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ABSTRACT 

To investigate the regulation of calpastatin gene expression, bovine 

heart calpastatin cDNAs and 5' regions of the calpastatin gene were 

isolated. Analysis of 5' terminal cDNA sequence identified a new 

translation initiation site that is in-frame and 204 nucleotides upstream of 

the previously designated start site. Concepmal translation from this 

upstream AUG produces a protein containing 68 additional N-terminal 

amino acids. This "XL" region contains three potential protein kinase A 

(PKA) phosphorylation sites but shares no amino acid sequence homology 

with other regions of calpastatin or with any known protein. Immunoblot 

smdies demonstrated that heart and liver contain a calpastatin protein with 

an apparent size of 145 kDa on SDS PAGE that comigrates both with full 

length bacterially-expressed calpastatin, and with calpastatin produced by 

coupled in vitro transcription-translation from the upstream AUG. An 

antibody raised against the XL region recognized the 145 kDa band, 

demonstrating that the upstream AUG is utilized and that the 145 kDa band 

represents fiill length calpastatin protein in vivo. The organization of the 

calpastatin 5' genomic region was determined by comparing calpastatin 

cDNA and genomic sequences. The region encompassing exons 1-4 

contains large introns and spans at least 60 kb. Calpastatin promoter 
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sequence analysis revealed that calpastatin belongs to the family of "house 

keeping" genes which lack TATA boxes and are GC rich in their proximal 

promoter regions. Transient transfection assays demonstrated that sequence 

within 272 nucleotides upstream of transcription initiation of the 

calpastatin gene is sufficient to direct moderate level transcription. 

Promoter sequences further upstream act both to inhibit and to stimulate 

transcriptional activity. Exposure of transfected cells to dibutyryl cAMP 

resulted in a seven to twenty fold increase in calpastatin promoter activity 

for constructs containing at least 272 nucleotides of upstream promoter 

sequence. Deletion and mutation analyses identified a cAMP responsive 

element at nt-76. These findings demonstrate that the calpastatin gene and 

protein are both targets for cAMP-dependent kinase activity. |3-Agonist 

treatment can increase both calpastatin gene transcription and protein 

phosphorylation. 
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Chapter One 

Introduction 

To meet consumer satisfaction, tremendous effort has been made in 

the field of meat science to improve beef production. Although most of the 

attempts to increase rates of muscle growth have focused on increasing the 

rate of muscle protein synthesis, decreasing the rate of muscle protein 

degradation can also contribute to muscle growth. 

P-Agonists are structural analogues of catecholamines, such as 

adrenalin, potent growth stimulators that markedly stimulate muscle 

hypertrophy within a few weeks of administration (Emery et ai., 1984; 

McEUigott et al., 1989; Reeds et al., 1986). Observations of animals after 

drug administration revealed increased protein content with absence of 

increased rates of protein synthesis, suggesting that proteases controlling 

the rate of protein degradation play important roles in muscle growth. 

The calpain system consists of a group of calcium-dependent neutral 

proteases (|i- and m-calpain) and a calpain-specific inhibitor, calpastatin. 

Calpain and calpastatin are colocalized within the cytoplasm and can 

regulate many calcium-dependent cellular processes, including cell 
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proliferation and differentiation. Calpains are also believed to be major 

players in regulating muscle growth and protein degradation. |3-Agonist 

treatment of animals can stimulate calpastatin mRNA levels and calpastatin 

inhibitory activity, suggesting that both the calpastatin gene and protein are 

targets for ^-agonist action. The molecular basis of this action is unknown. 

This dissertation investigates the molecular basis by which p-agonists 

regulate calpastatin function. Results show that P-agonists affect calpastatin 

gene transcription as well as postranslational phosphorylation and provide 

a molecular model for the mechanisms by which P-agonist treatment alters 

calpain activity, leading to muscle hypertrophy. 
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Chapter Two 

Review of Literature 

1. Calpains and the caipain system. 

The caipain system was first discovered in 1969 as a calcium 

activated factor that could remove Z-disks from myofibrils (GoU, et al., 

1990). m-Calpain was the first member to be purified and partly 

characterized (Dayton et al., 1975; Dayton et al., 1976; Reville et al., 

1976). Since then, a myriad of studies have shown that m-calpain is one of 

a group of proteins that constitute the caipain system. 

The caipain system consists of three relatively well characterized 

proteins: 1) ji-calpain, a proteinase requiring 3-50 |lM Ca~^ for half 

maximal activity in vitro\ 2) m-calpain, a proteinase requiring 400-800|iM 

for half maximal activity in vitro; and 3) calpastatin, a protein that 

specifically inhibits the proteolytic activity of the two calpains but of no 

other proteases tested thus far (Johnson, 1990; Goli et al., 1992b). The (i-

and m- calpains are nonlysosomal, cycteine proteinases that have been 

found ubiquitously in all tissue in the animal kingdom. They each contain 

an 80-kDa large subunit and a 28-kDa small subunit. The 28-kDa subunit is 
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identical in both calpain molecules, while the 80-kDa subunits of |j,-calpain 

and m-calpain are different gene products (genes on human chromosome 

11 and 1, respectively; Ohno et al., 1990), but share 55-65% amino acid 

homology within a given species (Suzuki, 1990). 

The structure of the 80-kDa subunits on the basis of amino acid 

sequence can be divided into four domains (Fig. 2.1): Domain I at the N-

terminus has no sequence homology with any polypeptide sequenced thus 

far. Sequence homology of domain I among different species is 72-86%. 

Domain H has a catalytically active site consisting of cysteine-histidine-

asparagine, characteristic of cysteine proteases such as papain or cathepsins 

B, L, and S, but not other cysteine proteases (Arthur et al., 1997). The 

sequence homology of domain n among different species is 85 to 93%. 

Domain m shows no homology to any known polypeptide, although it has 

two potential EF hand Ca"^-binding sites. The apparent function of domain 

m is thought to link domain IV to the active site in domain II (Suzuki, 

1990). The sequence of domain IV at the C-terminus shows marginal 

homology with calmodulin (24-44% identity and 51-55% similarity for |i-

and m- calpain, respectively) and contains five sets of potential EF-hand 

Ca^^-binding sites. The fifth Ca^^-binding site is involved in association of 
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Large subunit of fi- and m-calpains, 80 kDa 

Pro-peptide Cysteine proteinase Function unknown -binding 
domian doninin doni&in 

n C 
1 1 1 X X| V X X jx'looooopooormyi 

100 300 500 700 

^ Autolysis site 

Ca2+ -binding 
domain 

Small subunit, 30 kDa ^ % 
100 200 

Figure 2.1: Schematic structure of p.- and m-calpains. The structure of the 80 kDa sub-
units can be divided into four domains: domain I has no sequence homology with other 
peptides; domain II has catalytically active site containing cysteinase activity; function of 
domain HI is unknown, although it is likely to link domain O to domain IV; domain IV 
contains five Ca^^-binding sites. The 28 kDa small subunit contains two domains: N-
terminal domain V may serve as a tether to other molecules and structures. Domain VI is 
a Ca2+-binding domain. Both large and small subunit autoiyze rapidly from their N-
termini in the present of Ca^"*", and generate 76 and 78 kDa (|i-calpain large subunit), 78 
kDa (m-calpain large subunit), and 18 kDa (small subunit) final autolysis products. 
Autolysis sites are indicated by arrows. 
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the 28/80 kDa subunits and is not a functional Ca"'"-binding site (Blanchard 

et al., 1997). The 28-kDa subunit is identical in the jl- and m-calpain 

molecules and is encoded by a single gene on chromosome 19 in human 

(Ohno et al., 1990). The N-terminal region of this subunit, domain V, 

consists of contiguous glycine residues together with hydrophobic residues 

and is thought to serve as a tether to other molecules and structures 

(Imajoh et al., 1985). The C-terminal part of this 28 kDa subunit, domain 

VI, is frequently called the calmodulin-Uke domain because it has five EF 

hand Ca"'"-binding motifs (Emori et al., 1986) (Fig. 2.1). 

Both jX- and m- calpain autolyze rapidly in the presence of Ca'"" 

(Suzuki et al., 1981a, 1981b). Autolysis involves both the large and small 

subunits and produces polypeptides of 78 (|l- and m-) or 76 (jj,-) kDa and 

18 kDa, respectively. Autolysis occurs in several steps: for 80 kDa subunit 

of |i-calpain, the N-terminal 14 amino acids are removed to produce a 78 

kDa intermediate product followed by removal of additional 12 amino 

acids to produce the 76 kDa autolysis product (Zimmerman and 

Schlaepfer, 1991); for the 80 kDa subunit of m-calpain, 9 amino acids are 

removed from the N-terminus followed by removal of additional 10 amino 

acids to produce the 78 kDa autolysis fragment (Brown and Crawford, 

1993); for the 28 kDa small subunit, the N-terminal 26, 37 and 28 amino 
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acids are sequentially removed to produce a final autolysis product of 18 

kDa (McClelland et al., 1989). Autolysis does not change the specific 

proteolytic activity of either calpain, but rather reduces the Ca'^ 

concentration required for their half-maximal activities by 3-10 fold (GoU 

et al., 1992b). It has been proposed that this autolysis is initiated by 

association with membrane phospholipids, which in turn leads to enzymatic 

activity (Mellgren et al., 1989). Although this membrane activation theory 

has been widely accepted, accumulating evidence suggests that calpain 

autolysis can occur without interacting with cell membranes (Goll et al. 

1992a; Saido et al., 1994). Thus while calcium-activated autolysis is likely 

to play a role in the regulation of calpain activity, its physiological 

significance remains to be fiilly determined. 

Calpastatin is also ubiquitously distributed in mammalian and avian 

cells. Calpastatin requires Ca~^ to bind to and inhibit ji- and m-calpain 

(Otsuka et al., 1987). The calcium concentration required for calpastatin to 

bind to either the unautolyzed or the autolyzed form of the calpains in 

vitro is less than that required for proteolytic activity of the calpains 

(Kapprell et al., 1989). Consequently, regulation of calpain activity in cells 

must involve a complex series of interactions with Ca^^ and calpastatin. 
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In addition to jx- and m- calpain and calpastatin, a skeletal muscle-

specific calpain has also been discovered (called skm-calpain, or p94, 

Sorimachi and Suzuki, 1992). The cDNA clone from chicken encodes a 

polypeptide of 821 amino acids with an apparent molecular mass of 94 

kDa. Skm-calpain shows 51-54% homology to the 80 kDa large subunit of 

ji- and m-calpains (Sorimachi et al., 1989). Studies of skm-calpain 

expression (Sorimachi et al., 1993) showed that its mRNA is abundant (10-

fold higher than |i- and m- calpains) and expressed only in fully 

differentiated myombes and myofibers. Attempts to detect this protein 

failed (Sorimachi et al., 1993), perhaps as a consequence of its extremely 

rapid turnover with a half life of less than 1 hour (Sorimachi et al., 1992, 

1993). Ubiquitous p.- and m- calpains as well as other proteases also 

undergo autolysis at the NHi-terminus, but only to a limited extent. 

Recently, skm-calpain was found to be the defective gene in limb-

girdle muscle dystrophy type 2A (LGMD2A), which belongs to a group of 

inherited diseases whose genetic etiology has yet to be elucidated (Richard 

et al., 1995). The autosomal recessive forms (LGMDs) constimte a 

genetically heterogeneous group, with LGMD2A mapping to chromosome 

15ql5.1-q21.1. The gene encoding skm-calpain large subunit is located in 

this region. Fifteen nonsense, splice site, firameshift, or missense skm-
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calpain mutations cosegregate with the disease in LGMD2A families. This 

is the first case in which a defect enzyme is responsible for muscle 

dystrophy (Richard et al., 1995). Other muscle dystrophies arise from 

defects in structural proteins such as dystrophin, merosin and adhalin 

(CampbeU, 1995). 

n. Functions of the calpain system. 

Protein makes up approximately 20% of muscle weight in mature, 

domestic animals. Accumulation of muscle protein occurs as a result of the 

imbalance between rates of protein synthesis and breakdown. The rates of 

muscle protein synthesis and degradation are not constant and are subject to 

regulatory controls (Goldberg et al., 1974). Changes in the rate of either 

synthesis or degradation can lead to an increased or decreased rate of 

muscle protein accumulation. Although most of the attempts to increase 

rates of muscle growth have focused on increasing the rate of muscle 

synthesis, decreasing the rate of muscle degradation can also contribute to 

muscle growth. In fact, available evidence indicates that loss of muscle 

protein that occurs during several myopathies such as denervation atrophy 

and several of the muscle dystrophies, is due primarily to an increased rate 

of muscle protein degradation, with little or no change in rate of muscle 
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protein synthesis. Therefore, protein degradation rates may play a major 

role in regulating the amount of muscle protein in animals. 

Intracellular protein degradation in manmialian cells is catalyzed by 

proteol5^c enzymes. Two proteolytic systems, the multicatalytic protease 

(MCP, or proteosome) system and the. calpain system, have thus far been 

demonstrated to be active at physiological conditions in cells. Although the 

proteosome system is abundant, the smaU size of its center core (less than 

30 A° in diameter), makes it impossible to be accessed by myofibrils which 

average 10 -100 fim in diameter and 1mm long (Tanaka et al., 1988; 

Koohmariae, 1992). Consequently, although the proteasome may degrade 

actin and myosin after they have been disassembled from the myofibril 

(Mykles and Haire, 1991), the calpain system is likely responsible for 

initiation of myofibril protein degradation (Goll et al., 1990, 1992a;). 

It has been reported that most calpain and calpastatin molecules are 

not free in the cytoplasm but are associated with subcellular structures 

(Kumamoto et al., 1992). In skeletal muscle, most of the calpains are 

adsorbed to the myofibrils, and the concentration of calpain and calpastatin 

at the Z disk, the structure that calpains destroy, is about twice that of other 

regions of myofibrils. In skeletal muscle cells, calpains are believed to 

initiate myofibril protein degradation by making specific cleavages that 
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release thick and thin filaments from the surface of myofibrils; and large 

polypeptide fragments from some myofibril proteins (GoU, et al., 1991; 

GoU, et al„ 1992a). Consequently, the calpains could have an important 

role in regulation of the rate of myofibril protein turnover. In nonmuscle 

cells, the calpains seem to be involved in disassembly of the cell 

cytoskeleton, especially at those points where the c)^oskeleton interacts 

with the ceU membrane (GoU, et al., 1992a). 

In addition to regulating the rate of muscle growth, since calpain 

activities are regulated by calcium ions, which are essential for cellular 

signal transduction, the calpain system is believed to regulate signal 

transduction by modulating the activity and the structure of various 

proteins. It has been reported that the calpain system has several functions 

in a living cell, including degradation of transcription factors such as c-Jun 

and c-Fos (Harai et al., 1991), regulation of cell proliferation (Cottin et al., 

1994), and cleavage of the cytoplasmic domains of adhesion receptors (Du 

et al., 1995). m-Calpain is also involved in myoblast fusion (Balcerzak et 

al., 1995). Addition of antisense oligomers targeting to m-calpain blocked 

myoblast fusion (about 70%) while having no effect on myoblast 

proliferation. 
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ni. Calpastatin cDNA and Deduced Protein Structure. 

Virtually all cells that express calpains also express calpastatin. 

Calpastatin is encoded by a single gene in birds and mammals. Calpastatin 

cDNAs were first isolated by screening rabbit lung and heart cDNA 

libraries with a synthetic oligonucleotide probe based on partial amino acid 

sequence of the purified protein (Emori et al., 1987). Nucleotide sequence 

analysis revealed the presence of a single long open reading frame of 2154 

nucleotides that encoded 718 amino acid residues (Mr, 76964). This open 

reading frame is preceded by an in-frame termination codon at nt -135. 

The deduced amino acid sequence contained all the determined partial 

amino acid sequences of the peptides derived from purified calpastatin, 

indicating that this open reading frame actually encoded calpastatin. 

Northern analysis using calpastatin cDNAs as probe revealed three mRNAs 

with sizes of 3.8kb, S.Okb, and 2.5kb, resulting from different poly(A) 

addition sites (Fig.2.2). 

Since then, partial calpastatin cDNAs from human, mouse, monkey, 

pig, rat, and bovine have been cloned and sequenced (Asada et al., 1989; 

Ishida et al., 1991; Killefer and Koohmarri, 1994, Maki, 1990). There is 

greater than 65% amino acid sequence identity among the calpastatins 

sequenced thus far. A search for domain structures revealed that the 
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A. 
Rabbit calpastatin mRNA 
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Emori et al., 1987 

Figure 2.2: Calpastatin RNA gel blot analysis. (A) Schematic diagram of rabbit 
calpastatin mRNA and probes used for northern blot. Filled bar indicates calpasta
tin coding region, asterisks indicate polyadenylation sites. (B) PolyCA)"^ RNA 
from rabbit heart was electrophoresed on a 1% agarose gel, blotted and then 
hybridized with three probes, lane 1: probe 1 covers the total amino acid coding 
region; lane 2: probe 2 is an 841-bp hindin fragment (nucleotide 2479-3220); lane 
3: probe 3 is a fragment corresponding to nucleotides 3221-3544. The mRNA 
species and the locations of 28S and 18S rRNA markers are shown. (Emori et al., 
1987) 
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calpastatin protein consists of four repeating, marginally homologous 

domains (23-36% homology) of approximately 140 amino acids each 

(domains 1 to 4), plus an N-terminal domain, called domain L (Fig.2.3). 

For each repetitive domain, highly conserved residues are clustered into 

three regions, termed subdomains A, B, and C. A highly conserved 

sequence, Glu-Lys-Leu-Gly-Glu-Xaa-Glu-Xaa-Thr-Ile-Pro-Pro-Xaa-Tyr-

Arg, is present in the middle of each repeat. 

No significant sequence homology has been found between 

calpastatin and any protein in GenBank and EMBL databases. The cystatin 

superfamily of cysteine protease inhibitors, which include the kininogens, 

has a consensus sequence of Gln-Val-Ala-Gly (Barrett et al., 1986). This 

sequence is not found in calpastatin. Kininogen is also known to inhibit 

calpain, although it shows no sequence similarity to calpastatin. Thus, 

calpastatin belongs to a unique group of protease inhibitors quite 

independent of the cystatin superfamily. 

It was also been observed that the calculated molecular weight for 

calpastatin is significantly lower than that deduced from SDS-PAGE. It is 

now clear that calpastatin is an acidic protein (pi 4.7), and has a biased 

amino acid composition: rich in hydrophilic residues such as Lys, Glu, Ser, 
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Figiire 2.3: Structure of different types of calpastatin. The numbers indicate the amino 
acid boundaries between each domain. Three subdomains (A, B and C) are marked with 
solid black boxes within domains 1-4. Question mark (?) indicates the undetermined N-
terminus. 
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and Asp, but lacking aromatic residues. This unusual amino acid 

composition may explain the abnormal behavior of calpastatin in SDS-

PAGE which results in an overestimation of molecular weight by 50-60% 

(Takano et al., 1988). 

rv. Diversity of Calpastatin Molecules. 

Early attempts to purify calpastatin protein produced inconsistent 

and variable results (see Goll et al., 1990; Maki et al., 1990, for 

summaries), with apparent molecular masses ranging from 34kDa 

(Takahashi-Nakamura et al., 1981; Yamoto et al., 1983) to 200kDa ( 

Nishiura et al., 1978). Molecular weights above 200-kDa that have been 

reported for calpastatin probably are the result of using size exclusion 

chromatography to estimate calpastatin size. Since conformation of the 

calpastatin polypeptide in solution resembles a random coil rather than the 

spherical shape assumed in size exclusion, estimation of molecular weight 

by exclusion chromatography probably overestimates its molecular weight. 

Since calpastatin is very sensitive to proteolytic degradation (Mellgren and 

Carr, 1983; Yamato et al., 1983; Otsuka and Goll, 1987), it was unclear 

whether this diversity in molecular masses reported for calpastatin was the 

result of proteolytic degradation during purification, or due to a number 

of calpastatin isoforms having different molecular masses. 
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Three distinct tj^es of calpastatin proteins have been discovered so 

far: 1) muscle type calpastatin (also called large calpastatin), which 

contains a functionally unknown domain L at the N-terminus and four 

inhibitory domains, designated 1 to 4; 2) erythrocyte type calpastatin (also 

called small calpastatin), which lacks domains L and 1; and 3) sperm type 

calpastatin, which is a 17.5 kDa calpastatin peptide with deduced amino 

acid sequences matching domains 3 and 4. 

Comparison of muscle type calpastatin cDNAs from the same tissue 

in different species showed that there are multiple forms of calpastatin 

cDNA in the coding region (Asada et al., 1989, Lee et al., 1992, Killefer 

and Koohmaraie, 1994). Human calpastatin has two deletions of 22 and 13 

amino acid residues in domain L and domain 1, while from bovine skeletal 

muscle calpastatin has one 22 amino acid deletion in domain L. Two types 

of calpastatin sequences at the N-terminal coding region were also obtained 

from rat; one had a sequence similar to mouse and human, while the other 

had a deletion of 38 amino acid residues in domain L. This altemative 

splicing leads to different sizes of calpastatin proteins during translation. 

In contrast to muscle type calpastatin, calpastatin purified from 

human erythrocytes had a molecular mass of 70-kDa as measured with 

SDS-PAGE. Protein sequencing showed that the N-terminus of erythrocyte 
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calpastatin was Ser-Asp-Aln-Ala-Leu-Glu-Ala-Ser-Ala-Ser-Leu (Imajoh et 

al., 1987), which corresponds to human hepatic calpastatin sequence 

beginning at Ser287(Fig. 2.3) This Ser is the first residue of domain 2 in 

human hepatic calpastatin, and is located immediately after a methionine 

residue that is coded by acaATGa, a Kozak consensus sequence for 

translation initiation. Hence, calpastatin from human erythrocytes is a 

smaller protein molecule lacking domains L and 1 that is likely produced 

through use of a downstream translation initiation site. 

A 17.5 kDa glycoprotein with a predicted amino acid sequence 

identical to the C-terminal 186 amino acids of human hepatic calpastatin 

has recendy been identified in human sperm (Wang et al., 1994). Serum 

obtained from an infertile woman contained antibodies against a 17.5 kDa 

sperm protein. Polyclonal antibodies were raised against this protein and 

used to screen a human testis expression library. A cDNA clone was 

isolated and amino acid sequence analysis showed that it matched to the C-

terminus of calpastatin. In situ hybridization studies showed that this small 

calpastatin is expressed during spermatogenesis at the final stages of 

differentiation to spermatozoa (Wei et al., 1995). This 17.5 kDa calpastatin 

was not isolated, so the N-terminal sequence is unknown. However, human 
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hepatic calpastatin contains a Met residue at position 506, which could be a 

translation initiation site for this sperm calpastatin. 

Overall, these results suggest that at least some of the multiple 

calpastatin peptides identified in western blot analysis of different tissues 

may in fact be different isoforms of calpastatin that have been produced by 

either alternative splicing mechanisms or from different translation start 

sites, rather than from degradation of the proteolytically susceptible 

calpastatin peptide, as has been widely assumed. 

V. Calpastatin Protein Binding and Inhibition to the Calpains. 

Calpastatin was first discovered during the initial studies on 

purification of m-calpain (Dayton et al., 1976), in which it was found that 

muscle extracts having calpain activity also contained an inhibitor of this 

activity (GoU et al., 1990). Initial studies established that this inhibitor was 

a heat-stable protein, as no activity was lost even by boiling for 15 min 

(Okitani et al., 1976). Subsequently, it was shown that this inhibitor was 

resistant to a wide variety of denaturing agents such as urea, SDS, or 

trichloroacetic acid (Otsuka and GoU ,1987). 

It was recognized early that Ca^^ is required for calpastatin to bind 

to and inhibit the calpains (Cottin et al., 1981; Imajoh and Suzuki, 1985, 

Otsuka and Goll, 1987). Use of calpastatin affinity columns indicated that 
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the Ca"^ concentration required for the calpains to bind to calpastatin 

depended on the calpain molecule. The bound calpain could be released in 

an undegraded form by chelating Ca*"" with EDTA (Kapprell and GoU, 

1989; Otsuka and GoU, 1987). Studies showed that the Ca""^concentration 

required for the calpains to bind to calpastatin is significantly lower than 

that required to initiate their proteolytic activity, except for unautolyzed 

|i-calpain. Furthermore, evidence suggests that Ca""" binding to calpain 

results in a conformational change in the calpain molecule that permits 

calpastatin binding. Taken together, these results suggest that if calpain and 

calpastatin are colocalized in cells, as immunolocalization results suggest, 

an increase in Ca~^ concentration would initiate calpastatin binding before 

the calpains could initiate proteolytic activity. Therefore, cells must contain 

some way to translocate calpastatin away from the calpains or to reduce the 

Ca"^ concentration required for calpain proteolytic activity without 

affecting the Ca"^ concentration required for calpastatin binding. The 

mechanism is still unknown. 

Initial studies investigating the binding of autolytic fragments of the 

calpains to calpastatin indicated that calpastatin bound to both domain IV 

and VI of the calpain large and small subunits (Nishimura and GoU, 1991). 

Subsequent studies using expressed subdomains of the calpastatin molecule 



34 

showed that calpastatin binds to the calpains at three sites: 1) subdomain A 

bound specifically to domain IV of calpain (Takano et al., 1995; Ma et al., 

1994;Yang et al., 1994) in a Ca'Mependent manner; 2) subdomain B 

containing the highly conserved sequence binds at or near the active site 

(domain 11) of calpain. This binding is Ca^^ dependent; 3) subdomain C 

binds in a Ca'^'-dependent manner to domain VI of the calpain molecule. 

This tripartite binding ostensibly contributes to the tight binding and 

efficient and specific inhibition of the calpains by calpastatin. Deletion of 

either subdomain A or C can greatiy reduce but does not altogether ablate 

the ability of calpastatin to inhibit the calpains. Furthermore, Kawasaki et 

al. (1993) found that subdomain B didn't block binding of the calpains to 

the cell membranes, although it reduced the rate of autolysis of the 

calpains. Calpastatin fragments containing subdomains A and C, however, 

blocked binding of the calpains to the cell membrane, but did not effect the 

rate of autolysis. It has been mentioned earlier that the Ca""" concentrations 

required in vitro for calpastatin binding are much higher than die Ca"^ 

concentrations normally existing in living cells (50-400nM) (Becker et al., 

1989; Berlin and Konishi, 1993; Harkins et al., 1993; Kurebayashi et al., 

1993). It is unclear whether calpastatin subdomain A and C bind to calpain 

in vivo, or just subdomain B binds. 
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Overall, the following mechanism is consistent with the current 

information on calpastatin binding and inhibition of die calpains: binding 

of Ca~^ to one or more of the Ca"^-binding sites on calpain results in a 

conformational change needed to "open" the active site and initiate 

proteolytic activity (GoU et al., 1992b). "Opening" the active site also 

makes this site available to bind subdomain B of the calpastatin, resulting in 

inhibition. 

VI. Calpastatin Genomic Structure. 

The calpastatin gene has been mapped to the long arm of 

chromosome 5 at 5q 14-22 in human. Partial sequencing of the calpastatin 

gene (Lee et al., 1992; Maki et al., 1991) has shown that amino acids 1-307 

in human hepatic calpastatin are encoded by 14 exons (Fig. 2.4). Domain L 

is split into 6 exons. Domain 1 is split into 4 exons and each of the three 

highly conserved regions (called subdomain A, B, and C) within the 

repetitive domain is located on a separate exon. The exon that contains the 

translation initiation codon proposed by Emori et al (1987) has also been 

identified. Comparison between the cDNA sequence and the genomic 

sequence identified an intron-exon boundary, where cDNA diverged from 

the genomic sequence 39 nucleotides upstream of this translation start site. 

Lee et al.(1992) therefore designated the exon containing the apparent 
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Figure 2.4: Partial structure of the human calpastatin gene. Exons are presented by 
boxes, where translated regions are filled. Black and gray boxes represent coding 
sequences in domian L and donaain 1, respectively. Lu, Lv, Lw, Lx, Ly, Lz represent 
exons encoding domain L, while I A, IB, IC and ID represent exons encoding domian 1. 
US and 2A represent exons encoding untranslated region and N-terminal region of 
domain 2, respectively. Arrow head indicate potenti^ translational initiation site ATG 
used for protein translation in rabbit. 
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translation initiation site as exon 2, presuming that the upstream region was 

encoded by a single exon. Cloning of the calpastatin gene in other species 

has not been reported, and a calpastatin promoter has not been identified in 

any species. 

Vn. Phosphorylation of Calpastatin. . 

Calpastatin and the calpains are located exclusively within the 

cytoplasm, and calpastatin can inhibit both |i- and m-calpain activities in 

vitro. However, several important issues remain unresolved: 1) the in vitro 

Ca""" concentration required for binding of calpastatin to the calpains is 

much higher than that which normally exists in living cells; 2) there are 

two isofonns of calpains within the cells; how does a conmion inhibitor 

regulate more than one isoforms of calpains ? 

Pontremoli et al. (1991) provided evidence for the existence in rat 

skeletal muscle of two calpastatin forms having different specificities for 

each of the calpain isozymes. Calpastatin I was more effective against p.-

calpain, while calpastatin n was more effective as an inhibitor of m-calpain 

(Fig. 2.5). Salamino et al.(1994) subsequentiy isolated two distinct forms 

of calpastatin corresponding to calpastatin I and calpastatin II from rat 

heart, kidney and skeletal muscle where both isoforms of the calpains exist 

within the same tissue. It was noted that the levels of calpastatin U activity 
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were strikingly correlated to those of m-calpain. On the other hand, in rat 

erythrocyte lysates where no m-calpain can be detected, a single calpastatin 

activity was found that co-eluted with calpastatin I on ion exchange 

chromatography (Fig. 2.6). No calpastatin n activity could be detected. 

These observations suggest that a mechanism exists for adjusting the 

amount of calpastatin EI relative to the amount of m-calpain. 

Three major kinases, protein kinase A (PBCA), protein kinase C 

(PKC), and histone phosphorylating protein kinase (PKind), were used for 

in vitro phosphorylation studies (Salamino et al.,1994). Results showed that 

PKA and PKind were very active in phosphorylating calpastatin I, whereas 

PKC was much less effective. Calpastatin isolated from rat erythrocytes 

was resistant to any phosphorylation (Table 2.1). Phosphorylation of 

calpastatin I by PKA could alter calpastatin inhibitory efficiency from ^i-

calpain to m-calpain, whereas dephosphorylation of native calpastatin n by 

phosphatase altered its activity from m-calpain to |i-calpain (Table 2.2). 

However, since the calpastatin inhibitory efficiency, K„ within the cells is 

less than 1 nM, which is remarkably lower than that shown in Table 2.2, 

this data may not be true. 
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Figure 2.5: Selectivity of rat muscle calpastatin I and II as inhibitors of |i- and m-
calpains. Calpastatin I and II were purified from rat skeletal muscle, ji- Calpain 
(closed symbols) or m-calpain (open symbols) were incubated with the indicated 
quantities of calpastatin I (A) or calpastatin H (B) and the residual calpain 
activity assayed. 



Fraction Number 

from Salamino et al., 1994 

Figure 2.6: Ion exchange chromatography showing calpastatin activity of rat 
heart, kidney, skeletal muscle, and erythrocytes . Crude extracts from heart (3g of 
tissue), (A), kidney (2.8g of tissue), (^, skeletal muscle (3.5g of tissue), ^), or 
erythrocytes (2 ml of packed cells), ^i^), were loaded on a DE-32 chromatography 
column equaUbrated with 50 mM sodium acetate, pH6.7, containing O.l mM 
EDTA and 0.5 mM 2-mercaptoethanol. The absorbed proteins were eluted with a 
linear gradient of NaCl from 0 to 0.3M. 
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Table 2.1 
Phosphorylation of calpastatin I from rat heart, kidney and erythrocytes by 

various protein kinases 

Protein Kinase ^"P-Incorporation (pmol) in calpastatin I from 
Heart Kidney Erythrocytes 

PKA 92±12 88±16 6±3 
PKC 14±3 12±4 3±1 
Pkind 82±10 78±10 n.d. 

Note: Calpastatin I purified from heart (10.6 ^.g), kidney (9.7 ^ig) or 
erythrocytes (12.4 ^,g) was incubated with purified protein kinase A 
(PKA), protein kinase C (PKC), or histone phosphorylating protein kinase 
(Pkind), which is fully active in the absence of any effector. The specific 
radioactivity of [y-^^P]ATP was 5xl0^counts/min/nmol. 

(from Salamino et al., 1994) 

In sunmiary, two forms of calpastatin molecules are found to coexist 

with |J,- and m-calpain. These two forms can be interconvertible through a 

phosphorylation-dephosphorylation mechanism by cAMP-dependent PKA 

and phosphatase. The different inhibitory efficiencies which distinguish one 

calpastatin from another may indicate a very sensitive mechanism that 

allows the cell to control the activity of both calpains precisely and 

efficientiy. However, the molecular regulation of this postranslational 

modification has not been studied. 
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Table 2.2 
Changes m efficiencies of phospho-calpastatin I and of native 

calpastatin n following dephosphorylation 

Inhibitor type Calpastatin inhibitory efficiency, Ki(p,M), against 
Heart Kidney 

^.-calpain m-calpain jx-calpain m-calpain 

Native calpastatin I 0.022 0.088 0.027 0.092 

Native calpastatin n 0.109 0.033 0.103 0.030 

Phospho-calpastatin I 0.114 0.031 0.106 0.036 

Phospho-calpastatin I, 
treated with alkaline PPase 0.030 0.096 0.033 0.11 

Native calpastatin n, 
treated with alkaline PPase 0.025 0.091 0.037 0.118 

(from Salamino et al., 1994) 
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Vin. Effect of p-agonists on Muscle Growth and Hypertrophy and the 

Role of Calpastatin. 

3-adrenergic agonists are the most potent growth promoting agents 

in many species of animals (Hanrahan, et al., 1986). P^-agonists bind to the 

type n P-adrenergic receptor and activate intracellular signaling cascades 

that are mediated by the cAMP-dependent protein kinase A pathway. The 

P2-adrenergic receptor contains seven transmembrane loops, which is 

characteristic of G-linked receptors. Binding of Ugand (epinephrine or P-

agonists) to the P2 receptor activates the G protein complex which 

stimulates adenylate cyclase to produce cyclic AMP (cAMP). cAMP in turn 

binds to the regulatory subunit of cAMP-dependent protein kinase A, 

causing release of the catalytic subunit which then phosphorylates target 

proteins. 

P-agonists produce a dramatic increase in skeletal muscle mass and a 

large reduction in body fat content (Beermann et al., 1987; Reeds et al., 

1986). A 10-20% increase in muscle weight was observed after treating 

rats with the P-agonist clenbutarol for only 1-2 weeks (Emery et al., 1984; 

McElligott et al., 1989; Reed et al., 1986). Lambs fed cimaterol for 

approximately 2 months showed a 25-30% increase in the weights of 
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several muscles compared with control lambs (Beermami et al., 1986; 

1987). 

Several studies suggest that muscle growth in response to P-agonist 

treatment is true muscle hypertrophy rather than hyperplasia, in which 

satellite ceU division precedes protein accretion. Hypertrophy is primarily 

the result of increased fiber size and protein content without the 

incorporation of new satellite cells. Consequendy, although the total RNA 

content was not altered following p-agonist treatment, the ratio of DNA to 

protein decreased (McEUigott et al., 1989, Salleo et al., 1980). 

Adult muscles maintain a constant size under normal conditions. 

Therefore, in order to increase the size of muscle, P-agonists effect the "set 

point" responsible for maintaining a balanced state. The primary issue that 

must be addressed is to ascertain the mechanism of action of P-agonists. 

There are two possible mechanisms of action: 1) P-agonist may direcdy 

bind to the skeletal muscle membrane receptors and activate a series of 

events leading to muscle protein accumulation; 2) p-agonist may promote 

muscle growth indirecdy by activating non-muscle cell receptors, leading 

to the production of hormone(s) or other factors. These factors may then 

act on the muscle cells to stimulate muscle growth. 
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Although the mechanism by which P-agonists induce muscle growth 

is not known, evidence suggests that the ability of |3-agonists to stimulate 

muscle growth under conditions of altered endocrine status argues against 

the involvement of hormones and factors such as insulin, IGFl, gonadal 

steroid hormone, etc.( Beermann et al., 1987; Hanrahan et al., 1986; Reeds 

et al., 1986; Smith et al., 1981). The mechanism of P-agonist action on 

muscle cells has been studied and evidence suggests that P-agonists act 

direcdy on muscle fibers. Protein sjmthesis, degradation, amino acid 

uptake and protein accretion have been measured in muscle cell cultures 

incubated in the presence of P-agonists. Results showed that addition of the 

P-agonist clenbutarol significantly stimulated fusion in neonatal muscle 

culmres and also increased culture protein content. No protein 

accumulation was observed in clenbutarol-treated satellite cells (McMillan 

et al., 1992). Cimaterol at IjiM, but not at higher concentrations, inhibited 

protein degradation in L8 and L6 muscle cell cultures while cimaterol had 

no effect in MM14D mouse muscle cell cultures. Protein synthesis was not 

affected in either cell type (Forsberg et al., 1986). 

In vivo effects of p-agonist on protein synthesis and degradation 

have also been addressed. Early results gave conflicting information 

concerning the effect of P-agonists on protein synthesis and degradation. 
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mostly due to difficulties in accurately measuring the rate of protein 

synthesis (Reeds et al., 1987). Koohmaraie et al.(1991) treated lambs with 

P-agonists and the weight of biceps and several protease activities were 

measured postmortem. Results showed that treated lambs had more protein 

with no changes in total DNA amount, indicating that the increase in 

muscle mass was due to hypertrophy rather than hyperplasia. In addition, 

the ability of the muscle to undergo postmortem proteolysis had been 

dramatically reduced by p-agonist feeding, demonstrating directly that p-

agonist treatment decreased the rate of muscle protein degradation. 

The effects of P-agonists on the calpain system have also been 

investigated. P-Agonists can induce changes in the calpain system in both 

bovine and ovine muscle (Koohmaraie et al., 1991,1994; Higgins et al., 

1988; Kretchmar, 1990; Parr et al., 1992). When lambs were treated with 

p-agonists, the activities of m-calpain and calpastatin increased 62.8% and 

24.6%, respectively, relative to control lambs (Koohmaraie et al., 1991). 

In steers, a 37% increase in muscle mass following P-agonist treatment was 

coincident with a 96% increase in calpastatin mRNA levels and a 76% 

increase in calpastatin-specific activity (Parr et al., 1992). m-Calpain-

specific activity increased 27%. These changes appear specific to 

hypertrophic muscles, as muscles that do not respond to P-agonists show no 
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change in caipains or calpastatin. Based upon changes observed in die 

calpain system following P-agonist treatment, it has been proposed that 

increased calpastatin activity following p-agonist treatment inhibits calpain 

activity and thereby reduces protein degradation, leading to muscle 

hypertrophy. Reduced protein breakdown has been observed following P-

agonist induced hypertrophy (Reeds et al., 1986; Bohorov et al., 1987). An 

important unanswered question is how observed increases in calpastatin 

mRNA levels as well as protein activities following P-agonist treatment 

relate to muscle hypertrophy. One possible mechanism is that p-agonists 

could increase the rate of calpastatin gene transcription, consequendy 

increasing the amount of calpastatin protein. Alternatively, P-agonist 

treatment can increase the activity of m-calpain, and one possible 

mechanism is that calpastatin protein could be postranslationally modified 

by cAMP-dependent phosphorylation to inhibit the elevated activity of m-

calpain. Experiments in this proposal will seek to determine whether 

calpastatin mRNA and calpastatin protein are targets for p-agonists. 
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Chapter Three 

Materials and Methods 

I. 5'RACE rRapid Amplification of Complementary DNA 5' Ends): 

5' RACE was performed as described (Frohman, 1993) using total 

RNA from adult bovine heart and primers derived from a published partial 

calpastatin cDNA sequence (Killefer, et al., 1994). Two nested calpastatin-

specific primers, CPB8: 5'- CCTGTATCTGAUGAGTGCTTGGG -3', 

CPB3; 5'- GGTAGGCTTTTTGGCTCTGTGTG -3', were used (Fig. 3.1). 

Single stranded cDNA template was generated by incubating 5|ig of bovine 

heart total RNA and the CPB8 primer at 37°C for 2 h with 200 units of M-

MuLV Reverse Transcriptase (Boehringer Mannhein), ImM dNTP, 10 

unit RNasin, and 1 x RT buffer. Following removal of excess primers 

using Centricon-100 spin filters (Amicon Corp), poly (A) was added to 5' 

cDNA ends by incubation in a solution containing 10 units terminal deoxy 

transferase (TdT, Promega), 0.2 mM dATP, 100 mM cacodylate buffer 

(pH6.8), 1 mM CoCU and 0.1 mM DTT at 37 °C for 5 min, followed by 

heating to 65°C for 5 min to stop the reaction. Second strand cDNA was 
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synthesized using the 52 nt hybrid primer QT (Q-J. : 5'-

CCAGTGAGCAGAGTGACGAGGACTCGAGCT 

CAAGCri 1 inn i 1 i l l i 111- 3'), and two rounds of PGR were then 

performed using the primer Qo (5'- CCAGTGAGCAGAGTGACG -3') 

and the calpastatin-specific primer CPB3, followed by the primer Qi (5'-

GAGGACTCGAGCTCAAGC -3') and CPBl. PCR reaction products 

were separated on a 1% agarose gel, excised and cloned into pGEM-T 

vector. 
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Figure 3.1 Schematic diagram of 5'RACE protocol 
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II. Screening of Bovine Heart cDNA Library: 

A bovine heart Uni-ZAP XR library was obtained from Stratagene. 

Approximately 1.7 x 10^ recombinant phage were plated on 150 mm NZ-

yeast broth (NZY) plates. Plates were incubated overnight at 37°C and 

placed at 4°C for 2 h. Plaque lifts were made, denatured and UV-

crosslinked to nitrocellulose membranes (Schleicher & Schuell). 

Membranes were probed with ^^P-labeled random primed 5' RACE cDNA 

product. Hybridization was performed overnight at 42°C in a solution 

containing 800 mM NaCl, 20 mM pipes buffer (pH 6.5), 50% deionized 

formamide, 0.5% SDS, heat-denatured sperm DNA(100}Xg/nil), and ^"P-

labeled probe at 10^ cpm/ml. Membranes were washed twice at room 

temperature with 0.1% SDS, O.lxSSC and air-dried. Positive signals were 

visualized on Kodak X-OMAT™-AR film. Clones giving positive signals 

were plaque purified and rescreened two additional times to eliminate false 

positives. The plaque-purified cDNA phage clones were converted into 

respective pBluescript plasmid counterparts by in vivo excision according 

to the manufacturer's protocols to produce double-stranded DNA 

pBluescript plasmids containing cDNA inserts. 
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ni. Total RNA Isolation: 

Total RNA was isolated according to a published protocol 

(Chomczynski, et al., 1987). Briefly, tissue was homogenized with a tissue 

homogenizer and solubilized in solution D (lOml/gram tissue) containing 

4M guanidium thiocyanate, 25mM sodium acetate (pH 7), 0.5% sarcosyl 

and O.IM p-mercaptoethanol. 0.1 Volume of 2M sodium acetate (pH 4.0), 

1.0 volume of water saturated phenol, and 0.2 volume of chloroform-

isoamyl alcohol (49:1) were added sequentially and mixed well. The 

solution was then shaken vigorously for 10 sec and placed on ice for 15 

min. The aqueous phase containing total RNA was isolated by centrifiiging 

at 10,000xg for 20 min at 4°C and transferred to a fresh tube. Total RNA 

was precipitated with 1.0 volume of isopropanol at -20°C for 1 h and 

resuspended in 0.3 volume of solution D. Subsequently, RNA was 

reprecipitated again with an equal volume of isopropanol at -20°C for 1 h. 

Pelleted RNA was washed twice with 75% ethanol and resuspended in 

ddHjO. 

VI. Northern Blot Analvsis: 

20|lg of bovine heart total RNA were denatured and electrophoresed 

on a 1 % formaldehyde-containing agarose gel. After electrophoresis, 
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RNAs were transferred to a Genescreen hybridization transfer membrane 

(DuPont). The membrane was prehybridized at 42°C for 2 h with a 

solution containing 50% formamide, 10 x Denhardt's solution, IM NaCl, 

1% SDS, 50 mM Tris-HCl (pH7.5), 10% dextran sulfate, 0.1% sodium 

pyrophosphate, and lOOjig/ml preheated sperm DNA. The probe used for 

hybridization was a 413 nt PGR product from the middle of the bovine 

heart cDNA (5' primer: 5'- GAATTTTCTGACAGTTTCGGGC -3', 3' 

primer: 5'- TCCATCAGC11ITGGCTTGG -3'). Probes were added at 

10^ CPM/ml and hybridized to the membrane overnight at 42°C. The 

membrane was finally washed at room temperature with 2xSSC and 0.1% 

SDS for 15 min, and O.lxSSC, 0.1% SDS for 15 min at 42°C- Signals were 

visualized on Kodak BIOMAX-MR film. 

V. Coupled In Vitro Transcription and Translation: 

Coupled in vitro transcription and translation experiments were 

performed according to manufacturer's protocols (Promega). Briefly, 25|il 

TNT® rabbit reticulocyte lysate, 2|il TNT® reaction buffer, 1 {0,1 TNT® T7 

RNA polymerase, l|i.l amino acid mixture minus Methionine (ImM), 4^l1 

^^S-Methionine (lOOOCi/mmol) at lOmCi/ml (Amersham Intl.), l^il Rnasin® 

ribonuclease inhibitor (40U/|i,l), and l\ig DNA template were assembled 
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and ddHjO was added to a final volume of 50|xl. The reaction was 

incubated at SCC for 90 minutes and the translation products were gel 

analyzed and visualized on X-Omat AR film (Kodak). 

VI. Construction Of Recombinant Calpastatin Proteins: 

Calpastatin cDNA fragments representing full length protein, 

domain XL+L, or domain 1-4 were generated by the polymerase chain 

reaction (PGR). Synthetic oligonucleotides were derived from the bovine 

calpastatin sequence. 5' Primer Fl( 5'-

CTCTCGGAACACATCCATCGTC- 3' ) corresponded to nucleotide 104-

125 and primer F2 ( 5' -GGAAAGTCAGcCATGGACACTGC- 3' 

corresponded to 783-805nt (c is a point mutation to generate an Ncol site). 

Two 3' primers Bl( 5' -ccgctcgagcgTTCCAGATGGTTTACTTGG- 3', 

sequence in small letters is Xhol linker) and B2 ( 5' -

ccgctcgagcgaTCAGCAAATACCACTG- 3') are located at nt 768-786 and 

nt 2597-2612 relative to the transcription initiation site (Fig. 3.2). 
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Figure. 3.2: Schematic diagram of calpastatin cDNA and strategies to make recom
binant calpastatin proteins. Calpastatin domains are shown by boxes. Black box rep
resent the XL region. Arrows indicate the primers used for generating PGR 
products. Gray boxes represent in vitro expressed calpastatin fragments. 
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PGR amplifications were carried out as follows: 50 ng of calpastatin 

cDNA template were added to a 100 ^.1 PGR reaction containing 0.2 mM 

dNTP (Pharmacia Biotech), pfii DNA polymerase buffer containing 10 mM 

KGl, 10 mM (NH4)2S04, 20 mM Tris Gl (pH 7.75), 2 mM MgS04, 0.1% 

Triton X-100, and 100|J.g/ml BSA, 0.25|iM of each forward and backward 

primer. The solution was overlaid with two drops of mineral oQ, 

denatured at 97°C for 5 min, and then maintained at 72°C to add 0.5ill pfii 

DNA pol)anerase (Stratagene). PGR was performed with 30 cycles of 

denamration (94°C, 30 sec), annealing (52°G, 30 sec), and elongation 

(72°G, Imin). After the final cycle, the temperature was maintained at 

72°G for 15 min to allow completion of elongation. 

PGR products were gel-purified using Qiaquik Gel Extraction Kit 

(Qiagen) and treated with Nco/ and Xhol, and subcloned into the same sites 

of pGAL-n Vector (Stratagene) to generate fusion proteins having a 26 

amino-acid Galmodulin-binding unit at their N-termini. Recombinant 

plasmids expressing full length, domains 1-4, or domain L plus region XL 

were designated pCalp786, pGalp569 and pGalp217, respectively, and 

transformed into BL21(DE3) competent cells. 
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VII. Expression and Extraction of Recombinant Calpastatin Proteins 

From E Colt 

Recombinant Protein Expression and Lysate Preparation. 

2ml of LB broth (plus 50|ig/nad ampicillin) were inoculated with a 

single colony and incubated at 37 °C with shaking until an optical density at 

600nm (OD^OQ) of 0.6-1.0 was reached. Subsequently this broth was used to 

inoculate 50ml of LB-ampicillin in a 250ml flask at 37°C with shaking. 

When ODgoo of 0.6-1.0 was reached, 1 ml of the sample was removed for 

use as an uninduced control and lOOnoiM IPTG (Gibco/BRL) stock solution 

was added to a final concentration of ImM to induce protein expression. 

After 2.5 h incubation, E. coli. cells were harvested and centrifuged at 

5000 X g for 5 minutes at 4°C. Cell pellets were then resuspended 1:5 

(w/v) in binding buffer containing 50 mM Tris-HCl (pH8.0), 150 mM 

NaCl, 10 mM J3-mercaptoethanol, 1.0 mM magnesium acetate, 1.0 mM 

imidazole, and 2.0 mM CaCU. Cells were lysed using Img/ml lysozyme 

and 0.1% triton X-100 and stored at -20°C overnight. 

Frozen lysates were thawed at room temperature the next day and 

homogenized with a polytron to shear genomic DNA. Crude lysates were 



58 

obtained by centrifugation and then applied to a calmodulin affinity 

column. 

Calmodulin Affinity Column Preparation. 

The calmodulin affinity resin was supplied in a storage buffer 

containing 20% (v/v) ethanol, 0.1 mM CaCU, 20 mM Tris-HCl (pH7.5), 

and 500 mM NaCl. Prior to use, the resin was equilibrated with 5 bed 

volumes of the binding buffer. The calmodulin affinity resin was allowed 

to settle and the supernatant was decanted, following which the resin was 

washed twice with CaCl, binding buffer and finally an equal volume of the 

CaCl, buffer was added. Equilibrated calmodulin resin was degassed and 

chilled to 4°C. A 10 ml disposable polystyrene colunm (Pierce) was used 

for affinity chromatography. The column was filled with 3 ml of degassed 

HiO and put into a 16 x 125 mm test tube. The end of the column was 

gently tapped to dislodge any air bubbles. A porous polyethylene disc was 

then floated on top of the liquid within the column and depressed evenly to 

the bottom of the column. The column was then emptied of water and a 

desired volume of degassed gel slurry containing 2 ml of resin was added. 

Resin was allowed to settle for 30 min following which a second disc was 

depressed to just above the settled resin level, leaving approximately 1-2 
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mm of Space between the top of the resin and the bottom of the top disc. 

The entire procedure was performed at 4°C. 

Protein Purification. 

Recombinant proteins were isolated using the calmodulin affinity 

column according to manufacturer's protocols (Promega). Briefly, cell 

lysate was loaded on the top of the column. The column was washed with 

5-10 column volumes of Ca'^^-binding buffer to remove unbound material, 

and bound proteins were eluted from the column matrix with 10 column 

volumes of elution buffer containing 50 mM Tris-HCl (pH8.0), 10 mM (3-

mercaptoethanol, and 2 mM EGTA. 

VIII. Western Blot Analvsis: 

Western blots were performed as described by Towbin et al.(1979). 

Whole tissue extracts from bovine heart and liver, a crude ammonium 

sulfate fraction of whole heart homogenates, or recombinant proteins 

representing full length calpastatin or domains 1-4, were electrophoresed 

on 8% SDS-PAGE and transferred to nitrocellulose (Schleicher & Schuell) 

using a TE 22 Mighty Small Transphor apparatus (Hoefer Scientific 

Instruments). Transfer was performed at 4°C for 2 hours at 300 mA 
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constant current. The membrane was then incubated in 5% non-fat dry 

milk in 1 X TTBS (0.1% Tween 20, 100 mM Tris-HCl pH 7.5, and 0.9% 

NaCl) buffer at room temperature for 1 h, washed in IX TTBS and then 

incubated in Ix TTBS -1% BSA plus 1F7, a monoclonal antibody that 

recognizes an epitope in the C-terminal portion of bovine calpastatin, or a 

chicken antiserum prepared against amino acids 17-33 of the XL region. 

Following washes and incubation with horseradish peroxidase-conjugated 

goat anti-mouse (American Qualex) at a dilution of 1:10,000 in Ix TTBS-

1%BSA, or anti-chicken IgG (Promega) at a dilution of 1:2000, peroxidase 

was visualized using SuperSignal substrate (Pierce). 

IX. Separation of Polyclonal Antibodies from Yolk: 

Egg yolk was separated and added to 4 volume of solubilization 

buffer containing 10 mM phosphate (pH7.5), O.IM NaCl, and 0.01% NaNj. 

Subsequently, PEG 6000 was added to a final concentration of 3.5% and 

stirred until dissolved. Following centrifugation at 14,000xg for 10 min, 

supematant was separated by filtering through absorbent cotton. PEG 6000 

was then added to 12% with stirring to precipitate antibodies. Solution was 

recentrifuged at 14,000xg for 10 min and precipitated antibodies were 
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dissolved in solubilization buffer to original volume of yolk. Precipitation 

with PEG 6000 and centrifiigation at 14,000xg were repeated two 

additional times, following which polyclonal antibodies were resuspended 

in half of the original yolk volume of solubilization buffer. 

X. Protein Kinase A Phosphorylation Assav: 

Protein kinase A (PKA) was a generous gift from Dr. Mike Walsh 

(University of Calgary). 0.1 mg/ml of the partially purified recombinant 

proteins pCalp786, pCalp569 or pCalp217 were added to a reaction 

solution containing 20 mM NaHEPES (pH7.5), 5 mM MgCl,, 1 mM DTT, 

1 jJ-g/ml PKA. The phosphorylation reaction was initiated by adding 26.25 

|lCi y-^^P ATP and 0.25 mM ATP. Following incubation at 30°C for 30 

min, reactions were boiled 5 min at 95°C and loaded onto a 7.5-20% 

gradient SDS-PAGE gel. 

XI. Screening of bovine heart genomic librarv: 

Approximately 1.1 x 10^ recombinant phage of a bovine heart FIX II 

library (Strtagen) were plated on 150 mm NZ-yeast broth (NZY) plates. 

Plates were incubated overnight at 37°C and placed at 4°C for 2 h. Plaque 

lifts were made, denatured and UV-crosslinked to nitrocellulose 
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membranes (Schleicher & Schuell). A 139bp PGR product from the 5' end 

of the calpastatin cDNA clone was used as the hybridization probe ( 5' 

primer: 5'- GTGTGGGAAGAGATCGATGGTG -3', 3' primer; 5'-

CGGAAGGGTTGTTGGTTTTTTC -3'). Hybridization was performed 

overnight at 42°G in a solution containing 800 mM NaGl, 20 mM pipes 

buffer (pH6.5), 50% deionized formamide, 0.5% SDS and heat-denatured 

sperm DNA(100|ig/ml), and ^"P-labeled probe at 10® cpm/ml. Membrane 

was washed at room temperature with 0.1% SDS, 6 x SSG for 5 min, 0.1% 

SDS, 0.1 X SSG for 2 min and positive signals were visualized on Kodak X-

OMAT™-AR film. 

Glones giving positive signals were plaque purified and rescreened 

two additional times to eliminate false positives. The plaque-purified phage 

clones were isolated and phage DNAs purified using a Lambda DNA 

Midiprep kit (Qiagen). Genomic DNA fragments hybridizing to the 5' end 

of calpastatin cDNA by southern blot analysis were gel isolated and 

subcloned into pBluescript plasmid. Extensive subcloning and nucleotide 

sequencing defined the promoter region as well as the structure of the 5' 

region of the bovine calpastatin gene. 
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XII. Southern Blot Analysis: 

Preparation of double stranded and single stranded labeled DNA probes. 

Double stranded DNA labeling was carried out using Prime-It II 

Random Primer Labeling kit (Stratagene). Briefly, 25ng of DNA template 

was mixed with lOjil random oligonucleotide primers and ddHjO to a 34|il 

total reaction volume. The reaction was heated at 100°C for 5 min and 

centrifiiged briefly. Subsequently 5|li1 of [a-^"P] dCTP at lOCi/ml 

(Amersham), l|il Exo-Klenow enzyme (5U/jil), and lOfil of 5x dCTP 

primer buffer containing dATP, dGTP, dTTP were added into the reaction 

and incubated at 37°C for 10 min. The reaction was stopped by adding 2fil 

of stop mix and the radiolabeled DNA was separated from the 

unincorporated nucleotides using NucTrap probe purification columns 

(Stratagene). 

Single-stranded probe was synthesized according to the standard 

protocol (Ausubel et al., 1994). Briefly, 100 ng single-stranded 

oligonucleotide primer was mixed with 10 [y-^-P]ATP (Amersham), 

7.5fil lOxpolynucleotide kinase buffer, 40U T4 polynucleotide kinase. The 

reaction was carried out at 37°C for 30 min, following which the kinase 

was inactivated by heating at 65°C for 5 min. The radiolabeled 
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oligonucleotide primer was separated from the unincorporated 

oligonucleotides using NucTrap probe purification colunms (Stratagene). 

Southern Blot Analysis. 

DNA fragments digested with appropriate restriction enzymes were 

loaded and run on an agarose gel. The gel was then pretreated at room 

temperature with 0.25N HCl for 15 min, 0.2N NaOH and 0.6N NaCl for 

30 min, and 0.025M NaP04 (pH6.5) for 1 hour. DNA was thereafter 

transferred from the agarose gel to GeneScreen membrane (DouPont) for 

2 h using a Posiblot Pressure Blotter (Stratagene) at 75 mmHg. The DNA 

on the membrane was then denatured with 0.4N NaOH for 1 min, 

renatured with 2xSSC, and crosslinked to the membrane using 

STRATALINKER UV Crosslinker (Stratagene). 

The membrane was prehybridized at 42°C for 2 h with 

prehybridization solution containing 6xSSC, 20mM NaHoP04, 0.4% SDS, 

100|ig/ml preboiled salmon testes DNA (Sigma). Radiolabeled probe was 

added at 10^ CPM/ml and hybridized at 42°C overnight. Blots were washed 

in solution I containing 6xSSC and 0.1% SDS for 5 min and washing 

solution n containing 0.2xSSC and 0.1% SDS for 10 to 20 min. Signals 

were visualized on Kodak BIOMAX-MR film. 



65 

XIII. Primer Extension: 

An oligonucleoticie (CPB522; 5'-

AUGGCGACGAUGGAUGTGTTCC -3') near the 5' end of the calpastatin 

cDNA was labeled with y (^^P)dATP (7000mCi/mmol, ICN). The annealing 

reaction was performed at 85°C for 5 min followed by incubation at 55°C 

for 90 min in a solution containing lOfig of total RNA from bovine heart 

tissue, 10 pmol of y (^-P)dATP-labeled CPB522, 250 mM KCl, 250 mM 

Tris-HCl (pH8.3 at 45°C). Reverse transcription was carried out at 45°C 

for 45 min in a reaction containing 1 mM dNTP, 12.5 unit AMV reverse 

transcriptase, 50 mM Tris-HCl (pH8.3), 50 mM KCl, 10 mM MgCU, 0.5 

mM spermidine, and 10 mM DTT. Primer extension products were 

separated on a 6% polyacrylamide-urea gel and visualized by 

autoradiography. 

XIV. Construction Of Recombinant Plasmids For Promoter Analvsis: 

A genomic Hind III fragment containing 1667 bp of 5' flanking 

region, 158 bp of exon 1 and approximately 2400 bp of intron 1 cloned 

into pBluescript KS served as template for constructing pCS-1667. PCR 
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amplification was performed using the forward primer KS located within 

pBluescript vector and a reverse primer CPB36, which is located in exon I 

and contains an additional Xba I site at its 5' end. Since the proximal 

promoter region has high GC content, DMSO was added to the PGR 

amplifications to a final concentration of 5%. The PGR products were gel 

purified and restricted with Hind HI plus Xba I and cloned into the pGAT-

BASIG reporter vector (Promega). The resulting plasmid clone, pGS-1667, 

contains 1667 nt upstream of transcription initiation plus 130 nt sequence 

from exonl linked to the GAT reporter gene. pCS-1667 was used as a 

template to generate pGS-1242, pGS-944, pCS-671, pCS-272, pCS-102 and 

pGS-3l. 

PGR amplifications were carried out as follows. 50ng of calpastatin 

pGS-1667 was added to a 100 jil PGR reaction containing 0.2 mM dNTP 

(Pharmacia Biotech), pfu DNA polymerase buffer, 0.25|iM of each 

forward and backward primers, and 5% DMSO. The solution was overlaid 

with mineral oil, denatured at 97°G for 5 min, the temperature was then 

maintained at 72°G while l.O^il pfii DNA polymerases (Stratagene) was 

added, PGR was continued with 30 cycles of denaturation (94°G, 30 sec), 

armealing (60°G, 30 sec), and elongation (72®G, I min). After the final 
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cycle, the temperature was held at 72°C for 15 min to allow completion of 

elongation. 

XV. Cell Culture. Transient Transfection And CAT Assay: 

Cell Culture and Transient Transfection. 

Mouse fibroblast NTH3T3 cells were grown to 70% confluence in 

complete medium containing Dulbecco's Modified Eagle Medium (DMEM, 

Gibco/BRL) supplemented with 10% fetal bovine serum, 50|ig/n[il 

Gentamicin, 1:100 antibiotic-Antimycotic (Gibco/BRL). All cultures were 

maintained at 37°C in a humidified atmosphere containing 7% CO,. 

Cells were harvested with Trypsin-EDTA (Gibco/BRL) and the cell 

concentration was calculated using a Spotlight Hemacytometer (Baxter). 

One day prior to transfection, 5 x 10^ NIH3T3 cells were plated onto a 35 

mm tissue culture plate in complete medium. The following day, for each 

transfection 2\Lg of plasmid DNA were combined with I2\ig of 

LipofectAMINE (Gibco/BRL) in 200|Xl of DMEM at room temperature 

for 45 min to allow DNA-liposome complexes to form. 800 p.1 DMEM was 

then added to the tube and the solution was applied to NIH3T3 cells. Cells 

were incubated with the complexes for 5 h in a CO, incubator and 1ml of 
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complete medium was added without removing the transfection mixture. 

Transfection medium was replaced with fresh complete medium at 24 h 

following the start of transfection and cells were incubated for another 24 

h. For some experiments, dibutyryl cAMP (Sigma) was added to culture 

medium at a final concentration of ImM, 24 h after transfection. Forty-

eight h following transfection, cultures were rinsed with 2 ml chilled TBS 

(50 mM Tris-HCl, 90 mM NaCl, pH7.5). 750 ^tl of chilled STE (40 mM 

Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH7.4) was then added to detach 

cells from the plate. Cells were pelleted, brought up in 200 ^1 of lysis 

buffer (0.25M Tris-HCl pH7.8, 0.5% Triton-XlOO), placed on ice for 10 

min and sonicated. Protein concentrations of extracts were determined 

using the BCA protein assay kit (Pierce). 

CAT Assay. 

CAT activities were measured essentially by the method previously 

described (Gorman, 1983). Briefly, 70 p.1 of cell extract per reaction was 

incubated at 37°C for 1 h with 1 |il of "*C-chloramphenicol (25 ^iCi/ml, 

Amersham Corp.), 8 |il of 40 mM acetyl-CoA (Pharmacia) and 100 |il of 

250 mM Tris-HCl (pH7.5). Reactions were terminated by extraction with 1 

ml of ethylacetate. Ethylacetate was transferred to a separate tube, dried 
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and the extracted chloramphenicol dissolved in 20 |il ethyl acetate. 

Unacetylated and acetylated '"^C-chloramphenicol were resolved by thin-

layer chromatography (TLC, VWR) in 90% chloroform/10% methanol 

and quantitated using an Instant Imager (Packard). CAT activities were 

normalized to protein content within extracts, and each construct was 

assayed in at least three independent transfection experiments. 

XVI. Protein Concentration Assav: 

Protein concentration was determined using BCA Protein Assay 

Reagent Kit (Pierce). A set of protein standards was prepared by diluting 2 

mg/ml BSA stock standard with an appropriate dilution buffer (cell lysate 

buffer). To start the measurement, lOfil of each standard or unknown cell 

lysate sample was pipetted into a microtiter plate well (Becton Dickinson ). 

10 |il of the diluent (cell lysate buffer) was used for the blank. 200 ^il of 

the working reagent containing 50 parts of BCA reagent A with 1 part of 

reagent B provided by the manufacturer was added to each well. The plate 

was then covered and incubated at 37°C for 30 min. Absorbance was 

measured at 540nm on a TiterTek Multiskan plate reader (Flow 

Laboratories). A standard curve was then prepared by plotting the average 

blank corrected A540 reading for each BSA standard versus its 
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concentration in |ig/ml. The protein concentration for each unknown 

sample was determined using the standard curve. 

XVn. PCR-Based Mutagenesis to Generate pCS-lQ2mutAT: 

Mutagenic primer pCATmutAT (5'-

ccaaGCTTTGAGCCAAACCGGCAGGGCGGGaTCtGCGG-3'), where 

nucleotide 'ccaa' is the 5' tail to generate a Hind EQ site, small letters a and 

t within the primer are mutations which are designed to mutate the 

potential CRE (GTCA) to ATCT. 3' Primer pCATb (5'-

TGTTCTTTACGATGCCATTGGG -3') is located within tiie CAT coding 

sequence. PCR amplifications were carried out using this mutagenic primer 

and pCATb, using the same PCR program for generating promoter 

constmcts. The PCR products were gel purified and restricted with Hind 

HI plus Xba I and cloned into the pCAT-Basic reporter vector (Promega). 

The resulting plasmid clone, pCS-102mutAT was sequenced to confirm the 

mutation. 
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Chapter Four 

Discovery of A Novel N-terminal XL Region of the Calpastatin Protein 

and Its Phosphorylation by Protein Kinase A 

This chapter will be presented in five sections in the following 

order: (1) isolation of full length calpastatin cDNAs and the discovery of a 

novel N-terminal XL region of the calpastatin protein; (2) identification 

and in vitro functionality of an upstream translation initiation codon; (3) 

identification of the XL region on calpastatin protein in vivo\ (4) cAMP 

dependent phosphorylation of the N-terminal XL region by protein kinase 

A; (5) discussion. Results given are representative of all experiments unless 

otherwise noted. 
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L Isolation of Full Length Calpastatin cDNAs and the Discovery of a 

Novel N-terminal XL Region of the Calpastatin Protein. 

Initial studies on calpastatin cDNAs from rabbit liver or heart 

(Emori et al., 1987) and pig heart (Takano et al., 1988) indicated that 

calpastatin polypeptide consists of a domain L at the N-terminus and four 

repeating domains of approximately 140 amino acids each. Although the 

designated translation initiation site proposed from rabbit calpastatin cDNA 

sequence is not in a perfect Kozak consensus sequence, a termination codon 

located 135 nucleotides 5' of this AUG precluded a potential start site 

further upstream. However, this stop codon does not exist within any 

published calpastatin sequences from other species. Moreover, although 

sequence for partial calpastatin cDNAs have been published in several 

species, a full length calpastatin cDNA has not been reported, raising the 

possibility that a functional translation initiation codon might exist further 

upstream. 

To identify 5' bovine calpastatin mRNA sequence, 5' RACE 

(Frohman, 1993) was performed using lOjlg of total RNA from adult 

bovine heart and primers derived from a published partial calpastatin 

cDNA (BCillefer et al., 1994). A 152 bp cDNA fragment containing 
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additional upstream sequence was isolated and cloned into the pGEM-T 

vector. 

This 5'RACE product was used to screen a bovine heart cDNA 

library. From approximately 1.7 x 10^ plaques of a bovine heart cDNA 

library, three cDNA clones with sizes of 4296nt, 3430nt, 2544nt were 

obtained. Nucleotide sequence analysis revealed that each contained a 

unique poly A adenylation site and also differed in their 5' termination 

point (Fig. 4.1 A). Overlapping regions of all clones were identical except 

for a 66 nt deletion within cDNA #3 that likely represents an alternatively 

spliced exon (Lee et al., 1992). 

Three calpastatin mRNA species have been identified in rabbit heart 

(Emori et al., 1987) and bovine muscle (KiUefer and Koohmaraie, 1994). 

To verify that the three calpastatin cDNA clones obtained represent three 

calpastatin mRNAs in bovine heart. Northern blot analysis was performed 

using a PGR probe representing the protein coding sequence. Three 

calpastatin mRNA species were identified (Fig. 4. IB), the size of which 

corresponded approximately to the size of cDNAs cloned from the bovine 

heart cDNA library. 

Full length calpastatin cDNA sequence and the deduced amino acid 

sequence are shown in Fig. 4.2. The sequence contains 4551 nucleotides 
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A. 

ATG TAA 

—{ •// I ALAAAAA Partial Bovine Calpasatin Sequence 

I 1 I52bp 5' RACE product 

B. c. 

Clone No. cDNA Length 

4296 

3430 

2544 

ATG 
—I— 

ATG 
—I— 

TAA 
—I— •AAAAAA 

ATG 
— 

TAA 
—I— -AAAAAA 

ATG 
-I— 

ATG TAA 
—HAAAAAA 

-4360 

-2320 

Figure 4.1: Isolation of full length bovine calpastatin cDNAs. (A) Schematic 
diagram of 5' RACE product used for cDNA library screening. (B) Structure 
of three calpastatin cDNAs obtained from a bovine heart cDNA library. 
cDNAs differ in the amount of 3' untranslated region and in their 5' termi
nation point. cDNAs #2 and 3 extend 5' beyond an AUG that is in frame 
and 204 nucleotides upstream of the previously designated initiation of 
translation. (C) Northern blot of bovine heart RNA showing three bands 
obtained using calpastatin cDNA as probe. Size of these three bands corre
sponds to the size of cDNAs #1-3. 
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comprising a 128 bp 5' untranslated region, a 2358bp coding region and a 

2065bp 3' untranslated region. Three polyadenylation sites were identified 

at nt2676, nt3466 and nt4551, respectively. 

Published characterizations of partial calpastatin cDNAs from 

human, rabbit, pig and cattle have proposed a translation initiation site that 

yields a predicted protein of 639 to 718 amino acids, depending on the 

species (Emori et al., 1987; Takano et al., 1988; Asada et al., 1989; 

Killefer et al., 1994; Kretchmar, 1990). Designation of this translation 

start site derived from the rabbit cDNA (Emori et al., 1987), in which a 

stop codon was identified 135 nt upstream of the proposed AUG. This 

upstream stop codon is not present in any of the bovine cDNAs that we 

isolated. 5' cDNA sequence comparison between bovine heart and human 

showed extremely high homology (Fig. 4.3), raising the possibiUty that 

human calpastatin may also contain the upstream ATG. Additionally, 

cDNAs # 2 and 3 contain a single long open reading frame and extend 5' to 

a potential translation initiation site that is in-frame and 204 nt upstream of 

the previously designated start site (Fig. 4. lA, Fig. 4.2). This upstream 

AUG is in excellent "Kozak consensus" context for translation initiation 

(GCCAUGG), whereas the previously designated downstream site 

(AGUAUGA) is a poor translation initiation site (Kozak, 1986). 
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Figure 4.2. cDNA and deduced amino acid sequence of bovine heart calpastatin. 
cDNA sequence was derived by combining cDNA #1, which extends farthest 3', 
with the 5' sequence of cDNA #2. Extreme 5' mRNA sequence and the transcrip
tion initiation site were determined by primer extension and comparison with 
genomic sequence spaiming this region. Domain boundaries are indicated; amino 
acid sequence of the XL region is shown in bold. Dashed underlined region 
denotes the sequence absent from cDNA #3. Single underlined sequence denotes 
regions that differ from a previously published bovine skeletal muscle calpastatin 
cDNA (Killefer and Koolmiaraie, 1994). Asterisks indicate polyadenylation sites. 
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+178 
Bovine: GTGGATC++++GCCTTCCAAGTCAG++GAGAAAAGAAAGGATCAGAT+GAGAAAAA 
Human: ACATTGGTAAG.TG. .TTCCCC. .TTGA.ACT. .T.TTTTC.ATTT.CA 

+227 
Bovine: AGCAACAAGCCTTGGGAGCAGTCAGCTCTCCAGAACTCAGGCTGGTGAAAAAGCC 
H u m a n :  G  C . . C  A T C  T A T  G . . C  

+283 
Bovine: CCGGTCCCCAAGGTAACTACTTCCTCTGCGTCAGCCAGCAAGTCTTCCAGTATGAAT 
Human: T. . .C.A GT.AG GTG. .A 

Figure 4.3. Comparison of 5' cDNA calpastatin sequences from bovine and 
human heart. Residues identical to bovine heart are marked with dots. The plus 
signs (+) indicate gaps. The number on the top indicates the residue numbers 
corresponding to t£e transcription start site of bovine calpastatin. Sequence 
underlined is the previously proposed translation initiation site. 
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Conceptual translation from the upstream AUG produces a protein 

containing 786 amino acids with 68 additional amino acids at the N-

terminus (region "XL", extended domain L). The XL region shares no 

homology with other regions of calpastatin or with any known protein. 

Amino acid composition analysis shows that the XL region is very basic, 

with a predicted pi of 10.07, and has a very hydrophilic nature (Fig. 4.4), 

consistent with the characteristics of L domain and suggesting that XL 

region is an extension of domain L. The XL region contains 18 Ser and 6 

Thr residues which suggest that it may be subject to modification by 

phosphorylation and glycosylation. Indeed amino acid sequence analysis 

showed that Thr"^ or Ser'^, Ser^' and Thr^^ are in appropriate contexts for 

phosphorylation by protein kinase A, Thr'^^ is in a context favorable for 

casein kinase n phosphorylation and Ser'^ is a potential site of protein 

kinase C phosphorylation. 

The overall predicted 786 residue sequence of bovine heart 

calpastatin protein contains five domains: domain L containing the 68 

additional amino acid XL-region sequence at the N-terminus, and four 

repeats of approximately 140 amino acid residues containing the highly 

conserved inhibitory sequence of LGxxxxTIPPxYRxLL, which is located 

in the middle of each repeat. 



Figure 4.4: Hydropathy plot of amino acid sequences deduced from 
cloned cDNAs for bovine heart muscle. 
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To verify that the novel translation start site discovered from bovine heart 

cDNA library screening represents an authentic calpastatin amino terminal 

cDNA sequence, rather ±an an artifact created during preparation of the 

cDNA library, RT-PCR was performed using a 5' primer located 

inmiediately upstream of the newly discovered translation start site and a 3' 

primer located further downstream (Fig. 4.5. A). RT-PCR studies showed 

that sequence containing the putative upstream translation initiation site is 

contained within calpastatin mRNA. Two PGR products were obtained 

(Fig. 4.5B, lane 2), a major band with a predicted size of 34Ibp 

representing mRNA with the 66nt deletion of an alternatively spliced exon, 

and a minor band running at 407bp arising from mRNA containing this 

alternatively spliced exon. Similar results were obtained with muscle and 

liver, confirming that this upstream AUG is present within calpastatin 

mRNA in several bovine tissues (Fig. 4.5B, lane 3, 4). 
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A .  
ATG ATG 

CPF422-
Calpastatin cDNA 

-CPBl 

CPF422: 5'-CrCTCGGAACACATCCATCTGC-3' 
CPBl: 5-GTTCCTTTGGCnTACTTCTTGGG-3' 

B .  

369bp 

246bp 

123bp 

Figure. 4.5. RT-PCR confirmed that an upstream ATG exists 
in bovine heart, liver and muscle calpastatin cDNAs. Lane 1 
is a 123bp DNA marker. RT-PCR products firom bovine heart, 
muscle and liver are shown in lane 2,3,4, respectively. 



11. Identification and in vitro Functionality of an Upstream Translation 

Initiation Codon. 

Sequence analysis of bovine calpastatin cDNA clones has revealed a 

potential upstream translation initiation site. This start site is in a better 

"Kozak consensus" context then the downstream previously designated one 

and generates 68 additional amino acids at the N-terminal end. To verify 

that the upstream translation initiation site is functional, coupled in vitro 

transcription-translation experiments were performed using calpastatin 

cDNA # 1, which contains only the downstream ATG, or cDNA #2, which 

contains both the upstream and downstream ATGs (Fig. 4.6A). cDNA #2 

produced two products, one major band arising from the upstream ATG 

ran on SDS-PAGE at an apparent molecular weight 145 kDa (Fig. 4.6B), 

which is almost twice the predicted molecular weight of 84 kDa, and a 

minor band representing the translation product generated from 

downstream ATG. cDNA #1 produced a protein of 135 kDa, comigrating 

with the minor band generated by cDNA #2 and reflecting initiation at the 

downstream AUG. The anomalous migration of calpastatin on SDS-PAGE 

has been previously reported (Takano et al., 1988; Emori et al., 1988; 

Maki et al., 1988). The deduced calpastatin protein is acidic, with a 

predicted pi of 5.07, and has a biased amino acid composition (Table 4.1): 



rich in hydrophilic residues such as Lys, Glu, Ser, and Asp, which 

comprise 45% of all amino acid residues, but extremely poor in aromatic 

residues (Phe 0.76%, Tyr 0.89%, and Trp 0.25%). This unusual amino 

acid composition may explain the abnormal behavior of calpastatin in SDS-

PAGE, leading to an over-estimation of its molecular weight by 50 to 

60%. 

Table 4.1 

Calpastatin Amino Acid Composition 

Amino acid N {>. Perci.nl 

Non-polar: Ala 77 9.80 
Val 33 4.20 
Leu 47 5.98 
De 13 1.65 
Pro 84 10.69 
Met 8 1.02 
Phe 6 0.76 
Trp 2 0.25 

Polar: Gly 38 4.83 
Ser 91 11.58 
Thr 51 6.49 
Cys 5 0.64 
Tyr 7 0.89 
Asn 12 1.53 
Gin 22 2.80 

Acidic: Asp 62 7.89 
Glu 88 11.20 

Basic: Lys 114 14.50 
Arg 16 2.04 
His 10 1.27 



Clone # 

1 

2 

ATG TAA 
h- -AAAAAA 

ATG ATG 
—I 1— 

TAA 
—i— •AAAAAA 

B .  
1 2  3  

I—145 kDa 
" 135 kDa 

Figure 4.6. In vitro transcription and translation confirms that the upstream 
ATG is fimctional in vitro. (A) cDNA clones used for coupled in vitro 
transcription-translation. cDNA #1 contains a single downstream ATG, 
while cDNA #2 contains an additional ATG 204 nt further upstream. (B) 
Autoradiograph showing SDS-PAGE analysis of coupled in vitro transrip-
tion-translation reactions, containing no DNA (lane 1), cDNA #1 (lane 2), 
or cDNA #2 (lane 3) as template. While the largest translation product 
produced from cDNA #1 migrated with an apparent molecular mass of 
135 kDa, cDNA # 2 produced a predominant product with an apparent 
molecular mass of 145 kDa. 
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III. Identification of the XL Region on Calpastatin Protein in vivo. 

In vitro transcription/translation studies using the ftiU length 

calpastatin cDNA have shown that the novel upstream AUG is a preferred 

translation initiation site, generating a polypeptide with apparent molecular 

mass of approximately 145 kDa. 

To determine whether the upstream AUG is functional in vivo, full 

length calpastatin cDNA (pCalp786) or calpastatin cDNA coding for a 

polypeptide spanning domains 1 to 4 (pCalp569), were fused in-frame at 

their N-termini to a 5 kDa calmodulin binding domain and expressed in 

E.coli. Cell lysates were prepared at 0 h and 2.5 h following IPTG 

induction and subjected to SDS-PAGE (Fig. 4.7, 4.8). A polypeptide with 

an apparent molecular mass of 150 kDa was present in pCalp786 

expressing cells after 2.5 h of induction (Fig. 4.7, lane 3), and a 120 kDa 

polypeptide was present in the ceil lysates from pCalp569 expressing cells 

(Fig. 4.8, Lane 3). Inmmunoblot analysis with monoclonal antibody 1F7, 

which recognizes an epitope in the C-terminal region of calpastatin, 

confirmed that the affinity purified fusion proteins with apparent 

molecular masses of 150 kDa and 120 kDa are calpastatin polypeptides 

(Fig. 4.9). 



Figure 4.7. Expression of full-length calpastatin fusion protein in E. Coli. 
Plasmids containing full length calpastatin coding sequence were trans
formed into BL21(DE3) cells and protein expression was induced with 
IPTG. Lane 2 and 3 were loaded with cell lysate samples prepared follow
ing Oh and 2.5 h of IPTG induction. Partially purified full length calpasta
tin fusion protein was loaded in Lane 4. The 150 kDa marker indicates the 
migration distance of the full length calpastatin fusion protein. Standard 
protein markers were loaded in lane 1. 



Figure 4.8. Expression of caipastatin domain 1-4 fusion protein in 
E. coli. Plasmids containing caipastatin domains 1-4 coding 
sequence were transformed into BL21(DE3) cells and protein 
expression was induced by IPTG. Standard protein markers were 
loaded in lane 1. Lanes 2 and 3 were loaded with cell lysate sam
ples prepared following Oh and 2.5 h of IPTG induction. Partially 
purified fusion protein was loaded in Lane 4. The 120 kDa marker 
indicates the migration distance of the caipastatin domain 1-4 
fusion protein. 
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1 2 

150 kDa 

120 kDa 

Figure 4.9. Western blot analysis of partialy purified calpastatin fusion 
proteins, pCalp786 and pCalp569. Lanes 1 and 2 contain partially purified 
pCalp786. and pCalp569, repectively. Monoclonal antibody 1F7 which 
recognizes an epitope in the C-terminus of calpastatin, was used for calp
astatin detection. 
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To determine whether the upstream AUG is utilized in vivo, western 

blot analyses were performed using heart or liver homogenate, or an 

ammonium sulfate fraction of crude bovine heart homogenate. 

Monoclonal antibody (Mab) 1F7 identified a 145 kDa protein in whole 

heart extracts that runs slightly faster than bacterially expressed Ml length 

calpastatin protein (pCalp 786, Fig. 4.10) containing an additional 5 kDa 

calmodulin binding domain. A 145 kDa band that comigrates with the 

protein from bovine heart, plus a second band of 135 kDa, were detected 

in whole liver extracts (Fig. 4.10, lane 3). This lower band could represent 

translation initiation at the downstream AUG or a proteolytic cleavage 

product of the full length protein. Mab 1F7 recognized a band of 145 kDa 

plus two smaller bands in an ammonium sulfate fraction of crude heart 

muscle homogenate (Fig. 4.10, lane 4). These lower bands migrate more 

rapidly than calpastatin protein initiated at the downstream AUG, and their 

origin is unclear; they may arise from proteolysis (Mellgren et al., 1986) 

or they may be products of alternative splicing. The 110 kDa and 120 kDa 

polypeptides represent the calpastatin protein isolated biochemically and 

studied extensively by several laboratories (Kaprell and GoU, 1989; 

Shannon and GoU, 1985; Takano et al., 1991). 
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To further confirm that calpastatin contains the XL region in vivo, a 

polyclonal antibody was prepared against a 17 amino acid peptide from the 

XL region (aa #17-33). This antibody recognized only the 145 kDa band 

in the crude anmionium sulfate fraction (Fig. 4.10, lane 5), but not the 

lower bands that migrated more rapidly on the SDS-PAGE. Taken 

together, these results demonstrate that the upstream AUG is utilized and 

that the XL region is present within calpastatin protein in vivo. 
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145KDa. 
135KDa 
lOOKDa. 

Figure 4.10 Immunoblot analysis of bacterially expressed calpastatin, whole 
adult heart, and liver lysates. Mab 1F7, produced against a C-terminal calp
astatin epitope, recognized a protein of approximately 150 kDa, representing 
bacteriaUy expressed calpastatin protein produced from cDNA clone #2 con
taining the upstream AUG, plus a 5 kDa calmodulin domain (lane 1). Mab 
1F7 recognized a band of 145 kDa in whole heart and liver homogenates 
(lanes 2,3). A smaller band of 135 kDa was also detected in liver. Three 
bands were recognized by Mab 1F7 in a crade ammonium sulfate fraction of 
whole heart homogenate (lane 4), one band migrating at 145 kDa and likely 
representing full length c^pastatin, plus two smaller bands of approximately 
120 and 110 kDa. In contrast, an antiserum raised against a peptide from the 
N-terminal XL region recognized only the 145 kDa band in the ammonium 
sulfate fraction (lane 5). 
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IV. cAMP Dependent Phosphorylation of the N-tenninai XL Region by 

Protein Kinase A. 

Analysis of the deduced amino acid sequence of the full length 

calpastatin protein identified three potential PKA phosphorylation sites 

clustered within the N-tenninal XL region: Thr'® or Ser'^, Ser^^ and Thr^^. 

A fourth site at Ser^^' within domain 1 was also present (Fig. 4.12A). To 

determine whether the XL domain is a target of cAMP-dependent 

phosphorylation, full length and truncated calpastatin proteins containing 

domain XL plus L domain or domains 1 to 4 were expressed in E. colL, 

partially purified (fig. 4.7, 4.8, 4.11) and then challenged in a kinase assay 

using purified PKA. As shown in Fig. 4.12B, both the N-terminal partial 

calpastatin protein containing regions XL and L and the C-terminal partial 

protein consisting of domains 1-4 are phosphorylated by PKA. 



1 2  3  4  

pCalp217 

Figure 4.11. Expression of calpastatin domain XL+L fusion polypeptide 
in E. Coli. Plasmids containing calpastatin domains XL+L coding 
sequence were ti-ansformed into BL21(DE3) cells and protein expression 
was induced by IPTG. Lanes 2 and 3 were loaded with cell lysate samples 
prepared following 0 h and 2.5 h of IPTG induction. Partially purified 
calpastatin fusion protein was loaded in Lane 4. Standard protein markers 
were loaded in lane 1. 
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Figure 4.12. PKA Kinase Assay of Bacterially Expressed Calpastastin 
Proteins. (A) Constructs used to express full length or truncated calpasta-
tin proteins in E. coli. pCalp786 represents full length calpastatin; 
pC^p569 is truncated just N-terminal to domain 1; pCalp217 contains 
regions XL and L. Asterisks indicate predicted PKA phosphorylation 
sites. Gray boxes indicate a 5 kDa calmodulin domain present to facilitate 
protein purification. (B) SDS PAGE Autoradiograph showing pCalp786 
(Lane 1), pCalp569 (Lane 2), and pCalp217 (lane 3). All three protein 
products were phosphorylated by PKA. 
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V. Discussion. 

Calpastatin cDNAs from bovine heart were cloned and a new 

upstream translation initiation site was identified which yields a protein 

containing 68 previously unidentified N-terminal amino acids. This XL 

region is present in calpastatin in vivo, and is a substrate for 

phosphorylation in vitro by PKA. 

A wide range of molecular weights has been reported for calpastatin 

isolated from cells and tissues, with estimates ranging from 17 to 172 kDa 

(Croall and Demartino, 1991). Some of this variability may be due to 

protein degradation, while some seems likely to be the result of alternative 

spUcing or different translation initiation sites (Ishida et al., 1991; Lee et 

al., 1992; Emori et al., 1987; Asada et al., 1989; Otsuka et al., 1987). 

Autolysis may represent an additional mechanism for regulating calpain 

activity (Hathaway et al., 1982; Suzuki et al., 1981a and b), and proteolytic 

processing may also be involved in regulating calpastatin activity (Mellgren 

et al., 1986). Further confusion has arisen from the widespread 

observation that calpastatin runs anomalously on SDS-PAGE (Takano et 

al., 1988; Emori et al., 1988; Maki et al., 1988). The largest reported 

calpastatin protein, isolated from bovine heart muscle, has an apparent 

molecular weight of 145 kDa (Mellgren et al., 1983). A calpastatin protein 
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of similar apparent molecular weight has also been reported in skeletal 

muscle (Lepley et al., 1985). 

Several observations argue strongly that the upstream AUG we have 

identified in bovine heart calpastatin mRNA is the predominant translation 

initiation site. First, prior designation of a downstream initiation of 

translation was based upon a partial rabbit calpastatin cDNA containing a 

stop codon 135 nt upstream of the proposed AUG (Emori et al., 1987). 

Bovine calpastatin cDNAs do not contain a stop codon at this site, and 

neither do the published cDNA sequences from other species. Second, the 

upstream AUG located at nt +129 is the first potential start site 

downstream of transcription initiation. An open reading frame extends 

from this AUG through to the C-terminus of the protein that is in-frame 

with calpastatin amino acid sequence derived from peptide sequencing 

(Emori et al., 1987; Takano et al., 1988; Takano et al., 1991). Third, RT-

PCR analyses demonstrate that the upstream AUG is present in calpastatin 

mRNA. Fourth, the downstream AUG is a poor potential start site, 

whereas the upstream AUG shows excellent consensus with other 

translation initiation sites (Kozak, 1986). Fifth, calpastatin produced from 

the upstream AUG by coupled in vitro transcription-translation runs at an 

apparent molecular mass of 145 kDa, comigrating with calpastatin 
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identified by western blot in whole cell extracts from heart and Uver. 

Finally, antibodies prepared against a peptide from the predicted amino 

acid sequence of the XL region recognizes this 145 kDa protein. The 

protein running at 145 kDa therefore represents full length calpastatin, 

contains the XL region and has a predicted true molecular weight of 84 

kDa. 

Since our results clearly show that the upstream AUG is utilized in 

vivo, the question arises as to whether the downstream AUG is functional. 

For rabbit, the presence of a stop codon 135 nt 5' of the downstream AUG 

precludes the use of any potential upstream start site. Calpastatin cDNA 

sequence presentiy available from other species does not extend far enough 

5' to determine whether upstream start sites are present. However, 

published partial cDNA sequences do not contain stop codons upstream of 

the second ATG. 

Western blots of bovine whole liver extracts detected calpastatin 

bands of 145 kDa and 135 kDa (Fig. 4.10). The lower band comigrates 

with an in vitro translation product initiated at the downstream AUG, 

raising the possibility that both start sites can be utilized. Alternatively, the 

135 kDa calpastatin protein might arise through proteolysis. We have 

provided evidence indicating that PKA phosphorylation sites exist within 
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the XL region, which is present in fiill length (145 kDa) calpastatin but 

absent from smaller calpastatin proteins. Regardless of whether the 135 

kDa calpastatin arises through alternative start site selection or through 

proteolysis, removal of the XL region might play a regulatory role by 

altering phosphorylation patterns on the protein. 
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Chapter 5 

The Bovine Calpastatin Gene Promoter is a Target for cAMP Dependent 

Protein Kinase Activity 

This chapter will be presented in seven sections in the 

following order: (1) isolation of bovine calpastatin genomic DNA clones 

and determination of the bovine calpastatin gene 5' structure; (2) 

determination of the transcription initiation site; (3) sequence analysis of 

the calpastatin gene promoter; (4) transient transfection analysis of the 

calpastatin gene promoter; (5) effect of dibutryl cAMP on calpastatin 

promoter activity; (6) site directed mutagenesis mapping of cAMP 

responsive elements; (7) discussion. Results given are representative of all 

experiments unless otherwise noted. 

p-adrenergic agonists are potent stimulators of muscle growth 

(reviewed in Yang and McElligott, 1989). Muscle growth in response to (3-

agonists represents true hypertrophy in that fibers increase in size without 
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the incorporation of new satellite cells. Stimulation of muscle growth is 

rapid, with changes detectable within a few days in vivo (Emery et al., 

1984; McEUigott et al., 1989). P-agonist effects are selective in that not all 

muscles of treated animals undergo hypertrophy. 

P-agonists bind to the type II p.-adrenergic receptor and activate 

intracellular signaling cascades that are mediated by the cAMP dependent 

protein kinase A pathway. The p2-adrenergic receptor contains seven 

transmembrane loops, which is characteristic of G-linked receptors. 

Binding of ligand (epinephrine or P-agonists) to the p2 receptor activates 

the G protein complex which stimulates adenylate cyclase to produce cyclic 

AMP (cAMP). cAMP in turn binds to the regulatory subunit of cAMP-

dependent protein kinase A, causing release of the cataljtic subunit which 

then phosphorylates target proteins. Effects include a short term 

stimulation of glucose metabolism and longer term increases in muscle 

growth. Although the mechanism by which P-agonists induce muscle 

growth is not known, evidence suggests that p-agonists act directly on 

muscle fibers, as denervated muscles and neonatal rat muscle cells in 

culture respond to P-agonist treatment (Maltin et al., 1987; McMillan et 

al., 1992). 
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P-agonists induce changes in the calpain system in both ovine and 

bovine muscle (KHlefer and Koohmaraie, 1994; Higgins et al., 1988; 

Kretchmar, 1990; Parr et al., 1992) that include alterations in levels of 

calpains and calpastatins. In steers, a 37% increase in muscle mass 

following P-agonist treatment was coincident with a 96% increase in 

calpastatin mRNA levels and a 76% increase in calpastatin-specific activity 

(Parr et al., 1992). m-Calpain-specific activity increased 27%. 

It has been proposed that growth-promoting effects of p-agonist 

treatment is due to suppression of protein breakdown rather than 

stimulating protein synthesis (Parr et al., 1992). An important unanswered 

question is how the increases of calpastatin mRNA levels as well as protein 

activities following P-agonist treatment relate to muscle hypertrophy. One 

possible mechanism is that P-agonists could increase the rate of calpastatin 

gene transcription, consequentiy increasing the amount of calpastatin 

protein. Experiments in this chapter will seek to determine whether 

calpastatin gene is the target for P-agonists. 
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I. Isolation of Bovine Calpastatin genomic DNA Clones and 

Detennination of the Bovine Calpastatin Gene 5' Structure. 

Lee et al. (1992) cloned portions of the human calpastatin gene and 

identified an exon containing the second ATG that was proposed as the 

translation initiation codon by Emori et al (1987). cDNA sequence 

diverged from the genomic sequence 39 nucleotides upstream of this site, 

identifying an intron-exon boundary. Lee et al. (1992) therefore designated 

the exon containing the apparent translation initiation site as exon 2, 

presuming that the upstream region was encoded by a single exon. Cloning 

of the calpastatin gene in other species has not been reported, and a 

calpastatin gene promoter has not been identified in any species. 

To identify the calpastatin promoter, a 238bp PCR product was 

generated containing 25 bp of 5'-untranslated region and 213 bp of 5' 

protein coding sequence. The PCR product was isolated and labeled as a 

probe to screen a bovine heart genomic library. Four genomic clones were 

isolated and extra long PCR showed that each clone has an average size of 

20 kb (data not shown). Restriction mapping and southern hybridization 

analyses of each clone identified the exon-containing region, and nucleotide 

sequencing revealed that each phage clone contained a single exon. The 
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Structure of the 5' region of the calpastatin gene was defined and is shown 

in Figs. 5.1 and 5.2. Comparison between the genomic and heart cDNA 

sequences showed that the previously proposed (downstream) translation 

initiation site is located in exon 4. mRNA sequence further 5' is encoded by 

three exons separated by large introns spanning at least 60 kb. 



104 

ATG ATG 
H S  N ^ X  X H  H h  H  H  S  

r " "I | I' —H—t 

exonl exon2 exonS exon4 

Lambda Phage Qones 

A41 m 1212 
151 

Figure 5.1: Genomic organization and lambda phage clones spanning the 
5' region of the bovine calpastatin gene. Intron and exon structure is 
shown along with the location of some restriction enzyme recognition sites 
(H) Hind III', (X) Xba /; (S) Sma /; (N) Nde I. The upstream and putative 
downstream translation sites in exons 1 and 4, respectively, are shown. 
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Exon 1 
+1 GAGTTAGTCCCAGTCAGGTCTGCGGCAGGTGGAGTGCGAACCCGTGGCCCTTTGCTGCGCTGCACCC 

GTGTCCTCGCCGGGTCCCTCGGGTCTCTCGCTGCGTCTCTCGGAACACATCCATCGTCGCCATG GCA 
Met Ala 

TTT 
Phe 

GCA 
Ala 

AGC 
Ser 

TGG 
Trp 

TGG 
Trp 

TAC 
Tyr 

AAG 
Lys 

ACG 
Thr 

Exon 2 

+159CAT 
His 

GTC 
Val 

AGT 
Ser 

AGA 
Arg 

AAA 
Lys 

ACC 
Thr 

AGT 
Ser 

GGA 
Gly 

TCG 
Ser 

CCT 
Pro 

TCC 
Ser 

AAG 
Lys 

TCA 
Ser 

GGA 
Gly 

GAA 
Glu 

AAG 
Lys 

AAA 
Lys 

GGA 
Gly 

TCA 
Ser 

GAT 
Asp 

GAG 
Glu 

Exon 3 

+222AAA AAA GCA ACA AGC CTT GGG AGC AGT CAG CTC TCC AGA ACT CAG GCT GGT 
Lys Lys Ala Thr Ser Leu 61y Ser Ser Gin Leu Ser Arg Thr Gin Ala Gly 

GAA AAA GCC CCG GTC CCC AAG 
Glu Lys Ala Pro Val Pro Lys 

Exon 4 
+294GTA ACT ACT TCC TCT GCG TCA GCC AGC AAG TCT TCC AGT ATG AAT CCC ACA 

Val Thr Thr Ser Ser Ala Ser Ala Ser Lys Ser Ser Ser Met: Asn Pro Thr 

GAA GCC AAG 
Glu Ala Lys 

Figure 5.2: Nucleotide sequences of exons 1-4 of the bovine calpastatin gene. 68 Addi
tional N-tenninal amino acids arising from translation at the upstream AUG are bolded. 
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II. Determination of the Transcription Initiation Site. 

To define the transcription initiation site, primer extension was 

performed using heart muscle total RNA as template and a 22 nt primer 

located just 5' to the upstream AUG (Fig. 5.3). An extension product of 

130 nt was obtained. Two smaller extension products of 118, 124 nt were 

also obtained, which may represent calpastatin mRNA initiating from two 

downstream sites, as multiple start sites are common for genes lacking 

TATA boxes and that are GC rich in their proximal promoter regions (see 

below). Alternatively, the secondary structure at the 5' end of calpastatin 

mRNA may cause pausing and premature release of some reverse 

transcriptase molecules. 

The 5" terminus of the 130 nt primer extension product contains 36 

nt beyond the 5' end of calpastatin cDNA clone #2. To determine whether 

this extra 36 nt is transcribed and whether it is contained within the same 

exon as the most 5' sequence in cDNA #2, or is encoded by an additional 

upstream exon, RT-PCR was performed. Genomic sequence was used to 

design a 5' primer immediately upstream of the 5' terminus of cDNA #2. 

When RT-PCR was performed using this primer and a downstream primer 

within the calpastatin mRNA, a PGR product of 503 nt was obtained (Fig. 
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5.4), indicating that the region between the upstream AUG and the 5' 

terminus of the 130 nt primer extension product is transcribed and encoded 

by a single exon. 

In summary, a comparison of the 5' bovine calpastatin cDNA 

sequence with the corresponding genomic sequence led to the identification 

of 4 exons ranging in length from 60 bp (exon 4) to 158 bp (exon 1). 

Primer extension identified the location of the transcription initiation site 

and indicated that the downstream initiations may also occur at residues +7 

and +13. 
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AUG AUG 
I I 

CPB522 

CPB522: ATGGCGACGATGGATGTGTTCC 

1 2 

Figure 5.3: Primer extension analysis of calpastatin mRNA. Bovine heart 
polyA+ mRNA was annealed to a primer located just 5' of the upstream 
AUG. Lane 1 is a G sequencing ladder used as a size marker. Radio
labeled primer extension products are shown in Lane 2. Three major 
bands were obtained of 118, 124 and 130 nt. 
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A. 

PCAT1.8F181 

5' 

ATG 
I 

ATG 
Calpastation mRNA 

- - - 3" 
iCPBl 

PCAT1.8F18: 5'-TCCCAGTCAGGTCTGCGG-3' 

CPBl; 5'-GTTCCTTTGGCTTTACTTCTTGGG-3' 

B. 

503 bp 

Figure 5.4: RT-PCR and product sequencing confirmed the 5' boundary of exon 
1. (A) Schematic diagram of the primers used for RT-PCR. (B) RT-PCR product 
(lane 2). lOObp DNA marker is shown in lane 1. 
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III. Sequence Analysis of the Calpastatin Gene Promoter. 

A genomic Hind HI fragment containing 1667 bp of 5' flanking 

region, 158 bp of exon 1 and approximately 2400 bp of intron 1 was 

cloned into pBluescript KS and served as template for constructing pCS-

1667. Nucleotide sequencing was performed using the primers indicated in 

Fig. 5. 5 as well as in Table 5.1. 

Table 5.1 

Sequencing primers for calpastatin promoter region 

Primer Name Lx)cation Primer Sequences 

P4139F1 -1430--1448 5'-AAGCCGCACAAAACACACC-3' 

P4139F2 -1114 - -1130 5'-TCCAGCCCCrCCTCTCTG-3' 

P4139F3 -944--927 5'-CGGAAAAGCTGCCrCAC-3' 

CPB522 +109 -+130 5'-ATGGCGACGATGGATGTGTTCC-3' 

CPF422 +104 -+125 5'-CTCTCGGAACACATCCATCGTC-3' 

In eukaryotic cells, transcription is initiated by binding of RNA 

polymerase II to cis elements within the proximal promoter region. After 

the holoenzyme binds at a specific promoter site, the polymerase causes the 

double-stranded DNA structure to melt or unwind, so that transcription 

can begin. T)^icaUy a defined region between 20-30 bases upstream is 



I l l  

P4I39F1 CP^422 

P41^1 "^P4J39F3 CP^T 
H  ^  P S A ^ N  N  

p4139 

Figure 5.5: Schematic diagram of plasmid construct p4139. calpastatin exon 1 
together with 1667 bp of 5' flanking sequences and 2400 bp of intron 1 was 
cloned upstream of chloramphenicol acetyl transferase (CAT) coding sequence. 
Exon 1 region is indicated by the solid box. Intron and exon boundary is shown 
along with the location of some restriction enzyme recognition sites (H) Hind III-, 
(P) PstI; (S) Sma /; (A) Apal', (N) Nde /; (X) Xba I. Primers used for sequencing 
are indicated by arrows. 
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required for normal initiation at the start site. In most eukaryotic genes, 

this region contains the consensus sequence TATA(AyT)A(AyT), called the 

TATA box (Cordon et al., 1980). More distal elements in the promoter 

region, usually extending 100 or more bases 5' to the transcription 

initiation site, play a dominant role in controlling the frequency of 

initiation, and a second consensus sequence, the CAAT box, is often located 

in this more distal region (Benoist et al., 1980). 

Sequence immediately upstream of exon 1 in the calpastatin gene is 

extremely rich in GC residues (70% GC content within the first 100 

nucleotides. Fig 5.6) and contains no TATA box. These structural features 

may explain the presence of multiple transcription initiation sites, because 

the role of the TATA box is to determine the precise point of initiation. 

So far, a large number of genes, including hj^oxanthine 

phosphoribosyltransferase (Melton et al., 1984, 1986), adenosine 

deaminase (Valerio et al., 1985), and hydroxy-3-methylglutaryl coenzyme 

A reductase (Reynolds et al., 1984), have been studied in which no TATA 

box is evident by sequence analysis. Most of these genes contain a stretch of 

20-50 nt rich in GC residues residing within the first 100-200 bases 

upstream of the start site. A DNA-binding factor called SPl recognizes GC 
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Figure 5.6: Calpastatin promoter region GC content. 
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rich sequences, and genes lacking TATA boxes may rely on these GC-rich 

sites and the transcription factors bound to them to initiate transcription. It 

is also notable that most of these genes are "housekeeping" genes and 

expressed at low to moderate levels in a great variety of tissues. Therefore, 

our data support the idea that calpastatin belongs to the family of 

housekeeping genes in which the absence of a TATA box is a common 

feature. 

5' Flanking sequence of the calpastatin gene was analyzed using 

Matlnspector. Results showed that it contains four potential SP-1 binding 

sites between nt-162 and -41 (relative to the most 5' initiation of 

transcription); a putative CAAT box between nt-125 and -122; two AP2 

binding sites between nt-28 and -68; four NFKB binding sites clustering 

between nt-480 and nt-200, a fifth NFKB site locates far more upstream at 

nt-971; and MyoD and E47 binding sites at nt-563 to nt-558, (Fig. 5.7). 

These putative responsive elements located within the proximal promoter 

region suggest that transcription regulation of this gene may involve a 

complex array of regulatory factors. 

The rabbit calpastatin gene has an in-frame TGA stop codon 135 nt 

upstream from the second AUG start site, which is located in exon 4. 

cDNA sequence comparison did not show any stop codons in other species. 
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raising the possibility that this TGA is a sequencing error. Alternatively, 

sequence immediately upstream of exon 4 can act as a second promoter to 

drive calpastatin gene transcription from exon 4. To test this possibility, 

sequence immediately upstream of exon 4 was analyzed using Matlnspector 

(Fig. 5.8). Results show that although this sequence contains some potential 

API and NFKB cis elements, a TATA box or SPl binding sites are absent, 

making it unlikely that this intron sequence can act as a second calpastatin 

promoter. 
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•1667 
AGCTTGTTXTAATTCACAOCCCCAAACCACGAAGTGCTCTTTAACATGAACCAAACACAAAAGCAATCTGGCCTCCTCGCAAACAAAATTCAACAGCCTC 

CTGAAAGGCAATGGGGTTTAAATTTAGGACTGTTCTTCGGTTTTGATTGGAACCCAAGACTTGTTCCACATGAAACATCATTGCACTTTCAAAACAAGTA 

AAGCCGCACAAAACACACCCAGGCCCGTGTGTGTACACACACACACACACACACACACACAATCACAACACACGGAGTCACACACAGACCAATTTCTTTC 

TGCAATCCGCTrCCTCATCCAGAGGGTCCAGGCCCCGGGCCATCTGAGTTGGTAAATTCTCCTCCTAGTTAACTCAGAGCAGATTGCAGAAATGCTGTCr 
•1242 

I 
AATTCTTCAGATTCTTACCCACTGGGGCTTGACATGTACACGCGGCCACGCCCCCGTTCCGCTCTCCTTGCACAACTGCAAGCCAAGTCTAGGCAAGTCG 

GGGCGAAAACCCCGCCATCTCCAGCCCCTCCTCTCTGCGACCCACTGCGGCACCAAGGCCACCTCGGGTGGGGTGGGGTGTCCCTGGGAGAACATACGGG 

ACCCAGGGTGTGAGTTGCAAACAGGGAGCCCCGGGCTGCTGCCGCCCGGGCGCTGCCAACTGCACGCAGGAAGGGGAGGGCCCrCCCCGGCGAACGGGAG 

SPl 

CTCCCGCGGGTCGGGGCTGGGTCGGAAAAGCTGCCTCACAGGCGTcjccCGCCtAGCCCCTCCGCGCCCTCGCTCCCTCCCAGCGCTCCCCGGCTCGGGCCT 

SPl SPl 

CCCTTCCAGGCTCCGCCGCGCjCCGCCCtXSAGGCAGCGCTCGCACCGGCCTCGCCATGTCCCAGCCGGgCCCGAAdcCCGcAiCCTCCCCGCGGCCCCGGC 
SPl -87^ 

GCGCTGfcCCGCCKCACCCAGGAGGTGAGTGGCGCTCCTACCGCCGGGGrrGAGCGCGGGGAGGATCTCGGGGCCCCCCGAAGCCTCGGGTCCACCTTCAG 

AGGAGGGTTAGCCTrCCTGGCCTTCrGTCCCTGGGCCCCACCCCrCCCAGGCCCGGAGAAACATCTCCACAGAGAGGGCTGTGGACTCAGAACCTGCCTC 
MyolX'Bn SFvB 

Hm^i-artnTrrtrhGGAGCGGCCCGCCGATGGCCCTGGGTCCCCGCCAAGTTCAtrrGGGCGCGGCGCAAGCCACATTGGAGTGGacrrfccCClteGCGGCTC 
NFKB NFKS 

AGCTGGTGAAGAATCCGCCTACAATGCGAGAGACCTGGGCTCGTTGGGTlfeGGAKGAFccdCTGGAGAAGGGAACTGGCTCCCAGTATCCTGGCCTGGAG 
-272 

I 

AATTCCCTGCACTGGATAGTCCATGGGTGGCAGAGTCAGGACACGACTGAGCGACTTTTGCTCACTTGTCACTCATGCGTTGGGAAAAGTTGGTGGATGA 
IK NFtfl IK 

GACAGGGGTGGGTGAGAAGCGGATAAGGGTAAAAGGAGAATGAAATTCATTtrGGGKcCCCdCGGGKTTCCGGAGTCTGTAAGATCAGCAGAAAAGTCTGG 

SPl SPt CREI 

TCTdcCGCCdAGTCAGGGCTGCAGGGCGTGGCTGCCTGGAGCAATAACACTTCTTCCCTAAGCAGCTTTGAGCCAAACCGGCAtlGGCG^CTgAGCCGGC 
AP2SPI SPl -31 AP2 

CGGdcdGGGTCTGGGTACGCcCCGCtrCAGCTGTCTTCCCfcACCCCCTGAotcCTAGGTGCTTACAGAGTTAGTCCCAGTCAGGTCTGCGGCACGTGCAG 
•tx 

TGCGAACCCGTGGCCCTTTGCTGCGCTGCACCCGTGTCCTCGCCGGGTCCCTCGGGTCTCTCGCTGCGTCTCTCGGAACACATCCATCGTCGCCATGGCA 
Met Ala 

Figure 5.7: Sequence of the Bovine Calpastatin Gene 5' Flanking Region. The 
sequence extends 1667 nt upstream of the initiation of transcription, which is des
ignated as nt -hi. Truncation points for promoter-CAT constructs are indicated by 
numbers. SPl and GC boxes are located in two clusters within the proximal pro
moter region and upstream of nt -700. Double underlines indicate sequences that 
are potentially important for cAMP responsiveness. Single underline denotes a 
putative CAAT box. Potential NFKB, IKB and AP2 sites are also indicated. 
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-1000 

ACTCCTTTTCTATTTGGAGCTTATCTGTTGCTCCATGTCCAGTTCTAACTGTTGCTTCCTAACCTGCATATAG 

GTTTCTCAAGAAGCAGGTCAGGTGGTCTGGTATTCCCATCTCTTTCAGAATTTAACACAGTTTATTGTGATCC 

ACACAGTCAAAGGCTTTGACATAGTCAATAAAGTAGAAATAGGTGTTTTTCTGGAACTCTTGCTTTTTCAGNG 

ATCCAGCAGATGTTGGCAATTTGGTTCCTCTGCCTTTTCTAAAACCAGCTNGAACATCTGGAAGTTCACGATN 

CACGTATNGCNGAAACCTGGCTTGGAGAATTTTTGAGCATTACTTTACCTAGTGTGTAAGATGAGTGCAATTG 

TGCGGTAGTTTGAGCATTCTTTGGCATTGCCTTTCTTTGGGATTGGAATGAAAACTGACCTTTTCCAGTCCTG 

TGGCCACTGCTGAGTTTTCCAGATTTGCTGGCATATTGAGTGCAGCACTTTCGCAGCATCATCTTTCAGGATT 

TGGAATAGCTAAACTGGAATTCCATCACCTCCACTAGCTTTGTTCATAGTGATGCTTTCTAAGGCCCACTTGA 

CTTCACATTCCAGGATATCTGGCTCTAGGTGAGTGATCACACCATCGTAATTATCTTGGTCGTAAAGATCTCT 
NFKB API 

AGGTGAGATAAAACCAAGGTAAAGAGTTAAAAGTAAGTATGGTAAFLT^GGGACTTTCCAFCCKTGACTCATLRCGG 
• NFKB , 

TAAAAGAATCTGCCTGCAATGCAAGAGACCAGCTTCCATCCCTGGGTCAGGARGATCCCClrAGAGAAGGGAAT 
Apl 

GGCAACTTACTCCAGTATTCTIGCCTGGAGAATTCCFETTGACAGAG'̂ AACCCGGCAGGCTACAGTTCATGAGG 
API 

TTGrAAAGAGTrGGCCACGATTGtVGTGACTAACACTACTACACTCCTGTGGTTAAAAGGAGGTGGAGGACAAA 

I ^ Exon 4 
GCAGGGTGTAGGTTAACTAGATTCAAACTTCCTGTTTCTTTTCTTTCTAGGTAACTACTTCCTCTGCGTCAGC 

CAGCAAGTCTTCCAGTATGAATCCCACAGAAGCCAAGG 

Figure 5.8: Intron 3 sequence immediately upstream of exon 4. Putative API and NFKB 
sites are boxed. Arrow shows intron 3 and exon 4 boundary. 



118 

IV. Transient Transfection Analysis of the Bovine Calpastatin Gene 

Promoter. 

To determine whether the 5' flanking region of the bovine 

calpastatin gene possesses promoter activity, a genomic Hind m fragment 

containing 1667 bp of 5' flanking region, 158 bp of exon 1 and 

approximately 2400 bp of intron 1 was cloned into pBluescript KS vector. 

Using this clone as a template, by PCR a series of 5' deletions were 

generated and cloned upstream of the chloramphenical acetyl transferase 

(CAT) reporter gene in the vector pCAT-Basic. The structures of the 

resulting constructs are shown in Fig. 5.9 A. Clones pCS-1667, pCS-1242, 

pCS-944, pCS-671, pCS-272, pCS-102, or pCS-31, represent promoter 

fragments extending from nt-1667, -1242, -944, -671, -272, -102 or -31 to 

nt +130, relative to the transcription initiation site. Calpastatin-CAT 

constructs were tested for promoter activity by transient transfection into 

the mouse cell line NIH3T3. 48 h following transfection, cells were 

harvested and assayed for CAT activity. CAT activities were normalized to 

protein content within extracts, and each construct was assayed in at least 

three independent transfection experiments. A pCAT-control plasmid 

containing the SV40 promoter driving CAT was used as a transfection 

control. 

Transient transfection studies showed that the 5' flanking region of 

the calpastatin gene possessed moderate transcriptional activity (Fig.5.9B). 

CAT expression from the longest construct, pCS-1667, was relatively low. 
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approximately 0.8% of pCAT-Control. Progressive deletion of promoter 

sequence both stimulated and suppressed transcriptional activity. Deletion 

of sequence from nt-1667 to -944, for example, resulted in an increase in 

promoter activity of more than two-fold, while deletion to nt-671 reduced 

CAT activity more than seven fold. This indicates that the region between -

944 to -671 positively regulates the promoter activity of the downstream 

region (-671 to 0). Deletion to nt-102 (pCS-102), which maintained 

potential three SPl binding sites but deleted a potential CAAT box element 

at nt -125, reduced CAT expression to barely detectable levels. Further 

deletion to nt-31 totally abolished promoter activity. These results 

demonstrate that DNA elements located within 1667 nt of transcription 

initiation of the calpastatin gene can direct moderate level expression of a 

heterologous cDNA, and that cis elements within this promoter region can 

both stimulate and inhibit transcriptional activity. 
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Figure 5.9: Effect of positive and negative elements on calpastatin promoter activity. 
Constructions of various CAT plasmids are illustrated in A. Gray boxes indicate exon 
1 sequence (nt+1 - nt+130). B) Calpastatin-CAT reporter constructs containing vary
ing amounts of promoter sequence were transfected into NIH3T3 ceils. Cells were 
harvested 48 h ^er transfection. Promoter activity of each construct was determined 
by CAT expression in NIH3T3 cells. pCAT-Basic was used as a negative control. 
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V. Effects of Dibutryl cAMP on Calpastatin Promoter Activity. 

j3-agonist-induced muscle hypertrophy is accompanied by increased 

steady-state levels of calpastatin mRNA (Parr et al., 1992). Since p-

agonists act through the cAMP-dependent protein kinase signaling pathway, 

we asked whether transcription of the. calpastatin promoter is enhanced 

following administration of dibutryl cAMP, a constitutive activator of 

PKA. 

As shown in Fig.5.10 and Table 5.2, addition of dibutryl cAMP to 

culture medium resulted in a five to seventeen-fold increase in calpastatin 

promoter activity for constructs containing at least 272 nt of promoter 

sequence. Transcriptional activity of pCAT-Control was not increased by 

dibutryl cAMP treatment. Interestingly, pCS-102, which showed extremely 

low basal promoter activity, was induced to moderate levels 

(approximately equivalent to basal levels of pCS-1667) following 

administration of dibutryl cAMP. At least one cAMP responsive element is 

therefore likely to reside within 102 nt of transcription initiation. 

A consensus CRE site constitutes an 8 bp palindromic sequence 

(TGACGTCA). Several genes which are regulated by a variety of 

endocrinological stimuli contain similar sequences in their promoter 

regions, although at different positions (Table 5.3). Binding site specificity 
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appears to require 18-20 bp, since the five or so bases flanking the core 

consensus have been shown to dictate, in some cases the permissivity of 

transcriptional activation (Deutsch et al., 1988). In many genes, the CRE 

sequence is located in the first 200 bp upstream from the cap site. 

However, variations of the canonical CRE have also been reported, 

including CRE half sites which can bind proteins such as CREB, ATF-2 

and Jun, albeit at reduced affinity compared with the intact palindromic 

CRE (for review see Habener et al., 1995). 

Table 5.2 
Effect of Dibutryl cAMP on Calpastatin Promoter Activity 

Rel. CAT Activity^ 
Plasmid -BtjCAMP +Bt2cAMP Induction Ratio 

pCAT-Control 100.0 90.0 0.9 
pCAT-Basic 0.0 0.0 * 

pCS-1667 0.8 5.4 6.8 
pCS-1242 1.2 5.8 4.8 
pCS-944 1.8 11.0 6.1 
pCS-671 0.2 3.4 17.0 
pCS-272 0.6 4.5 7.5 
pCS-102 0.03 0.5 16.7 
pCS-31 0.0 0.0 * 

" CAT activities are relative to pCAT-Control, which contains the CAT 
gene driven by the SV40 viral promoter. 
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Figure 5.10 cAMP Responsiveness the Bovine Calpastatin Promoter. Calpastatin-
CAT reporter constructs containing varying amounts of promoter sequence were 
transfected into NIH3T3 cells. 24 h following transfection, dibutryl cAMP (1 
mM) was added to some cultures. All cultures were sacrificed 48 h following 
transfection. Graph shows CAT activity relative to pCAT-Control, which con
tains the SV40 promoter driving CAT. Data represents the average of at least 
three independent experiments. Representative CAT assays are shown. 
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Sequence analysis of the calpastatin proximal promoter region identified 

two potential CRE-like half sites, CREl (GTCA) at nt-76 just downstream 

of an SPl site, and CRE2 (GTCA) located within exon 1 at nt+13. 

It has been reported that mouse ornithine decarboxylase (ODC) 

promoter contains three functional CREs, one of which is located at +95 bp 

relative to the transcription start site (Abrahamsen et al., 1992). To test 

whether calpastatin CRE2 is involved in activation of promoter activity by 

cAMP, the 130nt exon 1 sequence was removed and a calpastatin promoter 

fragment containing nt-944 to nt-1 was cloned into the pCAT-Basic 

expression vector ( pCAT-944). pCAT-944 or pCS-944, which contains the 

130 nt exon 1 sequences in addition to the 944 bp promoter sequence, were 

transfected into NIH3T3 cells. 24 h following transfection, some cultures 

were treated with dibutyryl cAMP. Results showed that both constructs 

displayed approximately 4-fold iacreases in CAT activity after treatment 

with dibutyryl cAMP (Fig. 5.11), indicating that the putative CRE2 located 

within exon 1 is not functional. It is worth noting, however, that deletion 

of nt+1 to nt+130 reduced CAT activity approximately three fold. This 

difference in basal expression between pCS-944 and pCAT-944 may arise 

from the fact that they utilize different transcription initiation sites, 

because potential downstream initiation sites have been deleted. 
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Table 5.3 

cAMP Responsive Elements in Mammalian Gene Promoters 

cAMP-Responsive Element Gene 

TGACGTCAggtaaaaatTGACGTCA Human glycoprotein hormone,. a-subunit (Delegeane et al.. 1987) 

-114 ggcgcggggcTGGCGTAgggccTGCGTCAgctgca-80 Prokephalin (Comb et al., 1986) 

-332cccccttacacaggatgtccatattaggacatcTGCGTCAgcaggtttccacggc-278 cFOS (Treisman, 1986) 

-94 cccatggcCGTCAtactgTGACGTC -70 Human vasoactive intestinal polypeptide gene (Tsukada et al., 1987) 

-71 gtgagatctgggggcgcctccnggcTGACGTCAgagagagagtt -27 Somatostatin (Montminy et al.. 1986) 

-71 aggaggtgggggacccagaggggcttTGACGTCAgcctggccttt -27 TH (Lee et al.. 1987) 

-207 AGGCGGTGAGGTCAGGGGTGGGGAA-183 Major Histocompatibility Complex (MHC) 
(Hamada et al.. 1989) 

-200 TGACGTCAaataaa..cacttcGTACGTCA -150 pituitary-specific homeobox gene GHFl 
(McCormick et al., 1990) 

-243 TTGATGGACAGTGAGCAAG -225 Bovine P-45017-a (Zangeret al., 1991) 

-129 GGCCACrCTGTGGGCGGGTCGGTGGGAGGGTACC -96 Human Steroid 21-Hydroxylase 
(Kagawa et al.. 1990) 

-131 TA-TGT-T A-A CAA—G 98 Bovine Steroid 21-Hydroxylase 
(Kagawa et al., 1990) 

-109 TA-TGT ^TT* AACA* A * 79 Mouse Steroid 21-Hydroxylase 
(Kagawa et al., 1990) 
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Figure 5.11; Effect of deletion of CRE2 in exon 1 on induction of CAT 
expression by dibutyryl cAMP. (A) Schematic diagram of constructs pCS-944 
and pCAT-944. Filled box represents exon 1 sequences (nt+1 to nt+130, relative 
to the calpastatin transcription initiation site). Single lines represent 5'-flanking 
sequences of the calpastatin gene. Two putative CRE half sites are indicated as 
dark circles. (B) NIH3T3 cells transfected with 2 |i.g of the two plasmids were 
incubated in the absence or presence of dibutyryl cAMP. After 48 h cells were 
harvested and CAT activity was measured as described under "Materials and 
Methods". Fold increases are indicated above the bars. 
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VI. Site Directed Mutagenesis Mapping of cAMP Responsive Elements. 

Deletion analysis of calpastatin promoter region demonstrated that at 

least one cAMP responsive element resides within 102 nt of transcription 

initiation (Table 5.2). Nucleotide sequence analysis showed that a potential 

CRE half site is located at nt-76. To test whether this is the functional 

CRE, site directed mutagenesis was used to change (GTCA) at nt-76 to 

(ATCT) using PCR based method of mutagenesis. This mutation generated 

pCS-102mutAT, which is identical to pCS-102 except for the two point 

mutations (Fig. 5.12A). As shown in Fig. 5.12B, this mutation totally 

abolished the cAMP responsiveness, indicating that this is the core sequence 

for calpastatin gene up-regulation by P-agonists. 

To determine whether additional CRE sites are located further 

upstream, fragments of the calpastatin 5'-flanking region were generated 

by PCR (Table 5.4) and cloned upstream of a minimal Herpes simplex 

virus thymidine kinase promoter (-105 - +51) driving CAT (pTK-CAT). 

Sail and Xbal cloning sites located 179 bp upstream of the promoter region 

were used to insert DNA fragments from the calpastatin 5'-flanking region 

(Fig. 5.13A). Plasmids containing calpastatin promoter fragments were 

then transfected into NIH3T3 cells and CAT activities were compared with 

the parental plasmid. Results showed that a 3.2-fold increase was observed 



upon dibutyryl-cAMP treatment in pCS5-TKCAT transfected cells, which 

contains the proximal calpastatin promoter region from nt-346 to nt-16 

sequences, (Fig. 5.13 B). No cAMP induction was observed when cells 

were transfected with the plasmids containing calpastatin 5' flanking 

sequences further upstream, suggesting that functional CREs are not 

present within the more distal regions of the calpastatin promoter. When 

cells were transfected with pCS3-TKCAT, containing calpastatin 5'-

flanking region nt-947 to nt-577, basal CAT activity was about twice as 

high as the parental plasmid, pTKCAT, indicating that some positive 

elements located within this region can upregulate gene transcription. This 

result is consistent with the promoter deletion assays in which deletion 

from -944nt to nt-671 reduced CAT activity more than seven fold. 
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Figure 5.12: Effect of CRE element mutation on basal and induced expression of CAT fusion 
constructs. (A) Schematic diagram of pCS-102 and pCS-102mutAT. CRE-Iike sequences are 
indicated in the boxes. Filled box represents exon 1 sequences (nt+1 to nt+130, relative to the 
calpastatin transcription initiation site). Single lines represent 5'-flanking sequences of the calp-
astatin gene. Mutations were made from GTCA to ATCT. (B) cAMP reponsiveness of the 
mutated bovine calpastatin promoter. NIH3T3 cells transfected with 2 p.g of the two plasmids 
were incubated in the absence or presence of dibutyryl cAMP. After 48 h cells were harvested 
and CAT activity was measured as described under "Materials and Methods". 
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Table 5.4 

PGR primers for constructing calpastatin-TKCAT 

Primer Name Primer Sequence (5'-3') Position relative 
to the 

transcription 
initiation site 

PGR 
Product 

size 

pCSFl cggtcgacCACAGCCCCAAACCAGGAAG -1653-1634 

PCSBl ctagtctagac I'lilCCCCCCGACTTGCC -1143-1126 528 bp 

pCSF2 cggtcgaccGGAGTGGGGCTTGAGATGTAGAC -1248-1226 

pCSB2 ctagtctagaCTGTGAGGCAGCmrCCGAC -946-926 323 bp 

pCSF3 cggtcgaccGGTCGGAAAAGCTGCCrCAC -947-928 

pCSB3 ctagtctagacGGTTCTGAGTCCACACCCCTCTC -599-577 371 bp 

pCSF4 cggtcgaccGGTCC ACC ITCAGAGGAGGG'ITAG -679-656 

pCSB4 ctagtctagaCCTGTCTCATCC ACCAAC1" 1" 11CC -283-259 421 bp 

pCSF5 cggtcgacCATGGGTGGCAGAGTCAGGAC -346-325 

pCSB5 ctagtctagaCTGTCAGGGGGTGGGCAAG -33-16 331 bp 

Note; sequences in small letters indicate Sail or Xbal linkers added at the 5' 

end of the primers. 
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Figure 5.13: Effect of dibutyryl cAMP on promoter activities. (A) Schematic diagram 
of constructs used for transfection. The 5'-flanking DNA fragments were inserted 
upstream of the herpes simplex virus thymidine kinase promoter driving transcription 
of CAT. (B) Calpastatin-TKCAT reporter constructs containing varying amounts of 
promoter sequence were transfected into NIH3T3 cells. Cells were harvested 48 h 
after transfection. Promoter activity of each construct was determined by CAT expres
sion in NIH3T3 cells. pTKCAT was used as a negative control. Relative CAT activi
ties of the various constructions are shown taking the expression of pTKCAT without 
dibutyryl cAMP treatment as 1.0. Fold increases after treatment with dibutyryl cAMP 
are indicated. 
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VII. Discussion. 

The proximal promoter region of the bovine calpastatin gene is GC 

rich and lacks a TATA box, characteristics of genes that are widely 

expressed in different cell types. Transfection analyses show that the 5' 

flanking region of the calpastatin gene can direct moderate level 

transcription of a heterologous cDNA, and that sequence elements between 

nt-1667 and -272 can act both to stimulate and to inhibit gene expression. 

Deletion to nt-102, which eliminates a putative CAAT box, almost 

completely abolishes promoter activity. 

The finding that dibutryl cAMP increases calpastatin promoter 

activity between five and twenty fold demonstrates that transcription of the 

calpastatin gene can be upregulated by PKA. Binding of p-agonists to the 

p2 adrenergic receptor activates a PBCA-dependent signaling pathway and 

leads to an increase in calpastatin protein levels (Parr et al., 1992). Our 

results suggest that this occurs through an increase in gene transcription. 

Some cAMP responsive genes contain a consensus cAMP responsive cis 

element (CRE) consisting of the palindromic sequence (TGACGTCA) 

(Delmas et al., 1994). Variations of the canonical CRE have also been 

reported, including CRE half sites which can bind proteins such as CREB, 

ATF-2 and Jun, albeit at reduced affinity compared with the intact 
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palindromic CRE (for review see Habener et al., 1995). pCS-102, which 

shows no basal promoter function, exhibits moderate transcriptional 

activity following exposure of transfected cells to dibutyryl cAMP, 

indicating that at least one cAMP responsive element is located within 102 

nt of transcription initiation. This proximal promoter region contains two 

potential CRE half sites, CREl (GGTCA) at nt-76 just downstream of an 

SP-1 site, CRE2 (GTCA) located at nt+13 within exon 1. Deletion of CRE2 

failed to decrease dibutyryl cAMP dependent induction, indicating that 

CRE2 is not necessary for calpastatin gene upregulation by cAMP. Cells 

transfected with plasmids lacking exon 1 sequences showed much lower 

CAT activity compared to cells transfected with the plasmid containing 

calpastatin exon 1, suggesting calpastatin exon 1 sequence is necessary for 

complete promoter activity. PCR-based site directed mutagenesis showed 

that CREl (GGTCA) at nt-76 is necessary for cAMP induction. 
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Chapter 6 

Conclusions and Discussion 

I. The Bovine Heart Calpastatin Gene and Protein are Both Targets for 

cAMP-Dependent Protein Kinase Activity. 

a. Discovery of A New N-terminal Region of The Bovine Calpastatin 

Protein. 

Cloning and sequence analysis of bovine calpastatin cDNAs identified 

a previously unrecognized translation initiation site that gives rise to a 

protein with additional 68 N-terminal amino acids, called the XL region. 

This XL region shows no homology to other regions of calpastatin or to 

any known protein. Amino acid analysis indicates that it contains three 

potential protein kinase A phosphorylation sites. Coupled in vitro 

transcription/translation experiments demonstrated that this upstream ATG 

is functional in vitro and generates a protein with an apparent molecular 

mass of 145 kDa on SDS-PAGE. Western blot analysis using bacterially-

expressed full length calpastatin and tissue homogenates from bovine heart 

and liver shows that a protein with the size of 145 kDa is recognized by a 
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monoclonal antibody to an epitope at the calpastatin C-terminus, suggesting 

that the upstream ATG is functional in vivo. To prove that this XL region 

exists within the native calpastatin protein, polyclonal antibodies were 

raised against a polj^eptide within this XL region. Western blot confirmed 

that the fiill length calpastatin protein .migrating at an apparent size of 145 

kDa, but not smaller calpastatin proteins, was recognized by this polyclonal 

antibody, demonstrating that this XL region exists within native calpastatin 

protein in vivo. PKA phosphorylation assays using bacterially-expressed 

full length calpastatin, domain 1-4 or domain XL plus L showed that both 

XL region and domain 1 are targets for PKA. 

b. Identification of the Calpastatin Gene Promoter. 

A calpastatin gene promoter had not been previously identified in 

any species. To investigate the regulation of bovine calpastatin gene 

transcription during muscle growth and hypertrophy, the 5' region of the 

bovine calpastatin gene was cloned by screening a bovine heart genomic 

DNA library. The genomic structure of calpastatin gene 5' region shows 

that the newly discovered translation initiation site is in exon 1, while the 

previously reported translation start site is located in exon 4; intervening 

large introns span at least 60 kb. Primer extension defined the 5'-most 
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transcription start site, although two other minor bands have also been 

found just a few bases downstream. Multiple transcription initiation sites 

are common for house-keeping genes which lack TATA boxes and that are 

GC rich in their proximal promoter regions. 

Nucleotide sequence analysis within the promoter region shows that 

the calpastatin promoter is GC rich and contains one putative CAAT box, 

four SP-1 binding sites and several NFKB and AP2 binding sites, reflecting 

the complexity of transcriptional regulation by different transcription 

factors. Promoter activity analysis shows that the calpastatin promoter 

contains moderate promoter activity. Serial deletion of the calpastatin 

promoter identified positive and negative regulatory regions which can 

activate and inhibit basal calpastatin promoter activity. 

c. In vitro Analysis of Regulation of the Calpastatin Gene Promoter by 

PKA. 

The effects of p-agonists on calpastatin gene transcription has also 

been investigated. Since P-agonists can stimulate a cAMP-dependent 

signaling pathway, a cAMP analogy dibutyryl cAMP was used to mimic the 

P-agonist effect. Addition of dibutyryl cAMP increased calpastatin 

promoter activity 5 to 20 fold, demonstrating that the calpastatin 
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transcription is upregulated by PKA. Promoter deletion studies showed 

that at least one cAMP responsive element (CRE) resides within nt-102 of 

the transcription initiation site. Additional CREs were not detected further 

upstream. Deletion of exon 1 dramatically decreased basal promoter 

activity but not cAMP induction, indicating that while exon 1 sequence 

does not contain a functional CRE, unidentified cis elements are present 

that influence promoter activity. Sequence analysis of the proximal 

promoter region shows a CRE half site located at nt-76 (GTCA). Mutation 

of (GTCA) to (ATCT) by PCR-based mutagenesis abolished dibutyryl 

cAMP mediated promoter induction, indicating that this is the functional 

CRE in the calpastatin gene promoter. 

n. Effects of Calpastatin Phosphorylation by PKA on the Regulation of 

Calpain Activity. 

a. Possible Roles of PKA Phosphorylation in Domain 1. 

Calpastatin protein has been smdied for several decades and the 

cDNAs cloned from many species. The previously proposed translation 

start site was designated because nucleotide sequence analysis of the rabbit 
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cDNA showed a stop codon 135 bp upstream. Since then, this ATG has 

been widely accepted as the translation initiation site in many species. 

Difficulties in obtaining amino acid sequence of the N-terminus, anomalous 

migration of calpastatin protein on SDS-PAGE, and rapid proteolysis of 

calpastatin during isolation obscured the possibility that calpastatin protein 

might contain additional previously unidentified regions. The calpastatin 

protein studied extensively in many laboratories has a reported size of 110-

120 kDa, which is approximately the size of a bacterially expressed 

calpastatin polypeptide representing domain 1-4. Our findings demonstrate 

that the 110-120 kDa protein lacks the L domain and XL region, and is 

therefore a partial calpastatin protein. The potential roles of these regions 

on calpastatin function have therefore not been studied. 

Salamino et al. (1994) isolated an unphosphorylated and 

phosphorylated form of the 110 kDa partial calpastatin protein from rabbit 

heart and kidney (designated calpastatin I and H) that displayed preferential 

inhibitory efficiencies towards |i- and m-calpain, respectively. Although 

sites of phosphorylation remain unknown, our results show that a 

calpastatin protein truncated to remove domain L and region XL can be 

phosphorylated by PKA. A predicted PKA phosphorylation site resides 

within subdomain B of domain 1, the domain exhibiting the highest calpain 
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inhibitory activity. It is therefore reasonable to hjrpothesize that PKA 

phosphorylation in domain 1 maybe responsible for the observed shift in 

calpastatin specificity from |i- to m-calpain. Using bacterially expressed 

calpastatin domain 1-4, it should be straightforward to precisely define the 

PKA dependent phosphorylation sites by tryptic peptide mapping and site 

directed mutagenesis. Phosphorylation assays could then be used to test the 

role of specific PKA phosphorylation sites on calpastatin protein function 

in vitro. 

The ability of the 110 kDa calpastatin to be phosphorylated in vivo 

could also be assayed. cDNAs encoding wild type calpastatin or calpastatin 

containing mutations in PKA phosphorylation sites could be epitope tagged 

and transfected into cells growing in the present of ^"P. Transfected cells 

would then be treated with dibutyryl cAMP and expressed calpastatin 

immunoprecipitated from cell lysates using antibody against the affinity 

tag. Bound calpastatin could then be analyzed for the effect of dibutyryl 

cAMP on phosphorylation. 

b. Possible Roles of PKA Phosphorylation in XL region. 

Since our in vitro phosphorylation data suggest that the XL region of 

bovine heart calpastatin is also a target of PKA, the question arises as to 
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what the function of XL region is and what the role of this PKA 

phosphorylation might be for regulating calpastatin inhibitory function. 

Amino acid sequence analysis shows that the XL region is extremely basic 

with a predicted pi of 10.07. This is consistent with the possibility that the 

XL region is an extension of domain L, which is also extremely basic and 

can non-specifically associate with the negatively charged phospholipids. 

As discussed above, the XL region contains three PKA phosphorylation 

sites that can be phosphorylated by PKA in vitro. Since almost all 

published studies have utilized the 110 kDa partial calpastatin that lacks this 

XL region, the function of this region and its phosphorylation by PKA has 

yet to be investigated. 

In the literature review it was noted that in some tissues, notably 

heart and liver, there is sufficient calpastatin to fuUy inhibit endogenous 

calpain activity. Since calpains are clearly active within these cells, one 

possibility is that regulatory mechanisms might inactivate calpastatin and/or 

sequester calpastatin from calpain. Whether calpains can be fiilly inhibited 

in vivo by calpastatin depends on their degree of association. PKA 

activation may contribute to muscle growth by phosphorylating sites within 

the XL region, which might then bring calpastatin and calpain molecules 

together so that calpastatin can inhibit calpain's activity. Further work is 
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needed to determine the intracellular distribution of calpastatin following 

|3-agonist treatment, especially the correlation between the phosphorylation 

by PKA within the XL region and protein localization. 

EH. Model for ^-adrenergic agonist effect on muscle growth. 

Administration of p-agonist to manmials can stimulate muscle 

hypertrophy to a remarkable degree. The calpain system is believed to play 

an important role in regulating protein degradation and muscle growth. 

We provide the first evidence at the molecular level that p-agonist 

treatment can both stimulate calpastatin gene transcription and protein 

phosphorylation, which is consistent with the previously reported data that 

p-agonist treatment can increase both m-calpain and calpastatin mRNA 

levels and protein activities (Parr et al., 1992). Based on the data presented 

above, the following model is provided to explain the effect of P-agonist 

on muscle growth (Fig 6.1): 

Treatment of animals with P-agonists leads to cAMP-dependent 

protein kinase stimulation via the GTP-binding protein (G protein )-

adenylate cyclase-cAMP signal transduction pathway. Stimulation of this 

pathway leads to increased calpastatin gene transcription and 

phosphorylation of the calpastatin protein in two regions: phosphorylation 
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within region XL might be involved in the localization of calpastatin 

molecules to the same microenvironment as calpains, while 

phosphorylation at domain 1 in the central inhibitory region might switch 

its inhibitory efficiency from |j.-calpain to m-calpain. The physiological 

significance of this switch remains unknown. Increases in the level of 

calpastatin and its ability to inhibit calpains would nevertheless lead to 

decreased levels of protein degradation, resulting in muscle growth. 
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Figure 6.1: Model for |3-agonnist effects on muscle growth. 
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