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. INTRODUCTION

. "The two main salivary glands, the parotid and the submandi-
Dbular, have bébome inéreasingly important as models in which to-
study tﬁe effeéts of catecholamines. on B—édrenergic recep;oés.
The short-term effects_involve‘the excretion, resynthesis and
. storage of salivary enzymes. The rat parbti&, with its uniqﬁgly
high production of c-amylase is ideal for studying these func-
tions; The long-texrm effgéts iﬁclude hypertrbphy of ﬁhe gland‘“
and hyperplasia produced.by ch:onic stimulation of B-adrenergic
receptors. Isoproteienol is uSed in these studies because-it
is the prototype of compounds which act mainly at B-adrenergic
receptors. ‘ ‘ IR

In other tissues, the B-adrenergic receptor was being equa-
ted to the adenyl cyclase sfstem and this was believed éo be
the situation in salivary ;lands as Qell. The invesﬁigations
described herein were initiated in an attempt to.establish
possibie control mechanisms ove;‘the formation of_cycl.iclprPT
The effects of many Eatgcholamines on adenyl.cfélase wefé to
be .stuc.iied in vitro anrd: also changes in cyclase activity which
might océur in the présen;e of inhibitors of.catgchoiamine—

] catabdlizing enzymes,letc. Unfortunately, absplute changes:in
adenyl cyclase activity are difficult. to meaSure-ig_EEEEQ.be_
cause the enzyme is membrane~bound and destroyed by homogeniza-

tion. However, following in vivo injection of isoproterenol,
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tissue levels of cyclic AMP were found to increase immediately
and to decllne rapidly w1th1n a few minutes. What was happening
toc the cycllc AMP? The purpocse of the project was broadened to
include the acceptor protein fof cyclic AMP in these investiga- .
tions, as well as control mechanisms over cyclic AMP levelslin
'saliva;y glands. Two enzymes which were thought to be involved
were psotein kinase and catechol O—ﬁethyl transferase. Both
were found to have high endogenous activity in parotid and
suﬁmandibular glands. The subcellular distribution was deter—

mined for each enzyme and both were found to be pfesent in the

particulate fractions as well as the soluble fractions.

In order to assess whether proﬁein kinase was involved in
reactions coupling the second messenger, cyciic AMP, with vari-
ous effector systems in the parotid cell, it was necessary to
purify (peftially) the enzyme and to determine its characteris-'
tics and mechanism of activation. Attempts were. also made to
identify natural substrates. One method of determining whether
phosphorylaoion was related to the short-term or long-term
events involved the actions of protein synthesis inhibitors.
Actlnomycln D had been shown by others to inhibit synthesis of
a protein related to DNA synthes;s*%nrlng the first hour afterx
isoProterenol, whereas purcmycin could inhibit a-amylase forma-'
tion indicating control of its synohesis at the translational

level. Although some 1nformatlon was galned about the nature of

endogenous substrates for proteln kinase 1in parotld gland, the



problem is still'unreselved.

Nevertheless, a great deal was learned about the activi-
ties of all three enzvymes in salivary glands. Catechol O-methyl
" transferase may‘possibly exert controi over the amount of cate-
cholamines presentlin tﬁe tissue and hence over the degree of *.
activation of adenyl cyclase and the amount of cyclic AMP formed.

The amount of cyclic AMP formed is directly proportional to the *?

—— e . .

amount of active protein kinase in the tissue. 1If precautions
are taken to avoid the actlon of phosphatases, it can be shown
that an injection of lsoproterenol causes an increase in the

intrinsic proteln klnase act1v1ty ;n the tissue and that phos-

phorylatlon of tlssue proteins by this kinase occurs in different
}

subcellular fractlon§J The increases in phosphorylation of

ra. -
25y o ki
"»J‘A‘ LOETEn !
YA o -

Proteins can be related cbronologlcallv to functions known t//-/

take place 1n the main organelles of the fractions. Therefore,

AV LN LT NN
- ey

it is suggested that phosphorylatlon of another enzyme (or
protein) may play a role in at least one of the sequence of N
steps between catechﬁ!.gine'binding at the B-adrenergic recep-

tor and the varied responses of the parotid gland cell.
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REVIEW OF THE LITERATURE

". PART I: CATECHOLAMINES

A. ADRENERGIC RECEPTORS

1. Defin%tions

The effefent branches of the autonomic nervous systém'
are desigﬁated as adrenergic or cholinergic depending-on
whether noradrenaline or acetylcholine is present as the
neurctransmitter at the nerve ending. Acetylcheoline is %he
general transmitting agent at all synapses in éanglia trans-

mitting signals to tissues, as well as at parasympathetic

nerve endings. Noradrenaline is the neurotransmitter at

sympathetic nerve endings.
When one of these chemical transmitters-is released

from its storage vesicles in the nerve ending, it diffuses

. across a very narrow "synaptic cleft" to act on "receptor"”

sites (Figure 1) located in the effector cell. The hormone,
édrenaline, released info tre blood from the adrenal medulla,
diffuses iﬁto the extracellular flﬁid and écts at the same
"receptor™ sites on.efféctor cells of its target orxgan.
Adrenaline and noradrenaline are the naturally-occurring

biogenic amines of a ¢lass of compounds known as catecholamines.

A
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Figure 1: Target _celi receptor site.

| Extracellular fluid

> -Stored
Noradrenaline Responding

‘cell

Synaptic

cleft a-adrenergic receptor.

B-adrenergic receptor

Figure 2: Catecholamine Structure.
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Catecholamines are low molecﬁlar.weight substances which con-
tain a ;atechol nucleus and an'aﬁine group (Figurg 2). Many
other compoundé, derivatives with the same basic structure
act, with varying degrées of poteﬁc??lto produce the same /
effects at "adrenergic receptors".

Until fecentl§ adrenergic receptors weré considered to
be hypothetical structures located oﬁ muscle or gland cells
and acted on by catecholamines to initiate or‘mo@ify intra-
cellular events resulﬁing eﬁentually-in the obsexvable res-
poﬁse. Biochemical studies are briﬁging about, gradually, an
understanding of adrenergic mechanisms. Receptors are now
considered to be analogoué to active sites_or regulatory sit%?

on an enzyme. The specific binding sites are a consequence of
- the amino acid sequenée of the prote{; structure and the amiﬁo
acid side chains present at the active site provide for both
cybernetic and energeﬁic coupling. First the active site

must "recognize" the three-dimensional form of the catechol-
amine, thenthe nature of the binding forces between the cate-
cholamine and the receptor protein will determine the affinity.
The binding forces can take che form of covalent bonds, elec-
trostatic forces, ion dipoles, hydrogen bonds or hydrophobic
interactions. An affinity for the receptor'is not enough to

elicit a physiological response. A competitive inhibitor

could act as a very effective blocking agent. The apblicability

of kinetic treatment to the action of hormones and receptors

-
S
-
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has repeatedly been shown. Thus, according.to the law of
mass action, hormones react with receptors to yield hormone-
receptor ccmpléxes; Ehe dissociation constants (KA) are
eéual to the hormone concentrations _giving half-maximal
effects and the affinity for q_redéptor‘then 1s given by
-log KA‘ |
The.formati?p of the hormone;receptor complex can be
considered as the initial step of a chain of events ulti-

'

mately leading to a.response:

H + R &—= HR > A —>»B ——2>»C —>n —> response

in which H symbolizes the neurohumoral agént and R the re-
ceptor. ﬁR represents the complex of humofal agent and.ré?
ceptor. The forﬁétioh of the complex may.produée conforma-
tional chanéeéiin the protein; it may, in fact, be the modi-
fier at the al}osterié'site of an enzyme. The - reaction pro-

-duct will then:instigate the sequence of biochemical events'

depicted by A, B, C and. n leading to tne-measurabie response,

such as change of heart rate, dxygen conéumptién, altered.
enéfme activity, etc.

If.we knew ﬁhe precise coupling reactiqns of hormone
and receptor in even one type of system this would be impor-
‘tant in understanding related cases of intercellular com-
munication. Unfortunately, the Ehree-dimensional strucfﬁre

has not been determined yet for any receptor; in the meantime

G
rd
~

'
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ful, as it has in the past.

2. History of receptdrs
As early’gs 1905 the inhibitory effects of atropine

on the éctions of éilocarpine were interbreted by ;angley

as a competition for some “"receptor substance"; however,
Dale was the first to use the term in connection with the
sympathetic nervous system in 1906. He deménst:ated that
certain ergot alkaloids were capable of blocking the excita-
tory but not the inh;bitorf actions of adrenaline so he pos-

tulated the existence of different receptive mechanisms for

adrenaline. _The classification of adrenergic receptors as

alpha and beta was proposed by Ahlquist in 1948. The concept

was based on the relative responsiveness of.a series of cate-

cholamines in pfoducing speCific physiological effects. Alpha

Ml \-'--.\"\-\.’n'\].\.:'—“lt\\l) !

receptcrs were assoc1ated with the exc;tatory actlons of the
amines on the smooth muscle of the blood vessels, uterus, nic-
titating membrane, dilator pupillae, fundus, stomach, and ure-
ter. For these responses the order of potency was z;adrena-
line > d&- .adrenaline > noradrenaline > methylnoradrenaline >
methyladrenaliné > isoproterencl. Beta receptors were asso-
_;iated with the inhibitory actions of the amines on vascular,
bronchial, and.uterine smooth muscle, as well as w;th their

positive inotropic and chronotropic actions on myocardium.
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found to act primarily on a~-adrenergic receptors. Isoproterencl,.

The order of potency was isoProterenol > 2—adrena1ine >methyl

adrenallne > df-adrenaline > methyl noradrenallne > noradrenallne.-

The concept of a-~ and B-adrenerglc receptors was greatly

o strengthened when specific blocklng agents were developed for -

each receptor (Figure 4). Although a-adrenergic blocking agénts
héd been available for many yvears, f-adrenergic blocking aéents
6n1y camé into beiné with the—appearance of dichioroisoproteref
nol (DCI) in 1958 (Powell & Slater). Ahlquist's theory could
now be thoroughly tested and it was not only confirmed:ﬁut exten-—
ded. Some catecholamines, sﬁCh as adrenaline, were found to act

-

at both types of receptors; others, such as phenylephrine, were

on the other hand, was found to have a selective effect on B-

adrenergic receptors.

3. Structure—activity relationships

- The basic sttucture of a catecholamine is shown in Figure 2.

e

~Much has been learned about adrenergic receptor sites from the

use of subStituteq derivétives. Excellent reviews have been pro-
vided (Ariens, 1967; Biel & Lum, 1966; among others) and the
main structural requirements for activity -at the adrenergic
receptor sites are gemerally considered to be:-

7a} Phenolic hydroxyl groups: Both hydroxyl groups are abso-

|
1uteﬁy essential to the production of B-adrenergic receptor

stimulation. Elimination of these groups results in complete

A\
%
-

NSRS
-
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lack of activity for B—adrenérgic récéptoré énd éartial loss of
activity for a—adrenerglc receptors&\‘The meta-hydroxyl group is
more important than ‘the para—hydroxyl group for the action of.
both types of receptors. Substitution of the OH groups by Cl ,
Ndz, ObHB, etc. produces compounds which act as B-adrenergic
blocking agents.

b} Phenyl ring: The phenyl ring is an absolute requirement

for production of B—adrenergic activity, but compounds, such as
2—amino heptane, will still elicit u—adrenergic responses.

c) Beta-carbon atom: The presencé of a hydroxyl group on

3 St el ¢

this carbon contributeé to direct action on the receptor fo
both alpha and beta receptors and for their blockihg agentsﬁ;
well; £ﬁerefore, it may be one of the anchor groups by which the
catecholamine is.bound to the active site. Because this is an
asymmetric .carbon atom, the steric configuration is important.
The f£-isomer (or R-isomer, where absolute configuration has been
determined) is usﬁally more active than the d-isomer, but not
élways. They may be equally active. The £/d ratio can vary from
1 to several hundred depending on the species, tissue and effect

-
fay

being measured. The d-isomer can sometimes act as a blocking

-agent for the opposite type of receptor, protecting it from weak

stimulation by the f-isomer. In such cases, the activity of the
catecholamine is expressed as the ratio of its sympathomimetic

to its sympatholytic activity (mim/lyt) for each type of recep-



_ 11

Catecholamines.devoid of the'bH group on the beta |
cafbon, the dopamine derivatives, have physiolbgical func-
tions of their own. - Because this OH group is not necéséary
to their activity, i; islbecoming common to sgeék of dopa-
minergic receptors. ' - . |

d4) Alpha-carbon atom: Although this carbon atom

appears éo be necéssary for the spacing between the catechol
nucleus and the amino group, its hydrogens- are unsubstitutear
in all a- and'B-adrenergic compounds. Intrbduction of alkyl
substituents leads to complicated stereochemical relatign—'
shtps. For example, an alpha-methyl substitution results in
-decreased'activity for both a- and f-~adrenergic receptors.’

'e) BAmino group: The lack of substitution on the ami-

no group appears to be of primary importance for the intrin—

~

sic activity of the d—gdrenergic'compounds. The unsubstituted

-

§
5
T
’

compound (noradrenaline) acts mainly on a~adrenergic recebto:s,
whereas the CH3-substitutéd’compouné.(adrenaline) acts on both
a- and B—adrenergiC'redeptors. fhe introduction of N-alkyl
groups of -increasing size results in a decrease in a—adreneigic
activity and an increase inlB-adrenergic activity. .N—aralkyl
substituents/inc:ease the affinity for B-receptors still more.
An exampig of this type of catecholamine is shéwn in Figure 2.
Thése cafecholamines behave as a-adrenergic blocking agents -

which implies that they have an affinity for the c-~adrenergic

receptors but fail to take part in (or produce the proper



1
conformatlon for) active szte reactlons Whlch lead to the physio- ..
logical response. Substitution w1th a small, branched, alkyl -
groups is more effective'than'substitution with a large, ﬁnbran—‘n

ched chain. Thus, the isopropyl and aralkyl derivatives are

among the most active of the B-adrenergic compounds .-

4. Isoproterenol (mol. wt. 211.24)

l-(3,4;dihydroxyphenyl)—2-isopropylaminoephanol (sho&n in
'rFiguré 2) is also known as iéoprenaline,'isopropylarterenol, N-

isopropylnoradrenaline, and many trademarks, such as Aludrine

DEFIG AR

(isoproterenol suiphate), Isuprel, Asmalar, Novodrin,.Assip;enol,
Respifral, Bollasthman, etc. The patent for its synthesis first
appeared in Germany, in 1942. It has medicai appiications‘as a
bronchodi-lator and in treatment of heart block (Goth, 1970).

This compound is usually considered to be the prototype of
catecholamlnes which act at B- adrenerglc receptors only. The
lsopropyl substltutlon on the amino group, the lack of substiou-
tion on the alpha-carbon, fhe hydroxyl group on the beta-carbon
ano the catechol nucleus, all contribute toward very efficient
binding and activating reactions at the B-adrenergic receptor o
site. Although the 2/d ratio for activity of the-isomers has
boen found to be very high for some effects in some -tissues
(Ariens, 1967) the d-isomer has been shown to be just as active

as the fL-isomer in producing B-adrenergic responses in the

salivary glands (Kirby et al, 1969). The d-isomer was found to

'
-
R
- 4
I. .
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. act as a weak*a—adfenergic blocking agent (Luauena, 1962) so its
presence in dl—lsoproterenol may actually(g;ov;de protection.

agalnst weak agonist act1v1ty of 2-1soproterenol.

5. Catecholamine interactions Qith receptors

. Catecholamine-régeptor intéréétions, like enzvme-substréte
interactioﬁé, must include a) "rébognition and blnd}ng of the
catecholamine to the active’ 51te, and b) active part;c;patlon in
the reaction mechanism (or achievement of the proper conformation
for the reaction to take élace). Several amino acid side chains,

with different.chemical properties, are involved in known enzyme-—

substrate interactions. The chemical properties of the catecho--

(™)

1am1ne Whlch might enable lt to take part 1nclude- i) its abili-
.ty to part1c1pate in oxldatlon—reductlon reacﬁlons, ii) its
ability to form chelates with ligands sgpplled_by the phenolic .

e

oxygens and,in thermonoanioniC'form, to engage in acyl, alkyl -
and phosphoryl gfoﬁp transfer; and iii) its ability to engage
in hydrogen bonding. Many reports deal exclusively with pos-
sible reactions-at the catecholamine-receptor surface. Because
the catechol binding site has a ﬁreference for aromatic rings
carryingjéléctron-fich substituents, Belleau (1966) suggested
that comple# formation may be largeiy dependent on w—bénding.
For a—adrenergic activation, a small cationic head (such és

ammonium or methyl ammonium) is essential and the bulkier N~

substituents (necessary for- 8~adrenergic activation) would .

Vs
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hiﬁder‘ion—pair formarion. 'On the other hand, the formation of
den active B—reoeptor complex is'independent of the presence of"
size of the N-substituents. Thus, hydrophobic.interactions may
" be involved in the binding or activation by nonpolar N-substi-
tuents at fhe B-adrenergic receptor. Speculatlonsiksuch as these,
Care very lnterestlng but a flnal conclusion wrll not be’ reached
untll the receptor proteln is purified and its reactlve groups
at the active site determined. Therefore, a great deal of |
exciteﬁeéi was aroused when it was suggested that the f-adrener-

- gic receptor and adenyl cyclase might be one and the same and

that all B-adrenerglc effects may be mediated bv cyclic AMP

ENEWEIVTIS

(Vane, 1962 Belleau, 1963; Ariens, 1963; Sutherland, 1965) .

‘.
L}

B. ADENYL CYCLASE AS THE B-ADRENERGIC RECEPTOR

" In 1957, while studying the breakdown products of ATP,

Cook et éi reported tﬁe presence of a oyclic\anhydrodiadenylic S
racid. The same year, Sutherland and Rall (1957), while studying
phosphorylase activation in llver particles, descrlbed the pro-
pertles of ao adenine ribonucleotide'produced in ‘the presence of
'edrenalide or glucagon. In 1958, Sutherland and Ra;iﬂfractlona-

ted and determined the.cycllc nature of adenosine 3',5‘-monophosf
phate (cyclic AMP) and it turned out ro be the same compound as

that described by Coock et al (1957) and Llpkln et al (1959) Al-
_though Sutherland and Rall ant1c1pated a cyclizing enzyme (1960),
the enzyme catalyzing cyclic AMP formation, by intramolecular

- condensation of ATP, was not characterized until- 1962 by
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Sutherland-et;al. ‘?hey named it adenyl cdclase and it is
often referred’ to by tﬁe chemically correct term, adenylate
cyclase. In 1963 it was shown to be a component of the

_cell membrene (Davoren & Sutherland) or of membranous struc-
tures within the cell, such as sarcoplasmlc reticulum
(Rabinowitz et al 1965). The part;culate.netu:e of adenQI
cyclase, together with its lability, have combined.to make

its purification very difficult. 'Therefore, we are-not mucﬂ i
closer to discovering specific'receptor reactions.

Among the hormones whlch are known to stimulate adenyl

cyclase in varlous tlssues, the catecholamines were found to

-._‘¢

figure promlnently) for example, in cardlac muscle (Murad

et al, 1962); in liver (Makman & Sutherland, 1964); in skele-
tal muscle (Posner et al, 1965); in brain (Xakiuchi- & Rall,
1965) ; ip adipose tissue (Butcher‘et al, 1965); in lung'and

. spleen (Klainet et al, 1962),etc. The order of potency of : p
the catecholamines in cerebellar preparations of the brain .
(Klainer_gg'gi, 1962) and heart and liver preﬁarations

{(Murad et al, 1962) suggested the participation of B-adre-
nergic ieceptors. .

The hormonal:respenses elicited by catecholaminee and
found to invoive cyclic AMP include phosphorylaée activation
in liver (Haugaard & Hess, 1365), skeletal muscle {Ktebs et al,
19661, and heart (Drummond & Duncan, 1966j; a positive'inotro-

pic effect on the heart (Robison et al, 1965); lipolysis
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(Butcher, 1966); and the release of a-amylase in saliva from

rat parotid gland slices (?dolah & Schramm, 19655.

The reai test for the hypothesis involﬁes the effects
of B-~adrenergic blocking agents (Figure 4) on adenfl.cyclage
activity. Here the evidence was far from complete: however,
a few studies appéar?d to support the theory. 1In i962, Mﬁrad
et al, using patﬁiculate fractions of-dog“heaft and liver,
reported that DCI prevented the stimulatiﬁg effects of cate-
cholamines on heart adenyl cyclase almost completely. A few
yeé:s later, Robison et al, (1965) showed that another g-

adrenergic blocking égent, pronethaldl,bloéked the increase

in cyclic BAMP concentration and the positive inotropic effect

produced by adrenaline on the isolated, perfused rat heart. .

A third study invelving B-adrenergic blocking agents was one

W rEN WL

by Davoren and Sutherland (1963a)in which DCI was found to

'folvu\}.’} ")OB

inhibit the formation of isoproterenol-induced cyclic AMP
almost completely in pigebn erythrocytes.

The‘li;erature concerning adrenergic responses was
becoming particularly confusing and contained many contradic-
tory statements;' Thewﬁaih problems were reviewed by Robiscn
et al, (1967) so will be mentioned.onlgjbriefly here. In the
first place;ﬁéa;iatiSh in response océﬁrred from species to

épecies. The stimulation of liver glycogenolysis, wpich‘in i

the dog appeared to be mediated by R-receptors, in the rat
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was found to be an a;adrenergic'response. .There were varia-
tlons in propertles from tissue to tissue and even within a
glven type of tlssue. Responses defined as beta in heart
and uterus reéponded differently to noradrenaline. The
blocking agent, isopropylmethoxamine, was found to block &-
receptors in uterus but had only a slight~effect on heart

receptors.

In addition, there were variations in over-all response.
In some cases, as in intestinal smooth muscle, stimulation of
either type of receétor was fouhd to éause.relaxation. Also,
changes in physioloéical or pathological conditions were

found to produce varied responses. For example, in rabbit,

alpha receptors predominated in the virgin. uterus, but in the

‘l‘,!\:ﬂ‘ ¥
Sarianitd

RS IR NY ]

- AN

@rogesteroneQProliferated uterus, beta receptors appeared to

predominate. The oppbsite was true for cat uterus.

VLS AVE N LI
"I N

To add to the congusion, when metabolic effects wére
studied in different tissues and species, differing orders of
potency and different susceptibilities to blockade ﬁere ob;erf
ved (Hagen & Hagen, 1964). Some authors suggesfed Fhat the
metabolic effects had no relation to the mechanic%l effects

~

%
upon which the classification of alpha and beta adrbnerglc

,r
v

receptors was originally based (Ahlqulst, 1948).
In 1967, some evidence began to appear to support the

view that the effects of a-receptor activation might be related
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to a decrease in the infracellular level of c¢yclic AﬁP
either by lnhlbltlon of adenyl cyclase or by activation of
a phosphodiesterase, the enzyme which destroys cyclic AMP,

- This was suggested by Turtle et al, (1967) on the basis of
experiments showing the effects of theophylline (a methyl~
-Xanthine inhibitor of Phosphodiesterase) aﬁd adrenergic

' blocking agents on insulin release. The work of Porte (1967)
on c-adrenergic receptor inhibition of insulin release by
adrenaline was also SLgnificant. ‘The implications of these

findings were great because some of the observations which

T

IRQAYA A T

appeared to contradict the accepted definitions of receptor

ﬁypes could now be explained.

3
4

N
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In 1967, Robison et al decided that the variations in

't
F)

Y

species and tissue responses were problems common to most

PR TR TR Y

enzymes and that enough circumstantial evidence had accumu-

Ny

lated to warrant copsideration of the hypothesis that both
alpha and beta receptors operate through the'edenyl cyclase
.system.
In constructing a model to explain observed variations

in response, Robison et al, (1967) favoured the view that the
 receptor is an integfél part of the adenyl cyclase systen.

Receptors were thus coming to be regarded'es analogous to the

allosteric sites known to be part'of.certain enzymes. In this

model (Figure 3) adenyl cyclase is pictured as existing in the
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cell membrane, as suggested by the data of Davoren and Sutherland

"(1963b). The molecule was depicted as being composed of at

least two distinect subun:.ts, a regulatory subunit (R) » facing the
extracellular fluid, and a catalytic subunit (C), the active '

centre of which was in contact with the interior of the cell.

" The actual receptor was considered to be part of the regulatory

subunit which was the variable component of the system, dlfferlng

. to some extent from tissue to tissue so that differing potencies

of' the catecholamines could be related to differences in affi-
nity (and to account for ﬁhe fact that other ho;mones also s%imu-
late adenyl cyclasefo The tentative conclusion was that all
metabolic eé%ects of catechoiemines could be'accounted‘for by
changes in the concentoation of cvclic AMP in the affected ceils
although Robison et al (1970) emphasized'that the mechanism by
which an alteratioo in one type of subunit_leads_;o a change in

the other was poorly understood.

C. CYCLIC AMP: THE SECOND MESSENGER

Attention is now focused on the mechanisms whereby cyclic
AMP levels are translated into metabolic end physiological
events. As mentioned eerlier, even though the receptor protein
has been identifiedrthere can still He'ﬂhmerous reactions occur-
ring sequentially before the characteristic response of the hor-
mone is cbserved. Cyclic AMP became known as "the second messen-

ger” in the mediation of a variety of hormonal effects (Robison

SO it

V1Y

Vayn
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et al, 1968) . Despite the widespread distribution of functions - Q
‘attributed to cyclic AMP, knowledge of its mechanism of action
is only gradually unfolding. The sequence of biochemical steps
occurrlng at the molecular level was first resolved in ‘the area

of glycogen metabolism.

KRS

Activation of phosphorylase b kinase
'The activation of phosphoryiasé was discovered to be media-

ted by cyciic AMP by Rall et al (1957) while they werefstudying -

the stimulation of glycogenolysis by adrenaline and glucagon.
The seqﬁence of biochemical steps, as shown iﬁ Figure 5, was gra-
dually worked out over an ll-year period. Phosphorylase was
known to exist in an inactive state (phosphorylase b) which could
be phosphorylated by phosphorylase kinase, acting on ATP to pro-
duée the active phosphorylase a. Phqsphorylase b kinase was also
found to exist in two interconvertible forms, designated as no#-
activated and activated phosphorylase b (Krebs et al, 1959) and
cyclic AMP was found to promoté the formation of activated phos-
phorylase b kinase (Krebs et al, 1964). Conversion of nonacti-
vated phosphoéylase b kinase to the activated form required ATP
and was catélyzed by phosphorylation involving another enzyme
(Delange et El,'1968). Therefore, élthough cyclic AMP appeared
' to be nécessary for activation of both phosphorylase b kinése

- and phosphorylase b, the actual receptor proteln for cyclic AMP

was a protein kinase, phospﬁégglase b kinase kinase.
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ADRENALINE .

Adenyl cyclase
- Step 1

© ATP “CYCLIC AMP . )

Phosphoryiase kinase kinase

) Step 2 .
‘Nonactivated '. Activated
phosphorylase b kinase phosphorylase b kinase
Step 3
Phtgf,phorylase b Phosphorylase a
- : _ iep 4
S GLYCOGEN = GLUCOSE-1-P

)

I: ADRENALINE (OR NORADRENALINE AT NERVE ENDINGS) STIHULATES
ADENYL CYCLASE IN THE MEMBRANE TO FORM CYCLIC AMP,

Figure 5. SEQUENCE OF STEPS IN GLYCOGEN‘(‘]LYSIS

2. CrcLic AMP ACTIVATES A PROTEIN KINASE WHICH CATALYZES THE
PHOSPHORYLATION OF PHOSPHORYLASE KINASE, e

L

3. PHOSPHORYLASE KINASE CATALYZES THE CONVERSION OF
PHOSPHORYLASE b TO PHOSPHORYLASE a- R
S

14 PHOSPHORYLASE 2 CATALYZES THE FORMA‘I'ION oF sl_uc:osfz—l-POLI
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D. CYCLIC AMP-DEPENDENT PROTEIN KINASE |

‘Cyclic AHP—depehdent phosphorylase b kinase kinase was first
discovered in crude extracts of rabbit skeletal muscle from which
phosphorvlase b kinase had been removed by acid prec;pltatlon.
It was partially purlﬁ;ed and found to phosphorylate casein and
protamlne as well as phosphorylase b kinase, 5o was given the
general name of cycllc AMP—dependent protein kinase by Walsh et
al, in 1968. The same vear, Langan (1968) reported the hepatic
histone kinase which he was studying, to be stlmulated by cyclic

AMP also. It has since been repbrted to be Present in many tis-

sues, including adipose .tissue (Corbin.& Krebs, 1969); brain
(Miyamoto et al, 1969); bladder (Jard s Bastide, 1970); testis
(Jergil & Dixom, 1970); mammary gland (Waddy & Macklnlay, 1971) ;
pancreas, kidney, 1ﬁpg, thyroid, ovary, stomach, duodenum, uterus,
brown adipose tissue (kuo & Greengard, 1969a); and parotid gland
(Horwood egﬁgl, 1971). It is also found in bacteria (Ruo &
Greengard (1969b).
1. Punctioms

Protein kinase cafe;yzes the transfer of phosphoryl groups

from ATP to certain proteins. The phosphoryl groups are boun %

in ester liﬁkages to serine and generally to thfeonine as well.

The varieus\groups of protein kinases may be distingdished by

identifying the protein which is preferentially phospho;yiated;
There is now evidence that, in addition to stimulating the‘

phosphorylation of phosphorylase b kinese, cye%ic AMP also
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stimulates the phosphdrylation of glycogen synthetase (Bishop
& Larner, 1969);.a hormone-sensitive lipase in adipose tissue
(Corbin et al, 1970;lHuttunen et al, 1970); histone in liver
(Langéﬁ, 1959), pYyruvate dehydrogenase in heart (Weiland & Sless,
1970), protamine in trout testis (Jergil & Dixon, 1970) ; phospho—
rylase phosphatase in muscle (Chelala & Torres, 1969} ; and the

40S 2nd 60S ribosomal subunits.in liver (Eil & Wool, 1871).

2. Properties

a) Substrate specificity: The protein kinases which

'phosPhorylate the enzymes listed above will transfer phosphoryl
groups from ATP to a servl or threonyl resxdpe of basic proteins,
such as histone and protamine,and will phosphorylate casein,
though not as exfensively as the basic proteins. Moét of the
enzymes listed in Table I, (1) to (13) are of this type and are -
cyclic AMP-~dependent. The second main type of proteln klnase
phosphorylates the seryl and threonyl groups of acidic proteins,
such as casein and phosvitin, and 15 90; dependent on cyclic AMP
(Walindex, 1972). This fype of protein kinase was studied for
some time before the discoﬁery.of the c¢yclic AMP-dep%ndent tybe
(Burnett & Kennedy, 1954; Rabinowitz & Lipmann, 1960). I£ is
associated with nuclear (ﬁon—histone chromatin hosphopro;eins
(Takeda et al, 1971; Ahmed, 1971), and cam be distinguished from
nuclear histone kinase becausé it is insénsitive to sﬁifhydryl
agents and is inactive with histone as substrate (Langan & Smith,
1967). Multiple forms of this eﬁzyme have been reported (Ruddon

and Anderson, 1972; Baggio & Moret, 1971). .
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. - 1970). The apparent KM ranged from 30 to 160 nM, The extent of

s ‘ L 27

-

b) pE cptimum: As shown in Table I, therxe is great varia-

tion in the pH optima reported for protein kinases from different
tissues. It appears to varf wit; the type of substrate used.

In general, PE optimum for histdéé phoséhor&l%tionis between 7.0
and 8.0 {5, 6). The pﬁ optimum for caéein phosphpryiation is‘
close to 6.0 (2) and-is not cyclic AMP-dependent at PH 7.5 (6){; : .-
On the other hand, cycllc AMP-stimulated phosphorylatlon of ’ .",
hlstone occurs over the whole spectra ©of pH values (Table I).

c) Cycllc AMP-dependénce : .When activity was fifst measured

as a function of cycllc AMP concentration, activity of the enzyme

was found to reach a maximum at 5 pM in many tissues (Kuo et al

stimulation by cycllc AMP was shown to vary depending on the tis-

RS-

sue from which the enzyme was_isolated, the particular substrate

s oy )

LA R RS

used and the length of storage. Protein kinase from skeletal

ATy

muscle (Walsh et al, 1968) had a much higher degree. of dependeﬁ-
cy on cyclic AMP than that of heart (Brostrom et al, 1970) or of
adipose tissue (Corbin & Krebs, 1969). Protein kinase of he;rt .
muscle was f&und to be-combletely independent.éf cyclic'AMP upon
storage of 4 to 6 weeks.. Because of findings §uch as these, the
mechanism:'of activation was detefmiheé'and it is now known that
a KM value cannot be assigned unless the ratio‘of.free to bound

protein kinase is known.

d) Apparent Ky for ATP: Double reciprocal plots of ATP

concentration” a'gainsé rate of 32? incorporation injco prote'/ howe

that the Ky for ATP in many tissues was close to 1.1 x 10-5 both
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in ‘the presence and absence of cycllc AMP but the V increases-
‘many tlmes with added cyclic AMP. In some cases a blphasic'reci—
procal plot was obtained in the absence of cyclic AMP and this
" was interpreted as being due to a mlxture of two types of protein

" Kinase dlfferlng in their apparent Michaelis constants for ATP.
‘Reimann et al, (1971), using DEAE—cellulose to separate peahs of
enzyménactivity, showed that two en:?mes, each with a K close
to 1.1 x 10~ vfor ATP,were present and a third, which was not

- cycllc AMP-dependent had a KM for ATP greater than 10 4.

e) Mg 2+ requlrement An absolute requlrement for . Mgz+ is

reported by most investigators, usuallv around 10 M, as shown in

Table I. Mgz has been found to decrease the apparent KM for ATP

in skeletal muscle without changing the V max (Reimann et al,1971).

.They suggested that M92 may bind to the enzyme at more than one

e
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site and serve in a regulatory capacity. In the study in which
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cnly 0.15 mM MgClé was used, the assay required up'to 3 mM ATP

"

(Weller & Rodnight, 1973).

£) Effect of NaF: 1In-all-studies listed in Table I, except
{3), (8), and (14), NaF 'is included in the protein kinase assay. It
has been shown to.inhibit phosphatase activity and if it is not
included, the reaction is linear for only 1 min (Corbin et al,
1973}, especially in particulate“fractions containing membrane-
bound ATPase; Sodium fluoride (approx. 50mM) was found to in- -
crease the cyclic AMP-activation of protein kinase (Corbin et al,
1973) whereas the same concentration was found to be inhibitcry‘

in ox brain synaptosomal'fraction (Weller & ﬁoanight,‘l973).‘The

&



latter also show that phosphatase activity is highest at pE 7.3
(Weller & Rodnight, 1971) and decreases by 60% at PH 6.5.

g) ‘Phosphodiesterase inhibitors: a1l investigators listed

in Table I, except {3)8)and (14), include a phosphod:.esterase inhi-
bitor in the. assay, usually 2mM theophylllne. Weller and Rod-
night (1973) report that SmM theophylllne 1nh1bits aheir protein
kinase activity whereas caffeine is shown to have no effect at- all
:on adrenaline-induced actlvatlon of protein kinase in rat adipose

tissue (Soderling et al, 1973).

h) Effects of salt: The effects of phv51olog1cal concentra- )

AR
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tlons of NaCl and KC1 (150mM) have been tested and NaCl (100mM)

and KC1 (100mM) were both found to inhibit the cyclic AMP-stimu-~
lated intrinsic protein\kinase_activity in membrane fractions
- from ox brain (Weller s Rodnighf, 1973). On the other hand, NaCl
(0.5 M) was found to have a8 stimulatory effect on adipose tissue
. enzyme of crude fractlons (Corbin et al, 1973). This was disco-
vered to be due to a slow dissociation of the inactive proteln
kinase complex and release.of the active form of the enzyme.

i) Effects of EGTA and EDTA: In all studies shown in Table

I, except 1,5,8,12 and 13, EGTA (usuallv 0.3mM) is added to the

assay, or EDTA is used in the homogenizing medlum._ Because di-
valent cations, such as Caz.+ have been shown to inhibit Protein

kinase act1v1ty (Weller & Rodnight, 1971)[there is good reason

to remove all endogenous Ca2+. In this way the amount of divaz

L3

lent cation in the assay can be controlled.



3. Mechanism of activation of protein kinase .

The action of cyclic AMP in the stimul;tkgg t protein ki-

nase has been studied by inveetigating the biﬂéing ef the nucleo-
tide to the enzyme and measﬁring the kinetic ?arameters. Beéanée
Eyclic AMP increased the Vﬁax but had no effect on the KM' end
_because oxidation or dilution of the enzyme resulted in a struc-
tural change similar to that induced by cyeclic AMP in binding to

" the enzyme, it was proposed by several investigators, independently,
that protein kinase consists of a’wegﬁlatory (R) and 'a catalytic
(C) subunlt which dlssoc1ate in %he presence of cyclic AMP (Tao
et al.,1970- Brostrom et al.,lQ?Ox\Glll & Garren, 1270; Kumon et
al.,l970- and later by other groups of W t;ers) The cyveclic aMmp
is believed to bind to the holoenzyme (R.C) in such a way as to

cause dissociation of the catalvtic subunit (C) , which is the

active form of protein kinase and no longer dependent on cyclic

AMP: R.C + ocAaMP =——> R . cAMP + o
{(holoenzyme) (active form of
(inactive form) protein kinase)

Brostrom et al.;(1971) presented evidence to show that (C) causes
dlSplacement of ¢yclic AMP bound to (R) in other ﬁords,-an excess

of (C) will cause the reaction to Shlft to the left. Similarly, <;r
an increase in the cyclic AMP level, will shift the equilibrium

to the right, resulting in an increase of the active,dissociated
protein kinase, if 1he level of cycllc AMP £alls, then more of

the inactive complex results_ In effect, tbe (R) subunlt serves

as an intracellular reservoir of cyclic AMP. The active form of
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protein klnase was found to be 1nh1b1ted by the addltlon of the
regulatory subunit (Yamamura et al, 1971; Tao et al, 1970; Gill
& Garren, 1971; Erllchman et al, 1971). )

Soderllng et al; (1973) incubated fat pads with adrenaline |
and demonstrated that the ratlo of free protein klnase to bound
proteln kinase 1ncreased. When adrenaline was replaced by insu-
lin, the ratio was found to decrease. This, in effect, proves
the hypothesis of .Robison et al, (1967) that hormonal. responsea
are mediated at adrenerglc receptors by an increase or a decrease

in the level of cycllc AMP,

It has also been shown that basic proteins, such as histone

{Miyamoto et al, 1971) and protamine (Tao, 1972) have the ability

A

to stimulate protein kinase by diséociating the C.R subunit in

the sane manner as cyclic AMP. There are two schools of thought

v

A

regarding the role of histones in VIVO-f One involves a cyclic

"\f - . , _‘
fa\‘.’lt\xluv.)u()l\.)f Ver:.:

2AMP - dependent Protein kinase and the otﬁer does not Langan (1969)
demonstrated that histones are phosphorylated -in vitro and in
bivo by a cyclic AMP-dependent protein kinase. Histones were
also reported to cause a large increase in the rate and extent

of phosphorylatlon of nuclear ac1d1c (non-hlstone chromatin)
proteins (Kaploeltz et al, 1971). The histone, itself, was not
believed to be phosphorylated, but rather, to act in a way such
.as to increase the number of phosphorylation sites avadlable in
the phosphoprotein. Rates of phesphorylation of acidic nuclear

Proteins were shown to be increased in cells unde;going gene
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aétivation and preceding an elevation of RNA and protein synthe- '
sis (Teng-et al, 1971). Some hormones, such as testosterone,_
were found to have a direct effect on nuclear phosphoproteins
(Ahmed & .Ishida, 1271). Within 30 min [Y—BZP]—ATP was incorpora-
ted into phosphoproteins of rat ventral prostate nuclei.

Now the pendulum of thought appéars to be swinging back to
involve cyclic AMP in nucleér functions once more. Dokas and .
Kleinsmith (1971) report that cyclic AMP increases the capacity .
for RNA synthesis in rat iiver nucléi and that induction of

‘enzyme synthesis, mediated bf cyclic AMP, may be controlled, at

SRR

A

least in part, at the level qf gene tranScription. In addition,
Weller and Rodnighﬁ (1973) state that although the protein kinase
found in their synaptic membrane fragments is not activated by -
cyclic AMP during phosphorylation of added acidic proteins, such
as phosvitin; the infrinsic activity, in phosphorylating the
natural substrate, ig_cydlic AMP~-dependent. This brings us

back to one common denominator, a cyclic AMP-dependent proéein
kinase. Tﬁis protein kinase may, inlthe-final analysis,

activatg acidic or‘basic-proteins equally well‘ig_zizg, even

though it does not appear to do so-in vitro (Table I, 14-16),
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PART IXI: THE SALIVARY GLANDS

A. GENERAL DESCRIPTION

1. Anatamz

In many animals, including the rat; the salivary
glands~consist of three paired structures with ducts to
carry saliva to.the oral cavity; thus, salivary élands are
glands of external secretion or exocrine glands. The main

ones are called the paroctid, submandibular (formerly known

ARW

as the submaxillaf&) and the sublingual. Ia addition there
are numerous small salivary glands scatte;ed over the oral
mﬁcosa. In the rat, the submandibular glands lie longitu-
dinally near the midline of the neck and extend from the
hyoid bone to the manubrium sternii. "The major subllngual
lies in close apposxtlon to the submandibular on its _antero-
lateral surface and the two are contained within a single
capsule. The parotid is lighter in colour than the subman-
dibular and tri-lobed, with one section extending medially
to the anterior surface of the submandibular, another extend- .
ing posteriorly, and a third extending superiorly behind the
ear.

The salivary glands are typical of compound tubular

glands in which the glandular cells are arranged in ‘a single

layer around a central cavity which receives the secretion
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from surrounding cells; The unit is called an acinus or an
alveolus. Small ducts from adjacent acini join together to
form larger ducts.

Hiétoiogically, the parotid gland consists almost
entirely of serous cells which are small and granular with
well-stained nuclei. ‘Saliva from this gland is clear and -
watery and is much less viscous, but richer in a-amylase and
other enzymes, thon that from other salivary glands. The
sublingual gland secretes a thick, sticky, opalescenr material,
rich in lubricating glycoprotelns which are synthesized in

mucous cells. Mucous cells are larger t@iit::rous cells but

are clear and transparent and are the ‘'main~type of cell in

EOCING WY S
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the sublingual élﬁgd.' The submandibular gland contains both

serous and mucous acini in roughly equal proportions.

2. Innervation

Salivary glanos are unique in that their ohysioloéical
functioﬁs are controlled through the antonomic nervous sys-
tem. In 1851 Karl Ludwig discovered that saliva flows from
the submandibular gland both when the chorda—lingual nerve of
the parasympatheticlbranch and whon the cervical sympathetic
trunk are stimulared electrically so it has been known for
some time that salivary glands are supplied by both branches

of the autonomic nervous system. However, it has now been

established that adrenergic innervation reaches the acinar

cells in both rat parotid and submandibular glands but not
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those of ‘the sublingual gland (Norberg & Olsoh, 19655; furthéf-
more, there are a—adrenerglc angd B- adrenergic receptors in both
rat parotid and submandibular. glands (Emmelin et al.,1965; Batzri

et 3&.,1971) and release of K byaradrenerglc stimulation can be

: prevented by phentolamine.
3. Salivary enzymes . i

The composition of the saliva depends on the branch of the
autonomic nervous system which is stimulated. 1In general, the-
parasympathetic nerves control the flow rate and the sympathetic

nerves control the~secretipn of digestive enéymes (Pchto, 1968).

T

Salivary glands synthesize at least five different digestive

enzymes for excretlon, 1nclud1ng c-amylase, protease, lysozyme,

DNase and RNase (Junqueira, 1967) . The salivary content of these

enzymes was studied in more than 45 species. Rodents were found

ok
¥ 2
. to have the highest amounts of all salivary enzymes and the genus 5;
. . b
Rattus was -the most advanced in this respect. Primates {inclu- g;
=S . : g

ding Homo sapiens) have only 25% of the salivary enzyme activity

of rodents.
There is also a difference in the proportion of each enzyme
in the same éland of different species. For example, mouse sub-
mandibular gland contain§ c-amylase but rat submandibular is not y_%
tonsidéred to be an a-amylase pfoducing gland (Schnever & Schneyer,
1964). Rats of the suborder, gxomoggha have very high levels of |
c—amylase and DNase in the parotld and protease in the submandl-

bular (Junquelra, 1967).

-
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4. Model for the study of B—adrenergic reoeptors

Although the natural functions are important to our well-
belng, they are not the reason for which we study salivary
glands. Because of its high content of c~amylase, its low
content of mucous and its distinctive B-adrenerqgic responses,
the rat parotid prov1des a unigque model for studying the |
.sequence of blochemlcal reactions leadlng to eéxcretion, synthe-
sis and storage of excretable Proteins., 1In addition, the pro-
cesses of hypertrophy and hyperplasia can be studied through ‘

stlmulatlon of B-adrenergic receptors. The stimulus provided

adRaty

by a single injection of chemically pure isoproterenol pro-
duces a response involving a large fraction of the cell popula-~

tlon and a very attractive model is provided for studying DNA--

' dependent RNA synthesis. Some B-~adrenergic effects can be
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studled in rat submandlbular gland, as well, because it has
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sympathetic innervation, although it does not synthesize c-

amylase.

\
!

B. EFFECTS OF ISOPROTERENOL ‘ . (/"

To sort out the effects due entirely to B-adrenergic re-
ceptor stimuiation} we use isooroterenol because it has very
little, if any, action on a-adrenergic receptors, as discussed
in Part I. It is useful, also, in sorting out adrenergic '
effects from chollnerglc effects. Much confusion had arisen

because cholinergic agents, such as piloca:pine, were
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thought to act at ganglia to produce B-adrenergic effects
(Schneyer & Hall, 1966). in parotid and submandibular glands

which contain both adrenergic and cholinergic nerve endings.

1. Bypertrophy

In 1960, Wells reported that considerable.hypertrophy of the .
salivary glands (Sialadenosis) resulted from chronic stimulation
of the syﬁpaﬁheticrnerves. He concluded that the sympathetic

nervous system is involved in the maintenance of nermal gland

size and function. The following vear, two reports appeared,

SR~

each dealing with excessive stimulation of salivary gland growth
due to chronic treatment with isoproterenol (Selyé et al.,1961;

- Brown-Grant, 1961). Brown-Grant (1961) and Schneyer (1962)
reported that the parotid gland shows the greatest enlargement

LER ALY

(5507 by the 8th day) and that the sublingual gland is not

MUVNY Y

.affected. The hypertrophy was found to recede if isoproterenol
is withdrawn for 10 days (Wells, 1962).

Brown—Gfant (1961) stated that the most striking feature,
in both parotid and submandibular glands, is a great increase
in the size_éz the acinar cells. Histological studies by
Seifert (1967) showed that the mean diameter of the acinus ,

increases from 25p (controls) to maximal values of SOu and

that the nuclei and nucleoli increase in size as well.
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Although.Brown—Grant Schneyer and Wells attrlbuted the enlarge-
ment of the glands przncrpally to cellular hypertrophy, Selyé&
et al, (1961) had observed by histological examlnatlon, mltotlc
proliferation as well; thus a certaln amount of controversy
developed. Special consrderatlon was given to welght and struc-~
ture of salivary glands by many investigators, such as Schneyer
& Shackleforad (1963),'Pohto & Paasonen (1864), Argonz (1962),

etc.

2. Hyperplasia

The fact that isoproterenol could induce cell prolifera-

tion was indeed confirmed (Chan, 1964; Barka, 1965a). Histolo-

]

: .
Forms "
-

A YRT d

=1 1N

A

gical studies by Seifert (1967) showed that the mitotic index

"of the parotid gland, which is normally lower than 0.5% in con-

(R RN W)

- trols, rose to 1.5% on day 4,'then declined, but began to in-
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Crease a seconq time, reaching a peak of 3.2%,or higher,by day
11 or 12. After establishment of mitotic cell division occur-
ring in salivary glands, a flurry of reports appeared regarding
efforts to establish the intramolecular series of biochemical
steps leading to DﬁA synthesis, RNA synthesis and related -
protein synthesis. Competltlon was between two main - "groups,

headed by Barka and Baserga.

a) DNA synthesis: a single injection of* isoproterenol was

found to produce a marked stimulation of DNA ‘'synthesis in sali-

vary glands of rats (Barka, 1965b) and mice (Baserga, 1966).

N



39
DNA synthesis was measured by the rate of incorporation of
3y —thymidine into DNA and by autoradlographlc technlques ' ;f
(Selfert 1967; Radley, 1968). The increase in DNa synthesis
begins about 20 ‘hours after administration of isoproterenol,
reaches a peak at about 28 hours,.and is followed by a net
increase in the amount of DNA per gland and by a wave of
mltOSlS. The peak of DNa synthesis is closely paralleled by
changes in the levels of act1v1ty of the enzyme deoxythyml—
dine kinase (Whltlock et al, 1968) and deoxythymidvlate kinase

(Pegoraro & Baserga, 1970). The peak of deoxythymidylate

SEIT ~

synthetase was found to occur 3 hdurs'earlier (Pegoraro &
Baserge, 1970). DNA polymerase aceivitv'was also investigated
because it reflects the number of cells in the DNA synthetic
phase . (Whitlock et al, 1968 Barka, 1965b). -

b) RNA synthesis: To prove that DNA-dependent RNA synthesis - >3

was occurring, the incorporatiqn qf 3H-uridine and 3H~brotic
acid into total and nucleaf RNA fractions'was'measured by

~ Barka (1966, 1968), and found to peak during‘the prereélica-
tive staée; This was refuted by Malamud and‘Baserga (1969)
who showed that their increases resulﬁed from corresponding
changes in the specific acfivity of the immediate precursor,
UTP. However, another group (Mayfield et al, 1969) also found
an increase in the 1ncorporatlon of 3H-ur1d1ne into RNA at 2

hours after isoproterenol, along with increases "in the activity
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of enzymes involved in pyrimidine biosynthesis. The activity
of the enzyme,, urldylate klnase was found to decrease between

2 and 8 hours after isoproterenol (Malamid & Baserga, 1968).

-
-

The pOSSlbllltY_Of two separate periods of induced RNA syn-
thesis was suggested by Simpson and Baserga (1971).when tﬂey
discovered that 5-azacytidine inhibits RNA synthesis between

0~2 and'lZ-l? hours after isop:oterenol.

3. Induction of excretion

Cholinergic effects on sallvary secretlon were always
conSLdered more lmportant ‘than adrenergic effects (Burgen &
Emmelin, 1961) until 1966 when Byrt showed that 2 single in-
jection of 1soproterenol can cause excretlon of 98% of the
a—-amylase present‘in the rat parotid The adreneréic and

chollnerglc depletory responses were clearly defined by Pohto

(1968} . The chollnerglc agent, pilocarpine, Causes a very
large flow oﬁ saliva containing a small amount of a—amylase
and isoproterenol causes a small flow containing a large
amount ef c-amylase. Pohto (1967) also showed'tﬁaﬁ B-adre-
nergic¢ receptor control is involved because éropranoiol par-
tially inﬂibited excretion ef a-amyiase, in‘the manner of a
competitive inhibitor. The catecholamine-controlled excre- | i
tion of c-amylase was the subject . for a doctoral thesis in

this laboratory (Gaunce, 1971). It was shown that the rate
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of excretlon of a—amylase by the rat parotld gland reaches a |
maximum within 10 min  after isoproterenol stlmulatlon.
Following lsoproterenol 1n3ectlon, dynamic changes in the-
ultrastructure of the acinar cells of rat parotid are observed -
durlng the secretory cycle (Amsterdam et al, 1969) Depletion
of the zymogen granules durlng the first hour is observed to-
occur by fusion of the granule membrane with the lumen membrane
end discharge of_the cootents into the lumen, which enlarges. .
No zymogen granules remain after 1 hour. At 2 hours, small, -

smooth vesicles begin to form in the apical part of the'cell,and

SR

by 6 hours, large condensing-granules surround the Golgi mem- _

branes and zymogen granules are beginning to form. By 11 hours
many zymogen granules have accumulated and by 20 hours, the cell

is densely packed and the lumen is very narrow again.

4. Effects on protein synthesis

Protein synthesis is measured by changes in the incorpora-
tion of l4cfamino acids into tissue proteins.. To separate
isoproterenol—induced changes related ép hypertrophy and hyper—
plasia from those related to the secretorv processes, antibiotic
inhibitors are valuable tools. | ‘E

_ . Vo ) .
a) Antibiotic inhibitors: Protein synthesis controlled at

the transcriptional level can be inhibited\ty actinomycin-D. it
acts by binding to DNA, by hydrogen bondlng\to guanlne resrdues,
so that formation of messenger RNA cannot proceed (Brockman &

Anderson, 1963). - Protein synthesis which occurs on preformed RNA,

-



Il

42

at the translational le§el c%n be inﬂibited by puromycin.

Puromyain interrupts pepéide-chain elongation by virtue of

its capacity to replace an entering aminoacylLtransfer-RNA_

with formation of a peptidyl-égromycin derivative. The

peptidyl—puromycin,36'%o:med cannot be lengthened by a

similar displacement reaction with the next dminoacyl-transfer

RNA because ité_amidé linkage is substituted and cannot be

attached (Nathans, 1964). Another protein synthesis inhibi;

toz, bycloheximide (Actidione) inhibits brotein synthesis :

‘in the 80s ribosomes“of eucéryofic cells (Fiale & Daﬁis, " g §§
: - =

T

1965).

b) Secretory proteifis: The biosynthesis of o-amylase in

"

rat parotid after injection - of 14C-amino acids, was studied

1UOh

)

by Gromet-Elhanan and Winnick (1963) with feeding (30 min)

‘and pilocarpine injection as stimulators of salivary secre-

tion. It was shown that a-amylase is‘synthesized in the

NMigvy )
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microsomes, rapidly released into the cytosol, and ;ranéferred

to the zymogen grénules where_ it is concentrated ané stored.

Schramm and Bdolah (1964) showed, by pulse—chase experiments

that rat parotid slices in vitro maintain very active protein
synthesis.-,Stimulation of parotid slices using adrenaline -
{Grand & GEoss; 1969) Qas shown to stimulate secretion of a- |
 amylase and protein synthesis independent;y. By usipg actino-

S W :
mycin D they also showed that the biosynthesis of a-amylase
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proceeds in the absencé of RNA sy ££;;:;4?G§?nd & Gross,
1970) so they suggested that c-amylase and p&dteln synthe-
Sis are controlled at the translatiocnal level. Puromyc;n
(200 mg/kg) was found to inhibit 1ncorporatlon of 14C--amlno

“

acids-into c-amylase blosynthe51s following isoproterendl

treatment (Gaunce, 1971).

c) Hypeftrophy andqhype;plasia: -The stimulation of DNA : .
synthesis by isoproterencl was found to be inhibited by both

actinomycin D (Baserga & Heffler, 1967; Barka, 1965b) and

puromycin (Baserga, 1966) especially when administered prior
to, or shortly after, isoproterenol The inéorporation of

3 }
H-urldlne and 3H-orot1c acid was also found to be senSLtlve

}If\ﬂ) ! }\‘l;[\ ! ;

to actlnomyc1n D (Barka, 1966} . Cyclohexlmlde, which is par-

(
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ticularly effective for the first few hours, was most effec-

-

tive in inHibiting amino acid incorporation into the free -
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ribosome fraction of mouse salivary-glands within 1 hour after
isoproterenol (Sasaki et al, 1969) S0 1t was suggested thatu
a protein (or protelns) is synthesized at that tlme which l?
relevant to the onset of DNA synthesis several hours latexr. .
' Actlnomycln D was found to inhibit an increase in acidic

nuclear proteins at 8 and 12 hours but not the increase in

the rate of synthesis of nuclear proteins which occurs at 2
hours after isoproterenocl (Stein & Baserga, 1970). This

temporal difference in the synthesis of histones and acidic

(nonhistdne) nuclear proteins lead to the suggestion that
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funcﬁéfnal differences}in‘the two types of nuclear proteins may_
existi Acidic nhclearfproteins might be involved in the control

)of cell proliferation in maﬁmalian cells. In.contrast,.Ekfors
\aﬁdxﬁérka (1971) reported t@at the sfnthesis of a group 6f_
* sedimentable proteins was inhibited by actinomycin b during the".
 first 3 hours afterfﬁséproterenol, when the overall synthesis
of proteins is depressed in rat suﬁmandibular gland. The act;#i-
ties‘of several enzymes involved in DNA synthesis were also
found to be inhibited by actinomycin D' (Barka, 1965b; Whitlock
et al, 1968; Pegoraro & Baserga, 1970). The possibility exists

that enzymes involved in DNA synthesis might bé controlled at
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the transcriptional level while those involved in excretion ,

might be controlled at the translational level.

5. Other effects of isoproterenol ‘ . ' 3a g

An increase in glycégen étorage ip mouse salivary glands

was claimed by Malamud (1967) and waé found to precede DNA syn-— o
thesis. Although the secretory process is critically dependent

on energy, it has bégn shown that parotid gland ATP is produced
by oxidative phosphorylation at a rate fifty times faster than

by glycolysis (Feinstein & Schramm, 1970). Salivary glandAenzyme
excretion is accelerated by inosine and adenine. According to

éatzri and Selinger (1973) thé purines aid in maintaining the

ATP supply. ‘An increased synthesis of glycolipidsfis reported

by Galanti and Baserga'(l§7l). Isoprotérenol was reported‘to cause

-
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the secretion of SLaloprotelns from submandlbular and sublin-
gual glands of rats (Byrt & GlanV1ll 1967) but this sounds impos-

sible as sublingual glands have no sympathetic innervation.

6. Structure-activity relationships

There appears to be llttle doubt that isoproterenol acts
at B-adrenergic receptors to produce effects on sallvary gland
growth, cell d1v1510n and induction of excretion, however,
from the actions of b}oqking agents, there is some evidence
that the receptor sites may not be identical for all.Ehree re-
sponses. Isoproterenol-indpced hypertrophy can be prevgnted
by DCI’ (Pohto & Paasonen, lg§4: Bray, 1967)-and propranolol
(Bray, 1967; Pohto, 1967; Fukuda, 1968) but lt is not preven-

ted by the a-adrenergic blocking agent, phenoxybenzamine (Pohto

ERY

& Paasonen, 1964) so it is clear that hypertrophy is caused by °

stimulation of B-adrenergic receptors.
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Similarly, regarding indﬁction of excretion of a-amylase,
there is no difficulty in sérting out adrenergic from choliner-
gic éffects (Pohto, 1968) nor in sorting out the c-adrenergic
effects(ﬁéém the B—adrénergic effects‘of adrenaline (Batzri et
al 1971; Batzri & Sellnger, 1973) but here the s;mllarlty ends.
The effects of blocking agents are different. Although propra-
nolol has some effect on reduction of secretion, there are com-

pounds, such as ephedrine, which act as powerful sialogogues

but have no effect on hypertrophy (Chan, 1964) This was



sponsei: When both —OH.groups are absent, the compound has no~
affect on the stimulation of DNA synthesis but is Stlll capa-~
ble of stimulating salivary gland eéxcretion of ¢-amvlase.

Both the d- and 2-stereoisomers of isoProterend& are active
in stimulating DNA synthesis and c-amylase excretion in mouse
salivary glands (Kirby et al, 1969) but z-rsoProterenol and
the racemate (dl-lSOproterenol) are far more effectlve in , )
causrng glycogenolysis in the liver. Also, 2- and df-~isopro-

terenol are consrdered much more effectlve in the induction of

hypertrophy than d-isoproterenocl (Novi & Baserga, 1971).

7. Dose DPependency

Workers in the field of experimental sialadenosis and in-

duction of excretion in rodents, soon learned that it was not
a case of "the bigger the dose of isoproterenol, the better”.
Although'selyé et al (1861) gave doses of 100 mg per day to
rats in the 130 to.l40-g weight group, daily doses exceeding
20 mg per day were found to be highly toxic, leading to high
mortality rate and losses of body.weight in survivors. in
1962, Schneyer reported that there was Stlll a hlgh death
rate in 200 g rats treated with only 6 to 12 mg per day.’
Only recently has pure 2-1soproterenol been avallable com—

mercially, so df-isoproterencl was used in all investigations -
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before 1972 and is still used in most studles. Pohto and

Paasonen (1964) observed a gradual response 1n parotid gland
enlargement with doses from 1 Mg per kg to 100 mg per kg body
welght and stated that small doses-are more effective than”large
‘doses in producinglhypertrophy. After a subcutaneous dose of 1 mg
per kg daily fof‘i days, the paroti@ glands in 150 g rats nearly
doubled in weight. Baserga gtlgit,(IQSS) showeg’a correlation
between the dose administered and the rate of DNa synthesis. In
mouse salivary glands, an i.p. injection of.l mmole (211 mg) of

- isoproterenol per kg body weight was found. to produce a 1l0-fold
increase in DNA synthesis. Guidotti et al., (1972) studied the
effect of varied doses of 2-isoproterenol on the concentration

of cyclic AMP in mouse parotid gland. Ten mlnutes after injec-

“tion, a maximum tissue concentration of cyclic AMP was obtained

. with 300 umoles (74.2 mg) ef 2~isoproterenol per kg body weight, ~2
Higher doses induced a smaller elevation in cyclic AMP levels.
- They attributed this inversion of the‘dose—response curve to 9
toxic effects of isoproterenol (Guidotti'gt éi.,lB?Z}. They'also
" reported a correlation between the dose administered anq the
incorporation of 3H—thymidine into DNA.

The excretion of a-amylase was also found to Ee dose depen-
dent- Byrt (1966) reported 10 mg of dl-isoproterenol to cause
secretion of 98% of tbe a-amvlase present in sal:varv glands of
rats weighing 140-170 g, but 1 mg was enovgh to denlete the glands

of 84% of their a-amylase. Gaunce (1971) found that a dose of 5 mg
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of dl—isoproterenol per 150 g rat (120 pmoles per kg body

WElght) resulted in complete excretion of c-amylase.

C. METABOLISM OF ISOPROTERENOL

After 1nject1ng rats with L H] 1soproterenol Eertting
{1964) reported that only three catabolites of 1soproterenol o -
are formed: these are 3—methoxy isoproterenol, 3-methoxy- .
isoproterenol glucuronide and isoproterenollglucuronide.
Because‘no deaminated caéabolités are found in rat urine or
bile, monoamine oxidase is not considered to play a role in the
catab;iisnkof circulating catecﬁolamines: O?methylatidn is the

principal pathway for their catabolism (Axelrod et al.,1958).

O-methylation-occurs mainly on the meta-hydroxyl group of cate-

ST

Vi gt

i

cholamines and the enzyme responsible is called catechol O-

methyl transferase (COMT).

vy

Salivary glands have a relatively high cohcehtration of
COMT (Axelrod et al.,l959).' In the monkey, the only tlssues
with hlgher concentratlons are the liver and pancreas. _Thls
fact may explain why isoproterenol is so rapidly metabolized.
Baserga et al., (1969) reported thaé if a dose of [3H]—isopro-
terenol (800 ﬁmoles‘per kg) was admipigtered to mice, 51%
remained unmetabolized in the sélivary glands at the end of 30
min. When an inhibitor of COMT, pyrogallol, was injected prior

to the isoproterenol, the percentage of unmetabolized isoproteres

nol was found to increase from 51% o 78% at 30 min. Using a

—

Y -
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smaller dose of 2-isoproterenol (600 umoles pe£ ké}, Guidoﬁti
et al. (1972) showed that the concentration of [3H]-isoprotere-
nol in mouse parotid gland reaches a maximum at 10 min afterl
injectién but that very little unmetabolized isoproterenol
remains at the end of 40 min. |

The enzyme, COMT, has an absolute'requirement for Mng of“
other divalent cation. The methyl group donor is S-adenosyl-
methionine (SAM). Bélleau (1266) suggested that the mechanism
of action might involve'the.formation of a chelate, with two of
the ligands supplied by the phenolic oxygens aﬁd the.other two
by SAM and the enzyme; Using the ng?+ chelator, kojic acid

(1 x 10"4M), Mavrides (1964) showed that chelation of the Mng
-does not lead to enzyme inhibition, at least at the concentra-

tion tested, so the validity of the proposed meéhanism is doubtful.
Although COMT is thought by some to be iocalized almost
entirely in the parenchymal cells of peripheral tissues (Jonason,
1969)L7there is evidence that it is located intraheuronally,qs
well Alberici gE_éi?,lQGS; Broch, 1971}. Anderson and D!Iorio
(1968) demonstrated multiple forms of COMT in rat liver. Later,
multiple forms of COMT were found in the livers of humans and

dogs as well (Axelrod & Vessell, 1970). Hertting (1964) has

also shown that the binding and uptake of isoproterenol by various

u

tissues is not similar to the binding and uptake of noradrenaline.
No [3H]—isoproterenol is present<in any organ of the rat, except

the kidney, within 2 hours after injection. MNevertheless,
. , I S

—

some claim to find radioactive isoproterenol in

o

-

o
TR IT BV

mta vy y



-

50
the submandibular gland-(Bérka,-1970) and in the nuciei'of sali-
vary glands (Malamud & Baserga, 1967) still present at 24 hours
after injéction of a single does of 3H-—isoproterenol. V;n E&ler-
and Lishajko (1867) stated tha£ nerve granules have the capacity
to take up isoproterenol but are prevented by a barrier in the
axon membrane. This barrier does not bar the entrance of nor-
adrenaline and takés up adrenaline-less readily than noradrena-
line. |
. Fellowing isop;otereﬁol injecﬁion,:monoamine oxiéase has
been reported to increasg in salivary glands (Seifert, 1967;
Mueller et al, 1968). On the'other hand, Bafka has stated that

COMT is decreased at 26. hours aftér isoproterenol (Barka, 1970).

Pl

]

Findings in this laboratory are the reverse; no change in mono~

L)

I
g

amine oxidase is found at 4 hours after isoproterencl (Gamece,

1971) but the COMT activity is much higher than controls at

oIy y
LN R L RUN

that time.

D. THE ADENYL CYCLASE SYSTEM

Iﬁ isoproterencl is acting at B-adrenergic réceptors (as
the first messenéeri to activate adenyl cyclase and produce cy-
clic AMP, then its effects ought to be simulated directiy by
the addition of cyclic AMP, the second messenger. Thus, many
investigations have beenlinitiated to prove that cycl%c AMP
produces the same responses as various hormones, bgt it is not

that simple. Difficulties arise: in the first place, most
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membranes are impermeable to cyclic AMP. If one homogenizes
‘the tissue to overcome the first pfoblem, a more serious prcb-
lem emexrges: the response of adenyl cyclase to hormones in bro-
ken cell preparatlons is extremely small compared to in vivo
responses. Pvye and Suther;and (1966) reported that the magni-
tude of the hormonal response varieé inversely with the degree
of homogenization. The release of proteolytic enzymes and
depolarization of the membrane by homogenlzatlon may contrlbutef
to the'problem as well. N ’ %}

The first problem was solved by Posternak et al (1962) who
developed acyl derlvatlves of cyclic AMP whlch by hydrophobic

interactions with the llpldcportlon of membranes were better

able to penetrate them. The mono~- and dibutyrvl derivatives

i
Ut

]

are cammonly used for this purpose, both in vivo and in vitro,

LI LN
Witwv Qg

using tissue slices, etc. Alternatively, the effects of a hor-

-

mone at the membrane ca.n be heightened by the use of an inhibi-
tor of phosphodiesterase, the enzyme #hich‘hydrolyses cyclic
AMP (Sutherland & Rall, 1958). Methyl xanthines, such asrgaf—'
feine, aminophyll@ne and theophylline, act as phosphodiestérase.
" inhibitors.

In addition,!methods for measuring adenyl cyclase activi-
ty in tissues have been not very reliable (Bar & Hechter, 1969).
The outcome has been that, until the advent of better methods
for measuring cyclic AMP, meaningful information could be obtai-

ned only from studies in which accumulation of cyclilc AMP is
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measured in iz;tact cells.

1. Presence. in salivarvy glands

¥ 4

@yé involvement of the adenyl cyclase system in the secre-

tion of a-amylase by parotid gland slices was established by'
Bdolah and Schramm (1965) and Babad et al (1967). In 1970,
Schramm and Naim reported that half of the adenyl cyclase acti-
vity of rat parotid is located in the 20053 fraction containing
cell mémbranes and 15% is found in the microsomal fraction.

The microsomal fraction is also shown to¢ have a high affinity

for cyclic AMP (Salomon & Schramm, 1970) and to contain nore

than 50% of the binding capacity of the particulate fraction.

Following isoproterenol injection, Malamud (1969, 1972) repor-

\}-!j“:',\; ) N

i,

ted increases in the adenyl cyclase activity at 2.5 and 20 min.

F)
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Guidotti et 2l (1972) showed that within 1 min after injection

YN

of isoproterenol (600 umoles per kg body weight), there is a - E-
significant elevation in the concentration of cyclic aMP in

mousé parotid gland. It reaches a maximuﬁ 10 min afterfinjec—
tion and returns almost to control levels between 1 and 2 hours
after isoproterenol. In tﬁe presénce of aminophylliné, the
ccncentratiéh of cyelic AMP remains higﬁ for 80 min at least.
Because of this finding they ;ugge§t that phosphodiesterase
activity controls the intracellular level of cyclic AMP, al-
though phosphodiesterase aétivity was found to be extremely

low in salivary glands (Weiss et al, 1972).

]
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2. Effects of cyclic AMP

Y
That cyclic AMP is involved in salivary gland hypertrophy

has been proven only indirectly. -Wells (1867) reported enlarge-

ment of rat salivary glands after admlnlstratlon of theoPhylllne. fc
Effects on hyperplasza and DNA synthe51s were reported after ,?
treatment with theophylline (Malamud 1969) and amlnophylllne |
(Guldottl et al.,1972) caused increased. 1ncorporat10n of 3H thym1~

‘dine’,
. In trylng to establish cyclic AMP involvement in the :

secretion of d-amylase, Bdolah and Schramm (1965) and Babad et
al.; (1967) used mono- and dlbutvrvl derivatives of cycllc AMP /’ﬂ\\
but encountered problems with spontaneous leakage. However,
Malamud {(1872) reported a decrease in c—amylase content of mouse
parotld gland 20 min after lnjectlon of dibutyryl cyclic AMP,

Batzri et al.,(1971) reported that monobutyryl cyclic AMP .

causes a rapid and intensive secretion of c-amylase but adrena-

llne induces secretion of K+ as well, They concluded that cyclic

AMP mediates only the B~adrenergic effects of adrenaline and
therefore K+ release must be an a—adrenergic response. To test
the hypothesis of Roblson et al., (1967} that c-adrenerglc res-
ponses result from a decrease in cyclic AMP level, Batzri et al.,
(1973} tried to inhibit the release of K+ by increasing the
level of cyclic aMP. Because'this-response was not inhibited oy
increasing‘levels of cyclic AMP, they decided that ajadrenergic
receptors do not operate through decreasing levels of cyclic

AMP; instead, they suggest a system involving different degrees

of stimulation of a- and B-receptors by catecholamines.

-
-
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EXPERIMENTAL METHODS

PART I: GENERAL PROCEDURES

A.- PREPARATICN-OF TISSUE HOMOGENATES

1. Treatment of rats . | e

Male, Sprague Dawley rats, weighing between 125 and 140 g

»

were used in all experiments. They were cared for in individual
polyethylene cages and- fed Purina'Laboratory‘Chow and tap water,
ad libitum. Rats to be treated were fasted overnight and had

access to water. ' Food was removed from the cages at 4 p.m. to

I,'
*

13

allew at least 17 hours for repletlon of salivary gland excre=~ é:r
T

table proteins (Bvrt 1966). By 9 a.m. the glands were assumed DA

to be in a fully-repleted state and the rats were-injected intra- f; R

peritoneally (i.p.) with one of the following, or a combination
thereof:- .i} 1 ml of isotonic saline (0.9%);

i1) S mg of dz-isoprqterenol sulphate (M.W. 556, from
Winthrop Laboratories) per 150 g body Qeight' ) leO pmoles per
kg body weight) in 1 ml of isotonic saline;

_ | 1ii) puromycin dihydrochloride (Nutritional Biochemicals

Corp.), 100 mg per kg body weight, in'divided-éoses of 40, 20,
20 and 20 mg per kg at hourly 1ntervals,

iv) actinomycin D (Slgma Chemical Co.) in a single
dose of 1 mg per kg body welght dlssolved first in 30% ethanol

and dlluted to 1 ml with isotonic sallne. : ‘ ;
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Followzng treatment rats were killed at intervals of 2
L

. mlnutes to 6 hours bx a blow to the head and exsanguﬂnatlon."

2. Dissection of salivary glands

The salivary glands were removed as rapidly as pbséi-

ble, ing scissors, blunt tweezets and a magnifying dissec-
ting amp An incision was made in the middle of neck and
the in pulled back to the base of the ear exposing sallvary Q '

glands, thelr_ductssand surrounding structures, such-as the
~lacrimal gland. 1In rats of this size there is little or no
adipese tissue; but the blood vessels, lymphatics eﬁd nerves
lie within a framework of connective tissue which makes dis-_

section of the delicate, three-lobed parotid gland very dif-

S

MU

ficult, as others have reported (Schneyer &»Schneyer, 1964;

w

Gaunce, 1971). Tts dttachment at the base of the ear is

vin

freed first, then‘the connective tissue holding the other two
lobes is gently.disengaged and the common paretid duct severed.
The entire parotid gland is then lifted out, piaced_on'ice
and any remaiﬁing connective_tissue, bleocd vessele, lymph
nodes, etc. caréfully removed. )
-Dissection of the ‘submandibular gland is relatively -
easy. The adventitia'surrounding.it and the sublingual gland
is freed and the subYingual gland removed and discarded.

Each pair of parotid and submandibular glands is weighed on

@ torsion balance and then placed in a glass homogenizing
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tube (O.E. Johns Glass Co. Ltd.) with 5 ml of homogeniiing

medium per pair of glands. L .

B. TISSUE FRACTIONATION

’l

-

1. Medium emploved
. " : i N
Differential centrifugation to separate fractions depends

on.difference§ in the sedimentation coefficient existing between
the particulate COmﬁbnents of tissue homoggngtes.'.The sedimeﬁ—
tation coefficient is a function gf the slée; shape and density
of theééarticles but these physicﬁl_properties are far from con-
stant and depend, in a critical fashion, on the compoéition of

the suspending medium (Beaufay & Berthet, 1963). Particles ‘

which are not separable in one. type of mediumlbecome so in ano-
ther, because of differences in osmolaﬁity ané tonicity and the

resulting colloidal csmotié'pressure, and 50 the1¢oncentrgtion

of specific agents which affect the degfeé of swelling of the
particles (de Duve, 1963). This is particularly true fgg’sali— - ' | }
vary gland homogenates, especially those eﬁLsubmandiBular and
sublingual, with mucous-synthesizing ac;ni (the sublingual gland
was always removéd for this reason). The glycoproteins tend to
cause aggiutination and hence} entrapment of.particles in a gel-
like suspension. Many homogenizing media were tested and the
Ifollowiﬁg was found to give consistently good results, éspecialf‘

ly with parotid gland homogenate:-

—

Sucrose~-tris-EDTA: 0.25 M sucrose; 0.01 3,EDTAF and 0.02 M

Moo

tri;—HCl, pH 7.5.



2. Homogenization

after mlnc1ng finely with small pointed scassozs, the
glands were homogenlzed u51ng an Elvejhem—Potter type, homoge~
nlzer (Cenco) equlpped with a teflon pestle glVlng clearance
of 0 15 mm. - To maintain the integrity dr’;he intracellular
-organelles, the amount of-homogenlzatlon was limited to 15
strokes. Usually 10% of the homogenate was diluted to 1ml
per paln of glands, with dlstllled water or 4 mM EDTA, and set
'aSLde for analysis of enzyme act;v;ty and protein determlnatlon :
in the crude homogenate, as shown in Figure 6. The other 90%
was fracFionaﬁed by differential centrifﬁgation, as outlined

below.

3. Fractionation of homogenate

F)

The scheme used for fractionation of the homogenate is’

"

At : .
shown in Figure 6. The nuclear fraction was obtained by centri-

.fuging at 400 g for 10 min using a Sorvall automatlc refrigera- ‘
ted centrifuge (Model RczB) at 1°c. .The fractlon which sedlmen- ’
ted wae washed in 2 ml of homogenizing medium (of twice in 1 ml
of medium) ana rehomogenized. From the %gﬁbined supernatants
the crude mitochondﬁ%al.fraction was spun down at 22,000 g for
10 min and alsoeﬁashed in 2 ml of homogenizing medium. _The

-

supernatants were again combined and further centrifuged in

Yl

a Beckman Ultracentrifuge, Model LZ—QSBV at 100,000 g jor’GO min

to obtain the microsomal and soluble fractions. 'Al} particulate
q " ~,
fractions were suspended in. 1l ml of water or 4 mM EDTA.

’
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Figure 6. Fractionation of rat salivary gland homogeﬁate

i - —

Crude .
homogenate
> Total homogenate
(0.5 ml homog.+ 0.5 ml 4mM
: ' EDTA)
\/ ’ . ‘ ’ . . +
4.5 ml _ :
Centrifuged at 400g
for 10 min
sediment + 2 ml homog '
medium, rehomogenized,)'
centrifuged at 400g
for 10 min.
. _
supernatant | > Nuclear fraction
: (suspended in 1 ml of
4 mM EDTA).
-combined supernatants
centrifuged
(22;000g for 10 min)
sediment + 2 ml homog.
medium rehomogenized —  _
centrifuged at 22 0005
: for 10 min
v ) . :
supernatant | Mitochondrial fraction
. (suspended in 1 ml of
Combined supernatants 4 mM EDTA) /

105,000g for 1 hour

R

Soluble fraction Microsomal fraction
(7 ml) (suspended in 1 ml
- 4 mM EDTA)
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"Although the fractions are termed "nuélear", "mito-
_chondrial"™, "microsomal"™ and "soluble" they are not to be

construed as being composed of homogeneous organelles; they

;re intended as highly reproducible fracﬁions_which-contain
the organelles for which they are named along with other
particles having the same sedimentation rate. In.a given
povulation of cell particles there may be overlapping of
different particles in any type of ce&%rifugation separa-
tion, howevgr, one can.still obtai;.an enormous amount of
“information regarding localization of enzymes and their re- -

’

lationship to known'fuhctions of the tissue being studied.

Ians “

4. Validity of the fractions

-
(/, According to de Duve one can only state that he has

e
=
=<

2

been working with a puie fraction if the organelles, have

WHRVY 1 by P ‘.\

been identified by electron microscopy. However, he states
that even then everything seen cannét be identified and of
courgé adéorbea enzymes and cytoplasmic contaminants do not
show up. Previous work in this laboratory has also shown
that many of the marker enzymes, such as glucose-6-phospha~
tase and UDP-glucuronyl transferase, which are normally used
to identify fractions in other tissues, are not present in |
salivary glands (Gaunce, 1971). Cytochrome oxidase is one

of the few present and it is localized almost entirely in .

the mitochondrion. In the other particulate fractions, the
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amount of cxtochrome oxidase was found to vary directly witﬁ
the amount ot.protein present in the fraction. In Table II
from the thesis of Gaunce, (1971) we find that normally from
10 to 13% of the protein 1s present in the nuclear fractlon
- and in that case 80% of the cytochrome oxidase is present in
the mltochondrlon but if particles are trapped rn the nuclear -
fraction, its protein content rises to over 20% and then 75%
of the cytochrome oxidase is there also and‘only 21% in the
mitochondrial fraction. Therefore, in the present experi-
ments the amount of protein in each fraction is the criterion
used to judge whether uniform fractlons are obtazned The . °

zymogen granules have been found to be completeiy lysed by

the homogen;zrng medium (Gaunce, 1971), so that their con-

tents are included in the soluble fraction. Thus, the pro-

-
-~

tein distribution for normal, starved rats is considered typi-

cal if it is within 10% of the following:

Nuclear fraction _ 10%
Mitochondrial fraction 12%
Microsomal fraction 8%
Soluble fraction 70%

During and following excretion of salivary enzymes, this dis-
tribution no longer applies. Because the zymogen granules
have been lysed, the decrease in protein due to excretion is.

reflected mainly in the proteiﬁ caontent of the soluble fraction.

-
-
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. TABLE ITI.

t

RELATION OF PROTEIN DISTRIBUTION TO CYTOCHROME OXIDASE

IN SUBCELLULAR FRACTIONS AFTER DIFFERENTIAL CENTRIFUGATION**

Per cent distribution*

L

Control Sucrose-KCL-EDTA medium
- Cytochreme Protein Cvtochrome Protein
oxidase © oxidase

Parotid

Nuclear ) - 75 24 13 13

Mi hondrial 21 8 80 15

Soluble” 4 68 7 72
Submaxillary'

Nuclear . 52 20 10 " 10

Mitochondria 44 11 84 15

Soluble’ ' 3 69 6 - 75

Activity in each fraction expressed as a per cent of the sum of
activities in all fractions. : :

oy
e
\

Mitochondrial supernatant: Contains micrqéomal and scluble
fractions. ‘ .

*% ) : :

From thesis, Control of Salivarv Gland Enzvmes (Gaunce, 1971)

P 278.

. T
_ . —-—
; N
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. C. PROTEIN DETERMINATION

The use of{?olin phenol reagent in protein determinetion
was first reported by ﬁu (1922)." The method was later revised
by Lowry et al; (1951). It is a sensitive, colorimetric method
in which the protein present reacts first with copper in alka-
linre solution and then the copper—~-treated protein reduces the
,phosphomolybdlc—phosphotungstlc Ieagent.
I Reagents

A. 1% Cuso4‘ 'B 2% Na or K tartrate

C. 2% Na,CO, in 0.1 N NaGH ° ' D. 1 N Phenol reagent

{(Fisher Scientific Co. )

2. Solution A (freshly prepared)

-~y

LR SO

To 50 ml of Reagent C, add 0.5 ml each of A and B. -

IOA TN

3. Protein standards

AN

A solution of crystalline bovine albumin (Sigma Chemical Co.)

VRE ISR I

containing 500ug per ml was prepared} aligquots ¢of 50 to 250ul
were placed in separate tubes and tﬁe volﬁme brought to 1 ml_
with distilled HZO: a blank tube contained 1 ml of H,0 only.
4.‘Method . ‘ o |
Al;guots of homogenates and fractions (usually 25ul) were
diluted to 1 ml. 5 ml.of Solution A was added to all tubes
(samples and etandards) and left at f.t. for 10 minf'Then, 0.5
-ml of Reagent D was added, mixed thoroughly and after allowing
30 min for colour to develop, the absorbance wae'read.on'a ‘

Beckman Spectrophotometer, Acta III (wavelength 750 nm). A

calibration curve was prepared from reedings for standards
{Figure 7) and the protein content of samples determined.

-
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ABSORBANCE AT 750 nm

0.8,

FIGURE 7. CALIBRATION CURVE FOR
PROTEIN DETERMINATIONS
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D. RADIOACTIVE ANALYSIS

‘1. Scintiilator fluids used

Samples to be analysed for 14C or 32? {(weak and strong

8-particle emitters) were placed in polyethylene vials with
scféﬁ caps (0.H. Johns Scientific or Néw England Nuclear éo.)
and one- of the following scintillator fluids was added, as
indicated:-

a) Toluene-PPO: Omnifluor (New England Nuclear Co.) is

a crystalliné mixture of 98% Z,S—diphenylbxazole (PPO) and 2%

Bis-MSB, a patented secondary scintillator (spectrum shifter).

Four (4) g of Omnifluor was added to 1 litre of scintillation-

Mgl -
A0

|}

grade toluene.

Wy

b} Agquasol (New England Nuclear Co.): A xylene-containing '

liquid scintillation counting solution which permits efficient

M,

counting of prﬁtein dissolved in NaOH,_yheﬁaencountered in these
studies. | ‘
2. Aggaratﬁ?

All radiocactive samples were counted in a Nucle§r Chicago
Corp. temperature-—controlled Liquid Scint?llation System, Mark
I. This is ALEPree-channel,sc%ntillatioﬁ counter, geometxy
oétimized, with external standardization which cag-be‘used
opﬁionally.

3. Corrections applied to cbserved counts -

a) Quenching corrections: Substances which cause gquen-

ching in the samples prevent\Some of the photons of light from
_ r : L

-
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reaching thg photcmultiplier tubes. These substances incluae,
any cblou;ed compound, hydrogen ions, water, orgénic substan4
ces, etc. ‘

The efficiency of counting was éetermined using the exter-
nal standardization method. A barium-133 source is provided for
this purpose and two chahnels are used; one is set for the ba-
lance point using the least quenched tritium sample and the
other is adjusted to count the balance point. for the barium
source, using thglsamé tnquenched tritium standard. fﬁe ratio

of counts per minute (c.p.m.) in the barium channel to the c.p.m.

for barium in the tritium-channel, changes with the degree of

o

- guenching in the sample. As the sample quenching increases, the.

barium count rate decreases"ihvefsely- A calibration curve

relating counting efficienéy for the isotope of interest to the

1.
[RNINY1 o THVT ™

LR N A

ratlo of barium count rate in two channels 1s constructed by
counting a series of quenched standards of the 1sotope of inte-— -
rest. From the Known disintegrations per min (d.p.m.) of the |
'standards the per cent efficiency is plotted (efficiency = E;gjﬁ.);
Por example, a set of 14¢ quenched standards give a calibration
curve as shown in Figﬁre 8. The per cent efficiency is located

for each sample and the d.p.m. calculated.

32

b) Radioactive decay (for -°P samples only): This correc-

14

tion is negligible for
32

C because its half-life is over 5,000
Ye ; but for ““P, with a half-life of only 14.3 days, it is
necessary to extrapolate the observed counts back to the assay

date.
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c) Background: A blank sample was counted with each set,

of samples to determine background counts and tb check for con-
tamination. The background counts (usually around 20 c.p.m.)

were subtracted from the total c.p.m. for each sample.

4. Statistical.accuragﬁ

| Because radiaactive decay and emission are random events,
- the longer the counting'time, the closer one approaches the !
actual hean count rate. When n = the c.p.m. observed; the
standard deviation, ¢ = /f. The relativé standard deviation
= /n x l%g or %%2 . In order to work to 1% standard devia-

tion i.e. for %%Q = 1, n must equal 10,000. Therefore, each

Saitemd S iR

AU A LA i
i

| sample was counted long enough so that at least 10,000 counts
were recorded, in order to achieve a standard deviation egual 9

to +1%.

E. STATISTICAL ANALYSIS OF DATA

.

Results are given as mean value * standard error of the
mean (S.E.M.) where poséib;é. Student's t-test is applied
when neceésary to determine if differences are significant.
The "P" value of significance 1is considered at the 0.05 level |
%

[

2

of confidence.



PART II:. ENZYME ASSAYS

A. CATECHOL O-METHYL TRANSFERASE (EC 2.1.1.8)

1. Methods used by others

The :adioactive assay for catechol O-methyl transferase
(COMT) used herein, was first described by Pellerin .and D'Iorio
(1958} . L—methionine;methyl;l4c.was used as methyl donor and
ten different catechol acids were_testEd as substtates. The
methoxy derivative was extracted witﬂ-ethyl acetate. _Beceuse
3,4 -dlhydroxybenz01c acid (Protochatechulc ecid)-was the most
actlve substrate arid did not partlclpate in any secondary reac-\'
tion in the presence of a crude enzym;cjpreparation;-it was

the substrate chosen for this method of measurement of O-methyl

transferase, as publlshed by D'Ioric (1961).

A fluorimetric procedure was described by Axelrod and
Tomchick (1958) .. Adrenaline bitartrate_served'as substrate and
S-adenosylmethionine (SAM) as the methyl donor;- The metaneph-
rine formed was measured spectrofluorlmetrlcally- In 1959, a
radioactive method, using 3H adrenaline as substrate was des-
crlbed by Axelrod et al, {1959). The enzymlcally formed 3H-
metanephrlne was extracted by an 1soamyl»alcohol—toluene solvent
SYstem and determined by sc1nt111atlon countlng. Both proce-

dures were subject to potential varlablllty because me tanephrine

was not quantitatively extracted by the solvent system used.

AL W
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The method of D'Iorio (196i) was slightly médified

by ‘McCaman (1965) who used [14C—methylj—SAM as thé methyl
donor in a micro-deteﬁmination with a total volume of 25 ﬂl.
This micromethod was tested byﬁs,as described, using 0.4 ml

polyethylene tubes (Arthur H. Thomas Co.). The extraction
procedurg with ethyl acetate reguires thorough mixing“whiéh
is difficult to échieve when using such tiny plastic tubes..

Therefore, the same méthod was adaptednto a larger voluﬁe

(125 p1) in 4 ml glass tubes. The efficiency of the method

$ v

improved éonsiderably.

2. COMT Assay

The incubation mixture éontainéd the following consti~'
tuents at the indicated final concentration: potassium phos-
phate, 0,0Q M.(pH 7.8); MgCi,, 5 x 10_3 M;-3;4-dihydroxypen— - ﬁ‘
zoic acid (K: & K. Laboratories), 1 x 10-3 M; and‘é-aaénosyl-

14 (New England Nuclear), 6 x J.O-5 M.

L-methionine-methyl~C
The [14C—methyl]—SAM had a specific activity of 52 mCi/mM to
start with but after dilution with unlabelled SAM the speci-

fic activity was approximately 65,000 d.p.m. per nanomole.

3. ﬁxpefimental'procedure

COMT activity was assayed'in'the homogenate and frac-
tions of parotid and submandibular glands of normal, fasted

rats and of those injected with isoproterenol for periods of o
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10 min, 30 min, I hour, 2 hours, 3 hours and 6 hours. The
effect of the proteln synthesis lnhlbltor, puronvczn, was
also tested, along Wlth isoproterenol for 2" hours in order to
see if the increases in enzyme activity are‘due to synthesis

of new enzyme protein. _ ' <

Glass te&st tubes were placed on ice. 100 ul of the . s

'\J'

repared 1ncubat101 solution was placed in each tube, and -

[S%]
i

Ll of water (for - the blanks) or enzyme solutlon was Qdded

bl

u

P
each. After mlwlng, the tubes were placed in a water bath

ct
0

at 38°C with shaking, for 30 min. The reaction was terminated

e
-
t
.

by addition of 15 ul of 3 N HCl to each .tube, and the’tubes
were placed on ice. 0.5 ml of ethvl acetate was added and
thoroughly mixed to extract the 3—methoxy-4—hydroxybehzoic

acid. ‘After.centrifuginé at 10,000 g\for 10 min to. separate

=

_the phases, a 50 ul:pértion of the etﬁyl acetate was removed S 53‘

and placed in counting vials. 15 ml of téluene-PPO scintilla; o ”iz
tor £1hid was added to each vial énd the radioactivi;y deter-
mined as desciibed under Methods, I-D. ‘Enzvme activitv was

. calculated on the basis of the known specific actmvxtv of the.

s .y
[74 -methyl] -SAM and was ewpressed as nmoles Of labelled pro-.— .
duct formed per gland (or pex g wet welght) per 3C min. The

concentratlon of saM used (60 LM) gave ontlmal activity.
s
nlgher;cgncentrations were found to be completely lnhlbltory
i 2 g

(McCaﬂFn, 1965) . | : - 4,

-
-

o
GEN
\

1)
-
{.
f
L
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B. ADENYL CYCLASE

o
1. Methods used by others

Several approaches have been used for the measurement

- of cyclic BMP, 'the product formed during adeﬁyl cyclase acti- .

,vity. They include: t

a) -Enzyme activation: Rall and Sutherland (I958)horigihally

described é method for measuring cyclic AMP based on the acti-

vation of_the phdsphof&lése‘system of liver by'cycliq-AMP. ) ’
This method was modified by Butcher et al, (1965) who isolated L
cyclic AMP from other tissué nucleotides by cqlumn chromato- s ;g'(’

graphy on Dowex ion-exchange resin columns, a procedure re—

gquiring about 2 days.

b} ' Enzvme conversion with direct product analvsis: Cyclic

nucleotide phosphodiesterase was used to convert cyclic AMP
8 - -

to 5'-aMP which was:then converted to ADP with‘adeiylate

kinase (Turtle & Kipnis, 1967) or to ATP {Aurbach & Houston,

1968). . ! ' .

2 ¢

c) Eniyme-conversibn coupled to cvcling systems for product

analxsis:"'The Qriginal enzyme_cybling technique was described

by Breckenridge (1964) and wdé modified by Goldberg et al,

(1969). In thé‘ehzyme.cycling'systems the amount of ADP or

ATP formedﬁés magnified 1000- to 5000-fold and the final 2
ductfformed (e.g: glucoserG-pgosphéte}was then measured by ; B

. )‘
fluorimetric or spectrophotometric techniques.

-
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d) Radioisotope displacement: This type of assay is based

on the competition of unlabelled cyclic AMP in the tissue

extract with added tritiatedkcyclic AMP for- conversion to the

5'-nuclécside monophosphate by specific phosphodiesterase

preparations (Brooker éE al, 1968).

e) Chemical assays: Several chemical assays have been des-

cribed for the measurement of cvclic AﬂP, for example that of.
Pauk and Reddy (1967); Krishna et al,(1968); and Bradham and |
Woocley (1964). 1In the first, cyclic AMP is isolatedAby ion -

exchange chromatography and then acetylated at the 2'-0 posi4.

Fdrvtran e

tion with 3H-‘-acetié anhydriae using 14C?cycliqu§MP as an
lnternal standqyd to determlne both conversion and recovery.
The high cost of labelled acetlc anhydride, the 1nsenszt1v1ty
of the method and the multlple isolation and chemical proceQ
dufes involved, limited.the usefulness of this assay.

Most of the.above—meﬁtioned methods were eithei time-
consuning, insensitive, expensive, or all three. In addition;
;ven widély-employed methods, such as that of Krishna et al,
(1968) , were f&u;d to be unreliabie for low concentrations of
cyclic AMP (Bar & Hechter, 1969). In some of the methods,hypo-
xanthine was being'measuqed insteéd of cyclic AMP andbthe reco-
very aftérjremov;ng other nucleotides by'ZnSO4—3a(OH)2 treat-
ment was invariably low. ATPase cﬁmﬁeted with cyclic AMP. for

-

'the ATP in the tissue and this problem was overcome, only

L.

partially, by use of an ATP-regenerating system, such as
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phosphoenolpfxuvate (PEP) and pyruvate kinase. In many cases,

adenylate kinase (@yokinase) was needed as well eo maintain the
ATP concent;ation (Dousa & Rychlik, 1968). 'ééggéflabEIléd 325

AT? prevented the interference caused by other radiocactive

break-down products‘of ATP formed from uniformly-labelled 14C-

ATP or 3H—ATP !

Newer methods based on saturation analysxs and radioimmunc-
assays appear to be more prom151ng:
f) Saturation analysis: This method depends on the capaciéy

of 'protein fractions containing protein kinase to bind the cy-

YRR TR

"8

,,éfic AMP (Gilman, 1970; Walton & Garren, 1970). Even this me-
;hod is susceotible to error if the tissue extract contains
substances which interfere'with the binding reaction. Weller
et al (1972) have therefore modified the Gilman method.

g) Radioimmunoassays: The radiocimmunoassay for cyclic nucleo-

tides is similar to the radioimmunoassay technigues developed
for peptide hormones ln 1960 and is based upon competition of
the CVCllC nucleotldewlﬂz an isotopically labelled derlvatlve
of the CYC%lC nucleotide for b;ndlng sites on an antlbody,
specific for the cyclic nucleotide. The method developed by
Steiner et al (1969) eliminates the need for chrooatographic
separation of cyclic AMP from other tissue, nucleotides.

AN

2. Procedure used herein

.Two methods were used foi neasuring adenyl cyclase activity. _ R

- .
- - . L

- G
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The first involved the use of [u—32P]-ATP or l4c-ATp and seée—

ration of the labelled product, cycllc AMP, by thin layer chro-

R Y

matography (TLC) by a method adapted from that of Randerath and
Randerath (1964) for separation.of other nucleotides.

The second method involved the activation of a partlally
purified proteln kinase from parotid gland which was sens;tlve
to picomolar amounts of cyclic AMP. To measure the activation
reeulting from tissue cyclie AMP, phosphodiesterase ﬁuet be
rapidly destroyed. ;Methods based on this principle are. .descri-
bed by Kuo and Greengard (1970), Butcher (1971) and Wastila et

al. (1971).

a) Adenvyl cvclase assav: For measuring reaction rates, incuba-

tion volume began at 1.0 ml and 0.1 ml aliquots were removed at
5 min intervals. For individual assays, volumes of 0.4 ml were
usually employed, The essay system coﬁéained: 40 mM Tris-HC1,
PH 7.5; 10 mM theophylllne (or caffelne), 5 mM MgCl,; 3mM ATP

;4C—AIP, 0.5 - 2.0 uCl,‘ana 0.1% bovine serum

and {gthP]—ATP or
albumln.' In addltlon, an ATP-regenerating system was included, _:
either 5 mM PEP and pyruvate kinase, 0.05 mg/ml; ox 10 mM phospho—
creatine and creatlne phosphokinase, 18 unlts, and flnally my o=
kinase, 75 units, was used in later experiments. The following

. solutions w:;e 1ncluded where spec;fled to test for effects:

10 mM sod;um fluorlde, 5 mM EGTA; S mM CaClz, 50 uM 1soProterenol

and 50 uM noradrenaline. The mixture was equilibrated at 37°% .
f .

and the reactién was started by addition of suitably diluted

By =
pe
-
-

3
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enzyme and allowed to incubate in a water bath, with shaking,
for 8 min. The reaction was terminated by plac1ng the tubes in

a bo:LlJ.ng water bath for 3 min after addition of 50 ul of a

solutlon contalégng 5 mM ATP and 5 mM cyclic AMP} as carriers. ,?j '
. ' - ,‘ o - . . . l ‘ -"M\_J
The tubes were centrifuged at 9,000 g for 5 min to remove dena-~

tured protein.

e

b) Thin layer chromatography fTLC) of nucleotides

10 ﬂl-samplesﬁgf:the clear supernatant were applied to
polyethyleneimine-ﬁPEil; 20 x 20 cm sheets (%foduced by Machetey- .
Nagei & Co. and supplied by Brinkmann Instruments Co.). From ‘;3
13%0 18 samples were applied per sheet, at 2 distance 'of 2.5 cm | :

#-
from the bottom, using disposable mlcr0plpets (SClentlflC

-

Products). A mixture of standardsxgontalnlng ATP, AMP, adenine}

adenosine and cyclic AMP was also applied (Figure 9}. When

' completely dry, the sheets were washed in anhydrous reagent
gréde methanol for 5 min tolremove interfefing electrolvtes,etc.
After 15 min the. sheets were developed in glass chromatography
tanks by stepwise elution; fitst in distilled water for 2 cm,

" then in 0.3 M lithium chloride until the front‘reachedIB.S cm

from origin, and finally in 1.0 M lithium chioride for the last

1.5 cm (total distance from origin to front = 10 cm). The deve-

loped chromatograms, when dry, were visualized under ultraviolet

1lght- 'The absorbing spots were outlined Wlth a soft pencml.

Then the cycllc AMP, AIP and other spots,- locallzed in relatlon

to the standards, were cut out, placed in 15 ml of toluene-PPO
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and counted as described under ﬁethods (I-D). The per cent
conversion of labelled ATP to cyciic AMP was calculatea from the
d.p.m. 1in thé ATP and dyclic AMP spots-and.fhe amount of.cyClic
MMP formed was calculated‘f:om-the specific activity of the ATP.
All assays ﬁefe.carried out in tripliqaée %ith apprdpriate blanks.
Carrier &yclic AMP was added to all sgmpleﬁ; as mentioned in
assay description, VWhen [3H]—cyclic7AMP was added to the carrier,
over QO%IOfEthe rédioactivity was recovered in the cyclic AMP -spot.

c) Tissue levels of cvclig AMP

e

Tissue levels of cyclic AMP were measured in rat parotid

’

gland before and”after injection of 120 pmoles of df-isoproterenol
: 3, . : _

perxkg body.weigHE:“~At“intgrvals of 2 min to 4 hours after the

intraperitoneal injection, samples of tissue were quickly removed,

weighed and immediately homogenized in 0.5 ml of 10% TCA in order

i

.4

E
4
b

i

;

to destroy any phosphodiesterase activity, Dissection of the y
entire gland was omitted for ;é%e re&son.f Aféer standing at 0°C
for 10 min, the.ﬁrotein was spun dgwn.at 48,000 g for 10 min.

The supernatant was neutralized with 1 M Tris, then freeZg-@riéd
(Virtis) and.redissolved inﬂo.l ml H,0. This solution was then

used in protein kinase assays (described bekB#) to activate par-

tially purified protein kinase from parotid glahd,‘prepared as

’

degcribed in Part IIX

C. PROTEIN KINASE'
Thé assay used for protein kinase is quite similar to that
originally described by Walsh et al.(1968) and modified slightly

by Kuo et al. (1970). | Do -



!

.shaking, in-a 30°C water. bath for -7 min. The reaction was termi— R

‘natedby adding 5 ml of 10% TCA and 0.2 ml of 0.6% bovine serum S

least 20 mln. The %gEes were then centrlfuged at 8,000 E for . Zo

78

1. Protein kinase assay
Protein kinase activity was determiped in 0.25 ml of an

“

incubation mixture containing 50 mM sodium glycerophosphate,

-
<

pH 6.5; 10 mM magnesium acetate, 10 mM sodium fluoride} 2 mM
theophylline; 0.3 mM EGTA; 0 2 mM aTe; [v- 32P]-ATP, 0.5 UCl.
In addition, extra ATP (162.mM); 5 uM cyclic AMP; 0.2 mg histone, -
calf thymus,type 2 (Sigma) or 0.6 mg casein, vitamin-free |
(Fisher Scientific Co.} were added to test for effects, where
indicated. To initiate the reactdon,‘70 ug (approx.) of enzyme

protein were added to each tube and tubes were incubated, with

EENIEEN B K

albumln as carrier proteln, and allowed to stand at 0°C for at

10 min to separate the phosphorylated protelns Wthh were

washed,and treated as described below.

2. Methods for washing phosphorylated proteins

Cyclic aMP-dependent protein kinases have been shown by many
to catalyze the formation of phosphoester bonds with serine and
threonlne s;de—chazns of” protelns (Langan, 1968; Turkington & | .
Riddle, 1969; Johnson et al.,1971). To distinguish this form
of phOSphorylated proteln frOm the acyl phosphate intermedate
formed by ATPase (Eokin et al.,1965), it was deemed necessary
to 1nclude treatment with NaOH during the washing procedure in
order to hydrolyze acyl phosphate bonds and remove any adsorbed

es
\

phosphates.
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'rwo methods for washing the phosphorylated proteins were in

general use. Method (a) includes the NaOH treatment and was used
in many experiments.described herein but was found to be tedious,
time-oonsuming and protein recovery was variable. A modificationr‘_
of methods (a) and (b)“ was de_veioped Wh;.LCI'; is less time-consuming

and rore efficient and reproducible.

a) Stirring, centrifugation and decantation: This method was
described by Delange et al.(1968). Following centrifugation, the supernatant

is removed by aspiration and the TCA-insoluble protein dissolved in 1.0 ml of
0.1 ¥ XaOH and the protein reprecipitated with 10% TCA. Centrifugation and
decantation are repeated. The pellets are then washed with 5% TCA and again
collect;d by centrifugation. The well-drained pellets are then dissolved,
wsually in @ small amount of N NaOH (Miyamoto et al., {1969} and the radioac-

N AT

i A

Myt

by Pilter paper disc method: The use of filter paper discs #n

separating phosphorvlated prote:.n has been descr:.bed by many, e.g. Mans and
xovelli (1961); Langan (1968) H Butcher (1971} ; etc. In most cases the TCA-

insoluble material is collected on?mall scuares of fine (0.45 mcron) filter

::a::e: {or cammercially available. d:Lscs in assorted sizes). The papers are
e e .

washed in beakers of TCA with the aid of 2 mixex. . For-example; Reimann et

21.,(1971) pipet 50 ul of the reaction mixture onto squares (2 x 2 cm) of
vhatmen Bo. 31:—':1‘ chromatography paper. The papers are then washed in cold .
10t TCA for 30 min, cold 5% TCA fcr 10 min and twice in 5% TCR for 10 min
at r.t. using 5 to 10 ml ¢f TCA per paper m\each';:ash. Then the papers are
wasted briefly in ethanol, rinsed with ethex:*,' dried and transferred to

-

-
c) ¥ethod developed bereln- After centrifuging to collect the

ICA-insoluble protem, the supernatant was decanted and the pellet dlssolved ~
in 0.2 ml of 1 N NaOH and :.med:.ately reprecipitated with 10% TCA. ‘After -

standing at o°c for 15 min, the solution was filtered through a 0.45 u i
A y; .

- ’ <

AN
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cellulose filter disc, 25 mm diameter (R & B Filters, SartoriouS/Or Milli?ore

EKWPJ. The filter disc was supported by a filter holder funnel with poly-
propylene barrel: {(Canlab). After wasﬁing, the discs were placed in counting
vials, 1S5 ml of toluene-PPO were added and the 32P incorporated into the pro=-
tein counted in the Liquid.Scintillatioh Counter, as described ip Methods I-D.
When method (a) was used herein, the final protein dissolution was. in
0.1 nl of 1 N NaOH.” The dissolved protein was then shaken with 10 ml of
Aquasol and counted (Methods I-D). | "

PART III: PARTIAL PURIFICATION OF PROTEIN KINASE °
The usual enzyme purification steps were modified some-
what because of aggregation and adsorbing effects of salivary

gland glycoproteins, especially in submandibular glands. - The

acid-precipitation step was omitted. From reports in the 13'_te:r:a:'-J

ture it was believed, at first, that all dctivity was present in

-

the soluble fraction, so purification attempts were performed
mainly with the 27,000 g soluble fraction. All procedures were
carried out a; 4°C. i

1. Differential centrlfugatlon

The crude homogenate was centrifuged at 27, 000 g for 30 min
and the supernatant tested for protein kimnase activity or further
!

Purlfled. The partlculate fraction was found to contain much

activity also; hence the decision to test subcellular fractions.

2. Ion-~-exchange chromatogravhy

The anioefgkchanger, diethylaminoethyl (DEAE) cellulose
(Sigma Chemical Co.) was pretreated in the conventional way,
as described by Peterson and Sober (1962) 10-g were stirred into ’
g

O and after settllng for 15-min the supernatant and fine

500 ml H2

/
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particles were decanted. This was repeated twice. After resus-

S0 s

pending again in‘uater, the cellulose was filtered with suction,
uslng a Buchner funnel. The filter cake was activated by resus-
pendlng in SOO ml of 0.5 N KOH; another 500 ml of water was added
and the suspensron reflltered with suction. The filter .cake was
‘then resuspended‘and washed until free of alkali. Following . -
this it was equilibrated with 5 mM potassium phosphate buffer,
pH 7.0, contaihing 2 mM EDTA. A fairly dilute suspension .of the
cellulose and}buffer was used to pack 2.0.9 x 15 0 cm column .
(Pharmacia) as shown in Figure 1l0. The buffer flowed at about
30 ml per hour while the cellulose settled and‘duasuspensron in
the-column was periodicallzlreplenished without allowing the top
of the packed cellulose to become disturbed‘or to dry out. Wheu.

the level of cellulose ﬁas within 3 cm of the top of the column,

the top was put in place and the flow valve adjusted for conti-
nual reélacement of buffer.from'a reservoir placed above the
level of the column. ' '
. The proteln sample, about 20 nmg in approx. 5 ml fprerionsly
dialysed in the same buffer) was applred without dlsturblng Gﬁé
top of the cellulose. Fractlons .were collected in 8.5 ml ali-
quots using‘a fraction collector {LKB 7000 UltroRac)-

The protelns were eluted wrth a llnearly 1ncreasrng'con-
centratlon gradlent of NaCl (0 to 1. 0 M) using two flasks, one

mounted above the other, wrth a connectlon from the bottom of

the top vessel (which,éontalned the hlgher conceutration) to

-
N



.’/
X
—~— / 82
1 N NaCl — — CONCENTRATION .
in T 7 _- o Buffer  GRADIENT MAKER . ‘
= - Sl ———— -
buffer = ’ - - (no NaCl) : .
H‘ .: c:
’ 1 ‘ Jr"'-lf
va lv'é/ "~ |Magnetic
) a stirrer
" __~~;—.Samp|e
- ' - P
F?gure‘iO: Apparaotus used for : 5> ' :

~ portial purification of protein oy .- o

NI Ainase by ion-exchange Ll ‘ - CE

e __ chromatography. e DEAE-CELLULOSE

a S L PACKED e

. Rl COLUMN . =

A
.
- \\
N

Time/volume controls S ' AN

- Digitol———[10 " 00] . /| FRACTION o
. display ® ® ' COLLECTOR |
- : HH HHHUU U UU «—~—Tube rack " .

o | , [t Dol Dot Dt St Sl Bl Sl B - : '



83
to the lower one (filled to same slevel with starting buffer).

Liguid leaving the lower flask, the contents of which are stir-
~ - .

red continucusly with a magnetic stirrer (Fisher Scientific Co.),

is autdmatically replaced from the upper flask, causing the con-
. , - , . ) . A , . -~ . . -
centration tg increase as follows: _ : -
.. ~ _ _ _k '
) _ c=c, De
where C is the concentration of the solution being withdrawn;,
L - . .

C, 1s the concentration in the upper vessel: D is the differente

2
,' Ebtween the 1n1t1al concentratloqng the unper and lower solu-

u
———,

tions; and k is the ratio of the wolume removed (up to “that °
point) to the fixed volume of the solutlon 1n the lower vessel.

The gradient produced by this set-up is sllghtly curved, but,

in later experiments a device for provzdlng an absolutely quear
concentrat:.on gradient (Chr:Lsmac,plasta.c fabrlcatn.ons) was un.m—
lized, as shown in Figure 10, and proved easier to-manlpulate.
Equally good separatlon of protelns was‘;btalned by either
method of prepa;zng the gradlent. The proteln in the fract;ons"

was measured by‘the absorbance at 280 nm on the Beckman SPQCtri;f'.
‘ N : : :

g

phoEometer, Acta IIX. - ) ; . e
. . } , ) .
T e
. 3. Salt fractionation - " ' _ T
. Fractions from the column, which contalned protein peaks

- - -

having protein klnase act1v1ty, were treated with solid ammo—' _

nium sulphate (Schwarz Mann)  to a concentratlon of 35% (w/v). N

After stlrrlng for 30 min, the: preclpltate was collected by -

- ! 1‘/' Lo -'.
. R



54

"

centrifugation'and dissolved in, 5 mM ‘potassium .phosphate buffer R
. N :
contalnlng 2 mM EDTA. The resulting solution was either dia-

lyzed agalnst“ZO volumes of the same buffer for 14 hours or

\ﬁ?desalted by gel filtratiohn. N eee— S

~ - . . - T e
T~ .

4. Gel filtration

~ ~.

The fractions‘ffbm;abgve were- applied to a column cf Sepha-
‘ . Cs e / . .
-dex G-200 measuring. 2.5 x 45. Owgh’x.Ascendlng chromatography was

attained using a polystatlc pum and a. 4—way -valve (Pharmac1a)

e P

-4..,___

to reverse the flow. The sample, %3 4 ml of buffer, was applled

.

through a Lver valve and eluted wrth 700 ml of the same buffer. e

e T
. -

PART IV: ELECTROPHORESIS ON POLYACRYLAMIDE. GEL

> - In an effort to identifv the naturalfy—occurring\éubstrate
of salivary giand proteln klnase, a few studles of the phosphorv- '
lated proteln were tried by separatlng it and known protelns o .
by electrophbresis. A modification.of the discontinuous ge; and

buffer system of Orstein (1964) and Davis (1964) was used in

whieh 0.5% aéarose is ihcorporated into the polyacrylamide gel

in’ordef to increese the resolution for higher molecular weight
compounds. . The step-by-step descrlptlon of the method using a

Canalco gel electrophore51s apparatus, model 12,was followed
“according to Sierens (1969). 100 pl of phosphorylated.homoge—-

nates of parotid and éubuandiﬁular:were layered'en top of the

stacking gels and 50 ul of tracking dye. Eleeurephoresis was

P
N 4
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started at a constant current of 2 mA per tube at 4%c. When

the tracklng dye had migrated S four lnto the separating gel,
theicurrent was turned off, the gels removed and the proteln
bands v15uallzed by staining w1th Coomassxe Blue dye. Gels
were_sllced w1th a gel 'slicer and the slices dlssolved in 30§

hydrogen“peroxlde at 50 ©c for Z hours.-  The sglub;;lzed gels

. were diSpersed in 0.5 ml of NCS (Nuclear Chicago Solubilizery"

and the radiocactivity counted in Toluene~PPO as described under

coa

Methods I-D.
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. EXPERIMENTAL RESULTS

_ PART I: PROTEIN CONTENT OF SALIVARY GLANDS
7

A. BEFORE ISQPROTERENOL ’
As discussed under Methods (I-B-4), the crlterlon uséé to o .
ﬁudge the unifoimity of the subcellular fractions was their .
.proteln content for many reasons. The acceptable distribution
in parotid of normal, starved rats was an average of 10% of the
total protein in each of the -particulate fractlons and 70%-in the
soluble fraction. Typical values per gland (wet welght 170+S mg)
obtalned from the pooled parotid glands of 4 rats (140+4 q) are

shown in the flrst column of Table IIX. hlS is a purely arbl—

trary fractionation, as explalned earlier, and was obtained by

using consistent methods of centrlfugatlon, homogenization;
washing, pE adjustment, etc. ‘1t was much more difficult to
obtain this distribution of\Protein in submandibular fractions

because of a tendency for agglutination to occur. .

'B. AFTER ISOPROTERENOL |
Following an intraperitoneal injection of 3.3 mg of d2-
iSOPrate:gES} per 100 g wet weight, the wet weight per gland
drops to 136:10-mg by the end of 1 hour after injection.  Most
\ ]
of thls change is due “to_t the excretion of sallvary fluids but

very significant changes result\from tbe excretlon of salivary
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 below control values at the end of 6 hours. The decrease in

is much less significant because it does not synthesize a-—amy-

88

enzymes_as well. Gaunce (1971) demonstrated that the patotid
piand,is secreting a-amylase ‘at & maximal rate by 10 min fol-
lowing isoprotereno;.treatment. ‘Bs shown in Table IXIX, the
protein content of parotid gland has drooped 51gn1f1cantly
(p<0.05) within 10 min. The distribution of proteln in the
fractions changes but most of the deerease occurs in the soluble
fraction which contalns ‘the contents of the lysed zymogen gra—
nules. At 1 hour, the a-amylase is over 90% excreted and the
protein content of the homogenate is at a, mmnlmum.- Resvnthes;s

of the protein 1s apparent between 2. and 6 hours although both

the proteln content and the wet welght of the gland are well-

submandibular gland protein concentration after isoproterenol’

lase and its excretable.enzymes are not produced in such quantity.
| . "
Specific activitv is the usual manner of expressing the

activity of an enzyme'but in the parotid gland it becones appa-

rent that expressing enzyme activity in units per mg protein will

lead to erronecus conclusions because the SPElelC activity of

any enzyme which is not excreted w111 nmore than double as-the

oroteln content drops. Vevertheless, reports EXDIESSlng enzyme
\

‘ \
act1v1tv in rodent salivary glands in thls\way, appear frequently.

It is preferable to calculate enzyme act1v1ty in a—amylase— .

Y ! .
~~

\

-excretlng glands as units per gland or per g of tlssue,‘when

S

act1v1ty is measured within hours after lsoproterenol in order

to partially avoid thzs.artlfact. _ ) L;jx\\.



by McCaman (1965) .

PART II: CATECEOL O-METHYL TRANSFERASE

A. PROPERTIES

\ .
This enzyme has:been studied’in this laboratory for many

years (Pellerin & D'Ioria, 1958; D'Iorio & Leduc, 1960; D'Iorio
g Mavrides, 1962, Anderson & 8'Iorio,‘1968). I+ has been piri-

fied 200 -fold and its propertles, at least in liver, thoroughly

studied. In-salivary glands it is found. to behave in a linear

fashion for 40 min (Figure 11). It also shows llnearlty of. actl-
vity with amount of enzvme present in the assay (Figure 12), well
beyond the 25 ul of.homogenate used in these assays (Methods II-3).

I+ is inhibited by concentrations of SAM above 60 uM as descr}bed .

}, SUBCELLULAR DISTRIBUTION

The homogenate of parotid glands of nozmal, starved rats was found

4
. to transfer 27.7 (Table IV) to 29 (Table V) nmoles of 1 CHB per 175 mg

'gland per 30 min. This is 51m11ar to the 0.304 pmoles found to be

transferred per g of brain tissue (wet wt ) by McCaman (19653) per hr.
Submandibular gland was found +o contailn approximately double this
amount of actLVltV (Table IV). The homogenates from the pooled
glands of 4 normal, starved rats welghlng l40+4 g were fractionated,
as describedfunaef Methods (z-B) , and the COMT activity assayed

in triplicate. The results, shown ln Table IV, indicate that between

40 and 60% of the COMT act1v1ty of sg}mvary glands 1is located ln"l

the particulate fractions. ' In 1965, "Alberici et al. also reﬁorted



COMT ACTIVITY -
d.p.m. x 107 of '4CH3 transferred

COMT Aquvn‘Y
d.gm. x 1072 of '¥CH; transferred

-

- B l 1 1 { . } 1
0 iI0 20 30 40 50 60
INCUBATION TIME (Minutes)

FIGURE 1l1. LINEARITY 03 SUBMANDIBULAR COMT ACTIVITY
14

WITH TIME. Activity is expressed as d.p.m. of "CHy -

transferred to 3,4- -dihydroxybenzoic acid by 25 nl of
’ . homogenate.

N ol H n
| [ T T

C

" ENZYME CONCENTRATION (1)
FIGURE 12. LINEARITY OF PAROTID COMT ACTIVITY

S0 -

- ‘ l -’ l.,. >_
|o ] 20. 30 }

WITH ENZYME CONCENTRATION (in pl of ‘parotid- homogenate

added .to incubation medium). ‘ . /?/,/

A
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463 of the COMT activity in rat brain to be located in the parti-

culete‘fractions.
C. EFFECTS OF ISOPROTERENOL .

Fourteen rats, weighing from 130 to 140 g were fasted for |
1W‘ggurs: 12 were injected.i.p. w;th S mg of dié-isoproterenol pe;
150 g body weight in 1 ml of 0.9% NaCl. 'The other 2 received
1 ml of 0.9% NaCl only. At intérvals of 10 mid, 30 min; 1, 2, 3
and 6 hours, the parotid and submandibular glands were removed
and homogenlzed. The COMT activity. was determlned (Methods II—A)
in tr%plicate in all homogenates.' The above procedure was repea-~

ted in whole or in part, at least 4 to 6 time$s for each time inter-

val, and the isoproterenol-induced changes ate‘shown in Figure 13.
' Both glands show a 3- tc‘é—fo;d increase in activity by the end e
of 1 hour. The changes are parallel in the two glands. - T%e in-
crease in b0MT.ectivit§.of submandibular giepd is eignificant by
Y min (P<0.005) and that of parotid gland is significant within
30 min (P<0.01l). Gaunce (1971} noted an increase in COMT activity
at 4 hours after isoproterencl: this is confirmed (Figure 13), as
“COMT activity does not return to control levels until approx. 6
hours after isoproterenol treatment.
D. EFFECT OF PUROMYCIN _
To test whether the increase observed in COMT activity is | -

" the result of de novo prote;n_svnthesms, 6 rats ranglng 1n<Wexgﬁt//f/

t o~

s -~
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from 130 to 140 g were treate& as follows: 2 reoeived é.ﬁg of
él—isoprorerenol per 150 g body weight plus 10 mg of puromycin

(in two doses); 2 received 5 mg per 150 g body weight/onlyﬂano

the other 2 recerved 1. ml of 0.9% NaCi. At 2/hoars after the

. first injection, the parotid and submandlbuiar glanas were removed
and the COMT activity determined as described in Methods (II-A).

- Table V 'shows COMT activity in parotid and submandibular giaqu
after 150proterenol and puromycin. It is apparent that puromycin
does not inhibit the synthe51s of the enzyme at the translatlonal
level, at least, not in the amount received in thls experiment.

In fact puromycrn appeared to stimulate COMT activity, especially

in the submandlbular gland where the lsoproterenol—lnduced acti-

vation more than:doubled. Possibly the effect of higher doses of’
puromycin on isoproterenoi—'nduced changes in‘COMT activity should s
be repeated at shorterczﬁtervals although there is no evidenoe‘

that such rapid 1nductlon of COMT activity is the result of de

novo synthesrs of the enzyme as it is in the case of orherosallvary

gland enzymes to be discussed below.

PART III: AHQWLHEICHIASE

‘--r

AdenVl cyglase activity is measured by the rate of formatlon
of the product, cycllc AMP. When this project was'pegun in 1969,
many investigators were using. some form of .chromatography to )
Séparate'cyclic AM?, e.g. paper chroﬁatography-(?auk'& Reddy,

. 1967) ; paper -electrophoresis (Rabinowitz et al.,1965); column



&y

" The high resolving power of this 1moregnated anlon—exchange mate-

‘grouos along the PEI chaln, and lack of cross llnkage, resulting

- tures of pure nucleotldes and bases, even those possess;ng the

_ , 96
cbromatograohy (Jungas, 1966~ Rodbell, 1967); etcs  All of these -
chromatographlc methods were compared by Randerath and Randerath
(L964) who showed thin layer, lon-exchange chromatography to .be

*the fastest and most sen51t1ve techh:;ue for separatlon of nucleo— >
tides. 2lthough no mention ‘was made of cyclic nucleotides,
anderath (1966) recommended the separatlod‘of all other nucleo-f

.

tides on thin layers. of urmodified cellulose, treated with poly

(ethyleneimine) which has a molecular weight of 30, 000 to 40 000.
rlal he attributed to hlgh capacity., great density of functional

in a high rate .0f the lon-exchange process. Therefore, it appea-
.J

red to be the answer to a rapid assay for cyclic AMP, if it could

be adapted. After much trial and error'in adjusting the elution - Lo

procedure,_etc., cycllc AMP could be separated easxly from mix-—

same charge. A typical chromatogram is shown in Figure 9 (p.76).
Adapting the method further, for the measurement of cyclic

AMP in tissue extracts produced certalu dlfflcultles. For example,

tissue eiectrolytes tended to 1nterfere in anion-exchange and to 7'

cause streaking of sample nucleotldes. After testing many sol—,‘

vents, a 5 min wash in anhydrous methanol was found to overcome

the problem, w ~1th 90% recovery of tritiated® cvclic,AMP:
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A. RADVANTAGES OF THE METHOD . - \ o e T

It was by far the most rapid chromatographlc technique;

between 12 and 18 samples could be chromatographed on one sheet N

-

(20 x 20 cm) and development of each sheet took less than'30 min.
Ceveral sheets could be developed at one time. <

another advantage was that levels of ATP and 5'AMP were being -
assaved at the same time. Thls was. very convenlent when it came -
to testing 1nh1b1tors of phosphodlesterase and nhosphorolytlc:'
enzymes. ‘also, 1imitations'of other methods could be,ea51ly
spopted.’ For example, many methods 1ncluded a precipitation

step, using ZnSO, and Ba(OH)2 in order to remove ATP; ADP,-AMP

and inorganic phosphate. It was quite apparent on PEI-cellulose

sheets that over 70% of the CYCllC AMP was also belng removed.. .

TVplcal c.p. m. found in 10 ul of sample, , '(fi::i;v -
‘ before Ba—ZnSO4 _ and after Ba-ZnSO . _ ’
' 485 . . 112 - - ‘
398 125 . ; !

487 ' 129 o .
390 . . 114 . A5
\ .
indicating that cycllc AMP with ltS negatlve charge, was belng

precipitated out of the solution as well. This observatlon could .

have resulted from too 1ow a pH or lncomplete removal of the elec-

tr0plvtes in TLC but even so, methods 1ncorporat1ng this step

requlred correctlons for recovery of cyclic AMP of approx. 50%

(Bar & Hechter, 1969). e
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8. PROBLEMS IN-ASSAYING ADENYL CYCLASE

1. Low levels of actlvrgi | . L .

‘When testlng hormonal stimulation of adenyl cyclase in'par—
ticulate fractlons, low levels of activity were encountered by
" most lnvestlgators (Roblson et al.,1970Y in spite of the fact
that cyclic AMP had been dlscovered originally in a partrculate
fraction of llver (Sutherland & Rall, 1958) . Nevertheless, the
amount of adenyl cyclase activity varied dlrectly with‘the amount
of homogenization (Roblson et al, 1970} so attempts to measure : .

effects of hormones and other substances on the actlv1ty proved

frustatlng.‘ Not only that, the enzyme was extremely heat labile,

its® act1v1ty varied with different batches of enzyme and‘was

progressively 1ost on standing at 0°C. A ‘.

"-\
- .

2. Multienzyme system

Another major probelm was that the substrate, ATP, is also
the substrate for- other enzymes present in fifty times the amount
Of'adenyl cyclase, including aTPase and other pbosphoro-ytlc en-
zymes. The enzyme whlch hydrolyses cyclic aMp to 5'AMP and Ef i}
was also present. Fortunately these problems could be overcome

by the use of phosphodiesterase lnhlbltors and PTP—regeneratlng

systems. .

!

C. EFFECTS OF VARiOUS AGENTS ON REACTION RATE ’ o

In order to measure reaction rates, aligquots of homogenate,

or the 200 g particulate fraction, were' incubated in 1.0 ml
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assays and 0.1 ml aliquots removeé at 5 min intervals up to 20

or 30 min. In this way the effects of phosphodieeterase‘inhibi-

tors, ATP-regenerating spstemef various ions, hormones and other

agents, on reaction rates, wereetested. Because of difficulties

in measuring absolute levels, the usﬁal statistical methods could
not be applled always. Nevertheless, several characteristice of

adenyl cyclase activity were determined.

a) Phosphodiesterase inhibitors: In earliest experiments it

became apparent that large amounts of AMP were being formed, even

within the first 5 min. As +he most obvious cause was breakdown

of cyclic AMP by cyclic nucleotide phosphoﬂiesterase, its inhibi-

tors, caffeine and theophylline, were added to the incubation mix-
ture in concentrations up to 30 mM, but the AMP continued to be
formed, so other possible causes wbre' investigated.

b} ATP—regeneratlng systems. It was also apparent that levels

of ATP were decreasing significantly within 5 min of starting the
incubation (Table VI). When PEP and pyruvate kinase were added
to restore ATP cohcentration, the level‘of ATP did not decrease
so rapidly but was st111 less than 50% of the starting concentra-=
tion within 10 min. ‘The addition of NaF helped to maintain the

ATP level greatly, p0551b1y a%y inhibiting some of the phosphoro-
| lytic enzymes and the formation of cyclic AMP was linear for at
least 10 min under those conditions (Figure 14). Vhen myoklnase
was added along with PEP-pyruvate kinase, levels of ATP were final—
ly Observed to remain stablerfor 30 -min (Table VI). Thus it .

e
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(d.p.m.)

ADENYL‘CYCLASE ACTIVITY

101

<400 |
300 -
200 |
o
100 |
N i
©
1
é 10 | 15 20 . 2; ;o
INCUBATION PERIQD -
) (MINUTES)

F1cURe 14. LINEARITY WITH TIME.

‘From a standard 1.0 ml cycla:-%e assay, aiiquots of
100pl were rembved at £imed intervals and used for analysis
by the TLC method, applying 10 ul of sam?le to sheets
of polyethyleneimine cellulose. Even though an ATP-
regenerating system was included (PEP + pyruvate kinase)

the reaction is linear in parotid homogenate for ‘only

.10 minutes.
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was aoparent that maintaining the ATP concentratlon was a most
zmportant factor in sallvary glands. When the apparent Ky for

ATP was determlned in the presence of NaF and the PEP-pyruvate.
kinase ATP—regeneratlng system only, it was higher {(Table VII and
Figure 15) than in later experlments in which the ATD congentratlon
was malntalne@\\¥ the addltlon of myokinase to the assay and the
apparent K, was lowered to 5 x 1¢ 4. Bar and Hechter (1969) repor-
ted that they obtained a lower X, for ATP of fat cell ghosts by
using [a—3 p]-ATP in order to avoid interference from radicactive
side products, such as hypoxanthine, which is formed from unlformly-

lébelled 14C-ATP. To test whether similar interference was occur-

ring in our samples, [a—3 P]-ATP was substltuted for 14C—ATP and

several aSsa&s repeated. No - dlfference\ln adenyl cyclase activity

vas observed so long as the concentratlon of ATP was malntalned.
N\

In calculating the amount of cyclic AMP fQimed Bar and Hechter
T (1969) suggested that, when separating CVCllC AMP by TLC, the pexr

cent conversion of ATP to cyclic AMP be calculated from the d.p.m.
o . of
.in the spots of cyclic AMP and ATP: d.p.m. of cvclic AMP x 100. ¢

d.p.m. of ATP

If we re-examine the cﬁ?a in Takle VI, it is apparent that, even R
in the presence of an ATP-regenerating system (such as that used

by Bar and Hechtet-(1969) the concentration of aTp falls rapidly

in salivaty glands. - Thus, calculatlng by that method glves an

unduly large value for per cent incorporation, unless thef amount

of cyclic AMP also decreases.’ The reaction has been shown to be

: rever51b1e (Greengard & Kuo, 1970) but the d.p.m. of cycllc
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. REACTION RATES FOR CYCLIZATION OF ATP

. BY ADENYL CYCLASE OF RAT PAROTID

. . 3
[s] , 1 v = cbserved velocity . i S
" (ATP) | [S] . - (nmoles of c-AMP formed =
M - per mg protein per 10 min)
4.5 x 1073 -2.22 x 102 0.10 | 10.0
3.5 . 2.86 . 0.09 : 10.9
- 3.0 S - 3.33 . ' 0.085 : h 11i.8
2.0 . 5.00. 0.067 15.0
1.5 6.66 0.055 18.2
20 _|
18 }L
16
) 14
i
v 1z
10 |
8 3
’ Ky = 1 = 3.2 x 10
-3.3 x 102

iy ‘ . . : a
Fig. 15. Apparent K for ATP of rat parotid aden 1‘cyclase_assaye S
in the presence of Yn ATP-regenerating system.an Na fluoride. . - .
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aMp were never found to decrease when ATP levels declinédy indica—
+ing that a pyrophoschatase was also at work tolrapidly remove the
other product, pyrophosphate, hecessary to reverse the reactlon.
Basing the per cent incorporation of d pP.m. of [ C]—ATP or [c—32P]

ATP present at 0 time was a consistent method but including

myokinase, in later assays, was a better solution.

"¢} Effect of added catecholamines: In spiﬁe of the difficul-

ties arising from homogenizing- the tissue, time required to dissect
parotid gland, 1nterference from other enzymes, etc. by repeating

the experiments many tlmes, enough ev;dence was actumulated to show

that isoproterenol and noradrenaline both prcduce some actlvatlon
of adenyl cyclase activity in salivary-gland homogenateS'igagiEEQ. - =
In Table VIIT it is apparent that the additicn-of either of these -
catecholamlnes (50 uM) produced smgnlflcant lncreases in adenyl
cyclase. actlvlty in both parotid and submandibular glands within

30 min in all cases and much sooner:in most cases.’ The addition of
1soproterenol to parotld gland homogenate increased the act1v1ty
significantly w1th1n 5 min. Slgnlflcant changes w1th addltLOn of
either catecholamine appeared sooner in parotid gland homogenate
than submandibuiar-gland'homogenate.~ Adenyl cyclase activity was
lower in subﬁandibular gland but other factors, such as the amount

of homogenlzatLOn, could account for that observatlon.

d) Sodium fluoride effect: Incubatlon of’ parotld gland homo-

genate with no addltlons to the standard assay (Methods,II—B—za)

-

: Produces ‘only small changes in adenyl cyclase actmvzty (Table VIII).
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'Addition ofamyokiﬁase to the standard assay gave more-optimal'condi—'
tions and the activity ; with no additions, was higher-in Table IX.
However,rin the presence'of'sodium fluoride, there was ‘roughly 4 |
times as much cyclic AMP formed at the énd of 20 min.

e) Effect of calcium ion: The role of Ca2+ in Salivary gland

function has become lncreaSLngly important since it was demonstrated
to be essent1a1 for induction of secretion’in parotid gland sllces
(Selinger & Naiﬁ, 1970). An ATP—Ca2+ complex is believed to play -

a key role in determining membrane structure and function (Rasmussen
& Tenenhouse,_lQGB) who' suggested toat tﬁe action of adenyl cyclase
converts the cfclic AMP from é strong chelator of'Ca2+ to a weak
chelator, thereby leading to the release of C52+tand changes in mem-
‘brane structure conducive to excretion. Calcium uptake -by_lmicroso;
mal preparetioﬁs of rat salivary glands has been reporteo to be AIP:
@ependent'(Selioger et'el,,11970). o ‘

Rat salivary glands osntaln a high concentratlon of calczum in

'relatlon to other soft tissues (Drelsbach, 1957; Felnsteln & SChramm,
1970). * The formation of cyclic AMP has been reported to be calcium-
deJPem‘Z{ent in some tissuves (Bradham et al.,1970~ Shimizu et'al.,1970)
and calc;umrlndependent in other cases (Blrnbaumer et al.,1970).

In order to test whether the hlgh endogenous level of CaZ*-in
sallvary glands plays a part in activating adenyl cyclase, the spe-
Ciﬁic-Ca2+ chelator, EGTA, was used to_examlne a@enyl.cyclase acti-
Vi%y in the absence of Cazf. Althougﬁ the e#petiments were repeated

many times, the relative effects are best demonstrated in the

a
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'comparatlve study (Table IX) in whrch all assays were performed at’
same time. When EGTA was added to the assay, the amount of cyclic
2MP formed by 20 min was even greater than that formed by NaF acti-
vation. In the absence of Caz the activation by NaF was much more
rapid, i.e. almost maximal in the time.necessary to add the eﬁryme,

mix and remove the first aliquot (0 time}. When Ca2+ was replaced

)

in the assay, the rpaction rate slowed down. Thus there is‘evidence.

+ - .
that removal of Ca2 by EGTA potentiates adenyl cyclase activity in

payotid gland.. EGTA was also re?orted to potentiate the_adenyl cy-

clase stlmulatlon by glucagon in liver membranes (Birnbaumer et al.,
1970) .

-

£) Basal levellbf cyclic AMP: In all of the preceding studies

of adenyl cyclase act1V1ty, the amount of cYcllc AMP present at o -

tinme was measured in order to compare with that produced by actlva—
tion of the enzyme. As shown in Table VIII and IX, O nly|0.38 to 0.8 7
pmoles per mg of protein were found when measuring?cyclio AMP by the

TIC method on PEI cellulose (Methods, II-B-2b). Thisrﬁaslvery low

.r'-'-l

compared with values.reoorted by other methods at the time, but
' recent methods are indeed confirming that basal tissue levels of
cyclic' AMP are in the range of 0.2 to 1.5 pmoles per mg protein

(Steiner et al.,1970; Weller & Rodnight, 1973}.

3

D. EFFECTS OF ISOPROTERENOL ON ADENYL CYCLASE IN VIVO | .

“In this set of experiments, rats weighing‘l30—140 g were
injected 1ntraper1tonea11y with 33 mg (120 ymoles) per kg body

‘weight. At intervals of_z min to 4 hours, samples of parotid gland
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were removed and processed rapidly (Methods, II-B-2c) to pfeﬁent
phosphodiesterase activity. The tissue.extracts, contalnlng the
- cyclic AMP formed, were used to activate protein kinase, which
had been partlal;y purified (Methods,.II—C—S). This partially
purified protein‘kinase\yas found to be sensitive te‘nénomoler
amount of cyclie AMP. Standard soluﬁions of cyelic AMP eefe pre-w
pared and ihcubated with 50 ug of enzyme protein; A typical cali-
bration curve is showﬁ in Figure 16. The assay for protein kinase
actévity is described under Methods'TII-é—Z). The phosphoryvlated
protein was precipitated and washedlﬁneil only phbsphoester bones,

stable in alkali without heating, were present. Tissue extracts

repiaced the cyclic AMP in sample tubes and all extracts and

standaras were assayed in duplicate.
The effect of isoproterenol on adenyl cyclase activity in vivo =
is shown graphically in Figure 17. ;The activity @s measured as |
nanoc moles of cyclic AMP formed per g wet weight because there
was' not time to dissect out the whole gland under conditions
required to preserve cyclic AMP in the tissue. The level of cyclic
. AMP was found to increase in parotid gland within a few mlnutes ef
1soproterenol injection, perhaps within seconds if one could deter-
mine it that soon. Within 10 min it reaches a maximum and then
rapidly &ecreases.u These data were preeented in 1971 and were
confirmed, independently, by-Guidpeti'gg_gk,,(lQTZ)-in mouse paro-
tid. This increaee in cyclic AMP tissue. level is producziiby a

dose of catecholamine giving much higher blood levels tham those

. e

normally foﬁnd.
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The assay volume was 1 ml

" and 2 mg of histone were added as substratel
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- was 1ncluded in all assays. Maxlmum proteln ‘kinase act1v1ty was

112
' ~ PART IV: ©PROTEIY KINASE -
A. CHARACTERIZATION OF THE ENZYME
Under the assay conditions descrlbed the progress of phos- i

»
phoryl group incorporation into homogenate protelns by endoge—

nous protein kinase was found ‘to be llnear for 5 min. The rate
of incorporation was- only sllghtly 1ower at the end of 20 min.
. The pH optlmum is 7.0 but 6.5 was the pH chosen for the assays
because of the hlgh phosphoproteln-phosphatase act1v1ty in sali-

vary glands. Although phosphatase activity is no doubt involved

'in the turnover equlllbrlum of ohosphgrvlatlon in vivo, the effects

of catechoiamines on protein kinase only are included in this

1A

study, so the effects of protein phosphatases were avoided by

using high [Mg ] and pH 6.5. As observed in the adenyl cyclase

assays (Table VI), ATPase act1v1tv is great, also, so 10 mM NaF -

demonstrated using 9. to 14 mM Mg acetate. The hlgher concentra—

tion was probably required to overcome the effects of EDTA in.

the homogenizing medium and EGTA in the assay. Both EDTA and

EGTA are necessary to remove the high endogenous [Ca ] present

in salivary glands because Ca2 has been found to inhibit

protein klnase act1v1ty in most tlssues (Kuo et 21.,1970). The

enzyme was found to phosPhorylate basic protelns, such as his-

tone much more readlly than acidic orotelns, such as, caseln which ,

appears to inhibit phospborylatlon of natural substrates (Flg 18).
The protein kinase oF parotid gland-can be stored for 4

weeks at ~15° and remains stable, in fact, its act1v1tyals tound

4
-
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e lncrease on storlng,cln ‘the same way as protein klnase of
cardiac muscle'(Brosthf;%f al., 1370). This indicates that it
consists of an inactive (R‘ and-an active (C) subunit. These two
subunits become diseociated by oxidation, possibly of —SH-grouos,
to yield the active, cyclic AMP-independent protein kinase;. A
great deal of the active, cyclic AMP-independent form of thelen4
zvme is present in parotid gland (Table X). It phosphorylates
naturally occurring substrates;WWLth no additional substrates .

or activators added to the standard assay

'As observed by other workers, there are differences in the

absolute levels of proteln kinase from dlfferent rats (Maeno et
El_}i97i). Because of this fact,‘comblned with the fact that the
endogenoﬁs activity increases on storing, the results ot aésays
-performed on stored samples are skewed and aopllcationtof the'
usual statistical methods gives erroneously high dev1atlons,
ho#ever,‘the relative changes are still significant, and confirm
"observationé-noted in_typical studies where up to 150 assays

were conducted in one daWto overcome the effects of storage.

_B. SUBCELLULAR DISTRIBUTION

1. Endogenous activity:

The. level of endogenous ordteln kinase activity in poole@
parotid glands of normal, fasged.rats was investigated first.
The glands were homogenized and. fractionated (Methods I-B;Z and
-B—3) and the act1v1ty calculated as plcomoles of 2P incorpora-—
‘ted per gland per 5 min.' The subcellular distribution 1is shown.

{Table X)
a )
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Close to 70% of the'activity is present in the high speed super-
natant; the other 30% is distributed between the particulate
fractions.: only 86% of the activity of the. crude homogenate
is recovered in the fractiohs. Thié may reflect displacement
of the natural substrate duriﬁé frﬁctionation or may indicate
the presence of an inhibitor, such as that reported to be present
in skeletal muscle (Walsh et al, 1971). The endogenous activity
of the homogenate varies fram GOQ to 1400 units per gland,

—

depending on the length of time of storage.

-
-

2. Laténcy of protein kinase activity

R
ICRICEL
L. e 4"

The addition of 0.1% Triton X—lOO.(octyl phenoxy polyethoxy-
ethanol from Sigma Chemical Co.) to the assay causes the release
of endogenous activity in all fractions. As shown in Table X,
the increases arg‘greatest in the mitochondrial and microsomal
ff%ctions. The relative diétribution'is observed.to change.

Now 50% of the activity is present in the particulate fractioms.
Although the activity in the total.hémogenate is-pore than

Gouble that with no additioms, the dete;gen;'b;ings out addi-
tional latent activity in the fractions_sa that 145% of the acti-
vity of the homogenate is recovered."Addf%E hist?ne along with
Triﬁon X—loo, produces an additive effect‘_gh some fractions
indicating that the additional activity is prédqud by different
mechanisms. _The detergent may dissolve phospholipids in the mem-—
brane,. exposing new enzyne molecules, or it may even dissociate

the inactive holoenzyme by allosteric effects.
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¢. EFFECTS OF HISTONE AND CYCLIC AMP

The increases.in the specific activi£y of each fraction in
the présence of added histone and cyclic AMP in the‘;arotid glands
of normal, fasted rats, is shown in Figure 18. It is apparen£
that ‘there 'is much enzyme acfivity, even in the absence of added
‘cyclic AMP s@ it cannot be said that the enzyme is écmpleteiy de-~
pendent on cyclic AMP in vitro. The- soluble fraction ;hows thé
greatést specific activity with added ﬂistonelplus cyclic AMP,
although all fractions respond with great inc?eases in ;pecific

activities, especially .when histone is added first. This may

reflect merely the lack of natural substraée (é) displaced during
differential centrifugation or it may be due to the activating
effect of basic proteins (Tao, 1972; Miyamoto ‘et al.,1971). Im
.prefefring a basic protein,-such as histone, as substrate, this
protein kinase is similar to thﬁse observed in_other tissues, such
as skeletal muscle (Walsh et al.,1968); liver (Langan, 1968);:
cardiac muscle (Brostrom et al.,15970); frog bladder (Jard & Bastide,
1970); and many other tissues (Kuo et 21.,1870). ‘

D. EFFECTS OF ISOPROTERENOL TREATMENT

Normal rats, which had been fasted overnight, were injected

C

intraperitoneally with 33 g (120 umoles) per kg body welght of
d2-isoproterenol in 1 ml of isotonic saline. . Control rats recelved
1 ml of isotonic saline only. At the end of 1 hour, the parotid
glands from each rat were pooled, fractionated jMethods, I-B-3)

and the protein kinase activify of the homogenate and each
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fraction determined according to the standard assay described in
Methods II-C-l. .The changes in protein kinase activity aé 1 hour
after isoproterenol injection are shown in Tgble'XI.‘.The.intrinsic
activity in the-homogenate nearly doublé; bf the end of 1 hour.
This increase in activity is reflectedrin the soiuble fraction as
well. A significant increase is observed in the nuclear fraction

. where the mean value for picomoles of 325 transferred to protein

nearly triples. The protein kinase activity is expressed as pico-

-

moies of 32? transferred per gland (rather than per mg eniymé pro- -.
tein) because the salivary enzyme proteihs are excreted so rapﬁdlyh
after an injection of isoproterenol. |

- Changes in isoproterenol-induced activity which occurdbetwéen

2 and 6 hours after tréatment are shown in Figure 189, which records

B

observations of another typical study. In.this study, hcmogenates
were centrifuged only once, at 27,000 g to obtain 2 soluble frac-
tion which includes microsomal particles and a particulate fracrg
tion consisting of unwashed nuclear and mitochondrial partiéles;
Agéin, increases over control values are found in both‘so}uble  '
and particulate fractions. Note that the number of units of acti-
vity per gland is lower a£ 2 hours than at 1 hour in the total
homogenate but éppears +o increase again at 6 hours. A similar
decrease at 2 houﬁs followed by an increase for several hours

was observed in rat submandibular gland nuclei by Ishida and
Ahmed (1973) following isoproterencl injection. In their study,

a much higher dose of isoproterenol was used (160 mg per kg body
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weight) and measurements were made only at 2, 16 and 24 hours
: s

after injection.

——
.g. EFFECTS OF PROTEIN SYNTHESIS INHIBITORS

- To test whether any of the observed incteasee in protein

_ kinase activity depénde& on new ptotein synthesis at either the
transcriétional or translationéi 1evels, protein synthesis inhi-
bitors were injected, at the same time as isoproterenocl, and

the effects on isdproterenol—induced increases observed. Because

the enzyme and its substrate are both protein in nature; the

effect of a protein synthesis inhibitor could involve either the
enzyme, its regulatory subunit or its substrate.
éurom cin ‘

Figure 19 shows the effect on proteln kinase actxvzty,
on the amount of protein. phosphorylated, yﬁen 200 mg per kg body
weight is injected intraperitoneally at the same time as isopro-
tereﬁbl. Because puromycin is very troxic, the dose must be given
in several iﬁjectiens at hourly ;ttervals. Unfortunately.the -
effect on protein kinase activity and amount of protein phospho-
rylated at 1 hour after lsoproterenol was not tested, but as shown
in Figure 19, there. is much less 32? transferred from.[Y- P]-AT?
to endogenous pretéins at 2, 4 and‘G hours after isoproterenol,
especially in the soluble fraction {contalnlng microsomal fraction).’

It is of interest that the same dose of puromycin completely pre-

vented the incorporation of 140 _amino acids into salivary gland
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proteins and prevented the resynthesis of a-amylase (Gaunce,1971).
Actinomyciﬁ D hes no inbibitorf effect on c-amylase resynthesis,
SO Grand and Gress (1970) suggested that the synthesis of this
" enzyme, and possibly other saiivary glard proteins, as &ell, are’

controlled at the translational level.

L)
!

2. Actinomycin D .

The effect of actlnomyCLn D on 150proterenol—1nduced lncreases

in protein phosphorylatlon was tested at 4 hours only.- Four rats.

-

were injected Wlth 1 mg per kg body welght of actlnomyCLn D dls—

solved in ethanol’'and diluted to 1 ml with 1soton1c saline.‘wConr

trol rats were Lnjected Wlth 1 ml of lsotonlc saline only. Eight

rats received lntraperltoneal injection of 5 ng. of dl—lsoprotere-n -f
nol per 150 g body wWeight and 4-of these rats were lnjected w1th

1l mg per kg of-actxnomycxn D as well. The results are shown in,

Flgﬁre 20. ‘There was no significant dlfference between control o
ratS'and those 1n3ected with actrnomycrn D, nor was there any sig-
nificant dlfference in proteln kinase act1v1ty of parotld ‘homoge-

nates between groups lnjected w1th isoproterenol or- 1soproterenol

plus actlnomycln D. Thus, act1nomyc1n D had no effect on proteln

~,

kinase act1v1ty in elther control or treated rats. However, the

-

increase in proteln klnase act1v1ty,-measured.as_32'—phosphorylated
Protelns, was very significant (p<0. 01) ln all lsoproterenol— -
treated rats. As outllned in the Review (II-B -4c), proteln synthe-.
sfs inhibited by actinomycin D, soon aftenPlsoproterenol 1njectlon,'

_has been related to DNA synthes;s (Bazka,l965b. Baserga & Heffler,1967).
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5. DARTIAL PURIFICATION OF PROTEIN KINASE '

1. Increase in~specific activity

The 27,000 g supernatant was sobmittedlto ion-exchange

. . chromatography, salt fractionation and gei filtration, ‘as X
descrdbed under .Methods, Part III. The increase in speciric
activity observeddat each purification step is shown in Table -

‘xII. By performing the five steps the speodfic activity : .

increased roughly 10-fold. The greatest increase in specific

activity ocour;;d_when the enzyme proteiﬁ was subjected to
column chromatography on DERAE cellulose, so for all practical

purposes, such as the assay of cyclic AMP levels (Methods,

II-B-2c) the enzyme separated at thlS step was employed.

2. cCharacteristics of the partially purified enzyme

A typical elution profile of ‘the proteins eluted after
column chromatography on DEAE cellulose, is shown in Figure 21.
] " The ‘tissue used was parotld gland from normal, fasted rats.
The main prote:.n pea.ks are labelled A, B, ﬁ, etc.

Peak A contained the greatest amount. of endogenous proteln

kinase act;vxty. It was cycllc aMP-dependent and would readil

PhOSphorylate histone. ExCept'for the increase in specific
activity, it was identical with the non-purified protein inase.
It could be further purified by gel filtratiom.-

Peak B contained no protein kinase activity.

TN

-
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Peak C contained an active protein‘kinase. It,would phos-
"oborylate hlstone equally well in-the absence of cyclic AMP, s0

was con51dered to be cycllc AMP—lndependent

]

Peak D contalned no protein kinase activity.
Peak E contained protein kinase, similar to that of peak C
except that it hgd a pE optimum of 7.2 lnstead of 6.8. It

could phosphorylate casein as well as hlstone at that pE.
~ . :
.\ ) v

3. Tnactivation of active .fractions

In order to determine if the mechanism of activation of'paio—
tid protein kinase was similar to that of other tissues; as oué—
lineé in the Reviewj(I—D—3), the proteins of the inactive frac-f
tions, obtained above, wére tested for any effects on the active
enzymes of peaks C and E. The protein of peak D was found'to
coﬁpletely inactivate fhe‘gyclic AMP-independent ‘protein kinases
in peaks C and E. To prove that this effect was due to the
recombination of the regulatory subunit (R) with the catalytic
subunit (C), the comblned peaks were ‘chromatographed again on
DEAE cellulose. The proteln was, eluted this time, in an ear- |
ller fractlon, similar to peak A in belng less strongly adsorbed
to the column. When tested for protein kinase actxvxty, w1th no
histone aé ;ubstrate, this protein‘was_completely inactive unless.
cyclic AMP was added to the assay. It was thus "concluded that
" protein kinase of parotid glénd contains the (Si'and (C) subunits .
“hich are dissociated by cyclic AMP in the same way as that from

many other tissues.
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G. SEPARATION OF PHOSPHORYLATED PROTEINS BY ELECTOPHOR/ESIS

1. .Natural substrates

To study the nature of the natural substrates for protein
kinase, phosphoryiaped-proteins from protein_ki&ese assays of
pafotid hombgenate weére subjected to.electrophoresis on poly-
acrylamide gel (ﬁethods.Iv . The gels were stained with

- Coocmassie Blue to éisualize the protein bands and a t;pical

gel, with no addition to the assay, is shbwn‘in Figure 22, tube

IV. The gel was SllCEd using a gel slicer (Canalco) and the
d1v1dual sllces were dissolved in 30% hydrogen peroxide (wthh

.bleaches the gye)- ?he‘%?P incorporated into the protein was

counted, as described under Methods I-D. The distribution of
.natural substrates is shown in Figure 22 (bottom). The main
substrate in normal homogenate separates at slices 14 to 16.
There is another natural substrate -at slice 21. Therefore,
twe} and possibly more, naturally phospherylated substrates are
~ shown to be present in parotid homogenate.

- 2. Histone as substrate

With added histone (tubes T to III, Figure 22) an extra,
dark band appears ‘between slices 10 to 13. This area is shown
to be phosphorylated (broken llne) as well as the naturally
occurring,substrates. It is apparent that one of tne‘na;ural
_ substrates hae an isoelectric point very close to that, of

_histone, type II, but it is not identi&el. : ) l
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— EaeET histone -

plus c~-AMP
II Added histone -

IITI AaAdded histone
plus c-AMP

IV No addit’on

. Slice no.

- 25
- 20
~ 15
- 10

600

S - —
d.p.m.32P incorporated

200~

(chthode) | . (anode)
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Figure 22. Separation of phosphorylated proteln by electropho-

ie gel. -—————- added histone
resis on polyacrylam g natvral suvbstrates
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DISCUSSION

PART I: GENERAL
All of the studies included herein have involved the cate?
"cholamine,fisdproterenol, and its_ef%ect on three eﬂzymes found:

ary glands (i.e. parotid and submandibular.glahds)- As

shown ip/Figure 23, two of the enzymes are closely related to

‘ ation;of cyclic AMP and the third is éependent oﬁ its.
formation for activation.. A fourth enzyme, phosphodiesterase,
is,concerﬁed with its inactivation, buﬁ has been founé to have

very low, if any, activity in salivary glands (Weiss et EL.,1972).

1. Adenvl. cyclase

It is difficult to prove that adenyi eyclese activity is
higﬂ, or even present in most tissues. There are two reasons
for this. In the first place, adenyl cyclase activity is des—
troyed in broken cell preparatlons. "As shown 1in, Table VIII, only
a few plcomoles of cyclic AMP are formed per mg of protein and
one must repeat tbe assay many times to achieve conditions under
which even small amounts of activation can be proven. Secondly,.
the basal tissue level of CyC1lC AMP in sallvary glands (i.e.
assayed at 0 time, Table VIII) was found to vary from 0.38 to
1.0 picomoles per mg protein only-l At the time, thls,waslbelle-
ved to be due to ineffigiency of the method, but on reconsidera-
tion, it may be the normal situation. Even if adenyl cyclase is

extremely active, there is little reason for high tissue levels to
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FiguURE 23, THE ADENYL CYcLASE SysTeM
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exist in normallv functioning tissue. This is apparent from

examining Figure 23. If cyclic AMP, as it is formed by edenyl
eyclase-adtivity, is acting as a second messenger and furthering

a biochemical sequence, ‘then it is soon complexed to its acceptor
protein, the-;nactiﬁe protein kinase, and is not present in its ' p
free form loﬁg enough to be measured. If the adenyl cyclase is

not being stimulated by a hormone, such as a biogenic amine

(catecholamlne), +hen the turnover of cyclic AMP may be low and -
any cyclic AMP released from the regulatory subunit (R), (sometimes

referred to as a reservoir of cyclic aMP) would be hydrolysed by

‘phosphodiesterase. Similarly, if the adenyl cyclase is being

activated by a catecholamine, only the turnover rate would in-

crease. Therefore, under no conditions can one picture pools

of cyclic AMP waltlng to be measured under physxologxcal condi-
tions. It is now confirmed by Weller and Rodnlght (1973) and
Steiner ggjgk (1970) that basal levels of cyclic AMP :enge from
0.2 to 1.5 picomoles per Mg of protein. Thus, the method used
herein (TLC on PEI cellulcse) must have been more accurate-than
supposed at the time.

1f the above theory is true, then how does one explain the
increase in tissue level of cyclic AMP following isopreterenol
treatment of rats, found in salivary glands, by us (Horwood et
al, 1871) and by others (Malamud, 1969, 1972: Guidotti et et al,
1972)? This mey be a non-physiological response, resulting

from B-adrenergic stimulation by a very potent catecholeminel
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in a unique type of gland.‘ ReasonS'for this suggestion will be
discussed at length 1ater in this dlscu551on, in relation to a

proposed control mechanlsm, 1nvolv1ng COMT.

2. Catechol -0-methyl transferase

Parotld gland of" normal fasted.rats was found to contaln
'.enough CONT activity to transfer 29 nmoles of [ 4cn ] per gland
_per 30.min assey. Fach gland averages 175 mg (approx ) ‘so the
COﬂT ectivity per- g wet welght, per “hour is 331 nmoles. . McCaman
(1965) using the same method quotes 304 nmoles per g wet wt per

hour as the COMT activity in rat braln with a coeffxcment of varla—

tion"of less than 57.- The activity in submandlbular gland was

more- than double -that of parotld gland. The COMT activity in

monkey submandlbular gland was hlgher than in any other tissue.

except liver (Axelrod et al,,1959). It seems reasonable to

suppose that no enzyme would be present wrth relatlvely ‘high

actmvxty unless lt were there to serve some useful purpose in -

vivo. In Figure 23, 1its relatlons to cyclic AMP levels 1s appa-

rent: its main. function is to deactivate circulating catechola-
" mines before they have a chance to st&mulate adenyl cyclase, SO
’ - I

ih this sense, COMT may play 2 role in controlling the level of

. cyclic'AMP-formed.

,3.'brotein kinase

Protein kinase in parotid gland was found to be present in
an actlve, cyclic AMP-independent form and also in an inactive,

cyclic AMP-dependent form. The addition of a ‘protein subunit,

I 3
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separated by DEAE cellulose was found to relnstate the active B
fo;m (Results IV-F-3). The inactive form could be actlvated by
cyclic AMP, sO the prbteln kinase of salivary glands is belleved

lto consist of a regulatory and a catalytic subunlt which can be

- f

dissociated by cyclic AMP, whlch binds to the regulatory subunlt
and causes the release of the catalvtic subunit as shown in Flgure

23. This is the same mechanism for activation as found. in many

-

other tissues (Tao et al.,1970; Gill & Garren, 197); Erlichman et

21.,1971; Yamamura et al.,1971; Rumon et al:,1970; etc.).

Assuming a constant amount of the holoenzvme {R.C) in the

)tissue, an increase in cyclic AMP in the tissue w1ll Shlft the
equilibrium to the right anéd a decreese in cycllc AMP conce -
tion will shift it to the left,- Hormones have been reporteztﬁo

change the ratio of (C) to (R .C) in just that way (Soderling et
al.,1973{\ The total amount of protein klnase activity in a tis=- -
sue can be determined by assaving the homogenate in the presence

of cyclic AMP and histone and measurlng +he amount of phosphory-
lated'proteln. The activity of the intrinsic protein kinase €y

found in parotid gland (Table X) averaged approx. 1,000 units

per 5 min per gland .and the total stimulated activity was over

7,000 units. Assuming a constant amount of (R.C) in'the tissue,

the changes. produced by isoproterenol are directly propertlonalra

to the amount of cyclic AMP formed by the action of the catechol-

amine. AFter 1 hour, the npumber of units per gland was foEﬁd to

increase to 2583 units.
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PART II: ISOPROTERENOL—INDUCFD CHANGES - 135
A. CYCLIC AMP LEVELS AND COM‘I‘ . -
Within the shortest tlme that it takes for an r.p. injec-
tion of isoprotergnol to reach the parotid giand'and measuremeat
f cycllc AMP to be initiated, there is an increase in the level
of cyclic AMP reflectlng adenyl cyclase stimulation in the tlssue
(Figure 17). This change-was observed by others, as well, (e g.
Malamud, 1969; 1972;-Guidotti gglal.} 1572y. It lncreases the -
 level of cyclic AMP'to about 2.5 nmoles per g-of tlssue (wet welght) . .
at 10 min. This is relatively hlgh compared to cyclic AMP levels
formed in the lung and ‘heart after 150proterenol injection (Guldot—
ti et al.,1972). 1In the heart the increase appears to be only

about 10 plcomoles per mg proteln.

Let us examane this great increase in cyclic AMP level in the
light of other changes which occur in parotid gland lelOWlng
admin@stratlon of lsoproterenol. The relative changes which ‘occur
in adenyl cyclase activity andAcogm activity jln_naaomole units) |

are shown in Figure®24. The COMT activity 1is lO—times hiqher to
start with than the peak activity of adenyl cyclase ana the in-
crease is only a fraction of that which actﬁally_eccurs. The
‘increase in COMT actavity is truly dramatic ana illastrares very
clearly why there is -such a small proportlon of the dose of iso- R
prOterenol unmetabolized after 40 min (Guidotti et al.,1972).

The increase ia 3H—methoxy—i50prqterenol found by Baserga_gg.ak.,
(1969) is also explalﬂed. '

" Now, considering that 1soproterenol is such a potent B-

tor and the rapid jnduction of COMT

. adrenergic receptor stimula
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Figure 24. Relatlve changes in levels of cycllc AMP, COMT activity

and 3—methoxy-1soproterenol following an lnjectlon of 1soproterenol.

Rat parotld changes:

3H—lsoproterenol (unmetabollzed) from GUldOttl
et al., 1o 72.

COMT activity (from Figure 13) |
Cyclic AMP level (from Fiqure 17)

3H-—3-methoxy-isoproter_enol levels, from Baserga
gg_il.,1969.
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activity to deactive the c;techolamine, does .it not becomp appa-
rent that the puréose'of thelconT may_be to inactivate c;rcula-
ting-catecholamines in a tissue which is controlled in vivo by
. peural reflexes through the autonomic nervous system? .
Uﬁder no physiological conditions would the pardtid gland
encounter such a strong Bnadrenetgic agonist. Considering-this, "
the increase.in adenyl cyclase activity is not very large and it
is actually brought under control very rapldly ge 1éve1 of
cvclic AMP begins to decrease rapidly. Some of it is no doubt
becoming complexed to its receptor protein (1nact1ve protein

klnase) and some may be hvdrolyzed by phosphodiesterase, if there

is any present. These twa enzymes could account for a.good por-
tion of the disappearing cycllc AMP, but although-this is hap- ° -
pehing it is not belng replaced by more cyclic AMP, even with

so much isoproterenol in the tissue. The controlllng effect 1is
mainly on the level of catecholamlne in .the tlssue,‘i.e. on the
activator ofiadenyl cvclase activity, rathexr than on the cycllc
AMP itself.

Because of this raﬁid induction of COMT to control gcti—
vation of adenyl cyclase and cormation of cyclic 2MP it is even
,possible that any builéup of measurable cyclic AME. is not the
normal SLtuatlon in cells: it appears to be an art1f1c1al situa-
tion resulting from over—stlmulatlon of B-adrenerglc teceptors

in a gland which is normally controlled by neural reflexes
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acting.threugh the autonomic nervous system.l The lungs responded
to isoproterenol with a similar, tut-smalier; increase in cyclic
aMP level (Guidotti et gl.:1972). fhey“have sympathetic innexva-
tion and to measure COMT activity would be of interest.

.B. CATECHOL O-METHYL TRAI_\TSE;ERASE INDUCTION

The increase in COMT actitity after isoproterenol occurs
SO rapldly that it reminds one of the classxcal case of 1nduc—
tion of B*galact051dase activity (descrlbed in most blochemlstry
+rexts) which occurs within 10 min after E. coli are placed in a
medium containing only lactose. Accordlng to the hypotheSlS of

J
Jacob and Monod (1961}, all 1nduc1ble enzymes ‘are spec1f1ed by N~

genes. The genes specifying the synthesis. of induced” enzymesi
may ‘be repressed or induced, as a'gfoﬁp, because their synthe- -
sis is coded by a set.of censecutive genes in DNA, calleé an
operon, whlch can be repressed ox derepressed together; The

substrate may act as -a derepressor and within 2 min the synthe-

sis of new messenge A begins. However, this type of induction
has been proven to only in \procaryotic cells, enzyme induc—
tion and represslon in vertebrate occurs for the’ most part,

enly ‘in liver. ' So how does the greatly 1ncreased activity of
salivary<gland‘COMT come about? X .

According to the textbooks, tﬂere are believed to be only
three mechanisms by which horxmones egn act in their_target'tis-

sues: (i) by the stimulation of synthe51s of particular RNA;

(i1) by Stlmulatlng ‘the adenyl cyclase system and 1ncreasxng
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the eoecentratiqn of cyclic AM?, and (iii) by alteration of
transport rates through cell membranes.- Do.any of‘these mecha-
:eisms_apply to the dramatic increase in COMT activity observed
so soon after isoproterenol injection? .

Certain'hormones of vertebrates have been shownito func-
tlon by lncreaSLng the transcription rate and thus the amount,
of messenger RNA spec1fy1ng the synthesis oF an enzyme. ' For
example, ‘the adrenal corticosteroids cause a large increase in
tryptophan pyrrolase dctivity in liver, which can be inhibited

by actinomycin D. This type of enzyme induction (adaptatlon

to a new metabolic situation, such as starvation) usually occurs
“only over a 24 hour period; thus, the increase in COMT activity
1s too rapld for de novo synthesis of messenger RﬁA to occur .at
'the transcrlptlonal level. Synthesis of new enzyme proteln at
the translatlonal level (on pre-existing messenger RNA) is also
a possibility and should be investigated further, alphgpgh, at
the dose of p;romycin used herein, no effect on COMT levels was
cbserved, sO translationai—level control is not indicated.

Let us consider the next mechanism,'the formation of cy04
lic aMP. If an increase 1in cyclic AMP is causing an increase
in COMT activity- then the COMT molecule may have a modulatory
subunit (similar ;o that of protein kinase) or even a modula—
tory site on the enzyme which 1n§5§es the proper conformation
of the enzyme protéin to allow o—methylatlon of catecholamines

to proceed. This type of activation would be 2 tyvpe of negat;ve
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feedback, (a mechanism ubiquitous imbiological processes),in £he
sense that cyclic AMP by ag;ivating CQﬂT would prevent adenyl cyc-
lase activation and hence its 6wn-£ofmation. Possibly COMT is
activate@ by cyclic AMP in the same way as protein kinésé, by
dissociation of an active datalytic subunit.

Although hormonal action is prima;ily through the mechaﬁisms
listed_abové, this does hot preclude secondary effects occurring,
such as modulation of the enzyme activity by the produgt,‘3~
methoxyi;op:oterenol,‘o;_even by the substrate, isopro£erenol.

It is'difficﬁit'to gay what, exactly, is -the mechanism of induc;

¢ . . . .
tion without further testing, using the possible activators

mentioned or higher doses of protein synthesis inhibitors.

]

C. PROTEIN KINASE

Within 1 hour after isoproterenol injection, significanmt

increases in protein kinase activify of the total homogenate,
soluble fraction and nuclear fraction are‘observed in parotig
glané (fable XI). There is evidence that increases occur in the
other particulate fractiong between 2 and 6 houfs aﬁter isoprote-
renol also (Figﬁré 195.The increase in protein kinase activity of
the nuclear fraction cbr:élatgs well with an inqrease in the

acidic. (nonhistone chromééin) proteins observed by Stein and
BaSergal(197o) and will be considered as a possible control mecha-= .

nism. Ishida .and Ahmed (1973) observed an increase in phospho— o

proteins of submandibular nuclei to occur petween 2 and 24 hours

The increase noted here

- after a very large dose of isoproterenol.



141
reaches a maximum at 1 hour - and then.decreases, but only tempora—
rily: a second jncrease begins between 2 and 6 Heurs which may be

'SLmllar to that observed by Ishlda and Ahmed (1973)

PART III: POSSIBLE CONTROL MBCHANISMS

A, COﬁTROL OF CYCLIC AMP FORMATION BY COMT

-

This topic has already beea aiscusaed at length ia:Part Ii.f
As noted, the decrease in_cyclic AMP level in parotid gland is 
jinversely proportional to the'increase”in COMT activity whick 1is
observed . follow1ng an i.p. 1njectlon of 1soproterenol.>u»

In a gland which is controlled'by neural. reflexes from the
autonomic nervous system, it makes very good sense to find a
catecholamlne deactlvator, an enzyme which would normally control' :
untimely, wasteful release of stored a-amylase and other sallvary;
enzymes ‘at the wrong time. If a-amylase were excreted every time
'a rat glimpsed one of ltS predators (lncreaSLng its, adrenallne
blood level for "£light or fight') then the parotld gland mlght be
totally depléed of a-amylase by the time';t found some carbohy—
drate-containing food. Thus, control of circulating catechola-
mines by COMT may be a conservatlon measure.

A ccmtrol mechanlsm, such as this, may not be limited to ‘

salivary glands. It may be a general mechanism present in many
tlssues which contain sympathetic nexrve endings ‘and g-adrenergilc
receptors, but which are not target organs for circulating cate-

cholamines, and there are many such tissues. This would provide,
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therefore , the-coarse.control over the prevention of inad-
vertent production of cyclic AMP caused by chapging levels of
circulaﬁing_adrenaline and noradrenaline. These tisoues

'would therefore require dnly.amalllamounfs of phosphodiesterase
for fine control over excess cycllc AMP undex normal conditions.
In this way, excretlon in ‘salivary glands can be controlled
entirely by neural reflexes normally and when that once-in—a-,
lifetime dose of isoproteaenol is administered, the glandé are

. quite capable of controlling it, as well, although it takes a
few minu;es longer because of the unphysioclogical amounﬁ of

circulating catecholamine:

B. CDNTROL'OF SALIVARY GLAND FUNCTIONS BY PROTEIN KINASE

1. 90551b1e role of nuclear phosphoprotelns

The lmmedlate increase 1in phosphorylatlon of nuclear prO“

teins was unexpected. Could it be that nuclear histones are being

' PhOSphorylated and performlng a regulatory action on the cell

ome , such as modlfylng the DNArhlstone ‘interactions and thus
(E;uSLng GEIEPIeSSan of template activity? This was suggeated -
to be their £unct10n by Stevely and Stocken (1966). Other workers
have shown that act1nomyc1n D during the first few'hou;a after
isOPaoterenol prevents the synthesis of DNA which occurs after
20'hoﬁxs in salivary glands (Sasaki et al, 1969; Ekfors. & Barka,
1971) . Early’ effects of actinomycin D on‘ﬁrotein‘kinase should be

tested. Histones have also been reported to cause a 5- to 10-fold
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increase in the rate of phosphoryl;tion of nuclear (nonhistone
acidic) phosphoprotein without being phosphorxiated theﬁselves
(Kaplowitz et al, 1971). These phosphorylated acidic proteins
have been shown to bind to DNA and cause enhancement of RNA

synthesis (Teng et al, 1971) possibly by displacing histone from

. N~ '
the DNA template during the process of gene activation (Klein-

.

smith et al, 1966).
The gynt&esis of these acidic ﬂﬁclear proteins was shown to
increase (by'incorporation of 3H-leucine) within 10 min after
isoproterenol in mouse sa*}vary giands (Stein‘&'Baserga, 1970).
This increase in acidic nuclear proteins was not inhibited by
actinomycin D, so they suggested that the synthesis of acidic.
nuclear éroteins must be controlled at fhe translational level. - <
The increased protein kinase activity in the nuclear fraction, ] f
found in the éresent studies, was also shown to be inhibited by
puromycin at 2 hours kFigure 19). It would be.quite a coinci-
dence if the protéins being phosphorylated were not the acidic
nuclear proteins. Qf course, this implies an increase in the
-amount of substrate, as well as an increase 1in activerprotein
kinése;lmaybe-bdth occur. A great deal of work remains to be
done on immediate effects of isoproterenol on nuclear proteins

in salivary glands. Ishida and Ahmed (1873) report a decrease

-

in submandibular nuclear phosphoproteins at 2 hours and an

increase between 2 and 24 hours relating to DNA synthesis. The

immediate increase, observed herein, may be elated to formation
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of new RNA templates for the synthesis of proteins involved in

hypertrophy and hyperpLasia.‘

2. Possible control of c-amylase synthesis

Resynthesis of aéamylase was reported to be in progress
within 1 hourhqfter adrenaline stimulation of rat parotid
glands and to continue for several hours (Grand & Gross, l969),
They suggested that 1tyﬂs controlled at the translational level
because they found aGarylase beincg syvnthesized in.the absence f
of RNA SyntheSlS (Grand .& Gross, 1270). The pattern of protein ‘

~

kinase activity in the soluble fraction an@ the effects of pro-
teln synthesis inhibitors in the present studies are the same as
those found for e-amylase. Protein kinase of the soluble frac-
tion has been fournd to phosphorylate 40S and 60S ribosomal sub- .
units in liver (Eil & ﬁbol,‘1971). Thus, a relationship between ‘

protein phosnhorylatlon and a—amylase SynthESlS may occur at

&

oyl
///’ some step of the ‘amino ac1d incorporation 1nto a-amylase. On _ i

the other hand, Gaunce (1971) could find no 1mmed1ate precursor
of ¢-amylase to be activated by phosphorylation with protein

kinase.

-

3. Possible.role in the secretory process

The crude nuclear fraction in which increased protein kinase

AS . ) -
activity was observed (Table XI) contained fragments of cetl

-
o
e
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membranes, and pOSSlbly membranes of broken zymogen granules, ,
as'well. Hokin and Sherwmn (1957) reported that adrenallne can
elicit an increase in the rate of'32P-1ncorporatlon\}htc/ghos- .
pholipids, as well as cause protein secretion. They observed
increased turnover of phoépholipids'during induction of secre-.
tion in rabbit salivary glands. Nyoiﬁositcl-2—3F was recovered
in zymogen granules of pancreas stimulated to secrete by pllo-
carpine. Hokin suggested a model (1968) in which phosphatidyl
inoéitol links together lipoprotein subunits in the membrane
surrounding secretion grénules. A cyclic AMP-stimulated protein
kinase may thus take.part in phosphorylation of membrane phos-
pholipids. The rapid turnover in 32p may res?lﬁ from the'action
of kinase and phosphatase which have been shown to exist in

dvnamic equilibrium by Weller and Rodnight (1971).
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CONCLUSIONS AND SUMMARY .

The catecholamlne, isoproterenol, induces changes in all
of the three enzymes studied, catechol O-methyl transferase,
adenyl cyclase and protein klnase, as well as an ama21ng de-
crease in the protein content of the parotld gland.

1. Protein |

It is concluded that because of the drop of over 50% in tﬁe
protein content’ of parotid gland (end smaller but definite -
changes in the submandibular gland), any studies in rodent sali-
vary glands which report increases in the specific activity
(activity per mg protein) betwéen 10 min and 12 hours after
isoproterenol treatment, should be viewed with suspzczon.

2. Adenyl cyclase

Isoproterenol is shown to produce lncreased activity of
adenyl cyclase and an increase in cyclic AMP levels in parotid
gland. - Because the sallvarv glands are known to be controlled
by neural reflexes, only noradrenallne, released from the sym-

pathetlc nerve endings, may be acting on g-receptors in vivo

to produce cycllc AMP (as well as its action on a-adrenergic : ?f
recePtors)‘ As soon as <¢yclic AMP is formed it may combine with -

its receptor proteln, ‘the inactive protein kinase. 'NO circula-

tlng catecholam;nes may have the opportunity to stimulate B-

adrenerglc receptors because they are inactivated by’ the cate-

chol O-methyl transferase which is rapidly indyced in their

ﬁresenée.



The adenyl cyclase activitf of parotid gland can be ?timu-'
1ated by EGTA which chelates the endogenous Ca2+; This finding
R may be significant because*Ca?+is'essential.for-the excretion

of c-amylase and is present in higher concentration in salivary .

glands than in other soft tissues.

. 3. Catechol O-methyl transferase

COMT activity is very high in rat sallvary glands and is
located in both the particulate and soluble fractions. An'in-‘ ‘:j
crease is noted within 10 min after isoproterenol injection.

The act;v;ty trlples by the end of 1 hour and then decreases
again. This increase is inversely proportlonal to the decrease
in cyclic AMP level Whlch was noted after X0 min. Thus,'an

~ induction in COMT activity may control the amount of c1rcﬁlatiﬁg,
catecholamlne which activates adenyl cyclase and hence COHT may
control formation of cyclic AMP. It is suggested that this may
be a gene;el control mechanism operating in all rissues with 8-
adrenergic receptors, which are not target organs for circula-
ting catecholamines, in order to preven£ cyclic AMP_formation

by catecholamines, other than the neurotransmitter, noradrena=

line in tissues with sympathetic innervation.

4. Protein kinase

a) The protein kinase of salivary glands. like that o; many

F 7] . .
other tissues, consists of a regulatory and a.catalytac subunit.
Actlvatlon occutrs by binding of cyclic AMP to the inactive com-

plex, causing dlssoczatlon of the active catalytic subunit.
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b) iheiprotein'kinase'of salivary glands is distributed
.between the soluble and particulate fractions. The particulate
fractions are demonstrated to contain latent activity which
can be released by the detergent Triton x—loa.,

c) Isoproterenol acts through the adenyl cyclase system to
'increase protein kinase act1v1ty in rat parotid gland. Condi-
tions employed were designed to inhibit phosphatase actiVity. . !

E&’EEEE the end result may be 2 decrease in phosphorylated
proteins if the phespnatase activity is higher than the kinase
"~ activity. ‘The increase in protein kinase actiVity may thus
indicate only an 1ncreased rate of 32p turnover.

" d) The increase in phosphorylated proteins after isoprotere-

nol treatment may be the result of increased syntheSis of a sub—

S

strate of protein kinase or an increased amount of the regula-
tory subunit. The increase in phosphorylated protein "in the ‘
nuclear fraction occurs at the same time as the increase in syn—
thesis of acidic nuclear proteins reported by stein and Baserxga
(1970). The action of the protein synthesis inhibitor, puromycin,
is the same in both instances.

e) One of the natural substrates of protein kinase in sali-

vary glands has an isoelectric pb{ffjwhich is very similar to

that of histone.

£) Isoproterenol—induced changes 1in protein kinase activity -

can be related chronologically with events in the soluble
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jon related to the synthesis of c—amylase. The effects

" fract
of puromycin on the two processes are similar. ‘
o~ . N :
AR '
|
3
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- ~°  ABSTRACT
STUDIES RELATING THE ACTION OF ISOPROTERENOL

AND THE ADENYL CYCLASE SYSTEM IN RAT SALIVARY GLANDS

h} . -
The adenyl cyclase system was studied in rat salivary glands

because they are excellent models in whlch to study the effects
of catecholamlnes on 8-adrenergic receptors. Isoproterenol was
uéed in these studies because it is the prototype of compounds
which act mainly at R-adrenergic receptors:

These investiéét;ons were initiated in an attempt to éstablish
possible control mechanisms over the formation of cvclic AMP and
its role in the seéquence of biochemical events leading to known‘
responses. Although in gitgg_measureneﬁt//f cycllc AMP formatlon
was difffgglt.because the enzyme is membrane—bouné and destroyed
by homogenization, the tissue level following in vivo injection
of 1soproterenol was measured and found to increase lmmedlately
and to decline rapidly. within a few minutes. Two enzyvmes thought
to be lnvolved lﬁ thlS effect were thoroughly studled. Catecpql
O-methyl transferase (COMT) and proteln kinase were both found to
have high endogenous activity in. parotld and submandlbular glands.
The subcellular distribution was determ:.ned for each enzyme and‘
both were found to be present in the particulate fractions as well
.asi.the soluble fractlons. : - .
Following an injection of lsoproterenql the activity of COMT

was found to increase significantly within. 30 min in both glands.

Because its activity varied inversely with the level of cyclic AMP

hal




2
" in the;tissue after %0 min, arcontrol mechanism over the fosmation
of-cyclic AMP in glands which are not target organs for circula-

ting catecholamines is suggegted. ' .

In order to assess whether proteln klnase is involved in
reactions coupling the second messenger, CVCllC AMP, with varlous
effector systems Yn the cell, it was necessary to purify the en-
zyme partially, and to determine ltS characteristics and mechanism
of activation. In addition, attempts were made to ldentlfv ltS

natural substrate:

Effects of the protein, synthe51s inhibitors,” actinomycin D
- and puromycin, were studied. Actinomycin D had no 1nh1b1tory
effect on either enzymelbut puromycin appeared to inhibit protein
kinase activity, oOT éossibly one of its substrates, at certain
intervals after isoproterenol injeccion, in some of the subcel-

' iplar fractions. _

Taking precautions to avoid the.acticn of phosphatases, it
-could be shown that an injection of igoproterenol caused an
incfease in the endogenous prote;n kinase act1v1tv in some subcel-
lular fractions of parotid gland. The 1ncrease in phosphorylatlon
of proteins could be related chronologlcallv with functlons known
to occur in “the main erganelles of the fractions. Therefore, it
is suggested that phosphorylatlon of another enzyme (oxr protein}

. may play a role in at least one of the sequence of steps between

catechoigmine‘biﬁding at the.B-adrenergic receptor and the varied

respcnses of the parotid gland.






