachi et al (28,29) suggested that the protein was calpain large
subunit-like and that it could be divided into four domains with cysteine proteinase and
calmodulin-like binding regions, domain Il and IV. It is not known whether p94 is
associated with the small subunit like the other isoforms. The predictions of the ‘calpain-
like’ nature of the protein was based on its cDNA sequence but it has yet to be isolated as
a functional calcium sensitive proteinase,

The predicted primary sequence of p94 does contain novel stretches which are
inserted into the calpain sequence in domains I, II and 11 (Figure 2). Those into domain
IT and III may affect the possible proteolytic function of the putative enzyme (29). The
domain Il insert between the cysteine and histidine residues involved in enzyme activity
may prevent proteinase action. Interestingly the insertion into domain III has some
pnmary sequence homology to a-actinin and dystrophin (29), so that it may have binding
capability to other proteins . There is also a sequence which is homologous to one in
domain V of the small subunit and thought to be involved in the autolytic cleavage of this
domain. Cleavage in this region of p94 could mean that the enzyme could become



Figure 2: The proposed domain structure of p94 (29).
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dissociated from its calcium binding domain, thereby becoming constitutively active.
The skeletal muscle-specific expression of p94 is of particular interest, if it is a
calpain-like proteinase, as protein tumover is an important metabolic function in the tissue

and a regulating proteinase may have cntical role in muscle growth and metabolism.

2.1.2. Activation of Calpain
Physiological free calcium concentrations within cells are thought to be in the

micromolar range or less (300-1200nM). For calpain I the calcium concentration
required for half-maximal activation is in the range 45-50tM Ca2+ for bovine skeletal

muscle calpain I (32). Bovine skeletal muscle calpain Il needs 700-750uM Ca2+ for

half-maximal activity (32). The calcium dependence values are similar in most specics so
far studied. An obvious question is how does calpain become active at the low calcium
concentrations present jn vivo ?

Autolytic activation of calpains.

Several mechanisms have been proposed for the activation of calpain isoforms by

autolysis in the presence of Ca2+ which decreases their calcium requirement for activity

(23,30-33). Autolytic activation of calpain was first observed in chicken skeletal muscle
calpain. The enzyme reduced its Ca2+ sensitivity from 4001M to 30uM when incubated

with 0.5mM calcium for two minutes at 0°C, as well as showing cleavage of the purified
enzyme duning autolysis on SDS-PAGE (35,36). Autolysis of both calpain isoforms has
been observed; each of the subunits is truncated to a slightly smaller size and their

calcium sensitivity for activation is increased. Calpain Il isoforms reduce their calcium

requirement from S00-10004tM to below 150-1004tM and calpain I from S0 to 0.6-2uM.

During autolysis the small subunit appears to undergo the same pattemn of degradation in
both isoforms as dectermined by SDS-PAGE. Approximately 90 amino acids are
removed from the N-terminal domain V, the molecular weight is reduced by 30% to 18-
20kDa. The autolysis of the large subunits does not appear to be the same in both
isoforms. Calpain Il is not as noticeably reduced in size as calpain I which is cleaved to

approximately 76kDa as determined from SDS-PAGE (30,31). In the rabbit skeletal
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muscle isoforms 27 amino acids are removed from the N-terminus of calpain I, whilst 19
arc cleaved from calpain 11 (30). 1t is the removal of the N-terminal fragment from the
80kDa subunit which gives the change in calcium sensitivity (37).

Autolysis leads to decreased stability of the subunits. Prolonged incubation of
calpain II with high levels of calcium (mM) leads to its eventual degradation with loss of
activity (38). Autolytic activation could alternatively be viewed as the first step in the
removal of calpain activity and a means by which prolonged calpain-mediated proteolysis
is avoided.

The effects of phospholipids on autolysls.

Although the modification of the N-terminus of the small subunit appears not to
afTect the changes in calcium sensitivity of the isoforms (37)1l it does have a function in the
autolytic activation. Autolysis of calpain Il has been shown to take place at lower calcium
concentrations than normally required in the presence of a specific phospholipid. A
reduction from 680 M to 87uM calcium for half maximal rate of autolysis of bovine

smooth muscle calpain Il is seen in the presence of S0M phosphatidylinositol (39).

This effect is negated when the N-terminus of the small subunit is removed, so that it
must be essential for the association of calpain II to the phosphatidylinositol (40). In
liposomes of the phospholipid used for these experiments the binding of calpain Il docs
not require calcium (30,41). However calpain association to biological membranes is

reported to be induced in the presence of calcium (30,42,43). Most of these observations

are on calpain I (42,43). Increases in calcium concentration (1-2uM) lead to membrane

association of the enzyme where it is autolysed to a low calcium requiring form in the
lipid environment (42,43). The association of the erythrocyte calpain I to the membrane
led to an increased degradation of the membrane proteins such as spectrin (43). The
effect of calcium on the calpain II association to biological membranes has not been
studied to the same extent. One of the reasons is that the cells used for the observations
arc relatively easily isolated single cells, such as erythrocytes, which only contain the

calpain I isoform.

11



A proposed mechanism for the activation of calpains.

This was based on the above obscrvations and a proposed mechanism suggested
by Mellgren (49) is described in Figure 3. From jn vitra measurements cytosolic calpain
would not be active at the intracellular free Ca2+ concentration, especially calpain 11, The
enzyme may associate with the phbspholipids in the membranes via the N-terminus of the
small subunit, in a calcium dependent step [1). Autolysis of the large subunit then takes
place in the lipid environment at lower calcium concentration than required in the cytosol,
leading to activation of the enzyme at the membrane [2]). Dissociation from the membrane
is achieved by autolytic cleavage of the N-terminal glycine-rich hydrophobic domain in
the small subunit [3] and [4). This autolysed cytosolic calpain may be active. However
the intracellular free Ca2+ concentration is possibly not high enough for activation of
autolysed calpain. Inactivation of the enzyme is caused by further autolytic fragmentation
[S].

Cytosolic autolysis of calpain 11 is unlikely to occur as the Ca2* concentrations
required are believed to be well above those which are physiological - the mechanism for
the activation of cytosolic calpain I is different and is dealt with in a subsequent section.
In the presence of cytosolic ‘activators’, which lower the calcium requirements for
activation, calpain may autolyse and become active in this environment [6]). The
activators appear to be specific to calpain I1 (45-48) and have been variously identificd as
proteins (45,46), small peptides (47) and a catabolic product of L-leucine,
- isovalerylcamitine (48). The ability of the activators to reduce the calcium sensitivity of

calpain II varies. Some are unable to achieve a high reduction in calcium dependence

(47) so either role in the activation scheme of calpain is questionable.

Further autolysis of the enzyme probably results in inactivation [7].

12



Figure 3: A maodel for the activation of calpain
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The procnzyme theory of calpain activation,

14

Based on the model above it has been suggested that isolated calpains are .

essentially proenzymes which require autolysis for activity, especially calpain 11 (30).
Incubation of calpain Il in the presence of millimolar calcium and substrate results in the
autolytic degradation and a decrease in the calcium concentration required for activity
(32). The calcium concentrations required for the assay of calpain Il activity and also for
autolysis, are equivalent. Acccording to the proenzyme theory the calpain is being
converted to its ‘active’ form at the calcium concentration present, and then is in an
environment where it can be active as a proteinase (30). It is difficult to prove the
proenzyme theory. This might be done by careful kinetic analysis of the rate of
production of proteolytic fragments from the substrate. There would be an expected lag
phase of cleavage whilst the proenzyme is converted to an active state.

For calpain I the procnzyme theory is less clearly defined. Calpain I has been

shown to be active at calcium concentrations below that required for autolysis (31,32).

Bovine calpain I requires SOuM Ca2+ for half maximal rate of activity and 210uM for

half maximal rate of autolysis. In the presence of phosphatidylinositol the half maximal

rate of autolysis was at 150uM.
The effects of membrane associated proteins on calpain I activation,

A different mechanism for the autolytic activation of calpain 1 has been proposed
with the enzyme using membrane proteins as specific binding substrates (33,34,44). In
erythrocytes calpain I association to ‘inside-out’ membranes does result in the
degradation of proteins identified with membranes. The binding of calpain I to the
erythrocyte membranes is thought to be via membrane proteins, as proteinase digestion of
inside-out membranes reduces the degree of calpain I association (44). Removal of
phospholipid by digestion with phospholipases C and A2, as well as incubation with
Triton X-100 failed to affect the calpain I binding (34,44). The lack of a large decrease in
Ca2+ required for autolysis in the presence of phosphatidylinosito! in_vitro (32) of
calpain I (unlike calpain IT) may be because the autolytic activation of calpain 1is achieved

through a different mechanism. The binding of calpain I to membranes is calcium



sensitive (33,43), whereas this effect on calpain 11 is not known. Autolysis of calpain |
does take place on phospholipid depleted membranes at micromolar calclum
concentrations (1.4itM), although changes in enzyme activity were not assessed (34).

It can be concluded that calpain 1 binds via membrane proteins to ‘inside-out’
vesicles (33,34,44). Proteins which are cytosolic substrates for calpain | and also the
inhibitor calpastatin might be expected to inhibit the binding of calpain I to the membrane.
Whether a truncated calpain I trimmed small subunit with no N-terminus will still bind to
biological membranes through this membrane protein/substrate association has yet to be

reported. Cytosolic protein ‘activators® have been identified for calpain 11 (45,46), as yet

none of these ‘activators® have been isolated for calpain I. Membrane associated calpain 1
'binding proteins’ maybe similar to these ‘activators’'.

Since calpain I binding to membranes has been linked with subsequent
degradation of membrane proteins (33,43), autolytic activation by this mechanism would
almost inevitably result in membrane damage. However the requirement for a rise in
calcium concentration for the binding may be a critical factor in regulating this
mechanism. A technical consideration may be that in the system studied the membranes
have been damaged, thereby exposing the membrane associated proteins to
unphysiological proteolytic cleavage jn vitro.

A proposed mechanism for calpain I activation.

From the in vitro evidence discussed above calpain I activation jn vivo may be
different to the mechanism proposed in Figure 3. Figure 4 illustrates a possible activation
scheme for calpain I. It associates with membranes and this is dependent on increased
Ca2+ levels. The association and subsequent activation may be through phospholipid
interaction with the small subunit, but membrane proteins which act as binding/substrate
sites may also be involved [1]. Activation of the membrane associated calpain I in the
presence of calcium involves autolysis of the large subunit [2]. This active fonm then
may degrade its associated binding protein. Binding could be maintained by the N-
terminus of the small subunit, cleavage of this region [3] leading to the dissociation of the

membrane autolysed form [4] which would be active. Further autolysis leads to
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Figure 4: A maodel for the acuvation of calpain |
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inactivation [35).

Autolysis of calpain I in the cytosol requires higher calcium concentrations than
activation of the intact enzyme, so is unlikely to take place. Calpain I may be active in the
cytosol when the local calcium concentration rises above 10gM [6], unlike calpain Il.
Further increases in calcium would probably lead to the eventual degradation of the
calpain [7], possibly via an autolysed active intennediate.

Differences in the calpain I and Il activation mechanisms.

From the |n vitrg observations on the activation mechanisms of calpain 1 and 11
and their differences, Figure 3 is more likely to be true for the activation of calpain II.
This is because the diagram is based on the initial studies on calpain activation which
were carried out on calpain 11.

The association of calpain Il to biological membranes, and its possible calcium
dependence, has not been studied in as much detail as calpain I. Involvement of

phospholipids, especially phosphatidylinositol, appears to be of more significance in
calpain Il autolytic activation (32,39,41). The binding of calpain I to membrane proteins
appears to influence its association to membranes more than phospholipids (33,34,44).
The investigation of the role of these factors in activation of calpain has been
biased to one isoform. Erythrocytes and neutrophils only contain calpain I so the study
of the association of calpain isoforms to membrane proteins was dictated by the cells
used. The interaction of calpain II with biological membranes would ideally need to be
studied on membranes isolated from cells containing this isoform, which is technically

more difficult to achieve than from cells such as erythrocytes. In contrast calpain Il is

more casily isolated in bulk than calpain I and can readily be used in vitro on synthetic

membranes consisting of predetermined phospholipids.
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2.1.3. Summary
Although the proposed proenzyme theory of activation for calpain has been
questioned by some groups working in the ficld, cytosolic calpain Il would still scem to

require a reduction in its calcium requirement for activation to be functional at

physiological calcium levels, even if it is active in its unautolysed state. From the work
of Cong et al (32) calpain I could be active without the nced for autolysis, but an increase
in calcium sensitivity would be required for full proteolytic activity. Local fluctuations of
calcium concentration may reach the lower range needed for native calpain I activation.
Autolysis is the means by which both calpain I and Il can be active at lower
calcium concentrations than their unautolysed states. ]n_vitro studies have shown
autolysis does require higher than physiological calcium concentrations. By associating to
membranes both isoforms can achieve autolysis at reduced calcium concentrations, but
the mechanism by which the two enzymes bind to the membranes appears to be different.

Activity in the cytosol is also affected by factors which are apparently isoform specific,

such as the calpain Il-specific activators. These different activation mechanisms for each

isoform may indicate a different role for their proteolytic action.
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2,2.0, Calpastatin,

Calpastatin is a highly specific endogenous inhibitor to both isoforms of calpain.
It was discovered in rat liver and was reported to be associated with and inhibitory to

calpain activity (50). Calpastatin has subsequently been identified in various tissues but

as with calpain the nélivity of the inhibitor vanies. In skeletal muscle there is usually more
calpastatin than the combined activity of calpain (9). This again raises the question of
how can calpain ever be active in muscle cells ? This will be considered at a later stage in

the review, after first descnbing the characteristics of the inhibitor,

2.2.1. The Structure of Calpastatin.

When isolating calpastatin care has to be taken as the inhibitor is very susceptible
to proteolytic cleavage (50,51). This has led to confusion concemning the exact size of the
inhibitor as determined by SDS-PAGE and its stoichiometry of inhibition, which ranges
from 3-10 mol calpain/mol calpastatin dependent on the tissue from which it was isolated
(30). It scems clear however that a mole of inhibitor will inhibit more than one mole of
calpain (30). From punfication studies calpastatin has been classified into two groups,
liver and erythrocyte types. The erythrocyte type is smaller at 68-79kDa (4,30), whilst
the liver calpastatin s 107-170kDa (30).

The primary structure of the inhibitor has been determined from the cDNAS
isolated from rabbit liver (52), pig cardiac muscle (53) and human liver (54) calpastatin
mRNA, the three consisting of 718, 713, 698 amino acids respectively.

The primary sequence of calpastatin can be divided into five domains, domain L
and domains 1-4 cach being approximately 140 amino acids long. The domains 1-4 are
mutually homologous and have been identified as containing the inhibitory capacity
(Figure 5). The calculated molecular weight for pig calpastatin is 77kDa, whilst its
molecular weight determined by SDS-PAGE gave a value of 107kDa. This discrepancy
between the calculated and the observed molecular weight may be due to post-
transcriptional modification. Such modification was identified in the erythrocyte inhibitor

where N-terminal analysis showed that it was a truncated form of the full length protein.
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Figure 5: The domain structure of calpastatin (53). The diagram shows the
predicted structure of rabbit calpastatin with the positions of
the starting residue of the liver and erythrocyte inhibitors
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The erythrocyte inhibitor starts at residue 290, whilst the liver calpastatin starts at residue
80 of the cDNA encoded primary scquence (30), shown in Figure 5. The erythrocyte
inhibitor thus lacks one of the inhibitory domains, whilst the liver calpastatin contains all
four domains, the L domain being truncated. It is proposed that calpastatin is further
post-transcriptionally modificd to cause the anomalous behaviour on SDS-PAGE which
gives a larger estimation of calpastatin size (30). Uemori et al have suggested that
because calpastatin is rich in proline residucs it is this which affects its mobility on SDS-
PAGE (56).

Identification of the peptide scquence In calpastatin responsible for
inhibition of calpain.

The two groups, led by Suzuki and Murachi, involved in producing the cDNAs
for calpastatin have tried to identify whether each of the homologous domains
individually had inhibitory activity against calpain (57,58). The cloned domains
expressed in E.coli were likely to have no post-translational modifications which may
take place in mammalian cells, but each still retain inhibitory capacity.

Using deletion mutagenesis of domain 3 the regions within a domain required for
inhibitory activity were identified (59). From these studies along with comparisons of
the domain sequences with those within the same primary structure and across specics the
conserved regions indicated in Figure S were determined (60). Deletion of the amino and
carboxyl ends of domain 3 identified regions which when lost lead to a reduction in the
inhibitory capacity of the calpastatin fragment. These regions were predicted to form a-
helical secondary structures, and are conserved across domains and species. Point
mutation substitutions in a region in the middle of the domain identified a ‘central
consensus sequence’. Mutation in this region caused virtual complete loss of inhibitory
activity in the domain fragment. Using the domain 3 fragment the mechanism of
calpastatin inhibition has been postulated to be competitive. Although domain 3 has been
identified as one of the weaker inhibitory domains (60) the observations on the conserved
inhibitory sequence have been confirmed in domain 1 of the calpastatin sequence (56,61).
The assertion that calpastatin is a competitive inhibitor has also been confirmed using a
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synthetic peptide from domain 3 (60).
Subscquent work on the central consensus region has tried to identify the minimal

amino acid sequence required for inhibitory activity against calpain. Such a peptide could

potentially be used as a specific inhibitor against calpain protcolysis. Both Suzuki's and
Murachi's groups have used synthetic peptides and deletion mutations to determine the
minimal consensus sequence with inhibitory capability (56,59-61). When a short peptide
sequence of up to 34 residues was used the inhibition tended to be greater against calpain
11 than calpain I (60), whilst when the complete domain was used the inhibition of the
isoforms was reversed (59). This suggested that calpain I requires the a-helical regions
at the amino and carboxyl termini. The peptide fragments do not contain these
sequences.

Both Suzuki's and Murachi's groups agree that the inhibitory peptide Is based on
the sequence,

Thr-lle-Pro-Pro- X -Tyr-Arg

where X can be vaniable. However this peptide sequence alone is not sufficient to inhibit
calpain activity.

Suzuki's group (60) suggested the basic inhibitory sequence is;

RE
LGXKDXTIPPXYRXLL

Whilst Murachi’s (56) group have suggested a “M-sequence’ of;

RE
LGXKDXTIPPXYR
which lacks three C-terminal residues of Suzuki's sequence. Murachi et al (56)
considered this sequence to be the basic one required in inhibitory peptides. The shortest
peptide with the capability of 50% inhibition of calpain was of 18 residues based on the

above sequence (56). However all the peptides have lower inhibitory activity than the
full length domain fragment (60).
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2.2.2, The Interaction of Calpastatin with Calpaln.
The interaction of calpastatin with calpain requires caleium fn yitrg. The calcium

required for binding is thought to interact with calpain as calpastatin contains no
identifiable calcium binding E-F hand sites (52-54). Kapprell and Goll (62) have shown
that both unautolysed and autolysed isoforms of calpain have different calcium
requirements for their association to calpastatin, jn vitrg. Their observations revealed that
the free calcium concentration required for half maximal association of calpain to
calpastatin is less than that needed for half maximal proteolytic activity of autolysed and
unautolysed calpain II and autolysed calpain 1. For unautolysed calpain 1 the half

maximal calcium concentration for enzyme activity was 34puM, whilst the half maximal
binding of calpain I to calpastatin was at 42uM calcium. The native calpain I could be

active in the range of 10-34uM whilst the other forms would be inactive in the presence

of calcium and calpastatin. This study suggested that autolysed forms of calpain,
although they have a greater calcium sensitivity for activity than the unautolysed

isoforms, would not be active unless calpastatin was removed from their environment.

However jn vivo the interaction of calpain with calpastatin may be affected by factors
similar to those affecting calpain and its autolysis. The involvement of biological and

antificial membranes was not investigated in the study, but this interaction is known to
have a critical effect on calpain activity as described in section 2.1.2. (30,33,39,40). The
question might be asked is calpastatin an effective inhibitor in this membrane
cavironment ?

Calpastatin has been isolated associated to the sarcolemma of cardiac muscle (63).
The affiliation is thought to be through the L-domain of the inhibitor as proteolytically
cleaved calpastatin lacking this domain does not associate with phospholipids (64). The
erythrocyte type inhibitor, which lacks domain L (30), does not bind to the erythrocyte
membrane nor does it bind to phospholipids (63). The L domain interaction is believed
to be through the hydrophobic and basic amino acids which would associate with
phospholipids reported to be *acidic’, phosphatidylinositol /scrine, but not with the so
called ‘ncutral® ones, phosphatidylcholine/ethanolamine (64). Although calpastatin does
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appear to bind to membranes the effect of this on calpain’s activity at the membrane has
not been investigated,
Autolysis and calpastatin cleavage in the calpain.calpastatin complex.
Calpastatin complexed to calpain I and 1l was shown to be fragmented even when
there was sufficient inhibitor present to cause complete inhibition of the enzyme (65).
This suggested that calpastatin was a suicide inhibitor/substrate of calpain This had been
observed earlier by Mellgren et al (66), although they suggested that excess calpain was
required for the degradation of calpastatin. Nakamura et al (65) also found that calpain
underwent autolysis in the calpain-calpastatin complex. However these observations
were made using high calcium concentrations above those required for half maximal
binding of calpain to calpastatin jn vitro, which is below that needed for half maximal
activity of the calpain II isoform. The calcium concentrations used for experiments on

calpain I and Il binding to calpastatin were also above those at which full autolysis of the

isoforms had been observed, 250puM and 6mM respectively (see section 2.1.2.).
Mellgren et al have suggested that autolysis did not take place in the complex (66), but in
their study the observations were from SDS-PAGE which may have not been loaded with
sufficient protein to see the autolytic fragments. Nakamura et al (33) have also reported
that calpastatin will inhibit the binding of calpain I to membranes. However they reposted

that calpain I associates to membranes at approximately 1M (33), well below the half

maximal binding value determined for native calpain I association to calpastatin jn vitro

which was 42itM, in the absence of membranes (62).

How does calpain become active jn_vivg in the presence of calpastatin ?
Although from Kapprell and Goll's study (62) on calpain-calpastatin binding and

its calcium dependence it would appear that most of the calpain activity both native and

autolysed is inhibited jn vitro, native calpain I was active ata Ca2+ range which could be

attainable by local fluctuations of calcium i.c. 10-34uM Ca2+, They also acknowledged
that jn_vivo there may be additional factors that reduce the calcium concentration for

calpain activity below that required for their binding to calpastatin ip vitro. Such factors
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could also be responsible for calpain 1l activation at physiologically attainable levels

which otherwise appear to negate its activity jn vivo.

Such factors or activators were descnibed carlier having been isolated by
Pontremoli et al, and appear to have their effects chiefly on calpain 11 (45,46,48). Some
of the activators are capable of lowering the inhibitory capacity of calpastatin against
calpain Il in yvitra (45,46). Such activators jn Yivo may combine activation of calpain 11
and repression of calpastatin inhibition.

The other criteria of calpastatin-calpain interaction is that they must be physically
in the same location. From the limited immunolocalisation data available this apparently
is the case in muscle cells (31), although the immunofluorescence was not very clear.

Proteolysis of calpastatin may be a critical factor in the modification of the
inhibitory capacity of the protein. Extraction procedures for calpastatin have shown how
susceptible it is (51,67). The evidence that calpastatin is a suicide substrate (65) along
with its proteolytic susceptibility may account for the high levels of calpastatin expression
in cells, generally being much greater than calpain activity. But this could be a means of

overcoming calpastatin inhibition in a localised area of a cell during high calpain activity.

2.2.3. A Proposed Mechanism for Interaction of Calpastatin with Calpain.

Figure 6 shows an illustration of the possible mechanism of calpastatin interaction
with calpain, and thereby the possible means by which calpain may be active jn vivo even
in the presence of calpastatn.

Unautolysed calpain [ could be active in the cytosol when calcium concentrations
reach the lower end of its activity requirement, at approximately 10pM [1]). However if
Jocal calcium concentrations do increase further, above 40uM, this would cause the
association of calpastatin to calpain [2], for both isoforms.

In order for calpain I and I to be active at physiological CaZ+ concentration
association with the membrane is required, as described in section 2.1.2.. The
mechanism of interaction with the plasma membrane and subsequent autolysis may be

different for cach isoform. The autolysed cytosolic calpains released from the
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Figure 6: A proposcd mechanism of calpastatin interaction with calpain.
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membrane are thought to be inhibited by calpastatin without being active [3]). Although
calpain I may be active in the cytosol calpain 11 is not, but it may be activated in this
environment by the association with specific activators. These apparently prevent
calpastatin inhibition but have no effect on calpain I (section 2.1.2.).

Calpastatin can inhibit more than one molecule of calpain (4] but will become
degraded as it is thought to be a suicide inhibitor/substrate. It appears that removal of
calcium from the environment of the calpain-calpastatin complex releases calpastatin
fragments some of which still retain inhibitory activity (65). The implication of this jn
vitro observation jn vivo is not known.

A small proportion of the calpastatin is associated with the membrane through the
L. domain [5]. This membrane-bound calpastatin is believed 1o bind calpain in the
presence of calcium [6) and could act in competition with the membrane binding/substrate
proteins which are involved in calpain | association to the membrane. The exact calcium
concentration at which this takes place is not known nor whether active or inactive
membrane associated calpain will also bind to the inhibitor located on the membrane {7).
Association of several calpain proteins to the membrane bound calpastatin probably leads
to its dissociation from the membrane following the cleavage of domain L from the
inhibitor and further proteolysis of the calpastatin in the cytosol [8).

The model for this calpain-calpastatin interaction and its effect on c:lF'n mediated

proteolysis is based on the observations reported in this review but should/considered as

being speculative.

2.2.4., Summary

Calpastatin is a specific endogenous inhibitor for calpain. Its interaction with
calpain is calcium dependent and the concentration at which the calpastatin-calpain
complex is formed is different for each isoform. From jn vitro observations it appears
that the binding of calpain to calpastatin occurs close to or below the calcium
concentration required for activation. The calcium required for the formation of the

calpain-calpastatin complex is believed to associate with calpain. The enzyme probably
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undergoes a conformational change in order to bind to calpastatin. These regulatory

mechanisms suggest that calpain mediated proteolysis is under tight regulation,
However, {n vivo the inhibitory effects of calpastatin may be affected by other factors

such as interaction with membranes and calpain activators which may allow the loosening

of the inhibition constraints.
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2.3.0. Substrates for Calpain and its Involvement In Protein Turnover.
Calpain substrates can be broadly categorised into groups of;

i) Myofibnllar proteins

i) Membrane proteins

i) Cytoskeletal proteins

iv) Receptor proteins

v) Enzymes.

Many of the substrates for calpain do telong to more than one of these groups. The first

category to be considered is the role of calpain in the degradation of myofibrillar proteins.

2.3.1. Calpain's Role in Skecletal Muscle Myofibrillar Proteln
Degradation.
Myofibrillar protein substrates.

One of the first effects of calpain proteolytic action was indicated in skeletal

muscle protein degradation (3). In isolated myofibrils incubated with calpain Il at mM
calcium concentrations there was removal of the Z-line whose position is shown in

Figure 7. The elimination of the Z-line releases proteins associated with it including &-
actinin, which is not a substrate for calpain, and zeelins that are (68,69). The specific
substrates within the Z-lines which are degraded by calpain and lead to its dissolution arc
not known. Most of the initial studies were carried out using calpain II, however calpain
I is also capable of removing Z-lines from myofibxrils (70).

Yarious punfied myofibrillar proteins have been shown to be calpain substrates
including troponin, tropomyosin and C-protein (71). Isolated myosin is degraded but as
with most calpain substrates it is specifically cleaved in centain positions (72). The large
cytoskeletal proteins titin and nebulin are also proteolytically fragmented (73). These are
thought to be involved in the maintenance of sarcomere structure, the large protein titin
spanning half its length from Z-line to M-line.

Although these myofibrillar proteins are substrates, such studies do not

conclusively prove that they are degraded jn vive. The repeated observations that calpain
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Figure 7: Schematic diagram of muscle myofibnl sarcomere structure,
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degrades Z-lines in myofibrils does suggest its involvement in muscle tumover. By
removing Z-lines and degrading titin calpain could be a means of ‘loosening’ the
myofibnllar structure thereby allowing other proteinases to carry out the major protcolytic
cvents involved in protein tumover of muscle. Calpain has been immunolocalised at the
Z-lines and the surrounding I-bands (74,75), but in other studies It has been seen
distributed throughout the cytosol (31,76) and at the plasma membrane (77). Both
calpain I and 1l have been associated with the specific degradation of numerous
membrane proteins to be discussed in section 2.3.2..

Calpain aclivity in skeletal muscle prolein turnover.,

It is difficult to prove that calpain is involved in the cycle of protein tumover in
skeletal muscle as there are no absolutely specific inhibitors to calpain, apart from the
possible exception of calpastatin which will not penetrate membranes and furthermore is
susceptible to proteolysis. Most of the inhibitors used in the carly experiments to
determine the role of calpain are general cysteine proteinase inhibitors. Although the

specificity of some of the more recent synthetic inhibitors is quiet high the homology of

the cysteine proteinases around their catalytic domain makes ft difficult to obtain absolute
specificity toward calpain (78). This also suggests that in order for calpastatin to be
specific toward calpain there is likely to be some other interaction of the inhibitor with the
enzyme as it is recognized that the synthetic inhibitors associate with the active site of the
enzyme.

An example of use of a cysteine proteinase inhibitor to implicate calpains in
muscle protein tumover was descnbed by Badalamente et al (79) who used the inhibitor
leupeptin to facilitate the recovery of dencrvated muscle after nerve lesion and subsequent
repair. They suggested that it was by inhibition of calpain in the tissue that recovery was
enhanced. However leupeptin is known to be a general cysteine proteinase inhibitor
(78), so that such results do not exclude the role of calpain in muscle degradation but they
do not confirm it unequivocally.

Although calpain is likely to be implicated in muscle protein tumover there are

few definitive results proving its direct involvement. There have been several studies on
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isolated skeletal muscle that relate the calcium activated proteolytic systems in muscle
protein turnover to other protein degradation mechanisms. 1o vilmm protein turnover
cxpcrimcnis are difficult 1o interpret as they use cysteine proteinase inhibitors and/or
calcium ionophores to indicate that calpains are part of the increased calcium induced
proteolysis (80-82). While Rodemann et al (80) reached the conclusion that calpain was
not involved in general proteolysis, Zeman ct al (81) and Furuno et al (82) drew the
opposite conclusion. The differences in the studies arc usually caused by lack of
consénsus on the specificity of the inhibitors and whether they reach all the sites of
calpain activity, Overall the use of methods to increase free calcium leads to the elevation
of protecolysis, and the employment of calpain/cysteine proteinase inhibitors tends to
prevent this calcium induced increase in protein degradation (81,82). Such evidence
supports the likelihood of calpain being involved at some stage in muscle protein
turnover.
Augmcn'tcd calpain activity associated with skeletal muscle atrophy.

An increase in calpain activity has been observed where there are states of

elevated degradation of muscle proteins. This can considered to be further evidence that

calpain may be involved in the turnover of myofibrillar proteins. Induced atrophy caused
by vitamin E deficiency resulted in an increase of 3.6 times the control levels of the total
calpain activity in rabbit skeletal muscle (83). Ultrastructural observations of changes in
the myofibnls showed a decrease in Z-line density.

Muscular dystrophy also results in changes in the activity of the components of
the calpain system (84-88). There are few studies where all the components of the
calpain system have been separated and their activity assessed. When all the studics are
considered they give conflicting results. In human Duchenne muscular dystrophy an
increase in calpain I and Il was observed with no change in calpastatin activity (85).
However in dystrophic hamster muscle there was an increase in both calpain isoforms

and calpastatin activitics at four weeks old, but at ten weeks there was no change in

calpain I and Il but an increase in calpgatin activity (86).
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Increases in calpastatin activity along with calpain 1l were scen in mice and
hamsters (86,87). The difference in the observations may be due to the age at which the
assessment of activity was made, especially in the genctic models of muscular dystrophy
in laboratory animals. Initial events in these dystrophic animals involve degencration of
the fibres which is closely followed by on going regeneration by activation of satellite
cclls. The two processes are taking place simultancously. In mdx mice this
counterbalancing effect of increased muscle protein synthesis results in animals that are
never severely weakened and grow larger and stronger than the wild type animals (89).
Such events may require an initial increase in calpain mediated proteolysis, but
subsequently, as the regeneration becomes more prominent, inhibition of calpain by

calpastatin increases.

There is an increase in free calcium in skeletal muscle cells of dystrophic (mdx)
mice which could activate calpain (90). The involvement of other proteolytic systems in
muscular dystrophy is not discounted but the genetic disease does appear to entail
enhanced calpain activity which could be further stimulated by Increases in intracellular
free calcium. The degradation pattern of muscle proteins is similar to that observed when
isolated myofibnils are digested with calpain (3), and this, along with changes in the
calpain activity, does suggest an involvement in muscle protein tumover in this
myopathy.

Further evidence of calpain-induced proteolysis in protein degradation was

observed in denervated muscle undergoing atrophy, when calpain levels were increased

and calpastatin levels were decreased, leading to an increase in proteolytic potential in the
calpain system (91).



2.3.2. Other Substrates for Calpain,

Calpain susceptibility occurs in a wide range of substrates but as with the

degradation of muscle proteins the substrates of calpain mediated proteolysis can be

identified as specific proteins.
Mcmbrane associated calpain substrates.

As described above calpains are known to assoclate with membranes via
phospholipid interaction and possibly via specific substrate or membrane protein binding
association. The enzyme has been shown to fragment some of the proteing lining the
cytosolic side of the membrane; these include spectrin (92), band 3 protein (92), fodrins
(93,94) and band 4.1 proteins (92). Calpain has been implicated in the rearrangement of
cell membrane structural proteins (49). There is a variation in the distribution of calpain
11 between nonfusing myoblasts and their fusing counterparts (95). In cells that have the
capability of fusing, calpain 11 is predominantly associated with the plasma membrane,
whilst in nonfusing cells it is mainly cytosolic. The induced fusion of rat erythrocytes in
the presence of calcium can be inhibited in the presence of EGTA and cysteine proteinase

inhibitors (49). Calpain could act by removing the submembrane proteins to expose the

lipid bilayer which would be more susceptible to fusing with similar membranes. There
is evidence of changes in the activity of calpain during the  formation of skeletal
muscle myotubes. Kaur and Sanwal (96) observed an increase in total calpain activity in
the supernatant of centrifuged myotube homogenates, and also described the decrease of
a endogenous inhibitor to calpain, which they failed to identify but was probably
calpastatin. This was expressed before fusion and extracts from the prefusion cells
would inhibit the total calpain activity seen in the fusing myoblasts. Kaur and Sanwal
further suggested that this inhibitor could regulate the enzyme activity by being destroyed
in myoblast fusion without the need for changes in the gene expression of the enzyme,

although the latter cannot be ruled out.
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Cytoskcletal calpain substrates.

Sceveral cytoskeletal proteing have been identified as substrates for calpain
including the intermediate filament proteins vimentin and desmin (97), the microtubule-
associated protein Tau which has been implicated in Alzheimer’s discase (98), and the
microtubule protein tubulin (99,100). Calpain 1l has been found associated with cell
adhesion plaques, that are implicated in the cytoskeleton and cell matility, which contain a
substrate for calpain, talin in their structure (101). Calpain digestion could possibly lead

to the dissolution of the plaque and the rearmangement of the cytoskeleton.

Calpain 11 has been connected with the structural alterations seen in mitosis (102).
Microinjection of calpain Il initiated the onsct of mitosis, and calpain immunolocalization
moved to the mitotic chromosomes from being associated with the membrane, From het
observations Schollmeyer (102) suggested that calpain Il was active at the cytosolic
calcium concentration which is well below that required jn vitrg. The study also indicated
that calpain migrated within the cell during the course of mitosis. This may be a means
by which the enzyme could overcome the effects of calpastatin.

All these studies have shown that calpain may be responsible for alterations in the
cytoskeletal structure of cells. In order for a cell to become capable of fusing or undergo
cytoskeletal rearrangement proteolysis has to be carried out to remove cellular structure
alrcady present. As calpain is specific to many of the cytoskeletal proteins, under the
influence of the inhibitory control and activated by changes in the calcium iorz limited
proteolytic degradation may be achieved. Other evidence which points to this role is
calpain's association with specific areas of cytoskeletal anchoring and the large scale
rearrangement seen in mitosts.

Calpain mediated protcolysis of receptors.
Several receptors are also sensitive to proteolysis by calpain, Including the

membrane associated receptors for EGF (103) and the a-adrenergic agonists (104), as

well as the cytosolic receptors for progesterone (105) and oestradiol (106). Again

proteolytic fragmentation is specific to key sites and not random which may suggest a

possible involvement in down regulation or translocation,
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Proteolysis of protein kinase C: an example of calpain action on enzymes.

The involvement of calpain in an event which can be interpreted either as enzyme
activation or down regulation is the protcolytic fragmentation of protein kinase C
(107,108). The cleavage of the membrane associated protein kinase C produces a
fragment that is active as a kinase but docs not require calcium or phospholipids for
activity, unlike native protein kinase C, the regulatory domain having been removed from
the kinase domain (107). There is more than one {soform of protein kinase C (109): three
of the isoforms, type I (gamma), type 11 (beta 1 and beta 1) and type 111 (alpha) have been
shown to be proteolytically cleaved by calpain 1 and 11 (110). Calpain I is the more
cffective of the two enzymes: it clecaves the various kinases at different rates and
preferentially the diacylglycerol activated form in the same region of the enzyme. The
catalytic fragment, the kinase domain, is active and has the potential to phosphorylate
substrates which are not exposed to the membrane-bound active protein kinase C
(107,108). Calpain mediated proteolysis may be the first step in the activation of a
cytosolic kinase which phosphorylates a different spectrum of substrates to cAMP
dependent protein kinase, but also effects metabolic events in the same manner.
However, an alterative view is that the cleavage of protein kinase C may be the first step
in the complete degradation of the enzyme i.c. *down-regulation®,

A proposed mechanism is outlined in Figure 8. The stimulation of diacylglycerol
production with the coincident release of inositol phosphates by a receptor-mediated event
activates the membrane associated protein kinase C in the presence of calcium ions [1].
This membrane bound active protein kinase C is then open to cleavage by calpain which
probably associates with the membrane due to elevation of the calcium concentration [2).
The resulting proteolysis of protein kinase C [3] produces 2 membrane-independent

kinase which is capable of phosphorylating cytosolic substrates [4], but is also further

degraded to an inactive form {3].
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Figure 8: A madel for the calpain-mediated proteolytic activation of
protein kKinase C (107)
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2.3.3. A Proposed Mcechanism by which Calpain Mediated Proteolysis
Sclectively and Specifically Cleaves Substrates.
A model for the sclective proteolytic action of calpain on substrates has been

proposed by Wang et al (111), based on their observations of calcium sensitive

calmodulin-binding protcins that are substrates for calpain. They observed that a group
of calmodulin-binding enzymes could be activated by calpain mediated-protcolysis and
that their fragmentation was different in the presence and absence of calmodulin (111).

The specificity of calpain in this type of cleavage was proposed to act through the

recognition of the ‘PEST" sequence in these proteins. These have been identified as
regions enriched with proline (P), glutamic acid (E), scrine (S), aspartic acid (D) and
threonine (T). The hypothesis, put forward by Rogers et al (112), suggested that serine
and threonine are possible phosphorylation sites, and this in combination with the
aspartic and glutamic acid would give a negative charge to the PEST region making it a
possible CaZ+ binding region. The increase in calcium in the vicinity of these regions
could activate calpain thereby leading to proteolysis (1).

The observations that calmodulin-binding proteins, such as a-fodrin, which were
calpain substrates and contained PEST sequences led Wang et al (111) to propose that the
PEST regions were recognised by calpain. They also suggested that the PEST region's
negative charge attracts calcium and that calpain is activated at this site then cleaves ata
position next to the PEST sequence, Figure 9a. The calmodulin binding site could act to
protect the cleavage site or cause a conformational change to expose new cleavage
regions, Figure 9b. This is a hypothetical model based on computer searches for PEST
regions and calmodulin-binding sites in protein sequences which also are calpain
substrates. Although there have been observations of altered calpain cleavage pattems of
proteins or the inhibition of proteolysis by the substrate binding calmodulin, there is no
definite cvidence for the interrelationship between the two.

Wang et al (111) also tried to identify PEST sequences in other calpain substrates.
However not all calpain substrates have identifiable PEST sequences present. It was

suggested that this may be due to there being two groups of calpain substrates; those




Figure 9: A modcl for PEST scc\ucncc mediated calpain proteolytic action (a) and
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degraded by the PEST recognition mechanism and those which are subjected to
protcolysis by some other means.

PEST directed protein degradation would tend to give specific fragments. Similar
fragmentation of proteins by calpain proteolysis docs suggest that calpain recognition of
sites is under the influence of some other factor, like the PEST sequence, rather than the
random intcraction of the cysteine proteinase active site with the primary amino acid
sequence. The PEST hypothesis gives an added dimension of sensitivity in calpain

proteolysis as well as proposing a means of increasing calcium concentrations In the

immediate vicinity of the substrate to be cleaved.

2.3.4. Summary

Although calpain does act on muscle myofibrillar structure, it is also capable of
cleaving a range of substrates as described above. The proteolysis appears to produce
specific fragmentation of proteins. It is possible that calpain is involved in a more
regulatory capacity than a general proteolytic enzyme which may have indirect
implications on protein turnover. Calpain appears to have the capacity to irreversibly
activate enzymes such as protein kinase C which is proteolytically cleaved and released
into another dimension where it is active. This altered kinase activity could have
implications on the metabolic status of the cell as it is known to affect the rate and pattem

of gene expression.
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2.4.0. The P-Adrencrgic Agonists and thelr Effects on Skeletal Muscle
Growth with Relevance to Calpain and Calpastatin Activity.

In the previous section the possible role of the calpain system in muscle protein
turnover was examined. From the observations of a number of other groups the calpains
do act on specific myofibrillar proteins, as well as proteolytically controlling the activity
of enzymes and receptors involved in metabolic regulation. In order for muscle growth
to take place there has to be net protein deposition. At its simplest this can be achieved by
increased protein synthesis and/or decreased degradation. If calpain is involved in the
process of muscle protein tumover a decrease in its activity couldbbr'ﬁ: of the means by
which increased muscle growth could be achieved. This could conceivably be through a
decrease in activity of calpain by a reduction in the quantity of the enzyme or by increased
inhibition of the activity already present by agents such as calpastatin,

The effect of changing growth rate on the activity of calpain and calpastatin has
been examined in our laboratories by Ballard et al (113). In these experiments, chickens
were grown at different rates by varying the level of dictary protein. The rate of growth

was significantly increased in the presence of a greater proportion of protein in their diet.

When the activities of calpain and calpastatin were assessed there was no statistically

significant change in either of them.

A further growth study in our laboratories by Higgins et al (114), on lambs,
examined the components of the calpain system, calpain I, Il and calpastatin, in animals
on two diets which gave different growth rates. The Longissimus dorsi (L.dorsi) muscle
was examined. It was of lower weight and cross sectional area in the restricted intake
group but showed no change in the calpain system activity. However when lambs were
fed at the higher intake level plus the B-agonist clenbuterol (a gift from Bochringer

Ingleheim Vetmedica Gmbh), at 2ppm for six weeks, there was a significant increase in

the weight and cross-sectional arca of the L.dorsi along with a significant change in the

activities of all three components of the calpain system relative to the controls on the

higher dietary intake. Calpain IT and calpastatin increased in activity (units/kg) by 9%

9]
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and 130% respectively of their control values whilst calpain 1 activity fell by 14% (Table
2.A.).

The cffects of B-aponists on skeletal muscle.
The PB-agonists are known to act as repartitioning agents, that s they increase

skeletal muscle growth whilst decreasing body fat (115). Muscle growth is achieved
through hypertrophy and the effect appears to be restricted to skeletal muscle (115). ‘The

mechanism of action by P-agonists is belicved to be through decreased protein
breakdown (116-118). However some studies have suggested increased synthesis may
also be responsible for changes in net deposition (119,120) as well as the decreased
degradation. The observations may be partially dependent on the dose, the mode by
which it was given (injection or orally), afier what period the synthetic rate was assessed
and the type of agonist used.

The action of B-agonists appears to be directly through the P-receptor, as
stimulation by injection of the B-agonist clenbuterol intraperitoneally into rats led to an
increase in muscle CAMP (120). These effects as well as those on growth were abolished
by administration by injection of propranolol (a B-antagonist) before the dose of
clenbuterol.

Figure 10 shows the possible means by which B-adrenergic agonists could induce
skeletal muscle hypertrophy. The evidence points to B-agonists acting directly through
B-receptors causing a nise in intracellular cAMP via adenylate cyclase stimulation [1] with
subsequent activation of CAMP dependent protein kinase (protein kinase A), thus having
an cffect on muscle protein tumover by protein phosphorylation events. Alternatively fi-
agonists could act in a paracrine manner on nonmuscle cells [2] stimulating the release of

hormones or other growth factors [3], which activate or regulate growth independently or

in conjunction with the direct effects of B-agonists on muscle.

As the B-agonist effect on increased protein deposition in skeletal muscle appears

to be specific then the post-receptor events after stimulation must be different in muscle to

other tissues. Protein degradation appears to be involved in the response to B-agonists as

there is a recognized decrease in treated animals, If this is the case then there must be a
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Figure 10: A possible mechanism for the B-adrencrgic agonist induced skeletal muscle
hypertrophy (115).
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decrease in the proteolytic activity mediated by a reduction of the expression of the
proteinases involved or an increase in their inhibition.,
The effects of P-agonists on the skeletal muscle calpaln system.

In the experiment carried out by Higgins et al (114), there was an Increase in the
activity of the inhibitor and calpain 11, along with a decrease in calpain 1, shown in Table
2.A... The possible implications for such changes can be rationalised by the following
explanation. As calpain Il is not active at physiological calcium concentrations {n yitro
then the most probable effect of the increase in calpastatin activity would be to inhibit
calpain I, whose activity decreased although not significantly in the lamb trial, thercby

potentially reducing the capacity for calpain mediated proteolysis.

The observations of Higgins ct al (114) were subsequently confirmed by
Kretchmar et al (121). They reported an increase in calpain 11 and calpastatin activity,
with a decrease in calpain I in the L.dorsi of lambs on a dict containing 4ppm of the B-
agonist L-644,969 for 6 weeks (Table 2.B.). Although the percentage changes are not as
great as those seen in Higgins et al they followed the same trend. The change in the

L.dorsi wet weight and cross sectional area was not reported for the muscle of the treated

animals (121). However Kretchmar et al (122) did observe the typical B-agonist-induced
muscle hypertrophy in a subsequent lamb growth trial using L-644,969 at an equivalent
dose and for the same time peniod as they had described in their initial study (121).
Earlier observations by Wang and Beerman (123) on changes in the activity of
calpain on the treatment of lambs for 3 or 6 weeks with the B-agonist cimaterol at 10ppm
in their diet showed a decrease in calpain I, 55% and 70%, at 3 and 6 weeks respectively,
with non-significant changes in ‘total’ calpain of 13% and 24%, at 3 and 6 weeks. There
were the usual effects of increased protein deposition on skeletal muscle, and increase in
cross sectional arca and weight. They measured the activities from supematants of
centrifuged crude homogenates of L.dorsi using different calcium concentrations in the
assays to distinguish between the calpain I and ‘total® calpain activities, 250uM and SmM
calcium respectively. These measurements are complicated by interactions of the

inhibitor with both isoforms of calpain and autolysis of the enzyme. Such anomalies are
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Table 2: Comparison of the effects of J-agonists on the activities of calpain 1, 1] and

calpastatin in skeletal muscle. Al activity determinations were carried out on L.dors|

muscle, except C where the assays were on a combined sample of biceps femoris,
gastrocemius and semimembranosus.

control  P-agonist % signif.

change
A. (n=6) (n=06)
(unity/kg muscle)
Lamb trial Calpain | 570 490 14 NS

Higgins Calpain I 1250 2880 130 p<0.0S

etal,(114) Calpastatin 2740 5440 p< 0.05
B. (a=11) (n=11)
(units/kg muscled)
Lamb tnal Calpain | 550 300 -10 p<0.05
Kretchmar Calpain 11 650 950 41 p<0.0S
et al,(121) Calpastatin 1250 2200 74 p<0.0S5
C. (n=6) (n=6)
(units/g protein)
Rabbit trial Calpain | 10.3 4.3 p< 0.05

Forsberg Calpain 1l 48.8 21.0 -56 p<0.05
ct al,(124) Calpastatin =~ 290.0 138.0 .52 p<0.05

NS = non-significance p> 0.0S

& These values were expressed graphically by Kretchmar et al (124) using a
different definition of units so the values shown are approximations
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reduced by the use of ion-exchange chromatography to separate the activities so that they
arc assessed individually, as in Higgins et al (114) and Kretchmar et al (121). The study

docs give an indication of the overall effect of treatment of B-agonists on the skeletal
muscle calpain system. Wang and Beerman (123) observed an apparent decrease in the
calpain mediated pmtcoiydc potential at low calcium concentrations, this could have been
caused by an increase in calpastatin activity or a decrease in calpain activity at this calcium
concentration (250tM), or both as seen in the observations of Higgins et al (114) and
Kretchmar et al (121).

Forsberg et al (124) studied the effect of the B-agonist cimaterol on rabbits and

recorded different results to the ones seen in lambs(114,121). In rabbits fed cimaterol at

10 ppm for 5 weeks there was a decrease in the activity of calpain I, 11 and calpastatin
(Table 2.C.). The assays were carried out on a mixed group of muscles which showed a

significant increase in weight in response to B-agonist treatment. However it is not

known whether the expression of the calpain system components is the same in different

muscles let alone the response of the calpain system in different types of muscle to p-
agonist. The difference to the observations discussed above may have been due to the
species used and possibly the extraction procedure. Calpastatin is susceptible to
proteolysis (51,67), and in Forsberg et al methodology they dialysed the supernatant of
the centrifuged crude homogenate for 24 hours before separation of the components of
the calpain system on ion-exchange chromatography. This may have allowed proteolytic
cleavage of the calpastatin to take place. In support of this they reported that calpastatin
activity did not clute as a discrete peak and ‘small quantities of additional calpastatin
activity’ eluted following the calpain | on DEAE Sephacel columns. This suggests that
calpastatin activity may have been present in the calpain I peak thereby reducing the true
activity. The spread of inhibitor elution also implies degradation of the large calpastatin
molecule which could lead to its reduced activity. The reduction in calpain II activity

where previous reports have shown an elevation may be caused by inhibition by

proteolytic fragments of calpastatin which has been observed in other studies (65),

described in section 2.2.3..
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Beta-agonist mediated cffects on cathepsins.

In addition to assessing the activities of the calpain system, both Forsberg et al

(124) and Kretchmar et al (121) examined the cathepsins, The majority of cathepsing are
Fthtm!.n.s

cysteine proteinases whilst cathepsins D and E are asp:mi% orsberg ct al (124) found no

change in cathepsin B and D activity, whilst Kretchmer et al (121) found a decrease in

cathepsin B specific activity and an increase in cathepsin H. McElligott et al (125)

reported that clenbuterol treatment of rats for a week caused no change in cathepsin B and
D activity in the EDL and gastrocnemius muscles whilst soleus muscle showed an
increase. At two weeks there was decreased activity of cathepsin B in the muscles which
had shown no change at one week, with the soleus response the same, namely an
increase (126). These proteinases are compantmentalized in lysosomes so that their
activity is modulated. Also there are inhibitors of the cathepsin B and H which could
influence the activity of the enzymes assayed if they are not removed, as in the calpain
system.

Unlike some of the cathepsins, which require low pH for activity and are largely

compartmentalized in the acidic environment of the lysosomes (127), calpains may have

an important regulatory role in protein turnover. From the observations with the effect of

B-agonists the activities of calpains are altered and from the influence of the inhibitor

there is a probable decrease in the proteolytic capacity of the system.

The effects of B-agonists on skeletal muscle atrophy.
The reduction of proteolysis by the use of B-agonists has been investigated in

studies on metabolic states where there is known muscle atrophy. A reduction of the

severity of muscle atrophy induced by denervation was achieved by the use of the B-

agonist clenbuterol, descnibed by Zeman et al (128) in rats. Denervation of skeletal

muscle has been shown to increase calpain activity whilst decreasing calpastatin (91). The

effect of B-agonist treatment on the calpain system of skeletal muscle may be partially

responsible for the reversal of the atrophy in denervated muscles by suppressing calpain

mediated proteolysis.
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The calpain system has been implicated in the atrophy seen in muscular dystrophy

(84-88), as described in section 2.3.1.. The effect of clenbuterol was studied on

dystrophic (mdx) mice (129). Treatment with the B-agonist resulted in the recovery of
body composition toward that of the controls. The mdx mice have higher body fat, lower
protein content and reduced muscle mass. Clenbuterol treatment increased the muscle

mass to a level greater than that for the treated nonnal mice. As with denervation atrophy
it could be speculated that the f3-agonists affected the activity of calpain by increasing the

inhibitory capacity of calpastatin thereby decreasing protein degradation. However as
described carlier there are problems in studying mdx mice as a model of human Duchene
muscular dystrophy. The mdx animals may not have been in a state of true atrophy as
regencration processes are also seen in their skeletal muscles. This further complicates
the interpretation of the observations with relevance 1o the calpain system.

In both these cases of altered proteolytic status the exact role of calpain is not

known, therefore the case for P-agonists mediating their effect by inhibiting calpain

action is speculation. However there is strong evidence that calpain is involved in the

muscle hypertrophy induced by -agonists.

2.4.1. Summary
Beta-agonist induced skeletal muscle hypertrophy appears to be brought about by

reduced protein degradation and as well as a possible increase in synthesis resulting in
protein accretion. Examination of the calpain system in treated animals indicates there is
probably inhibition of its proteolytic potential brought about by an increase in calpastatin
activity. The lack of changes in the activities of the calpain system components seen
when growth is regulated by diet is probably due to the change in protein tumover not
being through the same mechanisms as B-agonist induced hypertrophy, namely a
significant reduction in protein degradation

Use of f-agonists in states of increased skeletal muscle atrophy, where calpain

activity has been implicated, have shown that the agonists reduce skeletal muscle

wasting. This may be mediated through diminished calpain activity.
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2,5.0. The Effcct of Receptor-Induced ¢cAMP on the Regulation of
Enzyme Activity.

As described in the previous section calpain and calpastatin activity Is altered in
skeletal muscle by the effects of B-agonists. Apparently the B-agonists do not act dircctly
on calpain by intermolecular interaction as there was no change in activity when cimaterol

was added to calpain (123). Accordingly, one or other of the known cAMP-mediated
stimulatory mechanism may be called into play.

2.5.1, Possible Phosphorylation Induced Changes In the Activity of the
Calpain System Mcdiated by the Secondary Messenger cAMP,

In the skeletal muscle growth response f-adrenergic agonists presumably act
through post B-receptor-mediated events similar to those in other tissues. The P-agonists

bind to P-receptors which then interact with G-proteins and in tum these stimulate

adenylate cyclase leading to an increase in cAMP levels, subsequently activating cAMP-
dependent protein kinase. The kinase activates by phosphorylation enzymes which are
involved in genenally degradative metabolic processes, for example the enzyme activation
cascade leading to glycogenolysis. This type of regulation may have effects on the
calpain system by mediating reversible changes in activity.

Murachi's group have descnbed the phosphorylation of calpastatin (130).
Transfection of the T-cells gives increased expression of calpastatin (130). In these cells
labelling of calpastatin in vivo with [32P]-orthophosphate in the presence and absence of
phorbol esters was detected. Phosphorylated calpastatin was subsequently shown
associated with the cell membrane whilst nonphosphorylated inhibitor was located in the
cytosol. There was no apparent change in the proportion of phosphorylated calpastatin

associated with the membrane when phosphorylation took place in the presence or

absence of phorbol ester.
The significance of this phosphorylation in terms of activity is not known but

Murachi suggested that such phosphorylation might involve protein kinase C activated by
phorbol ester. Itis known that although protein kinase C and cAMP-dependent protein
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kinase usually work in different secondary messenger signalling pathways they will act
on the same protein and can cause similar cellular responses (131). Although the role of
calpastatin phosphorylation has not been determined, it seems likely to bring about the
redistribution of the inhibitor hence affecting the local distribution and thereby calpain
activity.

Zimmerman and Schlaepfer (132) described the isolation of kinase activity
associated with both calpain I and Il from skeletal muscle. They observed that both
calpain I and Il were phosphorylated by this kinase jn vitro and that the phosphorylation
of calpain Il was cAMP-dependent. Phosphorylation had no cffect on the calcium

sensitivity of the isoforms but reduced their specific activities. However Adachi et al

(133) were unable to detect any phosphorylation of calpain I and I jn vivo.

2.5.2. The Role of cAMP in the Control of Gene Expression at the Level

of Transcription and Translation.

The modulation of enzyme activity by cAMP induced phosphorylation is not the
only possible mechanisms by which altered activity could be secen. Cyclic AMP is also

known to regulate gene expression and this could result in an increased activity of calpain

and calpastatin. The work carried out in this thesis was undertaken in order to study the
possible regulation of calpain and calpastatin activity at the level of transcription and
translation.

Cyclic AMP-mediated regulation of gene expression has been implicated at
various levels;
i) Transcription; vanous genes are thought to be regulated by ‘cAMP-responsive
regions’ within promoters (134,135).
ii) Post-transcription/Pretranslation; this includes several steps involved in the processing
of the primary transcripts into mRNA and its transport to the translational machinery. The
stability of the mRNA is believed to be affected by changes in intracellular cAMP

concentration (136-138).



iii) Translation; the production of the protein encoded by certain mRNAs is affected by
changes in CAMP. Although this may not be a direct cffect on the translational
machinery, for example on phosphorylation of the ribosomal complexes, mRNA

sequence or processing at levels i) and ii) can increase translationally efficiency (139).

Cyclic AMP-induced gene transcription.

Regulation of expression of a few genes has been shown to take place via

activation of transcription through the cAMP responsive element (CRE). This Is a
sequence which is based on a palindromic motif, TGACGTCA (134). Various gene
promoters have CREs within them and respond to cAMP, including somatostatin (140),
proenkephalin (141), a human chorionic gonadotrophin (142) and P2-adrencergic
receptor genes (143).

The exact charactensation of CREs has yct to be achieved; whether the CRE alone
is sufficient to completely regulate gene transcription is not known. Several genes with
5' CREs have altered transcription rates when exposed to cAMP (134,135) including the
B2-adrenergic receptor gene (143) which binds the protein involved in the activation of
the CRE sequence, namely the CRE binding protein (CREB) (144). Other cAMP
responsive element binding proteins have been identified, the binding protein CRE-BP!
(147) and a novel 120kDa binding protein (148). The CRE motif has been shown to be
able to promote cAMP stimulation of transcription at a distance from the initiation codon
in the DNA sequence and independent of orientation, a classification characteristic of an
‘enhancer clement’. Promoters are limited to the immediate §' sequence of the gene, but
enhancer sequences ¢an also be located in this region. Some enhancers are required for
basal transcription which is a characteristic of a promoter sequence, but they cannot
induce gene transcription by themselves. There is evidence that CREs have dual role as

both basal and inducible transcription enhancer elements (134,145,146). An example of

this is the p2-adrenergic CRE sequence which when subjected to mutation removed
transcription initiation activity from the promoter of the gene (143).

Both CRE-BP1 and CREB ¢DNAs indicate the presence of leucine zippers in
their protein sequence (147,149). The leucine 2ipper is thought to be involved in the

d |



dimerization of transcription activating proteins (150). For example the activator proteins
Jun and Fos form a heterodimer, then bind to activator protein 1 (AP1) binding sites in
promoters. Monomers of Fos will not bind to DNA but on forming a heterodimer with
the protein Jun it will interact with DNA (150), suggesting a conformational change

required for binding.

The CREB protein can be phosphorylated in_yitro and in_vivo. 1o yitro the
phosphorylation is carried out by cAMP-dependent protein kinase (protein kinase A).

The phosphorylated CREB will bind the CRE containing promoter of somatostatin and

stimulate transcription as well as form dimers with transcriptional activity.
Phosphorylation of CREB is essential for transcriptional activity, dimerization of the
protein is also thought to be involved in the binding of CREB to DNA (151). Multiple
phosphorylation sites for a variety of kinases have been identificd in the CREB protein
(149). However the implications of these plus the interaction of phosphorylation and

dimerization have yet to be elucidated. Recent studies have shown that both CRE-BPI
and CREB will form heterodimers with the Jun protein (152,153) but whether this

heterodimer formation takes place jn vive and any functional significance is not known.
This heterodimer formation may play a role in transcription factor crosstalk allowing
modulated expression of related genes.

The ability of cAMP induced phosphorylation to mediate changes in transcription
allows rapid induction of mRNA for the genes without the need for de novo synthesis of
the transcription activating factors. Most of the genes known to be activated by increases
in cAMP do so very rapidly, the peak of transcript production is often less than a hour in

cells in culture (134,135). The effects of long term exposure to cAMP analogues or

stimulation of B-agonists on gene transcription has not been investigated in such
experiments.

A different cAMP responsive sequence called the activator protein 2 (AP2)
binding site has also been identified. The sequence is found in the promoters of scveral
genes including metallothionein 1A (154), growth hormone (155) and Prolactin (156).

Transcription from promoters containing AP2 clements is induced by phorbol esters and
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forskolin, which activate protein kinase C and increase cAMP concentration respectively.
The protein AP2 will bind AP2 elements in the promoter regions of genes contalning the
sequence (157).
Cyclic AMP-Induced changes in mRNA stability.

Although certain genes have been shown to have increased transcription rates
resulting from the activation of cAMP production, and the subsequent kinase-mediated

activation of CREs or AP2 binding sites, there is evidence that cAMP also has an effect
on mRNA stability.

Various mRNA have different half-lives some spanning several hours, like f-

globulin, others, like c-fos, have a very short half-life of around 30 minutes in cell

culture. The modification of the stability of mRNA would be a efficient way of increasing

the production of a specific protein. The half-life of the mRNA transcripts for
phosphoenolpyruvate carboxykinase (PEP-CK) is prolonged on the incubation of FTO-
2B rat hepatoma cells with the cAMP analogue dibutyryl cAMP (B12-cAMP). There was

no change in the stability of total cellular RNA indicating a specific effect on PEP-CK
mRNA (137).

An example of increased degradation of mRNA, stimulated by the cAMP
analogue 8-bromo-cyclic AMP (8-Br-cAMP), was scen in the increased tumover of

mRNA for tyrosine aminotransferase in H-4 rat hepatoma cells (138). The mechanism of
this cAMP-mediated regulation of mRNA stability is not understood.

Lactate dehydrogenase expression is an example where the mechanisms of
transcription, mRNA stability and cfficiency of translation have been reported to be
effected by cAMP (136). Stimulation of C6 glioma cells with either the B-agonist
isoproterenol or dibutyryl cCAMP lead to a two-fold increase in mRNA for lactate
dehydrogenase cAMP, brought about by an increase in the half-life of the newly
synthesised mRNA. Two populations of mRNA were identified, one with a half-life of
50 minutes the other at 2-5 hours (136). The suggestion that two different pools of
lactate dehydrogenase mRNA were differentially regulated was also implied whea the jn
vitrq translation of the isolated mRNA was examined. There was a 8-10 fold increase in
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lactate dchydrogenase mRNA expression caused by an increased efficlency of translation.

Jungmann et al (136) suggested that the mRNA produced by cAMP induction was
structurally different, although from Northern analysis of treated and nontreated cellular

mRNA there was no difference in size. They believed the difference in the mRNAS was

in their 3' noncoding regions and this gave the mRNA the potential for efficient

translation. If this was the case the effect of cAMP was brought about by transcriptional
or post-transcriptional modification of mRNA as the jn_viim translation assay is
independent of influence of CAMP on the translation machinery as might be scen jn yivo.
The studics on tyrosine aminotransferase or PEP-CK did not examine the translation
efficiency of the mRNA they isolated.

The 3" untranslated region along with its poly(A)+ tail appears to be involved in
the control of mRNA translation (158). Stability of mRNA is thought to be affected by
the presence of the AU-rich motif which interacted with poly{A) binding proteins (PABP)
normally thought to stabilise the mRNASs poly(A) tracts preventing their degradation.

The consensus sequence UAUUUAU is found in the 3'untranslated region of mRNAS

which target them to rapid tummover. Jungmann et al (136) supgested that the lactate
dehydrogenase mRNA synthesised in the induced state was modified at the

3'nontranslated end which both affected stadility and efficiency. The exact mechanism
by which the untranslated regions target mRNA for varying rates of tumover as well as
changes in translation efficiency is not known. The involvement of cAMP, although
coincident with the changes in mRNA stability for the examples indicated, has not been
positively shown to change the processes involved in mRNA turnover for cAMP induced
changes in gene expression.

Figure 11 shows the various possible mechanism by which gene and resulting
protein expression could be mediated by cAMP. Stimulation of B-adrenergic receptors

by B-agonists causes the intracellular increase of cAMP. Increased transcription of

specific genes is induced by clements associated with promoters that respond via CREs
or activating protein 2 (AP2) binding sites [1). The stability of mRNA is also affected by

changes in intracellular cAMP [2], there being an increase oe decrease in half-life of
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Figure 11: A model for the regulation of gene expression by cAMP-mediated events
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mRNA mediated by changes in degradation [3). It is not known if these changes are
through protein kinase A activation. The efficiency of translation [4] may be ducto a

change in the mRNA characteristics mediated by cAMP causing transcriptional/post.

transcriptional maodifications resulting in altered translational efficiency.

2.5.3. The Possible Effccts of B-Agonists on the Calpain and Calpastatin

Genes Expression.

In the experiments described in this thesls effects of long-term exposure of

animals to -agonists on the expression of specific mMRNAS encoding the components of
the calpain system have been investigated. Any change in the level of expression need
not necessarily indicate increased gene transcription but may involve mRNA stability
effects, as described above. However such changes in mRNA would indicate that the -
agonists’' mechanism of action was not solely post-translational maodification of activity
by cAMP kinase activity.

The gene structures of human calpain 11 large subunit (159) and the human small

subunit (160) have been descnbed. The number of human calpain subunit genes and their

chromosomal allocation indicates one gene for each subunit; calpain 1 and 11 large
subunits, p94 (the ‘calpain-like’ molecule) and the small subunit. None of the genes are
located on the same chromosome (161). There is less infonmation on the gene structure
of calpastatin, only a small part of the human gene has been sequenced (61).

The promoter region of calpain Il large subunit has been sequenced by Hata et al
(159). From the promoter sequence analysis of the calpain Il large subunit they
suggested that the gene was that of a so called *housekeeping® protein, by comparison
with other similar gene promoters, and the small subunit has a very similar §' promoter
region in its gene (160). Within the promoter region were several consensus sequences
for enhancer/promoter elements including a potential AP binding site and a strong
repeating negative enhancer, whose exact identity was not determined. Some of these
clements were also found in the small subunit gene. The API binding site is under the

influence of phorbol esters which stimulate protein kinase C. The response of calpain I



large subunit mRNA expression to phorbol esters has not yet been Investigated, so
whether the AP site does confer sensitivity to these agents is not known.,

Hata et al (159) did not identify any CRE or AP2 consensus sequences, although
they did not state whether they searched for such enhancer elements. From this work it
appears that the génc may not be responsive to cAMP but, until the experiments carried
out in this thesis, studies have not been carried out on the examination of calpain mRNA

expression after stimulation through this secondary messenger system.

The promoter region of calpastatin gene has yet to be isolated, therefore its
composition remains unknown. As with calpain mRNA there is no data concemning
changes of the inhibitor mRNA expression in response to increases in intracellular
cAMP.

Recent observations of Barka et al (162) have identified a cysteine proteinase

inhibitor, cystatin §, whose mRNA and protein expression was induced in the salivary

glands of rats when they were fed B-adrenergic agonists. The mRNA for this protein
was undetectable in the glands of untreated rats but on treatment with B-agonists high
levels of mRNA for the protein were detected. The rat salivary cystatin S gene has not
been mapped but the gene in human salivary glands does contain a sequence similar to the
CREs already isolated. Although cystatin S is a cysteine proteinase inhibitor there is no
known relationship to calpastatin, The primary sequence of the pig inhibitor was
compared against sequences of the ‘cystatin superfamily® by Takano et al (53) especially
the consensus inhibitory sequence gln-val-val-ala-gly which was identified in the
cystatins (163). It was concluded that calpastatins are probably a different family of
cysteine proteinase inhibitors which are specific to calpain (53). The cystatins are

cysteine proteinase inhibitors but perhaps the only similarity to calpastatin is in their

response to B-agonists. However one of the aims of the work camried out in this thesis

was a similar investigation to that on cystatin S, namely whether B-agonists induced an

increase in calpastatin mRNA.
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2.54 Summary

Changes in cAMP could have effects on calpain and calpastatin activity, It
appears that direct phosphorylation of calpastatin may have an effect on its subcellular
distribution. The role of phosphorylation on the activity of the calpain system has not
been comprchensively analysed particularly with respect to cAMP activated kinase effects
on calpastatin jn vitro and jn vivo.

Cyclic AMP mcediated effects on gene expression do appear to be a means by
which increased expression of the components of the calpain system could be brought

about, if the relevant genes do contain enhancer/promoter elements that respond to cAMP

either directly or indirectly.



2.6. Overall Summary

The exact physiological role for calpain in skeletal muscle. has yet to be
determined. From jn vitro studies the enzyme's substrates include some myofibrillar
proteins and it is associated with states of skeletal muscle atrophy. However, calpain
docs not appear to be a general catabolic enzyme. lts proteolytic action may be to loosen
myofibril structure initiating further protein degradation by other proteinascs, or

alternatively it could cleave other enzymes irreversibly ‘activating’ them with an ensuing

catabolic effect.

B-agonist induced skeletal muscle hypertrophy appears to be achieved through
decreased protein degradation and possibly an increase in protein synthesis. Although
other proteinases may reduce their activity, the calpain system s the one which has been
monitored and shown to have the capacity to decline in activity which may partially
account for the diminished protcin breakdown. This enzyme is also of interest because of
its cytosolic distribution and its activation characteristics, being regulated by its own
calcium sensitivity and a specific inhibitor. This apparently tightly regulated cnzyme may
be trigger for initiating further proteolysis.

The cffects of B-agonists appear 1o be mediated through cAMP.  As discussed
above this could induce changes in activity of calpain and calpastatin at the level of direct
phosphorylation or increased gene expression. The work in this thesis is concemed with
the examination of the effects on gene expression at the mRNA level in B-agonist induced
skeletal muscle hypertrophy, particularly the effects on the calpain system.

The following sections descnbe the techniques employed for the isolation of intact
total RNA from skeletal muscle and the development of effective hybridization probes to

be used to try and quantify any changes in the level of mMRNA for calpain and calpastatin

in the muscles of B-agonist treated animals.
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Chapter J. Matcrials and Methods
3.0 Matcerials.

The tissue samples used for the development of total RNA extraction techniques
and the total RNA preparations used for DNA hybridization probe assessment were
obtained from vanous sources within the Faculty,

Chicken tissue samples were from Ross broilers at 2-4 weeks old and fed a
conventional starter diet . They were selected without reference to sex. Bovine (Friesian
steers) and ovine (Suffolk x Clun Forest wethers) samples were obtained from animal
trials within the Department. The steers were fed a 70% dry grass 30% barley pelictora
grass silage diet ad libiturn, whilst the wethers were fed ad [binwn on a pellet dict
consisting of (g/kg): barley (225), oats (450), grassmeal (200), mincral mix (25) and
Nutramol (Rumenco, Burton-on-Trent) (100). All the samples were removed from the
animals directly after slaughter, frozen in liquid nitrogen then stored at <200C or -40°0C

until used,which was up to a maximum peniod of 4 months.

All chemicals were analytical grade or electrophoresis grade, where available or

relevant. For RNA and DNA manipulations chemicals and solutions were nucleic acid

grade or they were at least analytical grade. The source of specialized chemicals, such as

radioisotopes and enzymes are given in the text of the appropriate method. All other
chemicals were obtained from BDH, Fisons or Sigma.

Solutions were made in stenle water and sterilized either by autoclaving at 1200C

for 20 minutes or by passing through a 0.22um sterile filter. Water used for nucleic acid

manipulations was stenile, deionized and distilled. All glass and plastic laboratory
equipment was soaked overnight in a 1M HCl acid bath before being ¢leaned thoroughly
then rinsed in distilled water and was then sterilized by autoclaving.

Specialized equipment used in the course of the project included the following:
Pye SP8-400 UV/VIS Spectrophotometer.

Centrifuges; Beckman J2-21,
MSE 18
Bench top microfuge; Heraeus (Christ) Biofuge A.
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Electrophoresis apparatus:
Polyacrylamide gels; Shandon Vertical Slab Unit.
Agarosc gels; Bio-Rad, Mini-SubTM DNA Cell.
Gallenkamp Submanne gel systems, *Maxi-cell® and *Mini-cell’.
Sequencing gel; Bio-Rad, Sequi-GenR Nucleic Acid Sequencing Cell.
Power supplies;Bio-Rad power supply unit.
Chandos power pack.

Slot blot apparatus; Bio-Rad, Bio-DotR SF apparatus.

Dot blot apparatus; Bethesda Research Laboratonies (BRL) Hybri-Dot Manifold.

PCR heating block; Hybaid.

Transilluminator; UVP Inc. Transilluminator.

Liquid scintillation counter; Intertechnique SL30 Liquid Scintillation Spectrophotomcter.

All other apparatus was commonly used laboratory equipment such as water baths, pH

me!lers Cic.
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3.1. Mecasurement of Calpain and Calpastatin Activity In Skeletal muscle.

The components of the calpain system, calpain | and 11 as well as calpastatin,
were isolated from skeletal muscle by anion exchange chromatography on Fast Protein
Liquid Chromatography (FPLC) Mono Q columns (Pharmacia) as in Higgins et al (114).
Fresh muscle (2-4g) was finely chopped, or frozen tissue was ground to a powder in
liquid nitrogen, then homogenized on ice with three volumes of buffer A (20mM
Tris/HCl pH7.5, SmM EDTA, 10mM 2-mercaptoethanol) on setting *S* of a Polytron

homogenizer. Afier centrifugation for 20 minutes at 30000g and 40C the supematant of
crude homogenate was filtered through 0.45itm then 0.22jm pore filters (Millipore).

The filtrate was then loaded onto the Mono Q column which had been pre-equilibrated
with buffer A. The column was washed with buffer A until the O.D. of the fractions
cluting began to fall 1o the base line. Proteins were eluted with a salt gradient Buffer B
(20mM TrisyHQl pH7.5, SmM EDTA, 10mM 2-mescaptocthanol, 1.0M sodium chloride)
was mixed with buffer A in a gradient from 0.1M upto 0.6M salt, over 20ml, using a
FPLC programme.

Calpain and calpastatin activity was assessed in the fractions from the salt gradient
based on the production of TCA-soluble peptides from casein originally described by
Ishiura et al (235). The assay mix was 0.5ml consisting of; 0.2% (w/v) heat-denatured

casein, 80mM sodium glycerophosphate pH7.S, 10mM 2-mercaptocthanol with 10mM
calcium chlonide or 10mM EDTA as a control to which was added 0.1m! of each fraction

from across the salt gradient. The reaction was incubated at 30°C for 30 minutes, then
the proteins precipitated by adding 0.Sml 10% (w/v) TCA. Calpain activity was detected
as an increase in TCA soluble peptides in the presence of Cal+ over the background in
the absence of the ions as determined by absorbance at 280nm. The fractions containing
activity were pooled and the total units of activity per kilogram of muscle determined afier

testing dilutions of the enzyme pool for lincarity. One unit of enzyme activity was

defined as the quantity of enzyme which produced an increase in absorbance at 280nm of

one at 30°C for 30 minutes in this system.



Calpastatin activity was measured across the salt gradient using a similar assay
system as that for calpain (114). Inhibition of pooled calpain Il was determined in the
presence of calcium fons. Each suspected inhibitor sample (0.1ml) was added to an
assay tube containing a fixed quantity of active calpain 1l or heat-denatured inactive
calpain (0.1ml) along with the assay solution (0.5ml) as described above. The decrease
in absorbance at 280nm produced by the addition of a inhibitor sample was compared
with a control of the change in absotbance produced by the calpain 11 alone, defined as
100% activity. Dilutions of the pooled inhibitor were used to obtaln a lincar regression
line. From the relationship of the percentage inhibition against the quantity of inhibitor
pool present the amount of inhibitor giving S0% inhibition of the calpain present was
measured. One unit of inhibitor was the quantity required to inhibit one unit of calpain Il

activity at 30°C for 30 minutes.

These extraction procedures and assay conditions were modified for the analysis
of the cimaterol bovine trial samples by introducing a hydrophobic chromatography step
before FPLC as descnbed by Etherington et al (236). To the supematant of the
centrifuged crude homogenate from 2g of muscle was added sodium chloride to a
concentration of 0.3M. This was loaded onto a phenyl-sepharose (Pharmacia) column
(2ml) pre-equilibrated with buffer A containing 0.3M sodium chloride. The calpastatin
activity was washed through the column with an equal loading volume of buffer A,
containing 0.3M sodium chlonde. Calpain was then removed from the column using
50% cthylene glycol in buffer A (four column volumes, 8ml). The calpain and
calpastatin pools were diluted fivefold with buffer A then cach subjected to
chromatograhy on the Mono Q FPLC column as described above.

From the salt gradient from the FPLC separation the location of the calpain I and
11, along with calpastatin activity was determined and fractions pooled separately. The
activity of the calpain isoforms and calpastatin were determined as described above. The
inclusion of a hydrophobic step was reporied to improve the separation of calpastatin and
calpain which in some samples are incompletely resolved (236).
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J.2. Extraction and Manipulation of RNA,

3.2.1. Extraction of Total RNA from Skelctal Muscle by a Phenol
/Chloroform Based Mcthod.

Skeletal muscle from the species chosen was dissected after slaughter, frozen in
liquid nitrogen and then stored at -400C or -200C, Total RNA was extracted by a
phenol/chloroform method which was modified for the preparation of total RNA from
skeletal muscle (164). The muscle sample was ground to a powder in liquid nitrogen and
up to 8g was uscd for extraction of total RNA. To the muscle powder was added 15
volumes of Homogenizing buffer; S0mM sodium chloride, 10mM magnesium acctate,
0.2M Tris-acetate pHB8.5, 1.3% (v/v) Triton-X100 at 49C. The mixture was
homogenized on ice with a Polytron homogenizer at setting *S* for 15 seconds. To the
homogenate was added SDS to 1% (w/v) and EDTA to 2mM, the mixture was then
passed through two layers of muslin. The filtered homogenate was shaken for 10
minutes with an equal volume of phenol/chloroform 1:1 (v/v) « the phenol was saturated
with Homogenizing buffer (30ml/100ml phenol) - for 10 minutes at room temperature.

After centrifugation at 7,500g for 10 minutes at 200C the upper aqueous phase was

removed and stored on ice.

The interface and organic phase was then re-extracted with 15 times the original
muscle weight of Extraction buffer; 0.1M sodium acetate, 2mM EDTA, 0.1M Tris-acetate
pH9.0. The mixture was shaken for 5 minutes at room temperature then centrifuged as
above. The aqueous phase was removed and combined with the first aqueous phase.
Using a quarter volume (approximate 60ml) of phenol/chloroform 1:1, the combined
aqueous phases were re-extracted by shaking at room temperature for 5 minutes. After
re-centrifugation the aqueous phase containing the RNA was removed. Precipitation of
RNA was carried out by adding 0.1 volume of 3IM sodium acetate plis.5 and 2.5
volumes of ethanol 1o the aqueous phase then leaving at -200C ovemight (1635).

The RNA was recovered by centrifugation at 7,500g for 60 minutes at 4°C, The

pellet was redissolved in water to approximately Img/ml and then cleaned to remove
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contaminating DNA (165). An equal volume of 8M lithium chloride was added and the
RNA left to precipitate for at least 2 hours at «2090C. RNA was tecovered by
centrifugation at 7,500g for 40 minutes at 49C. The procedure was repeated once.
Finally the RNA was reprecipitated twice with 0.1 volume of 3M potassium (or sodium)
acctate pH 5.5 and 2.5 volumes of ethanol ovemi ght at -200C (section 3.2.4)

The RNA was recovered as described in the paragraph above and the pellet dried
in a vacuum desiccator. The pellet was redissolved in water to 1mg/ml (2ml), re-
extracted with phenol-chloroform and precipitated using 0.3M potassium acetate pH 5.5
and 2.5 volumes ethanol (section 3.2.4).

RNA pellets were redissolved to approximately 1mg/m! in water then stored at
-700C in suitable aliquots. The quantity of RNA was evaluated by spectrophotometric

analysis at 260nm (section 3.2.5) and then examined on nondenaturing agarose

electrophoresis (section 3.2.6).

3.2.2. Extraction of Total RNA from Skeletal Muscle by a Guanidinium
Thiocyanate Based Method.

Total RNA was isolated according to the procedure of Chomczynski and Sacchi
(166).

Muscle was ground 10 a powder under liquid nitrogen then homogenized for 13
scconds at room temperature in 10 volumes of solution D; 4M guanidinium thiocyanate,
25mM sodium citrate pH 7.0, 0.5% (w/v) sodium dodecyl sarcosinate, O.1M 2-
mercaptocthanol. It was then mixed with 0.1 volume of 2M sodium acetate pH 4, 1
volume phenol (water saturated) and 0.2 volume chloroform:iso-amyl alcohol mixture
(49:1), with shaking after cach addition . The acidic guanidinium thiocyanate-phenol-
chloroform mixture was shaken for 10 seconds and then cooled on ice for 15 minutes.
After centrifogation for 20 minutes at 4°C and 10,000g, the RNA was precipitated with |
volume of isopropanol at -209C for - at least 1 hour. Centrifugation was repeated
under the same conditions and the RNA pellet redissolved in 0.3 volume of solution D

and reprecipitated with 1 volume of isopropanol at -200C. Finally after centrifugation the
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pellet was washed in 75% ecthanol, re-centrifuged and then dried. The RNA was

redissolved in water then quantified and examined as described in section 3.2.5 and
3.2.6.

3.2.3. Selection of Poly(A)+ RNA from Total RNA.

Poly(A)+ RNA was selected using affinity chromatography on a oligo-d(T)
cellulose column (167,168). The Poly(A)+ RNA was isolated by a single or double
passage through a column depending on the purity of Poly(A)+ RNA required. The
appropriate quantity of oligo-d(T) cellulose (Phanmacia, Sigma), subject to its binding
capacity and the amount of RNA to be loaded, was suspended in elution buffer; 10mM
Tris-HCl pH 7.5, ImM EDTA, and poured into a 1-5ml pasteur pipette column, The
packed column was washed with § column volumes of binding buffer; 10mM Tris-HCl
pH 7.5, ImM EDTA, 0.5M sodium chlonde, 0.1% (w/v) SDS. The total RNA was

redissolved to 1-Smg/ml in water, heated to 65°C for $ minutes, cooled, then diluted

with an equal volume of double strength binding buffer.

RNA was applied to the column followed by one column volume of binding
buffer once all the RNA had been loaded onto the column. The eluted fraction from the
column was heated to 65°C for 5 minutes and reapplied; this was then repeated. When
the RNA had been loaded the column was washed with 5-10 column volumes of binding

buffer then 5 column volumes of wash buffer; 10mM Tris-HCQl pH 7.5, ImM EDTA,
0.1M sodium chlonde.

Poly(A)+ RNA was cluted with 2.3 column volumes of elution buffer in less than
0.5 column volume fractions. To further enrich the Poly(A)+ RNA over Poly(A)- RNA
the eluted fractions were heated to 65°C for three minutes and an equal volume of two
times binding buffer added. The RNA was applied to the column, then washing and

clution steps were repeated.

The Poly(A)+ RNA was precipitated from the eluted fractions as described in
section 3.2.4. After being dned it was dissolved in water and stored at «700C,
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3.2.4. Extraction and Precipitation of RNA and DNA In solution.

Contaminants were removed from RNA and DNA in solution prior to use in
various techniques, like PCR and [n yitrp translation, by phenolchlorofonm extraction
followed by ethanol precipitation (169).

An cqual volume of phenol/chloroform (T.E. pH 7.6 saturated phenol, 3:10
T.E.:phenol - T.E. defined in appendix C) was added to the aqucous solution of
RNA/DNA to be extracted. The solutions were vortexed for 10-18 seconds, then
centrifuged for 3 minutes at 14,000g in 2 microfuge at room temperature. The upper
aqueous phase was removed and the process repeated as required.

Nucleic acids in the aqueous phase were then precipitated.

For DNA 0.1 volume of 3M sodium acetate pH 5.5 was added followed by 2
volumes of ethanol. To precipitate the DNA the sample was either stored at -20°C
overnight or at -70°C for 30 minutes. Centrifugation at 14,000 g for 15 minutes at 4°C
pelleted the DNA and this was then washed in 70% ethanol by gently vortexing the pellet.
After repeating the centnfugation for 10 minutes the pellet was dried in a vacuum
desiccator then redissolved in water and stored at 40C.,

To prevent co-precipitation of dANTPs with DNA an alternative salt was used.
Half a volume of 7.5M ammonium acetate was added to the sample followed by 2.5-3.0
volumes of cthanol, precipitation was carried out at -709C for 15 minutes. This
technique was not used directly before the use of phosphorylation or tailing enzymes as
ammonium ions are reported to be inhibitory (169).

For RNA in aqueous solution which required precipitation ethanol was also used.
One tenth volume of IM sodium, potassium or ammonium acetate pH 5.5, or 0.1 volume
of 8M lithium chlonde along with 2.5 volumes of ethanol was added 1o the RNA sample.

The solution was then treated as the DNA. The dried RNA was dissolved in water and
stored at -20°C or long term at «<70°C.

The choice of salt used was dependent on the application of the RNA in

subsequent steps. For Poly(A)+ RNA purification, total RNA was precipltated with

sodium acetate duc to the presence of SDS in the oligo-d(T) cellulose chromatography
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buffers. ]n vitro translations require the absence of sodium and chloride fons for efTiclent
translation of mRNA, thercfore the salt chosen was either potassium or ammonium

acetate. Lithiumions were not used when the RNA was 10 be reverse transcribed as they

inhibit the enzyme Reverse Transcnptase.

3.2.5. Determination of RNA and DNA Concentration In Solution.
The concentration, and to some degree the qualitity, of RNA and DNA dissolved

in water could be assessed by scanning spectrophotometry in a 1em path length quantz

cuvette. Five to ten il of RNA or DNA was diluted into 1ml of water and then scanned

from 380 to 200nm. The concentration of the nucleic acid was determined by its

absorbance at 260nm using the following values:

For DNA, an absorbance of 1 in a lcm path length cuvette is approximately

equivalent to SOpg/ml.
For RNA, an absorbance of 1 in a lcm path length cuvette is approximately

equivalent to 40ug/ml

For oligonucleotides of known sequence the concentration for a 1cm path length
was calculated using the sum of the extinction coefTicients of each base (167):
dGTP = 11.7 mljimo!

dCTP = 7.3 ml/umol

dATP = 15.4 mUimol

diTP= 8.8 ml/jimol
and the equation, Absorbance = ¢&.c,,

where £ is the extinction coefTicient and ¢ is the concentration.

3.2.6. Nondcnaturing Agarose gel Electrophoresis.

Examination of RNA and DNA after extraction was carmried out using agarose gel
clectrophoresis (170). The integnity of the IRNA bands in the RNA samples are to some
extent an indication of the quality of the RNA. Electrophoresis was carried out using 1%

(w/v) agarose for fragments greater than 1kb and 1.5% (w/v) agarose for fragments less

08



69

than 1.5kb, in IxXTBE buffer pH 8.3 (appendix C) in a mini gel system with a gel volume
of 30 mls.

The nucleic acid was dissolved in water, 1-4j1g in a volume of 104tl. Hind Il or

Eco RI/Hind 111 restriction enzyme digested lambda DNA markers (appendix B) were
uscd to calibrate the gel. Approximately 0.5-1.01p of mather DNA was used per track.
To the samples was added 0.1 volume of loading buffer; 30% (w/v) Ficoll, 0.25% (w/v)

Bromophenol blue, 0.25% (w/v) Xylene cyanole FF, 0.2M EDTA pH 8 in 10xTBE.
The gel was loaded and run in 1XTBE for approximately 2 hours at 70 V.

To visualisc the nucleic acid the gel was soaked in a 1j1g/m! solution of cthidium
bromide for 10 minutes, destained in water for S minutes, then placed on a

transilluminator.

3.2.7. Denaturing Agarose Gel Electrophoresis:
i. Glyoxal Denaturing Gel System.

RNA was electrophoresed on 1% (w/v) agarose gel using the glyoxal denaturing
method (171,172). A 16 well, 20x20cm, 250ml horizontal bed 1% (w/v) agarose gel

was cast using 10mM sodium phosphate pH 6.5 as the gel buffer. RNA and DNA
markers (less than 201 g RNA) were redissolved in Spl of water and the following added;

Final conc.
4ul deionized glyoxal IM
3ul 180mM sodium phosphate 10mM
buffer pH 6.5
121 DMSO SO(v/V)

The mixture was incubated at SQ°C for 1 hour, chilled on ice and Spl of loading
buffer; 0.05% (w/v) bromophenol blue, 0.05% (w/v) Xylene cyanole FF, 30% (w/v)
Ficoll, 10mM sodium phosphate pH 6.5, was added. The gel was run at 100 V for 4
hours in 10mM sodium phosphate pH 6.5 until the leading dye was two thirds the way
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down the gel. The running buffer was changed every hour to prevent deglyoxalation of
the RNA due to the pH rising above pii 8.

Total RNA or DNA markers could be visualised aficr electrophoresis by staining

the gel with lpg/ml ethidium bromide then viewing with UV illumination. Glyoxal was
removed from the gel by soaking for 30 minutes in SOmM sodium hydroxide, then for
three 10 minute intervals in SOmM sodium phosphate pH 6.5, In the last wash ethidium
bromide, 1jtg/ml, was added to the buffer, the nucleic acid was then visualised by U.V

on a transilluminator.

{i, Formaldchyde Denaturing Gel System.

A 16 well, 20x20cm, 250m! gel containing 1% (w/v) agarose, 6.6% (w/v)
formaldchyde (2.2M) and 1xMOPS buffer pH 7 (appendix C) was cast (170,173,174).
Appropriate amounts of RNA (less than 50ug) and approximately 2g of Hind 1lI

digested lambda DNA markers were dissolved in 121 of water and to these samples was
added;

Final conc
25i!  deionized Formamide 0% (v/v)
511  10xMOPS Ix
8! Formaldehyde 37% viv) 6% (v/v)

The mixturc was then incubated at 65°C for S minutes, chilled on ice and Spl of
loading buffer; 30% (w/v) Ficoll, ImM EDTA, 0.25% (w/v) Bromopheno! blue, 0.25%
(w/v) Xylene Cyanole FF, was added. The gel was run in 1xMOPS buffer ovemight at

approximately 30 V with one change of running bufTer.

After clectrophoresis the DNA markers were visualized by cthidium bromide

staining (as described above), after first removing the formaldehyde from the gel by

soaking it in 0.1M ammonium acetate, with several changes, for at Jeast 2 hours.

For both glyoxal and formaldehyde gels DNA lambda markers (appendix B) and

tRNAs, which were assumed to be approximately 4.7-4.8kb and 2.0-1.8kb for the 28S

and 18S subunits respectively,were used as size indicators. The section of the gel



containing the sizc markers was cut away from the part to be used for Northern blotiing

so that the subsequent autoradiographs could be calibrated with the markers at a later
data. The scction was stained with ethidium bromide, after the denaturant had been

removed, then viewed on a transilluminator as described in section 3.2.6..

3.2.8. Transfcr of RNA to Nylon Membranes by Capillary Elutlon from
Agarose Gels (Northern Blotting).

Northern blotting was carried out with nylon membranes (Hybond-N,

Amersham) according to the protocol suggested by the manufacture (173).

The agarose gel which had been subjected to denaturing electrophoresis by one of
the methods descnibed in section 3.2.7, was cut to a minimal size. Two pieces of IMM
Whatman filter were cut to be a wick on which the gel was placed. The wick and the gel
were supported above a reservoir bufler of 20xSSC or 20xSSPE (sce appendix C). On
top of the gel was placed the Hybond-N membrane which was the exact size of the gel.
The buffer was drawn up through the gel by a stack of absorbent paper on top of the
Hybond-N membrane. The stack consisted of 3 layers of IMM Whatman filter paper
above which were 2 layers of absorbent baby nappies. The stack was held in position by
a 0.5-1kg weight, levelled to prevent uneven blotting. Care was taken not to short circuit
the blotting procedure by the absorbent stack touching the wick or gel directly.

Blotting was carried out overnight, up to a period of 24 hours. Prolonging the
blotting time does not significantly increase the quantity of RNA transferred (175). After
blotting the membrane was removed from the gel and air dried. The RNA was then fixed
to the membrane by UV transillumination for 4 minutes, then baked at 80°C for 2 hours.
The membrancs were stored at 40C in sealed plastic bags.
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3.2,9. Formamlde-Formaldchyde Denaturing Dot/Slot Blotting.
RNA (less than 40up)-was dissolved in 40l of water and mixed with;

IFinal conc,
S0yl decionized fonnamide SO% (wiv)
28l formaldchyde (37% w/v) 1% (wiv)
gl 20xSSC Ix

incubated at 68°C for 15 minutes, then cooled on ice. The samples were diluted using
1xSSC to give a series of half dilutions, the number of which varied according to the
number of slots available. Once diluted 2 volumes of 20xSSC was added.

For dot blotting a piece of Hybond-N was cut to size and then placed on top of a

picce of 3IMM Whatman filter paper soaked in 10xSSC in the apparatus (BRL).
Alternatively, using the slot blot apparatus (Bio-rad) a Hybond:N membranc was
positioned as described by the manufacturer of the apparatus. For both dot and slot

blotting a vacuum was applied so that the sample could be loaded onto the membrane then
washed with 2x25041 of 10xSSC. The membrane was then removed from the apparatus

and air-dried. The RNA was fixed to the Hybond-N and stored as previously described
(section 3.2.8.).

3.2.10. In_Yitra Translation,

In_vitro translation was carried out using the rabbit reticulocyte lysate system
(176,177). The lysate was produced by the John Innes Rescarch Institute and was a gift
from the Plant Physiology section within the Faculty. The stock lysate was endogenous
mRNA-depleted and contained the following; potassium ions (as potassium chlonide) at

35mM, magnesium ions (as magnesium chloride) at 2.4mM, calcium lons (as calcium

chloride) at 3.0mM, calf liver IRNA at SOpg/ml (Bochringer Mannheim) and creatine
phosphokinase at 6-12 U/ml (Sigma).
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For the {n viimp translation of mRNA the mixture contalned the following;

Final conc.
0.4ul 2M Potassium acctate (Amersham) 100snM
0.4ul 120mM Magnesium acctate (Anxrsham) 2.2mM
0.4l 0.2M Creatine phosphate (Sigma) BmM
0.4yl ImM Amino acid mix minus 0.04mM

L-mcthionine (Amersham)
0.5ul 0.2mg/ml Chloramphenicol (Sigma) 100 p/ml
1.0pl 10mCim! (>1000 C¥mmol) L-(335)-Methionine

in vive labelling grade (Amersham) < 10pmol
6.0l Rabbit Reticulocyte Lysate 60% (w/v)
1.0ul Total RNA 18 pigAtl or water 0.1.0.4pg/ml

For each batch of translations all the components were mixed together in a pool of

‘translation cocktail® then 9.1l added 1o 1p! of total RNA or water, as a blank. The

samples were incubated for 1.5 hours at 30°C. At the end of the time period 2l of each

translation was removed to determine the incorporation of 338 into TCA precipitable
protein. The volume was spotted onto a small square of Whatman No.1 filier paper and

allowed to airdry. The filters were then submerged in the following:
i) Ice cold 10% (wiV) TCA, 1% (w/iv) L-Mecthionine for 10 minutes,
ii)  Boiling 10% (w/v) TCA for 10 minutes,
ii)  10% (wi) TCA for 10 minutes,
iv)  Ethanol for 2 minutes.

Filters were air dried, placed in Sml of scintillation liquid and counted in the 14C
channel of a scintillation counter.

Using the values determined for 338 incorporation equivalent quantities of counts
(less than 100,000cpmvirack) were loaded onto 1.5mm thick SDS-polyacrylamide gel
(section 3.2.11.) from the remaining translation mix. Care was taken not to overload the
gel. The maximum quantity of protein recommended for a 1.5mm gel is 1.5mg

approximately equivalent to 151 of lysate, as it contains up to 100mg/ml haemoglobin.
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An equal volume of *‘SDS-mix’ (section 3.2.11.) was added to the lysate, the mixture
was heated in a boiling water bath for 2 minutes and the samples then loaded along with
non-radioactive molecular weight markers. The gel was run overnight at € 10mA uniil
the indicator dye had rcached the bottom of the gel.

Using 10% (v/v) glacial acetic acid, 10% (v/v) glycerol and 18% (v/v) propan-2-
ol the gel was fixed then impregnated with autoradiography enhancer (Enzhance TM) for

1 hour, followed by washing in water for 30 minutes. Gel drying was carried out under
vacuum at 65°C for 2 hours in a gel dryer (Bio-rad).

The gel was autoradiographed with Fuji RX film at <700C.

3.2.11. SDS-Polyacrylamide Gel Elcctrophoresis.

Scparation of radioactively labelled and non-labelled proteins was carried out by
8% or 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (178).
Gels were cast using a stock of 30% (w/v) acrylamide solution; 30% (w/v)

acrylamide, 0.8% (w/v) N.N'-methylene bisacrylamide, in a 1.5mm thick, 20x20cm gel

casting system using the following solutions;

Volume for Final
required % (w/v) acrylamide conc.
8% 10%
30% (wiv) stock 13.3ml 16.7ml /
acrylamide

IM Tris-HCl pH8.8 19.0m! 19.0ml 0.38M
1% (wiv) SDS 5.0ml 3.0ml 0.1% (wiv)
TEMED 201 204l 0.04% (viv)

Water added up to a final volume of S0ml

To 10ml of the appropriate stock solution was added 20x! of extra TEMED
followed by 0.5ml of freshly prepared 5% (w/v) ammonium persulphate. This was

mixed and immediately used to produce a leak proof seal down the spacers and the
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bottom of the gel. To the remaining gel solution was added 0.8ml $% (w/v) ammonium
persulphate, the gel then being cast so that enough space remained for the stacking gel,
i.c. 2-3cm short of the top. Overlaying with water ensured a sharp intetface on top of the

gel.

Aftcr at least 2 hours the water on the top of the gel was removed and the stacking

gel applied. This consisted of the following;

Volume Final conc.
30% (w/v) stock Acrylamide 1.7ml 3.1% (w/v)
IM Tris-HCl pH6.8 1.26ml 0.126M
1% (w/iv) SDS 1.0ml 0.1% (w/v)
TEMED 201 0.2% (v/v)

Final volume made up to 10ml with water

Polymerization of the stacking gel was carried out with 0.4ml of §% (w/v)

ammonium persulphate. The solution was pourcd onto the gel and a2 10mm or Smm tooth

comb insented.

Once set the comb was removed and the gel placed in a electrophoresis apparatus
with the running buffer; 190mM glycine, 25SmM Tris, 0.1% (w/v) SDS. To the samples
was added an equal volume of *SDS-mix®; 0.125M Tris-HQl pl16.8, 20% (v/V) glycerol,
4% (wiv) SDS, 1% (v/v) (1.4M) 2-mercaptocthanol. The mixture was heated for 2

minutes in a boiling water bath, then loaded onto the gel.

After running the gel at 30 mA through the day or 10 mA overnight it was fixed
and stained (non-radioactive gels) in; 0.05% (w/v) coomassic blue, 0,05% (w/v)

naphthol black, 10% (v/V) propan-2-ol, 15% (v/v) glacial acetic acid for at least 2 hours,
then destained in 10% (vAV) glacial acetic acid.
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3.2.12. Assessment of the Protein Concentration of Total RNA Samples.
The protein concentration of the samples containing extracted total RNA wat

mecasurcd using a protein assay kit (Bio-Rad) according to the manufacturer’s

instructions. The *micro range’ of protein determination was used. A standard curve

was constructed using BSA in a suitable concentration range (0-2531gAtl).



3.3. Synthesis of Hybridization probes; Oligonucleotides and PCR
Generated «cDNA.

3.3.1. Synthesis of Oligonucleotidcs.

Oligonucleotides were made by the AFRC Institute of Animal Physiology and
Genetics Research, Babraham, Cambridge of the Depaniment of Applicd Blochemistry
and Food Science (Microbiology section), Faculty of Agricultural and Food Sciences,

Nottingham University.

3.3.2. Labelling of Oligonuclcotides by Polynuclcotide kinase.

The oligonucleotides were dissolved in water to a concentration of 10pmoljil and

stored at -200C. The oligonucleotides were supplied with a §* hydroxyl group so that
polynucleotide kinase was used to label directly without the need to dephosphorylate.

A typical reaction consisted of the following in SOul;

Final conc.
21l Oligonucleotide (20pmol) 0.4uM
10ul  100uCi [Y32P)ATP < 0.9M
(>5000 CiVmmol) (<20pmol)
10i1  0.5M Tris-HCI pH7.6 0.1M
0.1M Magnesium acetate 20mM
1041 0.05M DTT 10mM
13l Water /

syl Polynucleotide Kinase (4 UMY) 20U

The reaction mix was incubated for 1 hour at 37¢C.
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The ratio of oligonucleotide to ATP was varied during the course of the

development of labelling and hybridization experiments according to how much [y-

32p)ATP was available. The quantity of oligonucleotide used was 20-40pmol (0.235-

0.5pg) of 39mer oligonucleotide 1. This was labelled with elther equimolar or a molar
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ratio of 3:2 oligonucleotide to radioactively labelled ATP. Reducing the ATP
- concentration did not appear to affect its labelling as much as the age of the
polynucleotide kinase. The enzyme scems 1o be unstable under the conditions used in the
reaction.

The incorporation of 32P into the oligonucleotide was monitored by denaturing
polyacrylamide-urea electrophoresis of fractions eluted from a Sephadex G-50 column
separation of the products (3.4.10. and 3.4.11.).

According to the number of filters to be probed, the volume of the oligonucleotide
to be used as a probe was variable However the concentration of the probe in the

hybridization solution was always 10-15ng/ml.

3.3.3. Labelling of Oligonuclcotides by Specific Oligonuclcotide Primer
Extension.
An oligonucleotide complementary to the sequence required as a probe was used

as a template and a smaller oligonuclecotide complementary to the 3'end of the template as

a primer. This was then extended 5 to 3' using the Klenow Fragment (Bochringer)
(179).
The oligonucleotide was radioactively labelled using [a-32P}dCTP (3000

Ci/mmol) (Amersham), with the following reaction components in a final volume of

20pk;

Final conc,
2ul  Extension  600mM Tns-HCl pH 7.5 G0mM
buffer 600mM sodium chlonide 60mM
60mM Magnesium chlonde 6mM
1l 40mM DTT 2mM
ul Template oligonucleotide /
at approx. S0nghtl

Continued on following page



IFinal conc.

ul Primer oligonucleotide at a 4 fold
molar excess over template /
This mixture was heated to S5°C for 10 minutes, cooled to

room temperature, then the following added;

61l Trnucleotide mix cach 10M (cach ANTP)
dNTP at 100uM
Spl SOUG [@-32P)dCTP 0.83 1M
(3000 Ci/mmol) 16.6pmol
1.51l Water /

After equilibrating at 40C for S minutes, the enzyme was added;
2.5ul Klenow Fragment (2U/ul) S5 Units

The reaction was incubated on ice for 2-3 hours, stopped by the addition of 211 of

0.2M EDTA pH8 and heated to 65°C for § minutes.
The incorporation of 32P into the oligonucleotide was monitored by denaturing

polyacrylamide-urea clectrophoresis of fractions from Sephadex G-50 liquid

chromatography scparation of the products (3.4.10 and 3.4.11).
The quantity of the probe loaded per filter hybndization was < Sng/ml.

3.3.4. Synthesis of cDNA by the Polymerase Chain Reaction (PCR)
Introduction.

First strand cDNA was synthesised from the mRNA of choice and a selected
region was then specifically amplified by PCR (180-182). First strand ¢cDNA
complementary to mMRNA was made using oligo-d(T) or a specific oligonucleotide as a
primer and Reverse Transcnptase. The oligonucleotide pimers were complementary to
the 3'end of mRNA, so called 3'oligos. The complementary first strand cDNA was
made §' to 3' with respect to the DNA toward the §' end of the mRNA.
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The second PCR oligonucleotide primer (S'oligo), was located at the S'end of the
mRNA, complementary 1o the newly-synthesised first strand ¢cDNA. The cDNA was
amplified into double stranded cDNA between the 2 oligonuclicotides using PCR. This is
illustrated in Figure 24 (section 4.1.2.) where both means of priming first strand cDNA
arc shown along with the subsequent PCR amplification of the required sequence.
Although oligo-d(T) was used as the pamer for first strand cDNA it was not the J'oligo
of choice for PCR. A J'oligo complementary to the mRNA sequence was used, 500 to
1000 bp downstream of the S'oligo PCR primer.

The oligonucleotides used in PCR as primers were at least 16 nucleotides long,
ideally 20-24 nucleotides. To aid cloning of the amplificd sequence into vectors the PCR

oligonucleotide usually had restriction endonuclease sequences added to their §' termini

plus some extra ‘nonsense’ nucleotides to facilitate restriction digest (167).

PCR amplification of cDNA made from mRNA was carried out by one of two
methods as outlined below.
i. Mecthod It PCR amplification of AMV reverse transcriptase gencrated

first strand cDNA.
Synthesis of first strand cDNA from mRNA was achieved using AMY Reverse
Transcriptase (NBL), oligo-d(T) (or a specific 3PCR oligonucleotide) and either djig

poly(A)+ RNA or 101g total RNA (183).
For the reaction AMYV was diluted 10 fold in:
10% glycerol
10mM potassium phosphate pH 7.4
0.2% Tnton X-100
2mM DTT

and then equilibrated on ice for 30 minutes.



The reaction was carmied out in a final volume of 401l consisting of the following:

Final conc
Tris-HCl pti 8.3 SOmM
AMV Potassium chlonde SOMmM
buffer Maﬁncsium chlonde 10mM
EDTA ImM
DIT ImM
BSA, Nucleic Acid grade (Phanmacia) 10y g/ml
Oligo-d(T1)12-18 (Pharmacia)
or specific IPCR oligo 10 g/ml
dNTPs (Pharmacia) cach at ImM
Spermidine-HCl 0.5mM
Sodium pyrophosphate dmM
RNAasin (Pharmacia) 40-80 Units
Dilute AMYV Reverse
Transcriptase 10 Units
Poly(A)+ RNA 0.1pghl
or total RNA 0.25ughil

The RNA was diluted into 101l and heated to 70°C for 3-S minutes before it was
added to the reaction mix. Two to four ptl of the reaction mix was removed and *spiked’
with 1-:2uCGi [a-32P]dCTP, to monitor the progress of the reaction at the end of the
incubation period on a denaturing polyacrylamide/urea gel (section 3.4.11.).

The reaction mixture was incubated at 42°C for 43 minutes, then cleaned once
with an equal volume of phenol (TE saturated pti7.6) and then with phenol/chloroform

and precipitated with ethanol and 2.5M ammonium acetate (section 3.2.4).
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Using 20 and 200ng of the first strand ¢DNA, gencrated by a specific 3' PCR

oligo or oligo-d(T) primers, the cDNA sequence was amplified via PCR with §' and 3
PCR oligonucleotides S00-1000 bp apart (184), as described in section 4.1.2..

PCR was carried out with the following components in a final volume of 100411;

I'inal conc.,

Potassium chlonde S0mM

PCR Tns-HCl pH 8.4 10rmM

buffer Magnesium chlonde 2.5mM
Gelatin | 200y g/l
dNTPs (Phanmacia) cach at 0.2mM
5' oligonucleotide 100pmol
3’ oligonucleotide 100pmol
First strand cDNA 20ng or 200ng

This was overlaid with 100411 of mineral oil (Sigma). The reaction was incubated
in a programmable heating block (Hybaid). The mix was heated to 95°C for § minutes to
denature the nucleic acid, cooled to SOPC then incubated for 2 minutes to allow annealing
of the oligonucleotides. At this point 2 units of Taq polymerase was added. The heating
block then raised the temperature to 68-70°C for 1S minutes to allow elongation of the
primers to take place. Subsequent cycles consisted of; 1 min at 95°C, 2 min at 50°C and
15 min at 68-70°C. The cycle was repeated for 35-40 times. At the end of the cycling
period the temperature was held at 700C for 30 min to allow reanncaling of the products.

The mineral oil was removed and 5-1041 of the PCR solution analysed on an

agarose nondenaturing gel (3.2.6.). The remaining mixture was phenol/chloroform

extracted and ethanol precipitated (section 3.2.4.).



il. Mcthod II: Direct PCR amplification of MMLY reverse transcriptase

generated first strand cDNA without intermcdiate precipitation,

I acknowledge the help of Dr R.S.Gilmour in the application of this technique
developed at the laboratories of the AFRC Institute of Animal Physiology and Genetics
* Rescarch, Babraham, Cambndge.

Total RNA (20i1g) was first cleaned by extraction twice with phenol/chloroform

and precipitated with ethanol plus 0.3M potassium acctate (section 3.2.4). The dried
pellet was redissolved in 101 of water with 15-30ng of oligo d(T)12.18. Anncaling of

the oligo-d(T) to the poly(A) tracts of the mRNA was carried out by heating the RNA to
750C for 5 minutes, to denature secondary structure, then cooling to 370C.

To the oligo-d(T) annealed RNA were added the components of the reverse

transcriptase reaction in a final volume of 20ul;

FFinal conc

MMLYV Tns-HCl pH 8.3 S0mM
buffer Magnesium chlonde SmM

DIT 10mM
BSA, Nucleic acid grade (Pharmacia) 0.25upMl
dNTPs (Pharmacia) cach at 2.5mM
RNAasin (Pharmacia) 20 UNITS
MMLY reverse transcriptase (Pharmacia) 40 UNITS

The reaction was incubated at 370C for 2 hours. At the end of the incubation the
2011 was diluted to 100l with water. From this dilute volume was taken 0.2, 0.4 and

1011 to be used in PCR. These volumes were further diluted into the 1005t] of PCR

reaction mix consisting of the same components as described in section 3.3.4.(1)). PCR
temperature cycling was carmed out as described above (section 3.3.4.(1)) with 2 units of

Taq polymerase, for 35-40 cycles. The products were examined on nondenaturing
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agarose gel (secti '
gel (section 3.2.6). The remaining solution was then extracted and precipitated

as previously described (section 3.2.4).



3.4 cDNA Manipulation, Probe Labelling, Hybridization,

3.4.1. Ligation of Cohesive Termini,

Plasmid and the DNA to be ligated into it were digested with restriction
cndonucleasces, the fragments with the cohesive termini belng isolated by nondenaturing
agarose gel electrophoresis and electroelution (section 3.2.6 and 3.4.7.). Approximately

50ng of plasmid was used in ligation reactions with the DNA to be ligated into the vector
at 1:1 and/or 3:1, DNA:vector molar ratio (167,187).

The reaction was carried out in a final volume of 10111 with the appropriate molar

ratio of CcDNA to plasmid in the following: Ligation buffer (20mM Tris-HCl pH 7.6,
10mM Magnesium chlonde, 10mM DTT), 0.6mM ATP, Sng/il plasmid and 1 unit T4

DNA Ligase (Bochringer). It was incubated for 1 hour at 229C, then chilled on ice

before being used in the transformation of competent cells (see below).

Where cohesive ends of a plasmid were 10 be religated, 100ng of plasmid was

used in the reaction volume above, with no foreign DNA present.

3.4.2. Transformation of E.coli.

Competent Cells were produced using a modified calcium chloride procedure
(169). A 4m! LB culture (appendix D) of the appropriate strain of E.coli was grown
ovemight at 370C from a colony off stock minimal plates. Using 0.5Sm! of the overnight
culture SOml of LB broth was inoculated, incubated 10 an absorbance of 0.55 at 600nm,
then cooled on ice. From the chilled media 20ml was taken and centrifuged for 7 minutes
at 3,750g at 40C. All the supernatant was carefully removed then, on ice, 2ml of ice-cold

0.1M calcium chloride was added. The cells were gently resuspended and left to

incubate, on ice, for 1 hour, Afterincubation 0.2ml of the cells was removed and Spl of
the ligation mix from the ligation reaction (25-50ng DNA) was added. The cells wese
then left for 30 minutes on ice, after which they were *heat-shocked' at 420C for 3

minutes, then placed back on ice for 20 minutes. To this suspension of transformed cells
was added 0.8ml! of LB broth and the cells were then incubated with shaking at 370C for
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45 minutes. The cells were plated out onto LB plates containing the appropriate antiblotic
using a range of volumes of the culture; 50, 100 and 20031

3.4.3. Growth of E. coli for the Preparation of Plasmids

Cells containing the required plasmid, for example those from frozen glycerol
stocks (see below) were plated out onto LB apar plates (appendix D) containing the
appropriate antibiotic; SOug/ml Ampicillin or 12.5g/ml Tetracycline (169,186).

Alternatively for freshly transformed cells a variety of culture volumes were used; 30,
100 and 200y1.

Cells were allowed to grow ovemight or until colonles became distinct.
Individual colonies were then *picked-off’, 4ml of LB broth containing the relevant
antibiotic inoculated and the medium incubated ovemight in a rotary shaker at 37°C. The
cells were then used for mini-preps (section 3.4.4) or for inoculation and subsequent
overnight incubation of up to 1 litre of LB broth containing antibiotic for large scale
plasmid preparations.

Small LB cultures (4ml) were also used for storage cultures; glycerol was added

to 15-20%, the medium was mixed and then stored at <70°C in Iml aliquots.

3.4.4. Small Scale Plasmid Preparations; ‘Mini.Preps’.

Mini-preps were carried out using the method of Maniatis et al (167). This

included the phenol/chloroform extraction of the DNA in the supematant of the bacterial
lysate (centrifuged to remove cell debnis) before ethanol precipitation of the DNA. This

allowed easier restriction endonuclease digest analysis.

3.4.5. Large Scale Preparations of Plasmids; *Maxi-Preps®
Maxi-preps were carmied out using a Qiagen plasmid kit with Qiagen S00 columns

(Hybaid) according to the manufactures’s specifications.



3.4.6. Restriction Endonuclcase Digest of DNA

Using the appropriate restriction endonuclease (NBL, Bochringer) and their

buffers (as supplied), various quantitics of DNA were digested. For the preparation of

¢cDNA inserts from plasmids, 50-100ig of DNA was subjected to restriction
endonuclease digestion at approximately 1 Univjig of DNA in 10041 of solution with the
appropriate buffer.

For less than 10pg of DNA, reaction volumes were 2051 with the minimium of
approximately 10 Units of enzyme in the relevant buffer. With multiple restriction
endonuclease digests the reactions were carried out in succession with ethanol
precipitation between each step.

Most restriction endonuclease reactions were incubated at 370C for 2 hours. Care
was taken to minimize *starring activity® of certain restriction endonucleases, such as Eco

RI, by keeping the digest times as short as possible and the enzyme concentration low

(187).

3.4.7. Preparation of ¢cDNA Inserts from Plasmids

After digestion of the plasmid with the relevant restriction endonuclease to excise
the cDNA insert, the DNA was subjected to nondenaturing agarose gel electrophoresis,
stained with ethidium bromide and the cDNA insert cut from the gel. The cDNA insert in
the gel was placed into dialysis tubing, prepared by boiling in 2% (w/v) sodium
hydrogen carbonate and ImM EDTA for 10 minutes, then soaking in water for 10
minutes. The dialysis tubing was filled with 0.5xTBE and scaled. DNA was then
electroeluted from the gel in 0.5xTBE running buffer at 100 V for 4 hours. Before
switching off the current the polarity was reversed for S minutes. The DNA solution was
then removed from the dialysis bag, phenol/chloroform extracted and cthanol precipitated

(section 3.2.4). The dried DNA was redissolved in water and stored at 40C,
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3.4.8. DNA Scquencing
DNA scquencing was carried out using a T7Sequencing kit (Pharnmacia). The kit

uses the didcoxy method of scquencing (188). The procedure was carried out as

specificd by the manufacturer using 338 in the form of [x-33S]dATPGS 1o label the
products. The reaction procedure is summarized below.,

For each reaction 1.5-2pg of plasmid containing the cDNA to be sequenced was
used. This was alkali denatured with sodium hydroxide at a final concentration of 0.4M.
After incubation at room temperature for 10 minutes the DNA was precipitated with
cthanol on ice, centnifuged to a pellet, washed in 70% cthanol, then briefly dried. The
pellet was redissolved in 10l of water and anncaled to the appropriate quantity of
primer. In most cases this was 10:1 primer to template ratio. Anncaling was carried out

using the solution and instructions provided in the kit, as were the labelling and

termination reactions. Once annealed the primer was extended and labelled ina 5'to 3

direction using T7 polymerase, a mixture of dNTPs and [a33S]dATPasS (> 1000

Ci/mmol) (Amersham) at room temperature for S minutes. The labelling mix was then
split into 4, an equal volume going to one of four terminating solutions which contained
the deoxynucleotides (ANTP) for extension, but cach having a different
didcoxynucleotide (ddNTP) present. The four reactions were incubated at 379C for S
minutes, the elongating fragments being terminated by the appropriate ddANTP at different
Jengths where the corresponding ANTP would have occurred in the sequence. Either
‘long’ or ‘short’ dANTP/ANTPs terminating reaction mixes were used. These produced

up to 1000 or 500 bp fragments respectively by varying the ratio of dANTP to its

corresponding ANTP present in each solution.

At the end of the incubation period the reaction was terminated by adding the
‘STOP' loading buffer provided in the kit. The products of the four reactions were then

subjected to electrophoresis on sequencing gels.
Denaturing polyacrylamide-urea electrophoresis was carried out on a Sequi-Gen

Nucleic Acid sequencing cell system (Bio-Rad) 40x21cm, using different strengths of

polyacrylamide (5-8%) 0.4dmm thick gels acconding to the manufacturer's instructions.
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The electrophoresis apparatus glass plates were thoroughly cleaned by washing
with 0.1% (w/v) SDS, ethanol, 0.SM sodium hydroxide and water in succession, then
dricd. The non-notched plate was then coated with binding silane; 0.1% (v/v) delta-
methacryloxypropyl trimethoxysilane (Sigma), 1.75% (v/v) glacial acctic acid in Sml
ethanol, allowed to dry, wiped with ethanol and then polished. The notched plate was
coated with 10 ml ethanol containing $§% (v/v) Sigmacote (Sigma), allowed to dry then
polished thoroughly. The apparatus was assembled with 0.4mm spacers.

A 60ml solution containing the appropriate % acrylamide- 7M urca was made

according to the following:
Quantities required for the strength
% (w/v) acrylamide gel

3% 6% 8%
40% (w/v) stock 1.5ml Oml 12ml
acrylamide
10xTBE 6ml 6ml 6ml
Urca 25.2p 25.2g 25.2¢

To scal the bottom of the gel a filter wick was soaked with 10ml of
acrylamide/urea solution and polymerised with 12511 10% (w/v) ammonium persulphate,
50p! TEMED. The bottom of the gel was placed on top of the wick, the polymernizing
solution being drawn into the gap to seal it.

To cast the gel th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>