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Prefaoe

Two separate and independent lines of investigation are

described in this thesis# whieh is divided into two parts.

Part Ideals with glutamine metabolism in brain. This

work and related studies are desoribed in the first four chapters

of this theeis.

Part II is oonoerned with in vitro studies on protein

synthesis and seoretion by glandular tissue. Both enzyme

synthesis and the inoorporation of radioaotive ~ino acids into

protein were investigated with panoreas tissue. The work has

bean presented in two main sections. Seotion A deals with studies

on the synthesie of lipase and ribonuclease by pigeon panoreas

sliees. Seotion B deeoribes etudies on enzyme synthesis and

labelled amino aoid inoorporation by pigeon and mouse pancreas.

The numbering of pages# Chapters# Figures and referenees

te the literature is continuous throughout the thesis.



PART l

GLUTAMINE METABOLISM IN BRAIN

CflAPTER l

GENERAL INTRODUCTION

A wide body of infor.mation exists on the metabo1ismof

glut~io aoid, and its amide, glutamine, in nervous tissue, and

the subjeot has been oritioally examlned in several reoent reviews

(1. 2, 3). It ia proposed in this ohapter to outline briefly sorne

of the observations relating, in the main, to the work desorlbed

in the next two ohaptera.

Krebs in 1935 (4) showed that brain oortex s110es of

vertebrates, among other tissues, synthesize glutamine frœn

L-glutaml0 aoid and ammonia, in the presenoe of gluoose. Th.

reaotion is endother.mio, dependent on energy-giving reaotions

and inhibited by oyanide. Glutamine synthesis 18 inhibited

markedly by D-glut~io aoid, and slightly by DL-hydroxyglu~io

aoid. Under optimum oonditions brain oortex synthesizes 1-2%

of its dry waight of glutamine par hour, as oompared wlth 10-20%

for kidney.

Leuthardt and Bujard (5) in 1947, found that guinea plg

and rat liTer homogenates synthesized glutamine from glutamate

and ammonium ions. The reaotion was shown to be dependant on

adenoslnetriphosphate (ATP). Frei and Leuthardt (6) used the

hlghly specifio baoterial glutamio aoid deoarboxylase (7), for

assaying glutamio aoid and glutamine (8), in an investigation
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of glutamine synthesis in the particulate and supernatant fractions

of rat liver homogenate. They obtained little synthesis with

mitochondrial ~reparatioTIs, and with the centrifugate (obtained

at 1500 g.) or supernatant fractions of the hamogenate alone, in

the presence of ATP. Glut~~ine synthesis occurred when the super­

natant andcentrifugate were reoambined.

Speak (9, 10) in 1947 and 1949 reported investigations

on glutamine fonnation in dilute dispersi ons of fresh pigeon

liver and in acetone-dried powders of ~igeon liver. He found

that purified extracts of pigeon liver powdera catalyze a

stoichimùetrio reaction between ATP, glutamate and ammonia (11).

The reactlon requires magnes i um or manganese. The reaction

products are glutarnine, adenosinediphosphate and jnorganio

phosphate. Glutamine synthesis i5 inhibited by low conoentrations

of fl~oride, and by methlonine sulfoxide. Hydroxylamine, hydra­

zine and methylamine aise combine with glutamate in this system.

Elliott (12) in 1948 disoovered. independently of Speck.

an enzyme system in sheep brain which 5ynthesizes glutamine from

glutamic acid, ATP and ammonia. The proper+.ies of a partia11y

purified preparation of this enzyme system are essentially similar

to those of the liver system studied by Spaak, and Elliott drew

the sarna basic conclusions as the former author on the synthesiB

of gluùamine (12, 13).

Glutaminase, the enzyme whioh splits glutamine into

glutamio ac5d and ammonia was investigated by Krebs (4) in various

mammalian tissues. and he dis tinguished between a "brain type"



and "liver type" of glutaminase. Brain glutaminase shows optimal

aotiv1ty at a pH value of about 8.5 and requires phosphate or

other anions for aotivation. Both D- and L-glutamio a01d inhibit

brain glutaminase strong1y and oampetitively. The properties ot

glutaminase 8uggest that it is inaotive under physiolog10al oon­

ditions; Krebs felt the available evidenoe favoured the assumption

that the splitt1ng enzyme obtained in tissue extraots 1a a fra~ent

of the synthesizing systems, and 1e oonoerned only w1th synthesis

physiologioally (14).

During the past three or four years. various authors

have revealed a new enzymio reaotion lead1ng to the formation

of glutamylhydroxamio aoid. (15, 16. 17. 18). The enzyme. ter.œed

glutwaotransferase, oatalyzes the exchange of the amide group

of glutamine for either isotopio ammonia (19) or hydroxy-

lamine. Thus hydroxylamine and glutam1ne, in the presenoe of

the enzyme system, produoe glutamylhydroxam10 aoid plus ammonia.

stumpf and asso01ates have found this transferase aotivity in

pumpkin seedlings (16. 17, 18), and Sohou and oo-workers have

demonstrated 1t in extracts of aoetone-dr1ed powders of brain,

liver, kidney and tumour tissue (15). Plant and animal enzyme

preparations require phosphate or arsenate and manganese. Only

oatalytio amounts of either the tri- or di-phosphate of adenosine

are required. in oontrast to the large amounts required by the

glutamine-synthesizing system.

E11iott (20) very reoently obt&ined a highly purified
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protein preparation fram green peas and oampared its glutamine­

synthesizing and transferase aotivity at different stages of

purifioation. The results, although 8uggesting the p08sibili~

of two distinot enzymes, were not oonolusive. Glutaminase

aotivity was not demonstrable in the extraots of acetone-dried

powders of plant or mammalian tissue.

The observations on the widespread occurrenoe of enzyme

systems effecting the transfer of the glu~yl radioal of

glutathione and~-glutamyl peptides to other amino aoids, and

of the glutamyl and aspartyl radical fram ammonia to other amines,

in plants, animaIs and microorganisme, has led to the postulation

of a role of glutamine and glutathione in peptide and protein

synthesis (21, 22).

Braganca, Sohuoher and Quastel (23). in testing the

affect of DL-~ethylglutamioaoid on variOUB brain preparations.

found that this oampound i8 a potent inhibitor of rat brain

glutaminase. and obtained evidenoe suggesting that this analogue

of glutamic aoid may aot as a substrate for the glutamine-syn­

thesizing system of acetone-dried powders of beef brain, giving

rise, presumably, to ~-methylglutamine. Liohtenstein, Ross and

Cohen (24. 26) independently observed that DL-~ethylg1utamic

aoid imhibits kidney glutaminase. and obtainad results with the

glutamio aoid analogue and sheep brain extracts which led them

to the same conolusion as the above authors. They also found

that ~~ethylglutamio aoid inhibits the glutamotransferas8 syst..

~.



of ahe.p brain (24).

Borek and Waelsoh (26) have demonstrated that DL-hydroxy­

glutamio aoid aota as a powerful antimetabolite against glutamio

aoid in baoterial met&bolism. and suggested a probable inter­

ferenoe with glutemine synthesis. Ayengar and Roberts (27) have

reported that DL- c:k.-methylglutamate inhibit 8 the utilization of

L-glutamate by L.arabinosu8; the inhibition was reversed by

inoreasing oonoentrations of L-glutamate. The authors Buggested

that DL- tJ.,.-methylglutemate exerts lt8 .1nhi bi t or y aotion on the

growth of the baoteriaby preventing the amidation of glutaœlc

aoid.



CHAPTER II

MATERIALS AND EXPERIMENTAL METHODS

A.. - INCUBATION AND PREPARATORY TECHNIquES

1. Fresh Tissue Preparations

Rat brain was employed in most of the experiments,; guinea

pig and pigeon brain were also tested. Homogenates, minces and

sUces of the tissues were prepared. .An a11-gla8shomogenizer

was used for obtaining homogenates,; minces were made with a sharp,

fine soissors and passed through oheeseoloth,; slioes were prepared

with the Stadie-Riggs slioing equipment. Brain oortex was used

for slioes and whole brain for the other preparations. Tissue

dispersions were usually.prepared in 0.9.% MaCI. AlI operations

on the tissue were oarried out at about OoC.

2. Extraots of Aoetone-Dried Powders of Beer Brain

Fresh beef brain was obtained at the abattoir and kept

at OOC. Brain oortex was removed with a pair of soissors and

hcmogenized in the Waring blendor with 1-2 volumes of water or

0.3% neutralized cysteine hydroohloride solution. About 10

volumes of aoetone were then added, the mixture stirred and allowed

tostand for about an hour. The brain powdar was then oollected

by suotion filtration, dried in vaouo. and stored at OOC in vaouo.

AlI operations were oarried out at about OOC. The aotivity and

stability of the powders varied from one batch to the next. Most

of the activity in a givan preparation was usually lost after a

(,.



week of storage.

Extraots of the powders were prepared by a modifioation

of the prooedure of Elliott (13). Aoetone-dried grey matter of

sheep brain was extraoted for 10 minutes with 10 volumes or o.~

oysteine-hydrochloride solution neutralized to pH 6-5.6. After

oentrifuging. the eupematant was filterad through ootton wool.

oooled to 40C. and mixed with 0.2 volume of O.lM sodium aoetate

buffer at pH 4.2. The preoipitate obtained was oentrifuged down.

washed twioe by suspending in oysteine-hydroohloride solution.

and redissolved in half the volume oysteine-hydroohloride

solution of the original extraot by adjusting the pH to 6.8 with

NaOH. The substitution of oysteine-hydrochloride solution for

the water in the original prooedure resulted in grea.ter enzymio

aotivity.

3. Inoubation Conditions

Incubations were performed in oonventional Warburg mano­

metrio vessels. In expertments with brain powders. the standard

oomplete system oonsisted of the fol10wing. Quantities of extraot.

equivalent ta 60-100 mg. aoetone-dried grey matter of beef brain

in 0.5 ml. 0.3% neutralized oysteine-hydrochloride solution;

0.025M MgS04; 100,.g. ammonium ions (as ammonium su1phateh

0.02M sodium L-glutamate; O.O~ adenosinetriphosphate (as sodium

salt) and O.OZE!, NaHC03 were present in the main compar'bnent of

the vessel. Any other oampounds of whioh the effects were being

studied were added in neutral solution. The total inoubation

1·



volume was 3.0 ml. Inoubations were usually performed for an

experimental period of 40 minutes at 37°C in an atmosphere ot

Experiments with fresh tissue were pertormed with various

inoubation media whioh are givan in the next oha.pter dealing with

results.

4. M1soellaneou8 Reagents and Sources

L-glutamio aoid - Nutritional Bioohemioals

Sodium L-Glutamate - Nutritional Bioohemioall

Sodium D-Glutamate - Nutritional Bioohemicals

Cysteine hydroohloride - Merok and Co •• Ino.

Sodium pyruvate - Nutritional Biochemloals

Sodium Ketoglutarate - Nutritional Bioohemicals

L-Alanine - Nutritional Bioohemicals

Adenosinetriphosphate (Na salt) - Sohwartz Laboratories

3IDL- J.,.-methylglute.m.ate (Na salt) - Merck and Co... Lne ,

lIDL-Methionine sulfoximlne - Wallace and Tiernan
Produots Ino.

• Gitt samples of thes8 oompounds were generously provided
by the firms produoing tham.

B - DETEBMlNATION OF AMMONIA

In the oourse of this work. a method has been developed

for the mioroestTInation ot ammonia in the presenoe of tissues.

whioh has proved to be ot co~siderable service in investigations

1·



involving studies of metabolism. in the Warburg manametrio apparatu8

where ammonium ions are released or absorbed. The method has now

been in use for some time in this laboratory and. having proved

itself ta be of oonsiderable servioe. has been submitted for publi-

cation.

The prinoiple of the method is essentially the same as that

of the micro diffusion prooedure of Conway and Byrne (28) in which

the ammonia liberated fram an alkaline solution is allowed to

diffuse into the olosed oampartment oontaining aoid. In the

teohnique to be desoribed the diffusion of ammonia is allowed to

take plaoe in Warburg manometrio flasks.

1. Reagents

K2C03 - a saturated solution of potassium oarbonate

H2S04 - approximately !H2S04 prepared by diluting 1 ml.

of ooncentrated sulfuric aoid to 36 ml. with water.

NaOR - approxilnately 2! NaOU

Nessler Solution - prepared aocording to the prooedure

Umbreit (29).

2. Prooedure

A small roll of filter paper soaked with 0.2 ml. !H2S04

i8 plaoed in the oentre wall of the Warburg manometrio vessel. and

0.3 ml. saturated KZC03 solution is plaoed in the side arm. The

test solution oontaining ammonia is present in the main compartment

of the vessel. The Warburg flask i& mounted on the manometer, the

manometer tap olosed, and the KzC03 solution ie tipped into the main

'1.



oOlllpartment. This raises the pH of the oontents to about 10.5.

Under these oonditions. the ammonia present in the test solution

ditfuses into the oentre well where it i8 absorbed by the aoid

on the filter paper. The vessels are shaken at 3700 for 3 hours,

a period whioh has been found snffioient to.per.mit oomplete

diffusion and absorption of quantities ot ammonia ranging tram

10 fg. to 500 )lg.

In expertments involving gal exohanges or the use of

bioarbonate butter. the Warburg apparatus i8 dismantled at the

end ot the inoubation period and the above prooedure tollowed.

Otherwise. the H2S04 and K2003 may be present in the oentre well

and side ar.m, respeotively, during the experimental incubation;

the need for dismantling the apparatu8 is thuB eliminated.

At the end of the three-hour diffusion period the vessels

are ramoved fram the bath and the small rolls of tilter paper

are taken out fram the oentre well with foroeps and plaoed in

graduated tubes. The aoid oontents of the oentre well are
. .

quantitatively removed and added to the graduated tubes br washing

five times wi th distilled water. This manipulation i8 ea8ily

aooamplished with the aid of a mioropipette. The oontenta of the

tubes are made up to definite volume and aliquots oorresponding

te 20-30 )lg. ammonium ions are taken tor the assay by nesslerization.

The aliquote are made up to a final volume of 10 ml. with distilled

water. 1 ml. NelllSler solut;.on and 2 ml. 2N NaOH. The intensity of

oolour produoed il e8timated with a 425 m)l. filter in the Fisher

oolorimeter and the ammonia oontent of the semple asoert&ined trom

10.



a standard oalibration ourve.

3. Results and Disoussion

The standard ourve whioh 'WaS employed tor ammonia deter­

mina;tions in the work desoribed below, and in the suooeeding seotions,

18 reproduoed in Figure 1. Eaoh point en the OUMe represents the

average value of triplioate deter.minations. Standard samples of

ammonia were tested routinely, along with the expermental unknowns,

and gave reproduoible results throughout the period dur1ng whioh

th1s work 118.8 oonduoted.

Data showing reooveries of ammonia after diffusion fram

water, and afteraddition of a tissue (brain) homogenate, are

shawn in Table 1. It will be seen that the .reoover i es of added

emmonia are 100%, within an experimental error not exoeeding 5%.

The experimental variation 18 usually of the order ± 2%.

The release of ammonia by non-enzymatic hydrolysis of

glutamine under the given experimental conditions 1s shawn 1n the

results of Table II. This non-enzymatio hydrolysis amounts to

about 9%. Sinoe the value of the non-enzymatio breakdo1Ql iB quite

oons1stent, under the given oonditions, a oorrection can be app11ed

tor this ~lank". It has been shawn that the amount of desamldatioa "

18 proportionsl to the glutam1ne oonoentration, up te about 30%

hydrolysiB (30).

The release of ammonla from other amides i8 also shawn

in the results of Table II. The amides employed in this experiment

are apparently not hydrolysed te any signitioant extent in the

/1.



FIGURE 1

AMMONIA CALIBRATION CURVE
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TABLE l

RECOVERIES OF 'NH4+ (ADDED AS (NH41#Q4' IN PRESENCE AND ABSENCE OF TISSUE (RAT BRAIN)

Values corrected for preformed ammonia present in fresh and boiled tissue.
(NUl in 75 ug. fresh homogenate • 8 ug.;
NB4~ in 75 ug , boiled homogenate • 10 ug.)

+ ~Recoveries of N114 in absence of tissue Recoveries of NH4 in presence of tissue

+ ug.NH ... Percent 3 ml. H20 containing ... ug. NH4-t Percentug. mI4 added ug.NHâ
in 3ml. H20 found4 Recover,y 75 mg. tissue adde found Recovery

10.0 10.5 105.0 Fresh homogenate 25.0 26.0 104.0

20.0 19.8 99.0 Fresh bomogenate 50.0 49.7 99.4

30.0 30.0 100.0 Fresh bomogenate 100.0 98.5 98.5

40.0 41..0 103.0 Boi1ed homogenate 25.0 23.9 95.6

50.0 51.0 102.0 Boiled homogenate 50.0 52.2 104.4

80.0 83.0 103.7 Boiled homogenate 100.0 102.2 102.2

100.0 99.0 99.0

100.0 102.0 102.0

100.0 101.3 101.3

500.0 508.0 101.6

;::.
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TABLE II
;-

REt.BASE OF NH4: FROM GLUTAMINE AND OTHER AMIDES

3 ml. water containing: 3 ml. water containing 20 mg. t'resh
, brain hamogenate plus substrate

Percent,.amide N }1g.amide N non-enzymic ~.amide N Percent
Pli glu- as ~i) (as NHI) hy'drolys1s ot (as NH4> pg~ hydro-
tamine presen round glutam1ne Substrate PH present r 1ys1s

6 108 10.0 9.3 L-asparagine 9 162 1 0.6

6 108 9.7 9.0 Benzamide 15 270 6 2.2

15 270 24.3 9.0 Acetamide 300 5400 14 0.3

15 270 26.2 9.6 Nicot1na- 30 540 0 0
mide

30 540 50.8 9.4

30 540 46.5 8.6

.30 540 52.4 7.8

30 540 41.4 7.6

22.5 405 36.5 9.0

22.5 405 37.0 9.1

22.5 405 41.4 10.2

22.5 405 36.6 9.0

~p



presenoe of potassium. oarbonate and brain homogenU:es• .

AlI ammonia estimations. in the work described in the next

ohapter. were pertonned by mean! of the prooedure described above.

The modified miorodiffusion method has oerta.in advantages

over the usual Conway method when used in conjunotion with the

Warburg manometrio apparatue. Inoubations and ammonia determinations

may be oarried out in the manometrie flask. thereby saving time by

eliminating the need for transferring material ta the speoial Conway

plates.

C - DETERMINATION OF HYDROXAMIC ACIDS

Hydroxamio aoid was estimated by the method of Lipuann and

Tuttle (31). The intendty of oolor produoed 118.8 estimated with

a 525~. filter in the Fisher oolorimeter. and the hydroxamio aoid

formation in the test samples ascertained by comparison with a

standard oalibration ourve prepared with suooinohydroxamic aoid.

D - PAPER CHROMATOGRAPHY

The paper ohromatogrephy teohnique W8.S employed to aeparate ·

produots formed by the brain extraot during iDoubation. The developlng

soivent oonsisted of the foilowingt

60 ml. etbano1
20 ml. butano1
7 ml. oonoentrated NH.OH

13 ml. H20

Both spot and band ohranatograms were prepared. for the

purposes of preliminary identifieation. and isolation. respeotively.

ot the reaotion produot8.

u:



The s01vent was allowed to aseend overnight for about 16

hours. The paper ws,s dried, sprayed with 0.1% ninhydrin in water­

saturated butan01, re-dried at room temperature and heated at

105-1100C for a fewminutes so as to permit the reaotion between

ninhydrin and the amino aoide to eeeur-,

The methods employed for tentative identifioation of the

various spot. are given in the next obapter.
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CHA.PTER III

EXPERDIENTAL RESULTS

A - GLUTAMINE SYNTHESI8 IN FRESH BRAlN

1. Tissue Dieper.ions

Homogenates and minees of rat brain, and in a few experi­

mente of pigeon and guinea pig brain, were inoubated, at 3.,oC for

periode up to 90 minutes. The following inoubation media were

used with homogenateu buffer, 0.02!., phosphate (pH 7.36) or

0.028!, NaHC03; O.OOê! magnesium (a8 magnesium sulphate) J 0.0214

gluoose; O.02M sodium glutamate; 100 )Ig. ammonium ions (as

ammonium sulphate). Diphosphopyridine-nucleotide, nicotinamide,

adenosinetriphosphate, and calcium and potassium (as the ohlorides)

were added in sOIIle experiments. Krebs-Ringer-phosphate solution

(32) was used with miœtts. The brains were prepared in 1I8.ter,

isotonie XCl, 0.9,% NaCl and Krebs-Ringer-phosphate solution in

various experiments. Volumes of brain dispersion equiTalent to

60-200 mg. tissue lI'ere employed. The gas phue 118.8 7% CO2 in

93% 02 with bioarbonate butfer, and 100% 02 or air with phosphate

butter. Glutamine synthesis 'W8.S net obtained under Any ot these

oonditions.

2. Brain 8110es

In the experiments with brain sliees the inoubation medium

was Krebs-Ringer-phosphate solution (32) to whieh gluoose, ammonia

and sodium glutamate, in the conoentrations 1isted aboTe had been

adc!ed. The gas phase -.as 100% 02. Guinea-pig and rat bra1n oortex

'If •



aynthesize glutamine (~idel-4.5) (4). The synthesis obtained

in the present work liaS only about one...third of that obta1ned by

Krebs (4). and difficult to esttmate accurately by ammonia di ....

appearanoe in the presenoe of a high blank.

SUMMARY

Little or no synthesis of glutamine liaS obtained with

fresh brain preparations of variou8 speoies. under several

experimental conditions.

B ... EIPERIMENTS WITH EXTRACTS OF BEEF BRAIN POWDERS

1. Glutamine synthesia by Brain Extraot.

Table III indioates the oonditions under whioh ammon1a

18 absorbed. in the presenoe of extracts of aoetone-dried powder

of beef brain. to form glutamtne. Ammonia is not absorbed in

the absenoe ot ATP. Mg ions or glutamate. About 70,g. ammonium

ions. equivalent to almost ~ of glutamine synthesis. were

absorbed by the oomplete systElll. The brain extraots and solution.

of reagents do not contain signifioant amounts of free ammonia.

2. Inhibition and '"Activation" of Glutamine Synthesis

The effects of methioniD.e sulfoximine and DL cl-methyl­

glutamate on glutamine synthesis by brain extraot are shawn in the

data of Table IV.

15.



TABLE III

AMMONIA ABSORPTION IN PRESENCE OF EXTRACT OF ACETONE-DRIED

P<M'DER OF BEEF BRAIN UNDER VARIOUS INCUBATION CONDITIONS

The oomplete inoubation mixture W8.S the standard
system (p.7 ) or MgS04i sodium glutamatei ATPJ
100 J1g. NHland bra1n extraot equivalent to 100 mg.
or aoetone-dried beer bra1n powder. 40~inute

inoubation.

Inoubation ~g.NH4+ ~g.NH4+ ~ glutamine
Conditions round bsorbecbt Synthesized

Complete system 30 '72 4.0

Complete system 33 69 3.8

No Mg++ 106 -4

No glutamate 99 3

No ATP 102

No ADmonia 26

Brain extraot alone 3

JI Values are based on Ig.NHt round in the absence ot ATP.

u:



TABLE IV

EFFECT OF METHIONINE SULPHOXJ1lINE AND DL- ck.-METHYLGLUTAMA.TE

ON GLUT.AMINE SYNTHFSIS BY BRAIN ElCTRACTS

Standard inoubation syatem oontaining brain extrao't
equivalent to 80 mg brain powder; MgS04J ATP; sodium
glutamateJ bioarbona.te butter and 100 ,go ammonium
ions. 40-minute inoubation.

Additions to ~ glutamine
Standard sYSt80lS synthesized

None 2.3
None 2.2

O.OOSM methionine
sulphoximine 1.5

0.02M methionine
sulphoximine 1.2

0.06M methionine
sulphoximine 1.2

O.OlM
dL~ethylglutamat. 2.7

O.OS{
dl-methylglutamate 3.2

O.OlM
J-~ethylg1utamat. 3.4

Pero89
Inhibition

47%

Peroent
Stimulation

51%

Methionine sultoximine. at all oonoentration. tested.

inhibited glutamine synthesis. The inhibition 'AS not revereed

by methionine. Methionine 'W8.S tested sinoe it has been shawn to

delayor suppres8 oonvulsions produoed bymethionine sultoximine

in rabbits and dogs (34. 35). Paoe and MoDennott (33) have



reported that the synthesis of glutamine fram glutamate in the

presenoe of brain extracts prepared aooording to Elliott (13) la

slightly depressed by methionine sulfoximine. No figures ..ere

given, and the note dealt in greater detail with the more marked

inhibition by methionine sulfoximine of the glutamotransferase

aotivity of the preparations.

Glutamine synthesis, on the other band, was apparentl)"

stimulated in the presenoe of high oonoentrations ot dl~ethyl­

glutamate. It was antioipated that dl~ethylglu~temight

oampete with glutamate for the enzyme system synthesizing glutaàine.

The results of Table IV suggested that ~-methylglutamatemay

aotually aot as a substrate for the glutamine-synthesizing systeœ

of brain extraots, and give r~se, presumably, to J..-methylglutamine.

Various experiments were designed to test this possibility, and

the results are presented below.

3. Ammoni. Absorption by Glutamate and ck-Methylglutamate

The ~ptake of ammonia in the presenoe of brain extraot

and varying oonoentrations of L-glutamate or DL-d..,-m.ethylglutamate

was tested; the results are ahown in Table V. Considerable

quanti ties of ammonia are absorbed in the presenoe of J...-me'thyl­

glutama'te, as well as glutamate. The amount of ammonia absorbed

by DL- cL..-methylglutamate 18 le8s than that absorbed by an

equivalent oonoentration of L-glutamate.

IS.



TABLE V

AMMONlA ABSORPTION IN PRESENCE OF L-GLUTAMATE

AND DL-tk.,-METHYLGWTAMATE AND BRAIN EXTRACT

Varying oonoentrations ot L-glutamate or DL-cl-methyl­
glutamate ..ere inoubated with brain ex-traots equivalent
to 80·mg. otaoetone~dr1ed powder ot beet brain for
40 minutes under standard inoubation oonditions.

.p! NH+
DL-d-methJ'l- ....

L-glutam.a-te _ 4 glutamate ~NH4
Concentration Absorbed Conoentration baorbed

O.04CU 4.8 O.16OM 2.90

0.02e»l 3.66 0.08<114 2.94

O.OlCll 3.12 0.04OM 2.56

0.OO5M 2.78 O.OlOM 1.88

0.0025M 2.40 0.005M 1.30

Attini-ty of substra-tes for enzyme

The results shawn in Table V, and similar results ot

experiments in whioh ammonia uptake by L-glutama-te and

DL-dl~ethylglutamate in the presenoe of a single bra1n extract

..ere oamparad, 8uggest that glutam10 aoid 18 more aotive than i-ts

dl~ethyl derivativ& as a Bubstrate for the glutamine-synthesizing

enzyme. However, it is no-t possible to determine aeourately the

relative affinities of the -two substrates for the enzyme, sinee

the influenoe of the D-isomer or DL-dl-methylglutamio aoid 18

unlcnown. A striot oomparison of the wo substrates would require

L-cl-methylglutamate, and this isamer has not been isolated tram

the raoemio mixture • .



4. Ammonia Absorption by Mixtures of Glutamate and DL-cl-m.ethyl­

glutamate.

Experimenta were performed to observe whether the enzyme

responsible for glutamine synthesis 18 also responsible for

ammonia absorption in presenoe of DL-ct-methylglutama.te. Concen-

trations of L-glutamate and DL-~-methylglutamatewhioh "aaturated"

the enzyme systElll or systems involved (as determined by oonoen-

tratlon-aotivity relations of the type shown in Table VI) ware

mixed. and the effeots of admixture on ammonia absorption deter-

mined. The data trom one suoh experiment are shawn in Table VI.

TABLE VI

.AMMONIA ABSORPTION BY MIXTURES OF L-GLUT.AMATE AND

DL- ~-METHYLGLUTAMATE IN PRESENCE OF BRAIN EXTRACT

The substrates were inoubated with brain extraot
equivalent to 80 mg. of beet brain powder ~or40

minutes in the standard inoubation medium.

Substrate. Conoentration -+JM NH4 absorbed

L-glu~ama.te 0.04M 4.90

DL-~~ethylglutamate 0.04M 3.11

DL- c1.-methylglutamate 0.04M 4.10
plus L-glutamate O.OG

L-Glutamate O.OO2M 2.70

DL-GL-methylglut~te o.ooes 1.39

DL-cl-methylglutamate o.ooes
plus L-glutamate 0.002tf 2.79

.20.



The amount of emmona absorbed by an inoubation mixture

of L-glutamate ·a.nd DL-dl~ethylglu~t. i& not greater than the

higher of the values obuined when either of the amino aoids are

inoubated separately. No additive effeots are noted. This resu1t

indioates that the seme enzyme i8 invo1ved in the absorption of

ammonia by both amino aoids.

5. Effeot of Methionine Sulfoximine and NeF on Ammonia Absorption
by G1u-tamate and cL-methylglutamate

Sodium fluoride is a potent inhibitor of the brain (13)

and liver (11) glutamine-synthesizing systems. Methionine

sulfoximine. as shown earlier. inhibits glutamine synthesis

oonsiderably with beef braiD. extraots. It wa. of interest to

observe the effeots of these agents on ammonia absorption by

glutamate anddl~ethylglutamate. The results of suoh an experi-

21·

ment are shown in Table VII. .Amn.on1a absorption by both

amino Iloids. wa8 inhibited to about the same extent by the con-

vuisant, and by NeF. This reluIt provides ·further evidenoe

that the same enzyme oatalyzes the absorption of ammonia by

both amine acids and favors the view that ~-methylglutamine,

as 'wel l as glutamine .. may be synthesized by beef brain extraots.



TABLE VII

EFFECTS OF METHIONINE SULFOXIMlNE AND SODIUM FLUORIDE

ON AMMONIA ABSORPTION BY GLUTAMATE AND ,l.-METHYL

GLUTAMATE IN PRESENCE OF BRAIN EXTRACT

The substrates were inoubated w1th brain extraot
equivalent to 80 mg. of beef brain powder for 40
minutes under standard inoubation oonditions.
Glutamate and cl-methylglutamate oonoentrations
were O.02M.

P!! w+_ 4
Substrate Inh1bitor Absorbed

L-glutamate None 3.22

L-glutamate Sodium Fluor1de 0.0
O.02M

L-glutamate Xethionine Sulfox-
1m.ine O.OlM 1.83

DL- c:a..-methyl- None 1.66
glutamate

DL-c:l..-methyl- Sodium fluor1de 0.0
glùtemate O.02M

DL- J..methyl- Methionine Su1tox-
glutamate !mine o.om 0.55

Peroentage
Inhibition

100%

100%

6. Hydroxamio Aoid Formation in Presenoe of Glutamate and

cl-methylglutamate

Upon replaoement of ammonia w1th hydroxylamine # the for-

mation of glutamylhydroxamio aoid tram glutamate, in the presenoe

of fortified extraots of' liver (11) and brain (13) oan be readily

demonstrated by a oolorimetrie method (31).



Exper~ents were performed in whioh ammonia was replaced

in some vessels by hydrolylamine, using both glutemio and ~-m.ethy1­

glutamio aoide as 8ubstrates, and hydroxamio aoid formation (31)

and ammonia absorption ..ere determined after inoubation with brain

extnot. The resu1ts of wo suoh experiments are shawn in Table VIII.

TABLE VIII

GWTAMYI1IYDROXAMIC ACID FOBMATION AND AMMONIA ABSORPTION BY

GWTAMATE AND DL- tl-METHYLGWTAMATE IN PRESENCE OF BRAIN EKTRACT

The amino aoide (O.02M) were incubated with either
• - Il100 pg. NH4 or 100 pg. hydroxy1amine _ and brain

extraot equivalent ta 100 mg. of beef brain powder. ·
for 40 minutes in the standard inouba.tion medium.

.2.3 .

Expt. No. Amino Aoid

1 L-glutamate

DL-ci.-methyl­
glutamate

uM NH+
F.~ 4

a.bsorbed

2.1

1.5

~ hydroxamio
aëid formed (as
suooino-hydrosamio
aoid equiva1ent)

2.1

1.8

2 L-glutamate

DL-el-methyl
glutamate

1.1

1.0

1.8

~ The hydroxylamine hydrooh1oride was twice reorystal1ized
fram water. and neutra1ized before use. Suffioient
material was added to give 100 )"g. hydroxylamine.



Ammonia absorption and hydroxaMio aoid formation_ in the

presenoe of both amino aoide. are 0108e1y para11e1ed in bothexperi­

ments. No hydroxamio acid was formed in the absenoe of either ATP

or amino acids. Presumab1y ol-methylglutamylhydroxamio aoid is

t'ormed by the brain extract t'rom cl-methylg1utamate and hydroxy1amine.

8imilar resu1ts have been obtained by Liohtenstein (24) et al with

sheep brain extracts.

These results are in accord with the observations on ammonia

absorption. and indioate that 0l-methy1glutamate acta as a substrate

for the glutamine-synthesizing enzyme of beef brain extractB.

Results to be dlscussed. obtained by paper chromatography. provide

evidenoe that the reaotion produot lB dl-methylglutamine.

7. Chromatographie Experiments with Inoubation Mixtures

The products formed by the brain extraot in the presence

of ammonia and either L-glutamate or DL-dl-methylg1utamate were

investigated by the paper chramatogram teohnique. Arter inoubation_

semples of the inoubation mixture were spotted on paper. Part of

the inoubation mixture was first deproteinized_ by heattng for about

'two minutes in 8. boiling water bath. and samples of the supernatant

ob'tained after oentrifugation were spotted on paper. At'ter ohroma­

tographing by the prooedure desoribed earller (p./~) a spot wa.

obtained at a position distinct fran that oooupled by glutamine.

L-glutamate_ or DL-cL-.ethylglutamate. The lit values were as followsa

L-glutamate_ Rf'. 0.21

L-g1utamine_ Rf' = 0.33

DL-dl-methylglutamate_ Rf. 0.25

"cl-methylglutamine" _ Rf' • 0.42



Band ohromatograms were also made of the incubation

mixture for the purpose of obtaining suffioient material for other

tests. Harrow strips of the various bands were out out and treated

with ninhydrin to looat. the different oompounds. The strips were

then re-attaohed preoisely to their original position on the pap8~.

and the bands of paper oorrespondiDg ta the positions of the various

oompounds were out away. The bands were then treated l'rith 2N NaOH

to hydrolyze labile amides. and the ammonla produoed was esttmated

by the technique used in aIl this work.

The results (Table IX) show that bands oorresponding to

glutamine. and to the produot fonned after interaotion of

DL-dl~ethylglutamateand ammonia. release muoh larger quantities

of ammonia than ls released by the bands oorresponding to

L-glutamate and DL-dl~ethylglutamate. The differenoes are parti­

cularly pronounoed in Experiment 2 of Table IX. in whioh the paper

"blank" ls relatively small.

Samples of the band ohramatograms were also heated for

1.5 hours at 1000e in O.OtM phosphate buffer at pH 6.5. and the

solutions then re-ohramatographed. Following this treatment. the

spots in the positions oharaoteristio for glutamlne and the ne.

oompound failed to appear. Heat treatment did not eliminate the

spots oharaoteristio for glutamate anddl~ethylglutamate. Heating

under the above oonditions hydrolyzes glutamine to pyroilldone­

oarboxylio aoid (36. 37) and apparently alters the ninhydrin­

reaoting group of the new oompound. perhaps by a similar reaotion.



TABLE IX

RELEASE OF AMMONIA FROM C1ffiOMATOGRAMS UPON

TREATMENT WITH STRONG ALKALI

Bands of paper of equal area. corresponding
to the positions of the various oompounds in
the incubation mixture. were inoubated in
Warburg vessels with 3 ml. 2N NaOR for 3
hours at 37°0. and the ammonla released was
estimated.

Band oorresponding »e- NH"" released4
to Expt. 1 Expt. 2 ]1

Paper "blank" 25 10

L-glutamate 30 13

Glutamine 65 50

DL-cl~ethylglutamate 33 16

~~ethylglutamine 55 45

H The paper used for chramatograms was washed with
O.lN HaOH before use.

These results are consistent with the conolusion that

an amide, probably o..-methylglutamine, is formed during the

reaction or DL-cl-methylglutamate and ammonia. in the presence

of brain extraot and ATP.

Summ&ry

1. Extracts of aoetone-dried powders of beef brain. in the

presenoe of ATP and magnesium ions. synthesize glutamine fram

L-glutamic aoid and ammonia.

2. c.



2. Ammonia i8 ao~ively absorbed in the above system when

L-glutamio aoid is replaoed by DL-~~e~hylglutamio aoid.

3. The absorption of ammonia by this system in the presenoe

of mix~res of L-glutamate and DL-al-me~hylglutamate is not additive.

4. Methionine sulfoximine and sodium fluoride inhibit by about

the same extent the absorption of ammonia by glutamate and by

~-methylglutamate.

5. Hydroxamio aoid formation i8 obtained, both with glutamate

and with ci-methylglutamate" when ammonia is replaoed during

inoubation by hydroxylamine.

6. Paper ohromatography results indioate the synthesis of a

new oompound from cl-methylglutamate and emmonia, with an Rf' distinct

from that of glutamate, glutamine or ~-methylglutam.te.

7. The new oompound releases ammonia on treatment with alkali;

and does not appear on ohromatograms after being subjeo~ed to

oonditions whioh oompletely hydrolyze glutamine.

8. The results provide evidenoe that the glutamine-synthesizing

enzyme of beef brain extraots oatalyzes the absorption of' ammonia

by ~..me"thylgluta.mate. and that the produot formed i8 probab1y

ol-methy1glu~ine.

c- EXPERlMENTS WITH BRAIN GLUTAMINASE

1. Glutam1nase Aotivity of Homogenates

The rate of breakdown of glutamine, with respeo~ to time"

in the presence of a fixed amount of rat brain homogenate, 18

shawn in the d~ta of Table X. The rate i8 linear for the first



20 minutes of the reaotion.

TABLE X

GWT.AMINASE ACTIVITY OF RAT BRAIN HOMOGntATE

Vassals oontained 3 ml. 0.02M phosphate buffer
(pH 7.35); 16}! g1utemine and 20 mg. rat bra.in
homogenate prepared in 0.9% NaC1. Inoubation
at 37°C in air for varying intervals of tûne.
Values oorreoted for brain blank (3)lg. NH: )
and non-enzymatio glutemine hydrolysis (22 fg.
NH4' ).

:L8.

Time of Inoubation
(Minutes)

5

10

15

20

30

40

1.15

3.33

4.46

5.77

6.90

The effeot of variation in the quantity of rat braln

homogenate on the ra.te of breakdown of glutamine, i8 shown in

the results of Table XI. The emount of ammonia liberated iB

approximately directly proportion.l to the amount of brain

tissue uaed.



TABLE XI

GLUTAMINASE ACTIVITY OF RAT BRAIN HOMOGENATE

Vessels oontained 3 ml. 0.02M phosphate buffer
(pH 7.35). 22.6~ glutamine-and ra.t brain
homogenate in O.~ NaCl. Inoubation at 370C

in air for 30 minutes. Values correoted for
brain blank and non-enzymatio hydrolysis.

Brain Homogenate ~ w+ liberated_ 4

0 0

10 1.89

20 3.16

30 4.78

40 6.28

2. Inhibitian of G1uteminase by DL- cl~ethylg1utamic and

D- and L-glutamic acids

It was of interest to observe the effeot of DL-dl-

methylglutamate on brain glutaminase. Glutaminase aotivity of

brain homogenate was tested in the presenoe of different oonoen-

trations of t1-methylg1utamate. The date. of suoh an experiment

are shawn in Table XII.



TABLE XII

INHIBITION OF GLUTAMINASE ACTIVITY OF RAT

BRAIN HOMOGlliATE BY DL-ck~"ETHYLGLUT.AMATE

Vessels cont&ined 0.02M phosphate buffer
(pH'7.35); 22.5 pM glütamine; 20 mg. hamo­

genate prepared in-0.9% NaC 1 and varying
ooncentrations of inhibitor. Incubation
for 30 minutes at 3TOC in air. Values
corrected for brain blank and non-enzymatic
hydrolysis.

DL-~~ethy1g1utamate Jl! NH+ Percentage
Concentration (~) Liberated Inhibition

0.0 3.80

0.001 3.71

0.002 3.38 11%

0.005 2.62 29%

0.01 2.25 39%
0.05 1.33 65%

0.10 0.82 78%

0.20 0.72 81%

The results indicate that DL-Gl~ethy1g1utwnateinhibits

brain glutaminase, and the inhibition inoreases with inoreasing

concentrations of the amino acid. These results are similar to

those obtained with dog kidney glutaminase (25).

The inhibition of brain glutaminase bydl~ethylglutamate

is comparable with that produoed by D- and L-glutamate (4), as

shawn by the data of Table XII1. The results indioate a oompetition
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of these amino aoids with glutamine for glutaminase.

TABLE XIII

INHIBITION OF GLUTAMIBASE ACTIVITY OF RAT BRAIN

HOMOGENATE BY DL-i -METHYLGLUTAMIC ACID AND D- AND

L-GLOTAMIC ACIDS

Vessels oontained 0.02M phosphate buffer (pH 7.35);
22.5 Ji! glutaInine; 20 mg. rat brain homogenate
prepared in O.~ NaCI and inhibitors as indioated.
Inoubation for 30 minutes at 370c in air. Va.lues
correoted for brain blank and non-enzymatio hydrolysis.

of- Peroentage,g. NH4
Inhibitor Conoentration Liberated Inhibition

None 3.45

D-glutamate o.ois 0.56 84%

L-glutamate O.OlM 0 100%

DL-"'--methyl- O.OUf 0.93 73%
glutamate

Summary

Glutaminase aotivity of brain homogenates is inhibited by

DL-~~e~hylglu~amate approximately ta ~he sarna ex~en~ as by D-

or L-glutamio acids.

D - MISCELLAJlEOUS EXPERIMENTS WITH d..-METHYLGLUTAMATE

1. Transamination

Braunstein and Kritzmann (38) first provided evidence that

animal tissues contain enzymes catalyzing the transfer of thedl-amino

31.



nitrogen of one amino acid directly ta the oarbon skeleton of

another amino acid. Transaminating activity has been found in

hamogenates of various tissues of the rat. including liver and

brain (39).

It was of interest to test the effect ofdl~ethylglutamate

on the transaminating aotivity of fresh tissue. Rat brain and liver

homogenates were employed. The produotion of wo amino aoide was

followed; (1) alanine formation fram pyruvate and glutamate.

(2) glutamate formation fram alanine and dl-ketoglutarate.

Inoubations ware conducted at 370C in open oonioal centrifuge tubes

oontaining 1.0 ml. O.O~ phosphate buffer (pH 7.4). 50-100 mg.

tissue and 10-20 j! eaoh of the cl -keto and <ll-emino acide. The

emounts of~-methylglutamate added ranged fram 5-100 j1! in variOUIS

trials. The inoubation time was varied from 15-60 minutes in

different experiments. The reaction was stopped by heating the

reaotion mixture for 5 minutes at 100°C in a water bath. After

oentrifuging. preoise aliquote of the supernatants were spotted on

paper and ohrom~tograms prepared by the techniques described previously.

The intensity of the spots provided an estimate of the transaminase

aotivity of the samples. DL-cl-methylglutama.te had no deteotable

affeot. under the various experimental oonditions. on the trans­

aminase aotivities of either brain or liver hamogenates.

2. Glutamio Deoarboxylase

Awapara and oollaborators (40) have isolated. identified

and estimated the free li ..e.minobutyric aoid in the brame of



several speoies of mammals, inoluding the rat. Their data

indicated that glu~ic aoid isconverted intor-aminobutyrio

aoid by decarboxylation.

Atternpts were made to isolate ~-aminobutyric aoid by

paper ohromatography, after inoubation ot rat brain hamogenatea

with glutamic aoid, alone and wtth ex-methylglutema.te. Mere

traces of ~-amtnobutyric aoid (spots fram brain hamogenates

were compared with synthetic material) were obtained, and the

possible effeots or~-methylglu~teoould not be assessed

under these experimental oonditions. .

Summa.ry

O(-methylglutamate did not affect the transaminase

aotivity of liver or bra1n homogenates, under variOU8 experimental

oonditions.
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CHAPTER IV

DISCUSSION

A ready explaœtion for not obtaining glut8mine synthed8

with brain homogenates cannot be offered, but tentative suggestions

may be made. Krebs (4) found that the amount of glutamine syn­

theshed by brain alices 18 only ten percent of that of kidney

slices and about twenty-five peroent of that of retina. The syn­

thetic activity of tissue hamogenates, in whioh most of the cellular

struoture is destroyed, is usua11y oonsiderably lower than that of

tissue slioes, whose oel1a are relatively intaot. The glutamine­

synthesizing aotivity ls oonoentrated in brain oortex. Sinoe

homogenates of whole brain were used, on1y a small fraotion of

the tissue employed contained the synthesizing enzyme. Disruption

and dilution of oells, in a tissue not too aotive under optbBal

oonditions, mayaocount in part for lack ot synthetio aotiv1ty.

Brain homogenates are partiou1arly rioh in enzymes whieh

destroy the pyridine nuoleotide and adenylio aoid ooenzyme syst._

(41). The integrlty of these systems ls of crucial importanoe to

synthetio reaotions. Rapid destruotion ot added ATP by adeuosine­

triphosphates., and irreversible breakdawn of the adenylio system

by adenylio deam1nase, may aooount for laok of glutamine synthesi.

on energetio grounds.

The high glutaminase aotivity of brain homogenates 18

another important oonsideration in aooounting for the absenoe of

glutamine synthesis in this syst_. Although glutaminase ilS

strongly inhibited by glutamic aoid, Krebs (4) points out that

3f.



"the equilibrium of the reaotion" oatalyzed by the hydrolytic

enzyme "lies at praotioally oomplete hydrolysis of the amide (in

physiologioal solution)", and "no traoe of glutamine 1s fonned

from glutamio acid and ammon1a in the presenoe of glutaminase".

It i8 quite possible that a net synthesis of glutamine oould no~

be obtained with brain homogenates beoause the glutemine, l'lhich

ma,. be synthesized at a slow rate, ean be slowly but oompletely

hydrolyzed due to the high glutaminase aotivity of the preparations.

It i8 interesting thato(~ethylglutamioaoid oan act

as a substrate for the glutamine-synthesizing enzyme, partioularly

in view of the high substrate speoifioity reported for the latter

(13). Elliott's work (13) indioates that the amino group and both

oarboxyl groups must be available for aotivation of glutamio aoid

by the enzyme. The work reported here shows that the o(-hydrogen

of glutamio aoid is not essential for enzyme aotivation.

rhe evidenoe presented here, ooupled with analogy to the

synthesi& ot glutamine fram glutamio acid and emmonia, favours the

oonoept that the product produced with c(-methylglutamate as

substrate 18 O(-methylglutamine. It 18 not possible to distinguish

between the synthesis of glutamine and o("'1Ilethylglutamine, 1'lith

the available methods for glutamine estimation. Chanioal synthesi8

of <X-methylglutamine has not yet been aohieved. Should thia

oompound beoame available, one oould determine whether or not

synthetio O(llethylglutamine, and the produot produoed by beet

brain extraota, are identioal. Isolation and oharaoterization of
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the reaotion-produot of a large-soale inoubation. as perfor.med

by Elliott with glutamine (13). will provide final proof of the

enzymatio synthesis of C(-methy1g1utemine.

The absorption of emmonia by ~ethy1glutamate in the

presenoe of beef brain extract is an examp1e of a fruitfu1 oombina­

tion bet9reen enzyme and ltunnatura1" substrate. Resu1ts have been

obtained with more oomp1ex systems. in whioh an analogue of the

natura1 substrate i8 tested for oompetition with the latter, and

the speoifioity barrier il oompletely bypassed. in that the

analogue aote as a substrate. Levine and Tarver (42) provided

evidenoe that ethionine. an analogue of methionine, i8 inoorporated

into tissue protein. and Mitohe11 andassooiates (43) found that

8-azaguanine is inoorporated into pentose nuoleio aoid of both

tumor and normal tissue. These findings bring up questions as

to the effeot of such syntheses on the oe11. and whether thes8

events are oamnon or rare.

From the response of OC'1Uethy1g1utemate wi th the glutamine-

synthesizing Iystem, one might have antioipated its inhibitory

effeot on glutamina.e aotivity. It 11 of iuterest that DL-~-

methylglutemate administered to mice produoes audiogeuio

se1zures, and that a reduotion in the number of seilures ooours

..men glutamio aoid il given (27). The faot tbat DL- o(-methyl-

glutamate and L-g1utamate oompete in the brain for ammonia

absorption may afford an exp1anation for th!s phenomenou.

(.
:-..

3 fa.

,.'

Jo • .



The inhibition of ammonia absorption by both L-glutamate

and DL-<X41ethylglutama.te in the presenoe of DL-methionine

sulfoximine 18 interesting beeauae this oompound produees oonvul­

sions in several speoies of mammals. when given at the proper dose

levels (34. 35. 44). Methionine sulfoximine struoturally resemblea

methionine and glutamine. and may thus be a metabolio antagonlst

to either or both of these amino acids. Methionine was not found

to reverse the inhibition of glutamine synthesis by beef brain

extraots. The inhibitory effeot of methionine 8ulfox1mine on the

glut8mine-synthesizing system of brain extracts suggests the

possibility that the glutamio aoid-glutamine system may be involved

somewhere in the bioohemioal ohanges leading to oonvulsive seilures.

Transaminationand decarboxylation of glutamio acid

involve functional groups attaohed to the ~-carbon of glutamio

aoid, and it was of interest to observe the effect of o(.-methyl­

glutamio aoid on these systems. Transamination wae unaffeoted

bY,c(~ethylgIutamate. and this result emphasizes the importanoe

of the O(-hydrogen for the transaminating enzymes. in effeoting

combine.tions with substrates. Lichtenstein et al (26). prompted

pOBsibly by similar oonsiderations te the above, found on testing

DL-O{.-methylglutamio aoid wi th orystalline glutamio dehydrogena.se,

that it aoted neither as a substrate nor as an inhibitor of the

enzyme.

The experiments testing the effect ofo(-methylglutamate

on glutamic deoarboxylase were inoonolusive. sinee the deearboxylase
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system employed in the york Yla8 too feeble. However, Roberts (45)

has d8nonstrated that the deoarboxylation of glutamio aoid by

mouse brain or baoterial extraots is 1nhibited by DL- o(-methyl­

glutamio aoid. A more detailed study indioated the inhibition

to be oompetitive (46). lt WlLS suggested thatet..-methylglutamio

aoid assooiated with the enzyme at thre. looi, but deoarboxylation

oould not ooour beoause of the absenoe of the o(-hydrogen.

The results reported, here, and those of other workers,

on the effeot of ~ethylglutamio aoid on enzyme systems involving

glutamio aoid and glut&mine, illustrate the usefulnes8 ot thi.

oompound as a tool in further investigation of the meohanisms

involved in the metabolism. of glutamio aoid and its amide.
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GENERAL SUMMARY - Part l

A modified miorodiffusionmethod, enploying the Warburg

manometrio apparatus, has been developed for the estimation of

ammonia in the presenoe of tissue.

Data has been presented, using this method, whioh shows

that ammonia may be reoovered, under various experiment&l eon­

ditions, with an error of 8,%.

Little or no glutamine synthesil was obt&ined with

several preparation. of fresh brain, under various experiment&l

oonditions.

DL- <X-methylglutemate had no effeot on the transamiDase

aotivity of liver or brain homogenates, under various experimental

oonditions.

Extraots of aoetone-dried powders of beef brain, in the

presenoe of ATP and magnesium ions, synthesize glutamine from

L-glutamio aoid and ammonia.

Ammonia is aotively absorbed in the above system when

L-glut8Dlio aoid ia replaoed by DL-c(~ethylglutamio aoid. The

absorption of ammonia by mixtures ot L-glutamate and DL-O(-methyl­

glutamate is not additive.

Methionine sultoximine and sodium fluoride inhibit by

about the seme extent the absorption of ammonia by glutamate and

by O\.-methylglutamate.

Hydroxamio aoid formation is obtained, both with glutamate

and with o(-methylglutamate, when ammonia is replaoed during incubation



by hydroxylamine.

Paper ohramatography results indioate the synthesis or a

new oompound tram c(~ethylglutwmate and ammonia by beer brain

extraots, with an Rf distinct tram that of glutamate, glutamine

or o(.-methylglutamate.

The new oompound re1ease8 ammonia on trea'tment with

alkali~ and does not appear on ohramatog~s after being subjeoted

to oonditions whioh oompletely hydrolyze glutamine.

The results provide evidenoe that the glutamine-synthesiziDg

enzyme of baat brain extraots oatalyzes the absorption ot ammonia

by oI.-methylglutamate, and that the product fonned ia probably

~ethylglutamine.

The results were disou8sed with regard to their biologioal

signiticanoe in glutamio aoid-glutamine metabol1sm ••

'fo.



PART II

PROTEIN SYNTHESIS AND SECRETION BY GLANDULAR TISSUES IN VITRO
=

CHAPTER V

GENERAL INTRODUCTION

The probiem of protein synthesis has been approaohed by

severai different lines of attack. and a considerable body of infor-

mation has been accumuiated. However. the precise mechanisms involved

in protein synthesis are still unknown, Early attempts to obtain

protein synthesis in vitro with crude proteolytio enzyme preparations

have been oontinued more reoently with crystalline enzymes. The

availabiiity of radioaotive isotopes has stimuiated many in vivo

and in vitro studies on amino aoid inoorporation into mixed tissue

proteins. The modern concept of biologioal energetios has been

applied to peptide bond synthesis in ManY interesting studies. Most

recently. interest has centred aroundd!monstrating the synthesis of

specifie proteins or enzymes. in vitro, and the meohanisms involved.

It is proposed to diseuss these main lines of reaearch with partioular

emphasis on the observations relating to the work described in the

suooeeding chapters.

Investigations with Proteolytio Enzymes

Plastein, an insoluble material fonned from oonoentrated

solutions of peptic digests by the aotion of pepsin at pH 4. was

discovered in 1886 by Danilewski (41). Wasteneys and Borsook

(48, 49). among numerous other workers, investigated plastein

fonnation. The need for oonoentrated peptio digests was oonfirm8~.

and amine and oarboxyl groups were shawn to disappear during

1'1.



plaBtein formation. The earlier resultB obtained with impure

enzyme preparations have been oonfirmed more reoently with

orystalline pepsin (50) and wi th trypsin or papain aoting on

peptio digests of insulin (61). Many investigators oonsidered

plastein to be a produot of synthesis. It was suggested that

protein synthesis in general may be oatalyzed by proteolytio

enZJ'Illes (49).

Fol1ey (52) in 1932 qU8stioned whether peptide bonds

were reconsatuted during plastein formation; ultraoentrifugal

studies, reoently oonfinned by Eoker (53), indioated average

moleoular weights of not over 1,000 for plasteins. Virtanen

and assooiates (54. 65) oonsider, on the basis of X-ray diagrams

and other evidenoe, that the moleoular weights of plasteins

produoed by pepsin are of the order of 5.000. Northrop (56)

studied the properties of plastein produoed fram peptio digests

of enzymes (pepsin or trypsin). The plastein showed no enzymatl0

aotivity and did not possess the general properties of the enzyme

protein fram whioh it •• derived. It ia most unlikely that

plasteins resamble natural proteins"in many other ways than

being polypeptides.

Tauber (57, 58) reoently demonstrated enzymatio synthesis

of protein-like material with moleoular weights, based on ultra­

oentrifuge measurements, of 260,000-500,000. The polymers were

produced upon inoubating oonoentrated solutions of Witte peptone

(57), or peptio digests of a wide variety of proteine (58), with

small quantities of orystalline ohymotrypsin at pH 7. The energy



for the synthetio reaotion was oonsidered to be provided by

preoipitation of the reaotion produots.

Resynthesis of proteins fram proteolytic digests upon

submitting the digests and the proteolyttc enzyme to high pressures

(6-10,000 atmospheres) has been reported by Bresler and oo-workers

(59, 60, 61, 62, 63, 64, 65). The enzymatio, immunologioal (62),

and hor.monal (63, 64) properties of the original proteins, in

whole or in part, were found to be present in the synthetio produots.

Linderstrpm-Lang found that applioation of high pressures faoilitates

hydrolysis of proteins due to the volume contraotion ooourring

during protein hydrolysis (66); this observation ia not in aooord

with the above studies.

The early work of Bergmann and Fraenkel-Conrat (67) on

the enzymatio synthesis of peptides has been pursued more reoently

by many workers (68, 69, 70, 71, 72). These investigations have

shawn that aoylamino aoid ani1ides are formed upon inoubation of

aoy1amino aoids and substituted anilides with ohymotrypsin or

papain. The use of the aboya substrates favour peptide synthesis

beoauae of the insolubi1ity of the reaotion produots and the 10.

free energy of formation of a peptide bond fram non-ionized amino

aoids. Di- and tri-peptides of methionine, in 10-20% yield, have

been obtained by Brenner and associates upon inoubation of a wide

variety of methionine esters with crysta11ine ohymotrypsin at

pH 9 (73).

The above efforts to demonstrate enzymatio synthesis of



peptides and proteins in vitro, were mainly based on establishing

oonditions ta reverse proteolysis. The equilibrium in hydrolyt10

reaotions catalyzed by proteolytio enzymes 1s 99,% in the direotion

of hydrolys~(74). Conditions designed ta favour peptide bo~d

synthesis, whioh inolude high buffer oonoentrations (up to lM),(71).

high oonoentrations of substrates, and formation of insoluble

produots, are far removed from the environment of physiologioal

systems. Bergmann, (67) nevertheless, suggested that the mechanism

of peptide and protein synthesis in vivo may be similar to the

synthesis of peptides bymodel systems. Whether or not this ia

true, work with these systems indioates that proteolytio enzymes

are potentially oapable of oatalyzing peptide bond synthesis.

Energy relations in peptide bond synthesis

Sinee proteins are about 99% hydrolyzed at equilibrium

(74). protein synthe8is i8 dependent on an available souree of

energy. The free energy of formation of peptide bonds has been

oaloulated by various authors (74, 75, 76), and is of the order

of 3,000 oalories. One of the signifioant advanoes of recent

years has been the elueidation of the partioipation of high­

energy phosphate bonds in biosynthetio prooesses (78. 79, 80).

The demonstration by Lipmann (81, 82) that aoetylation of sulfanilamide

by cell-free tissue extracts depends on the stoiehiametrio utili­

zation of ATP suggested that oompounds oontaining high-energy

phosphate partioipate in the synthesis of amide linkages.

Peptide bond synthesis has been shown by various worker.



to be ooupled with oxidative reactions in respiring tissue or

to be dependent on ATP. Synthesis of the peptide p-aminohippurio

aoid, fram p-amino benzoic aoid and glycine, by respiring liver

and kidney homogenates has been demonatrated by Cohen and McGilvery

(83, 84, 85). The reaotion ooeurs anaerobioa11y only in the

presence of ATP. Other demonstrations of the requirement of ATP

as a souroe of energy in the formation of peptide and amide bonds

have been made 10 the synthesis of hippurio acid (86), glutamine

(10, Il, 13) (see p.2 ), oitrulline (87), glutathione (88, 89, 90),

and ornithuric aoid (91). Chantrenne (92) has provided evidenoe

for the partioipation of ooenzyme A in hippuric aoid synthesis.

Hanes end co-workera (93, 94) have shown with mammalian

tissue enzymio transpeptidation reaotions involving glutathione

or ~-g1utamYl peptides as "donors" and various amine aoids as

"aooeptors"; an enzyme fram plant tissue effected transpeptidation

reactions involving nonna1 cl -aminoaoy1 peptides. Evidence for

the catalysis of transamidation (transpeptidation) reaotions by

proteolytic enzymes (papain, ohymotrypsin), resulting in elongation

of peptide chaina, has been provided by Fruton and his assooiates

(96, 96, 97, 98). The enzyme (glutamotransferase) catalyzlng

transamidation reactions b.t.een glutamine end hydroxylamine or

ammonia has been demonstrated with various preparations (15, 16,

17, 18) (see p.3). These flndings led Hanes et al (93) and

Fruton et al (95, 98), independently, to a s~i1ar hypothesis

attempting to link the enzymatio oatalysis of transpeptidation



reaot1ons to the role of ATP in the biosynthesis of glutwmine and

glutathione. Aooording to this view, the latter two oompounds,

whioh are formed with partioipation of high-energy phosphate, as

disoussed above, represent the substrates through whioh the energy

of the phosphate bond is ohanneled into the formation of peptide

bonds, and hence proteins (22).

Inoorporation of 1sotope-labelled amino aoids into proteine

The investigations of Sohoenheimer and his oolleagues

(99) on protein turnover in vivo, using deuterium and N15 labelled

wmino aoids and ammonia, damonstrated that the rate of protein

breakdown and resynthesis in an animal in nitrogen equilibr.ium

is muoh greater than was proposed in Folin's theory of endogenous

and exogenouB metabolism. The half-lite of liver proteins, as

detennined by the isotope teohnique, is about 7 days (100, 101);

estimates of the halt-life of total protein in the rat and man,

gave figures of 17 and 80 days, respeotively (l02).

The inoreasing availability ot radioaotive isotopes has

stimulated studies on the inoorporation of labelled amino aoids

into protein in vitro and has provided interesting information.

Thisa1bjeot has been reviewed by Borsook in 1950 (lOS). Various

tissue preparations suoh as s110es, homogenates, and lso1ated

oytoplasmic oamponents inoorporate labelled amine aoids into their

protein moiety. Embryonio and malignant tissues, inoorporate

labe11ed amino aoide more rapidly than nonnai adult tissues (104,

105, 106). Meohanioal damage to celle reduces the rate at whioh



their proteins take up labelled amine aoids by 4- to 40-fo1d

(107. 108).

For most amine aoids studied. incorporation was shown to

be dependant on an intaot supply of energy provided by oxidative

reactions in respiring systems. Frantz et al found anaerobio

conditions (109) and 2:4-dinitropheno1 (110) inhibit alanine uptake

by rat liver slioes. and Winniek et al (111) showed tbat glyoine

ls not inoorporated by rat liver hamogenates anaerobioally. Arsenate.

azide. oyanide and fluoride were shawn to inhibit inoorporation

of methionine into B.ool! by Melchior et al (112); inhibition by

these respiratory poisons of glyoine. leuoine and lysine uptake by

bone marrow cella and rat diaphragm was observed by Borsook et al

(113) •

Lysine uptake. however •. into guinee. pig liver homogenate,

or any of its fraotions. is not inhibited by anaerobio oonditions.

and only partly inhibited by respiratory poisons (114). Two different

enzyme systems are apparently involved. Histidine inoorporation by

bone marrow oel1s i8 a1so only partly.inhibited anaerobioally (103).

Winniok observed that hamogenates of embryonio rat liver

lost most of their inoorporative ability upon dialysis (115). Most

of the aotivity oould be restored by adding . ATP. Mg ions and a

mixture of unlabel1ed L-amino aoids to the dialyzed hamogenates.

Siekevitz (116) fractionated liver hamogenates and found that the

greatest rate of labelled alanine incorporation ocourred in the

m1crosome fraotion. Signifieant inoorporation did not ooeur when
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ei~her isola~ed microsames or mitoohondria were inoubated with

labelled alanine; incubation of both fraotions together resul~ed

in inoorporation. Inaotivation of the mitoohondria by heat or the

presence of 2t4-dinitrophenol inhibited inoorporation. The reBulte

indicate that the oxidative aotivity of the mitoohondria and the

ooncomitant phosphorylation are responsible for amino aoid inoor­

poration into protein, and that the actual inoorporation ooours

in the miorosames.

Labelled amino aoids that are not normal oonsti~uents of

animal proteins have been tested, in vivo and in vitro, to determine

whether unnatural amino aoida would be inoorporated. o(-Amino­

adipio aoid when injected into mioe, was no~ incorporated into ~he

proteine (117). However, ~he unnatural amino aoid w&a oataboli&ed

a~ approximately the same rate as lysine. Ra~ tissue proteins,

however, inoorporate ethionine in vivo (42). The inoorporation

18 only about one-tenth of that of natural amino aoids, and the

baU-life is lees; this finding i8 never~heless of great interest.

D-lysine, the one amino aoid of the D oonfiguration studied, W8.S

not inoorporated (114).

Simpson (118) has reoently studied the release of amino

aoide fram proteins by labelling the proteins of the intaot rat

with either S35-methionine or C14-1euoine and then fol10wing the

release of these amino aoida fram the proteins of liver s110e8.

The liberation of the labe1led amino aoida fram protein was inh1b1ted

by oonditions which limit the produotion or use of energy (anaerobiosil,

41.



oyanide, dinitrophenol). Sinoe energy i8 required both for the

inoorporation and the release of amino aoids from protein, it was

suggested that the two prooesse. might be interrelated. However,

other possible interpretations were not preoluded by the author.

Studies on protein synthesis and amino aoid inoorporation

in tissue oultures have beenmade byWinniok and assoeiates (119,

120). It was found that labelled amine aeid inoorporation into the

tissue proteine is more rapid under oonditions of tissue auto1ysis

than under oonditions favourable to growth. Rapid turnover of

1abel1ed amine aoids ooeur in tissue oultures in the absenoe of

growth (119). Most of the radioaetivity of labe1led proteins fram

the nutrient medium oould be transferred to heart tissue oulture

protein without the release of iree amine aoids. Amine aold

analogues (ethionine, o-fluorophenyla1anine andp-3-thieny1alaDine)

and dinitrophenol inhibited, in varying degree, protein synthesi.,

growth and amino aoid inoorporation. However, even the most potent

inhibitore did not prevent tranefer of radioaotivity fram labelled

protein in the medium te tissue proteine The results indioate that

embryonie heart cultures can use protein of the nutrient medium

extensively, and without oamplete1y hydro1yzi~g it. The utilization

presumably represented in part a turnover type of prooes8 (120).

The exaot nature of the prooesses invo1ved in amino aoid

inoorporation into tissue proteln le unknown, but there is oonsiderable

evidenee to indioate that peptide bond synthesis may ooeur (108,

110, 121, 132, 133, 135). In this regard, Brunish and Luek (122)



have shawn that amino aoide oan beoome finnly bound to proteins

without the partioipation of enzymes. Preparations of inert liver

histones "inoorporated" 1abe11ed amino aoids, when inoubated together,

in vitro, at temperatures up to 1000 0 . The 1abe1led histones with­

stood various tests for genuine ino~rporation; no oarbon dioxide

was released on treatment with ninhydrin. However, inoorporation

of radioaotivity was very mua1l. The results indioate the need

for oaution in isotopio work, especia1ly in systems with very 10W'

incorporative aotivity, but do not neoessarily disoredit previoue

work. Borsook (103) ia ino1ined to the vie. that "turnover and

eynthesie of protein are the same prooess and that in both prooesses

proteins are built up tram peptides as intennediates rather than

in the oase ef turnover by a template exohange meohanism". Investi­

gations on the synthesis of speoifio proteins are more desirab1e,

and some work a10ng these 1ines ls described below.

Synthesis of Specifie Proteins and Enzymes in vitro

A net synthesis of amylase has been obtained by Bokin (123,

124) upon inoubation of pigeon pancreas s1ices in physio1ogioa1

saline. The ra-te of amylase syn-thesis WB.S inoreased abou1; 'two -ta

threefold by the addition of a mixture of 20 amino aoids or acid­

hydro1yzed oasein supplemented with tryptophane Synthesis of the

enzyme was shown to be an energy-requiring prooess and 1V8.S inhibited

by various respiratory poisons. 1t 1V8.S found that every nutritiona1ly

essential amino acid present in orystaUin. . amylase was required for

i ts maximal synthesis (126). Methionine. whioh 18 the only essenti..l
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amino aoid absent fram orystalline amylase, was the only essential

amino acid not required for amylase synthesis.

Peters and Anfinsen (126) have demonstrated a net production

of serum albumin upon incubation of ohioken liver slioes in bicar­

bonate medium; an immunological technique was developed for

determining small amounts of serum albumin in 81ioes and their

inoubation media. The formation of serum albumin was also found

to be depandant upon a supply of energy within the celle The rate

of albumin produotion was not signifioantly affeoted by various

hormones or oxidizable substrates. Addition of amino aoids did

not affeot the rate of albumin synthesis, in oontrast to the

observations with amylase (125). The authors oonoluded that the

liver slioe system is oomplete in itself with regard to its supply

of amino aoids and energy-yielding oampounds. Demonstration of

the inoorporation of large amounts of radioactive carbon dioxide

into the dicarboxylio amino aoids of the a1bumin provided further

evidenoe that the produotion of albumin represents fonnation of

new protein (126, 127).

Banney and London (128) showed that in vitro for.mation of

antibody may be obtained in the liver and spleen, but not in the ·

kidney tissue, of animaIs aotively synthesizing immune bodies. It

was also indioated that the antibody produced inoorporates labelled

glyoine. The evidence presented in this work and the above (126)

indioates that labelled amino acids are taken up into newly formed

proteine Suoh results support the supposition that protein synthesis.

and not merely same exohange-equilibrium or adsorption, la measured



in etudies with isotopie amino acids. However the possibi1ity

does exist, and is aotua11y indioated by the studies on lysine

incorporation in hamogenates (113), that oertain amine aoids in

partiou1ar looations in protein are unusually labile and undergo

rapid exohange.

The investigations disoussed above on amine aoid incor­

poration and speoifio protein synthesis have dealt main1y with

aspeots of intrace11ular location of incorporating enzymes, energy

and substrate requirements (partiou1ar1y amine acids) and the

aotion of inhibitors. These studies provide 1ittle information

on possible intennediate compounds or 1ater reaotions, beyond

the primary oombination of amine aoids. or the "peptidization"

step suggested by Lipmann (80). Variou8 authors have proposed

that the inter.mediates in protein synthesis may be peptides or

non-specifie proteinogens (pretein precursors) (103. 129. 130).

The oomposition of several large peptides found in tissues, whioh

may represent stages in the for.mation of protein, have been

stud1ed by Borsook and assooiates (131).

Anfinsen and Steinberg (132. 133) have approaohed

experimenta1ly the problam of whether all amine aoide are incor­

por&ted into a given protein at the same ttme (template theory)

(134), in studies in vitro on ova1bumin synthesis in minoed

oviduot tissue in the presenoe of 1abelled oarbon dioxide. Crystal­

line radioaotive ovalbum.in was iso1ated and split by a speoifie

enzymatic method into a hexapeptide and "plaka1bumin". The aspartie

&oid iso1ated from the peptide fraotion had a muoh higher speoifio

Q.



aotivity than the average speoifie aotivity of aspartio aoid

residues in the remaining protein fraotion (132). The investi­

gation was extended to labelled ovalbumin prepared in vivo (133)~

and the radioaotivity of amine aoid residues besides alanine was

examined in peptides produoed by peptio digestion of ovalbumin.

as well as by plakalbumin formation. Non-unifonn protein labelling

was demonstrated in these studies and the authors thus ruled out

a oomplete template meohanisn for protein synthesis. A stepwtse

synthetio process W'as suggested, involving the formation of amino

aoid derivatives, probably peptides, as intermediates. A reoent

report on similar findings with peptio digests of radioaotive

orystalline ribonuolease has prompted Anfinsen to suggest that a

stepwise synthetio prooess MaY be a general meohanisn for protein

synthesis (135).

Traoer studies of serum albumin fonnation by Peter. (136)

indioate that amine acids are in intermedi~te oompounds for a

measurable period of time before forming the final protein. It

was round that radioaotive oarbon appears in serum albumin 15 te

20 minutes later than in the total protein of ohioken liver 8110es;

unlabelled albumin continues to appear during this periode The

intermediates do no~ resemb1e serum albumin in either serologioal.

eleotrophoretio, or solubility behavior~ and the oonversion to

albumin apparently ooours by a prooess whioh oauses the simu1taneous

appearanoe of al1 these properties. These observations are in accord

with the findings discussed above.
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Protein Secretion

Most of the infor.mation on the meohanism of protein secretion

has been obtained fram oytologioa1 studies on the seoretory oyo1e of

digestive glands. The existing knowledge on this subjeot has been

exhaustive1y colleoted and luoidly presented by Babkin (137). The

ter.m seoretion is often employed ta desoribe both the for.mation and

disoharge of proteins by secretory cells. Seoretion will be used

here to signify only the disoharge of proteins.

Heidenhaim (140) and Langley (141) were the first investi­

gators to reoognize tbat glandular oells undergo a series of internal

ohanges~ and to establish the relation between the histologioal

ohanges and the enzyme oontent of glandular tissue. G1andular oells

oontain large granules whioh diminlsh both in size and number during

secretion and are restored in the resting state. The enzyme oontent

of glandular tissue (e.g. panoreas) 18 proportional to the granule

oontent of the seoretory oeIl. It is therefore oonsidered that the

seoretory enzymes are present in the granules.

The large granules of panoreas oells, whioh were isolated

by centrifugation by Brao.et and Jeener (142)~ were round ta have

various enzymes (amylase~ trypsin, arginase, ribonuolease, phospha­

tases and dipeptidases) partIy bound to them. Khesin (14~) isolated

the larger oytoplamnio granules fram perfused rat liver by oentri­

fugation and obtained serum albumin in the oentrifugate. Albumin

was released into the surrounding medium by rat liver slioes on

aerobio inoubation but not anaerobioally. The prooess under aerobio

oonditions was likened to seoretion of proteins by various glandular

tissues.



The in vitro seoretion of pepsin by iso1ated dog stomaoh

was first reported by Edwards and Edwards (144). Aoetyloholine,

eserine or pilooarpine inoreased seoretion.. Hokin (124) haB

demonstrated that oholinergio drugs sttmuiate amylase seoretion

by pigeon panoreas s110es; the prooess i8 depandant upon a suppIy

of energy. Villarreal (145) has found that pepsln seoretion by

mouse stomaoh in vitro, ls stimulated threefold over the basal levei

by oarbamyloholine. Davies and asso~iates (146) have demonstrated

histologioaI1y the di.oharge of seer.tory glanules fram isolated

oat panereas upon inoubation in media oontaining panoreozymin

or aoetyloholine with eserine.



SECTION A (CHAPTERS VI AND VII)

ENZYME SYNTHESIS AND SECRETION BY PIGEON PANCREAS SLICES

CHAPTER VI

MATERIALS AND Ex:PERIMENTAL METHODS

A - INCUBATION MEDIA

1. Medi..

Two media were usedt (a) the bioarbonate saline of Krebs

and Hense1eit (147) gassed with 7% C02 in 93% 02; (b) Krebs

Medium III (148) gassed with either 100% 02 or 100% N2. Krebs

Medium III was modified by replacing the sodium salta of the

organio aoids by an equivalent quantity of NaC1 (124); the modi­

fied medium will be called ''Medium III". All media contained

gluoose in a final oonoentration of 0.2%.

2. Amine Aoid Mixtures

In experiments on the effeots of amino aoids. the following

mixtures were usual1y used. Mixture l - ("Aminoso1") - a ~ solution

of a partia1ly aoid-hydrolyzed preparation of fibrin consisting of

approximately two-thirds free amino aoids and one-third peptides.

Mixture II - oomposed of the amino aoids found "essential" for

maximal amylase synthesis (125). Mixture III - oomposed of amine

aoids not required for amylase synthesis. Commercial amine acids

(Merck and Nutritiona1 Bioohemioals) were used for preparing

Mixtures II and III.

The oomponents (and final concentrations in the inoubation

medium) of Mixtures II and III are shown in Table XIV. Where

Mixture l was used. 0.2 ml. of the 5% solution was added to a final

st



volume of 3.0 ml. so that the final Aminosol oonoentration was

0.34%. Stook solutions of Mixtures II and III were prepared by

dissolving the amino aoide in Krebs Medium III and neutralizing

with NaOR; 8011 amino aoid.mixtures were stored in the deep freez.

at -10°C.

TABLE XIV

STANDARD AMINO ACIDS MIXTURES

(Conoentrations are those in inoubation vessels in routine expte.)

Mixture II Mixture III

.Amine Aoid Cono ln (!) Amino Acid Cono'n (M)

L-Tryptophan 0.002 L-Proline 0.002

L-Arginine 0.002 DL-Aspartate 0.004

L-Lysine 0.002 L-Cystine 0.002

L-Leuoin. 0.002 L-Glutamate 0.002

L-Histidine 0.002 DL-Norleuoine 0.004

L-Tyrosin. 0.002 L-Hydroxyproline 0.002

DL-Valine 0.004 L-Citrulline 0.002

DL-Isoleuoine 0.004 L-Ornithine 0.002

DL-Threonine 0.004 Glyoine 0.002

DL-Phenylalanine 0.004 DL-Serine 0.004

L-Glutamine 0.002

DL-Methionine 0.004

3. Misoellaneous Reagents

Variou8 reagents used in thi. work. and the manufaoturera

are listed below. Stock solutions of the firet four reagent8



were prepared in ~ediuœ III" and stored at -1000.

Carbamyloholine Chloride - British Drug Houses

Aoetyloholine Ch10ride - Merck Co.

Eserine Su1phate - T. &H. Smith Co.

Atropine Sulphate - British Drug Houses

Sodium R1bonuoleate - Nutritional Biochemloals

2t4-dinitrophenol

Tributyrin

Aminosol

- Merok Co.

- Fisher Chemicals

- Abbott Laboratories

B - PREPARATION AND INCUBATION TECHNIQUES

1. Preparation and Inoubation of Tissues

The general prooedure employed was that desoribed by Hakin

(124, 125); some of the details are given below. The enzyme

oontent of the panoreas was depleted by providing a oontinuous

supply of food (ground oats), and injecting 150 ug. oarbamyl­

oholine intramusoularly about 60-75 minutes prior to deoapitation.

Law initial enzyme leveis were usually obtained by this prooedure

so that distinot inoreases in enzyme aotivity oouid be demon­

atrated.

The pancreas was stored in ~edlum III" at OOC for a few

minutes prior to slicing. Tissue s110es of both the large and

smal1 lobes of the panoreas were employed, and divided evenly in

each incubation vessel. At least 70 mg. wet·weight of tissue



were usad par vessel. and ln most experiments. 100-150 mg.

wet waight of tissue were employed. The amount of tissue

lnoubated was kept approximately the same for eaoh cup in any

one experiment. Slloes were stored dry in a ohilled humidified

orystalli&ing di.h befora being plaoed in the vessels. Surfaoe

81ioes were not u8ed. The tissue was kept thoroughly ohilled

fran the time of it. removal until the vessels were placed in

the bath, a period of about 45 minutes. Inoubations were usually

performed for 2.5 hours at 37.50C. The total volume of inoubat1.ng

medium 1I&S always 3.0 ml.

In most of the experiments gas exohanges were reoorded.

incubations being oarried out in oonventional Warburg manometer

flaÏlks oontaining a roll of fiiter paper soaked in 20% NaOH,

in the oenter weIl. to absorb C02 produoed by the tissue 81ioes "

during inoubation. In the few experiments in whioh %2 values

were not reoorded, inoubations were performed in 25 ml. stoppered

Erlenmeyer flasks &t 37.60C. The flallles were agitatad during

inoubation in the same manner as the Warburg vessela by being

. attaohed to a movable raok.

In experiments on en&yme seoretion the panoreas 81ioe8

were inoubated for 30 minutes 8.t 37.SOC in 25 ml. stoppered

oonioal flasks oontaining 3 ml. of oxygenated saline with 0.2%

gluoose. After this preliminary inoubation the slioes were



transferred to the experimenta1 vessels for the main inoubation.

2. Preparation of the Tissue and Medium for Enzyme Assays

The teohni que followed in thiB work has been desoribed

(124). An aqueous tissue extraot was obt&ined by grinding the

s110es wi th sand and water. In many of the experiments in

whioh enzyme seoretion W8.S not studied l enzyme assays were

perfonned on poo1ed samplea of the inoubation medium and the

tis8ue extraot after suitable dilution for eaoh enzyme. For

a given enzyme the same dilution was used for eaoh sample in

any one experiment. In experiments on enzyme synthesis and

seoretion diluted samples of the medium and tissue were assayed

separately.

Most of the assays oould not be done on the day of

inoubation and the diluted samples were stored in the refriger­

4.4
ator (5°C). It wall found that the lipaBe~ribonuoleaseaotivitie8

of the samp1es deoreased during oold storage but oou1d be

maintained by freezing. The enzyme solutions were therefore

kept frozen until immediately before 8.888.Y. Freezing did not

affeot amylase aotivi ty. This enzyme has been found to be

stable for up to 5 days when stored in dilute solution in the

refrigerator (124).
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C - ASSAYS OF ENZY.ME ACTIVITY

1. Amylase Assay

Amylase aotivity was assayed by the modified (124) method

of Smith and Roe (149). The staroh-iodine colors were read in a

Beckman Spectrophotometer at 620 mu. The amylase aotivities of

the medium and tissue were expressed in units of Smith and Roe (149)

per mg. initial dry weight.

2. Lipase Assay

Lipase aotivit,y was determined manometrioally by the

method of Rona and Lasnitzki (150). The procedure was as follows •

.A 6% (v/v) aqueous emulsion of tributyrin was prepared

with the aid of a glass homogenizer1• 0.5 ml. of this emuls10n

was pipetted into the Warburg f1ask. 2.0 ml. of 0.1 M NaH003 whioh

had been gassed with T,% 002 in 93% N2 were then added. 0.5 ml. of

the dilute enzyme extraot (represent1ng about 0.1-0.5 mg. wet

weight of tissue) was pipetted into the sidearm of the vessel.

The vesse1s were gassed for 15 minutes with T,% 002 in N2 in a

Warburg bath at 37.5°0. The enzyme extraot w&s then tipped tram

the sidearm into the main oompartment of the vessel. Manometer

lIn 1ater stages of this work the tributyrin was added direotly to

the flasks to give a final oonoentration of 1%; the sensitivity of

the Assay was not affeoted by this prooedure.

t/.



readings ware taken every 10 minutes, the firet reading being dis­

oarded.

Working wi th dilute tissue extraots the rate of COZ evolution

WlLS linear for periods up to 90 minu tes, and the total gas output,

for IL given t1m.e, was proportional to the enzyme oonoentration. No

COZ was evolved by any of the reaotion oomponents, alone, or in

oombination, in the absenoe of tissue extraot. In several standardi­

zation exper1m.ents the assay was found to be aoourate within about

ZO%.

Lipase Unit

For oonvenienoe of notation in this work, enzyme aotivity

has been expressed in terms of- arbitrary uni ts, as definèd below.

A lipase unit ie that amount of lipase whioh upon inoubation at

37.50 in 3.0 ml. of 0.067 ! bi~arbonate butfer oontaining 1% tri­

buyrin, in an atmosphere of 7% COZ in HZ will produoe 100 pl. of

COZ par hour.

3. Ribonuolease Assay

A speotrophotometrio assay was developed for the determination

of ribonuolease whioh was found applioable to orude aqueous extraots

of mnall quantities of tissue. In this method the optioal density

of the produots of ribonuoleio aoid digestion whioh are soluble in

aoidified ethanol are determined by measuring the optioal density

of the solution in the ultraviolet at Z60 mu. The prooedure and

reagents employed are desoribed below.

tt.



Purifioation of Ribonuoleio Aoid

Commeroial yeast ribonuoleio aoid oontains oonsiderable

quantities of degraded fragments soluble in aoetic aoid in

aloohol. These fra~ents absorb strongly in the ultraviolet

thereby giving high blank readings. Purifioation of the ribonucleio

aoid by dialysis gave a produot relatively free of ultraviolet­

absorbing oamponents soluble in aoidio ethanol •.

100 ml. of a 15% solution of sodium ribonuoleate were

dialyzed in oellophane saos against running tap water for about

24 hours and then against several lots of distilled water for

about six hours. The sao oontents were then precipitated with

7.5 volumes of aoetio aoid in ethanol (1 part of glaoial acetio

aoid and 13.8 parts of ethanol) at OOC. After standing for 1 hour

at OOC the preoipitated ribonucleio aoid was oolleoted by oentri­

fugation. washed twice with ether and dried in vaouo. 6 g. of a

fine brownish powder were obtained. which showed negligible

alooho1-soluble ultraviolet-absorbing material under the oonditions

of the assay. A 0.6% solution of this ribonucleio aoid in 0.02M

phosphate buffer at pH 7.5 was employed for the ribonuolease assays.

Ribonucleio aoid preoipitating reagent

This reagent was prepared by mixing 935 ml. of 95%

ethanol. 60 ml. glacial aoetic acid and 5 ml. 2N NaOR. The pH of

the mixture ls about 4.2. This mixture is a modifioation of one

used by Volkin and Carter (151) for extraction of nuoleio aoids

fram tissue. The preoipitating reagent funotioned in two ways:

(a) ribonuclease activity was immediately stopped by the reagent



due to preoipitation of the undigested ribonuoleio aold and

protein present in the inoubation mixture; (b) the alcohol-soluble

produots liberated by the action of rlbonuclease were estimated

direotly by measuring the optioal density of the olearsupernatant

obtained after oentrifugation of the preoipitate.

Assay Prooedure

0.5 ml. of a 1% ribonuoleio aoid solution in O.O~

phosphate butfer was pipetted into oentrifuge tubes. 0.6 ml. of

a dilute solution of ribonuolease was then added and the tube

inoubated at 37.50 for a given interval of time. At the end of

othe incubation period 7.0 ml. of preoipitating reagent at 0 C

were pipetted into the inoubation mixture. In the oontrol tube

0.5 ml. of the dilute enzyme solution was added to 7.0 ml. of

the preoipitating agent. It we.s established that upon inoubation

of either ribonuoleio acid solution or enzyme solution alone.

prior to addition of the preoipitating reagent. the optioal

density of the supernatant obtained atter centrifugation did

not change.

After an hour of standing at OoC, the tubes were oentri-

fuged for 15 minutes and the supernatant solutions deoanted.

High-speed oentrifugation for one minute at about 15,000 g

produoed olear, easily-deoantable supernatants. However, if the

low speed angle oentrifuge was used. at least 16 minutes of

oentrifugation was neoessary to obtain fir.m paoking of the preoi-

pitate and a supernatant rree of fine. floooulent particles.

Optical density readings were taken of the supernatants,



at 260 mu in a Beckman Model DU speotrophotometer against the

preoipitating reagent as a blank. The difference in optioal

density between the incubated and the uninoubated samples was

a measure of the ribonuolease aotivity of the unknown. When the

enzyme activity was so great as to give optical density values

greater than 0.6. the supernatants were diluted with precipitating

reagent and the readings then obtained were multiplied by the

dilution factor. The optioal density was found to be direotly

proportional to the dilution.

Standardization of Assay

Experiments were run with orystalline ribonuclease

~orthington Bioohemicals Corp.) and orude aqueous panoreas

extraota to standardize the assay. At low orystal1ine enzyme

ooncentrations (0.05 ug./ml. and 1ess) the optioal density is

direotly proportional to the time of incubation for periods up

to 60 minutes. The resu1ts of one auoh experiment are shown in

Figure 2 0 For a fixed time, the optioal density of the supernatant

is direotly proportional ta the 6mount of crystalline enzyme usedo

S~ilar resu1ts were usually obtained with aqueous

extraots of pigeon pancreas, although in a few preparations

direct proportionality was not obtained. However, worklng with

amounts of tissue not exoeeding la mg. wet weight/mlo, the optica1

density of the supernatant 16 1inear with respect to time, and,

for a fixed time, linear with respect ta tissue conoentration.

The re1ationship between tissue (enzyme) oonoentration and optioal



FIGURE 2

RIBONUCLEASE ASSAY
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Inoubation of 0.05 ug./ml. orystalline ribonuoleas.
with 0.5 ml. purified yea8t ribonuoleio aoid at

37.6oC for various time intervals. Optical den8ity
readings obtained on a 5-fold dilution of sampI••
of super.natantl and readings multiplied by 5.



density i8 shawn in Figure 3.

In several standardization experiments. designed ta test

the sensitivity of the method. the assay was found to be aocurate

Within about 5%. using crystalline ribonuclease. and about 15%

using crude tissue extracts.

Ribonuclease Unit

A ribonuolease unit i8 defined here as that amount of

ribonuclease which upon 30 minutes of incubation at 37.50C in

1.0 ml. of 0.5% purified yeast ribonuoleic aoid solution in O.O~

phosphate buffer at pH 7.5 will produoe an increase of 0.01

optieal density unite at 260 mp. in the supernatant obtained by

the desoribed assay procedure.



FIGURE 3

RIBONUCLEASE ASSAY
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Inoubation of varying amounts of aqueoua
extraots of pigeon panoreas wi.th 0.5%
purified yeast ribonucleio aoid at 37.5°0.

CurV8 A. 30 minute inoubation
Curve B = 60 minute inoubation



CHAPTER VII

EXPERIMENTAL RESULTS

A - ENZIME SYNTHESIS

1. Re11ability of Lipase and Ribonuolease Assays in S110es

It bas been shawn that wnylase 18 evenly distributed in

pigeon panoreas and oompletely extraoted by the prooedure employed

(124). Sim11ar results were obtained for lipase and ribonuolease

(Table XV). Freshly prepared 8l1ees. of varying weight. fram

different parts of the panoreas. were ex~racted in the same

volume of water and the extracts tested for their lipase and ribonuc­

lease aetivities. The results shawn in Table XV and subsequent

tables have been oaleulated for initial dry we1ght using the ratio

0.23. This ratio was obtained by weighing uninoubated 81ioes

before and after drying at about 1050C.

The agreement in values for lipase and ribonuolease

aotivities of different sliees fram each lobe of the pancreas 1s

within 20%. and 15%. respectively. although the differenoe between

the large and small lobe average value for both enzymes i. greater

tban 20%. The values for both en~;ymes feJ.l well within the range

of variation of the assay procedures. whioh means that within these

limits. lipase and ribonuolease are oompletely extraoted and evenly

distributed in the panoreas.



TABLE XV

DISTRIBUTION OF LIPASE AND RIBONUCLEASE

IN PIGEON PANCREAS SUCES

(No oarbamyloholine given)

Enzyme aotivity expressed in units defined
in text

Dry wt. of sUoe
(mg.)

Large lobe

10.8

12.3

20.0

22.8

34.2

Small lobe

15.4

15.9

37.2

Lipase Unit./
mg. initial

dry 'Kt.

68

64

62

76

74

52

52

58

Ribonuolease Units/
mg. initial dry wt.

147

135

138

130

148

103

110

112

2. Effeot of Inoubation on Lipase and Ribonuolease Aotivity of
Panoreas SUces

Inorease in enzyme aotivity with time of inoubation

Aerobio inoubation of panoreas s1ioes in saline for three

hours approximately doubles the total (sum of medium and tissue)

amylase, lipase and ribonuolease aotivities of the 51ioes (Table XVI).



TABLE XVI

RATES OF AMYLASE, LIPASE AND RIBONUCLEASE .8YNTHESIS IN

PRESENCE AND ABSENCE OF ADDED AMINO ACIDS

Inoubations in bioarbonate saline and amino aoid
Mixtures II and III where indicated. Ge.ssed
wi th 7% CO2 in 93% O2•

Total Enzyme Aotivity of Medium.
and Tissue per mg. initial dry wt.

Incubation
Time Amylase Lipase Ribonuolease

(hours) Additions Unit. Unite Units

A A A

0 None 15 20 10

1 None 22 7 24 4 13 3

2 None 27 12 32 12 15 5

3 None 32 17 37 17 20 10

1 Amino Acids 32 17 32 12 17 7

2 Amino Aoids 43 28 41 21 22 12

3 Amino Aoids 56 41 57 37 31 21

This indicates that all three enzymes are synthesized in

panoreas slioes. When a oomplete mixture of amino aoids is added

to the incubation medium the total activity of eaoh of the three

enzymes inoreases more than wo-fold during 3 hours of inoubation.

Thu8 amino aoids stimulate markedly the above inoreases in lipase

and ribonuolease aotivities as weIl as amylase aotivity. The "rat es

of increase in the activities of aIl three enzymes with respeot

to time of incubation are quite oonstant.
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Inhibition of enzyme synthesis bl 2t4 dinitrophenol (DNP)

If the increase in enzyme aotivity is true enzyme synthesi.

one would expeot the reaotion to be inhibited by substances whioh

inhibit the production of usable energy by the oeIl. This possibility

was tested. and the results of an experiment are shown in Table XVII.

TABLE XVII

EFFECT OF 2:4-DINITROP~NOL ON THE SYNTHESIS OF AMYLASE, LIPASE

AND RIBONUCLEASE IN PRESENCE AND ABSENCE OF ADDED AMINO ACIDS

Inoubations in ~edium III" oontaining 0.2% gluoose,
amine aoid Mixtures II and III where indioated,
2 x 10-~K 2:4-dinitropheno1 where indioated. Gas
phase 100% 02'

Tota.l Enzyme Aotivity of Medium
and Tissue per mg. initial dry wt.

Inoubation
Time Amylase Lipase Ribonuo1ea.se

(hours) Additions Units Units Units

0 None 15 13 22

0 None 13 10 21

2.5 DNP and amâ.no acids 13 Il 14

2.5 DNP 16 13 16

2.6 None 25 30 21

2.5 None 26 26" 25

2.6 None 28 35 23

2.5 Amino acids 50 57 32

2.5 Amino acids 49 51 34

2.6 Amino acids 68 66 37
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In the presenoe of 2 x lO-~ 214 dinitrophenol (DNP) the

amylase and lipase aotivities do not inorease during inoubation.

either in the presenoe or in the absence of added amino aoids.

The ribonuelease aotivity. however. decreases by about 30% after

incubation with DNP. both with and without added amino aoide.

Control exper~ents have shown that DNP doea not inaotivate

ribonuolease. Mg and Ca ions, whioh are present in the medium and

are inhibitors of ribonuolease aotivity (152), do not have any measurable

effect on ribonuclease aotivity at the conoentrations in whieh they

are present. It appears, therefore. that the deorease in ribonuc1ease

activity after inoubation is due to a partial destruotion of this

enzyme during inoubation. In caleulating the resu1ts for ribon-

uolease activity. the values obtained after incubation with DNP

were therefore taken as a measure of initial ribonuolease aotivity.

Incubation of sliees in saline media produoed an average

inorease of about 80%. 150% and 50%. in amylase. lipase and ribo­

nuo1ease aotivity, respeotively. over the average aotivity of the

uninoubated and DNP oontrols (Table XVII). When a mixture of 22

amino aoids was present during inoubation the aboya increases were

at least doub1ed.

The sttmulating affeot of amine aoids on the inoreases

in lipase and ribonuolease activity during inoubation (Tables XVI

and XVII) ia further evidenoe that these two enzymes. as well as

amylase, are synthesized by pigeon pancreas. in vitro.

The observations with DNP indioate that the inoreases in

lipase and ribonuo1ease aotivities represent enzyme synthesis and

11.



not an activation of some inactive fom of the enzymes during incu-

bation, since conversion of a proenzyme (inert preoursor) to the

aotive fom i8 not an energy requiring prooess (130).

3. Effeot of Different Mixtures of Amino Acide on Enzyme Synthests

Comparison of lipase and ribonuclease synthesis in presenoe
of a oomplete and inoamplete mixture of amino acids

Table XVIII shows the results of an experiment designed

to test broadly whether the amino acid requirements for lipase

and ribonuolease synthesis differ fram those of amylase.

TABLE XVIII

COMPARISON OF LIPASE AND RIBONUCLEASE SYNTHESIS IN

PRESENCE OF DIFFERENT AMINO ACID MIXTURES

Inoubations in bioarbonate-saline oontaining 0.2%
glucose, amino aoid Mixtures II, or II and III,
where indicated. Gas phase 7% CO2 in 02

~

Total Enzyme Activity of Medium and
Tissue per mg. initial dry wt.

Incubation
Time Amylase Lipase Ribonuolease

(hours) Additions Unit. Unite Unit.

0 None 53 40 48

2.5 Mixtures II 49 45 34
and III li

2.5 Mixture II 89 87 58

2.5 Mixture II 85 92 54

2.5 Mixture II 81 83 52

2.5 Mixtures II 86 88 51
and III

2.5 Mixtures II 90 83 53
and III

2.5 Mixtures II 84 95 53
and III

li Gas phase 7% C02 in N2. Yellow phosphorus in side am of Warburg vessel.
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The inorease in aotivities of aIl three enzymes is the

sarne when the inoubation is performed in the presenoe of amino

aoid Mixture II ("essential" for amylase synthesis), or in the

presenoe of aIl 22 amino aoids, ie., amino aoid Mixtures II and

III.

The nutritional1y essential amine aoid, methionine,

found unneoessary for maxDnal amylase synthesis (125), is absent

trom amino aoid Mixture II, and apparently has no mea~urab1e

effect on the synthesis of lipase and ribonuolease. Although

Methionine ia not present in orystalline amylase (126), it i8

present in orystalline ribonuolease te the extent of about 4.5%

(153). The amino acid oonstituents of panoreatic lipase are
J

unknown, sinoe orysta11ization of lipases haye not been aooomplished.

It ia probable that the Methionine oontent of the 81ioes was

sufficiently high to prevent this amino aoid fram becaming

the Itmiting faotor in the synthesis of lipase or ribonuolease,

by whatever meohanism the synthesis of these enzymes may

prooeed. Preinoubated slioes, in whioh the endogenous amino aoid

oontent has been reduoed, are best suited for studying the effects

of individyal amino aoids on enzyme synthesis; sane experDnents

with suah "depleted" slioes will be reported in a later seotion.

The ribonuolease aotivity of slioes inoubated anaerobioally

18 about 3Q% 10wer than that of unincubated sl10es; the ribonuolease

aotivity of the anaerobioally-inoubated sample was therefore used



as the control value. In this experiment the inorea.se in enzyme

aotivity after incubation was greatest for lipase (about 95~,

intermediate for amylase (about 7B,%), and aga.in least for ribonuo-

lease (about 60%).

The initial levels of aU three enzymes in the experiment

of Table XVI were a.bout two or three times those shown in Table

XVII, and henoe the peroentage inor.ase in enzyme aotivity after

inoubation 1s not as great. However. the absolute inoreases in

the aotiv1ties of all three enzymes are about th~ same as those

shawn in the resulta of Table XVII. The data. in Tables XVII and

XVIII and results shawn later indicate that ribonuolease i8

synthesized only about 1/3 to 1/2 as rapidly as amylase and lipase.

Effect of amino aoide and partially hydrolyzed
fibrin on enzyme synthesis

A oamparison was made of the effeots of a oomplete amino

aoid mixture and Aminosol (a partial hydrolysate of fibrin

cpntaining 1/3 small peptides) on enzyme synthesis. The results

are presented in Table XIX. The synthesis of each of the three

enzymes is the same in the presence of either of the mixtures.

The results indicate that the peptides present in the partially-

hydrolyzed fibrin are not superior to free amino acids as substrate.

for enzyme synthesis. These results beoame of partioular interest

when oompared later With the effeet of the partial hydroly.ate of

fibrin on labelled amino aoid inoorporation by panoreas sliees.



TABLE XIX

COMPARISON OF ENZ'YME SYNTHESIS IN PRESENCE OF AMINO

ACIDS Am> PARTIALLY HYDROLYZED FIBRIN (AMI NOSOL)

Inoubation in ~edium III" containing 0.2% glucose,
2 x 10-\{ dinitropheno1 where indicated. Mixtures
1 and 11-= 22 amino aoids; Mixture l =Aminoso1.
Gas phase 100% 02.

Total Enzyme Aotivity of Medium
and Tissue,Ang. initial dry wt.

1noubatioa
Time Amylase Lipase Ribonuo1ea.e

(hours) Additions Unite Unite Unit.

0 None 32 20 39

2.5 Mixture r and DNP 32 24 27

2.6 DEF 27 20 24

2.6 Mixture r 62 56 38

2.6 Mixture r 63 56 41

2.5 Mixture r 63 48 41

2.5 Mixture II and III 66 62 36

2.6 Mixture II and III 62 56 38

2.5 Mixture Il and III 63 48 42

4. DifferentiaI Stimulation of Enzyme Synthes!s by Amino Aoids

Tables :xx and XXI provide date. indioating that amino aoide, in

some exper~ents, do not stimulate the synthesis of aIl three

panoreatio enzymes under investigation in the same manner.

1b.



TABLE XX

SYNTHESIS OF .AMYLA.SE.. UPASE AND RIBONUCLEASE IN PRESENCE

AND ABSENCE OF ADDE]) AMINO ACIDS

Inoubation in ftMedium III" oont&ining 0.2% glucose,
Amino aoid Mixtures l and II where indioated. Gal
phase 100% °2•

Total Enzyme Aotivi ty of Medium.
and Tissue per mg. initial wet wt.

Inoubation
Time Amylase Lipase Ribonuclease

(hours) Additions Unit Unit Unit

0 None 22 6 9

2.5 None 39 10 12

2.5 Amino acids 65 18 13

2.6 Amino aoids 67 20 13

2.5 Amino aoids 65 18 12

The results of Table XX show that although added amino

aoids stimulated amylase and lipase synthesis in the usual manner,

by about l5Q% and 200% respectively, the amino acids had no sig­

nificant effect upon ribonuclease sy.nthesis. The ribonuolease

oontrol ns an lminoubated s110e in this experiment, and the

inorease in rlbonuclease activity 18 undoubtedly higher than

indioated due to the previously-disoussed decrease observed in

ribanuclease aotivity after inoubation in the absenoe of an energy

source. The absolute inorease in both lipase and ribonuolee.se

e.ctivity fiaS partioularly small in this experiment, being only

about 1/4 of the values usually obtained. The results for amylase

are typioal of those usually obtained.

77.



TABLE XXI

SYNTHESIS OF AMYLASE, LIPASE AND RIBONUCLEASE IN PRESENCE

AND ABSENCE OF ADDED AMINO ACIDS

Inoubation in bioarbonate saline oontaining 2 x 10-~
dinitrophenol where indioated# amino aoid Mixture l
(Aminosol) where indioated# 0.2% gluoose. Gas phase
7% CO2 in O2•

Total Enzyme Aotivity of Medium and
Tissue per mg. initial dry wt.

Inoubation
Time Amylase Lipase Ribonuolease

(hours) Addition. Unite Units Unite

Expt.1 0 DNP 36 15 11

2.5 None 56 31 32

2.5 Amino aoids 80 34 33

73.

Expt.2 o None .

None

Amino aoids

29

53

67

8

19

19

8

22

23

The resu1ts of Table XXI indioate that lipase synthesia

also 1& not always stimulated by amino aoids. Amino aoids sttmu­

lated amylase synthesis by about 120% and 60% in two separate

experiments, but had no effect on either lipase or ribonuoelase

synthesis. Aminosol Was used ta supply amino aoids in the experi-

mente illustrated in Table XXI, but the differenQe in the pattera



of enzyme synthesis oannot be attributed to this souroe, sinee

it -as shawn above (Table XIX) that Aminosol doee not differ

fram the other amino aoide in stimulating enzyme synthesis. The

use of bioarbonate saline in these experimentll oannot aooount for

the differential stimulation sinoe synthesis of aIl three enzymes

was stimulated by amino aoids upon inoubation in bioarbonate

saline in other experiments (Table XVI).

The observations illustrated in Tables XX and XXI indioate

that each of the digestive enzymes oan, to same extent, be syn­

thesized independently of the others, and that their total amino

acid requirements differ. The ditferential stimulation to syn­

thesis by amine aoids is probably due to suffioient etores of

amino aoids in the tissue for maximal synthesis of same, but not

all of the enzymes. Experiments with slioes "depleted" of their

amino acid stores by preincubation, will provide evidenoe for this

interpretation.

Summary

1. The synthesis of lipase and ribonuclease by pigeon pancreas

sliees has been studied.

2. The lipase and ribonuolease oontent of panoreas tissue may

be depleted oonsiderably by abundant feeding of the pigeons and

injeotion of oarbamyloholine before killing.

3. Inor.ases in the total lipase and ribonuolease aotivities

(sum of medium and tissue) ooour when depleted panoreas slioes are

inoubated aerobioally in physiolyioal saline.



4. The inoreases in total lipase and ribonuolease aotivities

are not obtained anaerobioally or in the presenoe of 2:4-dinitrophenol.

5. The inoreases in total lipase and ribonuolease aotivities

are the same when a mixture of 10 amino aoide ("essential" for

amylase synthesis) or a oomplete mixture of 22 amino aoids 1a

present during inoubation.

6. Small peptides, obtained fram a partial hydrolysate of

f1brin, are no more effeotive than amino aoids in stimulating

amylase, lipase and ribonuclease synthesis.

7. The inoreases in the total lipase and ribonuolease

aotivlties are usually, but not always, greater in saline con­

taining amino aoids, whereas amylase aotivity ia always greater

in the presenoe of amino acids.

8. The above observations indioate that pigeon panoreas slioes

aynthesiz. lipase and r1bonuoleas8 in vitro, if respiration or the

energy derlved therefrom 1s intaot.



B - ENZlME SYNTBESIS AND SECRETION

Binoe amylase~ Iipase~ and ribonuolease are aynthesized

by pigeon panoreas sliees~ it W8.S deoided to observe whether

drugs stimulating amylase seoretion (124) would also stimulate

lipase and ribonuolease seoretion. The results of several experi-

ments designed to answer this question are shown in Tables XXII

and XXIII. Several interesting features about the system arise

out of these expertments~ and they will be discussed under

aeparate headings.

1. Stimulation of Lipase and Ribonuclease Secretion by Cholinergio
Drug8

In the expertments on enzyme seoretion. the cholinergie

drug W8.S present in a11 the vessels; the addition of atropine to

the oontrol vessels prevented the seoretory aotion of the drugs

(154). Aerobioal1y~ in the presenoe of oarbamy1oho1ine a1one~

the amylase. lipase and ribonuo1ease aotivities of the medium are

at least twice that observed in the presenoe of oarbamy1oho1ine

and atropine (Table XXII) and this indioates that oarbamylcholine

stimu1ated the seoretion of a11 three enzymes in a paraI1el manner.

Anaerobica1ly. the stimulation of enzyme seoretion by oarbamyl-

oholine does not ooeur. This indioates that enzyme seoretion ls aa

energy-requiring prooess.

The results of Table XXIII are in general siml1ar to those

of Tabl. XXII. Aoetylcholine wlth eserine produoes an inoreas. of

about 50-100% in the activlties of all thre. enzymes in the medium.

3/.



TABLE XIII

SYNTHESIS AND SECRETION OF AMYLASE. LIPASE AND RIBONUCLEASE

Medium. conta1ned Krebs Medium III; 0.2% glucose; 10 ug./ml carbamy1cboline; smino acid Mixture l where indicated;
100 ug./ml. atropine where indicated. Yellow phosphorus p1aced in sidearm of \larburg vesse1 when N2 used as gas
phase. 30 minutes prel1Brl.nary incubation in oxygenated "Medium III" containing 0.2% glucose.
Expt. 1 - Pigeon received 150 ug. carbamy1cbo1ine in vivo. Ex:pt. 2 - No carbamylcboline administered in vivo

Enzyme Activity per mg. initial dry weight

Amylase Unite Lipase Units Ribonuclease Unite

Expt. Medi1lDl Tissue Total li Total JDl Medium Tissue Total lE Total lOt: Medium Tissue Total ]( Total ]Dl

No. Gase Phase Additions (added) (assayed) (added) (assa.yed) (added) (assayed)

100% N2 Mixture l 11 34 8 34 2 10 12 12

100% 02 Atropine 14 44 8 38 2 9 11 14
1

100% 02 Mixture l 13 57 70 74 10 48 58 58 2 13 17 20
atropine

100 %02 Mixture r 35 35 70 73 24 40 64 61 5 10 17 20

100% N2 Mixture l 9 33 42 42 6 28 2 13 15 14

100% 02 Atropine 11 42 53 51 6 28 2 14 16 16
2

100% 02 Mixture l 11 69 sa 83 6 4h 52 62 2 15 17 22
atropine

100% 02 Mixture l 33 Mo 77 87 16 36 52 64 5 14 19 23

li The values for total enzyme activity in these columns are the sum of the activities obtained for medium and tissue.
10( The values for total enzyme activity shawn in these co1umns 'Were obtained by assaying pooled semples of medium and tissue.

~



TABLE mIl

SlNTBESIS AND SECRETION OF AMYT,ASE. LIPASE AND RIBONUCLEASE

Medium contained "Medium III"; 0.2% glucose; 10 ug./ml. acety1cho1ine; 100 ug./ml. esserine; amino acide where indicated;
2 x 10-'tt 2:4-dinitrophenol where indicated; 100 ug./ml. atropine where indicated. Gaased with 100% 02· 30 minutes pre-
Bm1nary incubation at 37.50 in oxygenated Medium III containing 0.2% glucose. 2 hours main incubation.
Expt. 1 - Pigeon received 150 ug. carbamy1choline in vivo. Expt. 2 - No carb8D1y1cho1ine administered in vivo.

Enzyme activit,. par mg. in!tial. dry \rIeight

Amylase Units Lipase Units Ribonuclease Units
Expt.

No. Samp1e Additions Medium Tissue TotsJ. 11 Medium 'l'issue Total. II Medium Tissue Total. 11

1 Mixture 1 dinitrophenol 12 28 40 10 12 22 5 14 19

1 2 Atropine 16 33 49 14 14 28 6 16 22

3 Atropine Mixture 1 15 48 63 12 18 30 8 19 27

4 Mixture 1 26 35 61 22 14 36 12 17 29

1 Mixture 1 dinitropheno1 17 44 61 10 16 26 4 15 19

2 Atropine 20 44 64 12 18 30 5 14 19

2 3 A.tropine Mixture 1 26 55 81 16 30 4h 6 26 32

4 Mixture 1 42 42 84 24 24 48 10 23 33

5 Atropine hydrolyzed Mixture 1 26 51 77 18 24 42 5 24 29

6 Hydrolyzed Mixture 1 57 24 81 32 22 54 11 19 30

II The val.ues for total. enzyme activity are the SUIn of the medium and tissue acti~lties.

~



over the oorresponding oontrol values obtained with atropine and

aoetyloholine. The activities of the enzymes in the media con­

taining 2t4-dinitrophenol and aoetyloholine are about the same

or somewbat lower# than the atropine control levell; this indioatea

that dlnitrophenol inhibits seoretion.

It will be noted that in vitro enzyme seoretion ooours

to the same extent irrespeotive of whether or not oarbamylcholine

i8 administered in vivo. The initial enzyme levels of the undepleted

pancreases used in these experiments were about the same as the

enzyme levaIs of the dapleted.

2. Effect of Preinoubation on Enzyme Synthesis and Seoretion

In the experiments on ·enzyme secretion a preliminary half­

hour inoubation 'W8.S performed in order ta remove fram the slioes

oonsiderable quantities of aIl three enzymes whioh rapid1y enter

the medium# and probab1y arise in the main, tram d~ged oells

(154). The re8ults obtained in enzyme seoretion studies are muoh

more oonsistent when thi8 prooedure i8 followed.

The preinoubation prooedure brings out an ~portant effeot

with regard to enzyme synthesis (Tables XXII and XXIII). The

synthesis of aIl three enzymes by preinoubated 81ioes in the absenoe

of added amino acids i8 in most oases eithar very mnali. or oampletely

abolished. With added amino aoids. however, the synthesis of aIl

three enzymes ls oonsiderable in m08t experiments. Thus added

amino aoids may stïmulate enzyme synthesis five or tenfold over

saline oontrols. when preliminary inoubation of the s110es ls perfonned.



The maximum st1mul~tion of enzyme synthesis by amine aoide in

non-preincub&ted slioes il only tw~or three-fold. Theae results

provlde evidenoe that enzyme synthesi. obtained in the absenoe of

added amina acids is dependent on the endogenous free amino aoids

of the slioes. and that preliminary inoubation of the slioes

reduoes the ~antity of these fre. amino aoids to suoh an extent

that the enzyme synthesizing meohanism is markedly disturbed.

Canparison of amylase synthesis of preinoubated
and non-preinoubated sUoes of the same pancreas

The possibility was oonsidered that faotors neoessary

for enzyme synthesis. other than amino aoids, may be lost by the

slloes during preinoubation. Table XXIV shows the results of

an experiment testing this possibility. In the presence of amino

aoide amylase synthesis in preincubated slioes ls only about 15,%

1ess th&n in the non-preinoubated slioes. In the absenoe of &dded

amino aoids. preinoubation reduoes amylase synthesis by 60%.

Amino aoids sttmulate amylase synthesis about two-fold in non-

preinoubated slioes. whereas a five-fold stimulation i8 obtained

with preinoubated sliees. These results oorrespond with tho8e of

Tablel XXII and XXIII and indioate that the main effeot of pre-

inoubation i8 to deplete the tissue of amino aoid••

3. Effeot of Stimulation of Enzyme Seoretion on Enzyme Synthesia

Under the oonditions of these exper~ents. the rates of

synthesis of amylase, lipase and ribonuolease are not signltioantly



TABLE XXIV

AMYLASE SYNTHESIS IN PREINCUBATED AND

NON-PREINCUBATED PANCREAS. SLICES

Inoubation in ~edium III" oontaining 0.2% gluoose,
amino aoid mixtures as indioated. Gas.ed with 109%
OZ. Preliminary inoubation for 30 minuts at 37.50 C
in oxygenated '~edium III" oontaining 0.2% gluoose
for Group 1.

Treatment Main Total Amylase
of Inoubation Aotivity

S110es Time (Smith &Roe
(hours) Additions Units) per

mg. initial
drywt.

0 None 18

r
Preinoubated 2.0 None Zl

2.0 Mixture r 40

2.0 Mixtures II plus 38
III

Amylase
Synthesized
(Smith & Roe
Units) per
mg. initial

dry 1ft.

4

22

ZO

ti.

0 None 20

II 2.0 None 30 10
Non-

Preinoubated 2.0 Mixture r 43 23

2.0 Mixtures II plus 45 26
III



affeoted by oarbamylcholine or aoetylcholine with eserine. Thes.

results are in accord with results obtained with amylase on

depleted glands (124). Glands depleted of their enzyme content

by in vivo oarbamy1oholine administration might already be expected

te be synthesizing at a maximal rate. However the synthesis of aIl

three enzymes was not sttmulated by cholinergic drugs in the experi­

mente in which oarbamylcholine was not given in vivo. It thus

appears that stimulation of seoretion does not stimulate enzyme

synthesis. in vitro. To avoid undue repetition, oomments on th.

results on enzyme synthesis and secretion are reserved for the

general discussion (Chapter X).

Summary

1. The di.oharge of lipase and ribonuolease by pancreas slioe.

into the medium ls greater in the presenoe of carbamylcholine or

acetyloholine (with eserine) than in the presence of either of these

drUg8 plus atropine.

2. Thls discharge of enzyme i8 dependent on oxygen and ia

inhibited by 2:4-dinitrophenol.

3. The above observations indicate that pigeon panoreas 8lioes

aotively secrete amylase. lipase and ribonuclease. in a paralle1

fashion. in vitro.

4. Preincubation of pancreas 8lices in gluoose-saline reduces

or aboliihes the synthesis of amylase, lipase and ribonuolease

obtained on inoubation in saline without amino aoids, and markedly

enhances the synthesis of aIl three enzymes in saline oontaining



amino aoide.

5. Amylase synthesis is only slightly reduoed in slices

whioh have undergone preliminary inoubation.

S. The synthesis of amylase. lipase and ribonuolease 1s not

appreciably affeoted by stimulation of seoretion in pancreas

slioes of pigeons whioh have. and have not. reoeived oarbamyloholine

in vivo.
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SECTION B (CHAPTERS VIII AND IX)

GLYCINE-l-C14 INCORPORATION AND ENZ!ME SYNTHESIS BI PANCREAS TISSUE IN VITRO

CHAPTER VIII

MATERIALS AND EXPERIMENTAL METHODS

A - INCUBATION MEDIA

1. Inorganio Media and Amine Aoid Mixtures

The inorganic media used in the work reported in thiB

seotion were the same as those desoribed in Chapter VI-A. In

experiments on the affeots of amino aoids and peptides the following

mixtures were used: (1) Aminosol, a 5% solution of a partial

hydrolysate of fibrin oontaining peptides and amino aoids, in a

final oonoentration during inoubation of 0.34%; (2) hydrolyzed

Aminosol (see below), in a final oonoentration during inoubation

of about 0.3%; (3) Amino aoid Mixture IV - oomposed of 20 amino

aoide listed in Table XXV. Glyoine was omitted from this mixture

so aa not to dilute the radioaotive glyoine used in this work.

Amino aoid Mixture IV was prepared by disso1ving oommercial amino

aoids in "Medium III" and neutralizing with NaOR. Stock solutione

of these mixtures were stored in the frozen state at about -10°C.

2. Preparation of Hydrolyzed AmiDosol

Aminosol was hydrolyzed and purified in the following

manner. 25 ml. of oonoentrated HCl (about 12N) were added to 25 ml.

of Aminosol and the mixture autoc1aved at 15 lbs. pressure for one

hour. The hydrolysate was deoolourized by shaking with aotivated

oharooal and separated fran the cbarooal by filtration. The olear

hydrolysate was then oonoentrated down to a volume of about 2 ml.



TABLE XXV

STANDARD AMINO ACID MIXTURES

(Conoentrations are those in inoubation vessaIs in routine expts.)

MIXTURE V

Amino Aoid Cono 'n (M) Amino Aoid Cono'n (M)

... t t 0.002 L-Proline 0.001DL-Aspar}- e

L-Arginine 0.001 L-HydroXy'proline 0.001

L-Cysteine 0.001 DL-Norleuoine 0.002

L-Glutaroate 0.001 DL-Methionine 0.002

L-Hist1dine 0.001 L-Tyrosine 0.001

DL-Isolelloine 0.002 L-Tryptophan 0.001

L-Citrulline 0.001 DL-Threonine 0.002

L-ornithine 0.001 DL-Phenylalanine 0.002

L-Leuoine 0.001 DL-Serine 0.002

L-Lys1ne 0.001 DL-Valille 0.002



by vacuum distillation. The syrupy ooneentrate was diluted wlth

about 3 ml. water and vaouum distilled to a volume of about 2 ml.

This procedure was repeated three ttmes to ramove most of the H01.

The hydrolysate was then neutralized with NaOH and made up to a

oonoentration of about 5% with water. In making up the final

solution an allowanee of 5% was made for losses of amino acids

by adsorption on the oharooal. The solution oontained about 0.4%

NaOl arising fram neutralization of the residual H01.

3. Radioaotive Materials

1 1.
The speoifie aotivity of the glyoine-l-C 4 used was

about 80,000 oounts per minute per mg. (o/m/mg.). A portion of

the radioaotive glycine was diluted 114 with non-radioaotive

glyoine and a stook solution of 10 mg/ml. glyoine was prepared with

distilled water. A 10 mg/ml. solution of undiluted radioactive

glycine was similarly prepared. Theae solutions were .stored at

1 mg. glycine (exaotly 0.1 ml. solution) was used ina

total volume of 3.0 ml. incubation medium, so that the glyoine

conoentration was O.OO~ and the radioaotivity either 20,000 or

80,000 oounts per minute of 014 per vessel.

C14-oarboxyl-labelled alanine (speoifie activity about

15,000 c/m/mg.) was used in some experiments. 0.10 ml. of a

20 mg/ml. solution was employed in a total inoubation volume of

3.0 ml.

1'1 am indebted to Dr. D. Douglas of the Atomio Ohemistry Division

of the Montreal General Hospital Researoh Institute for preparing

the radioactive glyoine and alanine used in this work.



32P was obtained t'rom Atomio Energy of' Canada Ltd •• Chalk

River, Ontario. Approxtmately 10 pC p32 as phosphate was used

par vessel.

B - TISSUE TECHNI~UES

The prooedures employed in preparing and inoubating pigeon

panoreas were desoribed in Chapter VI-B. New prooedures adopted

in this work are desoribed below. The volume of' incubation fluid

was always 3.0 ml. oInoubations were perf'ormed at 37.5 C for

2 hours unless otherwise speoified.

1. Preparation of Mouse Pancreas

In the experiments with mice. panoreases of 4 to 6 animal.

were used per inoubation vessel. 400-600 mg. of tissue were

usually obtained. One half of the tissue was set aside as uninoubated

oontrols in some expertments. in order to follow enzyme synthesis.

The mice employed were an albino variety whioh have been

raised at the Montreal General Hospital Researoh Institute for the

past five years and are highly inbred. (In one of the experiments

a group of albino male mioe (23-25 gm.) obtained t'rom the Royal

Viotoria Hospital were used.) Male animals weighing 25-35 gm. were

EIIlployed. In any one experiment mioe were selected whose weights

did not vary by more than three gm. Theae animals were then kept

in the same cage for the 24-hour fasting periode Water was provided

during the fast.



Pilooarpine was used to stimulate panoreatio seoretion

in vivo in some expertments. 0.1 mg. of 0.1% pilooarpine-hydro­

ohIoride was injeoted intraperitoneally 90 minutes before saorifice.

The response to this oholinergie drug ooourred a fewminutes after

injeotion, in the form of profuse sweating, defeoation, laohrymation,

eto. The dose of pilooarpine used was never lethal. The data of

Daly and Mirsky (165) on the effeots of pilooarpine on enzyme

levels in mouse panoreas provided the basis for drug dosages.

The mioe were killed by deoapitation, and the abdominal

wall penetrated laterally on the 1eft side with a sharp soissors.

In the mouse the spleen and panoreas are aseooiated anatomically;

both organe were removed with minimum dmnage to the pancreas.

The spleen was then disseoted away, and the pancreas stored in a

ohilled, olosed orystallising dish, humidified by moist filter paper.

In experiments requiring more than a dozen mioe, assistanoe was

usually obtained. One operator ki11ed and opened the mioa, and

the other removed and stored the panoreases. 1 Two dozen pancrease.

were obtained in about 20-25 minutes in this manner. The different

panoreases were arrange~ so that eaoh vessel would have samples of

tissue removed both at the beginning and the end of the preparation.

Panoreases were slioed in haIt by the Stadie-Riggs method

and pooled samples were weighed on the torsion balanoe. Whole mous.

~y thanks are due to Mr. Andrew Taussig of this Institute for his

he1p in this prooedure.



panoreas wa.s aIso inoubated in some experiments. Incubation

prooedure was the seme as described in Chapter VI-B.

2. Treatment of Tissue after Inoubation

The method desoribed earlier of grinding the tissue with

sand after inoubation oould not be employed in the isotope experi­

ments. A suspension of radioaotive protein, free of any other

solid partioles wa.s required in these experiments and prooedures

were adopted to obtain sllah a produot.

In preliminary isotope experiments the tissue was ground

with water in an all-glass hamogenizer. The results obtained

were very inconsistent. It was found that a considerable quantity

of fine glass partiales was produced when an all-glass homogenizer

was used. The a8say of radioaotivity was dependent on weighing &

fe. mg. of pure protein aoourately and this was not possible

beaauBe of the presenoe of variable amounts of glass in the samples.

A oommeroial homogenizer oonsisting of a heavy-duty glass tube

fitted with a Teflon pestle whioh produeed no partiales during

grinding was employed in this work.

After inoubation, the tissue was homogenized for about

2-3 minutes in 5 ml. of iee-oold water. Homogenization was per­

formed at several thousand r.p.m. and interrupted at frequent

intervals to ohili the hamogenate in iee and thus keep proteolytio

aotivity to a minimum. Aliquots of the hamogenate were oolleoted

at this stage for enzyme a8say. and the balance treated as desoribed

below.
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3. Misoellaneous Determinations

In determinations of the speoifio aotiv1.ty of aoid-soluble

organio phosphate. the prooedure fo11owed was identioa1 with that

desoribed by Hokin and Hokin (154).

Amylase. lipase and ribonuolease were assayed by the

methods desoribed in Chapter VI-C~

C - TECHNIQUES WITH RADIOACTIVE ISOTOPES

1. Preparation of Protein for Plating

The radioaotive protein was separated fram other oellular

oonstituents by a procedure. essentially similar to that desoribed

byWinnick (121). which lB given below.

One volume of oold 20% trichloroaoetio acid was added to

the hamogenate. The precipitate was oentrifuged, and washed once

with 6 ml. of oold 5% triohloroacetio acid. This was f0110wed by

extraction with 5% trichloroacetio acid at 900 for 15 minutes.

The residue was then washed with B.% triohloroaoetio acid at roan

temperature. The protein preoipitate was extraoted onoe with 6 ml.

of 95% ethanol. ~ioe with 3:1 ethanol-ether in a water bath at

60-65° for 5 minutes. and once with ether. Centrifugation was

performed after eaoh extraotion, to pack the fine protein preoi-

pitate.

2. Plating and Counting Teohnique

The plating and oounting teohnique was developed for small

quantities of proteln from panoreas. The purified protein suspen-



sion was oentrifuged and the ether deoanted. The protein was then

resuspended in about l ml. of a mixture of 411 chlorofonn-ether.

Preliminary tests for a suitable suspending agent were made with

various organic solvents including ethanol, acetone, petroleun

ether, chloroform and various mixtures of these. The ehlorofor.m­

ether mixture proved most satisfaotory and was routinely employed.

Aluminum disos with edges raised 1-2 mm. and an area of

3.8 sq. œns. were used for plating the radioaotive materials. The

disos .are plaoed on a large glass plate adjusted ta a perfeotly

horizontal position, to ensure even settling of the proteine The

protein suspension was introduoed on the dise by means of a Pasteur

pipette, and the ether-ohlorofor.m mixture allowed to evaporate at

room temperature. Homogeneous films of protein were usually

obtained by this procedure, although slight oraoking ooourred in

some semples. After drying, the plates were weighed and oounted.

Counts obtained on oracked and intaot protein layera did not vary

signifioantly.

Counting was performed with a Geiger~uller end-window

oounter attached to a scale-of-sixty-four soaler and an autamat1e

timer. The oounting equipment used was kindly loaned by the

Dept. of Chemistry, MoGill University. The baokground oount of the

instrument was about 15-20 counts per minute over a period of one

year, and was very consistent over any one-day periode A1l samp1es

from any one experiment were always oounted on the same day. Sinoe

radioaotive deoay i8 a random process, its measurement i8 limited

by sta.tistioa1 fluctuations inherent in oounting data. In the



observation of evants oocurring at random, it oan be shawn that

(f = ;JN where ($ = standard deviation and N • number of

events observed. AlI samples with appreciable radioaotivity were

eounted suffieiently long 50 that.tS was no greater than 2.5% of N.

The aotual eount obtained was oorreoted for baokground

and then for self absorption by dividing by the appropriate value

taken from the eurve in Figure 4 (see be10w for preparation of

ourve). Division of the oorrected count by the mg. of protein

on the plate gave the specifio aotivity of the protein, ie.,

oounts par minute per mg. protein (o/m/mg.)

3. Preparation of Self-Absorption Correction Curve for C14 ­
Protein on Aluminum

Radioaotive protein for the absorption curve wa8 obtained

in the following manner. Bioarbonate saline (147) was prepared

eontaining 0.02! sodium pyruvate, 0.2% gluoose and 0.75 mg. glyoine

(15,000 o/m) per ml. solution. Two l25-ml oonieal flasks, eaoh

containing l g. rat liver sliees and 10 ml. of the above were

gassed with 7% CO2 in 93% O2 and inoubated for 4 hours at 37.50C.

The protein was extraoted, plated, and counted by the prooedure

desoribed above. Table XXVI shows the oounts obtained fram plates

containing various quantities of proteine

The data of Table XXVI were plotted (mg. protein vs.

oountsjmtnute) and the linear portion of the resulting ourve, whioh

represents the true aotivity of the samples, extrapolated (aooording

to 156). A self absorption ourve tor protein was then oonstruoted

expressing the ratio of apparent aotivity to true aotivity (in peroent)



as a funotion of mg. proteine This ourve, shawn in Figure 4, was

used for correcting the oounts for C14 self absorption.

TABLE XXVI

MEASURED RADIOACTIVITY FROM C14_PROTEIN WITH VARYING

qUANTITIES OF PROTEIN (VARYING THICKNESS OF PROTEIN SAMPLES)

98.

Protein P1ated (mg.)

~.10

2.16
2.6,6
2.75
3.00
3.70
4.20
4.40
4.60
4.76
5.10
6.46
5.70
7.10
8.15

10.60
11.56
14.40
17.75
19.60

Counts;Minute

26.0
31.3
36.2
39.6
42.3
48.4
65.0
59.6
60.1
64.4
67.3
74.1
76.6
91.2

101.0
123.2
133.1
152.0
173.3
182.4
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FIGURE 4

SELF ABSORPTION CORRECTION CURVE

FOR PROTEIN ON ALUMlNUM

%t1Jaximum
observoble
Specifie
aetivity

o 5 10
mg. protein

15 1J)

Points represent oaloulated values (See text p.97)



CHAPTER IX

EKPERIMENTAL RESULTS

A - EKPERIMENTS WITH PIGEON PANCREAS SLICES

1. Effeot of Amino Aoide on Glycine-C14 Inoorporation and Enzyme
Synthellis

Table XXVII shows the results of an experiment on the

rate of radioglyoine inoorporation into pigeon pancreas slices,

in the presence and absence of added amino aoida. The rate of

glycine inoorporation was linear over a two-hour period, both in

the presenoe and absenoe of added amino acids. A complete mixture

of amine aoids inoreased the rate of glycine incorporation by about

IB,% over that obaerved in the absenoe of the amino acid mixture.

The radioactivity incorporated per mg. protein after two hours of

inoubation was about 0.04% of the total radioaotivity present

during inoubation. 13.2 p! of labelled glyoine was present in the

vessel; the rate of incorporation was thus about 3 ~ glycine/go

protein/hr.

The rate of glycine incorporation by pancreas may be campared

with related rate figures reported in the literature. Rat diaphra~

(157) and rabbit bone marrow oelle (158) inoorporate glyoine (initial

oonoentration O.OO~) at rates of approxtmately 0.7 and 5

~ glyoine/g. protei~hr., respectively. Embryonio and malignant

tissues take up labelled amino aoids muoh faster than normal adult

tissues (104, 105), and bone marrow cella belong with embryonio

(00.



TABLE XXVII

EFFECT OF AMINO ACIDS ON GLYCINE-C14 INCORPORATED AND A.MYLASE SYNTHESIS BY PIGEON PANCREAS SLICES

Incubations in bioarbonate saline oontainingt 0.2% gluoose~ Amino aeid Mixture IV where
indicated; 5.5 x 10-SM carbamylcholine~ 1 mg. glycine-C14 (20,000 o/m/mg.). Gassed with
7% CO2 in 93% 02. Pigeon reeeived 150 ug. oarbamyloholine intramuacularly 60 minutes
before saorifice.

Speoifie Stimulation Total Amylase
Aotivity by Aetivi ty (Medium Amylase Units Stimulation

of Amino plus Tissue) Synthesized by
Inouba.tion Protein Acids Uni ta per mg. per mg. Amino

Time clin/mg. in! tia.l initial dry Aeids
(Minutes) Additions Protein dry. wt. wt.

-
0 - 23

40 - 2.8

40 Amino Aoids 3.1 11%

80 - 4.9

80 Amino Aoide 5.9 20%

120 .. 8.2 34 Il

120 Amino Aoide 9.0 10% 47 24 120%

-o-



tissue. It thus appears that pigeon pancreas incorporates 1abe11ed

glyoine about as rapidly as growing tissues. As will be sean

later. inoorporation rates varied oonsiderably with the panoreases

of different pigeons. so that the value oalculated above. though

representative. is only to be considered as an order of magnitude.

One might expect that the speoifie aetivity of the radio-

glyoine added to the inoubation mixture would be samewhat reduoed
,

as a result of dilution with unlabelled en~genous glyoine oontributed

by the panoreas slices. The following calou1ation of the amount

of glycine oontributed in this manner shows it be to insignificant.

The average free amino nitrogen of sev~ral pigeon panoreases was

found to be 36 mg N/IOO gm. tissue. and about 50% of this was oon-

sidered to be due to glutamio acid plus glutamine (125). Taking

the average nitrogen content of amine acids as 16%. as in protein.

and assigning the value 120 as the moleoular weight of the "average"

amine aoid. the molar concentration of amino aoids (exclusive of

glutamio aoid plus glutamine) in pigeon pancreas is 6.25 x 0.018 x la •
120

or of the order of O.OIM. Assuming glyoine ta make up as muoh as

10% ofthis free amino aoid pool, the glycine concentration of

pigeon panoreas is of the order of D.OOlM. The volumes of tissue

used in the experllnents was about 3-5% of the total incubation

medium; this medium was O.004~ in glycine. Renee the dilution

of radioglycine by tissue glycine wauld appear ta be of the arder

of only 1%.

IOZ. .



The data of Table XXVII indioate that amylase synthesis

was rather small in this experiment; the rate of synthesis could

not be measured aocurately after short inoubation periods. However,

the synthesis obtained after two hours of inoubation was oonsiderable,

both in the presenoe and absence of added amine aoids, and the stimu-

lation to amylase synthesis by added amino aoids was about 120%.

This result ie typioal of those disoussed in detai1 in Chapter VII.

The main point of interest here is that amine aoide sttmulated

amylase synthesis about eight times more than they sttmulated

radiog1yoine incorporation.

The results of another experiment on the time oourse of

radiog1ycine inoorporation and enzyme synthesis are shown in Table

XXVIII. Samples were inoubated for longer intervals of time in thia

experiment and the synthesjs of lipase, ribonuolease and amylase

were followed at eaoh interval. In this experiment, amino aoids

stjmulated radioglycine inoorporation by an average value of 30%.

Amino acids more than doubled the synthesis of amylase, lipase

and ribonuclease. It is thus clear fram the results shown in

Tables XXVII and XXVIII that amino aoide stimulate enzyme synthesis

to a far greater extent than they stimulate peptide bond synthesis,

as measured by amine acid inoorporation into total proteine

2. Effect of Anaerobie Conditions and Dinitrophenol on Glycine_c l 4

Incorporation

Experimenta were performed to ascertain ta what extent the

uptake of labelled glycine into pancreas protein ie an active

process requiring a supply of energy. The data of Table XXIX show



· TABLE XXVIII

EFFECT OF AMINO ACIDS ON GLICINE-C14 INCORPORATION AND ENZYME SYNTHESIS BI PIGEON PANCREAS SLICES

Incubations in "Medium IIIII cont~1D1ng: 0.2% glucose, amino acid Mixture IV where indicated, l mg.
glycine (20,000 c/m/mg.) Gassed with 100% O2• Pigeon received 150 ug. carbamy1cho1ine intramuecu1ar1y
one hour beiore ld1ling.

Specifie Enzyme Syntheeized per mg. initial dry \ft.Activity
ot

Incubation Protein, StimuJ.ation Stimulation Stimulation Stimulation
Time c/m/mg. by amino Amylase by amino Lipase byamino Ribonuclease byamino

(hours) Additions Protein acids Units acide Units acide Unite acide

1 - 3.4 7 3 2

1 Amino acide 4.6 35% 17 143% 8 160% 5 150%

2 - 7.8 13 9 5

2 Amino Acide 10.0 28% 28 116% 22 144% 11 120%

3 - 10.4 17 14 9

3 Amino Acide 13.2 26% 41 14J.% 34 143% 21 133%

-o
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TABLE XXIX

EFFECT OF ANAEROBIC CONDITIONS AND 2:4-DINITROPHENOL ON

INCORPORATION OF GLYClNE-C14 INTO PIGEON PANCREAS SLICES

Inoubations in ~edium III" oontainingt 0.2% gluoose l 0.0044M glyoine-C14• 2xlO-~ 2J4-dini­
trophenol where indioated. Pancrease of 48-hour fasted pigeon was used in Expt.l and of fed
pigeon in Expt. 2. 2 hour inoubation.

Expt. 1

Expt.2

Gase Phase

100% O2

100% N2 JI

100% 02

100% O2

Additions

None

None

None

2:4-dinitrophenol

Glyoine-C14
Added

20.000 oountsl
min.

fi

80,000 oountsl
min.

..

Speoifie Activit1
of Protein (o/m/mg.).

Protein

6.5

0.13

8.0

0.62

Reduotion in
Spec'ifio
Aotivity

98%

99%

JI Yellow phosphorus plaoed in sideann of Warburg vessel.

-o
~
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the effects of anaerobic incubation and aerobic incubation with

2:4-dinitrophenol on the inoorporation of labe1led glycine.

Glyoine inoorporation was virtually completely inhibited under

these conditions. The traces of radioactivity found in the protein

may have been due to adsorption of free labelled glycine by the

protein, or possibly, to an aotual inoorporation of the glyoine

into the protein mediated by the mnall amount of energy produoed

during inoubation by glycolysis. The results show that inoor­

poration of radiog1ycine by pigeon panoreas sliees is dependent

on respiration, and the energy derived fram it; these observations

are in oonformity with similar results obtained with various tissues

in vitro (Chapter V).

3. Effect of Cholinergie Drugs and Aminosol on Glyoine-C l 4 Incorporation

Studies reported previously (124) and those described in

Chapter VII-B demonstrate that stimulation of enzyme secretion by

oholinergic drugs does not stimulate enzyme synthesis by pigeon

pancreas in vitro. It was considered of interest to study the

effects of cholinergie drugs on labe11ed glycine incorporation into

total protein under various experimental conditions.

The panorease. of both fed and fasted pigeons were used.

Feeding stimulates the gland to secrete. Glands of fasted pigeons

are non-secreting and rieh in enzyme stores. The funetional state

of the panoreas was refleeted by its appearanoe; glands fram fasted

animaIs were usually small, pale and friable, while those of fed

pigeons were reddish-pink and larger.



The results shown in Table XXX were obtained with the

pancreases of pigeons fasted, for approximately 72 hours prior

to killing. Glyoine incorporation into total protein was inhibited

by oarbamylcholine in Expt.2. and unaffeoted in Expt.l. of Table

XXX. The inhibition was eampletely reversed in the presence of

a partial hydrolysa te of fibrin oontaining peptides (Aminosol).

The peptide-eontaining mixture sttmulated glycine incorporation

onlymoderately in non-seoreting Bliees (slioes inoubated without

oarbamylcholine). However. the effect of Aminosol. in reversing

the inhibition produced by carbamylcholine in Expt.2. might

represent a direct stimulation of inoorporation in the seoretory

slioes. A series of experiments were undertaken to observe the

effeots of the peptide-containing fibrin hydrolysate (Aminosol)

on the inoorporation of labelled glyoine into total protein of

panoreas 81ioes stimulated to seorete by cholinergie drugs.

Table XXXI summarizes the results of a number of experi­

ments perfor.med with the panoreases of pigeons fasted for 48 hours

prior to killing. Acetyloholine. the natural cholinergie agent.

was employed in oonjunotion with eserine (oholinesterase inhibitor).

The affeots of varying the oonoentrations of these agents were

studied in the different experiments although the ooncentrations

used were aIl suoh as to oause a maximal stimulation of secretion

(Table XXXII). The use of atropine. whieh prevents the action of

cholinergie agents. in the oontrol vessels made it possible to

deter.mine whether the results obtained with the oholinergio agents

were related to their physiological effeots.

LO~



TABLE XXX

EFFECT OF CARBAJ!.YLCHOLlNE ON INCORPORATION OF GLYClNE-C14 INTO

PANCREAS SLICES OF FASTED PIGEONS IN THE PRESENCE AND ABSENCE OF AJ!INOSOL

Inoubations in bioarbonate saline containings 0.2% glucose, l mg. glycine-Cl4 (20,000 a/m/mg.),
5.5 x lO-~ aarbamylcholine where indioated, 0.34% Aminosol where indioated. Gassed with 7% O2
in 93% N2' 2 hour inoubation. Pigeons fasted for 72 hours prior to sacrifioe.

Decrease in
Speoifie Increase in
Activity Speoifie

Speoific Aotivity of Protein Specifie Activity Activity
Expt. of Protein, with of Protein, with

No. Additions a/m/mg. Protein carbamylcholine c/~/mg. Protein Aminosol

WITHOUT AMINOSOL WI TH AMlNOSOL

l None 10.2 10.9 7%

Carbamy1choUne 9.8 4% 1l.9 21%

2 None

Carbamyloholine

8.0

5.8 28%

10.0

10.8

20%

69%

o
00



TABLE XXXI

EFFECT OF ACETYLCHOLINE \lITH ESERINE ON INCORPORATION OF GLYCINE-c14 INTO PANCREAS

SLICES OF FASTED PIGEDNS IN PRESENCE OF AMINOSOL AND VARIOUS AMINO ACID MIXTURES

Incubations in "Medium IIIIt containing: 0.2% glucose, amino acid mixtures as indieated, cholinergie agents as indicated, 1 mg.
glycine (20,000 c/m/mg.). Gassed vith 100% 02. 2 hour incubation. Pigeons fast.ed for approximately 48 hours prior to k1lling.
Es • Eserine; AcCh • Acetycholine; At • atropine; S.A•• Specific Activity; C.A•• Cholinergic agents; 1..1.•• .Amino acids

S. A. of Protein, Increase in
c/m/mg. proteln S. A. vith C.A.

Expt. S.A. of Protein,
No. Additions c/m/mg. protein

Vith hydrolyzed
Aminosol

1 ug./ml. Es, 5.5xlO-6t1 AcCh,
1 10 ug~ml. At 6.2

1 ug, ml. Es, 5.5x10-~AcCh 2·4

100 ug./ml. Es, 5.5xlO-6t! AeCh,
2 100 ug./ml. At 2.8

100 ug./ml. Es, 5. 5xlO-~ AcCh 2.1

3 None 10.0
10 ug./ml. Es, 5.5xlO-st! AcGh 5.6

Vith Amino Acid
Mixture IV

100 ug. /ml. Es, 5. 5xlO-~ AcGh,
4 100 ug./ml. At 4.0

100 ug./ml. Es, 5.5xlO-Itt! AcCh 3.8

100 ug./ml. Es, 5.5xlO-1i AcGh
5 100 ug./ml. At 9.9

100 ug./ml. Es, 5.5xlO-4H AcCh 7.1

Decrease in
S.A. vith C.A.

61%

25%

44%

5%

28%

Vith Aminosol

6.5
6.5

3.3
4.5

9·4
9.4

4.3
7.0

11.6
11.2

0%

36%

0%

63%

4%

Increase in
S.A. produced
by Aminosol
vith C.A. ]f

129%

121%

6S%

84%

58%

II Values ealcu1ated by comparing corresponding figures in columns 3 and 5 -c
.D



An Aminosol solution in which the peptides had bean broken

down to free amino aoids by aoid-hydrolysis (Chapter VIII-A) was

used in most experiments to determine the role of the peptides in

the Aminosol mixture.

The following three paragraphs disouss the main effeots

demonstrated by the results of Table XXXI.

Acetyloholine with eserine, in seoreting panoreas slioes

(no atropine), inhibited glyoine inoorporation by 30-60% in the

presence of either amine aoids or hydrolyzed Aminosoi in four out

of five expernnents. The degree of inhibition does not appear

related to the oonoentrations of oholinergie agents in the range

studied. It will be noted that inoorporation rates in the absenoe

of cholinergie agents varied as muoh as threefold with different

panoreases.

Aminosol, in panoreas slioes stimulated to seorete by

aoetyloholine and eserine ]stimulated glyoine inoorporation into

total protein by 36 and 63% in two out of five experl~ents. Although

in the other experiments a direot stimulation of glycine inoorporation

was not obtained with Aminosol, plus oholinergie agents, the inhibi­

tion produeed by the oholinergic agents in the presence of hydrolyzed

Aminosol or amino acids were in every experiment oompletely reversed

in the presence of the peptide oontaining mixture.

In non-seoreting panoreas 81ioes (cholinergio agents plus

atropine) glyoine inoorporation did not vary signifioantly with the

addition of Aminosol or amino aoid mixtures. However, in seoreting

panoreas sliees (acetyloholine and eserine) in the presenoe of

IJO.
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Aminosol. the inoorporation of glyoine Lato total protein was

60-130% greater than that obtained with seoreting slioes in the

presenoe of amino acid mixtures.

Table XXXII summarizes the results of another group of

experiments on radioglyoine inoorporation into total protein of

pancreas 6110es of fed pigeons stimulated te seorete in the

presenoe and absence of Aminosol. Both oarbamylcholine and

aoetyloholine with eserine were emp10yed to stimu1ate seoretion

in the6e experiments. Atropine was present in the oontrol vessels.

Some degree of inhibition of radioglyoine inoorporation by choli-

nergic agents in the presenoe of hydro1yzed Aminosol or amino

acide was obtained in these s1ices. Aminosol. in panorea8 81ioes

of fed pigeons whioh were stimulated to secrete. stimulated glyoine

incorporation by 28-35% in three out of four experiments. Inoor-

poration of glycine into total protein of secreting panoreas slioes

was inorea6ed by 38-100% in three out of four experiments when

Aminosol replaced amino aold mixture. The results of Tables XXX.

XXXI and XXXII are in general similar with regard te the effeot

of the peptidè-containing mixture (Aminosol) on glycine incor-

poration in secreting and non-seoreting panoreas 8110es. The results

will be interpreted in Chapter X.

4. Effeot of Acetyloholine on the Turnover of Acid-Soluble Phosphate
Esters and Amylase Seoretion by Pigeon Panoreas Slioe8

It was thought that high conoentrations of cholinergio

drugs might inhibit glyoine inoorporation by interfering with energy



TABLE XXXII

EFFECT OF CHOLINERGIC AGENTS ON INCORPORATION OF GLYCINE-C14 INTO PANCREAS SLICES OF

FEn PIGIOONS IN PRFSENCE OF AMINOSOL AND VARIOUS AMINO ACID MIXTURES

Incubations in "Medium III" containi.ng: 0.2% glucose, amibo acid mixtures as indicated, cholinergie agents as indicated.
Expta. 1 to 3 - 111&. glycine (80,000 c/m/mg.); Expt. 4 - 1 mg. glycine (20,000 c/ro/mg.). Gassed vith 100% 02. 2 hour
incubations. 150 ug. carbamy1choline injected intramuscuJ.a.r1y into pigeon in expt. No.1 Es. Eserine; AcCh • Acetylcholine;
cc = Carbaç'lcho1ine; At • Atropine; S.A•• SpecUic Activity; C.A. = Cholinergie Agents; A.A•• Amino acide

Expt.
No. Additions

S.A. of Protein,
c/m/mg. Protein

\lith Hydrolyzed
Aminoso1

Decrease in
S.A. with C.A.

S.A. of Protein,
c/m/mg. Protein

Yith Aminoso1

Increase in
S. A. Produced by

Increase in Aminosol
S.A. vith C.A. vith C.A. II

l

2

3.

4.

5.5xlO-'*H cc, 100 ug./ml. At
5.5xlO-~ cc

5.5xlO-~ cc, 100 ug. /ml. At
5.5xlO-~ cc

5.5xlO-~AcCh, 1 ug./ml. Es,
10 ug. IlÙ. At
5.5xlO-~ AcCh, 1 ug./ml. Es

1.7xl0-~ AcCh, 100 ug./ml. Es
10 ug./ml. At
1.7xl0-6I1 Es, 100 ug./ml. Es

57.8
50.4

58.0
54.0

23.2
17.3

\lith Amino Acid Mixture
JI

15.6
13.4

13%

7%

25%

14%

53.9
68.9

65.0
90.0

25.4
34.2

13.6
13.9

28%

39%

35%

2%

38%

67%

100%

4%

li Values calculated by comparing corresponding figures in co'lumna 3 and 5

--N



production in pigeon pancreas. Even though respiration of pigeon

panoreas s110es was not affeoted by oholinergie drugs in any of

the expertments, it was possible that phosphorylation was, and in

order totest this pancreas 81ioes were inoubated with p32~ in the

presenoe of various conoentrations of aoetyloholine with eserine,

and the speoifio activities of the aoid-soluble phosphate esters

determined. Enzyme seoretion was also measured in these expertments.

The results of suoh an experiment are shown in Table XXXIII.

Enzyme seoretion was stimulated half~imallyby eserine

alon; and maximally by eserine in oombination with lO-~ aoetyl­

oholine. Aoetyloholine did not affect the specifie activity of the

aoid-soluble phosphate esters at conoentrations as high as lO-~.

Eserine was also without effeot. The results 8uggest that oholinergio

drugs do not interfere with energy produotion in pigeon panoreas

slioes.

Summary

1. Glyoine-l-014 is incorporated rapidly into the total protein

of pigeon panoreas slioes during aerobio inoubation. Although there

18 a wide variation between the rates of glycine inoorporation by

panoreas s1108s of different pigeons, the rate of inoorporation in

81ioes of a single panoreas ia linear for at least 3 hours. The

average rate of inoorporation (4 ~ glyoine/g. protein/hour) ia about

equal to the rate reported for rabbit bone marrow cells and six times

faster than the rate reported for rat diaphragm.

2. Glycine-014 incorporation into pigeon pancreas slices i8

inhibited 98-9~ after inoubation in the absence of oxygen or with

((3.



TABLE XXXIII

EFFECT OF VARIOUS CONCENTRATIONS OF ACETYI..cHOLINE ON AMYLASE SECRETION

AND INCORPORATION OF p 32 INTO ACID-SOLUBLE ORGANIC PHOSPHATE BY PIGEON

PANCREAS SUCES

Incubation in ~edium III" containingt 0.2% gluoose.
about 10 )lC p32 as lnorga.nio phosphate. 100 p.g./m1.
eserine where indicated. Aoety1oho1ine as indicated.
Gassed with 100% 02. Pigeon fasted 72 hours before
ki11ing. Slices preincubated for 40 minutes before
main incubation in 3 ml. oxygenated "Medium III"
cont&ining 0.2% glucose. Main inoubation 80 minutes.

Amy1a.se Amylase
Aotivity Seoreted

of Medium (Smith &:
(Smith &: Roe Units) Speoific Aotivity
Roe Units) per mg. of Aoid-So1uble

per mg. ini tial initial Organio Phosphate
Addition. dry wt. dry wt. o/m/,ug.

None 17 189

Eserine 23 6 206

Eserine. AcChl' (lx10-7M) 23 6 222

Eserine. AoCh (lx10-~) 29 12 204

Eserine. AcCh (lx10-\r) 28 11 210

Eserine. AoCh (lxl0-~) 27 12 194

• AoCh. Aoety1oho1ine



2:4-dinitrophenolJ this indioates that the incorporation is an

energy-dependent prooess.

3. In panoreases of pigeons depleted of enzymes by in vivo

oarbamylcholine administration a complete mixture of amino aoids

stimulates glycine inoorporation by 15-30%. Synthesis of amylase,

lipase and ribonuo1ease, however, is ~imulated 3-6 times more than

is labe1led glyoine inoorporation by the oomplete amino aold mixture.

4. Glyoine inoorporation into non-seoreting panoreas s110es

ooours at the same rate in the presenoe of added amino acids,

Aminoso1 or hydro1yzed Aminosol. In pancreas slioes incubated

with or without amino acids, radioglyoine inoorporation may be

inhibited as muoh as 60,% by the aotion of oholinergic drugs. These

inhibitions are reversed in the presence of Aminosol. Aminosol

may stimu1ate the inoorporation of glyoine into the protein of

seoreting panoreas slioes. The inoorporation of glyoine into the

total protein of seoreting panoreas slices may be 130% greater in

the presenoe of Aminoso1 than in the presenoe of amino aoid mixtures.

6. Eserine a1one, and acetylcho1ine at ooncentrations up to

lO-~ have no effect on the specifie aotivity of ac1d-solub1e phos­

phate esters of panoreas slloes inoubated with p32. This indioates

that the inbibitory affects of these oholinergio agents on glyoine

inoorporation is not oaused by an inhibition of energy production.

\ lL-{ •



B - Ex:PERIMENTS WITH MOUSE PANCREAS

1. Effeot of Aoetyloholine and Eserine on C14 Glyoine and Alanine
Inoorporation into Mouse Panoreas Slioel

It was oonsidered of interest to observe the effect of

cholinergie drugs on labelled amino aoid inoorporation into mouse

panoreas slloes. Amylase synthesia may be followed in vitro in

mouse panoreas; amino aoids stimulate synthesis in panoreases of

fasted mioe (157). The results of two suoh experiments with

glycine are shawn in Table XXXIV. Pancreases of mioe fasted for

24 hours were used.

Acetyloholine and eserine inhibited glyoine inoorporation.

by over 80% in Expt. 1 of Table XXXIV. In Expt. 2 the inhibition

produoed by eserine alone was as great as with aoetyloholine and

eserine; in either oase the inhibition was only about 20%. Eserine

18 apparently effeotive without added aoetyloholine in inhibiting

glyoine inoorporation. The inhibitory effeot of eserine may either

be due to the direot aotion of the agent itself, or more probably.

ta the aooumulation of endogenous aoetyloholine in amount. suifiaient

to cause the inhlbitory effeot. Aminosol was without effeot on the

inoorporation of glyoine into the protein of seoreting mouse panoreas.

Similar results to those obtained with glyoine-C14 were

obtained with alanine-I-e14• In an experiment employing the panoreases

of fed mioe C14-alanine inoorporation was inhibited about 60% by

acetyloholine with eserine (Table XXXV).

ll~-.



TABLE XXXIV

INCORPORATION OF GLYClNE-C14 INTO MOUSE PANCREAS IN

PRESENCE AND ABSENCE OF CHOLINERGIC DRUGS

Incubation in '~edium III" oontaining: 0.2% glucose,
Aminosol, 0.0044M glycine (80,000 counts par vessel
in Expt.lt 20#000oounts per vessel in Expt.2).
Gassed with 100% O2• 2 hour incubation.

Miee used in Expt.2 were an albino strain from the
Royal Vietoria Hospital. Mioe used in both experi­
ments ware fasted for 24 hours prior to killing.
4 pancreases per vessel.

Decrease in
Speoifie Aetivi~ Specifie Activity

Expt. of Protein# clm mg. ot Protein with
No. Additions Protein Cholinergie Agents

lxlO-~Aeetyloholine#
100 ug. per ml. eserine,
100 ug. per ml. atropine 25.3

1 24.4
lxlO~ Aoetyloholine,
100 ug7 per ml. eserine 4.2 83%

4.4

None 1l.6

lxlO~ Aoetyloholine,
100 ug. per ml. eserine,
100 ug. par ml. atropine 1l.5

2
100 ug. par ml. eserine 8.9 23%

lxlO~ Aoety1oholine,
100 ug7 per ml. aserine 9.3 20%

I(~ •



TABLE x::t:XV

INCORPORATION OF ALANlNE-C14 INTO MOUSE PANCREAS SLICES

IN PRESENCE AND ABSENCE OF ACETYLCHOLINE WITH ESERlNE

Inoubation in ~edium III" oontainingt 0.2% gluoose,
Aminosol. 2 mg. alanine (15.000 o/m/mg.). Gassed ·
with 100% 02.3 hour incubation. The mioe were
not fasted. Panoreases of 4 mioe per vessel.

Additions

Deorease in Speoifie
Specifie Aet1vity Aotivity of Protein

of Prote in. o/m/mg. with Cholinergie Agents

None 33.8

None 36.5

1xlO-~ aoetyloholine. 13.9 60%
10 ug. per ml. eserine

lxlO-~ aoetylehol1ne. 12.7 64%
10 ug.-per ml. eserin.

These inhibitions are typioal of those obtained with

pigeon and mouse pancreas slioes and indicate that the inhibitory

effects of oholinergic drugs are not unique to glycine. Amino80l

did not stimu1ate radioalanine inoorporation into protein of seoreting

mouse pancreas.

Inoorporation of labelled alanine into liver sliees of fed

mice was a1so measured. The livers of three fed mioa were used.

Baoh vessel contained slioes of liver (300-400 mg.) fram only one

mouse. The speoifio aotivities of the labelled protein obtained

were 5.1. 4.3 and 2.9. The average speoifie aotivity was therefore

about one-tenth of that obtained with protein of rad mouse pancreas

(Table -XXXV) •



2. Effeot of Various Conoentrations of Carbamyloholine on Glyoine
Inoorporation and Amylase Synthesis and Seoretion

Sinoe eserine alone was as effeotive as aoetyloholine

with eserine in inhibiting glyoine inoorporation (Table XXXIV)

it was desirable to stimulate seoretion in the absenoe of eserine

and observe the effeot on glyoine incorporation. The effeot of

various concentrations of oarbamylcholine on glycine incorporation

into panoreas protein and amylase synthesis and seoretion are shown

in the results of Table XXXVI. Carbamyloholine did not inhibit

glycine incorporation into mouse pancreas protein at ooncentrations

of le88 than lO-~. Above this concentration an inhibition of

close to 50% was obtained. Amylase synthesis was unaffeoted by varying

oonoentrations of oarbamyloholine. Secretion of amylase was obtained

with oarb~yloholine oonoentrations of lO-~ or greater. It will

be noted that glyoine incorporation was not inhibited by a oonoen-

tration of earbamyloholine whioh stimulated amylase seoretion

maximally (lO-9M). This indioates that the inhibitory effeot of

oarb~yloholine on glyoine incorporation into mouse panoreas is

not related ta its oapaoity ta stimulate seoretion. In oontrast

ta the situation in the pigeon panoreas. where Aminosol reverses

the inhibition of glycine incorporation by cholinergie drugs, in

the mouse panoreas oarbamylohol1ne inh1bits glycine incorporation

even in the presence of Aminosol.

3. Effeot of Aoetyloholine and EBerine on Uptake of Free Glyoine
into Mouse Panorea.

It was thought that the inhibitory effeot of oholinergio

( I~L



TABLE XXXVI

EFFECT OF VARIOUS CONCENTRATIONS OF CARBAMYLCROLINE ON GLYClNE-C14

INCORPORATION AND ENZYME SYNTHESIS AND SECRETION BY MOUSE PANCREAS SLICES

Inoubations in ~edium III- contain1ngt 0.2.% gluoose, Aminosol. 1 mg. glyoine (80,000 o/mjmg.). Gassed
with 100,% O2• 2 hour inoubation. Mice fasted for 24 hours and injeoted intraperitoneally with 1 mg.
pilooarpine in 0.1 ml. water 90 minutes before killing. Panoreases of 6 mioe per vessel.

Speoifie Deorease in Smith and Roe Units of Amylase
Aotivity Speoifia per mg. initial dry wt.

ot;{rotein, Aotivity
o m/mg. Avera.ge with oarbamyl-

Vessel Addition. protein JI Value oholine Synthesized Secreted

1 100 ug. per ml. atropine 50.0 49.5 19
48.7
49.8

2 -lOy 52.5 51.7 23 110 _ Carbamyloholine
50.2
53.4

3 10-~ Carbamy1oholine 51.1 49.9 18 2
50.7
47.8

4 10-\ Carbamylcholine 53.4 51.4 21 7
49.2
51.7

5 10-~ Carbamyloho line 26.0 25.4 49% 19 7
24.3
26.8

6 10-~ Carbamylcholine 27.9 27.8 44% 23 7
28.0
29.5

x Plates prepared in triplioa.te
--..0



drugs on labelled amino aoid inoorporation into protein might b.

due to their affeoting the rate of entry of amine aoids into the

oell. One method of testing. this possibility was to measure the

radioactivity of the trichloroaoetio acid used to extract and

wash the radioactive proteins from the homogenized slices after

incubation. Labelled glyoine which had entered the oeIl and

was not inoorporated into protein oould be determined in this

manner. The results of suoh an expertment are shawn in Table XXXVII.

Eserine alone inhibited glyoine inoorporation into protein

by over 50%, and aoetyloholine with eserine produced an inhibition

of over 70%. The inhibition by acetylcholine with eserine was the

sama in mioe that reoeived, and mioe that did not reoeive. pilo-

carpine in vivo. The radioaotivity of the aoid-soluble fraction

was essentially the same in all four samples. The results of this

preliminary experiment indicate that acetyloholine and eserine do

not inhibit glyoine inoorporation into prote in by interfering with

th. passage of glyoine acrass the oell membrane. A more striot

measurement of the effeot of these drugs on the time oourse of

free glyoine aooumulation within the oe118 would be neoessary in

order definitely to establish this point.

4. Experimenta with Whole Mouse Panoreas

Binee mouse pancreas is a very spongy and porous-appearing

tissue~ it was antioipated that suffioient oxygenation oould be

obtained by whole panoreases during inoubation. The Q02 values (8-9)

obtained upon inoubating whole mouse panoreases were the same as

t2.0.



TABLE XXXVII

RADIOACTIVITY OF TRICHLOROACETIC ACID-INSOLUBLE (PROTEIN) AND TRICHIDROACETIC

ACID-SOIDBLE FRACTIONS OF MOUSE PANCREAS SLICES AFTER INCUBATION WITH

GLYClNE-C14 IN THE PRESENCE AND ABSENCE OF CHOLINERGIC DRUGS

Inoubations in ~edium III" oontaining: 0.2%
glucose, amino ao1d Mixture V, 1 mg. glyoine
(80,000 o/rn/mg.). Gassed wi th 100% 02 2 hour
inoubation. Mioe fasted 24 hours prior to
killing. 4 pancreases par vessel. Panoreases
of vessel 4 obtained from mioe injeoted with
1 mg. pilocarpine 90 minutes before kil1ing.

Speoifio
Aotivity,

o/m/mg. Decrease in
Protein Speoific c/m/mg. initial
(aoid- Activity over wet wt. tissue
solube oontrol of a.cid-soluble

Vessel Additions fraotion) (Vessel 1)]1 fraotion

69.1 76
l None 68.6

2 100 ug. per ml. eserine 31.2 56% 68
29.0

3 100 ~ per ml. eserine, 19.-9 71% 71
lxlO _Acetyloholine

4 100 ~ per ml. eserine, 19.7 72% 69
!xlO _Acetylcholine 18.4

JI The average speoific activity of duplioate determinations
were used in oaloulating the results in this oolumn.



those obtained with mouse panoreas slioes and simi1ar to those of

pigeon panereas sl1ees. Representative resu1tson the rate of

oxygen eonsumption by who1e and slieed mouse panereasee are shown

in Figure 5. Whole panereasee respired steadi1y for periods up

to 6 hours at a rate of about 2/3 that obtained during the firet

15-30 minutes. A simi1ar deorease in the rate of oxygen eonsump­

tion was observed with mouse panereas sliees with a further slight

deerease after three hours.

5. Ribonuo1ease Aetivity of Mouse Panoreas

It was oonsidered of interest to observe whether the

ribonuelease aotivity of mouse panoreas inoreases after incubation.

In assaying aqueous mouse pancreas extracts for ribonuclease, it

was round that the ribonuc1ease aotivity of enzyme-dep1eted (pilo­

oarpine injected) mouse panoreas is about 10 times higher than that

of depleted pigeon pancreas. Table XXXVIII shows the resu1ts of an

experiment with mouse panoreas sliees, in whioh the ribonuo1ease

activities of the incubated and uninoubated samples were measured.

The ribonuo1ease aetivity increased by 10-20% over the

aotivity of the unincubated oontrols. Despite the smali pereentage

increase in activity, the absolute inoreases in ribonuelease

aotivity are severa1 times greater than the 1argest inoreas8e

observed with pigeon pancreas slioes (See Chapter VII). Although

further work ls required to estab1ish the va1idity of these experi­

mental observations, these resu1ts suggest that mouse pancreas slioes

may synthesize ribonuc1ease.



FIGURE 5

RESPIRATION OF WHOLE MiD

SLICED MOUSE PANCREAS

A
r ··'·

/5 ;ut Oxygeo
Upta ke

10 (X 10-2)

B

270 3&0

A - 205 mg. fresh tissue (2 who1e panoreases)

B - 127 mg. fresh tissue (slioed pancrease!)

Tissue incubated in ~edium III" containing
0.2% glucose and 0.34% Aminosol. GaB8èd
with 100% O2• Temp. 37.50C.

/2~.
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TABLE XXXVII l

EFFECT OF AEROBIC INCUBATION ON RIBONUCLEASE

ACTIVITY OF MOUSE PANCREAS

Inoubation in ~edium III" oontainingt 0.2% glucose
and Aminosol. Gassed with 100% 02' 3 hour inou­
bation at 37.50C. Panoreases of 3 mice per vessel.

Ribonuclease Units

Unincubated Control Incubated Tissue Inorease after
Vessel Inoubation

1 280 346 66

2 306 331 25

3 286 316 30

4 322 381 59

Summe.r.l.

1. Glycine-C14 is inoorporated rapidly into total protein of

mouse panoreas 81ioes. The average inoorporation obtained after two

hours of incubation (8 U! glyoine/g. protein) ia equal to that

obtained with pigeon pancreas s1ioes.

2. Aoetylcholine and eserine inhibit the inoorporation of

labelled glyoine into the protein of mouse panoreas 31ioes by 20-80%.

The inhibitions produoed by eserine a10ne are almost as great as

those produoed by aoetylcholine with eserine. The inhibitions are

obtained both in the presenoe of amine aoids and of Aminosol.

3. Alanine-l-C14 is inoorporated into mouse panoreas protein

in vitro. Inoorporation 18 inhibited about 60% by aoetyloholine

with eserine. The inhibition ooours in the presenoe of Aminoaol.



4. Alanine-l-C14 ineorporated in vitro about ten times more

rapidly into mouse panoreas protein than into mouse liver proteine

5. Carbamylcholine_ at concentrations of 10-~ or greater,

inhibits glycine inoorporation into mouse panoreas protein about

60%; no inhibition 1s obtained with lower ooncentrations. The

inhibitions areobtained in the presenoe of Aminosol. High oonoen­

trations of oarbamyloholine do not inhibi t amylase synthesis by mouse

panoreas slices.

6. The total radioaotivity found in the acid-solub1e fraction

of mouse panoreas s1ioes incubated with and without acety1oholine

for 2 hours 1e the sarne. This suggests that cholinergie agents do

not interfere with the entry of labelled glyoine into the panoreas

oe11.

7. The rate of respiration of whole mouse panoreae 18 1inear_

for periode up to 6 hours_ after a decrease of about 30% during the

firat 30 minutes.

8. The r1bonuo1ease activity of the pancreases of mice depleted

in vivo ia about ten times greater than that of the pancreasea of

pigeons deple~ed in vivo. The r1bonuolease aotivity of mouse panoreas

slices inoreases by 10-20% after aerobic incubation.

\2..~.



CHAPTER X

DISCUSSION

Enzyme Synthesis and Seoretion

The experiments on enzyme synthesis have provided evidence

that lipase and ribonuolease, as weIl as amylase, are synthesized

in vitre by pigeon panoreas. The simi1ar pattern observed in the

synthesis of aIl three enzymes studied makes it most probable that

other digestive enzymes, suoh as the proteases, are also synthesized

in vitre. Pigeon panoreas slioes thus provide a system in whioh the

synthesis of several specifie proteins oan be studied under eontrolled

oonditions. Anfinsen (160), using traoer teohniques, obtained

evidenee that ribonucleaae ia synthesized in bovine pancreas sllees}

the net formation of the enzyme was not followed.

Any explanation of the variable effeots obtained in some

experiments with added amino aoids on the synthesis of amylase,

lipase and ribonuclease.must inolude several faotors. The endogenou8

amino aoid supply of the slioes and the quantity of amine aoide oon­

tributed by proteolysis during the inoubation are undoubtedly quite

variable and unoontrolled. In the few experiments in whioh synthesis

of lipase or ribonuo1ease was not stimulated by added amino aoide,

the rates of synthesis of these enzymes must have been below those

rates whioh would be limited by the tissue supply of amine aoids.

The faot that amylase synthesis was invariably stïmulated by added

amine aoids indioates a marked dependenee of the rate of synthesil

of this enzyme on the amino aeid ooncentration.

\2<0.



Pre1iminary inoubation of the s110es la of value ln studies

on the effeots of amino aoida on enzyme synthesis, ainoe it probably

removes a large part of the tissue amino aoids. This is indioated

by the faot that added amino aoids stimu1ate enzyme synthesis several

times more in preinoubated than in non-preinoubated 81ioes and

olearly demonstrates the marked dependeneeof in vitro protein

synthesis on amino aoids. In vivo, the amino aoid supply of the

tissues is maintained by the oiroulating blood, and net protein

synthesis or protein equi1ibrium is thus assured. Panoreastissue

in vitro oan continue its speoialized aotivity of synthesizing

large quantities of protein in the presenoe of an optimal oonoentration

of amino aoids.

Evidenoe has been presented that pigeon panoreas 81ioes

actively seorete amylase, lipase and ribonuclease in a parallel

fashion. The in vitro resu1ts with pigeonpanoreas are simi1ar to

the ear1y in vivo observations by Babkln (137) on the para11el

secretion of amylase, lipase and trypsin, and those obtained more

reoent1y by Baxter (136) and Barrlngton (139). Presumab1y the

inorease in the enzyme aotivity of the medium in the presenoe of

oho1inergio drugs i8 due to the disoharge of the seoretory granules

by the panoreas oe11, as waa demonstrated histo1ogioa11y in vitro

(146).

Many physiologists have assumed that stimulation of enzyme

seoretion in the panoreas oauses an aooe1erated rate of enzyme

synthe8is. Several reoent in vivo etudies on the re1ationship

.n.



between ribonuo1eio aoids and enzyme synthesis in the panoreas are

based on this view (155. 161. 162. 163, 164. 165). Total enzyme

synthesis was not aotually measured in any of these in vivo investi-

gations. although Daly and Mirsky (155) and de Dekan-Greneon (165)

have followed the ohanges in the tissue oontent of some of the

enzymes after pilooarpine injeotion. In the studies on enzyme

synthesis and secretion reported here inereases of approximately

threefo1d in the quantities of amylase. lipase and ribonuo1ease

seoreted into the medium did not augment their synthesis. This

was observed in the panoreases of fed and fasted pigeons and in

the presenoe and absenoe of amino aoide. The resulte olearly

demonstrate that at least in vitro the rate of enzyme synthesis

is independent of the seoretory aotivity of the panoreas. Th.

results of the in vitro studies on labelled glyoine inoorporation

into pigeon panoreas sliees do suggest a relationship betw.en protein

synthesis and seoretion, and this will be disoussed below.

Glyolne-C14 Inoorporation !nio Protein and Enzyme Synthesi8 in
Seoreting and Non-Seoreting Panoreas Slioe8

The experiments on enzyme synthesis and labelled glyoine

inoorporation into protein have indioated that oertain dlfferenoe.

exist between the inoorporating and enzyme-synthesizing systems.

The differences obtained with pigeon panoreas slloes are partioularly

interesting and are summarized in Table XXXIX. These results may be

interpreted by the stmple hypothesis shown diagramatioally below,

1"48.



TABLE XXXIX

ENZYME SYNTHESIS AND GLYCINE-C14INCORPORATION BY PIGEON PANCREAS

SLICES UNDER VARIOUS CONDITIONS OF INCUBATION

1

2

3

4

Incubation with

Amino Aoids

Amino Acids plus
simple peptides

(Aminosol)

Cholinergie drugs
plus ~ino acids

Cholinergie drugs
plus Aminosol

Effect on Enzyme Synthesis

IncreasedlOO-200%

Increased 100-200%

No effect above that
obtained wi th amine

acids alone

No effeot above that
obtained with Aminosol

alone

Effect on Glycine Incorporation
into Total Protein

InoreasedlO-30%

Increased 15-20%

No stimulation or inhibition
of up to 60%

Stimulations of up to 60%
or oomplete reversaI of
inhibitions produoed by
cholinergio drugs

-
~



for the prooeBs of enzyme synthesis.

~)

Amino Aoids
plus peptides
(in seoreting

gland)

(b)

Precursor
Protein

(plus Amino
Acids)

(c)

Final
fuzyme

It is suggested that two proeesses are involved in enzyme

synthesis in panoreas: (1) formation of preeursor protein (not

enzymatically aotive), (2) elaboration of enzyme. The evidenoe for

inter.mediates or protein preoursors has been reviewedmChapter V.

The major portion of glyoine inoorporation into panoreas

protein probably represents formation of preoursor. This view 18

Bupported by the following observations. Glyoine was found to be

rapidly inoorporated into panoreas protein in vitro; the rate

approximates that of growing tissue. Mouse panoreas has been shown

to inoorporate glyoine-Nl 5 about twioe as fast as liver in vivo (164).

Results reported here showed that mouse panoreas inoorporated

alanine-C l 4 almost tan times as rapidly as liver in vitro; the

difference in incorporation rates between the two tissues is thus

even more pronounoed in vitro than in viv.. In the pigeon panoreas

amino aoid mixtures which stnnulated enzyme synthesis as muoh as

threefold had but little effeot on glyoine inoorporation into

protein (Table XXXIX). On the other band, peptides stimulated

glyoine inoorporation in seoreting panoreas 8110es but had no greater

effeot than amino aoids on enzyme synthesis. (Table XXXIX). The

response of the glycine incorporating and enzyme synthesizing systems



of pigeon panoreas slioes to various incubation oonditions is thus quite

different. This supports the view that glyoine inoorporation into

total pigeon panoreas protein is not directly related to enzyme

synthesis. Glyoine inoorporation is, however, a very rapid prooess

in panoreas slioes, and henoe reflects a high rate of peptide bond

and protein synthesis ocourring in this tissue. Although not

direotly related the high rate of inoorporation is in aooord with

the aotive synthesis of enzyme-protein by panorease tissue. The

maxtmal oontent of knowoseoretory enzymes of this tissue has been

esttmated to represent about 20% of its dry weight (155). The

high rate of glycine inoorporation may thus be regarded as largely

due to formation of inert protein preoursor .. corresponding to.non­

enzyme protein produoed by aotively inoorporating (growing) tissues.

It appears likely that preoursor fonnation in seoreting

panoreas s110es require peptides. This is supported by the following

evidenoe. The inoorporation of glyoine into pigeon panoreas slioes

inoubated in the presenoe of amino aoids was inhibited by oholinergie

drugs whioh oausod the slioes to seorete. In slioes stbnulated to

seorete,peptides (Aminosol) oampletely reversed these inhibitions

and in some cases oaused a greater glyoine incorporation than that

found in non-seoreting slioes. In the seoreting 81ioes peptides

caused stimulations of as muoh as 130%. The inhibition of glyoine

incorporation in panoreases stimulated to secreta by oholinergio

agents complioatesthe piotura, and will be discussed crelow. lt i8

oonsidered that the inhibitions produoed by cholinergie agents mask

t=?t.



the sttmulating effect of peptides on glyoine inoorporation into

protein of seoreting pigeon pancreas slioes. In non-seoreting

pancreas slices~ inoorporation rates were the sarne with amino

acida plUB peptides as with amino acids alone. TheBe observations

favour the view that the precursor synthesizing mechanimn is

activated in aecreting plgeon pancreas s110es and requires peptides.

The strong evldenoe for the role of amino acids in enzyme

synthesis has already been discussed. A mixture of peptides and

amino acids has no greater effect on enzyme synthesis than have

amino acids alone; this supports the view that the enzyme is formed

fram precursor plus amino acids. If de nova synthesia of enzymes

occurred with amino acids as starting materials, one might expeot

amino acid incorppration into total panoreas protein and enzyme

synthesis ta occur at a similar rate under various experimental

conditions, sinoe bath prooesses represent synthesis of peptide

bonds. However~ the fact that stimulation of peptide bond synthesis

may occur in the absenoe of atTInulation of enzyme synthesis suggeats

that the formation takes plaoe of inter.mediate enzyme-precursor

protein whloh ultimately becames active enzyme. The prooess of

building up precursor material from simple peptides and amino aoids

to final enzyme-protein iB relatively slow when compared with synthesis

of enzyme from available preoursor. The rates of enzyme synthesis in

secreting and non-secreting pigeon pancreaseB are the aame even though

under certain oondi tions rates of preoursor synthesis may vary widely.

Aiailability of amino acid limita the rate of enzyme synthesis in



both secreting and non-secreting glands. In the secreting~and,

precursor synthesis, requiring peptides, ls thrown into action

to maintaln an optimal supply of precursor f or ultimate enzyme

synthesis.

Peptides (Aminosol) had no sttmulatory effect on glycine

incorporation into the protein of seoreting mouse panoreas sliees.

With high concentrations of oholinergic agents, glycine incorporation

into mouse pancreas was inhibited in the presence of amino acids

or amino aoids plus . peptides. Both inhibito~ and sttmulatory

phenomena are involved in gl an ds seoreting in the presence of

peptides, and greater sensitivity to cholinergie agents may

explain the results obtained with mice.

The inhibition of glyoine inoorporation by cholinergie

drugs cannot be read ily explained. The inhibition produced by

eserine alone is almost as great as by acetylchollne with eserine

in mouse pancreas. This may mean that the oonoentration of aoetyl­

choline which accumulates in the presence of eserine la sufficient

to produoe a considerable inhibition of glycine into the proteins

or possibly that eserine may act direotly on the glyoine inoor­

porating system. The fonner vlew ls supported by two observations;

(1) oarbamylcholine, in the absence of eserine, is oapable of

inhibiting glycine incorporation into protein, although at relatively

high concentrations; (2) atropine, which speoifically blocks the

action of acetylcholine, prevented the inhibitory effeots of eserine

and acetylcholine.

Cholinergie agents have also been found to inhibit glycerol-l-C14



inoorporation into brain glyoerophosphatides (166) and the uptake

of p32 into the ribonuo1eic acidsof mouse and pigeon pancreas (159).

It thus appears that cholinergie agents are capable of inhibiting

many synthetic reactions. ~aither respiration nor aoid-soluble

phosphate ester turnover was affected by high concentration of

cho1iner~io agents and hence their inhibitor,y effeots do not appear

to be due to interferenoe with energy produotion by the oeIl.

Tentative evidenoe was provided that the inhibitions are not due to

permeability changes in the cell membrane.

The etudies on glycine-C 14 inoorporation into protein and

enzyme synthesis by pancreas slioes sugr,est that although peptide

bond synthesis is probably being measured by both techniques. the

product being examined in either oase is different. With pigeon

pancreas slioes. it i5 proposed that gl yci ne incorporation measuree

primari1y the synthesis of enzymatioa11y-inaotive protein, while

enzyme synthesis measures the produotion of specifie protein.

Information on both prooesses and on the relation of one proces8

to another should aid in the ultimate understanding of the mechanimn~

of protein synthesis.



GENERAL SUMMARY - PART II

A~peotrophotometriomethod has been described for assaytng

ribonuolease in orude aqueous extraots of SIDall quantitiea of tissue.

Lipase and ribonuolease synthesis has heen studied in pigeon

panoreas slioes depleted of their enzyme oontent:by abundant feeding

of the pigeons and injeotion of carbamyloholine before killing.

Inereases in the total lipase and ribonuolease aotlvities

(sum of medium and tissue) are obtained when depleted pancreas sliees

are inoubated aerobioally in physiologioal saline; this indioates

synthesis of these enzymes in vitre.

Lipase and ribonuolease synthesis ls not obtained

anaerobleally or in the presenoe of 2a4-dinitrophenol.

Lipase and ribonuolease synthesis is usually, but not always,

sttmulated by amine acids. Consistent stimulations of enzyme synthesis

ooour with slices whioh have been preincubated.

A partial fibrin hydrolysate containing small peptides and

amino aoids is equal, but not superior, to a oomplete mixture of 22

amino acide in stimulating synthesis of the three enzymes measured.

The synthesis of amylase, lipase and ribonuclease obtained

on inoubation in saline without amine aoids, ia reduoed or abolished

in preincubated 8lioes. In the presence of amino aoids synthesis

is not significantly reduoed by preincubation.

Panoreas slioes disoharge more lipase and ribonuolease into

the medium in the presenoe of oarbamyloholine or aoetyloholine (with

eserine) than in the presenoe of either of these drugs plus atropine.



Seoretion of lipase and ribonuclease ia dependent on oxygen

and 1s inhibited by 2:4-dinitrophenol.

The above observations indioate that pigeon pancreas sli08s

actively seorete amylase, lipase and ribonuclease in a parallel

fashion, in vitro.

Synthesis of amylase, lipase and ribonuclease is not

appreciably affeoted by stimulation of seoretion in panoreas slioes

of pigeons whioh have, or have not, been sttmulated to seorete in vivo

by carbamyloholine.

Glycine-l-C14 is incorporated rapidly into the protein of

pigeon and mouse panoreas slices. The average rate of incorporation

(4 ~ glycine/go protei~hour) is about equal to the rate reported

for bone marrow oells and five times greater than the rate reported

for rat diaphragme

The in vitro inoorporation into pigeon pancreas slioes is

inhibited 98-99% after inoubation in the absenoe of oxygen or in the

presence of 2:4-dinitrophenol; this indioates that the inoorporation

is an energy-dependent prooess.

Alanine l-C14 ia inoorporated lnto mouse panoreas protein

in vitro. Alanine ia inoorporated in vitre about 10 timea faster

1nto mouse panoreas protein than into mouse liver proteine

Glyoine incorporation into s110es of mouse panoreas protein

May be inhibited as muoh as 80% by aoetyloholine with eserine. Eserine

alone produces a~ost as great an inhibition as aoetyloholine with

eserine. The inhibitions are obtained both in the presence of Aminosol

and of amino acide. Carbamyloholine inhibits glyoine inoorporatioB



into mouse pancreas slices, but only at concentrations of lO-4M, or greater.

Amylase synthesis is not inhibited by high concentrations of

carbamylcholine.

The total radioactivity found in the acid-soluble fraction

of mouse pancreas slices incubated with and without acetylcholine and

wserine for 2 hours is the sarne, indicating tentatively that

cholinergie agents do not interfere with the entr,y of labelled

glycine into the pancreas celle

The rate of respiration of whole mouse pancreas is linear,

for periods up .rto 6 hours, after a 50% decrease during the first

50 minutes.

In pancreases of pigeons depleted of enzymes by in vivo

carbamylcholine administration a complete mixture of amino acids,

stimulates glycine incorporation by 15-50%. Similar stimulations are

obtained with a partial hydrolysate of fibrin (Aminosol) containing

small peptides and amino acf.ds , The amino acid mixtures stimulate

amylase, lipase and ribonuclease synthesis 5-6 times more than glycine

incorporation into total pancreas proteine

Glycine incorporation into non-secreting pancreas slices

occurs at the sarne rate in the presence of added amino acids,

Aminosol, or hydrolyzed Aminosol. In pancreas .slices incubated in

the presence or absence of added amino acids, glycine incorporation

into protein may be inhibited as much as 60% by the action of cholinergie



druga (carbamylcholine or acetyloholine with 8aerine). These

I~e. .

inhibitions are reversed in the presence of a partial hydrolysate

of fibrin oontaining amino acide and peptides (Aminosol). Amino.ol

may stimulate the incorporation of glyoine into the total protein of

seoreting panoreas slioes. The incorporation of glyoine into the

total prote in of secreting pancreas slices may be 130% greater in

the presence of Aminosol than in the presenoe of amino aoid mixtures.

Eserine alone, and aoetylcholine at conoentrations of up

to lO-~ have no effect on respiration, and on the speoifie

activity of aoid-soluble phosphate esters, of pancreas Blioes inoubated

withp32. This indioates that the inhibitory effects of these

oholinergio agents on glyoine inoorporation are not oaused by an

inhibition of energy produotion.

The implioations of these observations are disoussed.



CWMS TO ORIGINAL RESEARCH

PART l

1. A modified miorodiffusion teohnique has been developed

for the determination of ammonia in the presenoe of tissue, using

the oonventional Warburg apparatus.

2. DL- 0( -methylglutama.te has been found to absorb ammonia

in the presence of extracts of aoetone-dried pewders of beef brain

and ATP, and ta produoe a hydroxamio acid when hydroxylamine

replaces ammonia during incubation.

3. Methionine sulfoximine and sodium fluoride inhibit the

absorption of ammonia by«~ethylglutamate.

4. Evidenoe has been provided indicating that the saroe enzyme

in beef brain extraots is responsible for ammonia absorption by

«-methylglutamate and for glutamine synthesis.

5. Chromatographie evidenoe was obtained whioh suggests

that brain extracts synthesize «-methylglutamine from«~ethyl­

glutamate and ammonia.

6. Glutaminase activity of rat brain homogenates is inhibited

by DL- c(-methylglutamate to the same extent as by D- and L-g1utamate.

PART II

1. A speetrophotometrio assay has been developed for measuring

ribonuc1ease aotivity in orude aqueous extraots of small quantities

of tissue.
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2. It has been found that the total lipase and ribonuclease

activities (sum of medium and tissue) of pigeon pancreas slices

increase on aerobic incubation in physiological saline, indicating a

net synthesis of these enzymes in vitro.

Synthesis of lipase and ribonuclease is abolished by 2:4-

dinitrophenol or anaerobic incubation.

4. Lipase and ribonuclease is usually, but not always stimu-

lated (nJ amino acids. In slices which have undergone preliminar,y

incubation, consistent stimulations of synthesis are obtained with

amine acids.

5. A partial fibrin hydrolysate containing simple peptides and

free amino acids is equal, but not superior, to a mixture of 22 amine

acids in stimulating the synthesis of amylase, lipase and ribonuclease.

I/fO

6. Preincubation of pancreas slices reduces or abolishes the

synthesis of amylase, lipase and ribonculease obtained on incubation

in saline without amino acids; when amine acids are present preincu­

bation does not appreciably depress synthesis.

7. Lipase and ribonuclease are secreted by pigeon pancreases

in vitro. The secretion of amylase, lipase and ribonuclease is

stimulated to the same extent by cholinergie agents.

8. Secretion i6 dependent on oxygen and is inhibited by

2:4-dinitrophenol.

9. In vitro stimulation of enzyme secretion is not accompanied

by increased enzyme synthesis. This is true both for pancreas slices

of pigeons which have or have not received carbamylcholine in vivo,

and in the presence as in the absence of amino acids.

10. Glycine-C14 is incorporated rapidly (4 pJJ/.g. proteinthr.)

into the protein of pigeon and mouse pancreas slices.



Il. Glycine incorporation into the protein of pigeon pancreas

slices is 98% inhibited upon incubation in the absence of oxygen

or in the presence of 2:4-èinitrophenol.

12. Alanine-l-c14 is incorporated inta mouse pancreas protein

in vitro. Mouse pancreas slices ineorporate alanine ten times faster

than ~ouse liver sliees.

13. Glyoine incorporation into slices of mouae panoreas protein

may be inhibited up to 80% by aoetyloholine (with eserine); eserine

alone inhibits almost as much. Inhibitions are obtained both in

the presenoe of Aminosol and of amino acids. Incorporation is

inhibited by high concentrations of carbamyloholine. High concen­

trations of oarbamylcholine do not inhibit amylase synthesis.

14. The total radioactivity found in the aoid-soluble fraction

of mouse pancreas slioes incubated for 2 hours with and without

acetylcholine and eserine, and with eserine alone, is the same.

15. Whole mouse pancreas respires at a linear rate for periods

up to 6 hours, after a 30% decrease during the first 30 minutes.

16. In pancreases of pigeons depleted of enzymes by in vivo

oarbamylcholine administration a oomplete amino acid mixture

stimulates glycine incorporation into total protein 15-30%;

similar stimulations are obtained with a partial hydrolysate of

fibrin oontaining small peptides and amino aoids (Aminosol). Amylase,

lipase and ribonuclease synthesis is stimulated 3-6 times more than

1s gl yoi ne incorporation by the amino acid mixture.



17. Glycine incorporation into non-secreting pancreas slices

occurs at the same rate in the presence of added amine acids,

Arninosol, or hydrolyzed Aminosol.

18. Glycine incorporation into the protein of pancreas slices

is inhibited by the action of cholinergie drugs. The inhibitions are

obtained with silces incubated with or without amino acids, and

with hydrolyzedAminosol. In the presence of Aminosol (amino acids

plus simple peptides) the inhibitions are reversed. Aminosol may

stimulate the incorporation of glycine into the total protein of

secreting pancreas slices. With secreting pancreas silces, glycine

incorporation into total protein may be over 100% greater in the

presence of Aminosol than in the presence of amino acid mixtures.

19. Eserine alone and high concentrations of acetylcholine

(10-~) affect neither respiration nor the specifie activity of

acid-soluble phosphate esters of pancreas slices incubated with p52.

/'11
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