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INTRODUCTION 

Concepts of the formation and breakdown of proteins in the living animal 

have undergone a number of major changes since 1922 when Mitchell !l!!o (1) 

proposed that, under normal conditions, tissue proteins were inert to 

metabolism. Soon after (1924), Folin (2) stated that metabolism of proteins 

is limited to that which is necessary to replace proteins lost through "wear 

and tear" on the tissueso Borsook and Keighley (3) (1935), however, found 

neither of these ideas adequately described their experimental findings. 

They were able to show fifty to sixty per cent of the urinary nitrogen 

of humans is derived from endogenous sources rather than the direct metabolism 

of dietary substances. They termed the endogenous metabolism "continuing 

metabolism" and challenged the idea of metabolically inert proteins. 

It remained for Schoenheimer (4) (1939) to demonstrate, with the use 

of N15 labeled am:Lno acids j that the proteins of the body are undergoing 

rapid and conti.nual breakdown and resynthesis 0 These studies established 

that the proteins of the body tissues are in a dynamic rather than a static 

state of metabol:is!n o 

Since tha.t time the increasing avai,lability and use of isotopes of the 

common elements found in biological compounds has made possible a number of 

significant advances the knowledge and understanding of fundamental 

processes (if :protein synt.hesis (I The following pages will present a review 

of selected aspects of the i.nvestigations conducted to date of the synthesis 
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of proteins in the cells of plants and animals 41 In particular , it will be 

the purpose of this review to summarize the studies of the locus of protein 

synthesis in various types of cells 0 Consideration wl.ll also be given to 

the criteria which must be fulfilled in these studies if one is to interpret 

the data with a min:im:um of ambigui.tyo 

The later pages of this thesis will be devoted to a description of the 

methods developed by the author for the study of the rate and intracellular 

location of the biosynthesis of the pancreatic enzyme, ribonuclease. The 

data obtained through the use of a radioisotopic tracer will be presented in 

detail as well as a consideration of the significance of the information 

gained 0 



HISTORY 

Following the early studies by Hevesy (5) (1923) of the uptake of 

radioactive lead by plants, and the general adaptation of isotopic methods 

to biological investigations by Schoenheimer (4) (1939), a wide usape of 

isotopic tracers has developed. A number of workers have employed labeled 

amino acids to trace their i.ncorporation into general protein fractions 

of tissue slices, homogenates and cell fractions. Melchoir and Tarver (6) 

(1947) reported a small amount of incorporation of 8,5 labeled methionine 

into the proteins of rat liver slices 0 The same year Winnick, Friedberg, 

and Greenberg (7) reported the incorporation of C14 labeled glycine into 

the proteins of intestinal tissue sectionso The addition of small amounts 

of sodiwn azide to the inCUbation was found to completely inhibit the 

incorporation of amino acido In view of the known effects of azide in 

biological systems» these workers proposed that the incorporation of an 

amino acid requires an oxidative process. Frantz, Loftfield, and Miller 

(8) (1947) also noted that the incorporation of labeled alanine into the 

proteins of rat liver slices is greatly reduced in the presence of a nitroeen 

atmosphere 0 Radioactive carbon dioxide has also been used to label the 

proteins of rat liver sliceso Anfinsen ~!lo (9) (1947) found that upon 

incubation the label is incorporated into the dicarboxylic amino acid 

residues. 

The first successful incorporation of a labeled amino acid into proteins 
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of a homogenate was achieved by Friedberg, Winnick, and Greenberg (10) (1947)0 

In the presence of a complex incubation medium containing metal salts, gly­

colysis L,termediates, enzyme cofactors and buffers, a small amount of incor­

poration of labeled glycine into the proteins of either a spleen or liver 

homogenate was obtained., A st.iudy of the requirements of the system showed 

that incorporation was inhibited by heating the homogenate, by omission 

of the nutrient medium, or by anaerobiosis. Addition of adenosine triphosphate 

to the complete system had no effect on the uptake of amino acids. 

Several groups of investigators have studied the distribution of injected 

amino acid throughout the body of the animal. Friedberg !i!lo (11) (1948) 

found that after intravenous injection of 335 labeled methionine into the rat, 

the proteins of the intestinal mucosa possess the highest concentration of 

radioactive labelo The amount of labeling of the proteins of other tissues 

was found to be (in decreasing order) kidney, blood plasma, liver, testes, 

heart, brain and muscle. Although the pancreas of the rat proved to be too 

diffuse for study, these workers showed that the pancreas of the dog incorpo­

rated almost as much amino acid into protein as the intestinal mucosa and 

incorporated more than any of the other organs" Winnick.2.:t ll., (12) (191~8), 

as well as Borsook and coworkers (13) (1950), found a similar distribution 

using other amino acids and other experimental animals Q The latter group 

subjected guinea pig liver homogenates to differential centrifugation and 

demonstrated that the microsomal fractions of the cells possessed the highest 

degree of incorporation of radioactive labelQ Similar results had been found 

after incubation of liver homogenates in the presence of radioactive amino 

acids (14)0 Studies of the incorporation of labeled glycine, leucine and 
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lysine in.to three particulate fractions and a soluble fraction of guinea pig 

liver homogenates revealed that each fraction is capable of incorporating 

amino acid into proteins independently of the others 0 However, the combina­

tion of two particulate fractions produces a synergistic effect upon the 

incorporation processe Also j differences were noticed in the optimal conditions 

for lysine incorporation into supernatant proteins from those required for 

incorporation into the particulate fraction.s 0 Too, Peterson !!i. al o (15) have 

reported synergistic effects on the incorporation process by combining 

soluble and particulate fractions from rat liver. 

Siekevitz and Zamecnik (16) (1951) showed the dependence of 1u vitro 

incorporation into liver cell fragments on an oxidizable substrate such as 

a-ketoglutarate. 

Following these early papers on protein synthesis iu. ~ and in vitro, 

considerable effort has been directed toward studying the role of the 

respective cell parts in the overall scheme of protein synthesis. From 

these works has emerged a wealth of knowledge which, at the time of this 

writing, leaves one with the concept that the formation of proteins in the 

intact cell is not a single process but rather a number of processes leading 

to a si.milar end e Each cell part studied so far possesses peculiarities 

with respect to the synthetic process carried out there. It will be useful 

in evaluating the e~lerimental findings to be presented later in this thesis 

to consider what is known concerning the synthesis of proteins by isolated 

cell parts8 First, let us consider the synthesis in isolated nucleio 

In 1954 Allfrey (17) described a cell free system consisting of calf 

thymus nuclei, a-ketoglutarate and phosphate buffer which is capable of 
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incorporating labeled amino acids into the nuclear proteins. Incorporation 

of these amino acids is dependent upon the presence of an oxidizable sub­

strate and of the .& isomers of the amino acid. Once bound to the nuclear 

protein~ the radioactivity cannot be removed by dilute alkali, by treatment 

with ninhydrin or the addition of unlabeled "carrier" amino acid (18)0 

Because of these properties the investigator assumed that the incorporated 

amino acid was present in peptide linkageo It is noteworthy, however, that 

a net synthesis of protein has not been demonstrated during the period of 

incubation nor has it been possible to refine the system in order that 

incorporation into a specific protein could be studiedCJ The desirability 

of fulfilling both of these experimental conditions will be discussed later 

in this section. 

It is significant that preincubation of the nuclei with bovine ribo­

nuclease is without effect on the incorporation process, since such treat­

ment will be seen to inhibit the microsomal systemo However, preincubation 

with deoxyribonuclease greatly impairs the incorporation process. During 

a study of the effects of deoxyribonuclease it was observed that addition 

of supplementary calf thymus deoxyribonucleic acid will restore activity 

to the system" Allfrey ~ llo (19) have since investigated a number of 

polynucleotide substances for their capacity to restore the incorporation 

process 0 It was found that deoxyribonucleic acid from many sources, as 

well as deoxyribonucleic acid in varying states of chemical and enzymatic 

degradationg can restore the activity loss due to deoxyribonuclease. Of 

the syntheti.c molecules tested, only polyadenylic acid shows any restoration 

aeti vity. These invest·igators have been able to correlate the effects of 



the substances studied with the adenosine triphosphate content of the nucleus. 

They have concluded that deoxyribonuclease interrupts the oxidative phos­

phorylation of nucleotide monopho3j:1hates which is known to occur in isolated 

nuclei (20) and results in an insufficient supp~ of adenosine triphosphate 

to support protein synthesis 0 The e:x.act role of deo:xyribonucleic acid in 

this process remains obscure o 

Although the studies conducted with isolated nuclei have revealed that 

an apparent synthesis of proteins can be carried out in that cell part, it is 

clear from other studies that all cellular proteins do not originate in the 

nucleus 0 After removing the nucleus from the unicellular algae Acetabulari,!. 

medi~_rranea, Brachet, Chantrenne and Vanderhaeghe (21) (1955) found that the 

cell fragment still possessed the capacity to grow and to differentiate with 

a concomitant increase in proteino The cytoplasmic fraction of th e cell 

retained the ability to incorporate labeled amino acids into its proteins at 

a SUbstantial rate for several weeks following enucleation. In contrast to 

the isolated nuclei system, however g inCUbation of the cytoplasmic fraction 

in the presence of a dilute solution of pancreatic ribonuclease was shown by 

Stich (22) (1958) to inhibit ~ompletely net synthesis of protein. Incubation 

of the oOl'.llIP1ete algae cell with ribonu.clease similarly' produces an inhibition 

of growth9 but 9 unlike the enucleated portion, cell growth is resumed when 

the ribonuclease is removed 0 Other instanoes of an influence upon protein 

synthesis in one ~ell loart by the presence of another portion will be 

mentioned later. 

It can be eeeng then~ from studies with cytoplasmic fraction of algae, 

that the cytoplasm also plays a significant role in the fonnatiom of proteins. 
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A critioal examination of cytoplasmic protein synthesis in animals was begun 

by Zamecnik (23) (1953) using cell fractions from rat liver., The addition 

of hexose diphosphate to the cytoplasmic fraction of rat liver homogenates 

increased anaerobic incorporation of labeled amino acids ten fold. A com­

parison of the .!!l y!yg. and v_itro uptake of labeled amino acids into the 

proteins of liver cell fractions showed the microsomal protein to accumulate 

radioactivity more rapidly i.n both i.nstances 0 Subfractionation of the micro­

somes into the ribonucleoprotein and endoplasmic reticulum portions with 

deoxycholic acid revealed the ribonucleoprotein to be the most rapidly 

labeled site in the cell (24)0 It was later observed that when phosphoenol 

pyruvate or phosphocreatine was added to the inoubation media as substrate 

the presence of the mitochondrial fraction of the cell was no longer required 

for incorporation to occ'Uro Under these conditions the microsomal and 

soluble portions of the cell, when combined, carried out incorporation of 

amino acids into the general mixture of proteins of the incubation system. 

Although the microsomal proteir~ constitute only 28 per cent of the proteins 

Present, they have been found to be labeled eighteen times more rapidly 

than the supernatant proteir1.S (25)1 Q 'rhe incorporation mechanism is specific 

for the isomers of amino acids. Partial hydrolysis studies of labeled 

microsomal protei.ns indicate that the labeled amino acid residues are present 

in peptide linkage., .As in the case of cytoplasmic fraction from algae, 

incorporation into the rat microsomal system is completely inhibited by the 

presence of small amounts of pancreatic ribonuclease. 

After dialysis of the supernatant fraction, it has been possible to 

demonstrate a direct requirement for adenosine triphosphate in the microsomal 
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plus supernatant systemo While investigating certain aspects of this require­

ment, Hoagland (26) found an enzyme system in the soluble portion of the 

liver homogenate which in the presence of adenosine triphosphate, magnesium 

chloride, and a pyrophosphatase inhibitor (potassium fluoride) can carry out 

an exchange of p32 labeled ITJrophosphate with adenosine triphosphate. 

Addition of ~amino acids to the enzyme system increased the rate of exchange 

two to three foIdo The rate of exchange depends not only on the concentration 

of the amino acids in the media but also on the number of amino acids, which 

suggests that each amino acid is acting independent~ of the others. 

In the presence of potassium fluoride, the IJYT'ophosphate exchange 

reaction does not lea.d to an accumulation of pyrophosphate in the reaction 

mediae However1 when fluoride was omitted and salt free hydro:xyla.mine was 

put into the system to !Whigh energy" compounds,9 amino acid hydroxamates 

of the amino acids present were formed rapidly with a concomitant production 

of two equivalents of inorganic phosphate.. Under the latter conditions the 

adenosine triphosphate content of the incubation media is diminished rapidly. 

The formation of amino acid hydroxamates by the liver supernatant possesses 

characteristics similar to the amino acid dependent pyrophosphate exchange 

reactions ~ The reaction 

rates are dependent not 

specifirc for amino a.cids, and the reaction 

upon the amino acid concentration but upon the 

number of amino acids added to the reaction media.. 

HoagUam has proposed that the pyrophosphate exchange and hydroxamate 

reaction are manifestations of the same set of reactions which lead to the 

activation of the amino acid prior to its incorporation into peptide linkage. 

The amino acid activa.tion reacti.ons can be explained as follows~ 
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In the presence of KF and absence of NH20H acceptor 

1) Enzyme + ATP.r,~ ~ ..... ___ >. Enzyme-AMP-PP 

2) Amino Acid -';- Enzyme-=AMP-PP <011:"'011:"--> Enzyme-AMI'-Amino Acid + p-p 

In the presence of NH20H acceptor 

3) Enzyme-AMP-Amino Acid + NH20H -7 Amino Acid hydroxamate + 

AMP + Enzyme 

Fractionation of the supernatant of rat liver by isoelectric precipitation 

at pH 5~1 to 503 produced an insoluble fraction possessing all the pyrophos-

phate exchange and hydroxamate forming activities of the original supernatant 

fraction but only one-fifth as much total protein. When this ttlpH 5 enzyme" 

fraction was incubated with microsomes j adenosine triphosphate, and amino 

acids, incorporation of the amino acids into microsomal proteins showed a 

strict requirement for the addition of guanosine triphosphate or diphosphate. 

The guanosine triphosphate has no effect on the exchange reaction or the 

hydroxamate formaticn but seem.c:> to be required for some later step in the 

overall reaction o 

An unknown number of activa.ting enzymes are present in the "pH 5 enzyme" 

fractiollSo Act~lvating enzymes which are specific for tryptophan (27) and 

tyrosine (28) have now been prepared in a highly purified form. Evidence 

for the existence of other activating enzymes specific for the other amino 

acids has been found (26,29~30)o The wide occurrence of activating enzymes 

throughout biological systems of plant and animal origin implies a role of 

oX. 

"Abbreviations used in these equatlons are~ ATP (Adenosine triphosphate), 
p-p (pyrophosphate) and AJ~ (Adenos.ine monophosphate)o 



central importance (27,3lj32,33j34)o 

Using the purified tryptophan activating enzyme$) Sharon and Lipmann (35) 

have been able to correlate the activation of tryptophan analogues with 

incorporation of these sUbstances into proteins (t Their findings imply that 

the natural amino acid must tmdergo activation by this enzyme prior to 

incorporation 0 the presence of the purified tryptophan activating enzyme, 

tryptophan labeled in the carboxyl group with a heavy oxygen atom has been 

shown to transfer its 018 to the phosphate group of adenosine monophosphate 

during the formation of t~JPtophan hydroxyamate (36)0 The transfer is con­

sistent with an intermediate formation of a carbon-oxygen-phosphate bond and 

lends support to the proposed mechanism of reaction (see equation 2). 

Synthetic amino acid adenylates have been synthesized and found to serve as 

a source of adenosine triphosphate indicating that reactions 1 and 2 are 

reversible processes (34,37)0 

A critical exandnation of the "pH 5 enzyme" fraction has revealed that 

5 per cent (by weight) of the material present is ribonucleic acid (38)0 In 

the presence of adenosine triphosphate and activating enzymes this ribo­

nucleic acid has the unique ability of incorporating amino acids (39)0 The 

carboxyl group of the amino acid is now known to be linked by a covalent 

bond to the 2?J or 3 ') hydro1qTl group of the terminal adenylic acid residue 

on the soluble ribonu\~leic acid (sRNA) molecule (40). The presence of 

ribonuclease inhibits formation of this linkage~ In ascites tumor cells 

Hoagland ~~o (39) have demonstrated that the sRNA fraction is labeled 

more rapidly than the ribonucleo ~otein portion of microsomes. Incorporation 

into the microsomal protein of a cell free system has also been shown to 



depend upon the amount of sRNA present (L~l)o It appears from the most recent 

evidence that a specific sRNA molecule is required for the binding of each 

amino acido The separation of an alanine acceptor sRNA from a tyrosine 

acceptor sRNA by counter current distribution has been reported by Holley 

~alo (42)0 Schweet and coworkers have attained a partial separation of 

leucine acceptor aRNA from tyrosine acceptor sRNA (43)0 

Protein synthesis in the microsomal fraction of rat liver has been 

envisioned by Zamecnik ~~o (41) to proceed through at least four distinct 

steps: 

1) Amino acid activation 

2) Bonding of the amino acid with soluble ribonucleic acid 

3) Peptide formation in the ribonucleoprotein particles of the 

microsomes 

4) Crosslinking and patternization to complete the 30 structure. 

Although the studies with the microsomal system above have afforded 

con~iderable information about the incorporation of amino acids into proteins, 

the system has not been adaptable to a demonstration of net synthesis during 

the period of incubationo Since incorporation of amino acids has not been 

equated to the synthesis of proteins, reservations must be kept as to whether 

the observed reactions are those of true protein synthesis (44)0 While most 

of the work to date with the microsomal fraction has dealt with the radio­

activity of the mixed protein fraction, recent immunological assays indicate 

that the fraction precipitated from the microsomes by rat serum albumin 

antibody has at least five times as much radioacti~ty per milligram of 

protein as the general protein fraction (45)6 In a similar system of rabbit 
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reticulocyte origin, Schweet !i.!lo (46) showed the incorporation of labeled 

amino acids into the hemoglobin molecule. 

On the basis of these investigations it would be tempting to speculate 

th1t all cytoplasmic protei.ns are synthesized by the microsomes. Recent 

studies of the role of the mitochondria of various tissues in the synthesis 

of protein indicate that the s~hetic process is occurring in that fraction 

as wello Simpson and McLean (47) (1955) found the !n.1!!2. distribution of 

injected amino acid is very different in rat muscle from that in rat liver. 

While the uptake of labeled leucine by l1vermitochondrial protein was less 

than one-fourth of that taken up by the microsomal protein, the mitochondrial 

and miorosomal fractions of muscle were labeled at approximately equal rates. 

Cell free systems prepared from rat muscle showed a similar relationship 

between mitochondrial and microsomal incorporatione 

It is now known that isolated rat liver mitochondria will incorporate 

labelt9d amino acids into proteins without the presence of ai ther the super­

natant or microsomal fractions of the cell (48)0 The incorporation has been 

shown to require the presence of a "high energy" compound such as adenosine 

triphosphate, and, in contrast to the microsomal system, incubation in the 

presence of pancreatic ribonuclease stimulates rather than inhibits the 

incorporation of amino &cids o other marked differences between the microsomal 

and mitochondrial incorporation of amino acids into proteins are the apparent 

absence of the amino acid activating enzymes and the lack of a requirement 

for guanosine triphosphate in the mitOChondrial system. 

The in. vitro mitochordrial system from calf heart has now been shown 

to be capable of carrying out a net synthesis of the specific protein cyto­

chrome C (49,50)0 



Although the nuclear, microsomal and. mitochondrial systems have been 

seen to possess markedly different properties and requirements for the 

synthesis of protein, recent evidence suggests that the processes are not 

entire~ independent of one anothero Campbell and Greengard (51) have 

reported that the addition of the nuclei fraction of rat liver to the 

microsomal plus supernatant system results in an almost complete inhibition 

of amino acid incorporationo Similarly~ addition of the mitochondrial 

portion of the cell to the microsomal system decreased the amino acid incor­

poration into microsomal proteins. On the other hand, the presence of the 

microsomes increases the amount of incorporation of amino acids into the 

mitochondrial proteins 0 These findings suggest that a particular cell part 

may exert a controlling influence upon the synthetic processes occurring 

elsewhere in the cello In additiong this work casts considerable doubt upon 

conclusionS j dealing with the rate of synthesis in cell parts, which have 

been deduced from studies of an isolated cell fractiono 

Brookes ~o (52)~ as well as Butler and coworkers (53), have 

suggested that other9 as yet undefined~ pathways of protein synthesis may 

occur in bacteria o They' have observed that the isolated cytoplasmic mem­

brane is capable of incorporating amino acids into bacterial proteinso 

In addition~ Hendler (54) has reported the apparent participation of a 

lipid fraction in the incorporation of amino acids into ovalbumin by hen 

oviduct minces~ 

Most of the investigations described to date have used the radioactivity 

found in the trichloroacetic acid precipitable protein as the measure of the 

incorporation of amino acids into proteinso Studies of the labeling of a 
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specific protein, however, have yielded important information regarding the 

rate and possible mechanisms of protein synthesis. 

Askonas, Simpkin and Work ( ) have studied the formation of labeled 

antiovalbumin by sensitized guinea pig lymph glands. Following the addition 

of radioglycine to the incubation media, labeled antiovalbumin appears after 

a short lag periodG The rate of appearance of label into the antibody is 

approximately three times greater than incorporation into the remainder of 

the gamma globulin fractiono In addition, mild cell damage has been found 

to prevent incorporation into antiovalbumin, yet the incorporation of label 

into the gamma globulin fraction, as well as other cell proteins, is unaltered. 

One must conclude that if incorporation rates are to be used as a measure of 

syntheti.c processes then it becomes necessary to relate that incorporation to 

a specific proteino 

Peters and Anfinsen (56) (1950) developed an immunological method for 

the analysis of chicken serum albumin and showed that after incubation of 

chicken liver slices with labeled carbon dioxide the serum albumin present 

was labeled forty-seven times more than the corresponding albumin fraction. 

Rate studies have indicated the microsomal serum albumin to be labeled some­

what earlier than that present in the mitochondrial portion of the cello 

Egg ovalbumin has been labeled by Steinberg and Anfinsen (57) by means 

of radioactive bicarbonate injection into a laying hen. Enzymatic degradation 

of the purified ovalbumin revealed that the aspartic acid residues in different 

portions of the molecu.le possessed significantly different amounts of C14. 

Ovalbumin prepared by an vitr..2. technique using labeled alanine gave similar 

results 0 Incorporation of amino acids into insulin and ribonuclease by 
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slioes in.. vitro during short term incuba,tions was a1eo found to result in 

uneven distribution of the labelo As the period of incubation is increased 

the distribution of labeled amino acid throughout the protein molecule 

becomes more uniform~ Although these studies were not attended by a net 

increase of the particular protein under investigation, the recent report 

of the net synthesis of cytochrome C by isolated calf heart mitochondria 

has described a non-un:tform labeling of that protein (58)0 

~\Thile silk fibroin has been reported to possess non-uniform distribution 

of labeled glycine after in,jection of that amino acid into the silk worm 

Bombyx !!!2!1. (59)9 most of the attempts to demonstrate uneven labeling in..Y..!.!2. 

have been unsuccessful (60)0 It has been suggested that the differences 

obtained !E., ~ and in vitro may be due to differences in the rate of equili­

brium of protein preoursors under these respective conditions. In order that 

a non-uniform distribution of label can occur, Steinberg !t!lo (61) propose 

that some intermediate peptides or amino acid pools must be present between 

the free amino acids and the completed peptide chain. 

The possibility that a direct replacement of a portion of the peptide 

chain in an intact protein might occur was suggested by Schoenheimer (62) 

as early as 1939Q Craddock and Da1gliesh (63) have proposed that uneven 

distribution of labeled amino acid in a protein may be the result of such an 

exchange phenomenono If, in the absence of net synthesis, the finished 

protein were to collide w~h the template from which it originated, a portion 

of that protein might be labilized and exchange several of its residues with 

other amino acids or peptidesQ In the presence of net synthesis these 

investigators speculate that the template would be inaccessible to the free 
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protein since it would be covered by amino acids and peptides in the process 

of polypeptide formationo They have observed no lag period during the 

labeling of ribonuclease in rat pancreas slices when no net synthesis of 

that protein occurred. others have found as much as fifty minutes lag 

before the appearance of labeled proteins in pancreatic secretions in vivo --
(64). Craddock and Dalgliesh have proposed that labeling occurred by exchange 

in the first instance and by ~ ~ synthesis in the lattero 

Other evidence which indicates that an exchange reaction may occur 

independently of ~!!2.!2. synthesis of protein comes from inhibition studies 

with amino acid analogueso Growth and net synthesis of protein in Staphlococcus 

aureus are completely blocked by the addition of ~chlorophenylalanine to the 

incubation mediao The incorporation of labeled glutamic acid into bacterial 

proteins has been found to continue unabated under these conditions (65). 

Similar incorporation has been noted during the inhibition of growth by 

antibiotics" Rabinovitz.!t llo (66) reported that the presence of £. fluoro­

phenylalanine in an ascites tumor cell suspension completely inhibited the 

incorporation of phenylalanine into cellular proteins. The other amino 

acids in the reaction media mixture were incorporated at a normal rate. 

An excha.nge reaction which is not necessarj.ly a synthetic mechanism has 

been offered as one possible explanation for incorporation of an amino 

acid in the absence of the availability of a complete complement of amino 

acids I) 

In human He La. cell cultures Eagle and coworkers (67) found than an 

exchange reaction occurred at the rate of one per cent per hour in the 

presence or absence of net synthesiso Their studies, however j do not 
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differentiate between intraoellular breakdown and reutilization of proteins 

and a direct exchange with proteins of the type proposed above~ The 

distribution of heavy oxygen (018) in the peptide chains of E. coli proteins 

following incuba.tion in the presence of H2018 indicates that the peptide 

bonds are continually being opened and closed in the absence of net 

synthesis (68)., 

Because of the number of processes leading to protein formation which 

seem to take place in living cells, as well as the marked differences of 

labeling whi.ch have been observed from one protein to another in the s arne 

system~ it is highly desirable that any study of the pathway or rate of pro­

tein formation be conducted with respect to a specific protein. Since previous 

studies strongly the presence of a direct exchange of amino acids in 

intact proteins" a demonstration of net synthesis of that specific protein is 

required if the experimental findings are to be interpreted with respect to 

the synthetic process o 

In the pages which are to follow will be found a detailed acc01mt of 

studies, carri.ed by the author ll of the !U,~ site of formation of 

ribonuclease with:i,n mouse pancreas 0 Preliminary investigations were directed 

toward the development of a set of conditions wherein a net synthesis of 

pancreatic would occur o Injection of a labeled amino acid, L 

valine, during a period of rapid syr~hesis of ribonuclease permitted intro­

duction of sufficient radioactivity into that enzyme to allow a determination 

of its specific activity~ Differential centrifugation of the pancreatic 

homogenates into four cell fractions, followed by a determination of the 

specific activity of ribonuclease ::in each fraction, has established the 
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microsomes as the site of the !It ~ synthesis of ribonuclease. A study of 

the distribution of labeled ribonuclease in the cell fractions as a function 

of time indicates that the enzyme is transferred to the zymogen granule 

fraction by way of the soluble portion of the cell. 



MATERIALS AND METHODS 

Animals 

General procedures. 

All of the animal studies reported here were performed with adult mice 

of the CBA strain. An equal number of males and females was used in order 

to minimize arTY sex difference which might exist" After fasting the mice 

for three hours each animal was given an intraperitoneal injection of 0 0 1 

ml. of aqueous pilocarpine hydro<e:hloride solution (10 mg/ml). The animals 

were then placed in open screen cages and allowed free access to water. 

Following one additional hour of fasting, the treatment of the animals differed 

as described below o 

lasted ~c,eo 

Following the administration of pilocarpine hydrochloride the mice were 

allowed free access to water but were maintained without food for the remainder 

of the experiment 0 At spe©ifi~ intervals the mice were killed by snapping 

the spinal cord" The pancreatic tissue was rapidly removed, weighed on a 

Roller-Bmith torsion ba.lance, and homogenized as described in "Preparation 

of pancreatic homogenates rf • 

F,gd mic~o 

Aft.er the injection of pilocarpine, the mice were fasted for one hour, 

then offered Rockland Mouse Pellets and water for the remainder of the 

experiment 0 At specific intervals the mice were killed and the pancreas 
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removed and processed as described the above section o 

order to obtai.n sufficient pa.ncreatic tissue to allow fractionation 

of the homogenate into cell fractions£) it became necessary to develop a 

pro(:edure which would allow thirty m:i.ce to be treated and sacrificed in a 

ur.liform manner <.l Fi,fteen mice from each sexj three months of age, were selected 

and fasted for three hmxrs aI :Pilocarpine was then injected as described above 

e~ept that the animals were treated an uassembly linen fashion and injected 

at regular intervals over a period of thirty minutes Q The mice were fasted 

for one hour a.fter inject:ion of the drug and then allowed Rockland Mouse 

Pellets and water for the remainder of the experiment. 

Exactly eighteen hours after the pilol~arpine:'lhad been injected, each mouse 

was given an intraperitoneal injection of 2 ~,c., of uniformly labeled valine 

in 0 0 1 mlo of distilled water" At an exact period of time after introduction 

of the labeled amino acid the mice were sacrificed and the pancreatic tissue 

rapidly removed. 0 P,9.ncreatic tissue was pooled in a tared beaker containing 

approximately 10 mlo of cold 
, 

\1 

J M sucrose 0 By processing the animals 

in the sam.e 8equ.enc~e at ea.ch step in the preparation, it was possible to 

keep the time peri.od between drug admin.istration and isotope injection as 

well as 
~~ 

and sacrifice the same for each of the thirty mi.ce. 

The beaker containing the sucrose solution and pancreatic tissue was then 

weighed again on an analytical balance" and the tissue was homogenized as 

described under ftGell fractionation procedure'~ oJ 

~ 

.. The author wish981 to express gratitude for the able assistance of Dr. 
So R", Dickman, Mrso Ko Mo Tru}pin~ Mesarso ~JQ To Madison, 'l.T. J. Karr, R. B. 
vJ:tlc:ox and D. RilGhardsonJ) whose cooperation made this procedure possibleo 
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Reagents 

Pilocarpine hydrochloride (UoSoP o grade) was purchased from the Merck, Sharp 

and Dohme Companyo A fresh solution was prepared for each series of injec­

tionso 

Stgp,ll used as a substrate in the a~lase assays was Merck Soluble Starch, 

suitable for iodometry (./ Staroh (600 mgQ) was suspended in 50 nUe> of deionized 

water, 10 mlo of 005 !sodium chloride and 30 mlo of 00 2 ~phosphate buffer 

at pH 7.2. The slurry was heated to boiling and a clear solution was obtained. 

The mixture was then cooled to 370 and the volume was adjusted to 90 nUo with 

water, if necessaryo A fresh starch substrate solution was prepared for each 

set of amwlase assayso 

Iodine reagento Fifteen grams of reagent grade potassium iodide, obtained 

from the Baker Company, and 165 gms. of Merck crystalline iodine were dissolved 

in deionized water to a final volume of 500 mlo 

Yeast ribonucleic acid substrate was prepared from Schwarz sodium yeast nucleate 

by the method of Vischer and Chargaff (69)Q The purified ribonucleic acid was 

stored in a dry form at "'200 until needed., A 003 per cent aqueous ribonucleic 

acid solution was then prepared and adjusted to pH 5.0 ~h dilute sodium 

hydroxide 0 After filtration the substrate solution was placed in 10 mlo 

lustroid centrifuge tubes and frozen until used., 

Standard ribonuclease solutions were prepared from recrystallized bovine 

pancreatic ribonuclease furnished by Armour and Company. The crystalline 

enzyme was weighed on a Mettler automatic balance and diluted with 002 ~ 

pH 5.0 acetate buffer to a final concentration of 1 ~go per mlo The diluted 

solutions were frozen until ~ed. 
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R!:§in for.....Pl!rq,~tograph;lp The carboxylated polystyrene XE-64 was purchased 

frnm the ROrJIl and Company and purified and sized as described by Hirs 

(70) for analytical chromatoe;raphy. It was f01.U1d that a better resolution 

of materials coul.d be obtained i.f the resin ~Nas regenerated periodically as 

described by and stored i.n the in a. dry- state "lU1til used. The 

resin was for chromatography by suspending it in a small volume of 

water and the of the stirred suspension to approximately 6.5 

with concentrated sodium hydroxide or hydrochloric acid o The wet resin was 

then autociaved for forty-five minutes at p. So io pressure to remove 

bacterial contamination.. The suspension was ari...owed to settle and the 

aqueous phase decanted. Several changes of 0 0 2 11 pH 6.l1-7 phosphate rJuffer 

were then added, and the mixture wa.s stirred magnetically in the cold room 

resin was then poured into a chromatography column as 

described later .. 

?p",.o,J'I:1Jate buffJ:!r,9 0,,2 ~...j pH 6.47 !J used in chromatographic studies was 

prepared by weight from :analyt,ical reagent grade mono- and di- basic sodium 

phosphate ( Deionized or glass distilled water was used in all instanceso 

A few sma.ll of thymol was added as a preservative~ and the solution 

was autoelaved as desr.:ribed abov60 Buffer solution was prepared for each 

c:broma tographic and stored D1 the cold room during the preparation 

an.d equilibration of the columrl o 

The acetate used in the of ribonuclease activity were 

of 0 0 2 M acetic acid and 0 0 2 ~ sodium acetate 

.and observirlg the final of the solution on a leeds and Northrup or 
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Cambridge pH meter~ Gelatin, which had been dissolved in a small volume of 

boiling buffer, was added to a final concentration of 0.001 per cent. 

For analysis of crude homogenates, c~ll fractions and other unbuffered 

solutions an acetate buffer of pH 5000 was prepared. Analysis of column 

eluates and other solutions which contained 002 ~ pH 6.47 phosphate were 

carried out with 00 2 !acetate buffer of pH 4.88 containing 00 001 per cent 

gelatin in order that the pH of the incubation media would be 5 !JO. All 

acetate buffer solutions were stored at 50 until used. 

Orcinol was obtained from the Matheson Company and further purified according 

to the procedure of Schneider (71)0 

Fresh orcinol reagent was prepared each day by dissolving 100 mg. of 

orcinol in 10 ml. of a mixture of 0 0 5 per cent ferric chloride in concen­

trated hydrochloric acid. 

Solutions for phosphate ana~yses were prepared according to the procedure 

of Gomori (72). 

standard phosphate solution. 

A sample of anal;ytical reagent grade KH;!04 obtained from the 

Mallincrodt Chemical Works was dried at 1200 overnight. A portion of the 

dried reagent was weighed on an analytical balance and diluted to a final 

concentrati(Qn of 00 1 mgo of phosphorus per mlo with deionized water. The 

standard solution was kept frozen until used. 

standard deOXYribonucleic acid solution. 

Twenty-five lOgo of highly polymerized deo~ibonucleic acid obtained from 

the Worthington Biochemical Corporation was dissolved over a 12 hr. period 

in 25 mlo of cold deionized water and dialyzed against 20 1. of distilled 
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water 0 The solution was then standardized by total phosphate analysis as 

described under nAnalytical!vfethods". The standard solution was kept frozen 

when not in use" 

Stani¥d ribonucleic acid solution" 

l'wenty-five mg" of purified yeast ribonuclei!~ acid was dissolved in 

75 rol. of deiordzed waterG The solution was standardized by total phosphate 

as described lL'1der tijtnalytical :Methcds tV 0 The standard solution 

was stored in a frozen state" 

Ten gra~~ of boric acid was dissolved in 500 ml. of distilled 

water according to the prOCedl:ire of ~ ~o (73)0 Sufficient methyl red-

bromcresol. green indicator was added to provide a distinct color change 

titration 0 

Ten praIns of HgO (red oxide) was dissolved in a solution of 12 ml. 

of dilute sulfur-ic acid (12 mle 

500 ml. of 40 per cent sodium hydroxi.de (w/v) was added sodium 

thiosulfate to a final concentration of five per cent. 

~~.rd sulfuric acid" 

The sulfuric ac~ .. d solution used to titrate the analytical sample 

1'lEl,s O.009iS5 N as determined ,rlith a dilute solution. of sodilliIl hydroxide which 

in had been standardized ltd.th potassium acid phthalate. 
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Standard ureA soluti~no 

A solution of 211 mg.. of urea :in 100 ml. of water was prepared. 

The solution thus contained 1 mg. of nitrogen per ml. of standard solution. 

Radioisoj.o,;ee" 

Uniformly labeled!! valine of a specific activity of 8.0 me. per J.l.!i was 

purchased from the Nuclear In'3trwnent a.nd Chemical Corporation" The amino 

acid lias dissolved in water to a final concentration of 2 jJ.c" :per 0.1 ml. 

and frozen until used. 

Suorose solutions~ . . 
To 100 mI. of deionized or glass distilled water was added 8.56 gms" of 

a~~lytical reagent grade sucrose obtained from the Mallinckrodt Chemical 

\vork.'3o A fresh solution was prepared for each usage and kept in an ice bath 

d~ing the course of the experiment 0 

BromsulfalsJ;!l, r.eap.ent 0 

One mlo of 5 per cent bromsulfalein solution obtained from Hynson, 

't'lestcott and Dunning, Ino" was diluted with 100 mlo of 1 !:!. hydrochloric 

acid~ 50 ml. of 1!1 citric a .. ~id and deionized water to a final volume of 

250 ml. 

1r~c~oro~c~!ic ~cid re~~en~. 

All trichloroacetic acid solutions wer'e prepared from analytical reagent 

grade material obtained f:rom the ¥J8.1Iinckrodt Chemical Worka" 

Standard serum albumin sol·ution" ... . ......... .. 

As a protein standard for the colorimetrio a.nalysis of protein concen-

t:t'ation, 40 mg. of four t:iJne,s !'ecrystallized bovine serum albumin was weighed 

on an analytical balance CU1d dissolved in 10 ml. of water. The protein 
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standard was diluted further with water as necessar,y. 

Cysteine hYdrochloride solution. 

A fresh 1 per cent aqueous solution of cysteine hydrochloride (Nutri­

tional Biochemicals Corp.) was prepared each day for the deoxyribonucleic 

acid ana4rsea. 

HlSrogen peroxide. 

The peroxide solution used in phosphorus ana~is digestions was Mallin­

ckrodt analytical reagent grade, 30 per cent hydrogen peroxide containing 

0.0005 per cent or less ana~zed phosphorus. 

Analytical Procedures 

Preparat&on of pancreatic homogenateso 

Upon removal from the mouse the pancreatic tissue was weighed rapidly 

on a Roller-Bmith torsion balanoe and placed in 2.0 ml. of cold 0.25 !i sucrose 

solution. A homogenate was prepared using a Potter-Elvehjem homogenizer with 

a Teflon pestle. The tissue was homogenized for two minutes in the cold and 

then frozen. When samples were to be removed for ana~isJ the homogenate 

was thawed in an iee batho 

Ribonucl!lSe i8SaYp. 

Ribonuclease activitz of pancreatic homogenates. 

A portion of the panoreatio homogenate was diluted with cold 0.9 

per cent sodium chloride solution and assayed by the procedure of Diclanan 

!l!l. (74)., Ribonuclease aotivity at pH 5.0 is expressed as the A260 reading 

per mg. wet weight of panoreatic tissue. An inactive oontrol was included 

with each sample analyzed 0 



Ribonuclease acti vitz. of cell fractions I» 

All ce11 fractions were diluted with 0.9 per cent sodium chloride 

solution and analyzed as above. In order that ribonuclease pool sizes could 

be measured the microsomal and soluble fractions were treated with 1 !H2S0
4 

to a final concentration of 0.25 li. unless otherwise stated. The solution 

was then adjusted to pH 5.0 and ana~zed using pH 5.0 acetate buffer. 

Enzymatio activity is expressed as ribonuclease units. One unit is defined 

as that quantity of enzyme resulting in an A260 reading of 1.0. 

Ribonuclease activity of column eluate!. 

Enzymatic activity was determined as above except that the pH 4.88 

acetate buffer was used in order to compensate for the phosphate butfer 

present. When necessary, the eluate samples were diluted with 0.2 ! phosphate 

buffer of pH 6.47 ~ An inactive control was routinely inoluded with the 

analysis of every fourth eluate tube. It was observed that A260 absorbing 

materials are eluted near the column front. The two areas of ribonuo1eas e 

were reass~ed in duplioate with an inactive control for each fraction. 

Aerlase activity of pancreatic homogenates. 

A portion of the pancreatic homogenates was diluted with cold 0.067 ~ 

phosphate bufter at pH 7.2 and ana~zed for &mflytic activity by the Hokin 

modification of the Smith and Roe assay (75). A reagent blank was included 

wit h each set of ana~ses performed. The homogenate from each pancreas 

was analyzed individually. Contrary to the information available (76), the 

starch -iodine color was found to be markedly influenced by variations 

in temperature. For this reason, the distilled water used to dilute the 

staroh-iodine color was stored in a separate bottle and maintained. at 26 ~ 10
• 
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All values have been expressed as Smith and Roe units of amylase 

activity per mgo wet weight of pancreas. A Smith and Roe unit has been 

defined as the amount of enzyme that will bring about the degradation of 

10 mge of starch in thirty minutes under the conditions of the assay (76)0 

Pooling of ngncreatic homo~enate samples. 

A pooling of homogenates was necessary in order to obtain sufficient 

quantities of the homogenates to analyze for nucleic acids and proteins. An 

equivalent amount of homogenate from each animal was combined with the other 

homogenates of that time period, and analyses were performed on the pooled 

homogenates. 

Protein analyseso 

Bromosulfale~ method. 

A modification of the colorimetric assay for protein described by 

Nayyar and Glick (77) was developed and used to analyze the protein content 

of the pancreatic homogenateso A 0 0 5 ml~ portion of the diluted homogenate 

was placed in a conical centrifuge tube, and 0.45 ml. of 1 N sodium hydroxide 

was added o The mixture was stirred with a glass rod, and 1010 mlo of the 

bromsulfalein reagent was added, mixed, and allowed to stand for twenty 

minutes at room temperature. The solution was centrifuged in a clinical 

centrifuge for fifteen minutes at maximum speed. A 005 ml. aliquot of the 

supernatant solution was transferred to a tube containing 5.0 ml. of 001 ! 

NaOH. The purple solution obtained was placed in a 16 x 150 mmo cuvette, and 

the absorbancy at 580 ~o was determined in the Coleman Jr. Spectrophotometer. 

The serum albumin standard solution was used to esta'bl ish a protein con­

centration curve for the method. As can be seen in the curve shown 



below (Graph I), the values reach a maximum at a concentration of 550 IJ.g. 

of protein and then decline. Thus~ when using this analytical method it was 

necessary to employ several concentrations of the same sample to ascertain 

that the absorbancy' values obtained were those for the ascending side of the 

curve in the range of from 0 to 350 IJ.go of protein. 
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1-licro-Kjeldahl analysis of pancreatic homogenates. 

A 0 0 4 mlo portion of the pooled homogenate described in an earlier 

section was pipetted into the bottom of a clear micro-K,leldahl flask. One 

mlQ of concentrated sulfuric acid was then added followed by approximately 

005 gm. of crystalline K2S04 and 0 0 5 mlo of the catalyst reagent. The neck 

of the flask was washed down with 2.0 rnIo of distilled water and several 

glass beads were added to control bumping. The sample was heated on a 

Kjeldahl digestion rack for at least one hour and until the sample remaining 

was clear and colorless. The flask was then cooled and transferred to a dis­

tillation apparatus a Following the addition of 5.0 mle of the basic thiosul­

fate reagent and an appropriate quantity of distilled water, the flask was 

heated to boiling, and the annnonia was distilled into 10 mle of the boric 

acid reagento The distilled sample was then titrated with the standard sul­

furic acid reagento Six samples could be digested and distilled at one time 

with the equipment availableo A urea standard and a reagent blank were 

included in each set of analyses. 

The protein concentration of the pancreatic tissue has been computed 

on the assumption that homogenate protein is sixteen per cent nitrogen. 

The nitrogen content of the nucleic acids was calculated from the ribonucleic 

acid and deoxyribonucleic acid analyses and subtracted from the nitropen 

values for the crude homogenate. Protein concentration has been expressed 

as the per cent protein per wet weight of pancreas. 

Mic:ro-Kjeldahl anal;v:sis of ,!richloroacetic acid precipitable proteJns. 

The protein fraction remaining after the extraction of nucleic acids 

(see section on nucleic acid extraction) was dissolved in 100 0 mlo of 1 N 



sodium hydroxi.de c; A 2,,0 mlo portion of the solution was analyzed for nitrorren 

as described above. Protein concentration has been expressed as per cent 

protein per wet weight of pancreas. 

Extraction of nucleic acids., 

A 300 mle portion of each pooled homogenate was fractionated for both 

nucleic acids and proteins by the Schneider procedure (71). A 7.5 mI. portion 

of cold 10 per cent trichloroacetic acid was added to the homogenate sample, 

and the mixture was centrifuged in a clinical centrifuge at 50 for fifteen 

minutes 0 The sediment was extracted twice with 5 mlo of 95 per cent ethanol 

at room temperature and centrifuged after each extraction. The residue was 

then suspended in a mixtur-e of three parts ethanol to one part diethyl ether 

and heated for five minutes at 50°0 After centrifugation the precipitate 

was suspended in 295 mI. of 5 per cent trichloroacetic acid and heated for 

fifteen minutes at 900 in a water bath~ The solutions were cooled, centrifuged, 

and the supernatant drawn off with a capillary pipette. The precipitate was 

washed twice with 100 rolo portions of 5 per cent trichloroacetic acid. Cent­

rifugation was performed after each wash. The combined supernatant and 

washes were analyzed for nucleic acid contento The precipitate was dissolved 

in 1 ! sodium hydroxide and analyzed for protein nitrogen content as described 

in the preceding sectiono 

Phos,Phorus anal.:y:s ... es. 

Colorimetric phosphate analyses were performed according to the procedure 

of Gomori (72) 0 A concentrati.on curve was determined liS ing the standard 

phosphate reagent. The standard deoxyribonucleic acid and ribonucleic acid 

solutions were digested with 2 rolo of concentrated sulfuric acid at 1100
• 



After the water had evapor,ated 51 three dro:ps of the peroxide reagent were added 

to each tube i and the te~r€rature was elevated to 2000 for one hour. The tubes 

were cooled, and 2 0 0 ml~ of water were added to each. After heating again for 

a few minutes in a boiling water bathg the solutions were analyzed colorimetri­

call.y for phosphorus contento All subsequent uses of deo:x:yribonucleic a.cid 

and ribonueleic: acid sta.ndard reagents are based upon their concentrations 

as determined by phosphorus analyses .. 

Ana~ses of ribonuc}jlic aciq~ 

Ribonucleic acid concentrations of the trichloroacetic acid extracts were 

determined by the orcinol method (71) I) A concentration curve was established 

with the standard ribonucleic acid reagent; the experimental concentrations 

were determined from that curve 0 A sam;,ole of the trichloroacetic acid extract 

and water of 10.5 mlo total vollLme was conibined with 105 mlo of the orcinol 

reagent and heated on a boi:..ing water bath for twenty minutes Q The solution 

was cooled rapidly~ and the absorbancy at 660 ~. was determined in the 

Coleman Jro Spectrophotometer u.sing 9 x 75 lIlin Q calibrated culture tubes as 

cuvettes o 

Hibonucleic acid (~0ntent of the pancreatic tissue wa.s calculated on the 

assumption the moleoule contains 9,,14 per cent phosphorus" All values 

Nere ex:pressad as cent ribonucleio acid :per wet weight of pancreas., 

!r~J;r.se8. 0J 4.§lpft.TIi.Q9j1"l:\9]eic a_cJ,§~o 

Deoxyribon:.l(cleic acid C'Jntent of the trichloroacetic acid extracts was 

determined by' the cyste:i.r~e~.ulf':l:t'ic 8'{:dd method of Brady (78)0 A OQ5 ml.., 

salIlf,le to be a.nalyzed w~s l:laced in a thin-walled glass test tube, and 0005 

ml o of the one per cent cysteine hydrochloride reagent was added with a rnicro-
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pipette. The tube was then chilled in a sodium chloride-ice--water mixture, 

and a 500 mlo portion of very cold ( ) concentrated sulfuric acid was 

added down the side of the tube so that a layering was obtained 0 While in 

the ice bath the solutions were mixed with a glass stirring rod, and the tube 

was placed in a 250 water bath for twenty minutes. The reaction mixture was 

then transferred to a 16 x 150 mmo calibrated test tube, and the absorbancy 

474 Iql.o was read immediately the Coleman Jr~ Spectrophotometer. A 

concentration curve was determined using the standard deoxyribonucleic acid 

reagent, and all experimental values were related to that curve. A rear-ent 

blank a.nd a standard solution were ir~cluded with eaoh set of analyses carried 

out on the trichloroacetic acid extractso The concentrations determined 

experimentally are expressed as per oent deoxyribonucleic acid per wet weirht 

of pancreas and are ca.lc'tllated on the assrwnption that deo:xyribonucleic acid 

contains 9014 per cent phosphorus. 

Extractio~ of ribonucleas6 o 

A modification of the extraction procedure of Hirs, Stein and Moore (79) 

was developed i.n order to lD!"e~Jare the ribonuclease of homogenates and cell 

fractiollS fcr chromatographyo 'The homogenate or cell fraction was mixed 

w~th cold dilute H2S04 to a final concentration of 0 0 25 ~.o After standing 

for a fe1t1 minutes at 0° the m.ixture was centrifuged in an International 

c1i!lical centrifuge» and the supernatant. was separated by decantationo The 

soluble fraction was then adjusted to pH 507 with dilute sodium hydroxide and 

allowed to sta.nd for ten na.Jlutes. After centrifugation the supernatant was 

decanted and used in the ChrOlI1atographic procedures. For certain of the 

cell fractions j especially nuclei and supernatant fractions, further purifi-
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cation was necessary due to the large mass of materials present. The pH 5.7 

supernatant was passed through a 102 x 10 cmo column containing XE-64 resin 

at pH 6~47. The extract was allowed to seep into the resin bed and was 

eluted with 60 mlo of 0 0 2 ~phosphate buffer at pH 6.47. A large portion 

of the contaminating substanoes remained in the resin bed during this 

procedure while ribonuclease was eluted. The eluate was then dialyzed 

against 0 0 001 M versene pH 700 in a constant flow, rocking dialyzer for 

approximately seven hours, and the dialyzed extract was lyophilized. The 

remaining solids were then dissolved in a small volume of water and used in 

the chromatographic procedures. 

Incubation of microsomal and soluble fractions of pancreas with 0.01 M 

versene at pH 90 0 has been reported by Dickman ~~o (80) to result in a 

significant increase in ribonuclease activity~ Thus, this versene treatment 

was included for most of the microsomal and supernatant fractions. The 

mixture was then brought to pH 102 with cold, dilute H2S04 and extracted as 

described aboveo Recent work, however, indicates the H2S04 treatment alone 

is sufficient to provide maximal activation of ribonuclease (81)0 

£rromat~aphic procedures. 

Prepa!:ation of chromatoErapny oolumns~ 

A slurry of the equilibrated XE-64 resin was poured into a glass 

column to produce a resin bed of 0 0 9 x 30 cm~ The resin was then washed 

rapidly with 00 2 !phosphate buffer at pH 6.47 for at least twenty-four 

hours 0 All preliminary preparation of the chromatography columns was 

carried out at 50. 

When the eluate solution became exactly pH 6.47 the column was transferred 



tJ a Techni.con drop-counting fraction collectoro After allowing the buffer 

to drain the level of the resin bed j the enzyme extract was added in a 

volume of 2 to 4 mla The sample was allowed to drain into the resin, and 

1 mle; of buffer solution was added to wash the sample into the resin. Buffer 

soluti.on was then added slowly to fill the column and tubes leadinf to the 

reservoir 0 The rate of eluate flow was adjusted to 2-3 ml" per hour. Elution 

was carried out room temperature~ 

Co..llection s;,f", ~o4:uJ:nn eluate" 

of the eluate solution was begun at the irGtant the 

ribonuclease extract was first placed on the top of the column~ The fraction 

col1ec~tor was usually adjusted to collect twenty-two drops or 1416 mlo per 

tube a A8 elution the collected tubes were covered with a Parafilm 

seal and frozen until enzyme analyses could be carried out. 

Cell fractiona~on~roceduree 

The pooled tissue from thirty mice (3.5 to It-~O gm.) was homo-

genized at in 26 to 29 mle of 0 0 25 lisucrose. Differential 

eentr'ifugation of homogenates into the respective cell fractions 

was performed a modifi.cation of the procedure of Van Lancker ~ &1.0 ( ) 

as indica.ted I. fractions were washed by resuspension. All 

opera.tions 'were conducted at 0°, and the cell fra.ctions were frozen immediately 

after 

CO~L11mn eluates were counted by plating 0.5 mlo of the 

and cell fractions were diluted wi.th 002 

buffer before being plated o The solution to be counted was placed 



Table Io Differential Centrifugation of Pancreatic Homogenates 

Time Head Centri- No. Volo 
Cell fraction RoP o~1o ge minso No. fuge of of 

~ washes washes 
ml o 

Nuclei 1»500 600 10 250 Intema."'" 3 5--7 
tional 
No o 2 

Zymogen granule and 13!iOOO 11Sl125 16 4J Spine 0 2 3-5 
mitochondria Model L 

Microsome 40,000 l05!J} 000 30 n n 2 9 

Supernatant I 40~OOO lO5s;OOO 30 t! n .. ~ --
Postmicrosome I 40,000 105,000 60 VI n 0 --

I 

Postmicrosome 40,000 105,000 240 tr n j 0 --
f 

Superna tant II 40,000 105,000 2/+0 n n 
1 

.... ." --
t 

on a tared alumin.um phanchet with a pipette and was spread over an inscribed 

area of 381 rnm2
0 The solution was then dried under an infrared lamp, and 

the planchets were weighed again on the Mettler analytical balance. The dried 

saJIl];Jle weighed from 13 to Ih mg$ Radioactivity of the dried samples was deter-

mined with a Nuclear Chicago,? automatic, windowless, ga.s-flow counter con-

sist:ing of a model 161 A scalerg model C·ullOB automatic sample changer, model 

C 1118 interval timer, model D47 gas flow counter and a model T 3 time delay. 

Each sample was co~~ted for the period of at least 2p 560 counts. Background 

radiation was subtracted from the observed radioactivity. The self-absorption 

of radioactivity by the phosphate present on the planchet was determined, and 

the correction curve illustrated below was computed (Graph rr)Q All values of 
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~raph II. Correction Curve for Phosphate Self-absorption 

radioactivity reported have been corrected for self-absorption. Excepting 

the zymogen granule and nuclei fraction chromatograms (five minutes after 

isotope injection), eluate fractions containing the maximum enzymatic 

activity possessed more than fifty counts per minute per 0.5 ml. 

Calculations. 

Radioactivity. The radioactivity of each sample was calculated as follows: 

(CPM observed CPM baCkground) X Self Absorption Correction Factor equal 

CPM corrected. 
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SEecific activit yo 

The specific activity of radioactive ribonuclease has been defined as 

the counts per minute per 0.5 ml. of column eluate divided by the enzymatic 

acti vity (A260 value) obtained with 0.1 ml. of eluate multiplied times one 

hundred. O~ those tubes containing sufficient enzymatic activity to give 

an A260 value of 0.100 or more per 0 0 1 ml. were used for the determination of 

specific activity. 

Standard deviations. 

In order to compute the standard deviation in the determination of 

the specific activity of ribonuclease, the eluate tubes were analyzed separately 

for radioactivity and enzymatic activity_ The specific activity values obtained 

for the major elution peak of ribonuclease were then averaged, and the standard 

deviation was computed by the method of Youden (83). 



RESULTS AND DISCUSSION 

Pilocarpine Studies 

Objectives. 

The preliminary studies described in this thesis have been performed in 

order to establish a set of experimental conditions which would allow an 

investigation of the role of the various components of the pancreas cells 

durmg net synthesis of a specific protein !!l~. 

The rapid incorporation of labeled amino acids into pancreatic proteins 

was mentioned in an earlier section (see History). Studies of the formation 

of amwlase in mouse pancreas by Allfrey and coworkers (84) led to the con­

clusion that protein synthesis in the pancreas, when compared on a weight 

basis, is more than ten times greater than that in the liver or the kidney_ 

Pancreatic tissue is capable of rapid protein synthesis without concomi­

tant changes in cell size or cell population (85). Therefore, changes in 

the amount of protein present due to tissue growth or increased cell structure 

do not occur. The acinar cells of the pancreas appear to be highly specialized 

for the formation, storage, and secretion of digestive enzymes (85). Correla­

tion of the number of secretory granules (zymogen granules) with the enzymatic 

activity of the pancreas dates back well into the last century (1875) (86). 

Recent~ Hokin (87) isolated zymogen granules from dog pancreas homogenates 

and demonstrated the concentration of amylase and lipase there to be greater 

than in any other portion of the cello The zymogen granules are now generally 

-40-
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accepted to be the storage place of the secretory enzymes prior to their 

secretion into the duct system of the pancreas (85). 

Harper and Mackay (88) have shown that the secretions of the pancreas 

are controlled by both hormonal and neural factors. While the secretion of 

the alkaline fluid from the pancreas is stimulated by the hormone secretin, 

the release of the enzyme-rich zymogen granules can be induced by either 

the hormone pancreozymin or by stimulation of the vagus nerve. Consequently, 

wide use has been made of parasympathomimetic agents such as pilocarpine 

and carbamylcholine to deplete the acinar tissue of zymogen granules and 

secretory enzymes (89,90,91,85,92,93). The depletion of zymogen granules 

is maximal one hour after pilocarpine injection into mice or rats (85)0 

There exists, however, a considerable lack of agreement in the literature 

concerning the rate of restoration of the zymogen granules and secretory 

enzymes of the acinar cells o Hirsch (94) described the regeneration of 

zymogen granules in mouse pancreas as early as four hours after pilocarpine 

injection. Reis (95) reported regeneration occurred between twelve and 

twenty hours after injection of the drug. Da~ and Mirsky (96) studied the 

restoration of enzymatic activity in mouse pancreas following pilocarpine 

treatment and have reported the contents of the cell are completely replen­

ished six hours after injection. Farber and Sidransky (93) found that 

amylase activity was generally increasing in rat pancreas by four to eight 

hours after stimulation but much variation in the recovery rates was ob­

served. It was apparent from these reports that, in order to use pilocar­

pine depletion of pancreatic enzyme stores as a means of inducing synthesis 

and storage of proteins, it would be necessary to investigate the rate of 
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regeneration of those proteins more thoroughly than had been done previously. 

Several investigators have found pancreatic tissue adaptable to the study 

of protein synthesis in vitroo Hokin (75) used pigeon pancreas slices to 

investigate the amino acid requirements of antvlase formation. Younathan!i..!1. 

(97) employed a similar system to study the influence of amino acid analogues 

on the synthesis of amylase. Schucher and Hokin (91) later adapted the 1ll. vitro 

system to a demonstration of a net increase of lipase and ribonuclease activi­

ties. 

During studies, described in this thesis, of the effects of pilocarpine 

upon the enzymatic content of mouse pancreas, amylase and ribonuclease activi­

ties have been determined. Convenient, quantitative, and sensitive assays 

are available for both enzymes (see Materials and Methods)o Ribonuclease was 

chosen for the studies of Bl~ incorporation of amino acids into a specific 

protein since it is a relatively stable enzyme and can be purified by established 

procedures of chromatography (79). 

PilocarPine studi.es with fasted mice. 

Adult mice were fasted and injected with pilocarpine as described in 

"Methods and Materials". The animals were sacrifioed at specific intervals, 

and the pancreatic tissue was analyzed for total amylase and ribonuclease 

activities 0 The data, shown in Table II, indicate amylase activity decreased 

fifty-five per cent during the first hour following pilocarpine injection. 

Ribonuclease activity decreased thirty-three per cent during that interval. 

By twenty-four hours after pilocarpine injection the amylase activity was 

almost that of the control value. Ribonuclease activity declined steadily 

during the period of study and showed no signs of significant recovery. The 
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Table II. Effect of Pilocarpine Injection on the 

Activities of Pancreatic Enzymes - Fasted Mice 

. Hours after Amylase Ribonuclease Number of 
pilocarpine Smith & Roe A26c1 mge* animals 

units/mg. * 

0 48.8 0 0 332 10 

1 2203 0 0 221 10 

4 28(iO 0.,221 5 

7 30.,5 0 0 175 5 

12 24.4 0 0 131 5 

24 47.0 0.178 I 5 

I ! 

mg. wet weight of pancreatic tissue 

data indicate that recovery of the various digestive enzymes following pilo-

carpine injection does not necessarily occur at similar rates or time inter-

valse 

PilocarPine studies with fed ~ce. 

Analyses for amylase and ribonuclease activities of the pancreatic 

tissue from pilocarpine treated, fed mice, revealed a markedly different 

enzyme recovery from that of fasted mice 0 The enzyme levels, represented 

by the values shown in Table III, showed that amylase activity had almost 

returned to that of the control seven hours after pilocarpine injection. 

Ribonuclease activity remained low during the first twelve hours at which 

time a rapid increase was initiated~ The period between fifteen and 

twenty-one hours after injection was characterized by a rapid increase in 
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Table III. Effect of Pilocarpine Injection on the 

Activities of Pancreatic Enzymes - Fed Mice 

Anwlase Ribonuclease Number of 
Smith & Roe A

26
o!mg. i~ animals 

units IrIIi!. 0 ~~ 

48.8 0.332 10 

22.3 0.221 10 

27.1 0.213 4 

43,,1 0,,179 10 

53.3 0.180 10 

54.8 0.222 24 

71.1 0,,277 25 

99.0 00341 25 

72.9 0.300 10 

mg. wet weight of pancreatic tissue 

t.he activities of both enzymes" In each instance the value at twenty-one 

hours was greater than the control value. The enz.yme levels observed at 

twenty-four hours indicate some decrease is again taking place. 

All of the studies performed during the remainder of the investigations 

described have been carried out using pilocarpine treated, fed mice. While 

the data presented here strongly suggests that net synthesis and storage of 

pancreatic enzymes are taking place during the fifteen to twenty-one hour 

interval, further work has been performed in order to define other variables 

more clearly. 



Protein conteE,t of mOUf:je pancreaf!,.fol)ol1¥tA ri!9.c!!:Q.,in.e iItject",.ion. 

As l3.tent ribonuclease activity haa been reported by Elson (98) to occur 

in E, coli and by Dic1ona.n !i. ~o (SO) to occur in mouse pancreas, it was con­

ceivable that an inorease in enz.y.me aotivity could be due to the release of 

an enzyme from an inacti va form rather than S!!t ~ synthesis" Therefore, 

protein analyses were performed on the pancreatio homogenates in order to 

determine whether an increase in protein content could be correlated with the 

observed increases in enzyme aotivityo Protein nitrogen was analyzed by the 

Kje1dahl method using both the pooled pancreatic homogenates and the trich1oro-

acetio acid precipitable protein fractionao In addition, colorimetric analyses 

for the homogenate proteins were performed (aee ".Materials and Methodsn). 

Table IV. Effeot of Pilocarpine Injection on the 

Total Protein Content of Mouse Pancreas 

Hours after ,,~ .. - .. MethsS .:::"_ •. 4.. .. ~ 1'-

pilocarpine Colorimetrio Kjeldah1 tri- Kje1dah1 
% wet weight chloroacetic homogenate 

precipitate % wet \<leight 
% wet weight 

0 15.7 11,,4 17.3 

1 13.,7 10,,7 17.1 

4 1304 114JO 14.0 

7 13.2 1105 15.4 

12 1400 ll.? 16,,0 

15 14~9 12.5 16.,5 

18 1500 13.0 16.5 

21 16.0 14.1 18.,0 

24- 15.2 13.6 17.0 



Although it can be seen in Table IV that different absolute values are 

obtained with each of the three analytical methods used, the changes of 

protein concentration observed in each case bear a marked similarity to one 

another. A decrease of protein content of the gland during the first few 

hours after stimulation is apparent by all three methods of analysis. It 

will be noted that the per cent decrease of total protein concentration is 

not as great as the per cent decrease of the activity of either of the 

secretory enzymes, indicating that amylase and ribonuclease participate in 

the secretory process to a greater extent than the cellular proteins in 

general. In addition, it can be seen that during the period of from fifteen 

to twenty-one hours after pilocarpine injection the total protein content of 

the pancreas increases. The amount of protein present, like the enzymatic 

activity, is greater at twenty-one hours than the control value and decreases 

somewhat by twenty-four hours. These relationships are shown in Graph III. 

\Vhile the most rapid increase in enzyme and protein content of the tissue 

occurs between fifteen and twenty-one hours after pilocarpine injection, it 

cannot be ascertained from these data that protein synthesis begins at that 

time 0 The effect of pilocarpine upon the secretory processes of the pancreas 

has already been mentioned. Schucher ~~o (91) have suggested that the 

so-called cycle of secretion and resynthesis of pancreatic enzymes, based 

on the fall and subsequent rise in the enzyme and zymogen granule content 

of the pancreas following cholinergic stimulation, may merely reflect a 

constant rate of enzyme synthesis with superimposed variations in the secretory 

cycle. It is possible that the changes in enzymatic and protein contents of 

the pancreas reported here are due to a prolonged effect of pilocarpine, after 
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which the secretory components of the cells can once more accumulate. 

Deoac;yribonucleic acid content of mouse Nncreas followine pilocarpine in.jection. 

In view of the report by Faber and Sidransky (93) of the loss of water 

from the rat pancreas after pilocarpine injection, it was necessary to deter­

mine whether or not such changes in water content could account for the observed 

changes in enzymatic activity and protei n concentration e The constancy of the 

cell population in the pancreas following pilocarpine administration was 

mentioned earlier 0 S1.nce the average amount of deoxyribonucleic acid per 

nucleus of any animal tissue is constant (99), analyses of the deoxyribonucleic 

acid content of pancreatic tissue were performed as a measure of cell volume. 

Major changes in the water content of the pancreatic cells after pilocarpine 

treatment would be reflected in the concentration of deoxyribonucleic acid in 

the tissue. 

Although some water loss from the pancreas may occur during the first 

few hours after stimulationfthe data presented ,in Table V show that during 

the period when enzymatic activity and total protein are increasing rapidly, 

the cell volume remains constant u 

It has been concluded from the data presented in these sections that 

net synthesis of both amwlase and ribonuclease is occurring in the pancreatic 

tissue of fed mice during the period of from fifteen to twenty-one hours 

following pilocarpine injection. 

Ribonucleic acid content of mouse pancreas durin~rapid protein formationu 

On the basis of cytochemical studies Brachet (100) and Caspersson (101) 

have stated that a correlation exists between the magnitude of the protein 

synthetic activities and the ribonucleic acid content of a number of tissues 
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Table V. Deoxyribonucleic Acid Content of Mouse Pancreas 

Hours after 
pilocarpine 

o 
1 

4 

7 

12 

15 

18 

21 

24 

Following Pilocarpine Stimulation 

Deoxyribonucleic acid 
% of wet weight 

0.234 

0 0 234 

0.274 

0.257 

0.257 

0.250 

0.252 

and organisms. Caspersson ~ 21.0 (102) have reported changes in the ribo­

nucleic acid content of pancreatic cells during different phases of the 

secretory cycle o Although several investigators have been unable to confirm 

this finding (96,103), it was of interest to determine if changes in the 

pentose nucleic acid content of pancreatic cells could be detected under 

the present experimental conditions. 

Table VI contains the analytical values obtained for the ribonucleic 

acid content of pancreatic tissue following pilocarpine injection. It can 

be seen that during the period of rapid synthesis and storage of proteins 

which occurs between fifteen and twenty-one hours after pilocarpine injection 
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there is no detectable increase in the concentration of that nucleic acid. 

Table VI. Ribonucleic Acid Concentration of Mouse Pancreas 

Hours after 
pilocarpine 

o 

1 

4 

7 

12 

15 

IS 

21 

Following Pilocarpine Stimulation 

Ribonucleic acid 
% of wet weight 

2.28 

2&06 

2.16 

2~OO 

2017 

2.02 

2.02 

1.99 

Radioactivity Studies 

Labefing of ~ancreatic ribonuclease. 

Introduction of 3-C14~henylalanine into the peptide chain of pancreatic 

ribonuclease by calf pancreas slices has been reported by Vaughn and Anfinsen 

(104). Craddock and Dalgliesh (63) obtained incorporation of a mixture of 

labeled amino acids into the ribonuclease of rat pancreas slices. Studies 

were undertaken by the author to determine if radioactive labeling of ribo-

nuclease could be achieved ill vivo during the period of net synthesis of that 
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enzyme described above. The a.m:in.o acid valine was used in these experiments 

since analyses of bovine ribonuclease indicate a high concentration of that 

amino acid (105). 

Eighteen hours after pilocarpine treatment, nine mice were each given 

an intraperitoneal injection of 2 Jlc. of C14-L-valineQ Two hours later the 

mice were sacrificed, the pancreatic tissue was removed and homogenized, and 

the ribonuclease was ex t.racted as described in "Materials and Methods n • The 

extract was subjected to the chromatographic procedures described pre,riously. 

The eluate fractions obtained were analyzed for both ribonuclease activity and 

radioactivity. 

Graph IV shows that two areas of ribonuclease activity are present in 

the elution patterno While the first to be eluted is grossly contaminated 

by other radioactive materials, the second and major component of ribonuclease 

activity bears a close correlation to the radioactivity in that region. The 

two elution patterns may be virtually superimposed in the latter region of 

ribonuclease activity. Thus, by'a procedure of extraction and chromatographic 

separation it became possible to resolve ribonuclease from the other materials 

present and to demonstrate the incorporation of a labeled amino acid into 

that enzyme under conditions of net synthesis. The ratio of the radioactivity 

and enzymatic activity of ribonuclease has been used to define a specific 

activIty of radioactive ri.bonuclease (see calculations). 

C~ll fractionation studi~ of mouse pancreas. 

Fractionation of pancreatic homogenates by differential centrifugation 

was carried out in conjunction with radioactive labeling of ribonuclease 

in order to determdrle the site of ribonuclease synthesis in the cells. In 
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addition, these studies have furnished information concerning the passage of 

new~ synthesized enzyme to various parts of the secretory cell. 

The pancreatic tissue from thirty mice was homogenized and fractionated 

into cell components as described in "Materials and Methods". The specific 

activity of the labeled ribonuclease in the various cell fractions has been 

determined at five time periods after labeled amino acid injections. Pan­

creatic homogenates were prepared five, ten j fifteenj thirty and one hundred 

twenty minutes after C14 valine injection. Ana~ses for total radioactivity 

and total ribonuclease content were carried out on each homogenate and cell 

fractione 

Cell fractions corresponding to a nuclear fraction, a combined zymogen 

granule and mitochondrial fraction, a microsomal fraction, and a supernatant I 

fraction were prepared from each homogenate (106)0 Since the mitochondrial 

portion of the cell has been shown to contain only minimal amounts of ribo­

nuclease, that portion was combined with the zymogen granules of the cell 

~ibonuclease content o(cell fractions and homojlenates Q 

The magnitude of the ribonuclease "pool" in each cell fraction has been 

determined by analysis of the total ribonuclease activity (Table VII)v Values 

have been expressed as total ribonuclease units (see "Materials and Methods")., 

Although some variation is apparent in the total amount of ribonuclease 

present in anyone particular cell fraction at different time periods, the 

data indicate that no major changes in pool sizes are occurrine during the 

period of investigation~ 
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Table VII. Total Ribonuclease Activity of Cell Fractions 

Minutes after CI4-valine Injection 
Cell fraction 

5 10 15 30 120 

I 
Nuclei 123 units 100 units I 117 units 104 units III units 

Zymogen 68 46 I 104 103 95 
! 

Microsome 368 267 275 264 308 

Supernatant I 330 361 481 383 285-x-

---~------ .. .......... GIIIat ....... w;;aw...- .... -~~ ........ ------ --- .............. ....----
Tissue weight (mgo) 3520 mg .. 3548 mg. 3730 mg. 3537 mg. 3966 mp:. 

Total homogenate~~ 957 units 730 units 855 units 1012 units 1104 units 

A2601mgQ of tissue 0.,272 0,,206 01)229 0.286 0.278 

* not treated with H
2
S04 

The total wet weight of pancreatic tissue obtained at each time interval 

and the total ribonuclease content of each pancreatic homogenate were deter~ 

mined 0 The analytical results are shown in the lower portion of Table VII~ 

Total ra9i~aptivity of the ~ancreatic tissue~ 

A portion of each homogenate was diluted~ and the radioactivity analyzed 

in order to determine the rate of appearance of ra.dioactivity in the pancreatic 

tissue" Graph V shows the total rad:i.oactivity content of the pancreatic tissue 

at specific intervals after isotope injectiono 

An appreciable quantity of radioactivity is seen to reach the pancreas 

during the first five minute intervale Maximum radioactivity of the tissue 

is observed ten minutes after injection, and the C14 content remains fairly 
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Injected radioactivity = 60 x 166 CPM 

r 
Time in Minutes after 014 Valine Injection 

Graph V. Total Radioactivity of Pancreatic Homogenates 

120 

constant dur:ing the next twenty minutes. By two hours after injection total 

radioactivity in the pancreas is reduced to less than one~half of the rnax~lm 

value 0 

It is interesting to note that approximate~ ten per cent of the injected 

dose of radioactivity is found in the pancreas after ten minutes~ Considering 

that the pancreatic tissue of a mouse weighs approximately 125 mg. and the 

total body weight of an adult mouse i,s 20 to 25 gms., it can be oaloulated 

that the pancreatio tissue has concentrated the radioactivity twenty fold~ 

Farber and Sidransky (93) have observed that 1!l viv,p uptake of C14"~1.""valine by 



rat pancreas is doubled by pilocarpine treatment. 

Total radioactivity of cell fractions of mouse pancreas. 

The general distribution of total radioactivity in the pancreatic cells 

was studied as a function of time. A portion of each cell fraction was 

diluted and counted for radioactivity. As can be seen in Graph VI, most of 

the radioactivity incorporated into the pancreas during the first ten minutes 

is present in the microsomal fraction of the cello At fifteen minutes after 

injection, as well as the later periods, the supernatant fraction contains a 

greater proportion of the radioactivity than any other cell fraction. The 

nuclei and zymogen granule fractions are seen to increase slowly in total 

radioactivity content during the first thirty minutes. 

Radioactivity 

3 
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x 

10-6 

2 

1 

Minutes after C14 valine injection 

Graph VI. Distribution of Ra.dioactivity in Cell Fractions 
from Mouse Pancreas 
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Although determinati0n of total radioactivity is a gross measurement, the 

data show that the miorosomal portion of the cell is labeled more rapidly 

than the supernatant fraotion" This information seems incompatible with the 

fi.."ldings of Zamecnik .!i.!!l. (108) that the soluble ribonuoleic aoid fraction 

binds amino acids prior to their i~corporation into microsomal proteins ~ 

~tyoe The binding of labeled amino aoid to the soluble ribonucleic acid 

portion of the pancreas may constitute such a small proportion of the total 

radioactivity present that it is not apparent during measurement of total 

radioactivity ~ 

The sRecifie activities of ~~bon~clease in c~ll fraotions of mouse pancreas. 

Specifio activities of the ribonuclease in each eell fraction have been 

studied as a funotion of time o Ribonuolease was extracted from each oell 

fraction and resolved by the chromatographio proced'ure mentioned previously. 

In all cases two areas of ribonuclease aotivity were detected in the eluate 

fractions" All specific aotivity data have been obtained from analyses of the 

major area of ribonuclease activity, which is eluted last from the columno 

A standard deviation has been calculated for each specifiQ activity (see 

n!:4a.terials and Methodsn ) in order to obtain an estimation of the significance 

of the experimental reaults o 

The speoific activIty values summarized in Table VIII indicate the degree 

of incorporation of labeled all'd.no a.cid into the ribonuclease molecule. The 

most striking feature indicated by the data is the rapid labeling of the 

microsomal ribonuclease. The radioactivity found in the microsomal ribonuclease 
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Table VIlla The Specific Activities of Mouse Pancreas Ribonuclease 

Following C14 Valine Injection 

Cell fraction 
Time in minutes 

5 10 15 30 
.. ,. 

Nuclei 0.40 :!:. 0008 -- 1067 !.. Ool~ 1.18 :!:,.Oo25 

Zymogen granule 0 0 45 !.. 0015 1023 !.. 0039 1057 !.,Oo18 3 Q 53 !. 0 0 32 

Microsomal 3.01 !. 0 0 31 5.,80 !.. 0.47 6.97 !.. 0 0 63 5.27 !.. 0035 

Supernatant I 0 0 61 !. 0.21 1069 !. 04146 2.53 :!:.. 0.,24 2.79 !. 0 0 28 

I I 

CPM (0 0 5 ml. eluate) 
Speoific Activity; A

260 
(0

0
1 ml. eluate) x 100 

120 

2.83 !. 04)~ 

3.53 !.. loC 

2.61 .!. Oo~ 

3.43 !. Oo~ 

is already appreciable five minutes after injection of the label o At that time 

the ribonuolease of the other cell fraotions shows very little labelingo The 

specific activity of microsomal ribonuclease reaches a maximum at fifteen 

minutes and decreases thereafter. These data have led to the conclusion that 

the microsomal portion of the acinar cell is the site of synthesis of pancreatic 

ribonuclease in the living mouse~ 

Siekevitz and Pa1a.de (109) investigated the .Yl vivo incorporation of 

~-leuoine-l-C14 into the trichloroacetic acid precipitable proteins of cell 

fractions obtained from guinea pig pancreas. These workers observed that the 

microsomal proteins are labeled more rapidly than the proteins of other cell 

fractions. Recently, Siekevitz and Palade (110) presented a preliminary 

report which indicated that the ribonucleoprotein particles of the microsomal 
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fraction of guinea pig pancreas are the site of synthesis of the protein 

chymotrypsinogen. 

It can be seen in Table VIII that the ribonuclease of the supernatant I 

fraction shows the second most rapid rate of labeled amino acid incorporation. 

Fifteen minutes after injection the specific activity of the enzyme in that 

fraction is significantly greater than either nuclei or zymogen pranule 

fraction ribonuclease~ However, by thirty minutes the specific activity of 

ribonuclease in the zymogen granule fraction is elevated sufficiently to 

exceed that of the supernatant enzyme by a significant margin. These same 

data, presented pictoria~ in Graph VII, show that the specific activity 

values of the supernatant enzyme have begun to plateau at fifteen minutes 

while the specific activity of zymogen granule enzyme continues to gain 

radioactivity for a much longer period of time. 

Subfractionation of supernatant I. 

Two possible interpretations which would account for the distribution 

of radioactivity in the ribonuclease of the supernatant and zymogen granule 

fractions are: 1) A precursor-product relationship exists between the enzymes 

of the two fractions Q Thus, the ribonuclease of the supernatant fraction may 

be an intermediate in the transport of the enzyme from the site of synthesis 

in the microsomes to the site of storage in the zymogen granules. 2) On the 

other hand, if a clean separation of the soluble and microsomal portions of 

the homogenate was not attained by the centrifugal forces which have been 

applied, there might be a sufficient number of microsomal particles remaining 

in the soluble fraction to account for the observed data. 
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In order to test the second possibility, a further fractionation of the 

soluble portion of the cell was carried out~ Prolonged centrifugation of a 

supernatant I fraction (fifteen minutes after isotope injection) yielded two 

postmicrosomal fractions and a high speed supernatant fraction (supernatant II) 

(see nr.faterials and Methodsn). If supernatant Iwere contaminated with 

microsomal particles, one would expect the specific activity of the ribonuclease 

in the first postmicrosomal fraction to be greater than that of either the 

second postmicrosomal fraction or the final supernatant II. 

The data shown in Table IX indicate that the supernatant I fraction is 

not gross~ contaminated with highly labeled microsomal ribonuclease. 

Table IX. Subfractionation of Supernatant I 

Cell fraction I Specific activity Ribonuclease content-1f-

Supernatant I 2.53 :!:.. O1l24iH~ 202 units 

Postmicrosome I 2.32 !. 0028 99 

Postmicrosome II 1 .. 25 :.. OG23 24 

Supernatant II 2.37 !.. 0,,24 37 
I 

.. H. 

1\ not treated with H2S04 
~H~alue taken from Table VIII 
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InterPretation of the data. 

On the basis of the above data it is proposed that the ribonuclease which 

is synthesized in the microsomal portion of the acinar cells of mouse pancreas 

is transferred to the soluble portion of the cell before reaching the zymogen 

granules~ 

It is interesting to note that laird and Barton (90) have arrived at a 

similar conclusion from a kinetic study of the pilocarpine-induced depletion 

of amwlase from the various portions of the mouse pancreas cell. These workers 

have proposed that amylase is synthesized in the microsomal portion of the 

cell, released from the site of synthesis in soluble form, and condensed into 

the zymogen granules where it is stored awaiting secretion. 

Sjgstrand and Hanzon (Ill), from an electron microscopic investigation of 

the ultrastructure of the exocrine celJ~ of mouse pancreas, have commented on 

the intimate relationship between the Cilllgi apparatus and the zymogen granules 

of the acinar cells. Further, they describe granules in the Golgi zone which 

appear to represent a whole series of stages of formation from the most minute 

granules to the well defined zymogen granules. It is conceivable that the 

soluble proteins of the cell are condensed at this locus to form the zymogen 

granules. 

Siekevitz and Palade (109) have suggested the possibility of the transfer 

of labeled proteins from the microsomes to other cell fractions. Recently, 

on the basis of electron micrograph data, they have proposed that the zymogen 

granules are formed within the endoplaf~mic reticulum (microsomal fraction) 

(112). In such a case no soluble intermediate fraction would be present. 

Therefore, the data presented in this thesis does not support that interpretationo 



An estimation of the time required for a complete protein molecule to te 

assembled from precursors can be made from the data presented (See graphs V, 

VI, and VII)o Since a considerable amount of labeled ribonuclease is present 

in the microsomal fraction five minutes after intraperitoneal in,4 ection of 

the labeled amino acid, the time required for the formation of labeled enzJ~e 

is necessarily less than five minutes. The time required for the homopenate, 

the microsomal fraction, and the rrdcrosomal ribonuclease to become maximally 

labeled has been plotted on a comparable scale in Graph VIII. Althouph a 

greater number of values would allow calculation of a more precise value, it 

can be seen that the radioactivity is present in the homogenate and the micro­

somal fraction for 2.9 - 3.4 minutes before it appears in the ribonuclease 

molecule.. This treatment of the data assumes that the speclfic activity of 

the protein formed is directly proportional to the radioactivity present in 

the tissue or cell part at the time of synthesis~ It is reasonable to assume 

that the time difference between these curves is the interval required for 

the labeled amino acid to be assembled into the intricate structure of the 

finished, enzymatically active protein0 

Craddock and Dalgliesh (63) report that no lag period is present in the 

incorporation of labeled amino acids into the ribonuclease of ill yttro rat 

pancreas slices~ These workers, however, did not conduct studies of the 

first few mirlutes after introduction of the labeled amino acids. 

J>unqueira et A!o (64) carmulated the common biliary and pancreatic duct 

of a carbarrrylcholine-=at1.mulated rat and found a fift:y minute lag between the 

intraveno~~ injection of C14-g~cine and the appearance of labeled proteins 

in the :pancreatic secretions" Radioactivity of the secretory proteins reached 
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a maxiImun approximately two hours later 4) Such a lag period could be the 

time required for the transfer of proteins tt~ough the soluble portion of 

the cell and for their subsequent conoentration into discreet zymogen 

granules 0 

Keller, Cohn and Neurath (113) have recently reported similar studies 

of three enzymes in the secretions of bovine pancreaso Maximum specific 

activity was obtained in these proteins between three and four hours after 

intravenous injection of labeled amino acid, although labeled enzymes were 

present during the first one hour sample !II Since cholinergiC stimulation of 



the animal was not used in the latter studyj the time that the enzymes were 

stored prior to the secretion may have been prolonged. 

One may conclude that the time from which the secretory enzyme leaves 

the site of synthesis in the microsomes until it is secreted by the extrusion 

of zymogen granules is approximately forty-five or fifty minutes in a rapidly 

secreting pancrease During the interim the enzyme is undergoing transfer and 

storage within the secretory celIe A more detailed study of the specific 

activity of zymogen granule ribonuclease by the methods described in this 

thesis, especial~ at time periods later than thirty minutes, could be used 

to determine the time relationships of the secretory process in a more detailed 

marmer. 



SUMMARY 

Methods have been developed for the study of amino acid incorporation into a 

specific protein under established conditions of net synthesis. The results of 

these studies have been reported and discussed. 

Synthesis and storage of the secretory proteins of mouse pancreas have 

been shown to occur between fifteen to twenty-one hours after pilocarpine 

injections. The concentration of amylase, ribonuclease, and total pancreatic 

proteins has been shown to increase rapidly during that period. Deoxyribonucleic 

acid as well as ribonucleic acid content of the pancreatic tissue does not 

increase during the period of protein synthesiso 

Injection of the labeled amino acid, valine, into pilocarpine treated mice 

eighteen hours after stimulation, followed by chromatographic resolution of the 

components of an extract of pancreas, has allowed a demonstration of radioactive 

labeling of the enzyme ribonuclease under conditions of net synthesis. The 

ratio of radioactivity to enzymatic activity has been used to define a specific 

activity for that enzyme~ 

Ana~ses of the total radioactivity present in the pancreatic tissue as 

well as the total radioactivity of each of four cell fractions have been 

carried out. It was found that ten minutes after intraperitoneal injection 

of isotope approximately ten per cent of the radioactivity is present in the 

pancreas. Radioactivity appears most rapidly in the microsomal fraction of 

the cell during the first ten minutes but at later periods the soluble 

portion of the cell becomes more intensely labeled. 
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The distribution of labeled ribonuclease in the various parts of the 

pancreatic cella has been studied as a function of time. The data indicate 

that the microsomal portion of the acinar cells is the site of formation of 

the secretory enzyme, ribonuclease, in the living mouse~ The distribution of 

labeled ribonuclease in the other cell fractions suggests that the newly formed 

enzyme is transferred to the zymogen granules by way of the soluble portion of 

the cell. 

From a consideration of the rates of isotope uptake into the total homo­

genate and the microsomal fraction, as well as the rate of appearance of labeled 

ribonuclease in the microsomal fraction, it has been estimated that the labeled 

amino acid is present in the microsomes for about three minutes before it 

appears in the pancreatic enzyme& It has been proposed that this time lag is 

the period required for the elaboration of the finished, enzymatically active 

protein, ribonuclease, in the microsomal portion of the cells. 
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