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ABSTRACT 

Previous studies have suggested that manganese (Mn) deficiency is associated with 

increased pancreatic amylase activity in rats. The present study investigated whether 

this increase in amylase activity is a result of increased pancreatic amylase messenger 

RNA (mRNA) levels. Weanling rats were fed a high carbohydrate diet containing either 

39.6 ppm (control) or 0.5 ppm (deficient) manganese for 4 to 8 weeks. Manganese 

deficiency was confirmed by determining hepatic manganese content which was 

significantly lower in Mn-deficient rats than in the respective controls. Pancreatic RNA 

was size-fractionated on formaldehyde gels, and hybridized with 32P-labeled 

complementary DNAs (cDNA) for amylase and trypsinogen. Amylase mRNA levels were 

increased significantly in both 4 week (200%) and 8 week (250%) Mn-deficient rats 

when compared with their respective controls. In contrast, manganese deficiency was not 

associated with alternations in trypsinogen mRNA levels. Moreover, in vitro translation 

of the pancreatic mRNA indicated that manganese deficiency increased amylase mRNA 

levels supporting the Northern Blot analysis. Insulin and corticosterone, hormones 

known to increase amylase mRNA levels, were not affected by Mn-deficiency. These 

observations suggest that manganese may participate in the regulation of amylase gene 

expression. 



INTRODUCTION 
1 0  

Manganese, an essential trace element in animal tissues, is found at relativel/ high 

levels in the pancreas and liver(1). The abundance of manganese in the liver may reflect 

the importance of this divalent cation in the regulation of hepatic giuconeogenesis(2). 

The reasons for the relative abundance of manganese in the pancreas are less clear. 

Manganese is actively absorbed by the pancreas from the systemic circulation. 

Numerous observations have demonstrated that this divalent cation may participate in 

the regulation of pancreatic function. In vitro, manganese directly enhances enzyme 

secretion in the rat (3), mouse (4), and guinea pig (5) pancreas, and also directly 

modulates the rate of protein synthesis in rat pancreatic acini (6). 

Approximately 95% of pancreatic protein synthesis is directed toward the production 

of digestive enzymes (7). One of the major enzymes that the pancreas produces is 

amylase, which has a molecular weight of 56,000 Da (8). The synthesis of amylase in 

pancreatic acinar cell is enhanced by insulin and glucocorticoids. This synthesis appears 

to be regulated at the level of mRNA synthesis or mRNA degradation (9, 10). 

Biochemically, manganese can either bind directly to a substrate (such as ATP) or to 

proteins, which serve as enzyme activators or cofactors. Manganese-activated enzymes 

include glucosyltransferase, arginase, pyruvate carboxylase, and manganese-superoxide 

dismutase. Manganese also seems to be intimately involved in the synthesis of protein, 

DNA, and RNA (11). Several observations suggest that manganese may participate in the 

regulation of carbohydrate metabolism. Pathologically, manganese deficiency has been 

shown to cause swelling in the endoplasmic reticulum (12). Further manganese-

deficient rats on a high carbohydrate diet have significantly elevated levels of pancreatic 

amylase(13). However, pancreatic acini isolated from these animals exhibit normal 
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secretory dynamics in response to cholecystokinin (14). In contrast, second-generation 

manganese-deficient rats exhibit hyperglycemia as a result of decreased pancreatic 

insulin levels and decreased insulin secretion (2). 

To determine the role of manganese in the regulation of pancreatic amylase gene 

expression, experimental rats were fed a manganese deficient or normal diet (control) 

for 4 or 8 weeks. Nothem analysis were employed to determine the effect(s) of reduced 

manganese in the diet on the steady state concentration of amylase mRNA in an effort to 

elucidate the idea manganese in amylase gene expression. 



LITERATURE REVIEW 
1 2  

The functions of the pancreas are digestion and assimilation of food. The pancreas 

consists of the exocrine pancreas, which synthesizes and secretes a variety of digestive 

enzymes in a bicarbonate pancreatic juice, and the endocrine pancreas which 

synthesizes and secretes hormones. Morphologically, the exocrine tissue is arranged in 

an acinar configuration around a lumen, while the endocrine tissue is comprised of the 

islets of Langerhans. 

THE ENDOCRINE PANCREAS 

Several types of endocrine cells are dispersed throughout the exocrine organ. 

Beta cells, which secrete insulin, comprise about 80% of endocrine cells. The three 

other major types of cells are the Alpha cells, which produce glucagon, the 0 cells 

which produce somatostatin, and the F cells which produce pancreatic polypeptide 

(PP)  -

Numerous studies have shown these endocrine islet hormones regulate the exocrine 

pancreas. For example, the Beta cell-toxins alloxan and streptozotocin were used to 

study acute effects of experimental diabetes. After Beta-cell toxin administration to 

rats, Snook and co-workers (15) found that plasma insulin levels were decreased 

which caused a significant decrease in trypsinogen, chymotrypsinogen, and lipase 

content. Other experiments using diabetic rats demonstrated decreased amylase 

synthesis which was independent of the increased glucocorticoid secretion seen in 

diabetes (16). 

Glucagon, somatostation, and pp also influence the exocrine pancreas and may act 

via the islet-acinar portal blood system. In contrast to insulin, they act as inhibitory 
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regulators. For example, several experiments in both humans arid dogs have 

demonstrated that glucagon infusion will decrease pancreatic juice volume coupled 

with protein, amylase, and bicarbonate content (17, 18, 19). 

Pancreatic digestive enzymes can also be regulated by a number of nutritional 

factors including protein, carbohydrate, fat, trace elements. However, the hormones 

insulin and glucocorticoids are the primary regulators of the biosynthesis of amylase. 

Insulin 

Insulin is synthesized by the Beta cells of the pancreas as a preprohormone which 

is then processed post-translationally to yield the biologically active molecule. It is 

now well established that insulin regulates amylase gene expression in the exocrine 

pancreas. In insulin-deficient states pancreatic amylase and amylase mRNA are 

decreased (9), and can usually be restored by insulin treatment to diabetic animals. 

Palla and co-workers (20) demonstrated that the effect of insulin was due to 

stimulation of amylase synthesis and not to an effect on enzyme secretion. Futhernnore, 

insulin resistance in obese rats is associated with a decrease in pancreatic amylase 

gene expression at the transcriptional level or from a decreased stability of amylase 

mRNA (21). However, insulin may not directly regulate amylase gene expression. 

Soling and Linger (16) determined that insulin may play a permissive role, in that a 

continuous supply of insulin is required for sufficient amylase-messenger RNA 

synthesis. 

Steroid Hormones 

Steroid hormones exert many of their effects on target cells by modulating the gene 

expression of specific proteins. Previous studies have suggested that glucocorticoids 
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are important regulators of pancreatic amylase gene expression. In vivo, 

glucocorticoids induce a premature initiation of amylase synthesis in fetal pancreas of 

rats and chicks (22, 23, 24), which lead to a premature increase in amylase content 

in newborn animals compared to the level seen in adults (25). In the adult rat, 

adrenalectomy selectively reduces both amylase mRNA levels and pancreatic amylase 

concentration (26). These effects are reversed by treatment with exogenous 

glucocorticoids (27). In vitro studies using AR42J cells, which were derived from a 

chemically induced carcinoma of the acinar pancreas, indicate that glucocorticoids 

increase amylase concentration and mRNA levels (10). These data provide strong 

evidence for a direct influence of glucocorticoids on pancreatic amylase. However, it is 

still unknown whether the regulation of amylase is mediated by glucocorticoids and 

insulin separately, or if their action on the pancreas is dependent upon the presence of 

both insulin and glucocorticoids. 

THE EXOCRINE PANCREAS 

The exocrine pancreas consists of acinar, centroacinar, and ductal cells. 

Structurally, ducts are surrounded by acinar cells. Duct cells lining an acinus are 

termed centroacinar cells. Centroacinar and duct cells which release fluid and 

electrolytes, mainly bicarbonate, comprise about 11% of the pancreas of rat (28). 

The acinar cells, which synthesize and secrete digestive enzymes, constitute 95% of 

the pancreas (29). Enzyme secretion from the acinar cells is activated 

physiologically by the gut hormones-cholecystokinin (CCK) and secretin, and by the 

neurotransmitters acetylcholine (Ach) and vasoactive intestinal peptide (VIP). Other 

peptides such as bombesin, substance P, and peptide histidine isoleucine (PHI) also 
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can act as secretagogues. In addition, regulatory agents that may modulate secretion 

include insulin, epidermal growth factor (EGF), and somatastatin (30). 

REGULATION OF GENE EXPRESSION IN THE PANCREAS 

The expression of pancreatic genes is regulated at the level of both transcription and 

translation. There are five genes in the nucleotide sequences which encode rat pancreatic 

exocrine proteins including two forms of cationic proelastase (31), anionic 

chymotrypsinogen (32) and two closely related forms of anionic trypsingen (33). 

Transcription 

Gene transcription begins with the functional insertion of RNA polymerase near the 

recognized sequence on separated DNA strands to initiate RNA synthesis. For eucaryotic 

cells, there are multiple genetic elements, called promoter, which control the frequency 

of transcriptional initiation. Most promoters have a consensus sequence called the TATA 

or Hogness box, between 30 and 110 base pairs (bp) upstream of the startpoint. 

However, in some cases, the promoter lacks a TATA box such as the mammalian terminal 

deoxynucleotidyl transferase gene (34). 

Promoters may contain additional conserved sequences which have been shown to be 

involved in transcription such as CAAT boxes, or GC boxes, located upstream from the 

TATA box (35). Schibler and co-workers have reported that the mouse alpha-amylase 

gene Amy 1, which codes for parotid and liver amylase, has two transcriptional 

promoters (36, 37, 38). A strong promoter is active only in the parotid gland. A 30-

fold weaker promoter located 2.8 kilobase pairs (Kb) down-stream from the strong one 

directs the synthesis of mRNA containing a liver-type leader sequence. This weaker 

promoter is active in the pancreas and in all alpha-amylase-producing tissues (38, 
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39). The general organization of the rat Am/ 1 gene promoter is similar to that of the 

mouse (39). However, the distance between the two promoters in the rat gene is more 

than double (6 Kb) that measured in the mouse gene. In addition, the weaker promoter is 

only significantly active in rat liver cells. The mouse alpha-amylase gene Amy 2, which 

codes for pancreatic amylase, has just one strong promoter and is only active in the 

pancreas (40). 

Transcription can be increased by enhancers which increase promoter activity on the 

same molecule of DNA. Enhancers can function bidirectionally and in any location 

(upstream or downstream) relative to the promoter. One enhancer consensus sequence 

has been defined as CAQGTGGC. This sequence typically resides 100 to 300 bp upstream 

from the transcription start site for SV40 genome (41). However, for eukacyotic genes, 

enhancer location is variably. For example, the erythroid cell-specific enhancer of the 

chicken beta-globin gene is located at 3' end (42), and the enhancer of immunoglobulin 

heavy chain (IgH) genes is located in the intron (43). 

Swift and co-workers (44) used transgenic mice to obtain evidence that tissue-

specfic enhancer elements are also present in the 5' flanking sequences of pancreatic 

genes. Developmental^ coordinated proteins synthesized in the pancreatic acinar cell 

may interact with such enhancer sequences and activate genes in a tissue-specific 

manner. However, the activity of an enhancer can be regulated by silencers. Therefore, 

gene activity may sometimes be controlled by preventing an enhancer from functioning. 

Transcription initiation occurs when the RNA polymerase recognizes the promoter, 

and the first nucleotide is incorporated at the transcription startpoint. RNA is 

synthesized from nucleoside 5' triphosphated precusors. Elongation occurs as nucleotides 

are covalently added to the 3' end of the growing RNA polynucleotide chain. Meanwhile, 

the DNA double helix must continue to unwind to expose a new segment of single-stranded 
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DNA template. When RNA polymerase recognizes the termination codons (UAG, UAA, 

UGA), no futher bases are added to the chain. After the last base is added to the RNA chain, 

the RNA polynucleotide chain and polymerase enzyme are released and the DNA resumes 

its duplex state. 

Processing mRNA. The primary transcriptional product includes both exons 

containing amino acid coding sequences and introns containing non-coding sequences. 

Some of the introns in nuclear structural genes have a short consensus sequence at the 

exon-intron boundaries-the dinucleotide GU at the 5' end of introns and the dinucleotide 

AG at the 3' end of introns. Splicing processes simultaneously remove intron sequences 

and link exon sequences to form a mature mRNA structure. Although there are several 

pathways for splicing, a small nuclear RNA (snRNA) termed U1, which has sequences 

that are complementary to both 5* and 3' terminal Intron sequences, is believed to be 

involved. 

Mature mRNA contains a coding region defined by the AUG initiation codon and the 

downstream sequence extending to an in-frame termination codon. In each mRNA the 

coding region is flanking by 5' and 3' non-translated regions. The non-translated 5' 

leader is relatively short, usually less than 100 bases. All eucaryotic mRNAs have a 

methylated cap at the 5' end. The 5' terminal residue of pre-mRNA is capped by an 

inverted guanosine residue methylated in the 7 position. The ribosomes of eucaryotic 

cytoplasm must recognize the methylated cap to initiate translation. Cap binding 

proteins in the ribosome 40S subunits are required to form the initiation complex of 

protein synthesis. The cap may also function to protect mRNA from degradation caused by 

5' exonucleases in the cell cytoplasm (45). 
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Most eucaryotic mRNA molecules contains a polyadenylation signal for the addition of 

a poly(A) tract at the 3' non-translated region. The poly(A) sequence is not coded for in 

the DNA, but is added to the RNA in the nucleus after transcription. The addition of 

poly(A) is catalyzed by the enzyme poly(A) polymerase, which adds about 200 A 

residues to the free 3' end of the mRNA. The non-translated 3' flanking region may be 

involved in regulation of mRNA turnover (46). 

Regulation of transcription. The amount of eucaryotic messenger RNA present in 

a cell is influenced by DNA transcription rates, RNA processing and transport 

efficiencies, and rates of mRNA turnover. One model for controlling eucaryotic gene 

expression assumes a structural gene is positively controlled by an adjacent receptor 

site. Expression is activated by an activator RNA which is synthesized by an integrator 

gene. However, the integrator gene is externally controlled by a sensor site which is 

responsive to hormones. 

Steroid hormones use specific, high-affinity receptors on the target cells to mediate 

physiological responses. Binding of hormone to these receptors results in a structural 

alteration in the receptor protein, allowing the steriod-receptor complex to enter the 

cell and bind tightly to acceptor sites within the nucleus (47). The association of 

steroid-receptor complexes with specific DNA sequences in the 5' flanking regions of 

gene allows their respective gene promoters to function transcriptionally. 

One pathway of signal transduction is mediated by G proteins and protein kinase C. 

Once a hormone binds to its specific receptor, the hormone-receptor complex may 

stimulate a G protein to release its alpha subunit. Hydrolysis of GTP bound to the alpha 

subunit activates adenylate cyclase which is an enzyme associated with the plasma 

membrane. Adenylate cyclase converts ATP into cyclic AMP, a second messenger, which 
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activates protein kinase A. Protein kinase A can then phosphorylate proteins directly 

involved in gene expression. Alternatively, when cells are stimulated, the signal-

induced turnover of inositol phospholipids may produce diacylglycerol, which activates 

protein kinase C. Subsequent phosphorylation of certain protein may regulate gene 

expression. Interestingly, tumor-promoting phorbol esters inserted into the cell 

membrane may substitute for diacylglycerol and permanently activate protein kinase C. 

This enzyme probably serves as a receptor for the tumor promoters. 

Determination of mRNA frequency distributions has demonstrated that the processing 

efficiency of pre-mRNA and cytoplasmic turnover of mature mRNA may play critical 

regulatory roles in the rate of gene transcription (48). Although mRNA in the 

eucaryotic cytoplasm is reasonably stable, an experiment comparing the size 

distribution of labeled mRNAs to indicate rapid turnover rates showed that the smaller 

mRNAs were more stable. In fact, pancreatic RNA has a relatively rapid turnover with 

an apparent half-life of about 6 to 8 hr (49, 50). 

Translation 

Protein synthesis occurs in three stages: initiation, elongation, and termination. 

Initiation occurs when the initiator tRNA binds to the start signal of mRNA, and occupies 

the P (peptidyl) site on a ribosome. Elongation starts with the binding of an aminoacyl-

tRNA on other tRNA-binding site on the ribosome called the A (aminoacyl) site. A peptide 

bond then forms between the amino group of the incoming aminoacyl-tRNA and the 

carboxyl group of the formylmethionine carried by the initior tRNA. The resulting 

dipeptidyl-tRNA then moves from the A site to the P site, and the initiator tRNA molecule 

leaves the ribosome. An aminoacyl-tRNA then binds to the vacant A site to start another 

round of elongation, which proceeds as described above. The binding of aminoacyl-tRNA, 
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the movement of peptidyle-tRNA from the A site to the P site, and the associated 

movement of the mRNA to the next codon are powered by the hydrolysis of GTP. 

Termination occurs when a stop signal on the mRNA is read by a protein release factor, 

leading to the release of the completed polypeptide chain from the ribosome. 

Cellular processing of protein in the exocrine pancreas. 

In contrast to the cytoplasmic proteins which are synthesized on free polysomes, 

pancreatic secretory proteins are synthesized on polysomes which are attached to the 

rough endoplasmic reticulum (RER). The mRNA codes for a hydrophobic signal sequence 

near the N-terminal end of the secreted protein. Segregation occurs when this sequence, 

followed by the rest of the polypeptide chain passes through a "tunnel" in the membrane 

of the endoplasmic reticulum (ER). A signal peptidase immediately cleaves the signal 

sequence from the peptide in the interior of the ER, and the three dimensional structure 

of the protein prevents futher crossing through the membrane (51, 52, 53). 

The secretory proteins are transported through the cisternae of the RER. They leave 

the ER in small vesicles which fuse with the cis face of the Golgi complex. After futher 

processing in the Golgi, the proteins are package into condensing vacuoles with bud from 

the trans face of the Golgi (54, 55). This processing can be blocked by inhibitors of 

oxidative phosphorylation (56, 57). The secreted digestive enzymes are then 

concentrated in the condensing vacuoles. Mature condensing vacuoles futher concentrate 

into zymogen granules (ZG). These aggregate about 20 pancreatic secretory proteins 

until they are discharged. During discharge, the ZG membrane fuses with the plasma 

membrane on the apical surface of the cell, allowing the secretory proteins to leave the 

acinar cell and enter the lumen of the secretory duct. 
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AMYLASE 

Characteristics of Amylase 

There are two major classes of amylases: alpha-amylase and beta-amylase. The 

alpha-amylases cleave the internal glucose linkages while conserving their alpha-

configuration and the major product is branched dextrins. In contrast, beta-amylase 

hydrolyzes external glucose linkages, thus yielding mostly maltose and little glucose. A 

comparison of the amino acid compositions of amylases from a wide variety sources 

shows sequence homology among the mammalian, fungal, and bacterial alpha-amylases 

but reveals no evolutionary relationship between the alpha-amylases and the beta-

amylases of plants. French (58) found that mammalian, fungal and bacterial alpha-

amylases have molecular weights around 50,000 Da and contain one Ca2+ ion per mole 

of enzyme for maintaining structural integrity. However, the plant beta-amylases do 

not contain a metal, and are sensitive to sulfhydryl reagents. 

Amylase is a major product of the pancreas and the parotid gland (59). The liver 

also produces amylase, but in relatively low quantities. Harding and Rutter (22) 

demonstrated that total RNA isolated from the parotid gland contains about 3,000 times 

as much amylase mRNA as does total RNA isolated from the liver. The liver, however, 

is a prominent source of serum amylase in the normal animal. 

Pancreatic amylase is an alpha-amylase (alpha-1,4-glucan-4-glucanohydrolase, 

E C 3.2.1.1.). The calculated molecular weight of the rat amylase propeptide is 

56,570 Da including amino-terminal residues (8). Rat pancreatic amylase precusor 

has a similar molecular weight of 58,000 Da when synthesized in vitro (60). From 

isoelectric fractionation studies, Sanders and Rutter (61) showed that purified rat 
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pancreatic amylase has two isoelectric points of pH 8.77 and 8.95 and these isozymes 

have slightly different specific activities of 745 and 755 units per mg, respectively. 

Amylase Gene Family 

The alpha-amylase are a multigene family (22) in eucaryotes. In the rat, analysis 

of the alpha-amylase mRNA has indicated that the rat genome contains multiple related 

amylase genes which are expressed in the pancreas, parotid, and liver. The genes 

encoding the parotid and pancreatic amylases have been designed Amy 1 and Amy 2, 

respectively (62). Presumably a single gene encodes both parotid and liver amylase 

(37). The amylases isolated from the pancreas and parotid have different 

immunological reactivities and peptide maps (61, 63). A study of the thermal 

stability of amylase cDNA-RNA hybrids indicated greater than 90% sequence homology 

among pancreatic, parotid and liver amylase mRNA. However, liver and parotid 

amylase mRNA nucleotide sequences are more similar than the pancreatic amylase 

mRNA sequence (22). Pancreatic and parotid amylases mRNAs differ in size and liver 

amylase mRNA is larger than either the pancreatic or the parotid mRNAs (22). 

Rat Pancreatic Amylase mRNA 

Amylase mRNA is present in all acinar cells but not in other types of pancreatic 

cells. The full length of the pancreatic amylase mRNA is estimated to be 1690±30 

nucleotides (64). The entire coding region of rat pancreatic amylase mRNA is 

approximately 1,551 nucleotides long, encoding 517 amino acids (8). MacDonald and 

co-workers reported, from cloned amylase mRNA sequences, the length of the 5'-

untranslated region was estimated to be 75+30 nucleotides. Futhermore, pancreatic 

amylase mRNA has a very short 3-untranslated region compared with other 
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eukaryotic mRNA. The 3'-untranslated region is only 35 nucleotides in addition to the 

poly A tract. The short untranslated regions of amylase mRNA suggest that these 

sequences do not contain extensive regulatory or recognition sequences or that the 

major portions of these sequences have been incorporated into the amino acid coding 

sequence. Most polyadenylated mRNA sequence has a hexanucleotide AAUAAA about 20 

nucleotides from the poly A sequence present in the 3' untranslated region. A very 

similar hepanucleotide sequence, AAUUAAA, is present 19 nucleotides from the poly A 

in amylase mRNA. The conservation of sequence and position of this oligonucleotide 

implies that it serves as a signal sequence for the addition of poly A (64). 

MANGANESE 

Biochemistry of manganese 

Manganese has been known as an essential trace element since 1931 when Orent 

and McColium (65) found poor growth and abnormal reproduction in Mn deficient rats. 

Until 1972, the first and only recognized case of human manganese deficiency was 

reported by Doisy (66), but, this was a study working on vitamin K deficiency in a 

volunteer under metabolic ward conditions. The patient had symptoms of weight loss, 

transient dermatitis, slow growth of hair and nails, and hypocholesterolemia. 

A 70 kg adult human body contains 10 to 20 mg of manganese (67). Generally, 

higher manganese concentrations are seen in mitochondria rich tissues, such as liver, 

pancreas and especially the pituitary gland. Both excretion and absorption play 

important roles in manganese homeostasis. The mechanism of manganese absorption 

involves initial uptake from the lumen of the gut and then transfer across the mucosal 

cells. Garcia-Aranda and co-worker (68) have reported that the absorption of 
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manganese could be enhanced by low molecular weight llgands such as L-histidine and 

citrate. Absorbed manganese is transported as a complex by the globulin, 

transmanganin, which is a specific manganese-carrying plasma protein (69). One 

manganese atom apparently binds to more than one globulin molecule (69). Absorbed 

manganese rapidly appears in the bile and is excreted almost exclusively in the feces, 

almost none appears in the urine (70). Excretion also occurs via pancreatic juice, and 

reabsorption into the lumen of the duodenum, jejunum, and ileum. 

Like other essential trace metals, manganese is a constituent of metalloenzymes and 

functions as an enzyme activator. For manganese-activated reactions, the metal can act 

directly by binding to the substrate (such as ATP) or to the protein, and subsequently 

changing the conformation. The number of manganese metalloenzymes is limited. 

However, the enzymes that can be activated by manganese are numerous including 

hydrolases, kinases, decarboxylases, and transferases (71). Many of these metal 

activations are nonspecfic, so that manganese can be partly replaced by other metal 

ions, particularly magnesium. Even the manganese metalloenzyme-pyruvate 

carboxylase can tolerate partial substitution by magnesium with only a minor 

alteration in the catalytic properties of the enzyme. Another example of a manganese-

activated enzyme that can be affected by dietary manganese deficiency is 

phosphoenoipyruate carboxykinase. This manganese-activated enzyme has an unusual 

competing cation, Fe+2, not Mg+2 (72). 

One exception is the manganese-specific enzyme glycosyltransferase. Other divalent 

cations will not activate this enzyme, and manganese deficiency will result in a low 

activity of this enzyme class (71). In contrast to the manganese-activated enzymes, 

there are few manganese metalloenzymes. Manganese-containing enzymes include 
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arginase (EC 3.5.3.1 ;MW 120,000), pyruate carboxylase (EC 6.4. 11; MW 

500,000) arid manganese-superoxide dismutase (EC 1.15.1.1; MW 80,000). 

Manganese may participate in the regulation of various pathways that control 

carbohydrate homeostasis. Everson and Shrader (73) found that second-generation 

manganese deficient guinea pigs fed manganese deficient diets from birth to 60 days of 

age had abnormal glucose tolerance curves and decreased utilization of glucose. 

Histological examination showed that the manganese deficient animals had 

hypertrophied pancreatic islet tissue with degranulated Beta-cells and an increased 

number of alpha-cells. In manganese deficient rats, glucose tolerance was abnormal 

and insulin release from the pancreas was depressed (74). In addition to the effect of 

manganese on carbohydrate utilization, manganese is also involved in gluconeogenesis. 

Gluconeogenesis is the process by which glucose is synthesized from lactate, pyruvate 

and certain amino acids. This process has three rate-limiting steps. Mn2+ increases 

the specific activity nearly 20% at the step of glucose formation from lactate plus 

NaHC03. This step may be attributed to an increased exchange reaction of either 

pyruvate carboxylase or phosphoenolpyruvate carboxykinase, and one of these 

enzymes may be markedly stimulated by manganese (75). 

Manganese is abundant in nuclei and seems to be involved in DNA, and RNA 

synthesis (11). In the cytoplasm, manganese deficiency has been shown to affect 

protein synthesis and cause swelling of the endoplasmic reticulum (12). The DNA-

manganese complex was first reported by Wiberg and Newman (76). They concluded 

from its dissociation constant that manganese binds to DNA more strongly than other 

metals. Manganese and other cations stabilize the secondary structure of DNA by their 

electrostatic interaction with the negatively charged phosphate group. Since minute 

quantities of manganese were detected during the isolation of RNA and DNA, it was 
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suggested that manganese may bear a functional relationship to protein synthesis and 

i 

the transmission of genetic information. 

Luck and Zimmer (77) indicated that manganese can stimulate RNA polymerase and 

DNA polymerase activities in the mammalian system, and thus cause an increased 

protein levels. Mammalian cells exhibit two types of RNA polymerase activity, one of 

which requires manganese (78). Manganese also affects the DNA polymerase activities 

in human placenta and rat liver nuclei. For RNA chain initiation manganese was found 

to be a better effector than magnesium. For RNA chain elongation either manganese or 

magnesium acted as an effector, however, a high concentration (3mM) of manganese 

was inhibitory (79). 

Manganese and the Pancreas 

Because of the relative high levels of manganese found in the pancreas (80), it has 

been suggested that this divalent cation may participate in the regulation of pancreatic 

function. This hypothesis is supported by several observations. Manganese is actively 

taken up from the systemic circulation by the pancreas, and the concentration of 

manganese in the pancreatic duct is greater than in the blood (81). Second-generation 

manganese-deficient animals may exhibit ultrastructeral damage or complete atrophy 

of the pancreatic acinar cell (12, 82). These animals also exhibit beta cell dysfunction 

that is manifested by decreased insulin secretion and synthesis, and enhanced insulin 

degradation (83). 

Numerous studies have also demonstrated that manganese has direct effects on the 

exocrine pancreas. Manganese stimulates amylase secretion in the guinea pig (5), rat 

(3), and mouse (4). Manganese also modulates acinar cell protein synthesis (6), 

enhancing synthesis at low concentrations (0.03 mM), and inhibiting synthesis at high 
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concentrations (1 mM). Futher, omission of calcium from the incubation medium 

markedly attenuates the stimulatory effect of manganese on protein synthesis in 

diabetic rat acini (84). 

About 95% of the acinar protein synthesis is directed toward the production of 

digestive enzymes (7). Amylase represents 3-10% of acinar protein, but amylase 

content was twice as high in Mn-deficient rats as in control rats. Brannon and co

workers (13) demonstrated that amylase activity was maximally elevated in Mn 

deficient rats compared to control rats at 8 wk, and then decreased at 10 wk, while 

remaining significantly greater than the controls. 

It is well known that content of as much as 80% of the digestive enzymes is 

dependent on the type of dietery intake. When manganese deficient rats have a high 

carbohydrate, high protein, or high fat diet, they exhibit increases in the content of 

pancreatic amylase, trypsinogen, and lipase, respectively (85). However, in each 

dietary group pancreatic amylase content is greater in the manganese-deficient rats 

than in the corresponding control rats. In contrast, the levels of proteolytic enzymes 

are not altered by manganese deficiency. These findings indicate that manganese may 

play a role in the regulation of pancreatic content of amylase. Taken together, these 

observations support the hypothesis that manganese participates in the regulation of 

pancreatic exocrine function. 
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MATERIALS 

The following materials were purchased: Sprauge Dawley rats ( Arizona Health 

Sciences Center, Division of Animal Resources, Tucson, AZ); Tris(hydroxy methyl) 

amino methane hydrochloride, ethylenediaminetetraacetic acid (EDTA), sodium 

lauroylsarcosine.beta- mercaptoethanol, diethyl pyrocarbonate (DEPC), Denhardt's 

reagent (0.04% polyvinylpyrolidone and 0.04% bovine serium albumin), sodium 

phosphate, sodium dodecyl sulfate (SDS), salmon sperm DNA (ssDNA), sodium acetate, 

3-[N-Morpholino]propanesulfonic acid (MOPs), sodium salicylate, glycogen, calcium 

chloride, sodium tartrate, Folin-Ciocalteau reagent, phenylmethylsulfonyl fluoride 

(PMSF), benzaminde (Sigma Chemical, St. Louis, MO); NaCI, methanol, aceton (EM 

Science, Gibbstown, NJ); trichloroacetic acid (TCA), monobasic sodium phosphate, 

dibasic sodium phosphate (Fisher Scientific, Phoenix, AZ); dextran sulfate, protein A-

sepharose, DEAE sephacel (Pharmacia, Piscataway, NJ); formaldehyde, acetic acid, 

glycerol, NaOH (Mallinckrodt, lnc.,Kentucky, Paris); guanidine isothiocyanate, 

formamide, 14C-labelled protein molecular weight standards, nick translation kit 

(Bethesda Research Laboratories, Gaithersburg, MD); acrylamide, N, N'-methylene-

bis-acrylamide (Bis), TEMED (N.N.N'.N'-tetramethylethylenediamine), ammonium 

persulfate (APS), bromphenol, (Bio-Rad Laboratories, Richmond, CA); Nonidet P-40 

(Partide Data Laboratories LTD., Elmhurst, III); Nytran filters (Schleicher & 

Schuell, Keene, NH); oligo(dT)-cellulose ( Collaborative Research Incorporated, 

Bedford, MA); cell-free translation kit Promega Biotec, Madison, Wl); sodium 
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carbonate (J. T. Baker Chemical Co., Phillipsburg, MJ); cupric sulfate (Matheson 

Coleman & Bell Manufacturing Chemists, Norwood, Ohio); ammonium hydroxide 

(Ashland Chemical Company, Columbus, Ohio); (alpha-32P) dCTP, [35S]-Methionine 

(New England Nuclear, Boston, MA); mouse amylase from pancreas cDNA library 

(pMPA 21) was a gift from Dr. Ueli Schibler (Swiss Institute for Experimental 

Cancer Research); mouse 7S cDNA library (p7S) was a gift from Dr. Tim Bowden 

(University of Arizona ); trypsin plasmid (pTRYP) was a gift from Dr. Raymond J. 

MacDonald (University of Texas at Dallas) and actin plasmid was a gift from Dr. Barry 

Komm (University of Arizona). 

METHODS 

Animals and Diets. Weanling male Sprague-Dawley rats were housed 

individually in hanging stainless steel cages in a temperature and humidity controlled 

environment with a 12 hour light/dark cycle. Rats were fed a purified high 

carbohydrate diet (13) containing either 39.6 ppm Mn (control) or 0.5 ppm Mn (Mn 

-deficient) for 4 or 8 weeks. This diet contained 20% casein, 65% cornstarch, 5% 

cellulose, 5% corn oil, 3.5% AIN-76 mineral mix, 1% AIN-76 vitamin mix, 0.3% 

methionine and 0.2% choline bitartrate. Diet and deionized water were provided ad 

libitum. Rats were fasted 16 hours, and then were sacrificed by decapitation. 

Manganese Analysis. All glassware was acid washed with 2 M nitric acid and 

rinsed with double distilled water (d.d. H2O). Liver samples were dried at 50°C, 

digested using 16 M nitric acid , heated, and diluted with d.d. H2O. Manganese 

concentration was determined (13) with a Hitachi 180-70 flame atomic absorption 
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spectrophotometer using a multi-element lamp at 279.5 nm with a 0.4 nm width slit. 

Standards (0-0.1 ppm) were prepared from a certified manganese standard solution. 

Manganese content was expressed as ug/g (ppm). 

Isolation of total RNA by phenol-chloroform extration method. All 

glassware and microcentrifuge tubes were siliconized (sigmacoted, autoclaved, and 

baked for 2 hours at 250°C), and all solutions were prepared with diethyl 

pyrocarbonate (depc) treated water including deionized distilled water (depc. d.d. 

H2O). RNA was isolated by a modification of the method of Chirgwin and co-workers 

(86). Pancreata were quickly removed from the animals and immediately lysed by 

high speed homogenization in 5 ml of 4M guanidine isothiocyanate, 50 mM Tris-HCI 

(pH 7.6), 10mM EDTA (pH 8.6), 0.2% sodium lauroylsarcosine, 1% beta-

mercaptoethanol. This solution was filtered through 0.45 um Nalgene filter and 

stored at 4°C for up to 1 week. 10 mM vanadyl ribonucleoside complex was added just 

before use. The homogenate was passed through an 18 G needle using a sterile syringe 

about 20 times to reduce the viscosity of the homogenate, and 1/2 volume of 0.1 M 

sodium actate (pH5.2), 10mM Tris-HCI (pH7.4), 1mM EDTA (pH8.0) was added and 

mixed by passage through an 18G needle and syringe 20 times. Phenol (o.1M Tris-Hcl 

pH8.0 saturated) was added (2/3 volume) and mixed by passage through an 18G needle 

and syringe 10 times. Using a sterile borosilicate glass pipette, 2/3 volume of 

chloroform-isoamyl alcohol (24:1) was added to the mixture, which was then shaken 

at room temperature for 10 minutes. The mixture was transferred to Corex tubes, and 

centrifuged at 10,000 Xg for 10 minutes at 4°C. The aqueous phase was removed, 

extracted with 2/3 volume of phenol/chloroform-isoamyl alcohol (1:1) and 
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centrifuged as described before. Phenol/ chloroform-isoamyl alcohol extractions were 

repeated until there was no interface. Then, 2/3 volume of chloroform-isoamyl 

alcohol was added; and the mixture was shaken and centrifuged as before. If there was 

no interface, the aqueous phase was removed to new tubes. Two volumes of 100% cold 

ethanol (-20°C) was added. RNA was precipitated in a dry ice ethanol bath for 1/2-2 

hours or overnight at -80°C, and centrifuged at 10,000 Xg for 30 minutes at 4°C. The 

supernatant was decanted and the pellet was washed twice with 5ml 70% ethanol, 

allowed to air dry. RNA pellets were dissolved in adequate depc. d.d. H20 and quantified 

spectrophotometrically (A260=40 ug RNA/ml). The RNA was stored by reprecipitating 

it in 1/10 volume 3M sodium actate (pH 5.2) and 2 volumes 100% enthanol at 

-80°C. Prior to use the RNA was centrifuged as described and resuspended in depc. d. d. 

H2O to the desired concentration. 

Slot Blot. For quantitative comparisons, total RNA was measured using Slot-blot 

analysis, a modification of the "Spot blotting" technique (87). RNA samples (0.5, 

0.25, 0.125, and 0.0625 ug each ) were denatured in 150 ul of 6.15 M formaldehyde 

and 10X SSC (1X SSC is equal to 0.15 M NaCI and 0.015 M sodium citrate), by heating 

at 65°C for 15 minutes. The Nytran filter was first wetted in H2O, and then soaked in 

10X SSC for 10 minutes. Samples were passed through the Nytran filter by using a 

Schleicher and Schuell slot blot apparatus, and each sample well was washed with 200 

ul of 10X SSC. Filters were air dried then baked at 75°C in a vacuum oven for 1 hour. 
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Hybridization. The filter was placed in a sealed plastic bag containing 100 ul 

prewarmed prehybridization solution per cm2 filter and submerged in a 42°C 

waterbath for 1-2 hours. Prehybridization solution consisted of 50% formamide, 

0.1% SDS, 5X SSC, 2X Denhardt's (1X Denhardt's is equal to 0.02% ficoll, 0.02% 

polyvinylpyrrolidone, and 0.02% bovine serum albumin (BSA)), 250 ugfnnl ss DNA, 

50 mM sodium phosphate (pH 6.5-7.0). Hybridization was carried out with the 

following plasmids: pMPA21, a 1,200 base pairs (bp) complementary DNA (cDNA) 

insert for mouse pancreatic amylase; p7S, a 4,000 bp cDNA for mouse ribonuclease 

and pTRYP, a 405 bp cDNA insert for rat trypsin. cDNAs were labeled with (alpha-

32P) dCTP using a nick translation kit. The filter was then incubated at 42°C for 16-

20 hours in hybridization solution (40% formamide, 0.08% SDS, 4X SSC, 1.6X 

Denhardt's reagent, 200 ug/ml ssDNA, 40mM sodium phosphate pH 6.5-7.0, and 10X 

dextran sulfate), containing nick-translated probe (2-20X105 cpm/ml). After 

hybridization, filters were washed four times in 2X SSC with 0.1% SDS at room 

temperature for 5 minutes, then twice in 0.1 X SSC with 0.1% SDS at 55°C for 15 

minutes, and finally twice in 2X SSC with 0.1% SDS at room temperature for 5 

minutes Filters were wrapped in Saran Wrap and exposed to X-ray film. The intensity 

of the radioactivity was determined by scanning the autoradiograph with a 

densitometer. Before reprobing, filters were boiled for 20 minutes in a solution 

containing 0.1 X SSC, then washed in depc. distilled water. 

Isolation of total RNA by Low Temperature Guanidinium Thiocyanate 

Extration Producedure. Freshly removed tissue (about 1 g) was quickly frozen 

in liquid nitrogen and then placed in 20 ml of 5 M guanidinium thiocyanate solution 

(precooled on ice for 5 minutes; longer times produce crystallization) in a precooled 
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30 ml borosilicate glass tube and immediately homogenized with an ice-chilled 

polytron for 20 seconds at maximum speed. Guanidinium thiocyanate solution 

contained 5M guanidinium thiocyanate, 50 mM Tris-HCI (pH 7.5) , 25 mM EDTA, 8% 

beta-mercaptoethanol (added just prior to use), and was filtered through 0.45 um 

Millipore filter before use. After addition of 0.3 volume of cold 100% ethanol 

(-20°C), the homogenate was mixed and immediately centrifuged at 16,490 Xg for 5 

minutes. After the centrifugation, a protein film at the top of the fluid was removed, 

and the remaining supernatant was discarded by aspiration. Five ml of ice-cold (0°C) 

5 M guanidinum thiocyanate solution was added to the pellet and then homogenized for 

10 seconds as above. The suspension was centrifuged at 16,490 Xg for 3 minutes at 

0°C to remove contaminating tissue debris. The clear supernatant was mixed with 

0.025 volume of 1 M acetic acid and 0.75 volume of cold ethanol (-20°C), incubated 

at -20°C for 30 minutes, and then centrifuged at 5,939 Xg for 30 minutes at -10°C. 

The supernatant and any floating materia! were discarded by aspiration, and the pellet 

was resuspended in 5 ml of cold (-20l1C) 7.5 M guanidine hydrochloride solution 

(Gdn-HCI) by repeated pipeting. Guanidine hydrochloride solution contains 7.5 M 

guanidine hydrochloride, 0.1 M potassium acetate (pH 5.0), mixed well and then 

filtered through 0.45 um Millipore filter before use. Three-fifths volume of cold 

(-20°C) ethanol was added with mixing and incubated at -20°C overnight. Following 

centrifugation at 17,210 Xg for 1 hour at -10°C, the RNA pellet was resuspended by 

polytron homogenization in 0.5 ml 7.5 M Gdn-HCI solution and transfered to a 1.5 ml 

microcentrifuge tube. To this suspension 0.5 ml phenol/chloroform-isoamyl alcohol 

(1:1) was added, mixed well, and centrifuged at 12,000 Xg for 15 minutes. The 

aqueous phase was removed and 0.5 ml ice-cold ethanol (-20°C) was added, followed 

by the addition of 0.5 ml 7.5 M Gdn-HCI solution (final ratio for Gdn-HCI/ ethanol is 
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5:3), and mixed well. The solution was incubated at -20°C for more than 2 hours and 

then centrifuged at 17,210 Xg for 15 minutes. The RNA pellet was resuspened in 0.5 

ml of 0.3 M sodium acetate (pH 6.0) and reprecipitated by adding 1 ml ethanol. After 

2 hours incubation, the solution was recentrifuged at 17,210 Xg for 15 minutes. The 

RNA pellet was dissolved in 500 ul depc. d.d. H2O for spectrophotometric 

quantification. For storage, the RNA solution was mixed with 0.1 volume of 3 M 

sodium acetate (pH 5.2) and 2.5 volumes of ethanol and kept at -80°C until futher use. 

Selection of poly(A)+ RNA. Polyadenylated RNA was isolated from total RNA 

by oligo(dT)-cellulose chromatography (88). The oligo(dT)-cellulose column was 

prepared by suspending the cellulose in elution buffer (10mM Tris-HCI pH 7.5, ImM 

EDTA, 0.05% Sarkasyl), pouring the cellulose into the column, and equilibrating with 

10 bed volumes of 1X loading buffer (20mM Tris-HCI pH 7.6, 0.1% Sarkasyl, 0.5 

M NaCI, 1 mM EDTA). The total RNA was incubated at 65°C for 5 minutes, then an 

equal volume of 2X loading buffer was added, and the sample was allowed to cool to room 

temperature, before being applied to the column. Three bed volumes of 1X loading 

buffer were applied to the column, the flow-through from this was collected and heated 

to 65°C, then cooled and reapplied to the column. The column was washed with 10 bed 

volumes of 1X loading buffer, followed by 6 bed volumes of wash solution (20 mM 

Tris-HCI pH7.6, 0.1 M NaCI, 1mM EDTA, 0.1% Sarkasyl), until the OD260 of the 

collecting fractions were 0.02 or lower. The poly(A)+RNA was eluted out with 6 bed 

volumes of depc.d-d.H2O and collected in depc. treated microcentrifuge tubes. A small 

aliquot of each fraction was taken to determine the OD260/OD280 ratio. The purified 

mRNA was precipitated overnight in 2 volumes of 100% ethanol containing 0.3 M 
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sodium acetate (pH5.2) at -80°C. The precipitate was collected by centrifugation at 

10,550 Xg for 2 hours at 4°C. The pellet was washed with 70% ethanol, centrifuged at 

10,550 Xg for 25 minutes, and washed again. The pellet was dissolved in 10-50 ul 

depc.d.d. H2O, and the RNA was quantitated spectrophotometrically (A260 unit=40 ug 

RNA/ml). The mRNA was stored as an ethanol precipitate at -80°C. After use, the 

oligo(dT)-cellulose column was washed with 4 bed volumes of elution buffer followed 

by 3 bed volumes of 0.02% sodium azide solution to prevent microbial growth. The 

column was stored at 4°C for not more than 2 days. Before reuse, the column was first 

washed with 5 bed volumes of 0.1 M NaOH and 5 mM EDTA , 12 bed volumes of 

depc.d-d.H2O, so that the pH of the column effluent was less than 8 , then equilibrated 

with 10 bed volumes of 1X loading buffer. 

Northern Blot. Qualitative analysis of total RNA and mRNA was performed using 

Northern transfer. RNA was denatured in 50% formamide and 2.2 M formaldehyde in 1X 

MOPS buffer for 15 minutes at 55°C, then cooled to room temperature. For 

electrophoresis, the RNA was placed in 1X loading buffer (5% glycerol, 0.1 mM EDTA, 

0.04% bromophenol blue, and 0.04% xylene cyanol, filter sterilzed) containung 2 

mg/ml ethidium bromide (EtBr). The RNA sample was then loaded onto 2.2 M 

formaldehyde/1% agarose gel and electrophoresed at 65 V for 2 hours with a running 

buffer of 1X MOPs. After electrophoresis, the gel was soaked in d.d.H20 for 15 minutes 

and then 20X SSC for 15 minutes. To set up the blot, 1 piece of 3 MM paper was cutted 

4-6 inches longer than the gel (the ends of the paper could be draped into transfer 

buffer) as the gel blot paper, saturated with transfer buffer (1 OX SSC) and placed on a 

glass plate in a glass baking dish or other container. Two pieces of 3 MM paper (as the 



gel size) were wetted in d.d. H2O and placed on top of the gel blot paper. The gel was 

placed on top of those papers, then the prepared Nytran membrane (wetted in d.d. H2O 

then soaked in 10X SSC for 20 minutes) was placed, followed by 2 more pieces of 3MM 

paper cut to fit the gel. The sides of the gel were surrounded with Parafilm strips. A 7 

inches stack of paper towels was placed on the top . The stack was secured with a light 

weight. Transfer was complete in 16 hours as measured by the dissappear of the EtBr 

stained bads from the gel. The Nytran membrane was rinsed in 5X SSC to remove bits of 

agarose. Exposure of the membrane to a UV source (254 nm), immobilized the RNA by 

crosslinking the nucleic acid to the membrane. 

The filters were prehybridized at 42°C for 1-2 hours, and then hybridized with 

the following plasmids: amylase, 7S, and actin at 42°C for 12-20 hours. After 

hybridation, the filters were washed twice in 6X SSPE (1X SSPE is equal to 0.18 M 

NaCI, 10 mM NaP04 (pH 7.7) and 1 mM EDTA)/0.1%-0.5% SDS for 15 minutes at 

room temperature, twice in 1X SSPE/0.1%-0.5% SDS at 37°C, and one time in 0.1X 

SSPE/0.1%-0.5% SDS at 60°C for 30 minutes. The filters were then 

autoradiographed as described above. Ribosomal RNA was used for size determination. 

In Vitro Translation of purified amylase mRNA. Isolated mRNA was 

translated in the presence of [35S]-methionine (> 1100 Ci/mMole, New England 

Nuclear) using components from a commercially available cell-free translation kit . 

The mRNA samples (1ug per sample) were denatured by heating in a 65°C water bath 

for 5 minutes, and allowed to cool to room temperature. Two ug Brome Mosaic Virus 

RNA was used as a positive control, and the negative control contained no RNA. 

Solutions were mixed in the following order: 1mM amino acid mixture (minus 

methionine), 5ul [35S]-methionine, 40 U/ul RNasin ribonuclease, RNA samples, and 
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35 ul nuclease treated lysate. After incubatation at 30°C for 1 hour, the effectiveness 

of translation was determined by TCA precipitation. 1 ul of sample was spotted on a 

1 cm2 piece of 3MM paper before and after incubation. Duplicate filters of each in 

vitro translation reaction were made and one 3MM paper was used for background. 

Filters were dropped (with stainless steel straight pin for weight) into a 10% TCA 

solution prepared with acetone, and incubated for 10 minutes. This eluted the heme 

out of the lysate and caused the sample to discolor. The filters were taken out of the 

10% TCA in acetone, and put into a boiling solution of 10% TCA prepared with depc.d.d. 

H2O, and boiled the samples for 10 minutes. 250 ml of 10% TCA was used per 5 

filters. After the filters were taken out of the 10% TCA solution, they were rinsed 

twice for 10 minutes each of the following solutions: depc.d.d. H2O, 100% ethanoi, and 

finally acetone. The filters were air dried and their radioactivity determined in a 

scintillation counter. Radioactive background was determined with the lysate mixture 

without RNA and the 3MM paper alone. The protein translation products were boiled 

with the equal amount of 2X sample buffer (20% glycerol, 10% beta-

mercaptoethanol, 4.6% SDS, 0.125M Tris-HCI pH 6.8) and then loaded onto a 10% 

SDS-Polyacrylamide gel and electrophoresed as described by Laemmli (89). After 

electrophoresis, the gel was fixed in 30% methanol/10% trichloroacetic acid/10% 

acetic acid, washed in distilled water, soaked in 1M sodium salicylate/0.5% glycerol, 

dried under vacuum and exposed with Kodak X-Omat film at -80°C overnight. 

Molecular weights were calculated by using 14C-labelled protein molecular weight 

standards: Myosin (H-chain) (200,000), Phosphorylase B (97,400), Bovine Serum 

Albumin (68,000), Ovalbumin (43,000), Alpha-chymotrysinogen (25,700), 

Belta-lactoglobulin (18,400), Lysozyme (14,300). 
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Purification of rat pancreatic amylase. Rat pancreatic amylase was 

purified by a modification of the method of Loyter and Schramm (90). Pancreata were 

removed from the animals, homogenized in the homogenization buffer (20mM Tris-

HCI pH7.5, 1mM benzamidine-HCI, 0.01% soybean trypsin inhibitor, 1mM 

phenylmethylsulfonylfluoride, 1mM EDTA, 50 mM beta-mercaptoethanol, 0.01% 

leupeptin). The homogenate was centrifuged at 500 xg for 3 minutes at 4°C and the 

supernatant recentrifuged at 105,000 xg for 60 minutes at 4°C to give a cytosolic 

fraction. The cytosol was precipitated with 33% amonium sulfate, and the supernatant 

was reprecipitated with 60% amonium sulfate. The pellet was resuspended in 10mM 

Tris-HCI (pH8.0) containing 1mM EDTA, and dialyzed against 10mM Tris-HCI 

(pH8.0) and 1mM EDTA to remove the ammonium salt. The dialysate was applied to a 

DEAE column and the amylase eluted with 10 mM Tris-HCI and 1 mM EDTA. The 

amylase concentration was determined by a modification of Phadebas* Blue Starch 

Assay (91) and then reduced to 2,000 units/ml with 40% ethanol. To the partially 

purified amylase, 0.2 M phosphate buffer (pH 8.0) was added to a final concentration 

of 0.01 M. Glycogen reagent was then introduced in the ratio of 1mg glycogen/500 

amylase activity units. One unit of amylase activity is defined as the amount of enzyme 

that will catalyze the hydrolysis of 1 uM of glucosidic linkages per minute at 37°C, the 

unit of measure is unit/liter. This was followed immediately by addition of 100% 

ethanol to a final concentration of 40%. The mixture was stirred thoroughly for 5 

minutes, and then centrifuged for 5 minutes at 2,600 Xg. The precipitate of the 

enzyme-glycogen complex was washed twice with 40% ethanol containing 0.01 M 

phosphate buffer (pH 8.0). About 1ml of buffered ethanol was added /mg glycogen for 

the first wash and 0.5ml/mg glycogen for the second wash. The washed pellet was 

suspended in 0.02M phosphate buffer (pH 6.9) containing 0.007M NaCI and 0.003M 
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hour to digest the glycogen. The pH was adjusted to 8.5 with 1M ammonium hydroxide 

and the mixture was centrifuged at 20°C for 5 minutes at 6.000 Xg. The pH of the 

supernatant was reduced to 7.0 by addition of 1M acetic acid. The mixture was cooled 

and kept at 0°C for 30 min. The amylase pellet was obtained after centrifugation at 

9,000 Xg for 20 minutes at 2°C and was washed with one volume of distilled water. 

The protein was dissolved in a solution containing 8u moles phosphate buffer (pH 6.8) 

and 3 umoles CaCI2. Final protein concentrations were determined by the method of 

Lowry (92). 

Ouchterlony Method. For the purpose of obtaining efficient anti-amylase 

antibody, this gel diffusion method was used to test the antiserum. A 1 % agarose 

solution was made by boiling 1g of agarose in 90 ml d.d.hfeO and 10 ml 0.02% sodium 

azide , and then a small amount was pipette onto a slide. After the agar hardened, holes 

were made in the agar slide (each hole can contain 20 ul solution). Appropriate 

combinations of antigen and antibody were loaded onto the gel, and then the slide was 

put in a humidified incubation chamber to allow for the development of precipitates. 

The antigen-antibody precipitation took approximately 2 days. For staining the gel, 

each well was filled with melted agar, and cooled at room temperature for 15 minutes. 

The unreacted protein was washed away carefully by placing slide in a Petri dish 

containing 0.3 M NaCI solution. The dish was refrigerated and the solution was gently 

agitated with a magnetic stirrer. The solution was changed four to six times (twice 

with 0.3 M NaCI and thereafter with 0.15 M NaCI) over a period of 24 to 48 hours at 

cold room. The slide was removed from the dish carefully, a piece of filter paper (the 

exact size of the slide) was placed on the top of the agar surface to dry the gel, and then 
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the slide was inverted. The gel was allowed to dry overnight at room temperature. 

When the paper was also completely dried, if was, removed it. Then the gel was placed 

in a dish filled with Acid-fuchsin staining solution (0.2% dye in 50% absolute 

methanol, 10% glacial acetic acid) for 10 minutes. The excess stain was removed by 

washing the slide 2-3 times with destaining solution (50% absolute methanol, 10% 

glacial acetic acid) during a period of 15 to 20 minutes. The slide was removed from 

the destaining solution, and air-dried in a vertical position. 

Immunoprecipitation of In Vitro translation products. 

Immunoprecipitation of in vitro translation products were performed immediately 

after the translation incubation to lessen nonspecific precipitation of denatured 

protein. For nonspecific binding, 2 ul of in vitro translation products were mixed with 

1 ul of normal rat serum and 0.1 mM PMSF and 1 mM benzimidine, incubated at room 

temperature for 30 minutes and then at 4°C overnight with gentle stirring. 40 ul 

Protein A-Sepharose CL-4B (2mg/ml) was added to the mixture, stirred at room 

temperature for 30 minutes, and then centrifugated at 12,000 g for 3 minutes. The 

supernatant was taken. 1 ul of 1:10 dilution antibody (determined by pilot 

experiments) was added to this mixture, incubated at room temperature for 30 

minutes and then at 4°C overnight with gentle stirring. Preliminary experiments 

were performed to determine the conditions need to give maximum 

immunoprecipitation with minimal nonspecific contamination. Fresh Protein A-

Sepharose was added to the mixture, which was then incubated at room temperature for 

30 minutes to 1 hour. The antibody-antigen complex, bound to Protein A-Sepharose 

was recovered by centrifugation at 12,000 g for 3 min. The pellet was washed three 

times with 1 ml of immunoprecipitation buffer (0.1 M NaCI, 1mM EDTA, 10mM Tris-
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Hcl pH7.5, 1% Nonidet P-40). The final pellet was resuspended In 25-60 ul SDS-

sample buffer and heated at 100°C for 3 minutes to release the radiolabeled 

polypeptides. The protein A was removed by centrifugation and the solubilized antigen 

was analyzed by 10% SDS-Polyacrylamide gel electrophoresis (89). 

Statistical analysis. All data expressed as mean ±S.E.M. were analyzed by 

student's paired and unpaired t test, using a Macintosh "Stat Work" program. 
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Wealing male rats were placed on either a control diet or on a manganese-deficient 

diet for 8 weeks. After the sera were removed, insulin and corticosterone levels were 

measured by radioimmunoassay (93). Serum insulin and corticosterone levels were 

not significantly different between control and manganese-deficient rats (Table 1). 

The manganese deficient diet was associated with rapid depletion of hepatic 

manganese (Table 2), confirming that tissue manganese deficiency was achieved (13). 

Thus rats fed a Mn-deficient diet for 4 weeks had significantly lower heptic manganese 

level than control rats (41% of control, P < 0.03). After 8 weeks on a manganese 

deficient diet, the liver manganese content was further decreased, to 27% of the value 

for control rats (P < 0.0008). 

Effects of Manganese on Pancreatic Amylase mRNA Levels 

To determine whether manganese affects the level of mRNA for pancteatic amylase, 

mRNA levels were initially quantitated by serial dilutions of total RNA using a slot blot 

apparatus. In contrast to the mRNA levels for 7S RNA or trypsin, amylase mRNA levels 

were significantly increased in the manganese deficient group (Figure 1). 

Densitometric analysis of the resultant autoradiographs show that rats which were on 4 

week diet had 2-fold higher level of amylase mRNA compared to the control rats. In 

contrast, the difference in 7S RNA and trypsin mRNA levels between the manganese-

deficient rats and the control rats was not statistically significant (Figure 2). As shown 

in Figure 3, amylase mRNA levels were also significantly increased (2.5 fold) in rats 

that were on Mn-deficient diets for 8 weeks. Differences in 7S RNA and trypsin mRNA 

levels between Mn-deficient rats and the control rats were again not statistically 



TABLE 1. Effect of Dietary Composition on Serum Hormone Levels.1 
4 3  

Serum Hormones (ug/ml)2 

Diet 
insulin corticosterone 

Control 19.4 ± 1.7 20.6 ± 9.2 

Mn- Deficient 20.6 ± 3.9 12.3 ± 3.7 

1. Wealing male Sprague-Dawley rats were fed high carbohydrate diet containing either 
39.6 ppm Mn (control) or 0.5 ppm Mn (Mn-deficient) for 8 weeks. 
2. Values represent the mean ± SEM from 5 rats. 
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TABLE 2. Hepatic Manganese Content in Control and Mn-Deficient Rats.1 

Hepatic Manganese Content (ug/gm)2 

Period 
(weeks) Control Mn- Deficient 

4 1.28 ±0.22 0.53 ± 0.07* 

8 1.09 ±0.06 0.29 ±0.02" 

1. Wealing male Sprague-Dawley rats were fed high carbohydrate diet containing either 
39.6 ppm Mn (control) or 0.5 ppm Mn (Mn- deficient) for 4 or 8 weeks. 
2. Values are expressed as ug Mn per gm of wet weight tissue, and represent the mean ± 
SEM from 3 or 5 rats. 
* P < 0.03 when compared with respective control. 
** P < 0.0008 when compared with respective control. 
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Figure 1. Representative Slot Blots of Pancreatic Total RNA from the Rats on a Diet for 8 
Week. 
Wealing rats were fed control or Mn-deficient (Mn(-)) high carbohydrate diets for 8 
weeks. Pancreata were then removed and total RNA extracted by the phenol-chloroform 
method. RNA samples (0.5, 0.25, 0.125, and 0.0625 ug each) were then applied to 
nytran membranes and probed sequentially with nick-translated cDNAs. A. Hybridization 
was carried out with an amylase eDNA (1 x1 os cpm; 6 hr exposure). B. Hybridization 
was carried out with a 7S eDNA (2X1 os cpm; 25 hr exposure). C. Hybridization was 
carried out with a trypsin eDNA (2X1 oG cpm; 24 hr exposure). The filters were 
stripwashed in 0.1 X SSC at 95°C for 20 min. prior to hybridization with 7S and 
Trypsin. 



4 6  

co ~ 
UJ 2 
§ 1  

i l  
8 *  

i i  
co s 

8 

7 

6 

5 

4 

3 

2 

1 • 

0 

X 

AMYLASE 

• CONTROL 
E3 Mn DEFICIENT 

X 

TRYPSIN 

Figure 2. Densitometric Analysis of Slot Blots from Rats on a 4 Week Diet. 
Wealing rats were fed control or Mn-deficient high carbohydrate diets for 4 weeks. 
Pancreata were then removed and total RNA extracted by the phenol-chloroform method. 
Total RNA was then applied to Nytran membranes, and hybridization with the indicated 
32P labeled cDNAs as decribed in the legend to Fig.1. The autoradiograms were then 
subjected to densitometric analysis. Values are the means ± SEM from 6 rats. 
* P < 0.05 when compared with respective control. 
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Figure 3. Densitometric Analysis of Slot Blots from Rats on a 8 Week Diet. 
Wealing rats were fed control or Mn-deficient high carbohydrate diets for 8 weeks. 
Pancreata were then removed and total RNA extracted by the phenol-chloroform method. 
Total RNA was then applied to Nytran membranes, and hybridized with the indicated 
32P-labeled cDNAs as described in the legend to Fig.1. The autoradiograms were then 
subjected to densitometric analysis. Values are the means ± SEM from 11 rats. 
* P < 0.004 when compared with respective control. 
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significant. Thus, manganese deficiency was associated with augmented amylase mRNA 

levels to a greater extent in the rats on an 8 week diet compared to the rats on a 4 week 

diet. 

Figure 4 shows Northern blots of pancreatic total RNA as well as pancreatic mRNA. A 

single band of hybridization was observed when the filter was probed with amylase 

cDNA. The size of the amylase mRNA was determined from a standard curve obtained by 

measuring the migration of calf liver ribosomal 28S (5.1 kb) and 18S (2.0 Kb) 

electrophoresed on the same ethidium bromide stained agarose gel. The calculated size of 

1.8 Kb (data not shown) was very close to the well-established size of 1.69 ± 0.03 Kb 

for amylase mRNA. Figure 5 shows the results of a densitometric analysis of the 

autoradiogram. The level of pancreatic amylase mRNA was increased in manganese-

deficient rats. The amylase to 7S ratio was 1.54 ±, 0.27 in Mn-deficient rats and 0.62 

+ 0.05 in control rats. Also, the amylase to trypsin ratio was 1.5 ± 0.19 in Mn-

deficient rats and 0.83 ± 0.12 in control rats (data not shown). Analysis of total RNA 

indicated that amylase mRNA level was 1.49 ± 0.26 in Mn-deficient rats and 0.64 ± 

0.04 in control rats, whereas the 7S RNA level was 1.01 ±0.04 in Mn-deficient rats 

and 1.03 ± 0.04 in control rats. Analysis of mRNA revealed that the amylase content 

was 2.84 ± 0.40 in Mn-deficient rats and 1.87 ± 0.25 in control rats (data not 

shown). In summary, amylase mRNA levels were increased about two fold in Mn-

deficient rats when compared to controls. 

Protein Synthesis in Translated Rat Pancreatic mRNA 

RNA was extracted from the whole pancreas of rats after 4 weeks on either a control 

or Mn-deficient diet. The RNA was translated in vitro using rabbit reticulocytes. The 

translation products were separated on SOS-PAGE and autoradiographed as shown in 

Figure 6. Amylase synthesis was greater from Mn-deficient rat pancreatic RNA. When 
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Figure 4. Representive Northern Blot of Pancreatic Total RNA and mRNA from the Rats on 
a Diet for 8 Weeks. 
Wealing rats were fed control or Mn-deficient (Mn(-)) high carbohydrate diets for 8 
weeks. Pancreata were then removed and total RNA extracted by the low temperature 
guanidinium thiocyanate extraction procedure. mRNA was isolated by oligo d(dT) 
chromatography. Total RNA (5 ug) and mRNA (3ug) samples were separated by agarose 
gel (1 °/o) electrophoresis, and then transferred to nytran membranes. Filters were 
probed sequentially with nick-translated cDNAs. A. Total RNA hybridization was carried 
out with an amylase eDNA (1 X1 as cpm; 29 hr exposure). B. Total RNA hybridization was 
carried out with a 7S eDNA (2X1 as cpm; 3 hr exposure). C. mRNA hybridization was 
carried out with a amylase eDNA (1 X1 as cpm; 14 hr exposure). The filters were 
stripwashed in a.1 X SSC at 95°C for 2a min. prior to hybridization with 7S. 
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Figure 5. Densitometric Analysis of Northern Blot from Rats on a 8 Week Diet. 
Wealing rats were fed control or Mn-deficient high carbohydrate diets for 8 weeks, 
Pancreata were then removed and total RNA extracted by the low temperature 
guanidinium thiocyanate extraction procedure. RNA samples were separated by agarose 
gel electrophoresis, and then transferred to Nytran membranes. The filters were 
hybridized with the indicated 32P-labeled cDNAs as described in the legend to Fig. 4. The 
autoradiograms were then subjected to densitometric analysis. Values are the means ± 
SEM from 3 or 4 rats. 
* P < 0.03 when compared with respective control. 
** P < 0.01 when compared with respective control. 
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Figure 6. Analysis of protein translated in vitro from mRNA isolated from the pancreata 
of either control or Mn-deficient rats. 
Translation products were analyzed by PAGE on 10% agarose gels. Left lane was the 
mRNA from the rats on 4 week control diet. Right lane was the mRNA from the rats on 4 
week Mn-deficient diet. Each sample has equal cpm (50,000 cpm). 



the autoradiograms were anal/zed by a densitometer, values of 1.81 ± 0.02 were 

obtained for Mn-deficient rat RNA and 0.96 ±. 0.08 for control rat RNA (data not 

shown, values are means ± SEM for 3 or 4 rats). Thus, the synthesized amylase content 

for Mn-deficient rat pancreatic RNA was almost two fold greater than controls. 

Therefore, a lack of manganese either directly or indirectly leads to an increase in 

messenger RNA coding for amylase. 
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Effects of Diet on Hormone Levels and Tissue Manganese. The study of the 

regulation of pancreatic enzyme content has revealed that it is largely under the control 

of dietary and hormonal factors. Both the quality and, in extreme cases, the quantity of 

the diet are important in determining pancreatic enzyme composition (94, 95, 96, 97, 

98, 99, 100). Nutritional factors including macronutrients such as protein, 

carbohydrate, and fat, and micronutrients such as trace elements are known to alter 

pancreatic exocrine function. Previous studies demonstrated that high carbohydrate diets 

increase amylase activity (101, 102, 103), high fat diets increase lipase activity 

(102, 104) and high protein diets increase protease activity (102, 103). 

Futhermore, Mn-deficient rats fed a high carbohydrate diet have significantly elevated 

pancreatic amylase content (13). 

Hormonal factors influencing pancreatic amylase content include islet cell hormones, 

such as insulin, and steroid hormones, such as glucocorticoids. Numerous studies have 

demonstrated that amylase synthesis is increased by insulin and glucocorticoids (10, 

105). Amylase gene expression is increased by the administration of glucocorticoids to 

adrenolectomized animals (22, 23, 24, 25) or insulin to diabetic animals (9, 16). In 

contrast, amylase gene expression is decreased by the administration of cholecystokinin 

(100). In vitro, insulin regulates the synthesis of amylase in the pancreatic AR42J cell 

line (105). In the same cell line, glucocorticoids increase amylase synthesis a greater 

extent their insulin by increasing amylase messenger RNA levels (10). 

The liver and pancreas normally contain higher concentrations of manganese than 

other tissues (80). Rats fed a low manganese diet rapidly but only partially deplete the 

levels of manganese in the liver and pancreas. Thus, hepatic and pancreatic manganese 
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concentrations decreased to 39% and 51% of controls respectively, when male weanling 

rats were placed for 4 weeks on a manganese-deficient high carbohydrate diet (13). An 

additional decrease to 33% in the liver and 53% in the pancreas was observed in rats 

that were on 8 week diet (13). In our study, weanling rats, on the same Mn-deficient 

high carbohydrate diet, exhibite decreased liver manganese concentrations which were 

41% of controls after 4 weeks, and 27% of controls after 8 weeks. These observations 

confirmed that this Mn-deficient diet results in lowered tissure manganese content, with 

the greatest decrease in manganese occurring after 8 weeks on the diet. 

Effects of Manganese on Pancreatic Amylase mRNA Levels. Our findings 

also document, for the first time, that manganese-deficient rats have significantly 

increased levels of amylase mRNA when compared to controls. This decrease was 

relatively selective, inasmuch as the mRNA levels for 7S RNA or trypsinogen were not 

altered in the manganese-deficient rats. Thus, the changes in pancreatic amylase mRNA 

levels paralleled the selective increase in amylase protein levels previously reported in 

the manganese-deficient group (13). Further, Northern analysis indicated that 

manganese deficiency was not associated with altered amylase mRNA transcript sizes as a 

result of inappropriate transcript initiation or elongation. Taken together, these 

findings suggest that the increase in amylase protein levels in manganese deficiency is 

due to a concomitant increase in amylase mRNA levels. 

Dietary deficiency of manganese may theoretically influence amylase mRNA levels by 

a number of different mechanisms. For example, it may enhance amylase mRNA levels 

indirectly, by increasing levels of insulin and glucocorticoids, or by enhancing amylase 

mRNA stability. However, manganese deficiency in second-generation manganese-

deficient rats results in depressed pancreatic insulin synthesis and secretion and 

enhanced intracellular insulin degradation (83). Further, in our study, first-



generation manganese-deficient rats did not exhibit significant alterations in either 

serum insulin or corticosteroid levels. Thus, our data indicate that the effects of the 

Mn-deficient diet on amylase mRNA levels were not secondary to the actions of either of 

these hormones. 

ft is also possible that Mn deficiency somehow modulates pancreatic amylase gene 

expression. Thus, it is conceivable that the decreased availability of manganese in the 

nucleus is associated with a decrease in amylase gene silencer activity, thereby 

resulting in enhanced amylase gene transcription. Manganese may also act through 

another gene, whose product inhibits amylase gene transcription. Decreased availability 

of that particular gene product in manganese deficiency would then lead to enhanced 

amylase transcription. Irrespective of the exact molecular mechanisms by which Mn 

deficiency lead to increased pancreatic amylase mRNA levels, our findings support the 

hypothesis that Mn participates in the regulation of pancreatic exocrine function. 

Protein Synthesis in Translated Rat Pancreatic mRNA 

In the rabbit reticulocyte cell-free translation system, the isolated rat pancreatic 

mRNA directed the synthesis of a limited number of discrete polypeptides. The number 

and relative size of these translation products approximate those of pancreatic secretory 

proteins isolated from zymogen granules or from pancreatic secretions (106). Analysis 

of the translated proteins by SDS-PAGE indicated that amylase mRNA was one of the most 

abundant proteins translated. Macdonald and co-workers (8) calculated the molecular 

weight of rat amylase to be 56.57 Kd. When compared to the 14C-labelled protein 

molecular weight standards, the most prominent band of translated protein had a 

molecular weight of 56 Kd, which is the same molecular weight as amylase. The amount 

of amylase synthesized from the Mn-deficient rat pancreatic mRNA was almost two fold 



5 6  
greater than controls. These in vitro translation studies of Mn-deficient rat pancreatic 

mRNA indicate an increase in mature amylase mRNA. Nevertheless, the rate of amylase 

synthesis in vivo may not be regulated solely by the rate of amylase mRNA transcription. 

Significant control may occur at maturation of the primary transcript, or by turnover 

of the mRNA. Futhermore, resolution of translation products solely by gel 

electrophoresis is insufficient to insure homogeneity and determination of molecular 

weight alone is insufficient to insure identify. A more convincing identification would be 

to immunoprecipitate amylase by specific anti-serum or do a Western blot 

hybridization. 

Conclusion 

Amylase synthesis may be influenced at the level of either transcription or 

translation. These results support the idea that manganese may regulate amylase 

synthesis at the level of transcription. In order to verify this hypothesis transcriptional 

run-off and, potentially, transfection studies using the amylase promoter need to be 

done. 
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