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SUMMARY

The studies reported in this thesis inr¡estiqatecl aspects

of post-ruminal- amino acid srrpplenrenta.tion and a-nino acid utilisatiolt

in yopng sheep fed low to medium quality cereal straw and cereal hay

roughage diets. Atl experiment.s utilised surç¡ically prepar:ed

animals.

As a first st.ep in defining the arnino acid requirements of

young sheep a simple supply-dentand ntodel of amino acid utiiis¿ition

Ìñras set up. The model suggested that methionine (and cystine) \^¡ere

Iikety to be the "first-Iimiting" arnino acids fcr sheep fed roughage

diets. Subsequently pcsitir,"e responses in terms of intake or the

efficiency of nitrogen utilisation to an abomasal supplement of

methionine r¡rere recorded although all animals in the experiment did

not exhibit positive responses. Although the changes in the plasma

amino acid pattern to an aftered supply of substrate (methíonine or

glucose) were consj-derable the changes did not give any clear illcìi-

cation as to which amino acids would be most likely tc be limiting

for protein synthesis.

A number of e>çeriments \4lere carried out using each anirnal

as its own control in ord,er to investigate betvreen animal variability

in the methionine response. Variability was particularly evident

in terms of voluntary intake and in one experimeni (tr,'ro sheep) in

v¡hich the repeatability of the responses was examined, the changes

in intake, urine nitrogen excretion and plasma amino acid pattern

were similar on two occasions. However there were no indications

in the plasma or blood cell amino acid patterns as to possible
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explanations for the different responses to the methionj'ne supplement

in different animals. Changes in plasma ami-no acid patterns and

voluntary intake in sheep receiving threonine Ín addition to

methionine pointed to interactions between these two amino acids at

the metabolic level.

The variability in the response to methioníne led to the

hypothesis that no one amino acid would be limiting for: all facets

of metabolism and that consequently supplementation with groups cf

amino acids would give the greatest responses. subsequently

methionine was shown to be the most critical of a group of amino acids

for improving the efficiency of nitrogen utilisation although in some

sheep there was evidence that other amj-no acids (e.g. threonine,

leucine) were also particularly important for efficient nitrogen

utilisation. consequently, the usefulness of the concept of a

"first-limiting" amino acid must be questioned'

fn experiments designed to examine aspects of the metabolì sm

of methionine, some sheep received intravenous infusions of raCio-

actively-Iabelled methionine and cystine after which they were

sÌaughtered a¡rd tissue samples obtained. A simple compartmental

model of hepatic methionine rnetabolism was developed- Ho\^/ever' as

a result of metabolic compartmentation of methionine and cystine

within the Iiver, the est-imates of protein synthesis and mejthionine

catabolism were clearly erroneous in all sheep except those

receiving very high rates of methionine per abomasum'
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The experiments highlighte<1 the complexity of amino acid

utj-l-ísation in the sheep. This is particuJ-ally evj-dent rvhen the

between anirral variability in the response to a- methj-onine

supplement and the complexity of methionine metabolisrn are

consi dered.
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STATEMENT

This thesis contains no material which

has been accepted for the award of any other I

degree or diptoma in any University and that,

to the best of my knowledge and belief, the

thesís contains no material previously ptlblÍshed

or written by another person, excePt when due

reference is made in the text.
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AMINO ACTD NOMENCLATURE

The abbreviations for the amino acids

used throughout this thesis are:

TÀU

TIIR

SER

GLU

GLY

AI,A

ABU

VAI

I/2 cvs

MET

CYSH

II,E

T,EU

TYR

PHE

ORN

LYS

HIS

TRP

ARG

DOPA

taurine
threonine
serine
glutan-ic acid
glycine
alani-ne

o(-amino-n-butyric acid
valine
half-cystine
methionine

cystathionine
isoleucine
leucine
tyrosÍne
phenylalanine

ornithine
lysine
histidine
tryptophan

arginine
dihydro><ypheny 1 a 1 ani ne
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AIIE INI.sT'TUTE

llCR,1\Ry

TNTRODT]CTÏON

Despite the considerable economic importance of rì-uninants

throughouL the world some aspects of their nutrition are poorly

understood. This is particularly so in relation to the nitrogen

nutrition cf the ruminant a¡rimal.

The amount of protein and the balance of anino acids avai.lable

to the tissues of the animal are of considerable importance in

determining the productive capacity of the animal. Although the

supply of metabolisable energy to the anímal is of prime importance

in determining productive capacity, a relaLive inadequacy of the

proteín supply will greatly reduce the efficiency of utilisatj-on of

energy in terms of tJ:e animal production.

On two occasions in recent years specialist panels of the

FAO/IAEA (L972ì 1975) have drawn attention to the lack of knowledge

concerning the protein nutrition of the ruminant, and recommendatit>ns

for research have been published (L972; 1975). These falI within

the two components of nitrogen nutrition, nameJ-y the provision of

microbial pro+-ein as a product of rumen fermentation and the requíre-

menÈ for exogenous protein or amino acids which bypass the rumen to

supplement the microbial protein in order to meet the animalrs

overall requirements (FAO/IAEA L972) .

The work to be reported in this thesis was car::ied out in an

attempt to make sorne contribution to an ímproved knowledge of amino

acid utilisation in the sheep.
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INTRODUCTION

Many aspects of nitrogen metabolisrn in the ruminant have been

díscussed in recent reviews (Chalupa i968; llatfield L97O¡ Nelson

L97O¡ Purser 1970a, b; Preston L972¡ Armstrong & Annison 1973¡

Armstrong 6r Hutton L975¡ Smith 1915). The aim of this review is

to examine the patterns of nutritional ancl metabolic factors in

ruminants as they contribute to gain, loss and change in the protein

mass of the animal.

The review begins with a bríef discussion of protein and amino

acid supply in the ruminant, follo'¡¡ed by a consideration of the

adequacy of the protein and amj-no acj-d s,:pply in relatíon to the

requirements of the animal for growth. Aspects of the tíssue

metabolism of the amino acids as they affect the availa-bility of

amino acids for protein synthesis are also covered. The review

concludes with a consideration of protein accretion itself in

terms of its components, namely protein synthesis and d'egradation.

The questions raised will often be discussecl on the basis of

physiological mechanisms for which evidence is provided from

research on non-ruminant species. The intention is to indicate

areas of importance in a consideration of amino acid metabolism

in the ruminant. In reference to'the ruminant species, the

emphasis is principally on sheep, cattle being considered only to

hightiqht particuiar asPects.
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1. PROTETN ,1ND AMINO ACID SI.IPPLY IN THE RUMINANT

Harris & Mitchell (1.941) first showed that non-protein

ni.trogen woulcl support growth in sheep. This was in marked

constrast to results obtained with rats (Kriss & Marcy 1940).

Subsequently Loosli- et al. (1949) provid.ecl conclusive evide¡ce

that amino aci.ds were synthesised in the rumen of sheep fed a

diet containing urea as t-he sole source of nítrogen. A few years

later, Duncan et aJ-. (f953) and Weller (1957) published data for

the amino acid composition of ruminal digesta and rumen micr:obial

preparations, while Black et a7. (I957) and Downes (1961) suggested

that, excepË for arginine, the same amino acids that were essential.

for the growing rat were essential for the lactating ruminant.

The rumen exerts a considerable modifying effect on the

balance of nutrients arrailable to the animal v"'hen compared. wÍth the

composition of the feed consumed. Thus Egan (1974) showed that a

twelve-fo1d range in dr'-etary crude protein concentration was

condensed to a four-fold range in the protein ccncentration of the

organic *"ttut digested by the animal. Dietary quatity influences

the protein/energy ratio of the nutrients available to the animal

through both the efficiency of rumen microbial protein synthesis

(Walker & Nader 1969; Egan eË aJ. 1975) and the anount of dietary

protein escaping degradation in the rumen (Bgan 7974¡ Walker et af.

1975) .

In terms of the amino acid composition of rumen microbial

preparations there is little variability in the data reported from

various laboratories (Purser 1970a). The compositíon of dietary

grass and legume protein is also simílar to that of rumen microbes.

However, there is evidence that the true iligestibility of bacterial
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and protozoal proteins may dif¡-er (McNauqht et aL. 1954 ; Bergen

et aJ-. 1.968) while Bergen et al-. (1967) have suggested tha.t the

availability of amíno acicls from mÍcrobial- pr:otein Inay vary J¡el-ween

dj.fferenE species of microbes. These fact-ors may assurtìe consideral¡le

ì.mportance in particular situations. The only protein available in

aninral,s fed diets with urea as the sole source of nitrogen is of

microbial origin, while ScheltinE et aL. (cited by Sche11íng e

Hatfield 1968) have observed only a límited number of bacterial

species and the vir:tua1 absence of protozoa in the rumen of animals

fed purified urea-based diets. 1'hus the influence of the nicrobial

population on the amino acíd supply to the host animal may be an

impo::tant variable in studies of the arnino acid requiremen'ts of

ruminants, with apparently sma1l variations beirrg of nutritionai

significance to the host animal.

2. THE ADEQUACY OF THB PROTEIN AND AMTNO ACTD SUPPLY

2.L Theoretical estimates of amino acid adeguacy

A number of workers have produced tìreoretical estimates of the

re] ationshi-ps between the amino acid supply and the a:rrino acid

requirements of cattle or sheep in different physiological states

(Hogan L97O¡ Purser l97Oa¡ Hutton & Annison 1972¡ Armstrong &

Annison 1973¡ Egan & Vùalker L975).

The estimates of Hutton & Annison (L972) and Egan & Walker

(f975) which were based on the factorial tnethod used by viillians

et a7. (1954) for the estimation of the amino acid requirements of

rats, pigs and chicks, are likely to be the best of the theoretical-

estimates since these workers allowed for differences in the
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utilisatíon of the different essential amino acids. Both Hutton

& Annison (1972) and Egan & I{alker (1975) used the concept of a

utilisation factor, this being the ratj-o of th-e calculated require-

ment of an amino acid for net protein gain to the dietary supply of

an amino acid, The calculations included aflowances for metabolíc

losses (metabolic faecal and urinary nitrogen).

Ilutton & Annison (L972) calculated the amíno acid requirements

for a growing steer using the utilisatíon factcrs for the pig, and

suggested that rnethionine synthesised in the rt:nten would be barely

adequate fo:: the needs of the animal, whíle for all of the other

essential amino acids the supply would be expectecl to be adequate.

They suggested that some dietary protein must escape rtrininal

fermentation for maximal growEh of ruminants. Flowever, experiments

involving methionine supplementation in growing cattle have not

given the clearcut results whic?r could be expected from the estimates

of Hutton & Annison (L972). Steinaker et al.. (1970) obt-.ainec1 a

smalI, though non-significant, response to post-rurninal methionine

in cattle fed a urea-based diet, while Chalupa et al. (1972)

detected an improvement in nitrogen utilisation in one er-periment

but were unable to confirm this subsequently. Sibbald et a-2. (1968)

obtained a hígher rate of liveweight gain in steers fed a supplement

of encapsulated methionine (designed to protect the methíonine

from degradation in the r'¿men) . Other wor:kers have observed in-

creases ín nitrogen reterrtion ín steers gi'ren abomasal supplenients

of lysine (Devlin & Vrloods 1964¡ 1965) or the branched chain amj-no

acids and tryptophan (Cha1upa & Chandl-er L972).
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Egan & !{a1ker (-1975) cempared their calculated utilisation

factors (the ratio of the estimated utitj.sation in protein

synthesis to t-he estimated supply) for the t'ar:-ous amino acids

with the ratios derived from pubtished clata for the rat, pig and

chick. Where the calculated utilisation factor foi: the ruminant

greatly exceeded that for the other species, the particular amino

acid was considered like1y to be limiting production. On this

basis, these workers suggested that methioniner/cysti.ne, hisLidine,

Ieucine and tryptophan were likely to be limj-ting for growth in

the growing sheep, although it is possible that the ruminant may

derive histidine from sources other than proLein digested in the

intestines. In a number of studies, methionine has been shov¡n

to be the first limiting essential amino acid for grorvth in young

sheep (Ninrick et a7. I97Oa, b; Barry et al-. L973; Schelling et

al-. 1973')

A significant factor to be noted from the papers of both

Hutton & Annison (L972) and Egan & hTalker (1975) is the low utili-

sation factors for methionine and tryptophan in the data for the

rat, pig and chick. this would suggest that these amino acids

have roles in metabolism other than their requirement for itrcorpora-

tion into protein. This is the situation with methionine

(Fi.rùclestein 19?4). Aguilar et al. (L972¡ 1974) have shown that

the apparent uptake of methionine in protein synthesis is

considerably lower than for any of the other essential amino acids

even lvhen supplied at levels weII below its requirement for maximum

growEh. However, the values for tryptophan were similar to those

for the other essential amino acids, and the low utilisation factors

16



for tryptophan may ìnd.:Lcate an overestimate of .its requirement

Ín the non-r'ominant- species.

Such theor:ei:ic¿rl- estimat-es of the adequacl'/inadequacy

situation in amino acid srrpply for the ruminant provide a useful

starting point in the study of amino acid requirenrents and'

metabolism in the ruminant.

acid supply

Both total feed intake (Ninrick et aL. I97L) and energy

intal<e pet se (Purser et aL. L966; Halfpenny et a7. 1969) har¡e a

marked effect on plasma amino acicl concent-rations in the ruminant.

The pattern of plasma amino acid changes (particularJ-y Èhe branched

chain anr-ino acids) observed by Nimrick et al-. (1971) resembled that

of changes associated with increases in dietary protein (Schelling

et aJ-- 1961), or increases in the supply of protein at the duodenum

(Ilogan et al-. 1968). However, the disproportionate increases in

the branched chain amino acid concentrations were probably a

reflection of the inability of the liver to catabolise significant

quantities of these amino acids (Sketcher et aL. 1974)

Bergen et a7. (1973) have proposed a unitary hypothesis con-

cerning the effects of dietary level and source of nitrogen and

other dietary factors on plasma amino acid levels in ruminants.

lhese workers have r-rsed the reported effects of d.iet-ary ami¡ro acid

insufficiency on plasma and tissue amino acid patterns from rats

and pigs. They consider that changes in pÌasma ami.no acid patterns

are primarily a consequence of the total amino acids reaching the

ids amijlg

17



duodenum. In its sirnplest ternls, the model pred.icts that during

a period of protein defi.c:'-ency (partïcrr1ar1y in growing anirnals) the

plasrna tot¿rl and branlched chaj-n arnir-ro ac-icls atrcl phenyl-al-anine v¡il,I

clecline, while the non-cssential to essential arnino acíc1 (Nr/B) ratio

wilÌ increase. In terms of protein srrpply, and perhaps t--he protein

to energy ratio of the nutrients available to the animals, the mod.ei

appears sat-isf actory.

Egan (1972) fed a wide range of diets to sheep and found that

the logarithm of the ratio of glycine to aII other plasma annino acids

was highly correlated wíth the quanity of r--(-o*'tto nitrogen at the

duodenum.

2.3 Plasma amino acids in the estimation of amino acid
requirements and as indices of limitinq amino acid.s

Almquist (f954) suggested that the relationship between plasma

amino acid (PAA) leveIs and dietary pr:otein itrtake may provicle a

direct method for establishing protein requirements.

A dietary deficiency of a sinqle essential amino acid may

result in a severely depressed level- of that amino acid in plasma

(Almquist L954¡ Clark et aJ-. f966). Consequently, nunerous workers

have used changes in the levels of plasma amino acids to predict the

essential amino acid requirements for rats and chicks (Morrísor¡ et aL

1961; Zimmerman & Scott 1965¡ ltfcl,aughlin & III¡nan 1967; Mitchell

et aL. 1968; Bravo et af. 1970; Stocl<l-arrd et a-2. i97A¡ GanEuli

et a7. L972). !'then itrcreasing levels of a single amino acid are

added to a basal diet, the plasma concentration of the added amino

acid is increased in the fed animal, but exhibits a 'broken line'

response which is interpreted as providing an estimate of the amino

acid requirements. Such patterng of response have been described
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in studies with rats by St-ocl<land et af, (a970) and Young & lulunro

(1973) . These workers suggest that the point cf j,nfl.ection iri the

plasma collcentration occurs at a loler J-eve-l- of the amino ac-i-d in

the <liet, than the level at which maxinral weight gain ís achieved.

The 'broken line' response technique has been usecl by several workers

for the estimation of the methionine requirement in sheep (Vtakeling

et a7. I97O¡ Nimrick et al-. 1970b; Chalupa & Chandler 19'12¡

Rej-s eÊ aJ. 1973b) . However, Chal.upa e Chandler (L912) noted that

the nitrogen balance technique gave much lower coefficients of

variation than the plasma technique in their studíes of methionine

requirements.

Several other techniques and modifications of the above

tectrriques have been developed in attempts to determine Èhe a¡nino

acid requirements (Mclaugh1an L964r Mclaughl-an & Illman 1967) and

to predict the limiting anr-ino acids in a dietary protein (Longenecker

& Hause L959¡ Smith 1966¡ Mclaughlan & l4orrison 1968).

Potter et al-. (L972) infused different proteins into the

duodenum of sheep and using different plasma amino acid ratio

techniques attempted to identify the limiting arnino acíd in each of

these proteins. Although one of the techniques apparently correctly

predicted the limiting anr-ino acid in each of the protein sources, the

applicafion of the technique to studies repor:ted in the literature

was less successful.

Munro (1956) concluded that the release of insulin must be

considered an j-ntegral part of the mechanism of the plasma amino

acid response in many situations, since dietary carbohydrate has been
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shown to depress plasma amino acid concentratíons whereas dietary

fat does not (Mu:rro & 'Ihoritpson l-953; I"lunro et al" l-959). The

reduct: ons in the concent--ratioirs of plasnra anino ac:'-ds in response

to the admj-nistration of glrrcose (Munro & Thompson 1953) or insulin

(Lotspeich 1949) have been found to be in the same proportions as

the amino acids in muscle proLe-in. In addition glucose adnini-

stra'bion has been shrown to enha.nce the incorporation of amino acids

into muscle proteirr i-n tats (Munro et al-. 1959; Knipfel et al..

(f969) , while insulin itself also stimnlates muscle protein synthes-is

(l^Iool L972) .

Changes in plasma amino acids in response to a ruminal

starch-glucose load (Purser et aL. 1966) or an arterial infusion of

glucose or acetic, propioniô or butyric acids (Potter et a7. 1968)

have been used in experiments designed to define the limiting amino

acids for ruminal diets. The energy loading experiments have ¡iot

been supported by direct studies to determine the limiting amino

acids in these situations. However, it is likely that protein

synthesís is being stinulated by the additional energy, since Eskel.ancl

et af . (L974) found that clep:lessions in plasma esserrtial- amino acids

in response to an intravenous infusion of glucose or acetic, propionic

or butyric acids were inversely related, to the nitrogen balance

responses.

fn a similar manner to that proposed. for an euergy induced

stimulation of protein synthesis, the changes in the plasma arnino

acid pattern in response to an infusion of the first lirniting a.mino

acid m-ight also be expected to indicate the other amino acids likely

to be limiting for protein synthesis. Using this reasoning,

20



Scott et al-" (19'72) su.gqested that threonine was the most linriting

ami¡ro acid for sheep ¿rfter- methionj-ne r:eqr-rirement-s had been net.

l.n the studies of Nimrick et aI. (1970b) plasma Ìysine, thr:eonine

and valíne concentraiions suffe¡:ed the greatest depressious when

methionine ancl glutamate were administered per abomasun colnpared

with glut¿Ìmate al-one. Subsequently lysine and threonine were

i.dentified as the next limiting amino acids.

2.4 Experimental evidence as to the adecfuacv of protein
and annj-ncl acid. su.pply in ::uminatrts

2.4.L Effect of sut¡plentental protein on nitrogen retenti-o¡ and
intake

Cu'Ehbertson & Chal-nLers (1950) showerl that casej-n administered

post-ruminalty promoted significantly higher nitrogen retention than

casein given into the rumen in sheep fed a roughage diet. Subse-

guently many workers have shown that post-ruminal supplementation

with casein improves nitrogen retention (Chalmers et aL- L954¡

Egan 1965, b, ci Egan & Moir 1.965; I'ittle & I'titchell 1967). The

quality of the supplementary protein is clearly important since

Reis & Schinckel (L964) showed that casein was a more effective

stimulant of wool growth than getatin, vrhile addition of sulphur

amino acids to both infusates improved wool growth further. Egarr

(1965a, b, c) also showed that the voluntary intake of a low nitrogen

roughage diet by sheep was considerably increased by post-r.uminal

protein supplementation, The increase in intake \¡¡as lûediated by a

mechanism differeirt to that which operated for urea suppletnentation,

since the response was delayed when'the latter supplement was

provided (Egan & Moir 1965).

21



The simplest interpretation of these results is that

circuntstances exist in which growth and proCucti-on of rumina-nts

is limited by the supply of protein or arnino acids. This nral'

invoi-ve l-imitations in voluntary intake or the eff:Lciency of

nítrogen utitisation, whi.ch presumably invoJ-ves amino acid metabolism

at the tissue l-evel.

2.4.2 Effect of supplemen tal amíno acids on nitroqen retent-iorr
and wool growbh

In some experimerrts, dietary supolements of individual amino

acids have improved the efficiency of nitrìogen utilisation by the

animal. Hor¡¡ever, if dietary amino acids ar:e to have an effect they

must either enhance the efficiency of microbial proteitr synthesis or

provide a significant amount- of amino acitfs which escapes ruminal

fermentation to yield extra amino acids for absorption in the

intestine. It is possible that in sorne experiments in whi-ch a

dietary supplement of methionine has produced a positive response,

the methionine may have been acting as a readily availabl-e source of

sulphur (Starks et al-. 1954; Albert et al.. f956) ancl improving the

efficiency of microbial protein slmthesis, although it is also

possible that some of the methionine escaped rurninal degradation

a¡rd became available to the tissues of the host anintal. In this

respect, dietary methionine has improved wool growth in some studies

(Starks et al-. L954¡ Wrj-ght L97L¡ Doyle c Bird 1975).

Marston (1935) was the first to show that an increaseC supply

of cysteine at the tissue level may result Ín an increase in the

rate of wool growth in sheep. Subsequently Reis ancl Schinckel

(1963 ¡ 1964) showed than an increased pcst-ruminal supply of methio-
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níne oï cyst(e)ine produced large responses j.n wor:l growth" This

has been confi:rmed by nany workers for sheep fed roughage diets

(Reis L967¡ Dryden et al. 1969; Langlands 1970; Downes et af.

I9?0; Barry & Andretvs L9'13¡ Barry et a7. 1973; Dove & Robards

Igl4). High levels of methionine have been found to depress wool.

growLh (Reis L96't; ReÍs et aJ.. L973), h,hereas high levels of

cystine do not depress wool growth. At low Levels of supplementa-

tion, methionil'le is a more effective stimulant of vrool growth than

an eqr.tj-valent arnount of cystine (on a sulphur basis) (Will-iarns et al-.

Ig72b). Ttris may be related to metabolic functions of methionine

apart from íts roles as a precursor of cyst(e)ine and as a protein

ami¡o acid. Methionine is a methyl donor (f'-inklestein 1974) and

ís also required in the synthesis of polyamines (Pegg & Williams-

Ashma¡r 1969), which may have a role in the de novo synthesis of

protein (Tanner L967).

In several experiments with young sheep, abomasal supple-

mentation with methionine has improved nitrogen retention (Nimrick

et a7. L97Oa, b¡ Scott et a7. L972; Chalupa & ChandLer 1972¡

Schelling et al-. I973). Intraperitoneal administration of methionine

markedly increased the voluntary intake, livewej-ght gain and vrool

growth of young sheep fed silage (Barry et al-. 1973'). Ev-idence of

a possible aminostatic control of feed íntake in rats has been

provided by Leung & Rogers (1969) and Peng & Haryer (1970) . It has

also been shown that amino acid imbalance depresses in'take in

preruminant lambs (Rogers & Egan L975) -

2t



The order of l-i-miti-ng essentia.l- arnino acids for qrowt lt of

young sheep fed urea--basecl pu-rifjed diets has been cieiiried a-s;

methionj-ne, 1ysíne, threonine (l'fimrick et al-. 1970a) . NimL:icli

et al-. (1970a Experiment 2) suggested that lysine rather than

methionine may have been first limiting for growtii of some lambs,

indicating the possibility of between animal variabj-lity or animal

x diet interactions affecting the :lequirement or relative supply

of amino acids. However, in a subseqr-rent experiment reported i.n

the same paper, neither l.ysine nor lysine and methionj-ne improvr:r1

nitrogen retention whereas methionine alone producecl a large response.

The rate of growth of lambs in the latter experi-mer.rt was slov¡; it is

therefore possible that a 1ysíne x rate of growth j-nter"rction was

operative. It has been argued that the lysine requirement relative

to that for methionine (+ cystine) should increase rapidly with an

increasÍng rate of grorrth due to the relative decli.ne irr the sulphur

amino acid demand for wool growth. Schellj-ng e flatfield (f96E)

reported a large nitrc>gen retention response to lysine in yourig I a¡rrbs

fed a purified díet, similar to that used by Nirurick et aL.{ 19704, b) .

In the work of Sche1ling & Hatfietd (1968) it is possible that the

amour¡t of methionine administered (4.3q/d,ay) may have been excessive,

since Rej.s et a-2.. (1973a) observed a depression j-n wool growth lvith

an infusion of a similar quantity of methionine.

Zeín, a lysíne-deficie¡rt dietary protein for non-ruminants

(HiIl & Olsen 1963) is refatively insoluble and fai:r'ly resistani to

microbial degradation in the rumen (McDonald 1954¡ EIy et a?. 1967) .

Thus, not unexpectedly, abc.rmasa.l supplemenL¿tiorr witli lysine j-ncreased

nitrogen retentíon in sheep when zein was the source of dietary

protein (Scott et al. 1969¡ Moore et a1.1970). In sheep fed whole

wheat diets, low levels of a-bomasal methionine supplementation
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adversely affect wool grov¡th (Reis & Tunks 1974¡ Downes et al.. 1976) -

This is in marked contTast to the sj.tuation with rou-qhage diet-s and.

rnay be rel-ated to a 'iifference in the patter-n of annino acids at the

duodenu¡n (and conseqr.teni:ly at the ti,'.;sue level) ' Ë,ossibl-y due to

differences in the type of microflora, o:l to differences in the

amino acid balance of the protein which escapes ruinirial fertnentatj-orr.

3. MODTFTCATION OF THE AMINO ACTD SUPPLY AT THE TISSUE I,EVEL

3.1 fntestinal arni.no acid absorption

3.1. I Apparen t absorption of amino acíds

The apparent uptake of amino acids from the small inte¡;tine of

the sheep has been studied ìn se'¿eral laboratories using measuren'.ents

of amino acid flow at the duodenum and ileu¡n obtained in sheep pre-

pared with re-entrant canulae (Clarke et aL. L966; Coehlo da Silva

et aL. L972; Harrison et a-2. 1973¡ MacRae & Ulyatt L974). However,

the net absorption in terms of the amino acid uptake in t-he bl.ood

draining the intesti-ne has been inrzestigate'J in only two stuCtj-es

(Ilume et al-. L972r Wotff et aL. 1974). This is perhaps not

surprising in view of the problems of technj-que involved lvith the

Iatter type of study. An accurate estimate of the blood flow is

required and the animal must be in a steady state, while small errors

in the analysis of the amino acid concentrations can lead to very

large errors in the estimation of amj-no acid utiljsation (I^Iolff

et aL. 1972).

In both of these studies with sheep, only the amino acid flow

in the plasma compartment was considered. However, in partj-cular

circumstances the blood cells may play an important role in the
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nitrogen transpor:t of amino acj-ds (elr^1zn 1970; I'eJ-Íg et af " 1973).

Despite this possible err:oLln t-here r¡ra.s reasonable ac¡re,enrent between

the ne"t intesti,nal upt.ake of esseniial arn-ino acids and the

composition of essentj-al amino acicls and the composition of rumeÐ-

microbial protei.n and clietary lucerne in the experiments of l¡lolff

et aL. (L972) and of Hume et al.. (L912).

Hume et aJ. ('1912) observed that in the sheep fed 12 tines

daily, the overall net absorption \{as posì.tive, while in those f.ed

once daily, the net absorption rrras negative. Since the sarne sheep

and. the same level of feeding was used in each caser some form of

c(-amino nitz'ogen other than plasma free amino acids nrust reach the

peripheral tissues in order that the skel-etal muscle is not depletetl.

Similar results have been reported by Elwyn et aL. (1968) for dogs

fed a single high-protein meal. Presumably the amino acids coul-d

also be transported free in the blood cells, as peptides (e.9.

glutathione), as carríer-bound arnino acids (e.9. cysteine, tryptophan)

or as protein amino acids in the plasma proteins, while transport of

the carbon 'skeleton of an amino acid as the keto acid could also be

important.

3.I.2 Endogenous protein s

Dietary protein undergoing digestion in the int-estine is

diluted by inputs of en<Logenous proteins in amounl:s which Nassett

et al-. (1955) have suggested could have considerable physiological

inpact. Nassett has suggested that the hydrolysis of the endogenous

protein may serve to protect the tíssues of the organism from the

immediate effects of the ingestion of an unbal-anced protein since
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amino acids derived fr:orn the endogenous protein dilute out those

derived from the dielarv source (ltrasseti & Ju 1961; Nassett f965) .

Sucli a gut homeostasis constitutes an attractive hypothes-is,

parE-icularly for diets of un-balanced proteins j-n the short-tèrm,

providing for. a delalr in the expression of an ami.no acid deficit at

the tissue level.

The free ami.no acid pattern of the gut contents of rats fed

a histidine-imbalanced diet was very similar to thaf- of rats fed. a

histidinecorrected diet after three days (Nassett & Ju 1975). Never-

theless the histidine imbalairce was reflected iu the plasma

concentration of histidíne after Èhree hours as has been shown by

rnany other workers (see Harper et al. 1970). There thus seents little

support for the suggestion that endogenous protein 5-nputs into the

intestine may protect the organism from the effects of a¡¡ unbalanced

dietary protein. This contentious issue has been discussecl more

fu1ly by Elwyn (1970) and Nassett 6, Ju (1975).

. Notwithstanding the previous discussj-on, there is a possibi.lity

that gut homeostasis may reduce aberrations in the actual- amino acid

absorption from the intestine which could conceivably result,from an

unbalanced dietary amino acid supply. I{ume et a-?. (L972) administered

lOg of leucine per day to sheep via an abomasal canula and obtained

results which suggested that an excess of an amino acid could cause

consi.derable shifts in the net absorption of otber essential amirro

acids, particularly lysine. Johns & Bergen (1973) also reported that

sa-turating concentrations of leucine markedly d.epressed lysine uptake

in segments of sheep jejunum in vitro. Sttch an interaction betv¡een

leucine and lysine in arnino acid uptake from the small intestine could
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be of ccrnsiclerable importance in rurnj-nants fed maize diets

containing zein. Consiclerable quantì.ties of ee-in are l-ikely to

escape ruminal fermentation (Bly et a-¿. l-967), resultinq in a very

high ratio of leucine to lysine in t--he smaIl intestinp.

Williams (1969) has concluded that the proportions of amino

acids j-n the portal blood reaching the liver in clifferent subjects

need not be the same even though the ami,no acicls in the intestine

available for absorption are in sintilar proport-ions. ft is possible

that this could result in differences j.n the effi.ciency of utilisaticrr

of amino acids by different individuals.

3.2 Hepatic amino acj-d rnetabolism

Elwyn (1970) suggests that the liver may be the key organ Ín

the regulation of amino acid supply to the tissues, since except

for the intestine it has access to dietary amino acids aheacl of the

ottrer tissues. Tn addition, catabol-ic hotnones whj-ch cause protein

depletion in most tissues of the body may promote protein accretion

in the liver.

The-extent and direction of net protein synthesis or degrada-

tion in the liver is a factor in the regulation of blood amino acid.

concentratíon. As evidence of this, hígh concentrations of amino

acids in arterial blood do not appear to st'-imulate net protein

synthesis in the liver (nlwyn 1970). In both the perfused dog

Iiver (McMenamy et a7. L962) and in the liver of the dog, in vivo

(nlwyn et a7. 1968) , blood amino acid concentrati,ons v/ere l-ower in

experiments in which either no net synthesis or protein depletion

took place.
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Lindsay et a.J-, (1975) have interpretecl tl:e aÌ:ove sl-aterrent

of El,w1'n (1970) as implyj.ng that aurj.rro acids sripplied th::ougli tÌre

artery woulcl be treated in a d:Lffere¡rt rnanrìer from i-hose ar::j-vi-nq

vía the portal vein. Unders'bandably, Lindsay and his cowor-kers

could find no evid.ence for this in experiment-s j.n which sheep livers

were perfused via the hepatic artery or porta.l vein.

Many factors other than the hlood supply of amino acids are

Iikely to be involved in the integration of hepatic arnino aci<l

metabolism. Glucocorticoi,ds increase the le.¡eIs of a nurnber of

catabolic enzymes, including tryptophan oxygenase (Greengard et aJ.

l-963) , serine dehydratase (Jost et al. 1968) and tyrosinc

aminotralsferase (Hershko & Tomkins 1971). Hepatic serjne

dehydratase in rats is very sensitj.ve to gtlucose, the adrilinistral:ion

of small amounts resulti-ng in a much depresseC rate of errzyme

synthesis and an increased rate of degradation (Jost et, al-. 1968).

Hormones need not be di,rectly involved in increasinq the enz)nne

levels, e.g. Peraino (L967) has concluded that cortisone is not in-

vol-ved in the primary induction of serine dehydratase but instead

appears to alter the capacity of the regulatory systems for the-

enzyme to respond to amino acids.

The administration of unbalanced amino acid mixtures to rets

and chicks frequently i:esul-ts in an increased le.¿el of many catal¡c-li c

enzymes in the liver (Nakano et al-.7970; Pamart et af. 1974¡

Woodward et a7. 1975). The índuction of threonine dehydratase by

high levels of methionine in the rat (Sanchez & Swenclseid 1969;

Danie1 & l¡laisman 1969¡ Girand-Globa et al . 1972) ancl thc resuftanr.
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Íncreasecl threonine oxidation as has been report-.ed in the chick

(Katz & Baker 1975) coul-d be of cons:ì.derable irnportance lrere it to

occur in the sheep. Scott et af . (L91 2) suggested t-Ïrat threonine:

may become the next lirniting aminc, acid for prcrtein synthesis in

sheep after the requirement fcr rnetJrionine has been met. They

suggested this on the basis of the consíclera-ble depressi-ons in the

level of plasma threonine with a:r increasing rat-e of methionine

supplementatj-on. This depression coul.d afso reflect an incr-eased

rate of threonine catabolism. Doonan et aL. (L974\ found- that in

sheep the intraperitoneal injection of only 7g ctf a protein hydro-

Iysate per day increased the level of hepatic threonine dehyd,r'atasr:

approximately 1O-fold whereas 2009 of dietary proteín failect to have

any effect. Since this quantity of dietary protein would be

expected to increase considerably the amino acicl yield at bhe duodenun'r

(Bgan L914) and hence amino acid uptake, it seems likely that t-he

response to the intraperitoneal protein 'vvas a stress response poss-ri-bly

mecliated through an increased glucccorticoid secretion. Since enzfznies

which are induced by high levels of protein (pitot & Pe::ajno L964i

Bourdel et al-. 1975) the apparent absence of a protein response in

hepatic threonine dehydratase in the sheep would suggest that-'a

methionine induction of this enzyne would al-so be unlikely, unless

excess methionine in the sheep also resulted in indir:ect effects such

as an increased qlucocôrticoid secretion.

The possibitity that there are consicler¿ble differences in

amino acid metabolism between the ruminant species and the rat and

chick should also be considered, as both the patterns of metabolites

absorbed , and the patterns of metabol-i-sm developed to cope with these
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could differ between spec-ies. For example, Carlson & Dyer (1970)

found that trypt:ophan oxygenase faj.led to r:espond to larqe doses of

gl-ucocort-.icoic1s cr tryptophan in sl-reep and caLtle, in marked

contïast Lo the response in the rat (Greengard' et aL- 1963). The

detoxification of benzoic acid may account- for a si.gnificant proport-.ion

of the liver gl.ycine uptake in the sheep (I{otff & Bergman L972h) a

situaticn rvhich would not ar-ise in rabs consuming a normal diet.

Large quantitìes of ammonia may be absorbed frcm the r:umen of sheep

fed high protein diets. Lindsay et a7. (1975) have suggtested that

the presence of arnmonia may depress the hepatic catabolism of amj-no

acids in the sheep. However, their experiments with perfusecl l-ivers

are confounded by the absence of a specific energy source in one <-lf

the perfusates, vrhile that which containecl a:iunonia af so containe<l

propionic acid.

SuÌ¡cellular compartmentation of amino acids and metabolites

may also be a particularly impo::tant factor in the channeling of

an amino acid into a particular pathway. Such a functional hetero-

geneity of the tissue free amino acid pool has been proposed hry

Kipnis et a7. (1961) who suqgested that amino acids for protein

synthesis are drawn from a pool which is in rapid equilibri'¡m with

the extracellular rather than the intracellular pool. The compart-

mentation of certain enzymes or metabclites within dj.screte cellular

organelles, as is the situation with hepatic carbohydrate metabolj-sm

in the rat (Greenbaum eû aJ.. (1971) , is a possibil-ity. For exarnple,

the enzymes of the l-g1utanyl cycle are located in ttre cell membrane

of several mammal-ian tissues (Meister 1974). Thus this pathv'ray

which could utilise glutathione taken up from the blood cells

(Richman & Meister 1975) could enable glutathione to serve as a

readily available source of cysteine as well as 911'cine and glutamic acid.
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3.3 Amirro acid catalrol-ism

The annount- of any amino a-cj-d which is catal¡olised j-s

potentially a .rery important var'-iaÌ-¡le in cle'L:ermining the avai-'l-a-bility

of an amino acid for protein syntÌìesis.

For some amino ac:lcls, catabolism may be an important source

of another cornpouncl, e.g. cystathionine and. cysteine froni methionj-ne,

tyrosine (ancl DOPA) ,Erom phenylalan:ri-ne, nicotinic acid from

tryptophan. The factors controlling the catabolism of a.try one

arnino acid, in particular the factors which cleter:m.ine the basal

catabolisrn or irreducibl.e wastage of a particular amino acid are

clearly verlz complex. For example, Aguila.v: et af . (L912) have shown

that methionine has a very high rate of catabol-ism in comparison with

the other essential amino acids, even when supplied at a level well

below its requirement, These workers sugge=tea that the role of

¡nethionine as a methyl donor and as the sulphur sollrce in cysteine

and taurj.ne may be responsibfe for the þi gli oxidation rate of

methionine, although cysteine supplementation of the diet appeared

to have tittle effect on the cata-bolism of either the methyl or

carboxyl carbon of methionine (Aguilar et al- 19741.

Gluconeogenesis is of very great i.mportance in the roughage

fed rumi.nant, and the provision of glucose coul<1 be expected to be

a significant feature of the animal's amino acid utilisation.

Reilty & Ford (f971) estimated t-hat aboul 28% of ttre gJ-ucose turnover

originated from the total amino acid pool in the fed sheep, whiÌe

Wolff & Bergman (I972a) and Heitmann et al. (1973) could account

for 11 a:-rd 8% of the plasma glucose as arising from the hepatic

metabolism of the anrino acids which they measured. These esti¡nates

of gluconeogenesis from amino acids are less than the earlier
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estinr.ates of 33-50% of the gluccse carb<¡n arising from ami-no acicls

in the la-ctating dairlz cor'v (elacl< et a-Z " 1968) "

3.4 Interorgarr a¡nino acid tTansËort

The supply of an amino acid to a tissue could al.so be

controlled thi:ough independent transport capabilities of the plasma

and the blood cells. Elwyn (1966) proposed differenti.af rcles f.or

plasma and erythrocytes in interorgan transport in the dog. Elr¡yrr

et al-. (1972) claimeC that in the unanaesthetisecl dog, transport of

free amino acids from the peripheral tissues to the liver occurred

mainly via plasma, while transporL of amino acids from the liver t-o

peripheral tissues occurred mainly in the blood cells. However'

there was considerabfe variability between animals, in that in the

dog in whích erythrocyte amino acid concentrations were high' aminc¡

acid transport in the blood celfs was greater for some amino acíds

t-han transport in the plasma, whife in the other dog wi-th low

erythrocyte amino acid concentrati-ons, the blood cells rnade littl-e:

net contribution to t:ransport (E1wyn et al-. 1972). Elwyn (1970)

suggested that the erythrocyte transporÈ probably represented a

stage in recovery from the caiheter implant surgery. However, it

may well be a more general phenomenon evident during certain

physiological'states. As well as the erythrocytes lerrcocytes (Grrpta e

Agarwal 1973) and platelet cell-s could al-so be ínvolved in blood

amino acid transport.

Other possible mechanisms of interorqan amino acid transport

also require attention. These include the possibilit-y that tissues

(e.g. muscle) may catabolise plasma proteins as a source of amino
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acids, while blood ce11 glutathione and plasma proteìn bound

cysteine could function as imporLant sources of cyst-.eine for the

tissues.

4. PROTETN TURNOVER

Net tissue protein accretion constítutes only a smalL

proportion of total protein synthesís in the growing anj-mal_, since

much of the protein synthesised is subsequently degradcd. As

there have been few studies concerned with protein tut:nover in

the :uminent, this reviers d.raws upon studies in a range of species.

Of the cl.assical nutritionists and physioJ_ogists of the 1gth

and early 20th centuries, only Magendie conceived of the body tissue

existing in a dynamic state of turnover (Murrro 1970). The principle

was esta.blished when Schoenheimerr s group'used t5*-tu}"rled 
arni.no

acíds to show that the body proteins were in a continuous state of

turnover (Schgenheimer 1942) .

The continual synthesis and degradation of protein could

appear to be a wasteful and energentically costly process. Hov/el'er,

protein turnover permits redistributíon of amino acicls for the

synthesis of functional proteins both within and between tissues.

In various nutritional situations protein acts as a source of amíno

acid which may be sequestered into catabolic pathv/ays to yield energ\7,

into pathwa¡zs of gluconeogenesis, into paf-hways of synthesis of

specific compound.s (e.9. DOPA from tyrosine, nicotinic acid. from

tryptophan) or into protein synthetic pathways to provide for new

patterns of enzymes and other proteins associa'L.ec1 wii--h adaptatiorr

to nutritional and physiological conditions. Thus the price of
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flexibility and adaptive capacity ís the continuir-ig degraclat-ioir

and resynthesis of proteins in the face of all pat--terns of nutrient

provision.

4.L Protein synthesis

The effect of amino acicl supply on protein synthesis has been

reviewed on several occasions (Munro L969¡ I97O¡ Clel¡'ens I9'Ì2) '

I,lost work has involved stuclies of the control and regulation of

protein synthesis in the líver. However, whole animal studies have

shorln that Ehe effect of malnutrition (undernutrition or a protein

free diet) is to increase the rate of liver proteín synthesis (ancl

degradation) while the rate of muscle protein synthesis is decreased

(Miltward et af. I975a, b). Thus the interpretation of many of the

studíes in relation to the effects of amino acid supply orl the

rate of protein synthesis is complex.

The actual site of protein synthesis in the cell is the

aggregated ribosome (í.e. polysome). Consequently many workers

have examirìed the effects of various nutritior¡a1 tTeatments on the

hepatic poiysome profile' and ít has been claimed thAt an increase

in the rate of protein synthesis is generally associated with an

increase in the degree of ribosomal aggregation (Munro 1970). Much

of the earl-y work in vivo suggested that tryptoph.rn ntay have a

specific role in liver polysome formation (Fteck et aL' 1965;

Wunner et aL" 1966; Sidransky et aJ.. 1967) albhough tr{unro (1968)

proposed that typtrophan normally regulates liver polysome formation

only because it is usually the least abunclant component of the free

amino acid pool and is thus the limiting amino acid determ.ining the
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rat-e of p::oteitr synthesÌs. Subsegr-rently i-t was shown that in

rats fecl j.mbalanced di.ets, the aclclition of the lirnit-inq ¿lmino acicl

promcted polysome aggr:egation (Pronczuk et al-. 1970, lp & Ilarper

L973¡ 1974).

Tryptophan may exert more specific effects in some part-icular

circumstances. Administration of tligh doses of trypt-ophan in-

creases the activity of several enzyrn€js inchiding tryptophan

oxygenase (Schutz et al-. 1975), tyrosine aminotransferase (Cihak

et al-. 1973) and serine dehydratase (Cihak et al. 1975). Iíovrever,

methionine may al-so increase the activity of tryptophan oxygenase,

threonine dehlzdratase and arginase in similar situations (Na,kano

et af. 1970). Recently, it has also been shown that imbalanced

arnino acid mixtures lacking tryptophan actually induce a greAter

increase in the activity of tyrosine aminotransferase than either

the complete amino acid mixture or tryptophan alone (Bourdel et a7.

1975) .

. Methionine may also have a specific cont::olling role in

protein synthesis since it is reqrri::ed for the formation of the

protein synthetic initiation complex on the riboscme. Methionine

is also required for the synthesis of polyamines (Pegg e Wílliams-

Ashma¡r 1969) which may have a specific role in de novo protein

synthesis in +-he celI (Tanner L967) .

Some part of tlie effect of anino acid supply on the rate of

protein synthesis is probalrly mediated. through the influence of

amino acids on the rate of synthesis and/or the degradation of

RNA (Wannemacher 1972). The rate of RNA synthesis is reduced in
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chicks fed amj.no acicl mixtu::es devoid of t-ryptophan or methionjtie

(Her:bert et aI . Ig12). TheL:e is a.l.so evideu'.:e to sr.rggest tha-t- the

rate of RNA sytrbhesis is <1epr:essed whetl'i-he ler.'el of transfer RIIA

charging is depressed (smulson & Thonas L969i Vaughatr & Hanse¡r L973).

It is li)cely that many of the z'ibcsomes on t¡r*t2 polysome are

inactj-ve (Munro et af. T964; Scornik 1969) probabll' due to the

presence of inhibitors of proteítr synthesis (Aaqnott:- & Aletti 1975) '

For example, von der Decken (f967) showerf that if rats which had l¡een

fed a protein-free diet were allowed to consume al'righ-protein cliet,

the polysome profile was unchanged yet the ability of the systetn to

incorporate amino acids was markedly enhanced. similarly Heushav¡

et al-. (1971) concluded ttrat varl-ations between individuals in the

rate of protein synthesis were due entirely to differences in

polyribosorne activity. Murty et af . (1914) have suggest'ed that

translational factors may be involved in the regulation or- protein

synthesis in rats fed threoninedevoid diets, since b'he initiaL-icrr'

factors in the livers of rats showed increased activity, associatecl

with a higher rate,of liver protein synthesis, while both initiation

and elongation factors from skeletal muscle preparations exhibjted

decreased activity, associated with a reduced rate of protein

synthesis in the muscle.

Although energy supply is likeJ-y to be an imi:ortant factcr

in determining the rate of protein synthesis, any effects of eilergy

pel se are very dífficult to isolate from other influences- Both

insulin and glucose have been shorvn to be important in the

aggregation of polysomes and amino acj-cl incorpora+-lon into protein
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(Wittrnan et al. 1969 ¡ I97I; Si<lransky & Verney !97L¡ Vüagle &

Sampson 1975). Adminj-stration of the methionine analoEue,

ethionine, which depl-etes ce'llu1ar 7\TP through formation of S-adenosyi

ethj-onine (Farber 1973) is associated with a depressed level of

protein synthesis in female rats (Bagl-io & Fa.rber 1965) but not in

male rats (oler e{- al. 1969). These changes are paralleled by

changes in polysome stability which appear to be hormone-dependent.

Freudenberg & Mager (1971) have suggested that the inhibitory effects

of ATP depletion on protein slmthesis in cell culture jn vitro are

related to Èhe inhibitory effects of an accumulation of ADP and AI"IP

on peptide chain elongation, although in the longer term ATP depletion

resulted in defects at the ini'Liation step in protein synthesis"

The effects of the various hormones on the rate of protein

synthesis in mammalian systems are complex'(review by Manchester

1970). Some of the effects in relation to the glucocorticoid-

induced elevation of certain hepatic enzlzmes have already been menÈionecl,

alt-hough it must be remembered that an increase in the level of an enzl¡nte

rnay result from an íncreased rate of synthesis andr/or: a decreased. ra.te

of enzyme degradation. Several hormones are knowrr to promote an

increased rate of muscle protein synthesis (j.nsulin, growth hormone,

testosterone), although the mechanísms are obscure. Insuli-n promotes

amirro acid uptake by the muscle although this is probably not ihe

cause of the increased rate of protein synthesis (Munro I97O¡ WooL 7972).

Gro¡,rrth hormone has been shown to increase the rate of peptiCe chain

elongation in a rat diaphragm system in vitro (fostyo c Rillema 197I).
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4:2 Protéirr deqradation

The facto::s which control the rates of degradatj-on of ce-ì--Lular

proteins are poorly understood. Recerìt reviev¡s on thj.s su-bject are

those by Schirnke (f970) , R.eche,ì-gl (f971) and Gol<lberg & Dice (1974) -

There Ís now general agreement that the l'.inetics of liver

protein degradation are first order both for indiv.i<1ua.l enzymes an<1

other proteins and f,or intracellular organel-les (see Schimke 1970).

Dreyfus et a7. (1960) suqgested that muscle myosin may have a

definite lifespan although this has been generally j-nterpreted as

an artifact resulting from reutilisation of the labelled amj-no acid.

Ho\,rever, recentiy M:-Ilward and his coworkers (Millward et al,. 1975a)

have again raised the possibility that the kinetics of muscle

protein degradation are non-random.

The simplest explanation for the vast differences in the

ïates of turnover of the various cellular proteins is that the

degradation rates are determined by inherent dilferences in the

susceptibility of the cell proteins to a general intracel-lul-ar

proteolytic system (Goldberg L972). The lysosome system is a

candidate for such a general proteolytic role, althouqh its

significance in normal protein turnover is still unclear (Lloyd a

Beck 1974). fntracellular proteases, specific fcr the deqraclation

of pyridoxal phosphate dependent enzymes, have recently been isolated

(Katunuma L973; Katun'ffia et a7. 1975; Kominamj- et a-2. L9i5¡

Banno et a7. L975). These proteases are not associated with the

Iysosome and are widely distríbuted in the tissues of the rat.
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cortisone administration causes a decline in total muscle

mass, probably partly due to an increase in p::ot-ein catabolj-sn

(Golilberg 1969) . Flowever:, cortj-rlone ad,ntin:'-stration irail no sigri-i-*

ficant effect on eny of the conìmon lysosomal enz),'tnes j.n t-.he studies

of Buchana.n & Schwa::tz (L967), while the level of sor¡e j-ntracellrrlar

free peptidases has been shown !o increase irt situations v¡here

protein degradat-j-on is increased (e.g. starvation, cortisone

aclministration) suggesting Èhat such intracellula: pepticlases may

perform an important regulatory role ín the control rcf protein

metabolisnt (Schwartz et al-. 1956i Rose et af. 1959). It is

possible that the lysosomes may have an important role j-¡r the

catabolism of plasma proteins, partj-cularly in muscle. Such a

mechanism could provide a valuable source of amino acids for the

muscle.

Schinke (1970) has suggested that a given rnolecule exists

in an equítibrium of various confonnational states and that only

in certain state (s) would it be subject to <legradation by the

relatively non-specific proteases and peptidases. Thus tryptophan

stabilises tryptophan oxygenase by promoting the conversion of the

apo-fonn of the enzyme to the more stable holo-fcrm (t:nox & Piras

1966). Litwack & Rosenfeld (1973) have proposed that the

"tightness" of cofactor binding coU}d be a major deterninant of

degrative r:ates i.n vivo since the relative rates of coenzitme

dissociati.on correlate,l v¡eII -with the half-life of several enz'¡nesl

e.g. serine dehydratase is stabilised by its cofactor, pyridoxal

phosphate (Khairallah ç pitot 1968). Changes in physiological

conditions coufcl alt-er the availability of cofactors or tl-re strength
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of cofactor binding, inducing changes in the protein-ligand bond

which would alter the equitibrium of the conforrnatj-onal states.

Several workers have showir that pr:cltein catabol-isrn iu liver

slices is j.nhibited by corrditions which inhikrit energy netabolism

(Sirnpson 1953; Steinberg & Vaugharr 1956) . Brostrolll & Jeffay

(1970) have shown that the abili.ty of many inhibitors of energy

meta-bolism to inhibit degradation is dependent on the level cf

tissue integri.ty, while Hayashi et af. (f973) have sltoivn tha'b ¡11'P

enhances the catheptic activity of intact lysosomes by promoting

the uptake of proteins by the lysosomes. Ilowever, the role of the

lysosome system in normal protein catal¡olism in vivo rernains urrcloar"

4.3 Who1e body tein turnover

. The total turnover of protein in the animal body ì.s the sum

of the turnover of a-11 of the individual tissue proteins. The

various techniques used in the est.imation of prctein synthesis and

degradation in yjrzo have been discussed by Schirnke (1970) and Gariiclc

ç Mil-1ward,. (L972). An earlier review by lJaterlow (1969) is concerned

with the more general methodology of protein nutrítion. Much of the

e>çerimental work in this field has been carrieC out by V,7a,terlow's

group, using rats as the experimental animal.

A number of factors may influence the extent- of protein

turnover in the various tissuesr €.9. the distributicn of protein

synthesis between tissues may change wittr age (Mil-l-ward & Garlick

I972',). Thus in the young rat the synthetic rate of mixed muscle

proteins is about 15ø" per day, vrhereas j-n the adul-t rat it fal-i-s to

about 9%. In contrast the rate of Iiver protein synthesis changes
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very little with age, but is gr:eatly increased und.er poor

nutritional conditions (Mitlwarcl et aL. 1975a ' l:¡) .

In larçer animals protein 'turnover in the slleletal nuscle

is probably a mor:e impor:tant component than j-n the rat (Younc-¡ f970) .

The ratio of 'b.otal muscle protein to liver protein in the r:at is

about 4:1 (Miltward & Garlick L972) whereas in the sheep the ratio

is about 23:1 (Woodlock 1972) and in cattle about 30:1 (Tudor f97l).

Buttery et af. (1.975) trave calculated the rates of protein synthesis

in the sheep using a contínuous infusion of 14C-iyui.ru. They harre

estimat-ed that about 80g of muscle protein and 25g of liver protein

are synthesised each day in a 50kg sheep. This. is a ratio of

Iiver to muscl-e protein synthesis of about 0.3 compared w.ith a

value of about I.4 in the 3OOg adult rat (Millward & Garlick 1972)

and 0.12 in the 75kg pig (Garlick & swick 1974) '

Drew ç Reid (1975) have shown that there is a considerable

l-oss of muscle protein in sheep fed at a low plane of nutritj-on j-n

order to lose 12% of. bodyweight over 5 weeks. In contrastr in

the weanling rat, there is no detecEable Ioss of muscle protein for

up to 3 weeks even though bodyweight may fa}l by 30% (lliltward L9721

such öonsiderations highlight the probiems in extrapola+-ion

of data derived from rats to larger animals, particular:ly in regard

to protein turnover. Ho\^¡ever, Swick & Benevenga (1973) have shown

that the turnover rates of some catabolic enzyrnes in the adull pig

are very similar to those in the rat despite the fact ttrat the

fractional synthetic rates of liver protein are al¡out 15% in the

pig (Garl-ick & Sv¡ick 19'74) ancl 5Ce; j-n the rat (l4il-lwaIcl & Garfick

re72) .
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Rats fed a protein-free diet exhibit a two-stage response

in terms of proteir: turnover ( D.J'.¡{illward pers" cotnm). In'the

first stage ther:e is a l-arge loss of liver protei.n crnd an increase

in the rat.e of degradation, vrhiJ-e j-n the second stage albumin

synthesis is greatly depressed and the turnover rate of liver

proteins is increased to about 95% per day. Garlick et al-. (1973)

have studied proteín turnover in ttre liver ancl rnuscJ.e of meal-fed

rats. There was no change in the rate of liver protei.n synthesis

after eating nor after starvation Jlor 48 hours yet liver protein nass

v¡as decïeased indicating that the adjustment occurred in the rate of

Iiver protein degradation. However, the rate of musc]-e protein

synthesis increased after eating and declined duiing starvation

over a 48 hour period.. Millward (f970) had previously shown a

reduced rate of synthesis of muscle proteins in starved rats or

rats fecl a protein-free diet. Al.though the myofibrill-ar proteins

have a slov¿er rate of turnover than the sarcoplasinic proteins, the

rates of synthesis and degradation c.f the former are apparently

more sensitive to protein and energy supply.

Goldberg (1969a, b) has stuclied protein turnover ín work -

and growth hormone-ind.uced muscle hypertrophy and denervation -

and cortisol-induced muscle a-Lrophy. Both the technique used

(pulse-chase) and the interpretati-on of the results, together with

the fact that the animals were hypophysectom:Lsecì., casl-- doubts on

the interpretation of the data" Hov/ever, GolCberg (Ioc cit)

suggested that work-ind.uced hypertrophy results from an increased

rate of synthesis ancl decreased degradation whereas tÌrat induced

by growth hormone results from an increased rate of synthesis onJ-y.
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Both denervation and cortisol apparently caused an increased rate

of degradation and reduced synthesis.

CONCLUSTONS

Of the areas discussed in this review, there are a number

of aspects which deserve parÈicular attention in ruminant studies.

The factors influencing the rate of increase of the muscle

protein mass in relation to the ra'Ees of muscle protein synthesis

and degradatÍon in the ruminant are unknown. The studies of

Eskeland and his coworkers (1973¡ L974), in which sheep receiving

intravenous infusions of glucose, acetic, propionic or butyric acids

e><tribited markedly different rates of nitrogen retention may be

particularly relevant to these questions. Since the rate of protein

turnover in the muscle is relatively high (Buttery et a7. 1975), a

slight reduction in the rate of protein degradation could result

in a large increase in the rate of muscle protein accretion.

llhe effects of various hormones on the rates of muscle

protein synthesis and degradatíon and on the partition of substrates

between fat and protein synthesis in the animal is virtually an

unknown area in studies of ruminant metaboli.sm. The partition of

nutrients into protein or fat slmthesis (or heat production) is

vital in terms of the production achieved from a ruminant animal,

whether it be lactating or growing.

Contrary to a commonly held opinion that the composition of

the body of the continuously growing ruminant is virtually un-

alterable by nuÈritional conditions, there is an increasing amount
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of evidence that hoth the Lrody protein content (prskov et a7. 197I)

and the body fat content (Tudor 1976) cau J:e consid.<rrably affected

by differ:ences i.n the supply of nutrients ::t>aciri.,rg i-,he cluori.enlun,

everr in anÍmals fed natural. diets. The ef:fects; of pr:ovi.cling

protein ¿rnd amj.no acid, srrpplements which t¿rke the runinant a,nimal

oui-side the r:.rtritiona-1- const-raints imposecl by the runlell and the

microbia.l- populatic¡n of the rumen and their bíoenergetic ljrnitat.ic¡ns

are still to be erçlorecl , although considerable e'îfects of such

supplementation on the voluntary int.ake of sheep have been rÉlporLed

(Egan L9ro5¡ Barry et aL. L913i see Section 2.4) .

The ti.ming of nutrient supply in reiation.i:o the efficiency

of production is a further area in which ve.ry littl-e is kno\r'n. !'or

example, decreasing the frequency of feecling of sheep fed wheat and/ot

roughage diets results in an increased rate of wooJ- growth with little

or no effect on the lit¡eweight of sheep fed srrrvival rations

(Fra¡kljn L952¡ Hill eË a-2. 1968; Birrefl & Bishop I97O¡ Langla¡d's

1973) . However it is quite possible that the body energ.y status ol'l

such animals is altered. through changes in the body composition.

HiII et aL. (1968) suggest-ecl th¿rt the increasecl wool gro\'/th could

be attributed to an increased flow of dieta¡:y protein to the

íntestines in the sheep fed once weekly as compared witl'r those fed

once daily. However , for a growing al'rimal more frequent feecling may

result in an improvecl efficíency of energy uLilj-sation and all improvt:ri

rate of growth (Rej-d et af. 1968).

The factors which determine the fate of an atrrino acid (e.9.

gluconeogenesis, protein synthesis, catabolism, etc.) . part-icularly

in critical situations of amino acid supply, are pooIly unclerstood.
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A knov,¡ledge of such factors is especíally important in terms of

an understanding of methionine metal:olism in the sheep, since

methionine has frequ-ently been impl.icated as the "first-lÍmiting"

amino acid (see Sect-.ion 2.4), botir for wool grovzth ancl voluntary

intake. Although the wool growt-h resporìse to post-ruminal

methionine supplementatíon is a well--established phenomenon, the

studies Ìrave not generally been extended to investigatj-ons of

the effects of methionine on voluntary intake, tissrre protein

accretion, methionine metabolism or the possible inter-relationships

with other amino acids (in terms of metal¡o]ic interactions, as

discussed for methionine and threonine in Section 3.2 and al-so in

terms of possibte effects when other essential .*itto acids, in

addiÈion to methionine, are also supplied). The studies to be

reported in this thesis were initiated to investigate some of

these aspects in sheep fed roughage diets and giiven post-r-uminal

supplements of methionine and other amino acids.
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CHAPTER 1

The precli-cbion of l-i.rnitj-ng alnino acids foi: the sheep

us;ing a simple supply-ilentancl model or the changes -i-n

plasma amj-no ac':ids in response to a short-term j-nt-ra-

venous glucose loading or a post*ruminal suppiement

of L-methionine.

TNTRODUCTION

. Apart from tlte many studies of wool growth responses to an

increase in the tissue supply of the sulphur amino acicls, methiorrit''e

and cyst(e)j-ne (Marston 1935; Reis & Schinckel 1964¡ Barry L973¡

Reis et aL. I973a) and the supplementation strrdies of Nimrick and

his coworkers (Nimri-ck et al-. L9'7Oa, b) , there has been yery litl-le

work on the amino acid requirements of sheep.

As a first step in an investigation of responses to post-

ruminal supplements of arnino acids in sheep fed roughage diets '

some predictions of the likely order of a¡nino acid limi.tation were

attempted. Three approaches were used. The first involved a

simple model based on the supply of amino acids at the duodenum

and a factorial estímate (Vlilliam.s et af. 1954) of the arnino acid

requirement. A similar method has been used by Hutton & Annisoir

(L9?2) and Egan & Walker (1975) to predict the arnino aci<1 requirements

of ruminants in various physiological states. The other approaches

utilised changes in the concelttrations of plasma amino acids in

response to a short-term intravenous glucose loading, or chan-Q'es

in resporrse to arr abomasal infusion of the probable "first-limiting!'

amino acid, methionine.
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The experi.n'lents v¿ere des.iqned to test the fol-lolving hi'pothesis"

the pattern of changt: in the plasma concentrat'i on cf essential amino

acicls r¿oul-cl reflect the pattern of j-nduced ami¡ro aci<1 clefic-ì-errcy

when the arrimal was providecl v¡:i.th an impr:oved sup¡>ly of substrate.

The substrate supply was itnproved .in two ways:

(i) increased supply of energy wj-th an intravenouà j-nfus-ton

of glucose;

(ii) an improved balance of amirio acids by an abom4sal ínfusion

of the likel-y "fj-rst limiting" amino acid, methionine.

Glucose, rather than a volatile fatLy acid, wes cllosen as the

energy substrate for tv¡o reasons. In studies with sheePr ôrl

arterial infusion of glucose induced the greatest- depressions in the

plasma concentrations of essential amino acids when compared wj-th

infusions of acetic, propionic or butyric acids (pbtter et af. 1968),

while Eskeland. et. al. (I97i) showed that an intravenous infusion of

glucose promoted a higher nitrogen retention tha:r an isocaloric

ínfusion of any of the volatile fatty acicls. IÈ was recognised 'Lhat

glucose would be likely to induce an insulin response and that

insulin promotes amino acid uptake by the muscle and also stj.rnula'¿es

muscle protein synthesis (Manchester 1970). For this reason the

glucose-induced removal of amino acicls from the plasma may rtot prorzide

a very accurate reflection of the effect of an improved energy supply

per se, since muscl-e protein synthesis would be preferentialllz

stimulated. 'Iherefore a seconcl plasnìa sample was taken some t:ime

after the completion of the glucose infusion. ft was hypothesised

that at this time, the pattern of change in plasma amino acids would

provide a more accurate indicat-ton of the likely limiLing amino acicls,
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s.ince at this time any change would refl,ect an i-mproved supply of

energy rather than an -insulin effect per se. The gh.rcose infusioll

was calculated to provicle a significanL irnproventent. in energy suppl¡r

to the anirnal amounting to an increase of about 75ga in the nel:

energy supply to the tissues over the two hour period of the infusion.

Methionine r¡¡as selected as the most likely a-mino acid to

promote an improved nitrogerr retention, since much published work

has shown that an improved post-ruminal supply of methionine results

in an improved animal performance in sheep fed roughage di.ets (Reís

& Sch.inckel 1964; Barry et a7. 1973).

EXPEIRIMENTAL

Aninals

Eight. Dorset x Merino wethers aqed about 10 tnonths, and of

bodyweight 20-28 fg *.tu used. Each had been surgically prepared

v¡ith an abomasal canula and a runinal- fistula three ncnths prior to

the commencement of the experiment. The animals were housed i¡rdoors

t-n t-nctrvl-dual pens.

Díets and feedinq

The diets, each offered to four sheep, were a wheaten hay chaff

(h'HC) fed ad Tibitum and a chopped subterranean clover ha.y (CFI) fed at
o.'75a rate of 40g dry matÈer/l<g""-/day. The feeds contained I.3% and

3.7% nitrogen respectiveJ-y, vrith apparent clry mal-ter digestj-biljties

of 55% and 78%, measured in a pretreatmenÈ period. The sheep re-

ceived the experimental diets for at feast one month prior to the

conìmencement of the experiment.

The sheep were fed daily at 1030 hcurs (h) following the

removal of resid.ues. A mineral supplement (lO7/dayi Moir c Harris
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Lg62) was sprinkl-ed on top of the feed. water was offered

ad Tibitum to the sheep on the WHC cliet and rest.ricted to 1.2 Lj-tres/

cla.y for the sheep on b-i-re CH diet.

The feedíng procedtlre \^7as aft-e::e<l on days 8 and. 1.1 of each

periocl . At 1930h on d.ays 7 and lo residues (if any) were removed.

on the following clay all animals were fed hcurly from 0730 to 1830h

a.t a rate of 29 digestibJ-e dry mat-ter,/kg0'75. Water (1OO mI) was

also offered hourly. on only two occasions during the exper:i-ment

did any sheep faiÌ to consume its complete hourly r:at-ion wj'thin the-

hour, and on virtually all occasions, it was consumed within 15 rninutes'

A quantity of feed and water to make up the feed offe::ecl to the normal

daily amount was offered at 2000h'

Experimental design

The experiment consisted of three periods, each oi 12 days.

Period. I was a contro-l- period ín which each animal recej-ved an abomasal

infusion of deionised water (l4O ml daily). Dur:ing periods 2 and '",

the sheep received an abomasal infusion of L-methionine at a rate of

o.oB and o.169 L-rp.ethioníne/xg0'" /uuu respect-1vely. The solu¡ions

were infused continuously using a peristaltic pu-'np

The glucose loading (IO, no infusion; f", intravenous glucose)

was carried out on days B and 1I of each per-ioc1 , two anj-inafs on eaclt

diet receiving the glucose infusion on day B, with the treatments

reversed on clay ll. The glucose was j-nfused at a rate of 0-59

D-glucose /uso'75 fç¡, two hours from 1215 to I415h via a jugular catheter.

The design and. allocation of sheep to the treatments is given in Tabl'e l'i-'

The catheters were inserted on the day preceeding the glucose Ìoadirig,

and kept patent with he¡arinised saline'
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AllocaÈion of, anj-maIs" to the two glucose treatments

(I- no infus;ion, I^ intravenous giucose infusion'o G

f.or 2 hours at rate of o.5s/yso'757inout) in the

three periods of the experiment. Samples were

taken at three times (TO, T2.5, T5) during days I

anC 1L. The samples taken from the four animals

on each diet and each methionine treatment were

bulked by time of sarnpling and glucose treatment.
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Blood samples were talçen via the catheter at 1130 (TO),

1400 (rr.s) , 1700 (ru.u) and 1930h (Tg). The first 15 ml- of blood

taken from thr: catheter after the gl.ucose infulsjton htas completed

were discarcled. The blood was placed in hça::inised tubes artd

centrifugecl; the plasn'.a was then drawn off and inunediately frozen

and stored at *l5oC until. requj-red for analysi-s.

Infusion scÍ-utions

T'he L-methionine ('Ia¡rabe Seiyaku Co. Ltd. ' Tokyo) ancl fl-gl.ucose

(BDH Chemicals) were made up to the appropriate concentrations wil;h

distilled water and then microfiltered '¡sing a Millipore filt::ation

apparatus (o.22 u filter). The sheep receíved 140 ml of the

L-methionine solution daily and 60 mI of the D-glucose solution

during the two hour glucose loading.

Measurements

The daily ad libítum dry matter intake !{as measurecl for the

sheep fed the r,lHC diet.

The daily urine output of the sheep fed the CH diet was collected

a¡rd measured and a subsample taken for nit'rogeu anaiysis on days I tc

6 of each period. The urine was snap- ftozen after flowing into

containers packed in dry-ice. The urÍne \¡ras t-hawed and subsampled

daily, ald stored at -2OoC until required for analysis for total.

nitrogen content.

B1ood was sarnpled by catheter as previously clescribed. Plas¡na

glucose concentration was determined in individual samples, and plasma

amino acicls in samples bulked by times and treatments (i.e. 36 sarnpJ,es

in all: 2 diets (wHC, CH) x 2 glucose infusions (rO' Ic) x 3

sampling times (to, tr.s, T5) x 3 levels of methionine infusion
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0 ,t/(control,
0.75

0, 0Bg L-¡nethÍonine/kg

(HMer) ) .

day (uaet¡ and 0.169 L*methionine/

kg /dav

Anal.ytical metl-rods

The dry matter content of feed and faeces l¡las deter:mine<l by

overì*<lrying at B5oC in a forced draft oven. Urine nitrogen røas

determined colourimetrically using a Technicon Auto-Analyser fellowing

digestion of the samples using a Kjeldahl techni-que (Munro & Fleck 1969).

plasma glucose was measured in a Technicon Auto-Analyser usiug

the standard ferricyanide technique. The plasma samples for anrino

acid analyses were treated with an equal quantity of lC% (vt/w)

trichlc¡roacetic acid (TCA), centrifuged and the super:natant drawn off.

The samples were then bulked on the basis of time and Èreatment,

taking equal volumes of the sample from.each animal. Plasma amino

acid. concentrations l^Iel-e determined by ion-exchange chromatography

on a Tech¡ico¡ 
jB' resin with a 2Oh separation using a sodium citrate

buffer system. N<.¡rleucine (0.25 it moles) was added as an internal-

standard.

Stati.stical analvsis

No sEatistical analysis of the plasma amino acid data was

possible since plasma samples had to be bulked for amino acid

analysis due to limitations in the capacity of our anal-ytical syst-em.

CALCULATIONS AND RtrSULTS

FactorÍaI Estimates of Amino Ac-i-d Requirements

Table I.2 presents the basic íntake and feed utilízation data

used in the calculations. The intake and digestibility data used
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TABLE 1"2 Intake ancl utilis-ation data used in the cal.culal:¡'.ons
of amino acid supply and reguirement

Orqanic matter: (g/day)
Oll apparently

OMI DOMI digested in
st-.omac:hs

1
Nitrogen

NI ADNT

G/d¿,v)
Non-arru-nonia

at duodenrrm

2
N

I
/{
B

c
D

634
732
449
449

380
439
359
359

2.66
306
263
263

3.9
4.5

13. 3

13.3 72.

(e.0)

(r2.4)

3

6
6
6

I
9

16
16

7.
8.

7

I
2.

2

*

*1.)

*
includes C"189 of infused methionine-N.

Tota1 apparently
absorbed N

G/dav)

N retention (S/day)

Total Wool TissueUrine N

G/dav)

0.8
I.I
1.0
1.3

0.6
1.1
2.O
2.8

A
B
c
D

3.9
4.1

13. 3
13. 5

3.3
3.6

1r. 3
10. 7

-c.20
0

1.0
1.5

2Truly digestible
amino acids at
duodenum (S/ð.ay)

Estimatecl total arnino aci.d requirenent
to repJ-ace metabolic N losses anci to

N gain.
Tissue trrtooi

3 slPtrort
MFN EUN-

7.5
7.5
7.5
7.5

15.0
17.5
7.5
7.5

A
B
c
D

30. 6
35.4
48. B

48.8

(37.4)

(so. 8)

*

t* -L.26
0

*

includes 1.95S of infused methionine

6.25
a^

5.0
6.9
6.25
8.1

OM - organic rnatter; DOMI - digesLible Oll intake;
N - nítrogen; ADNI - Apparently digestible N intake;
MFN - metabolic faecal N; EUN - s¡¡c1çr-tenous u::inary N.

1) The basal sÍtuations A and c are for a WHC diet and CH diet
respectively. The situations B and D assume a response to an
a-bomasal infusion of 0.169 L-rnet--hicnine,/rnO-'i5{aaV in the sheep
fed the diets WHC and C-H respectively.

2,) Values derived. fi:om the i.äte oÍ IÌgern (f974) for sinilar- dícts;
values assumed to be proportional to intake.

3) MFN: calculated as 0.659 laF NrzlOog organic matter at the duodenr-un
(Egan 19741 ¡ iuhrus 2.4, 2.8, 1.2 and 1.29 N/day for situations
ArBrC and D respectively.

4) EUN: assumed to be IOOmg r.l,/LSo''U/UuO (ARc 1964) for a 28kg sheep.
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in the calcutations \^rere those measured i-n an experiment in whiclt

two such diets were fed to younq sheep. The situ.ati.ons A a¡cl C

represenL-.ed the- basa-l diets, WIIC ¡Lnd- Cll r:e:;pectj-vc1y" The

situations B amd D assurnecl a response Lo an abomasal. infusj-on of

0"169 L*nethi.orrine,/lig0"'u/uoo in sheep fed each of the diets'

For the ¿rnimals fed the lvHC cliet, the resporlse was i.n terrns of

voluntary intake, overall nitrogen retcjnlion arrd wool growth,

while for the sheep fed the CH diet, the response \,/as in terms of

nitrogen retention and wool Çro\r?th-

The estimates of organic matter digestion in the stomachs

and Èhe norr-arnmonia nitrogen reaching the ch-rodenurn were calcillai:ecl.

from the data of Egan (L974) for sheep for similar dj.ets after:

correcting for differences in intake. The estimates of metabolj-c

faecal nitrogen (¡ßN) , and truly cligestible amino acids at the

duodenum were also derived from the data of Egan (1974). The basal

nitrogen retention data were derived froro values for: símilar sheep

fed similar diets at the equivalent l.evels of intake. The es-bir,Lat-es

oi ttre increse in nitrogen retention with methiot'rine supplenentation

were based on data from a preliminary experimenL. The val.ues for

wool growth were based on rates of wool grcrwth publ-ished in the

líterature.

Table I.3 gj-ves the estimateC values for amino acid suppì-y o.rrcl

requirement for the four situations. The amino acid supply tlal-a

were calculated from the daba of Egan et aJ" (1975) f6r sheep fed

similar diets. The values for tryptophall were from Fenderson &

Bergen (Ig1 2). The amino acid composj-ti.on data we::e from Blocl< &

V,feiss'(1956) and it \¡ras assumed that the tissue amino acid composition
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TABLE 1.3 Calculated values for the suPply of amino acids
and the re{úirement and the ratio of the ::equlre-'
ment to supply (R/s) for the various si-tua'tions'

1
A

2
Supply
(s/day).

L.76
r.45
o.L7
0.61
l. 40
2.38
L.46
L.42
1. 89
0. 60
o.54
I.52

P.equirement (S,/day)
Tissue vlool Tota1

3 R,/S

THR
VAL
CYS

},IET

ÏLE
I,EU
PHE

TYR
LYS
HIS
TRP
ARG

L.02
L.2l
0. 30
0. 49
1.04
1. 81
0. 96
o.74
L-62
0.57
o. 30
1.36

r.20'
r. 43
0. 35
0.58
t.23
2.L3
I. I3
0.88
t. 90
0. 68
0.35
r. 60

.15

.05

.08

.47

1.35
r.49
0. 80
0. 52
t.22
2.2L
1.15
0.99
t.77
o.62
0. 38
1. B3

.77

.03

.7)

.8s)

.8'/

.93

.'79

.70

.94

.03

.70

0
0
0
0
0
0
0
0
0
0
0
0

a4I

.20

0
I
4
0
0
0
0
0
0
1
0
I

33
28
50

.03
"tB

62

I
I
I
0
1
2
I
I
)
0
0
2

4

40
19
25

I
B

THR
VAL
CYS

MET
ILE
LEU
PHE
TYR
LYS
HÏS
TRP
ARG

2.O3
r. 91
o.20
o.70 2.65
L.52
3.12
2. 03
1.66
1.98
0. 80
o.62
1.61

6
5
5

0
0
0
0
o
0
0
0
0
o
0
0

45
39
80
o4
25
54
.)Ã

34
2I
o7
IO
64

65
42.
15

.48

.67

.38

.22

.1r

.75

.45

.24

0. Bt
0.95
5.8 )

0.23)
o.97
0. 86
0.68
0.73
1.07
o.94
o.73
1. 39

0 7:4

1) The basal situations A and C are for a WHC diet- anrl CH

diet respectively. The situations B and D assume a

response to an a-bomasal infusion of 0.169 L-methionine/
yg1-7í¡aay in the sheep fed'the diets lùIlC and CH respectivetlz.

supply of amino acids: calculated a,s truly digesiibl.e amin<¡

acids (see table 1.2) using the amino acid pattern of cluodenal.
digesta from Egan et aJ-. (1975) ; diets A, B - mean of diets
!'rtS, !rlH; diets C,D - mean of diets IJI , Sc; (estimates of
tryptophan - Fenderson & Bergen (1972') -

2)
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TABLE '1.- 3 continued:

1c
t

Supply-
G/!HL

2.82
2. "63
o.2,7
0. 86
2"O9
4. 30
2.79
2.29
2.73
r. t0
0. 85
2.22

Reguirement
Tíssue '.Woc,l.

(s/d,ay)
' Tc.rtal

^4,.56
.93
.52
.27
.30
.19
"05
.81
.63
.J9

L.70
I. 85
L.28
0. 6r
t.48
2.7L
1. 40
L.25
2.09
o.74
o.46
2.32

3 R/s

THR

VAT
CYS

¡IET
II,E
LEU
PHB
TYR
LYS
HIS
TRP
ARG

TITR
VAI,
CYS

MET
TLE
LEU
PHE
TYR
LYS
H]S
TRP
ARG

I.02
I.2.I
0. 30
o.49
1" 04
1.81
0. 96
o.7a
r.62
o.57
0. 30
1." 36

0. 41
0.35
0. 63
0.03
o.23
o.49
o.23
0. 31
0. 19
0. 06
0. 09
0. 58

0.53
o .46
o.94
0. 05
o.29
o.64
0. 30
0. 40
o.24
0.08
o.r2
o.76

o-46
0.66
0"57
o.46
0.8794

i
1
0
0
I
2

1
1
1
0

0
I

0
0
4
o
0
0
0
o
0
0
0
1

0.5r
0.59

3. äåì r.4o4
o.61
0.53
o-43

I
D

2.82
2.63
o.27
0. 86
2.09
4. 30
2.79
2-29
2.73
1. 10
0. 85
2.22

T.L7
I.39
o.34
0. 56
1. 19
2.O7
r. 10
0.85
1. 85
0.66
0. 34
r.56

60

5
.70
.74)
.22)
.7L
.63
.50
.55
.77
"67
.54
.05

¿.

70'
816

5 0
2

3)

4l

s)

Amino acid composition of tissue proteins (mean of
muscle ancl l-iver proteins) and wool: from Block &

Vüeiss (1956). Metabolic nitrogen (MFN and EUN) :

assumed to derive from protein of the same compositi-on
as the tissue proteins.

Molar ratios on the basis of equivalent sulphur.

Ir{ethionine supplementati.on assurned to increase wool
sulphur content- from 2.76 Lo 3.2Oe" based on the data
of Barry & Andrews (1973).

Supplementation with 1.959 L-methionine/day.6)
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was Ìtrest represented as the mean of the values for liver and muscle.

The metabolÍc faecal nitrogen and- urine nitrogen -lrossttíi v/()fc ãssrlÍrr€;d

to ha.ve.: ar:isen fror';r protein of tl¡e sarne amj.llo acid composj-tíon as

the tissue proteins. Methionj-ne supplementai-ion r/as assumecl. to

have j-ncreased tÌre r+ool sul-phur content fro¡l 2.76 Lo 3.202 (Barry &

Andrews 1973) v¡ith methi.onine and cyst-j-ne present in the same ratios.

The derived values for the ratíos of requi:rement to suppllz

(R/S) for the amíno acids are given in Table 1.3. An R/S ratio of

greater than I suggests that the amino acid requirement was greater

than i'Ls supply and the highest ratio would be ind.icative of that

amino acid which was relatively the most limj-ting" in the particular

situation.

In sheep fed either of the basal diebs, the calcul_ations

suggested that the sulphur amíno acicls, methionine and cystine would

be the amino acias most limitingr fo:: overall nitrogen retention (i:issue

and wool protein synthesís).

Experimental Results

Effects of methionine súpplementation

The rnean values for voluntary intake (VùHC diet) or urine nitrogen

excretion (CH diet) for the four sheep fed each dj,et- and receiving the

different level-s of rnethionine infusion in three consecutive periods

are given in Table -1.4. The individual animal values are given in

Table I. 5.

If the changes in plasma amino acid patterns ín i:esponse to

methionine supplementation were to be interpreted in terms of the

,8



TABT,E 1.4 Mean values for the voluntary dry matter íntake

ß/}.so'75 /uuy) or urine nitrogen excretion (e¿ of

total tl intal<e) 'for the four sheep fecl each diet

and receiving the different leve1s of me'thionine

1
vtHc

Dry matter intake
@/kso.ts ¡aay)

62.4 +

66.8 +

65.6 t

10.86

LL.28

CH

Urine N excretion
(a of feed+methion-ine N)

0. 705 o.o24

0. 698 0. 052

0.6 87 0.034

Infusion

Control

Ll4et

HMet

2
L27 t

+

+

1) Control - water infusion; r.l4et - 0.08g L-rnethionine/

75 0. 75
kg /ð.ay¡ HMed - 0.169 L-methionine/kc1 /dav.

2' Standard deviation

0
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TJ\BI,E I. 5 IndÍviclual animal rnean values for daily
voluntary dry matter intalce (g/uso''5/uuo)

or nrine nitrogen excretíon' (S/day) for: the

sheep fed each diet and receiving the different
levels of methionine

0.75

Sheep

B

F

K

c

WHC diet:
controll

68.6 ! 2.3

52.6 ! 2.4

66. 6 r 1.9

61.9 -r 7.0

2

voluntary intal<e (g/Yg

LMet

72.r ! 2.7

56.r I 4.r

79.4 ! 1.6

59.6 16.0

/dav)
HMet

66.7

64"2 ! 2.9

79.4 ! 2.6

5I.9 r 3.3

! 3.7

Sheep

CH diet:
controll

11.82 ! 0.18

12.45 r 0.19

11.35 ! O.42

II.56 I 0.19

urine N excretion (g/day)

LMet

11.57 t 0.05

Ir.52 t 0.61

11.85 t 0.11

11.91 + 0.18

HMet

1l_.59 + 0.04

12.03 t 0.08

11.69 I 0.40

11.05 r 0.41

2
E

U

H

N

1) Standard error of the mean (5 day values)

Control - water infusion; LMet - 0.08q L-mqË
ygo.75¡aay¡ HMet - 0.169 L-rnethioníne/kgo' t)hionine/

/day.
2l
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original hypothesis (i.e. methionine stimul.ates protein sytlthesis),

the animals receiving nlethionine worrld be require-cl t:o have exhibitact

a pcsì_t-ive: rÊ)spoi)se to the rnethionj-ne srr¡:rplemelri as coirrp;r::ed v-"'itb tho

control, treo-tment in terrns of volunt-ar:y intake and/or uj-'rrcgen

retention, i"e. they would be requirecl to have increased protein

synthesis ín response to a supplenterlt of nethj.'oni-ne'

The increase in the mean voluntary intake of the four sheep fed

the WIIC diet and the clecline in the urine nit::ogen excret.j-on of the

four sheep fecl the CH Ciet when receiving the abomasal irrfusior's of

methionine nay indicate a trend towards a pcsitir-ve response to the

me'thionine. Hoh/ever on examination of the individual- animal data

(Table 1.5) it is apparent that two aniIr,a1s on each <1iet did exhibj-t

marked positive responses to the additional methionine. This is

taken as evidence that at least in some, if not in all, of the sheep'

the abomasal supplement of methionine produced a- positive I'espoilse"

Pl-asma amino acids

Before considering the changes in plasma amíno acid patterus

brought about by the methionine and glucose treatment-s, the plasma

amino acid levels in the control periods fol auirnals fed the 'two

diets may be exarnined (fa¡te 1.6). The mean digestible energy intake

for the animals fed the two diets v¡as similar' although the protein

yield at the duodenum in the animals fed the CH die{¿ r.ror-rl.C have kree¡r

about 7Oe" higher than in those fed the ÌûlIC díet (egan et aL. 1975) '

This difference in the protein to energy ratio was assocj-at'ed with a

higher leve1 of both essential arn-ino acids and total arnino acids in

the plasma of the sheep fed CH- Of the essenl--ial amino ac-i,d-s al,l bttt

lysine and histidine were higher in animals fed the CH diet, while the

plasma concentration of methionine was similar in both groups.
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TABLE 1.6 Flasrna concentratlons of indÍviclual- auiino acids,
the surn of essential (EAJ\} ¡ nonRessential (-ùIEAA) r
total and brached=çþ¿¡tr (r:rAA) amino acids and the
glycine to ot-her amino acid ratio ícLy,/OAÄ) and
the NEAA to EAA ratj o (N/E) for the sheep fed the
two diets. (Values are the means of three
sampling times for bulked samples of plasma from
four sheep on the control treatments on the days
on whÌch the sheep did not. receive the glucose
infusion)

WHC C-rI

(Co4çentration U nolqq/1OOml plasma)

TT{R

SER

GLU

GLY

AIA

VAL

MEl

II,E

fæu

TYR

PHE

ORN

LYS

HIS

ARG

EAA

NEAA

Total AA

BTAA

GLYIOAA

N/E

10. 37

12.24

22.46

s6.37

16.01

18.65

1.54

8.51

9.23

4.95

4.28

5. 81

13.00

10. 88

L2.46

87.38

117.8

205.2

36. 39

o.379

1.35

24.15

12.40

2L-94

62.58

2T.78

3I-29

r.46
lL"27

15. 99

7.29

5. 81

8. 39

11. 82

7.48

15. 14

L22.9

127.J-

250. 0

58.55

0. 334

1.03

EAA: THR, VAI,, ILE, LEU, PHE, LYS, HfS, ARG.

NEAA: SER, GI'U, GLY, ALA, TYR, ORN.

Tota1 AA = EAA + NEAA, methionine omitted from all calculations.
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TABLE 1.7 Itatios of concentrations cf individual plasma amino

acicls irr the methionine infusion periods to the
concentrations in the controll period for the sheep

fed the 'l,wo díets. (Ratios are calcu_Iated from
values which are the means of three samplíng times
for bulked samples of plasma.from four sheep on

the days in which the sheep did nct receive the
glucose infusion).

vüHc CH

LMet HMet LMet- HMet

THR

VAL

ÏI,E

LEU

TYR

PHE

LYS

HIS

ARG

73

80

83

7L

96

99

75

77

95

83

77

66

54

82

100

59

61

92

77

83

81

82

96

90

80

95

84

53

64

70

65

76

B4

62

B7

82

1ìActual concentrations of the amino acids in plasma d.uring
the control period are given in Table 1.6.
Control - water infusion; LMet - 0.08g L-methionine/t<90''U/UuU,
HMet - O. 169 L-methionine,/xg0 '" /u^O.
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Methionine infusion resul.ted in a depression in total pla.sma

ami-rro acids, the effect bej:ng mcre apparent for the essent:'-a-l- ¿rnri¡ro

aci.ds (those cl-assi,fied as essentia l for L-.he rruniirart by BJ_ack

et af. (1957) and Downes (1961) . Fi.qure l_.1 shows the mea.n effect--

of the abomasal rneL.hioniue on the:l-nclivicìuaf arnino acj.cl.s in plasrna.

Although the higher level of methion-i-ne usually resnlted in a groat-er

depression in the plasma amino acid concentrations, t--he mean values

are shown in this graph. Tabte 1.7 gives tlie ratio of the conÇeì:li-.raticns

of the essentíal amino acids ín the plasrna clurinq the perj-ods in which

the sheep r-eceived. the abornasal j-nfrrsions of rne'Lhionine, compared. with

the concentrations j.n the control periocl . Ttre values are thc: ï,i.ee1Ðs

over the three sampling times on the days in whi ch the sheep cid r:<¡t

receive the glucose infusion.

Tabre r- 8 gives the vaLues for the total prasma essentia_r_ arn-ir-no

acids (EAA) for the sheep fed the two cliets at the three seunplinE tii,¡es

and for the different methionine and glucose treatmeni-s.

The glucose infusions rt/eïe aclministererl over a 2 hou.r period

and blood samples taken at the completion of the infusion must be

compared with samples taken prior to the glucose loading. fn, this worl(,

the effects of the glucose infusion \¡¡ere confounded v¡ith time since in

some situations, there \^Ias a marked clepression in plasma amino acicl

concentrations at ,I2.5 ir sheep not receiving the glucose infusion.

This effect was particularly evident in the CH-fed animals and bec:¿rme

more apparent with the two revels of methionine suppl_ementation. By

TU there was an apparent recovery ín the ptasma concent-rations cf these

amino acids, although the level was still l-ower than at the Tn samo-ling.

64-



FIGURE 1.1 The effect of an abomasal supplement of

L-methionine on the level of individual"

plasma amino acids (èach value Ís the mean

of three sampling times for plasma bulked

from four sheep on the same treatments;

data from the two methionine treatments

have been included in the mean for the

methi.onine treatment) .

0----------0 control
methionine infusj.orr
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TABLE 1.8 Tota1 plasma essential antino acids (EAê-f) for' the

sheep fed the two diets, at the three sarnpling times

and for the clifferent methiot:ine ancl glucose

treatments.

vtHc CFI

Sampling time
ñto Tr-o*s

5
T T T

2 2 5

85"1 90.2 86.9 r24.7 l-15.0 L29 "2

90.9 7l-.9 74.7 I32.2 99.I 1I0.9

73.0 63.3 74.3 TL2.9 BB.5 IO2.B

r"

tc

78.4 68.9 58.8 94.8 64.8 72.6

62.8 6r. 3 66. I 106.1 67.O 74.3

62.3 48.1 43.3 109.6 76.2 84.4

5

Control

LMet

HMet

3I
o

2

tc

T
o

I
o

I)
2)

3)

PHE, LYS, HTS, ARG

LMet - O. OBg L-methionineÂgQ''u /uuo,
I - no glucose infusion; I" - intravenous glucose infusion,

EAA: THR¡ VAI,¡ II,E, LEU,

Control - water infusion;

o
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The gl-ucose loadi¡g duri,ng the period of water (-i.e. no

rnethionine) infusion resulted in a reduction -ì-n the concentrêLion of

nost. of the plasrna ¿¡,nrino aciclso partÌcularl1, the essentj-als. However,

ttre ç¡lucose effect on total essenti-al amino acids in the sheep re-

cej-ving met--hionine hras much less evÍdent and in s'f,me cases (e.9"

CII-high methionine) rtras apparently absent when cornpared with the no

glucose j-nfus j-on sample taken at the sante time.

The rel-ationship of the change in the pJ,asma arnino ac.i.d

concentrations with glucose infusion to the amino acid conposi,tj-on of

muscle was examined for each level of methioníne infusion on each diet.

The correlation coefficients for thse relationships for the sl-ree¡:

receivíng and for those not receiving the glucose infusioi-r are giveu

in Table 1.9. The relationships for those animal-s given the glucose

infusion but not receiving methionine are shown itr Fig. L.2.

The basic plasma amino data is given in Appendex Tabl-e 1.1.

DTSCUSSION

Factorial Estimates of Amino Acid Requirements

For ruminants, factorial estimates of the arnino acid reqtrirement

and the estimation of shor:tfalls in anino acid supply are arrived at

only on the basis of many assumptions and are subject to many errors.

Ho\^/ever, the prediction of the likeì-y order in whj-ch amino acids become

Iirniting for productive functions in animals in a particular physj.o1ogl.-

cal state is a usefut first step in the study of amino acid limitations

to production. Certainly the attempt has highlighted a number of

fac'l-ors v¡hich ¡:oint to deficiencies in the present knowledge.
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TABI,E 1.9 Correlati-on coefficient-s for the relaticnships
be'bween the molar remol.al of amino acids from plasma

and the molar amino acid composition of ovi-ne rnuscle.

(rhe mol-ar removal. of an amino acid is calculated as

the difference between the c<.:ncentration of the

amino acid at TO a.nd t2.5. The anino acids included

are lysine, leucine, valJ.ne, threonine, arginine,
isoleucine, phenylalanine, tyrosine, histicline aud

methionine. À11 values are fr:r br.rl];ed. samples of

plasma taken from the four sheep at any one time),

vtHc

Sheep receiving glucose infusion (i.e. appazent glucose-incluced

removal of amino acids).
I t** **

CH

Control
LMet

HMet

0. 955

o.452

0.391

0.780

o.646

0. 795

*

**

sheep not recei"'"t,::::ï'";"Ï""""ii;"; 
.

Control -0.278
LMet O.O79

tlMet -0. 064

tirne-related apparent

-0. 167

o .499

0. 588

***P<0.05; P<0.0

1) Control - water infusion; LMet - o.CBg L-methionine/kgo''u/u;L,
Hl"tet - o. 169 L-methionine/kgO "'5 ¡dr^, .
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FIGURE 1.2 Relationshi,o between molar percentage composition

of muscle (H) and the molar percentaqe

removal of amino acids (O-----0) front plasma

after the intravenoLts infusion of glucose in

sheep fed the V,IHC and CH di.ets and not receiving

methionine. (The molar removal of an amino acid

is calculated as the difference betv¡een the con-

centration of an amino acicl prior to the glucose

infusion (T^ sample) and the concentration in the
U

sample taken at the end of the infusion (*Z.S

sample). The removal of an individual amino

acíd is then expressed as a percentage of the

total removal of the amino acids, lysine, leucine,

valine, threonine, arginine, isoleucine, phenyl-

alanine, tyrosine, histidine and met-hionine. All

values are from bulked samples of plasma taken

from the four sheep at any o¡re time) .
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fn the present estimates there is no allowance for differences

in the utilisation of amino acids. Such clifferences coul.d arise

from differentj-al aÌ:solption of cìIrrino acjtls frorn the intestinal

tract possibly clue to interacLions between amino aci<ls at the site

of akrsorption (gume et aL. L972; Johns & ISerqen 191 3) ' or from

differential catabol-ism of amino acids (Aguj-lar et af " L972) - The

calculated requirement for individual amino acids could afso Ì-¡e in

error, due to diffei::nces in the amino acid pattern c¡f endogenous

losses (particula::1y MFN) as compared witir t-he pattern of average

tissue proteiu used in the calculations. Egan er !úalker (1975) made

al-lowance for some of these differences in the utilisation of the

inctividual amino acids by comparíng their calcul-ated utilisation

factor (requirement /supply) with those deri.ved from published dat¿i

for the rat, pig and chick when these species were fed a die+' in

which amino acids were provided in v¡hat was believecl to be the optimal

amounts and proPortions.

The calculations suggested that the sulphur amino acids

methionine,and cyst(e)ine would be "first limiting" for protluctiolt

in the sheep fed the two diets. When ad-ditiorral methionine v¡as

provided (situations B and D), arginine was irnpJ-icated as the next

Iimiting amino acid. However, 'the animal probably has the capacj-ty

to synthesise scme arginine in íts own tissues (Black et al. l-957)

in which case lysine would be iniplicatecl as the next 1i-rniting amino

acid. For the sheep fed the cH diet, the low Rrls r:atios suggested.

that enery rather ihan any amino acid v¡ould be limíting productiorì

after the requirement for the sulphr.rr amino acids has Ì:een met.
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Experirnenl-al Data

Genefal- pfasma anino ä0ic1 âttérns

i3ergen et aL. (1973) have proposed a unifying hypothesis tcr

explain the rel.ationship between plasma amj.rro ac,ids ancl diet in

ruminants. Egan (L972) proposed that the glycine to other antino acid

ratio (GLY/OAA) is a sensitive indicator of the yield of r{ -amino

nitrogen at the duodenum. The differences between the CH- and hIFIC'-

fed animals in the present experimerrL lend general support to tl-le

observations of these wor:kers, i"e. in the plasma of the aniin¿rls fed

the lower protein diet, there \das a higher iron-essential (Ì'IBAA) to

essential (EAA) amino acid ratio (N/E), a hi.gher GLY,/OAA rat-j-o, ancl

a lov¡el level of total amino aci<ls' EAA' branched-chaìn amino acids

(BrAA) and phenylal¿rnine.

Methionine supplementation does appear to have modifiecl sorne

of the aJrovementioned relationships. Table 1.10 contains a surmary

of the reler¡ant data for animals fed the two diet-s at the diffe-rent

Ieve1s of rnethionine supplementation (all values are the means of the

three sampling times). The interpretati.on of the data for the VJHC-

fed animals may be complicated by a change in intake with methionine

supplementation. in animals fed both d-iets, the plasroa EAA' NE¡\A,

total amino acids and BrAA were all depressed with the increasirrg

Ievel of methionine infusion. Phenylatanine concentrations were nct

altered in the sheep r-ed the V0HC diet, but this v¡as virtually the only

plasma arnino acid t-o be unaffected. In contrast the fevel of

phenylalanine tended to decline in the CH-fed sheep, although this

depression was entirely due to the marked depression j.n amino acicl

with methionine supplementation in the CH-fed sheep-levels at T2.5 and T
5
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TABI,E 1. -]-O plasma arnino acicl pararteters j.n the sheep fe<1 the
two diets- at tlre three level.s of methioníne
suppl.e:nenta.tion. (Bach val-tre j-s the ntean of
three sarnpling Lilnes ('I^¡ 'I. ., T.) dr-rri-ng thc
day on which the sheep Hia i¿É redeive a glucose
i.nfusion" Bach sample is a bulked sample of
plasma from the four sheep on each treatment at
each tirne) .

I

Diet:VIHC

EAA
3

NEAA

Diet: CH

EA.ê.

NEAA
ToIaI AÄ
BTAA
PHE
BTAA,/OAA
GLYlOAA
N/E

Cóntrol

87.4
117.8
205.2
36.4
4.28
o.2L6
o.379
1.35

L22.9
i34.4
257.3
58.6

5. 81
o.295
0. 321
r. 09

I2

LI'4et

70.2 .

99.6
169.8
28.5
4.23
o.202
0.387
1.42

o.29l'
0.307
L.T2

HMet

63.
100.
l-64.
25.

o

.180

.405

.58

82.5
84.2

166.6
4r.4
4.89
0. 330
o.252
1.02

4

6
7

J

0
2

Tota| AA
BrAÄ'

4
0
o
t

101.4
113. r
2r4.5
48.3
5.25

2',)

3)
4l

1) Control - water infusion;

EAA: THR, VAL, II,E, LEU, PHE, LYS, HIS, ARG.
NEAA: SER, Gf,U, GLY, AIA' TYR' ORN.

Tota1 AA: EAA + NEAA.
BrAA: VAL, lLB, LEU.
BrAA/oAA: BrAAr/TotaI AA-BrAÀ.
GLY/OAA: GIY/Total AA-GLY.
AA concentrations in p moles/fOO mI plasnia.

LMet - 0.08s L-methionine/k-q! ''"?ruuu,
HMet - 0. 16q L-urethionine/kg"''' /duy.

5
6
7

8
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The effect of methionine on the plasma ratios tended Lo differ

between diets. In the plasma of the sheep fed the ülIlC diet, the

BrAÄ/OAA ratio tended to decline, while the GIJ/OAA was unaffected

and the Nr/E ratio tended to increase with the increasing level of

methionine supplementation, d.ue to the trend for the EAA to be

depressed to a greater extent than the NEAA. However, apart from

the GLY/oAA ratio (which decl-íned wj-th increasing methionine), neither

of the other plasma relationships were consistently affected -in the

sheep fed the CH diet.

Although some of the plasma relationships were apparently

altered by methionine supplementatiorr, the unifying hypothesis of

Bergen et aL. (1973) has not been seriously challenged. The only

point of díspute is the total AA levels since total AA levels were

vírtually identical in the sheep receiving the hígh rate of methionine

infusion on both diets. I'lany of the plasma ami-no acid changes in the

CH-fed sheep were due to the change Ín conceutrations with tirne of

sampling which were especially evident in the periods of methionine

supplementation. The tirne of blood sanpling may therefore be an

important factor in interpretíng plasma amino acid, concentrations in

relation to the hypothesis of Bergen and his coworkers (loc. cit.).

However, the observation that the largest changes were at the highest

Ievel of methionine, while the changes with time in the control

period r^rere very small raises the possibility that the changes were

a peculiar effect of methionine per se, rather than a general

phenomenon associated with the diet. From a consideration of the

general pattern of results, the N/E ratio would seem to offer the

most potential as a reliable indicator of the protein to energy ratio
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of the diet, although it would appear to bear little if any

relationship to the amino acid balance of the diet.

Effects of méthÍónine srlpplemerrtat-i.or¡ on plasma anino'acids

In this section all of the data discussed refers to the changes

in plasma arnino acids in the periods in which methionine was infused

compared with the control period. The data has been derived by

talcing means of the plasma concentrations for the three sampling

times on the days in which glucose was not infused. Although no

statistical analysis could be applied to the data, the changes in

the concentrations of many of the amino acids in the plasma were

considerable (Tab1e L.7) .

Several mechanisms may have been responsible for the change

in plasma amino acids with methionine supplementation. These include

an increased withdrawal of amino acids from the plasma for protein

synthesis, an increased catabol-ism of amino acids, hormonal effects

or an effect on amino acid transport, possibly acting via hormonal

influences. These possibilities will be briefly considered.

(i) Increased protein synthesis: this is a possibility since at

least in some anj.mals, there was a-n apparent positive response to the

methionine supplement. A stimufation of tissue protein synthesis

might be expected to resulÈ in the removal of essential amino acids

from the plasma in approximately the same propcrtions as the amino

acid.s are present in the tissue protein. These relationships were

examined and the correlation coefficient for the relationship of

the removal of essential amino acids with muscle composition was

0.61 (P<0.05) for the period of the low leve1 of methionine infusion
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and 0.59 (P<0.06) for the higir methj-onine period. irr the sheep fed

the WHC diet" For t-he aninè,1.s fecl CH, the correlatiors\^/ere fower

and dicl not approach significaricr:. The r:el-ationships were also

exanined using the ainino acid c:omposition c¡f wool and the estimaterl

overall annino acíd composj-tion of the whole b.r.Ð, but the correla-

tion coefficients were lovr (<0.40). The r:esults obtained for

the aníma]s fed the I^IHC diet -in terms of the amino acid uptake/muscle

composition relatiouship may provide some weaJ< evidence that part of

the change in plasma amino acicls riray ha-ve been due to a stimulation of

protein synthesis through an increased supp:Ly of mel-hionine'

(ii) rncreased amino acid catabolism: ntethionine (as well- as

tryptophan or d.ietary protei-n) is known to induce a number of enzl'mes

involved in amino acid catabolism in the rat and the chick (Harper 1968;

Nakano et al-. 1970). Tyrosine aminotransferase (lVoodward et af. L975¡

Bourdel et af. 1975) ancl threonine.-serine dehydratase (Peraino et aL.

1965; Cihak et al-. 1975) have been weII studied.. However the amounts

of methionine administered in these experinents were much higher (as a

proportion, of the diet or on a bodyweight basis when given intra-

peritor-really) than those administered to the sheep in the present

erçeriment. An increased supply of proteín per se 'protratrly does not

incluce threonine dehydratase in the sheep (see Review sectíon 3.2),

and therefore it is unlikely that methioni-ne itself would have an

effec'b on this enz)zrne. In concJ-usion, it is possì.ble that an

increase in amino acid ca-tabolisrn may have been involved in some part

of the depression observed in the plasma amino acid concentrations,

although this await-s more detailed study.
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(iii) Methionine adninistration resul-ts in arl j-ncreasecl rate of

ccrticosteroid secretion in rats (G-irard-Glc>b¿r- eL a-7 " I972) al-though

the quantl'-t-ies aclmini,stered were much higher l--han those used in the

present rvork. Sonre p;rr.l- of the obser:vecl effect of meth;Loníne on

tlre l-evel of catabolic enzymes (Nalcano et aL. 1970) may be related

to the j-ncreased leveh- of corticosteroids (Girard-Globa et aL'1912)'

A corLicosteroj.cl effecb- is most ur-rlikely to have constituted an

important component of the met-hionine response in the present erçerirnent'

since the corticosteroids increase rnuscfe protein catabolism, which

tends to result in an elevatiotr in the l-eve]- of most plasma' amino

acids (I,otspeich 1950; Kaplatr ç Shinrizu 1963) " Methj-onitre rfoes not

appear to result in an increased level of pl-asma j-nsul-in in intact

animals. Floyd et a7. (1966) admj.nistered ver:y high levels of

methionj.ne to adult humans and did not observe any change in plasma-

insulin in contrast to the effect of some of the other amino acids'

Taoeta]'.(Lg74)fe<lsheepparenterallyanctfoundthatwit}rirrcreasirt.g

levels of methiorrine, plasma insulin rvas initially re<luced, but with

further increases in methionine, insulin was unaffected. Growth

irormone adÏrinistration resul-ts in a depressed level of plasma aroino

acidsandanincreaseduptal<eofamiiroacid-sbymanytissues

(Lotspeich 1950; Munro l97O), but any effects of methionine admini-

stration on growth horrnone secretion have no+- been reported''

(iv) Amino acid t-ransport: In addition to any possible involvemenb

of hormones in the increased plasma uptake of amino acids in response

to methionine, methíoni-ne may also irrfluence the transporE of other

amino acids directl-y- Fol: nany years it has been known that

methionine is involved in heteroexchange tl:ansport with other neutral

amino acids (christensen 1963¡ L964), i'e. methionine has an affinity

fortwotransportsystemssuchthatitisstronglyconcentratedby

onemediâtorandthenServesbyexchangethroughthesecondmediator
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(i.e. transport sl,stent) to clrive t-he uphill transport of leucine

ald valine anc-l s:lmi-Iar am-Lno acids" Such an effec'L <.¡f met-hionine

coul-cl have l'¡een an impori:eu:t cornponcrrtt of the pla.sna amj-no ac:id

response in the preserrt experÌment, particularly in view of the

marked effects of methionine on the ]-evel of the branched-chain amino

acids in plasma.

changes in tlie level of indi_vj-dual amino acids may have been

more rela'l-ecl to specifi.c effects of niethionine. The depressions in

threonine a¡rd serine associated with methionine suppJ.ementation in

anipals fed both diets rnay have been due to the ::equirement for serine

(which may be synthesised from threonine) in the synthesis of

cystathíonine from homocysteine in the catabolism of methionine via

the transutphuration perthway. The greatly increased concentrations

of taurine and. cystathionine in tlie plasma of methionine - supplemented

animals provide subjective evidence that the catabolism of methionine

via the transulphuration pathway r.¡as increased in methionj-ne-supplernentecl

anj.mals. The plasma concentration of methíonine in supplemented animal-s

was higher in those fed the WIIC diet than in those fed CH diet. This

may reflect a greater rate of methionine catabolism in animals fed the

higher protein diet, particularly since Harper (1968) has shown that

the level of enzymes which catabolise the essential amino acids are

greatly increased at l-evels of diebary prr:tein in excess of the

requirement at feast in the rat. However, EganrRadcliffe and Fennessy

(in preparat-ion) were unable to detect any dS.fference in the level of

hepatic methionine adetrosyl transferase between sheep given a poor

quality lorv protein st::aw and those given a high protein lucerne chaff.
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Thís is in niarked contras.t to the sit-uation .i-n fats where high

pr:otein die'ts d-o result ln an increased ac'bivity of this enzlzme

(Finl<IesLein 1967) "

EffeÖts óf g Iucose infusiorr ôn tr)l asftâ âInÍno'acids;

several- workers have shown that the pattern of rernova] of

essential a¡lino acicls frorn plasnla following insulin (Lotspeich 1949)

or glucose (Munro & Thomson I953) administrabion is very similar to

the amino acid composition of mtlscle" Glucose or propioníc acid

have similar effects in the sheep (Potter et af. 1968) " These

effects are not unexpected in view of the well-'known effects of

insulin on muscle protein synthesis although it is controve::sial as

to whether the insu-lin induced amino acid uptake by muscle is

independent of the effects of insulin on muscle protein synthesis

(Munio l'9'l}¡ I{ooI 1972).

The correlation between the glucose-induced removal of essential

amino acj-ds from plasma and the rnuscle composition was very high for
)

the WHC*fecl sheep not receiving methionine (r-=0.9f). The correla-
')

tions for the cH-fed sheep were lower (r-=0.42 Lo 0.63), although

significant at all levels of methionine infusion. In contrast, in

the ?iHC-fed animals receiving methíonine the correla'tions were low

and not significant. There are a number of possible reasons for

the latter effect. The methionine-induced withdrawal of ami-no acids

from plasma r:esu1tecl in a greatly reduce<1 concentration of several

amino acids, perhaps to the extent that there was a much reduced

capacity for the removal of amino acids from the plasma due to the

-i-nvolvement of the animalrs o.¡m homeostatic mechanisms in maintaininqt

plasma antino acid concentrations. A second possibilJ-ty is that
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mcthionine ir-rcreased muscle protein synthesis to such an extent that

there was lj.ttle capacity f.cr gì-ucose to prov-ì-de a fr¡rther stimul.a-

tj.oü. Thtts t-he factor linritÍng bccly prote-in synthesis for the

sh€rep fed Lhe !ÍI]C clíeì: wers pi:obably protei-n per se rather than energlz

i.e. rnethion-ine had so improvecl the balance of am:Lno acid supply to

the tissues ancl hence the efficiency of a:nino ac-id utilisation, Lhat

fo:: any further increase in protein synthesis to occur would have

required more prote.Ln or rnore of one or rnore of the essential amíno

aci<ls rather than rnore energy. The differences noted in the

observations with the sheep fecl CH as compared with those fed WÉlC may

l-end some support to these suggestions. In these sheep, the protein Eo

energy ratio was such that energy rather than protein was probably

f.imiting muscle protein synthesis in the methionine - supplemented

a¡irnals. The high correlations between the glucose-induced removal

of am:l¡o acj-ds and muscle composition (fa¡fe l.g) would tend to

support this, although the marked clepression at T. - in the animals

not receiving glucose must be borne in mind

No explanation can h¡e offered for the depression in the plasna

amino acid concentrations at '.1r.5 -td to a lesser extent TU in the

CH-fed anirnals recei-ving methionine ("time-related removal"). The

sheep had received five feeds at hourly intervals prior to the TO

blood sampling. On a highly fermentalcle diet sucfu as the CH, +-he

rate of fermentatiou ancl hence vol-at-ile fatty acid uptake from the

rumen coufcl be expected to have been relatively steady by this time.

The methionine infusion was also provided continuously. The

mechanism of the "time-rel-ated. removal" was apparently the result

of an interaction with Lhe level- of tnethionine infusicn. The

correlation coefficients for the "time-related removal" of the

amino acids from plasma with the molar compositíon of muscle
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(Table 1.9) were lower than those for the glucose-induced removal

(r2=O.25 and 0.35 cc.rnpared with O.42 to 0.63).

An indicat-j-on as to wtrether the methioi-iine- and glucose*inducecl

changes in plasma arnino concentrations were rel¿rted to an increased

rate of protein s;ynt-hesis may be obhained from a compitrison of the

plasma arnino ac-icl changes brought abor.rt by these treatments.

The changes i-n the plasma concentrat'lons of ihe essential

amino acids evj-dent in the first plasma sample, taken immed-iately

following Lhe glucose infusion in the control pericd, \Á/ere strongly

related to the muscle composition (Table 1.9 and Figur:e L.2). Such

a rapid response suggests a change in the uptake of amino acids and

supports the suggestion that insulin was involved. Howeverr ôîy

change at the later sampling when glucose ]evels ín the plasma had

returned to normal (Appendix Table 1.2) would be more like1y to

represent an effect of an improved energy supply per se rather than

an insulin-mediated effect and therefore miqht be expected to refl-ect-

an uptake of amino acids into pathways of protein synthesis,

rather thà an effect on the tralsport of amino acid.s.

The correl-ation coefficients for the relationships between

the <lelayed effect of glucose in the control period (i.e. ts-tO

expressed as the molar removal of each amino acid) and the efféct cf

metTrionine (mean of LMet and HMet minus the control period values,

each as a mean of three sampling times, and expressed as moiar

removal of each amino acid) are given ín Table 1.1I. The relaticn-

ships plotted on the basis of the molar percentage removals of

amino acid.s are shown in l'igure 1.3,
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T'Ä]-il-l.l I. 11 Correl-ation coeffj-cients for the relationship between
bhc de1-ayed effects of gl-r-rcose on the molar removal of
arrino acicls from pJ-asma and the effect of abomasal
methj-onine supplementation on the mofar removal of
ami-no acids f:r:orn plasma" (The delaye<l effect of
glucose on the molar rentoval of an anniuo acid ís cal-
culated as the difference bet-ween the concentratíon of
the amino acid at Tg and T5 on the days in whicli the
sheep not receivi.ng the .tbomasal methionine infusion
recej-ved the intravenous glucose infusion. The effect
of metliionine supplementation on the molar removal of
an amino acid is calculatecl as the clifference between
the mean plasma concentr:ation in the methi-onine
infusion period and the concentration in the control
period. where the mean concerrtrations are the means of
the three sampling tirqes on the d.ays on which the sheep
di.d not receive the gtucose infusion. The amino acids
ínclucled are lysine, leucine, valine, threonine,
arginine, isoleucine, phenylalanine, tyrosine arld
hj.stidine. AlI vafues are for bulked samples of plasma
taken from Èhe four sheep at any one time)

Cornparison of d.eIar¡ed
Iucose effect wíth

t
LMet

HMCt

Mean Met

TfHC

0.678

o.637

o.677

CTT

*

*

*

0.376

o. 346

0.553

r) o.75

o.75
/day ¡

/dav ¡

LMet - 0.08q L-methionine/kg

HMet - 0.169 L-methíonine/kg

*
Mean Met - mean of LMet and HMet.

P<0. 05
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FTGURX I.3 Rel-at:ionship between the molar percentage rernoval of

arninr¡ acids frorn plasma wiLh methionÍne infusion

(e---{l ancl the <l-elayed effect of glucose on the

mol¿rr percentage rernoval of amino acids from plasma

(A-----A) in sheep fed the WIIC and CFI Ciets. (Afl

calculations for methionine effects are performed on

values, each of which is the mean of three sampling

times, taken during the day in which the sheep did

not receive the intravenous infusíon of glucose.

The r.rethionine treatment is the mean of the two levels

or'methionine infusion. The molar removal of an

amino acid ís calculated as the difference between the

methionine treatment and the control treatment. The

delayed molar removal of an. arnino acid fol-lowing

glucose infusion is calculated as the difference

between the concentration of an amino acid prior to

the glucose ínfusion (TO sarnple) and the concentration

in the sample taken 2.5 hours after the errd of the

infu-sion (r- sample) . The molar percentage rernoval
5

is calculated in the same manner as in Fig. 1.2 except

that the effect on methionine is omitted from the

me'thionine treatment. AII samples are bulked sançles

taken from the four sheep in each treatment).
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llhere was solne suggesti.on of a rel-atj-onshj-p between the

change ì.it plasma e:sserrt--i-a1 amino acid patì-ei:ns ín these two

situa-l--j-ons for th<+ atrima-l.s fed 'Lhe ltt{C dj.et (v2=O.46) ¿l{-hough the

changes in J-ysine, va-fine a-nd threonine, irr particular, did differ

q¡ite considerably between the two treattnents. Ho¡ever, the

general cor-respotlclence between these changes does l-end sonre support

to the suggestion that the methionine-incluced removat of anino acids

from ¡rlasma in the sheep fed the l\]HC diet nay have been partly

assoc_iatecl with an increased rate of protein synthesis.

Plasma anino acids for the predi ction of limitiuq amino acids

There are a number of possib-Le methods of interpreting p-1-asma

amino acj.d changes for the prediction of limiting amino acids. fn

the interpretation of the present work two methods have been used

after treatments in which the substrate supply to the tissues of the

animal was altered.

The first method of interpretation is a simple plasma amino

acid ra.Eio (PAR) which is the ratio of the post-treatment

concentration of an annino acid to the pre-treatment concentration,

the amino acid with the lowest ratio being cfassifiecL as "first

limiting". The second method of irrterpretation involves calculation

of the ratio of the molar removal of an amino acid (as .e percentage

of total- removal of the sel-ected essential amino acids) to the molar

percent composition of muscle. The plasma amirio acid depressj-on

method (PAD) thus defines the I'first limiting" amino aci<1 as that

having the highest ratio. Ideally, the denominator used in the

calculations for the PAD method siroulcl be the amino acid requirement,

but this is clearly not possible for ruminant studies. The PAR and
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PAD rat-ios fo:: t-he essential amino acicls in the -eheeP fed the

!'JIIC djel-- are given i.n Table I"12" The values usec-l in *'he calcu-

lations rvi:r:e those at Tl, following a glucose infusion (compared

with T^) , anC the rr,ean plasma concentrations over the three
U

sarnpling i:i-n',es and thc two level-s of methionirie infusj-on (comparecl

with the pl.asma concentrat--ions for the sheep not receiving

methionine, cafcula,ted as the nean of the three sampling times

over the tlvo levels of methioníne supplement-ation on the days in

which the arrinral-s did not receive the glucose infusion).

The two PAR predictions suggested that lysine and leucine

wouJ-d. l¡e the amino acids most tikeJ-y to be lirniting for protein

synthesi-s in sheep fed the WHC diet whereas the PAD methods clearly

implicated histidine as the l-ilcety "first limi.ting" amino acid.

Even though it is pr:obable that met-hioniire supplementation did

result in an improved nitrogen utilisation, the glucose ioading

did not reduce plasma methionine to such an extent that j-t was

implicated as a likety liniting amino acid by the PAD nlethod, although

the PAR teìchnique did suggest that methionine may Ìrave been "second

limiting". Ho\¡7ever, for four of the amino acids the FAR ratios

were al-l- similar (0.66 to 0.75). The extent of the change in plasma

histidine concentrations may have been an overestimate, since in the

amino ¿lcicl analytical system, the peak nteasured. as histicline was rrot

pure. ilhe contaminant was not positively identified, but it was

not t-ryptopl-ran nor v¡as it a niebhyl-histidine alone.

'Ihe accuracy of predictions of limiting amino acicls for

rumin¿Lnts fed various diets and in different physiologi.cal states

must be in question unt.il such time as experiménts designed to
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TI\BLE f "12 P]asma amino acíd ratios (rrARl)
acid - rnuscle composit:Lotr ratios
of timiting amino acids for the
diet.

and pJ-asma amino
(PAD2) as inclices

sheep fecl the ViHC

PAR
G

PAR
M

PAD PAD
MG

THR
VAL
¡,lET
rLE
LEU
PHE
LYS
HÏS
ARG

.73

.94

.7r

.85

.75

.05

81

0
0
0
0
0
t
0
0
0

0. 78
o.79

2.OO
o.7L
0.69
0. 18
o.23
0. 57
L.22
3.08
1. 36

0. 90
r.46

9!;
90

.08

.19

.33

66

94

0. 75
0.63
1.00
o.67
0. 69
o.94

0
0
0
I
3

0

1) PAR: The ratio of the post-treatment concentration of an
amino acid to the pre-treatment concentration.

(AA) Control t" tO

2) PAD:

PARG

nÐc

(AA) Control I TGO

(AA) Met- mean
"*'M (AA) control

The ratio of the molar removal of an amino acid (as a
percentage of the total removal of the selected
essential amino acids) to the molar percent-age composition
of muscle.

[*) control (*s - r ì] / ftotat (AA) control (r - to)]
5

(AA) Muscle / llotal. (AA) Muscle

Met mean - (AA) controil,/ I-rotor (aa¡ (Met mean - control[tael il
PAD

M (AA) Muscl-e / IoEaL (AA) Muscle

where (AA) is the concentration of the parti.cular amino acid; total (AA)

ís the sum of the selected essential amino acids; l"let mean is the mean
concentration of the amino acid(s) for the two methi.onine treatments and
the mean of the three sampling times in sheep not receiving the glucose
infusion.
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assess the accuracy of the predictions are carried out" Pot-ter

et a7" (L972) have attemptecl to develo¡r a technj-que fol: the assessmen'b

<¡f lj-miting amino acids for sheep, based on dtrodenal infusion of

dif'F.erent proteins. However when applied to the data of Nimrick

et al-. (1970), the techni-que failed to identify the limiting anni¡ro

acids (as defined using nit-rogen l¡alance responses to abornasal

infusions of amino acids).

Any prediction of the limiting amino acids for the shet>p fed

the CH diet in the present work is cons;idered of l-ittle value since

it is very likely that energy rather than any amino acid would be

Iirniting proteín synthesis following an increase in the suppllz of

methionine.

CONCLUSTONS

The factorial estimates of amino acid requirements and Èhe

estimated deficiencies in the supply of amino acids, although subject

to many errors, suggested that methionine (and cystine) were likeJ-y to

be the "first-limiting" amino acids for the sheep fed the two diets

in the present experiment. Subsequently, abomasal supplementation

with methionine resulted in an apparent positive response in terms of

an íncreased intake or a reduced urinary nitrogen excretion in some

animals.

The changes in the plasma amj-no acid pattern in response to

a change in the supply of substrate (i.e. glucose and/or methionine)

were probably of metabolic significance. However the use of plasma

amino ac.id changes 'to predict the likely Iimiting amino acids fail-ed

to provide a¡y clear indication as to those amino acids most likely to

be límíting for protein synthesis
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CHAPTEIì. 2

Nitrogen r:etenL-.ion a-nd voluntary intake of youlìg

sheep fecl rougtrage diets ancl given post*ruminal

supplenents of T,--rnethionine ¿lnd obher amino acids-

INTRODUCTION

The experiments to be reported in this cha¡>ter arose out of

the observation that the::e were apparent marked differences l:etween

animals in the response to low levels of methionine givsn per

abomasum in the experiment reportecl i-n Chapter 1.

The possibility of between animal- varia-bilíty in responses

to nutritional treatments ís not usually considered. In traditional

experimental designs (e.g. Latin square. factorial-s, etc.) any

between aninal variabil.ity in the rneasured parameter is usuaì"Iy

allocated to the ert:or term. This variability may be due to the

effects of time, carryover effects of a previous trea'bmenl, or basic

variability between animal.s. These experimental designs do not

possess the capacity fortesting whether the basic differe¡ces

between animals in the p"t*.t"ts measured and in the responses of

the animals to the treaLment are indicative of real differences

between the animals. The dífferences are regarded as indications

of random variability and. are allocated l-o the error term. in

ma¡y casesr iL would seem that the possibility that such va-riability

is a real , rather than a random pherromenon mer-its special attention.

I¡ the wor:k to be report-ed Lrere ' each animal was used as its

own control_. However, this has the disadvan't-age.that, due to the
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Iilceli-hood of carryorzdr effects between treatments, the control

perj-ocl must-- conìe f irst. T::eatment,s Ítust also be carri ed ou+-

suclt that carryover effects are míni.mi.sed. For this reason, the

arì.ount of the rnethionine supplement was increased h/ith time such

that-- a peliod of high methionine supplementation followed a period

in which methionine ïras given at a lol\ter level. sÍ.milarly

supplements of other amino acids \¡¡ere afso added tc the supplentent

given in the previous per:iod. It must be noted that where animals

act as their ovln control and receive stepwise increases in the

treatme¡t, time may be the factor producing the response. The

more frequently :repeated the response the more acceptable is the

interpretation that the observed response is due to the treatment

pet se.

In order to evaluate the repeatability of the response to

the treatment within any one animal, two sheep were given a sequence

of increasing levels of methionine on two occasions" An attempÈ

vras also made to estimate the length of the time taken for the

animal-s to re-establish at pre-infusion conÈro1 levels following a

sequence of methionine infusions. A dose response curve vlas

obtained in this experiment and in a further experiment in which

methionine \AIas infused at levels from low to toxic amounts. In

two experiments, the response of sheep to threonine or thrêonine

and leucine in addition to a basal methíonine infusion was examined.

Response criteria used in the various experiments included

voluntary intake, nitrogen retention and urine nitrogen excretion.
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IlXPERI¡lENTAL

Animals, diel:s and feedinq

ExperimenL 2/I: Two Dorset x Merino wethers we::ê used.

At the start of the experiment they were aged, about 20 months and

weighe<l 30 kg (Bli) and 3I kg (Eunuch). They were fed a diet of

egtral parts of wheaten straw and wheaten hay chaff ad l-ibitum

(0.75% nitrogen in mixtur:e). These sheep had previously been used

in the experiment reported ín Chapter 1.

Expe rímenlu 2/2: Three Dorset x (Dorset x Merino) wethers,

aged a-bout I months and. weigh-ing 25.5 kg (76I), 30.5 k9 (663) and

29.5 kg (748) at the start of the experiment were used. They were

fed the same diet ad LibÍtum as the sheep ín Experimenl 2/L. They

had been fitted with abomasal tubes (Appendix 2) at least one rnonth

prior to the start of the experimënt.

ExperimenL 2/3: Three Dorset x (Dorset x Merino) wethers,

aged about 10 months and weighing 34.0 kg (675), 34.5 kg (744) artd

35.0 kg (769) at the start of the experiment were used. They were

fed a diet of wheaten hay chaff ad l-ibitum (1.05* nitrogen).' They

had been fitted with abomasal tul¡es at l.east one month prior to the

start of the experiment.

Experiments 2/I, 2/2, 2/3: Water was freely available at

all times. A mineral mix (8 g/d,ay¡ Moir & IÏarris 1962) was

sprinkled on top of the feed. Vitamins A and D, (APAC; l.Iicholas

Pty. Ltd.) were given with the feed. on day 1 of each period.
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Feed v¡as offered daily at-. l-000h followirrg 't-lre r:emo'¿al of

resiclr¡es. I'resh allorçances of c.2O"< in excess of the expected

daily int-alce rvere crfferecì. /'rl1 sheep \^/ere lìorrsetl indoors in

metabol-ism pens arrd were fitted with faecel harnesses" AII

sheep vJere vtej-ghccl at inl-erval-s during the experiments (prior to

feedinq in the morning).

g. xg gr3.Ire n çgJ_99! r_s, q

Experirtrerft 2/I: The experimellt consisted of 13 periods

which, except for period 7, vlere of 11 days duration- The two

sheep received an abomasal infusion of 0' O.7,1.4 and 2-Lg of

L-methionine/day -in periods 1, 2, 3 and 4 respectively. The sequence

was repeated in periods I - It. During the periods 5 - 7 the shee¡>

did not receive any -infusion. fn period 12, the sheep received an

Ínfusion of. 2.Ig L-methionine plus 1.49 L-threonj-ne/day while j-n

peri-od 13 an additicnat daily supplement of 2.19 L-leucine was

administered with the methionine and threouine.

Expetiment 2/2: The original- design was of for'rr periocls '

each of 28 days. Period I was a control period (water infusion)

while in periods 2, 3 and 4 the animals received abomasal infusions

of L.4, 4.2 anð.8.4g of L-methioníne/d'ay respectively. On day t7 of

each period, the sheep v/ere given an intravenous infusion of t-35

S-cystine and cystine entry rate measured, and on day 19, lj-ver biopsy

samples were obtained. The entr:y rate at-rd biopsy data will be

reported separately (Egan, Radcliffe and Fennessy, in preparation).

Various modifications of the basic experimental- design, involving

threonine supplementation were made as the experiment progressed.

Sheep 761 died cluring biopsy in period 3. A biopsy was not performed

on sheep 748 in period 4.

97



nrySti*""!_?/3, The cxper:ime:nt consj-sbed of two periods. each

of 16 days. Der::LoC I was ;¡ control per-'rod (water i.nfusiorr) while in

period 2, the slr,eep received an al:omasal- infusion of 1.69 of

L-methionine/day "

Measurentents

Experiment 2/I: The daily ad Liltitum dry ma.tter int-ake was

measured. Urine was collected dai.ly int-o sulphuric acid (fina1

urine pH<2), the uriue weighed and a daity subsample t-aken and stored

at -20oC. Faeces were collècted and bullied over a 7 clay period

(days 6 - J.2) and the apparent digestibi-litj-es of clry matter, organic

matter and nitrogen determined. The nitrogen balances of the

indivídual anímals on the various treatments h¡ere calculated using

the feed intake for days 3 to 9, the urirle collected on days 5 to 11'

and the faeces collected on Cays 6'Eo L2.

Exper:imerft. 2/2: Daily dry matter intaj<e was measured, and

urine and faeces collected as in E>çerj-ment 2,/I, except that the

nitrogen balances rvere calculated over a I0 day period before the

biopsy and a 7 day period after the biopsy. The balance calculations

used feed intake ou days 5 to 14, the urine collected on days 7 to 16

and the faeces collected on days I to 17 for the pre-biopsy nitrogen

balance, and the feed intake for days 20 to 26 and the collected. urine

and faeces on days 22 Lo 28, and 23 to 29 respectively for the post-

biopsy balances.

EæSf¡gS1i_t_Zl: Daily ad Libitum dry matter: intake was

measured a¡rd urine and faeces collected as in Experiment 2/2. Nitrogen
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balance was calculated over the same period as the pre-biopsy

balance in Exper:imenl 2/2.

Composi te samples of feeds ancl residues frorn each

experiment were retaj.ned fo:: analysj-s.

Analytical methods

The dry matter content of feed, faeces and residues $Ias

determined by oven drying at 85oC and organic matter by ashing at

55Ooc in a muffle furnace.

Nitrogen concentration in subsamples of dried feeds and

residues and wet faeces and urine was determined'colourimetrically

using a Technicon Auto Analyser following dígestion of the samples

using a Kjeldahl technique (Munro & Fleck 1969).

Amino acid infusions

All amino acids usecl were obtained from Tanabe Seiyaku Co.

Ltd. , Tokyo. The amino acid solutiorrs were replaced every 2 d,.ays,

and adjusted to pH 3.5 with hydrochloric acid to reduce the risk of

microbial contamination.. The infusion lines were regularly dis-

connected and flushed with a sodium hypochlorite-sodium chloride

solution after which they were washed with distilled water and the

infusion recomrnenced.

RESULTS

Experiment 2/I

'Ihe voltrntary ínt-ake and urine nitrogen excretion data for

the two animals in each period of the methionine sequences are given
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in Table 2.1-. Fir.¡ur:e 2.I presents the mean voluntary i¡¡.u1."o

and the ur:ir.re nitr:ogen excrc'tir-ln, the laì:1,er as a pr:rcentaEe of

total nitroqeu supply (intaþ'e pJ-us inf us¿rt-e nitroqen).

The two sheep responded in different directions in terms'; tlf

voluntary j-ntake, Eunuch significantly increasing voluntarf intake

in response to methiouíne, while Eli's volunta-ry j.ntake was depressed

by the methionine infusions. The same general resparrses in int.rl<e

and uri¡re nitrogen excretion \^rere apparent in each sequcrncer despite

the differences in the volun'l-ary intake betv¡een the two coutrol periods-

Table 2.2 gives the mean daily nitroEen retent-ion and. the urine

nitrogen excreÈion (ratio to apparentJ-y absorbed nitrogen) for the two

animals in each period of the methionine sequences. I'he faeces

nitrogen content was measured on bulkerl samples for each treat-ment

and hence an estirnate of erroï could llot be tlerived- The ratio of

urine nitrogen excretion to apparently absorl:ed nitrogen is an

expressj-on of the relative inefficietrcy of utilisa-uion of absorbed

nitrogen. However, it is also dependent on the faecal nítrogen output-

The values for the apparent digestibitity of organic matter ancl

nitrogen for the two animals in each period are given in T¿rlcl-e 2.3.

There was considerable variability in the estimates of nit'rogen

digestibility, this being reflected in the varjability in the

estimates of nit::ogen balance and in the ratio of the urine nitrogen

excretion to apparently absorbed nÍtrogerr-

Table 2.4 ptesents the voluntary -i-ntake, uríne nitrogen

excretion and tlle ;rpparent nitrogen ret-entíon data for the tv¡o

sheep over the last three periods of the experiment (the infusions of
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TABI,E 2. :I- ment 2,/1) : Mean d.aj-ly volunl-ary dry matLer intake

(DMI) and uri.ne nitrogen (N) excretion for El-i and Eunuch

duríng the two methionine infusion sequences.

Methionine
infused
ß/dav)

Sequence A
Urine N

b/davl

Sequence B
Urirre N

(g/day)
DMI DMT

0

o.7

L.4

2.I

o.7

1.4

2.I

EIi

Eunuch

7I1r 4 31 2.O7 ! 0.081 603 r 8.4 1.80 t 0.113

654 ! 46.3 I.46 ! 0.056 578 1 16.1 I.47 ! 0.143

643 + 10.0 1.56 t 0.051 596 t 6.0 L.23 ! 0.032

0

593 r 7.2 1.35 I 0.028 551 t 17.6 1.34 t 0.019

595 t 9.9 2.30 r 0.083 528 ! 11.1 2.22 t 0.054

690 t 8.4 I.AL ! O.O24 625 ! I4.9 I.63 I 0.084

703 1 13.5 I.4B r 0.048 700 r 5.0 L.42 ! O.O77

659 r 15.3 I.32 ! 0.059 692 ! L9.4 r.32 ! 0.033

I) t standard error of the mean (n = 7)
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FIGURE 2.1 (ExÉeriment 2/I ) : Effect of level of nLethionine
infusion on (a) voluntary food íntake (days 3 to 9 +

standard error of the mean) and (b) urine nitrogen
excretion as a percentage of total nitrogen supply
(supply is the sum of feed and infusate nitrogen;
urine collected on days 5 to 1l + standard error of
the mean) in the two methionine infusion sequences
(o-- sequence A; o----o seguence B) .

FIGUIìE 2.la
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T,ABT,E 2.2. (Experiment 2/I): Nitrogen retention and urine

nÍtrogen (N) excretion for nli and Eunuch during the two

methionj.ne infusion sequences.

Methionine
infused
ß/day)

Sequence A
N retenti-on Urine N1

(S,/day) (ratio to
abs. N)

Sequence B

N retention Urine N

@/day) (ratio to
abs. N)

0

o.7

r.4

2.L

0

o.7

r.4

2-l

Eli

Eunuch

-o.20

1.48

0. 59

0. 96

-o.26

r.23

0.63

o.92

1. 11

0. 495

o.727

0.58s

1. 13

0.535

0. 700

0. 588

o.26

o.49

1.30

0.93

-0. 08

0. 45

I.24

1.36

o.874

o -749

o.486

0. 591

1. 04

o.782

0. 534

0. 493

1) Urine N (ratio to absorbed N)

Urine N excretion
(Feed N intake - faecal N) * methionine N
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TABLE 2.3 riment 2/L) z Values for the apparent digestibility

of feed organic matter (OM) and. feed nitrogen (N) for Sli

and Eunuch during the two methionine infusion sequences.

Methionine
infused
ß/dav)

Sequence A
Apparent digestibility of

ol4 N

Sequence B
Apparent digestibility of

OIvl N

o

EIi

Eunuch

49.O8

5L.92

49.54

53.03

50. 55

54.75

52.24

51. 10

32.58

53. 40

38. 60

42.37

41.95

44.52

34.94

37.L7

52.70

51.83

53.30

5L.26

55.52

52.55

54. 51

5T.7I

40.58

38. 19

47.43

43.50

47.30

39.78

43.43

42.87

o.7

r.4

2.I

o.7

r.4

2.L

0
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TþßI,E 2.4 (ExperimenL 2/I) t Vol.untarry drlz ¡¿¡¡"r intake (DMI) |

urine nitroqen (N) excrebion and niLrogen retention for Eli

and Eunuch in periods 11 to 13.

Infusion
DMI

(s/day)
Urine N

kJ/day)
1

Urine 2
N

(ratio to abs.N)
N retenti-on

ß/dav)

E1Í

M
3551 t t_7.6 1.34 I 0.019 0.591

MT 569 r 11.5 1.59 I 0.041 0.547

MTL 623 L 9.0 1.57 1 0.065 o.492

Eunuch

M 692 ! r9.4 t.32 ! 0.033 o.493

MT 727 ! 6.3 1.50 r 0.037 0.510

MTL 736 ! 8.6 r.64 ! 0.037 o.442

0.93

1. 31

r.66

l_.36

L.43

2.O7

1)

2)

3)

Infusion: lul = 2.Ig L-Met/ð.ay

T = 1.49 L-T}:r/day

L = 2. 19 .L-Leu,/day

Urine N (ratio to abs. N)

(0.209 N,/day);

(0.169 N,/day);

(o.22q N/day) .

Urine N excretion
(Feed N intake - faecal N) + infusate N

I standard error of the mean (n'= 7).
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methionine, methionine + threonj-ne and^ ntethionine * threonine *

Ieucine) . !ùhen corçnr:ed v¡i.th mct--hionine * threonine the lalter

supplemenh, resulted in a sigi-li.ri-cant-ly inc:reased volunl-ary intalce

by Elin wh-i1e the.Llencl for an inc:reased intake by Eunuch in

response to threonj-ne or threonj-ne and leucj-ne failcd to reach

significance. A hì.gher intake cou-Lcl be expected to promote an

-increased nitrogen r:etention and this coulcl partly explain the

apparent :lncreased. l'etention by EIi in response to 'the leucine

suppl-ement. However an increased apparent ¡ritrogell retention in

the absence of any marked effect on urine nitrogen excretion must be

interpreteo with cau'Lion in vie¡v of the concern about the accuracy

of the ,faecal nitrogen output data. Despite these reservations

there was an tpptr'"rla trend for threonine and Leucine to increase

nitrogen retention more so than threonine alone.

Residual effects of rnethionine administrati.on

The effect- of an earlier treatment on i-he subsequent ani¡ral

performance is a potentially important source of error in nutritional

studies. Figure 2.2 shows the mean values for nitrogen íntake and

urine nitrogen excretion in periods I through to 4, and then the

three clay mean values fcr nitrogen intake and urine nitrogen excretion

for Eli and Eunuch through the periods in which either no infusion or

a water infusion \,!as given (periods 5 to 8) .

Expcri-rnent 2/2

Tab1e 2.5 gives the mea¡r values for vol-untary dry matter

intal<e, urine nitrogen excretion and apparent nitrogen retention

for sheep 761 in Lhe control arrd J-.49 mel.ì-rionine infusion periods,

and for sheep 663 and 748 f.or the control, 1.49 and 4.29 meÈhionine
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FIGURE 2 j2 (expetl.me¡E 2/l) z Nitrogen intake and urine

nitrogen excretion for the sheep Eli and Eunuch during

sequence A, and the 3 day.mean values for nitrogen

intake and uríne nitrogen excretion through the period.s

in which either no infusion or a water infusion was

given.

ffi
Feed nitrogeri intake

Methionine nitrog'en infused

Urine nitrogen excretion

tr Feed nitrogen intalce

I Urine nitrogen excretion

)

)
)

)

)

'l day means

)

) 3 day means
)
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TABI.,E 2.5 i-ment 2/2) t Voluntary dry rnatter intake (DMI),

urine nitrogen (N) excr:etion at'rd nít::ogen retention for

sheep 761, 663 and, 748.

Sheep
Methionine
infused
G/dav)

DMT

G/dav)
Urine N

@/dav)
Urine N
(ratio to
abs. N)

N retention
G/dav)

276r 565 1 12.0

542 ! l-3.2

454 ! 9.9

1.82 t 0.089

1.55 I 0.082

2 -OO t 0. 084r.4

663

748 0

0 0. 956

0. 812

1.10

0. 08

0. 36

-0.17

-0.68

-0.40

0.43

4\

59

-o.25

1.33

o.92

o.57

l-
OB

0 604 ! 24.6 2.36 ! 0.065 L.4I

OB 563 r 9.2 L.92 L 0.045 I.26

L.4 644! 9.1 1.5310.045 0. 780

1.48 604 116.0 1.57 10.O2.9 0.792

4.2 636 r 19. 9 2.L2 ! 0. 057 o.784

683 ! 12.6 2 .49 + 0. 097 1. 51

OB 646 ! 27 .2 2.28 ! 0. 143 1. r3

1-4 7L7 ! 5.2 1.54 t 0.048 0.538

1.48 66r! 2L.9 1.63 t O.O49 o. 640

2 534 ! 5.9 1.91 t 0.043 0.771,

0

0

-0. 84

4

1) Alt B values
other values

are means f.or 7 day values post-biopsyt
are means for l0 days.

2) + standard error of the r¡.ean.

NB. Methíonine N ínfused was approximat-ely 0.139 and 0.399/day for
the 1.4 and 4.2g meLhioníne infusions respectively.

'ìoB



FIGURE 2.3 (Experiment 2/2)z Voluntary feed intake (o-o)

and urine nitrogen excretion (o--c) for sheep 761

receiving a basal infusion of 4.29 L-methionine/day

and for sheep 663 and 748 receiving basal infusions

of 8.49 L-methioniner/day. (The single value is the

ne1 I standard error of the mean for the voluntary

feed intake and urine nitrogen excretion for the

previous treatment post-biopsy sr-rbperiod. for each

animal; the arrows denote the addition to or removal

from the Ínfusion of L-threonine, the methíonine to

threonine ratio being maintained at 2:1).
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infusjon periods. Results are presented for both pre-biopsy

(10 day) ancl post-biopsy (7 clay) sttbperíocls. Intake \^Ias con-

sistently, though not always si-gnif.icantly, lower following the

liver bÌopsy" As a restll-t of the post-bi.opsy inlake clepressions

the onl-y valj.d comperrisons woulcl be for the treatmen'L agaì"nst the

prevíous post-biopsy treatmen'b (e.9, 1.49 methionine treatment

compared wj-th the posi-biopsy control perj-od) .

!'igure 2.3 presents the daily food intake and uri¡re nitrogen

excret.ion for each sheep cluring the infusions of 4.29 methionine

(76I) or 8.4g methionì-ne (663, 748). The individual animal responses

to each level of methionine infusion are given below.

Sheep 76I: The voluntary j-ntake of sheep 761 was depressed

by about 16% (P<0.0I) by the infusion of 1.49 methionine. On day 26

of this period the intake vras further reduced, and remained at alcout

this level until day 6 of the 4.29 methionine period when it was

depressed by a furtirer 50%, remaj-ni-nE low for 3 days. Threonine

(2.Ig/d,ay) was infused with the methionine from the morning of day 9

onwards. This apparently stimulated intake, which rose steadily

until about day 12 when'it tencled to plateau.

An elevation in urine nitrogen excretion was evident in the

first collection taken after the st'art of the 4.29 methionine

infusion. This high output of urirrary nitrogetr continued for a

further 3 days after which it clecl-ined to a relativel.y stable level.

Slreep 663: A 14% increase (P<0.01-) in voluntary intake l¡¡as

observed in response to the f.4g methionine infusion; there was a

further small non-significant increase in intake in response to the

4.29 methionine infusion. fntie \^ias maíntained at the post-biopsy
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levels of the 4.29 meth-ionine trea'tment for the f.irsi four d.ays of

the B.4g methionine in:flusion. However:. on day 5 ancl 6 in'take feIl

to very low levels, but subseeuerr1-i..rr recovered slowly over the next

12 days" Lrol.l-or^ring the biopsy on day 19, the voluntary intake

increased, in contrast to the effects of biopsy d.tr.ring the previous

treaÈments. Associated with the fall- ir: in+-ake, urine nil-rogen

increasecl more than two*fold and. then sukrsequentl-y decl-ined. Urine

nitrogeri excret-i.on \4¿rs a-pparently inversely relatecl to int-al<e with

a Iag of about 24 hcurs. The withtfu:awal of methionine had no

effect on the voluntary íntake over the first 7 days, although the

urine nitrogen excretion was consiclerably lower, probably associatecl

ín part with the cessation of the methj,onine j-nfusion, since 8.49

methionine contributed about 0.89 of nitrogen per day.

Sheep 748: The voluntary i-ntake of sheep 748 increased by

11% (P<0.01) ín response to the infusion of L.49 of methionine daily,

but decreased by l9+" (P<0.01) in res,oonse to the 4.29 rnethionine

infusion. By day 3 of the 8.49 methionine infusion, intake was

depressed apd the anirnal consumed no feed at al-] on clay 4, and only

a small amount on day 5. Threonine (4.29/ð,ay) rvas added to the

infrrsate on day 6 prior to feeding. This was accompanied by an

increased intake on oay 6. fntake then rose slowly untiL the

th::eonine infusion was stopped on the morning of day 12. The

infusion of 8.49 methionine alone again resulted in a depressed

intake. Hov/ever, intake \n/as not increased when the threonine in-

fusion was resumed on day 23. On day 25, the animal was offered

Iucerne and immediately recornmencecl eating. Throughou't- the period

of WIìC feeding, there \^/as an apparent inverse relatj-onship between

intake and urine nitrogen excretion, the latter lagging by about 24-48 hours.
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Exper i,ment 2/3

Meau val-ues for: voluntary d-r1' ¡¡o¡a"¡: intalce, uri-ne nitrog'en

excretj-on a-nr1 appareni- tritr:ogetr re'l-entíon for thc+ co¡rtrol and

met-hionine infusion per:Lods are gi.ven in Tabl.e 2"6. Values for

the apparent digestib:llì-ty of organic matter a.nd- feed tritrogen are

given in l¿:lol-e 2. 7 .

There rrras an apparent increase in voluntary intake in response

to methionine in one animal (sheep 744) and when corrected for the

change in liveweight over the experiinent, the iucrease h/as about 8e".

DTSCUSSION

Stat-ístical analysis

There are several problems associatecl with the use of an

anímal as its own control as has Jceen the case for the experiments

reported in this chapber. Since it is a relatively insensitive

form of analysis, a sj-mple unpaire,J t-test (Sneclecor & Cochran L967)

was selected as the most appropriate forrn of analysis for conparison

between treatments.

In order to c.¡vercome the probl.em of carrl'over effects froln

one treatment to the next, a sequential approach was used in which

the new treatrnent a.lwerys incfuded the previous treatment. Thus the

two principal probl-ems in the analysis of these experiments are (i)

the confounding effect of treatments with time, and (ii) the non-

independence of indivj-dual measurements wíthin a treatment.

The confor-rnding effect of l-irne includes the effects of environ-

ment, feed quality, dg ê, weight and physíological state of the animal.
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TARLE 2.6 (Experimerrt 2/3): -y'oluntry dry matter intake (DMI) ,

urine nitrogen excretion and nitrogen retentiorr for sheep

675, 744 and 769 ín the control period and in the perir:d

of methj.onine ínfusion (1.6S L-methionine/day) .

DMI

ß/day) (s/ks
Urine N

ß/daY) (ratio to
abs. N) 1

N retention
ß/day)

0.75
/day)

Control
2675 1011 I 31.1 70.7 3. 35 t 0. 143 0 .492

744 836 ! 13.5 57.6 2.76 ! 0.054 0.510

769 1041 t 18.3 7r.8 2.66 ! 0.081 0.416

Methionine

675 96]-! 26.4 65.4 3.43 t O.22L 0.631

744 94I! It.3 62.3 2.53 ! 0.059 0.465

769 LO26!17.4 70.3 2.82 ! 0.201 0.492

3.46

2.65

3.72

2.01

2.9I

2.9L

1)

2)

+ sE,andard error of the mean (¡ = 10).

Uríne N (ratio to abs. N) = Urine N excretion
(Feed N - faecal N) + methionine N
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TABLE 2.7 (Experirnent 2/3): Values for the apparent digestibility

of feed organic rnatter and feed nitrogen for sheep 675, 744

and 769 in the control period and ín the period of

methionine infusion (1"69 L-methionine/day) .

Apparent digestibility of
Organic matter Nit:rogen

Control

675

744

769

Methionine

675

744

769

63.48

65. 19

58. 69

60.64

63.34

56.A2

59-25

54.09

53.97

51. 21

52.55

50. 71
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The environmental, cr>ndit-ions, tentperatur:e, hr-rmidity and ligh'L were

not controlfed i¡r the present experírnent, but would be mcre likely

to have affecb-ed results in the l-ater periocis of Experirnents 2/l

and, 2/2 v,rheir temperatLrres were higher- All- feed for each experimenL

was well uLixed prior to tÏre start of the experiment 'i n ord.er to

overcome any problems of feed variability. For nxperiments 2/I and

2/2 a maintenance diet was used in an attempt to elirninate arty

confouncling effects of change in liveweight, and as a result the only

apparent ti:end in liveweight was the corrsíderable loss of lursir;ht

( -skg) u'hich accompanied the feed intake depressions in Experinent 2/2.

However, in ExperirtenL 2/3 the aninrals gained an average of about

9Og/d.ary in liveweiqht.

Two alternatives were consj.clered in order to at least partly

counteract the above problems. These were: (i) to use other

a¡rimals as controls in time, and relate ¿l-ny treaLment results to

these time controls in relat.ion to the experimeirtal animal's own

control parameters, or (ii) to repeat the same treatments orr the sane

animals at a different time, i.e. to assess the repeatability of the

response in an individual animal. The second alternative v/as chosen,

since it required fewer animals, and it was expected that the results

would be more clearcut. The repeatability experiment involved two

a¡rimals whose intake responses to the methi.onine supplementation were

in opposite directions, the responses being repeated in each of two

experiments.

The non-independence of individual measurements within a

treatment, although a theoretical problem, would be more likely to

increaså the variance, rather than decrease it. For example, a high
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level. of ur|ne nitrogen excretion o11 c)rre clay wou}d be J-ikely to

resul.t in a reclucecl excïe.tiorr on the follow-ing day prorriding that

atl fluctuations about the nean are rel-atj-vely randorn.

Expe rLnent 2/I

TheresponsesofthetwosheeprEliandEunuchtothe

met-.hionine infusions \¡Íere in marked contrast; the intake of tl-re

former vlas depressed' while the intake of the latter: was increased"

Although methionine infusion reduced trrine nitrogen excretion j'n both

animals t,he response was considerabiy greater for fìunuch, which,

coupled with the increase in intake contril¡uted to a considerable

inprovement in the efficiency of nitr-ogen utilisation (see Fiçi '2'L) '

That the marked variability between animals in the methionine response

was a real effect, is strongly indicated from the results of the

second part of the exper:iment, sequence B, ín tn¡hich the same trends

in j-ntake and urine nitrogen excretion a-s occurred in Sequence A were

apparent for each animal.

The. improvements in nitrogen retention resufting from lnei-hionine

supplementation were in the order of about t.Og per day, of which

about 0.3 - O.4gt could be due to an increase in wool growth

(Robards I97I¡ Barry & Andrews 1973), the rest of the response being

due to an increase in the rate of muscl.e or visceral protein accretion'

The responses were preurnsably the result of an j-ncreased Supply of an

am-ino acid which was limiting for some physiologi-cal function(s).

Despite the marked contrast in the intake resporrses, the depressions

Ín urinary nitrogen outpr.rt ancl the resultant improvements in nitrogen

retention were similar ín both animals. These Iesults do seem to

raise some qlrestions as to the concept of a fírst limiti'ng amino acid'
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ï't is apparent-- that an amino acj-d whj-ch is li.mit-inq for some

physiol.ogical funcbiorr (e.9" methionine for wool gr:r:vrth and t-issue

protein accr:etion), rnay not-, be f-in-ì-t--:i ng. and in fact. iläy procluce

an aclverse e:[Íect- on some ol-her physiological function (e.9. irrta]<e) .

Methior-rine is jnvolved in rnany aspects of metabo.l.ism in addition to

its role as a ¡rr:ot-ein amino acid, It has vital roies as a meLhyl

donor and as a cystein precursor, ancl j-s involved in the initj.ation

step in the mechanism of ,orotein synt-,hesis (firrlclestein 1974; Snith

& Ilensha!'/ L975). For this reason, a response to nrethionine may

reflect.its influence on any numl:er of metabolic processes, as weil

as pcssible int-eract.ions wj-th other amj-no acids.

The responses to feucine (and threonine) may also be inter-

preted as the result of an increased supply of an amino acid lirniting

for some physiol-oqical function. llov¡evèr, as vrith methionine, these

may not necessarily have occurred through an increased supply of an

amino acid for protein synthesis. !-or example, leucine sti¡nulates

insul-in release from the isolated pdl-rcreas in vitro (Milner 1969) ,

and, has al.so been showrì to stimufate insulin secretion iir man

(F1oyd et aL. 1966) although the quantities use,l in this study were

very high. Thus an effect of leuci.ne could be mecliated. through an

effect of insulin re1ease, which may stimulate muscle protein

synthesis (Manchester 1970) .

Nimrick et al-. (1970arb) reported a nitrogen retention

response to an abomasal infusion of methionine in young growing

sheep fed a pur-ified diet with urea as the sole nitrogen source,

while Schelling et al-. (1973) obtainecl simil-ar results with sheep fed

diets containing natural feedstuffs. In theír studies Nimrick
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et al-. (1970a,1¡) found that "limitirrg order: of e-ssentj.al amrnc acids

was methionine, lysine, threonine".

The long term carryove.r effects of rneihionine aclministration

on urine iritrogen cxcretion are appa-rent in !-igure 2"2. This is in

direct contrasb. to the resufts reported- by Schelling & Hatfield

(1968) following an abomasal infu.sion of casei.n to lambs. This is

probably a resul-t of the fact that the anirnals in the present

experirnent \,rere fed ad fibiturn. r^/hile those of Schelling e n¿rtfield

(1968) were fed at a constant level of intake. In early experiments

these v¡orkers observed that feed intalce and. nitrogen retention did

not drop completely back to control l-evel-s after a ca-sein infusion

in lambs fed ad l-ibitum.

Experiment 212

In E>çerimenL 2/2 major differences between anj-ma1s in response

to methionine were again eviclent. Sheep 761 suffered an intake

depression on the I.49 meth-ionine infusion; the intake of sheep 748

was depressed at the 4.29 leveJ while the intake of sheep 663 was

not affected until- the 8.49 methionine infusion.

As well as the i.ntake depress-ion of 16% associated v¡ith the

1.49 nethionine infrrsion -in sheep 76L, t.he uriire nitrogen excretion

was increased and nitrogen retention decreased compared with the

control treatment. This was in direct contrast to the improved

nitrogen retention exhibited by Elí j.n response to the 2.19 methionine

infusion, despite a similar depression ín voluntary intake (sequence A).

Methionine supplementation at 1.4 and A.2q/day resulted in an increased

nitrogen retention cornpared with the coirtrol treatment in both

sheep 663 and 748, being particularly evident at the lower level.
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These between animal differences in the response to the same

treatment aga-in raise questions as to the concept of a first'-

Iimì.tinq am-ino acid.

Nimrick et a7. (19'70a) suggest-ed that in sone sheep fed

purified diets in theii: experiments, lysine rat-her than methionine,

may have been "first límiting". Ho\^/ever' the ljni.ting amítio acid

concept assurnes that the animal I s metabol--ic functions are in a sirnple

sense, homogeneous, arrd fa.ils to take into accc¡unt-. that different

amino acids may be I-imiting f or dif f ereut phys-iol ogical functions.

fn strict terms an amino acid is only limiting for a metabolic

function or functions, and to use the term "first liuriting" i-n

general terms implies some universal property of the amino acid..

For this reason the corrcept of a "group of critical amino acids"

rather than tl-re concept of a "limj-ting amino acid" v¡ould appear to

be more useful.

Experiment 2/3

The methionine supplement resulted in a small positive

respcnse in only one anírnal- in this experiment, while in the other

two sheep the apparent.nítrogen retention was depressed mainly due

to increases in the faecal nitrogen output. The ratio of the

urine nitrogen excretion to the apparently absorbed nitrogen was

Iow for al-l three ani.mals in the control per-ioc1 , reflecting a very

high efficiency of use of absorbed nitrogen. For this reason

there was probably little capacity fr¡r an -ir,tproved efficiency of

nitrogen utilisation. However, there remains a possibility that

sheep fed a hiqher quality roughage, as in this experiment, may be

particularly sensitive to small quantitíes of additional methionine.
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Me'thionine arid volun intake

A st-.jrnu-ì-atory effect of methionine (given by intraperitorreal-

J-njecbion) on ti-re volunt--ary in'bake of sheep fed a silage diet has

been re,oorted by Barry et af. (f973). However an intake response to

sr:pp1-ementation with a specific amino acid in sheep fed a low quality

roughage diet has not previously treen reported al-though the response

to postrumi.nal protein per se is a well-known phenomenorr (Egan 1965;

Sctrelling & Hatfield 1968) . Egan (1965) s+'ressed the irnporLance of

a chemical- regul-atory effect on vofuntary food intake, while

Scheliing & Flatfield (1968) suggested that such a chemic¿rl regul,atory

syst-em "must key otr specifi.c nitrogen component(s) rather tha¡ on

general nitrogen levels".

The correction of a dietary rnethionine deficiency in rats fed

Iow protein diets results in an increased voluntia.ry intake (Byington

et af. 1972). Simil-arly, rats fed imbalanced diets (made deficient

in one essential amino acid by the addition of a quantity of amino

acids lacking this one essential amino acid) suffer an ii'rtake

depression (Harper et a7. 1970). Recently, this phenomenon has been

report-ed in yor-rng pre-r:uminant lambs (Rogers & Egan 1975) . Leung &

Roqers (I969J have shown that the i¡rtake depression is relatecl tc¡ the

change in the plasma concentration of the limiting amino acid and

that the intake depr:ession may be partly feversed by the infusion

of a small amount of the liniting amino acid into the carot id

ar:tery but not into the jugular vein. These workers involed an

aminostatic requlation of food intake centred on the brain rather

than effects monitored. elsewhere in the body to .*nr.rn the intake

depression resulting from the feeding of imbalanced diets. However,
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there remains a considerahle amount of controversy as to the

factors conti:olling food -i.ntake -in such situations (Har'per et aL "

I97O¡ Noda 1975) "

A mechanisn for the co¡ttrol of food intake could be expected

to be ned.iated ttrrorrgh the b::ain, although the precise nature of

such a mecharrism is open t-o muclt debate. An increased supply of

any annino acid could funct.ion through its effects on the transport

of other amino acicls i-nto the brain¿ or possibly thror:gir effects

on the hormone st-a-tus of the anj-mar, which could modify responses

within the brain. The possible explanat-ions for a stimulatorlz

effect of an amino acid on vol.unL.ary intake are.numerous, and any

further speculation in the present context is not warranted.

The methionine-induced depression of voluntary intake is

quite a different situation to that of the intake stimulation. rn

one animal (EIi) the depression v¡as apparently corrected by a

supplement of l-eucine aclmj.nistered rÀ'ith the abomasal supplement of

methionine and t-hreonine, although the time elapseil between the

control period and this treatment period must be taken into account.

In two other animals (.sheep 761, 748) the administration of a

threonine supplanenÈ resulted in a partial correctj.on of the intake

depression due to methionine. In this way, it is reminiscent of

the response to the addit-jon of the timiting anrino acid in animals

fed imbalanced diets (Harper et aI. 1970). Sheep 663 adjusted to

the high leveL of methionine and over a period of about 3 weeks its

voluntary intake recovered to a level of about 85% of its intake on

the previous treatrnent. rt is possible that both sheep 76L and, i4B

would have adjusted given sufficient time, although there were
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indicatíons that both were ccnsiclerably more serrsitive to the high

levels of rnethioniire sup¡,rlernentation than rvas sheep 663.

An i.nte.ract.ion of inetLri.or'¡i-ne ancl +-h¡:eonine met.a].¡oLism withi-n

the brain .is a. possi-biljty. Serj.ne, which malz be synt-hesised from

threonine. is requirecl for the synLhesis of cystathionine from

homocyst.eine vj-a the transulphuration pathway (Fj-nklestein 1974) .

It is possíble tha-t an accumulatiorr of hotnocysteine w-ittrj-n ttre brain

could have altered the cellular milieu and consequen'h-ly caused intake

to be adversely affected. Both cystathionine and glycine (which

may also be synthesised from serj-ne) are nelìrotransmitter amino

acids and intimat.ely involved with braj.n and nervous system

nretabolism (Quastel L91 4). It is thus not unli.kely that excess

methionine affected threonine-serine-glycine inter-relationships

within the braj-n resulting in adverse effects on voluntary itrtake.

Alternatively excess methionirre rnay have induced a simple threonine

deficì.ency, simila-r: to the imbal-a¡rce situation

Methionine toxicity, par:ticularly j-n rats ánd guinea pj-gs,

has been studied in many laboratories in recent years. Although

many aberrations of metabolism have been reported, there are no

indications as to the actual cause of the aclverse effects of

methionine (see Benevenga L974), although a toxic metabolite(s) has

been suggested as a likely cause. However it seems that a uni-

factor-ial approacli may \i¡eII be inadequate and that high }eveis of

methionine mey be exertirrg their effects at many levels. The

possible ef fects include incluced def ícienc-ies of other amino acids,

such as leucine ancl thi:eonine (as discussecl a]¡ove) ; the toxic

effects of possibl-e metalco-]-ite(s) of methionine (e.9. methyl mercaptan,
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Canellakis & Tarver 1953) ¡ effec'Ls of excess methionine on the

intracellular ATP status (Farþer L973¡ see Review, Sectio¡r 4.1); otì-:er:

possibil-ities inclucle the effects of meth-ionine accumulation in tlre

blood and tissue pools which could have considerable effects,

including adverse effects on the transport of amino acids.

CONCLUSIONS

The experiments reportecl in this chapter provi<1ed strong indi-

cations that between animal variability was a real phenolnenon, and of

sufficient magnitude (at least in terms of the response to methioníne)

that it could be a¡r important variable in nutritional experiments.

Therefore, it i.s a phenomenon that should be investigated although

there are considerable problems in designing sui-table experiments.

The changes in irrtake (both increases and depressions) r'v'hich

were recorded in response to the methionine supplement were probably

mediated th::ough the brain. However, the nature of the mechanisms

and the reasons behind the variability between animals are open to

considerabte debate. Some of the possi-b1e effects of methionine,

partícularly at the metabolic level, have been considered in the

discussíon, but any interpretation awaits further study.
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CHAPTER 3

Plasina and I'¡.ì-ooct ceil amj-no aci<1 patt:erns in young

sheep fed r:ough¿rge diets ¿rnd girren post.-rurninal-

supplements of L-methionine and other- amino acj-ds

INTRODUCTTON

In several siudies of amino acid nutrition and metabolism,

particularly amino acid imbalance studies iir rats and chicks, tlie

plasma amino acid pattern has been shown to reflect the pattern of

amino acids fed to the anirnals wj-thin a very short time afte:: feeding

(Leung et al-. 1968; Harper et al-. 1970). Hovrever, in all of this

work groups of animals have been used. The presentation of mean

responses and the general use of factorial designs for the experiments,

preclude any close examination of ttre varia¡ilíty bctr.¡een anirnafs in

the response to the treatment.

The plasma amino acid patterns in the sheep in the present

experiments. were examined fo:: a nurnber of reasons. Do changes in the

plasma concentrations of amino acicls give any indication as to

possible metabolic changes talcinq place in the animaL? For exarnple,

what is the refationship of plasma methiorrine and threonine in th.e

sheep given abomasal supplements of methionine, in view of the

reported increases in threonine catabolism in rais ancl chicks giverr

high levels of dietary methionine (Sanchez & Swendseid 1969; Katz &

Baker 1975) ? Do the plasma amino acid changes give any indication

as to the possi.ble reasons behind the differences between animafs in

the response to methionj.ne?
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Traditionall-y, the blood cells (erythrocytes, Ieucoytes, plate-

lets) have bcren regar.Jed as unj-nqrc-l:t-arìL iri alnj-rro aciC metabol:ism in

animals. Hol^¡êver, in recent yeai:s F.ll-v4¿n and iris co\úorlçers (Elwyn

L966¡ l9'lO¡ Elwlm et af " T912) have shown thaL the erytllrocytes are

important wh-ile other:s (retig et af " 1.973; Aol<j- et al-. 7.974) have

also shown that the bloccl celfs are involvecl in amino a.cj-d transport

in the intact animal." For this reason, the blood. cell amino acid

patterns \^Iere examirred in one experi,ment likely to produce extreme

results (i.e. ExperírnenL 2/2 involving the infusion of high levels of

methionine, ca.9g/ð.ay) -

EXPERIMENTAL

The data from tTrree experiments are reported.

Exper:ímental details

Exper iment 1/1: rhe dLtails of this experiment are given in

Chapter 1. Pl-asma amino acids werê determined for each aninal. using

a pooled sample from time To on days I and 1.1 of each periocl .

Exper ímenl 2/Iz The rfetails of this experiment are given irt

Chapter 2. Blood samples for plasma amino acid analyses vlere

obtained by jugular puncture at I430h on days 3 and 1I of periods I

to 4 and I to 13.

qryg_r:.*g"!:p: The details of this experitnent are given in

Chapter 2. Blood sa:nples for plasma a¡rcl blood cell arnino acid

analyses were taken at l-430h. Samples on clay 17 were taken from a

jugular catheter, while aII other sanples were obtained by jugular

puncture.
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B:l-oód s linq a-nrl prePô-r ati-orr of plasmâ and bloo<l cell.s

The net_hod.s ursed in Experi-mr:nt I/I are gj-ven in Cha¡rter 1.

In Ilxperimerits 2/I and 2/2, blooc1 :;arnp,l.es rvere collected into

heparinised tubes in ice, centrifuged at 4oC and the plasma drawn off.

Plasnta proteins wer:e immediately precipitated' using an equal vofume

of lOs" W7V tr:lchloroacetíc acid (TCA). Following centrifugation,

the protein free superlìatant was drawn off ancl stored at -2OoC until

required for analysis" Irnmediately after renÌoval- of the plasrna,

the bl-ood cells were waslled with ir:e*cold isoton-ic saline, centri-

fuged and the supernatant drawn off. This pr:oceCure was carried

out three times. The blood cells were stored at '2OoC untif requi::ed

for preparation. The frozen blood cells (known amount) were tha.wed,,

haemolysed in an equat volunre of distil-led. water, and then the same

volume of 10% TCA was added to precipitate the proteins. The

1>reparation was then shal<en vigorously, centrifuged and the supernatant

retained for ana-lysis.

plasma and blood cell amino aci-d concei-rtrations \¡/ere determined

by ion-exchange chromatography on a Technicon 'Br resin using a

sodium citrate buffer system with an 18 or 20h separation.

Norleucine (0.25 p mole) was added as an irrternal standard.

RESULfS AND DTSCUSSTON

pl-asma and blcod cell amino acid patterns whích are no1--

presentecl in the text are containecl in Appenclix Tables 3.1, 3.2 and 3-3.

Throughout this chapter the sum of the essential amino acids (BAA)

includes threonine, valine , isolerrcj-tre, Ierrcine, phenylalanine, lysine,

histidine and arginine while the non-essential- amino acids (NEAA) are
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serj-ne, glutami.c acid, gl-ycine, alanine, tyrosine and orn-'r-thitre.

I'Íethi-on-ine anrl -iÈs metabol-ites, taurine, ¡{-amino*n".}:utyr:i-c acid,

cystine and cysi-at:hío¡rine, ha\re been omj-Lted fro¡n al-l- calculati-r:ns

rurless othei:l','ise sl-at-ed. The ot-her amino acids (oaa¡ in the glyc-'i-ne

to OAA, ratj.o (GI,Y/OAA) is the sum of the EF,A and NEÄA minus glycine.

Effect of methionine infu.s-Lon on pl-asma amino aciC.s

The plasma a¡nino acicL data are strnmarised in Tables 3"1

(Expe::i-rnenf I/L), Table 3.2 (ExperimenL 2/I) and Table 3.3

(Experi-nrent 2/2). The data presentecl for Experiment I/L ate fox

the three sheep fed the VÍIIC diet for which the intake response could

be clef ined.

The most obvious effect of methj-onine suppfementation on the

plasma amino acicl pattel:n was the increase in the concentration of

plasma me'thionine itself . The increases in plasma methionine (up

to t5O-200 fold a,t the B.Ag/d.ay infusi-on) were similar to those

reported for rats receiving high methionine dj-ets (Sanchez ç

Swend.seid 1969; Girard-Gl-oba et a-2. llg72) and for sheep receiving

high rates of abomasal methionine infusion (Reis & Tttnks I97I¡

Reis et al.. 1973b). Associated with t-.he increase in plasma methionine

\^/ere comparatively smalier, but consistent increases in the concentra-

tion of the methionine metabolites., tauríne, cystine, and cystathionine,

and to a lesser extent ,',-a:nino-n-butyric acid (ÀBU), a1l products of

methioni-ne metabol-ism via the transulphura.tion pathway (Finklestein

J-974). fn al-most every case, any level of methionine supplenentation

dep::essed pl.asna total amino acids (exclud.ing methionine) when

conparerJ lvir,h the "no j,rifusj-on" contr,'ol. The effect on the non-

essential to essential- amino acid ratio was variable. Some of the
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TABLE 3"1 ( riment- L/L) z Plasma amino acirl concentrations
(pmolesr/100 ml pl asrna) in t:hree sheep (Brr'rK) gj-rzcn abonasal
infusions of v¡a-ter (otl¡ , o.OBg l,-methionin--/kg()'75/day (r,r,n¡

arrd O"l-6g L-.¡irr:-Lh.=lonine/y,go"75¡aay (IJll) in s;uccess.i-ve periods

Sheep: K
LM

F
LM HM

IJ

LMOM HM OM OM I]M

TAU
TfTR

SER
GLU
GÏ,Y
AIA
ABU
VAL
MET

CYSH
ILE
LEU
TYR
PHE

ORN

LYS
HlS
ARG

0.66
12.97
13. 03
19.58
66 .43
L6.28
tr.

22. LA
r.34
ND
9.56

LI.2.2
4.7I
4. 30
5 .43

14"9L
10. 85
12.08

1. 58
9. 78

IO.2,L
17. B0
58.00
13.99
t. 13

16. 70

11.39

15.33
5. 30
6.53

l'9.44
38. 75
LL.67
0. 83

l_3. 51
4. 13
1.01
5.05
4.€'9
)41

3.18
2.92
7. 01
4.58
B. 31

5l_.63
82. 58

0. 406

1.60

r.12
15.69
14.53
26.L5
63"59
L7 .14
0.57

20.28
1,.64
ND
9.79

TT.22
.08
.44
.06
.33
o1

105. 7
I35.2

0. 359

t.2B

3. 18
8.2.8
6.\1

18. 67
40.94
14. B5

0. 83
.97
.46
.87
. -18

.53

.56
1tr

.45

.50
2a

70.24
90.64

0. 341

L.29

2..42
8.35
B. 87

13"59
42.50
1.r.2r

0. 83
14.01

2.OO
tr.
6.20
6. 30
4.29
3.92
5.66

12 .40
B. 14

15.43

tr1

.40

.83

.80

.96

.13

.12

.46

.35
14-6315. 00 12. lt L7.74

1.9. 33
3t .25
15. B3
0. B3

13. 10
8.10

2.05
LO.26
13. 41
22.30
60. 36
15. 07

0. B9
IB. 23
r. ¿,o

ND"46
tr1

.L7

.10

. Bl_

.64

.02

.L2

68.36 92.54
87.40 122.8

0. 314 0. 389

r.28 1.33

t-9
I
5

.86
"ÒÒ
,tr

3
o

B

I9
42
L2

0
12

2

0
5
5

4
5

4
IO

Õ

"64
.7I
o?

.09

.53

rlloz

.04

.69

3. L3
o.48
7 .87
6.31
4.84
3.19
4.99
8. 78
8. 51

7

4
6

19
9

1
6
6
6
4
3

11
6

t-3
4
0
6
6

5̂
3
9
B

8. 08
9.82
5.61
4.18
6.07

16.65
11. 60
13. 12

I
EAA
NEAA
GLY/

OAA

N/84

2
98.07 13.19

125. 5 109. 8

3 0.423 0.464

L.28 1.50

74.75 7I.73
86.L2 9L.67

0.359 0-352

1. 15 L.28

1)

2)

3)

4l

EAA: T.HR, VALf IT'I: , LEU, PHE, LYS, HIS, ARG.

NEAA: SER, GLU, GLY, ALA, TYR, ORN.

GLY/OAA: Ratio of GLY to (UAA + NEAA - GLY)

ru/E: Ratio of NEAA to EAA.

129



.TABLtr 3. 2 ( riment 2./1) : Mean values for the concentr¡etion of amino acids
eep. EIj- and Eunuch, during the tv¡o methioninein the pJ-asma of the sh

infusion sequences.

Sheep: Eti

0

Sequence A
Methionine infubed

o.7 L.4 2.r
G/dav)
0

Sequence B

o.7 L.4 2.1

TAU
TI{R,
SER
GLU
GLY
ALA
ABU
VAI
lcvs
MET

CYSH
rLE
LEU
TYR
PHE
ORN

LYS
HIS
ARG

4"00
8.50

18.22
40.47

109. 0
l-9.74
I.27

14.36
1.59
1.70

ND
6.49
6.88
4. 83
3.06
5.77

13.94
14.43
7.86

19.48
2.2L

10. 02
4.6L
5.91
1. 13
6.r2
4.93
6.34
4.II
5. 30

11. r8
T2.57
9.78

4.LO
7.22

16. 68
39. 56
93 .46
20.81
2.5L

12.67
4.L3
3. 68
0. 35
8.02
5. 78
6. 03
4.07
6.31

12.4L
L4.I5
1r.73

I
5
9

JZ

59

.29

.19

.73

.44

.46

23.45
5.42

10.03
29.60
52.36
19. 35
2.63
9.69
5.04

12.75
1.84
5.29
¿" )q
6.00
4.55
4 .57
9.66

13. 89
7.52

2.47
8.27

L6.46
36. 84
88. 14
20.20
r.37

13. 59
I.T2
L.66

ND
7. 05
6.08
5.53
2.78
5 .88

12.L2
12.76

8. 45

.19

.67

.59

.'7 4

.o4

.90

L2.95
5.14

10.43
27.06
54 "97
2L.67
t. 65

IO.62

l-9.52
3.84
9.L2

23.L5
45 -44
22. A6
I.64
9.71
4.27

4
3

6
4
4
1

t2
6

1

1.
3.
3.
0.
6.
5.
6.
1.
3.
8.
3:,

2.

4
I4
30
89
'24

l-
I

4.BI
8. 66
1. 85
4.90
4. 83
6-74
4.97
4. 98

10.83
13. 57
7.47

7l
73
88
95
53
81
a2
36
4L
72
0t
8I
80

75.52 76.O5 63.84 60. 31
198.0 l-82.9 132.8 I2L.9

o. 663 0. 565 0. 433 0. 403
2.62 2.4r 2.O8 2.O2

7l-. 1.0 63. 06 62
173. t L69.4 L25

0.565 0.62l- 0
2.43 2.69 2

.9

.413

.uz

25.32
1..92

"89
.59
.33
.30
.58
.98
.0E
.93

52.32,
110. 7

0. 386
2.08

.33

3

1)

2)

3)

4\

EAA:

NEAA:

GI,Y/OAA:

N,/E:

TTIR, VAf,, fT,Iilr T,F:U, PHEr LYS, HISr ARG.

SBR, GLU, GLY, AI,A, TYR, ORN.

ratio of GLY to (rea + NEAA - GLY)

ratio of NEAA to EAA.
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TABLE 3.2 (Experiment- 2/L ) continued:

Sheep: Eunuch

0 0

Sequence A
Methionine infused

7 1.4 2.r
(g/day)
0

Sequence B

a.7 t-4 2.t

TAU
THR
SER
GLU
GLY
ATA
ABU
VAL
%cvs
MET
CYSH

ILE
I,EU
TYR
PHE

ORN

LYS
HIS
ARG

13.98

4.58
14.76

30. 56
85. 40
20. 58

1. s0
24

.54
ND

.34

.2I

.51
"08
.20

14.15
14. 10

9.O7

2.71
10"67
15"01
32.56
77.6r
20.57
r.53

I3. r-3
I 11

3. 04
o.72
6. 81
5.45
5.87
4. 15
6.82

11. 09
l-6.77
7.45

6.66
10.19
J13.23
34. 00
56.03
27.O3
2.r7

12.00
3.49
3.96
1 .77
6.26
6.72
7.07
4. 33
4.45
9.25

16. 13
11" 59

19. 36
8. 39

10.19
26.68
46.56
29.2I
2.80
9.52
4.4I

15. 08
3.04
4.81
4.95
7.24
4.99
4.20
8. 91

18. t4
'7 q')

2.62
13.51
18. 01
33.40
10 -4c)
21.61
L.14

15.08
L.37
I.28

ND
7 -4t
7.L9

. 5.89
3.59
6.82

12.58
13. 37
7.22

3.L2
1I" OB

16. 19
31"36
79.87
26.7.C

.44

.42

.81

.2r

.86

.23

.59

.58

.35
12. 08
L7.28
10" 1.1

12.62
9. 88

13. 14
27 .35
49.68
26.04
2.3r

13.25
3.81
9.39
1.93
7.L4
5.29
7 -49
4.7 4
5.47

TI.64
11. 14
6.58

24.53
7.2L

r0. 25
2.2.38
4l-.'75
22.84

2.3'7
11"36

.64

.36

.65

.13

.L4

.o4

.38

.10

.65

.06

.r0

L7
I
1

1
13

2

3

0
6
5
6
4
5

.94 3

20
2

6
4
7

5
5

9
I5

7

7
5
4
7

t_
EAÀ
NEA]\

2

/4o*3

88.53 75.48 76.47 67.23
163.2 158.4 141.8 r24.L

0.513 0.497 0.345 0.322
1.84 2.LO 1.85 1.85

79.95 80.64 69.66 63.03
L56.2 165.5 L2.9.2 109.4

o.426 0.480 0.333 0.319
1.95 2.05 1.8s I.74

GLY
N,/E

1)

2)

3)

4)

EAA: [I.IR., VAI,, JT,F:, T,T]U, PHB, LYS, HIS, ARG.

NEAA: SER, GLU, GLYT ALA, TYR, ORN.

GLY/OAA: ratio of GLY to (fea I"NEAA - GLY)

N,/E: ratio of NEA3. to EAA.
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TABLE 3.3 ( eriment 2/2): Plasma an'nino ô.cid concentrations
(¡rmoles;/IOO nl" plasna) during the peri-od of the highest rate
of methionine infusion in each sheefr compared with the ntean
valr.res for the co¡:centrations in each preceeding period.

Sheep 76I l
MO

Mean
2

ML.4
Mean Day 3

2

B

M4
3

10

TAU
TTTR

SER
GLU
GLY
AJ,A

ABU
VAL
%cvs
MET

CYSH
ILE
I,EU
TYR
PHE

ORN

LYS
HIS
ARG

0.89
12.80
L7 .44
2I.59
83.66
20. 58

o.''t5
15.11

1. 60
1.61
tr

r54.4
o.524
r.7 4

1.99
4.90
7.92

14.20
49.50
IO.I2
o.25

.90

.46

.59

.46

.28

.67

.40

.29

.55

.46

.36

.46

43.32
86.69
0.615
2-OO

55. 53
111. 4

o.797
2.Or

86. 33
100.5

0. 580
1. 16

9.45
37. 83
8.27
9. 10

44.96
.31-

a^(\

.67

.64

.1

.03

.27

.38

.84

.86

.28
13. t3

8. 81
9. 59

88. 54
82.76
0. 356
0.935

7.27
6.44
4.63
3. 58
6. s3

15. 28
16.82
11.30

89.00

5
.)

1
0
3
2

2

2

2
6

11
6

9.77
6 "23
7 .32

L3.52
74-06
7.41
3.28
7.67
3. 78
4.39
2.65
3.r7
4.24
4.49
4.49
4.6r
8.43

13-54
7.76

12.

1
B

4
159

2

3

4
3

2

4

18. 56
14. 50

9. r_6

6.03
6?, -59

9. 6B
5.11

ro.92
3.53

L72.4
3.25
2.94
4"61
3.22
3. O8

3"87
25.74
13. 52
11"02

1) 
Mo - control water infusiont MI.4 - L.4g L-methionine,/day;
M4.2 - 4.29 L-methioniner/day; MB.4 -- 8.4q L-methionine,/day.

2) All means are mean values for Èhe sanrples take¡r on days 3 and 17.
3) rnfusion of 4.29 L-methionine plus 2.19 L-threonine/day for

approximately 30L prior to this sampling.
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TABLE 3.3 (Expe r:-menL 2/2 ) conti.nuecl:

Sheep 663 1
MO

Mean
M]. 4
Meari

M4.2
Mean

M8. 4
2 Day 3 8 1t T7

TAU
THR
SER
GLU

GLY
ALA
ABU
VAT
Lcvs
MET
CYSH
ILE
LEU
TYR
PTIE

ORN

LYS
HTS
ARG

4.90
13. t9
16. 38
33.45

115. 3
2T.7I

20.99
23.O2
13. 02

9.10
5.89
7. 80

23.62
6l-.82
1.4.34
I.77

11. 13
08

.40

.38

.22

.44

.50

.08

.92

.44

.28

14. 80
42.36
19 -24

.43

.00

.98

.0

.88

.11

.96

.70

.15

.72
11. 03
15. 21

8.32

L5.24
t2.78
1-1. 45
13. 30
40 .40
18.46

0. 8l_

10. 81
7.2.2

.0

.23

.67

.85

.50

.82

.76

.85

.79

.65

7I.22
96.87
0.316
1. 36

17.38
ro.44
8. 10

13. 87

1r.57
11. 98

7L.78
84.26
0. 385
T.I7

12.38
6 .44
9.45
8.80

40. 58
11. 80

rB3. 3

o.75

12.97
7.O4
9.L2
9.71

37 .59
L2.O2
r.09
9 "87
5.44

193. I
o.l6
L-28
4.70
3. 89
3.7r
3.82

16. 03
10.19
11.75

17.69
8"40
6.43

1. 61
9.42
5.34

1
9
3

L2B
1
3

2

4
4
4

I.42
L6.62
2.48
2.05

ND
8.46
B. 75

1.72
3. 90
7.28

-87
4
5
1
5
4
5
4
4
9

18
7

3. 70
4.69
3.92
3. 39
3.97

270
2
3

3

6
4
6

16
8
9

43.34
11. 18
2.44

l-O.62
3.94

I77.3
0. 86
4.32
3. 85
3. 36
3. 15
4.4L

15.85

4

2I.50
11. 32
12.58

73.44
18.52
0. 364
1. 07

64.57
76.2r
0. 364
t. t8

EAA
NEAA
GLY
N/E

4..*

2.16
2.25
0. 378
1. 48

5
IO7 .9 66.75
199.8 1r7.1

0.599 0;507
1.85 I.75

6
9

6

4)

s)

6)

7)

EAA: THR,

NtrAA: SER,

GLYIOAA:

N/E:

VAL,

GLU,

IT,FI , LEU, PHE, LYS, HIS, ARG

GLY, AT,A, TYR, ORN.

Ratio of GLY to (raA + NEAA - GLY)

Ratio of NEAA Io EAA.
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TABLB 3.3 (lilY^ìrer i.nenl 2./2) con'Linuec'l:

Sheep 748

8
r44.2
Mean

IMc2
l4ean

M8.4Ml.. 4
Mea¡t

I 9 i0
Day 3 5 11 T7

TAU

TT{R

SER
GLU

GLY
ALA
ABU
VAf,
l:CYS

¡,IET

CYSE
TLE
I,EU
TYR
PHIl
ORN

LYS
HIS
ARG

3.4
17. 3l
-1.9 " 81
33.88

106. B

24.25
r.49

l-9.34
2.28
2. 0B

ND
8 -49
9. 53
5.62
4.27
7 -62

l-8.2.6
20.93
10. 97

B-44
7.48
8.26

2L.90
54.96
l-6.70
1" 35

10.
4.
6.
1.
4.27
3.72
4.70
4.06
4.20
8.32

17 .44
7.70

63.34
110. 7

o.462
1.75

17. 1.5

7.46
8.26

14.45
44 "76
14.97

15.23
IO " .14

9 "77
12.6I
39. 19
l-9.74

1. 16
9.49
9.23

3TL.2
2.61
3.41
3. 55
3.98
3. B9
4.9L

16.37
9.29

11.75

L9.O2
8"88

LL"47
13.22
46.79
L5 "73
I. B3

9.O7
5.78

311. 2

2.75
3. 35
4.47
3. 91
3.18
.2.99

11. 02
11. l8
l-'I.2L

14"95
105. I

L2 "27
11.88
58. 53
.r B. 59

19.05
84.17
15. 55
L2.32
49.O7
L9 "7I

1. BB

9.L2
5.69

311. 2

L9.20
6.96
8.2I

10.40
49.O9
10. 81

35
25
36
75

352912

9l

1. 65
7.98
4.7r
6.9
3. 16
2.75
2.72
3.92
3.59
3. 66
8" 33

13.48
6. 31

52.62
90.02

o.457
L.7L

6'7 "95
90.20
o.329
1.33

2.24
9.T2
6 "56
3.4
3. 07
t.47
4. l.B
3. 86
4.L3
4.31

L5.94
1r. 68
13.50

11. 36
_1-O. 01
9.4L

2.24
9.09
2.66
8"2
1. 88
2.42
4.58
2.69
2.95
2.6r

t-4.59
12 "OL
TL.82

64.82
83"81

0. 493
L.29

.43

.04

.76

3
3
3

3

3
2

85
82

4 62.96 165. t 135.3
94.rL ro9.4 103.4
o.425 0.27L O.259
\.49 0.663 0.164

BAA 109 I
0
533

5
NEAA

81

19E.
0.
1.

6
GLY
N/E

/oAA
7

8) rnfusion of g.49 L-methionine ptus 4.29 L-threonine/clay for approximately
54h prior to this sampting (i'e' from clay 6) '

9) see note 8.
1O) rnr.onine infusion ceased on day 12, 5 days prior to this sampling'
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pcss-ible factors inr¡olved i.n tire methionir-re-induced c1e1:ression of

amino acids have been discrrssed J-n Chapter l" At hjqh.l-evels of

methion.itre, some of the essent-.j.al. amino ac,ids were irial:kedly elerrated

(see Table 3.3), possibly throuqh. e1:fects of high levels of

methionine on protein ceri:abolj-sn. TTri.s effect couhd possÍbly be

mecliatecl through the effects of me'i;hionine on cort:Lcosteroid. secretj-on

(Gira::d-Gl.oba et a-Z. L912) , r:esulting in an increased rate of protein

catabolism. However, this seenìs unlikely j-n vierv of the e.levation

of the plasma threonine concentr:¿rtions since if the re-sponse in sheep

is similar to the response in the rat, corticoster:oids coul-d. be

expectecl to induce an increase in'bhe l-evel- of the enzynÌe, threonj.ne

seríne dehyd.ratase (Peraino 1196'1), which coufd trå expected to act

against a rise in the plasma concentration of threoni¡re. Such

speculation does assune that chanqes in the plasma Levels of amino

acids do reflect changes in the tissue free amino acids. At low

IeveIs of methionine supplementation (e.9. O.7g/d,ay in ExperimenL 2/I) ,

withdrawal of amino acj.ds for protein synthesis may have been an

important component of the change in the plasma amino acid. pattern,

but at higher levels of methionine, this is unlikely since there v¡as

little further increase in protein synthesis as estimated by nitrogen

balance (Chapter 2) , but a very marked shif'b in pJ-asme. anrino acj.d

leve1s. It is concluded that much of the change in plasma arnino

acids may not have been a result of an incr:eased demand for protein

synthesis, but rather a resporlse to some metabolic effect of

methionine, either on anino acid cata-bolism or transport. This j-s

particularly so at t-.he higher levels of methionj,ne j.nfusion. These

changes have previor-rsly been discussed in Chapter f ¡'-n relation to

the methionine-induced removal- of amir'¡o acids from pJ-asma as a

possible indicator of the líkely limiting amino acids, and ín
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relation to the effects of a gl.ucose-induced stimulatíon of pr.otein

synthesj-s. Generaì-Iy the pJ.asma :resu-lts v¡ere simi.ì-ar to tbos:e

repor:i:ed by Reis et af . (f973b) for sheer¡: recei.ving erbomasal infusr.Lons

of methionine, al.though the extent of L:he changes ollservecl in the

present rvork was rrsually greater"

There wei:e vel:y ma::ked. effect-s of methj-onine suppL,enentation

on the total essential. and non--esserìtíal amino acid levels in pl.asnia.

However the effects on the GLY/OAA and N/E ratios differed be,tween

anirnals and were apparently unrelated to the animalrs level cf intake

or to the type of intake response to methionine. The GLY/OAA ratj_o

decl.inecl as a result of methionine supplementation in four of the

five sheep in Experiments 2/2 and. 2/3 whil-le the effect cn the Nr/E

ratio was variabl-e. This is in contrast to the situation in

Experiment 2/I where the GLY/OAA ratio was unaffected.. Such

alterations in the GLY/OAÃ ratio highlight the necessity for al

understanding of glycine netabolism (perhraps with particular reference

to methíonine) if the ratio is to be useful as a metabotic index of

amino acid absorption as originally proposed. by Egan (1972).

The comparative effects of methionine infusion oir plasma ancl bl.ood

ceIl amino acids (Experiment 2/2)

TabÌe 3. 4 gives the plasnra and bl-ood cell amino acid

patterns in the blood sampres taken on day 17 of each period in which

methi-onine alone v,¡as infused.

Blood cell amino acid concentrations v¡ere much less affected.

by methionine supplementati on than the plasrna arnj,no ¿rcicls , although

most changes were in the same direction for both plasma ancl l:Iood cells.
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TABLE 3.4 irnent 2/2) z Am.ino aci-d concentr:ations i,n the
plasma (ìrmoles,/lOO ml pla-sma) and ín the blood ceffs
(umoles/fO0 rnl blood celLs) on day 17 of each period in
which ei'Lher water (Mo) or methionine ottly (M1.4, 4-2,
8.4) was infu.sed.

Sheep 761
Plasma Blood ceLls

MO M1MO Ml.4 4

TAU
TTIR

SER
GLU
GLY
ALA
ABU
VAL
4cvs
MET
CYSH
II,E
I,EU
TYR
PHE

ORN

LYS
HIS
ARG

32
62
33

r. 07
9.68

l*8.92
22.38
7 4.67
16.60
1. 31

L4.27
I.47
l.2a
tr.1
6.9r
6. 30
4.32
3.37
6.82

8
7

18
82
26
I
9
2

t
0
3
I
3
4

t

2

4
7
I

45
7
0
4
2

I
0
1
2

I
1
2
5

.62

.09
-43
.80
.24
.00
.25
.50
.25
.05
.73
"99
.4r
.85
.59
.36
.20

10. 91
4.79

18. 11
L7 .26
l-9.25
2L.T9
81. 53'

54 .68
.80
.84
.78
.67
.57

"64
.66
.65
.06
.15
.71.

rt.65
19. 39
17.51
1.92

31. 73
3. 55

t4.96
ND

o.32
0.54
6 "34

10. 31
3.64
4"15

2I.57
23.98
16.56
L.40

L3.7).
16 .00
11.39

1) ND: not detectable; tr: trace.
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TABLE 3.4 (Expe rimenl 2/2) cout-iuued:

Sheep 663

MO

Plasr¡a
M1.4 r,14"2 M8.4 MO

Blood cells
ML.A M4.2 M8.4

TAU
THR
SER
GLU
GLY
ALA
ABU

VAL
Lcvs
MET
CYSH
ILE
LEU
TYR
PIIE
ORN

LYS
HfS
ARG

3.40
11.59
16. 33
30.77
04. 3
19.L4
I.32

12.32
2.48
2.22

ND
8. 38
8.09
4.'79
3. 31.

7. 30
22.22
22.96
13.2L

15.52
4.67
6.48

22.28
4L.66

.30
)?

.7r

.70

.81

.74

.51

.02

.25

.63

.52

.50
15.99

5. 50

19. 58
6 -04
6. 03

10.59
33.77
L3.47

1. 04
B. 02
3.05

.45

.70

.19

.74

.24

.48

.93

.19

L2
1

9
9

37
12

1
9
5

193
0
1
4
3
3
3

16
10
11

.L2

.77

.59

.02

.09

.87
"44
.1
-76
.28
.70
.89
.77
.82
.03
.19

24.68
10.45
12.LO
28.05
88"91
28.59

3. 01
14. 30

1. 51
I.98

ND

6. 38
L5.49
4.82
4.42
4. BB

28.44
L9.O4
24.52

54.62
5. 39
6.50

18. 12
51.09
22.9L

3.49
11 .45

.40

.23

.20

.39

.90

.'13

.38
"33

19.57
t7.87
19. 13

34.47
8. 14
8"62

l_4.82
33. 09
18. 15
0.86

ô2

.46

.'73

.39

. l_0

ro.27
5"06
4. 3'/
)1)

15. 34
11. 81
1_7 .91

97
o4

65.25
19. 53

1.19. C

26"80
63.08
28.82
T.2L

r5. 03
ND

103. 5
I. 04
5. t7

27.5r
9.95
"1.96

3. 19
22.65
27 .42
46.4L

2

1
13

1
9
3

4
1
4
4
4
4
3

I

132
1
2

2
4
3
3

7
7
6

7
74

B

1
39

0
2

0
I
0
5

L2
4
5
3

?q

2) peak not puret a major contaminant was present in the serine þeát< ot
this sample; see also Table 3.5 note 3.
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TABLE 3.4 (ExÞeriment 2/2) Öont-tnr-red:

Sheep 748

MO

Plasma
M7.4 M4.2 MO

Blood ce1ls
ML.4 M4 2.

TAU
THR
SER
GLU
GLY
AI,A
ABU
VAT
Lcvs
MET
CYSH
II.E
LEU
TYR
PHE
ORN

LYS
HIS
/\RG

2.89
13.48
19. 80
29.LI
96.2
t9. 36
r.23

L7.37
L.7A
l_. 90
tr.
7.62
7.90
4. 80
3. 35
7.01

18.79
19. 16
10. 53

1,5.12
6.15
t-t5

1,7.76
40.95
r7 .45

L.25
t_0. 69

.95

.4r

.46

.94

.35

.6r

.44

.28

.99

.68

.33

18. 05
5"83
7.27

11. 69
37. 16
74.r9
I.52
7.L4
4.68

159.1
2.99
1. 81
1. 88
3. 38
2.83
2.72
5 "67

12.79
5.45

15. 50
L5.75
22 "60
7 3.04
29.67
2.13

16.73
ND

r.47
ND

5 .60
t7 "44

5 .44
5.94
6.47

22.OO
16.61
2.68

51. 86
10"16
15"50
2L.98
59 .41
32.55
L.62

15. 36
.93
.58

55. 16
14.56
15.90
19. 75
48"10
32.98
0. 78

L4.29
2.O7

79.99
0. 78
3.03

18. 2t
6.73
7.78
7. 05

18. 67
15. 58

3.44

39. 33

3

2

0
5

18
5
'l
5

3

6
2
4
4
4
4
4

I
16

tt

72
.66
.60
.75

R')

.94
21. 00
L7 .75
2.79
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In particular the }ysine ancl feu,cine leveÌs in the Lrlood cell-s were

much less a.ffectecl than t--he plersrna leve.l-s in the periocls in which

methionine was i.nfrrserf , The effect on the other atnino acíds tended

to cliffer between artj-mals, €"9. the plasrna serine concentration was

markect-Ly depr:essecl by met"hionitte suppl"ement-atj-on in both sheep 663

and 748, but only j-n sheep 663 was the blood cell concentration of

serine reduced. The blood cefl methionine levels were aiways

considerabLy less than the pJ-asma concent::ations, while for taurine

the situati-on was reversed.

The effect of met-,hionine infusi.on on blood ceII amino a.cids

There were marked clifferences be'tween animal-s in the effect

of methi-oni-ne infus-i.on on blood cell total essential and non-esseutial

amino acids (Table 3.5) " rn sheep 748, there was little or no effect

of methionine on bloocl cell fevels' while in sheep 761 artd 663,

methionine at a daily rate of 1.49 (anð. 4.29) markedly depressed amino

acid concentrations. However, at the high level of meLhionine rc.45

daily) in sheep 663, the blood cell a¡níno acids v,iere greatly increased.

Ta-ble 3.6 gives the mean values for the blood ceII amino acid

concentr:ations for the four or five bl-ood samplings fr:om each sheep

when the lower rates of methionine (1.4 an<l 4.29 ctaily) were infused

as compared with the periods in which the high rate of methionine

(8.45 daily) was infused. The concentratj-ons of most of the blood

cell amino acids lvere significanr;1y increa-sed during the high methionine

infusion in sheep 663, whereas only methionine, taurirte and

cystathionine we::e significant,ly higher in sheep 748. The only

essential amino acid not increased by the high level of methionine in
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TABT,E 3.5 (E>:l:eri rnent 2/2): Blood cell total essential (EAA) and
ncn-essential (mnaa) amino acid concentrati<¡ns (Umoles/lOO mI
blood ceJ-Is) in samples from sheep 761, 663 and 748 orr each
blood sampling clay in each period.

I76r
EAA NBAA

663
!]AA NEAA

748
EAA NBA.A,

2

MO day ì-7 95.0 L78-9 123"0 L67.4 I02.5 153 " 0

N1.4 day 3

T7

M4.2 ð,ay 3

I
10
17

MB.4 day 3

5
I

11
t7

80"1
73 "7

64.6
98.7

104. I

r74.4
l-56.7

135.0
l.43.6
L29.9

IT7.2
9l.r

L74.I
I59.7
1.7r.7

87.4
106.7

224.5
203. I
250.8

123.0
98. 9

90.'/
108. 0
152.6
148.5
109.9

L74.7
L4T.2

II7.3
128.0
136.4
l_37 " I
I34.6

NS

NS

NS

NS

NS

NS

80. 5 97 .€)
NS4
NS

78.9 82.5

izs. gt52.7
NS

a6-2 135,7
NS

NS

95.6 130.5

3

3

3

r)

2)

3)

EAA - THR, VAf,, PIIE, LYS, HTS, ARG

ORN.NEAA - SER, GLU, TYR,

A contaminant of serine or gJutamic ac-id was present in these
samplesi assuming that serine concentration was 15 pmolesr/l0O ml
and glutamic 28 pmolesr/lOO ml (calcuÌated from the two samples
with pure peaks), then the concentrations of the contaminant in
samples from days.3, 8, 11 and 17 would be app::oximately '33, 81,
70 and Ì04 pmoles/I}O m1 respectively. If the total NEAA \¡¡ere
corrected for the presence of the contamina¡t, 'the total NEAÄ
would be -146, I44, 133 and 147 pmoles,/lOO m1 in the four sanples
from days 3, 8, l-1 and 17 respectively.

ITE r r,TlU r

GLY, A.LA,

4) NS: no sample.
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TÀBLE 3.6 ( llxperiment 2/2\: Amino acid concentrabions in the
blood cclls (prnolesr/1,00 nil l:l-ood celi-s) of sheep 76I , 663
and 74t3 on day 1'I c->f the ccntr:ol period (ltO¡ and the r're¿rn

concentrîaÌ--ion in sarnples dur:ing the infusion of 1.4 and
4.29 L-neth-ionine/day compared with the mean concentrations
in samples during the infusion of 8.49 L-rnethionine/day"

Sheep 761
1 2

MO [11 4 4.2

TAU
THR
SER
GLU
GLY
ALA
ABU

VAL
Lcvs
MET
CYSH
ILE
LEU
TYR
PHE
ORN

LYS
HIS
ÀRG

l-8 " l_1

17 "26
r9..25
2I.19
8t .53
31. 73

3. 55
74.96

ND

L0. 31
3.64
4.1.5

2L.57
23.98
16. 56
1.40

94-96
r78-9

o.32

39.46 !
13. 13 1
10.36 r
15.37 1
75.78 !
26.08 r
2.00 r

11. I031
ND

2I.76 !
1.05 1
4.O2 t
9.I2 L
3.55 t
4.59 !

2L.25 !
20.08 t
16.50 t
0.73 !

6.70
2.97
L.77
2.O9
4.32
4.20
0. 37
0. 99

20. 18
0. t7
0. 58
0. 75
o.27
0. 16
2.r9
2.58
0. 86
0. 40

o.54
6-34

4
EAA
NEAA

5
79.26 !

l-52.4 +
7.22
8. 58

1)

2)

Values for day 17 of the control pe:riodi one sample only.

Mean of 4 values (days 3, 17 of ML. ¡ days 3, B of M4.2)
! standard error of the mean.

ND - not detectabte; !¿CYS detectabl-e in onl.y one sample.

EA/\ - TIÍR. VAI,, IT,TÌ, LBU, PHE, LYS, HIS, ARG.

NEAA - SER, GLU, GLY, AIA, TYR, ORN.

3)

4)

s)
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TABLE 3"6 (Exper imenL 2/2) continued:

Sheep 663
471 6 I

MO M)-.4,4.2 M8 t-test

TAU
TIlR
SER
GLU
GLY
ALA
ABU
VAL
àcvs
¡{ET
CYSH
rLE
LEU
fYR
PHE
ORN

LYS
HIS
ARG

4
EAA -5
NEAA

24.68
10.45
L2.TO
28.05
88"91
28.59
3.01

14. 30
1.51
1. 9810

ND
6. 38

l'5.49
4.42
4.42
4.88

28.44
19.04
24.52

45.96 14"36
6"55
7.O2

13.69
44.50
19.92
2.14

10. 69
1..64

L7.66
o.26

93.43
93.55

55.92 !
r5 "92
58.20
56.7r
57. 11
29.84

3.52
1.28

3.2,5
1.22
0. 39
0. 45

t13. 18
t 0.07
I 0.37
t 1.18
t 0.78
r 0.41
! 0.46
4- ) A"q

+ r"44
! 2"92

+ 0.68
t o.79
! I.71
! 4.63
r 1.1I
L 0.69
! I"44
I 0.51
+ 9.67
! 0.06
r 1" 05
1 1.59
! o.44
! o.44
r 0.65
r 1.55
! 2.52

42.92r 1.88

107. I
0. 90
4.70

24.19
8.42
7 .L3
4.O2

30.07
25 -56

NS
***

***

NS
*7t*

NS

NS

**
***

NS
***

*
*

NS
**

**tr

+
9-
9

t
!

1.15 I
14. 06lro

NM

5.09
11.69

5 -26
4.92
3. 1.6

I8.7L
T6.16
L9.62

I23.O
167.4

r8
t5

o1 164.6 t 5.04
40

6)*"*r of 4 values (days 3, 17 of M1.4 and M4.2) + standard error
of the mean.

t)*.u¡ of 4 values (days 3, 8, 11. I7 of MB.4)+ standard error of
the mea¡.

8)t-t."t for significance'of difference between M1.4, 4.2 and ME.4,
NS - not significant; *P<0.05; **P<0-01; ***P<0-001.

o\
''Peaks not puret a major coirtaminant of the serine or glutamic

aci.d peak was present in these samples.
to)** 

- not measurable; ND - not detectabl-e.
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TABLII 3.6 (trxìcerj,ntent '', /', ) continuecl:

Shee¡: 748
1

lro Ml.4, 4
l-1

426
B

M8 t-test

TAU
THR
SER
GLU
GI,Y
AIA
ABU
VAL
Þcvs
MET
CYSH
ILE
LEU
TYR
PHE

ORN

LYS
HIS
ARG

39.33
15.50
15. 75
22.60
73.04
29.61
2.L3

52.84
13"31
15. 63
l-9.43
62.41
34. 05
r.67

3. 40
34.58
0.51
4.56

2

100.9 t
L45.4 +

63.76 ! r.42
33.32 110.03
16.22 t 1.15

o+-T
NM

r0
t0
+0
t0
l0
r1
+1
r0

10
!1
l-ñ

r1
t7
+-0
10
t1
t0
119
!0
+0
11
l-0
t0
r0
t2
t1
+0

.83
"12
.51
.26
"76
.98
"54
-64
.47
.o7
.L4
.79
.36
.47
.4A
.44
.11
-27
.37

L6.25
53.22
3r.61

1. 80

.08

.20

.08

.4L

t1
!2
tI
r0

***
NS

NS

NS

NS

NS

NS

NS

**

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

16. 7310
ND

r.47
ND

5.60
17.44
s.44
5.94
6.47

22.OO
16. 61
2.68

15. 60 12 6 0. 55
0

156.3 110.57
2.28 + O.53 *

18.
6.
7.
7.

2L.
l.7.

10
85
44
06
T7
83
90

3"32
L9.28

7. 13
7.20
6. 35

23.88
20.06
2.ra

.28

.87

.32

.25

.42

.L7

.30

.2r
4

EAA
NEAA

LO2.5
151.0

T2I.9
130. I

!I2.L]
J 3.785

7.85
9.97

11)
Mean of 5 values (days 3, 5,8' 11, 17 of MB.4) + standard
error of the mean. The samplinqs on days I and 11 cover the
perj.od in which threonine also was infused.
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$heep 663 was isoleucine" This rnay be related 'l-o some particular

facet of isoleucj.ne rnetabc¡lism in thj-s anitnal , althcrrqh thi.s canrlot

be ascerta:Lned "

The high leveI of methion-Lne aclrLrinj-stration was associatecl

with the appeaïance of an addit-ional ma.jor pcak in the blood cell

amino acid ch::omatogram of sheep 663. Unfortunately this peak

(approximately t-2 times the area of glycine) elutecl wiLh either

serine or glutamic acid. It is possible that this unknown is

glutamine or sarcosine (Hamilton 1963). Sarcosine (N-me-ì:hyl gl-ycj-ne)

is a possible prcduct of methionine catal¡olÍ-sm, particularly in

anirnals rece:Lving large amounts of methionine (Benevenga I9'l 4).

The effect of the high methionine infusion in g::ossly

elevating the blood celL amino acids in sheep 663 is a particularly

int-eresting phenomenon, especially in view of the fact that there

tvas no such effect apparent in sheep 748. Therefore. methionine

brought about-- solne al-teration in a¡'rin<-r acid ti:anspoi:t, either thror.lg?r

a stimulat-ion of amino acid uptake (from plasma or tissues) or alr

inhibition of transport (i.e. increased retent-.ion) out of the bloocl

cel1s. Unfortunately amino acid analyses \^Iere not per:formed ort

tíssues from these animals. A methionine effect on amino acid

transport could have operated through the heteroexchange phenomenon

(christensen 1963¡ 1-964); i.e. methionine has an affinity for two

transport systems. with the result that ít is strongly concentraterl

by one mediator and then serves by exchange through the second

mediator (i.e. transport syst-em) to drive the uphill t--r:ansport of

leucine anrl valine caûd similar amino acids" Howeve::, ther:e are r¡any

other possible mechanisms, perhaps involving changes in ion balance
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(Zweig L973¡ Christensen & Handlotgen 1975), which could con-

ceivably have produced. such an effect. Any further speculation

is not warranted, although the results and the interpretati.on

clearly índicate that the simplistic approach to blood cell ¡imino

acid concentrations and inÈerpretations in terms of transport and.

availability of anr-ino acids to cells must be backed up by much more

information than exists at present.

Blood cell ornithine and inine concentrations

The differences between animals in the blood cell

concentrations of the urea cycle intermedíates, arginine and

ornithine were particularly striking (Table 3.7).. Sheep 761

exhibited high levels of ornithine and low levels of arginine in

the blood cells, while in sheep 663 the reverse situation was apparent.

In sheep 748, both ornithine and arginine concentrations in the bloo<1

cells l¡ì¡ere comparatively low. Although citrulline concentrations

are not presented in the present work (citrulline and proline were

not consistently resolved in our amino acid separation), the total

peak area of proline a¡rd citrulline tìras similar in all animals.

These marked differences between animals in the ornithine and arginine

concentrations may reflect differences in the activity of the urea

cycle (including differences. in the activitíes of the urea cycle

enzlzmes) as weII as differences in'the transport of these amino acids.

Repeatabilitv of plasma amino acid. patterns (Experimenl. 2/I\

The apparent variability between animals in the respcnse to

an abomasal infusion of methionine has been discussed in Chapter 2.

Further supportive evid.ence that this variability was both a real

and a repeatable phenomenon may be obtained fro¡n a¡r examination of

plasma amino acid patterns and the changes in these patterns in

146



TABLE 3.7 t 2/21: Individual a¡rímal mean values

for tÌ¡e blood ceII concentrations (Umoles/LOO ¡nl blood

ceils) of ornithine and arginine.

1

Sheep
Concentratíon (Umoles/lOO mI blood cells)

ORN ARG n

76L

663

748

2L.3L t 1.69

3.73 ! 0.38

6.65 t 0.28

0.87 r 0.33

30.52 t 4.20

2.52 ! O.20

5

9

10

1)
Mea¡r value + stand.ard error of the meani the mean over all

sanrples in all periods.

1+7



response to methionine. It is this repeatability of the pl_asma

amino acid patterns which should hold the most significance if the

changes reflect physiological conseguences of methionine admini-

stration which dÍffer between a¡rimals

Irhe repeatability of the basal plasma amino acid pattern

may be assessed from the correlation of the concentration of the

individual amino acíds between the two control periods. Ttre

correlatíon coefficients for these relationships are given i:n Ta-ble 3.8a.

These within-animal between-period correlations (t = 15.7 and 18.3)

were also higher than the between-animal correlation (r = 0.895;

t = 11.7) .

Table 3.8b presents the correlation coefficients for the

relationships between the concentration of an amino acid in

seguence A and sequence B. Except for histidine and arginine con-

centrations, the corietation coefficients were high. AIso for rnost

amino acids, the within-animal between-period. correlation was higher

than the between-animal correlation.

A further criterion of the repeataJrilíÈy of the response

may be the relationship between the change in the concentrations of

individual amino acids in the t\,yo sequences in response to each

treatment. The correlation coefficienÈs are sununarised in Tab1e 3.8c.

However, in this case the between-animal correlations (except for the

lowest rate of methionine supplementation) were at least as good. as

the within-a¡rimal between-period correlations.

The plasma methionine concentrations for the two sheep in

the two dose response sequences are shown in Fig.3.1. Although the
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TABLE 3.8 (Experimenf 2/L): Correlation coefficients for the
relationship between plasma amino acid patterns in the two
methionine infusion ces.

a) Relationship between the basai (control) values for the plasma
essential amíno acid.s (correlation between concentrations of

' the nine essential amino acids on t-wo sarnpling days in period 1
and the concentrations in period 8).

'¡üithin animals (n=18) Betvreen animals (n=36)
**

O.97 , t=15.7
**0.98 , t=18.3

**
0.90 , E=1I.7

b) Relationship beteen all values for the concentration cf each
individual essential amino acid in sequence A and the values
in sequence B (correlation between concentrations for two
sam¡lling days in e-ach of for:r periods in sequence A and the
concentrations in sequence B).

Within animals (n= 8) Between animals (¡=16)

Eli Er¡nuch

Eli
Eunuch

lTTR
VAI,
MET
ÏLE
LEU
PHE
LYS
HIS
ARG

o.
o.
0.
0.
o.
o.
0.
0.
0.

72
81

*
**
**

**
o.'14**
o.62. .TT

s,;r:
3: l3::
3: li;;;

0.87*
0.75*
o.7g *

lii*=

*
o.79 rt*
o.92. .t1

0.47Ï:
o. 81**
0. 87

33v
76.t
80.t

l3*'
iá".

(c) Relationship between changes in the plasma concentration,of
essential amino acids (Thr; val, ile, leu, phe, lys) in
sequence A and sequence B (change is expressed as the molar
change in ttre mean concentration i.e. Control-Treatment).

Within animals (n=6) Between animals (¡=12)

Meth- Eli Eunuch
lonl_ne
(s/ð,av)

o
0
0

73It
81.*
94

o.
0.
0.

6
5

o.7
1.4
2.I 80
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FIGURE 3.1 (Experiment'2/].l: Effect of level of methionine

infusion on plasma methionine concentration (Umoles/

100 ml) in the two sheep EIi and Eunuch in the two

nethíonine infusion sequences (values are the means of

days 3 anil 1-l- in each period;' (-rD sequence A;

o----o sequence B).
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trends with an increasing Ievel of methionine supplementation were

the same in each sequence, the actual plasma methionine concentrations

were considera-bly higher during the infusion of I.4 and 2.Ig of

methionine in sequence B than in sequence A. There are no obvious

reasons for this variability between the two sequences.

lltre repeatalrility of the plasma amino acid patterns between

aequences within each sheep is clearly evident, both for the plasma

concentrations in the two control periods and for most of the

essential amino acids over the different levels of methionine infusion.

An indÍcation as to whether the responses truly reflect variability

between animals rather than a general response to methionine infusion

may be obtained from a comparison of the correlation coefficients for

ttre between-animal relationships as against the wíthin-animal

between-period correlation. The fact that the latter correlations

!{rere usually stronger is evidence. that between-animal variability

was greater tha¡¡ the within-animal varíability.

Plasma amino acids and between-animal varial¡i1itv in the methionine

response

Plasma amino acid patterns frequently reflect an iinbalance

or deficiency in the supply of amino acids (f,eung & Rogers 1969;

Ilarper et a7. 1970). For this reason, plasma amino acid patterns

were examined for d.ifferences between those sheep exhibiting a

positive response (R+) in voluntary intake to a supplement of

methionine, a.nd those either not responding or exhibiting a negatíve

response (R-) in terms of intake.
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fn E:çeriment 1/1 plasma leucine, Iysine and threonine were

depressed to the greatest extent in sheep B(R-) and F(R+), while in

sheep K(R+), the plasrna threonine concentration was inuch l_ess

affected than either leucine, tysine, valine or isoleucine.

The results of Experiments 2/L anð, 2/2 were simirar. Taken over

both methionine sequences in Experiment 2/1, the amino aéid most

depressed as a result of methionine treatment was threonine (622 of

control for Eli (R-) and 68% for Eunuch (R+)). plasma leucine,

valine and lysine vlere all depressed to about 752 of the control values

in each animal , altttough in sequence B, there lrras a tend.ency for plasr.ia

leucine to be more affected than either rysine or varine. rn sheep

76L (R-) all prasma essentiar amino acids hrere greatly depressed by

a daily infusi-on of 1.49 of methionine, arthough threonine, valine,

leucíne, isoleucine and lysine were particularry affected. These

changes were very similar to those observed in the plasma pattern of

sheep 663 (n+¡ and sheep 748 (n+¡ both of which exhibited positive

responses to methionine supprementation in marked conl'-rast to the

adverse effects apparent in sheep 761. Or¡erall there \¡rere no readilv

apparent differences in the plasma amino acid patterns of animals

classified in the different response categories depending qn their

intake response to methionine.

Alre 2.lg methionine supplement given to Eli and Eunuch

(Experiment 2/r) resulted in very marked depressions in prasma

threonine a¡d leucine (Table 3.9) and when these a¡rrino acids were

administered abomasally, there was an apparent positive response in

terms of voluntary intake and the efficiency of nitrogen utilisation
(chapter 2). As discussed in chapter 2, it seems as though both

animals responded to leucine plus threonine moreso than to threonine
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TABLE 3.9 (ExperimenL 2/1): Plasma threonine, leucíne and total
essential (eea¡ and non-essential amino acid (maa) con-
centrations (Umoles/1OO mI) for the two sheep, Eli and
Eunuch during periods 11 (2.I9 L-methionine/day; M),
period 12 (M + 1.49 L-threonine/dayr MT) and period 13
(¡,tt + 2.Ig L-Leucine/dayr MTL) .

M I{T MTL
Day: 3 11 3 11 3 11

Eli
2.68
3.24

50.92
TL2.9

6. 03
3.4L

61.33
105.7

4.99
3.94

55.67
r08.4

31.55
3.25

77.62
LO6.7

47.60
4.92

108.4 .

116.5

40.48
3.52

89.97
115. 3

46.54
4.94

107. 5
128.1

31.70
9.70

85.11
108.2

55.42
L2.27

133. 2

134. 3

28.77
6. 04

63.L2
72.76

54.09
tL.52

116.5
L28.2

Eunuch

8. 39
4.86

64.68
113;0

1)

2)

EAÀ: TIIR, VA¡'

NEAA: SER, GLU,

Ir,r:, r,EU, PHE, LYS, HIS, ARG

GLY, AIA, TYR, ORN.
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alone. Ilowever, the usefulness of such changes in plasma a¡nino acid

patterns as predictive indices of Èhe relative deficiencies of amino

acids must await more definitive studies.

The only clearcut changes in the plasma amino acid pattern

with threonine and leucine infusions were the increases in the

concentrations of these amino acids themselves (except for the

threonine effect on methionine concentrations to be discussed in the

next section). The increase in threonine concentration in the plasma

of Eli was much less than the increase apparent for Eunuch. Eunuch

extribiteit a higher level of plasma ttrreonine than Eli throughout the

e:çeriment. Such a basic difference in threonine concentrations

may be indicative of a difference in the activity of threonine-

serine dehydratase.

The whole qr.restion of the interpretaÈion of plasma amino acid

patterns is in need of considerably more clefinitive study. In rnany

cases, it seems that the pattern of ahanges reported in the

Iiterature are dependent on the imposition of quite'extreme treatments

(e.g. amino acid imbalance) or alternatively require large nrmbers of

animals to show differences in treatments. Patterns of change in

different individuals may reflect unique indiviCual metabolic patterns,

or perhaps the patterns may appear similar, and not reflect the real

differences at the tissue IeveI.

Effect of threonine on the plasma amino acid pattern

Table 3.10 gives the plasma concentrations of methionine and

its metabolites in Eli and Eunuch during the methionine infusions of

sequence B and during the infusion of threonine plus methionine. With

1r,



TABLE 3. 10 (Expe riment 2/L) z The plasrna concentrations of methionine
and its metabolic products (umo les/100 ml plasma) and the
methionine to producÈs ratio in the sheep Eli and Eu¡ruch in
periods 8 to 12.

o
Day 3,11 3

o.7
Methionine infused (S/day)

L.4 2.1
113113

2.L * ,rrt2
31111

Eli
TAU
ABU
tcvs
MET
CYSH

2.47
L.37
r.12
1.66

ND

I
ttt/P 0.666 0.635

Eunuch

TAU
ABU
¡:cys
MET
gYSH

2

2
3
3
0

3
1
2

3

19
52
36
27
77

642

19
01
40
62
29

2
1
4
4
0

0

.81

.77

.42

.82

.76

3.7L
2-63
3-42
8.27
r-87

]-5.46
1.83
4.79
9. 55
2.L3

21.52
1.98
4.20

10. 51
1.99

19 -62
1.95
4-04

]-7.16
1.96

23. 53
2.68
3. 96

r8.22
2.44

T9.47
1.33
4.49

33.48
1. 88

¿.
3.

22.
2.

2]-.2:2
2.27
4-29

26.24
r.87

22.54
2.62
4.2L

16.57
2 -27

26.81
2.46
5.42

12 .89
3.29

43
.47

10
1
4
7

.35

.91

.7L

.L¿

22
z
5

19
41.56 51

0.989 1.09 2.L6 4. 35 3. 11 L.46

68
49
80
77
ND

62
L4
37
28
ND

2
1
1
1

53
06
aa

50
86

25.56
.38

2
1
2
3
0

.1
M/P 0.510 0.879 0.818 I.20 t.29 2.Ol 2.73 1.82 1.15

1) Mfp - methionine: products ratio, products being the sum of the concenÈration
of ABU, LCYS and CYSH.

2l L-threonine infused a rate of 1- 49/d'ay-
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an ùncreasing level of ¡nethionine infusion, Èhe plasma concentration of

methionine and its metabolites tended to increase, although the

increase in the methionine concentration was greater than that in the

metabolites (excluding taurine). These changes are reflected in the

Mrlp ratio (nethionine to products ratío; the products being c< -

amino-n-butyric acid (ABU) r cystine (expressed as half-cystine) and

cystathionine) .

Threoníne supplementation was associated with a decrease in

the concentration of plasma methionine and an increase in the level

of ABU, half-cystine and cystathionine, all products ôf the tran-

sulphuration pathway of methionine meta.bolism (Finklestein L974).

This effect was more apparenÈ on day 11 of Èhe methionine and threonine

infusion than on day 3. These results suggest that threonine may have : -ì

íncreased the rate of methionine catabolism via the transulphuration

pathway. Serine (a metabolite of threonine) is required for the

formation of cystathionine, and it is possible that threonine simpll'

increased the supply of serine and so increased the rate of forrnation

of cystathionine from homocysteine.

In contrast to the effects obsen¡ed Ín ExperimenE 2/1, Ehe

only readity apparent effect of threonine supplementation on the

plasma amino acid pattern of sheep 76L and 748 was the elevaÈion in

plasma threonine levels. However, the samples analysed were all

obtained within 5 days of the start of the threonine infusion.
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CONCLUSIONS

The changes in plasma amino acid concentrations as a result

of methionine supplementation hrere probably pr:incipally due to

metabol-ic effects of methionine and did not reflect withdrawal of

amino acids for protein synthesis.

Blood cell amino acid concentrations were much less affected

by methionine supplementation than were plasma concentrations, although

changes in both compartments were generally in the sa¡ne directioa.

There was evidence of considera-ble variabílity between animals both in

the blood ceII concentrations of ornithine and arginine and in the

effects of methionine on the concentrations of amino acids in the

blood cells.

' Further evidence that between animal variability was a real

and repeatable phenomenon was apparent from the repeaÈability of the

plasma amino acid patterns in the two methioníne supplementation

sequences. However there vrere no obvious differences between animals

in the plasma amino acid patterns which could be related to differsnces

in the type of response to the rnethionine supplement. There was

evidence of a¡r interaction of methionine and threonine metabolism

in the changes in the plasma amino acid patterns. However the whole

question of the interpretation of plasma (and blood cell) amino acid

patterns is in need of considerably more definitive stu<1y.
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CHAPTER 4

Post.ruminal supplementation with groups of essential

amino acids in young growing sheep fed a roughage diet

I¡TTRODUCTION

The apparent between animal variability in the response to an

abomasal supplement of methionine in previous v¡ork (E>çerÍment 1/1)

led to the suggestion that no one amino acid would be likely to be

lin-itíng production for all of a group of sheep fed the same diet.

It also seemed likely that even though an amino acid may be first

lirniting for one facet of production (e.g. cysteine for wool growth)

it does not necessarily follow that the same amino acid would be

limiting for other productive functions (e.9. muscle protein

accretion).

These considerations led to the experimenÈ to be reported in

this paper. It is suggested that a ntoon of amino acid.s when given

as an abomasal supplement to a group of sheep would promote an

increased protein slmthesis (as Cetermined by overall nitrogen

retention) in all "f,".p. In contrast a supplement of a single amino

acid would be likely to result in both positive and negative responses

wÍthin a group of sheep. In practical terms this would mean that no

one ann-ino acid was "first-limiting" a¡rd that the concept of a "first-

limitinq" amino acid in terms of the whole animal is inadequate-

EXPERIMENTAL

Animals

Seven Dorset x (Dorset x },lerino) wethers aged about 8 months and

of bodlnueight 23-29 kg at the start of the experiment were used.
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Each had been surgically prepared with an abomasal. tube (Appendix 2)

at least three $Ieeks prior to the conìmencement cf the experiment.

llhe animals were housed indoors in metabolism pens and fitted wiÈh

faecal collection harnesses.

Diets and feedíng

The sheep were offered a diet of wheaten hay chaff (1.058

nitrogen in the dry :ratter) ad Tibitum. fhèy were fed daily at

IOOOh following the removal of feed residues; the amount of feeC

offered was c.15% in excess of the expected daily intake. A rn-ineral

supplement (gg/d,ay¡ Moir & Harris 1962) was sprinkled on top of the

feed. Vita¡nins A and D, (APAC: Nicholas Pty. Ltd.) were given wif-h

ttre feed on the first day of each period. !,later was available at all

times.

Experimental design

. TLre experiment consisted of six periods, each of l-6 days.

Ttre first and second períods (HC and NC) were control periods; a

cyclic changeover design (Davis & Hall 1969) \ñ¡as used over the remaining

four periods (41 to A4) during which ttre ermino acid mixtures were

administered. fhe e>çerímental design is given in Table 4.1.

In period HC, the sheep received an abomasal infusion of lvater,

while in period NC they received a¡r abomasal infusion of triammonium

citrate which provided 2.69 of. nitrogen/day (isonitrogenous with the

infusions in periods Al to A4). The cyclic changeover design (Davis

e Halt 1969) permitÈed the use of seven amino acid treatments

administered oyer only four experimental periods. However, the use

of seven amino acids in the mixtures meant that three of ten amino
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TABLE 4.1: The experimental design and the allocation of anirnals
to the various treatments.

Sheep 648 768 655 669 664 759 760

Period

CONTROL - WATER INFUSION

CONTROL - TRTAMMONIUM CITRATE INFUSÏON

0

3

4

1

HC

NC

A1

A2

å3

A4

6

2

3

o

5

1

2

6

4

o

1

5

3

6

0

4

2

5

6

3

t

4

5

2

1)

2l

TreatmenÈs: all solutions were administered at a rate of 22O mJ/
day into the abomasum.

'HC - water infusion; NC - triarunonium citrate infusion to
provide 2.69 of nitrogen (N) daily.
The anino acid treatments are described by the arnino acid which
was omitted from the particular treatment (e.9. LEU - infusate
contained threonine, valine, isoleucine, tryptophan, lysine,
methionine and triarmnonium citrate) :

O-I,EU; 1-TIIR; 2-YÞJ'¡ 3-ILE; 4-TRP; 5-LYS; 6-MET.

Anino acids r.rere supplied as the L-isomers at the following rates'(g/day): leucine 2.3, threoníne 1.6, valine 1.7, isoleucine t.7,
trlptophan 0.5, lysine hydroch loride 1.5 and methionine.l.6.
Trianunonium cítrate was added to malce the nitroqen infusion up to
2.69 N/day.
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acids usually considered as indispensa-ble had to be omitted. from the

experimental treatments .

Histidine and argínine were omitted from the arnino. acid

treatments since there is a considerable amount of work which suggests

that Èhese amino acids are synthesized in marnmalian tl-ssues (Krebs 1964).

Phenylaline appeared to be the most suitable of the remaining eight

índespensable amino acids for omission from the experimental trear-¡nents.

As reported in Chapter I (Table L.71, the methionine supplement <lid not

affect plasma phenylalanine concentrations in the sheep fed the wheaten

hay chaff diet. Ttris was in marked contrast to the effects of

methionine infusion on the other indispensable or essential amino acids.

Ttre effect of methionine on the plasrna tyrosine concentrations was also

very smalI. In addition the requirement to supply (R/S) ratios for

phenylala¡j_nsand tyrosine (Table 4.2) were the lowest of all essential

amino acids. llherefore histidine, arginine and phenylalanine were

seÌected as the three amino acíds most suitable for omission from the

amino acid treatments. Thus the seven amino acids included were

leucine, threonine, valine, isoleucine, trlptophan, lysine and

methionine.

In an attempt to estimate the most appropriate amount of each

a¡rino acid to be included in the supplementary amino acid mixture,

a simple supply-demand model, similar to that in Chapter 1, was set

up. The calculations were similar to those for situation B in

Chapter 1, except that the estimated tissue nitrogen retention was

increased from O to 2g/d,ay in anticipation of a greater nitrogen

retention response to a group of amino acids than to methionine alone

162



TABLE 4.2: Estimates of the tissue supply of amj-no acids, the
requirement, the daily amino acid deficit and the ratio
of the requirement to the supply for a 28kg sheep fed a
wheatenhay chaff diet and receiving an abomasal infusion
of 1.69 of methionine/d.ay-

Suppty Requirement
Tissue Wool Total

(g amino acid/day)

Deficit R/S
ratio

ÍHR
vAI,
cYs
MET
ILE
LEU
PHE

TYR
LYS
HIS
ARG
TRP

2.O3
1.91
o-2o)
2.30'
L.52
3.L2
2.O3
r.66
1.98
0. 80
1.61
o.62

3

11
32

00

38
20
96
00
55
35
89
o2

1.
1.

)_.r-
)

1.
1.
0.
1.
1.
1.
1.
1.

.22

.62

.13

.38

0
o
1

-l
c
0

-0
-o
I
o
1
o

2
2

1
0
2

3

1
1
3
1
3

C

80
l4
53
88
84
19
69
31
85
01
40
53

I
2

0
0
1
3
I
1
2
1
2

0

0.45
0. 39
0. 80
0.04
o.25
0. 54
0.25
o. 34
o.2r
o.07
o.64
0.10

.25

.53

.33

.92

.09

.73

.94

.65

.06

.08

.04

.63

E?

.61

.09

.01

.08

.24

.43

.01

1)

2',)

Details of methods of calculation are gíven in Tabl-es 1.1 and
I.2. fhe only modifications are that the tissue protein
accretíon has been increased from 0 to 13.5g/day (i.e. 29 N/day)
and the rate of methionine infusion reduced from 0.16 to O.L2g/kg
o.75 ¡aay.

Includes 1.609 methionine as abomasal supplement.

Molar ratios on the basis of equivalent sulphur.
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i'he calculated data are presented in Table 4.2. On examination, it

was considered that the calculated amino acid deficits would be too

unreliable as values on which to base the quantities of supplemerrtary

anino acids to be supplied. It r,tas therefore decided to supply the

amino acids ín the ratios of the requírement for the growing rat

(Sowers et al-. l-g72), taking 1.69 of methionine as the base value'

1¡he only modification was that the quantity of lysine in the amino acid

mixture for the sheep was reduced. Triammonium citrate was included

as a source of non-specific nítrogen-

Íhe amino acids were proviäed in groups of six (i.e. the compJ-ete

mix minus one of the amino acids) t i.e. tlr.e e>çeriment was performed

such that the effect of omitting one amino acid from the group of seven

selected, amino acids was determined. lfhus four a¡rimals received each

amino acid treatment over the periods AI to A4- The daily supplement

of six amino acids and triamnonium citrate was equívalent to a.bouE 2Og

of amino acids (1Og of essential amino acids and 109 of non-specifíc

anino-nitrogen)

lleasurements

Ttre daily a(t 7Íbiturn dry matter was measured. Conposite samples

of feed and residues $lere retained for analysis.

urine was collected into sulphuric acíd (finat urine pH<2.5) '

ttre amount of urine measured and a daily subsample taken and stored at

-2OoC. Faeces were collected and bu1ked over a ten day period

(clays 8-17) and stored at -2Ooc.

The ten d.ay nitrogen balances for each sheep were calculated

using the feed intake and infusion data for days 5 to 14, the urine
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collected on clays 7 to 16 and the faeces collected on d.ays I to 17.

lfhe apparent digestibilities of dry matter, organic matter

and nitrogen \¡Iere calculated using the data for feed and faeces as

for the nitrogen balance estimates.

1fhe sheep were weighed regularly prior to feeding in the

morning and mean liveweights for each period calculated. The

averaqe growth rates were 6Og/day during the control periods and

LLíg/d.ay during the periods of amino acid infusion.

Analytical methods

The dry matter content of feeds, faeces and residues were

determined by oven drying at 85oC and organic matter by ashing at

55ooc in a muffle furnace.

Ttre nitrogen content of dried subsamples of feeds and residues

and wet sr:bsamples of faeces and urine was determined colouri-

metrically using a Technicon Auto Analyser following manual digestion

of ttre samples using a Kjeldahl technique (Munro and Fleck 1969) -

Amino acid infusions

AIl amino acids used were the L-isomers (98? pure) obtained

from Tanabe Seiyaku Co. Ltd., Tokyo. The triarmnonium citrate was the

laboratory reagent grade (BDH Chenicals). The solutions ldere made up

in distilled water and corrected to pH 4.5 with hydrochloric acid.

The solutions were infused continuously using a peristaitic pump, and

ttre solutions replaced every two days. The infusion lines were

disconnected regularly and flushed with a sodium hypochlorite-sodium

chloride solution after which they were washed with distilled water and

ttre infusion reconunenced.
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RESI'LTS AND DÏSCUSSION

All intake and nitrogen retention data presented in this

chapter have been adjusted to a1low for changes in weight using

metabolic bodyreight (Lso'75) .

Control periods

The two control perÍods (HC and NC) were included in the

experiment in order to provide some basic data on roluntary intake

and nitrogen retention in all seven sheep. The complete data for

ttre individual animals are given in Appendix Ta.l¡1e 4.1. The overail

srean values for the parameters measured in the contról periods are

presented in Table 4.3. There !ìrere no significañt differences

between the two periods in any of the parameters although the difference

in rnean daily nitrogen retention was su,bstantial . However, within each

of the periods, nitrogen retention (Nn, g7Lno''U/U^l was significantly

(P<0rOI) positively correlated wíth digestible organic matter intake

(pour , g/kgo'7s¡au ¡. Íhe regression equations (y = bx + a) were:

HC: NR = 0.0138DOMI 0.457 (1)'

Standard error (SE) of b = t 0.004I; SE of .a = t o.L46¡

r = 0.829¡ tt = 7.

NC: NR = 0.0193DOMI 0.586 (2)

SE of b = t 0.0047; SE of a = + 0.166i r = 0.877¡ n= 7.

Although the regression coefficients (b) of these equations were not

significantly different (F = 0.763¡ df 1,I0), the adjusted mean values

were significantly diffent (P<0.01; F = L2.2¡ df 1,11).

The clifference in the adjusted mean values for nitrogen retention

indicates a nitrogen retention response to the triarunonium citrate

infusion. A small part of this response was probably due to the energy
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ÎABLE 4.3: Mean values for organic matter intake (Otlf¡,
digestible organic matter intake (DOMI), apparent digestibility
of OM and feed niÈrogen, nitrogen retention and urine nitrogen
excretion (as ratio to absorbed N) for the two control perioCs.

HCI NC

0. 75oMr (gks /dav)

DoIü (slkso'75/auy)

App. dig. of oM (8)

App. dig. of feed N (3)

N retention (skso'75 /uuy)

Urine N excretion

(ratio to absorbed w) 
2

59

46

59.0 t 1.9

35.0 ! L.2

28 t 0.34

61 r 1.43

0.026 r 0.020

0.931 t 0.067

57 .7 r 1.8

35.1 I 1.1

60.73 t 0.49

47.39 ! I.67

0.089 Ì 0.025

0.830 t 0.045

1)
HC - water infusion; NC - triammonium citrate infusion.

2) Urine N (raÈio to absorbeil N)
Urine N'excretion

(Feed N intake - Faeces N) * Infusate N
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provided by the citrate; this would have been equi'ralent to an

effective increase of about one gram of DoM/kgO''U/Uuo. The major

part of the nitrogen retention response was probably due to an

increased recycling of nitrogen to the rumen which would have

stimulated microbíal protein synthesis resulting in an increasecl

flow of protein to the intestines and promoting an increased ne'E.

protein synthesis in the tissues of the animal.

Analvsis of amino acid infusion data

Throughout the following discussion the various amino acíd

treatments a:re described by the amino acid which was omitted from

ttre infusate. The data for the periods of amino acid supplementation

(periods A1 to A4) were analysed by the method of Davis and HaII (1969)

which estimates the direct effect of treatments and any possible

residual effecÈs from the treatment in the pre',rious period. The

latter effects were small for all parameters analysed and in a1i cases

were not sigmificant. lfhe error varíance is therefore based on 12

degress of freedom after testing for residual effects and deciding

to disregard them. The mean values for voh:ntary intalre, the aPparent

digestibility of feed components and ihe nitrogen parameters, are

presented in Table 4.4. The values are presented as adjusted means

having been adjusted for sheep dífferences. In Table 4.5 the

comparative effecÈs of the omission of the different amino ..rU= on

the various par¿tmeters are presented as the t-test values for the

differences between adjusted means (e.9. the cìifference in intake

between sheep receiving the LEU and LYS treatments vras 8.7g OM/kgIO'7s/

day, while the standard error of the difference between mearrs',¡¡as 3.22¡

the t-value ïras thus 2.70 indicating that the difference in intake was

significant at Èhe 5t level) . Only t-values of 1.25 or greater are
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TABT.E 4.4: Adjusted treatment mearrl varues for organic matter intake (oMr), apparent digestibility of
oM and nitrogen (N), N retention ancl urine N excretion (ratio to absorbed N) for the sheep on the

different treatments. The treatments are described by the amino acid which was omitted from the

infusion.

2
LEU TfIR VAI, ILE TRP LYS T4ET S .E. D.

J
Oì\o

oMr (slkgo'75 /auy)

App. dig. of oM (8)

App. dig. of feed N (t)

N retention (s/kso'75 /a^y,

Urine N excretion (ratio
to absorbed w) 3

54.5 56.4 s9.1

6L.14 60.65 6r.43

50.63 52.36 52.66

0.198 0.2l-2 0.286

0.637 0.619 0.485

58. I

59.52

50.92

o.250

o.544

56. 3 63.2

59.85 60.89

46.r9 52.46

0.203 0.274

0.586 0.536

52.1

59. 53

53.74

0.141

0. 738

3.2

r.02

2.52

0.034

0.054

l) Adjusted for sheep differences over the periods Al to A4 during which the sheep receíved the amino acid

infusion treatments.

2l s.E.D. - standard error of the difference between means.

3) urine N (ratio to absorbed N) = Urine N excretion
(FeedNintake-Faeces N) + Infusate N



TABLE 4.5: t-test valuesl for the difference between any two treatments in the adjusted mean values for
organic maÈter íntake, apparent dígestibility of feed nitrogen (n), daily N retention and urine N

' excretion (ratio to absorbed N). The treatments are described by the amino acid which was omitted
frorn the infusion mixture.

THR

VAL

ILE

TRP

LYS

MET

THR

VAL

ILE

TRP

LYS

I\ÎET

Organic matter intake
LEU TTTR VAT IÎ.E

1.43

1.35

2.70 L.27

2.L7

1.34

2.70

Nitrogen retention
LEU THR VAI,

TRP LYS

2.r2
r.32 3.44

ILE TRP LYS

12

32

2

1

ÎTIR

VAT

rLE

TRP

LYS

MET

TITR

VAT

ILE

TRP

LYS

MET

Apparent digestibility of feed N

LEU TTIR VAI, II,E TRP

2.49

3.00

Urine N (ratio to absorbed N)

I,EU TTIR VAL II.E TRP

LYS

LYS

t.76 2.45 2.57 1.88
I
-Qo

2.59

1. 53

2.24

1.68

1.82

2-O9

2.O9

L.82 3.91

182 2.8L

I.72

1

2.48

1. 39

1. s4

2.20

2.44 1.38 1. 87

4.69 3.59 2.8L 3.744.26 3

87

a7

t values > I.25 only are presented; t required for significance (12df) at level of 18 3.06; 5g¿ 2.I8¡
I0% 1.78; 258. I.25.
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presented in the table. Although a probability value of 25>" (i.e.

t = 1.25) cannoE be consiclered to approach significance, the inclusion

of t-values which feII between the 5% and 25% levels provides an

indication of possible trends in the effects of treatments when

considered in the overall context of the results. The t-valuæ for

the differences in the digestibility of organic matter were all low

and have been omitted from the table

Amino acid supp lementation and voluntary íntake

The mean voluntary intake of the sheep given Èhe MET treatment

was lower than the mean intake of sheep given all other treatments

although the difference was significant only when compared with the

VAI, (P<0.05) and LYS (P<0.01) treatments. Similar1y the intake of

the sheep on the LYS treatment was higher than the intake for al-I

oL.her treatments although the d.ifference reached significance only in

comparison with the LEU (P<0.05) and MET (P<0.01) treatments. Ttre

depressed intake which was particularly evident in the sheep gíven

the MET treatment was reminiscent of the intake depressions brought

about by a dietary amino acid imbalance ín rats (Harper et aI. 1970)

or lambs (Rogers and Egan 1975). A mild imbalance response (i.e. a

depression ín intal<e followed by an intake recovery) vras apparent in

the intake patterns of at least two sheep when given particular amino

acid treatments (sheep 768 when gÍven the TIIR treatment and sheep 759

when given the MET treatment). These imbalance type responses

reflect the importance of a balanced amino acid supply, ruhile the very

high intakes of the sheep given the LYS treatment may point to ímportant

interactions of 1ysíne with other amino acids, perhaps one of the three

"essential" amíno acids omitted from the treatments (i.e. histidine,

argÍnine, phenylalanine) .
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Effects of on the t stibilít of feed ni

The inclusion of tryptophan in the infusate resulted in a con-

siderable increase in the apparent digestibility of feed niErogen. The

value for the TRP treatment was significantly (P<0.05) lower than the

values for the MET, VAL, LYS a¡rd THR treatments while the differences

between the TRP a¡rd the LEU a¡rd ILE treatments just failed to reach

sigrnifícance. The average response of nearly six percentage units

in nitrogen digestibility represents a considerable reduction in faecal

nitrogen loss; for a 30kg (r:kgo'75) sheep consuming 55g oM/kgo''u/uu,

(I.148 w Ín the OM) it would amount to a reduction of about 0.59 in

daily faecal nitrogien output (13 x 55 x 0.0114 x 0.06 = 0.499). The

trlptophan effect on nitrogen digestibility was not accompanied by any

signficant effect on organic matter digestibility nor was there any

indication in the mean values that the reduced faecal nitrogen loss

contributed to an increase in nitrogen retention. However, on

exarnination of the individual animal data there \^¡as evidence that fcr

two sheep (648 a¡id 664) the lower nitrogen digestibility recorded for

ttre TRP treatment r^ras associated with a reduced nitrogen retention.

There is no obvious explanation for the effect of tryptophan on Èhe

apparent digestibility of feed nitrogen although iè is possible that

trlptophan increased the efficiency of anino acid absorption from the

intestine or caused a reduction in pancreaÈic or intestinal protein

secretion. An e>çlanation for this effect of tryptophan must await

further study.

Effect of amino acid infusion on nitrogen utilisation

The data for the nitrogen retention and urine nitrogen ex-

cretion fell into three broad groups (i) MET, (ii) r'F:U, THR, TRP and

(iii) ILE, VAI,, LYS. The group (iii) treatments were significantly
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(pcO.01) better than the MET treatment in ten¡.s of the efficiency

of nitrogen utilisation. It is also apparent in Table 4.4 that the

different amino acid treatments had marked effects on voluntary

intake and that the lower nitrogen retention values $tere associated

with the lower mean intakes. The regression equation for the re-

lationship between nitrogen retention (NR, s/kso'75/a^Ð and,

digestible organic matter intake (OO¡¿f) using treatment mean values

lvas:

NR = 0.0197 DOMI - 0.457 (3)

SE of b = + 0.0035; SE of a = * O.l2O¡ r = 0.931; n = 7.

Thus about 86? (t2) of the variation in the mean values for nitrcaen

retention ¿rmonq the different amino acid treatrrrents $¡as accounterf for

by differences in digestible organic matter j-ntake. This suggests

ttrat all amino acids were utilised for protein synthesis (as determined

by nitrogen retention) v¡ith virtually the same efficiency and that the

principle effect of the different treatments !üas on voluntary intake.

This very strong relationship between nitrogen retention and

digestible.organic matter intake was partly due to the use of acljusted

treatment mean values in the calculations and the relationship was

somewhat weaker (t2 = 503, n = 28) when unadjusted values for all

animals were used. The lower correlation was sinpJ-y a consequence

of between animal variabiliuy in t}re response to the dífferent

treatments although between period and residual effects would also

have contributed.

Íhe regression coefficients in equations (2) and (3) ürere

almost identical while the intercepts differed by 0.f299 nitrogen

retained/Lgo'7'/U^r. Thus at the same intake, the nitrogen retention

of sheep receiving the amino acid infusions was O. I29g/kgo''u/uu,
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greater than the sheep receiving an isonitrogenous infusion of

triam¡nonium citrate (disregarding any possible effects of time

since the triammonir¡rn citrate and amino acid infusions were carried

out in different periods). For all of the amíno acíd treatments

the actual nitrogen retention \¡¡as greater than expected nitrogen

retention based on the isonitrogenous infusion calculated from

eguation (2). The actual and expected nitrogen retention values

for each treatment are presented in Table 4.6. The differences

between these two values were very similar for all treatments with

a nean of O. L42 ! o.oo7g/kgo''u/uuo. Thus most of the difference

in treatment mean values for nitrogen retention can be explained in

à.r*= of differences in intake rather than differences in the

efficiency of nitrogen utilísation. Such a result would suggest

that, no one amino acid was "first limiting" in terms of the efficiency

of nitrogen utilisation.

fmpli cations for amino acíd supplementation

As suggested previously in relation to the derivation of

equation (3) the use of adjusted mean values may have contributed to

the apparent lack of any difference between treatments in the

efficiency of nitrogen utilisation after allowing for treatmen+- -

induced differences in intake. fn other words the use of adjusted

mean values may have hidden important differences between animals in

the responses. The data presented in Table 4.7 indicate considerable

between animal variabiliÈy in the response to the anr-ino acid trealments.

For example: (i) two sheep ed:ibiteil markedly depressed intakes when

given the MET (sheep 759) and THR (sheep 768) treatments yet the

nitrogen retention values, although lower tha¡r for other treatments,

represented a considerable net protein synthesis especially considering
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0.75
TABIiE 4.6: Mean values for digestible organic matter (DOMI) and nitrogen retention (SkS /day) for

the sheep given the different treatments, and the expected nitrogen retention calculated. from
equation (2\ (which relates nitrogen retention to DOMI for the sheep during the period of
triammonirrm citrate infusion). Treatments are described by the amino acid which was omitted from
the infusion mixture.

1 2
Amino acid treatments

DoMr (gkso'75 /auÐ 3s. o

N retention
ß/kso'7s /a^v)

Actual

Expected
3

Difference from._^expectect'

Control periods
HC NC

35.1

o.026 0.089

IJYS VAL

38.5 36.3

o"274

o.l-56

0.286

0.114

0.250

0.090

o.2L2

o.o74

0.203

0. 065

0.198

0.057

¡/IET

31. 0

0.141

0.012

ILE 1'TIR TRP I,EU

35.0 34.2 33.7 33.3

J
\l
\ll

0.118 0.l-72 0.160 0.138 0.138 0.141 0.L29

1) Mean values for seven animals (ra¡te 4.3).
Adjusted mean values (Table 4.4).2)

3) Expected nitrogen retention calculated from equation (2) which related nitrogen retention to DOMI during

4)
the infusion of triarmnonium citrate (isonitrogenous with amino acid infusion treatments).

Mean difference from e:çected = O.I42 t 0.007 (standard error of mean).



TABLE 4.7: Individual ani¡al values for digestible organic ma.tter

----T¡taL. (DOMI) and nitrogen retention (Sn,g/ktO 'lS¡aay)
during periods A1 to 44. Treatments are described by the
amino acid which was omitted from the infusion mixture.

648 768
DOMI DOMI NRNR

I,EU

ILE

TRP

TTIR

VAT

LYS

MET

ILE

TRP

LEU

fTIR

ÉYS

MET

VAL

If,E

LEU

36.8

38. 0

37. 0

36.6

DOl/lt

37. 0

40.0

35. I
40.7

DOMI

29.8

30. 6

33. I
35. 5

DOMT

30.4

34.2

30. 9

33.6

655

664

760

o.339

0.388

o.245

0.301

NR

o.24I
o.324

o.I24
o.273

NR.

0.146

0.238

o.226

o.223

NR

0.045

o.289

o.r77
0.112

TTTR

TRP

LYS

VAI,

ILE

MET

LEU

TRP

LYS

TITR

VAL

MET

28.8

32.5

37.8

38.1

DOMI

34. I
31. 3

30.4

34.3

DOMI

39.4

36.1

35.5

27.I

669

759

0.116

o.224

o.272

o.266

NR

o.207

0.203

0. 132

o-265

NR

0.235

o -260

0. 25-?

0.128
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the reduced energy intaker (ii) sheep 655 and 76C suffered only

slight depressions in intake (if depressiorrs at all) when given the

MET treatment yet their actual nitrogen retentions \Àrere much lovrer

than those recorded when they consumed a similar quantity of feed

on the VÄL (655) a¡rd rLE (760) treatments; (iiÍ) althcugh the

voluntary intake of sheep 669 and 760 was relatively unaffected by

the I;EU treatment the efficiency of nitrogen utilisation was lower

on the LEU treatment than on comparable treatments in the same sheep.

In the context of preventing a depression in intake when

providing supplemental rnixtures of essential amino acids to sheep in

the present experiment it may be argued that methionine should be

considered as the "first-limiting" amino acid. Hovlever' at the

individual animal Ievel, Èhe evidence for between-anímal variability

ín the responses and the paradoxical effects of some of the treatments

on intake and nitrogen utilisation would support the contention that

no one arnino acid can be consídered "first-limiting" but rather r-hat

a group of amino acids should be considered as limi.ting for overall

proteín synthesis.

CONCLUSIONS

lltre results reported in this chapter provide support for the

hypothesis proposed in the introduction, i.e. that no one amino acid

was limiting producÈion for all of a group of sheep fed the same diet

and a¡r amino acid which was limiting for intake v/as not necessarily

linÍting for efficient nitrogen utilisatíon. on the basis of the

overall differences in intake between treatments and on a consideration

of the individual animal responses it may be suggested that an

appropriate amino acid supplemei¡t for sheep fed a diet such as that
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in the present experiment should include methionine, threorrine.

leucine and trlptophan as well as a source of non-sPecific amino

nitrogen. However, it is possible that an increased supply of

microbÍal or plant protein pel^ se may be the most satisfactory

method of íncreasing net protein synthesis, since it is apparent

that only.slight changes in the balance of amino acids reaching

the duodenum may have signíficant effects on the overall net protein

slmthesis in the animal, particularly through the effects of the

amino acid balance on intake.
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CHAPTER 5

Voluntary intake and nitrogen reterrtion in young

sheep fed low quality roughages and given post-

ruminal supplements of L-methionine

INTRODUCTION

The results of the experiments reported in ChapÈer 2 of.

this thesis suggested that the response to methionine supplenrentation

was quite variable among sheep fed the same diet, and that' for the

two animals tested, the individuat animal response to methionine in

terms of voluntary intake, urine nitrogen excretion and plasma a¡nino

acid patterns (Chapter 3) $ras repeatable. There was also a

suggestion that the adverse effects of methionine (when infused at

approximately the same rate in Experiments 2/L, 2/2 and' 2/3) were

more apparent in the sheep receiving a higher quality roughage diet

(ExperimenE 2/3 - ad libitum energy intake of a-bout I.6 times

naintenance) than in the sheep fed the lower quality Ciet (Experiments

2/L, 2/2 - ad Tibitum energy intake of about 1.0 times maintenance).

In the experiments to be reported in this chapter, the

responses to methionine supplementation in sheep fed very low qual-ity

roughages were examined (at ad Tibitum intakes, the energy intake

provided about 40% and 70% of the maintenance requirement) "

A number of animals were used in these experiments, each

a¡¡jmal acting as its ovrn control. The experiments were carríed out

in order to obtain further information on the variability between

animals and on the range of the methionine response in a group of

animals. The repeatability of'the methíonine response in sheep fed
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two different diets \^/as also examined. Very low quality roughages

viere selected as the experimental diets since it was Ï:elieved tikely

that most sheep would. exhibit positive responses to a methionine

supplement.

EXPERTMENTAL

Animals

-Tnrenty-one Dorset x (Dorset x Merino) wethers, aged aboui

7 months and of 2L-34k9 bodlnueight were used. Each had been

surgicaliy prepared with an abomasal canula at least one month before

the start of the experiments. The animals were housed indoors in

netàbolism pens and were fitted with faecat cottection harnesses.

Diets and feeding

TÌúo experiments h¡ere carried out. In Experiment 5/1, the

sheep were offered a diet of hammermilled barley straw (0.438 nitrogen)

ad 7íbitum and in E:çerimenE 5/2, a mixture of equal parts of the

barley strav,r and wheaten hay chaff ad Tibitum, the ,nitrogen content of

the mixed diet being 0.672 of the dry matter.

Feed residues-\¡vere removed at 0930h. The fresh allowance of

feed was offered at I000h aE L5-25?" in excess of the estimated daity

intake. The anímals had been offered the díets ad Líbitum for

3 weeks prior to the start of the experiments.

Water rvas available at all times. A mineral supplement

(89 per day; Moir & Harris L962) was sprinkled on the feed <iaily.

Vitamins A and D, (epeC, Nicholas Pty. Ltd.) were given rvith the feed

on day 1 of each period and during the period between the experi¡nents.
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E:tper inêntäl desiqn

Íhe experimental periods were aII of 11 days duration-

ExperimenL 5/L was of two periods, and Experiment 5/2 of three periods.

During the first period (control), the animals received 220 ml of

distilled water via the abomasal canula; during the second period,

they received an a.bomasal infusion of L-methionine (o.L2g/kq0''U/u^rl

a¡rd in the third period (Experimenl 5/2 only), they received an

abomasal infusion of L-methionine (o.36q/kgo''Uro^Ð. The infusions

were administered continuously using a peristaltic pump.

Measürëments

Ttre sheep were weighed aÈ the start of each e>çeriment and at

the end of each experimental period. Ttre daily ad Tibitum dry

matter intake was mea.qured. Urine was collected into sulphuric

acíd (final urine pH r< 2.5), the amount of urine measured and a daily

snbsample taken and stored at -2OoC. Faeces were collected and

bulked over a 7 d,ay period (days 6-+2) and the apparent digestibilities

of dry matter, organic rnatter and nitrogen determined. Ítre nitrogen

balances for the treatments were calculated using the feed intake for

days 3 to 9, tt¡e urine. collected on days 5 to 11, and the faeces

collected on days 6 to 12. Composite samples of feeds and residues

were retained for analysis.

Analytical methods

The dry maÈter content of feed, faeces and resid.ues was

detennined by oven drying at 85oC and organic matter by ashing at

55Ooc in a muffle furnace. Faeces samples were freeze-dried for

nitrogen and organic matter determinations.
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In order to reduce the nuriber of analyses required the feed

residues left by the animals were bulked on the basis of the

proportion and amount of feed not consumed.

Nitrogen concentration in subsamples of urine, dried feeds,

residues and freeze-dried faeces was deternined colourime.trically

using a Technicon Auto Analyser following digestion of the samples

using a Kjeldahl technique (Munro & Fleck f969).

L-Methionine infusions

lltre L'methionine (Tanabe Seiyaku Co. ttd. Tokyo) soluticns

were replaced every 2 days, and were adjusted to pH 3.5 wit-h hydro-

chloric acid to reduce the risk of microbial contamination. The

infusion lines \,vere regularly disconnected and flushed with a

sodium hlpochlorite-sodium,chloride solution after which they were

washed with distilled water and, the methionine infusion reconmenced.

RESULTS

The diets used in these experiments were of 1ow quality and

consequently most of the sheep lost weight during the experiments.

Ttrese changes in liveweight introduce complícations into Èhå

interpretation of indivídual animal responses.

For accurate between period comparisons of the voluntary

intake of a particular animal within an experiment, the voluntary

intal<e data should be corrected for Èhe change ín liveweight using

an appropriate factor (e.g. kn0'75). However in the present work,

such an adjustment of the individual daily intakes was not considered

justified since the liveweights of the sheep were measured only at
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the beginning and end of each treatment period. For this reason,

the treatment rnean voluntary intakes for eaeh animal (g dry matter/

YgO'75/auÐ are presented without standard. errors, while t-he actual

mean inÈakes (g dry matterr/day) are presenteo with sta¡rdard errors.

Ehe voluntary intake data for the two e>çeriments are presented in

Tables 5.1 and 5.2.

In E>çeriment 5rl1 , when the voluntary intakes of the sheep

in tfie methionine infusion period were compared with the íntakes

during the control period, eight sheep exhibited an increase in i.ntake

(P<0.05) while none exhibited a decrease (P<0.05), and the intakes of

13 sheep were not significantly affected. The possibility of an

effect of time cannot be excluded,, although despite a decline in

liveweight, eight animals increased. their intakes. However, in

those animals in which intake was depresSed, the effect cannot be

separated from a decline in liveweight.

In ExperimenE 5/2, eight sheep had an increased. inta_]<e in the

period of the low rate of methionine infusion as compared with their

intakes during the control period. Three anirnals exhibited a

decrease in intake, and the intakes of the remainder were not

significantly altered. fn the period of the high methionine infusíon,

the intakes of three sheep were increased as compared with the control

period, whíIe the intakes of seven were depressed and the intakes of

11 were unchanged.

Tables 5.3 and 5.4 give the individual animal mean values for

daily uríne nitrogen excretion with their sta¡rdard errors. The daily

mean values for nitrogen supply (feed pJ-us methionine nitrogen) and the
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TABLE 5.1 (Experiment 5/1): Individual animal values for volunÈary
food intake for the sheep fed the barley st::aw diet in the
control period (BC - water infusion) and in the períod of
methionine infusion (BM - 0.i2g L-methionine/rgo'75¡aay) .

BC

Voluntary intake
BM

(g olala.yf tlto*/nno'tuzåÏo,

574

582

378

408

581

365

393

402

567

389

583

577

580

558

462

6L2

568

508

445

585

564

209

328

342

438

277

32L

4L4

369

383

418

288

248

199

277

202

21'9

255

353

296

295

140

10.7

T2.B

16.6

26.2

20.9

23.2

13. 6

20.3

20.6

20.o

16.5

L5.4

34.4

47.5

13.8

12.5

9.2

16. I
19. 9

11. s

11.5

L97

383

304

465

326

383

380

389

384

395

358

336

377

389

186

223

24r

426

311

311

185

9.8

8.4

11.9

11.0

L7.5

11.9

14. 0

22.2

12.O

9.0

10.9

23.7

26.8

8.5.

10.8

8.6

5.2

9.4

8.3

15.6

9.0

]-9.2

27.r
28.7

36.8

20.6

25,9

33.2

30. 0

27.2

29.9

22.1

20.5

17.0

26.L

t7..7

2L.O

19.5

32.7

25 -5

25.O

t2.8

19. 3

32.2

26.4

39.7

24.5

30. 9

30.9

32.L

28-5

28.6

28.2

28.7

32.8

37. 0

16.9

22-3

19. 3

39.4

28.0

27.O

17.8

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

1)
Mean daily intake for days 3 to 9 (t standard error of the mean).
t-test for significance of difference in voluntary intake between
the two periods:
increased intake (P<0.05) - 582, 365, 583,577' 580' 558, 508,564¡
no change in inÈake (P>0.05) - ?rn, 378, 4O8' 581, 393, 4O2, 567,

389, 462, 612, 568, 445, 585.
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TABLE 5.2 riment 5/2) z fndiyidual animal values for voluntary
food intake .for the sheep fed the barley straw - wheaten hay
chaff diet in the control periocl (I^7C) and in the periods of
methionine infusion (hi"tnl - O.L2g L-methionine,/kg0'15/a^y,
WH - 0.369 L-methionine/knO'757aaV) .

rùc

Voluntary intake
W¡4 f¡üH

I(s DMlday )-
wc wM V'TH

(s DM/kso '75 ¡aay:)Sheep

574
582
378
408
581
365
393
402
567
389
583
577
580
558
462
6L2
568
508
445
585
564

260 !
428 !
506 t
603 r
406 !
561 t
588 J
528 !
383 t
538 t
481 1
305 !
445 !
598 t
337 !
302 !
354 t
646 !
446 !
387 t
171 l

2A5 !
47]- !
479 !
566 1
435 !
555 r
667 !
513 t
399 t
599 t
516 t
335 t
515 t
571 t
334 !
270 !
326 !
627 !
46L !
361 1
2L7 !

376
453
434

28.
36.
44.
52.
1a

44.
47.
44.
29.
40.
38.
28.
37.
55.
32.
32.
30.
57.
4t.
36.

39.6
38. 7
38. 1
52.3
,)? 1

44.2
48.7
37.6
39 .4
31. I
36. E

26.L
40. 3
47.8
22.O
31. 9
20 -8
q2q

39.0
33. 5
28.7

6
3

9
2

4
7
8
I
I
7
I
7
I
3

3
I
7
6
2
I
7

5
9
6
9

10
10
t3
15
24
11

5
4

t2
L2
10

6
L4
15
15
13

9

7.
7.
7.

12.
13.
15.
14.
7.

13.
13.
14.
6.

L4.
L7.
5.
4.

15.
23.
13.
15.
6.

601
277
557

264

3
7
I
I
9
8
4
I
2

3

I
9
2

3
7
2
4
I
4
t

604
432
469
4L6
456
274
451
498
2r7
284
23l-
593
42I
345

t
+

J
t
I
t
+

I
!
t
t
t
t
t
t
t
t
t
t
t
+

6
9
7

2

5
1
4
1
7

0
J

3
2

9
I
7
1
0
9
7

3

30
39
4I
49
34
44
53
43
3I
45
4T
31
45
52
31
29
28
55
4L
34
23

0
3

0
4
0
5
I
3
5
5
I
0
7
9
1
5
2
7
o
5
U18.

o

10.
17.
2I.
30.
23.
14.
40.

zt
t8
19

7
6

2r.
70.
2I.
14.
18.
22.
42.
15.

5
3

I
2

6
2

3

2

2

8
2

0
5
7

3
7
2

7
2

5
3

r) Mean daíly intake for days 3 to 9 (t standard error of the mean).
t-test for significance of difference in voluntary i ntake between
supplementation and control periods:

vüMÆC increased íntake (P<0.05) - 574, 582, 393, 389, 583, 577, 580,564¡
no change in intake (P>0.05) - 581' 365,4O2,567, 558' 462' 568,

508, 445, 585i
decreased intake (P<0.05) - 378, 4O8, 6L2.

WHIVùC increased intake (P<0.05) - 574, (567) , 564¡
no change in intake (P>0.05) - 5A2,4O8,365' 393' (3E9)' 583'

5'17, 580, (462) , 612, 445¡
decreased intake (P<0.05) - 378, (581-) , (4O2), 558, (569) ,508,585.

Note: Sheep numbers in parenthesis indicate those sheep which were
apparently particularly sensitive to the high rate of methionine

. infusion, as evidenced by the effect of methionine supplemeniation
on voluntary food intake and urine nitrogen excretion during th'¡ s
period.
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TABLE 5.3 rinér¡t 5/I) ¿ Individual animal values for urine
nitrogen excretion for the sheep fed the barley straw diet
in the control period (BC-water infusion) and in the period
of methr'.onine infusion (e¡4 - O.I2g L-methionine/kgo.75/day)

Sheep

Urine nitrogen excretion
(g/day)2

BC BM

Significance of
difference
(t-test) 1

574

582

378

408

581

365

393

402

567

389

583

577

580

558

462

6L2

568

508

44s

585

564

2.84

2.OI

r.74
r.52
2.23

2.30

1.58

I.82
1.96

1.89

2.03

2.20

2.89

1.95

2.33

2.04

2.20

L.54

1.91

1.59

1.78

o.222

o.273

0.135

o.o72

o. 137

0.141

o.l-23

0.118

O.II2
0. 089

0.082

0. 157

0.152

o -L79

o.257

0.170

0.082

0.073

0.054

o.203

0.095

r.72
I.25
0.91

I.20
I.25
L.i,2

r.34
1. 13

1. 56

r. 31

1.15

1.19

1. 53

r.42
L.76

1.30

1.40

1. 16

r.37
1.18

1.10

0.194

0.114

0.053

o.o29

o.o42

0.035

o. 073

o. 066

o.062

o.073

0. 086

o.o77

0.073

0.049

0.175

o.094

0.067

o.073

0.056

0.083

o. 071

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-t-

+

+

+

+

+

+

+

+

**
*

**
**
**
**

NS

**
**
**
**
**
**
*

NS

**
**
**
**

NS

**

1)

2',)

NS - not significant; P<0.05, 
**n.o.or.

Mean daily urine N excretion for urine collected on days 5 to 11

(+ standard error of the àean).
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TABI,E 5.4 (EXPC riment 5/2\ z Individual animat values for urine
nitrogen excretion for the sheep fed the barley straw-wheaten
hay chaff diet in the control period (wc) and in tle_pericds
of methionine infus.ion (vil{---9.129 L-methi.orrine,/Ug0'15¡aay i
vtH - O. 369 L-methionine,/kgo' t ) /d,ay|

Sheep WC

Urine nitroqen excretion
ß/aâv)2

v[M

Significance of
ñûfi;;*wfi/#-'"ñEË

viÌI

574

582

378

408

581

365

393

402

567

389

583

577

580

558

462

6L2

568

508

445

585

564

L.64 ! 0.102

L.37 ! 0.153

L.27 ! O. O32

1.17 r 0.106

1.40 t 0.073

1.46 t 0.153

1.55 r 0.071

1.37 r 0.098

L.57 ! O.O47

I.49 ! 0. 128

L.29 ! 0.060

1.83 r 0.059

L.52 ! 0.059

o.92 ! 0. 048

1.43 r 0.063

1.53 I O.O72

1.30 t 0.089

0.96 t O ¿O22

L.29 t 0. 076

1.41 1 0.066

1.20 l 0.028

L.21, ! O.L23

0.84 t 0.035

o.77 ! 0.030

1.05 t O.A26

0.97 Ì 0.056

0.95 t 0.029

1.01 1 0.040

L.24 ! 0. 050

1.51! O.076

L.O2 ! 0.043

o.94 ! 0. 058

1.15 r 0.081

1.00 r 0.060

0.86 r 0.043

1.15 1 0.053

1.41r O.062

o.901 0.o29

0.88 t 0.056

1.18 ! O.L24

1.50 I 0.089

1.01 t 0.082

L.28 ! 0.140

L.27 L 0.057

L.23 ! 0.071

1.38 I 0.045

2.10 I 0.255

1.43 I 0.078

L.25 ! 0. 105

2.66 ! O.242

2.O8!0.106
2.26 ! O.327

1.41 t 0.076

1.69 t 0.165

r.46 ! 0.101

1,.25 ! 0. 100

2.Or ! O.240

1.54 t 0.1I1
2.53 ! O.237

1.07 1 0.058

1.59 ! 0.087

L.64 ! 0.070

1.31 I 0.062

*

**
**

NS

**
**
**

NS

NS

**
**
**
**

NS

**

NS

**

NS

NS

NS

*

NS

**
**
**
**
**
*

**
**
**
**
*

**
**
**

NS

**
*

*

NS

*

NS

NS

NS

NS

*

NS

**
**
**
*

NS

NS

NS

*

*

NS

**

NS

*

*

NS

1)

2l

***
NS - not significant; P<0.05; P<0.0I.

Mean daily urine N excretion for urine collected. on days 5 to fl
(+ standard error of the mean).
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urirre and faeces nitrogen excreÈion are given in Appenclix

Tables 5.I and 5.2. The values for nitrogen retenti.on for each

indiviclual animal are given in Table 5.5. These are expressed as

grams of nitrogren retained per kg liveweight to the power O''U/U^U

since this parameter represents the summation of changes in intake

and the efficiency of nitrogen ritilisation, while also allowing

for changes in liveweight values adjusted on the basis of metabolic

body size.

, lttre nea¡ values over all animals for voluntary intake a¡d

nítrogen retention (s/ks0'75/a^yl and toÈal nitrogen supply and urine

and faecal nitrogen excretion @/Aayl for all träatments are given in

Table 5.6. The nitrogen loss was significantly reouced (P<0.001- a¡d'

p<0.025) in the periods in which the animals received the lov¡ leve1

of methionine supplementation as compared with the respective

control periods. The reduction in nitrogen loss was the resuit of a

reduced urine nitrogen excretion (P<0.001) even though nitrogen

supply was increased, while the faecal nitrogen exiretion was unchanged-

At ttre high level of methionine supplementation (Experiment 5/21, the

nitrogen loss was slightly though non-significantly elevated

(0.10>p>0.05) compared with the lower level of methionine supple-

mentation, alttrough the loss was stitl less than that in the control

period.

Figure 5.1 shows the distributíon of the nit::ogen retention

data for each period of the two experiments. Figure 5.2 shows the

distributions of the changes in nitrogen retention and the changes

in voluntary intake in the methionine infusion periods as compared

with the appropriate control pçriods-
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TABL,E 5.5 (B8cerl-rnents 5/1 arrd 5/2I z Indir¡idual animal values for
nitrogen retention for the sheep in two experiments.

Sheep

Àpparent nitrogen :etention
(s N/kso'75 /auÐ

E4perimenE 5/I ExPerimenL 5/2
BC BM VüC VIM WH

574

582

378

408

581

365

393

402

567

389

583

577

580

558

462

6]-'2

568

508

445

585

564

-0. 354

--o.2r9

-0.198

-0.193

-0. 193

-o.240

-O.2O2

-o.2L6

-o.267

-0.141

-o.]-26

-o.r44
-0.114

-0.132

-0.168
-0.131

-0.156
-0. 130

-o.r2r
-0.123
-0. 169

-0.161

-o.492
-0. 181

-0.161

-o.r7L
-0.165

-0.154
'0.137

-0. 251

-0.097

-o -062

-0.031

-0. 099

-0.054

-0. 077

-o -067

-0.099

-0. 076

-0.067

-o.r42
-o.125

-0. 006

-0.153
-0.156

-o.o77
-0.037
-o.o82

-o.a27

-o - 096

-o.]-32

-0.008

-0.003

-0.004
-o.o2L
+0.009

-0.006

-0. 032

-0.091

-0.011
-0. 006

-0. 050

-0.017
+0.019

-0.066

-0.136
-o.o22
+o.004

-0.043

-0.101

-0. 083

-0. 066

-o.o32
-0. 037

+0.0I8

-0. 116

-0. 004

-0.003

-0. 135

-0.075

-o.o77

-0.028

-0. 118

-0. 044

-0.036

-0. 114

-0. 118

-o.126
+0.010

-0.071
-0.091

-0. 076

-0.199

-0. 192

-o.202

-0. 231

-0. 312

-o. 238

-o.240

-0.255

-0.22L

^o.232

-0. 230

-0.193

-0. 209

1eg



TABLE 5.6: Mean values over aII a¡rimals for voh:ntary intake and nÍtrogen retention
total nitrogen supply, urine nitrogen excretion and faecal nitrogen excretÍon
various treatments (n = 21).

0
ß/ks

ß/dav)
'75 /a^Ð, and.
for the

Voluntary Nitrogen
intake (DM) retention

(g/kso'75 /a,,l

Nitrogen excretionTotal nitrogen
supply urlne faeces total

4.0r t o.o92

3.35 t 0.087

G/davl

BC

BM

I{C

vùM

viH

Signifícance
of differences
(t-test)

Significance
of differences
(t-test)

38.5 ! 2.I7

39.4 ! 1.97

36.8 t 2.05

wcÆM Ns

W¡4^ÀIH NS

WC,/WH NS

-0.038 t 0.0101

-0.064 t 0.0103

1

24.7 ! I.32 -O.227 t 0.0088

28.L! r.42 *0.154 t 0.0073

(*) ***

-0.094 t 0.011-6

1.30 2.O2 ! 0.081

1.58 1.30 I 0.046

*** ***

3.07 1.3810.046 2.74t 0.133 4.L2!O.L27

3 -29 1. 07 r O. 046 2 .62 ! 0. 134 3 .69 t 0. l-25

3.30 L-64! 0.099 2.36 ! 0.143 4.00 ! 0.119

L.99 ! 0.098

2.O5 ! 0.083

NS

NS

(*)

NS

-s\oo

***
(*)

(*)

***
***
*

(*)

NS

*

1)
NS not signifióant; (*) P<0.10; *P<0.05; **P<0.01; *tr*P<O.00I.



FIGURE 5.1 (exf)erimenLs 5/I and 5/2): The pattern of

distribution of values for nitrogen retention

(mg N retained/lcgo'75/a^y at 3omg N intervals)

for the sheep in tJre two e><¡reriments.

(Experimenf 5/1- (barley straw diet): BC-water

infusion; BM-O.12g L-methíonine/k go'75 /a^y.

Experiment 5/2 (barley stra/wheat hay chaff diet) :

îilC-water infusion; Ì{M-0.12g L-methionine/k go'75 /a^y,

wH-O. 369 L-methionine/kgo ''5 /uur) .
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FTGURE 5.2 rimênts 5 and 5 2 The pattern of distribution

of changes in nitrogen retention (mg N retainedTkgo'75/auy

at 30rng N íntervals) and changes in voluntary intal<e

(goMZkgo''u/u^ at 3.Og intervals) with nåtnioni"e supple-

¡nentation for the sheep in the two experiments'

(E:q¡erimenE 5/I (barley straw diet): BC-wâter infusiòn;

BM-O. 12g L-methionine/kg day

Erçerimenl 5/2 (barley stra/wheaten hay chaff diet):

lrrC-water inf usion; wM-o . 12g T,-methionineÂ go'75 /u^,

wH-o. 369 L-methionine,¡kgo'' 
u 

/ u^")

o.7s /
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The regression equations for the relationships between daily

faecal nitrogen or faecal organic matter output and organic matter

intake for each period for each diet are given in Tab1e 5.7. All

relationships were very highly significant (P<0.00I). In Table 5.8

values derived from these equations for various levels of organic

matter intake are Presented.

. Figrure 5.3 shows the voluntary intake and the urine nitrogen

excretion patterns for six of the sheep when given the high rate of

methionine infusion in ExpetímenL 5/2. The sheep were those which

Ìrere particularly sensitive to the high rate of methionine infusion

as judged by the effect on voluntary feed intake. and urine nitrogen

excretion. One of these sheep (567) initially increased intake in

response to the high methionine infusion such that the mean intake

over the period was signifícantly increased, but by clay 6 intake had

started tö decline and urine nitrogen excretion was elevated.

DISCUSSION

llhroughout this discussion differences in animal performance

(i.e. voluntary inÈake, nitrogen retention, etc.) in the methionine

infusion period(s) of each e:çeriment as compared with the appropriate

control period have been accepted as responses to an increased supply

of methionine per se. The possibility that Èhe differences were

effects associated with time (i.e. environmental effects) has been

discounted since, between animal variability in response notwith-

standing, the responses observed were sufficíently'r.tn. and occurred

in a numberof sheep (as well as being observed on two diets) to

suggest that the effects were real effects of the additional nethionine.
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TABLE 5.7: Regression equations for the relationshíps between
daily faecal nitrogen ouÈput (FN) or faecal organic matter
output (FOM) and claily organic matter intake (oMI) for tkre
sheep fed the two dietà with different levels of methionine
supplementation (n = 21-, all values in g/day).

Diet: Bar1ey strav¡ (B)

2BC:

T

FN = 0.00563 OMI + 0.427
FN = 0.00433 OMI + 0.713

: FOM = 0.549 OMI + 8.31
: FOM = A.476 OMI + 22.8

Diet: Barley straw,/wheat hay chaff (w)

WC : Fl.l = 0.00482 OMI + O.79L
l{M : FN = 0.00506 OMI + 0.516
!!H : FN = 0.00563 OMI + 0.228

!{C : FOM = 0.466 OMI + 20.1
Wtvl : FOM = 0.444 OMI + 2I.2
VIH : FOM = O.47O OMI + 1.00

BM

BC

BM

o. 935
0. 882

0. 980
0. 940

o.924
o.942
o. 965

o. 984
o.976
o.977

0. 00049
0. 0005 3

o.0256
0.0397

0. 00046
0.00029
0. 00035

0.0192
o.0229
o.0237

of blSE

a.75 ,

1). , =a..rdard error of the slope.
2) C-control (water) infusion; M-l-ow methionine. o-L2g L-Met/kg

day; H-high methionine, 0.369 r,-met/kgo '75/day.
3)J' 

Comparis.ons of slopes and adjusted mear¡s.

Treatment
comparison

BC,BM

l{crwM

vlc rvüI

lrM,WI

Relationship

FN/OMI
FOM/OMr

FN,/OMr
FOM,/OMI

FN/OMI
FOM/OMI

FN/OMr
FOM/OMI

F-test on Adjusted
Slopes (df1,38) Means

(df 1, 39)

NS

NS

P<0.01
P<0. 05
F<0. 01
P<0.01
NS
P<0.05

NS
NS
NS
NS
NS
NS

NS
NS
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TABI.E 5.8¡ Predicted yalues for the faecal output of nitrogen (N)

-- 
a"a organic matter (oM) for the streep consr:ming the tr'¿o

basal diets and receiving the various methionine treatments
calculated, from the regression equations (Table 5-7) for
different levels of organic matter intake.

Diet: Barley straw (B)

Organic matter intake (g/daY)

200 300 400

Faecal N:
G/dav)

Faeca1 OM

ß/day\

1.553
I.579

2.TT6
2.O12

2.679
2.455

t_
BC

BM

BC
BM

118.1
118.0

173.0
165 .6

227.9
2I3.2

Diet: Barley straw/wheat hay chaff (W)

Organic matter intake ß/daY)
200 300 400 500

FaecaL N
ß/davl

Faecal OM:

G/dav)

r.756
L.528
1. 354

2.720
2.540
2.480

3.202
3.046
3.043

1
wc
V,IM

vüI

wc
WM

vftr

2.238
2.O34
1,.9L7

113.3
110. 0

95. 0

159. 9
L54.4
L42.O

206.5
r98. 8
189.0

253.1
r43-2
236.O

r) C-control (water infusion); M-low methionine, 0.L2g^ 
-,-

L-met/kgO -75/d,ay,¡ H-high methionine, o.369 L-metTkgu' rc/ô,aY-
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FIGURE 5.3 (ExperimenL 5/2): Vo1untary feed intake (0-0) and

urine nitrogen excretion iH) for síx sheep fed the

barley straw/wheaten hay chaff diet which were apparently

particularly sensitive 'Eo the high r-t. of methionine

infusion (0.36g L-methionine/rgo'75/a^Ð as evidenced by

the effect of methionine supplementation on voluntary food

intake and urine nitrogen excretion during this period.

(The single values f, Þ represent the mean ! standard error

of the mean for the prev.ious treatment period, i

methionine supplementation at a rate of O. il2¡/6g

e

0.75
/day) .

194



38e

ÃY

4.0 389

3.0

2-0

't-0 I'

102

600

t¡

200

4.0 402

I

16
Day of experiment

162

600

400

200

400

à 600
E'

=o
El 400

ot
o
tr

200!t
(¡¡
olt

000

3.0

û

4.0 162

2'0

I
1.0

G'
tt
E')

.9
(¡)

ox
o
z
o
'i
f

3.0

1.0

2.0

01 01 66 tt 0 t1 11



åg!568

400

4.0 568

16
Day of experiment

0

¿'0 581

3.0

2-0

1.0 t

600

400

200

0

600

200

Þ

ä 600
E

Eo
Er 400

oL
tlt

200
E'
o
o

¡!

3.0

1.0

I

fil
Ît

El

.g
o
(¡
X
o,

z
o
'i
f

000

2-g

4.0 567

3.0

2-O

1.0

00
1

¡ . r . . . . ¡ . . ¡J

I 6 lttlt16



The overall intake response to methíonine infusion for the

animals fed the lower quality diet (Experiment 5/I) was about 1496

although this change failed to reach significance (0-1'0>P>0.05)"

However, some animals did exhibiÈ a significanÈ increase in intake

ranging from tO to 9O%. There was no overall change in intake in

response to the low tevel of methionine infusion in the animals

fed the higher quality diet (ExperimenL 5/21, although some sheep

did exhibit an increase in intake (8-30%), while in others intake

was apparently depressed (part of the decrease in intalce may have

been associated with the.reduced liveweight) . In neither experiment

was there any obvious relationship between the basal intake of a¡r

animal and the nature of its intake response to the methionine

supplement.

The overall nitrogen retention responses for the sheep fed the

t¡¡o diets indicated that the low level of methionine sup¡;lementaÈion

rêsulted ín a sigrnificantly reduced nitrogen loss. The response vtas

greater (about O.9g/d.ay) when the sheep were fed the barley straw

diet than when fed the mixed straw-wheaten chaff diet (a-bout

0.659 N/day); the greater resPonse was associated with the larger

intake response to methioníne. Since the a¡rimals fed both diets were

in negative nitrogen balance, the increased supply of methionine had a

protein-sparinq effect, although the actual extent of this effect

cannot be ascertained, since part of the nitrogen retention response

would probably have been due to an increase in wool growth (Reis C

Schincl<et L964¡ Dove & Robards 1974).

Éxcluding any effects of nitrogen supply (intake and infusate

nitrogen), the nitrogen retention response had two componenEs, a
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reduction in urine nitrogen excretion and a reduction in faecal

nitrogen excretion. The decrease in faecal nitrogen arld olganic

matter excret-ion may be considered as a response through an improved

efficiency of the digestive processes, while Èhe reduced urine

nitrogen excretion would reflect the protein-sparing and wool growth

responses to methionine. This assumes that an increase in wool-

grov¡th could not account for all of the observed improvement in

nitrogen utilisation. A response in wool growth of this magnitude

could be consídered most unlikely in view of the reported responses

in sheep fed low quality roughaqes (Dove & Robards L974).

The consistent effect of methionine on faecal nitrogen and

faecal organic matter outputs is difficult to explain- Such a

response to postruminal or intraperitoneal administratior¡ of methionine

or cyst(e)ine has been reported by other !ìrorkers (æyden et al . L969¡

Barry LgiL¡ Dove & Robards L974). Methionine and methionine hydroxy

analognre (¡GIA) have been found to increase cellulose and grlucose

fermentation and accelerate rumen bacterial growth. in vítto (Salsbury

et at. I97L¡ cil & Shirley J-97I¡ L972). ïÍowever even if the effect

of methionine were to occur in vÍvo (as it does for MIIA-Polan et a7.

1970), this is unlikely to explain the present results, since it

would require significant recyclíng or refluxing (by reverse digesta

flow) of the abomasally infused methionine to the rumen. The

response is thus probabty due to a¡ increased efficiency of digestion

in and,/or absorption from the small intestine, although a nr¡nber of

other possibilities cannot be excluded. These possibilities

include a reduced input of pancreatic and other proteins into the

intestine or an increased digestion in the hind-gut. However, both
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of these possibilities could be expected to alter one of the faecal

componenÈs more than the other; the first would rnarkedly d.ecrease

faecal nitrogen and alter organ matt-er output by only a small amount

while the second might be expected to increase nitrogen capture

across the hindgut, r,v-b.iIe decreasing faecal organic matter output

(i.e. increased organic matter digestion and volatile fatty acid

production with an increased microbial protein synthesis). The

effect of methionine on the apparent digestibility of the feed

components is similar to the effects due to tryptophan in the experi-

ment reported in Chapter 4. However, in the latter work the effect

of trlptophan on nitrogen digestibility was considerable while any

effects on organic matter digestibility were small and ncn-signifícant-

A significant protein-sparing effect of methionine occurred

independent of any increase in intake and with only a slight change

in faecal nitrogen output. Methionine (or a metabolite of methionine).

must have altered the rate of protein catabolism and,/or protein

slmthesis, the net result being a reduced net rate of body protein

catabolisrn. However, the higher rate of methionine supplementation

adversely affected nitrogen utilisation in sone animals (sheep 389'

4O2¡ 462, 567, 568, 581) since the urine nitrogen excretion \¡/as

increased by more than O. g/d.ay compared wíth the same animals in

the control periodr in most of tftese animals intake was also

depressed by the high level of methionine.

llhe overall responses to methionine in the sheep fed the two

diets have been discussed. However, it is evident that there was

consíderable between animal variation in the response. In the
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barteystrawexperiment,themethionineinfusionapparently

increased the efficiency of nitrogen utilisation in all animals

(increased nitrogen retention), while no animals suffered

significant depressions in voluntary intake. when these same

animals were fed the nixed straw-wheaten chaff diet, the nitrogen

retention respones to the low level of methionine were generally

smaller and in some cases virtually non-existent, while voluntarlz

intake was significantly depressed in three animals'

At thç high level of methionine, the voluntary intake of a

number of animals \^ras depressed, although there was considerable

variability between animals in their sensitívity to the methionine'

Ttrree animals (sheep 564, 567, 574) exhibited increased intakes of

about 258 during the balance period in response to the high level

of methionine, although in one (sheep 567) intake subsequenÈly

declined. In sheep 389 and 567, intake ínitially increased at the

high level of methionine, but subsequently was markedly depressed

(see rig. 5.3) -

lltre inverse relationship between voluntary feed intake and

urine nÍtrogen excretion which !¡tas apparent in Experiment 2/2 was

again evídent in those animals adversely affected by the high level

of methionine. of the six animats which \ifere clearly affectedt

four (sheep 38g,4O2,4621 581) showed signs of adaptation' this

adaptation being characterised by a subsequent increase in intake

after a few days and reduced urinary nitrogen excretion. one animal

(sheep 568) showed no sign of adaptation and its voluntary intake

declined steadily until on days 10 and II of the infusion, intake

was virtually zero.
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There !ì/as no apparent relationship between the response of

any one animal to the low level of methionine infusion on the two

diets. This is in marked contrast to the repeatability of the

methionine response in the two sheep fed a rnixed chaff-straw diet

in ExperimenE 2/L (Chapter 2). However, the differences between

the diets in the present experiment were very much gteater than

the differences between sequences ín ExperimenE 2/L. The average

amino acid yield at the duodenum in the sheep fed the barÌe'y straw

díet would have been about 8g per day (calculated from Egan 1974) '

while the average yield in the animals fed the mixed straw-wheaten

chaff diet in ExperimenL 5/2 would have been about 189 of arnino acids per

day. In contrast the differences in amino acid yield broughÈ

about by the difference in the basal intake in the two control periods

in E>çerimen9 2/I would have been no more than abouÈ 15t while the

protein to energy ratio wor¡Id have been unchanged. The differenc

in digestible energy intake between the animals fed the two diets in

the present experiment would have been abouE 752, again in marked

contrast to the situation in ExperimenE 2/L. Thus the basis of

the between animal variability in the methionine response in these

e:çeriments may well have been an animal x diet interaction.

Despite the extent of between animal variability in the

response to a. post-ruminal supplement of methionine some general

trends are apparent. Table 5.9 sumrnarises the experiments in which

sheep fed roughage diets received an abomasal infusion of methionine

at a rate of 0.12g L-methionine,zkgo'75/auy. These results suggest

that the response to methionine was greatest with sheep fed the very

low qúality roughages, and that the extent of the response
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TABLE 5.9: Values for intake and nítrogen utilisation parameters a¡rd the estimated amino acid yields aÈ

. the duod,enum for sheep fed roughage diets of varying quality and receiving an abomasal infusion of

methionine (O.J:2g L-methionineTkgo' 75 /auy) in four e>çeriments.

Voluntary intake
in control period
(golt¿cso'7s7auv)

Apparent
dígestibility
of organic
matter (3)

42

52

62

N content
of diet
consumed

(B)

0.43

0. 70

0. 83

1.10

1u=ai^"a.d

AA yield at
duodenum
(gAAlday)

2Ratio of
ad l-ibitum
intake to
maintenance

o.4

o.7

1.0

1.6

Nitrogen retention
s/kso.7s /ð,ay

Control Methionine

No.of
observa.
tions

Diet Expt

Barley straw 5/I

f\)o
ol

Barley sLraw/
wheaten hay

chaff
$lheaten straw/
chaff
Vùheaten hay
chaff

1)

5/2

2/r,
2/2

2/3

7

3

8

18

26

50

48

25

39

47

67

-o.227 -0.I54 2L

-0.094 -0.038 2L

-0.006 0.060

0.227 0.176

EstimaÈed amino acid. (AA) yield at the duodenum calculated from the data of Egan (l-:974') for.similar dieÈs assurning that
AA yield is directly proportional to intake.

2) Assuming that the ãigestiure enerçIy (DE) requirement for maintena¡rce is 4Bo kJDE/kgo'75/auy.



decreased with increas-i-ng quality of diet until with sheep fed

higher quality diets, nitrogen retention was adversely affected.

by the additional methionine. llowever, due to the snall numbers

of animals used in the experiments wÍth the higher quality diets,

these results must be treated with caution. When sheep were fed a

similar diet to that used in ExperimenL 2/3 (nxperiment 4, Chapter 4),

methionine was shown to be an important component of the supple-

mentary amino acid mixture which would support maximum nitroç¡ert

retention. It must also be borne in mind that the sheep in

ExperimenE 2/3 were apparently more efficient in terms of nitrogen

utilisation than those in Experiment 4 (o.227g N retainea.zkso'"/Uu"

compared with O.O89g N retainea/5so''U/Uu, in the control periods),

and the differences in the apparent importance of methionine may be

related to basic differences in the efficiency of nitrogen utilisation.

Hot'¡ever, the d.ifferences in the circumstances of methionine supole-

mentation (i.e. as a single amino acid supplement as against part of

a mixture) may also have been importa¡¡t.

On the basis of the above discussion of the results of the

experiments reported in Chapters 2, 4 and.5, it may be suggesÈed

that the response to methionine in sheep fed roughage diets in these

experiments was dependent on the interaction of the supplemental

methionine or its metabolites with other amino aciCs. Any hypothesis

concerning the responses to methionine must explain both between diet

and within-diet between-animal variation in the response. This

underlines the need to consider indívidual animal responses, and to

look closely at results in which a high variability in the response

outweighs differences between means. In addition to this, there is
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the problem of carryover effects between periods when treatments

are given in a factorial or Latin square sequence. It is therefore

apparent that the experimental design for such experiments becomes

the major problem.
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CIIAPTER 6

Methionine and cystine metabolism in sheep given

post-ruminal supplements of L-methionine

INTRODUCTION

In order to gain an understanding of methionine metabolism in

sheep receiving abomasal supplements of methionine, and also to study

aspects which might be related to the between animal variability in

the response, some more detailed aspects of methionine metabolism

rùere examined. llhe e:cperiment to be reported in Chapters 6, 7 and

I formed part of this study. In particular, the experi:nent was

designed to provide quantitative data concerning the importance of

the transulphuration pathway of methionine metabolism ín liver and

skeletal muscle, and also to provide information concerning the

effects of methicnine supplementation on the rate of protein synthesis

in liver and muscle. For these purposes, an intravenous infusion of

'ur-l*"rIed nethionine and 3¡r-raberr"a cystine was used.

lftre system involving the infusion of the two labelled amino

acids was chosen for two príncipal reasons:

(í) the two cyst(e)ine labe1s could be expected to permit

ttre derivation of quantitative data concerning methÍonine

metabolisrn more effectively than the apparent proportional

metabolisrn based on radioactivity ratios (transfer quotient

approach - ffieber et a7. 1962), in both the liver and

muscle as well as in the whole animal;
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(ii) it effectively provided three labelled amino acids

(3ss-methionine, 35r-.yrtine and 3H-cystine) frorn which to

derive estimates of the rate of protein synthesis.

Data relatilg.to plasma, blood cell ano tissue amino acid

patterns, and activities of enzl'mes in the transulphuration pathway

will be reported separately.

E)CPERIMENTAL

Animals

Tr.¡elve Dorset x (Dorset x Merino) wethers, aged about 10 months

were used in the ex¡reriments. The animals, each surgically prepared

with an abomasal canula, had previously been used in the e>çeriments

reported in Chapter 5.

Diets and feedinq

The sheep were fed a 2zL míxture of wheaten hay chaff a¡rd

barley straw in equal amounts at hourly inten¡als for 15 days. The

quantity offered over 24 hours was 90e" of the mean ad Tibitun intake

for the 5 days prior to the start of hourly feeding. A mineral mix

(LOg/day¡ Moir a Harris 1962) and. vitamins A and D, (epeC: Nicholas

Pty. Ltd.) were given with the hourly feeds. Water.was available

at all times. Continuous lightinþ was maintained throughouÈ.

Experimental design

Four animals were allocated to each level of abomasal

methionine infusion (0 , o. L2 , O. 369 L-methionine,/t<90 '75 /a^Ð. The

experiment was divided into 3 periods. The first 4 days of hourly

feeding were used as an adjustment period. During the next 5 days
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all sheep received an abomasal infusion of water (control period)

while over the last 6 days, the water infusion continued or

methionine $tas infused (treatment period). The animals were

slaughtered on day 16. Six sheep (two from each treaünent), were

used Ín the radioisotope experiments. Each received an intravenous
?tr ?

infusion crf L-"S-methionine (140-3OO uCi) and L-3,3'--H-cystine

(280-4OO UCi; Rqdiochemical Centre, Amersham) for 16.5 hours prior

to slaughter, which was at about 0930h on day 16 of the experiment.

The infusates were given in sterile saline (without carrier) ¡rt a

rate of 10 rnlrlhr via a jugula catheter. A second jugular catheter

(in the alternate vein) was used for blood sampling.

Measurements

Urine was collected daily into sulphuric acíd (final urine

pH<2.5). The amount of urine was measured and a daily subsarnple

taken and stored at -2OoC. Faeces were collected and bulked by period.

Nitrogen balances were calculated over 5 days for both the control and

treatmênt periods.

Jugular whole blood and plasma samples for free amino acid

analyses were obtained at the completion of both control, and treatment

periods. Liver and muscle samples were taken at slaughter for free

amino acid analyses. Samples of liver, muscle and plasma proteins

were prepared in order to derive an estimate of the fractional rate

of protein synthesis in liver, muscle and plasma proteins in those

animals receivíng the isotope infusion (Chapter 7).

ç
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Blood sanpling

Samples for whole blood and plasma amino acid analyses were

taken from the jugular vein at 0800h on day 10 (water infusion) and

on day 16. During the isotope infusion, biood samples (7 ml) vtere

obtained at 8, 15, 30, 60 and 120 min. after the start of the

ínfusion and thereafter at 2 hourly intervals until I4h. Further

samples (12 ml) were taken at l5h, 15h10m and 15h20m. Samples

(12 rn1) were also taken from 3 sheep at 5h50m, 6h and 6h10m. A

subsample for determination of packed cell volume i^tas taken from all

samples.

Whole blood and plasma samples for aminq acid analyses were

prepared with 10% (w/vl trichloroacetic acid (rca) containing 2% (w/vl

thiodiglycol; the latter $¡as used in an attempt to reducg the extent

of methioníne oxidation during sÈorage. The preparation r¡ras as

follows: immediately after sampling, a subsam¡rle of blood was added

to a¡¡ equal volume of distilled water, and, the cells lysed by vigorous

shaking. A half-volume of TCA solution was then added to the lysed

cells, the preparation shaken and centrifuged. Ttre whole blood

supernatant was drarvn off, recentrifuged and then retained for analysis.

A separate subsample of the whole blood was centrifuged and the plasma

drawn off. Ttre plasma proteins $rere then precipitated with an equal

volume of TCA, the mixture shaken änd centrifuged. The supernata¡t

was drawn off and retaíned. The plasma protein pellets from the three

samples at l5h, 15h10m and 15h20m were retained for three cf the six

sheep receiving the isotope infusion. In these cases, the pellet

was washecl twice with TCA, freeze-dried a¡rd retained for analysis.

All sample solutions were stored at -15oc.
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Slauqh terof aninals añd tissue samÞlinq

About 16.5 hours after the start of the isotope irrfusion the

anj:nal was ¿uraesthetised with sodium pentobarbitol (Wembutat). A

Iater¿rl incision was then rnade immediately behind the last rib on

the right side. Immediately the intestine \^tas exposed it was

clamped in several places to prevenÈ digesta flow, so that samples

could be obtained for another experiment. Blood samples were then

obÈained from the portal vein, hepaÈic vein and the aorta or renal

artery. The samples of whole blood and plasma were prepared as

described in the previous section.

lftre liver, kidney, spleen, diaphragun and. heart were then

removerf and weighed. Samples were rapidly taken and immersed in

liquid nitrogen. Samples of wool-free skin, inÈestine and muscle

(If.serniËendenosus) were also taken and treated in the same litall:ler.

Liver and muscle samples were obtained withÍn 15 minutes of the start

of the anaesthetic infusion. Respiration and cardíac function were

maintained wittrout assistance until the heart was excised. AII

samples were obtained prior to the removal of the heart. The animals

which did not receive igotope were treated similarly except that only

blood, Iiver and muscle samples were taken. lfowever, the liver'

kidney, spleen, diaphragm and heart were removed and weighed.

Sample preparation

The tissue samples in the liquid nitrogen vrere grouno to a

fÍne powder using a stainless steel pestle. The ground tissue was

then retained as reguired, a portion of the powder being used for dry

matter determination. Approximately 59 of liver and 59 of muscle
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were added to tubes containing about 25 ml (weighed) of 2.5e" TCA/2È

thiodiglycol. The tr:bes were weighed and the amount of tissue

calculatecl. The ti.ssue \^ras then homogenised. usinq an Ultra-Turrax

tissue homogeniser. The si.fes of the tube ancl the homogeniser

were washed down with 0.5% TcA/o'48 thiodigllrcol and the preparation

weighed and centrifugeo. The tissue supernatant was drawn off and.

stored at -15oC until prepared for analysis. The tissue peilet was

r¡¡ashed twice with O .5% TCA/O.4% thiodiglycol , f.reeze-dried, weighed

and retained.

Analytícal methods

Feed samples were oven dried at 85oc. F:ieces and tissue

samples were freeze-dried. Organic matter content of feeds and

faeces was determined by ashing in a muf{le furnace at 55OoC. The

nitrogen conterrt of feed, faeces and urine was determined colouri-

metrically using a Technicon Auto Analyser following ma¡¡ual digesÈion

according to a Kjetdahl technique (MUnro c Fleck 1969) -

Tissue prepara tion for amino acid, analyses: Subsamples of the tissue

homogenate and plasma protein peltets were prepared for amino acid

analysis by hydrolysis for 16h in 6N hydrochloric acid under reflux

in a flask purged and maintained with a nitroEen atmosphere (Mondino

& Bongiovanni 1970). 1lhe tissue supernatants \ilere concentrated by

heating (36 hours at 55oC) ,followed by freeze-clrying. The residue

was then reconstituteC in 0.IN hydrochloric acid.

Amino acid analyses: Amino acid anatyses of liver and muscle tissue

supernatants and protein hydrolysates were carried out by ion-exchange

chromatography using an 18h separation and sodium citrate buffers on a
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Technicon rBr resin. lltre specific activity values for methionine

and cystine in these samples were Cetermined by count-ing the

appropriate column effluent fractio¡ls and relating the counts to tl'.e

concentration of the amino acid in the fracti-on. The methionine:

concentration in each individual fraction r,rras deterntined by nirrhyd:rin

assay using I3 ninhydrin in acetate buffer, and hydrazine sulphate

(0.025å). The cystine concentration in each indiviciual fraction vras

determined using a slightly modified version of the technique of

- Gaitonde (1967) after reduction of the cystine to cysteine with

dithiothreitol. For the cystine determination: I mI of

dithiothreitol solution (0.3089 dithiothreitol mad.c up to 100 ml with

O.4M K2HPO4 - !'filliams et af. l.L972a) was added to l mI of Èhe coh:rnn

effluent and the rn-ixture incubated for 60 minutes at 45oC to ensure

complete reduction of cystine to cysteine; following incubation,

3 ml of the acid ninhydrin-acetic acid =oroaror, (Gai tonde 1967) was

added and the preparations heated at 95oc in a water-bath for

15 minutes in covered tubes. The tubes were cooled a.nd. tire co-l-,¡irr

measured at 560 nm. The colour was stable for at least 30 mi-nutes.

Ethanol was not added as reconmended by Gaitonde (L967), as it caused

colounfading. A range of standards was included in each run of

both the methionine and cystine analyses.

Ttre specific activit.ies of methionine and cystine in whole

blood and plasma were determinecl in the appropriate fractj-ons after

ion-exchange chromatography on a 35 x 0.5 cm column packed with

Technicon rAr resin, with a sodium citrate buffer (pH 3.5 containing

18 thiodiglycol) at a temperature of 60oC, and a flow rate of 25 mL/

hour. In this system' cystine and methionine eluted after 82-95

a¡rd 126-140 minutes respectively. The methionine and cystíne
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conce¡ltrations were determined in the a.ppropriate fractions as

d.escribed above.

The specific activities of blood and plasma cystine and

methionine measured after separatiorl on the short colu¡c,n were

within 15% of the values determined usjng the 18h separatíon in the

two Samples analysed on both systems. However, +-he short colurnn

separation was not suita-b1e for analysis of liver tissue supernatants

due to contamination of the methionine peak with another ninhydrin-

positive compound.

In aII cases, methionine concentration has beerr expressed as

the sum of methionine sulphoxide plus methionine. The methionine

specific activity was calculated for the pure methionine peah only,

and.the concentration of methionine suiphoxide calculat-ed from the
1E'-S activity associated with the,methionine sulphoxide peak and the

methionine specific activity assuming that the specific actÍvitíes

of methionine and methionine sulphoxicle were identicai. The concen-

tration of. ¡nethionine sul.phoxide was derived in this manner since

methionine sulphoxide did nct elute as a pure peak in the short

column system, being contaminated with another ninhydrin-positive

compound. To maintain consistency in Èhe expression of results the

same method of calculation was used for samples sep¿rrated on the

Technicon 'B' system although the methionine sulphoxide did apparentl-y

elute as a pure peak in some of the sarnples analysed in this system.

values for cystine concentration and for cystine specific

activity have been expressed in relatiorr to half-cystine.
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In previous experiments reported in this thesis plasrna and

blood ce]l samples were prepared with Î'cA alone without the

addit.ion of thiodiglycol. In these samples the "aspartic acid"

peak was consiclerably increased in size in samples from animals

receiving a supplement of methionine. Co-chromatogr:aphy of meihionine

sulphone and aspartic acid showed thab under the conditions of our

system these two amino acids eluted together. However, in plasma

prepared, with TCA and thiodiglycol there \¡lras no detectable methi.onine

sulphone peak and ,ro 35, radíoactivity eluted with the aspartic acid

peak. In liver Èissue supernatants, and to a lesser extent in muscle

tissue supernatants, there were small amounts of bo'Eh 
35S und 3lt

activity eluting with a ninhydrin-positive peak which lay between

aspartic acid and threonine (see Addendum to Chapter 6). It woulcl

thus appear that the thiodiglycot,prevented the final oxidation step

of methionine sulphoxide to methionine sulphone. However, Patureau-

I'tirand et a7. (1973) found EhaE 2% thiodiglycol in the TCA effectively

prevented any oxidation of methionine since in such treated extT'acl-s

they found only traces of methionine sulphoxide.

Radioactivity me asurements

AIl isotope counting $¡as carried out on a Packard Tri-carb

scintÍllation counter at 4oC. Aqueous solutions were prepared for

counting using a toluenetriton scintiltaÈion mixture containing PPO

and POPOP (Patterson & Green 1965). The window settings and Eain

controls were chosen so that no tritium registered in the second and

third channels. The settings were:

Red (first) channel 20-500 100% grain

Green (second) 175-1000 I5B gain

Blue (third) 300-1000 15t gain
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The ratio of the counts registered in the blue and green channels

indicated the degree of quenching, and correction factors for the

efficiency of counting of each isotope r\7ere determinecl from standarcl

curves. To d.erive the standard curves, standards conl-aining knohtn

? 3 t.
quanÈities of 'H alone or JH plus "S, but wíth different amounts of

carbon tetrachloride (0-100 pl per vial) as a quenching agent were

prepared" The counting efficiencies were also checked on a nu:ml¡er

of samples by spikinT pre-counted samples with known quantities of

the isotopes. fhe formulae for the calculation of the amount of

activity present in the samples are given below:

35 (Green cpm - Backqtóurrd cpm)
S dpm 35E S green

in red channel = 35s dp* * n
S cpm

dpm
(Red cpm - Backqround

35
35

3
H

S red

35
cpm) S cpm red

3
HE red

where dpm = dísintegrations per minute, cpm = counts per minute' green

and red refer to the channels, background ís the background counts in

each channel, and. E is the efficiency of coutrting of the 'n ot 'U, ,r,

the particular channel, the efficiency having been calculated from

the blue :green ratio-efficiency relationshíps'

Calculations

For the estimation of entry rate of methionine and cysiine in

plasma, steady state conditions $tere assumed'

Entry rate (U moles/min) is gi'ven by the fornula

rate of isotope infusion ( dpm/min)
plateau specific activitY (dprn/¡r mole)

where the rate of isotope infusion is the rate of infusi-on of the

labelled amino acid in terms of the isotope itself, and where the
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plateau specific activity is the specific activity of the infused.

amino acid in the plasna at plateau' i-e. after ít has reached

apparent equilibriuut with the whole animal free pool of the amino

acid. The entry rates of both methicnine and cystine in terms of

35S ur,d t" t"=n..tively have been calculated usirrg this fonruìa

(Waterlow 1969).

Since methionine is converted to cysteine (and hence cr-stine)
2tr

in animal tissues, some of the "S-methionine will have been
atr

converted to -'S-cystine. The transfer quotient (K1eiber et ai.. 1961)

is the ratio of plasma specific activitie= of 35s-cystine 
t35s ap*7p

mole half -cystine) -rrd 3ss-*ethionine, 
and. indicates the propor-'tion of

plasma cystine which rittas apparently deriveil from plasma methionìne-

By applying this proportional factor to the total cystine entry rate

(determined from the 3H-cystine dilution) the actual quantity of

cystine which was derivecl from methíonine may be estimated. However,

it ís important to note that all of these para-neters (entry rate,

transfer quoÈient, etc.) provide estimaÈes for only that part of the

total body pool which was in equilibrium with the sampled poof in

this case the plasma pool.

The concentration and specific activity values for meÈhionÍne

and cystine in the blood cells were derived from the known concentra-

tion and specific activity values for these amino acids in the plasma

and whole blood in the following manner (e.9. for methionine).

Btood cell methionine (¡r moles methionine/L0] mI bloorl c:ll-s)

I00 - PcV%) (PMet)
100

ì
I00(WBMet)

z9

x
PCVS



where WBMet and PMet are the concentrations of methionine (U moles/

100 ml) in whole btood and plasma respectively, and where PCV% is the

packed cell volume percentage.

Blood cell methionine specific activity dpny'U mole)

($lBMet) (vüBMet SA) (tOO-PcV%) (PMet) (PMet SA) 100
100

* F-cw

Btood ceII methionine concentration

where WBMet SA and PMet SA are the values for the specific actívity

(dpm,/U mole) of methionine in the whole blood and piasma respecÈively

and the other e>çressions are as for the previous equation.

RESULTS AND DISCUSSION

Intake, digestion and nitrogen retention

Table 6.1 presents the mean values for the apparently digestible

organic matter intake (g DoMl/kgo'7\/a^y) and apparent retentíon of

nitrogen (S NÆSO'75/a^y) for each animal in the.orrt=of and treatrnent

periods. Changes in the DOMI between the control ahd treatment

periods reflect changes in the apparent digestibílity of organic

matter since the dry matter intake was Èhe same in both periods.

Betrrreen animal variability in the methionine response was clearly

evident with one animal on each leve1 of methionine exhibj.ting a

reduced nitrogen retenÈion when given the supplemental methionine,

while the size of the response in the remaining six sheep was quite

variable. The improvement in nitrogen retention ranged from

0.259 N,/day (sheep 580) to 1.169 Nr/day (sheep 389). Two sheep which

received the high level of methionine infusion (sheep 462, 378) had

an increased apparent digestibility of organic matter in the methionine
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TABLE 6.1: Apparently digestible organic matter intake (DOMI) and
nitrogen retention for the twelve sheep in the control and
treatment periods.

DO¡{I

ßz so 
''5 /a^o)

Control Treatment

N retention

ß/kso'75 /auv)
Control Treatment

OI,ETl

445

582

365

LMET

580

389

558

393

HMET

462

567

583

378

32.4

26.O

30.6

30. I

27.5

28-3

25.7

19.0

27.8

28-7

26.4

32.4

24.2

30.9

24.4

28.9

27.8

26.O

26 -5

23.5

27.7

30.0

30.7

-o.I29

-0.076

-0. 021

-o.082

-o.o27

-0.017

-0.035

0.014

2

-0.020 0.004

-0.101 -0" 106

o.099 0. 1?9

2
-0. 170

-0.016 0. 007

'0. 067 0.0I8

-0.057 -0.064

-0. 113 -0. 064

564

1) Infusion during the treatment period; OMET-contro1, water infusiorr;
LMET-Iow methionine, O.I2g L-met/kgo'75/a^y, HMET-high methionine,
O. 369 L-met/kgo -75 /day.

Urine and faeces discarded in error.2)
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infusion period compared with the control period. Increases in the

apparent digestibility of nitrogen were associated with increases in

the apparent digestibility of organic matter (Appendix Table 6.I).

The improved apparent digestibility in response to methionine has

been discussed in Chapter 5, but remains unexplained.

The ef fect of methionine infusion on orqan weights

The mean fresh weights of the liver, kidneys, spleen, diaphragn

and heart taken at slaughter for the animals on each treatment are

given in Table 6.2. The indivídual tissue weights and the liver dry

weights are given in Appendix 6.2. The me¡:n liver fresh weight of

the sheep receiving the low level of methionine was significantly

higher (P<0.05) than the mean weight of liver from ïhe control animals.

lltre same Èrend was also apparent in the animals receiving the high

level of methionine, although the difference was not sigmificant due

to the low liver weight recorded for one animal (sheep 462). ChanEes

in the weights of organs other than the liver e><tribited no clear trends

with methionine supplementation

Excess methionine has been found to induce marked hypertrophy

of the liver in rats (Sanchez & Swendseid 1969; Girard-Globa et al-.

l]972). In the lattet tot*, the livers of rats fed díets devoid of

ttre sulphur amino acids contained significantly less nitrogen than

the livers of rats fed balanced diets'. In the present v¡ork' if it

is assumed that the nitrogen content of the dry liver was 12å

(Fennessy unpublished), the daíIy liver nitrogen accretion accounted

for about 0.139, or about 20% of. the mean increase in nitrogen

retention due to methionine.
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TABLE 6.2: Wet weights of tissues,
metabolic body size (liveweigh
levels of methionine.

expressed as percentage of the
t kgo' 75, in sheep on the three

Liver Kidneys Spleen DiaPhragm Heart

OMET

LIMT 3

la2
3. 06

t0.055

lo.o72

3

!0.190

I
10.051

1. t7a
10.048

1. 344

10.050

1.184

r0. 107

35 0. 700

o.7g7a

10.0397 lo.o4L7

a 0.6194

10. 108

o.4454 oTab

b

ab

10.0354

o.7694
ro. 0306

o.4364

10. 0284

HMET 33 o.98ob L.244

t0.0184 10.082

r)

2'.t

mean value (n = 4) + standard error of the mean

figr:res withÍn columns with superscripts in conrnon are not

siþnificantly different (P<0.05) .
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Plasma and blood cel I methionine and cystine

The total 35s orrd 3H activity in the jugular plasma tended

to j.ncrease with time during the period of the isotope infusion.

After 12 hours there \¡ras an apparent tendency for the plasma activíty

to plateau (Appendix Ta-ble 6.3). Table 6.3 gives the correlation

coefficients and the slopes of the regression equations for the
?Ã ?

relationships between '-S activity and "H activity in plasma and the

time of infusion over the period from I to L2 hours.

The values for ttre specific activity and concentration of

methionine and cystine in the plasma and blood cells of samples taken

at 6 hours (three sheep only) and 15 hours (six sireep) are given in

Table 6. 4.

Table 6.5 gives the vatues for the concentration and specific

activity of plasma and btood cell rnethionine at five times during

the isotope infusion in sheep 389. lfhe cystine concéntrations

could not be determined accurat.fy in the column effluent from the

4, 5 and t hour plasma samples due to the small amount of plasma

available for chromatography. Figure 6.1 illustrates the contri-
rr ?q

bution of methionine "S activity to total plasma ""S activity

during ttre period of the isoÈope infusion in sheep 389. This animal

received an abomasal infusion of methionine at a rate of O.I2g/kgO''U/UuO-

on the basis of the results for sheep 582 and 389, it would

appear that the specific activity of plasma methionine reached an

apparent plateau at about 6 hours after the start of the infusion.

However, the total 35S -"ti.rity in plasma continued to rise after

this time (Appendix Table 6.3). This was due to an increase in the
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TABLE 6.3: Values for the regression coefficients (slope of
regression line) and correlahion coefficients (r) for the
relationship between plasma 35s or 3lt activity (dpm x 103/
mI plasma) and the time of infusion (hours) over the
period of the infusion frorn 1 to 12 hours in the six sheep.

35S activity 3H activity
SlopeSlope t t

oI'ETl

LMET

HMET

445

582

580

389

462

567

o.L74

o.2L9

0.190

o.736

1.50

L.29

0. 88

0.99

o.94

0.99

o.99

0. 731

o.tr2e

o.762

o.658

0.900

o.746

0.98

o.94

0.98

0.95

0.99

0.99

980

1)
OMET - control, waler infusion; LMET - low methionine, O.L2g
L-methioninelks9'72/a^, HMET - high methionine, 0.369

u. t) ,-L-metnr-onr-ne/Kg /oaY.
n = 7, samples at 1, 2, 4, 6, 8r'10 and 12 irours.
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TABLE 6.4: varues for the concentration (u mores/lae mr) and specific activity (35s ot-t* u* x to37u more) of free

*ethionine and q¡stine (e:<pressed as harf-cystine) in the prasma a¡d ¡locd cells in sampres taken at 6 
-and 

15Ll

after the starÈ of the isotope infusiqp. iorr specific ""tinity varues have been corrected to a stand'ard total
isotope infusion of 5OO x 106 dpm of "S and 750 x 1Oo d¡xn of "H) '

Concentration SP. ac!-
(u motes/IoOml) (35s ap* x l:os/u mole)

Free cYstine (as L cYs) .
Concentration Sp. act (dpm x tO3 /u mol-e)
(u moles,/1oom1) 

- 35s 3H

Free methionine
3

52.5
NM

s1.5
52.O

NM

NM

27.2
13.9

22.5
23.3
6.49

11.9

9-48
15.7
2.65
9-O2

oI',8T2: sheep 445

Plasma I5h
Blood cells 15h

SheeP 582
Plasma 6h

r5h
Blood cells 6h

r5h

LMET: Sheep 580

Plasma I5h
Blood cells I5h

Sheep 389
Plasma 6h

r.5h
Blood cells 6h

r5h

HMET: SheeP 462

Plasma 6h
15h

Blood ce.lls 6h
r5h

t.7 4
ND5

1.42
ND

2 -37
7.43

293

r84
202

276

234
r33

1104.39

89
85
ND

ND

I
1

NM4

90
27
NM

NM

2
3

f\)
N
or

60
99
ND

ND

28
32
ND

ND

9.97a.20
10. 20

23.5
24.6
26.4
31. 9

106
105

88. 4
67 -L

3
2

6.20
5.23

5.17
4.89

248
l-24

2
3

continued,/..



TABLE 6.4: continued

HMET: Sheep 567

Plasma 15h
Blood cells l5h

F'ree methiorrin"3
Concentration SP.act^
(u mores/loomU {35s ap* x ros /u mole)

Free cystine (as L cys)
Concentration Sp.act(dpm x tO3r/u mole)
(u rnoles/lOOmf) '-S

188
116

I
4

346
27

L2
ND

3.01 l-28

n)
f\)
\l

1) samptes at 6 and- 15h refer to bulked samples of TCA preclpitated ptrasma a¡rd blood cell supernatants from samples of
blood taken at the following times:

6h - 5h50m, 6h' 6hf0m (3) ;
15h - 15h, 15h10m, 15h20m (3).

o.752l Infusion during the treatment period; OMET - control, water infusion;
HMET - high methionine, 0.369 L-met/kgO'75/day

LMET - low methionine, O.I2g L-met/kg /dav ¡

3) Methionine as methionine plus methionine sulphoxide

4l 
NM - uot measurablei although rnethionine \^ras present in Èhe blood cells, there v¡ere very large errors involved in the
caLcul-ation of concentrations and specific activity vatues from the plasma and whole blood values.

s)
ND - not detectable.



TABLE 6.5: Va1ues for the concentration (p moles/100ml-) and specific
activity (35s d¡r* x 1,o3/it mole) of free methionine in the plasma
and blood ce1ls from samples of jugular blood fron sheep 389
over the period of 4 to 15 hours after the start of the isotope
infusion. (Alf specific activity values have been cqçrected Èo
a standard total isotope infusion of SOOxlOo dp* of l'S and
75ox1o6 d-pm of 3tt) .

2

Methionine concentrationl
(¡-r moles,/100m1)

"-Plasma Blood cells

Methionine specific activity

{35s ap* x to37p more)

tirne (h) Plasma Blood cells

4

6

9

13

15

23.4

23.5

28.2

31.9

24.6

67.O

26.4

51.9

45.2

31.9

19. 3

22 -5

20. I

24.6

23.3

L.92

6.49

5.99

ro.7

11.9

1)

2)

Methionine as methionine plus methionine sulphoxide.

Samples at the various times refer to bulked samples of TCA
precipitated plasma and blood cell supernatants from samples of blood
taken at the following times:

4h - one sample at 4h;
6h - 5h 50m, 6h, 6h lOm, (3);
th - th, 10h (2) ¡

13h - L2h, 14h (21 ¡
15h - 15h, I5h 10m, 15h 20m (3).
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35 35
S activity (H) , methionine s

and the non-methionine 35s activity
FIGURE 6.1 Tota1 plasma

ty (H)activi
(9-----0 calculated by difference) durincl the period of
the isotope infusion in_sheep 389, which received
O.l-.2g L-methioníne/kgo'75/a^y.^- (411 values have been
correctêd to a standård totaf 35s infusion of 500 x 1O6dpm).

FIGURE 6.2: Relationship between the esÈimate cystine entry rate
in plasma (m moles L cysfrour) and the concenÈration of
cystine in plasma (u moles L cys / 10Oml plasma) . All
values have been corrected to a sÈandard total ísotope^
infusion of 5OO x 106 dpm of 35S 

"rrd 
750 x 106 apm oi 'g).
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concentration of plasma methionine and'/or an increase in the

proportion of non-methionin. t5, activity (i.e. products of methionine

metabolisn). It is apparent from Figure 6.I that both of these

factors were responsible for the continuing rise in pla=*a 35S

activity in sheep 389.

The specific activity of the plasma methionine in sheep 462

(which received the high level of methionine infusion) at 6h was m.uch

Iower than the specific actívity at 15h. The rate of increase in the

total plasma 35S ..tirrity in both sheep 462 and 567 was much greater

ttran that in the plasma of the sheep receivinq the infusions of water

or the lower level of methionine (Table 6.3). These factors,

together with the greatly increased plasma methionine concentrations

and the lower values for the specific activity of plasma methionine

in sheep 462 anð, 567, are indicative of a greatly íncreased free

methionine poot in the sheep receiving the highest level of methionine

infusion.

In aJ-I sheep, the specific activity of the blood cell methio¡rine

was considerably less than that of plasma, although tþe ratio of the

specific activities tended to increase with time (e.9. for sheep 389 -

O.1O at 4h, O.29 at th to 0.51 at I5h). It is apparent from the

dífferences in the specific activity of methionine between plasma

a¡rd blood ce1ls and from the wide fluctuations in the bfood celI

methionine concentration with time (e.9. in sheep 389) that the

blood cells could not have been drawing methionine from only the plasma

pool. The pattern of these results tends to provide support for the

suggestion of Elrlyn (1970) (see Revíew Section 3.4) that the blood

cells may have an important role in the interorgan transport of some
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amino acids.

There was evidence of considerable variability in the

specific activity of plasna cystine. In two sheep (389, 462) the

25H-cystine specific activity in the 6h sanple was about twice that

of the r5h sampre, while th. 35s-.ystine specific activity. was

similar at both samplings. These data suggest marked fluctuations

in the clearance of cystine from the plasma pool, although the time

course of such fluctuations could be quite rapid, since the rate of
IJH-cystine infusion was sufficient to double the specific activity

of plasma cystine in only flve minutes assuming that there was no

exchange of plasma cystine with a pool of lower 3g-cystine specific

activity. llhere h'as evidence of similar variability in the specific

activity of plasma cystine in the sheep in the work of Vtilliams O

Leng (1972). These workers could observe no trends with time after

about 4 hor¡¡s of infusion (í-e. in the "plateau phase") '

In the present work all of the free cystine present in the

whqle blood samples was accounted for as plasma cystine'

Entry rates of me thionine and cystine in plasma

Table 6.6 gives the value for ihe entry rates of methion-ine

and cystine in plasma calculated from the values for the specific

activities measured in the I5h samples. The entry rate of methionine

was markedly increased with methionine supplementation and the

increase \¡¡as apparently greater than Èhe increase i¡r methionine supply

from the infusion. The very high entry rate of methionine calculated

for sheep 567 rnay have been an overestimate since there is a

possibility that the specific activity of plasma methionine had not

reached a plateau bY 15h.
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TABLE 6.6: Entry rate of methionine and cystj-ne in plasma and the
esti:nated contribution of cys tine derÍyed from methionine to the
entry rate of cystine in_sleep given abomasal infusions of o, o.I2
or O. 369 L-methionÍne/kno'75 ¡aav.

Sheep
Methionine infused

o.75ß/ks /dayl (m molesÆ)

Entry rate

Methionine

(m molesÆ)

Cystine
(as L cys)

Contribution of cystine
clerived from methionine
to cystine entrY rate

(m moles \cys/b)

445

582

580

389

462

567

o.I2

o.L2

o. 36

0.36

0.50

L.T4

L.47

0. 56

0.57

1.11

L.27

L.92

3. 56

0.150

o.22I

0.168

0. 333

0.364

0. 353

o

0

0

0

0.029

o.032

0. 075

0.061

o.o72

0.125

0. 37
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The quantity of dígesta methionine (excluding the infused

methionine) reaching the duodenum would be expectecl to have been

about O.I4 to O.2O pmoles/hour in the sheep in the presenl-- experiment

(calculated from the data of Egan et af. 1975). Assuming that the

net aÏ¡sorption of methionine from the intestine was similar to the

estimated flow of methionine to the duodenum (excluding any contri-

bution of endogenous protein to the net uptake of methionine from

t1"e intestine), the methionine entry rate was three to four times the

expected absorption of the amino acid from the intestine in the sheep

not =eceiving any supplement of methionine. This is in marked contrast

to the situation with lysine in the human adult, rvhere the lysine entry

rate was approximatety 50 times higher than the lysine intake

(Water1ow Lg67). However, the entry rate of lysine in the adult sheep

in the studies of Buttery et a7. (1975) wa.s similar to the expected

net absorption from the intestine-

' Ttre estimated cystine entry rates were very low (18 and 33mg/hour

for sheep 445 and 582), although the higher value was similar to rates

measured by.V'fillianis et al . (L972a) for sheep fed a similar quantity of

lucerne. The entry rates were higher in three of the four sheep

receiving the methionine supplement, while plasma cystine concentrations

were also elevated. llt¡ere vras a highly significant correlation between

the estimated entry rate of cystine and the plasma cystine concentration

(r = 0.98; df = 5). This relationship is plotted in Figure 6.2.

Wi11iams & Leng (L972) reported a similar correlation, although the

actual regression relationship was not given in their paper. llhe

flow of cystine to the duodenum in the sheep in the present experiment

would be expected to have been about 0.10 to 0.15 Urnoles of half-cystine
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l\tour (calculated from the data of ¡lgan et a7. (1975) . lfhus the

cystine entry rate \^ras similar to or perhaps slightty higher Èhan the

estimated rate of cystine absorption. This j.s a sirnilar situati-on

to that reported by Vüilliams eË a-Z . (L972a). Íhese v¡orkers suggested

that the small entry rate of cystine relative to the exogenous supply

nay indicate a substantial reutilisaÈion of cystine within the cells-

1he liver to plasma ratios of 3g-cystine (Table 6.9) lend support to

the suggestion that this was the situation with liver cystine

metabolism. This witl be discussed in a later section.

, The estimated. contribution of cystine derived from methionine

to the cystine entry rate in plasma is given in Table 6.6. More

accurately, this is the apparent contribution to the plasma cystine

entry rate of cystine derived from plasma methionine, and if cystine

were derived from a methionine pool of lower specific activity than

the plasma methionine, then this would be an underestimate. Thj-s was

almost certainly the situation in tJ:e present work since (i) the liver

methionine specific activity was lower than the plasma methionine

specific activity (Table 6.9) and (ii) the difference in the cystine

entry rates of sheep 389, 462 and 567 compared with the sheep not

receiving methionine (sheep 445, 5gÐ \^Ias greater than the estimated

increase in cystine deríved from methionine-

Plasma, blood ceII and tissue free me thionine and cvstirie

The values for the concentration and specific activity of free

methionine in the plasma and blood cells (15h samples) and in the

Iiver and muscle tissue free pools are presented in Table 6.7.
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TABLE 6.7: Varues for the concentratíon (u mores/1oo nr) nd specífic activity (35s ot 3" * 
'03 

dpm/Y more) of free

-;ihionine 

and cystine (e:çressed as harf-cystine) in pIäsma, blood cells (15h sampres) , and' in river and muscle

tissue water. (AlI specilic activity valqes have been corrected to a standard total isotope infusion of
iäõ'ïtää;;; "t'3s; ;ã-ziõ-"-ro6 apm or 3u) 

.

Free methioninel
Concentration 2É SP.acto
(u moles/100m1) ("s dPm x 10-

NM3

Free cystine (as L cYs) a
Concentration Sp.3qt(dpm x LO-1: mole)
(u moles,/100m1) --S H/u mole)

OMET2: Sheep 445

Plasma
Blood cells
Liver
Musc1e

Sheep 582

Plasma
Blood cells
Liver
Muscle

LMET: SheeP 580

Plasma
Blood cel.ls
Liver
MuscIe

Sheep 389

Plasma
Blood cells
Liver
Musc1e

52.5
NM

6.06
L7.6

52.O
NM

5. 36
t4.6

27.2
13. 9
5.92

18. 6

23.3
11. 9
6.18

13. 0

r.74
ND4

IT2
.ND

1. 85
ND

53. 5

ND

L.42
ND

52.O
ND

IIO 293

5.75 12

7.43 202

9.97 276

1r.0

5.23 133

5.74

394

51.4
L4.2

3.27
NM

32.L
10. 4

8. 20
LO.2.
40.6
12.2

24.6
31. 9
]-75
50. I

5

0L2765

410

6

l\)
\-).1
O'r

2.99
ND

74.8
ND

contì nuecV. .
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TABLE 6.7: continued

HMET: Sheep 462

PIasma
Blood cells
Liver
Muscle

Sheep 567

Plasma
Blood cefls
Liver
Muscle

Free methioninel
Concentration aÉ SP.acto
(u moles,/1OOm1) ("S dpm x LO'/a mole)

Free cystine (as à cys)
Concentration Sp.38t'(dpm x I
(u moles,/100m1) --S $3/u more)

H

105
67.)-
77L
]-4r

7
o2
7
4

15
9

10
16

3-32
ND

i05
ND

3.L2
ND

74.2
ND

4-49

3.48

3.01

r.67

L24

4.73

L28

2.29
Îu
ul
\l

188
1r6

1589
l-99

8.46
4.27
6.78
8.67

1) Methionine as methionine plus methionine sulphoxide.
2\ Infusion during the treatment period; -OyqT - control, water infusion; LMET - Iow methionine, O-I2g ¡,-met,/kgo''U/Uu,

HMET - high methionine, 0.369 i-rnetZkgo'75/a^y.
3) 

NM - not measurablei although methionine \â/as present in the blood ce1Is, there \^¡ere very large errors involved in
calculating the concentrations and specífic activity values from the plasma and r+'hole blood values.

4) 
ND - not detectable.



The liver and muscle free methionine concentration increased

considera-bly in three of the four sheep receiving the supplemental

nrethionine (sheep 389, 462, 567). Although bhe plasma methionine

concentraÈion in sheep 580 was increased as compared wit-.h those

sheep not receiving the additional methionine (sheep 445 ' 582) ' the

liver and muscle free methionine levels in all three sheep were

similar. The increase in the free methionine levels was part-icularly

evident in the two sheep receiving the hlghest 1evel of methionine

infusion (sheep 462, 567).

Tab1e 6.8 gives the vãlues for the proportion of "total

methionine" actually present as true methionine in the analysecl

samples. The very high concentrations of sulphoxide in the liver

of tl1e two sheep which received the high level of methionine (sheep 462,

567) possibly indicate a metabolic pathway involving oxidation of the

methionine, although it is nct possible to determine whether this was

the situation from a study of the data. It is probable that much of

tt¡e methionine oxidation occurred in storage, although the thíodiglycol

did apparently inhibit the degree of methionine oxídation compared with

previous experiments (see Experimental). Girard.-Globa et aL. (L972)

detected considerable increases in the levels of methionine sulphoxide

in the plasma of rats fed high methionine diets, although the increase

in the actual concentration of plasma methio¡rine itself lvas much

greater.

As was the case with the blood cells there was no detectable

free cystine in the muscle tissue free pool. fn contrast, the liver

free cystine concentrations were 30 to 60 times higher than the plasma

free cystine and the concentrations in the two pools r¡tere apparently
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TABLE 6.8: percentage values for the proportion of totai methionine

actually present as true methionine in the allalysed sarnples.

Sheep Plasma Liver MuseleI{hole blood

445 57 îtr

582 55 47

580

389 87 87

462 83

567 76 13. 76

1) Total methionine as methionine plus methíonine sulphoxide.

Ítre specific activity of methionine !.Ias calculated for the pure

mettrionine peak only, a¡rd the concentration of methionine

sulphoxide calculated t-rom th. 35S 
.activity associated with t-he

methionine sulphoxide peak and the specifíc activity of the

methionine peak assuming that the specific activities of

methionine and methionine sulphoxide were identical.

59

56

68

85

83

74

60

43

44

44

4l

70

85 9
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unrelated. Although plasma cyst-ine tended to increase with methionine

supplementation, there was no such trend apparent for the liver free

cystine. The highest concentration of liver free cystine was founc

in sheep 445, an animal which did not receive any suppl.emental

methionine. The absence of any detectable free cystine in the muscle

tissue supernatants is interesting in view of the fact that the êIrzYlrre¡

cystathionine-I-lyase was not detectable in Èhe skeletal muscle of

sheep (Radcliffe & Egan 1974). However, small amounts of free

cystathionine were found in muscle extracts from sheep receiving

abomasal supplements of L-methionine (Fennessy unpublished) .

Specific activi tv ratios between the free pooLs of methionine

and cystine

Table 6.9 gives the ratios of the specific activities of liver

and muscle free 3ss-*ethionine to plasma 3ss-*ethionine and the ratios

"53?qof liver free "S-cystine and "H-cystine to plasma free '-S-cystine

?
and 'H-cystine respectively. A ratio close to uníty suggests a rapid

equilibration of the amino acid beÈween the two poo1s. A ratio far

removed from unity suggests a poor equilibration, with dilution of the

radioactivity by a source of cold amino acid, or perhaps simply poor

mixing or poor conmunication between the two poo1s. These ratios

aïe generally interpreted as índices of the degree of re-entry into

the tissue free pool of amino acids derived from protein catabolism

(Gan O Jeffay L967). (Amino acid re-entry is defined as that

proportion of the tissue free amino acid pool which .is derived from

protein catabolism, assuming that there is no re-entry of labelled

aminb acid from protein catabolism). üfith the hepatic free
?q-*S-cystine (which is synthesized fro* 3ss-methionine via the
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TABLE 6.9: Values for the ratios of the specific activities

of liver free methionine to muscle free methionine and

tiver fr.. 35s-cystine .rrd 3g-.ystine to their respective

plasma free cystine specific activitj-es'

Methionine specific
activity raÈios

Liver MuscIe

Plasma Plasma

Cystíne specific
activity ratios

Liver t5, Liver
35

Plasma S Plasma

3

1 3"
Sheep

445

5.82

580

389

462

567

0. 115 0. 335

0.103 0.28I

0.218 0. 684

o-266 0.558

o.682 r. 04

0.801 L.02

o.567

o.775

1.10

1.10

o.712

o.555

0. 043

0. 059

0.038

o-o52

0.038

0. 018

r)
sheep 445, 582 - control (water) infusion; 580, 389 - methionirte

at a rate of O. Lzs/kso''u/u^", 4G2, 567 - methionine at a rate

o.75of 0. 365/ks /dav -

2+1



transulphuration pathwalz), the ratio reflects not on1.y re-entry from

protein catabolism (as well as possible poor mixj-ng of the liver ancl

plasma free pr:ols), but also differen+-j-als due to intracell-u]ar

synthesis of cystine which are not reflected in the ratio through

mixing with the plasma free cystine pool. The implicit assumption

in these calculations is that the plasma pool is the circulating pool,

i.e. the pool from which amino acids entering the ceil are obtained.

To allow direct guantitative evaluation of re-entry, the ratios

should have been calculated using the true intracellular specific

activity rather than the overall tissue specific activity. However

the extracellul-ar spaces of the liver and muscle tissues were noÈ

measured in the present experiment, and corrections to allow the

calculation of true intracellular specific activity have not been made.

If it is assumed that the amino acids in the extracellular space had

ttre same specific activity as the amino acids ín the plasma, then the

failure to make a correction for the extracellular space woufd have

resulted in an overestimate of the intracellular specific activity.

The increase in the ratio of the specific activity cf liver

and muscle free methionine to plasma free methionine rvhich oòcurred

with the increase in the level of methíonine supplementation was

consistent !,rith a reduced proportional re-entry of methionine into

the tissue free pools as a result of the increaserl tissue concenÈra-

tions of methioníne.

In the muscle free pool of sheep 462 anð' 567 (which received

the highest rate of methionine supplementation) the apparent re-entry

of methionine vras zero' i.e. in comparisorr with the turnover of
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methionine in the muscle free pool and the rate of mixing with the

plasma free methionine pool, the rate of re-entry of methionine

from protein catabolism into the muscle free pool was negligible'

In contrast, the ratio of the liver specific activity of methionine

to that in the plasma did not reach unity even at the highest level

of methionine supplementation (sheep 462, 567), despite the very

Iarge increases in the liver free methionine pool. The ratios

calculated for these two sheep were consistent wlth a very high rate

of 1iver proÈein degradation (such that protein degradation contri-

buted 3OB and 20% of the total liver free methionine pool in sheep 462

and 567 respectively) and/ot a poor mixing of the intracellular free

methionine pool and the plasma pool (assuming that thís is the

circulating pool). Since. the first explanation would require either

a very fast rate of liver protein turnover or alternatively a very

slow rate of liver free methionine Èurnover, the second possibility

(i.e. poor mixing of the two pools) would seem the more likely.

I{owever, a further alternative coulcl be considered, namely that -"he

plasma did not represent the circulating pool of free methionine, and

that the blood cells were also involved, in which case the plasma to

tissue specific activíty ratios are inappropriate. Thus de'spite the

very large increase in the pool size of liver free meÈhionine, (as in

sheep 462 anð,567) there still appear to have been barriers to the

complete mixing, of the methionine within the celi (assuming that the

jugular plasma rnethionine specific activity vlas virtually the same

as that of the blood plasma flowing into the liver). This raises

the, question of compartmentation of methionine within the cell'

studies of such subcellular compartmentation in the case of the

netabolites of carbohydrate metabolism in the liver (Greenbaum et a7.

I97l), and amino acid metabolism in the brain (Roach et al. L974) have
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been reported, although there is a possibility that compartment-aticn

in t-he brain is associated with different cel1 types (QuasteL L974) '

Thevery]-owvaluesfortheratioofthespecificactivity
e3

of liver free rg-cystíne to the plasma free "H-cystine indicated very

little míxing of the intracellular cystine with the plasma cystine

pool. The true ratios based on intracellular values would have been

even lower due to the considerable concentration gradient between the

liver and the plasma free cystine pcols. However' the speci:Eic

af

activities of "S-cystine in plasma were higher than those in the

liver free pool in four out of the six sheep (sheep 445, 582, 462, 5671 '

This is surprising in view of the likelihood that the liver does

represent a major site of methionine catabolism (via the transulphurat'ion

pathway) in the sheep. The observations regarding the cystine specific

activity ratios in the liver and plasma suggest that there \^7as a

considerable movement of cystine out of the cell (as represented by the

3Ss-"y=tine specific activity in the prasma), while there was a much

smaller movemenÈ in the reverse direction (i'e' from plasma into the

cell, as represented by 3U-.y"tine specific activity in very close

conununication with the plasma pool but in poor communication. with the

rest of the intracellular free cystine pool. However, this seems

less likely if the studies on the location of the transulphuration

pathwayenz}rmesintheratliverandhumancellculturelinesare

applicable to the sheep. In studies with these tissues, Allsop o

V,ratts(1975)haveshownthatmethionineadenosyltransferase,

cystaÈionine synthase and cystathionine-Í-lyase are localised in

the cytoplasm rather than in the membranes (which could be expected

to provide an advantage in terms of access to the plasma poot).
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The evidence for poor mixing of the free methioníne aiid cystine

pools in plasma with the tissue free pools and for metabolic

compartmentation of the free amino acids raises questions as to the

interpretation of amino acid entry rate data. In a comparative

sense the rate of flux of an amino acíd through the plasma pool (i.e.

the entry rate) may provide some useful information althouqh there are

always problems in the interpretation of such data. The problems are

not unlike those in the interpretation of plasma amíno acid profiles,

i.e. itifferences between individuals may reflect unique indivj-dua1

metabolic patterns, or perhaps the patterns may appear sirnilar, and

not reflect real differences at the tissue level. This is essentíally

the problem encountered by Williams et al.. (1972a) in their investi-

gation of cystine metabolism in sheep which \¡¡ere geneticalJ-y different

in wool production. Although there must have been considerable

differences in the utilisation of the sulphur amino acids for wool

growth, no differences in the metabolism of cystine were apparent from

a study of the cYstine entrY rates.

CONCLUSIONS

Theoreticatl-y the methodology used in the experiment reported

in this chapter should have provided useful infornation concerning the

effects of methionine supplementation on the rate of methionine

catalcolism in the whole animal. However the results obtained were

not readily interpretable. From a study of the specific activity

raÈios of methionine and cystine in the plasma and tissue pools, there

was evidence of very poor mixing of the amino acids between these pools,

except in those animals receiving the highest rate of abomasal

meÈhionine infusion in which the tissue free methionine pools were
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grossly expanded. The metabolj-sm of methionine and cystine is

apparently very complex and as a result the interpretation of data

is particr:larly difficult.
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ADDENDUM

Several unidentified fractions collected during ion-exchange

chromatography (l8h) of liver homogenate TCA superrratants contairred

significant amount" of 35s and/or 3H. 
Some characteristics of

these fractions are given below.

Fraction t'4" collected 35-55 minutes after the b'uffer start.

These fractions included taurine and a compound not positive to

ninhydrin eluting just after taurine or partly coincident with it.

The pattern of elutj-on suggests that taurine was not a major contributor
2Ê ?

to the total "S and -H in these fractions. rn sheep 445 and 582 the

35--S component of these fractions represented about 9s" and 3% of the

total non-methionine fr". 35s while in the four sheep given abcnasal

methionine, thÍs fraction represented 40-50% of the non-methionine

fr.. 35s. The comparalrle val-ues for the t" .o*nonent were 24% artð.

6s" for the control sheep and 58-73eo for ihe methionine-supplemented

animals.

Fraction ttBtt collecÈed 75-85 minutes after the buffer start. This

fraction was a signíficant component in only one animal, sheep 567,

It was areceiving the high rate of methionine supplementation.

compound not positive to ninhydrin and contained 37% of the non-

methionine free 35
s and 6% of the fr.. 3H.

Fraction "C" This fraction was coincident with a peak eluting

between aspartic acid and threonine, usually not well- separated from

the latter. In control sheep, this fraction contained about 25? of

the'non-methionine fr..35S and 18% of the fr".3H, whereas in

methionine-supplemented sheep, the corresponding values r¡rere 8% and

58 respectively.
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35
Fractio¡t "Dt' This was a míxed fraction containing both S

and 3H and eluting at positions coincident with two broad

ninhydrin-positive peaks eluting between glutamic acid and glycj-ne,

and in some chromatograms running into the 1aÈter amino acid peak.

It is likely that at least part of this fraction was oxidised

glutathione (Hamilton 1963). The tU, 
nt.=unt in this fraction

constiÈuted about 35å of the total non-methionine-fre" "r, and the

30% the tor:al ftu" 3H, whereas in the methíonine-supplenente<1

the correspondinq values were 3-22% of the 35S 
".td 

4-15? of

3H 
"borrt

animals,

the 3H.

Fraction "E" This fraction was coincident with a ninhydrin-

posiÈive peak eluting about 10-15 minutes before valine. ft contained

about 10% of the total non-methionine-fre" 3t, and 8% of the ft..3ri.

The proportion of counÈs tended, to be higher in animals not receiving

supplementary methionine .

Fraction "F" - This fraction was coincident with a ninh\¡drin-

positive peak which eluted 10-15 minutes after valine. It contained

about 9È of both the non-methionine-fre. t5, and free t" in control

animals and about 4* of each in the methicnine-supplemented animals.

Fraction "G" - Ttrís fractÍon was coincident with a ninhycìrin-

positive peak which eluted between methionine and. cystathionine.

rt contained both 35s .r,d '" in small amounts.
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CHAPTER 7

Protein synthesís in thé liver and muscle of sheep

given post-ruminal supplements of L-methionine

II{TROÐUCTION

The rate of protein synthesis in a tissue may be estimated

from the relative rate of incorporation of a radioactively labetled

amino acid into the tissue proteins from a precursor amino acid pool

of known specific activity (Vtaterlow & Stephen 1968; Gan & Jeffay

L97L¡ Garlick ç Millwarð, 1972).

The use of this procedure involves many assumptions, and one

major problem is associated with the measurement of the specific

activity of the amino acid ir¡nediately priör to its incorporation

into protein. In recent years there has been a great deal of controversy

as to the identity of the free amino acid precursor pool for protein

slmthesis in the tissues, i.e. the pool from which amino acids are

directly sequestered for protein slmthesis. The various points of

view have been surunarised by AirharE et a7. (L974') and van Venrooij

et a7. (1974). Kipnis eÈ al. (1961) proposed that the amino acid pool

involved in protein synthesís equilibrated very rapidly with the extra-

cellular amino acid pool. Sr:bsequently several workers have proposed

thaÈ the extracellular amino acid pool best represents the precursor

pool for protein synthesis (Hider et a7. L969¡ L97I¡ van Venrooij

et a7. 1972), while others (Morgan et a7. I97]-; Fern & Garlick 1973¡

Li et a-1. 1973) have favoured the concept of an intracellular precursor

pool. Ideally, the best estimate of the specific activity of the

precursor amino acid would be obtained from the measurement of the

specific activity of the tRNA-bound amino acid. or the specific activity
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of the amino acid in the nascent peptide, i.e. during the synthesis

of the polypeptide on the polysome. Recently Airhart et a7. (1974)

and van Venrooij et aL. (1974) have isolated and measured the specific

activity of the tRNA-bound. amino acid and have proposed that a

I'membtrane pool" (which i.s a mixed pool containing amino acids derived

from both the extracellular and intracelÌular pools) best represents

the precursor pool for amino acids entering protein.

For technieal reasons it was not practicable to utilise the

tRNA-bound amino acid approach in the present experiment and a less

direct method was used, analogous to that oflMillward et aJ,. 1975a).

An infusion of the two labelled amino acids ðSs-metfrionine and

2
"H-cystine) seemed to provide a very good. alternative approach since it

effectively provided three labelIed amino acids (35S-*"thionine,

3ss-cystine and 3H-cystine) for incoryoration into protein. rn this

approach it is assumed that the ratio of the specific activities of any

two of the amino acids in the protein will reflect the ratio of the

specific activities of the same two amino acids in the precursor pool,

assuming that all amino acids for protein synthesis are drawn from the

sarne pool. Even if this were not the case for methionine and. cystine,

it could be expected to be a valid assumption for the two cystine

labe1s assuming that cystine slmthesised from methionine behaves in the

same manner as the cystine represented by the t"-t"O"rted cystine.

With a similar approach, Fern & Garlick (1974) have used two isotope

labels and the amino acids, glycine and serine in an attempt to identify

the precursor pool of amino acids for liver protein synthesis in rats.

It was hoped that the data from this experiment would provid.e

Ínformation on the relationships (íf any) between nitrogen retention,
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the response to methionj.ne and the rate of protein slmthesis in the

liver and muscle.

METHODOLOGY

Experimental

The measurement of amino acid concentrations and Èhe specific

activities of the anino acids ín the free and proteín amino acid pools

of plasma has been described in Chapter 6.

Ttre specific activity of plasma protein cystine was corrected

for the presence of dísulphide-bound cystine. The bound cystine was

determined using the method of Downes (1961) for releasing the

disulphide-bound cystine from the plasma proteins, and the measuringr

the cystine concentration and the specific activity of cystine as

described in Chapter 6. The metho¿ of correction for the bound

cystine was as follows:

Protein cys = Total cYS - Bor:nd cYs

protein cys radioactivity = (Total cys x sp. act.)-(gound cys x
sP. act. )

Protein cys sp. act. =
Protein cys radioactivitv

Protein cys

where "protein cys" is the concentration of cystine in the plasma

proteins, "total cys" is the total measured concentration of plasma

protein cystine (includes both the protein and disulphide-bound cysÈine),

"bor:nd cysrr is the disulphide-bound cystine, and "sp. act." within the

brackets is the measured specific activity of the cy$íne in each of

the respective comPartments.

Spec ific activity of the precursor amino acids

Four possible precursor pools for protein synthesis have been

consídered.
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Plasma and whole tissue free pools: llhese constituted two possible

precursor pools of free amino acid.s and were the pools actually

sampled in the experiment. The full details have been given in

Chapter 6.

Intracellular free pool: The third pool was the intracellular free

pool The values for the amino acid concentrations and specific

activities have been calculated assuming thaL 42% of the total liver

tissue \^rater and 23å of the total muscle tissue water was extracellular

in origin. These values for extracellular space were derived from

those used by lVaterlow & Stephen (1968). It has been assuned that the

extracellular pool was identical to that of the pLasma in terms of the

concentration and specific activities of the amino acids.

The concentration and specifíc activity of the amino acids ín

the intracellular pool have been calculated. in the following manner

(e'g' for river methionine) ' 
M - o'.42 r.I

rntracelrular methionine conceritration = .-.]#

where M- is total liver free methionine and M- .L 11 liver free mei 
" 

is plasma free methionine

concentration, all values expressed in p molesr/lOO mI tissue water or

plasma.
M pM -0.42 M OMLLEE

Specifíc activity of intracellular methionine = piv1 - O.421ME

where I{", and 9M¡1are the values for the specific activity of methionine

in the liver free and plasma free pools respectively.

Membrane free pool: The fourth pool vras an intermediate or "membra.ne"

pool and is similar to that postulated by Airhart et aJ,. (L974) .

This pool is considered to draw amino acids from both the extracellular

and íntrace1lular pools in proportion to the concentration of the
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amino acid in each. Thus the specific activity has been calculated

as follows (e.9. for liver methionine).

Specific activity of membrane pool methionine =
MpQMe * M"rP*",

M +MELI

where M"t -d PM", are the concentration and specific a,ctivity values

for intracellular free methionine.

Calculations

!,fith the use of certain assumptíons, the fractional ratr: of

protein synthesis in a tissue may be d.erived from the specific activity

of the protein amino acid and the specifie activity of the precursor

amino acíd determined on samples taken at the end of theiSotope infusion.

Thus" an estimate of the daily fractional rate of protein slmthesis of the

tissue proteins is given by the following expression

SA protein-AA 24
SA precursor-AA t

where "SA protein-AA" is the specífic activity of the amino acid in the

protein at the end of the isotope infusion (i.e. time, t in hours), and

"SA precursor-AA'r ís the mean specific activity of Èhe amino acid at

the site of protein synthesis over the period of the infusion.

(i)

The application of this method involves a number of assumptions:

llhat the precursor pool of amino acids for protein synthesis can

be correctly identified and characterísed in terms of the

specific activity of the amino acid. This assumption has been

discussed. in the íntroduction but is further considered in the

discussion of the present work.

That the kineEics of the increase in the specific activity of the

amino acid in the precursor pooJ- can be defined in order than an

estimate of the mean specific activity of the precursor amino

acid over the period of the isotope infusion may be calculated.

x

(ii)
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(iii)

(iv)

That there is no loss of radíoactive label from the protein

over the period of the infusion. Therefore the specific

activity of the protein amino acid at the time of sampling

represents the total incorporation of the amino acid into the

protein over the period of the infusion. This assumption is

probably incorrect since the kinetics of protein degrad.ation

are apparently first ord.er (i.e. random) (Schimke 1970 and

Review Section 4.2). However, the possibility that this may

not be the case for muscle proteins has again been raised by

Millward et a7. 1975a). Despite the question regarding this

assumption any error is likely to be very small, although the

greatest error would occur if protein degradation were non-

random and the most newly slmthesised proteins were degraded

preferentially.

That the muscle proteJn as sampled be free of any contamination

by the more highly radioactively labe11ed plasma proteins.

Since muscle samples r^¡ere not washed free of blood in the present

experÍment, such contaminatÍon of the muscle protein would. have

resulted in an overestimate of the specific activity of the

protein ann-ino acids and hence to an overestimate of the rate of

protein synthesís. The likely extent of this overestimate

is considered in the discussion. Plasma protein contamination

of the liver proteins is not considered as constituting a

significant problem since the specific activity of the protein

amino acids in the plasma proteins and liver proteins were

similar.
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With slight modifications the assumptions involved in the

measurement of proteÍn synthesis in the present lrork are analogous

to those used by Garlick and Millward arrd coworkers (Garlick &

Millward a972¡ Garlíck et al-. 1973). These workers have produced.

mathematical expressions to define the rate of change of the specific

activity of the precursor amino acid. For the calculation of the

synthesis rate, measured values for the specific activity of free and

protein-bound amino acids (samples obtained at slaughter) are inserted

in the appropriate equations a¡d the fractional synthesis rate derived

(Gar1ick et a7. 1973).

The method of calculation of the mean precürsor pool specific

activity will now be consid.ered. For four of the sheep (sheep 445,

582, 580 and 389), it was assumed thaÈ the speeific acÈivities of the

amino acids in aII pools reached a plateau specific activity

instantaneously (i.e. at zero time). This assumption. would have

resulted in an overestimate of the precursor amino acid and hence an

underestimate of the rate of protein synthesis. For sheep 462 and,567

(which received the highest rate of methionine infusion), the estímate

of the precursor specific activities of the tU, ,*.tled amino acids

has been adjusted in an attempt to allow for a delay in the attainment

of . 3sS-methionine specific activity plateau which was aFparent for

sheep 462 (see Chapter 6 - Table 6.4; 6h compared with 15h samples).

Although the only measurement of methionine specific activity in the

plasma of sheep 567 was obtained from the samples taken at 15h, it is

also very probable that there $ras a delay in reachirrg " 
3sr-methioníne

plateau specific activity in this animal. This suggestion receives

support from a comparison of the rates of íncrease of total pIu"*" 35S
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activity in sheep 567 ancl 462 as compared with those for sheep 445,

582,580 and 389 (see Chapter 6 - Table 6.3). The correction factor

for the precursor specific activiÈy in sheep 462 and 567 was calculated

(usinq the data for sheep 462) as follows: the mean specifíc activity

was calculated from the area under the line drawn through the 6h and

15h value for Èhe methionine specific activity in plasma over the

períod 0 to 16.5h and the area (dpm - h/pmole) divided by the length

of period of the infusion (16.5h) and the mean specífic activity

calculated. The value so calculated was 70% of the plasma methionine

specífic activity at 15h. For this reason a correction factor of 0.7

was used to adjust the specific activities of the precursor
35s-*"thionine 

"td 
35s-"ystine. The use of this estimate will also

result in an overestimate of the precursor aÍLino acid specific activity

since it is assumed that the specific activity of the precursor amino

acid lies on the extrapolated 6 to 15h specific activity line from

time zero.

The extent of the bias in the calculation of the fractional

synthetíc rate of protein, having assumed that the,plateau specific

activity was attained instantaneouslyr ilây be calculated for sheep 389,

using the data presented in Chapter 6 (Table 6.5). In this case the

area under the methionine specific activíty curve was also overestimated

by about 13s" and hence the rate of protein synthesis would have been

underestimated by about 118.

REST'LTS Aì{D DTSCUSSION

Specific activities

The values for the specific activities of methionine and cystine

(e>çressed as half-cystine) in the four alternative precursor pools are

given in Table 7.1. The specific activitíes of methionine and cystine
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TABLE 7.1: Values for the specific activity of methionine and cystíne
in the various precursor pools as used in the calculaÈions of
the rate of protein synthesis.

lspecific activity (rlpn x Io3 /v mole)

LI\/ER
Methionine

35s
C¡stine (as"L cys)

,.S -H

MUSCLE

Methionine ( s)135

o¡'ET2: Sheep 445
3

PIasma
Whole tissue
IntraceIIular
ttMembranet'

Vùho1e tissue
IntracelluIar
ttMembranett

LMET: Sheep 580

Plasma
Whole tissue
IntraceIIuIar
t'Membrar¡ett

PIasma
!,thole tissue
Intracellular
"Membranett

6.06
4.34
6 -69

5. 36
3.27
6. 11

27.2
5.92
3.95
6. 59

10. 1
5.75
5.72
5.76

52.5
L7.6
].4.9
22.r

52.O
11.6
L4.6
20.0

18.
L7.
20.

23.3
13. 0
11. 7

15. I

11.0
11.5
11.6
11. 3

52.5 293
L2.5
10. 7
L3.2

Sheep 582
Plasma 52.O 7.43

5.76
5.74
5.77

9.97
11. 0
11. 0
11. 0

5.23
5.74
5.75
5.7 4

3.42
2.44
2.42
2.47

202
t2.o
9.20

13.0

276
10.4

7.37
11.6

r33
6.88
4.73
7.68

L24
4.73
3. 11
5.34

L28
2.29
0. 051
3. 15

2
6
0
9

27.

Sheep 389
Plasma 23.3
Who1e tissue 6.18
Intracellu1ar 5.It
ttMembrane" 6.55

HMET: SheeP 462

Plasma
l{ho1e tissue
Intracellular
ttMembrane"

Sheep 567

11.0
7.48
7.25
7.57

5.92
4.75
4.68
4.76

2
I
I
I

11
l7
08
10

5.92
6 -O7
6.11
6.O2

See next page for footnotes I'2 and' 3.
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TABLE 7.1: Footnotes continued

1) All free amino a"id 35s specific activity values for sheep 462
and 567 have been adjusted for the slow isotope equilibration
(of 35s) using a factor of O.7O (i.e. actual value x 0.70;
see "Calculations" section for details).

2)
OMET - control, water

L-met,/kgo '75/d,ayl.
.t5 ¡aav .

3)

Infusion duríng the treatment period;
infusion; LMET - low methionine, O.L2g
HI\IET - high methionine, O. 369 L-met/kgO

Precursor amino acid pools; see "Methodology" section for details.
Plasma - plasma amino acid pool. Whole tissue - whole tissue free
amino acíd pool. Intracellular - tissue free amino acid pool
corrected for the presence of amino acicls in the extracellular pool.
"Membranerr - the pool assumed to be intermediate between the plasma
and. intracellular free amino acid pooIs.
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in the proteins of liver and muscle are given in Table 7.2. The

specific activities of both methionine and cystine in bhe liver

proteins exhibited a marked decline with the increasing level of

methíoníne while there was no apparent trend ín the specific activity

values in tnuscl-e proteins.

Specific activity ratios in the free and protein pools

. The specific activity ratios for cysti.r. 3tn, cystine 3H,

methion-ì.n. '5r: cystine t5, 
und methionin. 35r: cystine 3u in the

various precursor pools and in the mixed ljver and muscle proteins are

given in Table 7.3. Since there \^ras no detectable free cystine present

in the muscle tissue extracts, the appropriate ratios for the muscle

free pool could not be derived.

The ratios of the specific activities of the three labelled amino

acids to one another did not give any clear indication as to which, if

any, of the proposed precursor pools best represented the Èrue pool from

which methioni¡re and cystine rer" dra*r for incorporation into the liver

proteins. However, some general observatíons are relevant. In

general, the ratíos in the liver protein were more closely related to

ratios for the liver pools than to the ratios for the plasma pool.

lltris was particularly evident for the cystirr. t5r: cystine 3H ratios.

In this case, it may be that the whole liver or liver membrane free

pools represented the true precursor pool reasonably welI, since any

differences between the ratios in either of these free pools and the

liver protein vrere apparently within the order of the accuracy of the

estimates and do not indicate a consistent bias towards either higher

or lower ratios.
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35TABLE 7.2: Values for the specific activity of methionine ( Sdpmx
to3/v mole) and cystine (35s or 3r, dn* x to3¡y mole of half-cystine)
in the proteins of liver and muscle.

LI\¿ER

Specific activitv (dpm x LO3/V mole)

MUSCLE

T

Methionine Cystine (as ä cys)
tu, t5, , 3H

Methionine Cystine (as L cys)
au, 35, 3"Sheep

445

582

580

389

462

567

3.53

3. 53

2.84

1.09

o.844

0. 560

2.24 2.85

1.05 r-67

o.964 1. 58

o.649 r.06

o.679 1. 18

o.402 0. 984

o.237 0.148

o. 141 0.049

0.359 o. 371

0.233 0. 173

o.228 o.o92

0.112 0.055

0.609

0.405

0.549

o.4L7

0.525

0.606

1)
sheep 445, 582 - control (water) infusion; 5Bo, 389 methionine at rate

of O. L2S/kSO''U/U^r, 462, 567 - L-methionine at rate of O.36g/kgo''U/U^r.
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35
TABLE 7.3: Values for the ratios cf the specific activity of cystine S

to cystin. 3H, methionin. tt, to cystin. 'uu and methionine ", ao

cystine tn ,rr the alternative precursor pools ancl in the liver and

muscle proteins.

Sheep Plasma

Precursor pools

Liver Liver
whole intracellularI Liver

t'membranett

Proteins

Liver Muscle

Ratio of C)zstine
35

S to Cystine

0.435
o.443
o-948
o.747
o.462
0. 349

3
H

445 0
582 0
580 0
389^ o
462; o
567- 0

.034

.o37

.036

.039

.028

.016

o.459
o.480
1.05
o.834
0.515
0.510

0.535
-624
.50
.2L
.778
.I

0. 786
o-629
0.6I0
0.612
0.575
0.409

1.24
2"Ll
1.80
1.03
0.715
o. 569

o.243
0. 121
o.676
0.415
0. 175
0.091

0. 389
0. 348
0. 654
0.559
o.434
0. 185

0
1
I
0

2L

Ratio of methionine S Èo cystine 35^
S

35

445
582
580
389
462
567

5.20
7. 00
2.73
4.49
3.2I
2.8L

1. 06
0. 930
o.538
1.08
3.O7
4-06

.484

.447

.567

.897

.58

0.758
0.570
0. 358
0. 888
2.99
4.36

0. 405
0. 356
0. 536
I. 08
2.33

91.8

1.16
1.06
0. 599
I. 14
3. 07
4. 33

.506

.468

.568

.853

I
3
2

I
I
1

58
36
95
68
24
39

I
2
0
I
2
2

8

60
88
96
35
48
o4

2

2

445 0
582 0
580 0
389, 0
462:^ o
567¿ o

Ratio of methíonin. 35S to cystine 3H

.r79

.257

.099

.L75

.088

.046
42
51.07

0
0
0
0
1
2

0
0
0
0
1
I

1)

2)

Sheep 445, 582 - contro
at rate of O. L2q¡qO'75
o.36g¡ so.ts /a^í.

I (water) infusion; 580, 389 - L-methionine infusion
/day¡ 462, 567 - L-methionine infusion at rate of

All free amino u.id 35s specific activity values for sheep 462 and 567 have
been adjusted for the slow isotope equílibration (of 35S) using a factor of
0.70 (i.e. acÈual value x 0.70i see "calculations" section for details).
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The specific activity ratios of mettrionir,. 35S to cystin. tu,

in the liver free pools were less than those in the liver proteins in

four of the six ar¡imals, while in the other two (sheep 462 anð' 567

which received the highest rate of methionine supplementation), the

ratios in the free pools \¡¡ere considerably higher than those in the

protein. Thus in for:r of the animals, it seems Iíkely that the

methionine utilised in protein synthesis was derived from a pool

having a higher specific activity than that of the whole liver

methionine, or that the cystine was derived from a pool of lower

specific activity than the whole liver cystine. Presumably as a

result of the greatly increased liver free methionine concentrations

and methionine specific activitíes (compared with plasma), the

situation \^ras reversed for sheep 462 anô, 567. This is further

supportive evidence for the thesis that there is a considerable degree

of metabotic compartmentation of methionine and cystine in the normal

liver, and that the greatly increased methionine concentrations resulted

in a breakdown of some of these barriers (whether chemical or physical).

This change in the ratio relationship in the two sheep receiving the

highest level of methionine compared with the other four sheep would

also suggest that none of the four proposed precursor pools aåequately

represents the true precursor pool for methionine and cystine

entering protein synthesis.

Arthough the methionine 35, ao cystine 3H ratios in the ríver

proteins tì/ere more closely related to the liver free pools than to

the plasma pool, no clear relationship to any of the three alternative

pools is obvious.
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The absence of a detectable free cystine poot in muscle made

any comparisons invorving a cerrular precursor pool impossíbre.

Thus the only possible comparison was that of the muscle proteín with

the plasma free pool. No obvious relationships for any of the ratios

were apparent. A comparison of the ratio of the specific activity

of muscle free rnethionine to plasma cystine with this ratio ín muscle

protein arso faired to revear any relationship. The origin of the

cystine which was utilised in muscre protein synthesis is obscure.

Tt is possible that there did exist a very smalr free cystine pool

possibly locarised at the site of transfer RNA charging which was

simply too small to be detected with the technigues used in the present

experiment. AlÈhough no cystathionine-f-lyase was d.etected in sheep

muscre in the studies of Radcliffe & Egan (L974), it is arso possibre

that the enzyme is present at a very low activity and that an active

transulphuration pathway is present in the skeletal muscle. However,

there are other possibilities to be considered.. Grutathionine

(U- glutamylcysteinylglycine) could serve as a ready source of cystine,

particularry.if the f-glutamyl cycle enzlzmes were rocalised in the

muscle membrane as in many other mammalian tissues (l4eister 1974).

cysteine may arso be transported bound to the plasma proteins. The

plasma proteins themselves may also function as a source of amino acids

for tJ:e muscle in that it is possible that some of the plasma proteins

could be degraded within the skeletal muscle yielding amino acids for

metabolism by the muscle celI (see Review Section 3.4). However the

cy"tirr" 35s, cystine 3H ratios in the prasma proteins of the three

sheep for which data are avaita-ble (totar prasma protein cystine in-
cluding disulphide-bound cysteine) bore no resemblance to the ratios

in muscle (0.34, 0.38, 0.34 in the plasma proteíns compared with 0.24,

0.68 and 0.09 in the muscle proteins).
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Estimated rates of tissue protein synthesis

Table 7.4 gives the calculated daily fractional synthetic rates

of the liver and muscre proteins for the six sheep. The apparent

rates of liver protein synthesis calcurated from the specific

acÈivitie= of 3ss-methionine and 35s-"ystine and 3H-cystine in the four

arternative precursor poors are given. For muscre proteins, only the

rates calculaÈed from the methionine specific activity values are given.

Liver proteins: There was no apparent relationship between the

estimates of l-iver protein fractionar synttretic rates using the

different radíoactively labelled amino acids. Considering the methionine

precursor alone, there !ì¡as a decline in the apparent rate of protein

slmthesis (calculated on the basis of the river free pools) with the

increase in ttre level of methionine supplementation. This is reflected

in the highly significant negative correlation (r = -0.97) between the

logarittun of the liver methionine concentration and the logarithm of

the fractíonal synthetíc rate of l_iver protein.

The apparent rates of protein synthesis calcurated from the

specific activity of the liver cystíne showed, a significant positive

correlation rvith the tissue cystine concentration, the correlation

coefficients being 0.84 for the 35s-cystÍne and 0.36 for the 3H-cystine.

The latter correlation improved considerably (r = 0.94) if the data

for sheep 567 i¿ere omitterl.. ft is important to note that there \¡/as

no correlation between the liver cystine concentration and the rate

of methionine supplementatíon or tissue methionine concentraÈion

(see Chapter 6).
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TABLE 7.4: Estimated values for the fractional synthesis rate (FSR,

--ãy=-r¡ 

of mixed liver itclomestic" proteins ancl mixed muscle protein.
(The rates have been calculated from the rat-io of the specific
activity of the protein amino acid to the specific activity of the
precursor pooi amino acid3).

Fractional synthesis rate (days -1 3

Liver "domestic" protein
Precursor amino acid

Precursor poor tSr-t.a tSr-"u= 3n-au=

Muscle protein
Precursor ami¡ro acid.

35S-Met

0. 0065
0. 0196
0. 02 31
0. 0I55

0. 0039
0.0141
0.0176
0. 0102

0.0191
o. 0280
0. 0306
o -0249

0. 0145
o.0260
0.0289
o.0223

0. 0301
0.0288
0.0285
o.0292

o.o27 4
0.0268
o.0266
o.0270

1OMET-: Sheep 445
Pfasma2 o
Whole tissue 0
Intracellular 1
ttMembranett 0

o97
843
I8
764

o.322
0.565
0.568
o.564

o.205
o.264
o.265
o.263

0. 140
o.I27
o.L27
o.I27

0. 180
0. 164
o.164
0. 164

0. 288
o.404
o.407
0.399

o.277
o.499
o.542
0.530

0.0
0.3
0.3
0.3

L4
30
86
L2

Sheep 582
P1asma 0.098
$Ihole tissue 0.954
Intracellular 1.56
"Membrane" 0.837

I$nt' Sheep 580
Plasma 0.151
Whole tissue 0.695
Intracellular 1.04ttMembrane" 0.603

' Sheep 389
Plasma 0.068
llhole tissue 0.310
Intracellu1ar O.256
"Membranerr . 0.242

HMET: Sheep 462
Plasma 0.111
l{hole tissue O.L64
fntracellular 0.169t'Membrane" O.L62

Sheep 567
Plasma 0.137
Whole tissue 0.171
Intracellular 0.173
"Membrane" 0. I70

0.023
o-202
o.263
0. 186

0. 008
o.2l-9
0. 311
0. 198

0.0I2
o.222
0. 323
0. 199

0.014
0. 361
0.549
0.320

0.008
o.623

28.O
0.453

f) Infusion during the treatment period; OMET - control, water infusion;
LMET - low methionine , O.L2q f,-metr/kgO'15/auy; HMET - high methionine,
O. 369 L-met/kgo .75 /day.

2) Precursor amino acid pools; see "Methodology" section for detail-s.
Plasma - plasma amino acid pool. Whole tissue - whole tissue free amino
acid pool. Intracellular - tissue free amino acid pool corrected for the
presence of amino acids inthe extracellular pool. "Membrane" - the pool
assumed to be intermediate between the plasma and. intracellular free amino
acid pools.

See next page for footnote 3.
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3)

TABLE 7.4: Footnote 3 continued

FSR =
SA protein - AA x z4/t (aays-I)

SA precursor - AA

where "sA protein - AA" is the specific activity of the amino acid
in the protein at the end of the isotope infusion (i.e. time, t in
hours), and "SA precursor - AA" ís the mean specific activity of
the amino acid at the site of protein synthesis over the per:iod of
the infusion.
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These relationships between the apparent fractional synthetic

rates of the liver proteins and the concentrations of the precursor

arnino acids raíse some questions as to the ínterpretation of the

fractional synthetic rate data. It may be postulated that the

calculated fractional synthetic rates were either the true rates of

liver protein synthesis or were artifacts related in some way to the

concentration of the precursor amino acid. These possibilities wil.l

be considered, firstly with respect to methionine. The calctrlated

fractíonal synthetic rates may have been accurate estimates in which

case the increased tissue methionine concentration depressed the rate

of protein synthesis (and presumably degradation). The estimated

fractional synthetic rates of protein synthesis in sheep 445, 582

and 580 \^rere very high, ranging from 70-100% of liver protein being

synthesised daily. These rates were similar to the actual fracÈional

synthetic rates for liver proteins measured in malnourished. rats

(Millward et al-. 1975b), which were twice as high as those measured

in well-fed rats. If ii is accepted that the true fractional

slmthetic rates of the mixed liver proteins in the sheep were close

to the 16% calculated from sheep 462 and 567, then by comparíson

with the rat data, the very high estimates of fractional symthetic

rate for sheep 445, 582 and 580 were gross overestimates. For this

reason, it is like1y that the apparent fractional synthet-ic rates

for liver proteins were not the true rates, particularly for sheep

445, 582 and 580 and possibly for sheep 389. but were rather artifacts

related to the tissue concentration of the precursor amino acids.

The situation is simiLar for the esr-imates of fractional slmthetic

rates derived from the cystine precursors, although the range in

the estimated rates was smaller, and the relationship was in the
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opposite direct.ion to that of methionine (i.e. the fractional

synthetic rate rvas pcsitively correlated wíth the cystine concentration).

The greatly expanded liver free methionine pools in sheep 462

and 567, and the associated increase in the specific activity of the

liver free methionine in relation to the plasma methionine reflected

the improved mixing of the extracell-u1ar and intracellular methionine

pools in those animals receiving the highest rate of methionine

supplementation. For this reason ít is tikely that the fractional

synthetic rates of liver proteins in these two sheep carculated on

the basis of the liver methionine free pools were relatively accurate.

Assuming steady state conditions, these rates indicate that 16-17%

of the liver protein was turning over each day. Tt¡e small increase

in liver size (see Chapter 6) would require that the rate of

synthesis was about one percentage unit higher than the rate of

degradation. fhese values are símilar to those reported, by Buttery

et aL. (1975) for liver protein slmthesis (Ljz/ð,ayl in mature w-ethers,

measured using a continuous infusion of lysine.

fn the absence of any compelling evidence that the plasma

pool did best represent the true precursor pool supplying art'rino acids

for protein synthesis in the liver, and on the basis of the work

reported by Airhart. et a7. (L974) and van Venrooij et ai. (L9741, ít

appears that an intermediate poor (i.e. drawing amino acid,s from both

the extracelrular and intracellurar free pools) rvould be rikely to

best represent the true precursor pool for protein synthesis in the

present work. However, the evidence for compartmentation of

methionine and cystine within the liver free pool, and the strong

correlations between liver amino acid concentrations and the apparent

rates of protein synthesis suggest that even an intermediate
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precursor pool (i.e. the whole liver free pool or the 'rmembrane"

pool) did not adequately replesent the true precursor pool.

Thus it must be concluded. that there is a functional

heterogeneity of the liver methionine and cystine pools, such that

amino acids which are utilised for protein synthesis, are drawn

from only a small part of the tissue pool (perhaps similar to that

originally suggested by Kipnis et aL. (196I) ) . However, it does

seem like1y that amino acids are drawn from both the extracellular

and intracellular free pools, and that neither pool represents the

sole source of amino acids for protein synthesis.

Differences in the types of e>çeriment which have been

conducted in an attempt to define the precursor pool for protein

slmthesis in a tissue have probably conttibuted to much of the

confusion which surrounds the topic. Some of the probJ-ems in

ihterpretation as they relate to differences in the amino acids used

in different studies, and in particular to in vitro versus ín vivo

sítuations', have been discu-ssed by van Venrooij et al. (L974).

The technique involving the continuous infusion of a radio-

actively labelled amino acid has been used by many workers for th.e

measurement of tissue protein slmthesis in vivo. Lysine (IVaterlow

& Stephen 1968; can & Jeffay 1971), tyrosine (Garlick et'a7. 1973¡

Míllward et a7. 1975a, b) glycine and serine (Fern & Garlick 1974)

and leucine (Fern et al-. I97L) have been used as the labelled

precursor amino acid. In all of these reports, the largest contri-

bution of an amino acid from intracellular protein catabolism was

the 608 value reported by Gan & Jeffay (1971) for lysine in the

liver of rat s (i.e. the specific activity of the liver free lysine
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pool Ì,vas 4Q% of that of the prasma free rysine pool , the difference

refrecting that proportion derived fron irrtracelrular sources).

rn contrast the specific activity ratios of liver intracerl_ular
?tr 2'-s-methionine and -H-cystine to their respective plasma specific

activities r^rere 0.08 and 0.06 for methionine anc o.o4 and o.o5 for

cystine in the two sheep not receiving the methionine supprement in

the present experiment (sheep 445 and 582). This is supportive

evidence for the suggestion that there are like1y to be major

differences in the metabolism of different amino acids and perhaps

for any particular arnino acid in different species.

Plasma protein synthesis: The liver export proteins (i.e.

plasma proteins) are slmthesised on the membrane-bound ribosomes of

the liver (Red.man 1968; Williams & canoza t97O) and are secreted

into the plasma.

T'he fractíonal rate of liver proteín synthesis estimated from

the specific activity of the liver proteins represented the synthesis

of, the liver "domestic" proteiirs. samptes of prasma proteins were

obtained from three of the six sheep in the present experíment.

lrhe estimated fractional synthetic rates for the plasrna proteins

are sunmarísed in Tabte 7.5.

Except for sheep 567, (which received the highest level of

meÈhionine infusion) the rates of protein slmthesis estimated from

the three labelled arnino acids bore little resemblance to each other.

However in the animal with the greatly expanded liver methionine

poor (sheep 567), the rates of protein synthesis estimated from all
three amino acids were very simirar. The similarity between the

fractional rates of synthesis calcurated from the methionine

"membrane" pool in the three animals (O.25 to 0.30) may lend some

270



TABLE 7.5: _lEstimated values for the fractional synthesis rate (FSR,
------lã-ays-t) of plasma proteins (.í.e. Iiver ,'exportu proteins). (ttre

rates have been calculated. from the ratio of the specific activity
of the protein amino acid to the specific activity of the pre-
cursor pool amino acid2,3,4).

-1

35

Fractional synthesis rate (days
Precursor amino acid

s-Met 'ur-"r"
3
H-Cys

Precursor Pool

Plasmal
ltlhole tissue
Intracellular
ttMembranett

P1asma
!{hole tissue
f ntracellul-ar
ttMembranett

PIasma
Whole tissue
IntracelluIar
ttMembranett

Sheep 445

Sheep 580

Sheep 567

0.
0.
0.
o.

038
329
459
298

0. 061
o.279
o.4I9
0. 251

o.22L
o.276
o. 280
o.275

o.o47
o. 082
0. 082
0.082

0. 045
0. 041
0. 041
0.041

0.140
o.252
o.273
o.268

0.005
o. r12
0.131
0. 106

o. 004
O.TI2
0.158
0.100

o.007
0.365

L6.4
o.266

1) Precursor amino acid pools; see "Methodology" section for details.
Plasma - plasma amino acid pool. lVhoÌe tissue - whole tissue free amj-no
acid pool. Intracell-ul-ar - tissue free amino acid pool corrected for
the presence of amino acids in the extracellular poo1. "Membrane" - the
pool assumed to be intermediate between the plasma and intracellular
free amino acid pooIs.

2) FSR = ffi x 24/t laays-l¡
where "SA protein - AA" is the specific activity of the amino acid in the
protein at the end of the isotope infusion (i.e. time, t in hours), and
"SA precursor - AA" is the mean specific activity of the amino acid at
Èhe site of protein synthesis over the period of the infusion.

3) llhe spe cific activity of plasma protein cystine \¡/as corrected. for the
presence of disulphide-bound cystinei see "Methodology" section for details.

4) Specific activity (dpm x IO3/V mole) of the plasma protein amino acids for
sheep 445, 580 and 567 respectively were:

35a-t.a 
L.37 , L.L4, 0.903;?Eç']s-Cys (as ! cys) 0.325, 0.310, 0.203;

"H-Cys (as ä cys) 0.967, O.8OI , 0.576.
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support to the suggestion that, at least for methionine incorporated.

into plasma proteins, the "membranet' pool may best represent the

true precursor pool. Also in terms of the functional arrangement

of the liver cell, with the plasma proteins being synthesised on

the membrane-bound ribosomes, this would seem a reasonable suggestion.

Muscle protei.ns: The rates of muscle protein synthesis were

calculated assuming that an intermediate pool of methionine (i.e.

the whole tissue free pool or the "membrane" pool) best represented

the true precursor pool. The fractional synthetic rates ranged from

about 1.4 to 2.9ø" per day. These values, f.or the lY.semitendinosus

muscle, $rere similar to those reported by Buttery et a-1.. (1975) for

1c}le Longissimus dotsi and gastrocnemius muscles in mature sheep.

1fhe higher rates of slmthesis measured in the present work occurred

in animals receiving the abomasal supplement of methionine. However,

there \Áras no overall correlation between the rate of muscle protein

synthesis and the nitrogen balance. Millward, et al-. (1975a) have

shown that higher rates of both muscle protein synthesis and.

degradation are associated wíth higher rates of neÈ muscle growth,

and it may have been that in methionine supplemented animals there

was a higher rate of muscle growth, despite the fact that this was

not reflected in the nitrogen balance d.ata.

The error in the estimate of the rate of muscle prótein

synthesis'd.ue to plasma protein contamination may be estimated. If

it'is assumed that 58 of the wet weight of muscle is blood, plasma

proteins then represent about 0.35% of the wet weight or about 1.5%

of the muscle dry weight or aboul 2% of the muscle protein*. If the
*
58 of weÈ weighÈ is blood = 3.58 of wet weight is plasma (3OB blood
cells) = 0.35% of wet weight as plasma proteíns (i.e. 1Og" of plasma)
= 1.58 of muscle dry weigh+- (23>" dry matter in muscle) = 2.0? of
muscle protein (75% muscle dry weight is protein).
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specific activity of plasma protein methionine is six times that of

the total muscle proteins (mean value for sheep 445, 58O and 567) ,

then the true specific activity of the muscle proteins would be

about 90s" of the measured value ((0.02 x 6) + 0.98y = l, where y

is the true specific activity of muscle proteins) '

The specific activity ratio of muscle intracellular methionine

to plasma methionine vJas higher than the ratio of specific activity

of livcr intracellular methionine to plasma methionine in each of

the six sheep. This fact reflecÈs either a lo\^Ier proportional

contribution of ur¡labelled amino acids derived from protein catabolism

to the muscle free pool as compared with liver, or simply a better

míxing between the circulating pool and m-uscle free pool than between

the circulating pool and the liver free pool (assuming that plasma

is the circulating pool). Both of these factors were probably involved'

Whole bodv protei n degradation

The entry rate or flux of an.amino acid through the plasma

pool represents the turnover of that portion of the amino acid which

is in equílibrium with the plasma pool. It thus represents a

fraction of the total turnover of that amino acid ín the whole body.

An estimate of the proportion of the total amino acid

turnover represented by the plasma entry rate for any one Èissue

is given by the ratio of the specific activity of the amino acid

in the intracellular pool to that in the plasma pool. Thus a ratio

of o.2o suggests that 2oz of. the intracellular pool is in equilibrium

with the plasma pool or that the entry rate of the amino acid in

plasma represents 2Os" of the total flux of the amino acid through

the tissue free Pool.
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An estimate of the equilibrium of an amino acid in the plasma

with the intracellular (IC) free pool of the amino acid is given by

the expression (TC-AA/Plasma AA).

x IC-AA pool size)
)

Ì-
L (fC-aa pool size) of all tissues

The value so derived gives an estimate of the degree of conmunication

of the plasma pool with the whole body intracellular tissue free pool

of the particular amino acid. A small error in the estimate could

arise from the omission of.the relative rates of turnover of the

amino acid pools in the dÍfferent tissues. However, the allowa¡ce

for the turnover rate would have to be included in both the

numerator and denominator, and hence any error would be srn-aIl.

The derivation of the above value permits the calculation of

the whole body turnover of a free amino acid, since the value obtained

represents that part of the whol-e body free pool vrhich is in

equilibríum with the plasma, and. hence is represented in the entry

rate of the amino acid in plasma. Therefore the whole body

turnover of an amino acid is given by the ex¡rression:

Entrv rate of the amino acid in plasma
IC-AA,/Ptasma AA

However, in the present work, data was obtained for only two

tissues, the liver and the skeletal muscle, and the full calculations

could not be carried. out. For this reason it has been assumed, for

the purposes of calculation of the whole body turnover of methionine,

that one-half of the body tissue free methionine pool behaved in a

manner,simíIar to the muscle free methionine pool and that one-ha1f

behaved in a manner similar to the liver free methionine pool.

of all tissues
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The whole body turnover of an amino acid which is not

synthesised in the animals own tissues represents amino acid

absorption from the digestive tract an<l amino acid release in

protein degradation. Thus the amino acid released in protein

degradation is equal to the whole body turnover of the amino acid

less the net absorption of the amino acid from the cligestive tract.

If the size of the whole body protein amíno acid pool is also known

then the proportion of the whole body protein wl¡ich is degraded

each day is given by the e>çression (clays-I, fractional degradation

rate) :

AA released in protein degradatíon (in moles /daV\
V'lhole body protein ?rA pool (in moles)

These calculations have been carried out in order to estimatê

the fractional degradation rate (fOn) of the whole body protein pool

using the data obtained for methionine. The details of the

calculations for the six sheep, and the estimated values for the whole

body FDR are given ín Table 7.6. The mean FDR was 0.098 t 0.015

-1days *, which suggests that approximately 1OB of lhe whole body protein

was degraded each day. Hovrever, the estimate was very crude having

been based on values for only two tissues, although theoretically

the basic method is sound.

CONCLUSIONS

The identification of the precursor pool of amino acids for

protein synthesis ís the major problem in deriving estimates of

the rate of protein synthesis in a tissue from the ratio of the

specific activities of the precursor and. protein amino acid.

Theoretically the use of three isotopically labelled amino acids
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TABI,E 7.6 :
FDR f

Live-
Sheep weight

I-oa"l 
oody

proteín

Data for the calculatíon of ttre whole'body protein fractionaÌ degradation rateor the six sheep.
(FDR, day=-I¡ and the calculated

(ks) (ks)

2rot"r body 3Errtry r"te
protein MET of MET

( m moles) (rn moles/day)

4proportional 5tho1. body ur.a irra.stinal 7 t"hot" 
oody

MET turnover MET absorption FDR

(m moles/day) (m moles/day) ( rn moles/day) (aays-I¡

IIET re-entry
into pÌasma

pool

MET released
in protein
degradation

69.9
92-6
57.2
67.8
25.4
56. 3

445
582
580
389
462
567

2L.s
29.O
24.3
32.s
24.6
29-9

3. 31
4-4r
3.74
4.95
3.77
4.56

510
679
576
762
581
702

13
13
26
30
46
85

5

7
7
4
1
4

0.183
0. 143
0.384
o.362
0.830
0. 895

73.5
96. O

69. 5
83. 9
55.6
95.4

3
3

L2
16
30
39

6
4
3
I
2
I

0. 137
0. 136
o.099
0.089
0.o44
o.080

N
\l
or

1)
2)
3)

Total body protein calculated from the regression
Assuming 2. 39 meÈhionine (tæf ) lOOg protein (Fenne
Entry rate of methionine in plasma/(m moles/day)

relationship of protein on empty bodlrureight from the data of Fennessy (1971
ssy unpub lished

35 dpm,/h) x 24rate of S isotope infusion (

plasma MET specific activiÈy at plateau (dmp,/m mole)
(See Chapter 6, Table 6.6).

4) Proportional re-entry of methionine
is in communicat.ion with the plasma
has been assumed that in half of the

into the plasma pool is that part of the whole body tissue free methionine pool which
pool and is thus represented in the calculated entry rate of methionine in plasma. It
body tissues, methionine re-entry into the pJ-asma pool was in the same proportion as inliver, and in the open hatf of the body ti ssues, re-entry was in the same proportion as in muscle; Thus proportional

re-entry 0.5 (liver intracellular ¡{ET sp. act.
+

muscle intracellular MET sp.act.)
plasma l{ET sp.act. plasma I"IET sp.act.

5) lrlhole body methionine turnover Entry rate of methionine (m moles/d,av)

6)
Proportional MET re-entry into plasma

Net intestinal methionine absor¡ltion = diges-ua methionine + infused methionine; digesta methionine calculated from the dataof Egan et ai-. (1975) for sheep fed similar diets (i.e. assuming o.19g methionine/I}Og digestible organic matter intake and
85% of this was absorbed; assumíng that the abomasally infused. methionine was 1oo% a-bsorbed).

(see nexÈ page for fooÈnotes'7 and B).

(
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TÀBLE 7.6: Footnotes continued

7') Methionine released in protein degradation (m moles/day) =

(lfhole body MET turnover - Net intestinal l4ET absorption) .

8) Fractional deqradation rate {aays-l) of whole body protein
l{ethionine released in protein deqradation (m motes/dav)

Total body protein methionine (m moles)

l\)\l
\l



shotrld have been an excellent method for the identification of

the precursor pool. Consequently an accurate estimate of the

fractional rate of protein synthesis in a tissue should have been

obtainable. Hohrever this was not the case and the accuracy of

the estimates of the fractíonal slmthetic rates is open to question.

It is likely that metabolic compartmentation of methionine and

cystine is of considetable importance in sulphur amino acid

metabolism in the liver of the sheep (and probably also in other

tissues including the skín) and that this compartmentation was

the reason for the problems in ttre estimation of the fractional

rates of protein synthesis.

27e



CHAPTER 8

A compartmental model for methionine and cystine

metabolism in the sheep

INTRODUCTION

The estimates of methionine and cystine entry rate, discussed

in Chapter 6, provided limif,ed information concerning the metabolism

of these amino acids. In an attempt to obtain more detailed in-

formation about the rate of methionine and cystine turnover within

a particular tissue and the rate of methionine catabolism via the

transulphuration pathway, some simple compartmental models were

devised.

METHODOLOGY

Exper imental

The details of the experiment and the preparation of samples

and calculation of the cellular concentration and specific activity

values for methionine and rystine are given in Chapter 6.

Models

Three compartmental models of ascending order of complexiÈy

were set up. They are shown diagramatically in Figure 8.I. Each

model contains three basic pools.

(i) Pool A is the circulating pool which is assumed to be the

plasma free pool, which both supplies the amino acids to

the celI and draws amino acids from the ceII; for the

purposes of the model the extracellular tissue space is

assumed to be part of this pool. However, the validity of

these assumptions is open to question since it is possible

that the red blood cells may play a sginificant role in the
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FIGURE 8.1: Diagrammatíc representation of the compartmental

Models I, II and III.

Pool A is the circulaÈíng pool' which is assumed to be

the plasma free pool, which both supplies amino acids

to the celI and draws amino acids from the ceII.

Pool B is the intracellular free arnino acid pool.

PooI C is the intracellular protein pool.

Poot D ís the "membrane" pool through which all amino

acids must pêss on their passage into or out of the

íntracellu1ar free pool and from which amino aciils are

taken for protein slmthesis.

280



MODEL I

MODEL tr
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MET
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þ
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MET
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MEI
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(ii)

(iii)

interorgan transport of amino acids (Elwyn 1970 and see

Review, Section 3.4).

Pool B is the intracellular free amino acid pool.

PooI C is the intracell-ular protein pool.

In addition, Model fI has a further pool, pool D, a.',membrane"

pool through which alr amino acids must pass on their passage into or

out of the intracellular free pool, and from which free 
"*ino acids

are taken for protein synthesis. In Models f and II, the ini:ra-

cellular free pool is assumed to be a homogeneous pool to which amino

acids released in the catabolism of the intracellular proteins are

added. However, in Model III, a further pool, pool E, is considered

as the pool to which amino acids derived from protein catabolism are

added.

severar assumptions are involved in the applícation of these

models in adilition to those mentioned with regard to the particular

mod.els.

(i) That there ís no compartmentation of the amino acids within

the cell (except as specified for Models II and III above).

(ii) That the animal is in a steady state, and that al1 tissues

are in a steady state, and that no pool (either protein-bound

or free) is expandì_ng or contracting in size, and that the

specífic activity of all components is at a plateau.

(iii) That no isotopically-labelled amino acid is released in

protein catabolism. This is assumed in the calculation of

the rate of protein synthesis (see Chapter 7), and in the

mathematical development of the models.

(iv) That alr of the proteins synthesised remain within the celr,

and that the rate of amino acid relese from catabolised

protein is equal to the rate of amino acid uptake in the
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synthesis of protein.

The previous assumption (iv) is not required. for the algebraic

development of the model-s, but is only required for the mathematical

solution of the models and the calculation of the flux rates. In

fact assumption (iv) is not valid for the synthesis and catabolism

of liver proteins. As discussed in Chapter 7, there are two

categories of liver proteín synthesis, tJ:e synthesis of the "domestic"

or endogenous tissue proteins, and the synthesis of the "export" or

plasma proteins. The rates of liver protein synthesis as calculated

in the previous chapter represent the rate of synthesis of the

"domestic" proteins only.

Calculations

The symbols used in the mathematical treatment of the models

are: V = the flux of amino acid defined as the rate of entry into,

or the rate of exit from, the tissue pools, expressed. as p moles of

methionine or half-cystine per gram ðf tissue protein per hcur;

g = the specific acÈivity of the amino acia in the particular

pool; the fírst subscript refers to the amino acid, i.e. M for

methionine and C for half-cystine; the second subscript denotes the

amino acid poolr the third subscript (for half-cystine only) refers

to the isotopic labeI, i.e. H for tritium-labelled and S for the
2tr
'-S-label1ed amÍno acid; e.g. p 

onO 
= the specific activity of

methionine in pool A; PCAH = the specific activity of half-cystine

in pool A in relation to the tritium label.

The rate of amino acid (AA) incorporation into protein (V¡

is calculated, from the fractional synthetic rate (rSR hours-I) of

2Bt
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tissue protein, and the concentration of the amino acid in Èhe

*
protein

-1Rate of amirro acid incorporation = FSR (h ^) x AA (g/q ptoi.ein).

It is assumed that V, = V_3 and Vn = V-4 (í.e. assunption (iv) ).

The mathematical solution of each model to enable the calcula-

tion of the rate of amino acid entry into the tissue and the rate of

methionine catabolit'm via the transulphuration pathway may now be

attempted. The development of the models involves the algebraic

derivation of relationships between flux rates and specific activities.

ffodel r
A relationship which will permit the calculation of the

methionine flux (V1) from the plasma free pool, pool A, to the

íntracellular free pool, pool B, is firsÇ derived.

The first steps (equations (1) and (2)) in the development of

this relationship require that the amount of methionine in pool B is

constant, and the specific activity of methionine in pool B is

constant, io that the amount of methionine activity in pool B is

const¿u1t' such that the activity entering = the activity leaving

the pool (i.e. the steady-state assumption, assumption (ii)).

lltre methionine flux about pool B may therefore be expressed as:

+v-+v_
J5ut * u-3 = v-l

P=
MC

(1)

(2)and Va0* * u_3 u-t + u:o* * t5Q*p
MB

But assunption (íii) is that u_30*"

*Amino acid concentrations (in ¡r mo1.es/1009 protein) in proteins used
in the calculations \¡¡ere: Iiver proteins - methionine 14.1' cystine
1I.0,; plasma proteins - methionine 2.68, cystine 14.2 (Fennessy,
unpublished) .

ts zero.
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Therefore

{- v3 + v5)vr.o p (u-r-

MB
u-zoc"s

(3)

(4)

(s)

cBs
(7t

(8)

(8), the latter

(e)

(10)

MA t4B

By substituLing the right hand side (RHS) of equation

(1) into equation (3), the latter no\Ár becomes:

v19* =p (v +V
MB 1 -3

Therefore

u-'g

v-3 g*
'f,I v-I o -o.MA ' I4BMA MB

But V_, is known since Va is known and V_, =$ (assumption (:iv) ¡ .
3

Therefore the value for V may be calculated.I

Using the same assumptions as in the derivation of equations

(1) a¡rd (2), the cystine flux about pooì- B may be expressed. as:

u-4 * v5 V^+V
-¿

(6)

35In terms of S f lux, the rystine f lux about pool B is:

v

V p
1 MB

p p

4+voY2*

p +V p * u49c"s + v6P+ V5p

+v4+v5I

2 cAs -4 ccs

But assumption (iii) is that V 
40CCS is zero.

Therefore

vzgces * v5ora = pc"s (v_z + v4 + v6)

By substituting the RHS of equation (6) into equatíon

now becomes:

p (v
vz9ces * VsP* = CBS

Therefore

-p
CBS ¡48

(p
cAs CBS

Y2 = Y_ ecBs + v5 (p

p

Similarly in terms of 3tt flux, the cystine flux about pool B is

(note: there is no synthesis of methionine from cystine, and therefore
.1

there is zero flux of 'H from methionine):
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v p
2 CAII

+ v-p
b

+ v4p* t-40

(vr+v_n+vu)

CCH
v-zPcas

CBH CBH
( 11)

(L2l

(13)

(14)

But assumption (iii) is that V_40cc" is zero. Therefore by

substituÈing the RHS of equation (6) into equation (11), the latter

now becomes:

VzPce¡r p

Therefore

CBH

p (v
CBH -4

+ v_)
5uz

(p p
CAII CBII

Both equations (I0) and (13) provide expressions for Vrr so

equating these expressions

v-4gc"s * t5 (0"", - o*)
(p

cAs CBS

(p p
5 CBS MB

p

Therefore
VvV

cAs CBS CAH - CBH

In adjusting equation (15) the LHS becomes:

-4 CBH
v-4ocBS

(0"* - Pc"") (0"o, - gcss)

(ls)

Pc""(gcos.- o""r)]

p p
5 CBH

(p -p (p p )

v t (p )(p -pCBS MB CAH CBH
-p5

(p )(pcAs CBS CATI CBH
pp

and the RHS becomes:

,-4 [0."n(0"* - gc"s) - aces(0.* - 0."")]
(p -p )(p -p

CAH CBH cAs CBS

llherefore transposing

V p (p p (p-p -p5 CBH cAs CBS CBS cAlf CBH (16)u_4 (0a", - p*) (0"* - oc"n) - ocsrr (p
cAS - Pces)

But V-n is known since Vn

Therefore the value of VU,

cysteine, frây be calculated. Having calculated t5rand V_n being

known the value oÍ.Yr, the flux.of cystine frompool A to pool B, may

is known and V_n = Vn (i.e. assumptíon (iv) ).

the rate of catabolism of methionine to
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be calculated. Substituting the values of Vr, V_3, V3 and VU

into equation (1), and solving the equation gives the value of V_I,

the rate of flux of methioníne from pool B to pocl A.

Model Ir

A relationship which will a1low the calculation of the

methioníne flux (V7) from the membra¡e free pool, pool D, to the

intracellular free pool, pool B, is first derived. The derivation

is analogous to that for deriving V, in Mode1 I.

The methionine fh:x about pool B may be e:cpressed as:

u-g (17)u5 * t-7

or

+v
7

v-gPl,rc * vTPto V-p
5

(ls¡

(le)

MB, the following expre5sion

MB
+v_

-t
p

But assumption (iii)

llherefore

vzon¡o = v59

By multiplying equation

is obtained:

v-3PMe * vzPlæ =

MB

is that V_gploC is zero.

+ v-70¡æ

(17) through by

MB
p

us
MB zo¡re

Both equations (19) and (2O) provide expressions for

(v + ,_r), so equating these expressions:

p + V

p

(20)

(2r)
MB 5

Therefore

vTPlop V_39¡m * tTPtæ

v
7

V (p

p
VMB

V p
-3 MB

-3 MD MB

But V_, is known since V,

Therefore the value of V,

(p
(22)

MD Mil

is known and V_, = Va (i.e. assumption (iv) ).

may be calculated.

or 7-p p
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A relationship which will allow the calculation of cystine

flux (V.) from the membrane free pool, pool D, to the intraceilularö

free pool, pool B, is derived in Èhe follovrinq manner.

The cystine flux about pool B may be expressed as:

v-g*uo = us*u-4

35or in terms of the S flux as:

v-gPces v69css = v59* * u-4g"cs * v89"oa+

*uB (23)

(24)

(26)

(27)

(28)

But assumption (iii) is that V

Therefore

p (v v +
CBS 5

Therefore

v-gPc""

But assumption

Therefore

us tr(P"o, - o""r) - v_4pc",
(p

CBS MB

v-p) t'¡s + v8ocos

CBH
v-¿9cc' +vo

8'CDH

p IS Zero.
-4 ccs

9"", (U_a + Vu) = U59* * VSPCOS {.?5)

By substituting the RHS of equation (23) into equation (25), the

latter now becomes

ue
-4

+

p

similarly the cystine flux in terms of 3u about poot B may be expressed

as (note: there is no synthesis of methionine from cystine, and

therefore there is zero flux of t" ,ro^ methionine):

+ v-p
b

(iii) is that V-4pCCu is zero.

gc"n (t_g + v6) = vgÞco" e9)

By substituting the RHS of equation (23) into equation (29), the latter
now becomes:

vgP(v- +
5Pceg u-a +V

8
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Therefore

(p -p
VI CDH CBH

P csu

Both equations (27) and (31)

equating these expressions:

u, (0"o, - o""r) - v_¿oces

(p -p
CBS [18

Therefore

V (p

provide expressions for VUr so

(p -p (32')8 CDH CBH V
-4p

CBH

VV
5 ( 31)-4

V

I CDS CBS 8
(p

CBS MS Pcsu coa"r-o* (p

In adjusting equation (33), the LHS becomes:

CDH CBH)
Vo

-4'CBS

CBS MB

Y (p -pV
( 33)'-4

p p ,'
B

VI CBH CDS CBS o*) (0"o" - 0""")]p (p p (p
CBS -

p p
CBH CBS - MB

and the RIIS becomes:

V (p +p
-4 CBS - CBS MB

(p
CBS - MB

Therefore

vI

p

p )

p p
MB CBH

( 34)u-¿
CBH

p (p p )(p p )(p
MB CDH -

pcDs - CBS CBS - CBH

But V_n is known since Vn

Therefore the value of V,

is known .rd Y_4 = V4 (i.e. assumptíon (iv).

may be calculated.

An estimate of v, (the rate of methionine catabol-ism to

cysteine) may be obtained by substituting the varue of v, obtained

from equation (.34) , into equation (27) or equation (31). Having

calculated the value of vu, the rate of movement of methionine (u_,

from the intracellurar poor, pool B, to the membrane pool, pool D

may be .calculated using equation (17) or equation (r9) , since now v

V
-3

and V
5

are all known.
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The rate of movement of methíonine (V*r) from the membrane

pool, pool D, into the plasma pooI, pool A, may now be calculated.

The methionine flux about pool D may be e>çressed as:

V-
-t

( 3s)

or +v-
-I

ô vto V
TPMe

( 36)
MD MA

Therefore

u1 *

V +
MB

+v3p
7 Ml)

u7*u3*u-1

vto

p

u-roro
MA

V
-7 MB MD

Now multiplying equation (35) through by p 9aves
MA

-v¡o
MD

-vzo- vr-o p

p

(37)

p p

-1 MA MA -7 MA MA 3 MA
( 38)

Both equations (37) and (38) provide expressions for VlgMA, so

equating these expressions:

V p =V - Yla V p

u-t (o*

Therefore

p u-z (o* pp

3

) -v p V
MD MA 3 MD- MA)

(3e)

V V (p -p (40)-1 MB MA 7
(p

MD MA

Ífherefore the value of u_r may be cqlculated, and by substituting known

values for Vr, Y7, V_, and V_, into equation (35) , .the value of Vr, the

rate of movement of methionine from the plasma pool, pool A, to the

membrane pool, pool Dr_may be calculated.

Model III

Although this five-compartment model represents the next step

in an attempt to obtain meaningful information about the intracellutar

metabolism of methionine and cystine, insufficient equations could be

generated. to enable any estimate of the rate of methionine catabolism

using the data obtained in the present experiment.

I\TA MA 7

Vv
p
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Intracellular recycling

The proportion of the intracell-ular free pool of amino acid

which is derived from the circulating pool. (i.e. plasma) may be

estimated from the ratio of the specific activities of 'the intra-

cellular anrl plasma free amino acid at plateau (ean e Jeffay 1967).

For exarnple, the proportion of intracellular methionine derived. from

plasma is given ¡y p*/p¡la. Thís assumes that plasma is the circu-

lating free pool from which the tissue draws the amino acid. However,

the possibility that the blood cells may be a source of amino acid of

different specific activity cannot be excluded. It is generally

considered that that proportion of the intracellular free pool which

is unlabelled is derived from Èhe cata-bolism of unlabelled intra-

cellular proteins (Gan c Jef fay L967 ¡ Aub & V'taterlow 1970) , assuming

that there is no re-entry of lal¡elled amino acid from protein

catabolism. In the case of amino acids which may be slmthesized

by the animal (e.9. cysteine from methionine) there is clearly

another source of unlabelled amino acid. The use of two labelled

amino acids as in the present experiment permits an estímate of the

proportion of the intracellular amino acid which is derived from

catabolism of unlabelled intracel-h:lar protein assuming that this

and methionine catabolism are the only two sources of cystine other

than plasma. Thus tru re-entry from protein catabolism will be

the mean of the two estimates (i.e. 3" 
- utu tU, 

- cystine) since

both labelled (i.e. '5, - cystine)- and unlabelled (i.e. in terms
? 35_of -H - cystine) is being added from the same source (a.e. a 'S -

methionine pool). Therefore the proportional re-entry of cystine

from protein catabolism is given by the expression:

r
o.s lir - o*n,, + (, - 1çE)'l (4r)

I o"* o"* I
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In the foregoing discussion it is assumed that there is a

single homogeneous intracellular free amino acid pool (i.e. the

Model I situation).

The proportion of the total flux of an amino acid through

the intracellular free pool which is derived from catabolism of

íntracellular protein may be determined from the calculated flux rates.

Thus the proportional re-entry of methionine from protein catabolism

(\o) is given by the following equations:

v
-3

V
-3(Modet I)

V +V or +V (42)
-3 I 5

u3 * u-r

and

R
M

R
M

Y-q
*c

R
c

(Model Il)
V

-̂J
u-3 * uz

V
-3

u5 * u-7.or (43)

Similarly the expressions for cystine re-entry from protein catabolism

(Rc) are:

v-q
(44)(Model I)

+ +V
2 5

and (Model rr)
V +V + V

(45)
-4 I 5

An estimate of the internal intracellular reutilisai:ion of an

amino acid may also be derived from the calculated flux rates.

Reutilisation may ¡e aefined as that proportion of the amino acid flux

through the tissue which is rer-r-til ised (either in protein slmthesis or

amino acid catabolism) without first equilibrating with the circulating

poo1. Thus the reutilisation of methionine (R-- ) and cystine (R.. )ot'l - uc

for the Model I situation is qiven by the following expressions:

5
v^+v_J5 (46)

v +V + +V
-1
+v

5

-3 1

V +v V

V

v
-4

R
\'[

V+v
3 or v V

+

3

and R 4 -4
V

2or
V+V+Vv4+v6+

6tc Y-z
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Reutilisation of methionine and cystine in this context has

limited meaning in terms of Model If, since the amino acid.s for

protein synthesís are assumed to be obtained from a mixed poo1.

Intracellu1ar free amino acid pool turnover

An estimate of the turnover time (hours) of the intracellular

free pool of an amino acid is obtained bv dividing tJle pool size

(i.e. concentration of free amino acið./g tissue protein) by the rate

of flux (U moles/g tissue protein,/hour) through the poot. Thus the

turnover times for methionine ancl cystine in Models I and II may be

calculated as follows (where the concentration of the free amino acid

is e>çressed in terms of U moles/g tissue protein /hour, this being

calculated using the ratio of intracellular space to tissue protein

and the Íntracellular concentratíon of the amino acid).

Model I:

The turnover time of methionine is equal to:

Methionine concentt*ron
u3*u5*u-l

Similar1y the turnover time of cystine is equal to:

Cystine concentration
,_z *u4*v6

(48)

(4e)

(s0)

Model fI:

The turnover time of methionine is equal to:

Methionine concentrati-on
v-7 * vs

Similarly the tr:rnover time of cystine is equal to:

Cystíne concentratíon

6
V
-8

+V

29,

(s1)



But

V_g * VO = tg * U_4 * U5 (equatíon 23).

Therefore the turnover time of cystine may be derived using the

following expression:

Cystine concentration (s2)v V +V
-4 5

RESULTS

The plasma and. whole tissue free pools were the amino acid pools

sampled in the present experiment and hence all other values for

concentrations and specific activities have been derived on the basis

of certain assumptions. The method of derivation of the values is

given in Chapter 7. The concentration and specific activity values

for methionine and cystine used in the calculations are given in

Table 8.1. These values have previously been presented in full.

The calculations were based on the rate of amino acid release

in protein catabolism and the specific activities of the amíno acids

in the various pools. The rate of amino acid. release in protein

catabolism üras assumed to be equal to the rate of amíno acid uptake

in protein synthesis (assumption (iv) ) .

The values of Va and Vn have been derived usíng the fractional

Synthetic rates of the liver "domestic" proteins, assuming that an

intermediate ("membrane") pool best represents the true precursor

pool of amino acids for protein synthesis. However, the fractional

synthetic rate has been estimated. using the data for methionine only,

si-nce in the circumstances this was probably the best estimate of the

rate of'protein slmthesis available. As discussed in Chapter 7 the

estimated rate of liver protein synthesis for sheep 462 and 567, (the

sheep receiving the highest rate of methionine infusion) may have
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TABLE 8.1: Values for the specific activity [dpm x ,ot/, mole) of
methÌonine (p,") and cyst.ine (Q^, ex1¡ressed as half-eystine)
in the three free amino acid pbols, pool A (plasrna pocl),
pool B (intracellular pool) and poo D ("membrane" pool) , ancl
the values for the intracellular concentrations of niethionine
and cystine (p moles/g liver protein) use,l in the calculaticns.

2 I Methionine
(U moles/g liver protein)Sheep p p p

MA MB MD

445
582
580
389
462
567

52.5
52.O
27.2
23-3
L5.7
8.46

cAs

4.34
3.27
3.95
5. 11

10.4
6.69

p
CBS

.11

.59

.55

.8

.81

CDS

6
6
6
6
0
6

p

69 .63
.24
.37
.09
.0
.2

ClzsÈine
(p moles \cys/q liver protein)

I
I
I
6

23I
55

p

445
582
580
389
462
567

445
582
580
389
462
567

10. 1
7.43
9.97
5-23
4.89

5.72
5.74

I1. 0
s.75
3.46
L.54

9cen

5.76
5.77

.0

.74

.49

.58

3.68
2.20
1.89
2.72
3. 56
2.53

11
5
3
13.01

CATT
p p

CDH

293
202
276
133
L24
L2A

-7
.20
.37
.73
.11
.051

t3.2
13.0
11.6
7.68
5. 34
3.15

10
9
7
4
3

0

1)

2)

The second subscript denotes the free pool (e.g. p., poof A) and the
third sr:bscript denotes the position of the radioaõtive labe1 on the
cystine (e.g. g-_= for the 35s labe1 *d g__" for 3H tabel).

Sheep 445, 582 - control (water) infusion; 580, 389 - L-methionine
infusion at rate of -.O.I2g/kgO'75/auy¡ 462, 567 - L-methionine infusion
at rate of 0.36g/kgv'''/d^y.
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been reasonably accurate.

The estimated values for methionine a¡d cystine f1ux, tllrnover

times of the intracellular amino aciC pools and the estimated

proportional re-entry of methionine and cystine from protein cata-

bolism are given in Tables 8.2, 8.3 and 8.4. rigure 8.2 gives a

diagramatic representation of the methíonine and cystine flux

through the amino acíd pools of the liver in sheep 462, gíven the

high (0.369 L-methionine,/tcg0'75 /a^Ð leve1 of methionine.

DISCUSSTON

The negative values for the estimates of methionine catabolísm

(V.) in the liver in sheep 445, 582, 580 and 389, are clearly in)
error. The source of this error was an incorrect identification of

the methionine pool which served as the cystine precursor and/or an

incorrect identifícation of the product (i.e. cystine) pool. The

most probable cause of this error was the subcellular compartmentation

of ¡nethionine and/or cystine such that the general intracelullar pools

of these two amino acids, as defined in the models ilid not adequately

represent the Èrue situation.

Evídence that the mixed intracellular pool of free cystine did

not represent the cystine deríved from methionine comes from the

observation that in four of the síx sheep, the 35S 
"p""ific 

activity

of plasma cystine was actually higher than that of the mixed intra-

cellular cystine, when the only possible source of plasma 35s-cystine

was an intracellrrl"r 3ss-methionine pool. Ho\^/ever, this pool need

not necessarily have been a liver pool, since other tissues (e.g.

skin and spleen) are known to possess the rate-limiting enzymes for
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I,ABL,E 8.2: Values for Èhe flur rateS 0lmoles amino acid/g tissue

protein/hour) and the turnover times (hours) of methionine

and cystine (expressed as half-cystine) in the liver as

derived using Model I.

I
FIux rate

(u moles amino acLd/g liver protein/hour)
Methionine CYstine (as LcYs)

Turnover time
(hours)

Met c\zs

Sheep

2 vYqV
5

v
3

Vut
2 5

445 0.404 4.49 -16.0 -0.472 3.50 -16.0 0.333 -O.284

582 o. 330 4-92 -9. 09 -0. 250 3. 84 -9.09 o.244 -0.400

580 o.623 3.67 -4.46 -O.O44 2.87 '4.46 0.319 -1.16

389 0.400 L.42 -9.64 -0.316 1.11 '9.64 3-35 -0.308

462 1.85 0.95 0.36 0.028 0.74 0.36 8.23 3.14

567 3.80 1.01 0.23 0.0004 0.78 a.23 11.5 2.50

I)

2)

Infusion: sheep 445, 582 - control
methionine, o.L2q r,-met/kgo'75 /day ì

o. 369 L-mer/kgo '75 /d,ay.

(water) ínfusion; 580, 389 - Iow
462, 567 - high methionine -

Assumption (iv): t¡ u-¡ and V u-¿'
4
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TAB,I,E 8. 3: Va1ues- for the flux rates (J.l moles arnino acid,/g ti ssue
protein/hour), and the turnoyer times (hoursl of rnethionine
and cystine fexpressed as half:cystine) in the liver as
derived using Model II .

1
Methionine

FIux rate (U moles/g liver protein,/hour)

ul v-l ' vs t5 Yl Y-l

Methíonine

Turnover time
(hours)

Sheep

445
542

580
389

462
567

r.47
r.22

L7.4
10. 3

6.2I
11.0

4.49
4.92

3.67
r.42

-16.0
-9. 09

-4.47
-9.65

0. 36
o.23

8.27
5 -67

5.49
5.02

28.7
l-9.7

13.6
16. r

22.6
59.8

r.74
r. 39

o.L28
0. 121

946

1. 00
o.920

Clzstine
Turnover time

(hours)

0
0

150

2.O7
3. 34

r.7r 0. 95
3.11 1.01

22.O
59.0

Cystine
Flux rate (þ moles \cys/g liver protein/hour)

Ivus,d

445
582

580
389

462
567

3.50
3. 84

2.87
1. 11

o.74
0,78

-16.0
-9. 09

-4.47
-9. 65

0. 36
o.23

-52.6
-L2.6

-2. 80
-I3 -7

-0.056
-o.124

-0. 430
-0.r22

1. 34
2.46

l_.55
o. 017

1)

2)

Infusion: sheep 445, 582 - control, water infusion;
580, 389 - low methionine, O.L2g L-met/kgo-75/auy,
462, 567 - high methionine, 0.369 L-met/kgo.75/ð,ay.

Assumption (iv): and V
4 = v-4'v3 = v-3
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TABLE 8.4: Estimated values for the proportion of the total flux

of methionine or cystine through the intracellular pool which

is deríved from the catabolisrn of intracellular protein (i.e.

proportional re-entty) .

Estinated proportional re-entry
Methionine

I
Qstine

From plateau Model I Model II From plateau Model I
sp. acÈ. t uq.. (42) eq. (43) sp. act. eq. (44)

Mode1 iI
eq. (45)Sheep

445

582

0.917

0.937

580 0.855

389 0. 780

462 0.340

567 o.209

o.9I7 0.352

o.937 0.465

0.854 0.401

0.780 0.220

0.339 0.041

0.210 0.017

o.6eb -o.270 -0.054

0. 591 -0.698 -0.215

o.434 -L.76 -O.652

o.432 -0.125 -0.050

0.634 o.652 o.279

o.745 o -770 o.757

1)

2)

Infusion: sheep 445, 582 - control, water ín
580, 389 - low methionine, O.l2g L-met,/kgu'/f,
462, 567 - high methionine, 0.36.9 L-met,/kg'''

fusion;
(duv,
'/day.

Proportional re-entry of amino acíd from protein catabolism calculated
from the specific activity of the amino acid at plateau (ean c Jeffay
L967, (. intracellular specific activity)

= 1t - prasma speciric activity -l'
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FIGURE 8.2: Diagrammatic representation of the flux of

methionine (¡ moles/g liver protein/hour) and cystine

( ¡ moles \ cys/g liver proteÍn,/hour) through the amino

acid pools of the liver in sheep'462 as derived using

Model II.

PooI A - the plasma free amino acid pool.

Pool B - the intracellular free amino acid pool.

Pool C - the intracellular protein amino acid pool.

Pool D.- the "membrane" free amino acia poot.
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POOL A POOL D FOOL C
2-07

Y-2

0.95

22-02

a-74

MET

cYs0.74

0. 95
V-g

1.55

22.61

MET

CYS

1-71

MET

Y2
cYs

POOL B



the transulphuration pathway (methionine adenosyl transferase and

cystathionine synthase (Radcliffe & Egan (1974) and unpublished).

However, this seems unlikely in view of the gene::al importance of

the liver in amino acid metabolism. Further supportive evidence

that compartmentation of the sulphur amino acid pools within the

Iíver was the cause of the abberant calculated flux parameters of

the models comes from the fact that in the sheep given the high

rate of methionine supplementatiorr, the liver free methionine pools

were grossly increased in size compared with the control animals and

those receiving the low rate of methionine supplementation. In the

two sheep with the very large pools (462, 567) , th. 35s spec-ific

actívity of the intracellular cysÈine was lower than that of the

intracellular methionine, whereas in the sheep with the small liver

free methionine poo1s, the situation was reversed. It is likely that

the high methionine loading resulted in a much greater intracellular

methionine flux resulting in greatly reduced differences between the

subcompartments.

Compartmentation of metabolites and different parts of

metabolic pathways within a tissue has been shown for hepatic

carbohydrate metabolism (Greenbaum et aL. 1971), although it is a

poorly studied phenomenon in terms of amino acid metabolism, \^rith the

excepÈion, perhaps, of some aspects of amino acid meta-bolism in the

brain (Roach et a1.1974\ and the compartmentation of amino acid.s for

protein synthesis in the cell (Kipnis et aL. 1961; Airhart et al-.

1974¡ van Venrooíj et a7. 1974). However the extent of the error

generated in the data derived in the present work is alarming in

terms of an understanding of methionÍne (and cystine) metabolism in

the sheep.
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Little can Jre said a.bout the rest of the pre<licted values,

the estimates of proportional- re-entry and turnover times being so

dependent on the estimate of methionine catabolism (VS). However

for two sheep (those receiving the high level of methionine) the

general intracellular pool may have represented a reasonable approxi-

mation of the methionine precursor pool, although the problems in

identifying the product pool were stilt very important. In these

sheep, the estimates of hepatic methionine catabolism were equivalent

to about 0.109 of methionine per day, representing about 30% of the

estimated whole body cystine production from methionine (see Chapter 6,

Table 6.6) .

The estimates of methionine re-entry (i.e. the proportion of

the total methionine flux through the intracellular pool which is

derived from protein catabolism) derived from the Model II data in

the sheep 462 and 567 were markedly different from those calculated

from the Model I data, and from the plasma specífic activity, both

of which assuned a single homogeneous intracellular free amÍno acid

pool. The very low values of 4.1 and 1.7% deríved using Mode1 II

suggest that only a very small part of the intracellular pool was

derived from re-entry of methionine from protein catabolism. This

suggests that much of the high apparent re-entry (calculated from

the plasma specific activity) fron protein catabolism simply reflected

poor mixing of the intracellular pool with the circulating pool.

This is further evidence for the existence of a considerable degree

of metabolic compartmentation, and shows that despite the greatly

expanded pool size of methionine, there was still a considerable pro-

portion of the intracellular pool which was in poor communication with

the plasma.
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As discussed previously, Èhe fractional synthetic rate of

Iiver proteins represented only the synthesis of domestic proteins.

The effects of including allowances for plasrna protein synthesis

and degradation on the calculated rates of methionine ¿rnd cystine

flux will now be considered for two of the sheep (sheep 462 and

567 which received the high rate of methionine infusion).

The rate of plasma protein synthesis was measured in only

three a¡rimals, the mean fractional synthetic rate being O.275 d"y"-l.

Applying this raie to the estimated total body plasma protein pool

in sheep 462 anð,567 gave values for synthesis of 23.8 and 28.99 of

plasma proteins/day respectively. The rates \A¡ere converted to the

uptake of methionine and cystine (U moles/g liver proteinr/hour)

using the appropriate factors and liver weights (see footnotes to

Tab1e 8.5 for full calculations). There is considerable d.oubt re-

garding the site of plasma protein catabolism (Rothschild et a-2.

1970), although it is usually stated that the liver is not a¡r

important site for Èhe catabolism of these proteíns. For this reason,

the data were derived using two alternative estimates of plasma

protein degradation in the liver, namely that 20% of that synthesised

was ultimately <iegraded in the liver (situation B), or that 50% was

degraded in the liver (situatíon C). The estimated values for

methionine and cystine flux and the turnover times of the intracellular

free amino acid pools for sheep 462 and. 567, together with the data

previously derived (situation A) are given in Table 8.5.

The most important result of including the plasma proteins in

the calculations was the increase in the calculated rate of methionine

catabolism to cystine, tåis being very dependent on the estimate of

cystine re-entry into the intracellular pool from protein catabolism
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TAB.LE 8.5: Values for the flux rates (p moles. amino aci-d,/g tissue protein/
hour). and the turnoyer tirnes Chor:rs)- of ¡nethionine and cystine (ex-
pressed as hal-f-cys'tine) in the liver of sheep 462 and' 567 as
derived using Model II but including or excluding allowallces for the
synthesís and degradation of plasma proteins (i.e. Iiver "export"
proteins) .

1
FIux rate
V-VI-

Methionirre
(1.1 moles/g liver protein/hour)
t v: u-¡ u5 Yl

Methionine
Turnover time

(hours)

1. 00
0.918
0.809

0.920
0. 857
o.777

C\rstine
Turnover tir¡e

(hours)

r. 34
0.820
0.5r7

2.46
1.65
t. r1

Sheep V
-7

462A2
B

c

2.O7
2.26
2.54

T.7L
1.3r
r.37

0. 36
0.60
0.95

o.23
0. 35
o.52

22.O
24.I
21.3

59.0
63.4
69.9

22.6
24.5
27.5

59. I
64.I
70. 5

0. 95
1. 04

.0111
78
16

0
I
1

95
40
40 1. 18

56 34
42
86

3
4
4

A
B
c

7 3.
3.
4-

1. 01
L.37
1.37

.08

.19

t
I
I

Flux rate
,¿

Cystine
(u moles \cys/g Iiver protein/hour)

u-¿ u5 ug

o.7 4
3. 10
3. 10

462A
B

c

o
2
2

A
B
c

.78567

o.7 4
L.21
L.92

0.78
1. 16
r.72

0.36
0.60
0. 95

1. 55
2.53
4.O2

0.0r7
0. 025
0.037

0
0
o

23
35
52

-67
-67

1) Sheep 462 artd,567 received infusions of 0.369 L-methionine/tcgo''U/U^.
2) A - plasma protein synthesis and degradation not included.

B - plasma protein synthesis and degradation were derived in the following
manner: 5Oeo of plasma proteíns slmthesised ín the liver were assumed to
have been ultimately degraded in the liver. The rate of plasma protein
syntlresis (g/g Iíver protein/hour) were calculated as follows (assuming a
mean fractional synthesis rate for plasrna proteins of 0.275 days-' (see
Table 7.5) , blood volume as 6eo of líveweight (Fennessy unpublished) and
plasma proteins as 8.87/l-OO ml plasma) ) ; sheep 462 - 23.89 plasina proteins
synthesised/day which for a liver weight of 82.69 (72% protein) is 0.016'79
plasma proteins/g liver protein/hour; sheep 567 - 28.99 plasma proteins
synthesised/day which for a liver weight of 125.2q (72% protein) is 0.0134q
plasma proteins/g liver protein,/hour; and assuming concentrations of 0.49
methionine/LOOg protein (26.8 p moles/g) and 1.79 cystine,/1009 protein
(I42 y moles half-cystíne/g).
C - plasma protein synthesis calculated as for B; 2O>" of plasma protei-ns
synthesised in the liver were assumed to have been ultimately degraded in
the liver.
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(V ,) and the rate of flux of cystine from the membrane pool to-4

the intracellurar pool (vr). This is apparent from an examination

of equations (31) and (34). At the highest rate of methionine

catabolism (situation C) , an estimatecl O.39 of methionine was

converted to cystine in the liver. This value is a líttle less

than the estimated whore body synthesis of cystine from methionine

in these two sheep (see Chapter 6, Table 6.6). However, as

discussed in chapter 6, the esÈimated entry rate of cystine was row,

and the intracellular 3H - cystine "p."iti. activity (in the 1iver)

was very low compared with the prasrna free pool, both factors which

suggest that the infused labelled cystine was not mixing well with

the intracellular cystine pool, which would .."ù1t in an u¡derestimate

of the cystine entry rate in plasma. In contrast, there was evidence

of considerable mixing of the intracellurar cystine pool with Èhe

plasma pool, this being apparent from the high ratios of intracellular
35--s-cystine specific activity to the specific activity in the plasma

pool.

The complexity of methionine and cystine metabolism in the sheep

is crearly evident from the foregoing d,iscussion. rn order to gain

a greater understanding of methionine and cystine metabolism, and in

particular to obtaj-n information concerning the metabolic cornpart-

mentation of these amino acids much more data tha¡ obtained in the

present experiment would be required. rf adequate data could be

obtained a dynamic model of methionine metaboli-sm withj.n a tissue

could be developed. An approach which could yield useful data

would utilise the various steps in the catal¡ol-ism of methionine and

other steps in the utilisation of methionine within the tissue.

such an approach would involve, sequentíal tissue and blood sampling
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from animals receiving infusions of radioactively-Iabelled

methionine and cystine (e.g. methyl-l4C-methionine, 35S-nethionine,

?tr--S-cystine) in order to define the shape of the specific activity

curves for the various compounds. Where possible the concentration

and specific activity of methionine, S-adenosylmethionine, tRNA-bound

methionine, cystathionine, cysteine and tRNA-bound cysteine in the

tissue and circulating free pools would be determined. The specific

acti'¿ity of the anino acids in the plasrna and tissue proteins would

also be determined.. Havíng obtained such data, relevant infor¡nation

concerning the various methionine suJr-pools would be obtained frorn

the concentration and specific activity values for extracellular and

intracellular methionine, protein-precursor methionine (i.e. tRNA-

bound methionine), methionine for catabolism (S-adenosylmethionine),

and the extent of mixing of cysteine derived from methionine with the

intracellular free cysteine pool. The rate of tissue protein

slmthesis could also be derived using the specific activity values

of the tRNA-bound amino acids and the protein amino acids

The. information so obtained would be used in the development'of

a dynamic model of methionine metabolism using sÍmilar concepts (but

including additional intracellular pools) to those used in the models

developed in the present chapter.

CONCLUSTONS

The compartmental model-s were set up in an attempt to obtain

more detailed information about methionine and cystine metabolism

in the tissues of the sheep. When applied to the data obtained in

the present experíment, the calculated values for hepatic methionine

catabotism were obviously íncorrect in four of the six sheep. The
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errors were apprently due to metabolic compartrnentation of the

amino acids and their metabolites within the tissue; i.e. the

models set up were too simple to adequately define the situation

in vÍvo. However, for two sheep (those receiving the highest

rate of methionine ínfusion) the estimated rates of methionine

catabolism via the transulphuration pathway may have been reasonably

accurate. In these sheep, which had greatly expanded methioníne

pools, there was evidence of a much greater deglee of mixíng of the

circulating (plasma) pool with the intracellular free methionine pool.

As a result of the increased pool size the degree of metabolic

compartmentation within the liver was greatly reduced. The extent

of the error in the estimates of methionine meta-bolism is alarming

in view of the attempts Èo gain a¡ r:nderstanding of sulphur amino

acid metabolism in the sheep.
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GENERÄL DTSCUSSION

The experiments reported in this thesis have highlighted the

complexity of amino acid utilisation and meta-bolism in the sheep.

There are several aspects of methionine utílisation which itlustrate

this comprexity. These aspects include the very marked between

animar variability in the response to a post-ruminal supprement of

methionine and the peculiarities in the metabolism of methionine and

cystine as evid.enced by the studies using the radioactively-labelled

amino acid.s.

. The variability between animals in the methionine response is

an especially interesting phenomenon. rn the two animars in which

the d,ose response sequence was repeated, the trends in the responses

were simirar on both occasions. This repeatabilíty lends support

to the suggestion that the differences in the responses reflected

real differences in the utilisation of the additional methionine at

the tissue leveI" However the fact that the individual responses

were often quite different on the two diets examined ín Experiment 5

points to a possible interaction of methionine or its metabolites

with other amino acids. The possibility that animals fed higher

quality díets may be more susceptible to the adverse effects of

methionine wourd, if confirmed, lend support to the theory that it

is the ínteraction of methionine with other amino acids which is the

important factor in determining the methionine response, rather than

an effect of excess methionine per se. rn this respect, the partiar

alleviation of the methionine-índuced intake depressions by threonine

(chapter z) and the effect of threonine supprementation on the con-

centration of methionine and its metabolites in plasma (chapter 3)

suggest an interaction of methionine and. threoníne at the tissue level.
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Any hlpothesis concerning the responses to methionine must

e>çlain both between-diet and wíthín-diet between-animal variation.

This u¡derlines the need to consider individual animal responses

and to look closely at results in which a high varia-l¡ility in the

response outweighs differences between means. In addition there

is the problem of carryover effects betweeu periods \^¡hen treatments

are given in a factorial or Latin square sequence. It is therefore

apparent that the experimental design and the statistical analysis

of such experiments becomes a major problem.

The variability between animals in the methionine response and

the contrasting effects of methionine on the different parameters

raise questions as to the usefulness of the concept of a "first-

limíting" amino acid. In the strict sense an amino acid may be

"first-Iimiting" for the slmthesis of a particular protein (e"9.

threonine for the synthesis of the y chain of haern'oglobin - Hunt

et a7. 1969) oT fo1 a particular metabolic function (e.g. tyrosine

as a precursor of DOPA). However when all such limitations are

íntegrated at the whole animal leve1 problems arise in the applicability

of the concept. For example in some animais in the present experiments'

methionine v/as apparently limiting for protein synthesis in the overall

sense such that methionine increased nitrogen retention yet at the same

time voluntary intake was depressed. This suggests Èhat methionine

altered some aspect of metabolism related to the mechanisms of intake

regulation such that intake was adversely affected. lt is also likely

that in some situatíons methionine promoted an increase in wool growth

(although this was not measured in the present work) while overall

nitrogen retention was adversely affected. A similar situation may

have occurred with respect to the liver hlpertrophy reported in the
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present work (Chapter 6). In respect of between a¡rimal comparisons

the multiple supplementation experiment (Ctrapter 4) is also relevant.

fn this work there v¡as some evidence that amino acids other t'han

methionine were particularly important for efficient nítrogen

utilisation in some animals.

Although the changes in the plasma amino acid pattern in response

to methionine were repeatalrle in the two animals examined (Chapter 3)

there were no obvious differences between animals in the plasma or

blood cell amino acid patterns which could point to the reasons for

differences in the response to methionine. The relevance and

interpretation of plasma and blood cell amino acid patterns is in

need of considerably more definitive study. The patterns of change

in different individuals may reflect unique individual metabolic patterns

or perhaps the patterns may appear simíIar and not reflect real

d,ifferences in amirpacid utilisation at the tissue level.

The complexity of methionine ¡netabolism was also evident in the

experiment in which six sheep received intravenous infusions of

radioactively-labelled methionine and cystine. Theoretically the

methodology involving.infusion of 3ss-m.thionine and 3H-cystine should

have provided accurate data on the rate of methionine catabolism and

the rate of protein synthesis both in individual tissues and in the

whole animal. However there was evidence of very poor míxing between

the circulating free pools of methionine and q'stine a¡rd the tissue

free pools of these amino acids except in the two sheep which received

the high rate of abomasal methionine infusion. The very poor mixing

apparently reflects metabolic compartmentation of methionine and

cystine within the liver. Consequently it was only in those two
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sheep receiving the high rate of methionine infusion (and as a result

having greatly erçanded tissue methionine pools) that the calculated

rates of liver protein synthesis and- the hepatic catabolism of

methionine are likely to be accurate'
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APPENDIX TABLE 1.1 continued:

Methionine: LMet.Diet: VùHC

G

'2 -s
to,5

I
o

Tz.s

I
T

o

TAU

THR

SER

GLU

GLY

ALA

ABU

VAL

MET

CYSH

ILE

LEU

TYR

PHE

ORN

LYS

HIS

ARG

4.68

7.9L

9.53

15. 88

49.76

13.92

0.93

L4.60

3.66

0.65

6.56

6.50

5. 15

4.72

4.94

l_0.59

10.18

TL.97

2.02

6.44

7.O9

20. 15

4s.79

14.52

0. 59

L4.28

3. 14

0.53

7. 15

6.20

4.54

3. 87

3.44

7.63

7.I4
10. 62

6.52

8. 36

8.73

24.LO

46.69

L5.26

I.06
15.81

3. 70

0.71

7.48

7.00

4.6r
4. t0

4.58

IO.92

7.78

12.87

7. 08

9.77

6.96

14. 85

46.t6

13. 34

0. 81

13. 69

3.76

0.48

7.69

6.82

4. 88

4. 58

4.36

]-2.63

9. 93

13.30

5. 73

10.39

7.82

12. 30

4L.16

1r. It
0. 86

11. 40

3.32

o.52

5.93

4.73

4. 18

4. 05

4.4L

11. 71

10. 39

10.28

5. BO

7.73

6. 30

23.03

35. 89

14. t6

0.81

12.77

2.57

o.46

5.85

4-92

3.79

4. 00

4.22

7.26

7.25

8.79
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APPENDIX TABLE I.l. continued:

Diet: VüHC Methionine: HMet
I

G

'2.sT
o520

I
o

T T T T
55

TAU

THR

SER

GLU

GLY

AIA

ABU

vAI,

MET

CYSH

ILE

LEU

TYR

PITE

ORN

LYS

HIS

ARG

L6.72

9.26

5. 95

L4.47

42.35

L2.28

1.06

11.99

6.20

1.15

5.46

4.93

4.47

4.2L

3.91

8.55

6.64

TL.72

1.6.02

6. 90

6.40

21.00

39. 06

13. 86

L.20

13.01

4.82

1.15

5.85

5.45

3.97

4.39

4.O9

7.17

6.48

L2.06

L7.L2

9.54

8.42

32.01

60.6I
20.98

1.51

I8.24

6.27

1.13

5.44

4.7L

3.67

4.26

4.54

7 .L7

6.7 4

10.6?

L7.7L

9. Bl_

7.94

13. 55

37.44

11.3r

0. 68

11.04

5.92

l,12
4.82

4.?3

3.91

4.28

2.9L

8.32

8.39

10. 88

13.85

6.L9

6. 55

t2.79
3l-.29

7. 80

0. 88

8.0I
4. I0
o.97

3.41

3. 35

2.75

3. s5

3. 3t
6.68

B. 8I
8.L2

L7.T7

4. 88

4.56

20.27

31.53

12.28

0. 90

8.47

4.26

r.06
3.67

3.74

2.92

3.77

2.9L

s.2L

5. 85

7.78
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APPENDIX TABI,E 1.I continued:

Methionine: OM (Control)Diet: CH

G

*z.sToTs

I
o

'z.s

I
Tto

5

TAU

THR

SER

GLU

GLY

AI,A

ABU

vA],

I,TET

CYSH

ILE

LEU

TYR

PTIE

ORN

LYS

HIS

ARG

2.87

24.56

12. 33

18.40

62.89

2L.06

0. 99

30.42

L.52

o.22

1r.06

15.75

8. 17

6.00

9.74

11.65

9.25

15.99

2.44

22.85

L2.26

2t.20
57. s3

20:84

o.94

29.04

L-37

tr.
10.93

15.19

6.62

5.47

7.57

10.33

6. 15

]-5.O2

2.40

25.04

L2.60

26.23

67.3t
23.43

r.42
34.42

1.50

tr.
11.8I
I7.O2

7.O7

5.96

7.87

13.48

7.O4

L4.40

3.04

27.98

L2.84

15.07

59.78

2L.94

0,45

31. I1
2.2I
tr.

1I. 3s

L6.25

8.08

6.44

9.42

L4.06

9.32

15.68

2.80

20.69

9.63

12.72

52.06

15. 55

0.81

25.49

L.24

ND

7.85

LO.94

5.49

4. 19

7.O2

7.9I
11.56

10. 43

2.90

22.74

r0. 73

L9.77

55.94

18. 99

0. 84

29.LO

1.53

tr.
r0. 93

15. 35

6.75

5.57

5.43

8. 99

5.92

12.25
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APPENDIX TABLE 1.1 continued:

Diet: CII Methi.onine: LMet
I
o

2.5

I c
T T T T *52.5T-

50 0

TAU

THR

SER

GLU

GLY

ALA

ABU

VAT

MET

CYSH

ILE

LEU

TYR

PHE

ORN

LYS

HIS

ARG

3.40

2I.04

11.88

18. 85

55.24

19. 81

1.45

2A.4L

3. rt
0. 50

9. 50

14.02

a.o2

5.9 t
7.97

11.19

8. 09

L4.75

2.s7

L6.47

8.45

L9.77

46.03

17.66

0.98

22.63

2.30

o.2a

8. 11

11. 86

6. Is
4.59

5.4r
7.85

6.34

10. 69

3. 33

18.08

8.09

22.8I
49.95

21.00

1.09

27.28

2.2A

o.32

9. 88

13. 33

6.80

5.26

5.39

9. 38

6.97

L2.65

3.72

14. 8r

7.03

15.4r

43.69

15.52

r.27
24.38

2.O5

0. 40

7.18

I1. s0

5. 90

5. 63

7.24

- 9.48

8.62

13. 19

3.2t
11.09

5 .0I
11. 36

32.49

L2.29

o.72

15. 58

1.56

tr.
4.42

6.4L

3.65

3. 68

4.03

5.95

9.O4

8.6r

2.82

r0.11

4.68

2t.20
30.66

14.35

0. 81

18 .55

2.L7

tr.
7.O9

9.87

5. 18

4.85

3. 89

5.77

6. 15

10. 20
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APPENDIX TABLE Ì. l- continued:

Diet: CH Methionine: HMet

5
T-o

I o

2.5T

I
*5T

u

2.5T
0

TAU

TTTR

SER

GLU

GLY

ATA

ABU

vAI,

MET

CYSH

II,E

LEU

TYR

PHE

ORN

LYS

HIS

ARG

10.60

17.01

6.73

16.84

39. 59

18. 84

1.45

24.85

4.98

o.82

10. 12

13. 59

7.40

6.62.

7.31

9.78

8.62

15 .48

6. 38

10.49

4. 33

L7.40

30.29

L4.O2

0. 95

L6.79

2.76

o.76

6.15

8. 41

4.6L

3.72

4.13

5.52

5. 31

10. 60

8.88

Lt.23
4.56

2L.60

30.o2

15. 01

L.26

18. 87

3. 30

o.62

7.45

9.26

4.69

4. 33

5. 10

6.51

5.55

11.14

9.34

22.30

6.L2

14. 85

40. 19

18.56

1. r1
23.L6

4.82

0.63

9. 10

11.90

6.40

6.28

6. 39

L2.73

8.62

15.55

8.L2

15.69

5.63

14. 38

34.00

14.86

L.02

L7 .27

3.43

0. 65

6.27

7.s6

4.s9

4.44

5. 04

6.8r
7.90

10.21

8.64

L4.52

6.r7
24.88

35. 35

L7.77

L.23

20.06

4.42

o.74

8.22

9. 68

5.60

5.2I
4. 18

6.72

7.48

L2.47
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ÀPPENDIX TABLE 1.2: Plasma concentrations of glucose (ng glucose,/
IOOmI plasma) for each individual animal at each sampling
during the experiment.

I
tg

5
TT

o

G
no

G0
I

G
to II

T2.5
I I

G0

Diet: WHC

Control

LMet

HMet

Contrcl

LMEt

HMet

59.0
62.O
63.0
65.0

63. 5
46.O
s6. 5
54.5

54.
43.

58.0
58.0
51. 5
59. 0

64.O
56. 5
48.0
61.0

48. 0
55 .0
5t- 0

57.s
52.O
61.5
54.0

73.0
68.0
57.5
50.0

74.5
55. 5
59. 0
59. 5

61.0
58.0
60. 5
63.5

62.
59.

65.5
71.5
63.5
5r.0
77.5
70. 5
5r.5
68. 5

69. 5
65 .0
66. 0
59. 5

148
159
ls6
156

Is7
L57
156
153

L47
t5s
156
r56

157
150
L57
r39'

r59
l23
156
155

156
]-57
L57
t57

56.
61.
60.

s5.5
69. 5
55.0
62.5

62.O
58.0

66.5
64.5
62.O
52.O

63. 0
64.O
46.O
60. 0

49.O

66.0
57.0
60. 0
52.O

42.o
62.O
55.5
59.5

60.
56.
55.

58.0
75.0
7r.0
69.0

64. 0
60. 0
59. 0
58. 5

65.0

69. 0

69.
65.

54.O
69. 5
72.5
48.0

59.5
62.5
55. 5
53.0

61.0
65.5
56.5
52.5

63. 0
58. 0
53. 0
61.0

56. 5
62.O
56.0
49.5

B
F
K
c

B
F
K
c

B
F
K
c

55
6r.

E
U

H

N

E
U

H

N

E
U
E
N

51.
43.
61.

0
0
0
0

0
5
0
0

57. 0
57.O
5s.0
65.0

57

63.63. 5

5
5
5
o

87
60
B6

0
0
555

65.0
65.0
54.5
69.0

65.
67.
65.

5
5
0
5

55 .0
65.0
57.0
48.0

57.s
59.0

5
0
0

73
65
63

54
62
63

0
0
5

5
0
5

5

58.

57.

0
0
0
0

Diet: CH

56.

60
66
7L
67

56
55
48
49

0
0
0
0

5
5
5
5

5
0
0
0

0
0
0
0

69.5
67.5
70.5
57.5

54.
62.
64. 61.

605I.

HMeÈ - 0.169 L-methionine/tgo:75/d,ay. rO - no glucose_infusion;
I" - intravenous glucose at rate of O.59 ó-glucose/kg0'75¡hour for 2 hours
bètween tO.5 *d rZ.S. WHC - wheat hay chaffr CH - clover hay.

0.75Control - water infusion; Ll4et - 0.089 L-meÈhioniner/kg /day¡

v19



APPENDIX 2

surqicäI preÞara tion of sheêp with irrttâ.abomä.sa1 tubes

The traditional ¡nethod of abomasal- carrulation severeÌy

inhibits the mobility of the abomasum within the gut cavity. and

the abomasal tube preparatÍon was intended to provide a less severe

surgical preparation. Although a nurnberof animals were maíntained

wiÈh abomasal tubes for periods of six months or longer without any

apparent trou.ble, three animals rejected the preparation foll,cwing

a period of infection which did not respond to antibiotic treatment.

Consequently the intra-abomasal tube was much less satisfactory than

the traditional method of abomasal canulation.

Ítre details of the surgical preparation foIIow.

Tube: The tube used was a heavy-walled PVC (external

diameter 5.5mm and internal diameter 3.Omm) of about 4Ocm in length.

The tube \¡ras secured to a piece of Dacron felt (Spec. No. 54,

PermeabiliEy 7L/cm; Troy MeIb. New Hampshire) using a Silastic*

adhesive (Silastic Adhesive B). An oval portion of Dacron felt

(6cm in length and 2cm in width) with a small opening (through which

to pass the tube) a-bout 2cm from one end was used. The tube was

passed through the opening such that about 5cm would be left free

ín the abomasum. The tube was then secured to the Dacron felt.

The abomasal end of the tube was slit in a number of places to permit

flow of infusate should the end of the tube become blocked with

digesta.
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Surgêry: Anaesthesia was ind.uced and maintained with sodium

pentobarbitone (Nembutal) administered via the jugular vein.

A lateral incision was made on the right side of the sheep

about 4cm behind the fast rib. The muscle layers were parted by

blunt disection and the peritoneum exposed. The peritoneum was

clamped with Mosquito forceps at each end of the incision and then

cut along the line between the forceps. lfLre ebornasum was then

exteriorised. A suitable position for the implantation of the tube

was selected and a ring of Murphy sutures about lcm in diameter placed

in the serosal layer of the abomasal wall usíng Chromic 4/O gut.

A small slit was then cut withín the suture ring; the tube inserted

into the abomasum and the ends of the suture drawn up firmly and tied.

The Dacron felt was then sutured into the serosal layer of the abomasal

wall. The free end of the tube was then passed out through a stab

wound in the side of the animal and the peritoneum, muscle layers

and skin sutured.

' The sheep were returned to their pens and resumed eating

within l-3 hours. By the second or third day following surgerlz,

intakes had usually returned to normal levels. Routine post-operative

caf,e was carried out and a1l sheep received a course of antibiotics

over the three days after surgery.
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APPENDIX 3

APPENDIX TABLE 3.1 (Experiment 2/2): Plasma amino acid concentrations in
samples taken on day 3 of the .control (I{O) and methi_onine infusion
MI.4, M4.2) periods"

Sheep 761
MO M1.4

Sheep 663
MI.4MO M4.2 MO M4.2

Sheep 748
MI.4

TAU

TITR

SER

GLU

GLY

AIA

ABU

VAT

tcns
MET

CYSH

ILE

I,EU

TTR

PITE

ORN

I,YS

HIS

ARG

o-7r
15.91

15. 95

20. 80

92.64

24.55

tr.
16. 00

1.72

L.94

tr.
7.63

7. 38

4.94

3.78

6.24

16. 85

77.64

11. 20

1. 35

5.7r
8.41

19. 60

56.45

L3.23

o-25

7.29

2.66

2.13

tr.
4-56

2.93

2.95

2.99

2 -74

7.72

11.81

8. 13

6. 39

14.78

!6.42
36. 13

126.2

24.28

I.52
20.92

2.4A

1.88

tr.
8.53

9.40

6.65

4.48

7.26

19.75

23.O7

42.82

2.67

7.LT

9.I2
24.96

81. 97

15.38

2.3I
12.55

4.46

6.92

1. 05

6.24

4.42

6.62

4.37

4.63

11.34

20. 88

%06

]-5.79

].O.76

6.42

19.01

50. 94

25.01

I.A2
9.98

4.9I
123. 3

2.O2

3.76

3.2I
5.20

4.56

6.20

t4.57
22.48

IO.44

3.94

21. 13

19. 82

38. 64

1l.7.4

29.I3
r.74

21.31

2.77

2.25

ND

9. 35

11.16

6.43

5.19

4.22

17.7L

22.70

]-I.47

1. 11

8. 81

8.76

26.O3

68.97

L5.94

1. 45

10. 01

4.54

6. 31

1.03

3. 59

3.08

4.80

3. 68

4.11

7.64

18. 19

7.07

l.6.25

9. 08

9.24

I7.20
52.39

15.75

1.78

8. 8I
4.73

94.74

3. 33

3.69

3. 55

4.46

4.34

4.59

10.98

t4.17
7.16

ND - not detectable; tr. = trace.
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APPENDIX TABLE 3.2 (E><perintenL 2/2): Blood cell amino acid concentra+-ions

(U moles/IOOmt blood cells).

M8M84¡a2M44M1

Sheep 761

M4.2 M4.2
38

NT4.2
10

MI.4
3

Sheep 663

3

4
I 11

4
3 3

TAU

THR

SER

GLU

GLY

AIA

ABU

VAI

Lcvs

MET

CYSH

II,E

LEU

TYR

PHE

ORN

LYS

HIS

ARG

22.5I
TI.46

7.I8
19. 18

83. 20

37.76

2.64

11. 69

ND

I. 19

1.38

5.71

9.89

3.64

4.82

23.39

18. 54

t7.57
0.37

43.37

10.35

11. 63

11.55

7r.76

19. 30

2.64

9.44

ND

1.91

0.89

3.65

7.69

3. t3
4.12

17.58

15.09

73.94

o.32

37.28

2I.89
l.4.78

11. 95

65. 50

20.70

1. 40

13.63

ND

42.3r
I.26
3. 05

10. 84

4.29

4.7I
26.38

27.29

16. 98

o.32

38. 10

33.43

13.36

12.90

48.42

23.85

0.91

]-3.23

0. 89

53.67

1.60

2.70

9. 30

4.79

4.12

26.53

23.29

18.54

o.20

44.47

5.44

5. 04

tr.74
40.93

18.32

3. 18

].4.40

2.85

7.64

o.20

s. 87

l-5.47

6.54

5.92.

4. 83

22.56

iz.sz
25.Or

50.28

7.2I
7.92

10.08

52.89

20. 30

1.03

7.96

r.85
28.04

0.35

7.Or

8.12

4.70

4. 00

I.74
17. 38

12.43

L6 -37

57.4r

t5.76

17.50

61. 33

52.O7

33-47

0.65

13.36

NM

133.4

0. 99

5. 07

22.05

9 -4s

7.55

5.10

31. 85

2I.96
35. 14

57.22

13.67

11. 81
*

109. 4

62.36

28.67

o.49

L4.60

NM

72.O4

0. 84

4.95

24.09

7.64

6.91

4.46

33.25

28.3I
48.27

49.78

l4.72
44.49

29.32

50. 95

28. 38

2.23

13.25

NM

l-L9.4

o.72

3. 59

23.IO

6.63

6. 10

3.32

32.52

24.54

41. 86

*

*

*
Peaks not pure; a major contaminant of the serine or glutamic acid peak
was present in these samples.
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APPENDTX TABI,E 3.2 (Experiment 2/2 ) continued:

MI.4
3

Sheep 748

M4 MB.4 M8.4 M8.4 M8.4
3 3 5 B 11

2 M8.4
L7

TAU

TTIR

SER

GLU

GLY

ALA

ABU

VAL

*cvs

MET

CYSH

ILE

LEU

rYR

PTIE

ORN

LYS

HIS

ARG

52.89

15. 18

l'6.78

20. 00

84.87

36. 90

3.20

20.2L

4.L9

3.50

o.zl
6.15

2L.O9

8.06

8. 35

8.11

27.I8
2L.40

3.47

sI.46
]-3.32

L4.34

15.97

57.60

33.76

I.07
L2.54

3. 40

52.26

o.25

3. 41

14. 51

6. 86

6. r-0

7.L4

17.82

76.57

1.89

59.43

17.13

]-3.25

15. 59

45.75

29.67

0.99

10.51

NM

r29.3
3.22

3. 09

16.04

6.25

6.94

6. 56

20.o7

15. 16

I.72

66. 35

L6.72

15. 30

16.25

51. 16

32.30

0. 90

13. 05

NM

139.8

2.r7
3.7I

20.23

6.95

7.5I
6.08

23.08

2I.33
2.38

67.25

59.28

16. 08

13.81

57.62

33.57

r.77
13.35

NM

168.7

1.19

3 -44

18.89

7.63

7.04

7.70

26.L6

27.90

2.55

63.64

56.47

16. 18

20.25

54.27

33. 98

3.14

L3.47

NM

154.5

1.07

4.OO

20.60

8.06

8. 00

5.08

23.57

19. 75

2.60

62.1I
17.00

20.3I
15.33

57.29

28.53

2.22

13.05

NM

189. 1

3.7 4

2.35

20.63

6.78

6.52

6. 33

26.53

22.77

1. 65

NM - not measurable.
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APPENDIX TABLE 4.1:
apparent ges

APPENDIX 4

Individual values for organic matter intake (Olaf¡,
tibitity of organic matter and feed nitrogen, nì.trogen

retention and urine N excretion (ratio to absorbed N) for aII periods
of the experiment. Amino acid treatments are described by the amino
acid which was omitted from the i.nfusion.

OMI
(g/kso.7s /day)

App. digestibility of N retentíon
oM(%) FeedN(%) G/kso.75/ð,ay)

Urine N (ratio
to absorbed N)

HC

648
768
65s
669
664
759
760

NC

64e
768
655
669
664
759
760

60. 3
64.6
65.6
54.6
59-2
52.9

58. 5
55. 3

62.3
64.3
54.2
58.6
50. 9

60.4
47.3
64.I
57.0
49.6
63.8
52.6

64.2
54. 0
68.3
50. 6
49.3
60.7
56.6

60.22
59.87
58. 96
60. 37
58. 60
59.08
57.88

60-52
6I.36
58.68
62.83
6I.42
60. 15
60. 15

60.90
60.79
57.77
61. 06
60. 04
6L.79
57.82

59.24
60. 18
58. 60
61.83
6I.99
59.42
60.42

52.a6
40.48
49.43
47.O3
46. 33
47.L4
43.67

58. 59
47.60
47.6r
47.23
41. 98
52. 58
43-2I

60.39
4r.84
54.90
56.18
56.34
54.44
48.30

0.068
0. 035
0.063
0. 091

-0.049
0. 006

-0.035

0. 139

0. 339
0. L16
o.24L
o.207
0. 146
0. 235
0. o45

55.8

0.388
o.224
o.324
0. 203
0.239 I

o.260
o-289

0.790
0.867
0. 821
o.729
1. 190
0. 981
1" 140

o.723
0. 868
o.872
o.640
o.949
0.792
0. 966

0.459
o.77L
0.560
0.552
0.681
0.590
o.908

0. 408
o.515
o. 498
o.623
o.579
0.560
0.488

0. 063
0. 066
o.205
o.026
0. 109
0. 017

89
80
85
83
89
43
o2

46
40
45
53
4A
51
44

A1

648
768
65s
669
664
759
760

A2

648
76e
655

(I,EU)
(THR)
(VAl.)
(ILE)
(rRP)
(r,vs)
(r,IEr)

(rLE)
(rRP)
(r,vs¡

669
664
759
760

(¡,ET)
(ræu)
(THR)
(var,¡

,25



APPENDIX TABLE 4.1 continued:

OMI

@kso'75 /auy
App. digestibilíty of
OlvI (eu ¡ Feed N (% )

N retention
@/kso'75/a^y)

Urine N [rairo
to absorbed lI)

A3

648
768
655
669
664
759
760

A4

648
768
655
669
664
759'
760

(TRP)
(LYS)
(l,ET)
(I,EU)
(THR)
(vAr)
(II,E)

(TTIR)
(var,)
(rLE)
(tne¡
(LYS)
(¡mr)
(I,EU)

6r.9
60. 1
61. 9
47 .3
53.4
56.8
54.4

60.6
6I.4
68.4
54.2
59.2
45.7
57.5

59.71,
62.9r
57.86
64.33
63.32
62.43
56.7L

60.44
6r.99
59.49
63. 34
59.93
59.37
58.35

54.27
49.22
50. 84
46"34
56.72
54.54
43. 00

58.79
50.49
52.90
52.70
52.37
58.91
43.42

o.245
o.272
o.7.24
o.L32
o.226
0. 253
o.L77

.223

.r28

.LI2

.301

.266

.273

.265

0
0
0
o
0
0
0

0. 558
0. s13
o.771
0.701
0. 588
o.524
o.645

o-484
0.510
o.525
o.470
0.601
0.733
o.770
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APPENDTX 5

APPENDIX TABI,E 5.1 (Exper iment 5/I) : I¡rdividual anirnal values for
nitrogen supply (feed N intake * methionine N infused) and
urine and faecal nitrogen excretion for the sheep fed the
barley straw diet in the control period (BC) an4-in the periocl
of methionine infusion (O.L2g L-methionine/kgO'15¡aav) .

Supply Uríne

Nitrogen parameter (S/day)

Faeces Supp1y
BC BM

Urine Faeces

574

582

378

408

581

365

393

402

567

389

583'

577

580

558

462

6].2

568

508

445

585

564

0.93

r.42
1.48

1.90

1.20

1.40

L.79

1. 59

L.66

1.80

L-24

1.08

0. 87

1.19'

0.89

0.95

1.13

1.53

I.29
L.28

o.64

2.84

2.OL

t.74
I.52
2.23

2.30

1. 58

L.82

1. 96

1.89

2.03

2.20

2.89

1. 95

2-33

2.04

2.20

L.54

1.91

1. 59

L.78

1.95

2.06

2.IO

2.68

1.55

2.O7

2.73

2.43

2.50

2.60

1.84

1.68

I.62
L.76

I.28
1. 56

1.83

2.49

2.O5

1.97

L.l4

1.00

1.78

r.44
2.t4
1.55

r.79
L.79

1.81

L.82

1.85

1.69

1. s7

I.75
L.79

o-94

1.03

1. 19

1.96

1.48

1.48

o -94

1.72

L.25

0. 91

1.20

L.25

L.T2

1.34

1.13

1. 56

1. 3r

1.15

1.19

1.53

1.42

L.76

1.30

1. 40

r. 16

I.37
1.18

1.10

2.OO

2.2I
1.98

2.62

1.82

2.30

2.5L

2.27

2.37

2.34

2.O8

1.82

2.16

2.06

L.29

L.54

1.80

2.65

r.94
2.O7

r.26

N suppty for days 3 to 9; urine N for urine collected on days 5 to 11;

faeces N for faeces collected on days 6 Eo 12.
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APPENDIX TABLE 5.2 (Experimer,t 5/2) z

supply (feed N intake + methioni
Individual animal values for nitrogen
ne N) and urine and faecal nitrogen

excretion for the sheep fed the barley straw,/wheaten hay chaff diet
in the control period and. in the períods of methionine ínfusion (v^¡M -
o.I2g L-methioníne/kgO' 75/auy, vlu - O. 369 L-methionine/kno'75¡day) .

wc
Supp1y Urine Faeces

Nitrogen parameter (S/day)
vqM

Supply Urine Faeces
$iH

Supply Urine Faeces

574

542

378

408

581

365

393

402

567

389

583

577

580

558

462

6]-'2

568

508

445

585

564

1.91

2.97

3.48

4. 13

2.8I
3. 88

4. 03

3.62

2.65

3. 69

3.33

2.16

3.10

4. 13

2.35

2.L4

2.49

4.45

3.L2

2.73

7.42

L.64

I.37
r.27
L.T7

1.40

r.46
1.55

r.37
r.57
L.49

r.29
1. 83

r.52
o.92

t.43
1. 53

1.30

0. 96

I.29
L.4I
L.20

2.60

2.7 4

2.92

3.32

2.67

3.10

3.43

3.05

2 -37

3.2I
2.87

1.88

3. 05

3.27

2 -53

2.06

2.O9

3. 90

2.72

2.67

1.13

2.14

3. 40

3.44

4. 05

3.2I
4.01

4.79

3.7r
2.96

4.29

3.70

2.43

3.69

4.I2
2.43

2.06

2.46

4.50

3.34

2.68

1.77

L.2L

0. 84

o.77

1. 05

o.97

ci. gs

1.01

r.24
1.51

I.02
o.94

1. 15

1. 00

0. 86

1. 15

L.4r
0. 90

0.88

1.18

1.50

1,01

2.L6

2.66

2.70

3.05

2.5I
2.95

3. 86

2.85

2.60

3. 41

2.84

r.82
2.88

3.06

L.97

1.89

1.81

3.58

2.63

2.23

1. 53

2.92

3.56

3. 31

4.57

2.48

4.3L

4.65

3.49

3 .68

3.53

3.60

2.34

3. 58

3.86

2.OO

2.3r
2.22

4.49

3. 37

2.80

2.22

L.28

L.27

I-23

1.38

2.IO

7.43

L.25

2.66

2.O8

2.26

T.4L

L.69

r.46
I.25
2.OL

1,.54

2.53

1. 07

1.59

L.64

1. 31

2.27

2.66

2.50

2.98

L.77

2.93

3.44

2.38

2.49

2.28

2.54

1. 89

2.6r
2.98

L.12

1.82

1. 09

3. 53

2.55

2.70

1. 61

N supply for days 3 to 9; urine N for urine collected on days 5 to 11;
faeces N for faeces collected on days 6 Eo 12.
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APPENDIX 6

APPENDfX TABLE 6.1: Values for the apparenÈ digestibility of organic
matter (diq. OM%) and the apparent digestibility of nj.trogen
(dig. N%) for the twelve sheep in the contrc¡l and treatment
periods.

Dig. oM?
Control Treatment

Dig. NB

Control Treatment

I
OMET

445

5A2

365

564

LMET

580

389

558

393

HMET

567

583

378

54.45

53. 95

56. 83

54.53

56.54

59.22

54. 30

49. 08

59.19

56.25

54.80

53.82

50.30

57.36

60.L2

52.26

57.10

54. 30

55. 95

60.73

58. 75

58.82

63.80

36.10

36.82

39. 08

31. 58

35.63

40.66

29.78

26.60

38.08

36.46

32.67

37.36

26.s3

39.08

29.16

3L-23

39.57

33.59

35. 38

46.29

38.81

40.43

45.23

2

462

1) Infusion during the treatment period.:
OMET - control water infusion;
LMET - Iow methionine O.L2g f,-net/kgo
HMET - high nethionine 0.369 L-met/kg

.7
0 l+x;

Urine and faeces samples discarded in error.2l
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APPENDIX TABLE 6.2: Weights of organs and tissues taken from the
twelve sheep at slaughter (weigþts expressed as a percentage
of the metabolic bodysize (kgu' 't) ) .

0. 75
Vûeight (percentage of liveweight kg )

Dry weíght Organ Wet Vúeights
Liver Liver Kidneys Sp leen Diaphragm Heart

I
OMET

445
542
365
564

LMET

580
389
393
558

H¡/IET

462
567
378
583

12.
L2.

0.851
o.827
0.811
0. 880

0. 861
o.943
o.927
0.834

0.751
o.978
o.97I
0.918

2.99
3. O0

3.O2
3.22

3.37
3. 51
3.35
3. 16

o.740
0. 768
o.764
o-9r4

o -734
0. 596
o.7l-7
0.753

0. 818
0.781
0.680
o.797

0.520
o.432
0.333
0.495

0.560
o -926
o.4r7
0. 573

0. 382
0.453
0. 400
0. 508

1. 05
L.20
1.07
o.952

o.964
1. 03
0.944
0.983

1.33
1.31
L.24
1. 4B

.15

.45
1. 19

10

10.

0
5
3
5

10.9
13.6
L2.7
8.9

11.0
L2.8
L2.5
11.8

L.O7
1.18
t.L4
1.30

0
1
I

927

2.79

3.34

3.62
3.57

.07

.30

.44

.15

I
I
t
I

1)
fnfusíon during the treatment period;
OMET - control water infusion;
LMET - low methionine , o.L2g r,-met/kgo''^u/9^,
HMET - high methionine - 0.369 L-met,/kgu'tr/day.
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35
APPENDTX TABT,E 6. 3: Total plasma S and

a-H activitv at varíous
times during the isotope infusion (aII values corrected to
standard tot-al isotope infusions of 500 x 106 Cpm 35S and
750 x to6 ¿pm 3it).

O¡,8T1 HMET
445 582 462 51o7

LMET
580 389

Time Total plasrña 35s activity (dpm x rO3/mr)

8m
16
30
60

2h
4
6
I

10
12
L4
15

.23

I
2
3

4
6

10
12
15
I8
.20

2L

0.58
T.27
1. 53
2.20
2.52
3.44
3.80
3.52
3.97
4.60
5.28
5.37

.7r

.02

.73

.77

2
¿

3

4
6
I

10

2-IO
3.37
4.45
6. 55
6.L7
6. 85
8.78
8. 60

11. 78
13.67
15. 35
13.10

1.09
2.04
1.91
4. 15
5.52
7. 80
8. 96
9.62

10. 86
13.54
14. 90
L4.64

2

2
2

4
6
6
I
9

1l
13

8m

i6
30
60

2h
4
6
8

10
12
T4
15

t
I
I
2

2

2
2
3
4
5
4

r-29
.91
.27
.57
.55
.29
.68

.02

.23

.46

.53

.04

.72

.75

.30

.90

.75

.29

.42
-2I
.43

17.33
L5.27

t.29
1.53
1.8r
2.OI
2.L4
2.29
2.82
3.48
3.80
4. 35
3.98
4.28

.81

.62

.01

.18

.15

.25

.36

.90
trtr

.65
21.33

3 3Total plasma H activity (dpm x I0 /n]-)

1.55
2.23
2.79
4.36
4.74
5. 58
7. 15
7.7s

10.48
L2.73
TI.44
9.62

.51

.IB

.45

.66
TT.72
13. 36

.14.68
L7.76
17.03

0.53
0.98
2.OI
2.25
5.18
7.2L
9.I2

L2-68
14.87
16.84
L9.O4
19.81

0.70
I.24
2.4L
2.76
4.42
5.87
6.80
9. 00
9.51

11. 60
12.4t
13.4I

2.63
2.47
3.70
3. 99
4. 35
5.32
8.47
7.47
9.07
9. 51

10. r3
LI.77

1) Infusíon during the treatment period; OMET - control, water infusion;
LMET - low methionine , o.I2g L-met,/kgO'75/auy,
HMET - high methionine , O.369 r,-met/kgO.75/day.
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APPENDIX TABLE 6.4: Urine outputs of 35s acÈivíty 
"rrd 

3H activity

as-a percentage of the total infusion of each isotope over

the period of the isotope infusion.

OMET LMET HMET

567445 582 580 389 462

35

3
H

S 2.99

1.68

8.29 4.66 6.32 6.12 9.73

5.75 1.93 2 -20 1. 99 2.67
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APPENDIX TABLE 6.5: Total radioactivity counts (dpn x tO3¡g ary

tissue) in samples of tissue taken at slaugirter.

OMET LMET H¡,IET

445 582 580 389 462 567

Tissue radioactivity t5, * toTo d::v tissue

Pancreas
Intestíne
Liver
Kidneys
Skin
Heart
Diaphragm
Muscle

Pancreas
Intestine
LÍver
Kidneys
Skin

Infusate
Pancreas
Intestine
Liver
Kidneys
Skin

1132
903
679
586

98.3
l54

74.2
35. O

L744
772
463
9]-4
L87

o.67
0.65
1.r7
L.47
o.64
0.53

82t
686
465
463
133
139
57.r
32.4

r296
592
611
477
264
l-22

78.8
66.2

730
413
449
27r
209
107
55. 3

46.4

530
368
65r
295
191
L7L
].44
109

358
240
484
213
12I
L20
]-'26
89.2

Tissue radioactivity
12-H x lo'lq drv tissue

35 3Ratio of radioactivítv

l-248
661
303
643
273

1655
782
476
7L3
386

1463
43L
312
450
337

T26L
536
398
560
32L

o.67
o -42
0.69
L.64
0.53
0. 60

LL92
496
357
515
185

.30

.48

.36

.4t

.65

H

67670
0
1
1
0
0

67
66
o4
53
72
49

o.67
0. 78
o.76
)-.28
0.67
0. 68

.50

.96

.44

.60

.62

o
0
0
1
0
0

0
0
0
I
0
0

Note: Samples were freeze-dried and prepared for counting
by the method of Mahin & Lofberg (1966). The values
for the 3H activity in the samples of skeletal muscle,
heart ald diaphragrn rdere highly varial¡le and for this
reason are not presented..
All values have been corrected to a standard total
infusíon of 5OO x 106 dpm of 35s and 750 x 106 dpm of
3H.
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