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Two fispects of th-'c' metabolism of protein in‘ rats were investi-
A
;nh. A m.‘(hod for cstir',;iring the rat'es ®f total protein synthesis,
acervtion and degiadation in intnct rats hus‘h(-en p.rnposed and
. . .
evaluated, In addition, the mechanism of intracellular protein

degradation has been studied vsing the inactivation of “tvrosine
) . . . " 'A .

aminotransferase (L-tvrosine:2-oxoglutarate amingtransferase, EC

~

2.6.1.5) in rat liver homogenates as, a model,
: , | ,-
Quantitative parameters of phenylalanine metabolism have been

s used to estimate the rate of incorporation of phenylalanine into ,'s‘ /

body proteia, In cunJunqtlun wlth N a]ance‘trials as well as amino .

-
’

acid analvses of the feed and: rat empty quy mass, the rates of
proLeLn synthesxs acerotton and degradatxon were calculated according
‘to 3 simp11f1ed model -of phonvlal\nlne and protein metabolism. _ \»

‘ &ats with -4 mean body*weight of 160, g/were_fOUnd tO‘havé mean,rateé

of prbtein synthesis, accretion and degradation (expressed as the

.welght uf amlno acids chat would be derived from the hydrolysis of the

’

proteln in queetion) of 1. 94 0 87 and 1 08 g(day) R respectively, \\

, and rats with a mean body weight of 123 g werg found to baVe rabes of ;ﬁ\

)

1. 56 0'94=and 0‘63 g(day) ~, ruspectively. The method appcars to be
11m1ted by d;urnal variation in’ the rates of protein turnoverl 1ack f '

| : BT
§ of kn9w1edge of the spe01fic activicy of the L~ WU C}bhenylalanine

precursor of‘%rotein synthesis, and the dlfference 1n metabolign be- ﬂ

Lween L-[U-le]tyroeine produced endogenously from the hydroxylatjou |
L

[

'of L [U 1l‘C]phenylalanine and L-[U—\ c]tyrosine infused into the plasmas ‘ T

Recommendations were made tO’OVercgme several of the limttations. f AV

. [ '
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inactivation reaction, e

, measured inerat

“The inactivation of tyrosine aminotransferase
, : ) . , .
liver homogenates by anfautomated enzvme assay, wis found to occur
. . . - T
in the presence of cysteine as observed by previous workers, In :
k ; . : e »

iddition, it was demonstrated that O, was Syquired for inactivation
and that cvstine could replace both O, and cystetne 'in the . =
- . s "

. 1
The particulate fraction of the homogenates,

was required for inactivation to proceed in the presence of CystQQn

[}

-

The role of.the particulate

but not in the presence of cystine.
A » R

fraction appeared to be to catalyzé the oxidation of cysteine, and

. .

.

not to supply cathepsins for the proteolytic inactivation of tyrosine

It wés suggéstco that the

“aminotransferase as suggested by others, _
‘ . A

x

.

enzyme was inactivated bv-the formation of a mixed disulfide with

LV\tine, and that a react}on of thlS sort could- be involved in the

initial steps of the dcgradag‘pn of Lyroqxne aminotraanerase in ‘l

. R 4 '
vivo,’ The“resmktq are conslstent with ‘a model of. tyr031ne amino-

Lransfcrase degradation proposed recently in which tyrosine amino—

transferase would be inactivated af;er formation‘of the apoenzyme
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INTRODUCT LN

The accretion of protein in apimals is a function of both the

$ - . .
rates of protein synthesis and protein degradation. Since the flux
; "
of amino N through body protein may be two to three times that enter-

ing theﬁbod;,from the diet (d5), the degrada'tion of protein, in
addition to synthesis, is an important factor in determining the
. total mass of body protedn‘
The relationship berweén protein accretion, synthesis and

degradatlon varies wlth‘trltlonal and physiological states. All

H ‘ )
. - factors ‘that affect the accretion or depletion of protein by animals
’ 3

- must affect synthe51s degradation or both For—example, during .

starvatlon and concomitant loss of body N degradatioﬁ/;ust be greater:
than synthesis, and duringlgnowth, synthesis must be greater than

degradation. The effects of many factors inf luéncing synthesis and

b

degradation may, however, not be predictablé. For example,  malnour-

ished hyman infants receiving the same dieta:y N and having the same

rate of protein accretion as recoVered infants had significantly

greater rates of both Synthesis ‘and degradation of body protein (49)

A number of investigations of the turnover of nusc}e proteins

.'and protelns of other tissues 4in both domestic and laboratory animals :

» A L3

have:bean-reported (for‘exsmples see 4; 12, 22, 41, 48) . The in-

formation'obtsined ih these studiés contribntes to ont"kqfwledse ,'
i of animal protein production. An undetstandins of nutritional and
“gysiological factors affecting vhole body protein synthesis and

'f_degradatiOn should ‘also” be of value in the study of. anilal protein LR b.:

bproduction. Nevertheless, attenpts te estinnte the ratea oi



) L]
protein synthesis and degradatibn in whole animals raised for meat
or other protéiq products do not apéeér to have been reborted. A
major reason may, be the lack of a suitable method.

. Although nei"changes in body protein may be feaQily estimated,
the estimatidn of the rates of synihesis and degradati£n of protein
has proved to"be:moré difficult, Waterlow (64) conpiuded in a
review published iﬂ i969»that an adequate method for the estimation
ofktotal body protéin turnover likely ha& not yet'been dgVeloped.l
Section I of this thes®s descriﬁes an attemét.té develop a metﬁdd

suitable for the estimatioﬁ rj protein accretion, synthesis and

degradation in intact animals,

\ N .
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“A. Methods of Estimating Protein Synthesis and Degradation.

Y

LITERATURE REVIEW

Proteid turnover has been defined. as the flux of amino acids
through protein (34), It is a term which is useful if the rate of

. 3 ‘ _ i
protein synthesis.equals the rate of degradation; that is, the

, protein'pOOI size remains constant. Its meaning'is not so clear

4

if the. size of the protein pool under consideration 13 changilg.

3

Nevertheless; thejterm, protéin turnover, has beeq.extehsively used' :

sy the 1iterature, and will be used here in revrewipégthe literature.

2y ' L

¢ .

' i
‘.
)

Waterlow (64) and Neuberger and Richarqe QﬁS) have reviewed

methods useg for the estimation of whole body protdtn turnovet

Alth°“3h'1t is doubtful that any of the methaaa reviewed bave JJ;‘ S e

provided an accurate measurement of protein turnover (64), the results

obtained haVe yielded useful 1nformation about proteip and lmino L

P

: aeid metabolism. Several of the qethods described by Waferlow {64)

& . : . P \

and several other me/pdds which have been reported more. tecently

are discussed beleu. f. A" 1',.‘«j B . H;-* ‘in; e

In sfudies of pmotein turnover 1t 1a probably moot convegient

A to measure protein accretion by N bal&nce and either the rate of o V;3>f

protein synthesis or~desradation by aoue other -ethod. Tha unlelsured"J

eo-ponent can then be detarnined hy ditferegce, ,tpviding l groso S

descrtption of pro;ein tutnovet of the aninnr

Hechoda of eatinatlng protcin synthests end degrtd‘tlon tn tiasnet—

';1 and the‘bhOIe bodv have uau.lly involved use’ of 1aotop¢c. pttticulariy

15& and c The advantageo and diqadVantlces tnherent utth chc unc

- Ti




of isotopes have recently been appraised by Garlick and Millward
(19). In their review (19),- it was'conclndeJ that the disadvantages

!

of estimating either synthesis or degradation are. evenly balanced ‘
" and that the choice between the two approaehes may rest on conven- - o
ience or the particular goals of the experiment, In general, methods

of estimating rate Of synthesis are limited by ailack of knowledge

about the specific activity of the- precursor ofnprotein and by diurnal

I - .

variation in rate of synthesis Methods of estimating degradation .
suffer from recycling of label and from effects oﬂ applying isotOpes

.
to a heterogenous mixture of protein p0013.
x e N - . ‘. s \

\

ay Cbﬁétant Infhsion‘ofjflqc]Lysine,.h-' A//'

h'Wateriow.(6jj and WaterlOW and Stenhen (66)‘haVe-descrihesda;:_-. - .
nethod of estimating whole body protein turnoyer fnom the flux of R ;*_
, serum lysine in rats (66) and in men (63) The method consisted of
’._.constant inttavenous 1n£usion of L-[U-~ C]lysine until rplateau~
o~ N was established for specifie activity of free 1ysiﬂe in the serum.;f:..}
'5i§" . From the plateau specific activity'the flux of lysine through the
n ';:.serum waa cnlculated ) Using an'estiaate of the lver-ge lysine content'_"‘i_‘zﬁi

of rat‘or hunan protein. the turnover of protein vao calcul&ted

directly fran.the lysine flux. wich conerQI tucs in the wtigbe

range ot 76 té 210 g, vnlues of 25 to 30 s(kz) (dly) 1, i.g. (g protein)

¢E body -u;;)-,‘f (day) , vare: detemined n nu.- asner (as)

human uales, ase 19 valuea oq 3 1 and 3 2 g(kz) l(day)"‘"1 w!t!



- it was assumed that reentry ofilabelled_l;sine into the‘serun pool
i.' as a result of protein degradation’could be neglected; ‘Thebcalcu- B
lations of Aub and Waterlow ?g) indicate that this assumption was
{ valid. It was also assumed that the entire serum lysine flux yas

vy
utilized for the synthesis of body protein- however, significant

catabolism of serum 1;;ine would have resul;ed in & overestimation '
of the rate of protein turnover, It was also recognized (63, 66)
thdt the method did not; account for rhe intracellular recycling of
amino . acids derived from degradation into protein synthesis. Bechuse
'of recycling the specific activity of lysine at the site of. prstein :
< ynthesis may have been lower ‘than serum lysine specific acaivity.
_ It was estimated (6&) that a correction for the expected lower speciiic

Y activity‘!ould yield values for protein tu;n0ver of about 130 to.

o 150 % of that calqnlated from the serum plateau specific activicy o o
Hore recencig, Waterlow and Stephen (67) hags estinated the .

: »turnover of muscle, llver and plasmn protein of rats fron the constaat f°’
‘-infusion o£ L-[U- C]lysine. The calculatim ut.iliaed the plateau |
.spccific activity of free lysi.ne extracted fron nuscle and 1iver

o »ib';-;-tiuue., Conbining the valuea obtained fnr nuu;le, liver and pluna
__with eatimtes for skin and thc remaiw‘ng vtac!r&, liatcrlow apd
Stcphen (67) eatimated that thn t:otal incorporation of lyaine into ,;.Q

"'_,body ptotein for a 1DO g fat mld b; uz moles(h) .or an equivm-' -

“ lv of 38 g prouin(\ts) (day) 1 % : :'ji S

Rocent cvidenca (2) tndicltea th‘!: thc apccitic activity ot thc X D

K . .




i A

'major tissues of the. rat.- Folloving single injections of L-{U- C]-

e f‘“‘“’ (“Y) for 200 's nts. ‘l‘he tinuet ncluded: 1n the utiutc '. E

' ‘=conprised 78 X of tho body weighs‘ Amal l?auconauu and Pech (6)
' b

O

\

from the extraction of’intracellular amino acids. Therefore, an error

'resulting from the u‘derestimation of precursor specific activity -

may have ocwrred in the later experiments of Waterlow and’ Stephen

(67) ‘ The difference between serum and tissue specific activities

. , w -
indicate ithat the error of an overestimate of protein turnover would

probably have been less than 60 %.
- \ . * ' V .

b, Single Injection of {MC]Lyaine o

USing a single ihjection methocl Amal Fauconneau'and Pech

(lo) have recently estimated th’e rate of protein synthesis in the

A\ B

lysine, rats were killed at intervals for up to 6 days. 'I‘he changes
l

" in the intracellular specific activities of free lyaine and protein-_'

bound lysine were follawed in each. t.issue. The rates of . syntheais _ .' o O ‘

; of protein of the blood ‘viscera (pooled gutrointestiual tract,

3 liver, kidneys, spleen and pancreas), skin and muscles of the. hind g

1egs and the remaining earcass were" calculated " The total rate of ’

‘ 3ynthesié of protein of rhe tiuues wu enti:uted to be 32 o . . V[. :

' )poiﬂtﬁd ouq ;bat the .oat critiul factdr in the ntiution ot’ the

.""nte of synthelilrm tha detet-iutioa of thc opecific nctiwi:y of

%o B
m preeuroor .ﬁino uid« m ponibie emrc in utiution ot ehc

preeut‘sor sncific utiviey ducribcd pravimly foj" thc cxporiuntn



‘ o P
‘ e, Constant Infusion of [ZSN]Glycine

esq . o ' »

"Pieou and'Taylor~Roberts.(69) have developed a technique for
eetimating total body protein synthesis and degradation in human
infants. The technique employs the constant infusion of [ N}glycine,
. nd represents a considerable imprOVement over the use of single

.: . injections of ['1 N]glycine originally proposed by Sprinson and *
| Rittenberg (54) .and modified by San Pietro and Rittenberg (50)
The theoretical model of N mecabolism on which the method of Picou
and Taylor-Rbberts (49) is based 1is similar to that used in the
.experiments presented in this theeis (Fig. 1). The major difference

.

is that the model of Picou and 'raylor-Roberts (49) inclndes all the ‘ 3

amino acids found in: prot‘ein, whereas the model presented here ‘ig 1) -
'includes only phenylalanine. In the model of Picou and Tgylor- ,

Roberts (49) amino acids from the diet and from the catabolism of

protein were assumed to enter a precursor pool common to protein

- synthesis and amino aciﬂ degradation. Because the model allpuo
for only one protein pool and pgly onn amino acid pool, it is Very ’

JP_mueh over-sinplified.,_{"'

,utbod, ;hey weu vaud. i In hult?y vinfnats thq uu o! 'tutdn
sis wat utiuud to u sbcmt 6 ;(&;) "(day)"l' 3

‘aﬂ




.
»

method of Picou and Taylor-ﬁoberts (49) in a study of the effect of
age on total protein synthesis in humans. It was found that the rate
“of protein syﬁehesis decreased with increasing age bhen.expressed
per unit of body .wéightf but when exprasaed per unit of energy ex;
penditure br pretein consumbtion, proteinesyhthesiq was found to
"‘be independent of age.;
Of the variety of ;echniquesvused to study ptotein turnover in4
| humans (64)' tbe recent results obtained with [ N]glycine (49, 69) oy
seem to be the most teliable and 1pd1cate thet useful 1nformation

about . protein turnover may be obteined fron a sinplified model of

, amino acid and protein metabolism
. ‘ ©° < . .' ) ' ‘. - ;
B, The Use of [ C]Phenylalanine.inqthe”Ehtimation of Protein

- Synthests I : S . _ o - ‘;)

‘fII:ithe method ptbbosed in thielthesia,-an estimatién*of the fate .f

of protein synthesis is bastd on- there being a telatlvely limited ' 1555
/number of catabolic and anabolic pathvg!h of phenylalantne metabolism o
Thus, it is neceasary to review knowledge au the uetqpolis- of |
Phenylalaninelin aninals. ;ii'~j if~‘f . : .'f{-1 “;;'f' ,4";
In#estigntions of phenylalanine netlholisn heva centered around

the Ietabolic gs;otdar knoun aa phehylkcconuxiq. 1n vhtch the éon-

VL vursion ox phenyi;lanine tn tyronin- ti pertially or conpletly bloched

-Gtuner, Koblet cnd Hoodard (29) h.; irepottcd Itudic. of the “t‘bO- fﬁuh“ :

ubut
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was converted to tvrosﬁne during one turnover time of the phenylalanine

tenw

. _pool. They found that no apprec1able amount of label from [ C]-
~phenylalanine was located in the glycine moiety of hippuric acid
excreted in the uriné. “Since glycine can be synthesrzed from inter-

mediates of glnccneLgénesis, these Yesults indicate that the metabo—

13
-

'{ne in this patient did nat yield Aintermediates" e

1ism of phenylal 

of gldcose syntlvﬁis ) . ’ I : .

Deaminatidh of phenylaljnine, yielding cinnamic acid 1s known

to occur in plQ ts (39) When [3- C]cinnamic acid was administered

) v . * ! .
. to’ rats by in%raperitoneal injection it was not metabolized to ll'COZ,

or was 1t significantly incorporatedointo the tiSSues of the rats
: (56) Withgg 24 h 73 X of the injected radioactivity was excreted

" inc the urine There is a: possibility, in studies of this sort,

L}

that a labelled compound which was injected may not be metabolized

in the same manner as the same compound produced endqgenously.

o

Neverthelqes, these resulte suggest that if significant deamination

u Y

of phenylahanine occurs in mammals, the product is not further
A

'metabolized, but/is excreted in the urine..

In nam%bls, the tmensamination-of phehylalanine yields phanyl-

./ ) i
.‘/_ o f pyruvic acid (390 The product of the decarboxylation of phenyl-

\ ' 3
pyruvic ;cid, phehylacetic acid ia excreted in the urine in a o

'-c‘tfiﬁ . conjugated formx In most animale it is excreted ae phenylacetyl- ;

R R . :

? '47Qj : glyeine, whild

» e\

11 pau and the chimpenzeo it is excreted at phenyl— :

i1fj etyiglutapine 359). Phenylacetylglutanine is e nOtlal constituent

pn urine ( ). Hhen phenyleeetic ccid wae ed eiutered otelly

o f=*’l.v'a




acetylglutamine (68), indicating that, except for conjugation with
glutamine phenylacetic acid is metabolically inert in humans,

Wadman et al, (62) found that urinary excretion of phenylalanlne,
oenzoic acid (free and conjugated), phenylacetic acid (free and
conjugated), mandelié acin; o-hydroxyphenylacetic‘acid, phenyllactic
acio and phenylpyruvic acin in three typigal eases of phenylketonurxa
accounted for 80 to 90‘Z:of the diepary 1ntake of phenylalanine. - ip
The ages of the patients were 1, 2 and 19 years. Since there is |

’ probably some residual phenylalanine Aqmonooxygenase (L-phenylalan1ne

! tetrahydropteridine oxygen oxidoreﬂuctase [4-hydroxylating], EC °
}.14.16.1) activity in the phenylketonuric condition (60) and some
phenylalanine must have.beenvrequiree for the accretion of protein,
the'resurtslof wédmén et al'l(62) indicate that the metabolism of
phenylalanine, other than protein synthesis and hydroxylation, i
results in quantitative urinary excretion of the products. ' v

¢lear1y phenylalanine»may-be use4 in prbtein synthesie or'mayy
“be converted to other small molecules, but on the basis of the reports
diacussed here it ‘has been assumed that the products of -the latter
‘conversions of phenylalanine,_other than tyrosine, are excreted in -
;" the urlng‘ \J S :

LA




MATERIALJ AND METHODC
A, Antmals : /

Male,.gprague—Dawléy rats were raised in individual metabolism
cages, with local lighting from 6 AM to 6.§M. All rots were from
the colony maintained by the Department of Animal Science, toev;

University.of Alberta. An automatic feeding device (Apoendix A)
wasiconstructedzin order to impose a continuous feeding regimen

on the rats. The automatic feeder delivered an average of-0.27

& -

g of a ékandard laboratory rat diet to each rat at 1ntervals of - ‘ 4"
*30.min, Under these conditions the rats grew an average of 3. 0

g(day)- . Rats fed the same diet ad libitum consumed 1.5 times more
r ) . . ' 4 . . . o ;
Gaily dry matter and grew 2.0 times more rapidly.l The continuously

[ 4

fed rats were on a restricted feed intake to provide motivation

to-consume the feed when it was presented. Whenever the rats were
observed at feeding time, the feed was consistently eaten- within“

3

a few m1outes. The rats were weighed every 3 or 4 d?ys.'

B. Analyéécal Pfocedures R e

N )

Amino acid analyses of feed and rat empty body mass2 were done
4

s Ty
by column chromatography (Aminq Acid Analyzer model JLC-SAH Japan ’ :
Electton Opci,cs La‘botatory, co ) qulowing hydrolysis in boiling 6 N T

u"o ,?z :. .

lpour rats fed: ad libitum consumed an &venge of 17‘9 g(day) m
dT dry matter (standatd error, 0,38 géday) ; number of obsarvation., .
28) and gtew an average of 6.0 g(day) (standard error, 0.50, ‘f. '
ﬂ s(day) dﬁmber of obsé%vations, 4). ».vaVA‘ Tj”t\- - o

ZEntire body w:lth gaatrointestinal contents renoved. ‘ *> '

" A B -

12




for 24 h at atmpspheric'pressure.

N analyseg.of feed, exgreta ena rat empty. body mass werd done

o “By the Kjeldahl method (33) using a 4 % boric acid solution tp
.'w -

”i‘tr3 NH3 during gis.tillation.
Both N and: amino acid analyses of rat empty body mass were

ne’following lyophilizetion, fdt extraction with petroleum ether
: . 4 "

» 4

Dry weight of feed was determined by drying to constant weight

imkfgrced air gven at 107 C. : o .

¢

Radioisotopé‘ counting was achieved using a liquid scintillation
system (Mark I Liquid Scintillation Computer, model 6860; Nncleer

/ ,Chicago (?orp ). Except for background measurements of expired air
s . KA « v .
(see section E of Matei’ials and MétHO;la) samples Je counted '80
{‘ N‘
that the theoretical standard deviation for regzae counts was less

than 1 3 of the total c0unts Countiy efficieacy was determined

v
: "o

by the channels ratio method (). -~ . ".'
o C, ‘N Balance

All rats were allowed to adapt.'te the continuous feéding.regimen‘w

for at least 5 days before samples for N balance werecollected.

- . .
. . . . ' -

i Daily feed consumption was detemined as the dif‘feret{cg& between

LIPY :
feed p-rovided and the residue in the 'individual feﬂ’)ers (see , .
’ ] K i
Appendix AY for each rat. Fécea and urine wer! colleé‘tcd nparatefly

fro- each animal every day for 3 to 5 day: prior to the firct period

" of 1sotope adninistraticn for 2 to 3 m;pé ron th\l fifst end '
nl"
second perioda of isotope adninittrarton, x:"d for 3to 5 days after

‘. : : . c‘
- : . 3 . v ’
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N 4
¢ 1

the second period of isotope: administration. Urine was collected

0“ L
on polvethylene-backed absorbent paper (Kaydry Lab Table Soakers;

Canadian Laboratory Suppl1es) arranged in square "funnels under the

meéabolism cages such that the'urine'ya§ absorbed while the feces

rolled into flasks below the funnels, Total daily collectfons of

feces and urine were used for N analyses. The absorbent paper, which .

had a N content of about 1 % of the urine collected, was digested

with the ﬁrine in the Kjeldahl procedure. When the paper was col-
'

lected, hair sloughed from the rat was Shpken free and not included

in the N analyses, There was Qegligible spillage of feed.

3

D. administiation of L-[U-2C)Tyrosine and L-[u-'c)Phenytalanine
a. Radiochemical Purity

. L—[U-ldc]tyrosine, épecific°activi:y 507‘}C(mnole)-;, and
L-[U- C]phenylalanine, specific activity 492 mC(mmole) bdth
purchased from Amersham/Searle Corp.. vere tested for radiochemical

. B
purity using two dimensional thin layer chtomatography (10). The
olvents used for develOping the plates were. 1) 60 % n-butanol
20 Z acetic acid and. 20 x water by weight and 2) 75 X p%anol and
25 % water. After developing the plate35 the locations”of ‘the

[1“C]amino acids.were—determined by auboradiography. A- plate on

©

. 'which both [ C]amino acida were applied shd*ed that L-[U— C]tyrosiue ‘

.

and L—[U-1 C]phenylalanine were effectivelyijcparated\‘ Plates on

thich only ong of the [ C]anino acids had Been applied vure scrapod

. to yield the s;nca gel of the ctigin, spot and the rest of the

=



:treatment A portions of labelled feed equal fh weight and frequency

15

plate. The silica gel was then suspended in Bray's scintillation
. B .

fluid (9) with the addition of Cab-0-Sil (Cabot Corp.). Of the total
radioactivity on the plates, 96 and 97 % was recovered in the Spoté

attributed to L[U-la —1&C]pheny1a1anine, respec-

4

tively,

The method of estima®dngi{the rate of protein synthesis involved

" .the administration of the [lac]amino acids either with the diet
'(treatmenc A) or by constant infusion ktreatmént B). 1In treatment
‘A the»[}ac]amino acid was mixed with coarse feed which was then

R ,‘ : .
- finely ground and well mixed. The speciYic activity of the feed ~was .

determined by extracting the 1sot0pe with 0.2 M monoethanolamine and
counting in Bray's scintillation fluid (9). The specific aq}ivity 4

varied from 6 0 to A 5 uC(g) for different preparations and the

'calculated specific activity was coneistently within 1% of the

'specific activity determined by extraction

From 9 00 AM to b :00 PM of the day of an 1sotope trial 1n

-

':«to the delivety from the automatic feeder w‘re provided to a rat.

held in a chaﬁSer which had an empty vorune of 750 al. The chauber

: ccmsisted of a glau tube 8 cm 1n diameter seard at the end‘; vith
'rubber stappers. The aninal rested on a vire scteen. One end was f'

'}4‘"£1ttéd vith an air 1n1.t and ontlet, wlter supply lad a ntOppeted ‘ ;V4'

e A )

'-tube for nanunl introduction of the labelled foed._ Duting an exyeri-f'f 4

[

L =yene,-3 :o-a,z‘or rhe,feed edpinistnred.vue.u:uelly h¢t~c9nru§¢d..

-~
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This was collected, weighed and an éppropriate correction apgplied.
The flrs( [IQC]amino acid fed was‘i—[U—l“C]phenylalanine foliowed'
in 2 or 3 days by L-[U- ﬁC]tyroéine, except for 2 rats for which the
‘order.was reversed. ; . \ h

. In treatment B, infusion.was into a tail vein through a cathetef

w
4

~ which was inserted (see Appendix B for catheterization procedore)
immediately before beginning‘the experiment. ’Doring infusion‘apd‘
placement og the ‘catheter the rat was heldein a élass tube ?f‘small,
enough diameter to restrict‘movement- A rubber sto;per at the head
end of the tube was fitted with an air inlet and outlet and a stoppere .
ed tube for 1ntroducing feed. At the rear end of the tube, the tail |
extended‘through'another robber'stopper. Feces and uriﬁe were col-
1ected in a sidearm extending downward, while a wire screen encircled.
the interiot rear 6 cm of the tube providing‘footing for the rat
The 1abe11ed amino acids ‘were diduted with sterilized physiological
saline and infused by means of a piston pump (Lambda Pump §5ries o
1300 with Lambda Pump Driver model 1301;. Harvard Apparatus Co ) at :
a rate of about 0 3 uC(h) and in a volume of about 0. 5 ml(h) l
. The precise infusion rate ‘was detprmined in eaph experiment by meas-
uring volume changes in a pipette which served as-a- reServoir for the,
, infusate.‘ All equipment in contact with the infusate was either .
autoclaved or treated with al. 1 2 solution of alkyldinethylbenzyl- o
'.amoni chloride (Zephtran) v 'rhe volune 1nfused per hour corresponded 3
B approxlnately, with the nonul rate of water intake hy the rats, cnd e
for this: ream uater vas not supplied during the. fnfusiou. Thc -
“:infusinn was usually coatinued for 7 h fron 9:00 AH to 4 00 PK after




'

which the catheter was removed and the rat replaced in its metaholism

cage. Feéding was continued manually every 30 ain throtghout - thé
infusion so that the rats_continueq,on the feeding regimen without
intérruption. The feed wés cdnsiéteany'Eaﬁen when présentéd. The
first [lacjamino acid infused was L—[U-IQC}pthylalénine'followed

in 2 or 3 days by‘L-[U-laC]tyrosine.'
: . . 14
E. Collection of Expired 002

%
Y '

Tthughbut the administratidn of‘[lac]hmind acids, expired

4CO2 was collected -(Appendix C) for 30 min of each hour. Thirty

min collection periods were chosen because 1t was found that the
R : :
quantity of expired 1I'CO' fluctuated 1n a 30 min cycleicorreépOnding,

to the feeding schedule of the ﬁ’t' Expired 1l'CO ‘wasg- collected

2
direqtly into-a scintillation fluid_(Appendix‘C)}  Using 1‘cbz
réleéséd'from [lac]cérbbnAte upon the addition of 8C1d in ﬁlace-df

the .rat and the rat holding chamber, recoveries of 100+2 ! of ‘the -

._available 14

Immediately before the beginning of each adninistration of [ ]~
0

x.amino acid to the racs, expired CO2 was collected for 8 30 tin pcriod

'in\order to providg & correction fox background activity. Prior to

I

the first aduinictration of [ C]anino acid the backsround actjvity

was. nogligiblg. Priot qo the cocond ndninistr‘tiun ot [1‘

*

o ""°1d th‘ b‘ckltouﬁd Oct1V1ty "l. bceuncn 1 lnd 10 l*of that eollcct.dt"f

| 1n a 30 lin canple nt plateau duting thc ldliniactatioa ot che cccduéff

C]anino lcid‘_

C were»consistently obtained with the collection systgna.:~

c]mno “

17




18

F. Collection of Feces and Urine During Administration of Labelled

Feed

A separate experiment with 4 typical rats was perfotmed to study

the excretion of label during the administration.of [IAC]amino acids."

o. Preparation of Labelled Feed ,

o

Aliquots of the standard rat diet vere labelled with L~ [U- C]-_ v
0

- phenylalanine and L—[U— C]tyrosin& by preparing slurries with

aqueous solutions of the labelled amino acids. After lyophilization,
‘};he reSultiﬁg cakes of feed were finely ground 'in a Waring Blendor

' :(waring Producte Co. ), and allowed to equilibrate with the humidity |
in the animal room. The specific activlties of the ptepared feeds .
were determinbd by extraction with 0. 2 M nonoethanolamine as desctibed

'previously (section D of Materials and Mcthods) The specific activ-A
_ity of the feed labelled with L—[U- C]phenylalanine was 692

o 'dpn(ug) , while that laballed Yith L- [n- C]tyrosine vas 491

“-fdpn(ns) \y:!' n:“" ‘; T

b, Amammton' ‘of 'Iiabell,ed fq‘e‘dmd' ca;zzc'aﬁo’n of« Ezcret& T

Excreta vare coli:cted during thc adnini-tratiol oE llballed

‘"lfeed to. xat. on. the continuoua !eedin; ragi-nu. CGllccctOn uno not

o ‘f;_'_mun untii 2w aftdr the cuttgf prwwu; mnnu tad. Duting
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Y

of the radioactivity of 1O6Ru administered by stomach tube was ex~

’

creted in the feces of rats within 12 h, and within 15 h moxe than ‘
80 X of the administered label had been excreted in the fecee.
106Rn;vas used as.o marker because of its low abeorption from the -
géétrointestinal.tract; 'Although the complete réplacenent'of gastro-
-intestinal contents may not have occurred within 12 h in the present
‘ experiments, a delay of, longer than 12 h uas not employed in order
to minimize _the urinary excretion of label from the metabolism of
L-[U-. C]phenylalanine and L- [U- C]tyrosine recycled from body
'4protein.- | o
" The nbi-'nal feed of 4 typleal rats on the constant,;'eding /
;reginen was aubstituted with the labelled fced 80 that.each labelled ;.'
t~i_amino aci{ was fed to 2 racs.i After the initial 12 'h delay, urinefyl'
nand feces were collected for 24 h. Urine uaa collected in 0.5 N
.‘;‘sta 4 in a pan benuth uch netabolisu cage and the fecu were
frequentlyﬂﬁemovcd fron a screen ;bove thc acid In order to use a B
»f‘ninimum volune of acid to collect the ur;ne, dividora werc uned to
.}—reduce thc urine collccEion area of tbc -ntabolio- cc.cc to npptoxi-?' o
' nate1y 17 x 7 c-.» ‘rhere vu uo viaible conu- ion of the urﬁu

ATt '*-'-.?;_’wuh fecd discarded by tho rats -ud no vuibic ibu ot qriac. T,

»m. tm\mry oI hbol in thn fem and uriae hu m uud to




GC. StAtistical Method ' )

" The me;ns of body weights, dry matter iniakes, N gxcfetions,
. . .
. gréwth rétes, oxidations of L—[U—lAC]phenylalanine and L—[U-lac]- ,
tyrosine §s well as protein Qynthesis, Qegradation and accretion wetg
coﬁpéred for statis£i§a11y sigﬁificant differences betﬁeén treatments

A and B. Means were cpmparedfuéing Student's f as the“test criterion

~and assuming equal variances for any two sets of observations éampared.

. . N
z .- - T ~
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THEORY
A, Model I,

| A simplified model (Fig. 1) of phenylalanine and protein metabo-
1ism ‘has been used as -a basis for the estimation of the rates of
protein’ synthesis, degradation and accretion Phenylalaning from the
die} has been assumed to enter a single pool from which it may be
hydroxylated to form tyrosine, or incorporated into body protein.'<
It has also been assuned that body protein constitutes only a single
pool Although simplified -a model of this nature describing amino
N metabolism proved to be of ‘yalue in the investigations~of Picou
and Taylot—Roberts (49) and Young et al (69)
B, Cohs"tqnte, ‘Definvi,t.i_ons‘ and 'caZcuzations. |
e , : ‘ ;
By estimating the total flux of phenylalanine through the
phenylalanine pool aa defined by nodel I end the frnction of that
flux 1acotporated into body ptotein, the rete of incorporation of o g
phenylalanlnc into body protein haa bien celculated., Correction..'("
h;ve bcen applied for urinery excretion of phenylalanine and derivL
at;Ves of phenyleienine other than thoae fofned tro- tyrooine, lnd .,.:.;‘
alao for endogenous fecal cxcretiOn of phenjialauinc.‘%i;' o o

,i. R SO

-xcéaltlutl used in the calculationc. _'5f€

“Ph'nvm-nm xn m dm' s i -0 m u(‘*’ amry n"" NE

Mno Acu. 1n u: 'upty body -mr" -09 "(“ *’“’l '”-1
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‘ *
i
Diet
q
. fi
‘ v Pﬁehylalanine : ' Protein ,
. - ‘_‘ ) !
. fn
o ". 'J
TR ‘ ’
R e
€0,
f‘ig.' l\_. ‘Model I, phenylalanine and protein uubo-
lisn. fd, rate of absorption of diétary p?enylalaninc
coruc:ed for nrinary losses of phcnylalmine sad -
, ' dcriv;tiven of phenylalauine other thin thosé forncd :
o fron tytoling,_fn, ths 1n vivo ratq of th; ph-nyi-» o

o~ alnnine lo-anonooxmnua mction (hydroxylatian of : S
'"'~', phenylaluaxan), fi. .the ratt of phtnylallninc 1ncor-;_v,vf' =
pouclon 1nco protcin SRR el




Phenylalanine in rat emﬁty body mass:1 0.242 mg(mg body N)-l

or 0.0397 mg(mg amino acid)°1

Symbols are defined as follows: | _ i
P - fraction of the 1,‘C of administered L—[U-léc}phenylalanine
» oxidized to 1l’COZ at plateau. | |
T - fraction of the 1l’C of gdmiﬁistetediL-[U-léC]tyrosine oxidized
4o }ACOZ at platéau, ' | : :"; ‘ |

ft - total flux leaving the’phenylalanine—pobl by the regctions‘of ;
‘hydroxylation and protein- synthesis. See equation 8 for the
calculation of ft.

M - fraction of ft converted to tyrbsine.. M was estimated from

equation 1; : S
.~ ‘ P.‘ | : i . ) - .- . 4. .. "
M=z -

N . - . . . !

BN - N consumed in the dfet. = 4.
. . '\ . . ] . N l A ' . . . ‘

‘FN. - total fecal N excretion. . - _
UN ?‘N e)sreted in the utine. n N

NEFN - endo‘enous fecal N ,excretion. EFN was. estiuted to be 1 32

| ' ijg(kg dry utter ingestcd) according to the resulu o£
e "'Twombly md neyer (59) and uuchcu md mt (l.z).

B !:rphe - eni\uud endogenoua faul pheuyhlanine lonu. EPphe wu S .

o "}1"_eatiuud fto- Bm lnd chc plunyhlmhum ratio of :lu cq»ty ,;.. SN

: "'?;:hody ms o£ typicll tltl.

mm o 242 q(ng body n) (zﬂ) | e (2) L |

lbccct-ined f”rol thc uino lcid nad !! mlym o; 3 miul
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140 of administeged L- [u- C]phenylalanine

.y

excreted in the urine as phenylalanine or derivatives of

G - percent of the

phenylalanine other than those’ formed from tyrosine. G was

estimated from equation 3:

G = percent of dpm of administered L- [U- C]phenylalanine

¢ Trecovered, in ;he urine (ffom-Tahle 4) - M(pereent of dpm
of administered LQ[U-IQC]tyrosine recovered in the urine
[from‘Table'é]) s i . o '(3)

nhefe M is the'mean.value of M faom bofn;tisgfgents A and;B'

B (from Table 3). The colleeeion of feces and urine,for-thef'
calculatinn‘ofvcvwaacdescfibedAin section.F of Materials and
Methods . ' - '_ |

Uphe - urinary excretion of phenylalanine arid derivatives of phuyl- R

alan ,othe oihe" those formed ftom tyroaine. Uphe vas

vgsuj ‘ tion 4:

‘f‘"‘“"‘-"‘-‘““,’Y‘-“"'l'.<°"l’4‘ro%‘i’, W
{ gd»é est] L~ ff abaorption of dietnry phenylglgniun frO-'thG -
o ; 1 tract aft;er carrcctin; for nrinary 1;,:, ' of . R
and deriutim of phcnylalaam othcr :han | |
:f’“' ‘Y‘°'1“‘- It 'ﬂs alcu-ad chnc :he trcction if‘ 8

exctetcd ia the tecu m Qquivalant to :ht

wm-y phcnyhlanina uot abaorbad durtu disutiou ,

u* wu fouad by xuim __and ‘Lynn (37) mcury 8 cncrcud i.n




fn -

- from the folldzing equation:

S

fd = 0.294 mg(mg dietary.N)-l(DN)(l -

net retention of phenylalanine by the animal. The value of r

FN - EFN ‘
—pn ) ~ Uphe (5)

was estimated from the net retention of N by each rat as

determined by N balance, and from the phenylalaninef} ratio
, : .

of the empty body mass of typical rats. '

T = 0.242 mg(mg body N)'l(ny*- FN - UN + EFN) (6)

total in‘vivo flux of nh% phenylalanine 4-mohooxygenase
:eéction (hydrdxylation of phenylalanine), which was estiﬁated

..

o

fn = fd - r - EFphe . M

Having defined fn it is now possible to give the equation for

_the estimation of ft'l

f1 -

s Substituting equation

.was estimated from equation 9:

o fm o -
ft = i . . (S)

rate of‘phenylafnhiné’incor?dration into body pto;ein. which

£1 ? (1if,M)fﬁl"A e
. . ‘.0'

-uhere it was assuned that (1 - HJ was equivaleut to. the»

: : ftaction of ft tb‘t wIc utili//f/ﬁor ptoq"p lynthztis.

1, 7 and 8 1nto squation 9 yieldn~‘.;‘

(; )(fd-r-Ethe)‘r e
ok «.T ————— a0

L5

25
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For the special case of an animal in N balance, r'equals zero

«

and equation 10 reduces to:

(1 - %)(fd - EFphe)T

fi = 5 g . an .

S - rate of protein éynthesis, which was estimated from équation

12:l

- <
s = L ~ (12)
0.0397 mg(mg amino acid) - '

£

In calculating S-from fi the assumption has been

made'that-the phenylalanine content of slowly synthesized

‘proteins is the same ‘as the phenylalanine content of ~ !
,

rapidly syntheéizéd progeins, If, for exaﬁhle; rapidly
- synthesized ppotéins.héve a higher phenylalanine cqnfent>

than slowly synthesized proeéing, the total rate‘of protein

synthesis would be overestimated,: S

A . 1Y

Z - rate of accrélion of protein. 2 waéieggimated;ffoﬁA‘hg-N

empty body mass of typical r#tg:l

Z = 6.09 ng(ng body N) T (DN = FN - UN|+ EFY) Can

: . . y - - N . ’ ’."
D - rate of degradation of protein, which was estimated by dif-’

:'f ."fe?éﬁég;1.~ o
bz SR T AT
7wl Useefootnote, page 30. U .0

°
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Q. Correction for Um%ry Loss of Phenylalanine and Deritvatives of -

Phenylalanine Other than Those Formed from Tyroainel
. . ‘ ‘ .
G = percent of dpm of adminiétered L-[U—léc]phenylalanine

ié + recovered in the urine - M(percent of dpm of administered
L—[U-IAC]tyrosine'recovéred in the urine)
=5.37 % - 0.462(4.78 %) -

= 3,16 %

This value of G has been used in the calculations fof all ‘rats,

The data used to calculate G 1s found iﬁ Tables 3 and 4.

rd

D, Sample Calculationl

. ) ' o S R ' o B=

The results obtained with a typical rat ftdh'fréatment A afe

- used for the example, Datalffom this‘rat'required for the calcula-
“'$4055-are: |

1(_ N ‘ DN 396 ng(day) ™
, W 76.0 mg(day) -1
EFN. 15,5 mg‘(davy)-l‘ |
« W 205 mg(day) L :
. -  EFphe 3,75 mg(day)

P 0.133

e W

e iAell calculauonc were done to &Qitﬂt“ in ‘"d“ to “’°“ T
- round‘off error, . Accotdinaly, m-bcn 1n uctiont C md D of the -

Thocq have all been cqlculated to 4 fi;ntu\befou bein; rmmded
off ‘3 figuru fot l!uentation hato. ' A ,

: . . . . \.', ‘v L
; Y ] St

-1 ‘ i
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4. “aleulation of Phenylalanine Absorption (fd), Fetention(r)

and Hydroxulation ()

fd = 0,294 mg(mg dietary N)_l(DN)(l - FN.ENEFN) - Uphe (5)
- 0 o -1, G ' FN - ERN
= 0.294 mg(mg dietary N) “(DN) (1 - 100 T " R )
= 0.294(396) (1 - 0.316 - 19;9§§€1§4§q mg (day) "
' : L - 7
= 95,0 mg(-day)-1 o . g o}
r = 0.242 mg(mg.body N)—l(DN.— FN - UN + EFN)
= 0.242(396 \- 76.0 - 205 + 15.5) mg(day) -1
= 31 S mg(day) v
fn = fd - r'- EFphe : ': . o (7)

= €95,0 - 31 5 -3, 75) mg(day)

= 59 7 mg(day)

v . - o ' [
b. Caleulation of, Fraction (M) of Total Pheny lalanine Flux (ft)
Converted to Tyrosme and Incorporatwn of Phenylalamne

znto Protev,n (fz) . w ‘
. R | ~'.~“

In t'he caléulat-ions ‘for tre'atme’nt‘ A a corr’ectidn has been' ‘

' applied for the fraq;ipn of L—[U- C]phenylalanine and . L-[U— c]-

o tyrosine not absorbed from the gastroin;estinal tract‘ 'l‘he cortection :

has been made by dividing P and T for each rat by the f‘raction of

the [1 C]anino aéid which was not recovered in the feces (ftom 'rable

i

i '.:':" "" -



b).l This correction has not been applied for the calculations for

treatment B,

v . 0133
1 - 0.0367
= 0.138 | - .

v - 0.304
1 - 0.0496

= 0,320

where P' and T' are the corrected values of P and T, respectively.

-]

(fxom equation 1)

=
-

oo 13
W) -
lw
ol

-|'

= 0.431
' fn - - | - '
- ft f-*ﬁ - : ' | ' L ,(81
"-09631 ms(d » v » . . .
= 138 mg(day) ™
C O fL = (1 M) ¢ - 1i e '(9)
o= -0, 431)(138) ms(day) '

- 78.7 mg(day) -1

No. t N

1Consideti.nx the duration of the ex'pculdu}: ducribtd ln ‘l‘ahle

4, so-e of the absorbed. [ C]anino acid. my ‘have bun tecyclcd and R i

p --excteted with the EPN, Althbush this w@ld tend to cause .an' mr- '

‘-‘“1““‘“ of ‘mabsorbed ! C]uiuo acid, the error has been 9rnmd. TR

,-.to bg, mll an& bu not bcen couidu‘cd in thq culculltim
: \“. L BN

- -
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ol - .
e. Caleulation ¢f Rates of FProtein Accretion {2), Sunthesis (&)

angd Degradation (D)l

Z = 6.09 mg(mg body N)—I(DN‘— FN - 6N + EFN) - (13)

0

6.09(396 ~ 76.0 - 205 + 15.5) mg(day) )

794 mg(day)'"1

S . fi. | ' o (12)
0.0397 mg (mg amino .acid)-1 _ 3 y
78.7° . A - N S .
" g.0397 m(day) . ' R

1980 mg(da'y)-1

D=S§ -2 S . o N0
= (1980 - 794) mgday)™t o
= 1190 mg(day) !

’ »

Z, S and D will also be presented as ﬁg(IOO'gAbody wt.)‘l(&éy)'l.

1Protein aynthesis has beeu calcullt!d as tbe ueisht of nnino
"acida incorporated\dnto body ptotein. This differn fro- the weight L

of protein synthesitpd per unit cine by th¢~weight of one water f '  v

, nolecuLe per peptide\bond. Sinilatly, procain accretion hau beeﬁ Lo P
.;'calculated as the inc .nse An the voight of- coasttﬁutnt anino actdn,ubji"ﬁ
- and” degradation has bzkn calculnted as tht wei;ht of aaxho acidl R '
V'sireleased ftoh Protein. \:6'}f1"3,f55j’ e « ﬂ ﬂé.] :; jhi '.‘;ﬁ”

T e
L Tl
\ . N L o A . .. T S e RN e
. L e . P N . : . T L a R ) KRN N
N - . B . B . ] LI . . T . . . . “ ! v
ton R . . i . L - T . > . et - -




‘ment B (radioisotope administered by cbhstant infusion) (Table 1).

'in weight gain over the entire experimental period.-

o different between treatments A and B with the rats of treatnent A

-

-effecr of the experinenrai tteaulentl.

.a actdatwn af L-[U-“G]thyqumm and L-[ll-

""',,_;tygneiu. the expireéion of
-".trnmnt n t.hen with trntunt A (m 2).. x: ein eppure thz -
:xxL—fﬂf C}terilne tended to eethblioh - pieeeeu ooonctéthan L-(ﬁ*l )-27"

RESULTS .
A. Feed Comsumption, Growth and N Balanee-
' »

A significant diiference_in live body'weights at the time of

administration of the [ C]amino acids was found between the rats.

 of treatment A (radioisotope administered with the feed) and treat- '

There was also,‘:smellvbut signifidant.difference in ‘dry matter con-

' sump:ion between the two groups . Both dry mafter consumptiOn'and '

live body weights were greqter for the rats of treatment ‘A than the

rats of-tﬁeatment B,. There was, howdber no significant difference

Because dry matter consumption was significantly different

N consumption was also significantly differ!nt (Table 2) In addition,

N excreted in the feces and N excreted in the urine were signific&ntly ‘

S '

consuning and excreting more N than the rats oY treatnent B Although l'

hstaristically significant, it was felt that the diffeteneee in N

¥

: balance were probebiy not large enough to confound eny eignificent

uC']Tymmo

During thé edninilttation of L-[u—l‘CJphnnaleinnine lud L-{ﬂ- C]v
lt .

e"

et)2 reeched phueu levelt moner ut:h




Table 1. Feed intake and growth data. N balance trials were
performed on individual animals. for 12 to 15 days . During ‘this
time daily feed ‘consumption was measured and the rats were
weighed every 3 or-4 days. L- [U— C]tyrosine or L-[U- C]-
phenylalanine was administered at day 4, 5 or 6 and the
remaining [ C]amino acid was administered at day- 8, 9 or 10.
Thzre were always 3 or. more ‘days between adlinistration of

[1

with the diet (treatment 4) or by constant infysion (treatment

C]amino acids., The radioisotopes were administered either

B), and rate of expiration of 14C02 was measured. Body weights
 were interpolated to be intermediate between'the times of ad-
. ministration of L-[U— C]phenylalanine and | {U- C]tyrosine.

- Mean values with standard errors are given and numbers of ob~-

K servationsvare provided in perentheees.r‘.

C Weight gatn /
: 0. .- (calculated from: _f{
' Live - Dry matter ~ {nitial and.final

freat-;-’ﬂo of bodj'weight'” ¢°ﬂ8ﬂnption~; ubody weishts)

A 6 u305ﬂm*12M0%ﬂﬂnf 3monw)
:»45_{: ;5‘1» 1232, 7(5)* 12.0£0.058(52)* 2 9:0 23(5)

58 and 3 significantly different (P < o 05)
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‘L
B ’
e
. Table 2 N balaqce”data' Experimen;al«details'are
.o [ described in Table 1, Daily collections of feces and

.urine were performed on individual animals. Total N
was determined on each c011ection of feces and urine.
' Mean values with standard errors are given aud nunbers of

observatious are provided in parentheSes.

)

, SN S N excreted = K ekereted‘
- Treat- No. of COnsunption',_ _.i.tim_fece: . e urine
ment . . animals jme(day) | mgfday) T . ng(day)

a— - et : : +

.. T ‘018:2 2(66)* 82.2¢1, 1(6«)* 209¢3, O(M)*
B U5 40282.0(52)*% 74 an 2(52)* 190£3,8(52)%

1

*A,' &r‘l‘d ~v3';>»lli‘8ﬁ-'1'f1can.t1y..dj;f'fergn; (P < 0'205) : 4'! T
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(%)
[ 3]
(92
-

CO2 per

20# ./ ' _Tfeatmeﬁt A ‘

14

/0’—0

P . O/o-—o
10T

C recovered as
‘administered during a

‘collection interval

14

N
o

,*h~.‘. “.___4P_~.‘”__‘§,——qb

%)

( .
3 |

Trea mnt B

_administered during a

R e T R e e B
"’}' ',  ;.‘ __'-Pit 2 E-xp;ution of ‘ 2 pftet ﬂu uttt of ihtniottnion o! B
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_phenylalanine, for which a true plateau may no{ have been reached in

treatment A.

(A1l plaooao values in taeatment B were gstdmaféddfrOm the 3
obseroations betwego S.and 8 h afaoy.thedaoart of infosionu In;trgaow
>mént A, the rat chamber was dosigned sonthatlthere‘wouid be a minimﬁm
waétaéeyof labelled féed Consequently, the rat had a limited space -

o /-
.inAwhichut0|m0ve around, and when the rat: was active. the expiration

14

of " °CO tended to be greater than when it was reating Thgrefore,

2

'the observations taken while the ‘rat was visibly active were discarded

"In order to assure’that each plateau value vas estimated from a mini—_

‘.mum of 3 observat}Ons, plateau values 1n tteatnant A were eatinated

as the’ mean of obaervatian- of expired 14002 be;weenvk and B_haaftgr ‘

the start of fcading the labelled feed. . _. o | _
In both treatnents, A and B, the rate of oxidation of L-{U-le]-

- phenylalaniue vas leaa than half of the rate of oxidation of L—[U-lafﬂ

S tytoaine (Table 3) The ‘rate. of oxidation of both anino acida waa .

‘aigntficantly leao in treat-ent B than 1n treataznt A.

\

Generally, tha extant of oxidation of [lac]phaaylaxanina 1n ; =

,rats hoa been found (1 zo 56 57) to bé ttaatar than that obaervcdﬁ'” j'?3 ;;1

14

"5fd1n the present experineata. uouevcr, d:pirad c02 haa uaually haan;;;;_:;ifi55

E jigcollected for 26 h £nllovin¢ a atntla 1nja¢tion of Iahallcd phcnyl. #‘a;"'”

) .mm, Aa -uch a 38_2 of :m uunuum

I*C ual racovatad ia
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Table 3. Oxidatiom of L TU-lac]phenyialanine and L- [U- C]tyrokine.
Experimental details are given in Table 1 and in the text.
lateau values’ for the administration of L-[U— C]tyrosine and
L [U- C]phenylalanine were determined once fot each rat. “The’
‘fraction of phenylalanine converted to tyrosine (H) has been v
“corrected for unabsorbed [ C]amino acid in treatment A as explaing:
- .ed in the Sample Calculation. Mean values with standard errors

. are given and nunbers of obsetvations are provided in parentheses.

Expira;ion_of'14C02'at~plateau

[ C]phenylalanine { C]tyrosine

. R # 4 of 14 T s,(z of 14 o
. ,_'TreatL No. of o adniniéteted) . adninistered) H .
~ meat  anfmals_ (P x 1003 - (Tx1000) . . M
x.f 6f s 1zwomwﬁ'fzsuommn ouuomww,_
1}?: : 5 }\ 11, 2 0. 18(5)* ' 23. 6:_0 76(5)* 0 48010 026"(5)

*A and B aignific&ntly diffe@ent tr < 0.05)
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N I - L
Godin and Dolan (21) reported values of 14 % of the ll‘C of DL—[l-1 c] -

phenylalanineland 10 % of»the 1I'C of DL-[3-14C]phenylalan1ne recovered
1d the CO2 expired in 24 h following intravenous injection. These
are the lowest values noted in the'literature and are similar to those
reporgéd here, .
. Phenylalanine intake and the rOute_qf.adminlstration_of [;4c]-

phenylalenine, but not the steredisdderism éf':hé labellédvphenyl-i'

| glanine;-appear.go infleenCE'the_ragp of oxidation to 14002.
DL—[l;léC]phedylalénlne’was»oxidized‘to the eeqe eftent-as’L;[l-laC]-‘l
ﬁhedylalaniné l-('20), ‘ itidiéating that. ‘D—. and ’L-phenylaladlxle are metabo— ‘.
Alized similarly. .Godin and Dolan (21) have’lown that reduced dietary
henylalanine intake resulted in a- reduced 2/0 h oxidation of, |

,DL-[3- C]phenylalanme in rats receiving intravexmus 1njections of

, labelled phenylalanine«. In gqneral the tesults in: the literature :

L] N -

_ 'also 1ndicat;e that intr ’er;:d‘neal injec.tion of labelled phenylalanine N 3
' results in ;reatex‘ oﬁtian than does 1nttavenous mjection. Con" o
sideting ‘the range of results reported in the literatute and t.he :
o posaible effects of. met:hod and route of admin:lscution on the oxidn—
'f,cion of lahelled phenylalanine, as well as the effecta of phenyl- |
. valanine intake che relatively low valuet observed in the preunt

.

s expcri.uents appur acc.p:able. e

o ];ji';“l.;rl Godin aud Dolnn (2x'i1nvescigat.d,:hq oxidacion.oi 1n:reveneusly
S e

. lujected DL-{Z- CI tyrouue 1n uta. __’-:Approxiutely 31 X et the in-, A

» _-'_'_”jecud 1"'(‘. vas tecoveudr i.a tht 26 h collect.i.on ol exllitqd I‘CO PE \

""‘».‘_T_‘Sincc the factorl efiecl’ing ’_oxidetlvu of lahelud.-.ph“ﬁ‘l‘ﬂi“‘

my aho ;ftcct }'the mtidauon ot .hbelhd,tyroline.. thn';.wt
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with the results presented in this thesis may only be fortuitous.

Nevertheless, the relative extents of oxidation of labelled tyrosine

. and labelled phen hfound by Godin and. Dolan (21) agree well

with the relativi Mdation reported here.

of 146 Following Administrdtion of

-Z4C]Phenylalanihe with the Diet

b for unabsorbed [laclamino acid in treatment

- -
. . ®

,A'aﬁd alsoif. ‘losses of phenyldlanine and:phenylaiqnine«

.derivatiVes nA from tyrosine in treatments A éhd'B,'lac.

N excreted in the ”<and:£eces'was recovered during the continuOus

: belled with- L-[U- C]tyrosine or L-[U- C]

') J‘Apptoximately 57 of the radioactivity of

feeding of.the?
.ﬁhenyia15n1n¢ (,
| L- [U- C]tyrosi ; X of the radioactivity of L-[U-_ C]phenyl“

_ alanine was recover” che feces, and»about 5 Z of - each vas found N

}in'thgué;ipe,‘ Tﬁe=. : jon of the rate of protein tyntkcsis éaa '
c_o:'r_e'c:_gd. for ,;h » . described in the rheory. -
R Folioying ;&} .‘Vu;ton[¢é-L [U- C]phcnylalanine ;n a leal fed
'“-to rats, Aguilar et al (1) recovered 1 3 Z of the absotbed radio-Jk; 
| 'activity in a 26 h urine collecuon. In the u-e u:udy. len thnq

3% of tbe 1abe1 consunod vizh tht dict wla recovered 1n the fgpcn,

"7Tgascrointgstina1 contents and apillcd fccd‘ Apptoxillttly 4 1 of

w0

' .vFlntravenoualy injected radioactivt:y ot BL-[BH c]phnuylallninc ot
m,-u-; c]phenmmm vas’ tecmud 1620 % urme coumuu n. th.

‘v:f'.:-é_‘experillentl of Godin md Dolan (21)« gm:u ud Dnha (21)"_




Table 4. Urinary: and fecal excretion of radioactivity
~following adminjstration of L- [U— C]tyrosine and L- [U- cl-
pheny}alanine wIBY the diet. Feed labelled with L- [U- C]-
tyrosine end ?L-[ ‘QAé]phenylalanine was continuously fed

to rats in the same manner as unlabelled feed. After 12

h, urine and feces were collected for the next 24 h. The
estimated éwgor in absotption of phenylalanine (fd)'attfib-
uted to,ghe'urinary excretion of phenylalahine and derivatives
.of pheriylalanine other-tﬁah those formed’frgm tjrosine was
‘calculated from the urinary eycretion of'lac.as described | .
iﬁ the Theory. Mean values with ranges are given_ahd  -

numbers of observations are ptovidedjin_paren;hepes.

me recovered me recovered

' A in urine . 4in feces

“,Labelled amino acid No. of \{Z of dpm (X of dpm
in feed I animals. dministered) administered)
;L-[iJ- C]tyrosine 2 4, 7a+1 06(2) 4.9620.,76(2)
4e'L-[U- C]phenylalanine 2 - ‘5.37il325(2)v;; 3:67:0.81(2}ﬁ
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The results of Godin and Dolan (21) and Aguilar et al. (1) are con~ ’
sistent with those presented in this thesis. |
'D;’Purameters of Phenylalanine Metabolism
© . l .
| The:results of the N balance ana;yses'nndithe oxidations of
L—{U-léc]pneﬁylalanine and L-[U—lﬁC]tyrosine have been.used to esti-
‘mate the net retention (r), absorpticn (fd), hydroxylation (fn) °
and total flun (ft) of phenylalanine, in addition to its.lncdrporab
tion intc;bpdy prcteln tfi) (Table 5); An exanple of the calculaticﬁ\L
‘has been proirided in the Sample ‘Calculatlon. ‘ . ‘ ' ' -

1

.4

E.'Rg%;; of Proteﬁﬁ:synthesis (5), Accretion (Z) and Degbadatid&f(D)_-

The rates of prctein synthesis: and degradation (Table 6? in i \-
the whole body were calculated from the results ‘of the present

i_expeniments. Significant diffetences were’ found between tleatments K
| "
\
A and'B in the rates of synthesis and accretion (Table 6) -Since,'-

- accretion is e.timated from nitrogen balance " there would not. be

~an effeCt Of route of administration of ‘label. on these values.
0£ the factors used to calculate protein synthesis, howevgr'”p; * o SR
g

T and M could have been sff’ected by treatmenc., Although P and T . »:;_-'._.f

_. e Ly

were signiflcantly diffetent between tteatments, the’ tatios of P/T = s”;i

e 1,e, M ,-w‘ere not. ('I‘able 3).. Since H tm'l 'qot signlficant&iffeunt
2 ¥

between treatments the differences 1n tfte Fates of ‘protei

'*;!' calculatedlfgpu H upuld be due to factors other than route of ad

. @
‘ tration of the.Labelled anino acids
] ’ ”“;[4'ii ; Factors which could have contributed to the diffevences in

;f"
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.8 _
accretion and synthesis between treatments may have heen body weight

and dry matter, or N, consumption. The rates of protein synthesis,
accreg}on and degradation have.been expressed both as mg(day)-

and.as mg(lOO g body wt.)-l(day)!-1 ffable 6). When’expressed as

mg (100 g body v..'t._)-l(dx;y)"1 the rates of accretion were significantlyi
different between treatments A and B{ but the rates of %ynthesis

Were not, When expressed as mg(day) -1 the rates of synthesis were
significantly different between treabments and tﬁe,tates of accretion
were not, Since the ‘rates bf_protein synthesis in treat;ents A

-and B were vefy similar per unit of body weight, the whole animal

rate of synthesis appears to have been predominaetly a function of
the mass of the animal, On the other hand, the total rates of profein

. ; i [ .
“accretion for the rats were not different for treatments A and B

despite differenceS'in.body weighf.‘ In creatmente A and B, respec~"
ti&el}, 2.1 and 2.3 mg‘of.bodyAbrotein»accfued'pef wg of N consumed,
indieating thae the aceretioh of protein by_the‘ra;e’may.have_beeneA
pfedominantly a éunct;on ef'die;arf.N intake.rethgf‘thAn e functien ‘
of body mass. | | | |
Degtadetion-has been estimated'hexthe differénce between

. . \ ,
synthesis»andAaccretion. When expressqd per unit of body weight ,

. ‘, . ,
degtadution tended‘to be larger for treatlent A than for treatnent

B, showing that the lbwer rate ‘of p:otein accrecion pe: unit of body.

: veight tn’ treatment A cortelated vith a grelter rate of: ptotein

.

degradution. Since degradation w;s dutarnincd by differc »'the-

standatd errors for the estination of dc;rndatien are 1&!30: than’

P \,

the standard errors £or the corre-ponding cstinntcn of lynth.sil lnd o
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acéretion. This appears to have oSscured the statistical 5ign1fi—
cance when degradatioh was expreséed as mg (100 g body wt.)_l(aay)‘l.
On a whole body basis degradétion'vatied with synthesis, resulting
in’little 51fference in accretion (;xpressed as mg[day]-l) between

treatments A and ‘B. .
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DISCUSSION
A. Diurnal Variation = : N

Dintnal variation may hate had a significant‘effect on.the
.'estimetion of the rates of:protein synthesis, accretion and deérade-‘_
tion, Although the values“for phenylalanine absorption (fd) and
retention (r) were estimated fgpm the entire daily oonSumption and -
_ exeretion of N end'nhenxleianine, the value of ﬁ‘;as‘eétinated from
meaeurements taken only atlone time.of»the day.i'If tne valuerf.ﬁ
».does not reflect the fraction of the total daily flux of phenyl-
alanine hydroxylated to tyrosine then the calculated rates of

Ki

protein Qynthesis«~accretion and degtadation will also not reflect ,

the total daily values: ‘From equations 8 and 9 (section B of Theory)of
it {s apparent that iﬁ M was underestimated then the rate of phenyl-yt
alanine incorporetion into protein (fi) was overestimated and if M vae"
‘_overestimated then’fi was underestinated S _"/_’A o
I In the experiments described in this thelis, continuoue feeding
14 ]

- phenylalanine and L—[U- C]tyrosine conscant during the periods of

5Twas uled in an atteupt to keep the rete of oxidxtion of- L-[U

ro
:Afsotdpe infuaion, end ello in an atuanpt to ninini:e diurnal varin-;}g .

14 o
£ °°2.'

"'were eateblished, the tecent work of Ohled Aranl tnd ?euconneeu (67)

L tions n fd r and . Although phtnus m the. expmmqn o

TR :mdicuu that diurnai vari&:ioa ia ti wu eor. ﬂpifi«ntly “dﬂc‘d

Atuby continuous feedins.l In thetr experinnnts, -nllnre-entg oﬂ ”jf§*ifff-'-

| i;pretcta syntheois were tdken once durinl’tul night and once durin;

| ,_'.the day o 1iver prcteins and pt6t¢1al ot thn nooled 1ntooqinue
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pancreas‘and mesentry.' Rats were either fed‘ad ;iﬁitum or receiyed'
a meal every 4 h, Althouéh there was a.feductién'in the diﬁrnai
~ variation 'as a reé#lc of meal feéding, it was minor The day/night '
atio for.the rate of liver protein synthesis was 0.49 for thg ad
";ibitum fed rats and 0.58 for the megl‘fed rats, Similat results
Qgre obtaihed for the otﬁer viscexa,"As a result of diurnal» varia-
'ttion  hen, che rate of fi determined in the present experiments
at the time Of 180tope administration ma)" have been diffemnt from
‘the average daily rate, | ‘ . | |

" In addition to diurnal variation of f1, the estimated value of
£1 may not ref;gcc the actugl.vglue at the_tim¢ of isotope adminige .
ﬁ;a;;oh. ;?his‘ié:hpparent.ftom an examination'bf éqﬁation 10.(;;ctidn' -
g B bf Tﬁeb;y). Assuming for the mOment that endogenous fecal phenyl-

alanine excretion (Ethe) was negligible cOnpared to fd, and sub-

'stituting equation 1 1nto equation 10 ve have'i

I

' Since che feading regimen of thc rats. wu concinmd chrou;hout thc

i.nfusion ot labeued uu.no lcids, r.he cs:luu og fd, dotetnined fron

. [of ratthe m. of mmm infu'm “""“" trop "“ “‘“'“

;' daily meuurmncs probaply tenecta the value of id at the tm of

_'j‘fuotope Lnfuainn. Fron zquation 15 u 1: app'mt tha: u ;hc va!m

,’ ' f.dauy vnluc of r, then the calcnhud ulun ot u wu.m bc an ia-..
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estimated value of fi, Thus, the value of fi calculated from the
'experimenﬁs presentedlin th13'thesis'was an estimate of the rate of
o fi at the time of isotope lnfusion, ‘but was subJect to an error

'resulting from diurnal variations in r.
B. Contiﬂuous Feeding Versus Ad Libi tum Feeding

‘ fﬂ'the 1nvestigations of Obled Arnal and Fauconneau (b7) meal
'fed rd&e,aonsumed 10 Z 1ess feed but grew at the same rate as ad *
,1ibitum'fed rats, In addition ;he mean daily rate of protein 7;;
synthesis for all orglns studied was 32 % less for the meal fed fats -
than for the ed 1ibitum fed racs. Although‘avdiffetence in feed
'focohsumeion confuses the 1nterpretation of theSe éejults/ they indi- :1;
cate that continuous feeding, such as in :he ptesent experlmgnts, ”
'may have resulted in a IOHer rate of protein syntheais then wouﬁd
: Jhave occurred uich ad libitun feeding.  ".;:}A; ‘f‘:‘;  .;:;;, :; 
As-a consequence of the procedure of . oontinuOus feediug,.tue ‘
Y‘rats in the present experinents received only 66 l of the feed con-
. sumd by ad libitum fed rat:s.A In studiel with huum, Young et al.vv_~,‘ e
(69) found that thc rate of protein synthuis 1n the vhole body | ,,
N..v-w“ a conntanc funczion pf the di.u:ary Protein coﬂtﬁption 1n 1nfanu.. : H;Z}

"A‘"",::_'.";'_youns adultt ‘ nd gldexly persons. If thh r.httmhrp lxolﬂi fer

i :{':I'rutﬂaud fud iﬂtdb Ht utl; tM “‘E““’f ’“"m '7“““““

.' ',"‘}v";“-;eltimtcd 1:\ thc neunt nxperiunu ’my hm bm lw ooupaml to

undn ‘_ nero tud
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C. Model II _
: - . »

An estimate'of ihé etrof resulting from,the use of a~a?mplified
model of phenylalanine and protein ‘metabolism (Fig. 1) may be
obtained by applying the calculationa described in the Theory to a
‘more realietic model (Fig. 3),- In the rat, most phenylalanine ,
A-monooxygenase‘activity;was fqnnd 1nfthe_liVernand a smaller.amonnt
.was founa in the kldne& (£3);.‘No‘acelv1ey:was found ln'ehe pancreas, BT
f'fbnain; apleen; heart nf masclev(&3).- These.resulta indieate that - |
..:Here‘are only'tno.fre;thenylalanine pools (kidney and.liae:) |
E nnich serve as"precursers for tyrosine, | Fron'fhe anmvof-theae
{-pools (B) a velghted mean apecific activicy (b) for that phenylalanine

fwhich was the precutaor of tyrosine may be . calculated

-—

" B=B' +B".
vhere B’ .and B" “git'e Free phéwlﬁ?ﬁi@ pools.
KB4 kv

s TR T

o .

L - vhan 1;1, k! '.ma K ate uauud to bc tirgr. ardcr raca couatanta for

i "'-f*.n, a' and n",‘ raapactiva}.y. L L

8

At

e e

\ *1“'“‘1""'* L



Diet | RS

Plasma

'henylélanin»

g Protein

‘(/'l‘\\‘ .3.'.

V'm 3. Model 11, phenylalnnine and ptorein utabo!uu.
‘QB and ¢, phenylallnine pools;. b and €, specific nctivitiel

N_"f__‘v:qf m phenylahniu poou. kl md “z are m:una fo bc ﬁm:
L ‘_ijorder tlte conseanta. thci
L ':'"'.‘,..;,phenyhhnim pool- may be. comso
s ‘ynthcm”amt tyrosine mthnu. B ml‘c uy uo; bc -utmzy- !

’::!m;e uv:r :nil k!.duy tm }
_ P:acuraaxo tot'both prot.in

e"“luiw & -uueitod by ‘cha dtlzt"u}j St
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a

» sefve as ptecufsors of protein synthesis, However, if C represents
Cﬁe sum of these pools and c represents the weighted mean specific 5
activity, C, ¢ gnd k2 may be defined.ih a mannet analbgous to B, b

) " and k Model II, thereque, may be used to predict errors resuiting

1.
from the use of a single-pool model (model I) 1p'desér1bing-phenyl—
alanine metabolism, |

4 )

From.modgl IIi

[ K
. o - ‘ _ - . N

o= kB S |
e = kg + ke

, 2
' . o fhto‘body‘ptgtein,fassuned‘tﬁ be first order.,

where k, is the rate constant for the 1nco:potati§n of ﬁhénylalSnine;
f:f  M= %%-' - ’”.  5. (from equation 8) -

. hs would be dgﬁé{ginédséxﬁé#i@én:@llyﬂfréifiédellIi'ﬁd&nbﬁédfpy-aa‘

T asterieig:
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s \ . -\\\
. \ AT
" then : M&‘g kl °
1\ k,Bb + xyk, Bb
: AN 1 1
L1 ¢
1 + xy
(1 - —4—)fn - - o
£1% - x1 xy . ‘ | 0
1+ xy - »
- xyfn :
| = BkoC

*
& appears, then that the estimated rate of incorporation of / .
y _
phenyl#lanine into body protein was a lineat function of the ratio, '

’

-+ c/b. If c/b = 1 ‘then fi* = £1 and the "true" rate of phenylalanine

oo -f ‘incorp ration. as- derived from model II could have been- calculated :
from mpdel 1. However, 1n the mote Iikely case the c/b $1, the rﬂte
»'..of ph ylalanine 1ncorporation calculated fro- model I uould have f'

.h“’,ri “’1£been n error by a factor of - p/c because the aosu-ption that c=b

1.

K

s t 5*-..was 1nherent in the une of -odql I.‘ If thc differeace between c and
o " was amall then the error 1n4roduccd in tha sstilation of £i vould
Inluo be nall n‘fortunatcly, thomh. neu:h& e or’ b m b. ptcciu’.lys- T;v
| detqriin‘d‘f-d‘. Ll T .v.i,‘-‘/ : .““ du

' sm« L~ [u— C}phenylauninc vas. 1n£u“d um puou. ut:lnr c

qt b could lave bun grntcr than pluu fm pbunyhlannu cpici "tc

\ .

lCliVity.wﬂuaﬂlvtt, peelutc ot thc iutractllultr dtiution of thc ldbdl
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L &
1 . , .

than plasuia:“s‘petific activ_ity. The Spe‘cific activities of free

eﬁieo acids within tissues has been measured inlother studies follow-

ing cbntinuOus infusion. of labelled amino acids (17, 18, 67). At -
plaqeau, thz specific activities of free lysine and tyrosine in
. livﬁr were found to be 40 and 50_2 of plasma free lysine and tyrosine,
_wheteas tﬁé‘speciﬁic activities of free lyeine in puscievwas 65 to .
170 Z of ~plasma (185.*'Similar'tesults.heve been repotted fot'giyciee
. (115 Other wotters (67) have'fOund\the sbecific actieities of liver

'i
d mu3c1e free lysine to be 63 and 88 % of pIasna, tespectively.

L

_ N
¢ \ NS LI Approximate values for ¢ and b may be postulated in order to
- . §

‘
. [l
IS

ésndmate the error vhich may. have resulted from the use of nodel 1.

Ainhart et al. (2) have isolated valine from\liver v&lyl-tRNA after

[ . |
y\in‘rdperitoneal injection of [ H]valine. Since anino acyl-tRNA is -
"

{
;‘ thq anino acid precuraor of protein synthesis, the specific activity

o Iof‘valine isolated fron valyl*tRNA should reflect the specific _
; .

o activitylof the livet tree valine pool supplying valine fot ptotein

.,eyhthesis. The apecific activity vas found to be 1ntexnediate between
o ‘

plLa-a and liver frce valinc. If the na-e telationnhip hold: for

,vuylalarine and fot tiannes othet thtn liver, the vnlue of c nny

', "1ne tpecific '



value'of fi using calcglations derived from ﬁodel I should be in
tﬁg range of 0.8 to 1.5 times the value of fi obtained using model
II;’ If b was less fhan 60 Z of plasmd, a value for fi greater‘than
150 f~of the value derived from'modelill could have resulted. If b
. was more than 90 Z of plasma a makimum Underestimatioh of fi (b )
equal ta 100 Z of plasma) equal to 70 Z of the value derived from

| model II could have occurred.

A

D, Error Résulting from the Intravendus.Ihfhnion of L—[U-Z4C]Tyrosing

In orde to estimate a value for M, both P and T were determined:

'6

‘by the continﬁous infusion of L- [U-laC]phenylalanine and L- [U- c]-

'tyrosine, respictively. In doing so an assuMpbion has been made that
) L—[U- C]tyrosiﬁe produced from the endogenOus hydroxylation of
L-[U— C]phenylalanine was oxidized to the same extent as intravenoﬁs—
1y 1nfusedlLr[Ub.‘C]tyrosine. Because tyrosine 1s utilizgd,for a
y;riétyioannabqiit fungtibns;ih¢lnd1ng‘a}ﬁﬁhé@iélof nélanin; | '
,_gatecﬁdlamihas,_fhyrpid porﬁones;and pfotein as well as catabolism
to fumdrate.ahd'aéetoacétate (39), tﬁia assﬁﬁbtioh nif’noﬁ£5e cofrect;.
) Because of tissue variations in ;he telative rates ot the varioua
metabolic routes. of tyrosine, the propottion of ondogcnously synthe-
;';sized L-[U— C]tyrosine which was oxidized to 16€02 ln thc livor
!i!and kidney (the only tiasuea posaesaing phenylalnninc 6-pnooxy;cuase :
'vlactivity [ﬁ3]) may not huve equaled the proportion of plalna L-

14 . R

. ;:[ 140]thoain¢ oxidized to coz. S Ef.3j';gfs""“

i V:1d1fference in the ncbabolicu of plaa-l I-"[“"'1 ¢]§¥£5;1§‘4‘545??

L
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endogenously synthesized L—[U—IAC]tyrosine is obscured by the variety
of routes by which tyrosine may be metabolized. The firstireaction
in the oxidative ﬁetabolism of tyrosine is tfansaﬁination, catalyzed
by tyrosine aminotransferase (L-tyrosine:2-oxoglutarate aminotrans-
ferase, EC 2.6.1.5) (39). The specific activity of tﬁisﬂinzyme is
greatest in livet tissue, although significant levelé have also been
found in heart muéple, musclé (notlspecified), kidngy §nd brain
(15, 61): Liver tissﬁe also catalyées the conversion of tyroéine to
homogentisic acid and subsequently acetbacecake (14, 36), but ther;
- 1s conflicting -evidence as to the effectiveness of ékelétal muscle;
heart muscle; smooth muscle and kidney in catalyzing the-s;me con-
version (6, 14) ., Nevégtheless, p-hydtoxyph;nylﬁyruvic aéia produced‘_
:from thé transaminatién bf.tyrosiné in extrahepatic t;SSUeg may be
ﬁgranspbfted to -the liver for oxidatién. Since piasma Eyrosine‘ié p
gvailable to gissués 2ther than liver ahd théée(tiésués~may metabo- 1
'lize’tyrosine both anaboiicéll&t(mainlyt}rotein éynthesis) and :
catabolically‘(transaminétion), a"quéﬁtitative ptédiction‘of the error
in the present experiments resulting from the exttahepatic or extra- ’,_
.renal metabolism of L—[U— C]tyrosine is not possible. .Howevet if
plasma L [U- C]tyrosine was’ oxidized to a lesser extant than L-
G[U-A C]tyrosine synchesized from L-[U-— C]phenylalanine in the ltver ';
~ and kidney, then an overestimation of the fraction of the total
pheqylal%nine flux converted to tyrosine (M) would have occurredf
:As a result the rate of incorporatien of phenylallnine into body

“protein (fi) wOuld haVe been underestlmatcd On the other hand if

lasma L~[U- C]tyrosine was oxidized to a greater extent than

12
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‘ : >
L—[Ullqc]tyrosine synthesized in the liver and kidney,  then an

underestimation of M and an overestimation of fi would have occurred,
An indication of the presence and direction of an error resulting
. : AN

: 14
from the difference in metabolism of plasma L-[U- C]tyrdsine and

endogen0usl§ synthesized L-[U-IQC]tyrosine has been obtained by

varying the route of administration of L—[U-IQC]tyrosine in the

present expériments. L-[U—laﬁitifoéine administered with che diet

would likely be more available to liver metabolism than L-[U- 14 ]
. [ M
tyrosine administered iﬁtravenously. A smaller proportion of intrat

venously,administeted'L-[U-IQC]tyrosine would probably reach the liver

" as a result of being initially available to extrahepatic tissues.

binpe the majority of endogenous tyrosine %ynthesip probably occurs
Q - .'.,"‘!

in the liver dietaty L- [U—lac]tytosine may be‘moftvrepresentative

«

of endogenously synthesized L- [Ua C}tynosine than plasma L-[U vt C]é
'

* tyrosine, Thus, since L-TU- C]tyrosine administered with the diet

" was oxidized togMCO2 to a greater extent than L-[H— C]tyrosine

administered intravenously (Table 3), an underestimation of:fi

o

probably resultedd

L. Comparison of the Present Resylts with Those Report&d in the

Literature

The mean rate of incotpofatiodvqf amino acids into protein ﬁer:

- L8 - : L . ’ o o . L e -
_ unit'of bddy weight'in~the'present experinents wns,lZ g(kg) ;(day) 1.
o Uaterlow and Stephen (66 67) reporteﬂ rates of protein syntheaii of

: 25 to"83 g(kg) (day) iy, and Arnal Fquconneau and Pech (4) eltiﬂated

-~ ; .
/

55



~

a rate of 32 g(kg);l(day)_l.l' \

The difference between the present results and those repo¥ted
in the literature may be partially explained by the use of different
feeding'regimens. In the experiments of Waterlow. and Stephen (66
© 67) and Arnal Fauconneau and Pech (4) rats were fed ad libitum up
to the time of injection or infusion of radioisotOpe In Ghe experi;
ments of Waterlow and Stephen (66, 67) the rats did not have access
to feed after the beginning of comstant infusion of L—[U- C]lysine,

but in- the experiments of Armal, Fauconneau arMd Pech (4) feedjias

offered ad libitum both before and after the ipjectiom of L-[U“'C]—

lysine. Since both continuous feeding and restricted feeding such as :

used in my experiments appears to reduce rate of’protein synthesis

compared to ad libitum feeding (see section B of Discussion), ;;

jrelatively low rate of protein synthesis found ‘in the present experi-

| ments may have been at least partially due to the feeding regimen._
Other factors cdntributing to the difference between my- results

and those found in the literatute ‘may be inherent inadcquacies in .

the methods’ uaed As explained in the Litctature Review, an under-

estination of the specific activity of . the precursor of protein

Y I’

synthesis may have caused an ovetestiuation of the rate of protein _

synthesis in the experinentl of Uaterlow and Stephen (67) and Arnri

Fauconneau And ?ech (4) As discusned in sections A 'C and D of the

[ 4

The tine of ‘day during which nen-urcncntn were takqn fot thc
estinntion of the rates ‘of protein synthciis were not. spocified

by Haterloutﬁnd Stephen (66, 67) and Arnal, fauconnatu and Pcch (6), .

but prosunnbly ves during daylight houts..
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Discussion, errors due to diurnal;veriation 1n M, fi and r, a lack of
knowledge’of the precursor speclfic activity and difference; between
the metabolism of administered L-{u l[‘C]tyrosine‘and endogenouslv
produced L—[ C]tyrosihe may have occurred in the pré;eht experl-

ments. The net result of errors of these types may have contributed

to the differenge ip estimated rates of protein synthesis,

k. Protein Degradation

In the studies presented here, protein degradetion has been

- estimated as the difference between'synthesis and accretion., The

estlmate of protein degradation, therefore, is subJact to an accumu-
lation of errors. It seems likely, though, that inaccuracies in the

N balance measurements, and consequently the estimate of accretion

.wer& &elatively minor compared to inaccuracies in the estimate of

8

daily protein synthesis. Thus, 1naccurac1es in the estimation of-_

prot!in degradation were likely essentially similar to those of the

estimation of synthesis. I£ as appears likely, total daily protein

synthesis has been underestimated then daily protéin degradation

‘has probably also been underestimated

A significant proportion of body protein turnover may occur as'l

" a result of the extracellular degradetion of. protein. Although a

.'portion of -N excreted 1n feces is- derived from endogenoua soarces,‘

~,

" the majority of protein excreted or sloughed into the galtrointeltinal

4 ‘

tract is digested and reabsorbed (04 59).~ s&nce aniao acids pro~

duced fran the digestion of endo;enous protein hix vith dietary and

',plasma amino acida, the nethod of eatinating protein degradnticn

L
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presented here would:incldhe the degradation oi endogenous protein
in the gastrointestinal tract. Twombly and Meyer (59Y.estimated that
rats fed a 15 % protein diet twiee a day secreted or sloughed’about
250 mé of protein per dayiinto'the gastrointestinal tract, The
weights of the rats used in the studies of Twombly and Meyer (59)
were comparable to those used in treatment A reported in this thesis,
and they consumed approximately the same amount of feed. It may be
estimated, chee, that the‘rate'of degradation ef‘endogenous protein
'in the gastrointes;iﬁal tréct‘:;s apbfoxiquely ene euarter of.the.‘.
total estiﬁated raee of degradation‘for'ihe rats of treaement A,

“In the present experiments, the rate of protein degradation for
rats of 123. g body weight was 40 % of the rate of protein synthesis,
and was 55 % fot-rats of 160 g body weight., In the experihents of
_ Arnal Fauconneau and Pech (4) rats which’ weighed about 200 g were
growing at a rate of 4.2 g(day) . According to the relacionship
_between growth and protein accretion report:d in the present experi-
ments. a growth rate of & 2 g(day), would be equivalent to a rate of
'.protein accretion of 6.3 g(kg) (day) . Since Arnal Fauconneau '
and Pech’ (a) reported a tate of protein synthesis of 32 g(kg) (day)'l,
»'thg race of proteih-degradation in their experincnts misht have been fj.re-
about 80 z of the rate of synthesis. A-uajor difference betvedu che., |
. etreazment of tats in the prcseut eiperi-en;a and in che expcrfnento

of Arnal Fauconneau and Pech (6) ul- fhc fcodins re;i-en.} ﬂlncc, _<f~f E:); L
”,;:he efficiency of protein acprntion, in eernn of ptetcin acctuéd w

' E;anr unit of protcin ayncheoi:cd, -ay ba. grce:cr tor continuoucly fed

. .k
A'rats than for ad libitun fed rat-. ﬂqﬁeVeg. ; #houid not ignoro thc

. - ~ K . . . .
- o T . - . . E .A.
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"thé'différéncé. / :

'>~nexp1ration of

possibility that as fats becom; larggr and, presumably, more mature
degradation accouﬁts for a greater proportion of s&nthgsis.

It 1s-app§rent tﬁat the rate of protein degradation is also a
significant compénent_bf the energetic_efficiency of proﬁgin produc-
tion in growing animals. >Ih sfudies of muscle protein turnover
wiﬁh growing chiéks,‘Buttery, Boo;man‘ahd Barrat (£2) have reportgd
that the energetic cost of pgpcide bond‘EYﬁthesié for daiiy'proteiﬁ

deposition was only 56 to 58 % of the cost of peptide bond synthesis

[+

attributed to protein turnover. Milligan (40) has pointed out that

.ct_' measured energetic efficiency gf protein production in ,.grqwipg. ,

animals haé_usually been considerably fouer_than,would be predicted

" from the cost of pepcide:bondlsynthesis; It was suggested (40)

that the energy reqﬁirehents of protein gufndvef‘may contribute to -
. ! o . ' . | * .
'
G, Modifications;to the Method Presented in this Thesis
a‘ Substztutton of I- [1-.’C]Ly3ine fbr'L;[U-Z4C]Pﬁenylalanineﬂ"

.-. ,_w"

1t 1i*kéisible that error thac ‘way be. 1nherent in the preaent

mechod entailiug intravenous 1nfusion of L-[U- C]tersinc to csti-

: mace endogenous tytOsine netabolism aight be 3v¢rcm by lubstitgt.ing

} L~[1- C]lysine for L-[U-- C]phenylalnnin., Thc hcory, Iogic and
féalcuhtiom enploydd for rhc estmtion of the rate- >of procein
e:synthcsic acctction and degradction would‘bc banically tht linn ll

:han llrudy ducribed for L—[W"‘C]phcnyhhnim. cx«pt chtt thq

14, afr.er tln adunistutiou pf I‘.-(l*' C}lyiim l‘?

°°z
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flux ecatabolized, thus éli}ninatmg the need fqr the administration of .
a second iabelled compound. )
As with L- [U- C]phenylalanine, the use of L- [1- C]lysine
¥ requires the existence of only one major route of catabolism of gae
amino a;id.‘ Except for the formation of minor amounts of pipecolic
‘acid in‘the rat, a search of the liﬁeratute_hés.reveaied‘onli two
possible routes .of the heﬁébolism-of'cé}bon atoﬁ'l-of lysine in'
: anima1§, these_Being oxidation to COé,'Sr incorporgtion ;nté protein.
'Iﬁtermediates in tﬁé7major patﬁway of . 1ysine catabolism in aniﬁ#ls
.-are saccharopine, a-aminoadipic acid u—ketoadipic acid and glutaryl-
'coenzyme A (7 26, 27 31, 32 38 ‘51), Carbon atom 1 of lysine isA
 oxidized to CO2 as a result of the oxidative decarboxylation of .
., a—ketoadipic acid (7 w. . - i
. A minor catabolic route of lysine leads to the fomat:l.on A |
SRR © of pipecolic acid Pipecolic aciﬂ appeats to be metaboliculgy inett \ : f"t |
| | »‘:in r.he rat and is excreted in the urinc (8 25). The formation of |
vpi*lic acid has been ahown to be relatively uniaportant with re-
_.spect to the quancitgtive nct:ébolim ot l-‘-lysine. Aftu: a uingle |
'_1nject.ion of L-e[U-' C}lys!.ne into ;notobiotic tatl, only 3 2 ! of '

;injected radioactivity vas found a pipeco.lic acid in urine cnlloctgd

_for 6h (8. b
i "; «a .‘
= .nimilar to tha: 1n x*nts axcipt\ clm: pipecolic uctd is convttud t.o :

s

'a-uinoadtpic acid thus cuttrml Che ntjor ctnboltu routl ot L-

ﬁ:"-‘fiywxm (zs). |

.v

. c"ivaly diffemnt fros L-lyuinc Grovc und cn-cao:htl (25.




4

"j“j t C]lyctne ual injécted‘intc ratl nvety d‘? fOF 4 dnyt no ait',jltsi'“

g haa been found. On the other hand, when L-[U- C]lyeine or ﬂL-,;:k
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D- and L-lysine labelled with 15N-or th found that D-lysine was more

neadily converted to pipecolic acid than L-lysine in the-intact rat.

In addition, D-lysine was more readily excreted unchanged in the

- . '

urine than L-lysine; and Q-lysine was not significantly oxidized to

co 2 while L- lysine was readily Oxidized Because of ﬁne diffe'rences
in metabolism, L- [1— C]lysine and not DL- or D [1- C]lysing should
be used for the estimation of protein synthesis

~When 4'uC of DL¥[6- C]lysine and 332 mg of unlabelled formate

| were administered to a rat, formate with a specific activity of 339

dpm(mmole) was isolated from the urine (51). The specific activity )
:

.- ¢ of urinary fonnate was approximately 10 2 that of urinary acetate
: recovered from the urine after the adninietration of DL-[6- C]lysine,:'

: and unlabelled acetate. The labelling pattern of glucose recovered '

from the urine after the administration of DL-[é- C]lyain! and un-

) labelled glucone was similar to that obtained after ‘the injection of

{ C]fornate (51).. Rothstein and Hiller (51) interpreted the resulte f‘

of theae experinenta to indicnte that carbpn ltOI 6 of lynine -ight |

. t be directly conVerted to fornate in a -inor reection of 1,.1n“ ,A, ;ﬂ‘ir.”"

However. no other repott of the fornation of fot-ate fron lypine

nificant radioactivity wan fannd in tho ntthyl gro o 7of;catn1t£ne
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indicates thét there was né;-significant COnvérsion Qf'lysine to |
formate 1in the rats.

. Since~;,seérch of_thé literature has revealed no other metéboiié .
fate of ;arbot,atqm 1 of lysine in animals, it appeérs'that if
carboh Etom~1 is not incorporated unchanged into protein, 1t.is

;oxidized ‘to co with-oniy a relatively-émall abhount being incor-’

20
potated into pipecolic acid in the rat.
Hutzler and Dancis (35) have investigated the tissue distribu—

' jtion of lysine-a-ket?glutarate teductase (no systemAtic designation),
‘which catalyzes the fotmati,n of s;ccharopine frou L-lysine and
a-ketoglutaratg. This reaction is the first step in the major path- :

‘ .way‘of lyéiné catabolism in animals.. In hunans this enzyme had the

'.4highest activity per 8 of . tissue in liver with kidney and heatt

’ ihaving activities 23 Z and 11 Z of the liver (35) Other tiasues
_had lower specific activitics and only a tracb of activity‘was found __;":

o .:‘in skaletal nuscle (35). ; The levéx of activity of lyaine-a-keto- ' / "
¢ C o

;E , glutarate teductase uns fouﬁu to be sinilar i 1iv¢r tillﬁe ft°ﬂ-

'_’w_hunln. rat, pig, dog, cat, ok and sheep (16), 1ndieltin3 that thn use

f;fof L~[1- Q]Iy;iué 1n :he ncthod Eor ncasnting ptotein -ntabolinn '  ] v




e *uece,,agy to determine the dietery absorption of lysine. Althoulh

- 7;‘ (37). Thereiore the abnorption ef lyeine (fd’) probably thould
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fodnd to coﬁtein’O.S to 3.5 i oi the 1njécted radioactivity 3, 26;

53), and after 24 h, tissoes of mice were-fouod to retain on1y$1?37

% of the injécted radioactivity (52)' lhe exPiration of 14002‘.

occurred rapidly, 93 % of injected label was collected in 1lh (53)

and'94‘2>w.it._hinv2 h (52, 53).

Endogenously produced C02‘might eot be expired tofthe‘eaee

9xtent as C02 produced from intraperitoneal injections of carbonate

.or bicarbonate. Thg fixation of l CO2 produced from the oxidation
‘ of L-[1~ C]lysine may be experimentally determined by analysis of -

B empty: body mass Eaf non-lysine radioactivity after the injection of
vL-[l- *C]lysine._- correction.could then be epplied in the esti-
.mation of protein synthesis fer the percent fixecion of 4QOZ geoergil.'

.'ated from' L-[I- C]lysine. ' 47f [

In the proposed method of estimating proteiu syntheais accretion

'and degradation based on/the netabolism of: 1ysine it would be -

. tn the present study phenylalanine ibqorptign ", eetineted fron total
ﬁ.'“ 3530?Pt1°n.-the availability 1n thd distltivn trect of dietary :ikir‘;wg"fg

"3lysine dpes not correlate ueIl with the aveilebility of dietary N
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+ - means of determining a oalue for lxsine absorptfon.
~ After the administration of.L-[l— C]lysine, some L- [1- C]—
lysine, [ C]pipecolic acid, [ C]urea and 1&002 would'likely be
excteted in the-nrine. In determining the prqportion :f administered
. f‘ L-[l-lacllyaine.1ncorporated into body protein the'amount of radio- -
,taotivity found iniL-[l-lac]lyoine and [14C]Pipgcofic acid in ‘the 7
»dutiné'shOuld-be subttaCted.from‘théAadninistered.dose."Tne’remaining
:_rodioaéﬁivity fonnd in the urine éhouid be added to that recovered

S {n the expired 2.1 Thé amount of'MCO2 found to be fixed in the

o Ai.db'tissues shOuld also be added,to that recovered in the‘pired 14(2 2.
._All of these corrections would likely be relatively small and the
'same values could probably he applied under a variety of expetimental
" conditions without introducing a significant ertot. ,
_ Except for the corrections just mentioned, any léc not tecovered ')f'
| in the expired air aftet the injectiou of L~[1- C]lysine could be |
'onassuned to have been incorporated into protein as unchanged L-[l- c]-
’:;1 Lysine. The corrected proportion of radioactivity tecovered in the ‘
.jlexpited 1“ after the adninisttltion of Bb[l' ?C]lysinc (H ) would  n‘:‘f‘ .
;.f_'be analogoua to M 1n experiuentz altcady dcscribod u.in; L«[u- c]— : (
idphenylalanine nnd L—[U—;&Cltytosine. The valuc of‘H+Adet¢fI1n‘d ;;ii?'i5#ffi5
"uting L-[l- c]lly-ine, howovcr, would bt £:~u of an error of tm typc




L O . :
- resulting from the difference in metabolism of plasma.L~[U-14C}-

tyrosine and L—[U—lacjtyrosine derived endogenously from phényl—

[§]
. Alanine,

b. The Uée of Ad Libitum Feedéngland<Correcting for Diurnal

Variation

Ad'libitam feediag may providelmote.meanlngful estimateshof
protein turnover in ralation tblpractical conditions of'existéﬁcefof
animals. For example as mentioned‘in section B of the Discussion, o

: | Obled Arnal and Fauconneau (47) fOund that rats receiving meals
‘, every 4 h_had a considerably lower rate of_protein aynthesis for<

visceral proteins than:rats'fed ad libitum. With an ad libitum
feeding tegimen thé'measuréa valuéstof Both.fdf and rt would .be

valid only on a daily basls, and therefore. should not be used to

f

i calculate protein synthesia from-H determined at only one time of the

lday.- A value of M which approximates the daily meqn ahould be
- . ‘ , N N
estimated .

"

- Single 1njections of L—[l- C]lyslng, folloyed by the tdtal

collecﬁibn of expired 1“002, could be uaed to e-tinnte Nf A col-

lection period for expired CO of 3 h ot lon;er -ay be raquired.'
‘rhe resul,u of an injoction during the day nnd mﬂur duriua thc

"nlgh: wuld probably refluc the axtrm of diurtpl diffenncu
¥

calculaud

1n tho oxidntion orf L-[l : llysin;, -un v‘!,ut af‘ !l

£ro- :he rennlng ‘t‘?hoth tnj&cciou ny 1» qccepclbh to m m th.
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calculation of protein synthesis.l - s
The error which could result from thé'uée of a mean value of
M+ would depend hpon both the absolute and relative values of the
individual measurements of M+. Larger values and a greater differ-

ence between the two individual values would result in a greater

potential maximum error in the estimation of the rate of protein

synthesis. Nevertheless, the rate of protéin synthesis determined in.

this manner should be greater than the minimum rate during the’

déy and less than the ﬁaximum, and should, Ehereforé, apﬁroach the

réal daiiy‘VaIue.

L 1Ptior to the second 1nj-ction of L—[l cllyain‘ a QQISurenhntq; R

L

of t.hc noidual background nxvlution of “‘co2 -houlp be obtained.

P.‘”

<
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SUMMARY

A method for the estimation of nrotein turnover in rats has been.
developed and proposed in this thesis. Using rats on a continuous '
feeding regimen, rates of total protein synthesis, actretion and
degradation have been estimated from studies of N balapce and phenyle ’
alanin; metabolism; Quantitative estimates-of'the catabolism of
phenylalanine and its incorporation into protein were determined

- from the rates of oxidation of continuously infused L—[U-lac]nhenyl—
alanine and L—[U-lac]tyrosine;. Protein synthesis was calculated from
the rate of incorporation of phenylalanine into body protein according

- to a single-pool modil of phenylalanine metabolism, 'Protein eccretion
,was estimated from N balance,‘and.protein degrédation was celcnleted'
¥ “as - the difference between synthesis and accretion,

The route of administration of L—[U— C]phenylalanine and
L-[U- C]tyrosine did not significantly affect the estimation of
protein turnover. Furthermore, the rate of protein synthesis in the

whole rats appeared to be a function of the ‘mass of the animal

whereas the rate of protein accretion,appeared to he a function of

| dietary N consumption. P R
The estimates of protein synthesis and degradatiOn obtained verev

considerably lower than the limited number of co-pereble estimates

ci evailable in the literature. The low qeluep mey be attributed to the o

[

. use  of & reetricted continuOus feeding reginen end to the diffetenceV:
L S
in - olism hetveen endOgenously synthestzed Lﬁ[U*- Gltytﬂoine e




]

feeding regipen was used and if. injections of L-[l-lAC]lysiné were

substituted“for infusions of L-[‘U—l“c]phenylalanme and L[U-“’c]—

tyrosine.
L

The method has been used with intact animals that need not be

sacrificed at the end of the experiment. Since all yeasurementéf

) :
may be performed on each animal, large numbers of animals are not

needed, and an indication of the variation in protein metaklolism
. : ;o

betweerr animals'may be pbtained. The method is not diffigﬁlt, nor
: ‘ . - ] @

should 1t be time consuming or expensive, especially if the suggested B

modifications are employed.
It is felt that the ptesent'inﬁestigations have contributed to
the devéloPment of a method for the esti;n_atfon of protein’ynthesis,'

accretion and degradation in whole aﬂimals.‘ in'part1Cular the
¢

: rasults obtained have demonstrated the advantages and disadvantages of

the proposed method .and have, therefore, ind{ipted by what means the s

method may be improved and used for- practical measurements of animal

protein metabolism. - ' S \
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S . " " APPENDIX A

Automatic Feeder

. An automatic-feeder was designed to feed eight rats in individual
metabolism cages. The animals wvere fed from individual feed hoppers._
;‘ which were removed and. weighed each day.v Daily weighing of the
T _.. hoppers provided a Precise determination of the amount of fEed isn
pensgd to, each rat. * The hoppera were refilled each day wich st ndard
rat diet ground to pass a acreen of about 16 mesh - Feed was lifted
from the hoppers by cups attached to discs on. a.central shaft. With
eadh revolution of the shaft one aliquot of faed vas unloaded into a

J funnel npunted inside each hoppet. Theae funnela directed the feed

A _' : into polyethylene<tubes. which 1a curu ditected ‘the feed to the metab~ o

2 .

oIion nihgni: In order to nininize uaetc and tpillage the feed was jf**i

’ T?*“;_ diqpenlh&-iqto confinement feeder-. Thcﬂ';¢Qucncy vith uhich ché




tomatiei féeder







\J”FiAg."‘lo. Circuit diagram for automatic £eeder. The.

- eévery 30 bin. _ During the 1% se¢ thé motor (shadcd
‘ poie barbecue spit notor w:lth fraccional horse power) o B

. .-The ucroswitch was closed by the cmud rglained
| "‘1““"’1“" ves. Cloud. circuit § vas: also cloud‘col

Col “_that thc notot concxtmed tunning aftor circuit i Y
'q""'f"!iu opennd by thc t:l.-et. At uh. Qnd Of m " 1“"“9' )

1
1.
|

|

I

J

] Microswitch
(normally open)’

[
@ Motor _ .

L_-q—- —-——— —J‘»
T -

LI v e

v

recycling timer was .set to close circuit 1 for 15 sec.

drove a .haft tuming '&e fged cup discs and a cam.

clooed t‘ok netrly a couplet% nvclud.on. f‘lhih the




'APPENDIX B .
.Catheterizattion of Tail Vein

A tail vein was catheterized .just prior to the beginning of .
each infueibn} . The catheter consisted of the:steh 6f‘e 271gauge

' needle attached to a section of 0 28 o ID polyethylene tubins

fy(Intranedic, PElO Clay Adams) The needle was inserted in the
.cranial direction into a tail vein and ita poaition checked by :

.

injecting an autoclaved solution of 1iaanine green in physiologicel

saline.l Hhen the needle was cotrectly positioned the green dye
j could be seen travelling up the xein.v If incorrectly poeitioned
a green blister w;uld io;m Once correctly positioned. the needle
ifwas held in place wﬂ&h a piece of tepe, end the polyethylene tubins
;_waa attached to the infuaion punp. Cltheterizetion.nnrnally took 'i;fi;
_yab0ut a minutc, with¢epparent1y little dieco.iotﬁ to the rn:.;} dfl o
‘ 4ueptic procedutee were followed durin; ceth’xeeizetion,.ee vell ‘

. ~\'.> o x -

n; dnriug :he preparetion of the infueatevend infu:iona“‘Eqnip-ent -

ﬁkiuhieh wes net eutocleved wae treated»vi h.a o 1 g tciﬁtioq of

i alkyidhethylben:yl;e-oni\.’ chloride (zmunn). A ,
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1
APPENDIX‘ c
& Collection and Counting of Expired Z46‘02
s iﬂxpired‘ll‘CO2 was 'co'll'ecte'd by scrubbing through a scintillation
B flu‘id of ghe folloving composition.
_ '_“""" 500 ml toluene o
T Y 300 ml ethylene .glycol monometh}'l ether (Hethyl CEIlosolve°
. . _ .Uni! Carbide Canada) ' o
vy 200 mb mouoethanolamine~ A
v e S 0 g 2 S—diphenyloxazole (PPQ)
ﬁ, 0 ‘20 g1 é—bis[2-(5-pheny10)iaz<r].yl)}beazcne (POPOP)
R .

" S "“". A trdce of Am;ifom A (Dow Gorning Corp ) was used to

v

-'!: ‘-’control foaming.__ TP 4' . S
: ‘I‘he toluene, and acintillltota (PPO and POPOP) were mixed Cty
‘_Qi,jvell in advam, but the other coupone;:cs were added .
‘ | ._,’-Qt .: _' "within -2 dayl at uaing tbg scintiuuion fluid ”"
v ‘ ' ; ?‘-zi‘ ‘ | | Folling dutin‘ colleeti.on wu unpredictable 1£ this
-' " e Air wu dtm put ttn rat~ ue chroﬁg;x .tl.u co)’locti.on ly-tu | -

(11; 5) by negm:i.'. - puuuxe. imcthcr t!\e ﬂw e

tmvuum;" 1 °,. 1(-1:») - byth. m of w




N, (500 mm Hg) =~

From o
‘ Glass and Teflon
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. or standard stopcocks
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",, Valves for - IR .
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After a 30 min collection period, the scintillation fluid was decanted

directly into a scintillation vial and the tollection apparatus was

- . . . . K3
washed wfth two 4 ml aliquots of scintillation fluid, whiclt were also ™
collected in, the same vial; In order to remove the last of the BN
radioactivity from.the collection tube, another 8 ml and two more . ,

, 4 ml aliquots were washed ;hréugh the apparatus and collected in a
¢ ~ R . ' . : ' i B z. . .
> second vial, About 95 X of the.recovéred qﬁg}oactivitijas found .
. . . * - N . ) : '7.' ‘- . - ]
>~ in the first vial. The radiocactivity cof!ected was couﬁhed'at an , v
' efficiency of about 70 %. : . . - : e,
2 A o 7
. ‘ ’
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In recent years the number of papers published on protein turn-
. ’ .
over has reflected a developing interest in this area of metabolism.
B L]

A Y - .
Defined as the flux of amino aeids thrdugh protein (43), protein

b

turnover is a process involving v&rtuall? all of the proteins within

mammalian cells (28). Although ubiquitous, it is not well understood.

~

In particular, the mechanism of intracellular protein degradation will
undoubtedly require a great deal of effort to elucidate. . In the ex-

. AS , .-
periments presented herej the inactivation of tyrosine aminotransfer#

ase (L-tyrosine:2—okogLutErate amidotransferase, EC 2,6.1.5) in rat\f

r

liver homogenates has been used as a model for the investigation of

characteristics of protein degradatjon,

Although the méchanism of intracellular protein degradatioh is

.
»

poorly understooa, it has become apparent that compléi,gstrictly

controlled-reactioné are involved. However, the lack of a cell free ,

~

system from mammalian tissues with whieh to study the mechanism has

- ¢ : \ i o ‘ .
hampered investigations. Recently, the inactivation and dqgradation-
| I I
of tyrosine aminotransferase was observed by Auricchio Mollica and

~

Ligudri (3) in specially prepa:sd rat liver homogenates. In an at- -

tempt to establigh a cell;free system for the study pf protein de-

Y ’. ”

gradation it was decided to,honfivm,and, if possiblq, e}tend ‘those

obsefvations,- h .
g . ' _ . '
It has -been noted that tyrosine aminotransferase dcgrada;ion ‘

v,

in rat liver méx provide a particularly suitable model system fot the

Ce s

study of protein degradation (38)., Information avall&ble about the

’characteristics,pf'terSLneAaminotransfetasg degtadation ind;cates



L
that reactions common to general protein degradation might be involved.
Thus, it was hoped that a study of tyros!ne aminotransferase may con-

tribute to an understanding of the general mechanism.

-

¢

R
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‘

: characteristic ‘rates in vivo including, particle and nelbtane bound

LITERATURE REVIEW ~ e

A. leterogenetity and Specificity of Degradation Rates

A

] | T

There is a marked heterogeneity in the tetes of degradétion-of‘
different pfntéins in tissues (28, 91, 97). Most studies ot turnover
rate haQe béen made with lieer proteins, althnugh'observations with

vother tissues’ (18 28, 49, 91) have indicated that multiplicity of
turnover rates amoung proteins is a general characteristic Estimates -
of.the.haif~life ?f tyrosine aminotransferase have ranged from 1u51
to 5h i91) in ret liver, while the‘half-iives of neafiy &0‘other

‘enzymes hﬁ&e been -found to ;ary irbmsll min for ornithine decar-_ﬁi
bo;ylase:(L—ornithine cartoxy-lyese;;EC 4.1.i.17) ta 16 days for"iso-
zyme 5 of lattate dehydrogenase (L—laethtetNAD+ oxidorednttese,.EC

) L1128 n'if o ."7 o : .

‘ Tht double isotOpe technique described by Arias .Doyle and ‘

Schimke (2) and critically evaluated by Dice Dehlinger and Schimke

.,“(18) and Goldbetg-(gg)ihasfbeen sqccessfully used to determine the

o . S . v % . . A
r‘el&tive .degr‘adati»o'n rates of a great variety of liver proteins. 'I‘hose'. ;

studied included soluble (13. 18, 23, 3&) mitochondrial 4, 3%, L
ribobomal (llo ],9)-, chromuwmal (20) and mi?.roaomal (2 14) proteins.‘
Electmphoretic or chwnatographic separatioh of the proteim ot each-: R

: ceLl fraction indicated that qll proteins separated vere degi‘ndad at

o N
prdteim. It is apparent therefoter that the-mchanin of intn- e

cellular protein cntabolism mc provide for a spaeitfc nte pf de-—
o : : e T o
' ' : ' Lon ‘ ‘& R R

3radation fcr éfa‘h protein.' '

q ' adi
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B, Hamdom Degradation . ) _ N ‘

Since liﬁetime kinetiés have been found only'for hemoglobin (96),
while vintuaIly all enzymes have been observed to be Hegraded d%cord- s q

ing to- first order kinetics (98); Schimke (97 98)‘has suggested that -

l

degradation 1s a random process, In other words, except for pemo— ! ‘h

. ~‘,
S

globin, all molecules of a protein species appear to have an equal
probability of being.degraded, regardlessAof when they were synthesized;
g A IS . a

. _ C. Intrinsic Cha‘ra'cter"?é;t‘ics -of Proteins whicl\z Ceuld 'Inf_'luen,ce Their
Degradatioﬁ | | '
. , - : - o . o -
Certain charqcterisfica of protein‘molécules may ect-ae deter—
minants or rate limiting fact'ors for ‘cheir -own degradatien. "If:vcke'

N

specificity required to give each ptotein a charactetistic tate of ‘_. b

- -degradatikp.was a function of the protein being degraded thedbthe ;';' .
-~ ¥ : y _ .o,n
, catabolic system itself could be relatively nbnapecific. o IR
: »a..Mbleéular’Vbight o o . SO ‘«l | %‘i..‘}
L] T R i : P .
Studies using the double 1sotope technique of Aries Doyle and ~ e
’ SRS
Schimkg (2) have revealed that arateins with larger mlecular veights,., » ‘
.
tend to be degraded in vivo more rapidly than proteinl with smaller N
“’ . . E e .,‘_. .

molecular weights (13 14 18 ‘19, 20 23, 34) . IR 3*;.‘; A

" ,/r

“The same corralacion hes not bun found for tyro-ine aninotrans- { .
feraee (mel wt 115 000 [118}) tryptophan 2 Bdioxypnlpe (L~tryp- SR
tophan oxygen 2 3-oxidoreductaee [dec’ycliziuﬂo KC 1 13 11 11' nol |

:wt. 167 000 [102]) and arginase (L-—arginine anidinohydrolue, }!C

. 3.5. 3. 1 ‘mol, wt. 118 000 (41]) vhich htve hait-livea of 1 5 :o S h. ,} ‘

o . . P
i . .
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2.3 to 4 h and 4 to 5 days, respectively (91). However 1, extensive
[}

~correlation between :PleCular weights and half-lives of enzymes has

not been made. - : . .

.

N

Tweto Dehlinger and Larrabee (112) have reported that the larger )

subunits of the multienzyme complex of rat liver fatty acid synthetase

r"

‘were degraded with shorter hakf-lives than the smaller subunits Dice

A
and Schimke (13) found that the subunits of rat ltver soluble proteins

dgmonstrated a negative correlation between molecular weights and

hhlf—livss These results have led to the suggestion that’ proteins

. u’are degraded after dissociation into subunits (lb 19, 20 23). ;

. 1 LY . ' ”'V
- b. Conformation and Non-native Structures v

Proteins containing abnormal amino !!id sequencep resulting
from the incorporation éf an amino acid analogue or a genetic defectd

during synthesis may be expected to possess a c0nformatign different

- from chat of the nat1Ve protein. Goldberg (26) and Pine (86) demon—

- rapidly and selectively degraded in vivo. Similarly, abnormal

."proteins may be the p;esence of abnormal structura

h

,;
N,

- e.'&;

R T e T ;Q .

. B
S

strated that bacterial proteins containing defects of thie sort were o

“.

ghemoglobin was rapidly degraded within reticulocytes (1- 90). Thus,

- one factor which could influence th‘\in vivo rate of degradation of :

PR

Studiel with tyrosine auinotransferale have not.-

with this hypothesiu. The preicnce of auino scid anngx during

tbe 1nduetion of tyrosine aniﬁotransferlle tn cultured hepatoua cellg S

produceqyan en:y-n that was less helt ctlbie than the natiVe enzyne

68) Rowever, both the anllogue-containing enzyue and the nntivo

“ - . LR . . e J"’

!'consistent.'

& Gn!fle were d‘ttlded with the sa-e hxlf~li£e in the ceil culture (48).1'47".
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e. Ligands Co t o "
. L R

-

Numerous examples of Substrates, cofactors orjother ligands

affecting the stability of proteins in vivo and id Jitro have led,

to the development of a widely accepted model of pgotein degradation
(28 96). In this model protein molecules‘were described as’ being
indxvidually available to a degradative system.eonsigered to be pre:(‘
.sent in excéss. .Since protein molecules may exist ig a number of "Q
states and a thermodynamic equilibrium is e;ﬂected to exist between .
these states, lﬁgands may exert control over the iipte of the protein
molecule by 1n11uencing the equilibrium In some state or states the
protein molecule is considered to -be vulnetable to degradation or in-

activation, whereas in oth ‘states it is stable. \

This model was derived largely from observations of the stabiliz-

ing effects of ligands on enzymes. For example, ttyptophan decreased
the rate of degradatioh of cfyptophan 2 3-dioxygenase in vivo (57, 99),
and pyridoxal 5'-phosphate and u-ketoglutarate stabilized tyrosine u
aminotransferase against heat in vitro (16) Litwack and Rosenfield

(63) have suggested that for the rapidly tutning over enzymes of rat

liver the dissociation of coenzyMes from holoenzynea may be the rate ,;

o limiting step in degradatinn. | . YA“ o JA' o N

d Carrelatwn Beween In Vwo Rate of Degmdatwn and In Vetro

Suscepttbtltty to Protemqaés(ﬂ | , -

‘ ta
‘ ".o : ’074‘ P

It is genetally assumd that the. ptoceu of mtucellui;r Pxnt.m e L

deerﬂdation must ultinately inyolve brnteolytic hydrolysil.A Acdlvd-,:"di;

-

7 Lo L . .

mgly a mnber of studies t»ﬁve been perTrud to 1nvuti¢ate tht |

e
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lationship between the in vivo rate of degradation of different

proteins and their susceptibili{y to well characterized proteolytic

enzymes, The results have indicated that the in yivo half-lives of '
many' proteins could be estimated from the rates at which they are

attacked by proteolytic eniymes. . . S - ) )
‘ ;‘_ { | ) : I3 - 1 o g
Goldberg (27) has recently'iemonstrated that both normal and —

. abnormal proteins of Escﬁerzchta coli were degraded by trypsin

(LC 3.4, 21 4), chymotrypsin (EC 3.4, 21 l), subtilisin (EC 3.4.21. 14)

[N N
or Pronase (no Systematic designation) at rates reflecting in viva -

.

. ' cat%bolism Within a mixture of chromOSOmal proteins extracted from‘
R | rat liver chromatinivith 2 M NaCl those proteins ‘more rapidly degraded
in vivo were alsp more rapidly degraded by.Pronase (16) Similar

'results were: found for sol Le rat liver proteins (18) Nhen incubat—'

ed with Pronase or subtilisin, which are less specific proteinases

. A

'than trypsin or chymotrypsin, the rates of degraddtion of 1actate ‘e'

R

‘ “ ~ ol ! ! L

"dehydrogenase and tyrosine aminotransferase did not correiate well L

* . within vivo tates. of degr&dation"&) : The ratea Qf degradatipn °f
S A . B e ’

!arginase catalase (hydrogen-pe .ide hydrogbncpnqoxide oxidoreductase,v~'? -
.é e EC 1,11.1, 6} - and setine dehydra ase (L-se;!ne hydro~1yasg {deaﬁin"};'fdrdféaf!
iljﬂ h 3’acing], EC 4., 2 1. 13). though co:related with in»vivo rate; 1n fhe |
.j u:_*; same study (4),, Alchough kchimke. Sweaney and Berlin (100) fbumd

that tyrcsipe aninotranaferase wa: stqble in tht ptcleﬁce Of trypsin.:w "

Bond (6) found th‘fbt chc- pzouolytic susceptibiuty nf :at liver f\

: a:’f}g_;yrosine auinotrunsfezaqe as well la arginase‘ lactate dehydrogenaae,,,§¥'“




o | 92
. 9 . | .
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intrecellular protein degradetion would have characteristicés different

o

fnmﬁthose of trypsin, qhymotrypsln, subtilisin and Pronase., The

~anomalous stability of lactate dehydrogenase and tyrosine aminotrans—

-

ferase in the presence oﬁaPronase and subtilisin could be due to such

«

variatioqs in-proteolytic specificity. In'fact, it has recently
' B ' : :

been shown sthat tyrosine amigotransferase was rapidly inactivated
. o 4 : <
by lysosomal proteinases from rat liver (3). .

The extreme situation of a specific intracellular proteinase

* for each type of protein molecule is logically impossible as pointed

out by Schimke (96) It appears possible, though that a few relative-

,1y nonspecific proteinases could catalyze the in vivo degradation of

ff‘have been shown to cetalyze~the extensive degradation qf a number of

-

proteins. A mechanism of this sort could be regulated by factors
such as molecular weight and conformation of the protein being de-

graded and the presence of certain li‘Lﬂds.
D, ;Intmvc'e'llu_lar -Proteolytic\zzzymés

. - i . »
.

Proteolytic enzymes which could be involved in the intracellular

B mechanism of protein cetabolism are fOund in a variety af tissues and/
p cell fractions. Those nost extensively studied ere the cathepeins
A"found in lyaosomes. The pH optimum of cathepsins is in the acid renge

' :"with liftle activity observed at pH 7 At pH 4.4 lysosomal exttacts

- proteins with the production of ninhydtin positive ‘.t‘r1‘1 equel to- EPRER

-71_70 % of. thht obtained by acid hydrolysis (11) In eddition.to free :tl"
".':dmino acids, the products of enzymatic:digestion included snlll

' bgpeptides (nostly dipeptidee)’;ll). The ldxtute of e-nll peptidee -;

wae ehown to be further hydrolyzed by tat liver soluble Srection et o

. \_'»-
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pH 8.0 (11), indicating that liver cells possess all of the enzymes

¢
required for the complete hydrolysis of proteins to amino acids.
. 4 .

-

Because lysosomes contain proeeolytic enzymes it has frequently
been suggested -that these particles n;y serve an importagt function
in the catabolism df_intfacellulaﬁ proteins (11,v12, 96, 97, 9éx‘ A . .
Evidence that lysosomes nre a site of intracellular proteoiysis has
recently been.obtained by Mortimore and co-workers (72, 74). Amino
‘ecid productidn was studied in unbuffefed'homogenates prepared from
perfused iat livers subjecoed to tfeatnentg that influEnce'proiein
degradation. A significant n}oduction of qnino-aeids and peptides | St
by the total Q@rficuiaie'fréction'was oéseryed after perfnsion with
_or'withOut'glucagon,‘whereas perfusion with amino acido or insniin
inhibited the oppefent erceoiycic activity;(72). In otner.studies -

(74) liver protein was 1abelled in ino by inttaperitoneal injectiqns

" of L-[l* C]leucine 18 and 4 h prior to perfusion. Differential :

. centrifugation of liver homogenates prepared after perfusion revealed
'.that trichloroacetic acid soluble radioactivity was associated mainly | -
,with the lysosomal fraction.‘ Since mitochondria and lysosomes pre- _ |
:pated from unlabelled livers did not absotb radioactivity fro- the L
supernatant fractions, che¢¥esu1ta indicated that lysosoues were a b,
‘. site of proteolytic dqtadatiom in the Aperfuaed livero. 2 N
| T Patbicle bound catheptic activicy nnd nlkaline protcolytic o

.d_‘°‘1V1tY bound. to the !YOfLEEEEEfr frattioa h,ye beon found 1n skole-j;:f.;" “(

tal nuscle (75, 7, 77 19, ®, 109). Statvction or protetn deu—”'"'”'
fciency in growing raﬁu produeed an incxeaoe in both the acid ond,ulkn- L
| ‘7line proteinaoe activity (78) ,nd it bat been -houn thl: protoin and



"Ittansferase, EC 2 6. I 13) apoenzy-e by splittin; the apoenzyne 1nto

calorie deficiencies resulted in increases in the raté of\guyofibril-°'

’

lar protein catabolism in vivo §69) Furthermore, alkaline protein—

ase activity increased after glucocorticqid administration (65)
¢

whi‘ch cor'relates with a demonstration that cortisone atrophy of:

. b [ e
skeletal muscle was accompanied by increased protein catabolism

_(24). Under conditions of muscle wasting such as vitamin E d}fici_encgf

and hereditary muscinlat dystr'ophy;.increases in mugcle catheptic ,
activity have been observed (47, 79, 122). The fluctuations in both

acidic and alkaline 3i§teolytic activity eorteéponding to.cevtain

- r

; physiologiqbl states suggests that these enzymes may contribute to

='degradationrof protein in skeletal muscle.

Katunuma and co-workers (49 50, 53, 58) have recently reported
the presence of selective proteinales in skeletal -muscle and small

intestine. Extremely low levels of activity were also—{ound in _

‘brain heart, spleen, large»intestine, stomach kidney and liVer

(52, 58). Thegk\enzymes have been called group—specific proteinaaes".

Two types have heen found' those which demonsttated relative speci- o

o flcity for the apoenzyme of NAD-dependent dehydrogenases and those

'which demqﬁstrated relatfve speciffEity for the apoenzyue of pytidoxal-

¢

';depend¢q( enzymes. The latter has been purified 500 fold fron the

small kuteatine and haa been nore iptensively studied than the farmer..;

aponsa to niacin or’ vitamin 86 deficiency, the specific activtties;:s

: inac:ivation of NAD-depcndent dehydtogenasee or pyridoxalvdepen-

ent enzynes respectively, vers incrennedf()l. 52) The cazy-c

._'inactiVating pyridaxal-dependcnt en:ynes wdi £0und to inactivate

‘vxi 3

‘ornithine-oxo~&cid anzncttunaferaee (L~qrnithine'2-oxo-cqid~n-1no- L

'-»‘



‘ -phorylatioh Leter Schimke Sweeney and Betlin (100) as well as

two ﬁroducts, one of which still pogsesséd antigenic activity with the
. ; R

antibody for ornithine-oxo-aqid‘aminotransferese (58). This“fragment

was rapidly degraded by trypsin while ornithine—oxo—icid aminotrans- “.!k

ferase apoenzyme was not'(SS). waroside aminotransferase was only
slightly inactiQated py the sdall intestine ipactivating énzyme‘(38),
and not at 511 by the liver enzyﬁe 49y, while‘other pyridoxal-
dependedt enzymesdwere mbre‘exéeisiveif affected. These observations

indicate that group-specific proteinases may serve an impbrtant

function in the.intracellular regulation'of certain enzymes, but
v o . ' /
tyrosine aminotransferasg may not be one of them.

’

I Other;factors Regulating Intracellular Protein Degradation '
v , A

AlthOdgh proteinases and peptidases are probably required for

*

the hydrolysis of proteins to amino acids,-otﬁer observatiéﬁe have
shown that the regulation of intracellular protein degj?dption 1n-
volves additional factors.

a.~Eﬁergyr Y -

The early studies of Simpson (105) and Steinberg and Vaughan

(111) demonstrated an inhibition of the degradation of proteins i;‘
»

;rat liver and kidney slices under conditious (anaerobiosis, cyanide, L

| -2 &-dinitrophenol) that inhibited respiration -and oxidative phos- N

‘_Brosttom and Jeffgy &6) confitmed these reSults., Mandelstaw (6&)

1]

- fonnd that pro;ein degradation 1n Esckertchta colz ‘was’ almost com- 1~1:j# .

pletely 1nhib1ted by 2 6-dinitropheqol and by azide within 3 h after '

"' _add1tion to non—growing cells ) More recent evidence (26 87 89, 104)

SR T

e
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. ' Ry ,

has also indicated that protein degradation in Escherichia coli is
~

- an energy dependent process, The function of respi®ation and oxi-

dative phosphorylation in protein d%gradation, however, is unclear,
The inactivation of tyrosine aminotransferase shd tryptophar
2,3-dioxygenase in liver slices co%relqted well with the obseryed

effect of anaerobiosis on general proteiﬁ'degradatioq: In liver

slices, tryptophan 2,3-dioxygenase enzymatic activity and antigenic

activity as well as tyrosine aminotransferase enzymatic activfty were

rapidly.lost under aerobic conditions (32, 100), but were stable uqur'

!N

anaerobic conditions (100). ' ..
There are a number of reports in the iiteratu;e in which:it isv‘i

claimed that AT§ is required £o§ intracellular protein deggadation.i

Many of theoe'réports; however; have beep”discoootéd by latep’work;

1t was conc#uded'by Umafa (113,,ll4, 115,_1f63 éédvaanﬁ.and Pbldoan‘

(117)'chat pfotein-oegradslion observed inigeé:@jﬁﬂ;;F Liver'hoﬁogén-

ates was-an ATP dependent.process ' However; £t3his'been adequately

.~ shown. by Hunter and Harper (46) and by Goldspink and Goldberg (29)

[N

that this conclusion, was due’ to experimentai error,’ Similarly;

.o

.Hayashi Hiroi and Natori (36) presented evidenoe chat ATP stimul&ted

o N A o
» Lynosonql preparation below pH 'S,

Q

pro}ein catabolism bxb rat 11.'

However , the investig.&ions of Huisman, Bouna and Grubet (46 45)
J‘

‘inaicated that facilﬁtation of lysosome disruption by ATP at pH 4 5.

4 B

was responsible for the observation. : _r"j" L

Recent results reported by Hershko ahd Tomkins (38) 1nd1caced

s e
. LTy .

tnat: m degrada;ion of tyrosin:e aninotransferase in hepatowg cell

‘. \

ﬁ .
.'cnlture vas dependent on ATP. Following induction with dexamthaaone,

:ﬁtyrosine aminotrmsferase activity usuglly tetutned rapidly vo the

. &
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.
t

pregnduction level, However,(the addition.of NaF or KF profoundly

.
P

" inhibited the degradation of both ind&ced~tyrosfne eminotransferése

' IN ' o
and general cell proteins, The activity of the enzyme was shown to

correlate with enzyme protein measured by a specific radioimmuno-
o L]
(L3N

precipitation ‘method. Fupthermpre, in the absence of glucose, how~-

ever, the addfﬁion of "2,4-dinitrophenol or sodium azide did not
L}

inhibit degradation, Concomitant.measurements of intracellular

ATP levels fplly agreed with the interpretation of a requirement

for ATF for enzyme degradation., Whether the role of ATP in enzyme

. degradation was direct or indirect was not determined, but 1t was

proposed that ATP participates in an early phase of protein catabo-
llsm since it was required for the loss of enzyme activity |
These Yesults, though promising, should be interpreted with

S——

xaution, Although the incidenbe of low ATP levels correlated well

with inplbition of enzyme degradation the inhibitien could have

been due to other factors re5u1ting from ‘the disruption of cellular

» &,

metabolism. %;Q;EBTsky (83) has observed that both acid phosphatase

»

(orthophagf{R¥ric-monoester phosphohydrolase [acid optfmum], BC

»

3.1, 3 2) and alkaline phosphatase (orthoghosphoric-monoester phospho—

hydrolase [alkaline Optimum], EC 3 1.3.1) caused 8n apparent loss of

tyrosine aminotransferase activity in vitro, which may have been due

to the dephOSphorylatiom.of px;ldoxal 5 Aphosphate. NaF inhibited .

. -

acid phosphatase activtty and the apparent inactivation of tyrosine

.

| ‘ aminotransfétase. Although Peterkofsky ogi rved that the addition of

pyridoxal S'~phospha\e to the enzyme aesay medium overcane the inacti-

vation cauced by acid phosphatase, the 1ntrace1‘uiat concentration of’

epyridoxal 5'-phosphate might- be expected to exert. a controlling .

97
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eftect on tyrosine aminotransferase degraaafion. Thus, in the ex-

periments of Hershko and iomkins (38),’tyrdsine‘aminotrans{erage may
have been stabilized by a high 1evel of pyridoxal 5'-phosphate as

a result of inhibitiou of acid phosphatase by NaF rather than a‘low

level of ATP.

\

Mego and co-workers (66, 67) have foun& that ATP may be re-
quired for the maintenance of an acid pH within lysosomes. Mouse-
liver heterolysosomes prepared from animals previously injected with

denatured [IBlI)albumin released trichlboroacetic acid soluble radio-
)
activity when incubated at pH 5 (66), Release of trichloroacetic
. v »

‘acid soluble radioactivity was much slower at pH 7, but was stimulated

by the addition of ATP (67). ATP appeared to prevent heterolysosome
. breakage and to promote proteolytic activity. It ugs suggested (67)

that ATP may provide the necessary energy ‘to drive a proton pump in

" the heterolySOSOme membrane and thus maintain a low pH within the

' partﬂles. As a result, catheptic activity could proceed at or- near
L} . . . . .

»

vits optimum pH, _.A » . P

Althdughvsome results have been outained which‘indicate that

1 .
intracellular protein. degradation requires ATP, it‘is clear that

fuifher work will be necessary in order tp explain the requirement
for respiration and okidatiVe,phosphoryiation eriginally observed

by Simpsoa (105) end_SCeinberg and Vaughan -(111).
b. Tissue'Struéture_ T o e o Ny

.
L]

Several studies have indicated th%; the sttuctural inucgrity

of tiSSue or at 1east cell, organelles is required-for protein de-'

98
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Wradation and enzyme inac(lvation to proceed. Studies with perfused
livers (62, 103), liver slices (63, 100) and liyer homog;nates

(62, 100) 1indicate that thé inactivatlon éf tryptophi: 2,3—dioxygén—
asg‘?nd tyrosine aminotraneferase may require intact liver cells or
céllular structures, In perfused livers, following glucocorticoﬂs
induction, tryptophén 2,3-dioxygenase enzymatic and antigenic activity
decreased at a rate comparable to in.vivo degradation (62). Tyrosine
aﬁlnotransferase,.on the other hand,VShowed an anomalous increase in
activity under these condltions (62). In liver SIQfes, tryplophan
2,3-dioxygenase enzymatic'actlvity_and anFigenic activity as well as‘
ty:LSine aminotfansferaée enzymatic activity were rapidly los;:under
aerobic conditions (62, 100). In aerobic homogénates, however , tyrbw

sine aminotransferase activity was stable (100), while tryptophan

+ ' . L
2,3-dloxygenase rapidly lost activity (62 '100). The apparentlyf
normal degradatlon of protein, which occurred in perfused livers and

liver slice preparatlons, was not observed in rat ‘liver homogenates

Qnder.any conditidns (6, 62, 100). Thus, tryptophan 2 3-dioxygenase
‘inactivation correlated with general protein degradation in perfused
livers and liver slices, where* tyrosine amino‘transfe;ase lnactiva-t
‘tion correlatéd with general protein dag;gdétion ln_sllces ‘and
homogenates., B | S ' - : _ :;‘[

‘ _Loss of tryptophan 2 3—dioxygenase antigenic activity in aerobic

| homogenates was observed by Li and Knox (62) but not by Schimke,'
Sweeney and Berlin (100) Inactivation of putified laballed trypto-

| phan 2 3-dioxygenase did not reSult in the production of trichloto» ‘E ’\

acetic acid soluble radioactivity in houoglnates nor was the addition '.

. - R

8T homogenate necessary for inactivatiun of the puritigd enzyme in ;'.

°. | | 1 o .'_ B E . "
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the presence of 0, (62). Nevertheless, it was concluded by Li and
Knox (62) that the inactivation of tryptophan 2,3—dioxygenase ob-
served in aerobic homégenates may have been consistent with in vivo
degredatioe; It wa;’congluded by Schimke, éweeney and Berlin (100),
however, that degradatiee of tryptophan 2,3-dioxygenase andltytosine
aminotr;nsferase occurredionly in the metabolically and structurally
intact tissue. In a'serles of experiments jinvestigating the pro-
gressive disruption ef liver tlssue,vBtostrog and Jeffey-(ﬁ)'elso
concluded that structurallytintact tissue was requited for general
protein degradatio‘to proceqd ' ‘ o -
Recently, Auricchio Mollica and Liguori (3) have suggested
that the homogenieatien grocedures used by previous workers wére.tpe
‘drastic and resulted_in the disrﬁptl9n of cell‘OFZanelles and the
consequent 1nﬁibition of 'degradation, These workers have reported
the ineet1§ation bf‘tyroeineleminotransfetese in neutral rat 1ivé}
‘homogenates. 'Ihey found, however, that.it was necessary tq'ﬂonogenize
"Qery gently in order for inactivation to oceur, | Ceﬁtriiuging et
. 13,000 X g for 10 - min or vigorOus homogenization resulted in no
inactiVation.A The rate of inactivation waﬂ accelerated 4 fold by the _A 1 'flf
' addition of cysteine. whereas 1nact1vation vas 1nhihited by the .
addition of 1nhibitors of cathgpains B and B ‘ It was concluded that .‘.

1°

the activiry of cathepsina B and B and the presence and 1nt¢gtity of

1
subcellular particles, ptobably lysoaomes were . requi;ed fot inactiva~ : ',-ﬁ?f

i ' . s 4 .

tion to occur.
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« . Hormones and Inhibitors of Protein Synthesis

Although there are several contrddictory reports (21, 86), it
_has usually oeen found that nammalian (38, 111, 121) and bacterial
_(22 25, 64, 73, 93 101, 120) degradation of general cell proteins
‘wasyinhibited by the presence of inhibitors of pnotein synthesis.‘
These observations suggeqt that there may be a factor associated with
_ the synthesis of protein which also has a reguiatory effect on de-
gradation. he investigations of Goldberg (25) have indicated that
Y . aminoacyl- tRNA an intermediate in protein synthesis, may inhibit
protein degradation when preSent in exgess. In Eacherichid colt
.an’ excess of aminoacyl-tR A.inhibited protein*cataoolism;;while a
4 | _lack of aminoacylLtRNA stimulated protein catabolisn (25).’ Moreover,
the inhibitibn of ﬁrotein‘catabolism by.ehloranphenicol was,prevented
_; N 'under condi tions in_wnichdthe synthesis oita,full.complenent~of tRNA

was inhibited (25). These tesults-suggestea-that’nn aecumulation.of'

V»faminoacyl-tRNA ‘'was the reason for the inhibition of protein degrada—-ﬁ ey
. \/\'_._‘ . )
‘tion by inhibitors of protein synthegis. "j-ai' . ;"‘ -

- >

Conditions which are conduoige to the uptakl of amino acids

I

_by liver tissue and to the synthesis of liver protein ‘tend to in-
hibit protein degradation apd tyrosine.aminotransferaae inactivqtion.- c d;;qu
/:InSulin (71) and amino acids (121) haVe been showu to inhibit general | =
- protein degradation in 1solated perfused rnt livers previoosly 1abe11ed |
with L—[l- C]Vﬁlinea Insulin is knovn to sti-ulate anino aeid uptake
'finto liver proteins (59 60— 81) and into is:}lted perfused Iiverd'

0
(68) In experiments using liver slices (3), the. additigghof’tf r»}

nixture of Anino acids and glucose probnbly to-ulted in.thc iucorpo- e i

%
,w.,.-, . B o S LN

L




> enzyme has been hotmonally induced and 1f 50, on the stage of the

of tyrosine aminotransferase seems.to depend on whEther or’not the

ration of amino acids By the liver slices., The inactivation of tyro-
sine aminotransferase was inhibited by this“treaument. Since an in-

creased incorporation of ‘amino acids into liver free amino acid

. [}

pools and into liver protein likely reflects an increased formation
g9

of amino acyl-tRNA, the’ inhibitory effect of adding amino-acids may

be due to an increase in intracellular concentrgtion of aminoacyl-
tRNAo . - ."
The effect of protein synthesis inhibitors® on, the degradation

»
-

induction cycle of the enzyme at: the time of-. pdministration 6f ip-

hibitor. Kenney (56)'f0und by a label amd chase procedure that the
]
half life of tyrosine aminotransferAse when not 1nduced (basal

'»’level of activity)'was about 1.5 h. The-in vivo adnipistracion of

- cycloheximide or puromycin sufficient to inhibit enayme aynthesis '.}.f

- ‘tion‘of"‘tf\e .rxornioiie. Enzyne octtvity then ropidly eubli&u v:lth a

~

reeulted in a stabilization of the basal’ enzyme leyel over & 5 h Com

p;riod (56) Kenney concluded that tyrosine aminotransferase,,

gradation as wel;\es synthesis must be blocked by cycloheximide and

pnromycin.v

Ty‘tosine aminotranaforue activity can be 1nduced in rot liver 1n

‘

) tesponse_ to g:ottieol Peak activity occ\to abouc 6 h e!’tot edn!.ninra--

helf.-life of ebout 1 7 h (32) Uhcn puronycin vu addnitteud dutm;

. t.he 1n1tial suge of Lnduction furthot inductidn vu mibtud end tho

’.incuno 1n enzyne acﬁvity (33) ﬂhon puto-ycin vas ' odliniot:otod

E iotered durinx the petiod ot pelk mduction thou vu a turthor

F e
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'enzyne activity was stabiliud tot 6 h (33) If puro-ycin vos od n- ,

", -
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during the inactivation phase there was also an increase in enzyme

activity (31, 33). Radioisotope studies showed that this Increase

was not due to de novo enzyme synthesis (31), nor did it occur when

cycloheximide was administered instead of puromycin (31) The ad—

s

ministration of cycloheximide during the degradatiVe phase of ‘the
induction cycle, however, resulted in inhibition of further inactiva-
tioh (31). If puromycin was administered 10 h after the peak of

'
*yinduction when enzyme- activity had. almost returned to the basal level

there‘was no apparent effect. !
The difference between the effects bf‘puromycin and cyclohexi-
mide suggested that puromycin may have an effect additional to the

inhibition of protein synthesis. The apparent recovery of enzyme

' . activity after patt1a1~1nact1vation strongly suggests that tytosine_

aminotransferase inactivation proceeded by more than one step and
.that the fitst step ulp reversed by puromycin. In view of thia - ,;j.v.
.'diSCOVety. it seems unlikely that the firct step in :ﬂt inacti#atton
<‘of tyrosine aminotransferase would be proteolytic attack on the -

. enzyme noleCule. The effect of puromycin on the recovery of enzyme :
| Lactivity nay become an important tool 1n ‘the ltudy -of the nechanian ;~'

/s - ‘. , ‘J ol A
. e A .
U : -

* of inactivation.u S . ';>:~. A

This‘reviev of 1ntr;ce11u1ar protéin dt‘radhtion hna lnphanizud o L
~resu1t- obtained m studiu dt tyrwt.ne nhwtrmferuc. 'me
'1degradation of tyroctne :ninotrnnsfnrasc fa. liver tiatne appearn

»3;bo & -nltistep pxoceos., There lny be lt leceﬁ-dnt toﬁnttible inititl

‘ ”}atep which can be 1nh1btttd-by 1nh4bitot¢ of pfotoin.oynthecis-,fl‘:?~d ?v.

U e
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~

The initial step(s) may require ATP! and may also be regulated by
“pyridoxal S5'-phosphate, the subs;rates and charécteristics of the
enzyme molecule 1tseif. :tructuraily intaét tis;ue or at‘léast cell
Qrganeiles aépear to be required, and the final degradation of the
enzyme molecule 1ike1y inv;Lges intracellular proteolytic enzymes.
: R

In general, the loss of tyrosiﬁe aminotﬁansférase aqtivity frbm_'
liver fissue Aas ﬁany of the éﬁarécteristics of #ellulaf.ﬁrotein
degradation, which guggests that these proceéses‘share common re-

) . : , . 1
actions, . ' . ‘ .
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‘ ffv after killina by decnpitntion, tkc livern vere rcnovad and unshed bt

measured during incubation of the homogenates.

_ The UniVersity of Alberta. When suitable aninala wete not available
"fron thée colony they were obtained fron Bioscience Aninal Servicea..;_,"

llﬁrhe University of Albetta. A11 annnals had ftee nceesa to atandard
1»o£ a saline suspenaion of triancinolone at a doce Of 15 Or 30 I'(100 s ,
o body weight) u: 10 u 16 or 20 h bef.orc mnn.. x-emmy

1'7iu cold tap uatet and placed into ice-cold -eltne unleot bpeci!ied

“1f5q;hervise‘ ) % _7151."ﬁ:i'f4i.‘fi7' ; fff;;f ﬁ? ;jf'éf*';‘;.figﬂ;g?ﬁﬁgii;:ffff

v | MATERIALS AND METHODS

-

Tersine amiqotransferase was induced in rat- livers by intra-

peritoneal injections of triamcfholone (90-!luoro~l6a-hydroxypred-

' nisolone diacetate) (Sigma Chemical Co ). Ten to 20 h after in—

_ Jection the animals were killed and the livers were. immediately

removed After prepération of liver hompgenates under a varlety of '

PR VI

conditions,-the change in tyrosind aminotransfetase activity was
. ’-,‘ ' .

An automated method for measuring tyroaine aﬂinotransferase

: S -

activity was developed tn order to provide a continuOus estimate b
« ‘ . N

of enzyme activity during incubation.

-

A. Experimentdl Animals
. , ‘

Male, Sprague—Dawley rats (80 to 145 g) were used for all of . _;'

the exberiments. ‘Most of the experinental animals vere obtained

’from the rat colony maintained by the Department of Aninal Science, .

Y

laboxatory rat diets and water up to the ti-e of killing.v- ‘i_j l-;'--;j7,e

Ratn were each gfven en inttaperitoneql 1njnction (1 to 2 ul)

R

YR

:"io.& ey CEnh : e
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»
- B, Buffers

" A number of different buffers were used for the‘preparation'of
rat liver homogenates. a, Krebs-Ringer—phosphate (15) b, 0.017 M
' S

tris(hydroxymethyl)aminomethane (tris) and 0,137 M KCl; c, 0 .030 H

tris and 0,124 M KCl; d, 0.080 n tris and 0,074 M KCl; e, 0.308 M

o -

», tris-maleate, prepered;by mining Q.308 M.tfis end 0.308'M maleic
acid 1n‘the.correct.prbpoftion'to glve the desired'pﬂ; f, 0.308 M
tris¥e1£rate; preéared in an enalogous:manner to buffer e;_g,‘O.IOO
M trisTcitrete and 0.104 M KC1, prepared from a 3.08 x dilution of
buffer f. These nuffets have neen referred'to by letter and.pertial
| descriptions throughout this sfction of the thesis.,‘ ' | : \
| The pH of the. buffers was adjusted with concentrated H(‘ 10 N |
KOH, O 308 M maleic acid 0 308 M citric acid or 0 308 H tris whete
_ approptiate.. Allowances were made for temperatute and the buffering
effect of. liver tissue so that pﬂ adjustment after homogenate prepara- :
o ticn w0u1d be minimi!ed | ' ." . . -
. Any buffered solutiqne eoutaining cysteine, cystine. CuSO4 or
Na P207 were prepurnd with the approﬁriete buffer innediately befote 1;

4
E use, The pH waa ad3 >ted at this tiue if neceeeary. e

v J
- .
FIR
E

e,

| 4 initi‘l 'tep i,n ghe PrQP‘flt‘lOn Of livﬂt‘ m.‘n‘tu v, *’ .
f“ “‘°¢'3te th‘ tillﬂl vith eciesora 1n e 0-111 valu-e of buft:g, 4’3 .

The plecea were then extruded thron;h a dtnpoaeble plhltic syrinlc

-

1nto a 10 nl caplcity Pottet zlvehje- tisoue gtindet. ltd'ho-ngenized

.mu 3 ‘reflon putlc driua b, a o 63 cl (o zs m hend mn a: e o

sl A . . Cn Dok




f“used for which centrifugal force was calculated from the radio:f/r"/ ,o

measured at the center of the - centrifuge;tubes.;

total of 10 volumes (ml|g 11v2r]—1) of buffer were used to prepare

i

a homogenate. .
The Teflon pestle was machined such that it was 0, 21 mm less in

diameter than ‘a normal tight fitting pestle in the Potter Elvehjem

\
tissue grinder, This was assumed to be similqr to the "very loose

fitting restle described by Auricchio Mollica and Liguori (3.

The rotational velocity of the drill with no load was set at
- ~%
690 rpm for all experiments except for 14, 15‘and one trial each of

1 and 2, foriwhich 1t was set et'3800'rpm. In'thé_foor‘caSes'epeeitied,
5 up/down strokes-of the homogenizer were usgdléhile in all other |
experiments-lo up/down'sttokes were used. . No effect of rotational
velocity of the. drill .was observed on the inaotivation of tyroaine

o

aminotransferase, and this has not. beeb.considered_ip the interpre-.

A . . ..

_tatfon of the data._;

‘ The homogenates were ;entrifuged 1n a refrigerated centrifuse

(model B-20- Intctnational Equipment CO ) A fixed angle rotor was

"~

r
.

\ A.-.

Except for several experinents which are specificelly noted

«the prepardtion‘of the liver honogenatea qpa carried oat at 0 to 5 C

i' 1a the Experineatel Design. ';. o

. D, Inai;batiéﬁ 'éf Hanoggnatgg:_ _

2ﬂft°ﬂ37 C bY isitating 1n a hot (epproxin‘tcly 50 c) vmter beth ¢Ihef"’u,

'“ffFurther detail:fand variations in tpe above procedure are provided :

( - . - " S w _A.‘

Following centrifugntion, the mpemuante wore rapidl.y nmd

e w N. . N
N PR * -
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pH was measured at gﬁis time and adjusted if necessary. ‘Subsequently,

-

the incubations we¥e set up as quickly as possible in a temperature
' e '

controlled water bﬁth,(37 C).
Two types qflincuﬁation‘vessgl were used; a 125 ml Erlenmyeér
fiie water bath, or a 100 ml beakex in a stationary

a
" d over a magnetic stirring unit whigh allowed stirring

flask in a.sh

wataer bath fi

J

of the homogenites. In ‘either mode, the homogenates were agitated

throughout tﬁ{ incubation. Each-vessel was fitted with inlet and out-

let tubes Ud'allow for filtering, sample withdrawal and atmosphere

control‘L jf | | o °
Uheaifequired a continuous stream of N2 or 02 was passed over
. i

a‘homogenate during incubation. To prevent evaporation,from.the

Lo ’

homogenate, the gas was first saturated with water ao the temperature -

of:tﬁé fucubation.bath.’ when no control of the atmosphere was re-

quited’-a small hole was left 1n the cop of the 1ncubation vesael

_to allow\for volumc changes. This has been deaignated as an air

_'atmospheﬁe thrOughout the thesis._ Special atcention was usually

"vdia-gter cut tron a nilk filter (aspid Flo (;uazc £tc¢d absorbeat

w‘mto withdrlvtl line (see Appcndix A Fig. 3 for the f‘etion of ‘

.\.F‘

”paid ;o hhﬁ/conttol ot the gaseous environment hgcause the system uacd

R

"Zninfluenced ﬁhp reSulﬁs. For exanple, 1f the 1ncubnt1au vessel was

. ‘ !\
-fsealed with any 2 atnoiphete, dlfferent results were obtained than
' when 02 wae gontinuously supplied to the honogenate. f,‘i v;f{

e v
L Prior co enzyne annlysis, the homogenates vere filterud by one
. { .

of cvo nethodo._, ‘"1n~11ne" leter on the 1n1¢t ond of the hono-.f'"

a

f’ _‘Qhe houoeendte wit,hdraval line) consuu& af ' n:ainlus uul
| 7Swii§9 Pilcerxnolder (Killiporn) fitc.d vitﬁ a ttlte: diuc 13 - in

e . v53¥. -
R T A
: oo e . : :

108
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cotton]; Johnson and Johnson). The‘in-iine filter was submerged

in tﬁe homogenate and'use; only with ;hevErlenmyer flack as the

inCubaticnivessei. AltérnatiVely, an 'external" filter consiste&

of a.SwinnerZS Filter Hclder (Millipore) fitted with a filter disc
_‘25 mm in diameter cut from a milk fiitbg. The extetnal filtec wcf .

submerged in a 37 C water bath an3 was independent of. the homogenate‘#

withdrawal line. The homogenate was continuously pumped through the

external filter and returned' to ‘the 1ncubation vessel with a turn-
]

14

~ aver cime of about 20 gin for the 'entire ho'mogen‘ate.v

The type of filtering and ‘stirring or shaking system-qsed during
the incubation did not have any cbsérvaﬁle effect on’enzyme ihactiva;
tion, but did have a significant effect on. the operation of the
equipment, Precipitation of protein in the homogéenate during incuba-
cion pccasionally resulted in'plugging of the sample withdrawal 1ineé,
The lowest'incidence of thisvprbblcﬁ occhrfcd with the beaket‘systeﬁ
using aﬁuexternal filter.‘

Incubation periods, during which enzyme aqalysis ‘was cartied
“out vatied from 2,1 to 6.1 h with a mean of 4.5 h. Usually an in-
cubation was ghorter if 1nactivation was tapid Fwo short incuba- .

'tions could be performed 1n one day, ‘one. in the morning beginning
becween‘9 00 and 9 30 and one in the afternoon beginning between
1: 00 and 1: 30.: Long incubations began betveen 9 00 and 9: 30 AH .
'v. and carried on into the aftetnoon. “No variation in rcsults vua at¢, '
“tributed to the time of day thg mcubaions vere pcrfomd.

V0 N :
Each incubation with acco-panying neuuteunts ot enzyu activity o

L.

are referred to as a single trial. Each trial required a fresh rat

-
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L}

and onlyone rat was used per trial. An experiment consisted of one /w

trial or more than one trial performed under the same conditions.

E. Enzyme Analyses

Enzyme assays were performed with two techniques based on the
tyrosine, aminotransferase assay method reported by Diamondstone (17),
Individual enzyme asssys were carried out using a modification of

Diamondstone s method described in Appendix A, Most enzyme agsays,
s < -

th0ugﬁ were done with an automated procedure also described in’

4

Appendix A, The automated procedure employed Auto Analyzer (Techni-

con Instruments Corp.) components and wss Based on the individual
- ) » ' ' . - - a ' '
enzyme asgsey method, - With the automated technique it was possible

to obtain a continuous record of the'eozyme activity in the homo-

genate,
+

An evaluation of the validity of the eUtomated method was pos-

- sible by comparing the results obtained'in erperi nts i and 2 (see-
Table 3) In experiment 2 samples were periodics:Zy withdrawn from )

'Lthe homogenate by pipette, diluted and analyzed for tyrosine anino-

transfera%e activity by the individual assay method while in ex- | .
& P}
.- periment 1 vhich differed f;om experiment 2 only in the assay method

the automated procedure was used' i - v -, ‘ B S

9

ﬁ_ Because of the addition of pyridoxal 5'-phosphxte to- the enzyme

; assay. mixture, both methods of tyrosine aminotrsnsferase analysis S?

;]uould messure activity fo: the apoenzyne as well as the‘hOLOenzyne

o L o
',The recovery of full enzyme activity upou additioa of pytidoxal 5' -

’

phosphate to tyrosine aninotrlnsferase apoenzyue has been obserVed
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¢ S ‘
\Py Hayashi, Granner and Tomkins (37),.
Y d '

. - - . 4
txperimental lesign . :
' 1

The experiments performed were of an exploratory natare, such '

’ \¢hat the gesg;té of Qne.experihent or set of experiments influenced

5i ) he;design of 'subsequent experiments. The details of the-experiments

pérformed ang the pafameters investigated arg provided in Table 1.
Initially, the experimental conditions of Auricchio, Mollica

and Liguori (3) were repeated as precisely as possible, As a result

H;hi these experiments a number Df parameters affecting the inactiva-

<

tion of tyroWine aminotransferase were further investigated Those .
parameters 1nvestigated were induction time, dose of triamcinolone,

pH, atmosphere, buffers, centrifuging out the pa;“culate fraction,
I [

'preparation temperature of the;hbmpganatg and various a@ditions to

? ’Q‘

"

. the homogenate ihcluding dithiotﬁreitol (DTT#,~ethy1ened1aminetetra—
: ++
acetic acid (EDTA), Mg Ca -, c¥§pqgne (Signa Chemical Co.), .
cystine (Sigma Chemical Co ) and catalysts of cysceine oxidation

K '(CuSO and Na 7)
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dilution factots and flow rates wete neitbet precisely knoun ‘nor. con-!

: , ,
RESULTS ,
A, General

Triamcinolone is a white powder.of low soiubility in physiologi-
cal salinot It was slowly absorbéq‘by the tissues of the tat,.and. |
traces wére clearly visible in the petitoneai navity at the time of
dissection, In a fen cases, hdwever, there was no vioibio evidence of

the hormone and it was assumed that injection mayﬁjpve been 1nto the

intestinai lumen. When this OCCurred -the induced activity of tyrosine'

aminotransferase wasg the same as usual, and the expetinenta ‘were con-

>

tinued without interruption. B L
Tht specific activity of tyrosine aminotransferase, after in-

duction by ttiamcinolone was found to be 0. 43 and 0. 57 ukat per g

of fresh liver tissue in. the two trials of experinent 2. Because

'.stant from day to day in the autom&ted uyaten, the. specific activity

was not deternintd fd} experi-enta using the autouoted procodute.,

' iHowevet, any lltge discrepancies in spccific aétivity bdtwetn‘tats ?

would hava baen iumedianely apparent. It uns not unuoual to find a.

fv_a ditference in induccd tyrosinc aninotraanfctaue ;euivity an high a;

'100 X batuen auiuls fron ditfarent 11ttcn. In qrdor to cllov

;.caqparioous betbocn oxperiacntc, tho chanco in cnzynl actinity {[g |
| abtetvod durin; the tncubttion of ho-ogcnateo hll boca cxprotncd\l; ;‘fgfi‘%ji

Tt

. pcrcenc °£ ehn 6¥1¢43l1 tctivity.'»ﬂm [3ﬁ?’-‘
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after one of the 4 basic curve types represerited in Table 2 and Fig, 1.
) L] : . [] .

The curve type code defined in Table 2 has been used to describe

“the shape of inactivation curves obtained, Occasionally, subscripts

1
such asﬂA have been used to describe intermediate types,

The results of each inactivation study have been described by

the shape of the inactivation curve, “the duration of the lag period,

: the rate of enzyme inactivation during the most rapid phase of
inactivation (phase 1) and the average rate of inactivation calculated

. from the initial and final enzyme activities. Any trial with curve -

type C or D was, terminated if the rate of inactivation decreased to

‘less than 1 % of i e original activity per h.

The results of an inactivation experiment entailing individual
enzyme assays (expt 2) were similar to those: obtained with the
automated method (expt l) (Table 3) Theee results. indicated that -
the automated techniqUe vas a viable alternative for the individual

tyrosine aminotransferase assay'method“ Except for experiment 1.

all experiments were performed with the autOmaQed method which saved

: both time and 1abot compared to. the nanuel nethod

To facilitete statistical anelyeie eeverai experinents heve been
8rouped toxether.; As dilcussed ‘b°V0-'ths asaey Iethod did nct Of-j-'.'f.. Y
fect tyroeine aqinotraneferene ihtetivdtiom in experilcntg 1 and 2‘ :{kidlf"

m“ l!ﬂrmﬂt&, cher‘fo“e, h‘v. bQ.n cmtd.:‘d ” . 'ml‘ .mri‘ o

et

-ent vith 5 trials tathnr theu 2 expetineetn with 3 tnd 2 triela
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Table 2.« Basic curve types.’

Illustration

lag  ‘phase 1 phase 2 ' Code o .

s

_ lsdbocripts, such as A hnve been
'used to denote internediate curvc typel.
A,‘Brokgn linccﬂhave been used to 1ndicato
 where the terns "laz ‘end “phase 2" do
T.L,ffnoc apply.'.< RS :.u“ﬂ;_ ;v:":
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Enzyme actiﬁity.(Z)

Time (h)

[ )
o4

R 3
w
p )

Enzyme activity (%)

100

‘Enzyme activity (2}

: 'ﬂ’Pig. 1°: Exanplcg of curve :ypec ebcained during inaccivation

' ﬁ.'¢xvlt1-eth. Typcs &. n,,c and n nro nln;lo :rinl. ﬁtou aupcritlntl

; ;'1340. 38. 31 nnd 2&, ta:pectively‘nl 's:'v?; E

.g‘;-;v“:uvi ﬁ““,;=,v-'i R R S e e
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Table 3. Comparison of automated -and manual'tyrosinefaminotrans-
ferase assay methods. Rats received intraperitoneal inJections
‘of trlamcinolone 10 h before killing. The liVers'were removed
and gently homogenized in 10 volumes of Krebs-Ringer-phosphate
buffef (buffer a). The homogenatee*were centrifuged at ‘750 x g
for 10 min and then incubated at 37 C for 3 to 6 h, During this
time samples were removed for fyresine eminottansferase anélysis,
and changes 1n enzyme activity were plotted against time.
vFurther experimental details are described in the text ‘and in

. Table 1, Mean values are given.

. ' Tyrosine aminotfapsferese inactivetionf ‘
{ate of  average
_ . Inacti-  rate of
S , :?:;;;on .vation of 'inapti-
"Assai) - Expt. No. of. curve period - Ph88f1; vatio;. 1
- metho ' no., trials type h - x(h) - %(h)
‘manwal . -1 . 3 A 0. 5.0 4.8
‘automated 2. "2 A 0,1 i 3.9 39
o Stindegd_deviittonJ(sp)l' o Q{Z ‘ ‘¥u _ 7.4 . Y f?;@'

.}S¢é]ch;},page~;zz,

;.~



have also been grouped to form twq??}ngle experiments for statistical

analysis. 1In ghese experiments the length of the induction time
~ was vafied from 11 to 20 h. Since ho effect of_induction time was
observed (Table 4), it has been assumed that induction time had no
effect on the inactivation of tyro;ine aminotransferase.. Further
jugtification for .this assumption was obtainéd from regreséign analysis,
whicﬁ showed‘ﬁﬁat the vériatiéh 1n-the results due to induction timé
was:negligible.' Undér tﬁis‘aSSumption a‘n&mhé} of»compafisons have
been méde Between experiments théﬁ differ in induction time between‘
1 11 and 20 h in addition to the treatment being compate&v~//

Forty-one exé;riments were performed with 1 to 3 ttials in each

»;‘experiment. The variation found between trials in all of the exper1~

‘ments was used to calculate pooled standard deviations (S ) for the

_duration of the lag pcriod, the rate of inactivation of phase 1 and |

the ave;'” o ’activation. The pooled standardedeviations are
2.4 27 respecetvely. .
'erence from the nean of both the phase 1 and. |
,ctivation for the triala in each experinsnt against
n. showed}no relationship between 1nactiyﬂsion rate
15 rate found within experinencs. Therefore,.the

;s for the avetage and phase 1 ratea of 1nact1vation  1
: Q ;f :he race of 1nactivation lnd nny be vulidly

:  {‘app11ed to j ,jt-ents oi both slou and rapid 1nactivntion rated,*'

Hultipla conpariaon of nelns by Tukcy 8 honcatly cignificnnt  §

'dtffcrence (hod) procedure (110) were pcrfornad on. SZ conptrinonaf-

jbetween treat-onts nt the 5. 1 levcl of sisnificnuce. Co-parilon. vetn

Ve

'ﬂ’nide within aver;ge rates of 1na¢t1vation, rntcn of 1alctivation of .
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Fig, g. System for collecting %ﬁcp The two regulating valves
(right side of diagram) were set for a flow of 1 l(min) . Once set,
these valves were only apjusted to compensate for fluctuations in
flow rate, Starting with the bypass line open and the other stopcocks
" closed a sample of 14092 was collected as follows 8 m1 of scintilla-
tion fluid was added where indicated; stopcock 3 was: opened then
stopcack 1 was opened to the scintillation fluid; when the scintilla—
tion flluid had passed into the collection tube, stopcock 1 was closed'
at the correct time to begin collecting 140 2, stopcock 2 was turned
to the position shown in the diagram' collection continued for 30 min;
vat the end of 30 min, stOpcock 2 was returned to the bypass position

‘ then stopcock 3 was closed and stopcock 1 ‘was opened to NZ’ atopcock
4 was opened and the scintillation fluid flowed into the vial while

4 ml of scintillation fluid was added where indicated, then stopcocks :

1 and 4 vere closed, 3 was opened and after the pressure was teduced
" in the colleCtion tube (2° or 3 sec) stopcock 1 was opened to the
scintillation fluid' the scintillation fluid was washed thtough the :

apparatus into the vial; finally, the washing procedure was completed
- as described in the text At the end of an experimen;, the apparatus -

‘~»was cleaned by rinsing with 95 Z ethanol &'
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Table 4, Effect of induction time on tyrosine éminotrénsferase "
inactivation. Before «illing, rats recieved intraperitoneal in-
jections of triamcinolone at the times specified in the table.

The liver; were removed and gent&y homogenized in 10 volumes

of buffer f (0.308 M tris-citrate) containing either 10 mM

cysteine (expts. 23 and 24) or 5 mM cystine (expts. 28, 29 and

30). The homogenates were centrifuged at 270'X_g'fo: 10 min

and theéyincubatéd at 37 C under an O2 atmosphere. - Qﬁring in-
cubation tyrosine aminotransferase activity was assayed by the

automated method and changes in enzyme_ activity were plotted

- against time. Further experifmental details are degctibéd in the

text and in Table 1. Mean values are given where apﬁrOpridté;

Tyrosine  aminotransferase inactivation -

rate of average
: inacti~ rate of
. duration
" Induction - ' : , , . of lag vigionléf inifti-
time - Expt. No. of curve Feriod P ‘sil Ava 22
h o no. trials type. h + X(h) Z(h)
m 23 1T p 1.1 . 14 e 236
16 24 1 D 1.0 89,5 21.1
11 28 1 0.0 98.0 28.5
16 29 2 ( 0.3 89.9  -27.2
.20 © 30, 1 C 0.3 - 106 , 27,1 -
A " - —nu. . o '.‘.‘ N "‘t - i -
Standard deviation (Sp)! - 0.2 7.4® 2.4
1 N "w " . .., ll‘ . . .
See text, page 122,
. el ‘
\ ; ° L v ’
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\bhase 1 and the duration of the lag periods. Since the Studentized

[ 4

Range Vélues used i‘aTukey's hsd procedure are based on all possible

comparisous between treatments, the number of treatments involved in-®
making 32 comparisons was adjuted to 8 as rgcommended by Cicchette
(10). ‘ S . .

v. Effect of Dose of Triameinclone on the Inactzvatlon of Tyrosine

4

Aminotrans ferase tn Kat Liver Homogenatecs ¢ !

Valeriote‘et af.'(llS) found that irtraperitoneal fnjection of
triamcinolone reSultéd in maximum inductfon of tyrosine aminotran§—
ferase in rat liﬁér at a dose of, 10 mg (100 % bddy wt;)—l, These |
investigators selected a dose of ls.mg(loolg.body ;ti)-l for routine
use. This dose.was also used in our experimente, An experiment was
performed to test the effect of.iﬁcreasing 6heiﬂose of triamcinolone
on the inaﬁtivation of tyrosine aminotransferase. The results

(Table 5) show that there’ was virtually no difference caused 1in tyro-

. 5ine aminotransferase inactivation by 1ncteasing the triamcinolone

treatment from 15 to" 30 mg(100 g body wt;)*l.

D. Effect of Buffer on the Inactivation of Tyrogine Amiﬁgsransfbrqagf

Seven different buffers vere uaed for the 1ncubation of rat liver
homogenates.v Buffet a (Krebs-Ringer-phosphate). buffer b (0.017 M
tris) and buffer £ (0 308 M tris-citrate) ‘were used extensieely apile

buffer c-(0.030 M tris), buffer d (0. 080 M tris) "buffer e (0 308 M

.

trisqnaleace) and buffer g (0. 10 M t(ss-citrate) were used 1nfrequent-
"o

]



et ., Htfect of the dosage of triamcinolone on the inactivation
rsine aminotransferase in rat liver homogenates, Tyrosine
minotransterase was induced in rat livers by intraperitoneal in-
jections of triamcinolone at the levels specified in the table.
Aftef killing, livers were removed and gently homogenized in 10
volumes of buffer f (0.308 M tris-citrate) inc®uding 5 mM cystine,
‘]?w homogenates were centrifuged at 270 x g for 10 min and in-
‘6ubated under an 02 atmospheré{ During incubation tyrosine amindl
transferase activity was assayed by the automated method and changes
in enzyme activity were plotted against'tiﬁe. Further experimehtal

details are described in the text and 1n Table 1. Mean values are

given.

TerSine~amin6transferase inactivation

-rate of  average
Yuration inacti- rate of -
Triamcinolone og lag vation of inacti-
mg(}oq“g 1 Expt. ‘No. of curve period phasell vatig:
body wt.) no, ., trials type h - . ‘Z(h) - Z(h)
15  28,29,30 4 _ C 0.2 . 95.5. 21,5
30¢ 3.3 g 022 ~96.6 31.0
Standard"deviatfon (s,)!." & 0.2 7.4 2.4 -
" Comparison (by exp;. no’): 28, 4@; o S . .
Vs, 31 G- -

. 1See text, page 122

t
In all tables a dash denotes non-significande.l,
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When homogenates were centrifuged at 270 x 3 for 10 min and
incubated under an O atmosphere in the presence of 9.1 mM cysteinel,
buffers b, ¢ and d produced rates of 1nactivation similar to buffer

a (Table 6), Buffer e,'however, produced a significantly slower rate

of enzyme inactivation, Maleate was the only factor in buffer e not

common to the other buffers. ﬁ )
Buffers b, ¢ and d did not have sufficient buffering capacity
to maintaln the pH of the homogenates within a reasonable range |
(+ 0.2 pH. units) throughOut the incubation period (Table 6). Buffer
f was found to be adequate in this respect
Buffer f completely inhibited enzyme inactivation in the absence
of cysteine and presence of 02, uherea; under similar conditions
buffer a produced a rate of 1nactivation of 10.9 % of the origina1<
activity per h (Table 7) The inhibition in the presence of buffer f

was statistically significant 2

E. Effects of . 0y, N, and Air on the Inactivation of Tyrosine Amino-

transferase. o S .

The 1nactivation of tyrosine aminotransferase in rat Mver homo-.

genates was affected by the gaseous environment over the homogenate

4 -
rs

ﬁlnce 10 volumes of buffer were used to homogenize the livers
the components of the: buffer solutions were diluted by a factor of

1, 1 in the honogenates.

2Note from Table l hovever, that these xpéti.lentl (3 and - 36)
differed slightly with respect to centrifugati n, 'although this. vas
unlikely to have affected the tesultat oL
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duration ‘lqact_l- rate of
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Lxpt. Moo ot juttial final curve perlod P-rasvl - 1
Ruffor ne. L tiiod i pli type h 1(h) " T(h)
aNrel R LT- 6 S I PR S (] €.7 22.2
pho ;-hc:-f ) . D . .
) : . I .
b VN Haria) 14 - 7.0 6.6 jd 0.5 59.4 22,2
¢ (0.030 M tria) 1R 1 1.0 6.5 D 1.2 2.0 5.0
4:-¢0.05% ¥ 1) 1@ ] < 7.0 6.6 D 1.0 60.8 27.8
¢ L0308 trf- 20, 1 7.0 68 A 00 = s - 5.9
mal: tte) . : )
. - . . . . .
(0.3 M taty 22 R | 1.0 7.1 D . 0.8 ‘857.8 20.8
cltrat . : ’
Standard aeviation (sp)! . 0.2 1.4 2.4
Compartj«in: (hy\xpl. no,): . 6 vs. l4 e . - . - ..
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(Table 8). The mean of experiments 1 and Z'indicates that tyrosine
aminotransfe&aéé was 1lnactivated at a rate of 4,5 X of the original
E activi;x per h\wﬁen.the homogenate was p?epared with buffer a and
incubétéd.ugdef.an air atmosphere. 0, (expt. 3),'rathgf:than air,
produced an increase in the rdﬁe of ,inactivation whiéh was not statis-
.tically significant, '

At pH 7 Olin”buffér b with 9. l.mM cysteine a rapid rate of
" inactivation was obtained when the'homogenate was incuba;ed under an

2 2’
~ was almost completely'lnhibited (expt. 15).: The difference between

0 atmosphere (expt 14). - Under N,, rather than 0 inactivation .

experiﬁents 14 and 15 was étatistically~s;gnifican; with téspéct’to

both the‘averagg and phase 1 rates of inactiQation, but -not witﬁ»

-

» respect fo the duration of thé lag period.’ L ; ' _ ” , .
At pH 7. 5 in buffer £ with 9. 1 mM cysteine and under an. O2 atmoup N

‘phere a phase 1 rate “of inactiva n of 102 2 of the original activiti '

per h was obtained (Table 8, expts 23 and 24). Under a N2 atmOsphere';

the rate of 1naccivation was aignificantly 1nh1b1ted and the duration ,'

k!

'3Vo£ the lag petiod was significantly extended’ In the preaeacg of

cystine .00, sisnificant effect due to substitution of "2 fo?'oi é#ttﬁ
obaetvé@ 1n the durntion of the lag petiod ot 1n the lverlge tlfe of a:?-"
" inactivation (‘rable 8). 'rhe rite of 1nnct1vaziob of phue 1. however,.:
"iwas significantly fastet in the pteoznce of 02 thla in che ptcsoncn \=i 

L I . o P ey
-
e

| l'Hhen che ta:e of inactivatim vu lov, u in O.xpdrinent '15 :hc
e um}ma: of .the lag pcrioa was’ :.mccurau duu ‘to. the- lack of & clut ,
}:l ”dennrct:£on bctueen thc 1:; pcriod lnd thc hc;inning of 1nnct1vut£on.»r_.;f
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Table 8. Effect of fipeous envirenrent on the inadtivation of tyrosine aminotrans-
ferase, Tyrostue anine um;fcmn was tnduced In rat. liveds by {atraperitonral in-
Jections of riam ln\‘\lun- + Afrer killing, lHvers were temoved and geatly hormogen-
fzed 4n 19 volumes of the buffers s'p.'c.i‘li\'dvln' the table. Thd hemogenates were
centrifuged at 750 « 7 (vxpts, L ?-, and 3) or 270 x , (expts. 14, 15, 23, 24; 28,

29, ¥, 2 and 37) for 10 min and (h-n incubated under ar 92, N. or afr amc\thre

2
Dur ing lm ubatlon lytusine amjnotedasfora.e activiey. vay assaved by the au(mmled
method and changca in enzyme activity were vlonad auainst time. Further experi-

sontal dutatls are descrihed 1n the text and in Table 1. .‘kjn values are gl\;\'n

_where lppmprute. . .
bams .l v " - . - .‘._“v-‘w l‘-\‘m-mv‘b--.—‘--‘.‘.lv‘--—-.'-v
. Tyrosine acinotrarsferafe Lnautivation
- B
tate of avarage
' . S . inacti- rate of
e LS
Atman- Expt.  No, of curve period ?h“.“l v““:',‘
phere Duﬂer + addnions no. . .trials. type ) (h) " I(h)
Catr & s 1,2 Cs 0 ey e
0, = . 3 20 0.0 7.4 1009
0, b+ 10 sMcystetne 14 1 D 06 9.4 22
M, - b+ 10 @M cystetne 15 i A o) 20 2.9
o £+ 10 @t eystetne 23,2 2 ® 1.1. 102 24
'sz £ 4 10,aN cysteine 37 . - ] 3.0 33.6 - 13.8
0, f+3 W cystine 8,29, © 4 €0y "S- ows
L8 f+5mcysetne 32 L2 o .08 . L 66 C27.8 .
Standird deviation (sl - e - IO 76 T SRR W
Comparisons (by expt. nc }: 1,2 vs. 3 . .' Pl e L e e
' SRR U T S R TR
R SR TR N A I L.
T . ‘18,29, %0 va, '31' S m B [} * -

1ru .mthont 15 ;t uy h -on uqluzle to uutht th uti.n "uad ot

) -uamfenpt o alag pmoa This mu e emumu with: the muu »mud tn

umnm: 31. Hots frow tm. x that n,.u-m. u asd 37 uun with mp«n -

1

Su ult. np 122. : - ’ DR SRR

U




F. Effects of DTT and EDTA on the Inactivation of Tyrogine Amino-

trane ferase

Both DTT ano EDTA appeared to have inhibitory effects on the
'inactivation of tyrosine aminotransferase when homogenates were Ln—

cubated without cysteine at pH 7 in buffer b (0 017 M tris) (Table 9)

The inhibition in the presence of.EDTA was 'greater than that in the

‘presence of DTT, but neither resulted in a statistically significant

»
E
€

’reduction‘in rate of inactivacion. EDTA" and DTT together had ‘the

same eﬁfect as EDTA alone.

Cystine and other disulfides are known co cauae the inactiva:ion .

: of a number of enzymes (s, 40 84 -85, 94 95) Some'of.these enzymes

" may be reactivated by 1incubation with sulfhydryl compounds (5, 40, 94)..

. Since the inactivation of tyrosine aminotransferase may have been ,"

o

};“q; Eff?ct of,pa-anfthéYIﬁaqtiéqt;an dfﬁryrogina»A@ihbtranafhrusé :

"7aniaotransf¢r¢ee 1nactivation in the Pf¢'¢“¢' °f 9 1 ‘H °Y’t‘1°‘ °

lﬂf*:ero et pH 8 S.- It appea:od to tncrcaat agnin lt Pﬂ 94 b"‘ th‘
- nnulull -h.pe of tht eu:vc indicetod tha: ldditional taetor:"'f'": o
"5}j1nv01¢cd5at highcr pﬂ vhluoi. The ratc ot phaoe 1 tnectivotiou vC‘*Qd

due to the presence of disulfides 3 mM DTT was added 50 nin after the'

.starr of an incubation under 0 (expt. 4) Houever, this treat—

ment had no significant effect on enzyme inactivation (Table 10),

iand recovery of enzyme activity was not observed

c . 4
- : iy ‘
Fig. 2 illustrates the effect of pH on. che rl;e of tyroqinc

3

'and-buffer f (expte. 21. 22/ 23, 25 26 27). Hith iaertaaing pﬂ

= TR . T AR
L L R B e N

il 7':_: e

\.‘~
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*7:f{}zhn 188 Period reached a unxincl at pﬂ 7 5 And rlvidly docteascd to lﬁﬁ@!ﬁiwr




132

Table 9. Effects of DTT and LDTA on inactivation of tyrosine aminotransfer- '
age, Tyrosine aminotransferase was induced dn rat livers 5y intrapcri—
toneal injectious of'triumcinQIOne. ‘After killing, livers w;fe removed and
gengly homogenized fn 10 volumes of buffer b (0.017 M'tris, pH 7,0) fa--
cluding DTT and FDTA as specified in the table, The-homngenates were
centrifuged at 270 x g for 10 min and then - incubated at 37.C undet an 02
atmosphete. During 1ncubatlon cyrosine aminottansferase activiey was
. assayed' by ﬁhe auLomated mcthod and changes in enzyme agtlvlty were plotted _

lagainst time. Further cxperimental details are dcsgrlbed ih the rext and K
T . \ tn Table 1.

' et £ L 2N . - P [T — : P

Tyrosine amlrotranaf;rase 1na°’1vatlon ’

rate of - averase

' ' {nacti- - r of
duration ate

of lag vation df fnacti-
Additions to buffer mo. trials type _ h ' (W) )
“mene 9 1. D - 0.2 T2.4 4.7
tawotr 1001 A | 5.3 5.3
SLeMEDTAL . ar 1 A 06 T 1.8 L6
O LuMOTT 4 1eM EDTA 12 1A 03, 16 L6
'Standard d;viation (Sp)l ‘ =  , .._;Q?z?ifv. 1.4 ‘~, Ry
. o Canyarlsons (by expt.., oWy o 9ve. 10 L T e e
L Msem ke, page an2s .
e B h e . .
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“-Lég period (h)

Phase ] ratée of inactivatton (Z[h}—l)

Fig. '2 Effect of pH on’ the duration of the . lag petiod ’
(0 ) and.on ‘the rate. of: tyros:l.ne minotrmferdse
’inactivation (0 ) measured duting phue 1 PR ' P
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»

at pH 8, but an additional large increase was observed between pH 8.5

and 9, Since tid iod appeared to be a significant factor in

enzyme inactiva e the rate of inactivation showed a

-

substantial in rpH 7-and 7,5, it was decided to perfurm

7.5,

H, Efféct‘ pr 1 Temperature on the Inactivation of Tyrosine

1ca and Liguori (3) concluded that damage to the
lysosomal meA_ was minimized by gentle homogenization thus per~
‘mitting inact of tyrosine aminotransferase to-occur Since

ore fragile at O to 5 C, the effect. of gently

N

membranes'migh
Ahomogeniiing ang rifuging at 32 to 37 C compared to 0 to 5 c was.

inyestigeted: As | 1n Table 11, the temperature of'homogenate

: preparation hadi/‘ ificant effect"on,enzymeeinactivitiqn.
P -+of U o o ‘ SRR
I, Effects of Cy Cystine on the Inactivatidn of Tyrosine

Aminotransferdll .

The - mean of experiments 1 and 2 1nd1cated that tyrouine amino—
' transferase was, inactivated at a rate of 4 5 z of the originql activ-"

' ity per h whan the homogenate waa prepared with buffer a and incubated

.‘~_lunder an air atnosphere. The addition of 9 1 ﬂk cynteine (expt 5)

,[did not 1ncreaa€'the rate of 1nact1vntion (Table 12). Vnrylns the

S couditions however. resulted 1n nor*tonpunced effects upon the

. ‘

addition ot cynuine ('rablc 12) When honogenates were prepared with

butict b (0.01'7 M ttia plL 7 0) nnd incubaud under an o2 ‘m. mn

thc‘ sddftion of 0 9 ﬂ! cylteim :uultod 1a a ltight mcuue 13 enzyu



Table 11.. Effect of preparation temperature on the inactivation
of tyrosine aminotransferase. Tyrosine aminotransferase was in-
duced in rat livers by intraperitoneal injections of triamcino-
lone;‘ After killing, livers were removed and gently hemogenized
in 10 volumes of ffer g. Homogenates were centrifuged at 750
x g for 10 min an gcubated at .37 C.under an 02 atmosphere,

In experimen&\ﬁo all‘steps in the preparation of the homogenate
were carried out at 32 to 37 C, whereas in experiment 39 the
homogenate was prepared as usual at 0 to 5 c. During incubation
tyrosihe aminotransferase activity was assaﬁed by the aLtomated
method and the changes in enzyme activity were plotted against

time, Further experimental details are provided in the text and

in Table 1. ‘Mean values’ are given where appropriate,

'Tyrosine aminotrénsferaSe inactivation

Y

rate of average
| duration. inactiw- rate of
Preparation - o \\, ,ofilag' - v:zi:nlof jn::§?f'
temperature "Expt. No. of - curue perjod P -1 ‘ a .og
- C ' no. - grials - type\ h '\ Z(h) - « Z(h)
‘ . . ' : . %s\ ' i 1 “ R
©0=5 3% -1 A .~ 00 - 2,4 2.4
- 32-37 40 2 A 0.0 0 7.7 6.5
Standard.deviacion (8p )lv S0 | \_7.4 . 2.4
' Comparison (by expt. no, ): - ‘f N A \,- . . .
' 39 vs, 40 - C . =

‘w nge text,{ﬁagé-122. : '1“: . iQ§§ |
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Table 12. Lifects of cystetne and cystine on the fractivation ot l);ibslr\t‘ asfnetransfer wse,
tyrosine arinotransferas. was induced tn rvat lvers by intraperitoneal -1njc_cxlun‘ ob triam-
cinolene,  After killing, livers werr Temosed and gr‘hly beonopend aed In 10 ‘v‘;lnmv» at bufter
tneluding c)’niclue or cystine as specitivd In the table,  The homogendates were - cengvifuped ’
at 750 » (;xpu’. 1, 2 and S} or at 270 » 1 (exXpts. 9,13, 14, W, 24, 24, 28, .‘9,‘ 10 and
36) for 10 win, and thea facuhated under an alr o1 0, Armesphere. Durine incubation tyresine
aminotransferise ac.llvl.t) was assayed by fhe avtonsted oethed an! changes in enzvme activity,
were plotted against tioe, Furlln.‘r~(‘xpv?lir..r‘nt-|] details are described {n the l’t‘i\l and

Table ).  Mean values are piven where appropriate.

r—— T W S ¢ A S e A W A tv LA Wt A . SR A & A TrA W W S LB MW A R MAseN s b S Eaws T

_Incubation o Tyruslne aminotransferae fnactivation
3 . . . . ~ rate of aw:ralg,(.‘
. ’ . K § inacti- “tate of
. » : ) ) »:‘l";:;‘" vation of fnacli-
Additions to ) ’ atpos- : Expt. I!so. of curve pericd ypba.nll N“o?
buffer Ruffer’ phere " pH  no. trials type h B 0.9 MU €7}V
' nohe a st 7.2 1,0 s A 01 &5 s
10 oM cystedne  a  Mr 7,0 317 a4 0.2 OF 15 R YR
, none b0, 7.0 9 BTN 0.7 12.4 07
1 ®M cysteine © b, 20, 7,00 13 1 B 1.2° . 19.6 9.2
10 =M cysteine b o, 7.0 14 1 » 0.6. . 59.4 22.2
¢ none of ‘02 7.5 3% 2 A ["RY) 8.0
: ] 10.aM cystetne f 0, 7.5 23,24 2 D 11 02 22.4
-~ SaMcystine £ 0, 15 26,29,30 4 c 0.2 . 9.5 2108
. : Standard de.vuuon‘ (Sp)l . ’ : - 0.2 7.4 02,4
’ ’ Comparisons’ (by expt; no.): ) 1,2 ve, § . - -
. s . . . ' o . 9 vs. )3 : - - . -
' T ' 9ve, 14 e s e
. L : T 3,26 ve B ' LI
28,29, vs, % . e e
; . . 23,24 vs. 28,29,% B
IS«- ‘text, page 122, . "Q'
" 'eSigaificancly diffexent (P < 0.05), '
2 ' St '
" N . .‘Y i E}l . \“ S
s N . . . .
° P - ) R4

N
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inactivation which was not statistically significant (expt. 13).

When 9.1.mM cysteine was added, however, there was a signiticant

increase in both the rate of inactivation of -phase 1 and the average
. F Iy ¢ »

rate of. inactivation,

Tyrosine aminotransferase inactivation in homogenates prepared

with buffer £ (0,308 M tvis-citrate, pH 7.5) and incubated under an
: ’

0’)

-

atmosphere was markedly-affected by'the addition of cysteine.

In the absence ef cysteine (expt. 36) no inactivstion was gbserved,
whéreas in the presence of 9.1 mM cysteine (expts. 23 and 24) a lag
peried of 1.1 h f'ollowe:d by a rapid rate of inactivation (102 % of

the original activity per h) resulted. Both the rate of inactivation -

of nhase 1 and the avewage tate‘ofvinactivacion were significantly

" increased. Since a lag period cannot be measured if there is no

inactivation, the statistical significance of the lag period in

experiments 23 and 24 cannot be tested by’ com ith experiment

b
36, :
A SN S

The presence of 4.5 mM cylcine in hono'bnates prepared with

-

Buffer # (expts. 28, 29 and 30) produced {nactivation rates similar

'to‘those5found‘with 9.1 mMUCysteine.'~The duration-of the lag period

\
obtained with 4.5 mM cystine, however, was significanrly shorter than -

‘that obtaiqed with 9 1 mM cysteine.

The eficéts of Hg and Ca++ on. tyrobine auinotransferase

inacti!'xion in thd presence of cysteine vote investignaed vith -

’ honogenates ptepared with butfer b and incubat!ﬁ under an 02 Atuos-

phere (Tqblc 13) The nd‘ition of Ca -reculted iﬁ'an increnpg;in

'ithe rate of innctivution qwhile the nddition of H; resulted fra

,rcduction, but neithtt-change vas scntistically uignificcnt. ‘Hoy~ -

I Y
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Table 13, Effects of Mg and Ca  on the inactivation of tyrosine
ag}notransferase. Experimental detajils were the same as described
in Table 9 except for the additions to the buffer as specified

below,

A

Tyrosine aminotransferase inactivation

rate of average

. : d { inacti- rate of
: o?ri;gon vation of inacti-
Additions to  Expt. ‘No. of curve  period phasill ‘vatii:
buffer no, trials type h Z(h) % (h)
10 mM cysteine 14, 1 D 0.6 59.4 . 22.2
10 mM cysteine, 16 1 D 1.2 75.9 23.3
0:37 mM CaCl2 ' ’ : '
10 mM cysteine,' 17 1 D - 1.2 31.3 14,2 .
. 1.mM MgCl, ' .
" Standard deviation.(Sp)l_ 0.2 7.4 . 2.4
[ . ' . - ]
*Comparisons (by expt. no.):.l4 vs. 16 - - -
14 vs, 17 - - -

16 vs., 17 - A S C-

‘lSee text, page 122, .
*Significantly different (P < 0.05).



: ++
ever, when the results obtained with Ca  were compared with those
-
obtained with Mg a significant difference was found between the

rates of inactivation of phase 1.

J. Effect of Centrifuging on the Rate of Tyrosine Aminotransferase

L]

. Inactivation in Rat Liver Homogenates

Auricchio, Mollica and Liguori (3) found that centrifuging at
13000 x g for 10-min inhibited the stimulggion of inactivation of

tyrosine  aminotransferase by cysteine in gently;homogen;zed rat liver

homogenates. Centrifuging at 750 x g for 10 min had no effect (3).

Theee observations have.been'further"fnvestigated‘under e.variet;.of
conditions (Table 14), |
.Centrifﬁging at 13000 x g for 10 min (expt. 8) did not reduce the

already slow rate of inacfiyation.obtaiped under alNz atmosphere
(expt. 7). ' | : : | bﬁg .J

~ The difference between centrifuging at 750 x g and 27O.X‘g'
was investigated in experiments 4;#nd 41 With homogenates prepared
at 32 to 39 C without any additions and incubated under 02 the race of

inactivation of tyrosine aminotransferase was found to be slower

when centrifuged at 270 x g for 10 nin than when centrifuged at 750

x g for 10 min. The difference was not significant

Centrifuging at. 13000 x g (Expt 38) dignificantly reduced tﬂe tate

'f.’ .of enzyme Lnactivation 1n the presence of cycteine and 92 nnd signif-_r

icantly increased the duration of the lag petiod when co-pared to
identical honosenatu centrifuged at 270 x g (expts. 23 tnd 24).

The rate of tyrosine aninotransfetaln 1nact1vation in the .



Table 14, LHtfect of ceatrifuging on the fnactivation of tyrosine nmlnmransfu‘ase.in rat llver
homogenates, Tyrosine amlnotransferace was fnduced in rat livvlrs by inttaperitopeal tnjections of
!rla-:iaolom.-. After killing, livers were renuved and geutly hous(.)ge'nlzcd in 10 voluves of byffcr
including aaditional factors as spectifivd in the table. The homogenates vete centrifuged at the
forcus and times specified and Lhenv facubated under an 02 oF :'.2 atmosphere, Dyring incubation
tyresine aninotransferase activity was axuayed by the automated methad and changes in enzyme
ut(vilt,\- vere ploteced against time, Purther e;p\-rtien(-cl detalls are described fn the text and in

Table 1. Mean valuex are given vhere lpproprl.tu".

-— - o — - . * - ——————

Tyrosine asminotransferase inactivaticn

, , . '.,‘ e rate of average
. . _.
S - duratlon IOV or Tnastie
fugation Additions Atros- bt No. of curve- period Ph"fll "“T;
g(min) Buffer to buffer phicre o, trials tyce h . T(h) 7(h)
845) 4 oone 5, 3 1 N0 BRI REN
13000(10) a _none ) NZ 8 1 B ] 0.6 . 3. 2.9
270(10) £ 10 mM cysteine 02' 23,24 2 D 1.1 102 22.4
13000(10) {10 @ cystetne - O, 38 28 EX R 11.3
270(10) f 5 mM cystine OZ 28,29,0 4 [+ 0.2 % 95.9 21.5
. 13000(10) f S aM cysting 02 3 2 D 1.0 81.0 271.6
150(10) ' aone . 02 &0 2 A Q.O' - .7.7 _6.5'
270€10). ¢ aone o, 4l 1 A 00 - 11 ta -
) ltm;llr_d d_evlu.ioa (s;il . . b . ;0".2. : re 2.4
Comparisons (by expt. no.): o . L 1w, 8. e . - : -
L . , 1,248 . Ce e
: ' S " 2,29,0ve. 38 ¢ - . Uf
: . | ) V . o o w ve. &1 . V ,..,-l p l' -'-,q .T -
f’s« tcxi, .pc'gc 122 . ‘ B o
eStgatffcantly differeat (P < 0.0%)." . . -
: R '
\
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presence of cystine was only‘slighgly affected by centrifuging‘at
13000 x g for 10 min, but the duration, of the iég period w;s signii-
icantly increased from 0.2 to, 1.0 h (expts. 58, 29, 30 and>33).
The»increase in’ the lag period observed after centrifnéing
‘homogenates containing ctetine was further intestigated (iable 15).
Since tnere may have been some cysteine unpurity in the cystine w.

, used to prepare the‘homogena:fs‘and since some reduction of cystine
to,cysteine wOuldfprobabiy occur duting‘the relatively,anaerobic
pteparation of the'hcmogen%tes3 teagents wete added which catalfze
the oxidatioa of cysteine tc‘cystine,_ N84P207 and CuSOA together ‘
a:e known to be effective catalysts (54), The addition of Na4R207
~ alone néd no effect, " but the addition of both NaaP o7 and CuSOa

' resulted in a significant reduction in the lag petiod and a

significant increase in the rate of inactivation. S ' .
4 ~ . ' < o
q-
‘ .
. _
S o
. o = o RA
- CEE ) R
‘ ' ’v ]
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Table 15. Effects of Cu'' and P2074-.on the inactivation of tyrssine
aminotransferase in 13000 x g supernatants of rat liver homogenates,
Tyrésine aminotransfe;ase waé induced in rat livétsgby intraperitoneal
injections of triamcinolone, After killing, livers wé;e removed and
gently homogenized in 16 volumes of buffer f including 5 mM é%stine.
The homogenates were centrifuged at 13000 x g for 10 min ahd incubated

. . under an 92 atmosphere. During 1ncubation tyrosine aminottgnsferase
activity was assayed by the automated'method and changes in enzyme
actLv}tyﬁweré plotted againsc time. Further éxperimehtal details are

" described in the text and im Table 1. Mean values are giveh where B

dgppropriate. ]
Tyrosine aminéttansietasé'inactivatioh :
| | rate of average
- inacti- rate of
_ v g¥r;;;0n vation of fnacti- .
Additions = Expt. No. of curve - period phgaeil | ya;ig:f
to buffer = no.. trials etype h - M) . Zh)~
SumMcystine 33 ..2 D 1.0 - 8L.0  : 27.6
5 mM cystine, 34 1 D v F0.7 f ._"69.6"' , 30.4‘ 
. 0.02 M Na P,0 9 7 : : / R R .-, B - :T
5 oM cystipe, = 35 . .3 -~ C- .00 ~“,116 . ~51.9
0.02 M Na P05, | R
’OFZ‘MH,CuSOaV’ RS S R R
. Standard deviation (sp)1 o /' L 2 T4 2.6
o Comparisons (by expt. no.):. . 3 ve, W -~ j.'n  1_f ""l”-«f;
" o =1 R S U
Jsee text, page 122, L T AL
*Sigﬂlfieantly diffmmt (P s 0.05). :_ SRS R




. \ '  DISCUSSION

v aminotransferase may be a sujtable model for the study of protein

Hershko and Tomkins (38) have recently suggested that tyrosine
degradation. A rapid rate of turnover, marked response to various
stimuﬁi and - the large amount of information available about the enzyme
all‘contribute to its suitability as a model, Because.of the

’ .
'st&ﬁﬁlity of tyrosine aminotvansferase after the disruption of the

cell,’ rhough there are few studies of its inactiyation or degradat10n>‘
‘in cgll-free systems . | .

E A;‘Results Obtaiﬁe@ Undqr Condfiioné.Dea¢ribed‘by‘frevious‘Hbrkeré
Recently, Auricchio Hbllica and Liguori (3)vrep0tted the
 .inactivat1on of . tfronine aminotransferase in ctude liver homogenates.o_
Inactivatioﬂ Occutted with a half-life of 8 h if the livers wtte T
>v‘"gencly" homogenized with a "very loose fitting" Teflon pestle 1n a
bPotter Elvehjen tiésue grinder. Drastic honogenization or removal
'i',lof the particulate fraction fron a gently honogenized liver prepab ?:'
..ration resulted\in no 1nact1vation (3), Krebl-Rinser-phosphate buffer
. was uud as t:he homgenizing udim md thu awnphen ovu ch¢ hm- s
_‘;genatas’ although not specified was assulnd to bc Iit . :. .‘

f nmb&x; dt exntiunts weu conducted 1n e tttqpt tu rcpro- |
f“;'duce and fort.het Itudy ;o-. of the. results ot A\uticchio, i!olucu md

'\)‘..

”Lz;nou (3) = In thc cxpcriuuu prumtcé hcu. m.mmm m

'"il;vufficiently s'ntli is. to not dx;rnpt crythrocyzcaﬁtt;{tff?__ﬁﬁ '”]
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centrifuged pellets, Homogenates,prepared uith a tight fitcing‘
pestle were.reddish after centrifuging and .showed uo red_begd in the
pellet. After gentle homogeniration, a rate of inactivetion whioh.
uas'jj'z of that reported by Auricchio, Mollice.eud Liguori 3)
- was observed (Table 12, expts. 1 and 2). |
veuricchio, Mollica and Liguor{ (3) found that the addition
'of cysteine resulted in e_é fold iocreaae in the'rate of inactivation
xin a'gently homogenized preparatiou Using similar preparative pro-:
cedures, it was found (Table 12, expt 5) that the addition of ‘
'-fcysteine had no effect on the inactivation of tyrosine aminotransfer~
~ase. AlthOugh the homogenates were probably incubated,under an airv
N

atmosphere in. both cases, the discrepancy in results may reflect the

"availability of 0 to the homogenates. The present experiments have s

\

2
shown that 02 was required for the cysteine-qediated stimulation of .

j‘tyrosine aminotransferase 1nactivation (Table 8). In experiments l
:and 2 there was virtually no air. exchange over tﬁe homogenates,
;whereas in the expetimenta of Auricchio Hollica and Liguori M.
-”there may have been iree exchange of air, :huc nninttining a supply

)_‘o 2, and pemittiug inncti\ntion to occur. L

e

5 f B Effef-'?. "off,’ ‘B.vffw on t‘??ér fwrwatmommw minotransferans

%

Krebs-kinger~9hocph1te.buftcr (buffer a) wat uncd 1; .xp‘ti‘:ﬁhjg; R

S imu in which the qxpdtiuuul conditim af Amricchio, ,“"n“' ‘“d Lo

';' 37{Liguori (3) uera cn:efully repeaced Hlytlhi, Grlnna: lnd Tbhkinl
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aminotransferase, Since.the binding~of>cofactors is known to affect
the stability of enzymes, e.veriety of buffers without pho;phate'
were substituted for Krebs-Ringer-phosphate in subsequent experiments;
Severai of the buffers resulted in an unacceptable degree of pHAdrift
" during incubation. Buffer f (0.308'ﬁ’£ris-citrate), though, was
found to adequate)yAcontrol‘the pH. . |

During ‘the course . of crying different buffers it was found that
‘the maleate in buffer e (0 308 M tris-maleate) significantly i‘pibited
| the inactivation of tyrosine aminotransferase in the presence of
‘ cysteipe. Although the effect of maleate was. hot further investigated
fa possible explanation for the observed inhibition may be its tendency
'to chelate with Cu (88) and posaibly other ions. Since the inactiv-
ation of tyrosine aminotransferase‘nay have been inhibited (although |
not statistically significant) by the presence of EDTA (table s
. -and since the addition of trace amOunts of Cu++ in the presence of .

ugcystine significently increased the rate. of inectivatioq (Table 15), :

'.-"the chelation of Cu ' or other Etal ions 1n theo\onogenate uy

Vexplain the inhibitory effect of! naleate.l :

Tﬁe Relattonahpp Betwesn Cyattne, Cyetcinc and 0

\

L »«increue in,the rete of inecrivetien of tyroeine uiuocrmforue ia

'3‘fthc Preeenee of cyﬁt‘*" (T‘bl' '}'3

T .cemd a noh-aignifieent incrme in the rett of iuctivetion. »- The

".In tlu ebunee of eyueiu. -02

it wae found thet the nddition of 2 produccd e cigniticant 1;;‘ f:‘r;?ff;;
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results showed, therefore, that both 02 and cysteine were required

for the rapid inactivation of tyrosine aminotransferase. _ »

Since the oxidntiOn of oysteino is-catalyzed.by cytochrome E )
¢ and cytochrome oxidase (54) and”also by rat liner mitochondria;"
.(119); it is.Iikely that c}steine.was oxidized in rat iivér homo-=
genatos. If so, then cystine, rnther than cyoteiné,.may have been

) . , :
the factor evoking‘tyrosine aninOtransferase inactivation.:

When oystine was added tovhomogenotes incubaten nnderloz,.
rtyrosine aminotransfernoe was rapidly'inncti?ated., When compared
to the éffect.of cysteine, the iag poriod was signifioantly reduced"l
vwhilo'the rate of 1nactivntion-romained‘unchénged (Table‘12);. When

'02 wan replaced by Nz over the homogenates containing cysteine
‘the rate of inactivation was’ significantly reduced and the lag
petiod was signiiicantly exzonded (Table 8). Over-homogenates

o ’i:é,:containing cystine however Ny significantiy reduced the Trate of

FAA phase 1 inactivation but did nOt affect the lag period or the .average
. ;" ."rate of inactivation (Table 8) Except for the reduction in phase

.é 1 inactivation uhen Nz wns Substituted for 02 in thg presence of
'u_cystine (an explanation fOf this exception 1- aua;cate? below) these | '¥;~

.ff?reaults indicated thxt cystine uus able to reprﬁbc cyateinc lnd 0
’ *

'vfin the inactivation of tykosine aninotrnntfernle., Thus. thc obocrved

..i requirenant fnr 02 in the prcsence of cylteint -ay be gxg‘ftnnd by
‘-ljithe Oxidation df cy:teine prior te. cuzyuo innetivntion._>1 LT
ln contrant to thia interprttation, Auriechio, Holzicg..nﬂ’,iﬂu

f.;Liguoxi (3) coneluind that the -ti-utatnry ctttct of. cyuciinn cn ;fnffﬁggijﬁff

p;the 1ul£t1Vltion‘0fAtyto.1n‘ llibﬂttlﬁ:fc;..g in !ltrlivlt _:. e

;enatnt iui dnc to thﬁ Qctivation of cnthcpoino B and ll uhich axc
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‘sensitive to tpe‘presence'of,sulfnydryl compounds, Auricchio,
Mollica and Lignori (3) did not consider the possibility of cysteine ¢
oxidation in their invgstigations. | ‘
As indicaEed anove, one of the present observations also appeared . "
to contradidt'the interpretation proposed here, It was observed that
02 had o'stimula;or§ effectton inaotiQation in tne presence of oystine
(Table 8). If some cysteine'yao pfenent and if.cystéine inhibited
inactivation of tyrosine‘aminotransferase'by cystine (soe sections D -
'and_F of»Dincusnion), then.tne stimnlatory effect of 0, may bg !
>,explained by the oiidaiion of the oysteine.‘ There may have'béen
somo cyéteine'impniity in the-tysﬁing,‘or some of fne added'cyotinz
~ may have béen‘redncod by anfenchange reaction with)GSH ftom tﬁé
: liver tiQSue.»'Tﬁis observation thens may not be inconsiscent with '
anaerobic inactivation of tyrosine aminotransferase by cystine.
The unexpected initiatiOn of inaCtivation after 3 h of in-
-cubacion with cysteine under N (Table 8) may have been due, in ’
..'part, ‘to reactions of cysteine othet than oxidation. It seems
"unlikely that signifitant oxidation of Cysteine could hlVe occurred _ff;;
'i:under a- NZ atnosphere (the Nz was 99 993 i‘pure according to ) Lo
‘.:specifications) during 3—h of incubation. Hawevet crace amountl of
b':5f'Ch+* and various other netal ions catulyzc the oxidntion of cyatnine '
‘ }L‘(Sb) and.nay have caused sone odeation in the buff!t uolution
fcni!niofbaiore honogenization.‘ In addition. norn oxidntion of cynteine nay
.':?/have occnrred du:ing hOnogznate prgparation bufore lnlctobic cpn--iif’“i A

! “{'di:iono vere iupo;ed The cystine produced would likely havc becn f "~l55~;;

”'iffincffsc:iVe in clu:ing xytotinc aninocr;nsferatc inactivation in
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the presence of excess cysteine (see sections D and F of Discussion).

During incubation under NZ’ though, the excess cysteine may have

'beén cataboiized, as was indicated by a strong od0ur'of'H2$ over the

P
homogenates,1

O - Co .

of the incubation the complete catabolism of free cysteine may have

Since the odour. was no longer detectable at the end

“

' If the concentration nf'cysteine was sufficiently reduced

‘ 4
: %? ter 3 h of incubation the cystine remaining in the homogenate

occurr, d.

J uxy.then have caused the inactivation of tyrosine amithransferase.

' . Several ai:empts were made at establishing a method for the -

|
SRR - - o ,
étimacion of cysteine and-cyStihe in homogenates, but reliable .

: results could not be obtained Therefo;e, the changes in cysteine ‘

RS

; !
RO

1nd_cystine during incubation have not been determined.
el | - o -
lfwﬂ; The Inactivation of Ensymes. by Mixed Disulfide Formation
Bl A S
AR i i Several enzymes are. known to beﬂinactivated by cystine and

L
KA

cher disulfides. Inorganic pyrophosphatase (pyrophosphate phos-

}hohydcolase. EC 3.6.1.1), glyceraldehyde-phosphate dehydrogenase

h,l :

\

o qEC 1.2, 1 12) and glucose-b-phosphate dehyd:oaen

; .‘?:v.- :
A o

a7
Ny

y j when 1ncnbatcd undar.N2 It was p;rticglatly ﬂoticlble -at :E 7. 5
lzs m l.ihly 'Y product ‘of the tuction catllyzed by cyltl
‘L '1? J 6-1yu¢ (L-cystcthionine cylteine-lyue. zc 6 4 1. . This enzyle
fvis found 1n rnt Iiwct (107), and catalyzc. tho telnlsn of H S

»

§-

,‘ %D~glyceraldehyde-3-phosphate:NAD oxidoreductasa [phosphorylating],
'; (D-glucoae-G—‘“a“

w‘f« , o ' . | .
B F7 o Thg odour of st evolved £ton ho-ogenatel contninins cysteine'

ioninel
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oxidized glutathione (GSSG) in hemolysates (94). Purified hexo-
kinese ikTP:D;hexose 6—phosnhotransferase, EC 2.7.1.1) and glycer-
_ aldehyde-phosphate dehydrogenase were also inactivated by GSSG
(95). In other studies (84), however, glyceraldehyde-phosphate
'dehydrogenase'was moderately inactivated by cystemine nonosulfoxide,
but not by cystamine, GSSG and cystine. 'The‘essential sulfh&dryl
group of papain (EC 3.4,22.2) reacted with cystamine forming an
e ,

inactive complex (85)? Fumarate hydratase (L-malate hydro-lyase

EC 4.2,1.2) reacted with a number of disulfides, including cyscine
with a loss of enzyme activityAwhich was proportional to the loss, S
of reactive thiol groups (40). An enzymatically inactive form of<
purified lysozyme (mucopeptide NfaceCylmuramoyl-hydrolase, EC
.3.2.1;17) hae'aleo been prepared bynreaction with cystine'(S).

The inactivation of papain (85), fumarate hydratase (40) and
1ysozyme (S) ‘was attributed to mixed disulfide formation between
the low molecular weight disulfide and the enzyme molecule. ‘Al-
’though not confirmed, the other enzymes were apparently inactivated
icby the same mechanism.‘ The cnzymeﬁdisulfide derivacives were i
'generally considered to the che product of the following type of
rreaction (5) _7 f"g> L . | |

Procein¢5~‘+ R-S—S-R .* Prptein-S-S-R + R-S

ceoe

: N g .
. . o Y ', o EE * - t\ . .
The inactivation of tyrosine aainotranlfctclc resulting from the'

‘

h ,g;esence of cystine in che preccnt eaoarimeatn -iy hnvc becn due to-

R
" the :lnc type of reactioa; the fornction,of a -ixcd di.ulfide with

v »the enzync nolecule Evidence that reactive :ulfhydryl grcups are

L 4
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in or near the teactive site of‘tyrosine aminotransferaeé was
. obtained by Kenney and co-workers (42,55). Iodoacetate, o-iodoso-
benzoate and p-chloromercuriphenylsulfonate, which react with
protein sulfhydryl groups, were foend.to cause complete inhibiti§;
ofﬂtyrosiue aminotransferaee (55). elso, pyridoxal 5'-phosphate
'could.protect against reaction with the sylfhydryl groups essential -
for enzyme activity. Although it remains to ge proven that tyrosine
aminotransferase mayibe inactivated by mixed disuifide formation
;between cystine and the sulfhydryl groups at the active site, the
results of the present experiments,indicate that this'ma& have
occurred~in the homogenates studiee.

, Foilowihg inactivation by mixed disulfide formetion,'a few
enzymes_have been: reactivated by iecubation with sqifhydryl compotinds.
Inorg&nicApyrophosphatase wegnreactivated by thg.aéaition oficysteine
.(94),'but neitﬁer glycetaldehyde-pﬁqsphate dehydrogehase or glueose—
6-phosphate deﬁydfogenase-responhed to the samevtreatﬁent (94).

" Fully in;eti‘vated fumarate hydra.tals‘e- was fcomp'let'ely_reactivated by o
prolonged dialys}hageinst merceptpethenoi (405‘. 'vLy's‘oz‘yt.ne,‘ectivity |
was recovered from the diéulfide fotﬁ b& reaction.with e}stefae, |
mercaptaethanol or mercaptoethylamine (5)  In total three out of
Tfive enzymes wete reactivated after incubation with sulfhydryl
compounds, - 5 ' o ' 4

. The reversal of mixed disulfide fomatiop by cysteine and

B other squhydryl eompounds indicates that nixed disulfide fomation
'would be inhibited in the presence of cylteine. If this. il the '

case then the 1ag periods obsetved under both 02 and N2 amoephetes ’

.“ ‘
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~AApproximatelyHZSfi'of'theﬁréleaaed thiolﬁ‘gaa GSH (70);

‘hqs,not been anéatigated, but may be a

: ¢
may have been due to‘the presence of cysteine. Inactivation of

. -
tyroséne aminotransferase by cystine may not have been possible

until the cygteine was either oxidized or catabolized by other

reactions,

Ry

- AR attempt to reactivate tyrosine aminotransferase was made
in experiment 4 (Table 10). Fifty.min after incubation began, the
homogenate was made 3 mM in DTf. The addition of DTT, however,
neither resulted in recévery of ,enzyme activity nor inhibi;ion of
subsequent inactivation, Although, unsucceséful, this result does
not.méan that tyroéiné aminotransferase.could not be reactivated

under different conditions,.

-

E, Mized Disulfides In Vivo

. »
‘ - » ®
%

_ Tissue protein; have bee; foundAin thé fqtﬁ;éﬁﬂiﬁxed disulfides *
with low moleculgr‘;e;ght sulfhydrél eénﬁﬁﬁAAs (55,'70). Recently,
ngfzp et al, (35) réported that.mf¥55~disul}ide linkages between
protein agd GSH or cysteine were found in a variety of rat ttséues.

Thirty to Sifty perégnt of the total low molecular weight sulfhydryl

compounds were found as'mixep disulfides and could be released

by.teddction with sodium borohydride, Similarly, Modig (70) found

- . &
that the reduction of disulfide bonds of Ehrlich ascites tumour cell

proteins released sufficient‘GSH qndlother:unidentifiéd low”mqleculgr

weight thiols to account for 30°% of the protein disulfide bonds.

~ The mechanism of formation of fmtracellular mixtd_dieulgideé

regult of an exchange reaction”
¢ - -
~

-

A -

IS . .
.‘ @ - - .h . o »
.
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with low molecuier weight disulfide compounds as-described in
section D, It hao not been determined 1f the formation of mixed
disulfides in vivo 1is associated'wito intracellular protein c;tabo—
lism. -"However, since mixed disulfide formation may have been the
mechanism of inactivation‘of tyrosine aminotransferase in the
presernit experiments the compatability of disulfide inactivation
with in vivo conditions has been considered.in the follow:;g
paragraohsf

Inactivatioo of tyrosine amipotransferase in vivo by an ex-

change reaction with low molecular weight disulfides may be &imited

by the availability of disulfide compounds Phe in vivo concentra-

" tion of low molecular weight disulfides has been estimated to be

0.2 ymoles (g) Lyn spleen and 0.03 umoles(g) in liver tissue (108).

Converting difectly to molar concentrations yields approximately

0.2 u disulfide in spleen and 0.03 M disulfide in Aiver. The con-
centration of free loﬁ molecular weight suifhydryl compounds was'
found to be considerably higher' 3 4, 7.6 and 0 6 umoles(g)

sp}een, 1iver and blood,'respectively (108)ﬂ The predominant fteef

sulfhydryl compound was ‘GSH (108). Since &SH 1s known to be readily

oxidized in rat liver homogenates (9 61), GSSG~shou1d'hove.beed~

;:j:§d\}n the present experiments. Thus, during 1ncubation in the .i

N
ptesence of 02 the endogenous sulfhydryl and disulfide copPOunda '

i .
could have. yielded a total concenttatibn of low nolcculat weight

: .disulfide compounds of about O 35 mM in the houqsenatcc, allcwiag

_for the 11 fold dilution of Qissue durin; honogenisation.

rin expe:imeqt_9, withoqt any_addition ‘of eyoteine or‘cyitinn,

.

120
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aminotransferase inactivation. ~ | SR

.an average rate of inactivation of 4.7 % of the original activity
. ™~

per h was observed. When cysteide was added to 0,91 mM (expt. 13),
the total disulfide concentration inclusive of endogenous level in

!
the homogenate would have been about 0.8 mM if all of ¢he sulfhydryls

\
were oxidized., This would be approximately twice ‘that expected in
experiment 9, Under these conditions an average rate of 1nactivation

of 9.2 % of the original activity per h was obtained. In, experi-

ment 6 the addition of 9.1 mM cysteine could produce a total disulfide

concentration in the homogenate of about 4.9 mM.if there was complete )

oxidation of cysteine, In this experimeht an average rate of
o ;

inactivation of 22,2 % of the original activity per h was observed.

. The trend indicated by these resulté“suggests that the concentration

of low molecular weight disulfide compounds‘found in liver tissue

L

tig

in vggo would be too low to cause a significant rate of tyrosine
Within intact liver cells, though, additional factors could
influence tyroeine aminotransfeérase 1nac¢1va£ion by disulfide
compounds., Brostrom and Jeffay (6) concluded that stfucturéily
. ) X . .

oo «
intact tissue was tequired for protein degradation-to take place.

‘Similarly, Schimke, Sweeney and Berlin (100) found that the inactiv-

.ation-bf.tyrosiue‘aminotianeferase was 1hhibited.1f cellular

structure was disrup;ed. _within intactllivet ¢ei1s disulfide com-

pounds may be cancentrated in. certain areas or organelles. I£ thié'

were the case then tyrosine aninotranaferlse inaetivntion could

'ocCur 1n areas of high disulfid¢ concencratton.'” ST S

An altnrnative posuibility is sug;catcd hy ‘the oblervation

- : - o . : o . . . ) ’ ’
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that tyrosine aminotransférase exists predominantly as the holo-

enzyme in rat liver’homogenates (63). Since tyrosine aminotrans-
ferase apoengyme 1s more susceptible to inactivation by heat (37)
and by proteolysis (4) than the holoenzyﬁe, the apoenzyme may also
be moye susceptible to inactivation by mixed disulfide formation.
Thus, low concentretions of disulfide may not inactiVare tyrosine ;
aminorransferase in homoéenates where the eniyme exists as the

holoenzyme, but may cause inactivation in vivo 1if the apoeneyme is

formed under conditions of tyaosine‘eminotransferase degradation.

4

F. The function of the Particulate Fraction

Auricchio ‘Mollica and Liguori (3) found that cellular particles
,sedimentlng at 13000 x g for 10 min were required for the inactiva-
tion of tyrosine aminotransferase. The present results confirm
those of Auricchio Mollica and Liguori (3) for homogenates 1ncubated
| with cysteine. Under these canditions sed@nentation of the partic-»
b ulate fraction by centrifuging at 13000 x g £or 10 min resulted in
a significant reduction in the average and phase l ratescpf 1nact1va-
~, tion and an increase 1n the duration of the lag period fron 1. l to

3.4k (Table 14) | o o
~ A . .

In the presence of cystine however, centrifugation had much
less effect on the 1nact1vation of tyrosine aninotren.ferele. The
rate ot 1nact1vation wvas essentially unclunged whue the la; period

" was ‘increased from 0, z 010 h (Table 14) .. Therefore, the parctc-
: :.‘ulate fraction affected the cyateine-udia;td Mcttvetion of
F},;i;yrosine alinotransferaoe auch more than tho cyottne«nedieted

AN
o

Tt
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}inactivation.

" Results with whole homogenates discussed in section C indicated
that cysteine was oxidized to cystine‘prior to tyrosine aminotrans—'b
_ferase‘inactivetion. Mitochondria, which should bé sedimented'by
centrifuging at i3000 x g for 10 min (106), are kno&n to catalyze
the oxidation of cysteine (119). Centrifugation, therefore, would
be expected to impair the oxidation oﬁ.cysteine in the homogenates,
and consequently, the inactivation of tyrosine aminotransferase,

In contrast Auricchio Mollica and Liguori (3) concluded that
ibe inactivation of tyrosine aminotransferase was stimulated by
cysteine because of its effict on‘the activity of cathepsins B and
iBl, and that centrifugation inhibited. inactivation due to the con-
comitant removal of cathepsins B and Bl with the 1ysoaonal fraction.1

| The effect of the particulate fraction on the duratid‘ of the "o
N

lag period in‘centrifuged-homogenates containing cystine (Table 14)

was fnrther investigated (Table‘ls) The addition of Na P20 and

ich are known to catalyze the oxidation of cysteine (54),

*

- the elimination of the lag period and a significant

increase.. jehe rate of inactivation. This reault indicated thnt o ‘.

~cysteine r other low molecular weight sulfhydryl canpounds posaiblyd.

e

'iff*t 1In addition to contrifugation at 13000 x g Autiochioi.uollieagi,“
..Q.'and Li;uori (3) 1130 obuerved that rigoroul ho.ogouiantion inbibit.d‘f
»:."Atyto,lim auinott‘uufcuu inlctivcti'on.. ?utthu: vork on thf\_;;br :
' 40f hmneconiz&tion is tequirad but vis not invcscigatqd 10 the 5,“f{

‘“prcscnt oxpéri-tnta. "';; S ~tg'-;-‘,u”:}.v1_ . -f SRR :i 1ﬁfiq

l. O o . ‘ o to ‘ : LR
e N [ . AL . . . S et oGt

-




y ~'§1ace between addcd eynctue and endo;enau: csa pteéucin( cyttﬁ

. . : o 1s7

inactivation of tyrosine aminotransferase.l chause the oxidatiOn
of these sulfhydryl compounds would be inhibited by the removal of
the particulate fraction the increase in lag period as a result of 'S
céntrifuging homogenates containing cystine is not inconsistent o

with the praoposed role of the nattiCulate-fraétion in the cysteine;~

mediated inactivation of tyrosine aminotransferase,

G. Alternative Interpretations

-Becauee<0hly crnde tat_livet hdmogenates were stndied it is
.péeéiblé‘that several mechanisms-of inacttvation’bf tyrbsineieminoe
'transferase were being observed in the present experiments. Inactiva-
tion in the absence of cysteine or cystine may have been due to
a mechanism distinct from 1nact1vation in the preeenee of cysteine
' or cystine. In addition, pyridoxal 5'—phosphate may have’ played a " 1

role in the 1nactivat10n of_tytosine-aminotransferase under gome

conditions. ' o :' :>,
_4@'ﬁcept in.buffer.f a slow'tete ef'tyrosine“eminbtransfetesen'
'.1nactivation occurred without added cyiteine or cyatine. Althouéh'.: 4

S
. a seperate -echenic- may have@been observed severel nrgul&nts

i‘suggest that the nechanian of 1nect1vation ves the oahe as 1n the -
i }~presence o£ cystei&ﬂﬁbr cyctine. Prelgninary experlncnte vith

k"

Tchicken 11Ver honogéhates, llthou;h not reporteﬂ in thil tketil.

'tf demon-trated that che charactorgscic- of cysteine~eediated tytnstne

13°-l 'vlfhyd?YI-disulttde exchan.e vonld bt expccted to tnke 3:i}f”ﬁ'y

cssc m ux.a «umnan nccotdins to ructim ducribed by u ‘eu (0)
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aminottansfetase fhactivation were s.imila: to those found with the
" rat liver .system.y In addition, when GSH was subdtituted for cysteine
in the chicken liverbhomvogenates, the ‘re8u1ts were almost identical
to those bbtained with cysteine. The concentration of endogenous
GSH in the rat livet-homogenatés would likely have beerfpin the range
of 0.5 ‘to‘ 1.0 mM. Sdnce GSH is rapidly oxidized in ‘tat liver, homo-;
‘ geﬁates "(.61) , ‘oxidation of -endogenous GSH..ahd 'subs.e(;u,en't mixed
.d,isdltide fgrﬁation with tyrosine aminotransfe,tasé _cbuld‘ a-bcoxmt
fot the'dbser;ed 1nactivation,1d.the absende of}cybteine or dybtine}
Moreover, 1nactivation both in the absence and presence of cysteine "
. [
. ? was stimulated by 02, 1nd1cating that the same mechanism may have
been operative in both cases. - ilb
The results obtained with buffer f were an.exception since no
inactivation ﬁas observed iu the absence of cysteine or cysiine.

The fact that buffet f caused complete,inhibition in the absence of'

- those amino acids but petmitted inactivation after their addition

' 3

may suggeat that 1nact1vation proceeded by more than one -echaniqi."“

".Houevet, the added cystine or Cysteine -Ay sinply have overcone uheL -
inhibitory effect of buffet f | |

"kf The effect of gyuteine on’ the 1nact1vution of tytnsinc a-ina-‘ E

e

e cunsfcrau uay be related to itn abiu.ty to for- a ulutvcly

‘(IY thc eo-;ue:‘,D uhichf{;ifﬁjqf

‘d_:itable conplex with Pvridoxal 5'—phospha;n
- '~l."""_.."conu1n- a tbiuolidina ting (7,’39) fouﬁ aur s vide t&np of
dfjpn valuap 1nclnd1ng pa 7 (7). ~34nce Pyridoxcl 5'~9hoophaca uppctrtlfﬁg,‘

to hae a nubuum cffcct on :yroaim nd.notrmfum (& 57. o

42), ;h‘ fomtion o£ a co‘phx hcmda pyruaui 5'~pho;gha:o ud D



159

.cysteine might be expected to influence the stabillty of the enzyme
in rat llver homogénates _' h ' . ‘ J
Pestana Sandoval and Sols (82) have reported the 1nhibition
of tyrosine aminotransferase by homqcysteine when this compound was
preincubated with the enzyme before the addition of substrate to the
assty mixture. Similar inhibitién of setine dehydratasé‘was shown
to be competitive with pyridoxal 5° —phosphate and was apparently
due to ‘complex formation between homocysteine and pyridoxal 5'-
phosphste (82) ‘The formation of the complex was investigated and
it was found that complex f‘tmation coald be reversed by gassing with
»Qé, grgsumably dug to the otidation of homoqysteing to-hqmocyatinek
'(82) ..Th'us, tf{e éysteine-py'ri'&oxa’l S'—phosp&ate tbﬁplex that might

have been formed in the present hcmogenatea may also be dissociated ' -
by the oxidation of c,ysteine. Prior to oxidation of the colplex, |
'vhowever tyrosine amiaotransferase may have been nore luaceptible
© o to 1nnctivation aince 1t WQuld likely have been m the apoenzyme -

o . R _.\.

form. Q“'

e
N

uolten, Wicks and Kenmy (42) found that ut li.vgr gxtrlcto
(105 000 x g supetnatant traction) which had wn dulyzcd agaiunt

- 0. .05 N phnsphate buffe:. PH 7, 3. rapidly 10'!‘- CY“"“‘C "1““‘“"“

B ~ferue activity when incubated vith 1 e nch df cystdm- N'u““‘

e _'and threquim aq.\ pll 8 3.. Cym:cim .1"

,H)

L ttem, m addmon of o oo dt Pyudoui 5 -»pho-phm m.yw'ff*ﬁ** e
L E.tht azno ncid-tnhuud .uyu tmcu-vntiqn f“ 30 ‘1“' .



f.yi:.'._‘<1.27 fouud cha: puufud :y:ooine uinotrmfcruo -lmnty- ml
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pyridoxal - 5'-—phosphate, ty:rosineJ aminott:ansferase was relatively
stable in the liver extracts. ‘It was found, however, that purified
apoenzymelrapidly lost activity at pH 8 7 even in the absence of .
added a.mino acids. Furthermore ﬁ)yridoxal 5'-phosphate protected
.against inactivation of tyrosine aminotransferase apoenzyme both in
the presence‘and absence of‘amino»acids, and the addition of amino
~acids in. the absence of pyridoxal 5'-ph03phate caused no further
vincrease in the rate of apoenzyme inactivation. From these results
it was concluded (42) that the effect of the amino acids was to
complex pyridoxa& 5'—phosphate causing the apoenzyme to become
: inactivated becai.f of 1t8 1nhereht instability.
The characteristiCs of tyrosine aminotransferaae inactivation :
- observed by Holten wicks and Kenney (62) were diffetent fron thOse‘f
observed in- the present experiments., It is reported here that both
02 and the rat liver particulate fraction vere requiredcfot cysteine- -
"medlated 1nactivat10n to proceed uhereas neithot were tequircd 1n
: the. investigations of Holten, wicks and Kenney (42) Howevet their
_1experinents were performed‘at pH 8 3 to 8 7 and the preuent experi- "

[

'ments were perfotned at pﬂ 7 O to - 7 5: the difference in pﬂ nay hlve e 2
had a signiticant.effect on reeults. In the experiuent- repottod
.';?here the rate of 1nac;ivation of tyro-ine niiaot:anofereae w.s greatty[i;f: l

'jv}increased above pﬂ 8 5 (!13._2) Alth@ﬂth SOLth. Vicku and tcuutr

'unltlble tt # 8 7 1: \ru otebie nt p‘ll 7.5‘ nm tiu mt‘i\mtim ".-_':,';'._.:.._;'f'.fr



- 161

-

above pH 8,5, whereas the inactivation at pH 7.5 reported here

‘probably proceeded by a mechanism other than the inherent instability

of the apoenzyme. ' _ a ) )
‘l . ' . . \
H. A Recent Report and Its Implications

-~

After the experiments presented in this thesis vere completed
: Reynolds and Thompson (92) described the inactivation of tytosine

aminottausferase by cysteine in rat liver homogenates ’ Following

tyrosine aninotransferase 1nduction by the 1ntrapeni al injection

i'of dexamethaaone phosphate,ctat livers wete homogenized in a loose-
fitting .Dounce glass homogenizer with 4 volumes of Krebs—Ringer- B
l_;phosphate buffer at pH 7 0. Homogenates were‘incubated under an
yair atnosphere and‘samples were removed for enzyne analyais at .
_'houfly 1ntervals.A In the presence of .8 oM cysteine ‘there was a
lag period of 1 h followed by an. exponential loss of tyrosine amino-
transferase activity with a half-life of O 72 h, It was also observed .v
thnt tentrifuging of homogenates nt 105 000 x g for 30 min lnhibited ‘“

: t:le 1nactivation of tyrosine ainotunsferase. . [L'hese resultg are.

i 'sinilar to chou reporced 1n thia thuu when hano;enaus contained

- ‘,,‘_'_-:-"’;cysteine and. vere 1nc‘ubated undet 02
I not 1uvoatigat¢d by Reynolds tnd Thonpton (92), there day have been

AlthOugh the cffect of 02 wla

-umcmt m mham ovu t:hc sutfucc of :n. m.o.mm to f |

tupply 2, 1f zt wu requircd for tynosine ui.notunaiprm 11:«.;:1“_}

¢

e"_

Sy tion in th-lr cMtht.._} S

’.Other su;ltut canainin; coqboundg telted by p‘mu, and

'fho-pm (92), inclpdia; cyntluq. Gs"i | ':‘_,l!,and m \vctc mt
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yrosine i:ulf had RO effect. L *

SR caused tyronine ll

‘f.l;L-cystcine.
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effective in causing the inactivation of tyrosine aminotransferase.
The stability of the enzyme in the presence of cystin% does not

agree with the results presented here, Nor dbes the stability of the

enzyme in the presence of GSH agree with the present observation

that chicken liver tyrosine aminotransferase was inactivated in the

presence of GSH (section»H of Discussion). The discrepancy in results

'may have been caused by differences in conditions under which'the

effects of cystine and GSH were investigated. Reynolds and Thompson )

(92) prepared homogenates in 4 volumes of Krebs-Ringer-phosphate
)
buffer at pH 7, 0 and incubated under an air atmosphere ln the

.present experiments homogenates were prepared in 10 volumes of buffer

. § (O 308 M tris-citrate) at pH 7.5 for studies with cystine,

buffer b (0. 017 M tris) at pH 7. O for studies with GSH and incubated

. under an 02 atmosphere. Further work will be necessary to determine-
ﬁwhat factor(s) resulted 1n the’ discrepsncy between the results of

» Reynolds and Thompson (92) and the present experinents.

‘ Reynolds and Thompson (92) also investigsted the effects of

'a variety ef other compounds on the iuactivation of tyrosine anino-

“transferase.. Analogues of L-cysteine, nanely D-cysteine, cysteamine, -

C e

,B-mercaptoethanol. énd‘e-mercsptopropionic seid csused enzyme 1nact1-
"v‘vstion. but at a sloucr rate than L—cysteine. Gcrtaiu analoguss of

‘btyrosine, na-ely dopanine, norepinephrinn and epinepbriln, 31'0

vt°transferas¢ insctivstiou st a slouer rote thln R

s ,droxyphenyhlaxune (L-now. thoush. wu found to LR,

"-fﬂhe a; cffectivc as L-oysteins in cauainﬁ entyne 1nnetivattou. uhils

-.‘.-

L 3:\ '- j; .
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It was observed by Reynolds and Thempson (92)‘that of the
compounds investigated those most similar in structure to one of the
two substrates of tyrosine‘aminotransferase were the most e!fective

'in initiating enzyme inactivation. The_substrate analogues’may have
been able to occupy the snbstrate sites of the molecule, and con-
;equentiy.have‘access to the.pyridoxal S'rphosohate bound to .the
enzyme, Reynoids and Thompson (92) snggasted therefore, that'the
compounds causing tyrosine aminotransferasa inactivation reacted with
pyridoxal 5'-phosphate removing the cofactor from the enzyme

' The apoenzyme was then presumed to be susoeptible to inactivation

AR
and degradation by an unknown mechanism.

: ~ The scheme proposed by Reynolds and’ Thompson (92) may be
consistent with tyrosine aminotransferase inactivation by mixed
disulfide formation. Reynolds and Thonpson (92) observed that in-
activation proceeded‘rapidly in the ptesence of cysteine or L-DOPA
but the loss of immunologic:11y reactive material ctoss-reacting
with antibody qpecific for tyrosiné‘nminotranaferase proceeded at
- slower rate., These observations suggested that there was an intet-‘
meJiate inactiva.tion atep between removal of cofactor fron ‘e. .
holoeuzyme nd further degradation ‘of the apoenzymé (92) To be
consistent with the present obserVations the inactivation stap may’ ‘
".f represent mixedrdisu:fide formation ;ith the apoenzyle $
As descri previously,.tytobine minotranafcrue wu 1eu |
| stable to hest denaturation (37) or proteolytic attlck (4) in- thc

. lpoenxyne foru as cougtred to the haloenzy-e The uaqp&relatiouship

LS

- uy apply to. inactivatiou by dxed dimlfido fomtion.‘ Ructive

f"

~.-.;.." j'i... .

aulfhydryl 3toups found in or near tﬁe ag;ive oin (42 55) ny be



vprotected in the holoenzyme, but would likely be more susceptiple
to mixed disulfide fbrmation‘in the apoenzyme,

| Beeause significant leyels of GSH or GSSG were eXpected to be
present in the homogenates tested here, the poseible role of these
comppunds in the inactivation of tyrbsine aminotransferase has been
considered in conjunction with tne roles of cysteine, cystine and
pyridoxal 5'-phosphate 1n the following paragraphs, GSSG has been
assumed to be as effective as cystine in the inactivation of tyrnsine
eminotransferase under the eonditions in the present experinents
because GSH could wubstitute for cysteine'in the inectiyation of ~
chicken ltver_ty;osine aminotransfetase (section H of_Diseussion),

[y

and also because GSSG wasdfound to cause the inactivation of several
) ' i -
other enzymes (séction D of Discussion).

In'the present expériments tyrosine-aminotransferase was only
slowly inactivated if at- a11 in homogenates incubated with no

»

’additiona. Under an O2 atmosphere endogenous GSH would 11ke1y have

been oxidized to GSSG - Tyrosine aminotransferase apoenzyme was

probably not readily formed under these condit’ions and the con-
centration of GSSG may not have been sufficient to ‘cause rapid >

inactivation of the holoenzyme.

Under N2 atmosphete in homogenates containing cysteine inactief

vdtion was 1nhibited for more than 3 h (Table 8) Durinz this time

.

wine aminotransferaoe likely/existed el the apoenz}mel a8 a

t..‘ “ .

. v , } v
1F’ull activity for tytosine aninottanoferase apoenzyne wuuld be
neuured in the assay method used in the experillentl teported here.

.‘V. '.
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A

result of complex formation between cysteine and pyridoxal 5'-
phpsphate. However, inactivation by the small amount of disulfides
expected to be present in fhe homogenates was probebly inhibited by
the excese of cysteine (see sections D and F of Discussibn). How-

Y .
ever, the excess cysteine may have been catabolized with the release

.of H,S (see section C of Discussion), and if the catabolism of free

2

.c steine did not disrupt the cysteine- yridoxel 5'-§hosphate ¢omplex,
y : P :

- coenzyne dissociatidn may be the 1n1t1a1 step in the 1n vivo degrada-

tyrosine aminotransferase may have remained in the apoenzyme form
in the absence of free cysteine. The enzyme may then have been in-
activated by ihe'residual cystine or other disulfides present in

the‘homogenate. .
. In the presence of -added Cystihe, tyrdsiue aminotransferase
inactivation was rapid and proceeded without a lag period (Table 12).

nder these conditions the high concentratioQ’af cystine may have

been able tq comgete effectively with pyridoxal 5'-ph98phate fop a

siteérhich would allow an'exchange reaction with the essehtialf‘

. sulfﬁyq;yl'groups.on.the enzyme molecule.

_ In homogenates containing cysteine, complex formation betweeén

~ pyridoxal 5'-phosphate and cysteine ina‘y not ha\ietxf}oen_ced the

inactivation of tyrosine aminotransferase. Alﬁhéugh a comﬁlexfwould
likely. be fgmd, the® subsequent o;ddacion of cysteine would likely

result in’ its d'issociation (82) 'rhe cystine resulting from oxidation
Va { 9

.

.may have caused inactivation in’ “the same manneMas when cystine ‘was

‘added direttly to the homogenate.

»

Litwaqk and Roser/1field (63) have recently emphasized that
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tion of enzymes., Similarly, Reynolds and Thoﬁpson (92) have proposed

4 that the formation of tyrosine aminotransferase apoenzyme may initiate

inactivation of the enzyme and its subsequent proteolytic degradation,

The present results are consistent with this scheme ‘and indicate that

v *

mixed disulfide formation may be the mechanism of inactivatf®n

. 4

subsequent to apoengymé formation,



SUMMARY

Wwith the aid of an automated technique for the assay of tyrosine

aminotransferase activity, the inactivatiop of ‘oyrosine aminotransfer-

LJ

The measurement of .inactivation was preceded by in vivo induction,

.

and homogenization of the liver with a specially prepared 1opse'
fitting Potter Elvehjem tissue‘grinder. in a Krebs-Ringer-phogphate
buffer with no additions inactivation ntoceededbslowly, whereas

in a tris-citrate buffer with no additiqns the enzyme was atable..

In either system the adJition of both cysteinc and 0, caused a markcn
and significant increase in the rate of inactivation which was pre- .
ceded by a lag period Qf abgat 1 h, It was found that if cystine
cwere substituted for cysteine inactivation proceeded .as before but

the requirement for 0, and the dnration of the lag period were sig-

2
nificantly"cduced The partidulatc fraction of the rat liver‘hamc;-

4

genate was found to be requited for inactivation in the presence of
cysteine and 02, but had little effeqt in tbe pteggnce of cystine.
A seatch of the literature revealed thnt rat. iver nitochondrialf

~ N .

"preparations ‘are capable of catalyziﬂl thc oxidation of cyutcinc to -

ase In rat liver homogenates was studied under a variety of condftions.

-

FE

v »’-"

cystine. Thns, it qppeared that as a teault of / 1tu oxidat&& K

cysteim iuy hwe cauud :he inutivation of cyrosinc atinotuufnt- |

ase by the same mgchanion as cyut;nc.‘. ‘ ‘,? ;._"ﬂf. A"' -'!l
- ‘l’hi- conelusion hovevnt. don mt um with thc {utctten brt
"cy’tg}gc ptoponad by Anricchlqi ' ‘$:94‘n$ L&'ﬂoti (3), ﬂho con- .

cludgd t!nt cya tdm Q

_. :



Aurfcchio, Mollica and Liguori (3), though, did not investigate

the possibility that cysteine was oxidized ,in their homogenates,
Nor does the present éoncluSion entirely;aé;;e with the effect of
bcysteine p;oposed'by Reynolds and Th?mpsop.(92), who suggested that
tysteine func tioned by comp}exing with pyridoxal‘S'—phosphate
resulting in the formation df-tyrosine aminotransferase époenzyme.
Nevertheless, certain'asbects of. the three 1nvestigétions are -
_conéisient with the model for ty#bsine aﬁinotr;néferase dégradation
A N .
proposed by Re}nolds and Th0ﬁpson (92) . Auricchio, Mollica and
'Liguori "(3) observed that tyrosine aminotransferase was inactivated
by cathepsins B and Bl prepared.from rat liver lysosdmes, which is
consistent with the final step of the mo::iel proteolytic degradation.
The reSults of Reynolds ‘and Thompson (92) - indicated that th inacti-
vation ahd)degradation of tyroaine aminotransferase was preceded\Qy
formation of the apoenzyme the first -step of their modcl /The o
_ present results suggest that the second step of the 'odel inacti-

vation, proceels. by mixed disulfide fomation with the enzyme

‘molecule.:
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APPENDIX A

Tyrosine Aminotransferase Assay Techniques

References: ﬁiamondstone, 1966 (17)
| Granner and Tomkins; 1970 (30)

During the course of the experimentation several chgnges were Y
made in the solutions uged in the assayvprocedurés. In one trial of
experiment 1, one trial of expetiment-WZ, e)tperiment 6 and experiment 8.
a phbspﬁétg buffgr'és described by Granner and foﬁkins (30) was u;ed.
Although it 1is unlikgly that tl';e assay solptions 'c'bu],d have had an
effect bn tnzymé>inact1vation,-phosphate was’ex¢hgng§d‘fonutris in
the rest of'the‘experi;ehts for reasoﬁs‘explainéd in the text:'

Several changes were made in attempts to 1mprove the operation

' of the automated technique. Fot‘example Ttiton X—lf)O was foum;.
>to prgvent accumulation of solid natarial in the transmibsiou tubing
\and flow cells. Separate experiments with the individual -ag8ay method

3

- showed that Triton X-lOO had no effect dn cnzyme activity. Tha dnly :

= .other change which was - gffective was the -plitting pt oolution F. e
o (uned in the 1ndiv£dun1 ussays) 1nto solutions B ‘nd-c for the auto-iI/ ';é;

‘ : mated procedure. On standing at, toon tonperatura. oolutioa F tended
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Soiution A
. M - >
0.20 M tris

.~

1 mM EDTA

- . N

5 mg(ml);-l'bovine albumin, fraction 5; added after the e

: N
solution was made "Jup to the mark" .
pH was adjusted to 7,88 at 25 C‘ vg.t:\"‘concenttite.d HC1

Solution B
. 10,6 mM L- tyrosine (Sigma Chemical Co.)
5.32 oM sodiun diethyldithiocarbamate (DDC) {Sigma Chemiep’i
Co.) ' C - - R
1.52 wM EDTA
;0.0S“Z. by valume Triton “X-100‘
pH was adj;ixsted to” 10,5 with 10 N KOH'
oznncus’ o' | . L

2 92 ﬂl DTT- added after pll adjustnent

.s\}'"

pH was’ adgu_t:ed_ to ,7,5 at .25 _C‘fvi_th cpncentrﬁte{d ilCl' S
»Solutwn Do e e L | -

5 0 nH pyr,idoxal 5 -phoaghate (Sim Chenical Co )

pH vas adjuued to 6 5 with 1 N mu |
Satution B | L .

v " o
0 so M a-ketoglutaric acid Tsun be;ieal Co ) |
pll wis tdjustlsd to- 7 0 vith 10 N KOH R l_j'_j K
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In the prepa;ation of solutiors A to E the pH was adjusted before

the solution was made "up to the mark', Solutiors A to E were stored

. L ] .
at 0 to 5 C and were used within two weeks after preparation,
" L d

Y
‘ i . .

solution * . ' : T
25 partsvbolution B« N
11 parts solytion C'
1 part solution D
1 part solution E . .
pH wa§ adjusted -to 7,88 at 25 C,'if.necaésary, with |

i

concentrated HC1 or 10 N KOH

A
/ K
Solutton G

" 11 parts golution C( ' .
1 part solution D

1 part solution E~

k¢

Solutiogé F and G were prepared immediately before use\\
®

J

Y

AJ.-Individuainyrosine Aminotrang ferase Assay Method

N
©

y T - ‘ . _
1. '0.100 ml of homogenate was diluted to 1.00 ml with solution A,

2, 0:100 ml of the diluted thége ate was immediately‘a&ded to
O
12,46 ml of solutlon F prewarmed to 37 Cin a 25 ml erlynmeyer flask

3. This mixtute vas incubated. for 30 min at 37 C in a shaking
- water bath, The flasks were sealed with tubber'stoppets during

.

."incubation,

4, At the end of the 1ncubation50 01 ml of ? .5 N KOH xﬁs

tapidly added with shaking. I |

. : .
’ . . c e
Y
. .
- X . ! . . . . o . -
B . . . ’ - . .
| . .
X 4 . . R N .
PR B R .
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5. A second incubaﬂ}on for 30 min at 37 C-followed.

1
6. The optical density was measured at.a wavelength of 331
. mul in a cell of path length 1.0 cm, A*{U,‘ dilution with water was

; .
usually necessary. -

7. Blanks were prepared by adding 0.41 m] of 3.5 N KOH to

2.46 ml of solution F immediately before the addition of diluted
. [ 3

homogenate’,

AL, Automated Turosine Aminotransferase Assay Method '

The automated procedure was essentially the same as the indi-

vidual assay methpd.except phat 1t was performed in a continuous
ménner. Homogenate was. continuously withdrawn from the incubation
vessel and dilutea with solution A. Next, solutiohs B and G were
a@ded to Fpe streamaih the correct }rOpogtions. ‘The stream waéﬁthen-

¢ split into two, a blank and é test. The blank received KOH immediate-
iy, whereas the-test received KOH after the fi;st.inéubgtion. vBoth

_incﬁbations were Q?tried out at 37 C in glass coils suspended in

Y . .minefal oil baths., Both the test and the blank passed through two -
. + - ! ‘ ’
incubatiods, which were approximately 30-min‘’each in-duration.
! .8 ’ : . “
M N . LY “~/

Following the second incuﬁation; the two streams wereipassed'throughv
flow cells (1.0 cm fash length) in a Gilford Model 2000 spectro-

photpmetef>(Gilerd Instrument Laboratories) and the 6pt4c&lﬂd£nsitte§

were. recorded élternatel&:(AS sec for each fiqﬁ cell) on a
1 . : ./ g

. A product of the transamination of tyrosine is. p-hydtoxy— '

\; ] phenylpyruvic acid . The alkali catalyzed oxidation of p-hydroxy-

. phenylpyruvic acid yields p-hydroxybenzoic acid which absorbs

-

maximally at~331 my.
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st Crandard transmidsion tubing (1.59 mm ID).

o
= cflon tubing . 3§ mm 10) (Hol—ht.Prodn/cts‘).

0\ .
' m Single mixing co1l (4 mm OD). ‘ . ot
. . VLW
: vngic mixang oot 4 e OM with capillary <ide arm. In this
. apparatus the side arm was h‘ttod with <lcaving to reduce the
internal drameter. .
) .
. Nouble mixing cotl (4 o 0D wrth capillnrv side arm. 1In this
mm";’_‘zﬂ, apraratu< thessrde armwac fotted with sleeving o reduce the
internal diameter. . 7

Glass coil an heating bath. The coils were J2.2 & long, 1.6 mm .

'I_ijxad a volume of 28 ml. .

. ' Dehuhbler. S
. 1 " ‘ . M * h =

. A Modet J03 flow €1l (1.0 c¢r path length) in model 2000 s ectl:o'-
. ctoncter (Gilford lnstx;umusnl Laboratories). . r
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single chart. - ln mest cases thélautomatic‘blank'coﬁpensator .

attachment of the spgctrophotometer was used so that thﬁ difference

A

betwegn the blank and test could be read directly ffoﬁ-the chart,
. . . .

See tig. 3 for a detailed description of the®™\uto Analyzer “;
(Technicon Instruments Corp.) equipment used in the automated .
: s . D of
procedure. . ‘ - . ! ;
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