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INTRODUCT ION

Concepts of the formation and breakdown of proteins in the living animal
have undergone a number of major changes since 1922 when Mitchell et al, (1)
proposed that, under normal conditions, tissue proteins were inert to
metabolism, Soon after (192&), Folin (2) stated that metabolism of proteins
is limited to that which is necessary to replace proteins lost through "wear
and tear" on the tissues. Borsook and Keighley (3) (1935), however, found
neither of these ideas adeguately described their experimental findings.

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

of humans is derived from erdogenous 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 (L) (1939) to demonstrate, with the use
of N> labeled amino acids, that the proteins of the body are undergoing
rapid and continusl breakdown and resynthesis. These studies established
that the proteins of the body tissues are in a dynamic rather than a static
state of metabolism,

Since that time the increasing availability and use of isotopes of the
common elements found in biological compounds has made possible a number of
significant advances in the knowledge and understanding of fundamental
processes of protein synthesis. The following pages will present a review

of selected aspescts of the investigations conducted to date of the synthesis



of proteins in the cells of plants and animals. In particular, it will be
the purpose of this review to summarize the studies of the locus of protein
gynthesis in various types of cells, Consideration will also be given to
the eriteria which must be fulfilled in these studies if one is to interpret
the data with a minimum of ambiguity.

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.



HISTORY

Following the early studies by Hevesy (5) (1923) of the uptake of
radicactive lead by plants, and the general adaptation of isotopic methods
to bivlogical investigations by Schoenheimer (L) (1939), a wide usage of
isotopic tracers has developed. A number of workers have employed labeled
amino acids to trace their incorporation into general protein fractions
of tissue slices, homogenates and cell fractions. Melchoir and Tarver (6)
(1947) reported a small amount of incorporation of S3° labeled methionine
into the proteins of rat liver slices. The same year Winnick, Friedberg,
and Greenberg (7) reported the incorporation of cl4 labeled glycine into
the proteins of intestinal tissue sections. The addition of small amounts
of sodium azide to the incubation was found to completely inhibit the
incorporation of amino acid., 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 nitrogen
atmosphere., Radioactive carbon dioxide has also been used to label the
proteins of rat liver slices. Anfinsen et al. (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



of a homogenate was achieved by Friedberg, Winnick, and Greenberg (10) (1947).
In the presence of a complex incubation medium containing metal salts; gly-
colysis intermediates, 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 study 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 et al. (11) (1948)
found that after intravenous injection of S35 labeled methionine into the rat,
the proteins of the intestinal mucosa possess the highest concentration of
radiocactive label, 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 et al. (12) (19&8),
as well as Borsook and coworkers (13) (1950), found a similar distribution
using other amino acids and other experimental animals. 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 radiocactive label., Similar results had been found
after incubation of liver homogenates in the presence of radicactive amino

acids (14). Studies of the incorporation of labeled glycine, leucine and



lysine into 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. However; the combina-
tion of two particulate fractions produces a synergistic effect upon the
incorporation process. Also, differences were noticed in the optimal conditions
for lysine incorporation into supernatant proteins from those required for
incorporation into the particulate fractions., Too, Peterson et al. (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 in vitro
incorporation into liver cell fragments on an oxidizable substrate such as
a~ketoglutarate.

Following these early papers on protein synthesis in vivo 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 warks 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 similar end., Each cell part studied so far possesses peculiarities
with respect to the synthetic process carried out there. It will be useful
in evaluating the experimental fimdings to be presented later in this thesis
to consider what is known concerning the synthesis of proteins by isolated
cell parts, First; lst us consider the synthesis in isolated nuclei.

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

thymus nuclei; a-ketoglutarate and phosphate buffer which is capable of



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 L isomers of the amino acid. Once bound to the nuclear
protein, the radicaetivity cannot be removed by dilute alkali, by treatment
with ninhydrin or the addition of unlabeled *carrier" amino acid (18),
Because of these properties the investigator assumed that the incorporated
amino acid was present in peptide linkage. 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 studied., 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 system. 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 et al, (19) have since invegtigated a number of
polynucleotide substances for their capacity to restore the incorporation
process. It was found that deoxyribonucleic acid from many sources, as
well as deoxyribonucleic acid in varying states of chemical and enzymatic
degradation, can restore the activity loss due to deoxyribonuclease. Of
the synthetic molecules tested, only polyadenylic acid shows any restoration

activity. These investigators 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-
pvhorylation of nucleotide monophosphates which is known to oeccur in isolated
nuclei (20) and results in an insufficient supply of adenosine triphosphate
to support protein synthesis, The exact role of deoxyribonucleic acid in
this process remains obscure,

Although the studies eonducted with isclated 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., After removing the nucleus from the unicellular algae Acetabularia
mediterranea, 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 protein. The cytoplasmic fraction of the 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, incubation of the cytoplasmic fraction
in the presence of a dilute solution of pancreatic ribonuclease was shown by
Stich {22) (1958) to inhibit completely net synthesis of protein. Incubation
of the complete algae ¢ell with ribonuclease similarly produces an inhibition
of growth, but, unlike the enucleated portion, cell growth is resumed when
the ribonuclease is removed, Other instances of an influence upon protein
synthesis in one ¢ell part by the presence of another portion will be
mentioned later.

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

that the ¢ytoplasm also plays a significant role in the formation of proteins.



A critical 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 in vivo and in vitro uptake of labeled amino acids into the
proteins of liver cell fractions showed the microsomal protein to accumulate
radicactivity more rapidly in both instances. 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}, It was later observed that when phosphoenol
pyruvate or phosphocreatine was added to the incubation media as substrate
the presence of the mitochondrial fraction of the cell was no longer required
for incorporation to occur., 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 proteins constitute only 28 per cent of the proteins
Present, they have been found to be labeled eighteen times more rapidly
than the supernatant proteins {25}, The incorporation mechanism is specific
for the L isomers of amino acids. Partial hydrolysis studies of labeled
microsomal proteins indicate that the labeled amino acid residues are present
in peptide linkage. 4s in the case of cytoplasmic fraction from algae,
inccrporation 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



plus supernatant system. 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 F32 1abeled pyrophosphate with adenosine triphosphate.

Addition of L amino acids to the enzyme system increased the rate of exchange
two to three fold., 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 independently of the others.

In the presence of potassium fluoride, the pyrophosphate exchange
reaction does not lead to an accumulation of pyrophosphate in the reaction
media, However, when fluoride was omitted and salt free hydroxylamine was
put into the system to trap "“high energy" compounds, amino acid hydroxamates
of the amino acids present were formed rapidiy 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 formaticn of amino acid hydroxamates by the liver supernatant possesses
characteristics similar to the amino acid dependent pyrophosphate exchange
reactions. The reaction is specific for L amino acids, and the reaction
rates are dependent not only upon the amino acid concentration but upon the
number of aminc acids added to the reaction media.

Hoagland 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 activation reactions can be explained as follows:
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In the presence of KF and absence of NH,OH acceptor
1) Enzyme + ATP* —— Enzyme-AMP-PF

s

2) Amino Aeid + Enzyme-AMP-PP > Enzyme-AMP-Amino Acid + P-P

In the presence of NH,OH acceptor
3} Enzyme-AMP-Amino Acid + NH,OH —> Amino Acid hydroxamate +

AMP + Enzyme

Fractionation of the supernatant of rat liver by isoelectric precipitation
at pH 5.1 to 5.3 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 "pH 5 enzyme"
fraction was incubated with microsomes, adenosine triphosphate, and amino
acids, incorporation of the amino acids into mierosomal 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 formatiomn but seems to be required for some later step in the
overall reaction,

An unknown number of activafing enzymes are present in the "pH 5 enzyme"
fractions. Activating 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 (26,29930)o The wide ocecurrence of activating enzymes

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

“Abbreviations used in these equations are: ATP {(Adenosine triphosphate),
P-P (pyrophosphate) and AMP {Adencsine monophosphate).
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central importance (27,31,32,33,34),
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. Their findings imply that
the natural amino acid must undergo astivation by this enzyme prior to
incorporation. In 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 O'8 to the phosphate group of adenosine monophosphate
during the formation of tryptophan hydroxyamate (36), 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).

A critical examinagtion of the "pH 5 enzyme" fraction has revealed that
5 per cent (by weight) of the material present is ribonucleic acid (38), In
the presence of adenosine triphosphate and activating enzymes this ribo-
nucleic acid has the unique ability of incorporating amino acids (39)o The
carboxyl group of the amino acid is now known to be linked by a covalent
bond to the 27 or 37 hydroxyl group of the terminal adenylic acid residue
on the soluble riborucleic acid (SRNA) molecule (40)s The presence of
ribonuclease inhibits formation of this linkage. In ascites tumor cells
Hoagland et al. (39) have demonstrated that the GRNA fraction is labeled
more rapidly than the ribonucleo protein portion of microsomes. Incorporation

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



depend upon the amount of JENA present (L1, It appears from the most recent
evidence that a specific JRNA molecule is required for the binding of each
amino acid. The separation of an alanine acceptor sRNA from a tyrosine
acceptor _RNA by counter current distribution has been reported by Holley
et al, (AZ)O Schweet and coworkers have attained a partial separation of
leucine acceptor SRNA from tyrosine acceptor [RNA (430
Protein synthesis in the microsomal fraction of rat liver has been

envisioned by Zamecnik et al. (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 3° structure.
Although the studies with the microsomal system above have afforded

considerable 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 incubation. 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), 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 radioactiv ty per milligram of

protein as the general protein fraction (45)o In a similar system of rabbit



reticulocyte origin, Schweet et al. (46) showed the incorporation of labeled
amine acids into the hemoglobin molecule.

On the basis of these investigations it would be tempting to speculate
that all cytoplasmic proteins are synthesized by the microsomes. Recent
studies of the role of the mitochondria of various tissues in the synthesis
of protein indicate that the synthetic process is occurring in that fraction
as well. Simpson and Mclean (47) (1955) found the in vivo distribution of
injected amino acid is very different in rat muscle from that in rat liver.
While the uptake of labeled leucine by liver mitochondrial protein was less
than one~fourth of that taken up by the microsomal protein, the mitochondrial
and microsomal fractions of muscle were labeled at approximately equal rates.
Cell free systems prepared from rat muscle showed a similar relationship
between mitochondrial and microsomal incorporation.

It is now known that isolated rat liver mitochondria will incorporate
labeled amino acids into proteins without the presence of either the super-
natant or microsomal fractions of the cell (48), The incorporation has been
shown to require the presence of a "high energy' compound such as adenosine
triphosphate, and, in contrast to the microscmal system, incubation in the
presence of pancreatic ribonuclease stimulates rather than inhibits the
incorporation of amino acids, 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).



Although the nuclear, microsomsl 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
entirely independent of one another, 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 incorporation. Similarly, addition of the mitochondrial
portion of the cell to the microsomal system decreased the amino acid incor-
poration into mierosomal proteins. On the other hand, the presence of the
microsomes increases the amount of incorporation of amino acids into the
mitochondrial proteins. These findings suggest that a particular cell part
may exert a controlling influence upon the synthetic processes occurring
elsewhere in the cell, In addition, this work casts considerable doubt upon
conclusions, dealing with the rate of synthesis in cell parts, which have
been deduced from studies of an isolated cell fraction,

Brookes et al. (52), as well as Butler and coworkers (53), have
suggested that other, as yet undefined, pathways of protein synthesis may
occur in bacteria. They have observed that the isolated cytoplasmic mem-
brane is capable of incorporating amino acids into bacterial proteins.

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 proteins, 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 (55) 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 period. The rate of appearance of label into the antibody is
approximately three times greater than incorporation into the remainder of
the gamma globulin fraction. 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
synthetic processes then it becomes necessary to relate that incorporation to
a gpecific protein,

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 cell,

Egg ovalbumin has been labeled by Steinberg and Anfinsen (57) by means
of radiocactive bicarbonate injection into a laying hen. Enzymatic degradation
of the purified ovalbumin revealed that the aspartic acid residues in different
portions of the molecule possessed significantly different amounts of clh,
Ovalbumin prepared by an in vitro technique using labeled alanine gave similar

results. Incorporation of amino acids into insulin and ribonuclease by
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slices in vitro during short term incubstions was also found to result in
uneven distribution of the label, 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-uniform labeling of that protein (58),

While silk fibroin has been reported to possess non-uniform distribution
of labeled glycine after injeg¢tion of that amino aecid into the silk worm
Bombyx mori (59), most of the attempts to demonstrate uneven labeling in vivo
have been unsuccessful {60), It has been suggested that the differences
obtained in vivo and in yvitro may be due to differences in the rate of equili-
brium of protein precursors under these respective conditions. In order that
a non-uniform distribution of label can occur, Steinberg gt al, (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 replaecement of a portion of the peptide
chain in an intact protein might occur was suggested by Schoenheimer (62)
as early as 1939, Craddock and Dalgliesh (63) have proposed that uneven
distribution of labeled amino acid in a protein may be the result of such an
exchange phenomenon, If; in the absence of net synthesis, the finished
protein were to collide wit 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 pertides. In the presence of net synthesis these

investigators speculate that the temgslate 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 formation. They have observed no lag period during the
labeling of ribonuclease in rat pancreas slices when no net gynthesis 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)o Craddock and Dalgliesh have proposed that labeling occurred by exchange
in the first instance and by de novo synthesis in the latter,

Other evidence which indicates that an exchange reaction may occur
independently of de novo synthesis of protein comes from inhibition studies
with amino acid analogues. Growth and net synthesis of protein in Staphlococcus
aureus are completely blocked by the addition of p chlorophenylalanine to the
incubation media. 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 et al. (66) reported that the presence of o 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 exchange reaction which is not necessarily 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,

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 synthesis. Their studies, however, do not



differentiate between intracellular breakdown and reutilization of proteins
and a direct exchange with intact proteins of the type proposed above. The
distribution of heavy oxygen (018} in the peptide chains of E, coli proteins
following incubation in the presence of H2018 indicates that the peptide
bonds are continually being opened and ¢losed 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 which have been observed from one protein to another in the same
system;, it is highly desirable that any study of the pathway or rate of pro-
tein formation be conducted with respect to a speecific protein, Since previous
studies strongly suggest 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,

In the pages which are to follow will be found a detailed gccount of
studies, carried out by the author, of the in vivo site of formation of
ribonuclease within mouse pancreas. Preliminary investigations were directed
toward the development of a set of conditions wherein a net synthesis of
pancreatic ribonuclease would occur. Injection of a labeled amino acid, L
valine, during a period of rapid synthesis of ribonuclease permitted intro-
duction of sufficient radioactivity into that enzyme to allow a detemmination
of its specific activity. Differential centrifugation of the pancreatic
homogenates into four cell fractions, followed by a determination of the

specific activity of ribormclease in each fraction, has established the



microsomes as the site of the in vivo syntheais of ribonuclease. A study of

the distribution of labeled ribonuclease in the c¢ell 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 any sex difference which might exist., After fasting the mice
for three hours each animal was given an intraperitoneal injection of 0.1
ml. of aqueous pilocarpine hydrochloride 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,

Fasted mice,

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. At specific intervals the mice were killed by snapping
the spinal cord. The pancreatic tissue was rapidly removed, weighed on a
Roller-Smith torsion balance, and homogenized as described in "Preparation
of pancreatic homogenates®,

Fed mice,

After the injection of pilocarpine, the mice were fasted for one hour,

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

experiment., At specific intervals the mice were killed and the pancreas

20 =



removed and processed as described in the above section,

Cell fractionation studies.

In order tu obtain sufficlent pancreatic tissue to allow fractionation
of the homogenate intc cell fractions, it became necessary to develop a
procedure which would allow thirty mice to be treated and sacrificed in a
uniform manner, Fifteen mice from each sex, three months of age, were selected
and fasted for three hours., Filocarpine was then injected as described above
except that the animals were treated in an "agsembly line' fashion and injected
at regular intervals over a period of thirty minutes., The mice were fasted
for one hour after injezstion of the drug and then allowed Rockland Mouse
Pellets and water for the remainder of the experiment.

Exactly elghteen hours after the pllocarpinehad been injected, each mouse
was given an intraperitoneal injection of 2 pc. of uniformiy labeled L valine
in Qo1 ml, 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, Pancreatic tissue was pooled in a tared beaker containing
approximately 10 ml, of cold {0°) 0,25 M sucrose., By processing the animals
in the same sequence at sach step in the preparation, it was possible to
keep the time period between drug administration and isotope injection as
well as isotope injection and sacrifice the same for each of the thirty mice.%
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 "Cell fractionation procedure,

]

* The guthor wishes to express his gratitude for the able assistance of Dr.
S, R, Dickman, Mrs. K. M, Trupin, Messrs. J. T. Madison, J. J. Karr, R. B.
Wileox and D. Richardson, whose cooperation made this procedure possible.



Reagents

Pilocarpine hydrochloride (U,S.P. grade) was purchased from the Merck, Sharp

and Dohme Company. A fresh solution was prepared for each series of injec-
tions,

Stgrch used as a substrate in the amylase assays was Merck Soluble Starch,
suitable for iodometry. Starch (600 mg.) was suspended in 50 ml, of deionized
water, 10 ml, of 0.5 M sodium chloride and 30 ml, of 0.2 M phosphate buffer

at pH 7.2. The slurry was heagted to bolling and a clear solution was obtained.
The mixture was then cooled to 37° and the volume was adjusted to 90 ml., with
water, if necessary, A fresh starch substrate solution was prepared for each
set of amylase assays.

lodine reagent., Fifteen grams of reagent grade potassium iodide, obtained

from the Baker Company, and 1,5 gms. of Merck crystalline iodine were dissolved
in deionized water to a final volume of 500 ml,

Yeast ribonucleic acid substrate was prepared from Schwarz sodium yeast nucleate

by the method of Vischer and Chargaff (69), The purified ribonmucleic acid was
stored in a dry form at -20° until needed. A 0,3 per cent aqueous ribonucleic
acid solution was then prepared and adjusted to pH 5.0 wi h dilute sodium
hydroxide. After filtration the substrate solution was placed in 10 ml,
Justroid 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 0,2 N,

pH 5.0 acetate buffer to a final concentration of 1 ug. per ml. The diluted

solutions were frozen until used.
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Regin for chromatography, The carboxylated polystyrene XE=fl was purchased
from the Kohm and Haas Company and purified and sized as described by Hirs
(70) for analytical chromatography. It was found that a better resolution
of materials could be obtained if the resin was regenerated periodically as
described by Alrs ard stored in the cold in a dry state until used. The
resin was prepared for chromatography by suspending it in a small volume of
water and adjusting the pH of the stirred suspension to approximately 6.5
with concentrated sodium hydroxide or hydrochloric acid. The wet resin was
then autociaved for forty-five minutes at 15 p. s. i. pressure to remove
bacterial contamination., The suspension was alliowed to settle and the
aqueous phase decanted. Several changes of 0.2 M, pH 6..7 phosphate buffer
were then added, and the mixture was stirred magnetically in the cold room
(5°) overnight. The resin was then poured into a chromatography column as
described later.

Phosphate buffer, 0,2 M, pH 6.47, used in chromatographic studies was

prepared by weight from analytical reagent grade mono- and di- basic sodium
phosphate (70), Delonized or glass distilled water was uced in all instances.
A few small crystals of thymol was added as a preservative, and the solution
was autoclaved as described above., FEuffer solution was prepared for each
chromatographic anslysis and stored in the cold room during the preparation
ard equilibration of the column,

Acetate buffer,

The acetate buffers used in the analysis of ribonuclease activity were
prepared by mixing solutions of 0,2 M acetic acid and 0.2 M sodium acetate

and observing the final pF of the solution on a leeds and Northrup or



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, call fractions and other unbuffered
solutions an acetate buffer of pH 5.00 was prepared. Analysis of column
eluates and other solutions which contained 0.2 M, pH 6.47 phosphate were
carried out with 0.2 M acetate buffer of pH 4.88 containing 0,001 per cent
gelatin in order that the pH of the incubation media would be 5.0, All
acetate buffer solutions were stored at 5° until used.

Orcinol was obtained from the Matheson Company and further purified according
to the procedure of Schneider (71).

Fresh orcinol reagent was prepared each day by dissolving 100 mg. of
orcinol in 10 ml. of a mixture of 0.5 per cent ferric chloride in concen-
trated hydrochloric acid.

Solutions for phosphate analyses were prepared according to the procedure
of Gomori (72).

Standard phogphate solution,

A sample of analytical reagent grade KH2POA obtained from the
Mallincrodt Chemical Works was dried at 120° overnight. A portion of the
dried reagent was weighed on an analytical balance and diluted to a final
concentration of 0,1 mg, of phosphorus per ml, with deionized water. The
standard solution was kept frozen until used.

Standard deoxyribonucleic acid solution.

Twenty-five mg. of highly polymerized deoxyribonucleic acid obtained from
the Worthington Biochemical Corporation was dissolved over a 12 hr. period
in 25 ml, of cold deionized water and dialyzed against 20 1, of distilled



water, The solution was then standardized by total phosphate analysis as
described under ™Analytical Methods™. The standard solution was kept frozen
when not in use,

Standard ribonucleic acid =solution,

Twenty-five mg, of purified yeast riboruucleic acid was dissolved in
75 ml, of deionized water. The solution was standardized by total pheosphate
analysis as described under "inalytical Methods®. The standard solution
was stored in a frozen state,

Micro=-Kjeldshl rezpents,

Boric acid solution,

Ten grams of boric acid was dissolved in 500 ml. of boiling distilled
water according to the procedure of Ma et al. (73). Sufficient methyl red-
bromeresol green indicator was added to provide a distinct color change
during titration.

Catalyst.

Ten prams of HpG {red oxide) was dissolved in a solution of 12 ml.

of dilute sulfuric scid (12 ml, 1,80, + 88 ml, H,0),

nade Lnicsuifate resgent,

To 500 ml. of 4O per cent sodium hydroxide {w/v) was added sodium
thiosulfate to a final concentration of five per cent.

Standard sulfuric acid.

The sulfurie acid solution used to titrate the analytical sample
was 0.00985 N as determiried with a dilute solution of sodium hydroxide which

in turn hed been standardized with potassium acid phthalate.



Standard urea solution,

A solution of 213 mg. of urea in 100 ml, of water was prepared.
The solution thus contained 1 mg. of nitrogen per ml. of standard solution.

Radioisctope.

Uniformly labeled L valine of a gpecific activity of 8.0 me. per uM was
purchased from the Nuclear Instrument and Chemical Corporation. The amino
acid was dissolved in water to a final concentration of 2 pe. per 0.1 ml,
and frozen until used.

Sucrose solutions.

To 100 mle of delonized or glass distilled water was added 8.56 gms. of
analytical reagent grade sucrose obtained from the Mallinckrodt Chemical
Workse A fresh solution was prepared for each usage and kept in an ice bath
during the courss of the experimert.,

Promsulfalein reagent.

One ml, of 5 per cent bromsulfalein solution obtained from Hynson,
Westeott and Dunning, Ine. was diluted with 100 ml, of 1 N hydrochloric
acid, 50 mle of 1 M citric acid and deionized water to a final volume of
250 ml,
Irichloroacetic acid reagent.
All trichlorcacetic acid solutions were prepared from analytical reagent

grade material obtained from the Mzllineckrodt Chemical Works.

Standard serum albumin solution.

As a protein standard for the colorimetric analiysis of protein concen=~
tration, 4O mge of four times recrystallized bovine serum albumin was weighed

on an analytical balance and dissclved in 10 ml, of water. The protein



standard was diluted further with water as necessary.

Cysteine hydrochloride solution.

A fresh 1 per cent aquecus solution of cysteine hydrochloride (Nutri-
tional Biochemicals Corp.) was prepared each day for the deoxyribonucleic
acid analyses.,

Hydrogen peroxide.

The peroxide solution used in phosphorus analysis digestions was Mallin-

ckrodt analytical reagent grade, 30 per cent hydrogen peroxide containing

0,0005 per cent or less analyzed phosphorus.

Analytical Procedures

Preparation of pencreatic homogenates.

Upon removal from the mouse the pancreatic tissue was weighed rapidly
on a Roller-Smith torsion balance and placed in 2.0 ml. of cold 0,25 M 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 analysis, the homogenate

was thawed in an lce bath.

Ribonuclease assays.

Ribonuclease activity of pancreatic homogenates.
A portion of the pancreatic homogenate was diluted with cold 0.9

per cent sodium chloride solution and assayed by the procedure of Dickman
et ale (74). Ribonuclease activity at pH 5.0 is expressed as the A,¢q reading
per mg. wet weight of pancreatic tissue. An inactive control was included

with each sample analyzed.
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Ribonucleage activity of cell fractions.

All cell fractions were diluted with 0.9 per cent sodium chloride
solution and analyzed as above. In order that ribonuclease pool sizes could
259,
to a final concentration of 0,25 N unless otherwise stated. The solution

be measured the microsomal and soluble fractions were treated with 1 N H

was then adjusted to pH 5.0 and analyzed using pH 5.0 acetate buffer.

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

as that quantity of enzyme resulting in an A,4q reading of 1.0.
Ribonuclease activity of column eluates.

Enzymatic activity was determined as above except that the pH 4.88
acetate buffer was used in order to compensate for the phosphate buffer
present, When necessary, the eluate samples were diluted with 0.2 M phosphate
buffer of pH 6.47. An inactive control was routinely included with the
anglysis of every fourth eluate tube. It was observed that As¢o absorbing
materials are eluted near the column front. The two areas of ribonuclease
were reagsayed in duplicate with an inactive control for each fraction.

Anmylase activity of pancreatic homogenstes.

A portion of the pancreatic homogenates was diluted with cold 0,067 M
phosphate buffer at pH 7.2 and analyzed for amylytic activity by the Hokin
modification of the Smith and Roe assay (75)s A reagent blank was included
with each set of analyses 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

starch-todine color was stored in a separate bottle and maintained at 26 + 1°.



All values have been expressed as Smith and Roe units of amylase
activity per mg. 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 mg. of starch in thirty minutes under the conditions of the assay (76).

Pooling of pancreatic homogenate 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, amd analyses were performed on the pooled
homogenates,

Protein analyses.

Bromosulfalein 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 homogenates. A 0,5 ml, portion of the diluted homogenate
was placed in a conical centrifuge tube, and 0,45 mle of 1 N sodium hydroxide
was added. The mixture was stirred with a glass rod, and 1,10 ml, 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 0.5 ml. aliquot of the
supernatant solution was transferred to a tube containing 5.0 ml. of 0,1 N
NaOH., The purple solution obtained was placed in a 16 x 150 mm, cuvette, and
the absorbancy at 580 mu, was determined in the Coleman Jr. Spectrophotometer.

The serum albumin standard solution was used to estahlish a protein con-

centration curve for the method., As can be seen in the curve shown
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below (Graph 1), the values reach a maximum at a concentration of 550 pug.

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 O to 350 ug. of protein.
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Micro=Kjeldahl analysis of pancreatic homogenates.

A Oo4 ml, portion of the pooled homogenate described in an earlier
section was pipetted into the bottom of a clear micro-Kieldahl flask. One
mlo of concentrated sulfuric acid was then added followed by approximately
0.5 gm. of crystalline K2SO& and 0,5 ml, of the catalyst reagent. The neck
of the flask was washed down with 2.0 ml, 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. Following the addition of 5.0 ml. of the basic thiosul-
fate reagent and an appropriate quantity of distilled water, the flask was
heated to boiling, and the ammonia was distilled into 10 ml. of the boric
acid reagent, The distilled sample was then titrated with the standard sul-
furic acid reagent. Six samples could be digested and distilled at one time
with the equipment available. 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 nitrogen
values for the crude homogenate, Protein concentration has been expressed
as the per cent protein per wet weight of pancreas.

Micro-Kjeldahl analysis of trichloroacetic acid precipitable proteins.

The protein fraction remaining after the extraction of nucleic acids

(see section on nucleic acid extraction) was dissolved in 10,0 ml, of 1 N
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sodium hydroxide, A 2.0 ml. portion of the solution was analyzed for nitrogen
as described above, Protein concentration has been expressed as per cent
protein per wet weight of pancreas.

Extraction of nucleic acids.,

A 3.8 ml, portion of each pooled homogenate was fractionated for both
nucleic acids and proteins by the Schneider procedure (71). A 7.5 ml. portion
of cold 10 per cent trichloroacetic acid was added to the homogenate sample,
and the mixture was centrifuged in a clinical centrifuge at 5° for fifteen
minutes., The sediment was extracted twice with 5 ml., of 95 per cent ethanol
at room temperature and centrifuged after each extraction. The residue was
then suspended in a mixture of three parts ethanol to one part diethyl ether
and heated for five minutes at 50°, After centrifugation the precipitate
was suspended in 2.5 ml, of 5 per cent trichloroacetic acid and heated for
fifteen minutes at 90° in a water bath., The solutions were cooled, centrifuged,
and the supernatant drawn off with a capillary pipette. The precipitate was
washed twice with 1.0 ml, portions of 5 per cent trichloroacetic acid. Cent-
rifugation was performed after each wash. The combined supernatant and
washes were asnalyzed for nucleic acid content., The precipitate was dissolved
in 1 N sodium hydroxide and analyzed for protein nitrogen content as described
in the preceding section,

Phosphorus analyses.

Colorimetric phosphate analyses were performed according to the procedure
of Gomori (72). A concentration curve was determined using the standard
phosphate reagent., The standard deoxyribonucleic acid and ribonucleic acid

solutions were digested with 2 ml. of concentrated sulfuric acid at 110°,



After the water had evaporated, three drops of the peroxide reagent were added

to each tube, and the temperature was elevated to 200° for one hour. The tubes
were cooled, and 2,0 ml, of water were added to each. After heating again for

a few minutes in a boiling water bath, the solutions were analyzed colorimetri-
cally for phosphorus content., All subsegquent uses of deoxyribonucleic acid

and ribomucleic acid standard reagents are based upon their concentrations

as determined by phosphorus analyses.

Analyses of ribonucleic acid.

Ribonucleic acid concentrations of the trichloroacetic acid extracts were
determined by the orcinol method {71)., A concentration curve was established
with the standard ribonucleic acid reagent; the experimental concentrations
were determined from that curve, A sample of the trichloroacetic acid extract
and water of 1,5 ml, total volume was combined with 1,5 ml, of the orcinol
reagent and heated on a boiling water bzth for twenty minutes., The solution
was cooled rapidily, and the absorbancy at 660 mu, was determined in the
Coleman Jr, Speetrophotometer using 9 x 75 mm. calibrated culture tubes as
cuvettes,

Riborucleic acid sontent of the pancreatic tissue was calculated on the
assumction that the moleculs contains 9.1, per cent phosphorus. All values
were expressed as per cent ribonucleic acid per wet weight of pancreas.

Analyses of deoxyriboaucleic asid,

Deoxyriborucleie acid content of the trichloroacetic acid extracts was
determined by the eysteine-eulfuric scid method of Brady (78). A 0.5 ml,
samele to be analyzed was placed in a thin-walled glass test tube;, and 0,05

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

and a 5,0 ml, portion of very cold (=15°) concentrated sulfuric acid was
added down the side of the tube so that a layering was obtained. While in
the ice bath the solutions were mixed with a glass stirring rod, and the tube
was placed in a 25° water bath for twenty minutes. The reaction mixture was
then transferred to a 16 x 150 mm, calibrated test tube, and the absorbancy
at L7, mi. was read immediately in the Coleman Jr. Speetrophotometer. A
concertration curve was determined using the standard deoxyribonucleic acid
reagent, and all experimental values were related to that curve. A reagent
blank and a standard solution were ircluded with each set of analyses carried
out on the trichloroacetic acid extracts. The concentrations determined
experimentally are expressed as per cent deoxyribonucleic acid per wet weight
of pancreas and are calculated on the assumption that deoxyribonucleic acid
contains 9,14 per cent phosphorus.

Extraction of ribonuclease.,

A modification of the extraction procedure of Hirs, Stein and Moore (79)
was developed in order to vrevare the ribonuclease of homogenates and cell
fractions fer chromatography. The homogenate or cell fraction was mixed

with c¢old dilute H,y30 to a final concentration of 0,25 No. After standing

L
for a few minutes at O° the mixture was centrifuged in an International
clinical centrifuge, and the supernatant was separated by decantation. The
soluble fraction was then adjusted to pH 5.7 with dilute sodium hydroxide and
allowed to stand for ten minutes. After centrifugation the supernatant was

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

cell fractions, especially nuclel and supernatant fractions, further purifi-



cation was necessary due to the large mass of materials present. The pH 5.7
supernatant was passed through a 1.2 x 10 cm, column containing XE-64 resin
at pH 6.47. The extract was allowed to seep into the resin bed and was
eluted with 60 mle of 0.2 M phosphate buffer at pH 6.47. A large portion

of the contaminating substances remained in the resin bed during this
procedure while ribonuclease was eluted. The eluate was then dialyzed
against 0,001 M versene at pH 7.0 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
vergsene at pH 9.0 has been reported by Dickman et al, (80) to result in a
gsignificant 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 1.2 with cold, dilute HQSOA and extracted as
described above. Recent wark, however, indicates the H,SO, treatment alone
is sufficient to provide maximal activation of ribonuclease (81),

Chromatographic nrocedures,

Preparation of chromatography columns.

A slurry of the equilibrated XE-6l resin was poured into a glass
colum to produce a resin bed of 0.9 x 30 ¢m. The resin was then washed
rapidly with 0.2 M phosphate buffer at pH 6.47 for at least twenty-four
hours, All preliminary preparation of the chromatography columns was
carried out at 5°,

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



to a Technicon drop-counting fraction collector, After &llowing the buffer
to drain to the level of the resin bed, the enzyme extract was added in a
volume of 2 to 4 ml, The sample was allowed to drain into the resin, and

1l ml. of buffer solution was added to wash the sample into the resin. Buffer
solution was then added slowly to fill the column and tubes leading to the

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

was carried out at room temperature.

Collection of column eluate.

Collection of the eluate solution was begun at the instant the
riboruciease extract was first placed on the top of the column., The fraction
collector was usually adjusted to collect twenty-two drops or 1.6 ml. per
tube, As elution progressed the collected tubes were covered with a Parafilm

seal and frozen until enzyme analyses could be carried out.

Cell fractionation procedure,

The pooled pancreatic tissue from thirty mice (3.5 to 4.0 gm.) was homo-
genized at 0° for two minutes in 26 to 29 ml. of 0,25 M sucrose. Differential
centrifugation of the pancreatic homogenates into the respective cell fractions
was performed by a modificaticn of the procedure of Van Lancker et alo (82)
as indicated in Table I, Cell fractions were washed by resuspension. All
operations were conducted at 0°, and the cell fractions were frozen immediately

fter preparation,

Determiration of radioactiviiy.

Chromatography eoiumn eluates were counted by plating 0.5 ml, of the
eluate solution, Homogenates and cell fractions were diluted with 0.2 M

phosphate buffer before being plated, The solution to be counted was placed



Table I, Differential Centrifugation of Pancreatic Homogenates

Time | Head| Centrid No, | Vol.
Cell fraction Ro¥ .M, ge minso No. fuge | of of
‘ washes [washes
mlo |
Nuclei 1,500 600 10 250 ( Interna-| 3 5.7
tional
Noo, 2
Zymogen granule and 13,000 11,125 16 43 | Spinco 2 3=5
mitochondria Model L
Microsome 40,000 105,000 30 1 ) 2 9
Supernatant | 40,000 105,000 30 1" " - -
Postmicrosome 40,000 105,000 60 " " 0 -
Postmicrosome |1 40,000 105,000 | 240 1" i 0 -
Supernatant 1y 40,000 105,000 | 240 " " e -

on a tared aluminum phanchet with a pipette and was spread over an inseribed
area of 381 mm2o The solution was then dried under an infrared lamp, and

the planchets were weighed again on the Mettler analytical balance. The dried
sample weighed from 13 to 1/ mg. Radioactivity of the dried samples was deter-
mined with a Nuclear Chicago, sutomatic, windowless, ges~flow counter con-
sisting of a model 161 A scaler, model C-110B automatic sample changer, model

C 1218 iInterval timer, modsl [47 gas flow counter and a model T 3 time delay.
Each sample was counted for the period of at least 2,560 counts. Background
radiation was subtracted from the observed radicactlvity. The self=-agbsorption

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

the correction curve illustrated below was computed {Graph IT). All values of
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Correction factor

1.2
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mg. of phosprhate per plate

{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 ,served — CPM background) X Self Absorption Correction Factor equal

CPM corrected.



..39..

Specific_activity.

The specific activity of radiocactive ribonuclease has been defined as
the counts per minute per 0,5 ml. of column eluate divided by the enzymatic
activity (A260 value) obtained with 0,1 ml, of eluate multiplied times one
hundred. Only those tubes containing sufficient enzymatic activity to give
an Ay¢o value of 0.100 or more per 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 radiocactivity 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
during net synthesis of a specific protein in vivo.

The rapid incorporation of labeled amino acids into pancreatic proteins
was mentioned in an earlier section (see History)., Studies of the formation
of amylase 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).
Recently 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 cell. The zymogen granules are now generally

-L0-
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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).
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., 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. Daly 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 vitro, Hokin (75) used pigeon pancreas slices to
investigate the amino acid requirements of amylase formation. Younathan et al.
(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 in vitro
system to a demonstration of a net increase of lipase and ribonuclease activi-
ties.

Dwr ing 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), Ribonuclease was
chosen for the studies of in vivo 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 studies with fasted mice,

Adult mice were fasted and injected with pilocarpine as described in
"Methods and Materials"™. The animals were sacrificed at specific intervals,
and the pancreatic tissue was analyzed for total amylase and ribonuclease
activities, The data, shown in Table II, indicate amylase activity decreased
fifty-five per cent during the first hour following pilocarpipe 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

i Hours after Amylase Ribonuclease Number of
pilocarpine Sm%th & Rgg A260/ mge™ animals
units/mg.*
0 48,8 00332 10
1 22,3 0,221 10
4 28.0 0,221 5
7 30,5 0,175 5
12 2L .1 0,131 5
2L 47.0 0.178 5

3*
mg. wet weight of pancreatic tissue

data indicate that recovery of the various digestive enzymes following pilo=
carpine injection does not necegssarily occur at similar rates or time inter-
vals.

Pilocarpine studies with fed mice.

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. 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



Table III. Effect of Pilocarpine Injection on the

Activities of Pancreatic Enzymes - Fed Mice

Hours after Amylase Ribonuclease Number of
pilocarpine Smith & Roe Azéo/mg.* animals
units/mg, ™
0 48.8 06332 10
1 22.3 0,221 10
4 27.1 0,213 L
7 43.1 0,179 10
12 533 0,180 10
15 54.8 0,222 2L
18 71.1 0.277 25
21 99.0 0.341 25
2L 72.9 0.300 10

* mg. wet weight of pancreatic tissue

the activities of both enzymes, In each instance the value at twenty-one
hours was greater than the control value., The enzyme levels observed at
twenty-four hours indicate some decrease is again taking place.

A1l 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.
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Protein content of mouse vancress following pilocarpine injection.

As latent ribonuclease activity has been reported by Elson (98) to occur
in E,_coli and by Dickman et al. (80) to occur in mouse pancreas, it was con-
celvable that an increase in enzyme activity could be due to the release of
an enzyme from an inactive form rather than de novo synthesis. Therefore,
protein anslyses were performed on the pancreatic homogenates in order to
determine whether an incresse in protein content couild be correlated with the
observed increases in enzyme activity. Protein nitrogen was analyzed by the
Kjeldahl method using both the pooled pancreatic homogenates and the trichloro-
acetic acid precipitable protein fractions, In addition, colorimetric analyses

for the homogenate proteins were performed (see "™aterials and Methods™).

Table IV, Effect of Pilocarpine Injection on the

Total Protein Content of Mouse Pancreas

Hours after . Method e :
pilocarpine Colorimetric Kjeldahl tri- Kjeldahl
% wet weight chloroacetic homogenate
| preciritate % wet weight
% wet weight
0 15 ° 7 ll ol-l- 17 . 3
1 13.7 107 17.1
b 13.4 11,0 1,4.0
7 13.2 11,5 15.4
12 14.0 11.7 16.0
15 14,9 12.5 16,5
18 15,0 13.0 16.5
21 16.0 1461 18,0
N 15.2 13.6 17,0




<l

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,

While the most rapid increase in enzyme and protein content of the tissue
occurs between fifteen and twenty-one hours after pilocarpine injection, it
canmnot be ascertained from these data that protein synthesis begins at that
time. The effect of pilocarpine upon the secretory processes of the pancreas
has already been mentioned. Schucher et al, (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 accumlate.

Deoxyribonucleic acid content of mouse pancreas following pilocarpine injection.

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 protein concentration. The constancy of the
cell population in the pancreas following pilocarpine administration was
mentioned earlier., Since 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,
Magjor 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 stimulation,the data presented in Table V show that during
the period when enzymatic activity and total protein are increasing rapidly,
the cell volume remains constant,

It has been concluded from the data presented in these sections that
net synthesis of both amylase 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 during rapid protein formation.

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

Following Pilocarpine Stimulation

Hours after Deoxyribonucleic acid
pilocarpine % of wet weight
0 0.234
1 0.234
A 0,274
7 0,257
12 0.257
15 0.250
18 0,252
21 0,250
A 0,250

and organisms., Caspersson et al., (102) have reported changes in the ribo-
rucleic acid content of pancreatic cells during different phases of the
secretory cycle, 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 FPancreas

Following Pilocarpine Stimulation

Hours after Ribonucleic acid
pilocarpine % of wet weight
0 2:12
1 2,28
4 2,06
7 2.16
12 2,00
15 2017
18 2,02
21 2,02
24 1.99
P

Radiocactivity Studies

labeling of pancreatic ribonuclease.

Introduction of 3~Clh-phenylalanine 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 radiocactive labeling of ribo-

nuclease could be achieved in vivo during the period of net synthesis of that
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enzgyme described above. The amino 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 pc. of Cu*mg;-valine° Two hours later the
mice were sacrificed, the pancreatic tissue was removed and homogenized, and
the ribonuclease was extracted as described in "Materials and Methods™. The
extract was subjected to the chromatographic procedures described previously.
The eluate fractions obtained were analyzed for both ribonuclease activity and
radiocactivity.

Graph IV shows that two areas of ribonuclease activity are present in
the elution pattern. 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 conditicns of net synthesis. The ratio of the radioactivity
and enzymatic activity of ribonuclease has been used to define a specific
activity of radioactive ribonuclease (see calculations),

Cell fractionation studies of mouse pancreas.

Fractionation of pancreatic homogenates by differential eentrifugation
was carried out in conjunction with radioactive labeling of ribonuclease

in order to determine the site of ribonuclease synthesis in the cells. In
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addition, these studies have furnished information concerning the passage of
newly 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, fifteen, thirty and one hundred
twenty minutes after ¢l valine injection., Analyses for total radiocactivity
and total ribonuclease content were carried out on each homogenate and cell
fraction.

Cell fractions corresponding to a nuclear fraction, a combined zymogen
granule and mitochondrial fraction, a microsomal fraction, and a supernatant g
fraction were prepared from each homogenate (106)., Since the mitochondrial
portion of the cell has been shown to ¢ontain only minimal amounts of ribo-
nuclease, that portion was combined with the zymogen granules of the cell
(107).

Ribonuclease content of cell fractions and homogenates.

The magnitude of the ribonuclease ''pool"™ in each cell fraction has been
determined by analysis of the total ribonuclease activity (Table VII), 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 any one particular cell fraction at different time periods, the
data indicate that no major changes in pool sizes are occurring during the

period of investigation.



Table VII.

Total Ribonuclease Activity of Cell Fractions

Cell fraction

Minutes after Cli-valine Injection

5 10 15 30 120
Fuclei 123 units 100 units 117 units 104 units| 111 units
Zymogen 68 L6 104 103 95
Microsome 368 267 275 261, 308
Supernatant 330 361 4,81 383 2857
Tissue weight (mg.) 3520 mg. 3548 mg. 3730 mg. 3537 mg. | 3966 me.
Total homogenate® 957 units| 730 units| 855 units| 1012 units| 1104 units
Aygof/mg. of tissue | 0,272 0.206 0,229 0.286 0.278

S

" not treated with H,S0

L

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

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

mined,

Totgl radioactivity of the wancreatic tissue,

The analytical results are shown in the lower portion of Table VII.

A portion of each homogenate was diluted, and the radiocactivity analyzed

in order to determine the rate of appearance of radiocactivity in the pancreatic

tissue.

at specific intervals after isotope injection.

Graph V shows the total radioactivity content of the pancrestic tissue

Ar appreciable quantity of radiocactivity is seen to reach the pancreas

during the first five minute interval.

Maximum radiocactivity of the tissue

is observed ten minutes after injection, and the ¢4 content remains fairly
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constant during the next twenty minutes. By two hours after injection total
radioactivity in the pancreas is reduced to less than one-half of the maximum
value,

It is interesting to note that approximately ten per cent of the injected
dose of radicactivity 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 is 20 to 25 gms., it can be calculated
that the pancreatic tissue has concentrated the radiocactivity twenty fold.

Farber and Sidransky (93) have observed that in vivo uptake of Clh~£rva1ine by



rat pancreas is doubled by pilocarpine treatment.

Total radiocactivity 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 radicactivity. 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 cell. 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.

Radiocactivity
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Graph VI, Distribution of Radiocactivity in Cell Fractions
from Mouse Pancreas
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Although determinaticn of total radiocactiviiy is a gross measurement, the
data show that the microsomal portion of the cell is labeled more rapidly
than the supernatant fraction. This information seems incompatible with the
findings of Zameenik et al, (1C8) that the soluble ribonucleic acid fraction
binds amino acids prior to their incorporation into microsomal proteins in
vitro. The binding of labeled amino acid 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 gpecific activities of ribonuclease in cell frsctions of mouse pancreas.

Specific activities of the ribonuclease in each cell fraction have been
studied as a function of time. Ribonuclease was extracted from each cell
fraction and resolved by the chromatographic procedure mentioned previously.
In all cases two areas of ribonuclease activity were detscted in the eluate
fractions. All specific activity data have been obtained from analyses of the
major area of ribonuclease activity, which is eluted last from the column,
A standard deviation has been calculated for each specific activity (see
Miterials and Methods!) in order to obtain an estimation of the significance
of the experimental results.

The gpecific activity values summarized in Table VIII indicate the degree
of incorporation of labeled amino acid into the ribonuclease molecule. The
most striking feature indicated by the data is the rapid labeling of the

microsomal ribonuclease. The radicactivity found in the microsomal ribonuclease



Table VIII, The Specific Activities of Mouse Pancreas Ribonuclease

Following clk Valine Injection

Time in minutes

Cell fraction

5 10 15 30 120

o

Nuclei C.40 + 0,08 - 1,67 2 0,17 | 1,18 + 0,25 [ 2.83 + 0,!
Zymogen granule Ook45 + 0,15 1.23 + 0,39 1.57 + 0,18 | 3.53 + 0,32 | 3.53 + 1,
Microsomal 3,01 + 0,31 | 5,80 + 0.47| 6497 + 0063 | 5.27 + 0,35 | 2,61 + G

Supernatant | 0,61 + 0,21 | 1.69 + 0,46 2.53 + 0.24 | 2.79 + 0,28 [ 3.43 + 0.’

o . . CPM (0,5 ml, eluate)
Specific Activity = A260 (0.1 ml. eluate) x 100

is already appreciable five minutes after injection of the label. At that time
the ribonuclease of the other cell fractions shows very little labeling., 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 Palade (109) investigated the in vivo incorporation of

Qgrleucinewldilb into the trichlorocacetic 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 granule
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 pictorially 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
radicactivity for a much longer period of time.

Subfractionation of supernatant ;.

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., 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 1 fraction (fifteen minutes after isotope injection) yielded two
postmicrosomal fractions and a high speed supernatant fraction (supernatant II)
(see "Materials and Methods!), If supernatant vwere 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 yy.

The data shown in Table IX indicate that the supernatant I fraction is

not grossly contaminated with highly labeled microsomal ribonuclease.

Table IX. Subfractionation of Supernatant

Cell fraction Specific activity Ribonuclease cortent™
Supernatant | 2.53 + 0,247 202 units
Postmicrosome T 2.32 + 0,28 99
Postmicrosome 1 1,25 + 0,23 2L
Supernatant 1 2.37 + 0e24 37

{

3L

" not treated with H,S0 L

—:H:_value 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 amylase 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 (lll), from an electron microscopic investigation of
the ultrastructure of the exocrine cells of mouse pancreas, have commented on
the intimate relationship between the Golgi 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 Falade (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 endoplasmic 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 interpretation,
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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). Since a considerable amount of labeled ribonuclease is present
in the microsomal fraction five minutes after intraperitoneal iniection of
the labeled amino acid, the time required for the formation of labeled enzyme
is necessarily less than five minutes. The time required for the homogenate,
the microsomal fraction, and the microsomal ribonuclease to hecome maximally
labeled has been plotted on a comparable scale in Graph VIII. Although a
greater number of values would allow calculation of a more precise value, it
can be seen that the radiocactivity 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 specific activity of
the protein formed is directly proportional to the radiocactivity 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 protein.

Craddock and Dalgliesh (63) report that no lag period is present in the
incorporation of labeled amino acids into the riboruclease of in vitro rat
pancreas slices. These workers, however, did not conduct studies of the
first few minutes after introduction of the labeled amino acids.

Junqueira et al. (64,) carmulated the common biliary and pancreatic duct
of a carbamylcholine-stimulated rat and found a fifty minute lag between the
intravenous injection of Glh—glycine and the appearance of labeled proteins

in the pancreatic secretions. Radioactivity of the secretory proteins reached
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a maximum approximately two hours later. Such a lag period could be the
time required for the transfer of proteins through the soluble portion of
the cell and for their subsequent concentration into discreet zymogen
granules.

Keller, Cohn and Neurath (113} have recently reported similar studies
of three enzymes in the secretions of bovine pancreas. 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., Since cholinergic stimulation of



the animal was not used in the latter study, 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 pancreas. During the interim the enzyme is undergoing transfer and
storage within the secretory cell, A more detailed study of the specific
activity of zymogen granule ribonuclease by the methods described in this
thesis, especially at time periods later than thirty minutes, could be used
to determine the time relationships of the secretory process in a more detailed

mgnner.



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 seeretory 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 synthesis.

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 radiocactive
labeling of the enzyme ribonuclease under conditions of net synthesis. The
ratio of radiocactivity to enzymatic activity has been used to define a specific
activity for that enzyme.

Analyses 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 radiocactivity is present in the
pancreas., Radicactivity 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 cells 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 seeretory enzyme, ribonmuclease, 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.



LITERATURE CITED



1, Mitchell, H. H., Nevens, W. B., and Kendall, F, E,, J. Biol, Chem. 52
417 (1922).

2. Folin, 0., Berglund, H., and Derick, C., J. Biol. Chem. 60 361 (192.).

3. Borsook, H. and Keighley, G. L., Proc. Royal Soc., (London), Series B,
118 488 (1935).

4. Schoenheimer, R., Ratner, S., and Rittenberg, D., J. Biol, Chem. 127
333 (1939). T

5, Hevesy, G., Biochem, J. 17 29 (1923).
6. Melchior, J. and Tarver, H., Arch. Biochem. Biophys. 12 309 (1947).

7. Winnick, T., Friedberg, F., and Greenberg, D. M., Arch. Biochem. Biophys.
15 160 (1947).

8. Fz(‘antz3 I. D, Jr., Loftfield, R. B., and Miller, W, W., Science 106 544
1947).

9. Anfinsen, C, B,, Beloff, A., Hastings, A. B., and Solomon, A. K.,
J. Biol. Chem. 168 771 (1947).

10, Friedberg, F., Winnick, T., and Greenberg, D. M., J. Biol. Chem. 171
Wbl (1947)e

11, Friedberg, F., Tarver, H., and Greenberg, D. M,, J. Biol, Chem. 173
355 (1948). '

12, Winnick, T,, Friedberg, F., and Greenberg, D. M., J. Biol, Chem. 173
189 (1948).

13. Borsook, H., Deasy, C. L., and Haagen-Smit, A. Je, J. Biol, Chem. 187
839 (1950).

14. Borsook, H,, Deasy, C. L., and Haagen-Smit, A. J., J, Biol, Chem. 184
529 (1950).,

15, Peterson, E, A., Greenberg, D. M., and Winnick, T., Federation Proc. 9
21, (1950).

16. Siekevitz, P. and Zamecnik, P. C., Federation Proc. 10 246 (1951).
17. Allfrey, V. G., Proc. Natl, Acad. Sci. 40 881 (1954).

18, Allfrey, V. G., Mirsky, A, E., and Osawa, S., J. Gen. Physiol, 40
451 (1957).

-68~



19,

2Ce

220
23.

2L,

25.
26,

27

29,
30,

31,

32,
33.
3L

35,
36.

37,
38.

39.

w69

Allfrey, V. G. and Mirsky, A. E., Proc, Natl Acad. Sei. 43 589 (1957).

OS’awa’ )So, Allfrey, Va Ga a.nd Iﬁrsky’ A.o E., Ja G’eno Physiolo Lo_l}gl
(1957).

Brachet, J,, Chantrenne, H., and Vanderhaeghe, F., Biochim. et Biophys.
Acta 18 54k (1955).

Stich, H., J. Bioghysic. and Biochem, Cytol. 4 119 (1958),
Zamecnik, P, C., Federation Proc. 12 295 (1953).

Keller, E. B., Zamecnik, P, C., and Loftfield, R, B., J. Histochem.
Cytochem. 2 378 (1954).

Zamecnik, P, C, and Keller, E. B,, J, Biol. Chem. 209 337 (1954}.
Hoagland, M, B., Biochem. et Biophys. Acta 16 288 (1954).

Davie, E, W., Koningsberger, V. V., Lipmann, F., Arch. Biochem. Biophys.
65 21 (1956,)0

Schweet, R, S. and Allen, E, H., J. Biol. Chem. 233 1104 (1958),
Vebster, Lo T, Jr., and Davie, E. W,, Federation Proc. 18 348 (1959).
Bergmann, F. H,, Berg, P., and Priess, J., Federation Proc. 19 191 (1959).

Schweet, R, S,, Hollgr, R, W.;, and Allen, E. H., Arch. Biochem, Biophys.
71 311 (1957).

Berg, P. and Newton, G., Federation Proc. 15 219 (1956).
DeMoss, Jo Ae and Novelli, G, D,, Biochim. et Biophys. 18 592 (1955).

DeMoss, J. A., Genuth, S. M,, and Novelli, S, D., Federation Proc. 15
241 (1956).

Sharon, N, and Lipmann, F., Arch. Biochem. Biophys. 69 219 (1957).

Hoagland, M. B., Zamecnik, P. ., Sharon, N., Lipmann, F., Stglberg, M.
P., and Boyer, P. D., Blochim. et Biophys. Acta 26 215 (1957J.

Berg, P., Federation Proc. 1§ 152 {1957},

Hoagland, M, B.,, Zamecnik, P, C., and Stephenson, M. L., Biochim. et
Biophys. Acta 24 215 (1957).

Hoagland, M, B. and Zameecnik, P, C., Federation Proc. 16 197 (1957).



-70~

40, Price, J., Berg, P., Ofengand, E. J,, Bergmann, E. H., and Dieckmann, M.,
Proc, Natl. Acad. Sci. 45 319 (19593-

41, Zamecnik, P, C., Stephenson, M, L., and Hecht, L, J,, Proc. Natl. Acad.
Sci. 44 73 (1958),

42, Holley, R. W. and Merrill, G, H., Federation Proc. 18 249 (1959).

4L3. Smith, X, C., Cordes, E., and Schweet, R. S., Biochim, et Biophys. Acta
33 286 (1959).

L. Campbell, P, N,, Advances in Cancer Research 5 97 (1958).

L5. C?mpbeig_l, P, N,, Greengard, O., and Kernot, B, A., Biochem. J. £8 18P
1958).

L6, S((:hwee’s, R., Lamfrom, H., and Allen E., Proc. Natl., Acad. Sci. 44 1029
1958).

47. Simpson, M, V, and Mclean, J., R., Biochim, et Biophys. Acta 18 573 (1955).

48, Mclean, J., R., Cohn, G, L., Brandt, I. K., and Simpson, M, V., J. Biol,
Chem. 233 657 (1958).

49, Bates, H, M, and Simpson, M, V., Biochim. et Biophys. Acta 32 597 (1959).

50. Bates, H, M,, Craddock, V. M., and Simpson, M. V., J. Am. Chem. Soc. 80
1000 (1958).

51, Campbell, P, N, and Greengard, O., Biochem. J. 71 1.8 (1959).
52. Brookes, P., Carthorn, A. R., and Hunter, G. D., Biochem. J, 71 31P (1959).

53. B1(1tler J. A. V., Crathorn, A. R., and Hunter, G. D., Biochem. J. 69 54.
1958).

54, Hendler, R, W., J, Biol. Chem, 234 1466 (1959).

55. Askonas, B, A., Simkin, J, L., and Work, T. S. in Biochemical Society
Symposia No. 4 by Crook, E. M., Cambridge Univ. Press, 1957, p. 32.

56, Peters, T., Jr., and Anfinsen, C, B., J, Biol., Chem. 182 171 (1950).
57. Steinberg, D. and Anfinsen, C. B., J. Biol, Chem, 199 25 (1952).
58, Bates, H. M, and Simpson, M, V., Federation Proc. 18 187 (1959).

59. Shimura, K., Fukai, H., Sato, J., and Saeki, R., J. Biochem. (Japan)
43 101 (1956).

60, Simpson, M, V. and Velick, S. F., Federation Proc. 12 268 (1953).



61,
62.

63.
(T

65.

66.

67.

69.
70,
71.

72.
73
The

75
76,
77
78.
79.

81,

71~

Steinberg, D., Vaughn, M., and Anfinsen, C. B., Science 124 389 (1956).,

Schoenheimer, R., Ratner, S., and Rittenberg, D., J, Biol., Chem. 130
703 (1939).

Craddock, V. M. and Dalgliesh, C. E,, Biochem. J. 66 250 (1957).

Junqueira, L., C., U., Hirsch, G. C., and Rothschild, H. A., Biochem. J.
61 275 (1955).

Gale, E. F., in A Symposium on Amino Acid Metabolism, by McElroy, W. D.
and Glass, H. B., Johns Hopkins Press, Baltimore, 1955, p. 171.

Rabinovitz, M., Olson, M, E., and Greenberg, D, M,, J. Biol, Chem. 210
837 (195L). =

Fagle, H., Piez, K. A., Fleischman, R., and Oyama, V. I., J. Biol, Chem.
23k 592 (1959).

Borek, E., Ponticorvo, L., and Rittenberg, D., Proc. Natl. Acad. Sci.
L 369 (1958).

Vischer, E. and Chargaff, E., J. Biol. Chem. 176 715 (1948).
Hirs, C. W, H., Methods in Enzymol. 1 113 (1955).

Schneider, W, C., in Methods in Enzymol. III, edited by Colowick, S. P.
and Kaplan, N. O., Academic Press Inc., New York, 1957, p. 680,

Gomori, G., J. Lab. Clin, Med. 27 955 (1942).
Ma, T. D. and Suazaga, S., Ind. Eng. Chem. Anal. Ed. 14 280 (1942).

Dickman, S. R., Aroskar, J. P., and Kropf, R. B., Biochim. et Biophys.
Acta 21 539 (1956).

Hokin, L. E., Biochem. J. 50 216 (1951),

Smith, B. W. and Roe, J. H., J. Biol. Chem. 179 53 (1949).

Nayzar, S. M. and Glick, D. J., J. Histochem. Cytochem. 2 282 (1954).
Brady, S., Acta Chem. Scand. 7 502 (1953).

Hirs, C. H, W., Moore, S., and Stein, W, H., J. Biol. Chem. 200 493 (1953),
Dickman, S. R. and Trupin, K. M., Biochim. et Biophys. Acta 30 200 (1958).

Dickman, S. R., Morrill, J. A., and Trupin, K. M., J, Biol, Chem. (1959)
in press.



D

82, Van lancker, J. and Holtzer, R., J. Biol. Chem. (1959) in press.

83, TYouden, W. J., Statistical Methods for Chemists, John Wiley and Sons,
New York, 1951,

8L. A%lfr s> Ve, Daly, M, M., and Mirsky, A. E., J. Gen. Physiol. 37 157
1953), ‘

85. Junqueira, L. C. U, and Hirsch, G. C., in International Review of
Cytology, by Bourne, G. H. and Danielli, J, F., Academic Press, Inc.,
New York, 1956, p. 323.

86, Heidenhain, R., Pflugers Arch. Ges. Physiol. 10 557 (1875); original
not available for examination, reviewed in reference (85),

87, Hokin, L. E., Biochim. et Biophys. Acta 18 379 (1955).

88, Harper, A. A. and Mackay, I. F, S., J. Physiol. 107 89 (1948).

89, Hokin, L. E., Biochem. J. 48 320 (1951).

90, Laird, A. K. and Barton, A. D., Biochim., et Biophys. Acta 27 12 (1958).
91, Schucher, R, and Hokin, L, E,, J. Biol., Chem. 210 551 (1954},

92. Fernandes, J. F, and Junqueira, L. C. U., Arch. Biochem. Biophys. 55
51, (1955).

93, Farber, E. and Sidransky, H., J. Biol, Chem. 222 237 (1956).

94, Hirsch, G, C., Z. Zellforsch, u. mikroskop. Anat. 15 36 (1932).,

95. Ries, E., Z. Zellforsch. u, mikroskop. Anat, 22 523 (1935).

96, Daly, M. M, and Mirsky, A. E., J. Gen. Physiol. 36 243 (1952).

97. Younathan, E. S. and Frieden, E., J. Biol. Chem. 220 €01 (1956).

98, FElson, D,, Biochim. et Biophys. Acta 27 216 (1958).

99. Boivin, A., Vendrely, R., and Vendrely, C,, Compt. rend. 226 1061 (19.8),
100, Brachet, J., Arch. Biol. (Liege) 52 207 (1942),

101, Caspersson, T., Naturwissenschaften 28 33 (1941).

102. Caspersson, T., Landstr8em-Hyden, H. and Aquilonius, L. Chromosoma
2 111 (1941).



73

103. Rabinoviteh, M,, Valeri, V., Rothschild, H, A., Camara, S., Sesso, A.,
and Junqueira, L. C, U., J, Biol. Chem. 198 815 (1952),

104. Vaughn, M. and Anfinsen, C. B., J. Biol. Chem. 211 367 (1954),

105, Northrup, J. H., Kunitz, M., and Herriott, R. M., Crystalline Enzymes,
Columbia University Press, New York, 1948, p. 26.

106, Van lancker, J. and Holtzer, R., J. Biol. Chem. (1959) in press.
107, Dickman, S, R, and Morrill, G. A., Ann. N, Y. Acad. Sci. (1959) in press.

108, Zamecnik, P, C., Stephenson, M, L., and Hecht, L. I., Proc. Natl, Acad.
Sci. 44 73 (1958).

109, S%eksv%tz, P, and Palade, G. E., J. Biophys. and Biochem. Cytol. 4 557
1958).

110, Siekevitz, P, and Palade, G. E., Federation Proc. 18 324 (1959).

111, Sjostrand, F. S. and Hanzon, V., Exptl, Cell, Research 7 415 (1954),
112, Palade, G. E., Federation Proc. 18 655 (1959).

113. Keller, P, J., Cohn, E., and Neurath, H., J. Biol. Chem. 234 311 (1959).



hesenrch Proposalsg

sllan Jo Jorris

1. on investigation of the role of 3-hydroxyanthranilic acid in the oxidative

metabollis:n of tryptophan,

2o o sbudy of the distribibtion of elastose with speclsl reforence to blelogiesl

fanction.

3. sn Investipation of ¢ factor or factors rresent in bthe nuclel of iscetabuls

which control extoplaanic sylthesls of rrotelns,

L To conduct & study desipned to elucidote the indivicduslity or intercoaversion of

chromctopraphically distinet ribonucisases,

5. To investigte the possible role of slonyl Cos in the synthesis of unssturated

Lottty aclos,

6. io study the bresbdown of serun alownin under physiclogicel conditlons,
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