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ABSTRACT 

M n 2+ has been proposed to be a regulator of pancreatic 

function. To investigate the effect of Mn2+ on pancreatic protein 

phosphorylation, we incubated rat pancreatic cytosol in Tris buffer 

(pH 7.5) with [y_32p] ATP. Analysis using SDS-PAGE and 

autoradiography revealed a single protein (p98), with a Mr of 98 kDa 

and a pI of 6.4 to 6.5, which was phosphorylated in a dose-

dependent manner in the presence of Mn2+. A threshold effect was 

observed at 35 J.lM, and maximal effect at 1.1 mM Mn2+. Ca2+ and 

calmodulin (CaM) alone did not facilitate p98 phosphorylation, but 

the presence of Mg2+ (10 mM) caused faint non-specific 

phosphorylation of p98. Ca2+ (0.03 to 3 mM) and CaM (1 to 10 

J.lg/ml) significantly enhanced, whereas trifluoperazine (TFP) and 

Mg2+ inhibited Mn2+-stimulated p98 phosphorylation. Under the 

above incubation conditions, Mn2+-stimulated phosphorylation of 

p98 was also observed in isolated pancreatic acini, but not in cytosols 

from liver or kidney. Purification of p98 and amino acid sequencing 

of the protein band corresponding to p98 indicated complete 

sequence homology with rat elongation factor 2 (EF-2). Furthermore, 

the combination of Ca2+, Mg2+ and CaM, which is known to induce the 

phosphorylation of EF-2, mimicked the actions of Mn2+. Inasmuch as 

EF-2 is the major substrate for CaM-dependent protein kinase III 

(CaM-PK III), these studies suggest that in the pancreatic acinar cell 

Mn2+/CaM protein kinase activity is mediated via CaM PK III. 

Accordingly, CaM PK III was partially purified from the rat pancreas 
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using Mn2+-stimulated phosphorylation of pure EF-2 to assay its 

activity. Gel filtration chromatography indicated that the CaM-PK III 

had a Mr of 150 kDa. Fractionation on the basis of isoelectric point, 

indicated that the majority of CaM-PK III activity was associated 

with a protein(s) of pI 4.5. A lesser amount of CaM-PK-III-like 

activity migrated to a pH of 8.4. These studies indicate that Mn2 + 

modulates CaM-PK III dependent phosphorylation of EF-2 in the 

exocrine pancreas and raise the possibility that Mn2+ can modulate 

pancreatic acinar cell function. 
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INTRODUCTION 

The pancreas, named from the Greek xau xpeaa (pan creas) 

meaning 'all flesh', is not as was first described by Galen a cushion 

for the stomach. It is, instead a strictly regulated organ essential for 

the digestion and utilization of food. The pancreas consists of two 

organs in one; the majority of the tissue is exocrine in nature, within 

which are small patches of endocrine tissue. The exocrine pancreas 

consists of spheres of acinar cells which secrete an array of digestive 

enzymes and duct cells which secrete a bicarbonate rich fluid into 

the duodenum via the pancreatic duct. The islands of endocrine cells 

secrete insulin, glucagon and other peptide hormones directly into 

the blood. 

The regulation of pancreatic function is complex and an area of 

intense investigation, ranging from the study of the interaction of 

hormones with transmembrane receptors to the study of cis and 

trans activators/repressors of gene expression. The metal ion 

manganese (Mn2+) has been proposed to playa role in this regulation 

(Korc & Brannon, 1988). Evidence for a regulatory function of Mn2+ 

in pancreatic function comes from both in vivo and in vitro studies. 

The pancreas actively accumulates Mn2+, and conserves Mn2+ during 

Mn2+-deficiency, compared to the liver (Burnett et al., 1952; Brannon· 

et al., 1987). Amylase content and mRNA levels are selectively 

increased in the pancreas from Mn2+ deficient rats (Werner et al., 

1987; Chang, et ale , 1990). In vitro, Mn2+ modulates the action of 
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pancreatic secretagogues, and exerts direct effects on pancreatic 

enzyme secretion and protein synthesis (Abdelmoumene & Gardner, 

1981; Korc, 1983). Mn2+ also interferes with secondary signaling 

pathways, attenuating secretagogue stimulated phosphatidylinositol 

hydrolysis in rat pancreatic acini (Chandrasekar & Korc, 1990). 

M n 2+ has previously been shown to stimulate protein kinase 

activity (Elias & Davis, 1985; Goldenring et ai., 1987). Because of the 

potential importance of Mn2+ in the pancreas, Brockenbrough and 

Korc (1990) examined the effect of Mn2+ on protein phosphorylation 

in this tissue. They observed that one protein, with a Mr of 98 kDa, 

was particularly sensitive to Mn2+-stimulated protein 

phosphorylation. This dissertation describes the characterization, 

purification and identification of this protein and also describes the 

partial purification of the Mn2+-stimulated kinase. 
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The biological scope of this dissertation envelops three major areas: 

the pancreas, manganese and protein phosphorylation. A 

comprehensive review of all three areas would generate a lengthy 

treatise. Consequently this literature review will focus on work 

published in 1988 or later, with background information obtained 

from review articles, of earlier work. Where directly pertinent to the 

dissertation, original articles published prior to 1988 will also be 

cited. 

The Pancreas 

The pancreas consists of endocrine and exocrine tissues. The 

exocrine tissue is made up of lobules of acinar cells that synthesize 

and secrete a variety of digestive enzymes, and duct cells which 

secrete bicarbonate rich fluid. Within this mass of exocrine tissue 

are small islands of endocrine cells which secrete insulin, glucagon 

and other peptides into the blood. The exocrine and endocrine 

pancreas are coordinately regulated for the digestion, absorption and 

metabolism of food. This regulation is complex, consisting of 

exogenous signals of nutritional, hormonal and neural origin 
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(Pitchumoni et al., 1986; Chey, 1986; Holst, 1986). These exogenous 

signals act via intracellular second messengers to elicit the desired 

physiological response. In the exocrine pancreas, hormonal signals 

may act via activation of adenylate cyclase to increase intracellular 

levels of cAMP (Deschodt-Lanckman et al., 1975; Gardner et al., 

1976) or via phospholipase C to increase inositol phospholipid 

hydrolysis thereby generating inositol trisphosphate and 

diacylglycerol (Williams, 1984). These second messengers trigger a 

cascade of cellular events that include transient increases in 

intracellular calcium (Ca2+) levels (Streb, 1983; Prentki et al., 1984; 

Korc & Schoni, 1987) and the activation of protein kinases (Jensen & 

Gardner, 1978; Gorelick et al., 1983; Wrenn, 1983; Burnham & 

Williams, 1984; Noguchi et al., 1985; Burnham et al., 1986). All three 

of these intracellular second messenger pathways can lead to 

activation or inactivation of an array of protein kinases and protein 

phosphatases. It is this covalent modification of proteins that is 

believed to determine the immediate cellular response. 

Protein Phosphorylation 

The array of protein kinases and phosphatases now identified 

is very large and continues to grow. The protein kinases have been 

divided into distinct classes according to conserved features of the 

catalytic domain (Hanks et aI., 1988). The major division is between 

those kinases th'at phosphorylate serine or threonine residues and 
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those that phosphorylate tyrosine residues. Within the 

serine/threonine kinase family eight subfamilies of kinases have 

been classified plus an additional subfamily of kinases that do not 

share regions of homology. The subfamilies are: 

A. cyclic nucleotide-dependent kinases. 

B. Ca2+/phospholipid dependent kinases. 

C. Ca2+/calmodulin dependent kinases. 

D. SNFI kinases (yeast). 

E. CDC28-cdc2+ kinases. 

F. Casein kinases. 

O. Raf-Mos protooncogene kinases. 

H. STE7 kinases (yeast). 

The second family of protein kinases are those that phosphorylate 

tyrosine residues. Within this family Hunter and coworkers (1991) 

have classified five subfamilies: 

A. src kinases. 

B. abl kinases 

C. fps kinases 

D. Growth factor receptor kinases. 

E. Other kinases. Includes those identified by polymerase chain 

reaction (peR). 

This structure/function grouping of kinases has been assembled from 

kinases identified in mammals, birds, insects and yeast. 

Wilks and coworkers (1989 & 1991) constructed degenerate 

oligonucleotide primers corresponding to conserved amino acid 
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sequences (IHRDL, DVWSFG), within the catalytic domain of protein

tyrosine kinases. These primers were then used to amplify cDNA 

from the hemopoietic cell line FDC-Pl using PCR (Saiki et al., 1985). 

The amplified DNA products were cloned into M13. This procedure 

generated 200 clones, from which 2 were identified as being novel 

(Wilks, 1989). Wilks and coworkers (1991) have since further 

characterized these two putative kinases, and classified them into a 

new class of protein tyrosine kinases, JAK. Such is the power and 

investigators confidence in PCR, that despite the fact that Wilks and 

coworkers (1991) were unable to demonstrate kinase activity in the 

expressed protein, the JAK kinases are considered to be confirmed 

protein kinases. 

Phosphatases too have been classified into families. This 

classification, however is based the use of specific inhibitors, ionic 

cofactors and substrates upon which they act rather than on domain 

homology (Cohen & Cohen, 1989). The classification difference 

between the protein kinase and the protein phosphatases might 

reflect the differences in approach to studying these two classes of 

enzymes; many protein kinases have been identified initially from 

homologies within the cDNA sequence. Whereas the protein 

phosphatases have been identified from a more functional approach. 

Like the protein kinases, the protein phosphatases have been 

classified into two major families: those that dephosphorylate 

phosphoserine or phosphothreonine residues and those that 

dephosphorylate phosphotyrosine residues. Of the serine/threonine-
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specific protein phosphatases Cohen & Cohen (1989) have classified 

these into four major classes: PP1, PP2A, PP2B and PP2C. 

PPI phosphatases dephosphorylate the B-subunit of 

phosphorylase kinase and are inhibited by nanomolar amounts of 

inhibitor-l and inhibitor-2 (inhibitors 1 & 2 are small 

thermostabile proteins). PP2A, PP2B and PP2C phosphatases 

preferentially dephosphorylate the a-subunit of phosphorylase 

kinase and none of them are inhibited by inhibitors 1 and 2. What 

distinguishes these three enzymes are their requirements for cations. 

PP2A does not require a cation cofactor. PP2B is Ca2+/calmoduIin

dependent and PP2C is Mg2+-dependent. Interestingly, although 

PP2A does not require a cation cofactor, its activity is increased 2-3 

fold by 2 mM Mn2+ (lngebritsen et al., 1983). A relatively new 

criterion for identifying and classifying PP2A is the inhibition of its 

activity by okadaic acid. Okadaic acid (C44H66013) is a 

monocarboxylic acid toxin, extracted from the marine black sponge 

H alichondria, and is believed to be the causative agent of diarrhetic 

shellfish poisoning. It causes 50 % inhibition of PP2A activity at a 

concentration of 1 nM (Bialojan & Takai, 1988). 

As yet a strict classification scheme for the phosphotyrosine 

phosphatases (PTPs) does not exist. Though as this family of 

enzymes grows, Fischer, Charbonneau and Tonks (1991) have 

proposed the following system, which is based on the structual 

properties of the phosphatases. The major division is made between 

those PTPs that are integral parts of receptors and those that are 
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nonreceptors. Although a classification division has been made 

between the receptor and nonreceptor PTPs, both share a common 

catalytic domain which contains a conserved 11 amino acid sequence: 

[I/V]HCXAGXXR[S/T]G. In which the cysteine is believed to be 

particularly important for catalysis. 

At least five nonreceptor PTPs have been identified, in species 

ranging form the bubonic plague causing bacteria Yersinia, to 

humans. The catalytic domain is located in the N-terminal half of the 

PTP and a putative regulatory domain at the C-terminus. At present 

seven distinct receptor or transmembrane PTPs have been identified 

(references in Fischer et al., 1991). Fischer and coauthors (1991) 

have suggested that these can be classified into four groups: 

Type I CD45 is an abundant transmembrane glycoprotein that is 

found only in hematopoietic cells. 

Type II LAR "leukocyte common antigen related", which have two 

to three IgG like extracellular domains. 

Type III HPTP(3 contain multiple fibronectin type III domains. 

Type IV HPTPs with small (27 - 123 amino acids) extracellular 

domains. 

It is interesting to note that far more protein kinases have 

been identified, close to 100 (Hanks et ai, 1989), than protein 

phosphatases. This may simply be indicative of the intensity of 

study on the protein kinases compared to that for protein 

phosphatases. Alternatively there might indeed be less 

phosphatases present, for in vitro the phosphatases do not exhibit 
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substrate specificity to the extent seen with protein kinases (Cohen & 

Cohen, 1989). Also of interest is the in vitro observation that PTPs 

are 10 to 1000 times more active than their kinase counterparts, 

(Fischer et al., 1991) such high activity may be a means of ensuring 

that tyrosine phosphorylation is a transient event. 

Manganese 

Manganese is the tenth most abundant element in the earths 

mass and the twelfth most abundant in the earth's crust (reviewed in 

Brandt & Schramm, 1986 & Keen & Lonnerdal, 1986). It is therefore 

not surprising that cases of manganese deficiency are extremely rare. 

Indeed only one case of manganese deficiency in humans has been 

reported (Doisy, 1972), and even that has not been totally ratified 

(Anon, 1988). Far more instances of manganese toxicity have been 

observed. One of the more recent cases of Mn2+ poisoning occurred 

at a Taiwanese ferromanganese smelter in 1985. Due to a 

breakdown of the ventilation system, Mn2+ concentration in the air 

reached 28.8 mg/m3 for an eight month period. The level of Mn2+ in 

unpolluted air is typically between 0.05 - 0.1 mg/m3 (Cooper, '1984). 

As a result of exposure to the high airbourne Mn2+ levels, 6 workers 

developed Parkinson's disease like symptoms, typical of chronic 

Mn 2+ poisoning. Repair of the ventilation system and treatment of 

the workers with L-DOPA, reversed the Mn2+ toxicity effects (Wang 

et al., 1989). Thus, like many other trace metals, the nutritional 
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requirement of Mn2+ exists in a pivotal position between excess 

leading to toxicity or insufficiency leading to deficiency. 

Manganese Nutrition 

The nutritional aspects of manganese have been extensively 

reviewed (Schramm & Welder, 1986, Hurley & Keen, 1987, and 

Wapnir, 1990). There is general agreement that there is between 

10-20 mg of manganese in a 70 kg man, which is fairly widely 

distributed throughout the body. Tissues containing a larger 

concentration of manganese in humans are bone (2.6 ppm, fresh 

weight), liver (1.4 ppm), kidney (1.2 ppm) and pancreas (1.2 ppm). 

Blood and muscle have lower concentrations of manganese (0.01 and 

0.06 ppm, respectively). A formal recommended daily allowance for 

manganese has not been set, but safe and adequate intake range of 

2.5 to 5.0 mg/d has been suggested. (National Research Council, Food 

and Nutrition Board, 1980). A more recent paper by Freeland

Graves and coworkers (1988) determined that a mean daily Mn2 + 

intake of 3.5 mg/d was sufficient to keep five 19-20 yr olds in 

positive Mn2+ balance. This reaffirms the recommended safe and 

adequate Mn2+ levels. The dietary intake of manganese for a typical 

western human is between 2-22 mg/day, yet the daily turnover for 

manganese is only about 20 J.1g/day. The excess of manganese intake 

is excreted with the bile and lost with the feces. Thus manganese 
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homeostasis is also geared towards elimination of a potentially toxic 

element and not to just the capture of a rare element. 

Biochemistry of Manganese 

Proteins that interact with manganese can be divided into two types. 

One type that contains tightly bound manganese, i.e., manganese 

metalloenzymes such as arginase, pyruvate carboxylase and 

manganese-superoxide dismutase. Another type consists of proteins 

whose activity is enhanced by manganese. This class of proteins that 

interact with manganese is more difficult to define, because 

demonstration of enzyme activation by manganese in vitro is by no 

means proof for a requirement nor a regulatory role in vivo. 

Schramm (1982) has discussed this dilemma of attributing 

physiological roles for manganese in detail, and created a number of 

criteria that a putative manganese regulated enzyme should fulfill 

for it to be considered regulated in vivo by manganese. These 

criteria (Schramm, 1982) are: 

1. The kinetic constant(s) for the interaction of manganese must 

approximate the intracellular free manganese concentration at 

physiological substrate concentrations. 

2. The binding site(s) for manganese must discriminate strongly 

against magnesium. 
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3. The amount of intracellular exchangeable manganese must 

approximate or exceed the molarity of target enzymes required for 

observed metabolic flux. 

4. The intracellular free manganese must change in response to 

altered physiological or hormonal states. 

These criteria provide strict but excellent guidelines for 

investigators to follow, if they are to prove beyond a reasonable 

doubt that an enzyme is regulated by Mn2+. 

Rather than discuss all potential manganese activated enzymes 

I will limit this review to kinases and phosphatases that appear ~o 

have a requirement for manganese for maximal activity. 

Phosphoenolpyruvate carboxykinase was the first kinase to be 

characterized as a Mn2+ sensitive kinase (Schramm et al., 1981). 

This reaction has been proposed as a regulatory step in the 

gluconeogenic pathway (Rognstad, 1979). For example, when rat 

hepatocytes a~e treated with 0.5 mM Mn2+ and stimulated with 

gl ucagon and epinephrine, there is an increase in gluconeogenesis 

that is almost double that when Mn2+ is not present (Rognstad, 

1981). This effect of Mn2+ could not be duplicated by the other 

cations tested. Thus it is conceivable that changes in cytosolic Mn2 + 

concentration could regulate gluconeogenesis in the liver (Schramm 

et ai, 1981). Phosphoenolpyruvate carboxykinase differs from other 

potential Mn2+ stimulated kinases in that it catalyses a substrate 

level phosphorylation, converting oxaloacetate to 
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phosphoenolpyruvate. The majority of kinases stimulated by Mn2+ 

are protein kinases, which have potential regulatory functions. Such 

enhancement of protein phosphorylation by Mn2+ was first seen in 

membrane preparations from A-431 (human epidermoid carcinoma) 

cells. When the membranes were stimulated with EGF in vitro in the 

presence of [r32P]ATP and 1 mM Mn2+ and Mg2+, phosphorylation of 

endogenous membrane proteins occurred (Carpenter et al.,.1979). 

Although Mg2+ was also able to stimulate protein phosphorylation in 

these experiments, the optimal Mn2+ concentration (5 mM) for 

protein phosphorylation to occur was ten-fold lower than that for 

Mg2+ (Carpenter et al., 1979). However, both metal ion 

concentrations are well in excess of physiological conditions. In the 

lymphoma cell line, LSTRA, it has been proposed that the greater 

effect of Mn2+ than Mg2+ in stimulating protein phosphorylation is 

due to Mn2+ inhibiting phosphoprotein phosphatases (Casnellie et al., 

1982). This remains to be proven, because contrary to inhibition, it 

has been shown that greater than 1 mM Mn2+ activates the brain 

CaM dependent phosphatase calcineurin, (Wolff et al., 1977; Pallen & 

Wang, 1983; Gupta et al., 1984; Wolff & Sved 1985) and protein 

phosphatase 2A (PP2A) (lngebritsen et aI., 1983). 

Numerous studies involving in vitro protein phosphorylation 

assays have demonstrated that many kinases show a preference for 

M n 2+ over other divalent cations. In most of these instances the in 

vivo significance of the interaction of Mn2+ with these kinases is not 

known. It has been shown that Mn2+ at high concentration and 
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temperature can non-enzymatically catalyze the phosphorylation of 

some peptides (Schieven & Martin, 1988). Some of the better 

documented Mn2+ stimulated kinases are described in the following 

section. 

The activity of the serine/threonine and tyrosine (receptor and 

non-receptor) kinases has been shown to be stimulated by Mn2+. 

The two receptor tyrosine kinases that are activated by Mn2+ are the 

insulin receptor and the EGF receptor. Kinetic analysis by White and 

coworkers (1984) demonstrated that Mn2+ bound and activated to 

the insulin receptor kinase prior to the binding of Mn-A TP. 

Furthermore, the binding of Mn2+ decreased the Km of ATP for the 

insulin receptor. The physiological significance, however of the 

interaction of Mn2+ with the insulin receptor is still under question. 

The Mn2+ binding properties of the human insulin receptor domain 

(residues 941-1343), that has been cloned in a baculovirus/insect 

cell system, has been studied using physiochemical methods by 

Wente and coworkers (1990). These studies showed that although 

Mn 2+ activated the kinase, the binding constant (Kd) of Mn2+ for the 

kinase (determined by electron paramagnetic resonance) was greater 

than 0.8 mM. This is clearly a supraphysiological concentration. 

What is interesting, however, is that when Mn2+ does bind to the 

kinase domain it decreases the a-helical content of the receptor 

cytoplasmic domain (as determined by far-ultraviolet circular 

dichroic spectroscopy) (Wente et al., 1990). This Mn2+ induced 

conformational change might mimick the conformational change 
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triggered by the physiological ligand. This might also explain the 

Mn 2+ stimulating effect of the epidermal growth factor receptor 

(EGF-R) kinase. Not only does Mn2+ bind to cytoplasmic domain of 

the EGF-R, but it will activate the receptor tyrosine kinase activity in 

the absence of EGF binding, short-circuiting growth factor control 

(Koland & Cerione, 1990). The acidic fibroblast growth factor 

receptor (FGF-R) is highly sensitive to Mn2+, optimal Mn2+ 

concentration for autophosphorylation of the purified receptor was 

0.1 JlM, though Mg2+ and Ca2+ will also stimulate 

autophosphorylation at 0.1 JlM and 1 JlM respectively (Kuo et al., 

1990). 

M n 2+ also appears to be a more potent activator of kinase 

activity than Mg2+ (Pang et al., 1988) with respect to activation of 

many of the src family kinases. Neer and Lok (1985) partially 

purified an 61 kDa bovine brain protein, that was immunologically 

similar to the transforming protein of Rous sarcoma virus (pp60V -

src). In in vitro phosphorylation assays this pp60c-src was 

dependent on the addition of Mn2+ for its kinase activity. Maximum 

activity occurred at 5 mM Mn2+ in the presence of 6 mM Mg2+ (Neer 

& Lok, 1985). To examine more closely the significance of cationic 

cofactors in stimulating enzyme activity, the use of enzyme kinetics 

is essential. This requires pure preparations of the enzyme in 

question and its cofactor(s). Feder and Bishop (1990) have purified 

pp60c-src to near homogeneity from human platelets and 

determined that the optimum concentrations of Mg2+ was ten fold 
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greater than that of Mn2+ for both autophosphorylation (30 mM Mg2 + 

vs. 3 mM Mn2+) and phosphorylation of enolase (20 mM Mg2+ vs. 1.5 

mM Mn2+). A similar large difference in Mg2+ and Mn2+ 

concentrations (20 mM Mg2+ vs. 3 mM Mn2+) was observed for 

maximal activation of partially purified p60c-yes, a pp60c-src family 

member (Azuma,et al., 1991). Autophosphorylation of p60c-yes also 

increased its tyrosine kinase activity, but only in the presence of 

M g 2+. It might be speculated that autophosphorylation of p60c-yes 

causes a conformational change, preventing Mn2+ binding, but 

allowing the binding of the smaller Mg2+ ion. 

Mn 2+ stimulated serine/threonine kinase activity has been 

documented in number of cell lines and tissue types. Elias and Davis 

(1985) detected a Mn2+-phospholipid-stimulated protein kinase 

activity in a membrane enriched fraction from HL-60 leukemic cells. 

This kinase had an optimal requirement for Mn2+ at 0.5 mM, and also 

required the presence of exogenous phospholipid, in particular 

phosphatidylglycerol or phosphatidylinositol. The major substrate 

for this activity was a 73 kDa protein of unknown identity, though 

exogenous histones could also be phosphorylated. A similar kinase 

was also found in murine Da-l leukemic cells (Klemm & Elias, 1987). 

In rabbit gastric gland cytosol a 33 kDa protein was phosphorylated 

by a kinase whose activity was stimulated by Mn2+ (Goldenring et al., 

1987). The Mn2+ concentration for optimal phosphorylation was high 

(Kacl 7.5 mM), and furthermore, Zn2+ was a more potent stimulator of 
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the kinase activity than Mn2+. Thus the role for Mn2+ in the activity 

of this kinase is questionable. 

Not only is the insulin receptor kinase stimulated by Mn2+, but 

insulin also apparently stimulates a number Mn2+-dependent 

kinases. A Mn2+-dependent cytosolic serine kinase in rat adipocytes 

was reported by Yu and coworkers (1987). When this kinase was 

later purified, however, the Mn2+ dependence was lost and the 

activity of the kinase showed greater dependence on Mg2+ than Mn2+ 

(Klarland et ai., 1990). A Mn2+-dependent membrane kinase that 

copurifies with the insulin receptor on wheat germ agglutinin 

sepharose has also been identified (Singh, 1990). Another insulin 

stimulated kinase that shows a preference for Mn2+ as the ionic 

cofactor is Raf-l kinase kinase(s), which resembles the Mn2+

dependent kinase described by Yu and coworkers (1987) (Lee et al., 

1991). Raf kinases are a family of three serine/threonine kinases 

that act as intracellular signal transmitters between mitogenic 

growth factor receptors at the cell surface and transcription factors 

in the cell nucleus (Rapp et al., 1988, Morrison et al., 1989). Other 

protein kinases recently shown to have a preference for Mn2+ over 

Mg2+ include ribosomal protein S6 kinase I (Erikson & Maller, 1991). 

The phosphorylation of S6 is believed to trigger protein synthesis, 

which might be specific for particular mRNA species (Duncan & 

McConkey, 1982). The physiological role of Mn2+ in the activation of 

most of these protein kinases still remains to be determined. 
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Manganese and the Pancreas 

There is accumulating evidence that suggests a role for Mn2+ in 

the regulation of pancreatic exocrine function (Korc & Brannon, 

1988). The pancreas actively concentrates Mn2+ (Burnett et al., 

1952), such that the total pancreatic manganese content is between 

between 1.5 to 2.7 J.1g/g wet weight (Brannon et al., 1987; Baly et al., 

1984; Korc, 1983). Thus, in a 10% pancreatic homogenate there is 

between 2.7 to 4.9 J.1M Mn2+. Much of this manganese is 

concentrated in the microsomal and supernatant fractions (Sakurai e t 

al., 1985). The entry of Mn2+ into pancreatic acini can be stimulated 

by carbachol (Muallem et al., 1990). The stimulated entry of Mn2+ 

into pancreatic acini cells is believed to be via the same channel(s) as 

Ca2+ (Hallam and Rink, 1985). Indeed the quenching of intracellular 

fura-2 by Mn2+, after stimulated influx into the cell is used as an 

indicator of Ca2+ entry (Merritt & Hallum, 1988; Sage et al., 1989). 

During Mn2+ deficiency, although pancreatic Mn2+ content decreases, 

the decrease is smaller than that observed for hepatic Mn2+ content 

(Brannon et al., 1987; Werner et al., 1987). This might suggest that 

that Mn2+ is conserved in tissues where it is most required. 

The hypothesis that Mn2+ has a regulatory role in the pancreas 

is supported by in vivo and in vitro studies. With regard to the 

exocrine pancreas, in vivo studies have shown that first generation 

Mn 2+-deficient rats exhibit a selective increase in pancreatic amylase 

activity and mRNA levels (Brannon et al., 1987; Chang et al., 1990; 
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Werner et al., 1987). In the endocrine pancreas second-generation 

Mn 2+-deficient animals exhibit impaired insulin secretion (Baly et al., 

1984) which is due in part to both a decrease in insulin biosynthesis 

and increased insulin degradation (Baly et al., 1985). Later work by 

Baly and coworkers (1988) demonstrated that preproinsulin mRNA 

levels were also reduced in Mn2+-deficient rats. Mn2+ deficiency in 

first generation mice leads initially to swelling of the endoplasmic 

reticulum and Golgi in a number of tissues including the pancreas 

(Bell & Hurley, 1973). When Mn2+ deficiency is continued into a 

second generation of guinea pigs complete atrophy of the pancreas 

can occur (Shrader & Evenson, 1968). In vitro, extracellular' Mn2 + 

increases pancreatic amylase release from isolated guinea pig acini 

(Abdelmoumene & Gardner, 1981) and also from isolated and 

perfused pancreata from rats (Kanno & Nishimura, 1976; Argent e t 

al., 1982). In addition to its direct effects on amylase secretion Mn2 + 

can modulate the effect of pancreatic secretagogues. Mn2+ augments 

the stimulation of amylase secretion for those secretagogues that act 

via cAMP (e.g. vasoactive intestinal peptide [VIP] and secretin) , 

(Abdelmoumene & Gardner, 1981). This augmentation of amylase 

release by Mn2+ might be due to the direct stimulatory effect that 

Mn 2+ has on adenyl cyclase activity (Johnson et al., 1989; Bushfield 

et al., 1990). In contrast Mn2+ inhibits stimulant-induced amylase 

secretion for those secretagogues whose actions are mediated 

through Ca2+ (e.g., CCK, Carbachol and bombesin) (Abdelmoumene & 

Gardner, 1981). Typically Ca2+ mobilizing secretagogues bind to a 
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cell membrane receptor and via a G protein activate 

phosphoinositidase C. Phospholipase C hydrolyzes 

phosphatidylinositol 4,5 -bisphosphate (PIP2), generating sn-l,2-

diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). DAG 

remains associated with the plasma membrane and directly activates 

protein kinase C, whereas IP3 is cytosolic and releases Ca2+ from the 

endoplasmic reticulum, thus raising intracellular free Ca2+ levels 

(Berridge & Irvine, 1989). This signalling pathway has been 

demonstrated to be of major importance in mediating enzyme 

secretion from acini (Putney et al., 1983; Orchard et ai, 1984). Mn2+ 

can attenuate the secretagogue-mediated PIP2 hydrolysis in rat 

pancreatic AR42J cells and in isolated rat pancreatic acini (Siwik & 

Korc, 1989; Chandrasekar & Korc, 1990). In the acini as little as 10 

J.1.M Mn2+ significantly decreased the level of IP3 that was generated 

by a 5 sec stimulation of cholecystokinin octapeptide (CCKg). (Korc e t 

al., 1991). This inhibitory action of Mn2+ on PIP2 hydrolysis may 

serve as an important mechanism for modulating hormone action. 

Mn2+-deficiency in rats causes an increase in pancreatic 

amylase content content (Werner et al., 1987). This coupled with the 

previous observation that Mn2+ can stimulate amylase release might 

imply that Mn2+ is required in some function for the secretion of 

amylase from the pancreas. Follow up studies, however, 

demonstrated that there was no difference between Mn2+-deficient 

and control rats in the magnitude of CCKg stimulated amylase release 

(Korc & Brannon, 1988). This would suggest that the effect of Mn2+ 
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manifests itself at the level of synthesis and/or degradation of 

amylase. The concept that Mn2+ deficiency can effect the synthesis 

of amylase was investigated by Chang and coworkers (1990), who 

demonstrated that rats fed a Mn2+-deficient diet had increased levels 

of amylase mRNA compared to control rats. These findings suggest 

that Mn2+ might be able to modulate amylase gene expression (Chang 

et al., .1990). In eukaryotes there is no direct evidence of Mn2+ 

modulating gene expression at the transcriptional level, but in 

Escherichia coli the ferric uptake regulation. (fur) gene product can 

combine with Mn2+ and bind to DNA fragments containing the 

superoxide dismutase (sodA) promoter and act as a transcriptional 

repressor (Niederhoffer et al., 1990). Whether an equivalent 

mechanism occurs in eukaryote cells requires investigation. 

Manganese and the Diabetic Rat Pancreas 

Mn 2+ has a biphasic effect on protein synthesis, as assessed by 

[3H]phenylalanine incorporation: in Ca2+ deficient media, 3 x 10-5 M 

M n 2+ stimulates protein synthesis in isolated pancreatic acini, but at 

concentrations greater that 1 x 10-4 M, Mn2+ inhibits protein 

synthesis (Korc? 1983). When acini from streptozotocin diabetic rats 

are treated in a similar manner, in the absence of extracellular Ca2+, 

the stimulatory effect of Mn2+ on protein synthesis is identical to that 

of control rats, but the inhibition of protein synthesis at higher Mn2 + 

concentration is reduced. However in the presence of Ca2+, the 
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enhancement of protein synthesis by Mn2+ is much greater in the 

diabetic rats than in the control rats (Korc, 1983). Replacement of 

the Ca2+ with barium or strontium abolished the Mn2+ stimulated 

amino acid incorporation (Korc, 1984). Furthermore when 

lanthanum, which blocks Ca2+ channels was included in the 

extracellular medium the stimulatory effect of Mn2+ was blocked 

(Korc, 1984). Why the diabetic rat pancreas is particularly sensitive 

to Mn2+ is not known. It does appear though that the effect of Mn2 + 

is dependent on Ca2+ entry into the cells (Korc & Brannon, 1988). 

This interplay between Mn2+ and Ca2+ in the diabetic pancreas is an 

area in need of further study and might elucidate some of the 

functions of Mn2+ in the normal pancreas. 
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CHAPTER II 

MANGANESE·STIMULATED PHOSPHORYLATION OF A RAT 

PANCREATIC PROTEIN: IDENTITY WITH ELONGATION 

FACTOR 2 

In trod U ctjon 

Strict physiological control of the pancreas is required for it to 

perform its function. This control is elicited by exogenous signals of 

nutritional, hormonal and neural origin (Pitchumoni et al., 1986; 

Chey, 1986; Holst, 1986). These exogenous signals elicit a number of 

intracellular signals; elevation of cAMP levels, increases in inositol 

trisphosphate and diacylglycerol, and increases in intracellular free 

Ca2+ concentration (Deschodt-Lanckman et al., 1975; Gardner et al., 

1976; Williams 1984; Streb et al., 1983; Prentki, 1984; Korc & Schoni, 

1987). These intracellular second messengers go on to stimulate 

further cellular responses such as the as the activation of protein 

kinases (Jensen & Gardner 1978; Gorelick et al. 1983; Wrenn,; 1983; 

Burnham & Williams, 1984; Noguchi et al., 1985; Burnham et al., 

1986) and the activation/deactivation of gene transcription (Nelson 

et aI., 1990; Keller et al., 1990; Iovanna et al., 1991) 

In addition to the comparatively well characterized 

Ca2+/phospholipid-dependent protein kinase C, Ca2+/calmodulin

dependent kinases (Blackshear et al., 1988), cAMP-dependent kinase 

(Taylor et al., 1988) and Mg2+/Mn2+-dependent tyrosine kinases 
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(Yarden & UHrich, 1988) there have been a number of reports of 

protein kinases that are stimulated specifically by Mn2+ (Elias & 

Davis, 1985; Goldenring et al., 1986; Yu et al., 1987). Goldenring and 

co-workers (1986, 1987) reported a Mn2+-dependent kinase in 

gastric gland cytosol which phosphorylated a 33 kDa protein. In rat 

adipocytes an insulin stimulated Mn2+-dependent kinase has been 

observed (Yu, et al., 1987) and in rat liver a tyrosine kinase has been 

purified which has a stringent requirement for Mn2+ (Wong & 

Goldberg, 1984). There are also reports of protein kinases in the 

brain whose activity is stimulated by Mn2+ (Ehrlich et al., 1982; Neer 

& Lok, 1985). 

We have recently observed a 98 kDa protein (p98) in rat 

pancreatic cytosol that is phosphorylated in a Mn2+-stimulated 

manner (Brockenbrough & Korc, 1990). Mn2+ is known to directly 

regulate pancreatic amylase secretion and protein synthesis (Korc & 

Brannon, 1988; Werner et. al., 1987; Kannon & Nishimura, 1976; 

Abdelmoumene & Gardner, 198i; Argent et al., 1982). In view of the 

importance of protein phosphorylation in the regulation of these 

biological processes, we sought to further characterize Mn2+

stimulated phosphorylation of p98. We now report that p98 is most 

probably elongation factor 2 (EF-2), and show that the Ca2+ and Mg2+ 

requirement for the phosphorylation of EF-2 is effectively mimicked 

by low concentrations of Mn2+. 
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Methods 

Materials 

The following compounds were purchased: leupeptin (U.S. 

Biochem. Corp., Cleveland, OH); porcine brain calmodulin and 

trifluoperazine dihydrochloride (Boehringer Mannheim Biochem., 

Indianapolis, IN); antipain (Calbiochem Corp., San Diego, CA); soybean 

trypsin inhibitor, phenylmethylsulfonylfluoride, protein kinase 

inhibitor type III [Walsh inhibitor] (Sigma Chern. Co., St Louis, MO); 

electrophoresis grade acrylamide, bisacrylamide and ampholines (Bio 

Rad, Richmond, CA); protein molecular weight markers (BRL, 

Bethesda, MD); [y_32p]ATP 2-10 Ci/mmole (New England Nuclear, 

Boston, MA). All other chemicals were of analytical grade. 

Animals 

Male Sprague-Dawley rats (Harlan) were fed a standard rat 

chow (Teklad, Madison, WI) and water ad libitum. The rats were 

housed in a light cycled room and cared for in accordance with NIH 

and IACUC guidelines. 

Tissue preparation 

The rats (100 - 400 g) were fasted overnight and killed the 

following morning by stunning and decapitation. The pancreas was 

rapidly excised and cleaned of fat and lymph nodes, and 

homogenized at 40 C in 9 volumes of 20 mM Tris-HCI buffer (pH 7.5) 
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containing: 1 mM benzamidine-HCI, 0.01 % (w/v) soybean trypsin 

inhibitor, 1 mM phenylmethylsulfonylfluoride, 1 mM EDTA, 0.01% 

(w/v) leupeptin and 50 mM 2-mercaptoethanol (Wooten & Wrenn, 

1985). All subsequent steps prior to the phosphorylation assay were 

carried out at 40 C. The homogenate was centrifuged at 50 x g for 3 

min and the supernatant recentrifuged at 105,000 x g for 60 min, to 

produce a cytosolic fraction. The protein content of the cytosol was 

measured using the method of Bradford (1976) with bovine serum 

albumin as standard. Liver and kidney cytosols were prepared in a 

similar manner. 

In experiments in which EF-2 phosphorylation was assayed, 

the pancreas and liver were homogenized at 40 C in 9 volumes of 20 

mM Tris-HCI (pH 7.6), 1 mM EDTA, 1 mM EGTA, 15 mM 2-

mercaptoethanol, 0.02% NaN3, 100 mM NaCI, 10 J.Lg/ml leupeptin, 10 

J.Lg/ml antipain, 10 J.Lg/ml soybean trypsin inhibitor and 100 J.LM 

phenylmethylsulfonylfluoride (Nairn et al., 1985). Cytosolic fractions 

from the homogenates were prepared as described above. 

Preparation of isolated pancreatic acini 

Pancreatic acini were prepared from overnight fasted rats as 

previously reported (Brockenbrough & Korc, 1990). Briefly, the 

pancreatic tissue was injected with 10 ml Krebs-Henseleit

bicarbonate (KHB) buffer, equilibrated to pH 7.35 with 95% 02 -5% 

C02, containing 0.1 mg/ml soybean trypsin inhibitor, 65-90 U/ml 

collagenase, 1.8 mg/ml hyaluronidase, and minimal Eagle's medium 
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amino acid supplement. The injected tissue was placed in a 25 ml 

polycarbonate Erlenmeyer flask and shaken for 50 min at 370 C. The 

pancreatic tissue was then mechanically disrupted by forceful 

passage through plastic pipettes and filtration through 150 J.1m nylon 

mesh. Acini were then purified by sedimentation through KHB

buffer containing 4% bovine serum albumin. Cytosol from purified 

acini was prepared by homogenization of the acini in the Tris-HCI 

buffer and centrifugation as described in the tissue preparation 

section. 

Phosphorylation assay 

In most experiments, to examine Mn2+-dependent 

phosphorylation, we used the same assay as Brockenbrough & Korc 

(1990) in which phosphorylation of p98 is linear with time for up to 

30 min. The assays were performed at 310 C in a reaction mixture 

(200 J.11 final volume) containing 95 mM Tris-HCI buffer (pH 7.5), 30 

J.1g of cytosolic protein, and additional components as indicated. 

Although EDTA was not directly added to the in vitro assay, it was 

calculated that 25 J.1M EDTA was present in the final reaction mixture 

based on the addition of 5 J.11 of pancreatic cytosol. All metal ion 

concentrations were expressed as the total metal ion concentration 

added to 'the in vitro assay, without taking into account the final 

EDTA concentration. The sensitivity of the assay was not affected by 

omitting EDT A from the homogenate or by increasing the final 

concentration of EDTA to 125 J.1M (data not shown). The reaction was 
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initiated by the addition of 2.75 .... Ci [y_32p]ATP and terminated 15 

min later by the addition of 200 .... 1 30 mM Tris-HCl (pH 7.4) 

containing: 15% (w/v) glycerol; 4.5% sodium dodecyl sulfate (SDS) 

and 0.05% (w/v) bromophenol blue. Following boiling and cooling, 2-

mercaptoethanol was added ( 2.7% final concentration) and the 

samples were frozen at -80oC . 

In some experiments we used a phosphorylation assay 

developed by Nairn and coworkers for assaying EF-2 

phosphorylation (1985). The assay was performed at 300 C in buffer 

that contained 50 mM Hepes (pH 7.6), 10 mM magnesium acetate, 5 

mM dithiothrietol, 10 .... g/ml, 1 mM EGTA, 1.5 mM CaCI2, 10 J.l,g/ml 

leupeptin, 2 .... g/ml Walsh inhibitor and 30 J.l,g of cytosolic protein. 

The reactions were initiated by the addition of 2.75 .... Ci [y_32p]ATP 

and terminated 2 min later as described above. 

To analyze the phosphorylated proteins, the samples were 

subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

using 7% acrylamide slab gels (Laemmli, 1970). The gels were 

stained with 0.1 % Coomassie brilliant blue G in 50% methanol/l0% 

glacial acetic acid, destained with 5% methanol/l0% glacial acetic acid 

and vacuum dried on filter paper. Autoradiograms were prepared 

by exposing the dried gels to Kodak X-Omat AR film in Kodak X

Omatic cassettes with intensifying screens at -80oC. Protein 

phosphorylation detected on the autoradiograms was quantitated by 

laser densitometry, using an LKB Ultroscan XL laser densitometer. 
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To analyze the phosphorylated proteins by 2-dimensional gels, 

the phosphorylation reaction was stopped by rapid freezing in liquid 

nitrogen. The samples were lyophilized and resuspended in 200 J.lI 

of lysis buffer (9.5 M urea, 2% (w/v) Nonidet P-40, 2% Ampholines 

and 5% 2-mercaptoethanol). The first dimension was then run in 

accordance to the procedure described by O'Farrell (1975). The 

second dimension consisted of SDS-PAGE using 10% gradient 

acrylamide slab gels (Laemmli, 1970). The gels were stained, 

destained, dried and exposed to X-ray film as described above. 

Partial purification of p98 and amino-acid sequencing. 

An in vitro phosphorylation of p98 was carried out in 

pancreatic cytosol using 1.1 mM Mn2+, as described above, to label 

p98 with 32p. The pancreatic cytosol from 4.6 g of tissue was 

supplemented with the 32P-Iabeled p98 and fractionated on a DEAE

Sephacel column using 10 mM Tris-HCI, pH 8.0 containing 1 mM 

EDTA and the protease inhibitors described earlier. The proteins 

were eluted with a 0 to 0.3 M NaCI gradient. Fractions containing 

32p-p98, assessed by SDS-PAGE and autoradiography, were 

concentrated by microfiltration and applied to a second DEAE

Sephacel column equilibrated with 10 mM potassium phosphate 

buffer, pH 6.4 containing protease inhibitors. The proteins were 

eluted with a 0 to 0.3 M NaCI gradient, and the fractions containing 

32p-p98 were concentrated and separated using 7 % SDS-PAGE. The 

proteins were transferred from the gel to a polyvinylidine difluoride 
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(PVDF) membrane, using the buffer system of Towbin and coworkers 

(1979). The large protein band corresponding to p98 was cut into 

three 1 mm strips from the membrane and amino acid sequencing 

was performed on each strip using an Hewett Packard OLe prototype 

(patent # ET-257735) amino acid sequencer. 

Statistics 

Student's unpaired t-test was used to identify differences 

between treatments and control values. Where appropriate, I-way 

ANOV A and Duncan's multiple range testing was used to compare 

differences between treatments (Zar, 1974). 
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Results 

The phosphorylation assay that we used in these experiments 

was dependent on the presence of Mn2+ for protein phosphorylation 

to occur. When Mn2+ was absent no protein phosphorylation was 

detectable (Fig. 1). When Mn2+ was added the resulting protein 

phosphorylation was highly specific for one protein; this protein had 

a Mr of 98 kDa, as estimated by SDS-P AGE, and an isoelectric point 

(pI) of pH 6.4 to 6.5 (Fig. 2). The threshold for the detection of the 

phosphorylated 98 kDa protein (p98), was 35 JlM Mn2+ (Fig. 1). The 

degree of p98 phosphorylation increased in a dose dependent 

manner to a maximum between 1.1 mM to 3.6 mM Mn2+. At these 

concentrations there was a 7.3 fold greater phosphorylation of p98 

than that observed at 35 JlM Mn2+. In the presence of 11 mM Mn2+, 

p98 phosphorylation was attenuated, but was still greater than at 35 

JlM Mn2+ (Fig. 1). Furthermore, when 11 mM Mn2+ was added, a 60 

kDa protein became the primary substrate for phosphorylation and 

other proteins were phosphorylated in addition to p98 (Fig. 1). 

The effects of the combination of varying concentrations of Ca2 + 

plus 0.3 mM Mn2+ were investigated next, in order to determine 

whether Ca2+ altered the degree of p98 phosphorylation stimulated 

by Mn2+. Ca2+ caused a dose dependent increase in Mn2+-stimulated 

p98 phosphorylation (Fig. 3 & 4). Maximum enhancement occurred 

at 1.0 mM Ca2+, resulting in a 4.4 fold increase (p<0.005) in p98 
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Figure 1. M n 2+·stimulated phosphorylation of p98. Rat 
pancreatic cytosol was incubated in 95 mM Tris-HCl buffer (pH 7.5) 
containing 2.75 IlCi [y_32p]ATP and Mn2+ at the following 
concentrations; lane 1, 0; lane 2, 11 IlM; lane 3, 35 IlM; lane 4, 0.11 
mM; lane 5, 0.36 mM; lane 6, 1.1 mM; lane 7, 3.6 mM; lane 8, 11 mM. 
The assays were analyzed using SDS-PAGE followed by 
autoradiography. The autoradiogram shown is a representative of 
three separate experiments. p98 is indicated by the arrow. 
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Figure 2. Autoradiographs of phosphorylated rat pancreatic 
cytosol proteins separated by two-dimensional 
electrophoresis. Rat pancreatic cytosol was incubated in 95 mM 
Tris-HCI buffer (pH 7.5) containing Mn2+ at the indicated 
concentrations and 2.75 J.1.Ci [y_32p]ATP. The assays were analyzed 
using two-dimensional electrophoresis, the isoelectric focusing 
dimension is indicated (pI) and the pH gradient marked; the SDS
PAGE dimension is indicated by Mr standards (Mr X 10-3). The 
position of p98 (arrow) is clearly visible at 0.1 mM Mn2+ and 
diminished at 10 mM Mn2+. 
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Figure 3. Effect of Ca2 + on Mn2+.stimulated p98 
phosphorylation. Rat pancreatic cytosol was incubated with 95 mM 
Tris-HCI buffer (pH 7.5) containing 2.75 J.1Ci.[y_32p]ATP, 0.3 mM 
Mn 2+ and Ca2+. The assays were analyzed by SDS-PAGE and 
autoradiography. The autoradiograms from three separate 
experiments were scanned using a laser densitometer to measure the 
degree of p98 phosphorylation. Results are shown as mean ± S.E. of 
three separate experiments, and significant differences from control 
values in the absence of Ca2+ are indicated, *p < 0.05, ***p<0.005, 
****p<O.OOl. 
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phosphorylation over that caused by Mn2+ alone (Fig. 3 & 4). In 

contrast, Mg2+ (1 mM) reduced the degree of p98 

phosphorylation that was stimulated by 50 to 300 J.1M Mn2+ by 

approximately 50% (data not shown). 

We next investigated the effect of equimolar additions of Ca2+ 

and Mn2+ to determine if the phosphorylation enhancement we had 

observed with the addition of Ca2+ was greater than that caused by 

an identical increase in Mn2+ concentration. Addition of 40 J.1M Ca2+ 

to an assay containing 110 JlM Mn2+ significantly (p<0.05) increased 

the level of p98 phosphorylation by 2.6 fold (Fig. 5). In contrast 150 

J..lM Mn2+ did not significantly increase the level of p98 

phosphorylation over that observed with 110 JlM Mn2+. 

Furthermore, addition of 370 J..lM Ca2+ to an assay containing 110 JlM 

Mn 2+ resulted in a significantly (p<O.Ol) greater increase in p98 

phosphorylation than that observed with 480 JlM Mn2+ (5.1 fold 

compared to 3.1 fold) (Fig. 5). 

The ability of Ca2+ to enhance Mn2+-stimulated p98 raised the 

question as to whether this effect was calmodulin-mediated. In the 

presence of 0.3 mM Mn2+ there was a dose dependent increase in the 

degree of p98 phosphorylation, which was significant at all levels of 

CaM added (figs. 6 & 7). At the highest CaM concentration tested (10 

J..lg/ml) p98 phosphorylation was increased 8.6 fold (p<0.005) over 

that caused by 0.3 mM Mn2+ alone (Fig. 7). CaM and Mn2+ did not 

cause the phosphorylation of other proteins in this assay (Fig. 6). 
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Figure 4. Effects of Ca2 + on Mn2+-stimulated p98 
phosphorylation. Rat pancreatic cytosol was incubated with '95 
mM Tris-HCI buffer (pH 7.5) containing 2.75 f.J.Ci [y_32P]ATP and 0.36 
mM Mn2+. Ca2+ was present in the assays at the following 
concentrations: lane I, 0; lane 2, 35 f.J.M; lane 3, 0.11 mM; lane 4, 
0.35 mM; lane 5, 1.1 mM; lane 6, 3.5 mM. The assays were analyzed 
by SDS-PAGE and the autoradiogram shown is a representative of 
three separate experiments. p98 is indicated by the arrow. 
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Figure S. Effects of equimolar additions of Ca2 + and Mn2 + 
on Mn2+-stimulated p98 phosphorylation. Rat pancreatic 
cytosol was incubated with 95 mM Tris-HCI buffer (pH 7.5) 
containing 2.75 JlCi [y_32p]ATP. Ca2+ and Mn2+ were present in the 
assay at the concentrations indicated. The assays were analyzed by 
SOS-PAGE and autoradiography. The autoradiograms were scanned 
using a laser densitometer to measure the degree of p98 
phosphorylation. Results are shown as mean ± S.E. of three separate 
experiments. Columns not sharing a common superscript letter are 
significantly different (p < 0.05). 
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Figure 6. Effects of CaM and trifluoperazine (TFP) on Mn2+. 
stimulated p98 phosphorylation. Rat pancreatic cytosol was 
incubated with 95 mM Tris-HCI buffer (pH 7.5) containing 2.75 J.lCi 
[y_32P]ATP and 0.3 mM Mn2+. CaM and TFP were included in the 
assays at the indicated concentrations. The assays were analyzed by 
SDS-PAGE and the autoradiograms shown are representative of three 
separate experiments. p98 is marked with an arrow. 
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Furthermore, CaM alone (Fig. 5) and CaM in combination with Ca2+ 

(Fig. 11, lane 5) did not cause p98 or other protein phosphorylation 

to occur. The CaM inhibitor trifluoperazine (TFP) abolished both the 

actions of Mn2+ (Fig. 6) and the CaM enhancing effects on p98 

phosphorylation (Fig. 6). Although the casein kinase II inhibitor 

heparin reduced Mn2+ stimulated p98 phosphorylation, this effect 

was only observed at 5 J.1g heparin/ml or more (results not shown). 

A previously reported Mn2+ -stimulated kinase present in HL-

60 human is stimulated by phospholipids, in particular 

phosphatidylglycerol and phosphatidylinositol (Elias & Davis, 1985). 

When we included phosphatidylcholine, phosphatidylserine, 

phosphatidylinositol or phosphatidylglycerol at concentrations of 200 

J.1g/ml in the assay, no phosphorylation of p98 or any other proteins 

occurred in the absence of Mn2+ (data not shown). In the presence of 

100 J.1M Mn2+, phosphatidylinositol diminished Mn2+-stimulated 

phosphorylation of p98 and caused phosphorylation of other proteins 

(Fig. 8). Phosphatidylserine specifically abolished Mn2+-stimulated 

phosphorylation of p98 (Fig. 8). Phosphatidylcholine had no effect, in 

that normal Mn2+-stimulated phosphorylation of p98 occurred (Fig. 

8). In contrast, phQsphatidylglycerol completely inhibited all protein 

phosphorylation (Fig. 8). 
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Figure 7. Effects of CaM on Mn2 +-stimulated p98 
phosphorylation. Rat pancreatic cytosol was incubated with 95 
mM Tris-HCI buffer (pH 7.S) containing 2.75 f.lCi [g_32p]ATP, 0.3 mM 
Mn 2+ and CaM at increasing concentrations. Autoradiograms from 
three separate experiments were scanned using a laser densitometer. 
Results are shown as mean ± S.E.. Absence of error bars indicates S.E. 
are within the square symbols. Significant differences from 0 f.lg/ml 
CaM are indicated, *p<0.05, ***p<O.OOS, ****p<O.OOl. 
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Figure 8 •. Effects of phospholipids on Mn2 +·stimulated p98 
phosphorylation. Rat pancreatic cytosol was incubated with 95 
mM Tris-HCI buffer (pH 7.5) containing 2.75 J.1Ci [y.32P]ATP, 100 J.1M 
Mn 2+ (lane 1) and 200 Ilg/ml of phosphatidylglycerol (lane 2), 
phosphatidylserine (lane 3), phosphatidylinositol (lane 4) or 
phosphatidylcholine (lane 5). The assays were analyzed by SDS
PAGE and autoradiography. The autoradiogram shown is a 
representative of three separate experiments. 
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Figure 9. M n 2+ -stimulated phosphorylation of p98 in 
cytosol prepared from isolated pancreatic acini. Cytosol 
prepared from rat pancreatic acini was incubated in 95 mM Tris-HCI 
buffer (pH 7.5) containing 2.75 IlCi ['Y.32P]ATP and Mn2+ at the. 
following concentrations: lane 1, 0; lane 2, 10 IlM; lane 3, 30 IlM; 
lane 4, 0.10. mM; lane 5, 0.30 mM, lane 6, 1.0 mM; lane 7, 3.0 mM; 
lane 8, 10 mM. The assays were analyzed using SDS·PAGE followed 
by autoradiography. The autoradiogram shown is a representative of 
three separate experiments. p98 is marked by the arrow. 
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Cytosol prepared from purified pancreatic acini also exhibited 

dose-dependent phosphorylation of p98 in the presence of Mn2+ (Fig. 

9). The threshold for Mn2+-stimulated phosphorylation of p98 in 

acinar cell cytosol was 100 flM Mn2+ (Fig. 9, lane 4). In addition, 10 

mM Mn2+ did not cause a consistent decrease in p98 phosphorylation 

in cytosol prepared from pancreatic acini cells, as it had in cytosol 

prepared from whole pancreas. When the assay was carried out 

using liver and kidney cytosols no proteins that corresponded to p98 

were observed, although other proteins were phosphorylated (Fig. 

10). In cytosol prepared from spleen a phosphorylated protein of Mr 
7" 

98 kDa was observed (Fig. 10). The degree of phosphorylation, 

however, was not dependent on Mn2+ concentration as we had 

observed for p98 in the pancreas. Many other proteins in spleen 

cytosol were phosphorylated in the presence of Mn2+, including two 

proteins of Mr 60 and 130 kDa which exhibited degrees of 

phosphorylation that were dependent on Mn2+ concentration (Fig. 

10). The molecular weight and pI characteristics of p98 raised the 

possibility that this protein was homologous to EF-2, a protein. that 

has been variably described as having a Mr of 95 to 100 kDa 

(Marzouki et al., 1989; Kohno et al., 1986; Nairn & Palfrey, 1987). 

EF-2 is known to be phosphorylated by CaM-PK III in the presence 

of Ca2+, Mg2+ and CaM (Nairn & Palfrey, 1987). Therefore, to 

examine the relationship between p98 and EF-2, we next compared 
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Figure 10. Autoradiogram of Mn2+·stimulated 
phosphorylation in rat liver,. kidney and spleen. Cytosols 
prepared from liver kidney and spleen were incubated with 95 mM 
Tris-HCI buffer (pH 7.5) containing 2.75 IlCi ['Y_32p]ATP and the 
following concentrations of Mn2+; lanes 1 0; lanes 2, 11 IlM; lanes 3, 
35 IlM; lanes 4, 0.11 mM, lanes 5, 0.35 mM, lanes 6, 1.1 mM, lanes 7, 
3.6 mM; lanes 8, 11 mM. The assays were analyzed by SDS-PAGE 
and the autoradiograms shown are a representative of three separate 
experiments. The expected position of p98 is marked by the arrow. 
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Figure 11. Comparison of p98 phosphorylation with EF-2 
phosphorylation. Cytosols were prepared from pancreas and 
incubated in the presence of Hepes buffer with Ca2+, Mg2+ and CaM 
(lanes 1 & 3) or Tris buffer with Mn2+ (lanes 2, 4, 6), as described in 
the Methods section. In lane 5, Ca2+ and CaM replaced Mn2+ in the 
Tris buffer. Incubation times were either for 2 min (lanes 1, 2) or 15 
min (lanes 3-6). The assays were analyzed by SDS-PAGE and 
autoradiography. 
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(Fig. 11) our Tris-based Mn2+ assay with the Hepes-based EF-2 

phosphorylation assay described by Nairn and coworkers (Nairn et 

al., 1985). In pancreatic cytosol, the 98 kDa protein phosphorylated 

by Mn2+ in our Tris-based assay (Fig. 11 lanes 2, 4, 6), co-migrated 

with the 98 kDa protein phosphorylated by Ca2+, Mg2+ and CaM in 

the Hepes-based assay (Fig. 11 lanes 1,3). Using hepatic cytosol 

under" our Tris-based assay conditions, phosphorylation of p98 

occurred in the presence of Ca2+, Mg2+ and CaM but not in the 

presence of Mn2+ (data not shown). 

To confirm that p98 was indeed EF-2, partial purification of 

p98 was next carried out (Fig. 12). The 32P-Iabeled p98 eluted as a 

single peak from the first DEAE column at a salt concentration of 150 

mM and as a single peak from the second column with a salt 

concentration of 100 mM. Following electrophoretic transfer to a 

PVDF membrane, the amino-terminal end of the protein that co

migrated with phosphorylated p98 was subjected to 

microsequencing, yielding the following sequence: 

XVNFrVDQIRAIMDKKANIRN. Comparison with the National 

Biomedical Research Foundation protein data base, using the FASTP 

computer program (Lipman & Pearson, 1985) indicated complete 

sequence homology with rat EF-2. 
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Figure 12. Partial purification of p98 as followed by SDS· 
PAGE and Coomassie brilliant blue staining. Each lane 
received 50 J.lg of protein from the fractions containing p98. Lane 1, 
pancreatic cytosol. Lane 2, concentrate from first DEAE column. 
Lane 3, concentrate from second DEAE column. The position of p98 is 
indicated by the arrow. 
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To further elucidate the potential role for Mn2+ in the 

regulation of pancreatic function we examined the effect of 

exogenous Mn2+ on pancreatic protein phosphorylation. In the in 

vitro assay that was routinely used in the present study, a single 

pancreatic cytosol protein with a molecular weight of 98 kDa and an 

pI of 6.4 to 6.5 was uniquely sensitive to protein phosphorylation 

stimulated by Mn2+. Brockenbrough & Korc (1990) have previously 

examined the effects of other metals, and reported that only Mg2+ (at 

higher concentrations than Mn2+) was able to cause slight, non

specific protein phosphorylation in pancreatic cytosol. However, in 

the present study we determined that Mg2+ partially inhibited Mn2+

stimulated phosphorylation of p98. The mechanisms underlying this 

partial inhibition are not clear. 

The molecular weight and pI of p98 were similar to those for 

EF-2 (Nairn, et al., 1985), raising the possibility that p98 was EF-2. 

Two lines of evidence suggest that this is indeed the case. First, the 

actions of Mn2+ in Tris buffer were mimicked by Mg2+, Ca2+ and CaM, 

which together are known to induce EF-2 phosphorylation (Ryazanov, 

1987 , Nairn & Palfrey, 1987). Second, the biochemical evidence was 

confirmed by partial purification and sequencing of the first 20 N

terminal amino acids of p98, which demonstrated 100 % homology 
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with EF-2. Inasmuch as CaM-PK III is abundant in the pancreas, is 

highly selective for EF-2, and phosphorylates EF-2 in the presence of 

Mg2+, Ca2+ and CaM (Nairn, et al., 1985), our findings suggest that 

Mn2+ can substitute for Ca2+ and Mg2+ in activating CaM-PK III to 

phosphorylate EF-2. Although heparin caused a reduction in Mn2+

stimulated EF-2 phosphorylation it did so at concentrations that were 

greater than that which causes either 50% inhibition (0.13 Ilg/ml) or 

total inhibition (0.6 J.lg/ml) of casein kinase II (Hathaway, 1980) 

This indicates that the Mn2+ -stimulated kinase is not casein kinase 

II. None of the phospholipids examined had an enhancing effect on 

Mn 2+-stimulated EF-2 phosphorylation. Instead, they exerted an 

inhibitory effect on Mn2+-stimulated protein phosphorylation. This 

would suggest that the Mn2+-stimulated kinase in the pancreas is not 

the same as that observed in HL-60 cells (Elias & Davis, 1985). 

Of the tissue studied with the Tris-based assay, dose dependent 

Mn 2+-stimulated phosphorylation of EF-2 occurred only in the 

pancreas. HO,\yever, with the Nairn and coworkers (1985) assay, high 

concentrations of Mn2+ also induced hepatic EF-2 phosphorylation. 

The greater sensitivity of pancreatic EF-2 to the actions of Mn2+ may 

be due to presence of larger amounts of EF-2 and CaM-PK III in this 

tissue. Alternatively, the pancreas may possess an isozyme of CaM

PK III that is especially sensitive to Mn2+. The reason for the 

difference in the degree EF-2 phosphorylation in response to 

increasing Mn2+ concentration, between total pancreas and isolated 

acini is not known. It is possible that the presence of Mg2+ and Ca2+ 
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in the Hepes-Ringer buffer, in which the acini are incubated, might 

effect the Mn2+-stimulated phosphorylation of EF-2. 

In the Tris-based buffer, Ca2+ and CaM failed to induce the 

phosphorylation of pancreatic EF-2. However, in the presence of 

M n 2+, either agent had a significant enhancing effect on EF-2 

phosphorylation. Although it in not clear whether this enhancement 

is due to phosphorylation of additional EF-2 molecules or 

phosphorylation at additional sites on EF-2, it is quite possible that 

the Ca2+-induced enhancement of EF-2 phosphorylation occurs via 

CaM present in the cytosol preparation. This conclusion is supported 

by the observations that Mn2+-stimulated EF-2 phosphorylation was 

blocked by the CaM inhibitor TFP, and that CaM can bind 4 moles of 

Mn 2+ at micromolar concentrations (Wolff et al., 1977). 

It is not clear why CaM activated by Ca2+ did not cause 

phosphorylation of EF-2, except in the presence of Mn2+. It is 

possible that the kinase responsible for Mn2+-stimulated EF-2 

phosphorylation has both a Mn2+ binding site and a CaM binding site. 

Thus binding of Mn2+ and CaM would be required to activate the 

kinase. This would be similar to the activation mechanism for 

protein phosphatase 2B, calcineurin, which for maximum activity 

requires direct binding of Mn2+ or Ni2+ as well as CaM (Pallen & 

Wang, 1983; Gupta et aI., 1984; Wolff & Sved, 1985). The Mn2+

dependent kinase described in the present study is not, however, 

activated by Ni2+ (Brockenbrough & Korc, 1990). There is also the 

possibility that, in addition to directly activating the kinase, Mn2+ 
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binds A TP thereby serving as a cofactor and a modulatory agent in 

the kinase reaction. 

EF~2 catalyses the translocation of peptidyl-tRNA on the 

ribosome, and phosphorylation of EF-2 inhibits its activity (Ryazanov 

et al., 1988). Thus, the ability of Mn2+ to stimulate the 

phosphorylation of EF~2 may explain the inhibition of pancreatic 

protein synthesis by Mn2+ (Korc, 1983). Furthermore, in forskin 

derived HSWP cells, fetal bovine serum, bradykinin, vasopressin or 

EGF rapidly induce a reversible increase in phosphorylated EF-2 

(Palfrey et al., 1987). In PC12 cells, prolonged incubations with EGF 

and nerve growth factor (4 hours) leads to the down-regulation of 

CaM-PK III , thereby reducing the extent of EF-2 phosphorylation 

(Brady et al., 1990). Taken together with our current data, these 

observations raise the possibility that Mn-mediated phosphorylation 

of EF~2 may represent one mechanism whereby Mn2+ may 

participate in the modulation of signal transduction pathways and 

support the hypothesis that Mn2+ participates in the regulation of 

pancreatic exocrine function. 
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CHAPTER III 

PURIFICATION OF ELONGATION FACTOR 2 

Introduction 

The purpose of this introduction is to review the process of 

protein translation and to emphasize the role of EF-2 in this event. 

The majority of information has been taken from two reviews and 

references there in: Moldave (1985) and Nygard & Nilsson (1990). 

Where pertinent, primary references are cited throughout the text. 

The translation of RNA into protein can be divided into three 

steps: initiation, elongation and termination. In initiation an 

aminoacylated Met-tRNA is positioned at the P-site during assembly 

of the ribosome-mRNA complex. In eukaryotic cells this step 

requires at least ten protein initiation factors (eIFs). In contrast, 

prokaryotes only require three initiation factors. The first step in 

initiation is the dissociation of the 80S ribosome into the 40S and 60S 

subunits. This requires the binding of eIF-3 and eIF-4c to the 40S 

subunit and eIF-6 to the 60S subunit. Once the ribosome has been 

dissociated a Met-tRNA-GTP-eIF-2 complex binds to the 40S subunit. 

Next the mRNA, which forms a complex with eIF-4A, eIF-4B, eIF-4E 

plus a 220 kDa protein, attaches as a complex to the 40S-Met-tRNA 

complex. The initiation factor eIF-4B is able to recognize the AUG 
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codon and might be responsible for the correct positioning of the 

mRNA on the 408 ribosome complex. The final step of initiation is 

the association of the 408-Met-tRNA-mRNA-eIF's complex with the 

60 8 subunit. This step involves eIF-5 and the hydrolysis of GTP, the 

net result is an 808-Met-tRNA-mRNA complex from which all 

initiation factors have been released. 

'During the elongation stage of protein synthesis, successive 

aminoacylated tRN As add amino acids to growing a peptide chain. It 

is in this step that elongation factor 2 (EF-2) is involved. Initially, 

EF-Ia forms a ternary complex with GTP and an aminoacyl-tRNA. 

This complex then binds to the A-site of the ribosome. If the codon 

and anticodon are complimentary the GTP is hydrolysed. It has been 

proposed, at least in Esherichia coli, that the relatively slow rate of 

GTP hydrolysis at this step serves as a proof reading role in 

preventing incorrect pairing of the codon and anticodon (Bourne e t 

ai., 1990). That is, GTP hydrolysis does not occur instantaneously 

when the aminoacyl-tRNA binds to the A-site, but only if correct 

pairing has occurred between the codon and anticodop, and the 

aminoacyl-tRNA has remained at the A site for sufficient time. 

Release of the EF-la-GDP complex facilitates the correct positioning 

of aminoacylated-tRNA at the A-site. Once correctly positioned a 

peptide bond forms between the carboxy terminal of nascent peptide 

chain in the P-site and the amino group of the aminoacyl-tRNA at the 

A-site. This event is catalyzed by the large ribosome unit. The exact 



components of the ribosome that are responsible for this 

peptidyltransferase activity have not yet been identified. 
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Once the peptide bond has been formed a deacylated-RNA is 

left in the P-site and the peptide chain is attached to most recent 

incoming aminoacyl-tRNA in the A-site. Prior to the addition of the 

next amino acid to the growing peptide chain, the deacylated-tRNA 

has to be removed from the P-site, the peptidyl-tRNA has to be 

translocated from the A-site to the P-site, and the mRNA has to be 

moved three bases forward to position the next codon at the A-site. 

These three events are apparently carried out in unison, and it is 

these steps in the elongation cycle in which EF-2 is involved. EF-2 

binds to the ribosome as a binary complex of EF-2-GTP. The GTP 

binding site on EF-2 is located at the N-terminus. The ribosomal 

binding domain of EF-2 is located at the C-terminus and towards the 

center of EF-2 primary structure (Kohno et al., 1986). Translocation 

of peptidyl-tRNA does not have a strict requirement for EF-2-GTP, 

but in the presence of EF-2-GTP the rate of translocation is greatly 

increased. EF-2 also possesses GTPase activity. However, the 

hydrolysis of GTP occurs after translocation and appears to be 

triggered by the 60S ribosomal subunit. Thus, the energy derived 

from GTP hydrolysis is not directly required for translocation. Once 

translocation has been completed the ribosome is ready for addition 

of another amino acid to the peptidyl-tRNA. 

The final event in translation is termination. This is triggered 

when a UAA, UAG or UGA codon is translocated into the A-site. 
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Instead of an aminoacyl-tRNA binding into the A-site a protein 

release factor binds in the presence of GTP. This triggers the 

hydrolysis of the ester bond between the completed peptide chain 

and the tRNA located in the P-site, allowing release of the newly 

formed peptide. 

My interest in EF-2 stemmed from the fact that Mn2+ could 

stimulate its phosphorylation (Chapter II). From this observation I 

became interested in the kinase, Ca2+ /CaM dependent protein kinase 

III (CaM-PK III) that was reported to be responsible for the 

phosphorylation of EF-2 (Ryazanov et ai., 1988; Ryazanov 1987; 

Nairn & Palfrey, 1987). I wanted to test the hypothesis that Mn2 + 

also stimulated its activity. Thus I intended to purify the Mn2 + 

stimulated EF-2 kinase activity, with the assumption that it was most 

probably CaM-PK III. To do this I needed to assay for CaM-PK III, 

this required purified EF-2 to act as the substrate in the assay. 

EF-2 and its prokaryotic homolog has been previously purified 

from a number of different tissue sources, including liver, pancreas 

and E. coli (Galasinski & Moldave, 1969; Nairn et ai., 1985; 

Parmeggiani, 1968). It was first purified from rat liver by Galasinski 

& Moldave (1969). The strategy I used for purification of EF-2 was 

based on a scheme by Nilsson and Nygard (1984). The principle 

difference was, that instead of using salt washed liver microsomes as 

the starting material I started with pancreatic cytosol. As this was 

the material in which I detected Mn2+ stimulated phosphorylation of 
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EF-2 and I already knew that the pancreas is rich in EF-2 (Nairn, et 

al., 1985). 
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Materials and Method s 

Chemicals. 

DEAE-Sephacel, Heparin-sepharose CI-6B and Sephacryl S-300 were 

from Pharmacia LKB Biotechnology (Alameda, CA). Phosphocellulose 

PII was obtained from Whatman Biochemicals. The sources for the 

other chemicals used have been listed in Chapter II. 

Detection of EF·2 

To readily detect EF-2 during purification I 32p labelled a 

portion of EF-2 using the Mn2+-stimulated protein phosphorylation 

assay described in Chapter II. Because the phosphorylation of EF-2 

might alter its chromatographic properties, due to an increased 

negative charge donated by the phosphate group, an in vitro 

phosphorylation using the remaining cytosol and unlabeled ATP was 

also carried out. This assay was carried out with exactly the same 

concentrations of Mn2+ and ATP as the assay with the [32p]ATP. 

After the assays, the 32P-Iabelled and non-labelled cytosols were 

pooled, fresh protease inhibitors were added and the cytosol was 

loaded onto a DEAE column as described below. 

To detect [32P]EF-2, that was eluted from the column, 50 Jll 

aliquots from each fraction was combined with Laemmli sample 

buffer and run on 7 % SDS-polyacrylamide gels. The gels were 

stained, destained, dried and exposed to X-ray film as described in 
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Chapter II. The relative amount of [32p]EF-2 in each fraction was 

quantitated by laser densitometry. 

In later purifications the location of EF-2 was readily 

determined as it was the most abundant protein SOS-polyacrylamide 

gels, in the 100 kOa molecular weight range. Thus in the latter 

purifications SOS-polyacrylamide mini-gels were run and the 

fractions containing EF-2 were identified by silver staining (BioRad, 

Richmond CA). A280 readings were also recorded for every fraction 

collected. 

Preparation of Pancreatic Cytosol. 

Male Sprague-Dawley rats (150-400 g) were fasted overnight 

and killed the following morning by stunning and decapitation. The 

pancreas was rapidly excised and cleaned of fat and lymph nodes, 

and homogenized at 40 C in 4 volumes of 20 mM Tris-HCI buffer (pH 

7.6) containing: I mM benzamidine-HCI, 0.01 % (w/v) soybean trypsin 

inhibitor, 1 mM phenylmethylsulfonylfluoride, 1 mM EDTA, 0.01 % 

(w/v) leupeptin and 50 mM 2-mercaptoethanol (Wooten & Wrenn, 

1985). All subsequent steps were carried out at 4°C. The 

homogenate was centrifuged at 50 x g for 3 min and the supernatant 

recentrifuged at 105,000 x g for 60 min, to produce a cytosolic 

fraction. Fresh PMSF, benzamidine and leupeptin at the 

aforementioned concentrations were added to the cytosol and 0.1 ml 

of the cytosolic fraction was saved at -80oC. 
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DEAE-Sephacel column. 

The fresh cytosol (12 to 18 ml) was immediately loaded onto 

DEAE-Sephacel column (8 x 1.5 cm or 13 x 1.6 cm in later preps.) that 

had been equilibrated in 20 mM Tris buffer pH 7.6, containing 1 mM 

benzamidine-HCl, 0.01 % (w/v) soybean trypsin inhibitor, 1 mM 

EDTA, 10 % glycerol and 14 mM 2-mercaptoethanol (Buffer A) with 

50 mM KCl. The column was washed with three column volumes of 

Buffer A containing 50 mM KCl at a flow rate of 35 ml/h. EF-2 was 

eluted from the column, at the same flow rate, with a 120 ml linear 

gradient of 50 to 300 mM KCI in Buffer A, 3.9 ml fractions were 

collected. With the larger column the gradient volume was increased 

to 200 ml and 7.7 ml fractions were collected. 

P 11 Phosphocellulose Column. 

The fractions containing EF-2 were pooled, fresh PMSF, 

benzamidine and leupeptin were added and an 0.1 ml aliquot was 

taken and stored at -80oC. The remainder of the pool was loaded 

directly onto a P 11 phosphocellulose column (8 x 1.5 ml) that had 

been equilibrated with Buffer A containing 100 mM KCI. Three 

column volumes of the equilibration buffer were passed through the 

column at a flow rate of 40 ml/h. EF-2 was eluted with a 120 ml 

linear gradient of 100 mM to 500 mM KCl in Buffer A, at a flow rate 

of 35 ml/h. The fractions (3.9 ml per fraction) containing EF-2 were 

pooled and combined with an equal volume of buffer A that did not 
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contain KCI, fresh protease inhibitors were also added. The pooled 

fractions were then concentrated using a stirred cell and a YM 10 

membrane (Ami con, Framingham, MA). After concentration a 0.1 ml 

aliquot was saved. at -SOoC. The remainder was used in the following 

step. 

Heparin Sepharose CL·6B 

The concentrate from the phosphocellulose column was loaded 

onto a heparin sepharose column (7 x O.S cm) that had been 

equilibrated with Buffer A containing 100 mM KCl. The column was 

washed with ten column volumes of the equilibration buffer at a 

flow rate of 35 ml/h. EF-2 was eluted from the column with a 40 ml 

linear gradient of 100 to 400 mM KCI in buffer A, at a flow rate of 20 

ml/h. Fractions (2 ml) containing EF-2 were pooled, fresh protease 

inhibitors were added, and the pool was concentrated using a YM10 

membrane in a stirred cell. From the concentrate 0.1 ml was saved 

at -SOoC and the remainder was used in the next step. 

Sephacryl S 300 

The heparin sepharose concentrate was loaded onto an 

Sephacryl S 300 column (90 x 1.6 cm) that had been equilibrated 

with Buffer A containing 50 mM KCI. EF-2 was eluted with the same 

buffer at a flow rate of 20 mlth into 3.9 ml fractions. Fractions 

containing EF-2 were pooled, fresh protease inhibitors were added 

and the pool was concentrated using first a YM 10 membrane in a 
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stirred cell and then concentrated further using a Centricon 10 

(Amicon, Framingham, MA). Once concentrated the purified EF-2 

was stored at -80DC in 40 J.11 aliquots. 
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Results 

The data from Chapter II suggested that the predominant band 

present at 98 kDa was EF-2. To confirm this a portion of EF-2 in 

pancreatic cytosol was phosphorylated with 32p in the Mn stimulated 

phosphorylation assay. The cytosol, containing' a fraction of [32p]EF-2 

was loaded onto a DEAE column and the elution position of [32p]EF-2 

was detected by SDS-PAGE and autoradiography of the eluted 

fractions. [32p]EF-2 was quantitated by laser densitometry of the 

autoradiograms. Figure 13 shows the protein profile (A280) of the 

fractions eluted from the DEAE column, and the position of [32P]EF-2. 

The [32P]EF-2 was eluted with 0.13 to O.ISM KCI, and coeluted with 

the predominant 98 kDa protein band detected by either silver or 

coomassie blue staining of SDS-polyacrylamide gels. Confirming 

evidence that the major 98 kDa protein in pancreatic cytosol was EF-

2 was obtained by the demonstration that partially purified CaM-PK 

III specifically phosphorylated EF-2 that had been purified to 

greater than 90 % homogeneity. Thus I had a ready means of 

monitoring the EF-2 during the protein purification procedure, by 

SDS-PAGE and silver staining. 
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Figure 13. Separation of [32P]EF-2 by DEAE 
chromatography. Pancreatic cytosol, in which a component of EF-2 
had been labelled with 32p using the in vitro phosphorylation assay 
as described in Methods, was loaded onto a DEAE Sephacel column. 
The column was washed with buffer A containing 50 mM KCI at a 
flow rate of 35ml/h and 3.9 ml fractions were collected. The [32p]EF-
2 was eluted as single peak with a 50 to 300 mM KCI gradient in 
buffer A. [32p]EF-2 was detected by running aliquots of each fraction 
on SDS-polyacrylamide gels and exposing the dried gels to X-ray film. 
The amount the [32p]EF-2 was qualitatively determined by laser 
densitometry (A.V.) of the developed X-ray films. 
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The purification of EF-2 described in this chapter was based on the 

use of ten rat pancreas with a total tissue mass of 10.2 g. The 

pancreas were homogenized and a pancreatic cytosol was 

prepared as described in Methods. The cytosol was loaded directly 

onto a DEAE column (13 x 1.6 cm). After washing the column with 3 

column volumes of Buffer A containing 0.05 M KCI a linear salt 

gradient of 0.05 to 0.3 M KCI was used to elute bound proteins which 

were collected in 7.8 ml fractions. Figure 14 shows the protein 

profile (A280) eluted by the salt gradient. In this purification the EF-

2 was eluted in three fractions with a KCI concentration of 

approximately 0.11 M. These three fractions were pooled and loaded 

directly onto a phosphocellulose column that was equilibrated with 

buffer A containing 0.1 M KCl. 

Three column volumes of the equilibration buffer were 

pumped through the phosphocellulose column. The bound proteins 

were eluted with KCI linear gradient of 0.1 to 0.5 M in Buffer A. 

Figure 15 shows the protein profile (A280) eluted from the 

phosphocellulose column. EF-2 was eluted in five fractions with a KCI 

concentration of 0.17 to .22 M. The fractions containing EF-2 were 

pooled and an equal volume of Buffer A containing no KCI was added 

to reduce the salt concentration to approximately 0.1 M. This was 

then concentrated over a YM 10 membrane in a stirred cell. The 

concentrate was then loaded onto a heparin sepharose column 

equilibrated in Buffer A containing 0.1 M KCl. 
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Figure 14. Separation of EF·2 by DEAE chromatography. 
Pancreatic cytosol was loaded onto a OEAE Sephacel column. The 
column was washed with buffer A containing 50 mM KCI at a flow 
rate of 35ml/h and 3.9 ml fractions were collected. EF-2 was eluted 
with a 50 to 300 mM KCI gradient (---) in buffer A, and detected by 
SOS-PAGE and silver staining of the eluted fractions. The fractions 
containing EF-2 are indicated by the double headed arrow. 
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Figure 15. Separation of EF-2 by phosphocellulose 
chromatography. Fractions containing EF-2 from the DEAE
Sephacel column were pooled and loaded onto a phosphocellulose 
column. The column was washed with buffer A containing 100 mM 
KCI at a flow rate of 35ml/h and 3.9 ml fractions were collected. EF-
2 was eluted with a 100 to 500 mM KCI gradient (---) in Buffer A, 
and detected by SDS-PAGE and silver staining of the eluted fractions. 
The fractions containing EF-2 are indicated by the double headed 
arrow. 
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Ten column volumes of the equilibration buffer were pumped 

through the column and collected as 7.8 ml fractions. EF-2 was 

eluted using a 0.1 to 0.4 M KCI gradient, in four 3.9 ml fractions with 

a salt concentration of 0.2 to 0.24 M (Fig 16). These fractions were 

pooled and concentrated using the YM 10 membrane in the stirred 

cell, before being loaded onto the final column, the Sephacryl S 300. 

EF-2 was eluted from the S 300 column in buffer A containing 50 

mM KCI, and 3.9 ml fractions were collected. The protein profile 

(A280) from this column is shown in Figure 17. The peak of EF-2 was 

at fraction 28 (Fig.I7 arrow) as assessed by SDS-PAGE and silver 

staining of the fractions, this fraction and the adjacent fractions that 

contained EF-2 were pooled. The pool was concentrated using the 

YM 10 membrane and the stirred cell. This concentrate was 

concentrated further using a Centricon with a molecular weight cut 

off of 10,000 Da. The concentrate was then divided into 40 ~l 

aliquots and stored at -800C. Stored at -800C EF-2 is stable for at 

least 1 month, as assessed by coomassie blue stained SDS

polyacrylamide gels of EF-2 (data not shown). However, when stored 

at 40C, EF-2 degrades into two major peptides of molecular weight 

53.7 and 42.7 kDa (data not shown). 

Figure 18 shows the enrichment of EF-2 during the four 

sequential chromatographic steps of the purification procedure. 

Apart from the presence of soybean trypsin inhibitor, which is 

included in all the buffers to prevent proteolytic degradation of EF-2, 
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Figure 16. Separation of EF -2 by heparin Sepharose 
chromatography. Fractions containing EF-2 from the 
phosphocellulose column were pooled, concentrated into buffer A 
containing 100 mM KCI and loaded onto heparin Sepharose column. 
The column was washed with Buffer A containing 100 mM KCI at a 
flow rate of 35mIlh and 7.8 ml fractions were collected. EF-2 was 
eluted with a 100 to 400 mM KCl gradient (---) in Buffer A at a flow 
rate of 20 ml/h and 3.9 ml fractions were collected. EF-2 was 
detected by SDS-PAGE and silver staining of the eluted fractions. The 
fractions containing EF-2 are indicated by the double headed arrow. 
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Figure 17. Separation of EF-2 by S 300 Sephacryl. Fractions 
containing EF-2 from the phosphoceUulose column were pooled, 
concentrated and loaded onto an S 300 Sephacryl column. The 
column was eluted with buffer A containing 50 mM KCl at a flow rate 
of 20 ml/h and 3.9 ml fractions were collected. EF-2 was detected by 
SDS-PAGE and silver staining of the eluted fractions. The EF-2 peak 
is indicated by the arrow. 
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and is clearly visible as the low molecular weight protein in lanes 3,4 

and 5, the EF-2 was purified to greater than 90 % homogeneity 

(lane 5). 

The purification factor and yield of EF-2 have not been 

determined, however Table 1 shows amount of protein present at 

each step of the purification. 

Table 1. Purification summary of EF -2. This table shows the 
protein concentration, the fraction volume and total protein at each 
step of EF-2 purification. 

Purification [Protein] Volume (mil Protein (mg) 
~ (mglml) 
Cytosol 7.4 33 574.2 
DEAE 1.3 23 29.9 
Phosphocell. 1.1 4.3 4.7 
Heparin seph. 0.6 7.8 4.7 
S 300 0.42 0.3 0.3 
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Figure 18. Purification of EF-2 from rat pancreatic cytosol. 
The silver stained, 7 to 20 % gradient SDS-polyacrylamide gel shows 
the enrichment of EF-2 (98 kDa) during the sequential purification of 
EF-2 from rat pancreatic cytosol. Each lane received 15 J.1g of protein. 
Lane 1, pancreatic cytosol. Lane 2, after DEAE chromatography. 
Lane 3, concentrate from phosphocellulose column. Lane 4, 
concentrate from heparin sepharose column. Lane 5, concentrate 
from Sephacryl S 300 column. The lower molecular weight band that 
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is prominent in lanes 3,4, and 5, is most probably soybean trypsin 
inhibitor. 

n° ° ISCUSSIOD 

The purpose of purifying EF-2 was to provide a pure substrate 

in the assays for CaM-PK III during the purification of CaM-PK III. 

EF-2, as stated in the introduction has been purified from a number 

of tissue sources including rat pancreas (Nairn et ai, 1985). I based 

my EF-2 purification on the method used to purify EF-2 from hepatic 

microsomes, developed by (Nilsson & Nygard, 1984). One advantage 

of this method is that it includes chromatography steps that are 

highly reproducible. The principle differences between my 

purification method and that of Nilsson & Nygard (1984) were as 

follows; my starting material was pancreatic cytosol, in which the 

Mn 2+ stimulated protein phosphorylation was specific for EF-2 

(Chapter II) and which is particularly rich in EF-2 (Nairn & Palfrey, 

1985). Nilsson and Nygard (1985) used saIt washed hepatic 

microsomes as their starting material, on which they carried out an 

50-70 % ammonium sulfate precipitation, followed by dialysis. I did 

not include the ammonium sulfate and dialysis steps. Previously I 

determined that [32p]EF-2 is sensitive to degradation during these 

steps. The use of the DEAE, phosphocellulose and heparin-sepharose 

columns was similar to that of Nilsson and Nygard (1985). I added 

an extra column namely a Sephacryl S300 as my final column, which 

separated the EF-2 from lower molecular weight material. 
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This procedure permitted me to purify sufficient EF-2, from 4 

rat pancreas, to assay CaM-PK III from three purifications. I also 

used the purified EF-2 for the production of anti-EF-2-antibodies in 

rabbits (results not shown). 
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CHAPTER IV 

PARTIAL PURIFICATION OF CALMODULIN-DEPENDENT 

PR OTEIN KINASE III. 

Introductjon 

CaM-PK III is the enzyme that catalyses the phosphorylation of 

EF-2 (Ryazanov 1987; Nairn & Palfrey, 1987). To date EF-2 has been 

shown to be the sole substrate for CaM-PK III. Thus the name EF-2 

kinase suggested by Ryazanov and coworkers (1988) may be more 

suitable than CaM-PK III, nonetheless I will refer to the enzyme as 

CaM-PK III. 

When EF-2 is phosphorylated, protein synthesis in cell free 

translation systems is inactivated (Nairn & Palfrey, 1987; 

Ryanazanov et ai., 1988). Specifically when EF-2 is phosphorylated 

translocation of the peptidyl-tRNA from the A site to the P site is 

prevented (Ryazanov & Davydova, 1989). This is not the only step in 

protein translation that is regulated by transient phosphorylation of 

various translational components. The initial step in protein 

translation, namely the binding of Met-tRNA to the 40S ribosome, via 

an eIF-2·GTP Met-tRNA complex, also appears to be a primary site 

for regulation by phosphorylation (Hershey, 1989). When eIF-2 is 

phosphorylated it cannot form the tertiary initiation complex 
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(Dholakia & Wahba, 1989). This phosphorylation can be catalyzed by 

one of two kinases, which both phosphorylate eIF-2 at a serine 

(Pathak, 1988). Phosphorylation of factors involved in protein 

translation, however is not a universal means of inhibiting 

translation. Phosphorylation of ribosomal protein S6 leads to 

activation of protein translation, which is of interest because 

mitogens such as EGF activate the S6 kinase (reviewed in Ralph et al., 

1990). eIF-4F and eIF-4B which are involved in the binding of the 

mRNA to the ribosome are also activated in their phosphorylated 

form (reviewed in Hershey, 1989). The kinase(s) responsible for the 

phosphorylation of these factors have not yet been identified. Thus 

protein phosphorylation, provides a mechanism whereby the rate of 

translation can be either increased or inhibited depending on which 

kinases or phosphatases are activated. 

My interest in purifying CaM-PK III was based on the following 

reasons; first, this purification could lead to the ability to partially 

sequence the protein thereby allowing for the cloning of the kinase 

and subsequent homology comparisons with other protein kinases. 

Second, with a pure enzyme one could determine by enzyme kinetics 

how strict the requirement was for Mn2+ and whether it is a Mn2 + 

metalloenzyme. This chapter discusses the partial purification of 

CaM-PK III. 
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Materials and Methods 

Chemicals. 

DEAE-Sephacel, blue sepharose, carboxy methyl Sephadex C50 

and Sephacryl S-300 were purchased from Pharmacia LKB 

Biotechnology. The sources for the other chemicals used have been 

listed in Chapter II and III 

Detection of CaM·PK III 

The assay for CaM-PK III was a modification of the in vitro 

phosphorylation assay, described in chapter II, and was designed to 

detect CaM-PK III activity during the purification steps as quickly as 

possible. The assay consisted of the following components in 100 JlI 

volume: 95 mM Tris buffer pH 7.6, 1 mM Mn2+, 6 Jlg/ml CaM, 0.5 to 1 

Jlg EF-2 (depending on which EF-2 preparation was used.) 20 JlI of 

sample. Although EDT A per se was not added, the 20 JlI sample did 

contain EDTA. Thus, the final EDTA concentration in the assay was 

0.2 mM. The reactions were started by the addition of 5 JlCi [1-

32p]ATP (6 JlM ATP) and incubated at 31 0 C. The reactions were 

stopped 15 min later by the addition of 100 JlI Laemmli sample 

buffer and the reaction mixes were heated for 4' min in a boiling 

water bath. 

To analyze the phosphorylated proteins, the samples were 

subjected to SDS-PAGE using 7% acrylamide slab gels (Laemmli, 
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1970). To expedite the analysis gels were run at a high constant 

current of 30 mA/.75 mm thick gel and the electrophoresis was 

stopped when the dye front was half-way down the gel. Stopping 

the electrophoresis at this point also prevented contamination of the 

SDS-PAGE running buffer with unincorporated [y_32p]ATP. Gels were 

stained with 0.1 % Coomassie brilliant blue G in 50% methanol/lO% 

glacial acetic acid for five min, destained with 5% methanol/lO% 

glacial acetic acid at 60 to 70oC, and vacuum dried on filter paper. 

Autoradiograms were prepared by exposing the dried gels to Kodak 

X-Omat AR film in Kodak X-Omatic cassettes with intensifying 

screens at -SooC. The exposure times were typically 30 min for 

analysis of fractions from the first purification step and 8 h or longer 

for the analysis of fractions from subsequent steps. 

The relative amount CaM-PK III activity was estimated by one 

of two methods. Initially the developed autoradiograms of [32P]EF-2 

were scanned using a laser densitometer. The CaM-PK III specific 

activity in these cases was defined as densetometric units (A.U.)/mg. 

In latter instances the [32p]EF-2 was cut from the dried 

polyacrylamide gel, rehydrated in deionized distilled water, and 

counted in a liquid scintillation counter (Beckman LS-230) detecting 

Cerenkov radiation. In these instances CaM-PK III specific activity 

was defined as cpm/mg. Because cytosol also contains endogenous 

EF-2, a control assay of cytosol without exogenous EF-2 added was 

also included. Thus the amount of exogenous EF-2 phosphorylated in 
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cytosol was estimated by subtracting the value obtained with cytosol 

alone from that of cytosol plus exogenous EF-2. 

Preparation of Pancreatic Cytosol. 

Male Sprague-Dawley rats (150-400 g) were fasted overnight 

and killed the following morning by stunning and decapitation. The 

pancreas was rapidly excised and cleaned of fat and lymph nodes, 

and homogenized at 40 C in 4 volumes of 20 mM Tris-HCI buffer (pH 

7.6) containing: 1 mM benzamidine-HCI, 0.01 % (w/v) soybean trypsin 

inhibitor, 1 mM phenylmethylsulfonylfluoride, 1 mM EDTA, 0.01 % 

(w/v) leupeptin and 50 mM 2-mercaptoethanol (Wooten & Wrenn, 

1985). All subsequent steps were carried out at 40 C. The 

homogenate was centrifuged at 50 x g for 3 min and the supernatant 

recentrifuged at 105,000 x g for 60 min, to produce a cytosolic 

fraction. Fresh PMSF, benzamidine and leupeptin at the 

aforementioned concentrations were added to the cytosol and 0.1 ml 

of the cytosolic fraction was saved at -80oC. 

Following preparation of of the pancreatic cytosol a number of 

different chromatographic methods, in varying combinations were 

employed. Thus the order of descriptions of each method in this 

section does not necessary imply that these were subsequent steps. 

DEAE-Sephacel chromatography. 

The fresh cytosol (12 to 18 ml) was immediately loaded onto 

DEAE-Sephacel column (8 x 1.5 cm) that had been equilibrated in 20 
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mM Tris buffer pH 7.6, containing 1 mM benzamidine-HCI, 0.01 % 

(w/v) soybean trypsin inhibitor, 1 mM EDTA, 10 % glycerol and 14 

mM 2-mercaptoethanol (Buffer A) with 150 mM KCl. The column 

was washed with three column volumes of equilibration buffer at a 

flow rate of 35 ml/h. EF-2 was eluted from the column, at the same 

flow rate, with a 120 ml linear gradient of 50 to 400 mM KCI in 

Buffer A, 3.9 ml fractions were collected. The fractions were assayed 

for protein content by absorbance at 280 nm, and for CaM-PK III 

activity as described above. 

Binding of CaM·PK III to Carboxymethyl (eM) Sephadex. 

Slurries of CM Sephadex was prepared and equilibrated in 20 

mM Tris, containing 1 mM EDT A and 50 mM KCI, at five pH values of 

6.0, 6.5, 7.0, 7.5 and 8.0. Pancreatic cytosols were prepared as 

described above, except that the Tris buffer pH was adjusted so that 

the pancreatic cytosols had pH values of 6.0, 6.5, 7.0, 7.5 or 8.0. The 

cytosols at each pH were added to the CM-Sephadex slurry of 

matching pH, and the slurries were gently agitated for 10 min at 40 C. 

Following this the slurries were centrifuged (150 x g, 2 min) and the 

supernatant was removed and assayed for CaM-PK III activity.' The 

remaining slurry was washed first in the equilibration buffer and 

then twice in the equilibration buffer containing 0.5 M KCl. After 

each wash the slurry was centrifuged and the supernatant removed 

and assayed for CaM-PK III and protein content (BioRad, Bradford). 
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Isoelectric fractionation of CaM·PK III activity using a 

Rotofor. 

Pancreatic cytosol (5.5 ml) was prepared as described above, it 

was then diluted to 60 ml in the following solution: 2 % ampholytes 

pH 5 to 7, 10 % glycerol and 1 % glycine. This solution was loaded 

into the Rotofor cell (kindly loaned by Mary Ann Ireland ,of BioRad) 

which was run at a constant power of 12 W for 5 h. The 20 fractions 

generated by the Rotofor were assayed for pH using narrow pH range 

indicator strips (ColorpHast, EM Science, Cherry Hill, NJ), and for CaM

PK III. The presence of ampholytes (0.4 %) in the CaM-PK III assay 

enhanced CaM-PK III activity in the pancreatic cytosol by 1.5 fold 

(data not shown). 

Blue Sepharose Chromatography. 

Fractions from a DEAE-Sephacel column that contained CaM-PK 

III activity were pooled (27.5 ml) and combined with an equal 

volume of Buffer A containing 2 mM MnCh and no KCl. 1 mM PMSF 

was also added. The diluted CaM-PK III activity was concentrated to 

6 ml using a YMIO membrane in a stirred cell and the concentrate 

was loaded on to a blue sepharose column (8 x 1.5 em) that was 

equilibrated with Buffer A containing 1 mM MnCl2 and 0.2 M KCl. 

The column was washed with three column volumes of the 

equilibration buffer at a flow rate of 45 ml/h and 7.8 ml fractions 
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were collected. The CaM-PK III activity was eluted with a 120 ml 

linear gradient of 0.2 to 2 M KCI in Buffer A containing 1 mM MnCI2, 

at a flow rate of 18 ml/h. The fractions were assayed for protein 

content by absorbance at 280 nm, and for CaM-PK III activity as 

described above. 

Sephacryl S 300 Chromatography. 

Fractions from a DEAE-Sephacel column that contained CaM-PK 

III activity were pooled (16.7 ml), fresh benzamidine-HCI and PMSF 

were added and the pool was concentrated using a YM 10 membrane 

in a stirred cell, to 4.5 ml. The concentrate was loaded onto an S 300 

column (90 x 1.6 cm) that was equilibrated in buffer A containing 50 

mM KCI. The CaM-PK III activity was eluted in the equilibration 

buffer which was passed through the column at a flow rate of 25 

ml/h, and collected as 3.9 ml fractions. The fractions were assayed 

for protein content by absorbance at 280 nm, and for CaM-PK III 

activity as described above. 
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Results 

The results presented in this section represent a summary of 

the many different trials that were performed. I was unable to 

purify the protein to homogeneity. However, from the purification 

steps used, I was able to determine an approximation of the size and 

isoelectric point of CaM-PK III. 

DEAE.Sephacel chromatography. 

The DEAE-Sephacel column proved to be the most dependable 

and replicable in the many trials. It was most often used as the first 

step in the purification schemes. When freshly prepared pancreatic 

cytosol was fractionated by DEAE-Sephacel chromatography the CaM

PK III activity was eluted at a KCI concentration of 0.31 to 0.36 M 

(Fig. 19). In this particular example fractions 18 to 25 were pooled, 

to be used in the next purification step. The purification factor for 

CaM-PK III was estimated from densitometric analysis of 

autoradiographs to be 32-fold with a yield of 94%. 

Binding of CaM·PK III to Carboxymethyl (eM) Sephadex. 

Initial experiments indicated that the majority of CaM·PK III 

activity, in pancreatic cytosol, bound to CM Sephadex when the Tris 

buffer pH was between 6 to 7.5 (data not shown). At pH 8.0, 

however, much of the activity did not bind. The experiment was 
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Figure 19. Separation of CaM-PK III by DEAE 
chromatography. Pancreatic cytosol was loaded onto a DEAE 
Sephacel column. The column was washed with Buffer A containing 
150 mM KCI at a flow rate of 35 ml/h and 3.9 ml fractions were 
collected. CaM-PK III was eluted with a 150 to 500 mM KCI gradient 
(--,.) in Buffer A. The fractions were assayed for protein content by 
absorbance at 280 nm (---) and CaM-PK III activity was detected by 
the in vitro phosphorylation of EF-2 (lower panel, autoradiogram). 
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Figure 20. Separation of CaM-PK III using carboxymethyl 
Sephadex. CaM-PK III activity in pancreatic cytosol was assayed 
without (lane 1) and with the addition of pure EF-2 (lane 2). The 
cytosol was added to a slurry of CM-Sephadex that was equilibrated 
in Buffer A pH 7.2. After 10 min the slurry was centrifuged and the 
supernatant removed and assayed for CaM-PK III activity using pure 
EF-2 as the substrate (lane 3). The CM-Sephadex was washed with 
the equilibration buffer and the supernatant was removed and 
assayed (lane 4). The CM-Sephadex was then washed in the 
equilibration buffer containing 0.5 M KCI and the supernatant was 
removed and assayed (lane 5). Finally the slurry was rewashed in 
the same buffer and the supernatant was assayed (lane 6). The 
autoradiogram shows the degree of phosphorylation of EF-2, as an 
indicator of CAM PK-III activity. 
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repeated, in order to determine whether a batch step of binding 

CaM-PK III to CM Sephadex followed by eluting with 0.5 M KCI, could 

be a means of removing many cytosolic proteins prior to DEAE

Sephacel chromatography. Figure 20 shows the result of this 

experiment. Pancreatic cytosol was prepared in the normal 

homogenization buffer, except a pH of 7.2 was used rather than 7.5, 

and mixed gently with a slurry of CM Sephadex in an identical 

buffer. The slurry was centrifuged and the supernatant assayed for 

CaM-PK III activity (lane 3). Unlike the initial experiment, not all 

the CaM-PK III bound to the CM PK-III. The CM Sephadex was 

washed with the equilibration buffer and the supernatant assayed 

for CaM-PK III activity (lane 4). This wash did in fact remove some 

of the loosely bound CaM-PK III. The CM Sephadex was next washed 

with the equilibration buffer that contained 0.5 M KCl. This wash 

removed the majority of bound CaM PK III (lane 5). When the CM 

Sephadex was washed a second time with the high salt buffer more 

CaM-PK III was eluted (lane 6), but this was far less than had been 

eluted with the previous wash (lane 5). Lanes 1 and 2 show CaM-PK 

III activity in cytosol in the absence (lane 1) and (lane 2) of 

exogenous EF-2. 

The majority of activity (181 %) was eluted with the first high 

salt wash. The high yield value may be due to separation of CaM-PK 

III activity from an inhibitor, such as a phosphatase in this fraction. 

The overall purification factor for this step was 7.5 fold. 
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Figure 21. Isoelectric fractionation of CaM-PK III activity 
using a Rotofor. Pancreatic cytosol was diluted to 60 ml in: 2 % 
ampholytes pH 5 to 7, 10 % glycerol and 1 % glycine. This solution 
was electrophoresed using a Rotofor cell, which was run at a constant 
power of 12 W for 5 h. The 20 fractions generated by the Rotofor 
were assayed for pH using narrow pH range indicator strips (upper 
graph) and for CaM-PK III activity, detected by the phosphorylation 
of EF-2 (lower panel, autoradiogram). 
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Isoelectric fractionation of CaM·PK III activity. 

When rat pancreatic cytosol was fractionated by isoelectric 

point (pI), the majority of the activity localized in the acidic region of 

the fractionation (Fig. 21). The pI of CaM-PK III estimated to be 

around 4.5. There was also a lesser amount of CaM-PK III activity 

present at the higher end of the pH range, the peak of activity was at 

a pH of 8.4. 

Blue Sepharose Chromatography. 

A pool of CaM-PK III activity from a DEAE Sephacel step was 

concentrated using a YM 10 membrane in a stirred cell, to 6.5 ml. 

This was loaded onto a blue sepharose column. The A280 of the 

eluted fractions and the position of the eluted CaM-PK III activity 

are shown in Figure 22. The peak of CaM-PK III eluted at a salt 

concentration of 0.83 M, suggesting that the CaM-PK III bound quite 

tightly to this column. Of note is the fact that the CaM-PK III activity 

was well separated from the majority of the protein that was loaded 

onto this column, which was eluted in the wash through. 

Sephacryl S 300 Chromatography. 

A pool of CaM-PK III activity from a DEAE Sephacel column 

was concentrated using a YM 10 membrane in a stirred cell, to 4.5 ml 

and loaded onto a Sephacryl S 300 column. The protein profile 

(A280) 
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Figure 22. Separation of CaM-PK III activity by Blue 
Sepharose Chromatography. Fractions from a DEAE-Sephacel 
column that contained CaM-PK III activity were pooled, combined 
with an equal volume of Buffer A containing 2 mM MnCl2 and no KCI, 
concentrated and loaded on to a blue sepharose column. The column 
was washed with Buffer A containing 1 mM MnCl2 and 0.2 M KCI at a 
flow rate of 45 ml/h and 7.8 ml fractions were collected. The CaM
PK III activity was eluted with gradient of 0.2 to 2 M KCI (---) in 
Buffer A containing 1 mM MnCh, at a flow rate of 18 ml/h. The 
fractions were assayed for protein content by absorbance at 280 nm 
(---) and CaM-PK III activity was detected by the in vitro 
phosphorylation of EF-2 (lower panel, autoradiogram). 
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Figure 23. Separation of CaM·PK III activity by SephacryJ 
S 300 Chromatography. Fractions from a DEAE-Sephacel column 
that contained CaM-PK III activity were pooled, concentrated and 
loaded onto an S 300 column. The CaM-PK III activity was eluted 
with buffer A containing 50 mM KCI at a flow rate of 25 ml/h, and 
collected as 3.9 ml fractions. The fractions were assayed for protein 
content by absorbance at 280 nm (---). The arrows represent the 
elution positions of the molecular weight standards: 1, IgO (150 kDa); 
2, collagenase (109 kDa); 3, transferin (78 kDa). CaM-PK III activity 
was detected by the in vitro phosphorylation of EF-2 (lower panel, 
autoradiogram). 
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of the eluted fractions and the position of elution of CaM-PK III are 

shown in Figure 23. The column was calibrated previously with IgG 

(150 kDa), collagenase (109 kDa) and transferin (78 kDa). When Kav 

of these proteins was plotted against log M. Wt., a curve (not shown) 

with a regression value of r = 0.988 was obtained. From this graph 

an estimate of 150 kDa was obtained for the molecular weight of 

CaM-PK III. 
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n· . ISCUSSIQU 

The above results do not represent a single sequential 

purification. Instead, they represent a summary of chromatographic 

steps that were reasonably reproducible. From these steps the CaM

PK III was estimated to have a molecular weight of 150 kDa and a pI 

of 4.5. 

The DEAE column proved to be the most reproducible of the 

purification steps employed and was typically used as the first step. 

Using the DEAE-Sephacel, CaM-PK III was purified 32-fold from 

pancreatic cytosol with a yield of 92%. This high yield might be due 

to separation of CaM-PK III from factors such as a phosphatases, 

which would tend to negate the extent of phosphorylation of EF-2. It 

has been shown that the tumor promoter okadaic acid (50 nM) 

increases the 32p labelling of EF-2, as well as other proteins, in 

reticulocyte lysates incubated with [y_32P]ATP (Redpath & Proud, 

1989). Okadaic acid is a potent inhibitor (50 % inhibition at 1 nM) of 

PP2A and also inhibits to a much lesser extent the activity of PPI (50 

% inhibition at 0.5 JlM) and PP2B (50 % inhibition at 5 JlM) (Bialojan 

& Takai, 1988). Okadaic acid does not inhibit PP2C (Bialojan & Takai, 

1988). This would imply that PP2A is the primary phosphatase 

responsible for the dephosphorylation of phosphorylated EF-2. 

The initial studies with the use of CM Sephadex column 

chromatography as a means of purifying CaM-PK III, suggested that 
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with a 20 mM sodium phosphate buffer (pH 6.1), CaM-PK III did not 

bind to the CM Sephadex (data not shown). From these data I opted 

to use a CM Sephadex slurry as a step prior to the DEAE column. The 

idea was that many pancreatic proteins would bind to the CM 

Sephadex, but others including CaM-PK III would not. Thus the 

supernatant from this step could be loaded directly onto a DEAE 

column, after adjustment of pH. Contrary to my expectations the 

CaM-PK III bound to the CM Sephadex at a pH range of 6.0 to 7.5. 

The bound CaM-PK III was eluted from the CM Sephadex slurry with 

a Tris buffer pH 7.2 containing 0.5 M KCI. Using this technique the 

CaM-PK III was purified 7.5 fold with a yield of 181 %, from cytosol. 

The high yield again suggested that the CaM-PK III was being 

separated from a factor that opposed its activity. 

The reasons why CaM-PK III did not bind to CM Sephadex in 

the column, but did bind to CM Sephadex as a slurry, are not known. 

The only difference in the two cases was that the buffer used with 

the column was a sodium phosphate buffer, whereas with the slurry 

the buffer was Tris. The buffer was changed to Tris to avoid having 

to change the phosphate buffer to a Tris buffer between CM 

Sephadex and DEAE chromatography. From the data obtained from 

the Rotofor, that the pI of the CaM-PK III was 4.5, it would be 

expected that the CaM-PK III would not bind to CM Sephadex. CM 

Sephadex is a cation exchanger, and at the pH values used in these 

experiments both the protein and the CM-Sephadex would be 

expected to have a net negative charge. An explanation for the 
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binding of CaM-PK III to the CM-Sephadex might be that the protein, 

although having an overall negative charge, has a region(s) in which 

there is a high density of basic amino acids (Rossomando, 1990) 

When pancreatic cytosol was fractionated by isoelectricfocusing 

using the Rotofor, the majority of CaM-PK III activity localized at a 

pH of 4.5. There was, however, some CaM-PK III activity that had a 

much· higher pI of 8.5 or greater. This dichotomy of CaM-PK III 

activity might be explained in one of two ways; CaM-PK III may exist 

as more than one isozyme with different pIs. Alternatively the 

higher pI form may represent a proteolytic product of CaM-PK III, in 

which an acidic amino acid rich peptide(s) have been cleaved away 

from the still active catalytic domain. 

The elution of CaM-PK III activity from the Sephacryl S 300 

column indicated that the molecular weight of CaM-PK III was on the 

order of 150 kDa. Two other research groups who have reported 

partial purifications of CaM-PK III and both reported an estimated 

molecular weight of 140 kDa, determined form gel filtration 

chromatography (Nairn et ai, 1985; Ryazanov et al., 1988). More 

recently Nilsson and coworkers (1991) have reported the purification 

of CaM-PK III to homogeneity from rabbit reticulocytes. From 

centrifugation of CaM-PK III through a linear 10 - 25 % sucrose 

gradient Nilsson and coworkers (1991) estimated a sedimentation 

coefficient for CaM-PK III of 8S, this equated to a mass of 300 kDa. 

Yet when the pure CaM-PK III was analyzed by SDS-PAGE, the single 

polypeptide present had a molecular mass of 90 kDa, and 
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furthermore retained CaM-PK III activity. The discrepancy of the 

size of CaM-PK III as estimated from the sucrose gradient compared 

to SDS-PAGE was proposed to be due to aggregation of 3 to 4 copies 

of the 90 kDa protein. The difference in size estimation between 90 

kDa and 140 - 150 kDa is harder to explain. One possibility is that 

the 150 kDa represents the holoenzyme, that is CaM-PK III consists 

of more than one polypeptide, however only a single polypeptide is 

visible on an SDS-polyacrylamide gel (Nilsson et al., 1991). The 90 

kDa form may represent a different isozyme of CaM-PK III. As 

stated above, fractionation of CaM-PK III by isoelectric point 

indicated that two activities were present, it is possible that these 

correspond to the two different masses for CaM-PK III. Tissue 

source is probably not the reason for the size disparity for both 

forms have been detected in rabbit reticulocytes (Nilsson et al., 1991; 

Ryazanov et al., 1988), though potentially the ratios of the different 

forms may vary with tissue. 

The estimated size (150 kDa) of CaM-PK III, if it is a single 

peptide, is quite large compared to other non-receptor kinases. For 

example, the S6 kinases range from 65 - 95 kDa, and the isoforms of 

protein kinase C are in the range 67 - 83 kDa (reviewed in Nishizuka, 

1988 and Ralph et al., 1990). The multi subunit kinases, are however 

closer in size to CaM-PK III. For example, casein kinase II, which 

consists of 4 subunits is in the size range 120 - 150 kDa (reviewed in 

Ralph et al., 1990) and CaM PK-II exists as a 300-600 kDa protein in 

its oli~omeric state (reviewed in Fujisawa, 1990). This is similar to 
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the size estimated for CaM-PK III by Nilsson and coworkers (1991) 

using sucrose gradient centrifugation, though as stated above, only a 

single protein band at 90 kDa was visible on SDS-polyacrylamide 

gels. 

Further insights in the possibility of more than one CaM-PK III 

isozyme stem from the observation that Mg2+(10 mM) and Ca2+ (1.5 

mM) were absolute requirements for in vitro CaM-PK III activity 

(Nilsson et al., 1991). In contrast, in my in vitro assay 1 mM or less 

Mn 2+ could replace both the Mg2+ and the Ca2+, this again lends 

credence to the hypothesis that there is more than one isozyme of 

CaM-PK III. More recently, Kim and coworkers (1991) have 

suggested that in the chick embryo an additional kinase(s) exist that 

phosphorylates EF-2 on serine and tyrosine residues as well as the 

documented threonines. 

CaM-PK III is a threonine kinase (Palfrey 1983; Nairn & 

Palfrey, 1987; Ryazanov et al., 1988) that phosphorylates EF-2 at one 

(Nairn & Palfrey, 1987), two (Ryazanov et al., 1988; Price et al,. 

1991) or three (Ovchinnikov et al., 1990 ) sites. The phosphorylation 

sites are located in the N-terminal region EF-2, within the guanine 

nucleotide binding region of EF-2 (Olienikov, 1989). The two 

confirmed sites are residue 56, which is phosphorylated most rapidly 

(Price et al., 1991) and residue 58. The other threonine residue that 

has been proposed to be phosphorylated is at position 53. These 

residues are located in the following sequence from EF-2 (Kohno, 

1986 ): 



117 

49 Arg-Ala-G ly-Glu-Thr-Arg-Phe-Thr-Asp-Thr-Arg-Lys60 • 

This sequence is located in the putative GTP binding domain of EF-2 

(Kohno et al., 1986), thus phosphorylation in this domain would 

increase the negative charge density in this region which might 

appose GTP binding. Of note is that Thr-56 is located in a position 

that is analogous to the position of the serine residue in a protein 

kinase C phosphorylation site consensus domain. Though PK-C does 

not phosphorylate EF-2 (Nairn et al., 1985). 

The site of EF-2 phosphorylation when stimulated by Mn2+ and 

CaM has not been determined. This would be interesting to 

determine for a number of tyrosine kinases have been shown to 

have a preference for Mn2+ over Mg2+ in vitro phosphorylation 

assays (Casnellie, 1982; Ek, 1982; Wong & Goldberg, 1984; Neer & 

Lok, 1985; Pang et al., 1988; Lee et al., 1991). These observations in 

conjunction with the aforementioned tyrosine phosphorylation of EF-

2 in chick embryos (Kim, 1991), and the possibility that more that 

one isozyme of CaM-PK III exists, lead to the speculation that an 

isoform of CaM-PK III may be particularly sensitive to Mn2+. 
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CHAPTER V 

. CONCLUSIONS AND GENERAL DISCUSSION 

Research in manganese-stimulated protein phosphorylation 

was initiated by observations suggesting that manganese has a 

potential role in regulating pancreatic function (Korc & Brannon, 

1988; Werner et al., 1987; Kanno & Nishimura, 1976; 

Abdelmoumene & Gardner, 1981; Argent et al.,1982; Brannon et al., 

1987; Chang et al., 1990; Chandrasekar & Korc, 1990; Siwik & Korc, 

1989). This hypothesis was strengthened by the observation of 

Brockenbrough and Korc (1990) that a single pancreatic protein was 

sensitive to manganese-stimulated phosphorylation. Thus the initial 

aim of my dissertation research was to characterize and purify this 

protein. 

From biochemical and physical analysis I determined that the 

phosphorylated protein was EF-2. EF-2 had previously been shown 

to be phosphorylated in a Ca2+/CaM-dependent manner in the 

presence of Mg2+ (Nairn & Palfrey, 1987, Ryazanov, 1987). 

Consequently the kinase responsible for EF-2 phosphorylation was 

called CaM-PK III. My studies show that in pancreatic cytosol, Mn2+ 

could replace the Ca2+ and Mg2+ requirement of CaM-PK III. 

Furthermore both Ca2+ and Mg2+ alone were unable to stimulate the 

phosphorylation of EF-2 in this system. Hence it was demonstrated 

that Mn2+ is a more potent stimulator of EF-2 phosphorylation than 



either Ca2+ or Mg2+; as little as 35 IlM Mn2+ stimulated EF-2 

phosphorylation in pancreatic cytosol. 
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Elongation factor 2 had previously been cloned and sequenced 

(Kohno et al., 1986), consequently the focus of my research was 

shifted towards purifying the Mn2+-stimulated kinase. The Mr of the 

kinase was determined to be 150 kDa, from gel filtration 

chromatography. This is in reasonable agreement with a size 

estimate of 140 kDa determined independently by Nairn and 

coworkers (1985) and Ryazanov and coworkers (1988) who partially 

purified the kinase, from rat pancreas and rabbit reticulocytes, 

respectively. A 90 kDa protein that phosphorylates EF-2 has 

recently been purified from rabbit reticulocytes (Nilsson et al., 1991). 

This kinase has an pI of 5.2 (Nygard et al., 1991), which is less acidic 

than 4.5, determined for the Mn2+-stimulated kinase. These 

differences in both size and pI may indicated that there is more than 

one isozyme of CaM-PK III. 

Covalent modification of proteins by phosphorylation is one of 

the most characterized signalling mechanisms used to regulate 

protein and cellular function. Protein translation is a complex 

process which involves over a hundred proteins. At least 20 of these 

have been identified as phosphoproteins and are thus potential 

regulators of translation (Hershey, 1989). The majority of attention 

has been focused on eIF-2 which is involved in positioning the first 

Met at the P-site of the ribosome, via a eIF-2· GTp· Met-tRNA. When 

eIF-2 is phosphorylated it can no longer release GDP and bind 
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another GTP, thus blocking protein synthesis initiation (Hershey, 

1989). There are two kinases that phosphorylate eIF-2, both at 

SerS1 • Heme-regulated inhibitor (HRI) is a 95 kDa kinase that 

phosphorylates eIF-2 in reticulocyte lysates deprived of heme. The 

second kinase, double-stranded RNA-activated inhibitor (DAI) is a 67 

kDa protein whose activity is increased by double stranded RNA. 

Likewise, the phosphorylation of EF-2 also has an inhibitory effect on 

protein synthesis, which is manifested at the elongation phase 

(Ryazanov, 1987, Nairn & Palfrey, 1987) by reducing the affinity of 

EF-2 for the ribosome (Carlberg et al., 1990). Not all phosphorylated 

components of protein synthesis inhibit protein synthesis: the 

phosphorylation of the 40S small ribosomal protein subunit, S6, by 

86 kinase is required for protein synthesis initiation (Thomas et al., 

1980; Burkhard & Traugh, 1983) 

A number of studies have suggested that EF-2 not only is 

phosphorylated, but that it can be phosphorylated and 

dephosphorylated in response to extracellular factors. The enzyme 

responsible for the phosphorylation of EF-2 is CaM-PK III (Ryazanov, 

1987; Nairn & Palfrey, 1987) which is highly specific for EF-2. In 

contrast, two phosphatases PP2A and PP2C, dephosphorylate EF-2 

(Redpath & Proud, 1990; Gschwendt et al., 1989). Furthermore, these 

phosphatases are not specific for EF-2, but act on a broad range of 

substrates (Cohen, 1989). 

The effects of extracellular factors on the degree of 

phosphorylation of EF-2 was first observed in PC12 cells and was 
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made before its identification as EF-2 (End et al., 1983). End and 

coworkers (1983) observed that when cell extracts were prepared 

from PC 12 cells exposed to nerve growth factor (NGF), the degree of 

phosphorylation of a 100 kDa protein was less than that from cells 

that had not been exposed to NGF. At the time of this observation 

this protein was termed Nspl00. Subsequently the kinase 

responsible for the phosphorylation of Nspl00 was partially purified 

and shown to have an Mr of 110-130 kDa and a requirement for 

Mg2+ or Mn2+ (Togari & Guroff, 1985). Later, evidence was 

presented that Nspl00 and Nspl00 kinase were EF-2 and CaM-PK 

III, respectively (Nairn et al., 1987; Koizumi et al., 1989). Further 

characterization of the effect of NGF on EF-2 phosphorylation in PC12 

cells demonstrated that NGF reduces the activity of CaM-PK III 

(Nairn et al., 1987). In intact PC12 cells forskolin mimics the effect 

of NGF (Nairn et al., 1987). This suggested the involvement of cAMP 

in transducing the signal from NGF to CaM-PK III. Though the effect 

of both NGF and forskolin was not rapid, the time for 50% reduction 

of CaM-PK III activity was 2-3 hours (Nairn et al., 1987). Removal of 

both NGF or forskolin allowed a slow recovery of CaM-PK III activity, 

however, this recovery was prevented by the addition of the protein 

synthesis inhibitor, cycloheximide (Nairn et al., 1987). Since cAMP

dependent protein phosphorylation is typically a rapidly activated 

event, the transient phosphorylation of CaM-PK III probably does 

not occur by a cAMP dependent kinase. Using cAMP-PK-deficient 

and wild type PC12 cells Brady and coworkers (1990) demonstrated 
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that cAMP-PK was required for the down regulation of CaM Pk-III 

by NGF as well as forskolin. The activation of cAMP-PK was maximal 

however at 5 min which is in stark contrast with the 2-4 hours 

required for 50% reduction in CaM-PK III activity. Clearly the 

communication from cAMP-PK to CaM-PK III, in this instance at 

least, is not direct. There is much debate on which second messenger 

pathway(s) is triggered by NGF, and in particular the involvement of 

the cAMP second messenger pathway (reviewed in Levi & Alema, 

1991). The most recent studies suggest that activation of PK-A by 

elevated cAMP is not central to many of the NGF induced responses 

in PC 12 cells, including neuronal differentiation (Damon et al., 1990; 

Ginty et al., 1991). 

In contrast to the questionable role of a cAMP dependent 

second messenger system in the reduction of CaM-PK III activity by 

NGF, the stimulatory effect of cAMP on protein translation has been 

known for many years (Malkin & Lipmann, 1969). More recently, 

Sitikov and coworkers (1988) have correlated cAMP activation of 

protein synthesis, in a cell free translation system, with 

dephosphorylation of EF-2. This implies that cAMP is activating a 

protein phosphatase and/or inactivating CaM-PK III. It seems 

unlikely that cAMP is activating a phosphatase because the protein 

phosphatases activated by cAMP, PP-l and PP-2B (Cohen, 1989) 

have not been shown to dephosphorylate EF-2 (Gschwendt, 1989; 

Redpath & Proud, 1990). It is perhaps more likely that cAMP 

inactivates CaM-PK III, in a cell free translation system. This has 
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been demonstrated by kinetic studies using CaM-PK III purified 

from erythrocytes that indicate cAMP is a competitive inhibitor for 

ATP binding to the kinase (Nilsson, et al., 1991). However, the 

concentrations of cAMP (1 mM or more) required for inhibition, 

suggests that in vivo cAMP is not a regulator of CaM-PK III activity 

(Nilsson et al., 1991 ). 

Other factors have also been investigated for their effects on 

EF-2 phosphorylation. When serum deprived human fibroblasts 

were treated with serum, bradykinin, vasopressin and EOF, 

intracellular Ca2+ concentration increased rapidly (5-10 s) (Palfrey et 

a/., 1987). The increase in Ca2+ was followed by a transient increase 

(2-10 fold) in EF-2 phosphorylation which was maximal by 1 min. 

The effect of EOF was dependent on extracellular Ca2+, whereas the 

effect of serum, bradykinin and vasopressin was not. Increased EF-2 

phosphorylation following elevated intracellular Ca2+ concentration 

was also observed in human umbilical vein endothelial cells, which 

were stimulated with thrombin or histamine (Mackie et a/., 1989). 

Forskolin, however, had no effect on EF-2 phosphorylation in the 

human umbilical vein endothelial cells. This is in contrast to results 

obtained when PC12 cells were incubated with forskolin (Nairn et al., 

1987). 

Other effectors of EF-2 phosphorylation include arniloride 

analogs. Amiloride blocks the Na+/H+ exchanger and also inhibits 

protein synthesis. When the effect of (N-ethyl-N

Isopropyl)amiloride (EIPA) on EF-2 phosphorylation was 
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investigated, phosphorylation was increased (Demo lIe et 01., 1990). 

The phorbol ester 12-0-tetradeanoylphorbol-13-acetate (TPA) has 

been proposed to induce a phosphatase in mouse epidermal cells that 

is capable of dephosphorylating phosphorylated EF-2 (Gschwendt e t 

01., 1988). The molecular weight of this phosphatase was estimated 

from gel filtration to be 38 kDa (Gschwendt et 01., 1988). The size of 

this phosphatase is in close agreement to that of the PPI (37 kDa) 

and PP2A (36 kDa) catalytic subunits (Cohen, 1989). PP2A is 

believed to be active against EF-2, but PPI is not (Gschwendt, 1989; 

Redpath & Proud, 1990). A follow up paper by Gschwendt and 

coworkers (1989) demonstrated that the TPA stimulated 

phosphatase was indeed PP2A. Thus a kinase and a phosphatase 

responsible for inactivation and activation, respectively, of EF-2 

activity have been identified. PP2A has a very broad range of 

substrates. In contrast, CaM-PK III has only one substrate, EF-2. 

Thus CaM-PK III phosphorylation of EF-2 offers the cell an extremely 

specific means of inhibiting protein synthesis. These observations, in 

conjunction with my experiments, that demonstrate that Mn2+ can 

specifically stimulate CaM-PK III activity in the pancreas, support 

the hypothesis that Mn2+ has regulatory function in the exocrine 

pancreas 
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