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ABSTRACT

Rumen papi]]ée, prepared from sections of cattle rumen mucosal
1ining obtained from a local abattoir, were incubated aerobically with
various concentrations and combinations of ammonium chloride, amino
acids and organic acids, the latter including propionate, pyruvate,
a-ketoglutarate and glybxy]ate. ‘Incubatioﬁ media were ana]yzéd using
a gas-liquid chromatographic téchnique entailing separation of
1sobuty]-N(O)-heptaf]ﬁorqbutyryl amino acid esters: glutamine Was
recoyered with glutamate and aspafagine‘with aspartate.

Of the amino acids released by rumen papi]]ae,voniy alanine,
glycine, serine, aspartate (plus asparagine) and g]utamate‘(p1u5' l
glutamine), or ornithine with arginine as a substrate, were released in
quantities greater than that measured in incubations without added
nitrogen or, carbon sourczs.

Alanine release by rumeﬁ 6api11ae was increased in the presence
of pyruvateijﬁhn'inéreased release of alanine with propionate was only
observed with the inclusion of glutamate as a nitrogen source.

Glycine was released by rumen papillae incqbated with glyoxylate.
However, additions of glycolaldehyde, g]yoxa] or glycollate, as potential
sources of glyoxylate, did not influence release of glycine. Incubation)
with 1 mM ethanolamine increased g]ycfne release slightly. Oxalate (1

and 10 mM) increased the release of amino acids, but did not influence

g]ycine selectively.



Incubction of rumen papillae with a-ketoglutarate 1qcreased
}elease of glutamate plus glutamine. Of the amino acids’réleased by
rumen papillae in response to added substrates, serine.and aspartate plus
asparagine were not quantitatively major products. /

Glutamate was an effective amino donér for the production of
alanine from pyruyate and of §1ycine from g]yoxy]ate: Alanine also
served as a source of nitrogen for the synthesis of glycine from glyoxylate.

Methionine sulfoximine, reported to be a non-competitive inhibitor
of glutamine synthetase (EC 6.3.1.2), was added to incubation media
to prevent the synthesis of glutamine. However, it was not possible
to demonstrate unequivocally that glutamine was a port1on of total
glutamate plus glutamine present in jncubation media. When rumen papi]]ae
were incubated with g]utamine\plus carboﬁ sources, the glutamine
disappeared, but did not inf]uéﬁce the release of amino acids. Approxi-
mately 3% of the g]utqgine fnc]uded in incubation media was recovered as
glutamate plus glutamine after the incubation.period; glutamate recovery
was approximately 55% of that added to incubation media.

Incubations with added serine (0.1 to 2 mM) increased release of
glycine markedly by rumen papillae. Only with the inclusion of 1 mM
fdrma]dehyde or formate with 1 mM glycine was serine-release by rumén
papi]]ae'increased. An active serine hydroxymethy]transferase (EC 2.1.2.1)
in the tissues of rumen papillae was indicated.

With 1 mM arginine as a substrate, there was a release of X
ornith1ne by rumen papillae, 1nd1cat1ng urea product1on

The possible 1ncorporat1on of rumen fluid anmon1a n1trogen 1nto -

amino acids, and the release of urea from arginine and ammon1a n1trogen

A
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from glutamine by rumen papillae, or ruminal epithelium are discussed

with respect to the transfer of nitrogen between the host animal and

the rumen.

A
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1. INTRODUCTION

‘ Tracef studies involving the use of []SN] ammonium salts and

[]4C] or []SN] urea infused intraruminally or intravendus]y have provided
quantitative estimates of flows of these compounds in sheep (Pilgrim -
et al. 1970; Mathison and Milligan 1971; Nolan and Leng 1972; Nolan et al.

1976). Inputs of nitrogen to the rumen include dietary nitrogen, as
well as blood urea nitrogen, which enters eitﬁer via saliva (Somers 19615,
or from plasma to rumen fluid across the fumina] epithelium (Houpt and
Houpt 1968; Houpt 1970). The outputs of nitrogen from the rumen inclide
microbial ﬁitrogen and non digested dietary nitrogen to thé:omasum, and
ammonia nitrogen (NHB-N) to the omasum or as a djfect flow from rumen
fluid to b]ood pTasma across ruminal epithelium (Lewis et al. 1957;
Hogan 1961).

Nolan and Leng (1972), afteg\injecting []SN]_ammonium ch]orid;
intraruminally or[15N] urea intravenously to sheep, reported that only
38% of the urea which entered the digestive tract was degraded to ‘
NH3-N and reentered the b]ood urea nitrogen~pool. Part of this []SN]
urea nitrogen contributed to the rumen fluid NH3-N pool, which in turn
was a source of nitrogen for the synthesis of micrqpia1'protefn. No]an and
Leng (1972) suggésted that rumen fluid NH#-N can be incorporatéd into
nitrogenous compounds, such as amides or non essential amino a;ids'in
xthe intestinal wall or liver whicp are subsequently incorporafed into .
slowly eqhi]ibrating poo]g of nitrogen, such as body protein."Mathison

and Milligan (1971) and Havassy-et al. (1974) proposed that thé synthesis



of glutamate or glutamine may represent an incorporation of rumen fluid

NH,-N into nitrogenous compounds.

3
The intent of this study was to determine the possibility of

émino acid synthesis, the substrates that might be used for synthesis

of amino acids and the pathways of synthesis that may occur in ruminal
epithelium. To achieve these goals, rumen pabi]]ae were indubated with

a soufce of NH3—N (ammonium ch]otide), carbon sources and amino acids.
Incubation media were subsequently ana]yzed for amino acids using a
gas-liquid chromatographic technique. Alanine, glycine, serine, aspartate,
aspéragine, glutamate and glutamine were accbrded particular emphasis as
these amjno acids have been suggested to be involved in the tfansport

of carbon and nitrogen between tissues in rats (Aikawa et al. 1973) and

\

sheep -(Wolff et al. 1922; Wolff and Bergman 1972a, 1972b).



2. LITERATURE REVIEW

An association between the rumen population of bacteria and
protozoa and the host animal al]ows-fuminants to maintain bodi]} function
while consuming diets having low available nitrogen contents (Leng 1973),
or to adapt to intakes of large quantities of nitfogen (Clarke et al,
1966). On,diets of a low nitrogen content, the total nitrogen available
for microbial prote1n synthe51: is supplemented by p]asma urea nitrogen

recycling to the rumen (Somers 1961; Houpt 1970). Rumen fluid ammonia

nitrogen (NH3—N), produced as a result of degradation of protein or non-

_ protein dietary nitrogen by rumen microorganisms may reach relatively
high concentrations. When 1arge‘quantities of dietary nitrogen were fed

daily, Clarke et al. (1966) attributed the loss of total protein nitrogen

between the dietary intake of nitrogen and abomasal nitrogen content., to
the abéorption of NH3—N from the rumen. The NH3—N pfoduced_from'urea,

a non protein dietary nitrogen-supplement, may predispose the ruminant to
a condition of ammdnia toxicity (Chalupa 1972). Both non toxic and toxic
influences énd consequences of rumen fluid NH;-N are discussed in the

N
following review\of the 1iterature.’

2.1 Microbial Fermentation in the Rumen
/

2.1.1 Nitrogen Metabolism by Rumen Microorganisms

Dietary protein is degraded by rumen microorganisms to NH3-N and
volatile fatty acids (Blackburn 1965). Proteolytic activity has been
associated/with both bacteria and protozoa (Blackburn and Hobson 1960),

with the end products of the initial stages of protein degradation being

3 ~ ,

3



amino acids and polypeptides (Abou Akkada and B]ackburn ]963) Amino
acids have not been found in rumen fluid to a s1gn1f1cant degree (Le1bholz
1965, 1969) since they are readily deam1nated to NH3 -N and the respect1ve
carbon skeletons (Tillman and Sidhu 1969), which in turn are degraded to
volatile fatty acids, or used as Supstrates\for the synthesis df amino
acids and microbial protein by rumen micrqorganisms (Walker 1965).

Rumen bacteria have adapted to NH3-N as a readily available
source of nitrogen for .growth. bf the 89 freshily isolated strains of
rumen bacteria prepared by Bryant and Robinson (1962), 82% grew well on media
containing ammonium sd]fate and a small amount of cysteine as the main
sources of nitrogen. Several bacterial cultures exhibited a requirement

for the amino acids of casein hydrolysate.

-~
3

A limit to the utilization of NH3 -N as a substrate for microbial
prote1n synthes1s was found at 50 mg NH3 -N per litre of rumen fluid by
Satter and Slyter (1974), as judged from the results of sequent1a1 additions
of urea as a nitrogen supplement to continuous-cu]ture‘fermenters charged
with rumen contents from a steer fed a purifded, an all concentrate or a
forage-concentrate (23:77) diet. The_growth of bacteria ufi]izing NH3-N
was not enhanced by increasing rumen fluid NH3-N beyond 50 mg NH3-N per
litre. Extending these in vitro results to the rumen in vivo indicates
that, at higher coneentrations qf"NH3-N in rumen fluid, nitrogen is Tost
from the rumen as NH3 -N.

The ut111zat1on of NH3 -N forZfamino acid and protein synthesis
by microorganisms in the rumen liquor from sheep is influenced by the
chemical form of dietary carbohydrate_(Reis and Reid 1959). Addition of

glucose, a readily fermentable substnate to rumen liquor in vitro, reduces



NH3-N accumulation by stimulating the uti]izatjon of NH3-N for the
synthesis of microbia] protein. The starch of dietary concentrates is
more rapidly used as a carbOn‘source for microbial protein synthesis than
is ce]]u]ose,va highly indigestible carbohydrate found in roughages
(Church 1975). ‘ , i

When the supply of dietary nitrogen waé less than 16 g nitrogen
per déy as proteinénitrbgen ?ed to sheep (Clarke et al. 1366) or 9 g
nitrogen per day. as urea nitrogen in a purified diet fed to-'sheep (Hume
et al. 1970), there'was a net transfe ~f blood urea nitrogen into the
rumen, eitper via salivary secretions (Somers 1961) or a direct.transfer
across ruminal epithe]ium'(Houpf and Houpt 1968; Hoypt 1970). The feediﬁg'
of diets of a high nitrogen cop£ent\which cause high rumen fluid NH3—N
concentrations (Le{bho]z 1969; Lejbho]z“andeartmanL 1972) woula result
in a net absorption of NH3—N inio the.portal s;stem of sheep (Lewis et a].
1957). Absorption of NH3-N directly from the‘rumen (Hogan 1961) reduces
the total nitrogen which flows' out of tﬁe rumen of animals fed the high

nitrogen diets (Clarke et al. 1966; Hume et al. 1970).

2.1.2; Carbohydrate Metabolism by Rumen Microorganisms

) The produétion of ‘the volatile fatty acids, acetate, propionate

and butyrate as end products of carbéhydrate ferm-iitation by rumen
microorganisms,‘fa11s into distinct patterns determined by the dietary form
of carbohydrate (Rumsey et al. 1970). bietary carbohydrates such as starch,
hemicelluloses and cellulose, se;ve as the major enérgy;yielding substrateg
for rumen”microo}ganisms (Walker 1965). A roughage’dief of high ce]Ju]q;g

content fed to ruminants is associated with a rumen fluid pH nearer



neutrality and a higher molar acetate to propionate ratio than is a
concentrate diet of h1gh starch content fed ad" 11b1tum Concentrate

diets result in a rap1d release of total vo]at11e faﬁty acids into rumen

fluid by rumen microorganisms w1th1n 2 hours of feed1ng (Rumsey et al.

1970). ) N ‘ A

Volatile fatty’acids‘themse]ves are substrafes for the synthesis
of cellular constituents by rumen bacteria (Hoover et al. 1963)?
Gonversion of vo]éti]e”fatty acids to bacterial protein, nucleic acids
and po]ysaccharidés appears to be quite extensive, with acetate serving

as the major substrate.

2.1.3. The Qutput of Nitroggn and Carbon From the Rumen

‘The main fermentation products including NH3-N, the volatile
fatty acids, and bacterial and protozoa] protein are either absorbed
directly nr f]ow out of the rumen and may be absorbed further down the
gastro1nLest1na1 tract. Amino acids of microbia] and unfermented dietary
protein are absorbed from the small intestine after proteins are hydro-
lyzed throuéh the act1on of intestinal proteases and peptidases; NH3 N
and volatile fatty acids are absorbed diréctly from the omasum, abomasum -
or small 1ntest1ne (Armstrong and Hutton 1975). The dietary inputs of '
nitrogen are changed in the rumen; the sources of nitrogen ava11ab1e to
ruminant body tissues become the amino acids from microbial or non

digested dietary protein, microbial nucleic acids and NH3-N (Smith 1975).

2.2 Ammonia Metabolism in Body Tissues

. The following sections of this review wil. pertain to the

petabolism of NH,;-N within the tissues of the ruminant. The NH3-N pool of

[y



B A

- NH3-N levels that are higher (6.18 to 0.26 mM) than are found in blood
. y =

" of NHy-N in the peripheral circu1a7

A
the ruminant i.cludes NH3—N absorbed directly from the gastrointestinal

tract plus-that produced as a result of aerobic amino acid degradation

within the tissues of the ruminant animal. The metabolism of volatile

’fatty acids, in particular propionate, and other carbon containing f

- : "
compounds such as lactate and amino acids will be discussed as needed in

relation to the metabolic activities centred about NH3-N (Reilly and Ford
1971; Wolff and Bergman 1972a, 1972b; Heitmann et al. 1973; Bergman et al.

i

1974a, Ballard et al. 1976).

2.2.1 Ammonia in Physiologital Fluids
i -

Ammonia is found inthe Body fluids of rumihants, as well as of
other anima1§; In an aqueous solution ammonia is a strong base with a
pKa of about 9.02 at 37 C. At a pH of 7.0 to 7:5, it can be calculated,
usingCQhe Henderson-Has;é]bach equation,that more than 98%.0f the ammonia
exists as the ammonium (NH4+) jon (Visek-1968; Lund et al. 19;0). An

excessive quantity of NH,-N in body tissues is highly toxic to animals
3

(Visek 1968). Therefore,  there are mechanisms of maintenance of low

circh]dting levels of NH3-N in body fluids.

The quantity of ammonia found in the circulatory system depends

g

upon the sampling iige. In rats and man, porfa] vein whole blood has free

/~~m the peripheral circulation (0.02 to 0.04 mM) (Lund et al. 1970). In

sheep, the‘]eve1.of NH3—N;in portal yein blood is dependent upon the rumen

f]uidvconcéntration of NHg-N (Lewis jet al. 1957); the concentratiqn |
‘ (;n(carotid or jugular b]ood)hwas no

greatér than 0.1 to 0.2 mM. As the jrumen fluid NH;-N reached 60-100 mM

after repeated doses of ammonium 7éetate in sheep, Lewis et al. (1957) were

/



able to discern an increased concentration of NH3-N in- the peripheral

. . S
circulation. ~

1

2.2.2 Incorporation of Ammonia Nitrogen into Amino Acids
: XS

Enzyme reactions,>as Tisted in Tables 1 and 2, are responsible
for (1) the direct uptake of NH3-N, (2) the direct release of NH3-N, (3)
the transfer of amino nitrogen (qminotransferases) and (4) the synthesis
of-urea. The amino acids that may be metabolized by way of the reactions
shown include g]utaméte,'aspartate, alanine,glycine, serine, glutamine and
“asparagine, plus the amine acids of the ornithine cycle (Krebs and
Henseleit 1932), citrui]ine, érginine and ornithine. The‘majority v, amino
acid metabolism entailing the reactions in Tables 1 and Table 2 ist1oeated
in liver, kidney and muscle t1ssues These reactions are-associated with
the metabo]1sm of amino acids wh1ch may eventually serve as glucogenic
substrates (No]ff and Bergman ]972b),"qs nitrogen-containing compounds
stimulating urea synthesis in liver tissue (Chama]aun and Tager 1970;
Sahek1 and Katunuma 1975) ir as sources of NH3 -N excreéted by the kidney

(Pitts 1964)

2.2.7.1 The Synthesis of Glutamate

¥

[+

The incorporation of NH3-Nvinto the amino aejd g}utamaie is
CataTyzed by the enzyme glutamate dehydrogenase (Reaction 1, Fig.
Sé]]ach gnd Fahien 1969). G]utamate dehydroéenases from animal sources
have been found o funct1on equally'effectlvely w1th NAD or NADP as, the
cofactor (Frieden 1968 Sal]ach and Fah1en 1969). The d1rect1on of the
reaction depends marked]y upon the presence of reduced or oxidized n1cot1n-

amide nuc]eotjdes‘and NH3—N (Krebs et al. 1973). At equilibrium glutamate

4

v Zi
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a-Ketoglutarate

A
Alanine
(2-)<
_ . Pyruvate o
NAD, AD 1. ‘ 3 -
a-Ketoglutarate : Glutamate ———i—l;7<§:g:fifog1utarate
N ATP -
' 'NH ' (4)<;; "~ Oxaloacetate
\4\. ADP
' v A 4
Glutamine Aspartate
a-Keto Acid (7)
“Amino Acid (5) (6)]>nm," G]“ta$<m
a-Ketoglutaramate Glutamate - Asparagine
(8) NH, T o (9) S NH ,+
4 _ , 4
-V
a-Ketoglutarate ‘Aspartate ' .

Fig.1. The synthesis of amino acids with the formation of
glutamate as the iri%ial step. (Sallach and Fahien 1969;
Greenberg 1969b) '

Reaction

(1) Glutamate dehydrogenase

(2) Alanine aminotransferase _

(3) Aspartate aminotransferase = -

(4) Glutamine synthetase

(5) Glutamine-keto-acid aminotransferase

(6) Glutaminase

(7) Asparagine synthetase

(8) w=-Amidase -

- (9) Asparaginase ‘
Refer to Tables 1 and 2 for the Enzyme Commission number.
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formation is favoured (Sallach and Fahien 1969).
[T

2.2.2.2 Amino Donors

The formation of glutamate froma-ketoglutarate and NH3-N in
body tissues is the first step towards‘the”synthésis of many amino acids”
(Sallach and Fahien 1969; Greenberg 1969b). The amino group of glutamate
is transferred to a-keto acids during'the'synthesis of the amino acids
aspartate (Fig. i),“a]anine (Fig..l), serine (Fig. 2) and g]yéine (Fig. 3).
Consequently, these émiﬁb‘acids serve as reservoirs of NH3-N in body‘tissues.

With thé addition of NH3¥N to glutamate and aspartate, the amides,
glutamine and asparagine respectively are formedckFig. 1). An energy jnput
as adenosfne.triphosphate is necessary for the synthesis of bdth amides.’
Glutamine is more important than asparagine as a source of nitrogeh in body
tissues because it subsequent]y participates in the formation of bio]ogi;a]
comdends such as\purinéé.and ahinosdgars (Greenberg 1969b). The amide
nitéogen of glutamine and asparagine may be removed in body tissues in
hydrolytic reactions cata]yied by the enzymes glutaminase and asparaginase
respectively (Reactions 6 -and 9 respectively, Fig. 1, Sallach and Fahien 1969).

| Glutamine can.serve as an amino donor in a mannér similar'to .

glutamate (Cooper and Meister 1973). Giutamfne'aminotransferase (Tap]é 2;
Reaction 5, Fig. 1)'has been purif%ed and characterized from rat 1fver
(Cooper énd Meister 1972), rat ki@ney (Cooper and Meister 1974) and from the
brain of the bovine (Van Leuven 1974) and of the rat (Van Leuven 1976).
The liver enzyme has differg}t properfies than the kidney enzyme fCooper

and Meister 1973). Liver glutamine aminotransferase is most active with |

glutamine, methionine, glyoxylate, pyruvate and a-keto-y-metﬁio]butyrate;



3-Phosphoglycerate € , —> 2-Phosphoglycerate
(2) (5)
v o "
3-Phosphohydroxypyruvate D-Glycerate
(3)<::;;G1utamate | (6)
¢ > a-Ketoglutarate
Phosphoserjne , 3-Hydroxypyruvate
4) (7 Alanine -
- Pyruvate
Serine
(8)
Glycine

M

Fig.2. The biosynthesis of serine. (Greenberg 1969b)

Reaction : -

(1) Phosphoglyceromutase (EC 2.7.5.3)

(2) Phosphoglycerate dehydrogenase (EC 1.1.1.95)

(3) Phosphoserine aminotransferase (EC 2.6.1.52)
1.

(4) Phosphoserine phosphatase (EC 3.1.3.3)

(5) Glycerate kinase (EC 2.7.1.31)

(6) Glycerate dehydrogenase (EC 1.1.1.29)

(7) Serine-pyruvate aminotransferase (EC 2.6.1.51)

(8) Serine hydroxymethyltransferase (EC 2.1.2.7)

13



Ethanolamine
(CH20H‘CH2NH2)
A 4
Phosphatidylethanolamine Glycolaldehyde
A ‘ (CH,0H-CHO)
’ (Vv
Choline . G]ycoHate(-—(—Lmyoxal
§& . (CH OH-COOH) (CHO-CHO)
: Betaine (3)\Pl(4)
‘ %L ) G]yoxy]ate-i—————l€>0xa1ate .
} (CHZO -COO0H). (COOH- COOH)
‘ . Sarcosine
Amino Donor
o <5>< .
Phosphatidylserine _ a-Keto Acid '
' : A 4
Serine<&£§l—-€>61ycine
' (CH,NH,-COOH)
AL
- F1g 3. The bi thesis of glycine. (Arnstein 1954; Meister
1965; Hagie)r(g:ﬁl%nan 1973)
Reaction |
' (1) Aldehyde dehydrogenase (EC 1.2.1.3) or Aldehyde oxidase
.. (EC 1.2.3.1) .
(2) Xanthine oxidase (EC 1.2.3.2)
(3) Glycollate oxidase (EC 1.1.3.1)
(EC 1.1.1.27)

Amino acid-glyoxylate aminotransferase
Serine hydroxymethyltransferase (EC 2.1.2.1)

<

)
3)

g Lactate dehydogenase
(6)

14
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-
kidney glutamine aminotransferase is most active with glutamine, methionine,
phenylalanine, tyrosine and the a-keto acids of these amino acids as
substrates, and exhibits relatively little activity towards g]yoxyiate

and pyruvate. Also, it was postulated by Cooper and Meister (1973) that
other than the synthesis of alanine and glycine, g]utamine aminotrqnsferase
may function to convert small amoﬁnts of the a-keto acid precursors of
methionine, phenylalanine and tyrosine to the respective amino acids.

| Although the reaction catalyzed by ‘glutamine aminotransferases are
reversible, the rapid conversion of a—ketog]ufaramate to a-ketoglutarate

and ammonia by the enzyme w:?mjdase (Reaction 8; Fig. 1) essentially

limits g]utamine aminotransferase to the formation of amino .acids t

the prec;rsor a-keto acids (Cooper and Mefster ?9?3).

2.2.2.3 The Synthesis of Glycine and Serine

[

The biosyntheses of serine (Greenberg 1969b) and glycine (Thompson
and Richardson 1966} 1967) are poséib]e through separate pathways, or
fnterconversion of these amino acids (Greenberg 1969a) may be catalyzed by
serine hydroxymethy]transferasé (EC 2.1.2.1) (Figs. 2 énd'3). Serine can
'be'synthesized‘through a pathway entailing non—phOSphory]atedlintermediates
with alanine as the amino donor, or a pathyay with phosphorylated inter-
mediates with glutamate as tﬁe.amino donor (Greenberg 1969b; Fig. 2).
Glycine is derived either from serine or a direct transamination of
giyoxy]ate (Fig. 2). Amino donors for the conversion of glyoxylate to
glycine included glutamate in human (Thompson and Richardson 1966) or rat
- (Nakada 1964) liver, glutamine in rat liver, kidnéy or brain (Cooper and

Meister 1973; Van Leuven 1976) and alanine in human liver (Thompson and

‘Richardson 1967).



16

Compou.ds” examined as sources of glyoxylate ip rat liver tissue
include ethanolamine, g]yco]a]dehyde; glycollate, glyoxal and oxalate
(Weinhouse and Friedman 1951; Kun 1952; Weissbach-and Sprinson 1953a, 1953b).

Ethanolamine is converted to glyéxy]ate with glyco?a]dehyde and glycollate

‘as intermediates (Weissbach and Sprinson 1953b; Fig. 3).‘ Serine is a
potential source of ethanolamine through a transformation of phosphatidylserine
to phosphatidylethanolamine (Meister 1965; Fig. 3). Glyoxal, an a]dehyde,

is converted by xanthi;e oxiddse (EC 1.2.3.2) to glycollate (Dixon and -
Lutwak-Mann 1937), whféh in turn is oxidized to glyoxylate. Glyoxylate

can be converted to oxalate (Hgg]er and Herman 1973); however, non-

reversible formation of glycine may help to prevent excessive formation

of oxa]ate from glyoxylate (Thompson and Richardson 1567).

2.2.2.4 Miscellaneous Reactions

Urea, syhthesized through a cyclic series of reactions entailing
the amino acids citrulline, arginine and ornithine as intermediates fKrebs

and Henseleit 1932; Fig. 4), is a major nitrogenous excretory product

of mammals, including ruminants (McIntyre 1970). The immediate nitrogen

donors in the cycle of urea synthesis are carbamoyl phosphate and aspartate v
s

Ve

(Fig. 4). In animal tissues urea isan inert compound; only urease (EC //7/

3.5.1.5), either pF6aJ&ed by microbes in the rumen (Rahman and Déifsi/lgéé)

or in the caecum (Hecker 1971), is able to catalyze the hydrolysis of urea

[

to ammonia and carbon dioxide.

Adenosine deaminase was included in Table 1 Pébause of its involve~-

-

ment in the EeTease of NH3—N in muscle tissue (:Sygﬁgtein]972). It

catalyzes the conversion of adenosine monophosphate to inosine monophosphate

/



co, + NH4+ + 207p 1)y Carbamoyl + 2ADP + Pi

phosphate
Ornithine
Urea
(5) (2) ' Pi
Arginine Citrulline
) Aspartate
Fumarate (4) (3) ATP

Arginindsuccinate ‘ AMP ,PPi

-

Fig.4. The ornithine cycle. (Sallach and Fah%én 1969)

Reaction
(1) Carbamoyl-phosphate synthetase
- (2) Ornithine carbamoyltransferase N
(3) Argininosuccinate synthetase '
(4) Argininosuccinate lyase
- (5) Arginase ‘ :
Refer to Table 2 for the Enzyme Commission number.

AN
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release of NH3;N by rumen microorganisms from added urea. High conCentfa—,

18

A
with a release of NH3-N i. cesoonse to a heavy work load in muscle.

Enzymes such as serine dghydratase (EC 4.2. 1 13) (Table 1), cystine

desu]phydratase (EC 4.4.].1) and threahqne dehydratase (EC 4.2.1.16) release

NH3—N through a non-oxidative deamination of an amino acid.

2.3 Ammonia Toxicity

Ammonia at low concentration is a normal metabolite in living

organisms. However, metabolic evidence of ammonia toxicity may develop

when detoxification processes are impaired, or ammonia formation 1is
excessively rapid (Visek, 1968). The ratio of non-ionic anmonia (NH3)

relative to the ammonium (NH4+) ion which increases rapidly at pH's above

7.0 to 7.5(V{sek 1968), may contribute to the development of ammonia
toxicity (Viéek 1972). . The flow of non-iom‘cNH3 relative to ionic NH4+
between fisjues was found to increase as the pH of the body fluids
increased (Visek 1968). B I

K&m0n1a tox1c1ty in sheep Qas induced by addition of a large
dose of’ﬁrea directly into the rumen (Morris-and Payne 1970; Bartley et a].j
]9?6) The most visible aspect of acute ammoniéktoxjcity was the develop-
méﬁ%\pf tremors of the head in the vertical plane; the magnitude of the
tremo;s increased until a general tetanic spasm indicated deathﬁyas
imminent (Morris and Payne 1970). Thié urea toxicosis is due to fhe §udden
~
tions of rumen fluid NH3-N may exist witheut producing toxicity if the

ration is reédi]y fermentable and the rumen fluid remains below pH 7.4

(Bart]ey et al. 1976).

i
\ |
|
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Intermittent consumption of diets containing urea, and subsequent
rapid ré]ease.of the urea nitrogen as NH3-N by rumen microorganisms, may
result in a temporary overload of detoxifying‘mechanisms for NH3—N that
could lead to a cohdition of ammonia toxicity. Although the poteﬁtial.
of ammonia toxicity is aiways present in ruminants, the absorption of
NH;-N from the rumen isﬂ]imitéd by the acid environment of rumen contents,
where the ammonium ion form of NH3-N pfedominates (Hbgan 1961). Any A
NH3—N that does become absorbed is fixed into non—tokic forms of iprogen
such as urea (Goldsworthy et-al. 1968) and amino aciqs (Wolff et al. 1972)
in liver tissues. Ruminants are able to adapt to levels of NH3-N

in the body, levels which may be indicative of a subacute stage of ammonia

toxicity.

2.4 Interorganal Relationships of Amino Acid Metabolism

h The release to plasma of an amir;ovac‘id as an end pwpduct of
metabolism by one organ, and uptake and metabo]iéh of this amino acid as
" a substrate by another organ will be designated an inférorgana1 relation-
ship of amino acid metabolism. The amino acids noted to be transported
between brain, muscle, kidney, liver and the non-hepatic splanchnic bed
as carriers of nitrogen and carbon are alanine, giycine, glutamate, '
N glutamine, aspartate and asparagine, plus the amino acids of the ornithine
cycle, including arginine, ornithine and citrulline. ‘Metabo1i?‘aétiVities
in which interorganal transbbrt of amino acids 1s-1hv61ved incTude the
output of amino acids by muscle tissue (Aikawa et al. 1973;.Ba11arg et al.
1976), g1uconeogeéésis in Tiver (wolff’and Bergman 1972b) and kidney |

(Kaufman and Bergman 1974), utilization of amino acids as an energy source

!
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by the non-hepavic splanchnic Bed (windmuélfer and Spaefh 1974,, 1975, 1976),
the synthesis of urea by liver tissue (Chama]éun and Tager 1970; S;hekf and
" Katunuma 1975), and the,prqduction and excretion by the kidney of NH3—N
derived from glutamine (Pitts 1964; Pitts et al.1965). | -
The amino acids most abundant as carriers of nitrogen and carbon

in the vascu1ar system of fasted (A1kawa et atl. 1973) or fed rats
(Yamamoto et a1.419z4) are alanine and g]utam1ne (Fig. 5). Alanine fluxes
~are a part of the g]ucoée-a]anine cycle (Felig 1973; Fig. 6). The
' ~glucose_—a]anine cyc]é is similar to the Cori cycle (Cori 1931), with
a1anﬁréprep1acing lactate. Glutamine is released by muscle tissues (Mar]iss
et al. 19%1; Ballard et al. 1576), and uti]izéd as an energy source by the
non-hepatic splanchnic bed (Windmueller and Spaeth 1974), or as a source

of NH,-N by the kidney (Pitts et al. 1965). The nitrogen for a]an%ne and’

3
glutamine produétion,by muscle tissues is derived ?rom‘the degradation

of amino acids (Garber et a].‘1976).af 9

The repreéentation in Fig. 5 for fasted rats, as repdrted by

Aikawa et al. (1973); was a modification of an earlier scheme presented-

by Ishikawa et al. z1972) where only g]qtamine and aianine fluxes were noted.
In fed raté (Yamamoto et al. 1974) g1utaﬁine is utilized rather than

released by the liver. The metab011c act1v1t1es of serine and glycine were
.only definable for certa1n tissues (Aikawa et a] 1973); serine Tg an

end product of amino acid metabol+3m in- the k1dney (Fig. 5) and is believed

to be metabo]1zed to glycine by tissues other than k1dney Alanine and
‘glutamine, rather than glycine or serine are important as carr1ers of ;’

nitrogen and carbon in the circulatory system of the rat (Aikawa et al.

1973; Yamamoto et al. 1974).

- - 4
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Fig.6 The_interre]ationsh{p between the Cori (glucose-

lactate) cycle and the glucose-alanine cycle.

Felig 1973)

(Cori 1931;
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2.4.1 Urea Syuchesis by Liver Tissue

The production of urea by the reactions of the orhithine cycle
(Krebs and Hense]eit 1932) is localized exciusive]y in liver tissue
(Fig. 4). However, several of the ornithine cycle enzyme§ Have been
) found singly in kidney (Sallach and Fahien ]969), red blood cells (Barey
énd Harmeyef 1973; Owczarczyk and Barej 1975; Springe]i 1975) and rumen
epithelium (Martincfc and Krvavica 1964; krVav'ca et al. 1964; Ide 1969).
" When -there is an increased intake of dietary Rrotein, there is an increase
in activity of'the enzymes of the orhithine cyc]e‘inrrat liver as a result -
of either an increase in total enzyme avai]ab]évor an increased activity qf
existent enzymes (Schimke 1962; Das and Waterléw 1974; Saheki et al. 1975).

_Nitrogen source specificity for urea synthesis has been investigated
in both liver perfusion systems and liver s}ice s;udieé. Ammonia nitrogen
added as ammonium salts to perfusion fledia, is takeﬁyup bynliver tissue
and almost quantitative]& conveftedtnurea (Chamalaun and Tager 1970).v of '
the amino acids in the circulatory system; only glutamine,haspargate,
alanine or ornithine in liver perfusion media stimulate urea synthesis
(Chama]éun and Tager 1970; Saheki and Katunuma 1975). The inability of
g]u%amate_to augment ufea synthesis in per%usion studies (Goldsworthy et ail.
1968).ﬁay have been due to a&permeability ba;rier restritting the entry of
g]utamatexthrough‘the liver cé]i membrane (Hems et al. 1965). in liver
homogenates in which cell membranés’were disrupted, glutamate readily seryed
as a nitrogen dpnor for urea synthesis’(Hemé et a].‘]968).' Ammonia a
hitrogen and fhe amino acids, aléni;e and glutamine were the major sources

of urea nitrogen in Tiver perfusion studies (Chamalaun and Tager 1970).

4
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In monogastrics ("rat, dog and man) as compated to sheep
9

2.4.2 Metabolism.of Amino Acids by the Kidney;
the Excretion of Ammonia Nitrogen i

(Bergman et al. 1974a), glutamine is the major precursor of the NH3-N
excreted by the kidney of an animal in an acidotic condition. For dogé
in an acute or chronic acidosis, 50-to 75% Qf the total NH3—N excreted by
‘the kidney is dérived from glutamine (Pitts 1964; Pitts et al. 1965).
In fed, pregnant shéep, glutamine is added to the renal vein by the kidney,
whi]evin fasted pregnant shéep, glutamine is removed.._Bergman et al.
(1974a) suggested that the release of g]Utam;ue by sheép kidney ‘is
assoc1ated ‘with the presence of an active glutamine synthetase. An
active kidney glutamine synthetase is found for animals such as guinea p1g,
rabbit and sheep which produced a neutral or alkaline urine as compared to
dogs, whose%kidneys contain no g}utamine synthetase activ\ty and produce
an acidic urine. ' | _ ' |

Plasma aminb‘aéids taken up or released by the kidney of dogs
and.sheep, other than glutamine, are glycine, serine, alanine and aspartate.
Glycine is extragtednfrom plasma to a sﬁgiifaegree by the kidney of acidotic
dogs, while serine and alanine are added to the plasma (Sha\ho t al.1963).
In the fed.or fastéd sheep'(Bergman et al. 1974a) glycine und\serine are
aiWays added to renal venous blood by the kidney; a]anipe.and aspartatg are

always removed by thé sheep kidney.,
A significant uptake of citrulline was nearly balanced by a net

output of arginine by the k1dney of fed or fasted sheep (Bergman et al.1974a).

There was a release to the plasma of arg1n1ne synthes1zed from citruiline

by the kidney (Bergman et al. 1974a) and an uptake of plasma arginine by
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.the liver (Wolff et al. 1972) w%th the subsequent re]easé of urea from
arginine through the action of liver arginase. Plasma arginine hay serve
as a major nitrogen carrier betwéen the kidney and the liver of sheep. |
Urea produced in the liver would be éxtreted by the kidney, or recycled

to the rumen (Houpt 1970) or caecum (Houat 1963).

2.4.3 Metabolism of Amino Acids by the Non-Hepatic
Splanchnic Bed

The amino acids glutamine or glutamate (Windmueller and Spaeth
1974, 1975) and asparagine, aspartate or arginine (Windmueller and Spaeth
1976) were added as [U>]4C] labelled substrates to isolated preparations of
rat intestine. G]Utamine, glutamate or aspartate, whether absorbed from
the lumen of the small intestine or taken up from plasma, were metabolized
.. by fntestﬁna] tissué to carbon dioxide (up to 60% of added ]4C) and lactate
(up to 15% of added ]4C) as major end producfs of carbon metabolism.
Asparagine was not metabolized by the rét intestinal tissues. The nitrogen
"of'g]utamine was abproximate]y a;counted for by'the nffrogen of the “
citrulline (34% of glutamine nitrogen), alanine (33%), ammonia (23%) and
proline (10%)-present in.the perfusate after an incubation (Windmueller
and Spaeth 1974). About 33% of added arginine was hydrolyzed to ornithine”
and urea which were released into the blood (Windmueller and Spaeth 1976f?”
Exfensive metabolism of glutamine, glutamate, or aspartate by the small
- intestinal tissue, a part of the non-hepatic splanchnic ‘bed, may indicaté

that these amino acids are used to meet significant portions of the energy

requirement of the small intestine (Windmueller and Spaeth 1976).
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2.4.4 Interorgana]v Amino Acid Movements in
Ruminants

i Studieé of interorganal amino acid flows have been unde?taken
primarily in fed (Yamamoto et al. 1974) and fasted (Aikawa et al. 1973)
rats, and fed dogs (Elwyn et al. 1968). The general princip]eg from these
studies also apply for sheep (Wolff et é]. 1972; Wolff and Bergman f972a, 1972b
Bergman et al. 1974a; Ba]iard et al. 1976) and mqst Tikely ruminants in
general. In studies of the metabolism of amiﬁo.acids by the liver and
portal-drained viscera of sheep (Wolff et al. 1972), the contribution of
amino acid§ and NH3—N by the ;Umen fo the rest‘of the portal-drained viscera
was not established. The presence of a_fumen might change the magnitude
or direction o% interorganal amino acidtf]uxes in ruminants, when compared
to the basic pattern of f]uxés reported to bepresent:in rats (Fig. 5).
fhe‘rumen has an i;fluence upon the metabo]i; reiationshjp between
* gluconeogenesis and interoryanal amiho acid fluxes. The almost comp]éte ‘
conversion of 61etary cafbohydrate’to vo]ati]elfatty acids by rumen micro-
organismsmforceé thegfucoée requirement of the ruminant to be mét by
‘Q]uconeogenesis,jn the liver and kidney (Bergman et al. 1974b). Alanine,
glutamine (g]utamate),‘giycine and serine, as interorgénaleparriers of
vnitrogen and carbon, contribute carbon to the glucose turnover in sheep .
(WOiff and Bergman 1972b; Heitmann/;t al. 1973). The synthesis of amino
acids such as glutamate in the liver (ﬂo]ff et al. 1972)‘of a]aning‘ﬁnd
g]utamiﬁe in muscle (BalTafd et al. 1976)'of sheep, would not only fix
NH,-N intoinon-toxic formé, but also temporarily carry carbon, ssome of

3
which would subsequént]y be used as a glucogenic source.

-
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2.5 Interactions of Ruminal Epithe]ium with the
‘ Rumen Environment

.

The aerobie ep1the11a] lining of the rumen is exposed to abrasive
rumen contents and the products of anaerobic m1crob1a] ferme;tat1on
Histologically th1s lining was designated as a parakeratot1c, psoriatic,
stratified squamous epithelium (Lavker et al. 1969), w1th the epithelium
forming papillae over the surface of the rumen. PapiT]ae are numerous
and vehy densely packed, particularly in the ventral sac of the rumen
(Church 1975; Weigand et al. 1975).  The metabolic capabilities of ruminal
epithelium inc]ude pathways for the metabolism of volatile fatty acids
(Pennington 1952) and the abi]ity to éynthesize amino acids (MclLaren et al.
1961; Whanger and Church 1970). Fluxes of nitrogen as NH3—N (Hogan 1961),
~ urea (Houpt 1970) and amino acids (Le1bho1z 1971a, 1971b) have been
recorded between rumen fluid and the t1ssues of rumen mucosa in contact
wjth\thjs fluid. Mineral exchanges between rumen fluid and plasma across
ruminal epithelium are'qlso of note (Keynes and Harrison 1970).

2.5.1 Metabolism of Volatile Fatty Acids by
Ruminal Epithelium

The volatile fatty acids, acetate, propionate and the normal

and iso-forms of butyrate and valerate are ebsorbed from rumen fluid and
metabolized by the ruminal epithelium (Weigand et al. 1975). Rumen
pepi]]ae (used in most studies to represent the ebithe]iuh) are capable

of converting propionate to lactate aﬁd'pyruvate (Pennington 1952,

1954; Weekes 1972, 1974), and butyrate to the ketone bodies (B-hydroxy-
butyrate ‘and acetoacetate in vitro (Pennington 1952; Hird and Weideman 1969;

Bush and Milligan 1971). Acetate was metabolized to ketone bodies to a
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limited extent (Pennington 1952; Stevens and Stettler 1966). Very 1itt1e“
isobutyr&té was metabq]ized by rumen papillae in vitro (Annison and
Pennington 1954; Weigand et al. 1975); n-valerate was mgtabo]ized to 1actéte
via propionate, and B-~hydroxybutyrate vié acetate (Weigand et al. 1975);
isovalerate was metaboiized to acetoacetate (Weigand et al. 1975).

In contrast to the conclusive in‘vitro conversion by ruminal
epithelium of propionate to lactate and carbon dioxide (Pennington and
Sutherland 1956b), Weigand etxa1. (1972) found that lactate produced in
vivo by the ruﬁina] epithelium represented only 4.9% (range 2.5 to 9.1%)
of absorbed [2-]4C] propionate. This in turn was a marked cbntrast to the,,,ﬂ ,
70% conversion of [1-, 2-, 3- or U~]4C] propionate to lactate estimated by
Leng et al. (1967). The difference in pércent prQﬁjonate_Converted to lactate
in vivo may be due to the fact that Leng et al. (1967) failed to provide
direct proof of where the lactate was produced when Jugular blood Was
analyzed, while Weigand et al. (1972) analyzed portal vein blood to identify
whether [ C] propionate absorbed from the rumen, or g]ucose synthe51zed
from [ C] propionate by the liver was the source¥sf the [14C] lactate.

The average figure.of 4.9% quoted by Weigand et al. (1972) was a liberal
estimate of thé»ébnversion of propionateNto Tactate by ruminal epithelium
in vivo; circulating plasma glucose synthesized from labelled propionate
was converted to lactate by gastrointestinal fissues and was included in
the estimate: (Weigand et al. ]972§-Weekes and Webster 1974).

2.5.2 Nitrogen Fluxes as Ammonia Nitrogen, Urea and
Amino Acids

2.5.2.1 Ammonia Nitrogen

<.

Ammonia nitrogen is freely diffusable across ruminal epithelium

from rumen fluid to plasma (Lewis et al. 1957) or into peritoneal fluid



(Chalmers et al. 1971). The total NH3—N‘évai]ab1e for ab;orption_is
limited by the concentrat1on of NH3 =N in rumen fluid, and the pH of this
tumen f]u1d. The proportion of NH3 relative to NH4 is determ1ned by

the pH of the rumen fluid (Hogan 1961), where at pH's of less than 7.0,
98% or more of the NH3-N is pkesent as the NH4+ i;n (Visek 1968) . Moohéy
and 0'Donovan (1970) stated that the transport of ammonia was rapid,

but passive across the rumen wall in vitro; the rumen wall membranes are

more permeable to NH3 than NH4+.

2.5.2.2 Urea

Plasma urea was found to be translocated %nto the rumen as urea
(Houpt and Houpt 1968) or as NH3 -N 11berated from tﬁgs urea by the action
of bacter1a] urease associated with rumen epithelium (Houpt 1970). Ammdnia -
nitrogen, as NH3, penetrates cell membranes much more rapidly than does

urea (Houpt 1970; Mooney and 0'Donovan 1970). Bacterial urease, which

5 .,-q'

permeates thewcornffied layers of rumen epithelium (Rahman and Decker ;
Chalupa et al. 1970) would act upon urea that diffuses from plasma.

was suggested to be a mechanism for facilitation of diffusion'of urea
(Houpt 1970) and it was considered that the resultant NH3-N would diffuse
to the blood or'into rumen fluid.

In contrast to the fac111tated mechanism for urea nitrogen transfer
from p]asma to rumen fluid hypothes1zed by Houpt (1970), Thor1ac1us et al.
(1971) reported that an active transport mechanism may exist for urea in
ruminal epithelium. Thorlacius et al. (1971) were able to increase the
' transfer of urea up to fourfold into a temporéri]y jsolated, washed'ventra}

sac of the rumen of a conscious cow by applying an q;mosphere of 100% carbon



dioxide to the ruminal epithe]iQm. An increase of up to fourfold would
not have been possible by simple diffusion of urea. With the insufflation
of carboa dioxide at atmospheric pressure to the rumen under varioys
conditions, Sellers et a]..(1964) were éb]e to increase blood f]ow to the
rumen. The increasedvblood flow alone was not aS]e to account for the.
urea transfer reporfed by Thorlacius etlél. (1971). .The carbon dioxide,
as suggested by Thorlacius et al. (1971), may trigger the production of an
unknown intermedidry which alters the permeability of ruminal epithelium
to urea. A mediated transport mechanism for urea.mgy exist in ruminal

epithelium.

2.5.2.3 Amino Acids

A flux of amino acids across ruminal epithelium from mucosa to
serosa has been documented (Demaux et al. 1961; Cook et al. 1965; Leibholz
1971a, 1971b). This movement of amino acids across the epithelium was con-
sidered +to be a diffusion process rather than a mediated transport
' (Leibholz 1971b). However, the very low concentrations of amino acids
found in ruhen fluid wou]d_not be conducive to extensive amino acid
movements acr&ssyrumina] epithelium and into plasma, where the concentra-
tions of free amina acids are manifold those present in rumen fluid

(Leibholz 1965).

'2.5.3 Amino Acid Metabolism by Ruminal Epithe]ium

‘ Enzymes ofamino acid metabolism that have been found in ruminal
epithe]ium include glutamate dehydrogenase and aminotransferases that will

act upon ornithine (EC 2.6.1.13), tyrosine (EC 2.6.1.5) aspartate, alanine,
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tryptophan (EC 2.6.1) and phenylalanine (EC 2.6.1) (Whanger and Church 1970;
Chalyéa et al. 1970). Several enzymes which participate in urea synthesis
in liver tissue are present in ruminal epithelium; these include carbamoy]:
phosphate synthetase in cattle (Salem et al.1973a), ornithine carbomyl- '

transferase in cattle (Krvavica et al. 1964; Whanger and Church 1970) and

goat {Ide 1969), and arginase in cattle (Martincic and Krvavica 1964;

<gFanger and Church 1970).
> The presence of a complete ornithine cycle in rumen muscosa is

~highly unlikely. Chalupa et al. (1970) reported that the activities of the
ornithine cycle enzymes were very low and quite variable in sheep rumen
ﬁﬁtosa;Lany activity of ornithine cycle enzymes waslattributed to a
contahination of the mucosa by rumen bacteria. Aliev and Kosarov- (1967)
and Kosharov et al. (1969) have established that Qhen [15N] ammon ium
chloride was added to a rumen pouch of sheep, labelled urea soon entered -
the blood leaving the rumen pouch. bRather than a synthesis of urea by
reactioﬁs of the ornithine cycle, arginase, present in fumen epithelium
(Martincic and Krvavica 1964), may account for the re]ease.of urea from
arginfne available from plasma.

Evidence for the formation of glutamate from a-Ketog]utaraté by
ruminal epithelium was attained with in vitro studies of rumen mucosa
hanogenates (McLaren et al. 1961) and of intact rumen papillae (Mathison
1972). The ability to synthesize g]utam}ne“Was‘less conclusively establi-
shed, but was indicated by the presence of the enzyme glutamine synthetase
(Chalupa et al. 1970; Salem et al.1973a). Extensive fluxes of nitrogen
between rumen fluid and blood plasma across ruminal epithelium have been

t

attributed to the formation or degradation of glutamate or glutamine by



32

ruminal epiphe]iu (Hoshino et al. 1966; Mathison and Milligan 1971;
Havassy et al. 1974, Nolan 1975; Nolan et al, 1976).

Since the\enzymes for the synthesis of alanine, aspartate, glutamate
and glutamine (Whanger and Church 1974, Salem et al. 1973a) are present in
ruminal epithelium, and since the synthesis of glycine from glyoxylate
(Mathison 1972) and glutamate from a-ketoglutarate (Mctéren et al. 1961)
by in vitro preparations ofru\en papillae have been reported, one may
anticipaée that ruminal epithelium would be able to synthesize_qﬂanine
glycine, glutamate, aspartate’and g]utamine: For the synthesig of amino
acids by rumen papillae, rumeh fluid NH3-N would represent a readily avaiT-r
able source of nitrogen, while organic'acids such as a-ketoglutarate,
pyruvate and propionate could be carbon sources. %hese amino-acids,

in turn, would contribute to the interorganal flux of nitrogen and carbon

as plasma free amino acids in ruminants. B



3. MATERIALS AND METHODS

3.1 Transport of Tissue

Cattle rumen tissue wés transported in a'Krebs-Ringér Phosphate
(Umbreit et al.1972) minus calcium (KRPC) buffer pH 7.6 from a local
abéftoir (Gainers-Limited) to the University of Alberta. Two éqyered
1 Tlitre styrofoam cannisters of KRPC buffer and one cbvered 1 Titre
cannister of 0.9% (wt/vol) NaC], in a small styrofoam chest were taken
to the abattoir. “The KRPC Buffer and 0.9% NaCl, which had been prepared‘
(sources of chemicals, Table 3) and stored at 0 C in closed 2 Titre glass
containers, were equilibrated overnight in a water bath at 41 C. Before
adding the KRPC to two styrofoam cannisters, the KRPC was.aerated with t
0,/€0, (95/5; vol/vol) for“approximateli 5 min. It had been determined
that, allowing/for travel time, the temperature of thé KRPC and 0.9% NaCl
at the abattoir would be 39 i C. o

Rumen tissue was obtained directly from the plant Tine with an
interval after death of the aniﬁa] estimated to be about 20 min. A
section of rumeﬁ tissue (ruminal epithelium with associated musc]eflaygrs)
was excised from a highly papillated area of the ventral saé'of the ru%én.
A company employee ha- brevious]y washed the rumen contents out of the_
intact rumen with coiu tap water. The excised ti;5ue was immediately
washed successively in warm 0.9% NaCl and warm KRPC, and transported in
the third styrofoam caqnister containing warm KRPC to the University. In

the laboratory, the muscle layers were separated from the epithelium, and

the epithe]fum was placed in KRPC at 39 C aerated with 02/C02. Rumen

33
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papillae were clipped frbm the epithelium with scissors and kept in

KRPC at room temperature (22 C) until weighed and added to the incubation.

flasks, or prepared for dry matter analysis.

-

3.2 Incubations‘

Incubation of six series of .treatments (Series I to VI) were
conducted in 25 ml Erlenmeyer flasks fitted with red rubber‘serum botfle'
- stoppers (Fisher Scientific Company; Fair Lawn, N.J., U.S.A.). A hole
in the stopper_(2 mm diameter) was fitted<with a'shortvienéth of solid

glass rod as a plug. The hole was used to flush the incubation fféskg
‘ <

fa

P

with 0,/C05.

" incubation mgﬂidm; were refrigerated until required for incubation with

\Cagped Erlenmeyer flasks, each containing 4 ml of prepared

_rumen~papi]1ée. Prepared incubétion media were refrigerated a‘maximum of
7 days;‘the average'time intervaT.was 4’to 5 days. The;fTasks were
in a water bath shaker (Eberbach Corporation; Ann.Arbor, b
.A.; 60 oscillations pér min) at 39 C during’the 1 h period while
rumen tissud was being obtained from the abattoir;»- . |

' Abp oximately 400 mg of blotted rumen papillag wefe weighed and
added to eacL.flask. The flasks were f]uShed:with OZ/CO2 for 1 to 2 min
" and were!inéubated for 3.h at 39 C in the water bath shaker (60 oscillations
per min). 5immediate1y upon completion of the 3 h incubation; 100 f1 of
vcyc]o]eucihe (2.5 umoles per ml aqueous 0.1 N HC1), as an internal standard,
were added to each incubation f1ésk, and the flask was swirled gently.

i

The totayjinéubation medium with added internal standard was'trénsferrgd'tO'

a 13 x 100 mm culture tube (Canlab; Edmontoni A]té;, Cana Eggzggning o
0.4 ml of -8 N acetic acid“(Harris'et al. 1961)= S capped culture tube was

i o ~

7



35

kept on ice until further preparatioh was undertaken.

The percent dry'matter.of rumen papillae was determined in
quadruplicate analyses on each sample of fresh rumen papillae used for
incubation preparations. Approximately 400 ng of blotted rumen papillae
were weighed into 4 dr Rigo plasticlear vials (Johns Scientific; .Toronto,
Ont., Canada). The papillae were fré@ze dried, weighed and percent dry
matter was calculated (Appendix-Table 1).

Amino acids were collected from the incubation‘medium with added
internal standard using a short ion“exchange procedure (Appendix A).

The freeze dried residues of isolated amino acids were, after appropriate

preparation, subJected to gas 11qu1d chromatography as the 1sobuty] -N(0) -

heptaf]uorobutyry] amino acid esters (Appendix B).

3.3 Preparation of Incubation Media

The chemicals used in buffers and as substrates are listed in

. Table 3. Incubation media were prepared for each treatment of Series I to
VI with a complete Krebs-Ringer Bicarbpnate (KRB) buffer iﬁmbreit et al.
1922) in 100 m](guantities. The proper weights or voiumes‘of substrates

‘ were added to a separate 250 m1 beaker for each treatment Chemicals

that were obtained in liquid form were prepared in a concentrated solution
ef KRB and appropriate volumes were added to the7250 m]_beaker. To these
substrates were added 50 ml of KRB. This mixture was nedtraiiaed to pH

, 7.0 with 0.1 N HC1 or 0.1 N NaOH (10 N NaOH for drastic pH differences)
and hrought up to volume in a 100 devo]dmetrié flask with KRB that had
been adjusted to pH 7.0 separately. Incubation media were stored in closed

plastic bottles at 0 C until measured out into incubation flasks.

e



*33eAnuAd wnipos ‘3ajeucidoad

WNLpos ‘{JH-3ULY3LUJO-T “pLO® JL|PW ‘BULWLIX0}|NS duiLuoLyIaw
‘pLoe orae3n|bo3ay-o ‘suL|odd-T-AXQUpAY ¢ |JH-3uLWR | AXOUPAY
¢ (93eupAyoucuw) pLoe JL|AX0A(D ‘|exok|b ‘apAysp|ejodf|b
‘suiwein(6-7 ‘pLoe drweyn| -7 ¢|JH-3uLulbuae-7 ‘suLueje-1

*auLdf b

. ‘ploe dLuo|ew

"3ULU3S-T]

o
]

* (YY) SpLAOLYD wnLuowwp

*93e443nq~u-wWnLpos

: "PLOR JLULIONS ‘(snodpAyue atseqip)
a3eydsoyd wnipos “ajewdoy wnipos 83e130B WNLPOS ¢(3}3eupAyLp)
pLoe u@_mxo..mc@sm—o:wcwmocoe ‘pLoe oL 02416 ¢(3sou3xap) 38soon|b

*(dnafhs %09) mumuumﬁ wnipos “apLJo[yd wnLpos
‘33eU0qURdLq WnLpos “(otseqouow) d3eydsoyd wnissejod. ‘apLaoyd
wnissejod ‘ajeyd|ns wnisaubew °(%0p)apAYaprwWA0S *pLOR IL4]LD

, 7

*(2utona|o243) kum o1 | Ax0quedaueijuado [ 2Ad0uLwe- |

-7

("Y'S"N“* oW sEnoT *3s)
Aueduwo) |eorwayy ewbys

(epeuen‘anh* | eauzuoy)
.*ou] Auedwo) pue Y243y

(*¥'S'n e N*paojasyiny 3sel)
|39 pue uews|0) €uosayjel

A.(.W.D..>.Za¥.t~o> szv
$91.403e40qR7 Y24e3S3Y UuRjy

(*¥"S"N* oR‘sLnoT *3g)
SYAOM |ED1Way) Jpouut||ey

("Y' S'N T A*N*MatAuLe|d) -
*Oul satdojedoqe] ) pue )y

("Y'STNCpTNCume Jteyq)
Auedwo) O1L4LJUSLIS UBYSL]

("¥y's’n‘ e N*bangsdy|Lyd)
Auedwo) |eotwayy J4axeg 1 (

: (¥ S N siMcaaynes 1)
: Auedwo) |esitwayn yot. [

- S|ealway)

Aue -wo’.

2

—

—

._M_ . ///////////Jr////f S930435QNS: pUR S[RILWAYD 4d}ING 404 SID DOm‘erw_;rk

——

o



3.4 Treatments of Series I to Series VI -

Incubations were undeftaken in si; series (Serijes 1 to VI). Each
series was conducted with three separate fresh tissue preparations on
v*“"fhree different days. On each day of incubations of fresh rumen papillae,
—g blank incubation (no added nitrogen or carbon sources, 0 + 0) for Series

I to VI and 9Qv1ncﬁbation containing ammonia nitrogen (NH3-N) as NH4CT énd
no carbon sources (NH3—N + 05 for Series I to III were prepared in duplicate.
These dup]icétés were the first and last f%eatmentsqpéepared on each day
(Note Table 4 as an gxample). The aVe}age' of the .duplicates for the 0°+ 0
and NH3-N + 0 incubations were reported.- Preparation of approximate]y |
20 incubation flasks on each day took 45 to 60 min. Wiihin the repeatability
Qf“the methods of analysis, the different intervals of time in KRPC did not
appear to have an influence upon the release of amino acidS’byArumen
papillae for the 0 + 0 or NH3-N + 0 incubations. The incubations were ‘
performed between Novémber 1975 and April 1976. |

Rumen papillae were subjected to the treatmenfs in Tables 4 to 9
for Sefies I to VI resrectively. For‘Serieﬁ I, 3N NH40H was\used’to elute
amino acids from the cation exchange resin (Appendix A); for Series IIito

VI, 1N NH40H was used. Otherwise, theogeneral procedure was fol]owed.
Series I (Table 4) served as an introduction to Series II to VI.
In Series I, 1 mM NH3-N as NH4C]1was added to incubations with 10 mM,
concentrations of organic acids which are in%erhediates and end products
of rumen mitrobial.fermentation (Hungate 1966), or are those that may be
present in the body tissues of ruminants (Prior et 61.1972)1

The effectiveness 6f glutamate and glutamine as amino donors in the

— e

presence of glyoxylate or pyrgvafé for the synthesis of glycine.and alanine
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Tab]e 4. Treatments of Series I.

Treatment Nitrogen Carbon
Number Source Source
TmM 10mM
1 0
2 NH4C1
3 NH4C1 “ ~ Propionate |
4 NH,CT Lactate
5 NH4C] : Pyruvate
6 NH4C1 _ ) Glyoxylate
7 NH4C1 ‘ a-Ketoglutarate
8 NH4C] : Succinate
9 NH4C] Malate
10 0

N NH4C1
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respectively was examined in Seﬁies II (Table Sj. In addition,_
treatments with a-ketoglutarate'plus NH3-N, and glutamate plus NH3-N
were included for study of g1utama£e and glutamine synthesis respectively.
The effect of propionate as a carbon source was examined with
- a-ketoglutarate p]us'NH3-N,-glutamate or glutamine as nitroéen sources
(treatments 12, 13 and 14, Table 5). One treatment was prepared with
alanine as the nitrogen source and glyoxylate as a carbon sou;ce for the
synthesis of glycine (tfeatment 3, Tab]é 5).

The objectives of the treatments of Series III(Table 6) were to
examine: two-carbon compounds as substrates for the synthesis of glycine
via glyoxylate (treatments 3 to 7 inclusive); glycine synthesis in the
presence of 5, 10 and 20 mM glyoxylate (treatments 7, 8 and 9); and amino
acid synthesis with citrate, a-ketoglutarate and glucose as carbbn sources
(treatments 10, 11 and 12). In additionf the effects of incubating NH461
at concentrations greater than 1 mM (treétments 15, 16 ahd 17) were examined.

In Series IV (Table 7), the treatments were designed to demonstrate

‘the interconversion of serine and glycine by a reaction iiﬁe that cata]yzed
gay serine hydroxymethyltransferase (EC 2.1;2.1). \
jIThe treatments of Series V (Table 8) were similar to th&%e of
Series II. MéthionineSulfoximine(MS), a non-competitive inhibiﬁir of
glutamine synthetase (Meister 1969), was added to incubation media The'
effect of added MS (1 mM) was studied in three combinqtidns of nitrogen
and carbon sources, with four incubations in each combination. The combi-
nations of nitfogen and carbon sources were: no added glutamate or organic_—

acids (treatments 1 to 4, Table 8); glutamate plus pyruvate (treatments

5 to 8, Table 8); and glutamate plus glyoxylate (treatments 9 to 12,,Table 8).



Table 5. Treatments of Series II.

Treatment Nitrogen Carbon
Number Source Source
1T mM 10 mM
] 0 /
2 NH4C1
3 Alanine Glyoxylate
4 NH,C1 Glyoxylate + a-ketoglutarate]
5 Glutamate Glyoxylate '
6 Glutamate + NH4C1 Glyoxylate
7 Glutamine / Glyoxylate
8 NH4C1 Pyruvate + a—ketoglutarate]
' 9 Glutamate Pyruvate
10 Glutamate + NH401. Pyruvate
11 Glutamine Pyruvaté
12 NH,C1 Propionate + a—ketog1utarate]
13 Glutamate Propionate
14 Glutamine Propionate
15 0 0
16 o NH4C1 0

1. The concentration of a-ketoglutarate was 1 mM{

40



Table 6. Treatments of Series III.

- Treatment Nitrogen] ’ Carbon]
Number Source Source
1 0
2 NH4CU
3 NH,CT Glycolaldehyde
4 NH C Glyoxal? |
5 NH4C1 Glycollate
6 'NH4C] Oxalate
7 NH4C1 Glyoxylate
8 NH4C1 Glyoxylate (5mM)
9 NHQC] Glyoxylate (20mM)
10 NH461 Citrate
1 NH4C1 - a-Ketoglutarate
12 ‘ NH4C1 : Glucose (Dextrose)
13 ' 0
14 | NH4C1
15 : NH4C1 (3mM) .0
16 , 'NH4C1 (5mM) 0
17 'NH4C1 (10mM) 0

1. Except where otherwise noted; the concentration of the
added nitrogen source-was 1 mM and the concentration of

added carbon source was 10 mM. ,
2. Glyoxal was prepared as the 10 mM monomeric equivalent.

,(



Table 7. Treatments of Series. IV.

Treatment- Amino Concentration
Number Acid
M
] 0 Q---
2 Serine l 0.1
3 Serine _ 0.5
4 Serine 1.0
5 Serine 2.0
6 - Glycine 0.25
7 Glycine 0.5
8 Glycine 1.0
9 \é1ycine 2.0
10 G]ycing 4.0
1 0 -

42
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s
Table 8. Treatménts of Series V.

2 3

Treatment Nifrogen] Carbon Other
Number Source Source Additions

1 0 ) -—-
2 0 7 0 MS
3 NH4C1 0 -
4 NH4C1 0 MS
5 Glutamate fyruvate _———
6 Glutamate Pyruvate MS
7 Glutamate + NH4C1 Pyruvate T ee-
8 A Glutamate + NH4C] Pyruvate MS
9 Glutamate Glyoxylate ———
10 Glutamate Glyoxylate ’ MS
11 Glutamate + NH4C1 Glyoxylate -
12 Glutamate + NH,C1 ' Glyoxylate MS
13 Alanine 0 —--
14 Alanine Glyoxylate -
15 Alanine Glyoxylate HYD
16 0 0 HYD
17 Arginine 0 -
18 0 Hydroxyproline ———

1. The concentration of each nitrogen source was 1 mM,

2. The concentration of each carbon source except hydroxyproline-
was 10 mM. Hydroxyproline was 1 mM.

3. Other additions included 1 mM methionine sulfoximine (MS)
and 2 mM hydroxylamine (HYD).

8
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The four incubations within each combination of nitrogen and carbon sources
were: no added NH3-N; no added NH3—N plus added MS; added NH3-N; and

added NH,-N plus added MS.

3

The activity of alanine as an amino donor in the presence of
glyoxylate was further examined in Series V (treatments 13 to 16, Table 8).
Hydroxylamine, reported to be an‘inhibitor of L—a1aﬁine-g]yoxy1ate
aminotransferase (EC 2.6.1.44) (Thompson and Richardson 1967) was included
in treatments 15 and 16 (Table 8).

Two amind acids, arginine and hydroxyproline (treatments 17 and 18
respectively of Table 8) were incubated with rumen papillae. Arginine was
added as a substrate for the enzyme arginase which was previoUsly reported
to be pres;nt in rumen mucosa (Martincic and Krvavica 1964). The release
of ornithine by rumen papillae was used as an indicator of urea production.
Hydroxyproline, which can be éonverted,to glyoxylate in beef or rat_liver
(Adams 19}1) was included in incubations to determine if it served as a
source of glyoxylate in rumen papillae.

In Series VI (Table 9); treatments were prepared to elaborate
on results from Series I to IV. ‘These treatments were:

(1) inclusion of 1 mM oxalate and 1 mM malonate as metabolic in-
‘hibitors (treatments 3 and 4, Table 9). This allowed a comparison of the
‘1 mM oxalate treatment with the earlier .10 mM oxalate treatment in Series
IIT (treatment 6, Table 6); |

(2) additions. of glycine and one-carbon compounds (formaldehyde,
and formate) to examine effects on serine release by rumen papillae

(treatments 5, 6 and 7, Table 9). These incubations were prepared to

rexamine further the interconversions of glycine and serine noted with the



Table 9. Treatments of Series VI “

Treatmént ! Nitrogen2 Carbon
Number Source Source
1 0
2 NH4C]
’ 3 NH,C1 \ - Oxalate (1mM)
' NH4Cl Malonate (TmM)
-0

Formaldehyde ()
Formate (1mM)

Acetate (10mM)

. Propionate (10mM)
3
. Butyrate (10mM)

e 0 Ethanolamine (1mM)
12 ‘Glutamate + NH4C] Propionate (10mM)
13 Glutamate + NH4C1 Propionate (20mM)
14 . 0 ' 0
15 0 0 .
16 Glutamate + NH4C] " Propionate (10mM)
17 o 0
18 Glutamate + NH4C1 Propionate (10mM)

1. Treatments 1 to 14 were incubated for 3 h, treatments
15 and 16 for 2 h, and treatments 17 and 18 for 1 h.

2. The concentration of all added .:itrogen sources to

"4 all treatments was 1 mM. _
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treatments of Series IV (Table 7).
‘3) incubations of the volatile fatty acids, acetic, propionic
and butyric (treatments 8,'9 and 10, Table 9) wére included to determine
the influence of the ketogenic substrates acetate and butyrate (Hird and
Weideman*1964; Stevens and Stettler 1966) and a glucogenic substrote

propionate (Bergman et al.1966; Weekes 1974), upon amino acid release by

4

rumen papillae; —
(4) ethanolamine incubated with rumen papil]aeA(treatment 11,

9) as a possible source of glyoxylate (Meister 1965), in addition

& Ancubation of two-carbon compounds in Series III (Table 5);
(5) incubations of 10 and 20 mM propionate to examine fﬁe effect
of an increa$éd propionate concentration upon amino acid metabolism by
rumen papillae, with a combination of 1 mM glutamate and 1 mM NH34N aé
nitrogen sourcés'(tfeatments 12 and 13, Table 9); and

(6) analysis of incubation media from the blank incubation
(%reatments 1, 14, 15 and 17, Table 9) and the 1 hM glutamate plus 1 mMA
-NH3—N plus 10 mM propionate treatment (treathents 12, 17 and 19, Table 9)
after 1, 2 and 3 h of incubation to determine the time course of amino

acid changes.

Incubation media containing oxa]gﬁe (treatmeﬁt 6, Table 6 aqd

treatment 3, Table 9) were prepared without added calcium in KRB.  No

calcium oxalate precipitate was visible after incubations were comp]éted.‘

f

3.5 Calculations

The concentrations of amino acids (AA) in the incubation media were
obtained using Relative Molar Ratio (RMR) calculations (Gehrke et al.1968)

with an internal standérd'(IS) of‘cyclo]eﬁcine where :



i

MR = A ‘. | /
ALs S
/

AAA = integrated area ?7/amino acid

integrated area/éf internal standard
/

&

Ars
For a standard (STD) Méxture (amino acids at 2.5 umoles per
ml aqueous 0.1 N HC1), RMRST were calculated against cycloleucine as an,

internal standard (2.5 umoles per ml aqueous 0.1 N HC1). Amino acids

were obtained in kit form/kKi? LAA-21, Sigma Chemical Company; St. Louis,

Mo., U.S.A.) or as noted in Tab]e 3. Similarly, for the incubation media
samples (SMP), RMRSMpﬂwere calculated. |

The umo]esﬁ”bf each AA per incubation were:
//

(RMRSMP) )
WW (0.25 umoles)

The vo]Ume of internal standard added to each 1ncubat1on flask -

was 100 ul; this volume was equivalent to 0. 25 ymoles of cycloleucine,
" The umoles of AA re]easedoper gram dry rumen papjllae per

incubatiﬁg period were ca]cuiated as:
' Emo]es of each AA re]eased per incubation flask
grams dry weight of rumen papillae per incubation flask

/
3-6 Presentation of the Data

Three fonns of presentation of the data were adopted:

p 1. For the amino ac1ds, alanine, glycine, serine, aspartate plus

47

asparag1ne and glutamate p1us glutamine, micromoles of .each 1nd1v1dua1 amino

acid released into the incubation medium by rumen papillae upon 3 h of

/
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1ncubat1on were calcu1ated These were expressed as umoles per gram dry
.rumen papillae per incubation per1og o ““'; ,

2. For each Series, the avérages (pmo1es per.g per incubation
per1od) for am1no ac1d§“re4é§§éd by T rumen pap111ae tg the 1ncubat1on
med1um when substrates were added were calculated as a percent of the
blank 1ncubat1on These percent of b]ank 1ncubat1on va]ues became a .,
representation of the numer1ca1 data in the accompany1ng figures.

3. Product1on of each am1no acid was calculated as a percent of
kota] product1on, the total be1ng a, sum of umoles of amino acids (a]an1ne,
g]yc1ne, serine, aspartate plus asparag1ne and g]utamate plus g]utamlne)
released per gram dry rumen pap111ae per incubation per1od This, served

to” 1nd1cate whether one amino ac1d was synthes1zed preferent1a11y over

another when rumen papiliae were 1ncubated with substrates. =

9’1

3.7 rStatistics;ﬁ‘
’ t‘ .l :. . . . )
Standard errors (Snedecor and Cothan 1967) were ca]cu]ated for

each set of 1ncubat1ons {(n = 3) within a Ser1es
'7

1

o -
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4, RESULTS

4.1 Amino Acid Analysis

The gas-liquid chromatographic (GLC) method of analysis of

amino acids (Appendix B) did not saparate the pairs 1dc1uding glutamate
and d]ufaﬁine, aspartate -and asparagfne or orni thine and,cjtru]line.
During ester fokmation, glutamine and asparagine were converted to the -
esters of’b]utamate and aspartate'respectively, while the esters of ‘
ci;ru]jine and ornithine had the same retentidnvcharacteristics when
chromatographed. Since it was not possible to‘sepafate glutamine from
glutamate, or aspafagine from aspartate by GLC analysis (Appendix B),»t
amino acid pairs wera reported as glutamate nlus glutamine (G1x) andiJ'.

. .aspartate plus asparagine (Asx).

In'a pre11m1nary ‘study of amir) acidirelease by rumen pap11]ae a

thinflayer‘chrqmatograph1c (TLC) procedur=~ i7volving cn]]u]ogk-p1ates
¢ ve'oped in a solvent of dheno}-water {75/25; wt/wt) aqcord1ng to the
method of Von Arx and Neher (1963) was used in an attempt to separate

glutamine from glutamate; asparag1ne from aspartate and citralline from

.
P ;
w5,

Neg

ornithine. Rumen pap11]ae were 1ncubated w1th no added substrates w1th '

] mM VH3 -N, and. w1th 1 mM NH3 -N plus pyruvate, ]actate or a-ketoglutarate
J_It was ‘not poss1b1e to use TLC ‘to separate‘these pairs of amino acids,

. since g]yclne was found to co- chromatograph with asparagane, a]an1ne w1th

,,,,,,,

,.,dﬂutam1ne and nor]euc1ne, the internal standard with ornlth1ne.

Am1no ac1ds other thanalanine, glye1ne, serine, aspartate plus

asparag1ne and g]utamate plus. g]utam1ne appeared in the 1ncubat1on media

49



but did not respaond to treatments imposed in this study. The recovery
of these amino aqids,‘whose calculated RMR did not differ among tissue ™
preparations, waJ approximately. 0.05 to 0.1¢ umoles for va]ieé,
threonine, iso]eu?ine and proline, and 0.15 pymoles for leucine,

phenylalanine, lysine and tyfogine per incubation flask; traces of

methipnine and arginine were also present. Only with argi~“ne added to

]

incubation medium (Series V) was release of ornithine by 1umen papillae

;noted

e - _"\?\

Except in a ftw treatments where amino- ac1ds were added to

*incub t1on medfn as n1trogen\sources, the release of total reported amino

acidvay rumen‘vap111ae was between 14 and 37 pmoles per gram dry

: rumen

-~

ep1llae per incubation period.

4.3 § ries'I. Ammonia:Nitrogen Plus Organic Acids

T

Incubation in 1 mM NH;-N (NH3-N + 0) did not change the pattern

|
of amiio acid release by rumen papi]iae when compared to the blank '

incubation (Fig. 7).

With lactate . ¢ carbonbsource, g]utamete plus qutam;ne was 65%
of the blank incubation; the other amigp acids were 87- to 102% of the A \
blank incubation (F1g 7) Pyruvate increased a1anine production to 1363

_and senine production to' 170% of the b]ank (Fig. 8) With propionate in
the 1n:%bat1on medium, a]an1ne release‘by—rumen papiltae was decreased to

86% of the blank, and ser1ne re]ease was increased to 321% of the blank
~ (Fig.. 8). Expressed.a§ a percent of total amino acids measured, alanine

- release|in the presence of propignate‘was 46.6%, as tompared to 37.1% for

the b]awk (Table 10). Of the carbon substrates “in Series I, propionate

50
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.
Amino Acids Released
‘wmoles/g dry tissue/ percent of
incubation period : blank incubation - \
10.64 (0.98) Alal . __ ] Blank
11.40 (1.25) Gy Incubation G
0.82 (0.18) Ser[__ (0 +0) ol
1.11 (0.12) s 1, . MR
. 4,93 (1.10) e[ 1 | |
Total 0 100 200
28.96+(3.25) + . Percent
10.03 (0.41) 'Y 1 mM NHy-N + 0
11.33 (1.14) Gly|[ | R : .

./ 9.73 (0.08) ser[ ] . .
- 1.02 (0.05) i Asxf— | b *
464 (0.89) e ﬂ oy

"Total - 0 100 200 T ’
- 27.76 (2.50) Percent ' .
1" 9 (0.71) - Ala T NN+
.1C.83 (1.08) Gly ] 10 mM Lactate |
0.71 (0.11) ser| ] T
0.98 (0.10) Asx__ 1| =
13.19 (0.43) G1x] : '
Total ‘ 100 - 200
26.61 (1.96) - Percent -

Fig.7. Serﬁes J. Amino acid re]ease by rumen papillae incubated with
ammonia n1trogen plus lactate.(Mean followed by standard error in

parentheses)



. Amino Acids ReTeased
umoles/g dry tissue/  percent of

incubation period blank incubation
- ]
14.49 (1.91) . Ala l 1 mM NHgN +
. 9.86 (1.31) G]y‘:::::::::] 10 mM Pyruvate
1.39 (0.11) Ser , ] '
0.68 (0.10) Asx|[__]
2.44 (0.54) G - ‘
Total 0 100 200 300
28.85 (3.68) Percents . -
19.20 (1.40)  Ala %:::::::] T oM NHg-N +
4.83 (0.95)  wiy[_J 10 mM Propionate . -
2.63 (0.16) Ser ] e
0.63 (0.10) Asx| ] .
2.42 (0.44) Glx|—_]
Total | 0 100 . 200 300
- 19.71 (2.84) Percent = ’
- =
5.06 (0.61) PO - 1 mM NH3?ﬁ%?
23.64 (3.43) Gly . 10 mM G1yoxylate
2.38 (0.26) Ser ]
1.03 (0.19) Asx| = ]
4,74 (1.29) Glx| [ - |
Total . 0. 100 - 200 300
36,85 (5.19) “ Percent -

“4

. Fig.8. Series I. Amino acid release by.rumén papillae incubated with
ammonia nitrogen plus pyruvate, propionate or glyoxylate. (Blank
incubation Fig.7; mean followed by standard error in parentheses)

v
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‘resulted in the lowest total for amine acids (19.71 pmoles 'per g tissue
per incubation period; Fig. 8) present in the inedium at the end of incubation.

During incubation with 10 mM glyoxylate,. glycine release by rumen
papillae was 207% of the blank incubation, while serine re]ease.was 290% -
 of the blank incubation (Fig. 8). Calculated as a percent of total, glycine
represented 64.1% of the total reported amino acids in the incubation
~ medium (Table 10). This glycine increase (Fig. 8) was the iargest absolute
response for any amino acid in Series I.

The addition of a-ketoglutarate to the medium increased glutamate
to 295% of the blank and serine to 126% of the.blank (Fig."9). Succinate
“increased serine to 220% of the blank (Fig 9) With added ma]ate,
aspartate plus asparagine was increased to 185% of the blank (F1g 9).

The incubation of rumen papillae with 1 mM NH3-N p]us 10 mM’
'pyruvate, propionate,‘glyoxylate, a-ketoglutarate or ma]ate in Series 1
resulted in the release of less amino acids by rumen bapi]]ae with each \
of these treatments in the range of 40 to 6'% of the blank ‘incubation.

These amino acids 1nc1uded aspartate p]us &éﬁarag1ne and glutamate plus
glutamine with pyruvate (F1g. 8) present in 1ncubat1on media; g]yc1ne,

aspartate plus asparag1ne and g]utamate plus g]utam1ne with prop1onate

. 9); a]an1he with glyoxy]ate (Fig. 8); a]an1ne and aspartate plus

4.3.1 Results Summary >Series I

The total of repo;;;d\sﬁﬁﬂg\?cids released by rumen papillae into

the incubation mediuni in E/g;presence 0 ded organic acids was between

20 and 37 umoles per gram dry papillae per incu

£m

1tion period. When the d



Amino Acids Released .

umoles/g dry tissue/' percent of
incubation period blank incubation
f | .
4.80 (0.74)  Ala|—] 1 mM NHy-N +
9.73 (0.80) G]y::::::::] 10 mM a-Ketog1utarate‘
1.03 (0.16) ser| ' |
0.44 (0.05) Asx|__]
14.58 (3.01) GIxf_. _ ]
Total | -0 100 200 300
30.59 (3.20) Percent
9.84 (0.88) ':A1a;___,_:::l 1 WM NHgN +
7.91 (0.93) aly ] 10 mM Succiffate
1.80 (0.27)  Ser ’ A
1.32.(0.22) . Asx|_
3.79°(0.70)  Glx REE
Total 0 100 .- . 200 300 -
24.65 (2.71) | Percent -
9.75 (0.62) LY P I— 1 mM NHg-N +
10.46 (0.89) eyl ] 10 mM Malate
0.80 (0.15) Ser|
2.05 (0.43) Asx ]
© 2.96 (0.59) aIx|_J
Total 0 . 100 . 200 300
.26.03 (2.25) o Percent /

s
SN

Fig.9. Series I. Amino acid release by rumen<ﬁapillae fncubated with
ammonia nitrogen plus a-ketoglutarate, succinate.or malate. (Blank
_incubation Fig.7; mean followed by standard error in parentheses)

»
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addition of an organic acid increased the release of one amino acid relative
to the blank, some or all of the other amino acids were released to a"
lesser extent than in the blank incubatioh7 Glyoxylate was the only

organic acid to increase the release of‘bo%h glycine and serine when
compared to the blank incubation. ”

Alanine and glycine each represented.approximate]y 40% of the
reported amino acids present in the blank treatment upon completion of
1ncué£t1on (Table 10). ~“Alanine was increased by the presence of pyruvate
- or propionate (Fig. 8); glycine was increaséd by the presence‘bf glyoxylate
(Fig. 8). Of the amino acids released by rumen papillae, serine and
gspartate plus asparagine were not quantitatively major products Serine
-release was increased by the presence of pyruvate, prop1ongte g]yoxy]ate
and succinate (Figs. 8 and 9). Excluding the incqbation with a-ketoglutarate,

glutamate plus g]htamine release by rumen papillae was always less than

for the blank or the NH3-N + 0 incubation (Figs. 7, 8 and 9).

“4.4 Series II. Amino Donors

The intent of the treatments of Seriés IT was to assess the
effectiveness of alanine és an amino donor for the formation?bf glycine
from glyoxylate and to assess glutamate or glutamine as amfno donors ‘with
glyoxylate and pyruvate as cakbon substrates for the synthesis of glycine

and alanine respé;%jve]y.’

4.4.1 Alanine as an Amino Donor With Glyoxylate

Incubating 1 mM alanine with 10 mM glyoxylate (Fig. 10) increased
the release of glycine 13.9% over an incubation of 1 mM glutamate plus 10 mM

glyoxylate (Fig. 11). Glycine was 333% of the blank incubation, while



Amino Acids Released

umoles/g dry tissue/ percent of
jncubation period blank incubation
5.41 (1.92) Mal ] Blank
9.10 (1.40) Gly[___ ] ‘Incubation
0.69 (0.11) Ser ] (0 +0)°
1.01 (0.12) Asx| ]
.3.07 (0.45) GIx[ 1 ,
Total , 0 100 200 300
19.28 (3.78) Percent
5.26 (1.78) Mal_— ]| - 1 mMNHg-N+0
9.83 (0.73) ) Gly :
0.68 (0.06) Ser l
- 1.02 (0.06) Asx
3.04 (0.30) GIx J
Total : 100 200 300
19.83 (2.76) = : Percent
_ : 1 mM Alanine +
49.97 (3.37) Ala| Added 10 mM Glyoxylate
30.27 (3.89)_~ Gly R ‘ ]
2.64 (0.21) Ser ]
1.29 (0.19) Asx : 1 |
3.72 (0.28) G1x ] | |
0 100 200 300 400
Percent

Fig.10. Series II. Amino acid release by rumen papillae incubated
with alanine as the nitrogen source plus glyoxylate as the carbon
source. -(Mean followed by standard error in parentheses)



¢
serine was 383% of the blank with alanine as a nitrogen source and

glyoxylate as a carbon source (Fig. 10).

4.4.2 Glutamate and Glutamine as Amino Donors

A series of four incubations were conducted in nhich a-ketoglutarate
plus NH3-N, g{ntamate,sglutanate plus NH3-N or glutamjne were included ‘
with organic acids. An incubation with a-ketoglutarate plus NH3—N was
anticipated to yield glutamate; with glutamate, a direct utilization of
glutamate as an amino donor was assessed; with glutamate plus NH3—N,
glutamine nas expected to be synthesiied yielding a combination of glutamate
and glutamine; with g]utam1ne in the incubation med1um the potent1a] of
glutamine as an amino donor was assessed The fffect1veness of an amino
acid as an amino donor was measured by the quant1ty of glycine released -
when glyoxylate was included in the 1ncubat1on medium, or a1ternate]y, by
the quant1ty of alanine released when pyruvate or prop1ona;e was in the
incubation medium. . 5 :

In Ser1es IT incubations, whenever 1 mM g]utamate was added to
1ncubat1on med1a, the totax glutamate plus g]utam1ne present at the end
of .the incubation period accounted for approx1m§te1y 55% of the g]utamate
added per ﬁncuhation (Tab]e;}}). At the end/pfhthe incubation period,
the total g1utamnte_p]us ginhamine present/in treatments with added 1 mM
g]utamine,,nith 10 mM glygky]a pyruvate or propionate as carbon sources
- for the synthes1s of amino acids, acgpunted for no more- than 3% of the

. g]utam1ne added per incubation Tabf; 11)
//

Ve



Table 11. Series 11,
incubation media as t
hours of incubation.

The recovery of glutamate or glutamine added to
otal glutamate plus glutamine present after 3

Carbon Source] Nitrogen Source2
Glutamate Glutamate Glutamine
+ NHy-N

Glyoxylate  ~ 2.58 (0.11)%  2.34 (0.09) 0.19 (0.01)
Pyrqvate 1.94 (0.21) 1.99 (0.05) 0.08 (0.01)
Propionate 2.27 €0.19)  eee-. A 0.10 (0.02)
Ayerage 2.26 (0.19) 2.17 (0.09) ~ 0.12 (0.02)
Number of |
Observations 9 6 : -9
Recover"ed5 @ .
-Glu + GIn as'a
9 of addod. 56.5 54.3 3.0
Glu or Gln

-—

. The concentration

of carbon source was 10 mM.

2. The contentration of glutamate, glutamine and NHg-N was 1 mM.This
e

corresponded to 4
‘flask before incub

umoles of glutamate or glutami

per incubation
ation. ’

3. ymoles of glutamate plus glutamine present in incubation media
after'3 hours of incubation. Mean followed by standard error in

parentheses.

’ - L {
4. A treatment of 1 mM glutamate plus 1 mM NHg~N plus TO mM propionate

was not prepared in the treatments of,Seri

5. Recovered total gl

s II. _
utamate plus glutamine (Glu + GIn) calculated as

a percent of initial glutamate (Glu) or glutamine (G1n) added to
each incubation flask. E

s
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4.4.2.1 Amino Donors With Glyoxylate | ‘ .

The pattern of amino ac%d release by rumen papillae with
glyoxylate as tﬁe carbon substrate Qere similar for a-ketoglutarate plus
NH3-N and for g]utémine and if aspartate plus asparagine were excluded,
for glutamate and g]utamate plus NH3 -N (Fig. 11). Serine was inéreased
in ail four 1ncubat1oqs to 375 to 400% of the blank. Glycine was increased
to 200% of the blank wjﬁh a—ketoQ]utarate p]us NH3-N or g]upamine and to
290% of the BTank with g]utamate‘o; glutamate plus NH3-N. This was in
agreement with a threefold incréase for serine and a twofold increase
fqr glyciné in the NH;-N plus glyoxylate treatment of Series I Sfig. 8);
The quantities of aspartate plus asparagine released during tt incubation
period'(Fig. 11) were 192% and 142% of the blank vitch added glutamate-and

glutamate plus NH3—N respectively.

4.4.2.2 Amino Donors With Pyruvate

The patterns of release for all amino Bcids were similar with
either a-ketog]ﬁtérate p]us.NH3—N or glutamine in the incupation medium;
with either glutamate or ylutamate plus NH3-N, tﬁe.pattern; of re]ease‘of
all amino écids except alanine were simifaf (Fig. 1é) Alanine release
was 1ncreased to approx1mate1y 170% of the b]ank upon the inclusion of
a-ketog]utarate p]us NH3 -N, 190% of the b]ank w1th g]ut§m1ne, 560% of the
blank with g]utamate and 720% of-the blank with‘glutamate b]us,NH3-N.

The difference for alanine between glutamate and glutamate plus NH3-N was

‘ Witﬁﬁn the standard error of the observations. The concentrationis of

g]yciné (75 to 90% of the blank) and serine (apprdximate]y 200% of the‘b]ank)

did not differ among substrate treatménts. For aspartate plus asparagine,

A\
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[ ] .
Amino Acids Released

umoles/g dry tissue/ percentQOf ‘ e
incubation period blank incubation @3‘”‘
2.10 (0.33) A]a:::] ‘ ) 1 mM a-Ketoglutarate +
17.81 (2.53) lyf——— ] 1 M NH,-N+ |
2.66 (0.07) Serj— : }
0.72 (0.09) Asxf—1 10 mM Glyoxylate
5.28 (0.61) Glx ; ] o
0 100 200 300 400
Percent
3.55 (0.82) mMal 1 " 1 oM Glutamate +
26.58 (3.41) Gly ; 110 mM Glyoxylate
2.76 (0.15)" -~ Ser — 2 N
1.94 (0.31) Asx ]
37.64 (2.08) Glx| Added
L 0 100 200 <= 300 400
¥ Percent
3.77 (1.07§-—~—ﬁkhi::::::] l 0 1 mM Glutamate +
i, 26.63 (4.13) " Gly — 11 mM NH N+
| ;'1 20) Ser| ' 1
1.43 (0.08) Asxj ] .10 mM Glyoxylate
34.51 (1.54)  G1x| : Added 4
o 0 100 200 300 400
' Percent' ’ v
2.06 (0.32) Ala[—] 1 mM Glutamine +
- +19.02 {2.10) Gly . —1 10 mM Glyoxylate
2.56 (0.32) Ser J
- 1.07 (0.15) Asx: - E \
2.73 (0.25) G1x]| Added _
0 100 200 330 400
: Percent )

Fig.11. Series II. Amino acid release by rumen papillae incubated
with nitrogen sources plus glyoxylate as the major carbon source.
(Blank incubation Fig.10; mean followed by standard error in
parentheses) . <



Amino AcﬂdghRe]eased

umoles/g dry tissue/ percent of
Incubation period - blank iq;ubation ‘
9.43 (3.22) Ala *‘ l. -
6.85 (1.49) Gly[ 1 : 1 mM a-Ketoglutarate +
1.54 (0.23y , Ser[ - / I T mM NHgN ¢ |
0.45 (0.09) Asx|__] 10 mM Pyruvate
3.15 (0.71) 61xp——] -
.0 100 200 .
. Percent,
o ° — 1 i A\ |
30.25 (6.75) Ald TN ]
7.30 (1.20) siy[—J | - | -
1.43 (0.16) - Serd ] 1 mM Glutamate +
0.79 (0.12) Asx[ 1 10 mM Pyruvate
27.31 (2.33) Glx| Added o
100 200 - 500 600 . 700
' Percent -
J—— l N N\ N .
T N ]
//exyEEEf;:] o 1 mM Glutamate +
Ser[ T M NHgeN
- K S
Asx| ] ’ 10 mM Pyruvate
. GIx} Added A
R A S N\ — ey
-0 - ..100 200 ‘500 @ 600-; 700
- Percent R ’
N o | R
,\TOJ//(Z.M) Ala 1
7.18 (0.46)  Gly [ - T
1,22 (0.08) Ser| - 1 mM G]hta@ine +
- 0:49 (0.11). . Asx[ ] L o 1o mM Pyrivate
1.23 (0.26) GIx| Added | R T
. 100 200 et T
Percent . ' -

' —
“Fig.12. Series II. Amino acid release by rumen papillae .incubated
with nitrogen sources plus pyruvate as the major carbon ‘source. -
(Blank -incubation F#g.10; mean followed by standard grror-in
parentheses) . , 5 -’



- of, incubation werewTess'with propionate (Fig. ]3) as the added carbon

with a-ketog]utarate plus NH3-N or glutamine, release was approxi-
mately 45 to 50% of the blank, and with g]utamate or glutamate plus

NH3 -N, release was approxwmate]y 80% of the b]ank

4.4.2.3 Amino Donors With Prdpibnate' ‘

The quantities of alanine and glytine present at the comp]etiun' B

) substrate than w1th pyruvate (Fig ]2). Final serine 1evels were 51m11ar

A}

w1th-prpp1onate (FJg 13) and with pyruvate (Fig. 12)3 flna] aspartate plus
asparagine levels were higher w1th prop1onate (Fig.  13) than with pyruvate
(Fig. 12) as the carbon source. . The quant1ty of g]utamate p]us g]utam1ne
1g*the presence‘of a-ketogiutarate plus NH3-N was 146% of the blank with
Hproplonate (F1g 13) as compared to 103% of the b’ “1ith pyruvate

’(Flg 2. o,

-

;) A]an1ne re]ease 1nto the 1ncubat1on med1um by rumen papﬂl]ae w1th

prdpionate present (F1g 13) was 73%, 275% and 1t3%*of the ank 1ncubat1on

8 WP
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o

4

4
-

w1th a-ketog]utarate plus NH3-N, g]utamate, and glutam1ne respect1ve1y, A 5;f5?'

the release of g1yc1ne (5 ;Qf the b]ank) and serlne (210oto 250% of the

b]ank) did not dtffer among"subsgrate treatments (Fig. 13) -The reﬂease B

of aspartate plus asparag1d@ Tas greater w1th g]utamate than w1th
Q .
a-ketoglutarate p]us NH3—N or g]utam1ne ‘as n1trogen sources in the
presence of prop1onate (Fig. 13). .
' Ry . '{\‘ .

r

4.5 Series IIT Incubations

,‘4?5'] Glycjne from Two- Carbon Compounds

Of the two- carbon compounds stud1ed, 1nc1ud1ng g]yco]a]dehyde,

g]yoxal glycollate g]yoxy]ate and oxa]ate at 10 mM (F1gs 14 and,]S),;
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Amino Acids Re]eased

umo]es/ngry tissue/ percent of
incubation period - blank incubation

S , R .

0 3.9% 1 mM a-Ketoglutarate +

) 4'_" ] "M'NH3‘N + ‘

1.60 _J 10 mM Propionate
: 4 . Y J . \ . u ;": *
: 100. 200 300
- L ‘(’\ v
T A —— i d
% ... - ‘ A}&; ;- G Kou R
A, - L mN Q]utamate +
1 J TU”mM Propaonate
0. f:__.:l e el
33 2 . N l:;c j; o
. Ipo Y200 300
w4 Percent '
T . \7 » ’ N .
w ?‘-. :

#%5,03 (2.39) ¥ “Ala[_ 1M Glutamine +
g@;. 4.37 (1. 7);‘* Gly il 10‘mﬁ:%rqpioqiﬁé
T 1,75 (0.014) Ser ,' I ' \

0.58 (0.09) . Asx{_=1 ] .

1.47.(0.27)5.  Glx| .Added S

: oo : = y . -y F-at
: . 0 100 200 # 300 “
s - Percent -
i Fig.13. Serﬁg Amino acid reﬂease by rumen pag111ae incubated
with n1troéQLtsources ‘plus propionate as the major carbon source.
" (Blank incubation Fig.10; mean followed by standard error in

parentheses) A

-



Aminé Acids Released
umoles/g dry t1ssue/ percent of
1ncubat1on Der1od Dblank incubation )
7.95 (1.07)  Mal___] Blank |
8.70 (0.53) Glyf—___J Incubation’
0.70 (0.11) = ser[ ] « .7 (0+0)
0.9 (0.21)  ‘asx____J .
3.74 (0.69) eix— ]
Total .0 100 200 "
21.99 (3.42) . Percent A
8.71 (1.36) 5155 © T WM NHgeN + O
9.25 (1.48) .. I— S
0.70 (0.14) . |
0.77 (0.05) ‘ 3
£:3.62. (0.58)
Total oo & ‘
23.04'(3.]4) S Percent 9 :\\\ . g
a0 . mMaf % . 1 Nyt o+
T (Gia) T ey ] %0 mM ﬁ]yco]a]detfyde
1 0.587(0.05)- wyser[ 3| .
07000 g AT |
4.81 (0.53) - ex[__= |
 Total, - v 100 |
22,50 (2.43) ' ;
7.64 (w' RRE ¥ — 1M NHg-N +
g.00 (f.49) ey =] 10 mM Glyoxal
0.70 (0.11)  Ser , 3 o
0.70 (0.11) " Asxf—1 c 3l
3:60 (0.86) ~ elx| 1| . i )
Total 6 100 200. ,
20.65 (4.10) Percent o

Fig.14. Series III.
with ammonia nitrogen plus the .two-carbon compoun

Amino acid release by rumen p

¢ pillae incubated
i nonia ni two-c gk-g%zcola1dehyde
or glyoxal. (Mean followed by standard error in parentheses) .

-
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standard error in parentfieSes)

€
Amino Ac®ds Released
ymoles/g dry tissue/ percent: of
jncubation peric i biank ircubation
v 8.88 (1.7 Ala] A . 1M NHgIN + :
o “upts T
9.18 (2 Gly ; . 10 mM Glycollate:
0.91 (C ) Ser _J
T 0.9 (C.23) Asx v
v : 4
‘9.98 (0.7?) G1x |
Total , 0" 100 200
.23.87 (5'07), Percent
" 3.53 (1.00) Alal” ] l o1 mM NHg-N £
18.10 (3.42) Gly | . f‘J";lo mM Glyoxylate e .
2.20 (0.25)  Ser - i g I
0.99 (0.15) Asx| &
3.88 (0.57)  Glx 1 e .
, Total = - 100 200 . 300
28,71 (5.19) n ‘Percent ;
e , ‘ )
8:25 {0.91) Ala : -1 mM NHj-N +
12.98 (1.62) Gly . IR .10 mM Oxalate
1.24 (0.12) Ser T : '
. N | -
~2.21 (0.53) Asx - ]
5.23 (0.66)  GIx[__ ¢ ] .
Total 7 0 100 . 200 300 1
. 29.9%(3.12) o Percent ’
‘ 'm@‘ ~.4 - . .‘-\b’f - .
kig.15. Series 111 Amino acid-release by.rumeh papillae incubated
with ammonia nitrogen plus the .two-carbon compounds glycollate, - .
glyoxylate ®¥r oxalate.-(Blank” incubation Fig.14; mean followed by - -
. S5

f + g
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\N
‘egoxyIate 1nb®eased the release of glycine to 208% of the blank incubation,

| while oxalate increased glycine to 149% of the blank incubation (Fig. 15).
The. other two-carbon compoundé'did not increase release of glycine when
compared to the b]ank incubation (Figs. 14 and 15)

Glycolaldehyde 1ncreased the quantity of alanine to 119% of the ,
blank incubation and glutamate plus glutamine to 129% of the blank (Fig. 14).

' This‘glutamate plus glutamine release represented 21.4% of total reported

“amino aeids as combared tok16%9% for the‘bIank incubation (Tab]evIZ).

» G
. Athough the total amino acids in the incubation media were higher:

in Series I than Series III(Compare the blank incubations, Figs. 7 and 14
respectively), data for egoxYIatéyincubations calculated as a percent of
the blank incubetionh(TabIes 10 and 12 for Series I and III respectively),

';were quite similar. In the presence of added glyoxylate in Series III

Car
J19. 15), g]yc1ne and serine. reIease by rumén pap111ae were 208% and

¥ 214 _
314% of the bIank 1ncubq¢1on rqggectnwely . L ;~

R i OxaIate (10 mM) increased theune]ease of g]yc1ne,vser1ne 5%
plus asparag1ne and glutamate plus qutam1ne (149%, 177%, 246% and 140%

_of the blank incubation respectively), but did notfdnfluenCe alanine release “
‘ E "y

“by rumen-papillae (Fig. 15).

”

-

néﬂn?S.ZaGI_ycine fpon Glyokylate . o ”, .
IncUEgtians onO 5, 10 and 20 mM g]yoxy]ate with rumen pap1]]ae :
1ncreased the releaee-of eg% and serine over the bIank incubation -
(TabIe 133 Fig. 16) Alanine re]ease was decreased to approximately 25
‘ to 40% ‘of the b]ank w1th egoxyIate present whlle aspartate plus asparagine
and glutamate pIus qutam1ne reIease were not changed marked]y (Table 13).

14 .

..:; ‘. . V A\‘\ . > “ e . .A’. ) | . \
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There were curvilinear relationships of glycine release and of serine

release with initial glyoxylate concentrations (Fig. 16).

4.5.3 Incubations With Ammonia Nitrogen

Increasing the concentration of NH3-N up to 10 mM (0, 1, 3, 5 and
10 mM) did not change the tota]vquantity or spectrum of amino acids in
the incubation medium (Table 13).

4.5.4 Ammonia N1trqg;n Plus. C1trat
Glucose p

(B . , |
;l . :

a-Ketoglutarate or

" The release of glutamate plus g]utam1ne in the presence,Q§¢
NH3 -N was increased by the addition of citrate or a-ketoglutarate to the
incubation medium (Fig. 17). Glutamate p]us g]utam1ne in the presence

of 10 mM a-ketog]utarate'was 292% of the blank and in the presence of
citrate was 164% of the blank. Citrate also had less influence upon the

re]ease of other amino acids, part1cu]ar1y alanine and aspartate plus
asparagine, when compared to the blank, than- d1d avketoglutarate The
- re]ease of serine by rumen pap11]ae was ]17% and 134% of the blank w1th
‘c1trate and a- ketog]utarate respect1ve1y ‘

/.
The .1c]u51on of 10 mM glucose as a substrate resulted in an

accumulation of Tess total am1no ac1ds in. the 1ncubat1on meg1nm (16. 10

umoles” per gram dry papillae per 1ncubat1on per1od ‘Fig. 17), than occurred.

in the b]ank 1ncqgat1on (21. 99 umo]es per gram dry papillae , ~"incubation } 9,*
per1od Fig. ,14) A]an1ne represented 46.0% of total reported amino‘acids '
with glucose as contrasted to 36.4% in the b1ank (Table'lé)' Sérine was

155% of the blank 1ncubat1on in the presenc; of added g]ucose (F1g ]7)
Incubation of 10 mM g]ucose w1th rumen pap111ae resu]ted in the re]ease of

t

BN



Amino Acids Re]eaggg
wmeles/g dry tissue/” ‘percent of

_ g@bupaijon period b ank incubation :f'f
6,95 (1.42) Ala T1TM NHg-N 4
9141 (2.00) Gly 10 mM Citrate
.. 0.82 (0.19) Ser ;
0.77 (0.03)  Asx[___J
6.15 (0.09) G1x . ] _ 7
Total 0 100 200 300
v;24‘]0 (4.18) R Percent
3.07.(1. oMl 31 | 1M NN+
6.92 s e[ — 10 M z-KetogM_tarate
0.94 (0. ~Ser -1 N
0.38 Asx[—_] : . .
, 110.93 G1x L R
Total - C0 lalfo —t © 300
o 22.25 (3112)- - 3g;jf€£ercent i
747 (1.56)  AMa|— 1 1 mM NHg-N +
4.10 (0.96) eyl 10 mM Glucose
1.09 (0.34) - Ser I .
0.44 (0.13)  Asx[ ]
.00 033) © oxl—J | i w owy
Total , 0° 100 200 300
16.10 (3.14) - Percent :
P . : | g .
. - Fig.17. Series I1I. Amino acid release by rumen papillae incubated

-, with ammonia nitrogen plus citrate, a-ketoglutarate or glucose.
. (Blank -incubation Fig.14; mean followed by stdfidard error in
' _ parentheses) . T : T T - 4?

. &
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~

glycine and aspartate plus asparagine to approximately 50% of the blank -

e
L3

(‘4. ’
.ﬂ‘\‘

4.6 SeriesIV. G]yc1ne Ser1ne Interre]at1onsh1ps

4.6.1 Serine Incubat1ons S | //

/
7

Ser1ne was incubated w1th rumen papillae a;/wnitia] concentrations

of 0, O 1, 0.5, 1.0 and 2.0 mM (Tab]e 14). Thjéjpange of glycine recovery

(3n incubation media, in ‘response to-added sering was the largest between

0.1 and 0.5 mM serine (Fig. 18);" Above 0. 5 M serine, the release of

f g]yc1ne by rumen pap11]ae did not change marked]y The presence of

“_J

seripe 1n the 1ncubat1on med ium ,did :j}/qnf1uence a]an1ne, aspa;tate plus

asparagine or glutamate plus g]utamt e release by rumen papillae (Téb]e 14).

4.6.2. G]ycine Incubations / , ‘ fffég

GlyCine was. incubated wgﬁh rumen pap1]1aed&§ ap1t1a] cg%centrat1oﬁg

. ) u"*-““

of o 0.25, 0.5, 1.0, 2. 0, and 4: 0 mM (Table 14).s sm&e‘wema&' by--

<,

rumen papillae did not/respond to increased concentrat1ons of glycine in
the 1naubat1on.med1um/(F1g J19). Alanine, aspartate plus asparag1ne and -
glutamate p]us g]utam1ne were not 1nf1uenced by the preserfljif Added |
g]yc1ne (Tab]e 14) ‘ : o a v ;
| . , . o . S
4.7 Ser1es V. Amino’Donors g} : . B} . >
4.7.1 G]utamate Versus Glutamine, Meth1on1ne ) | <
, ‘SuFfoximine Preparatlons ‘. . )
A }/" If Series 1 as in Series II, the re]at1ve 1mportance of g]utamate

5 or g]utamlne as an am1n0udonor was. 1nvest1gated Methion1ne Sulfoximine v,Q A

(MS), a non- -competitive '1nh1b1tor of g]utam1ne synthetase (Me1ster 1969),

Ax

Eal
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ABSTRACT

-

Rumen papi11ae prepared from sect{ons of cattle rumen muc05a1
11n1ng obtained from a 1oca1 abattoir were 1ncubated aerob1ca11y with
various concentrations and comb1nations of ammonium ch10r1de amino
ac1ds and organ1c ac1ds, the latter 1nc1ud1ng prop1onate, pyruvate,
a-ketog]utarate and glyoxy]ate Incubat1on media were ana1yzed using
a gas- 11qu1d chromatograph1c technlque enta1T1ng separat1on of
'1sobuty1 N(O) heptaf]uorobutyry] amino ac1d esters: glutam1ne was
.recovered with glutamate and asparag1ne w1th aspartate '

0f the amino ac1ds released by rumen pap1llae, on]y a]an1ne;
g]ycine, serine aspartate (p]us asparag1ne) and g]utamate (p1us
g]utamlne) or orn1th1ne w1th arg1n1ne as a substrate, were released 1n”
quant1t1es greater than that ng;sured in 1ncubat1ons w1thout added .

"
nitrogen or carbon sources

Alanine re]ease by rumen papﬁ]]ae was 1ncreased in the presence
_ot pyruvate An 1ncreased re]ease of a1an1ne w1th.prop1onate ‘was on]y
‘observed with the inclusion of g]utamate as a n1trogen source |
Glycine was re]eased by rumen pap111ae 1ncubated w1th g]yoxy]ate
However, add1t1ons of g]yco1a1dehyde, g]yoxal or g]ycol]ate, as potent1a1
sources of g]yoxy]ate, did not influence re]ease of g]yc1ne Incubat1on N
‘w1th 1 mM ethano]am1ne increased g]yc1ne re]ease s11ght1y Oxalate (1

and 10 mm) increased the re]ease of amino ac1ds, but did not ianuenCe‘.

g]ycine‘selectiuely.



| Incuba,1on of rumen papillae with a-ketog]utarate 1ncreased
release of glutamate p1us g]utam1ne. 0f the amino acids re]eased by
rumen pap1]1ae in response "to added substrates, serine‘and aspartate plus
asparagine were not quant1tat1ve1y major products |
Glutamate was an effective amlno donor for the product1on of '
alanine from’ pyruvate and of §ﬁyc1ne from g]yoxy]ate Alanine also
served as a source of nitrogen for the synthesis of glycine from g]yoxylate.
Methionine sulfoximine, reported to be 2 non-competitive inhibitor
of g]dtamine sjnthetase (EC 6.3.1.2),.was added to incubation media
to prevent the synthes1s of glutamine. - However, it was not.possible
to demonstrate unequivocally that g]utamlne was a portion of tota]
g]utamate plus g]utam1ne present in incubation media. When rumen papi]]ae -
‘_ were 1ncubated with glutam1ne plus carbon sources,. the g]utam1ne
d1sappeared but did not 1nf1uence the release of amino acids. ApproXi-

mately 3% of the g]uthJne 1nc1uded in 1ncubat1on media was recovered as

glutamate plus glutamine after the 1ncubat1on per1od g]utamate recovery

“‘ was approx1mate1y 55% of that added to incubation med1a

. Incubat1ons w1th added Ser1ne (0 1 to 2 mM) 1ncreased re]ease of‘
glyc1ne marked]y by rumen papillae. | 0n1y with the inclusion of 1 mM
' forma]dehyde or formate with 1 mM g]yc1ne was ser1ne release by rumen
"pap111ae ‘increased. “An active serine hydroxymethyltransferase (EC 2. 1 2. 1)
‘1n the tissues of rumen pap1]1ae was 1nd1cated
with 1 mM arg1n1ne as. a substrate, there was a releaSe of
'orn1th1ne by rumen pap1l]ae, 1nd1cat1ng urea product1on \

-

 The poss1bTe 1ncorporat1on of “rumen - fluid ammon1a n1trogen 1nto

amino achs, and ‘the re]ease ‘of urea from arg1n1ne and amnon1a n1trogen§

1



from glutamine by kdmen papillae, or ruminal epithe]ium are discussed

with respect to the trdﬁéfer of nitrogen between the host animal and

the rumen..

vi
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1. INTRODUCTION

: Traceé studies invo]ving the use of []SN] ammonium salts an&
(]4C] or []SN] urea infused intraruminally or intravenously have provided
quantitati?e estimates of flows of these. compounds in sheep (Pilgrim °
et al. 1970;’Mathison and Milligan 1971; Nolan and Leng 1972; Nolan et al.
]976). Inputs of nitrogen.to the rumen include dietary nitrogen, as
well as blood urea nitrogen, which enters eitﬁer via saliva (Somers 19615,
or from plasma to rumen fluid across the }uminal epithelium (Houpt and
Houpt 1968; Houpt 1970). The outputs of nitrogen from the rumen inclide
microbial nitrogen and non digested dietary nitrogen to thé:omasum, and
ammonia nitrogen (NH3-N) to the omasum or as a d?rect flow from rumen
fluid to B}ood pTasma across ruminal epithelium (Lewis et al. 1957;
Hogan 1961);

“Nolan and Leng (1972), after injecting []SN]‘ammOnium ch]orid;
intraruminally or[15N] urea intravenously to sheep, reported that only
38% of the urea which entered the digestive tract was degraded to . °
-NH3-N and reentered the B]ood urea nifroéen“pool. Part of this []SN]
urea nitrogen contributed to the rumen fluid NH3—N poo],-which in turn
was a source of nitrogen for thé synthesis of microbial protein. No]an and
Leng (1972)‘suggésted that rumen fluid NH#-N can be 1ncofporated'into
nitrogenous compounds, such as amides or non essential amino acidé'in
Lthe intestinal wall or liver whicp are subsequently inconporaééd inta,
slowly eqhiTibrating poolﬁlof nitrogen, such as body proféin._'Mathison

and Milligan (1971) and Havassy etval. (1974) proposed that the §xpthesis



of glutamate or glutamine may represent an incorporation of rumen fluid
NH3-N into nitrogenous compounds.

The intent of this study was to determine the possibility of
amino acid synthesis, the substrates that might be used'for synthesis
of amino acids‘and the pathways of synthesis that may occur 1in rﬁminai
epithelium. To achfeve these goals, rumen pabi]]ae were inchbated with
a soufce of NH3—N (ammonium ch]otide), carbon sources and amino/acids.
Incubation media were suhsequently aﬁa]yzed for amino acids using a
gas-liquid chromatographic technique. Alanine, glycine, serine, aspartate,
asﬁgragine, glutamate and glutamine were accorded particular emphasis as

these amino acids have been suggested to be involved in the transport

of carbon and nitrogen between tissues in rats (Aikawa et al. 1973) and

sheep -(Wolff et al. 1972; Wolff and Bergman 1972a, 1972b).



2. LITERATURE REVIEW

An association between the rumenpopu]afion of bacteria and
protozoa ‘and the host animal allows rum1nants to maintain bodil} function
while consuming diets having low available n1trogen contents (Leng 1973),

or to adapt to intakes of large quantities of nitrogen (Clarke et;al.

1966). On. d1ets of a low nitrogen content, the total n1trogen available

for m1crob1a1 protein synthes1s is supp]emanted by p]asma urea nitrogen

recycling to the rumen (Somers 1961; Houpt 1970). Rumen fluid ammonia

n1trogen (NH3 N), produced as. a resu]t of degradation of protein or non-

‘ prote1n dietary nitrogen by rumen m1croorgan1sms may reach relatively -

high concentrations. When 1arge_quantnt1es of dietary nitrogen were fed

daily, Clarke et al. (1966) attributed the loss of total protein nitrogen

between the dietary intake of nitrogen and abomasal nitrogen content, to
the abéorption of NH3—N from the rumen. The NH3-N pfoduced,from‘urea,

a non prote1n dietary nitrogen supplement, may pred1spose the ruminant to
4

a condition of ammonia toxicity (Cha]upa 1972). Both non tokxic and toxic

influences and consequences of rumen fluid NH3 -N are discussed in tﬁé
BN
following review\of the literature.’

2.1 Miqrobia] Fermentation in the Rumen
/

2.1.1 Nitrogen Metabolism by Rumen Microorganisms

Dietdry protein is degraded by Fumen microorganisms to NH3-N and
volatile fa y acids (Blackburn 1965). Proteolytic activity‘has been
associated/with both bacteria and protozoa (Blackburn and Hobson 1960),

with the end products of the initial stages of protein degradation being

A

3

»
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am1no acids and polypeptides (Abou Akkada and Blackburn 1963) ~ Amino

acq§s ‘have not been found in rumen fluid to a s1gn1f1cant degree (Leibholz
1965, ]969) s1nce they are read1]y deam1nated to NH3 -N an& the respectwe5
tarbon skeTetons.(T1]]man and Sidhu 1969), which in turn are degraded to
volatile fatty acids, or used as 3u§strates‘for the synthesis af amino
acids and microbial protein by rumen micrqorganisms (Walker 1965).

' ﬁumen bacteria have adapted to NH3-N as a readi]y available.
source of nitrogen for growth. bf the 89 freshly isolated strains of"A
rumen bacteria prepared by Bryant and Ropinson (1962), 82% grew well on media
containing ammonium sulfate and a small amount of cysteine as the main

sources of nitrogen Several bacterial cultures exhibited a requirement

for the amino. ac1ds of casein hydro]ysate

~
o

A ]1m1t to the ut111zat1on of NH3 -N as a substrate for m1crob1a1
prote1n synthes1s was found at 50 mg NH3 -N per litre of rumen f1u1d by
Satter and Slyter (1974), as judged from the resu]ts of sequent1a1 additions
of urea as a nitrogenvsupplement to continuous-cu]ture‘fermenters charged
with rumen contents from a steer fed a purif}eq, am all concentrate or a

forage-concentrate (23:77) diet. The_growth of bacteria uti]izing NH3-N

was not enhanced by increasing rumen fluid NH3:N beyond 50 mg NH3—N per

litre. Extending these in vitro results to the rumen in vivo indicates

that, at higher contentrations qf'NH3—N'in'rumen fluid, nitrogen is lost
from the rumen as NH3-N. ' |

The ut111zat1on of NH3 -N forfamino acid and protein synthesis
by microorganisms in the rumen liquor from sheep is 1nf1uenced by the
chemical form of dietary carbohydrate (Reis and Reid 1959). Addition of |

glucose, a readily fermentable substrate to rumen liquor in vitro, reduces



NH3-N accumulation by stimu]ating the uti]izatjdh of NH3-N fqr the

synthesis of m1crob1a1 prote1n The starch of dietary concentrates is

more rapidly used as a carbon source for microbial protein synthes1s than

is cellulose, a h1gh1y indigestible carbohydrate found in roughages
‘ o

(Church -1975). ‘ ' .

When the supply of dietery nitrogen wae less than 16 g nitrogen
_per dey as proteinanitrbgen ted to sheep (C]arke et al. 1966) or 9 g
nitrogen per day. as urea nitrogen in a purified diet fed tofsheep (Hume
et al. 1970), there'was a net t. asfer of blood urea nitrogen into the
rumen, eithef via salivary secretions (Somers 1961) or a direct.transfer
across‘ruminal epithe]ium'(Houpt and Houpt 1968§ Houpt 1970). The feediﬁg'
of diets of a high nitrogen content which cause h1g% rumen fluid NH3 -N
concerftrations (Le1bho]z 1969; Le1bho]z and- HartmanL ]972) would result
in a net absorption of NH3 -N 1nt0 the portal s;stem of sheep (Lewis et a].
1957). Absorption of NH3-N direct1y frqm the rumen (Hogan 1961) reduces

the total nitrogen which flows' out of the rumen of animals fed the high

nitrogen diets (Clarke et al. 1966; Hume et al; 1970).

T \
2.1.2. Carbohydrate Metabolism by Rumen Microorganisms

!

1
|

The production of'the_ olatile fatty acids, acetate, propionate

and ‘butyrate as end products of carbohydrate fermentation by rumen

\

microorganisms, falls jnto‘distinct patterns determined by the dietary form

of carbohydrate (Rumsey et al. ]970) Dietary carbohydrates such as starch,
\ \

hem1ce1]u1oses and ce]]u]ose, serve as the major energy yielding substrates

for rumen m1croorgan1sms (Walker 1965). -A roughage’ d1et of high ce]ﬂu]ose

content fed to r&minants is associated with a rumen fluid pH nearer



neytrality and a higher molar 5cetate to propionate ratio than fs a-
concentrate diet of high starch content fed ad- 11b1§9m Concentrate
d1ets result in a rapid release of tota] vo]at11e ;efky acids into rumen
‘fluid by rumen microorganisms w1th1n 2 hours of feed1ng (Rumsey et al.
1970). °

Volatile fatty’aeﬁds.themselves are subsfrates for the synthesis
of cellular constituents by rumen bacteria (Hoover et al. 1963)5
¢onversion of vo]éti1e0fatty acids to bacterial pfotein, nucleic acids
and polysaccharides appears to be quite extensive, with acetate serving.

as the major substrate.

2.1.3. The Output of Nitrogen and Carbon From the Rumen

“The main fermentation products including NH3-N, the volatile
fatty acids, and bacterial and protozoal protein are either absorbed
d’ ’et1y or f]ow out of- the rumen and may be absorbed further down the
gastro1ntest1na1 tract Amino ac1ds of m1crob1a1 and unfermented dietary
protein are absorbed from the small intestine after proteins are hydro-
1yzed through the actlon of intestinal proteases and peptidases; NH3 -N
and volatile fatty acids are absorbed d1rect1y from the omasum abomasum '
or small 1ntest1ne (Armstrong and Hutton 1975). The dietary inputs of '
nitrogen are changed in the rumen; the sources of n1trogen available to
ruminant body tissues become the amino acids from microbfal or non

digested‘dietary.protein, microbial nucleic acids .and NH3-N (Smith 1975).

2.2 Ammonia Metabolism in Body Tissues

A The following sections of this review will pertain to the

@etabolish of NHj-N within the tissues of the ruminant. The NH3-N pool of

¢
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the ruminant iucludes NH3 -N absorbed directly from the gastro1ntest1na1
tract plus -that produced as a result of aerobic amino acid degradation

w1th1n the tissues of the ruminant animal. The metabolism of volatile

’fhtty gacids, in particular propionate, and other carbon containing f

compounds such as lactate and amino acids will be’ discussed as needed in
relation to the metabolic activities centred ‘about NH;-N (Reilly and Ford
1971; Wolff and Bergmah 1972a, 1972b; Heitmann et al. 1973; Bergman et al.
1974a, Ballard et al. 1976). | B

2.2.1 Ammonia in Physiologifal Fluids
o :

Ammonia is found inthe oody fluids of ruminants, as well as of

other animals. In an aqueous solution ammonia is a strong base with a

o

pKa of about 9.02 at 37 C. At a pH of 7.0 to 7.5, it can be ca]cu]ated
using the Henderson- Hasse]bach equation, that more than 98%. of the ammonia
exists as the ammonium (NH4 ) ion (Visek-1968; Lund et al. 1970). An
excessive quantity of NH3-N in.body tissues is highly toxic to animals

(Visek 1968). Therefore,- there are mechanisms of maintenance of low

circulating levels of NHy-N in body fluids.

The quantity of ammonia found 1n the circulatory system depends

—

upon. the sampling site. In rats and man, porta] vein whole b]ood has free

. NH3-N levels that are higher 16\18 to 0.26 mM) than are found in blood
« N

from the peripheral circulation (0.02 to 0.04 mM) (Lund et al. 1970). In

sheep, the level of NH3-N‘in portal vein blood is dependent upon the rumen

fluid concentration of NH3-N (Lewis et al. 1957); the concentration

of NH3-N in the peripheral circulat on‘(carotid or jugular blood) was no

greater than 0.1 to 0.2 mM. As the /rumen fluid NH3 -N reached 60 100 mM

after repeated doses of ammon1um cetate in sheep, Lewis et a] (1957) were



able to discern an increased concentration of NH3—N 1n- the ‘peripheral

. . S
circulation. P

2.2.2 Incorporation of Ammonia Nitrogen into Amino Acids
. 7

Enzyme reactions,.as Tisted in Tables 1 and é, are responsible
for (1) the direct uptake of NH3;N, (2) the direct release of NH;-N, (3)
the transfer of aminq nitrogen (éminotransferases) and (4) the synthesis
of-urea. The amino acids that may.be metabolized by way of the reactions
shown include g]utaméte,lasparfate, alanine,glycine, serine, glutamine and
7asparagine, plus the aminé acids of the ornithine cycle (Krebs and
Henseleit 1932), citrui]ine, érginine and ornithine. The‘majr ity 6f amino
acid"m?tabo]ism entailing the reactions in Tables 1 and Table 2 is,]ogated
in liver, kidney and muscle tissues. These reactions are-associated with
the métabolism of amino acids wh;ch hax evehtdally serve as glucogenic
substrates (woiff and Bergman 1972b), "as nitrogen-containing compounds
stimulating urea synthesis in liver tissue (Chama]aun and Tager 1970;
Séheki and Katunuma 1975) or as sources of NH3-N excreted by the kidney

(Pitts 1964).

2.2.2.1 The Synthesis of Glutamate

¥
[

The incorporation of NH3-N,into the amino aéjd g}utamate is
Cataiyzed by the enzyme glutamate dehydrogenase (Reaction 1, R
Sé]lach ;nd,Fahien 1969). G]utamatg dehydroéenases_from animai sources
have BeEn foﬁndlto function equa]Ty‘effectivE]y with NAD or NADP ac the

cofactor (Frieden 1968; Sallach énd Fahien 1969). The direction of the

o

reaction depends_markédly upoh the presence of reduced or oxidized nicotin

amide'nucleotjdes and NH3¥N (Krebs et al. 1973). At equilibrium glutamate

4

R 2
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a-Ketoglutarate

A
Alanine
(2)< ‘
_ : Pyruvate
NADH NAD .y | -
a-Ketoglutarate : Glutamate a-Ketoglutarate
. ATP =
‘NH (4)<;; " Oxaloacetate
' y .
Glutamine Aspartate
a-Keto Acid ’ ‘(7)
“Amino Acid (5) (6)\3.‘NH4+ GTUtaE§£§;><:;;ATP
‘ \/ ) i G]Utam te q, AMP ! A
a-Ketoglutaramate Glutamate - Asparagine
(8) NH," - C (9)[TSNH
4 ‘ , 4
o v .
a-Ketoglutarate - Aspartate - ‘ .

*

Fig.1. The synthesis of amino acids with the formation of
glutamate as the initial step. (Sallach and Fahien 1969;
Greenberg 19€7:) '

Reaction :

(1) Glutamate dehydrogenase

(2) Alanine aminotransferase _

(3) Aspartate aminotransferase =

(4) Glutamine synthetase

(5) Glutamine-keto-acid aminotransferase

(6) Glutaminase

(7) Asparagine synthetase

(8) w-Amidase -

(9) Asparaginase '
Refer to Tables 1 and 2 for the Enzyme Commission number.
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formation is favoured (Sallach and Fahien 1969).

2.2.2.2 Amino Donors

The formation of glutamate froma-ketoglutarate and NH3—N in:
body tissues fs the first step towards the”synthesis of many amino acids”
(Sallach and Fahien 1969; Greenberg 1969b). The amino group of glutamate
is transferred to a-keto acids during’the synthesis of the amino acids
aspartate (Fig. i),Qa]anine (Fig..]), serine (Fig. 2) apd g]yoine (Fig. 3).
Consequently, toese amino” acids serve as reservoirs of NH,-N in body tissues.
With the addition of NHBQN'to glutamate and aspartate, the amides,
glutamine and asparagine respectively are formed«kFig. 1). An energy input
as adenos{ne.triphosphate is necessary for the synthesis of both amides.’
Glutamine is more -important than asparagine as a source of nitrogeo in body
tissues because it subsequent]y part1c1pates in the format1on of b1o1og1ca]
compounds such as pur1nes and am1nosugars (Greenberg 1969b). The am1de
nitrogen of glutamine and asparagine'may be removed in body tissues in
hydrolytic reactions cata]yied by the enzymes glutaminase and asparaginase
respectively (Reactions 6 .and 9 respectively, Fig. 1, Sallach and Fahien 1969).
| Glutamine can.serve as an amino donor in a manner similar to
glutamate (Cooper and Meister 1973). Giutamfne'aminotransferase (Tao1e 23
Reaction 5, Fig. 1) has been purif%ed and characterized from rat ]fver
(Cooper end Meister 1972), rat kidney (Cooper and Meister 1974) and from the
brain of the bovine (Van Leuven 1974) and of the rat (van Leuven 1976).
The liver enzyme has different propert1es than the kidney enzyme (Cooper
and Meister 1973). Liver_glutamine aminotransferase is most active with

glutamine, methionine, glyoxylate, pyruvate and a-keto-y—metﬁio]butyrate;



3-Phoéphog]yCerate<% . > 2-Phosphoglycerate .
(2) ~|(5)
\E | " - 28
3-Phosphohydroxypyruvate 4 D-Glycerate
SN a-Ketoglutarate ' \# |
Phosphoserjne . . 3-Hydroxypyruvate
4) (7 Alanine -
- Pyruvate
Serine
T
Glycine

9

Fig.2. The biosyntheéis of serine. (Greenberg 1969b)

Reaction - -

(1) Phosphoglyceromutase (EC 2.7.5.3) -

(2) Phosphoglycerate dehydrogenase (EC 1.1.1.95) .
(3) Phosphoserine aminotransferase (EC 2.6.1.52)
(4). Phosphoserine phosphatase (EC 3.1.3. 3)

(5) Glycerate kinase (EC 2.7.1.31)

(6) Glycerate dehydrogenase (EC 1.1.1.29)

(7) Serine-pyruvate aminotransferase (EC 2.6.1.51)
(8) Serine hydroxymethyltransferase (EC 2.1.2.7)

13



Ethanolamine
CHZOH -CH NH2)

Phosphatidylethanolamine ‘ G]yco1a1dehyde
A : (CH,0H-CHO)

! , | (1)V ' L
; Choline G]yco]]ate«é—ﬁél———-G]yoxa].

ﬁ& (CHZOH-COOH) (CHO-CHO)
’ 1
: ' Betaine (3) {(4) ‘
- %& o G]yoxy]ate‘i—————l€>0xa1ate .
. A F (CH20 -COOH) ~ (COOH- COOH)
) Sarcosine

<:::Amino Donor
Phosphatidylserine a-Keto Acid :

o ' ; v
' Serine<s£§l——€>G1ycine

’ (CHZNHZ-COOH)

- Fig.3. The biosynthesis of glycine. (Arnstein 1954; Meister
1965; Hagmm 1973) ‘

Reaction
(1) Aldehyde dehydrogenase (
) (EC 1.2.3.1)

(2) Xanth1ne oxidase (EC 1.2.3.2)
(3) Glycollate oxidase (EC 1.1:3.1)
§4) Lactate dehydogenase (EC 1.1.1.27) ‘

5) Amino acid-glyoxylate aminotransferase
(6) Serine hydroxymethy]transferase (EC 2.1.2.1)

-~ N o

EC 1.2.1.3) or Aldehyde oxidase
3 :
s
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.
kidney glutamine aminotransferase is most active with glutamine, methionine,
phenylalanine, tyrosine and the a-keto acids of these amino acids as
substrates, and exhibits relatively ]ift]e activity towards g]yoxyiate

and pyruvate. Also, it was postulated by Cooper and Meister (1973) that
other than the synthesis of alanine and glycine, g]utamine aminotrqnsferase
’méy function to convert small amoﬁnts of thé a-keto acid precursors of

: methioninez‘pheny1é1anine andtyrosine to the respective amino acids.

| Although the reaction cata]yéed by'g]utamine aminotrénsferases are
feversib]e, the rapid conversion of a-ketog]ufaramate to a-ketoglutarate

and ammonia by the'enzyme w:§mjdase (Reaction 8; Fig. 1) essentially

limits g]utamine aminotransferase to the formation of amino .a. “rom

?

the precursor a-keto acids (Cooper and Meister 1973).

LY

2.2.2.3 The Synthesis of Glycine and Serine

/

The biosyntheses of serine (Greenberg 1969b) and glycine (Thondso:
and Richardson 1966, 1967) are posgib1e through separate pathways, or
fnterconversion of these amino acids (Greenberg 1969a) may be catalyzed by
serine hydroxymeéﬁy]transferasé (EC 2.1.2.1) (Figs. 2 éhd‘3). Serine can
’be'synthesiied\through a pathway entailing non-phosphory]ated-intermediates
with alanine as the amino donor, or a pathway with phosphorylated inter-
mediates with glutamate as tﬁe amino\donor (Greenberg 1969b; Fig. 2).
Glycine is derived either from serine or a direct transamination of _
glyoxylate (Fig. 2).. Amino donors for the conversion of glyoxylate to
glycine included glutamate in human (Thompson and Richardson 1966) or rat
: (quada ]964) liver, glutamine in rat liver, kidnéy or brain (Cooper and

Meister 1973; Van Leuven 1976) and alanine in human liver (Thompson and |

‘Richardson 1967).

o
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Compounds’ examined as sources of glyoxylate in rat liver tissue
include ethanolamine, g]ycb]a]dehyde; glycollate, glyoxal and oxalate
(Weinhouse and Friedman 1951; Kun 1952; Neiésbach'and Sprinsan 1953a, 1953b).

Ethanolamine is converted to glyoxylate with glycolaldehyde and glycollate

las intermediates (Weissbach and Sprinson 1953b; Fig. 3).‘ Serine is a
potential source of ethanolamine through a transformation of phosphatidylserine
to phosphatidyléthanolamine (Meister 1965; Fig. 3). Glyoxal, an aldehyde,

is converted by ;anthinefbxidése (EC 1.2.3.2) to glycollate (Dixon and -
Lutwak-Mann 1937), whiéﬂ in turn is oxidized to glyoxylate. Glyoxylate

can be converted to o;alate (Hgg]er and Herman 1973); howeVer,'non-

reversible formatidﬁ of glycine may help to prevent excessive formation

of oxalate from gtyoxylate (Thompson and Richardson 1567).

.
2.2.2.4 Miscellaneous Reactions
" \\
Urea, synthesized through a cyclic series of reactions entailing

the amino acfds citrulline, arginine\gnd ornithine és intermediates (Krebs
and Henseleit 1932; Fig. 4), is a majér nitrpgenous excretory product
of-mamﬁa]s, including ruminants (McInt&%e 1970). The immediate nitrogen
donors in the cycle of urea synthesis are carbaméy] phosphate_and aspartate

e

(Fig. 4). In animal tissues urea isan inert compound; only urease (EC //7/

3.5.1.5), either produced by microbes in the rumen (Rahman and Decker 1966)
or in the caecum (Hecker 1971), is able to catalyze the hydrolysis of urea _

[

to ammonia and carbon dioxide.

 Adenosine deaminase was included in Table 1 because of its invo]vef
ment in the release of NH3-N in muscle tissue (Lowenhstein 1972). It

catalyzes the conversion of adenosine monophosphate to inosine monophosphate

/

-

//



co, + NH4+ + 2a1p L1 Carbamoyl + 2ADP + Pi

phosphate
Ornithine
Urea
(5) (2) o5
Arginine Citrulline
. Aspartate
Fumarate (4) (3) ATP

Argininosuccinate AMP, PP

-

Fig.4. The ornithine cycle. (Sallach and Fahien 1969)

Reaction

(1) Carbamoyl-phosphate synthetase

(2) Ornithine carbamoyltransferase N
(3) Argininosuccinate synthetase

(4) Argininosuccinate lyase ’

- (5) Arginase _ .
Refer to Table 2 for the Enzyme Commission number.

AN
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e

~ release of NH3-N by rumen microorganisms from added urea. High concentra-

W )
with a release of Nh_ M in response to a heavy work 1oad in muscle.

Enzymes such as serine dihydratase (EC 4.2. 1 13) (Table 1), cystine

4

desulphydratase (EC 4.4.1.1) and threﬁhqne dehydratase (EC 4.2.1.16) release

NH3 -N through a non- ox1dat1ve deamination of an amino acid.

2.3 Ammonia Toxicity

- Ammonia at low concentration is a normal metabolite in living

organisms. However, metabolic evidence of ammonia toxicity may develop

when detoxif%cation processes are impgired, or ammonia formation is
excessively ﬁapid (Visek, 1968). The ratio of non-ionic ammonia (NH3)

relative to the ammonium (NH4+) ion which increases rapidly at pH's above

7.0 to 7.5(Visek 1968), may contribute to the development of ammonia
toxicity (Vf ek 1972). . The flow of non-ionicNH3 relative to ionic NH4+

between tissues was found to increase as the pH of the body fluids
increased (Visek 1968). h -
K%mon1a tox1c1ty in sheep was induced by addition of a large

dose of/ﬁrea d1rect1y into the rumen- (Morris- and Payne 1970; Bartley et a] .

19;5)4 The most visible aspect of acute ammonic tex;c1ty was the develop-

\ : ,
‘méﬁ;\of tremors of the head.in the vertical plane; the magnitude of the
\ ‘ ‘

tremors increased until a general tetanic spasm indicated death was

imminent (Morris and Payne ]970). This urea toxicosis is due to fhe suddén

A \\\"

tions of rumen fluid NH3-N may exist witheut producing toxicity if the
ration is read11y fermentable and the rumen fluid remains below pH 7 4

(Bart]ey et al. 1976). N A o

o x
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Intermittent consumption of diets containing urea, and subsequent
rapid release of the urea nitrogen as NH3-N by rumen microorganisms, may
re§u1t in a temporary overload of detoxifying mechanisms for NH3—N that
could lead to a cdﬁdition of ammonia toxicity. Although the potehtial'
of ammonia toxicity is aiways present in ruminants, the absorption of

NH,-N from the rumen,isAJimitéd by the acid environment of rumen contents,

3 ;
where the ammonium’ion form of NH3-N predominates (Hogan 1961). Any
NH3—N that does become absorbed is fixed into non-toxic forms of \itrogen
such as urea (Goldsworthy et-al. 1968) and amino acids (Wolff et all. 1972)

in Tiver tisSues. Ruminants are able to adapt to levels of NH3-N

in the body, levels which may be indicative of a subacute stage of ammonia

toxicity.

2.4 Interorganal Re]atiohships of Amino Acid Metabolism

The release to plasma of an amir‘lo-ac‘id as an end pgpduct of
metabolism by one organ, and uptake and metabo]igh_of this amino acid as
f a substrate by another organ will be desighated an fnfbrorganal relation-
ship of amino acid metabolism. The amino acfds noted to be transported
betwegn brain, muscle, kidney, liver and the nor-hepatic splanchnic bed
as carriers of nitrogen and carbon are alanine, giycihe, glutamate,
N glutamine, aspartate and asparagine, plus the amino écids of the ornithine
cycle, including arginine, ornithine and citrulline. Metabo]i?AaétiVitiés'/" )
in which intérorgana] transﬁbrt of amino acids is‘ihvblved inciude the |
output of amino acjds by muscle tissue (Aikawa et al. ]973;.Ba11arg et al.
1976), g]uconeogeéésis in liver (WO]ff/and Bergman 1972b) and kidney |

(Kaufman and Bergman 1974), utilization of amino acids as an enérgy source



by the non-hepatic splanchnic Bed (windmuelfer and Spaefh 1974,, 1975, 1976),
the synthesis of urea by Tiver tissue (Chama]éun and Tager 1970; Sahekt and
" Katunuma 1975), and the‘pfqduction and excretion by the kidney of ﬁH3-N
, derived from g]utamine (Pitts 1964; Pitts et al.1965). .

The amino ac1ds most abundant as carriers of nitrogen and carbon
in the vascy]ar system of fasted (A1kawa et al. 1973) or fed rats
(Yamamoto et al. 1974) are alanine and g]utam1ne (Fig. 5). Alanine fluxes
_are a part of the g1ucose—a]an1ne cycle (Felig 1973; Fig. 6). The
Ag]ucose—a]anine cycfe is similar to the Cori cycle (Cori 1931), with
a]anﬁ%éﬂrep]acing lactate. Glutamine is released by muscle tissues (Mar]iss
et al. i9%1; Ballard et al. 1976), and uti]izéd as an energy source by the

non-hepatic splanchnic bed (Windmueller and Spaeth 1974), or as a source

of NH,-N by the kidney (Pitts et al. 1965). The nitrogen for alanine and

3
glutamine productﬁon.by muscle tissues is derived from the degradation

of amino acids (Garber ef a].'1976).3r Y
The repreéentation in Fig. 5 for fasted rats, as repdrted by

Aikawa et al. (1973}; was a modification of an earlier scheme presented .

by Ishikawa et al. 21972) where only g]qtamine and alanine fluxes were noted.
In fed rats (Yaﬁamoto et a].1974), g]utahine is utilized rather than ’
released by the liver. The metabolic activities of serine'and g]ycine were
.only. def1nab1e for certa1n tissues (Aikawa et éi 1973); serine Té an

end product of amino acid metabol43m h the k1d%ey (Fig. 5) and is belleved
to be metabolized to glycine by tissues other than k1dney. Alanine and
‘glutamine, rather than glycine or serine are important as.carrjer; of ,

nitrogen and ‘carbon in the circulatory system of the rat (Aikawa et al.

1973; Yamamoto et al. 1974).

-



Muscle, Skin, etc.

|
In
aKG
R-NH2
Ser Pyr

[ Gly Ala -

) ' : Non-Hepatic

~ , - i Splanchnic -

Kidney Y 5 y  Bed -
NH., € Gin -
(Ur?ne) Triose]
‘.R-NHZ,
_\»im ; ’_L' R
s XSA Ala A
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I i
iver " v
Ser Gly Ala NH3v Glu
R-NHZ
. Y akG GIn
' 4 Urea, Glucose GIn

Fig.5. The 1nterorgana1 relationships of amino acid metabolism
for fasted rats. (A1kawa et al. 1973) : o y
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Liver Blood
N Glucose - ——3 Glucose
Pyruvate
Lactate €— ~'|actate <—
-NH2
Urea
Alanine <— Alanine €—

—> Glucose

| —Lactate

Alanine

Muscle

Pyruvate

Fig.6 The}interre]ationsh{p between the Cori (glucose-

lactate). cycle and the glucose-alanine cycle.

Felig ]973)

(Cori 19371;
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2.4.1 Urea Syn.hesis by Liver Tissue

The production of urea by the reactions of the ornithine cycle
(Krebs and Hense]eit 1932) is localized extiusive]y in liver tissue
(Fig. 4). However, several of the ornithine cycle enzymee have been
found singly in kidney (Sallach and Fahien 1969), red blood cells (Barey
and Harmeyem 1973; Owczarczyk and Barej 1975; Springe11 1975) and rumen
epithelium (Martincic and Krvavica 1964; krVav\ca et al. 1964; Ide 1969).
When there is an increased intake of dietary Rrbtein, there is an increase
Jinactivity of'the enzymes of the ormithine cycle in_rat liver as a result-
of either an increase in total enzyme aVai]ablevor an increased activity of
existent enzymes (Schimke 1962; Das and Waterlew 1974; Saheki et al. 1975).

Nitrogen source specificity for urea synthesis,has been investigated
in both Tiver perfusion systems and Tiver ;]ice spudieé. Ammonia nitrogen
added as ammonium salts to perfusion fedia, is takemiup bynliver tissue
and almost quantitative]} convemtedtnwrea (Chamalaun and Tager ]970)., Of.
the amino“ac{ds in the circulatory system, only glutamine,hasparEate,b
alanine or ornithine in liver perfusion media stimuJate urea synthesis
(Chama1aun and Tager 1970 Saheki and Katunuma 1975) The inability of
'g]utamate to augment urea synthes1s 1n perfus1on studies (Goldsworthy et ail.
1968) . may have been due to a’ permeability barrier restr1ct1ng the entry of
glutamate through the liver ce]] membrane (Hems et al. 1968) In Tiver
homogenates in which cell membranes were disrupted, glutamate readily seryed
as a nitrogen dpnor for urea synthesis‘(HemS et a].‘1968). Ammonia N
mitrogen and fhe amino acids, alanine and glutamine were the major sources

of urea nitrogen in Tiver perfusion studies (Chamalaun and Tager 1970).

(4
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In monogaétrics ("rat, dog and man) as compared to sheep
v

2.4.2 Metabolism-of Amino Acids by the Kidney;
the Excretion of Ammonia Nitrogen i

(Bergman et al. 1974a), glutamine is the major precursor of the NH3-N
excreted gy the kidney of an animal in an acidotic condition. For dogé

in an acute or chronic acidosis, So'to 75% Qf the total NH3—N excreted by
‘the kidney is dérivgd from g]utahine (Pitts 1964; Pitts et al. 1965).

In fed, pregnant Shéep, glutamine is added to .the renal vein by the kidney,
whi]e‘in fasted pregnant shéep,»glutamine is removed.‘_Bergman et al.
(1974a) suggested that the release of g]Utam{;e by sbeép kidneyiis
associéted‘with the presence of an active glutamine synthetase. An

active kidney glutamine synthetasé is found for animals sdéh as guinea pig,
rabbit and sheep which produced a néutra] or a1ﬁa1ine urine as compared to’

dogs, whoseskidneys contain no glutamine synthetase activity and produce

4

s . - |
an acidic urine. - ' |

Plasma amino acids taken up or released by the kidney of dogs
and sheep, other than glutamine, are glycine, Serﬁne, alanine and aspartate.
Glycine is extra;teddfrom plasma to a sﬁgijiﬂegree by the kidney of écidotic
dogs, while serine and alanine are added to the plasma (Shalhoib et al.1963).
In the fed or fasted sheep'(Bergman et al. 1974a) glycine énd\serine are
always added to renal venous blood by the kidney; q]anipe.and aspartate are
always removed by thé sheep.kidney.\ a | A
_ : A'significant uptake of citrulline was nearly balanced by a net
output of arginine by the kidney of‘féd or fasted sheep (Bergman et al.1974a).
There‘was a release to the plasma of arginine synfﬁgfized from citrulline

~

by the kidney (Bergman et al. 1974a) and an uptake of plasma argini%e by
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the liver (Wolff et al. 1972) with the subsequent re]easé of urea from
arginine through the action of liver arginase. Plasma arginine hay serve
as a major nitrogen carrier betwéen the kidney and the liver of sheep. |
Urea produced in the liver would be éxéretéd by the kidney, or recycled

to the rumen (Houpt 1970) or caecum® (Houpt 1963).

2.4.3 Metabolism of Amino Acids by the Non-Hepatic
Splanchnic Bed

The amino acids glutamine or glutamate (Windmueller and Spaeth
1974, 1975) and asparagine, aspartate or arginine (Windmueller and Spaeth
1976) were added as [U—]4C] labelled substrates to isolated preparations of
rat intestine. G1Utamiﬁe, glutamate or aspartate, whether absorbed from
the lumen of the small intestine or taken up from plasma, were metabolized
.. by intestina] tissué to carbon dioxide(up to 60% of added ]4C) and lactate

]4C) as major end producfs of carbon metabolism.

(up to 15% of added
Asparag1ne was not metaboitzed by the rat intestinal tissues. The nitrogen
_of g]utam1ne was approx1mate]y accounted for by the n1trogen of the |
citrulline (34% of glutamine nitrogen), alanine (33%), ammonia (23%) and
proline (10%)’present in the perfusate after an incubation (Windmueller

and Spaeth‘1974). About 33% of added arginine was hydrolyzed to ornithine’
and urea which were released into the blood (Windmueller and Spaethif:76).
Extensive metabolism of glutamine, glutamate, or aspartate by the sha]]

- intestinal tissue, a’part of the non-hepatic splanchnic ‘bed, may indicaté
t%af these amino acids are used to meet significant portions of the enéféy

requirement of the small intestine (Windmueller and Spaeth 1976).



2.4.4 Interorganal Amino Acid Movements in
Ruminants '

 Studies of interorganal amino acid flows have been undeftaken
primarily in fed (Yamamoto et al. 1974) and fasted (Aikawa et al. 1973)
rats, and fed dogs (Elwyn et al. 1968). The general princip]eg from these
studies also apply for sheep (Wolff et é]. 1972; Wolff and Bergman 1972a, 1972b
Bergman et al. 1974a; Ballard et al. 1976) and mqst likely ruminag%s in
general. In studies of the metabolism of amiho acids by the liver and
portal-drained viscera of sheep (Wolff et al. 1972), the contribution of
amipo acidg and NH3—N by the ;umen to the rest of the portal-drained viscera
was not established. The presence of a_fumen might change-the magnitude
or directioh‘o%-1nterorgana1 amino acid”f]uxes in ruminants, when compared
to tHe basic pattern of fluxes reported to bepresentﬂin rats (Fig. 5).

fhe‘rumen has an i;fluence upon the metabo]i; Feiationshjp between

* gluconeogenesis and‘ihterdrganal amiho acid fluxes. THe almost comp]éte
conversion of dietary cafbohydfate to vo]ati]e,fatty acids by rumen micro-
'organismsnforceé thegfucoée requirement of the ruminant to be mét by
b]uconeogenesis,in_the 1iver and kidney (Bergman et al. 1974b). Alanine,
glutamine (g]utamate), ijcine and serine; as,interorgénal‘parriers of
nitrogen and carbon, contribute carbon to the glucose fucnover in sheep
(WOiff and Befgman 1972b; Heitmann et al. 1973). The synthesis 6f amino
acids such as glutamate in the Tliver (ﬂo]ff et al. 1972)" or a]anihe‘ﬁnd
g]utamiﬁe in muscle (Ba]1afd et al, 1976) of sheep, would not only fix

NH.-N into non-toxic forms, but also temporarily carry carbon, some of

3
which would subsequént]y be used as a glucogenic source.
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2.5 Interactions of Ruminal Epithelium with the
Rumen Environment

-

) The aerobic ep1the11a] Tining of the rumen is exposed to abrasive
rumen contents and the products of anaerobic m1crob1a] ferme;iat1on
Histologically th1s Tining was designated as a parakeratotic, psoriatic,
stratJf1ed squamous epithelium (Lavker et al. 1969), w1£h the epithelium
forming papillae over the surface of the rumen. Papif]ae are numerous
and ve}y densely .packed, particularly in the ventral sac of the rumen
(Church 1975; Weigand et’a].‘1975). The metabolic capabilities of ruminal
epithelium include pathways fok the metabolism of volatile fatty acids
(Pennington_]952) and the abi]ify‘fokéynthesize amino acids (McLaren et al.
1961; Whanger and Church 1970). Fluxes of nitrogen as NH-N (Hogan 1961),
urea (Houpt 1970) and amino acids (Leith]z 1971a, 1971b) haQ; been
recorded between rumen fluid and th; tissues of rumen mucosa in contact

e\\\fhjs fluid. Mineral exchanges between rumen fluid and plasma across
ruminal epithelium are'qlso of note (Keynes and Harrison 19707,

2.5.1 Metabolism of Volatile Fatty Acids by :
Ruminal Epithelium \\g//

The volatile fatty acids, acetate, propionate and theknormal

and iso-forms of butyrate and valerate are absorbed from rumen fluid and
metabolized by the ruminal epithelium (Weigand et al. 1975). ’Rumen

papi]]ae (used in most studies to represent the ebithe]iuﬁ) are capable

of converting propionate to lactate and pyruvate (Pennington 1952,

]954; Weakes 1972, 1974), and butyrate to the ketone bodies (B-hydroxy—
butyrate ‘and acetoacetate in vitro (Pennington 1952; Hird and Weideman 1964;

Bush and Milligan 1971). Acetate was metabolized to ketone bodies to a
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limited extent (Penn1ngton\1952 Stevens and Stett]er 1966) . Very'little
1sobutyrate was metabo]1zed by rumen papillae in v1tro (Ann1son and
Pennington 1954, Weigand et al. 1975); n-valerate was metabo]1zed to 1act6fe
via propionate, and Bihydroxybutyrdte via acetate (Weigand et a].'1975);
isovalerate was metaboiized to acetoacetate (Weigand et al. 1975).

In contrast to the conclusive in‘vitro conversion by ruminal -
epithelium of propionate to 1actate‘and carbon dioxide (Pennington and
Sutherland 1956b), Weigand et al. (1972) found that lectéte‘produced in
vivo by the rum1na1 epithelium represented only 4.9% (range 2.5 to 9.1%)
of absorbed [2—.4C] propionate. Th1s in turn was a marked contrast to the
70% conversion of [1-, 2-, 3- or U- C] propionate to lactate estimated by
Leng et al. (1967). The difference in pércent prdﬁﬁonatevCOnverted to lactate
in vivo may be due to the fact that Leng et al. (1967) failed to provide
direct proof of where the lactate was produced when Jjugular blood Was
analyzed, while Weigand et al. (]972) analyzed portal vein blood to identify
whether [ C] propionate absorbed from the rumen, or g]ucose synthes1zed
from [ C] propionate by the Tiver was the seurce of the [ C] lactate.

The average figure.of 4.9% quoted by Weigand et al. (1972) was a liberal
estimate of the'ebnversion of propipnate to lactate by ruminal epithelium
in vivo; circulating plasma glucose synthesized from labelled propionate
was converted to lactate by gastrointestinal fissues and was included in
the estimate: (Weigand et al. ]972§-Weekes and Webster 1974).

2.5.2 Nitrogen Fluxes as Ammonia Nitrogen, Urea and
Amino Acids

2.5.2.1 Ammonia Nitrogen

<.

Ammonia nitrogen is freely diffusable across ruminal epithelium

from rumen fluid to plasma (Lewis et al. 1957) or into peritoneal fluid



(Chalmers et al. 1971). The total NH3—N'5vai1ab1e for abeorptionvis
1imited by the concentration of NH3:N in rumen fluid, and the pH of this
numen fluid. The proportion;of NH3 relative to NH4+ is determined by

the pH of the rumen fluid (Hogan 1961), where at pH's of less than 7.0,
98% or more of the NH3—N is present as the NH4+ ien (Visek 1968). Mooney
and b'DonoVan (1970) stated that the transport of ammonia was rapid,

but passive across the rumen wall in vitro; the rumen wall membranes are

more permeable to NH3 than NH4+.

2.5.2.2 Urea

Plasma urea was found to be translocated fnto the rumen as urea
(Houpt and Houpt 1968) or as NH3-N 1iberated from tﬁ;s urea by the action
of bacter1a1 urease associated with rumen epithelium (Houpf71970) Ammenia :
nitrogen, as NH3, penetrates cell membranes much more rapidly than does
urea (Houpt 1970; Mooney and O'Donovan 1970). Bacterial urease, which
permeates theﬁcornified layers of rumen epithelium (Rahman and 0 r 1966;
Chalupa et al. 1970) would act upon urea that diffuses from p: - This
was suggested to be a mechanism for facilitation of diffusion.of urea
(Houpt 1970) and it was considered that the resultant NH3—N would diffuse
to the blood or fnto rumen fluid.

In contrast to the faci]itated mechanism for urea nitrogen transfer
from‘p1asma to rumen fluid hypothesfzed by Houpt (1970), Thorlacius et-a].'
(1971) feported that an active transport mechanism may exist for urea in
ruminal ep1the11um Thorlacius et al. (1971) were able to increase the
" transfer of urea up to fourfold into a temporarily 1so]ated washed ventra]

sac of the rumen of a conscious cow by app1y1nq‘an atmosphere of 100% carbon



30

dioxide to the ruminal epithe1iQm. An increase of up to fourfold would
not have been possible by simple diffusion of hrea. With the insufflation
of carboa dioxide at atmospheric pressure to the rumen under varijous
conditions, Sellers et a]..(1964) were able to increase blood %1ow to the
rumen. The increaséd‘b]ood flow alone was not aS]e to account for thé‘
urea transfer reporfed by Thorlacius etlé1. (1971). .The carbon dioxide,
as suggested by Thorlacius et al. (1971), may trigger the production of an
unknown intermedidry which alters the permeability of ruminal epithelium

. ' . C . . .
to urea. A mediated transport mechanism for urea may exist in ruminal

epithelium.

2.5.2.3 Amino Acids

. . \ . . .
A flux of amino acids across ruminal epithelium from mucosa to

serosa has been documented (Demaux et al, 1961; Cook et al, 1965; Leibholz

,1971a, 1971b). This movement of amino acids across the epithelium was con-

sidered to be a diffusion process rather than a mediated transport
(Leibholz 1971b). However, the very low concentrations of amino acids
found in ruﬁen fluid would not be conducive to extensive amino acid
movements acréss’ruminal epithelium and into plasma, where the concentra-
tions of free amins acids are manifold those present in rumen fluid

(Leibholz 1965).

'2.5.3 Amino Acid Metabolism by Ruminal Epithelium

..Enzymes ofamino acid metabolism that have been found in ruminal
epithelium include glutamate dehydrogenase and aminotransferases that will

act upon ornithine (EC 2.6.1.13), tyrosine (EC 2.6.1.5) aspartate, alanine,
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- tryptophan (EC 2.6.1) and phenylalanine (EC 2.6.1) (Whanger and Church 1970;

- Ahalupa et al. 1970). Several enzymes which participate in urea synthesis
in liver tissue are present in ruminal epithelium; these include carSémoyJ—
phosphate synthetase in cattle (Salem et al.1973a), ornithine carbomyl- |

transferase in cattle (Krvavica et al. 1964; Whanger and Church 1970) and

gQat-(Ide 1969), and arginase in cattle (Martincic and Krvavica 1964 ;
( .

&anger and Church 1970).
The presence of a complete ornithine cycle in rumen muscosa is’

~highly unlikely. Chalupa et al. (1970) reported that the activities of the
ornithine cycle enzymes were very low and quite variable in sheep rumen
mucosa;iany activity of ornithine cycle enzymes was attributed to a
contahination of the mucosa by rumen bacteria. Aliev and Kosarov: (1967)
and Kosharov et al. (1969) have established that When [15N] ammonium
chloride was added to a rumen pouch of sheep, labellad urea soon entered.'
the blood leaving the rumen pouch. ‘Rather than a synthesis of urea by
reactions of the ornithine cycle, arginase, present in Eumen epithelium
(Martincic and Krvavica 1964), may account for the re]eése‘of urea from
argin%ne available from-plasma.

Evidence for the formation of glutamate from a-Ketog]utaraté by
ruminal epithelium_wds attained with fn vitro studies of rumen mucosa
hanogenates (McLaren et ad. 1961) and of intact rumen papillae (Mathison
1972). The ability to synthesize g]utam%ne‘was.less conclusively establi-
shed, but was indicated by the presence of the eniyme glutamine synthetase
(Chalupa et al. 1970; Salem et al.1973a). Extensive fluxes of nitrogen
between rumen fluid and blood plasma across ruminal epithelium have been

\

attributed to the formation or degradation of glutamate or glutamine by
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ruminal epithe]iu (Hoshino et al. 1966; Mathison and Milligan 1971;
Havassy et al. 1974, Nolan 1975; Nolan et al, 1976).

Since the\enzymes for the synthesis of alanine, aspartate, glutamate
and glutamine (Whaﬁger and Church 1974, Salem et al. 1973a) are present in
ruminal epithelium, and since the synthesis of glycine from glyoxylate
(Mathison 1972) and glutamate from a-ketoglutarate (Mcféren et al. 1961).
by in vitro preparations of rumen papi]]aé have been reported, one may
anticipaée that‘fuminé1 epithelium would be able to synthesize‘gﬂanine
'g]ycine, glutamate, aspartate |and glutamine:_ For the synthesigébf amino
acids by rumen papillae, rumeﬁ fluid NH3~N would represent a readily avaif~f
able source of nitrogeﬁ, while organic acids such as a-ketog1utaraté,
pyruvate and propiqnate‘cou]d be carbon sources. %hese amino‘acids,

in turn, would contribute to the interorganal flux of nitrogen and carbon

as plasma free amino acids in ruminants.



3. MATERIALS AND METHODS

3.1 Transport of Tissue

Cattle rumen tissue wes’transported in a Krebs- R1nger Phosphate
(Umbre1t et al 1972) minus calcium (KRPC) buffer pH 7.6 from a local
abatto1r (Gainers Limited) to the University of Alberta. Two éqyered
T Titre styrofoam cannisters of KRPCFbuffer and one cbvered 1 Titre
cannister of 0. 97 (wt/vol) NaC], in a small styrofoam chest were taken
to the abattoir. The KRPC buffer and 0.9% NaCl, which had been prepared .
(sources of chemicals, Table 3) and stored at 0 C in closed 2 litre glass
containers, were equilibrated overnight in a water bath at 41 C. Before
adding the KRPC to two styrofoam cannisters, the KRPC was'aerated with t
0,/C0, (95/5; vol/vol) for“approximate]y 5 min. It had been determined
that, allowing/ for travel t1me the temperature of thé KRPC and 0.9% NaCl
at the abattoir would be 39 * | \ ’

Rumen tissue was obtained directly from the plant line with an
interval after death of the aniﬁa] estimated to be about 20 min. A
section of rumen tissue (ruminéT‘epithe]ium with associated muselg’layers)
Was excised from a highly papillated area of the ventral sae'of fHe rumen.
A company emplc = had*brevious]y washed the rumen contents out of the.
intact rumen with cold tap water. The excised ti;SUe was immediately
washed successively in warm 0.9% NaCl and warm KRPC, and transported in
the thlrd styrofoam cann1ster containing warm KRPC to the Un1vers1ty In
the laboratory, the muscle Tayers were separated from the epithelium, and

the epithelium was placed in KRPC at 39 C aerated with 0,/C0,. Rumen

R
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papillae were clipped frem the epithelium with scissors and kept in
KRPC at room temperature (22 C) until weighed and added to the ineubs+ n.

flasks, or prepared for dry matter analysis.

-

3.2 Incubations‘

Incubation of six series of.treatments (Series I to VI) were
conducted in 25 ml Erlenmeyer flasks fitted with red rubber‘serum bottle
~ stoppers (Fisher Scientific Company; Fair Lawn, N.J., U.S.AD). A hole
in the stopper_(2 mm diameter) was fitted with a short dengtn of solid
glass rod as a plug. The hole was used to flush the incubation‘flaskg

[ . ’ 4

with OZ/CO!l tCapped Erlenmeyer flasks, each éontaining 4 ml of prepared

" incubation med1um, were refrigerated until required for 1ncubat1on w1th

rumen pap111ae. Prepared 1ncubat1on med1a were refr1gerated a maximum of
7 days;‘tne average time 1ntervaT'was 4 to 5 days; The flasks were
equi]ibrate’ in a water bath shaker (Eberbach Corporation; Ann Aerr,
Mich., U.S.
rumei tissud was being obtained from the abattoir. _

App oximately 400 mg of b]otted rumen papi]]ae were weighed and

| added to eachkflask. ‘The flasks were flushed with OZ/CO2 for 1 to 2 min

" and were#indubated for 3.h at 39 C in the water bath ehaker (60 oscillations
per min). ;immediate]y upon completion of the é-h incubation; 100 @il of
cycloleucine (2.5 umoles per ml aqueous 0.1 N HC]), as an internal standard,

were added to each incubation f]ask and the flask was swirled gent]y

The tota] 1ncubat1on medium with added internal standard was: transferred to

a 13 x 100 mm culture tube (Canlab; Edmonton, A]ta., Cana containing
0.4 ml of -8 N acetic acid*(Harris et al.1961) iS.capped culture tube was

~

; 60 o§ci11ations per min) at 39 C dur1ng the 1 h period wh11e .

ar



kept on ice until further preparation was undertaken.

The percent dry’matger.of rumen papillae was detgrmined in
quadfup]icate analyses on each sample of fresh rumen papillae used for
incubation preparations. Approximate]y 400 mg of blotted rumen papi]lae
were weighed into 4 dr Rigo p]astic]ear'vials (Johns Scientific; Toronto,
Qnt., Canada). The papillae were fr'éze dried, wéigﬁed and perceht dry
matter was calculated (Appendix-Table 1).

Aqino acids were collected from the incubation medium with added

kinternal standard using a short ion exchange procedure (Appendix A).
The freeze dfied residues of isolated amino acids were, after appropriate
prepa}ation, subjected to gaslliquid chrdmatograahy as the isobuty’-N(0)-

heptafluorobutyryl amino acid esters (Appendix B).

3.3 Preparation of Incubation Media

The ghemfca]s used in buffers and as substrates are listed in

" Table 3. Incubation media were prepared for each treatment of Series I to
VI with a complete Krebs—Ringgr Bicarbpnate (KRB) buffer kﬂmbreit et al.

| 1972) in 100 m](guantities. ~Tha propea weights or volumes of subgtrates
 were added_ to a separate 250 ml beaker for each treatment. Chemicals
'taat were obtained in liquid form werevﬁrepared fn a concentrated solution
ef~KRB and apbrbbriate volumes were added to tﬁe,ZSO m]»beaker. To these
substrates were added 50 ml of KRB. This mixtura was neutra]iaed to pH
7.0 with 0.1 N HCI or 0.1 N NaOH (10 N NaOH for drastic pH differénces)

and brought up to volume in a 100 ml volumetric flask with KRB that had

beeh adjusted to pH 7.0 separately. Incubation media were stored in closed

plastic bottles at 0 C until measured out into incubation flasks.

e =

35
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. 3.4 Treatments of Series I to Series VI ~

Incubations were undertaken in sig series (Series 1 to VI). Each
series was conducted with three separate fresh tissue preparations on
’"£hree different days. On each day of incubations of fresh rumen papiliae,
‘é blank incubation (no added nitrogen or carbon sources, 0 + 0) for Series
I to VI and gq_incﬁbation containing ammonia nitrogen (NH3LN) as NH4CT and
no carbon sources (NH3-N + 05 for Series I to III were prepared in duplicate.
These dup]icétés were the first and last f?eatments”péepared on each day
(Note Table 4 as an gxample). The aVefage’ of the .duplicates for the 0"+ 0
and NH3—N + 0 incubatiohs were reported.' Preparation of approximate]y
20 incubation flasks on each day took 45 to 60 min. Ni%hin the repeatability
of the methods of analysis, the different intervals of time in KRPC did not
appear to have an influence upon the release of amino acids byérumen
papillae for the 0 + 0 or NH3-N + 0 incubations. The 1ncubat{6ns were '
performed between November 1975 and April 1976.
Rumen papillae were subjected to the treatmenfs in Tables 4 to 9
for Sefies I to VI respectively. For Seriés I, 3N NH40H was used to elute
amino acids from the cation exchange resin (Appendix Af} for Series II to
VI, 1IN NH4OH was used. Otherwise, theogeneral procedure was fol]owed.
Series I (Table 4) served as an introduction to Series II to VI.
In Series I, 1 mM NH3-N as NH4C]1was added to incubations with 10 mM, R
concentrations of organic acids wﬁich are intermediates and end products
of rumen miCrobia]_fermentation (Hungate 1966), or are those that may be
pfesent in the body tissues of ruminants (Prior et 61.1972)1
The effectiveness of glutamate and glutamine as amino donors in‘th;”

——

presence of glyoxylate or pyrquﬁe for the synthesis of glycine.and alanine



Table 4. Treatments of Series I.

Treatment Nitrogen Carbon
Number Source Source
TmM 10mM
1 0
2 NH4C1
3 NH,C1 Propionate
4 NH,C1 Lactate
5 NH4C] Pyruvate
6 NH4C] Glyoxylate
7 NH4C1 a-Ketoglutarate
8 NH4C1 Succinate
9 NH4C] Malate
10 0 0
11 NH4C1 0

38
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respectively was examined in Seﬁies I1 (Tablelsj. In addition,_
treatments with a-ketog1utarate'p1us NH3—N, and glutamate plus NH3-N
were included for study of glutamate and glutamine synthesis respectively.
The effect of propionate as a carbon source was examined with
. a-ketoglutarate p]us'NH3—N,‘glhtamate or glutamine as nitroéen sources
(treatments 12, 13 and 14, Table 5). One treatmeﬁt was prepared with
alanine as the nitrogen source and glyoxylate as a cafbon sou;ce for the
synthesis of qucine (tfeatment 3, Table 5).
The objectives of the treatments of Series III(Table 6) were to
examine: two-carbon compounds as substrates for the synthesis of glycine
via glyoxylate (treatments 3 to 7 inclusive); glycine synthesis in the
presence of 5, 10 and 20 mM glyoxylate (treatments 7, 8 and 9); and amino
acid synthesis with citrate, a-ketoglutarate and glucose as carﬁon sources
(treatments 10, 11 and 12). In addition, the effects of incubating NH461
at concentrations greater tﬁan 1 mM (treatments 15, 16 ahd 17) were examined.
In Series IV (Table 7), the treatments were designed to demonstrate
‘the interconversion of .serine and g]ycihe by a reaction iiﬁe that cata]yied

by serine hydroxymethyltransferase (EC 2.1.2.1). \
\

| ‘JThe treatments of Series V (Table 8) were similar to tho%e of
Series II. Méthioninesu1foximine(MS); a non-competitive inhibitor of
glutamine synthetase (Meister 1969), was added to incubation media The'
effect of added MS (1 mM) was studied in three combinations of nitrogen
and carbon sources, with four incubations in each combination. The combi-
nations of nitfogen and carbon sources/Were: no added Q]utamate or organic_—

acids (treatments 1 to 4, Table 8); §lutamate plus pyruvate (treatments

5 to 8, Table 8); and glutamate plus glyoxylate (treatments 9 to 12,,Table 8).



Table 5. Treatments of Series II.

Nitrogen

Treatment Carbon
Number Source Source
1 mM 10 mM
] 0 0 ”
2 NH4C1 0
3 Alanine Glyoxylate
4 NH,C1 Glyoxylate + a-ketOglutarate]
5 Glutamate Glyoxylate
6 Glutamate + NH4C1 Glyoxylate
7 Glutamine ' Glyoxylate
8 NH4C1 Pyruvate + a-ketoglutarate]
) 9 Glutamate Pyruvate
10 Glutamate + NH4C1. Pyruvate
N Glutamine Pyruvate
12 NH4C1 ‘PrOpionate + a-ketog1utarate]
13 Glutamate Propionate ’
14 Glutamine Propionate
15 0 0
16 NH4C1 0

1. The concentration of a-ketoglutarate was 1 mM,

40
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Table 6. Treatments of Series IIL:.

L)

N\

Treatment Nitrogen] ' Carbon]
Number Source Source
1 0
2 NH4Ch
3 NH4C1 | Glycolaldehyde ~ ™ i
- 4 NH,C1 7 G1yoxa)? |
5 MH4C] Glycollate
6 NH4C1 Oxalate
7 NH4C1 Glyoxylate
8 NH4C1 Glyoxylate (5mM)
9 NHQC] ‘ Glyoxylate (20mM)
10 NH,C1 Citrate
11 NH4C1 - a-~-Ketoglutarate
12 NH4C1 v Glucose (Dextrose)
13 ' 0
14 | NH4C1
15 NH4C1 (3mM) 0
16 A 'NH4C1 (5mM) 0
17 NH4C1 (10mM) 0

1. Except where otherwise noted: the concentration of the
added nitrogen source was 1 mM and the concentration of

added carbon source was 10 mM. _
2. Glyoxal was prepared as the 10 mM monomeric equ1va1ent.»
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Table 7. Treatments of Series. IV,

Treatment Amino Concentration
Number ‘Acid
mM
{
1 0 —
2 Serine 0.
3 Serine 0.5
4 Serine 1.0
5 Serine 2.0
6 - Glycine 0.25
7 " Glycine 0.5
8 Glycine 1.0
9 \élycine 2.0
10 G]ycine - 4.0

1 0 ' -
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Table 8. Treatments of Series V.
Treatment Nifrogen] Carbon2 Other 3
Number Source Source Additions
1 0 0N —--
2 0 0 MS
3 NH4C1 0 —-
4 NH4C1 0 MS
5 Glutamate Pyruvate —_———
6 Glutamate Pyruvate MS
7 Glutamate + NH4C1 Pyruvate -
8 - Glutamate + NH4C] Pyruvate ~MS
9 Glutamate Glyoxylate -—
10 Glutamate Glyoxylate ’ MS
11 Glutamate + NH4C] Glyoxylate -—
12 Glutamate + NH,CI ' Glyoxylate © MS
13 Alanine 0 _———
14 Alanine Glyoxylate -———
15 Alanine Glyoxylate HYD
16 0 0 HYD
17 vArginine - 0 e
18 0 Hydroxyproline -—-

1. The concentration of each nitrogen source was 1 mM.
2. The concentration of each carbon source except hydroxyproline

was 10 mM. Hydroxyproline was 1 mM.
3. Other additions included 1 mM methionine sulfoximine (MS)

and 2 mM hydroxylamine (HYD).

5
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The fdur incubations within each combination of nitrogen and carbon sources
‘were: no added NH3—N; no added NH3-N plus added MS; added NH3—N; and
‘added NHy-N plus added MS. “

The activity of alanine as an amino donor in the presence of
glyoxylate was further examined in Series V (treatments 13 to ]5, Table 8).
Hydroxylamine, reported to be an‘inhibitor of L-alanine-glyoxylate
aminotransferase (EC 2.6.1.44) (Thompson and Richardson 1967) was included
in treatments 15 and 16 (Table 8).

Two amind acids, arginine and hydroxyproline (treatments 17 and 18
respéctive]y of Table 8) were incubated with rumen papillae. Arginine was
added as a substrate for the enzyme arginase which was previoué]y reported
to be present in rumen mﬁcosa (Martincic and Krvavica 1964). The release
of ornithine by rumen papillae was used as an indicator of urea production.
Hydroxyproline, which can be éonverted,to glyoxylate in beef or rat Tiver
(Adams 1971) was included in incubations to determine if it served as a
source of glyoxylate in rumen papillae.

In Series VI (Table 9), treatments were prepared to elaborate
on results from Series I to IV. ‘These treatments were:

(1) inclusion of 1 mM oxalate and 1 mM malonate as metabolic in-
hibitors (treatments 3 and 4, Table 9). This allowed a comparison of the
1 mM oxalate treatment with the earlier 10 mM oxalate treatment in Series
IIT (treatment 6, Table 6); -

(2) additions. of glycine and one-carbon compounds (formaldehyde
and formate) to examine effects on serine release by rumen papillae
(treatments 5, 6 and 7, Table 9). These incubations were prepared to

examine further the interconversions of glycine and serine noted with the



Table 9, Treatments of Series VI

Treatmént! Nitrogen2 Carbon
Number - Source ‘Source
1 0
2 NH4C]
3 NH,C1 © Oxalate (1mM)
4 NH4C] Malonate (ImM)
5 Glycine -0
6  Formaldehyde (1mh)

Formate (1mM)

Acetate (10mM)
Propionate (10mM)
. Butyrate (10mM)

mn 0 Ethanolamine (]mM)lv
12+ Glutamate +‘NH4C1 "~ Propionate (10mM)

13 Glutamate + NH,C1 Propionate (20mM)
14 0 | 0

15 0 0. ,

16 Glutamate + NH4C1 Propionate (10mM)

17 o\ 0

18 Glutamate + NH4C1 Propionate (10mM)

1. Treatments 1 to 14 were incubated for 3 h, treatments
~ 15 and 16 for 2 h, and treatments 17 and 18 for 1 h.
2. The concentration of all added nitrogen sources to
©.all treatments.was 1 mM, ,
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treatments of Series IV (Table 7).
(3) incubations of the volatile fatty acids, acetic, propionic
andcbutyric (treatments'8,.9 and 10, Table 9) wére included to determine
the influence of the ketogenic substrates acetate and butyrate (Hird and
Weideman'1964; Stevens and Stettler 1966) and a glucogenic substrate

propionate (Bergman et al.1966; Weekes 1974), upon amino acid release by

Ly

rumen pap111ae,

(4) ethanolam1ne incubated with rumen pap111ae (treatment 11,

{
fot ncubation of two-carbon compounds in Series III (Table 5);

Tab]g\%; as a poss1b1e source of g]yoxy]ate (Meister 1965), in addition
e
R

(5) incubations of 10 and 20 mM propionate to examine the effect
of an 1ncrea§ed propionate concentrat1on upon amino acid metabolism by
rumen papillae, with a combination of 1. mM glutamate and 1 mM NH34N a§
nitrogen sourcésf(tfeatments 12 and 13, Table 9); and |

(6) analysis of incubation media from the blaik incubation
(freatments 1, 14,15 and 17, Table 9) and the 1 mM glutamate plus 1 mM
NH3—N plus 10 mM propionate treatment'(treathents 12, 17 and 19, Table 9)
after 1, 2 and 3 h of incubation to determine the time course of amino
acid changes.

Incubation media containing oxa]gte (treatmeﬁt 6, Table 6 and
treatment 3, Table 9) were prépafed without added calcium in KRB. - No

calcium oxalate precipitate was visible after incubations were completed.

4
\
"

3.5 Calculations

The concentrations'of amino acids (AA) in the incubation media weré
obtained using Relative Molar Ratio (RMR) calculations (Gehrke et al.1968)

with an internal standérd (IS) of.cyc]oleﬁcine where:
: { ~



o

3

RMR “AA . /

IS

App = integrated area dy/amino acid

AIS = integrated area/éf internal standard
_ . /

For a standard (STD) néxture (amino acids at 2.5 umoles per
ml aqueous 0.1 N HC1), RMRST were calculated against cycloleucine as an,

internal standard (2.5 umo}es per ml aqueous 0.1 N HC1). Amino acids

were obtained in kit form’(Kit LAA-21; Sigma Chemical Company; St. Louis,

— —_——

Mo., U.S.A.) or as noted in Tab]e 3. Similarly, for the incubation media
samples (SMP), RMRSMP/Were calculated.

The umo]es//of each AA per incubation were:
/
(RMRSMP)

) /(0.25 umoles)
STD’

- The vo]Ume of internal standard added to each 1ncubat1on fTask
was 100 p1; this volume was equivalent to:D.25 umoles of cycloleucine.
" The umoles of AA re]easedoper gram dry rumen papillae per

incubatiﬁg period were calculated as:
_E¥ples of.each AA re]eased per incubation flask
grams dry weight of rumen papillae per incubation flask

\

/

3.6 Presentation of the Data

Three forms of presentation of the data were adopted:

y 1. For the amino ac1ds, alanine, glycine, serine, aspartate plus

47

asparaglne and glutamate plus glutamine, micromoles of each 1nd1v1dua] amino

acid released into the incubation medium by rumen papillae upon 3 h of

]
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incubation were ca]cu]ated. These were expressed as umoleS‘ per gram dry
.rumen papillae per incubatfon peried - - o ,

2. For each Series, the averages (umoles per g per incubation
per1od) for amlno ac1d§\re}e§§ed by rumen pap1]]ae tg the 1ncubat1on . ﬁ‘:
med1um when substrates were added 'were ca]cu]ated as a percent of the | '
blank 1ncubat1on These percent of b]ank 1ncubat1on va]ues became a
representat1on of the numer1ca] data in the accompany1ng figures.

3. Product1on of each am1no acid was catculated as a perceht of :
total product1on, the total being a, sum of pmo]es of amino acids (a]anlne,
glycine, serine, aspartate plus asparag1ne and glutamate plus glutamine)
released per gram dry rumen pap11]ae per incubation period. This. served
to- 1nd1cate whether one am1no ac1d was synthes1zed preferent1a11y over

.

another when rumen pap111ae were 1ncubated with substrates. ;

9 g

3.7 Stat1st1cs

vr .

Standard errors (Snedecor and Coghran 1967) were calcu]ated for

each set of 1ncubat1ons {n = 3) within a. Ser1es.
| 4 : :

@
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"'“‘ﬁﬁlé TThe‘Treatments\of Series I to Series Vlﬁiy‘ : L

4. RESULTS

4.1 Am1no Ac1d Ana]ys1s

-~

The gas-liquid chrdﬁatograph1c (GLC) method of analysis of

amino acids (Appendix B) did not separate the pairs 1nc1ud1ng g]utamate

and g]utaﬁ1ne, aspartate .and asparagine or ornithine and c1tru111ne

During ester format1on, glutam1ne and asparagine were converted t¢’ the
esters of‘b]utamate and aspartate‘respective1y, while the esters of
c1tru1]1ne and orn1th1ne had the same retention characteristics when
~chromatdgraphed. Slnce it was not possible to separate glutamine from
glutamate, or asparagine from aspartate by GLC analysis (Appendix B ‘these

it

amino acid pairs: were reported as glutamate plus glutamine (G1x) _and

- aspartate plus asparagine (Asx).

In a pre]iminary study of amino e*id release by rumen papillae, a
thin-layer chromatographic (TLC) p: dcedurr involving ceEﬁu]ose plates

developed in a solvent of pheno] -water {75/25; wt/wt) according to the <

method of Von Arx and Neher (1963) was used in an attempt to separate y

g]utam1ne from g]utamate asparag1ne from aspartate and c1tru1]1ne from
ornithine. Rumen pap111ae were 1ncubated with no added substrates w1th

1 mM NH3 -N, and with. 1 mM NH3 -N plus pyruvate, ]actate or Ol-ketOgTutarate.
It was ‘not poss1b1e to use TLC to separate these palrs of amino ac1ds,
51nce g]yc1ne was found to co- chromatograph with asparagtne, a]an1ne with

g]utam1ne and norleucine, the internal standard _ w1th ornithine.

L

L
e

o Am1no ac1ds other thana]an1ne g1§c1ne, ser1ne, aspartate p]us

?asparag1ne and g]utamate plus glutam1ne appeared in the incubation media . ]

49
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- ]
but did not respdnd to treatments imposed in this study. Thc avery

of these amino acids, whose calculated RMR did not differ among tissue
i

|

preparations, wa% approximately,0.0S to 0.10 pmoles for va]iﬁe,

| e
threonine, isoleucine and proline, and 0.15 ymoles for leucine,

phenylalanine, ]ysine and tyrosine per incubation flask; traces of

methionine and arginine were also present. Only with arginine added to
incubation medium~(SeriesJV) was release of ornithine Ly rumen papilfae
noted ‘

ExCept 1n a few treatments where. aﬁ1no acids were added to

incubdt1on~med1a as n1trogen sources, the re]ease of total reported amino

Y

iacids by “rumen pap111ae was between 14 and 37 ymoles. per gram dry

4

rumen }ap1]]ae per incubation period.

2
T

453':Ser1es'1;’ Ammonia Nitrogen-Plus Organic Acids

784 ’

Incubation in 1 mM NHQ—N (NH3-N + 0) did not change the pattern

of amino acid release by rumen papillae when compared to the blank ’
- : : Yo

incubation (Eig. 7).

withjlactate as a carbon source, glutamate plus gTutamine was 65%

of the Blank incucs Jnibthe other amino acids were 87 to 102% of the -
and seq1ne production to 170% of the blank (Fig. 8). With prop1onate in
the 1nc[bat1on med1um, a]an1ne re]ease by rumen pap111ae was decreased to
86% of the blank, and ser1ne release ‘was increased to 321% of the blank
(Fig 8} Expressed as a percent of total amino acids measured, a]anine '

¥

releasej1n the prasence of prop1onate was 46.6%, as compared to 37.1% for
k (Tab]e 10). Of the carbon substrates in Ser1es I, propionate

the bla1
|

50

blank 1ncubation (Fig. 7). Pyruvate increased alanine productionto 136% o
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B v
Amino Acids Released
umoles/g dry tissue/ percent of
incubation period blank incubation
- \
10.64 (0.98) YT p— Blank
11.40 (1.25) Gl 1] Incubation o
0.82 (0.18) s ] (0+0) I
1.11 (0.12) Asx, ] o
. 4.93 (1.10) e[ 1+ - 8
Total 0 100 200
28.96%(3.25) - Percent o
‘Qgg#t_
o
10.03 (0.41) ‘Al 1 mM NHy-N + 0
0 11.33 (1.14) Gly ] )
\__/ 0.73 (0.08)  serf—] -
ij/l.OZ (0.05) Asxl— i g
4.64 (0.8 eIx | | R
Tota | 0 100 200 - oo T
27.76‘(2.50) Percent o . a
10.89 (0.71) Ala el mi NHg-N +
10.83 (1.08) Gy 1| "0 M Lactate
0.71 (0.11) Ser[ ] e
0.98 (0.10) Asx[__] Ch
.3.19 (0.43) - G1x|
Total" 100 200
- 26.61 (1.96) Percent - ‘

Fig.7. Series I.
ammonia nltrogen plus lactate (

parentheses) |

i
!

Amino ac1d release by r
Mean followed by standard error in

upen papillae incubated with

&
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Amino Acids Released

umoles/g dry tissue/ percent of
incubation period blank incubation o
~ i
14,49 (1.91) Ala ‘7 1 mM NHoN +
1 9.86 (1.31) sy ] 10 mM Pyruvate
1.39 (0.11) Ser _ ] '
0.68 (0.10) Asx|___]
2.44 (0.54) Gix{— .
_ Total 0 100 200 300
28.85 (3.68) Pecsent -
9.20 (1.40) <;A1aE:::::::] 1 mM NH3-N +
4.83 (0.95)  gly[J 10 M Propionate
2.63 (0.16) Ser 1 ~
0.63 (0.10) Asx ]
2.42 (0.44) Glx ] ’
Total | 0 100 200 300
19.71 (2.84) Percent
=
5.06 (0.61) A R
23.64 (3.43) Gly . J 10 mM Glyoxylate
2.38 (0.26) Ser 1 :
1.03 (0.19) Asx ]
4.74 (1.29) G1x] [ :
Total ) 0 100 200 300
36,85 (5.19) “ Percent

. Fig.8. Series I. Amino acid releas
ammonia nitrogen plus pyruvate
incubation Fig.7; mean followe

“§

o

Q

e by rumén papillae incubated with
» Propionate or glyoxylate. (Blank -
d by standard error in parentheses)
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resulted in the lowest total for amine acids (19.71 umoles ”per g tissue
per incubation period; Fig. 8) present in.the medium at the end of incubation.

During incubation with 10 mM glyoxylate,. glycine release by ;umen
papillae was 207% of the blank incubation, whi]e'serine re]ease.was 290%.
éf the blank incubation (Fig. 8). Calculated as a percent of total, glycine
represented 64.1% of the total reported amino acids in the incubation

~medium (Table 10). This glycine increase (Fig. 8) was the iargest absolute
response for any amino acid in Series I.

The addition of a-ketoglutarate to the medium increased g]utaméte
to 295% of the blank and serine to 126% of the.blank (Fig.9). Succiﬁhte
increased serine to 220% of the b]ank (Fig. 9). With added malate,
aspartate plus asparagine was increased to 185% of the b]ank:(Fﬁg. 9).

The incubation of rumen papillae with 1 mM NH3—N ﬁ]us 10mM°
'pyruvate, propionaté, glyoxylate, a-ketoglutarate or ma]ate in Series 1

resulted in'ﬂﬁe release of less amino acids by rumenypapillae with each

of these treatments in the range of 40 to '60% of the blank ‘incubation.

glutamine with pyruvate (Fig. 8) presen€’1n incubation med1a, gTyc1ne,-

o aspartate plus asparag1ne and g]utamate plus glutamine w1th prop1onate

With malate

4.3.1

The total of reported amino acids released by rumen papillae into

the incubation medium in,Eﬁg,presence 0 ded organic acids was between

20 and 37 umoles per gram dry papillae per incubation period. When the

s

G
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Amino Acids Released S

umoles/g dry tissue/. percent of
incubation period blank incuba;ion
f;)
4.80 (0.74) A1aEf'J 1 mM NHg-N +
9.73 (0.80) 6yl 1| 10 mM a-Ketoglutarate
1.03 (0.16) Ser , ' | |
0.44 (0.05) asx_1
14.58 (3.01) GIx . 1
Total -0 100 200 300 .
30.59 (3.20) Percent
9.84 (0.88) ‘:Ala:_—__—_—_'l C T WM NN ¢
7.91 (0.93) Glyl—— 1 | - 10 MM Succiffate )
1.80 (0.27) Ser " 1 g i
- 1.32 (0.22) Asx|
379 (0.70) el | .
Total Yy 100 - 200 300 -
24.65 (2.71) Percent
9.75 (0.62) Alal___ 1 1 Ny + |
10.46 (0.89) Gyl J 10 mM Malate o,
0.80 (0.15) Serf - I
2.05 (0.43)  Asx ]
2.96 (0.59) eixl—J
Total 0 . 100 . 200 300
26.03 (2.25) ' .~ Percent

Fig.9. Series I. Amino acid release by Fﬁmen papinae;incubated with
ammonia nitrogen plus a-ketoglutarate, succinate or malate. (Blank

“incubation Fig.7; mean fo]1OWed by standard error in parentheses)
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addition of an organic acid increased the release of one amino‘acidure1ative
to the blank, some or all of the other amino acids were released to a

lesser extent than in the blank incubatioh7 Glyoxylate was the only

organic acid to increase the release of boih glycine and serine when
compared to the blank incubation. )

Alanine and glycine each represented approximately 40% of the
reporteaﬁamino acids present in the blank treatment upon completion of
&%ncubation (Table 10). Alanine was increased by the presence of pyruvate
or propionate (Fig. 8); glycine was increaséd by the presence'of glyoxylate
(Fig. 8). Of the amino acids released by rumen papillae, serine and
gspartate plus aspafagine were not quantitatively major products Serine
release was increased by the presence of pyruvate, prbp1onate g]yoxyTatu
and succinate (Figs. 8 and 9). Excluding the 1ncubat1on w1th a-ketoglutarate,

glutamate plus g1ﬁtamine release by rumen papillae was always less than

for the blank or the NH3-N + 0 incubation (Figs. 7, 8 and 9).

" 4.4 Series II. Amino Donors

The intent of the treatments of Ser1es IT was to assess the
effectiveness of alanine as an amino donor for the form¢t1on of glycine |
from glyoxylate and to assess glutamate or glutamine as amino donors with
glyoxylate and pyruvate as cafbon substrates for the synthesis of glycine

and alanine respectively.

4.4.1 Alanine as an Amino Donor Hith Glyoxylate

Incubating 1 mM alanine with 10 mM glyoxylate (Fig. 10) increased
the release of g]yc1ne 13.9% over an incubation of 1 mM g]utamate p]us 10 mM

glyoxylate (Fig. 11). Glycine was 333% of the blank 1ncubat1on wh1]e



Amino Acids Released

umoles/g dry tissue/ percent of
jncubation period blank incubation
5.41 (1.92) AMal 1] Blank
9.10 (1.40) Gly[ 1] "Incubation
0.69 (0.11)  Ser[ ] (0 +0) "
1.01 (0.12) Asx[ ] :
.3.07 (0.45) ST
Total ‘ 0 100 200 300
19.28 (3.78) Percent
5.26 (1.78) Alal | 1 mMNHgN + 0
9.83 (0.73) Gly[ -
0.68 (0.06) serl |
- 1.02 (0.06) Asx |
3.04 (0.30) G1x ]
Total 100 200 300
19.83 (2.76) : Percent
_ : 1 mM Alanine +
49.97 (3.37) Ala} Added 10 mM Glyoxylate
30.27 (3.89Y__~ Gly i . 1
2.64 (0.21) Ser l ],
1.29 (0.19) Asx ]
3.72 (0.28) G1x ] | “
0 100 200 300 400

Percent

Fig.10. Series II. Amino acid reléase by rumen papillae incubated
with alanine as the nitrogen source plus glyoxy]ate as the carbon
source. (Mean followed by standard error 1in parentheses)
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i
serine was 383% of the blank with alanine as a nitrogen source and

glyoxylate as a carbon source (Fig. 10).

4.4.2 Glutamate and Glutamine as Amino Donors

- A series of four incubations were conduéted_in Which a-ketoglutarate
plus NH3~N, g}gtamate, g]utaﬁate plus NH3-N or glutamine were included ‘
with organic acfds. An incubation with a-ketog]utaraté plus NH3—N was
anticipated to yield glutamate; with glutamate, a direct utilization of
glutamate as an amino donor wés assessed; with glutamate plus NH3-N,
glutamine Qas expected to be synthesiied yielding a combination of glutamate
and glutamine; with glutaminé in the incubation medium, the potential of
glutamine as an-amino donor was assessed. The e;féctiveness of an amino
“acid as an aminb donor was measured by the quantity of g]yciné released
when glyoxylate was included in the 1ncubafion medium, or a]tefnate]y, by
the quant1ty of alanine re]eased when pyruvate or prop1onate was in the
1ncubat10n medium. | |

In Ser1es IT incubations, whenever 1 mM glutamate was added to
1ncubat1on med1a, the total glutamate plus g]utam1ne present at the end
of .the incubation per1od accounted for approx1mate1y 55% of the g]utamate
added per incubation (I;gle 11). At the end of the incubation period,
the total g]utaméte p{d; glutamine present d% treatments with added 1 mM
glutamine, Qith 10 mM glyc  ate, pyruvate or propionate as carbon sources
for the synthes1s of amino acids, accoﬁhted for no more:than 3% of the

: g]utam1ne added per incubation (qu]e 11).
/
N
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Table 11. Series I1. The recovery of glutamate or glutamine added to
incubation media as total glutamate plus glutamine present after 3
hours of incubation. :

Carbon Source] Nitrogen Source2
Glutamate Glutamate Glutamine
_+ NHy-N
Glyoxylate 12.58 (0.11)°  2.34 (0.09) 0.19 (0.01)
Pyruvate 1.94 (0.21) 1.99 (0.05) 0.08 (0.01)
Propionate 2.27 (0.19) S 0.10 (0.02)
Average © 2,26 (0.19) 2.7 (0.09)  0.12 (0.02)
. Number of : |
Observations 9 i 6 ' 9
- Recovef» g . o -
Glu + GTh as a ' )
9 of added. 56.5 54.3 ) 3.0 o0
Glu or GlIn , SR N

—t

. The concentration of carbon source was 10 mM.

The concentration of glutamate, glutamine and NH.,-N was 1 mM.This
corresponded to 4 umoles of glutamate or g]utami%e per incubation
flask before incubation. ' ) ’

. umoles of glutamate plus glutamine present in incubation media

after 3 hours of incubation. Mean followed by standard error in
parentheses. : ' ‘

- o 4‘.
. A treatment of 1 mM glutamate plus 1 mM NH,-N plus 70 mM propionate

was not prepared in the treatments of Serigs IT.

- Recovered total glutamate plus glutamine (Glu + GIn) calculated as

a percent of initial glutamate (Glu) or glutamine (GIn) added to
each incubation flask. E
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4.4.2.1 Amino Donors With Glyoxylate | \

The pattern of amino acfd release by rumen papillae with
Q]joxylate as the carbon substrate were sim{]ar for a-ketoglutarate plus
NHB-N and for g]utémine and if aspartate plus asparagine were excluded,
for glutamate and g]uFamate plus NH3—N (Fig. 11). Serine was inéreased
in all four incubatioﬁé to 375 to 400% of the blank. Glycine was increased
tg;ZOO% of the blank wi}h a—ketoglutarate pius NH3-N.or g1u§amine and to
290% of the 51ank with g]utam;te‘or glutamate p]qs NH3-N. This was in
agreement with a threefold incréase for serine and a twofold increase
fqr glycine in the NH3-N plus g]joxy]atg treatment of Series I Efig. 8);
The quantities of aspartate plus asparagine released duri. the incubation

périod (Fig. 11) were 192% and 142% of the bt ank with added glutamate-and

glutamate plus NH3-N respectively.

4.4.2.2 Amino Donors With Pyruvate

The patterns of release for ajl amino zcids were simildr wiﬂh
either aertoglﬁtéfate p]us'NH3—N or glutamine in'the'jncuhation medium;
with either glutamate or ylutamate plus NH3-N, tﬁe:patterns of release of
all ahino acids except alanine were simiiaf (Fig. 15). Alanine release
_wasvincreaged to approximately’]?O% of(the blank upon_the-inc1usioh of
a-ketoglutarate plus NHz-N, 190% of the blank with glutamine, 560% of the
blank with g]utémate and 720% of- the blank with.g1utamate plus NH3~N.
The difference for alanine befween glutamate and g]Utamdte plus NH3-N was
: Uwithin the standard error of the observagions. The concentrafioﬁs of !
g]yciné (75 to 90% of the blank) and serine (approximately 200%'of the’b]ank)

did not differ among substrate treatménts. For aspartate plus asparagine,
\
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[ J .
Amino Acids Released

umoles/g dry tissue/ pertenp*bf _ ‘ Vﬁksjf
incubation period blank dincubation ' E
2.10 (0.33) Aal__1 : 1 mM o-Ketoglditarate +
17.81 (2.53) Glyl — ] 1 mM NH3—N'+
2.66 (0.07) Ser - _J
0.72 (0.09) AsxlJ 10 mM Glyoxylate
5.28 (0.61) Glx — J o
0 100 200 240 400
Percent '
3.55 (0.82) Atal ]  mM Glutamate +
26.58 (3.41) Gly . 110 m Glyoxylate
2.76 (0.15) Ser — L — ]
1.94 (0.31) Asx|_ ]
. 37.64 (2.08) = Glx| Added :
' o 0 100 ‘200 300 400
Percent .
3.77 (1.0"——Atal ] | s 1 mM Glutamate +
26.63 (4.13) Gly FR— 11 mM NHg-N
2.59 (0.20) Ser S ' I
1.43 (0.08)” S 1§ S— J - 10 mM Glyoxylate
34.51v(1.54)5 G1x| ' Added 4/// ' -
y 0 100 200 300 400
: Percent' ’ -
. ' e »
2.06 (0.32) Ala| ] | 1 mM Glutamine +
19.0Z (2.10) Gy ~ 1 .10 mM Glyoxylate
2.56 (0.32) Ser J
1.07 (0.15) Asx i : \
2.73 (0.25) G1x| Added _ N :
0 100 200 300 400
. Percent ’

Fig.11. Series II. Amino acid release by rumén papillae incubated
with nitrogen sources plus glyoxylate as the major carbon source.
(Blank incubation Fig.10; mean followed by standard error in |
parentheses) L
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Amino Acids Released

umoles/g dry tissue/ percent of
incubation period . Rlank _incubation )
9.43 (3.22) Ala , ] .
6.85 (1.49) Gly[ 1 - 1 mM «-Ketoglutarate +
1.54 (0.23) , ser[ ' J 1 mM NN+
0.45 (0.09) Asx|—1 10 mM Pyruvate
3.15 (0.71) Glx .
0 100 200 y
Percené} :
- i w‘ 1 i A\ i . -
30.25 (6.75) = Ala BN\ N |
7.30 (1.20) aly[] o -
1.43 (0.16) Serd ] 1'mM Glutamate +
0.79 (0.12) Asx | 1 10 mM Pyruvate
27.31 (2.33) - Glx| Added o .
100 200 , 500 600 700
’ Percent ' .

’ . g 4 P | A\ N ‘ - "
38.96(15.667 Ala. AN\ 1
8.42 (1.97)  _eiy—_1 1 M Glutamate +
1.45 (0.13) Ser| J 1 m NH-N «;’/ )
0.83 (0.07) Asx| ] o 10md Pyruvate
28.90 (0.37) GIx} Added RN o B
/ '. 9 Joo 200 ‘500 600 700

/ ‘ : Percent L
‘ R T—
10,12 (2.14) . Ala 1
7.18 (0.46) ey 1 - |
= 1.22 (0.08) Ser| Jo L1 mM Glutamine +

". 0.49 (0.11). . Asx|__1 '_. ~(\ S, 10.mM'Pyruyape .

1.23 (0.26)  GIx| Added N '
| : 0 1000 . 2887 . .
: Percent : : ‘ :

"Fig.12. Series II. Amino acid release by rumen papillae incubated
with nitrogen sources plus pyruvate as the major carbgn source. '
(Blank incubation Fég.10; mean followed by stanSard error in
parentheses) e .
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, Hprop1onate (F1g ]3) as compared to 103% of the blank with pyruvate

-,

4. 5 Ser1es III Incubat1ons

" 63

with a-ketog]utarate plus NH -N or g]utamlne, release was approxi-

mate]y 45 to 50% of the b]ank and with g]utamate or glutamate plus
A

NH3—N, release was approx1mate]y 80% of the b]ank. .f

4.4.2.3 Amino Dohors With Propionate

2 ?J\

The quantities of alanine and glycine present at the comn#etiona“l'gﬂ

JJ

- of 1ncubat1on were less with proplonate (Fig. 13) as the added carQQn

substrate than w1th pyruvate (F1g 12). Final serine 1evels were s1m11ar
with prop1onate (F1g 13) and with pyruvate (F1g 12) fina] aspartate plus
asparagine levels were higher with prop1onate (F1g. 13) than with pyruvate
(Fig. 12) as the carbon source. The quant1ty of g]utamate plus glutamine

in the presence'Of a- ketbg]utarate plus NH,- -N was 146% of the blank with

(F1g 12). 3 "f R , . N

: 4) -Alanine re]ease 1nto the 1ncubat1on . ‘u by rumen pap1]1ae wi
prop1onate present (th 13) was 73% 275% and 111% o e b]ank 1ncubat10n.
with a-ketog]utar‘ate p]us NH3-N glutamate, andg]utarhﬁ respectwely, -

the re]ease of g]yc1ne (50% of the b]ank) and ser1ne (210 to 250% of the |
blank) d1d not d1ffer“aman§‘substrate treatments (F1g 13). vThe re]ease *C

X ., t‘\\u ) .
of- aspartate p]us aspargg1ne Was greater w1th glutamate than w1th
) .

.u-ketoglutarate plus NH3-N or glutamine as n1tr gen sources in the |

Vs

presence of prop1onate {Fig. 13).

- e

_‘4.5.1 G]yc1ne from Two- Carbon Compounds

Of the two- carbon compounds stud1ed, 1nc1ud1ng_g1yco]gldehyde,
glyoxa1, glycoilate, g]yoxy]ate and oxakate at 10 mM (Figs.”/14 and 15), /'
. - o o ot , ‘ s N i_, - )
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_1
y ~Amino Acids.,Released SN
umoles/g| dry tissue/ percent of
jncubation period blank incubation
o Mal 1 S vll mM «-Ketoglutarate +
- syl 7 m NHg-N +
Ser [© 370 mM Propionate
Asx - l o -
G1x . ] \ . . ‘o
00 - 20007 300
Percegﬁ\\& '
.Vf,Ala SRS, “
Gy .
.».L*. ) %er
0.98 (0.15) . ﬁAsx% _
'33.40 (3,18)  Glx
N
LI l N
2 .‘. ,’ . . . ; A Y
o803 (2, 393 ~Ala 1 mM Glutamine™+
T asroeh) T ey [T , 10 mM Propionate’ ¢
S 75 (0.04)°  ser _ D &
A 0;58'(0.?9)’,’ AsEE: ] L « |
1.47 (0.27)<) " Glx| . Added e
R R Wo - 2bo . w300 &
}fv . - Percent i :
Fig.13.- er1\s II Amino acid release by rumen-pap111ae incubated
Y]th n1t,ogen sources ‘plus propionate as the major carbon source. .- e
Blank i

parentheses)\ A T
-7 ’ - ' .

P4

ubat1§n Fig.103 mean fo]]owed by standard error 1n S

i



- Amino Acids Released
umoles/g-dry tissue/  percent of

incubation period blank incupation ,
1.95 (1.07) mMal ] Blank
8.70 (0.53) 6y 1ncubation
0:70 (0.11)  Serf————1 ¢« (0 +0)

0.90 (0.21) , Asx| 7]
]

3.74 (0.69) G1x
Total L S0 100 200
21.99 (3.42) Percent oy Y
8.71 (1.36) 'bﬁ'h:____“_;;’) 1 mMONHg-N + 0
9.25 (1.48)  Glyg o
0.70 (0.14) . Ser| 3 o
0.77 (0.08) .  Asx—d | .- ~
L 362 (0.58) - G g Beg o ‘
" Total w0 UEa S R00 |
23.04 (3.14) ' ~-Percent ‘ o
s 9’%7 (0.98) 1 oma[R ) - . mM NH3-N_ )
»,,.g; 6.97 (0.94) Gyl 1., 1am Glyco]a]dehyde -
CUl08870.05) ser Jf o € ‘
0.71 (0.10fn Ak | . aw e
Seases)e . ex—— 31 . e
“Total . 0 W00 280, S
. 22,54 (2.43) ¥ . Percent o ““
- (1 56) ,’gb’ A]ﬁ" ; J“]HM NH’3-N + L

o agi.a9) . eiyf
= 0. 70 {0. 1)  Ser

] |
0.70 (0.11) asx|—3 | oL

10-mM Glyoxalf
- C

-~
3.60 (0.86) GIx - ’
Total - 0 100 200
20.65 (4. TO) B Percent _

with ammonia nitrogen plus the two-carbon compoun lycolaldehyde
“or glyoxal. (Mean followed. .by standard error in paren eses)

—

Fig. 14 éer1es III Am1no acid release by rumen p§p1]1ae 1ncubated‘\
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Amino Acids Released
wmoles/g dry cissue/ percent of -
incubation period blank incubation
8.88 (.75) 1 mMaNH3—N + _
9.1¢  .30) 10 mM Glydellate
Co.c13) "
0. (0.73) .
Y 3,98 (0.74). | {
« Total . 0- 100 200
~ 23.87 (5.07) Percent L
3.53 (1.00) mMal_] l | 1mM NHgN +
118.10(3.42) [ "] .30 M Glyoxylate . o
. '2.20°{0.25), Ser, L T,
-0.997(0.15)  * Asx ST " S
' 3.88 (0.57) G1x _ ' g .
 Total ~100 200" <300 .
28.71 (5.19) g Percent
e v {? ”7
. 8.25 (0.91) Ala :b 27T M NN +
12.98 (1.62) Gly 1 ' 10 i Oxalate )
1.24 (0.12) Ser I '
2.21 {0.53) Asx| - ? _
315.‘236.66) s Glx - e
Total ' 0 « 100 *=-200 300
29.91 (3,12) Lo Percent ;
. e e v
Fig.]S?;Ezriés LII. Amino acid release by.rumennpapil]aeqihcubated tom
with ammonia nitrogen plus” the two-carbon compounds glycollate,
"glyoxy]pte or oxalate.(Blank incubation Fig.t4; mean followed by .
standard error in parentheses) - o PR
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'g]yoxy1a£§ 1ncreased the release af glycine to 208% of the blank incubation,:

" by, rumen papiliae (Fig. 5).:

while oxa]ate increased g]yc1ne to 149% of the blank incubation (Fig. 15).
The other two-carbon compounds did not increaSe release of glycine when
compared to the blank incubation (Figs. 14 and 15).

G]yco]a]dehyde inecreased the quantity of alanine to 1i9% of the

blank incubation and glutamate plus g1utamine to 129% of the btank (F{E} 14).

-This glutamate plus g]utémine release represented 21.4% of total reported

‘amino acids as compared to 16.9% for the blank incubation (Tab]e 12).

Athough the tota] amino aC1ds“1n the incubation media were hlgher
1nQEEr1es I than Series III(Compare the blank 1ncubat10ns, Figs. 7 and 14
respectively), data for g]yoxylate incubations calculated as a perceht of

the blank 1ncubat1on (Tables 10 and 12 for Series I and ITT respectively),

@

were quite s1m11ar ~In the presence of added glyoxylate in Series III

(Fig. 15), glycine and serin@ﬁrelease by: rumen papii]ae were 208% and

314%. of the b]ank 1ncuba$1on respect1ve1y
o% Y

o

> ”Oxalate (10 mM) 1ncreased the release of g]yc1ne, ser1_‘

i

p]us asparagine and glutamate p]us g]utamlne (149% 177% 246%<an ~T4d%‘

of the blank incubation respect1ve]y) but d1d mot. influence a]an1ne re1ease
N
':; ‘> , . | o - , .
4.5.2 Glyciné from-Glyoxylate ;‘ .
; JZ A N P K . .

I3

- Incubationé of 0, 5, 10 and 20 mM glyoxylate w1th rumen pap111ae

increased the re]ease oﬁf@kyc1ne and ser1ne over the b]ank 1ncubat1on

‘(Tab]e 13, F1g ’16) Alanine re]ease was decreased to approximately 25

~ t0.40% of the blank with gTyoxy]ate present wh1le aspartate p]us asparag1neuﬁ‘“

S e s e T L

o>~

-qnd g]utamate_plus g]utam1ne ‘release were not changed markedly (Table 13).

D I - . R R Ch S ._5;“:—"—-'\4 N

Eas 2 o N
- R g . . . V-

- - . 0 - .
By . -
£ N . . .
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Fig.16. Series III. Glycine and serine release by rumen papillae
- incubated with ammonia nitrogen plus 0, 5,-10 and 20 mM g]yo%y1ate.
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There were curvilinear relationships of glycine release and of serine

release with initial glyoxylate concentrations (Fig. 16).

4.5.3 Incubations With Ammonia Nitrogen

-

Increasing the concentratfon of NH3—N up to 10 mM (0, 1, 3, 5 and

10 mM) did not change;the total quantity or spectrum of amino acids 'in

AN ‘o

the incubation medium'(Table 13). - ' ﬁiﬁnd
R ] & _. Ggigg
4.5.4 Ammonia N1trogen Plus C1grate, ao-Ketoglutarate or _ ' k§%§?
YoVl

Glucose

- The release of glutamate p]us g]utam1ne in the presengf of

I3

NH3 “N was increased by the addition of citrate or a-ketoglutarate to the
incubation medium (Fig. 17). G]utamate plus glutamine in the presence
of 10 mM a- ketog]utarate was 2927 of the blank and in the presence of

1

citrate was 164% of the4b1ank Citrate also had Tess 1nf1uence upon the
re]ease of other amino acids, partdcular1y alanine and aspartate p]us
asparag1ne when compared to the blank, than did a- ketog]utarate The
,re]ease of serine by rumen papillae was 117%D'nd 134% of the b]ank w1th
citrate and a- ketog]utarate respect1ve1y : //

he 1nc1us1on of 10 mM g]ucose as a substrate’ reeutted in an
accumulation of less total amino ac1ds in. the 1ncubat10n medium (16.10
unoles per gram dry papillae per incubation per1od ‘Fia. 17), than occurred ;%
in the b1ankﬁ}ncubation (21.99 umoles per'gram dry papi. 2 per’incubation
'period; Fig'.14) Alanine represented 46.0% of total reported amino acids
with glucose-as contrasted to 36. 4% in the b]ank (Tab]e 12): Serine was
155% of the b]ank incubation in the presence of added glucose (F1g )'

Incubation of 10 mM g]ucose with rumen papillae resulted in the re]ease of

t

N



Amino Acids ReJeased

umoles/g dry tissue/

bercent’of

‘blank'incubation‘:

72

&; jncubation period
6.95 (1.42) mal__J, T T NHgeN +
'9.41 (2.00) Gyl 10 mM Citrate - .
0.82 (0.19) Ser 1 .
0.77 (0.03)  Asx[_—J i
6.15 (0.09) e 1 kY
Total 0 100 200 300 ' : '
24.10 (4.18) - - Percent ‘
" &
3.07.(1.18) Alal ] 1 M NHg-N +
6.92 (1.71) 5 Glyf—J 1&“:;4 a-Ketoglutarate
. 0.94 (0.13) .Ser|l ] -
© 0.38,(8.07) Asx |1 . .
10,93 (1368) © G1xj— e _J )
Total - 0 e, 100 : 200, + 300
22.25 (3.12): ﬁga Perceni
»f;:’i;l-;f
;.47 (1.56)  Alal—1 1 mM NHg-N +
4,10 (0.96) eyl 10 mM Glucose
1.09 (0.34) - Serl |
0.44 (0.13)  Asx|—J . '
3.00 (0.33) v elxl_—J | ‘oo oW I
Total ‘ 0 100 200 300 7
16.10 (3.14) Pevcent : )

Fig.17. Series III.
with ammonia nitrogen
(Blank imcubation Fig.

parentheses)’

&

Amino acid release by rumen papﬁ]lae ihcubated
te, a-ketoglutarate or glucose.
b7 standard error in -

plus citrate
14; mean followed

1 v ‘N.

7o
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of 0, 0.25, 0.5, 1 0, 2. 0, and 4. o mM (TableJ@ wﬁéhne &dease by

~

‘J 7 73

glycine and aSpartate p]us asparag1ne to approx1mate1y 50% af the b]ank
4
1nCubat10n (Fig. 17). ‘ ’ o

s -; )
4. 6 SeriesIV. Glycine- Ser1ne Interrelationships

4. 6 1 Serine Incubatlons o “ L

/
7

Serine was incubated with rumen papillae at initial concentrations
of 0, 0.1, 0.5, 1.0 and 2.0 mM (Table 14). " The ¢ dnge of glycine recovery
in incubation media, in response to added ser1/g was the largest between

0.1 and 0.5 mM serine (F1g 8);' Above 0.5 mM serine, the re]ease of
/

: g]yC1ne by rumen pap11]ae did not change markedly. The presence of

ser1ne in the 1ncubat1on med1um did :/;71nfluence a]an1ne, Aaspartate plus

. et
asparagine or glutamate plus glutamipne release by rumen pap11]ae~(Tab1e 14).
’ s LTS )

4.6.2 Glycine Incubations / | ifiéﬁ

. , Lo ®

"Glycine was 1ncuba§§§ w1th rumennpapwwiaqqat 1n1t1a1 concentrat1on§w
[4

rumen papillae did not/Féspond to increased. concentrat]ons of glycine .in

the 1ncubat1on,med1um (Fig. 19). Alanine, aspartate plus asd!?ag1ne and

g]utamate p]us g]utam1ne were not 1nf1uenced by ‘the pﬁéé%%ce of added

g]yc1ne (Tab]e ]4) ‘o : . d “ .
% ' - _ . ‘

4.7 Series V.Amino°DQQgZ§ . . . »

4.7.1 G]utamate Versus.Glutamine, Meth1on1ne _ e :
. Su]fox1m1ne Preparat1ons . ’ o g :

W . ps
In Ser;es V, as in Series 11, the relat1ve 1mportance of g]utamafé
or: g]utam1ne as an amino donor was investigateds Meth10n1ne su]fox1m1ne

(MS) a non- compet1t1ve 1nh1b1tor of g]utam1ne synthetase (Melster 1969),

-
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was added to incubation media to brevent the formation of glutamine.

Only when no added glutamate was present (Fig. 20), was the
influence of MS upon glutamate plus glutam1ne re]ease by rumen pap11]ae .
indicated. Addition of MS reduced glutamate g&us glutamine by 0 33 and 0. 78
umo]es per g dry papillae per 1ncubat1on period for 1ncubat1ons without
and w1th added NH -N respectively" (F1g 20); these suggestions of change
did not exceed the range of standard errors of the measurements. witp/no
added glutamate or. carbon sources, there was no effect of added MS upon‘.
é]ycine, serine or aspartate plus asparagine release by rumen _papillae.
~Alanine was 133% and 128% of the b]ank for the NH3 -N + 0 and the blank
1ncubat1ons respect1ve1y when MS was added to these intubations (Figp 20).

The amino ac1ds released by rumen papillae 1ncubated with
glutamate plus pyruvaXe (F1g 21) and w1th glutamate p]us glyoxylate

(Fig. 22) gere not influenced by the addition of MS to incubation media.

4.7.2 Alanine Plus Glyoxylate With Hydroxylamine

The results of Series IIaindicated that incubatioh of alanine with
gﬁyoxy]ate-(Fidu 10) increased the release of glycine ff.a larger extent
than did an incubation of glutamate with glyo*ylate. .The alanine incubaf
tions of Series V (Fig. 23) were undertaken to obtain add{tional information
onathe'Series‘II observation. Hydroxylamine, an jdhibitor of alanine-
glyoxylate aminotransferase from human liver"(Thompson and Richardson 1967),
was used wlth the intention of prevent1ng the formation of g]ycfhe from
alan1ne and glyoxylate.

' The level of glycine id the iﬁcugat n medium was increased to 122%

of the blank when 1 mM alanine alone was added to the incubation medium,
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Amino Acids Released _ ' .
umoles/g dry tissue/ percent of
incubation period blank incubation
6.61 (0.79) ISPy I—— Blank
9.85 (0.97) G’Iy:] Incubation
1.07 (0.07) serl— 1 (6+0)
0.95 (0.38) Asxf— ]
3.92 (0.53) G1x
Total 0 160 260
22.40 (0.94) Percent
) . , )
8.82 (0.65) Ala 1 o0o+0+ :
10.68 (0.41) Gly l 1 mM Methionine ~
1.08 (0.10) Ser = Sulfoximine
~0.94 (0.38) - Asx . |
. 3.59 (0.30) Gixl— 1| ©
Total 0~ 100 200
, 21,53 (1.33) - Percent - ) N
6.94 (0.27) Ala 1M NHg-N + 0
10.19 (0.63) “Gly . :
1.12 (0.05) - Ser] ~ .
0.90 (0.33) Asx |1
4.02 (0.50) . Glx| ~_
Total . 0 100 200 : .
19.16 (0.71) 4 Percent | -
1 . ‘\ )
8.10 (0.54)  Ala 2] 1 mM NHg-N + 0 +,
+10.60 (0.21) Gly "1 mM Methionine
0.92 (0.02) serf 1 . Sulfoxjmine
1.01 (0.30) . ASX f o
3.24 ( 30) GlIx|______ I
~ Total’ 0 100 200
) 29.6? (0.38) ' Percent

al

F1g.20. Series V. Amino acid release by rumen papillae incubated
* in the presence of methionine sulfoximine, with and without B
ammonia nitrogen. (Mean' followed by standard error in—parentheses)
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Amino Acids Released
~ umoles/g dry tissue/  percent of '
. Jdncubation period Llank incubation

34,75 (5.97)\  Ala , ]
10.04 (0.93) G]y::l 1 mM Glutamate +
1.62 (0.35) Ser il 10 mM Pyruvate
0.62 (0.24) Asxi— 1

. 27.91 (4.37) G1x| Added
0 100 200 300 400 500
_ Percent

R : 1 ’

36.22 (4.37) Alal ' ]
9.99 (1.17) G]y;_l 1 mM Glutamate + '
1.48 (0.32) Ser JO mM Pyruvate +
0.70 (0.23) Asx|—J 1 mM Methionine

26.93“(?.]6) G1x| ‘Added . Sulfoximine

.0 \J00 200 3000 400 500
B Percent ™ ‘
— =
L

30.09 (2.60) Ala ‘ _ — !
9.53 (0.77) Gly P"""]I . 1 mM Glutamate +
1.62 (0.24) Ser 1 . VM NHgN+
0.66 (0.20) .  Asx[__] \\ * 10 mM Pyruvate

29.43 (3.92) Glx| Added

‘ 100 200 300 400 500 .
' - Percent N
; !

39.61 (7.64) Ala

1.9 (0.17) myg 1 Glutamate +
1.45.(0.20) Ser — 1 mM NHg-N +
0.55 (0.21) Asxl—1 1. 10 mM Pyruvate + |

26,82 (5.41) GIx} Added| 1 mM Methionine Sulfoximine

- 0 100 200 300 400 500
Percent :

Fig.21. Series V. Amino acid release by rumen papillae incubated with
glutamate plus pyruvate in the presence of methionine sulfoximine,
.with and without ammonia nitrogen. (Blank incubition Fig.20; mean
followed by standard error in parentheses) }
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Amino Acids Released
umoles/g dry tissue/ percent of

incubation period blank jncybpatio .
4.95 (0.77)  Aa|—J | 1M Glutamate +
27.64 (1.81) Gly : —
2.44 (0.31) Ser|— 1 10 mM Glyoxylate
1.12 (0.21)  Asx 1 :
31.84 (2.31)  GIx| Added
0 100 200 300
' Percent \
4.45 (0.29) MalZ T .1 mM lutamate +
28.70 (3.40) . Glyp— ] .
: 2.27 (0.08) ° Ser ~ J 10 mM Glyoxylate +
» 1.08 (0.27) Asx ] 1 mM Methionine
33.81 (1.82) 61x| Added | Sulfoximine
0 100 200 300
Percent :
©3.43 (0.22) AMal_] I 1 mM Glutamate +
28 /42 (2.04) Gy - . ]
2.36 (0.35)  Serf— 11 oM NHg-N +
1.31 (0.24)  Asx .l 10 mM Glyoxylate
34.14 (3.01) Glx| Added | -
: 100 200 300
Percent '
5.61 (0.45) Alal ] | f ImM Glutamate +
31.89 (1.94)  Gly 1 - 1
2.15 (0.13) Ser J 1 mMONHgN 4
0.92 (0.18) . Asx | 10 mM Glyoxylate +
28.57 (2.84) G1x| ~ Added "1 mM Methionine Sulfoximine
0 100 200 . 300
Percent \ N

8.

Fig.22. Series V. Amino acid release by rumen papillae incubated
with glutanate plus glyoxylate in the presence of methionine
sulfoximine, with and without ammonia nitrogen. (Blank incubation
Fig.20; mean followed by standard error in parentheses)
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umoles/g dry tissue/

Amino Acids Released

percent of s

incubation period blank incubation
6.55 (1.12) Ala
"9.48 (1.19) Gly
1.02 (0.02) Ser "~ 2 mM Hydroxylamine
0.73 (0.30) Asx 1| ' ;
3.18 (0.54) Ay s
100 200
Percent
50:34 (4.01) Ala| Added
11.97 (0:71) Gly J :
1.09 (0.15) Ser 1 aM Alanine
1.05%0.47)  Asx %
4.31 (0.56)  Glx
8 0 . 100 200
Percent
41.61 (5.21) "Ala| Added | |
30.54 (4.40) Gly B . ]
) - -
2.07 (0.28) , Sser ‘ =]. 1 mM Alanine + -
0.98 (0.35) - Asx% ' 10 mM Glyoxylate
4.24 (0.90)  , GIx[— '
0 100 200 300
Percent
48.12 (4.87) Ala| Added |
30.41 (3.55) Gly ] ]
2.10 (0.43) Ser , 1 1 mM Alanine +
1.07 (0.50) Asx | _ | 10 mM Glyoxylate +
4.04 :(0.73) G1x 2 mM Hydroxylamine
- 0 100 200 300

Percent

' Fig,23. Series V. Amino acid release by rumen papillae incubated
with alanine plus glyoxylate, with and without hydroxylamine.

(8lank incubation F

parentheses)

ig.20; mean followed by standard error in
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but none of the other amino acids were 1nf1uenced (Flg 23). Addftion

of aJan1ne p]us glyoxylate increased g1yc1ne and serine to 310% and 193%
of the blank 1ncybat1on respect1veLy. " The addition of 2 mM hydroxylamine
alone did not change the quantity of'aTiho acids in the incubation medium |
markedly, nor did its inclusion withqa]anine plus ?]yoxy]ate have any’

LY

influence. 'y

4.8 Series V. Individual Amino Acids

4:8.1 Arginine

The additior of 1 mM arginine to the incubation medium (Fig. 24)
increased aspartate plus asparagine release by rumen papillae to 152%
of the blank incubation. This aspartate plus asperagine represented 6.2%
of tota] reported amino ac1ds released by rumen pap111ae as compared
to 4. 4% for the b]ank incubat1on (Table 15).

Incubat1on of 1 mM arg1n1ne with rumen pap111ae resulted in the
release of 19:46 +’S 69 umoles of ornithine per g dry papillae per
incubation period Thﬂs ornithine output represented 35% of the arg1n1ne
(1 mM) present at the start of the incubation per1od Approx1mate1y 80%

of the added arginine was accounted for as arginine p]us ornithine in the

. dincubation med1um after ¥h of incubation. Citrulline may const1tute a

port1on of the measured ornithine re]eased by rumen pap111ae since it was

 not possible to separate the ornithine and citrulline esters using the GLC

method described in Appendix B. In a mixture of amino acids of known
concentration, the RMR obtained with ornithine.was used to calculate

the quantity of ornithine b1bs citrulline present.in incubation media.



Amino Acids Released

umoles/g dry tissue/
incubation period

percent of
blank incubation

83

7.23 (1.19) - Ala[__
10.21 (1.20) . Gly] 1 mM Arginine
1.15 (0.04) Ser |— e
1.44 (0.34) Asx
© 3.62 (0.69) GIx]— ] .
~ Total" 0. 100 200
- 23.64 (1.96) Percent .
7.74 (0.73) Ala |
.'10.35 (0.98) Gly 1 mM Hydroxyproline
1.04 (0.07) Ser
1.04,(0.38) Asx
3.49 (0.51) eix— 1
Total .~ 0 100 200
23,98 (1.37) - Percent

Fig.24. Series V. Amino acid release by ruhen papillae incubated
with arginine or hydroxyproline. (Blank incubation Fig.20; mean

followed by standard error in parentheses)

~
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4.8.2 Hydroxyproline

The incubation of 1 mM hydroxypro]1ne with rumn pap111ae (Fig.
24) did not change the pattern of amino ac re]ease markedly when /f/ﬂ :
compared to the b]ank incubation. The release of amino acids by rumen j/ ‘
papillae in the presence of added hydroxyproline were in the range .of

89 to 117% of the blank incubation (Fig. 24).

4.9. Series VI Incubations

4.9.1 Oxalate and Malonate Incubations

"Oxalate at 1 mM in the incubation medium increased the release
of all feported.amino acids from rumen pabil]ae (Fig. 25). Total amine
acids released were increased 48% when compared to the blank, or 37% when
cohpared to NH;—N incubated alone (NH3-N ; 0):% In Series III, 10 mM
oxalate did‘hot influence alanine re]eese by rumen papillae (Fig. fS).'
The percent of total reported amino acids in the presence of 1 mM oxa]ete
was similar to the blahk incubation for Series VI (Tab{e 16). . .
With 1 mM malonate present,1n 1ncubat1on med1a (Fig. 25); the -
releases of a]an1ne aspatﬁate plus asparagine and g]utamate plus
g]utam1ne were 71%,\755% and 119% of the blank incubation respect1ve1y

Glycine and serine release did not change for the malonate 1ncubat1ons

when compared to the blank incubation. e

/
/

4.9.2 Ethanolaminé g

This incubation was inc]uéé; as an adjunct to Series III incubation,

.. where glycine synthesis from two-carbon compounds was studied (Figs. 14 and -
/. < '

15). By incubating rumen papillae with 1 mM ethanolamine, alanine, glycine,

serihe and aspartate plus asparagine were released. to 139%, 122%, 118% and



Azing Acids Rel I

umoles/g dry tissue/ percent of
' i ] blank incubatjon
4.12 (0.94) Mal— ] Blank
7.25 (0.55) sy ] Incubation
0.83 (0.13) ser| 1 (0 + 0)
0.73 (0.27) Asx|— ]
2.89 (0.27) G1x ) ,
Total | ' 100 200 >
15.81 (1.61) - Percent .
4.47 (1.46) A]a::::::::::b 1 mit NHgoN + 0
7.95,(1.34) Gly ~ I
0.88 (0.06) Ser Moo
0.83 (0.15) - Asx
2.93 (0.52)- G1x Y |
Total | 0 100 . 200
17.06 (2.99) Percent
. 1
5.52 (1.58) Maf—~ ] 1 mM NHg-N +
10.75 (1.67) Gly : J 1 mM-Oxalate
0.97 (0.11) Ser S
"1.48 (0.47) Asx . B
4.63 (0.28) G1x ] :
" Total 0 100 200
23.34 (3.72) Percent -
2.91 (0.54) Aal___] . 1M NHg-N +
6.63 (0.74) slyl——1| 1 mM Malonate
0.82 (0.14) *Ser| _
0.94 (0.23) Asx ]
3.45 (0.30) Glx 1 \
Total 0 - 100 - 200
14.75 (9.86) Percent

Fig.25. Series VI. Amino acid release by rdmen papillae incubated
with ammonia nitrogen plus oxalate or malonate. (Mean followed by

standard error in parentheses)

86
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115% of the blank incubation respectively (Fig. 26); glycine release was

not influenced selectively. ‘ .

'\\1i9:3;1561ycihe and One-Carbon Compounds

The addition of 1 mM forma]dehyde and 1 mM formate separately to
1 mM g]yc1ne incubations 1ncreased the quant1ty of serine present in the
incubation medium 27% and 71% respect1ve1y when compared to an addition
of only glycine (Fig. 26). Serine was the only amino. acid meaningfu]]y‘
influenced by forma]dehyde or formate in the presence of glycine. Alanine
recovery was 128%, 125% and 134% of the blank incubation with glycine,

g]yc1ne plus formaldehyde and‘g1ycine plus formate incubations respectively

(Fig. 26).

4.9,4. Ihcubations With Vofati]e Fatty Acids

The re]ease of amino acids by rumen papillae wijth added acetate.
(F1g 27) was in the range 86 to 111% of the blank_ incubation for all
amino acids except aspartate plus asparagine which was 126% of the blank.
With propionate as ahsdbstrate, alanine and serine were released to 121%
and 204% of the blank incubation‘réspectively, while glycine and glutamate
plus glutamine release were 62% and 51% of the b]ddk incubatién respeé-
tively(Fig’ 27). With butyrate as a substrate alanine was 126% of the
b]ank incubation (Fig. 22) the release of other -amino acids by rumen
papillae 1q the presence of butyrate were in the range of 88;to 105% of
the blank incubation (Fig. 27). ‘ | ‘ . ﬁl@

° : . ’ - ' \

4.9.5 Amino bonors With Propionate’ .

The inclusion of 1 mM glutamate in incubations of 1 mM NH3—N

plus-10 mM propionate (Fig. 28) increased the release of alanine by rumen .

S LB
- o {



894

\

Amnino Acids Released
umoles/g dry\t1ssue/ percent of

ncubation period _jﬂjuug_ingghgjinn

5.72 (1.01) Alal___ ] 1 mM Ethanolamine
8.83 (0.11) Gly * B} '

0.98 (0.17) Ser ]

0.84 (0.25) Aoy :—:%3
2.92 (0.20) Glx ]

Total 0 100 .. 200
19.28 (1.27) _ : Percent
— — . x

5.27 (0.95)  Ala J 1 mM Glycine + 0
*57.96 (1.36). Gly| Added .

1.32 (0.05)  ser[ ____ )

.0.97 (0.18) Asx . J

2.91 0.28) e

| 00— 200
Percent

A - o | 1 .

5.15 (1.10) Ala ] .. 1 mM Glycine +
“61.48 (1.06)  .Gly| Added . “ 1 mM Formaldehyde
*1.67 (0.12) Ser — ]

:0.82 (0.12),  Asx ,

3.19 (0.24)  6lx | a

| 100 200 300
N N PercenE_ :
5.54 (0.74)  Ala|_ "1 1 mM Glycine +
61.93 (2.64) . Gly| Added 1 mM Formate

2.25 (0.33) - Ser - : ]

0.93 (0.12) Asx| .

2.80 (0. 40) Glx _ .

, 100 200 300
Percent )

Fig.26. Series VI. Amino acid release by rumen pap111ae 1ncubated

-with ethanolamine or glycine plus the one-Carbon compounds formaldehyde
or formate. (Blank 1ncubat1on F1g 25 mean fo]]owed by standard error .
in parentheses)
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Amino Acids Released

umoles/g dry tissue/ percent of -

incubation period blank incubation
3.81 (}.20) NP m— T NN+
7.71 (0.59) Gly 10 mM Acetate
.0.92 (0.14) - Ser '
0.92 (0.22) Asx
2.48 (0.23) . GIx}__ T
Total 0 100 €200
15.92 (1.62) Percént
3
/ 1
4.97 (1.86) Ala — 1 1 mM NHq-N +
4.50 (0.97) eyl l 10 mM Propionate
1.69 (0.19) Ser| ! — 1 '
0.75 (0.15) Asx
~1.47 (0.10) GIx
Total ' 0 100 200
13.37 (3.05) Percent
‘ I .
5.20 (0.98) Ala 1 1 mi NHg-N +
6.56 (0.29) elyl 1| 10 mM Butyrate
0.87 (0.06)  Serf
0.77 (0.25) Asx| |
~ 2.53 (0.08) eix_ 1"
Total = ° 0 100~ 200
15.92‘(1.42) , ~ Percen :

Fig.27. Series VI. Amino acid release by Fumen papillae incubated
with ammonia nitrogen plus acetate, propionate or butyrate. (Blank
incubation Fig.25; mean followed by standard error in parentheses) .



ymoles/g dry‘tissué/

Amino Acids Released

incubation period

percent of

blank incubation

1

-

4.97 (1.86) . Ala[
4.50 (0.97)  Gly ) J )
. 1.69 (0.19) Ser  : J 1 mM NH3-N o / ﬂ\\\_
0.7% (0.15) - Asx |- 10 mM Propionate”
1.47 (0.10) " GIx[__J )
) 100 200 300
Percent |
13.73 (5.59) - Ala ' ]
4.62 (0.65)  Gly] 1 mM Glutamate +
1.62 (0:17) Ser — 17 mM NHg-N 4 ©
0.75 (0.21) Asx 10 mM Propionate
33.66 (1.07) Glx| Added | A
0 100 200 300 400
- Percent _
'J‘.
[
! s
16.29 (6.11) Ala - - ]
6.09 (1.41) *  Gly|___ ] 1 mM Glutamate +
1.73 (0.26) Ser 11 mM NH5-N +
0.75 (0.23) Asx 20 mM Propionate
31.24 (1.39) ‘Glx| Added
‘ . 100 200 300 400
") Percent :

£

4

~ Fig.28. Series VI. Amino acid release by rumen papillae incubated
with ammonia nitrogen plus 10 mM propionate, or glutamate plus

ammonia nitrogen plus 10:or 20 mM propionate. (Blank incubation

Fig.25; mean followed by standard error in parentheses)
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)
4 pabi]]ae by 176? from 4.97 to 13.73 pmoles per g dry papi]iae pér
incubatipﬁ period. Raising the propionate éoncentration to 20 mM with
glutamate plus NH3-N further increased alanine release to 16.29 pmoles
per g dry‘papillae per incubation period. "The - intity of serine in the
incubation .medjum was not chqnéed with the additibn of glutamate in the

presence of propionate or by an increased propionate cancentration (Fig. 28).

\

4.9.6 Incubations for 1, 2 or 3 Hours

e

Two sets of incubations, inc]u&fng a blank incubation (no added
ni%rogen or carbon substrates) and a 1‘mM glutamate plus ]\mM NH3—N plus
10 mM prépionafe incubation were ahafyzed after 1, 2 and 3 h of incubation
(Table 17). The rates of ré]ease of total repbrted amino acids for the
blank incubation and the glutamate p]us_NH3;N p]us‘propionate ihcubation

were quite similar (Fig. 29).

4.9.6.1 The Blank Incubatian

The rate of a]aﬁine release by rumen papillae was greatest during
‘ the first hour; the total alanine released did not change markedly thereafter '
(Fig. 30). G]ycine release was ﬁearly Tinear up to 2 h an increased only
slightly from Z;fo 3.h of incubatioh. Glutamate plus glutamine release
increased at a lesser rate after 1 h of incubation. The re]ea§e of serine
or aspartat;-plus'asparagine was Tow and did no; change after 2 h of
ihch@tion:. With no substrates added, the quantities of amino acid released
to‘thevincubation medium were in the order glycines alanine > glutamate
p]us,g]utamineigﬁserine = aspartate plus asparagine, and in fact the only

-

notable release af}gr 1 h was for glycine.
- | \_'
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(Refer to Table 17 for an explanation' of .
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‘ prop1onate (ng 31) resu]ted in a very d1fferent\

&

with g]utamate plus NH

alanine > glycine > serine =

7

4.9.6.2. The Glutamate Plus Ammonia Nitrogen
: P]us Propionate Incubation

. . R
- The 1ncubation of rumen pap1]1ae with g]utamate plus NH -N plus
pqttern of amino acid

release than the b]ank 1ncubat1on (Fig. 30). A]anine production (Fig. 31)
\

was Qgpld over the 3 h per1od, while glycine re}eas% diddnot chahge after

Serine release was low and re]atiy

aspartate plus asparag1ne appeared to increase to 2
thereafter

1 h of ihcubation e]y constant while
h @nd remained constant.
Amounts of amino acids released into the 1ncubat1on med fum

3 -N plus prop1onate as substrates were in the order

\
.aspartate plus asparagine.

4
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5. DISCUSSION

5.1 In Vitro Preparations

The metabolism of whole rumen pap111ae was examined in this
study. Rumen papillae consist of a kerat1n1zed stratified squamous
epithelium, covering a central core of densely packed collagen fibres
with no associated muscle fibres (Dobson et al. 1956). Radiating from
this centrai core is a highly branched system of blood and lymphatic
vessels. Numerous and“densely packed mitochondria are'associated With
the columndr cells. of the metabolically actiye stratum basale of - the
epithelium (Dobson et al. 1956). _

Epithelium from rumen tissue kept at 39 C in Krebs-Ringer
Phosphéte minus calcium for 20 min after removal from the animal was
found by Hodson et al. (1967) to metabolize butyrate more rapid]y to
ketone bodies than tissue kept on ice for 20 min. Tissue kept at 0 C
before incubation contained distorted and rupturéd mitochond;ia withAan
-apparent lack of cristae. Therefore, in the presgnt study, rumen tissue
wés‘tFanspoftéd at 39 C in the buffers used by Hodson et al.. (1967) in
an effort to Eetafn functionat Mitochondria. '

* A 10 mM concentration of an individual organic acid present in
incubation-media serVed‘as the primary carbon source for metabolism by
rumen papi]iae. Since substrates were present at concentrations manifold
greatér than physioldgical concentratidns (Prior et al. 1972), the
éctivity of reactions other than those under ihvestigation‘may have beén

changed. Consideration of the effect of an added carbon substrate was
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possible on the basis of doctmented information of amino acid metabolism
in tissues such as liver and kidney (Sallach and Fahien 1969; Greenberg
1969a, 1969b),_the enzyme profiles of rumen tissue (Whanger and Church
1970), and. the possib]é metabolic pathways available in rumen.tiSSue“
(ﬁennington and Sutherland 1956a, 1956b; Pennington and Pfander 1957’.

The amino acids released by rumen papi]iae in response to the
add1t1on of organ1c acids, am1no acids and NH3-N were alanine, g]yc1ne,‘
serine, aspartate plus asparagine and g]utamate plus g]utam1ne The
quantities of am1no‘ac1ds released by rumen pap11]ae were in the order of
.glycine> alanine> glutamate plus glutamine> serine = aspaftate plus
qsparagine for incubationé without added substrates (Fig. 30); this
re]ationéhip changed when substrafes were added to incubation media
(compare Fig. 31 with Fig. 30). Ornithiné plus citruliine release by rumen
_papi]]aé was detecfed only upon inclusion of arginine in‘incubation media.
During preparatioﬁ of amino aciq‘esters for GLC analysis,
glutamine Waé converted fo glutamate and asparagine to aspartate, wﬁ?]e
during GLC analysis, the esterificdtion products of.citrulline and
ornithine had the same retention characteristics (Appendix B). The
contribution of glutamine to a sﬁm of glutamate plus glutamine is
-discussed in the section entitléd'"G1utamine Mefabolism", Whi1e the

differentiation of'ornithjne from citrulline. release by rumen papillae

is discussed in the section entitled "Arginine Metabolism".

5.2 -The Synthesis of Amino Acids from Carbon Sources

Incubation of a 10 mM carbun source with- rumen papi]]ae.aiways
. N .
increased the release of one or more amino acids (Tap]e 18) relative to the

t



Table 18. Amino acids influenced to -the largest extent by
the addition of carbon sources. o -

‘Carbon Source  Series: Amino acids released by
E rumen papillae in quantities
greater’' than the blank

incubation
Propionate I,VI Alaniﬁe,].Serin§
Succinate I . Serine E
‘Malate - I ‘ "Aspartéte p]us Asparagine
Pyruvate - I ~ Alanine, Serine .
Glyoxylate - 1,111 ‘Glycine, Serine
‘a-Ketoglutarate 1,1k Glutamate dius Glutamine
Citrate 1r1 - . Glutamate plus Glutamine -
Glucose C I Sertine, Alanine? ’ )

1. A demonstration of alanine release by rumen papillae
incubated with propionate required glutamate as-a
nitrogen source (Fig.13). ‘

2. Although glucose resulted in a decrease .in total amino.
acids released:by rumen papillae (Fig.17), the relative
quantity of alanine increased (Table 12), but the total
alanine released by rumen papillae was less than the
blank incubation. A
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blank incubation. It would be desirable ta know whether or not there was
dtilizatidn of the added carbon sources fqr.syhthesis of amino’acids, or
if added substrates simply had secondary effects on the re]éase of

- endogenous amino acids.by rumen papillae. _

From the défﬁ reported by Salem et al.(1973b), it was ca]cﬁ]ated,
assuming 18% dry matter for rumen epithelium jAppehdix Table 1), that the
concentrations of alanine, g]yciné,.aspartate and glutamate, as free amino
acids in rumen epithelium were 2.5, 4.8, 1.9 and 6.6 umd]és per °gram dry ‘

&

tissue respectively. The re]ease of amino acids by rumen pap1]1ae in the
[
blank incubations for Ser1es I to VI was for alanine, g]yc1ne aspartate

plus asparagine and glutamate plus glutamine in the range of 4.0 to 10.5,

' 7.3 to 11.5, 0.7 to 1.0 and 3.0 to 5.0 umoles per gram dry rumen papillae

per 1ncubat1on per1od respectively. This would indicate that, the am1no
acids re]eased by rumen pap1]1ae in the blank incubation m1ght‘be
attributed to the free amino acids present in rumen pap111ae.

As a result of inclusion of carbon sources in incubation media,

rumen papillae released amino acidé in both lesser (40 to 60% of the b]ank)\\\{

\
S

" and greater (150 to 200% of the blank and- higher) guantities than the

blank incubation. The amounts‘of aminO‘acidS~re1easéd in the presence of
carbon sources usually ekéééaed the calculated amounts of free amino aéids_
in rumen papillae. Enhanced proteo]ysié in rumen papillae upon addition
~of subStrates to‘iﬁcubation media was ndt indicatea since the increased
amino acid re]éaée was usually the expected product, rather than an

gvefall rélease of amino acids by rumen papillae. Therefore in most cases
with the addition of carbon substrates, the incréased release of amino

acids reflected synthesis of amino acids .from the particular carbon substrate.-
$ : N . s
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The synthesis of alanine, glycine, glutamate, serine and aspartate are

discussed in separate sections.
SN : . .

'Qack of an effegt of added substrates (e.g: glyoxal, Fig. 14;
g]yzollaté, Fig. 15; hydroxyﬁroTine, Fig. 2?) on amino acid welease by
ru;;n papillae might have resulted from'an inabi]ity—fo metqbolize the
substrate$,or might have béen due to the existence of'permeaajlity barriegg_
in the tissues‘of (umén papillae. Weekes (1974) listed these permeability
barriers in intact kﬁmen papillae to bé#th@‘ﬂuter'léyers of-thé stratum
corneum, ‘the cell membranes of‘the metabolically active cells of Ehe

stratum basake and the mitochondrial membranes of these cells.

|

5.2.1f‘fh€/5ynthesis~of Alanine

S

Pyruvate incubated with NH3~N (Fig+ 8) or:with glutamate (Fig. 12)

as the nitrogen source increased the release of alanine by rumen papillae

when compared to a blank incubation, while propionate increased the release
of alanine only in the‘p;esence ofiglutamate as an amino donér (Fig. 13).
The release of alanine with glucose as a substrate (Table 18) was best
demonst;ated with alanine calculated as a percenf of total repprted"amino
acids (Tqb]e 12; compare élan{ng for the glucose and b]ank"incubations).
A]aniné‘isbsynthesized by transamination of éyruvéte %n liver ti§sue 4
(Sa]]aéhbanq Fahieﬁ\1969); the detection of alanine aminotrénSferase in
rumen tissue (Whanger and Church 1970;-Weekes 1972) confirmed that rumen

" papillae have the potential to synthesize alanine from pyyuvate (Fig. 32).

- Weekes (]974)/demonstrated in vitroithat_both propionate /and glucose are

~ sources for the production of pyruvate by rumen papillae.
“ : ’ ‘ .

w
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Prop:onate
¢ ;
Succinyl CoA . .
v \Mitochondria]
Succinate 0 Membrane
Fumi£ate
Malate <— - —>Malate
Oxaloacetate ~‘///7{Lactaté
— Pyruvate '
’ S Oxaloacetate . ALANINE
4 Phosphoepolpyruvate
. 3 R . . \ '
,  SERINE Synthesis < ~  2-Phosphoglycerate
(Amino donor-Alanine) - S
SERINE Synthesis € 3-Phosphoglycerate
(Amino donor-Glutamate) A .
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Fig.32. The synthesis of alanine and serine by rumen papillae
from propionate, succinate, pyruvate and.glucose as carbon
- sources. (Leng et al.1967; Pennington and Sutherland 1956b;
. Pennington and Pfander 1957; Greenberg 1969b; Young et al.1969;
"« Whanger and Church 1970; Weekes 1972,1974)

v
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Lactate (Fig. 7), unlike propionate (Fig. 8) whiqh may be its
precursor in vitrq (Pennington and Sﬁther]and 1956b), did not modify
the release of alanine or serine by rumen Qapillée when compared to an
incubation with no added substrates. Jones.et a].(1969) recovered []4C]
in alanine when ground rumen tissue wa§ incubated with 25, 75 or 125 mM
[U—]QC] 1act$te. This transfer of label probably results from a §ynthesis
of alanine from‘pyruvate that had been equifibrated with lactate by lactate
dehydrogenase (EC 1.1.1.28) and likely does not represent a net synthesis

of alanine by rumep tissue with lactate as a substrate.

&

5.2,2. The Synthesis of Glycine o

Rumen papillae synthesized glycine using g]yoxylafeAas a carbon
source (Figs. 8 and 15). The two-carbon compounds, gf}co]a]dehyde, glyoxal
and glycollat® are metabolized to ;1yoxylate in rat liver (Wéinhouse and"
Friedman 1951; Weisbach and Sprinson 1953a; Arnstein 1954 F1g 3). but

d1d not increase the re]ease of glycine by rumen pap1l]ae (Figs. 14 and 15).
Either the pathways necésspry for the converS}on of g]yco]a]dehyde, g]yoxal
or glyco]]éte to glyoxylate are not present in rumen papillae or these
subsfrates'never reached the enzyme sites for metabolism to glyoxylate.

Ethanolamine, also a two-carbon coﬁbound, can be converted to

(S

2 eifhéﬁ via chq}ine, betaine and sarcosine, or via glycolaldehyde
feae, 3) according to a scheme presented by Meister (1965) Since
ethanolam1ne 1ncreased the release of glycine (Fig. 26) in the present
~study, but glycolaldehyde did not (Fig. 14), the former pathway for

ethano]amine,may have been operative. ‘ .
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Adams (1971) and Hagler and Herman (1973) reported that
hydroxyproline is converted to glyoxylate iﬁ ]iver“tissue. However,
inclusion of 1 mM hydroxyproline (Fig. 24) did net change amino acid
release by rumen papillae wheu compared to its Eﬁahk incubatton in this
study. The impermeability of the tissues to hydroxypro]1ne, the absence
;of enzymes that metabol1ze hydroxypro]1ne to g]yoxy]ate, or the low 1T mM
concentration used in this study might have prevented hydroxypro]ine from

having an influence upon amino acid release by rumen papillae.

5.2.3 The Synthesis of G]utamete

3

It has been reported that glutamate dehydrogenase is present in-
rumen pap111ae (Hoshino et al. 1966;. Cha]upa et al. 1970; Whanger and Church |
1970). When rumen papillae were 1ncueated with 10 mM a-ketoglutarate,
‘there was‘an increased release of glutamate plus Qlutamine (Figs. 9 and
17). This would suggest that g]utamate, or”g]utamine formed from glutamate
may be synthesized in this tissue, and serve as an amino donor for the i
production of alanine, glycine andmaspartate from pyruvate g]yoxy]ate and
oxaloacetate réspectively. ,

Citrate increased the recovery of glutamate plus glutamine to
164% of ths \‘ank'incubatiop (Fig. ]7); A func¢tignal triearboxylic acid
cycle was reported to be present in'rumen'mucosa (Pennington and Sutherland
1956a; Seto et al. 5970) Therefore convers1on of citrate to

'a-ketoglutarate and subsequent ut111zat1on of this a-ketoglutarate as a
substrate for glutamate dehydrogenase gou]d account for the increased

A‘recovery.of glutamate plus glutamine with citrate as a carbon source.

3
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5.2.4 The Synthesis of Serine

Incubation of rumen papi]iae with propionate, succinate, byruvate
énd glucose increased the release of serine when compared to blank
incubat;ions (Tab]e 18). In liver, kidney and brain ”tissue, the synthesis
of serine from carbon sources involves the iﬁ;ermediafes of glycolysis,
2-phosphoglycerate or 3-phosphogiycerate iFig. 2; Greenberg 1969b).

Glucosé increased thé release of serine by4rqmen papi]]aé to 155%
of the blank incubation (Fig. 17). A glycolytic scheme in rumen papillae -
was confirmed when Pennington and Pfander (i957) and Weekes (1974) incubated °
-rumen tissue with glucose in vitro and increased the productiocn of pyruvate
and lactate. With the presence of a pathway of glycolysis in rumen mucosa,
one may ahtfcipate that 2-phosphogly;erate and 3-phosphogTycerate aﬁe A
available as potential substrates leading to a synthesis of serine (%ig. 32).

.In order fsr prppionate, succinate‘and pyruvate to provide carbon
for‘the §}nthesis of serine the carbon of these three-compdunds must be able
6to be metabolized to an-intermediate of g]yco]ysfs, phosphoenolpyruvate and
subsequentlyhto 2-phosphoglycerate or 3-phosp£og1ycerate (Fig. 32).
cﬁropionate is knowgwto be metabolized 1nvvitro to'lactate'by rumen papillae
(Pennington and‘Sutﬁéf1and 1956b; Weekes 1974); Penningtoh and Sﬁther]and
| (195€b) and Leng et a].{19%;) ;epbrted&that succinate, ‘malate and pyruvate
are intermediates for this cdnversion (Fié. 32). Malate can be converted
to oxa]oacetate}by a'reactfén catalyzed by NAD malate dehyrodgenase
(EC 1.1.1.37), and oxa]bace%hte to phosphoeno]pyru?ate by phosphoeno]pyrUQate;
carboxykinase (EC 6.4. 1 1) (Ffﬁ.’32) The presence of the enzymes, NAD
malate dehyd;;genase and phosphoeno]pyruvate carboxykinase in rumen mucosa

was establlshed by Nhangér and Church (1970) and Young et al. (1969)
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respectively. Although malate appears to be an intermediate for the

conversion of propionate to serine, malate added to incubation media as

a carbon source did not increase the release of serine by rumen papiljée

when compared to the blank incubation (Fig. 9). It was difficult to

determine the basis for this observation with mé]ate as a carbon source. -
Glyoxylate, besides increaéing the release of glycine by rumen

pabgllae, also increased the release of serine (Figs. 8 and 15). A

reaction catalyzed by serine hydroxymethyltransferase, could be .responsible

" for the production of serine from glycine synthesized from glyoxylate.

5.2.5 The Synthesis of Aspartate

Addition of malate as a carbon source increased the /e]ease‘of
~aspartate plusvaSparagine by rumen papi]]aéto 185% of the blank incubation
(Fig;‘g), It has been demonstrated that malate is able to be metabo]izéd
to oxaloacetate by NAD malate dehydrogenase. Whanger and Church (1970)
repofted the presence of an active.NAD ma]até dehyd;ogenase and aspartate‘
aminotransferase in rUmen\mucdsa. ‘Therefore, the carbon éf malate was
able to be converted to aspértate (plus asparagine) via oxaloacetate

(Fig. 33).

5.2.6 Concluding Remarks - Utjlization of Carbon Sources

Rumen papillae (Rost Tikely tﬁé ruﬁina] epithelium) wére abie to
synthes%zg amino acids from various carbon inputs (Table 18; Fig. 33). Due
to‘its ﬁigﬁ concentration in fluid bathing the papillae (Rumsey et al.1970),
propionate may be the most available source of carbon for the synthesfs

~ of amino acids-by rumen papi]]ae;
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: ’) ,—3-Phosphoglycerate :
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Fig.33, Likely pathwéys of synthesis of amino acids in rumen papi]]aé.
(Components underlined were those added as carbon sources to incubatiom

media)
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5.3 Amino Donors ' : -

The theétments of Series II and Series V were designed to
getermfne how effective glutamate, glutamine or alanine were as amino
‘donors for the synthesis of amino acids by rumen papillae. Foh:amino-
transferase ﬁeactions 1eading to the synthesis of alanine, glycine or
serine in liver, k1dney, heart muscle or brain tissue, the most act1ve
amino donors are g]utamate and g]utam1ne (Sal]ach and Fah1en ]969
Greenberg 1969b; Cooper and Meister 1974). Alanine also serves as an amino
donor for the synthesis of" g]yc1ne 1n “human liver (Thompson and R1chardson
1967) and the synthesis of serine in liver and k1dney (Greenberg 1969b).

5.3.1 G]ufamate and Glutamine .as Amino Donors with\
GlyoxyTlate and Pyruvate ™~

In the present study, g1utamate appeare /fblbe e more effective

amino donor than glutamine for the synthesis of %%ycine (Fig. 11) and
alanine (Fig. 12) from glyoxylate and pyruvate resp:E$ive1y. The glutamine
treatments, when compared.to treatments with glutamate, with or without

| NH3—N, did not result in‘the«additional release of glycine by rumen papillae
in the hresencerof glyoxylate (Fig. 11) or:the re]ease of alanine in the '

. presence of pyruvate (F{g.-12). In fact, glycihe release by ru@en papi]]ée _
with 1 mM glutamine plus 10 mM glyox}]ate (Fig. 11) and 1 mM NH3-N p]us |
10 mM glyoxylate (Fig. 8) was s1m11ar a]an1ne release by rumen papillae

~with 1 mM glutamine p]us ]0 mM pyruvate (F1g 12) and 1 mM NH3-N plus 10
mM pyruvate (Fig. 8) was similar. Glutam1ne did not function as a direct
amino donor in rumen papillae.

The enzymat1c potential for the t1ssues of rumen pap111ae

,,iruminal—epithe11um) to synthesize glutamate appears limited. Whanger and
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Churchl(1970) reported that glutamate dehydrogenase activity per unit
extractable protein from cattle rumen epithelium was only 10 to ]5% of
that in cattle liver. The release of glycine by rumen papillae with 1 mM
a-ketoglutarate plus l.mM NH;-N plus 10 mM glyoxylate (Fig. 11) and 1 mM

NH,-N plus 10 mM glyoxylate (Fig. 8) was similar; the re]eése of alanine

3
by rumen pagi]]ae with 1 mM a-ketoglutarate plus T mM NH3-N’p]us 10 mM

“pyruvate (Fig. 12) and 1 mM NH3-N plus 10 mM pyruvate (Fig. Bj was similar.
The iht]usion of T mM q-ket091Utarate with 1T mM NH3-N plué 10 mM glyoxylate
(Fig. ) or 10 mM pyruvate (Fig ’]2); when compared to incubations"of
1 mM NH3 -N p]us 10 mM g]yoxy]ate (Fig.*8) or 10 mM pyruvate (Fig. 8)
respectnvely increased the release of g]utamate plus glutamine but th1s
glutamate plus g]utam1ne was not able to susta1n glycine synthes1s from
glyoxylate, or aJanihe synthesié ffom pyruvate {h a manner approachihg an
inc]usioh of 1 mM glutamate (Figs. 11 and 12 for glyoxylate and.pyruvate
respectively). Glutamate from sources other than gynfhesized from .
a-ketoglutarate by rumen papillae (g]utéﬁate added to incubation media in—

 this study) may contribute as a sdpp]ementary source of amino groups fort

the synthesis of amino acids by rumen papillae in vivo.

. 5.3.2 Glutamate for the Synthesis of Aspartate

| The'amounts'of'aspartate plus asparagine in incubation;media were
a]ways increased with the add1t1on of g]utamate with or without added
NH3-N as compared to a-ketog1utarate plus NH3-N or Glutamine when
glyoxylate, pyruvate or propionate were the carbon sources (Figs 11, 12 and
13 respectively). An active aspartate aminotransferase, as reportéd by
Whanger and Church (1970) in cattle ruminal epithelium, woquflike1ydaccount

for the synthesis of aspartate {ptus asparagine) from oxaloacetate. The

f \
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a-ketoglutarate produced from the transamination reaction between glutamate

and oxaloacetate to yield aspartate, would be expected to be converted

to 0xa1eacetate through reactions of the tricarboxylic acid cycle.
Consequently, a source of oxa]oacetate would always be available for the

synthesis of aspartate in the presence of added g]utamate

5.3.3 Alanine as an Amino Donor with Glyoxylate

The release of glycine by rumen papillae upon the 1nc1us1on of

1 me31an1ne with 10 mM glyoxylate (F19- 10 and 23) indicated that a]an1ne—

.glyoxylate aminotransferase is present in rumen papillae. However it was

found that hydroky]amine (Fig. 23), which has been reported to be an
inhibitor of alanine-glyoxylate amifotransferase (Thompson and Richardson"'
1967) did not havevan effect on glycine release in the presence of alanine

[

and glyoxylate. This lack of effect could have been due to a variety of

@&
reasons including resistance to inhibition on the part of the enzyme in

rumen papillae, an 1nab1]1ty of hydroxy]am1ne to reach the s1te of the
enzyme because' of permeab111ty barriers, or perhaps an absence of a]anlne-
glyoxylate aminotransferase with the formation of g]ycine by an alternate
route in the presence of added alanine.

A combination of pafhways (Reaction 1 to 4, Fig. 34) might account
for the additional glycine released by .rumen papillae upon the inc]usion" |
of 1 mM alanine (Figs. 10 and 23) as compared to 1 mM g]utamate (Figs.
11sahd 22) with 10 mMAglyoxylate if no a]anfhe g]yoxy]ate‘aminotransferase
was present. Syﬁfhesisoof glutamate by tcensa%ination between alanine
and a-ketog}utarate (Reaction 1, Fig; 34) fol]owed by the use of this

glutamate as an amino donor (Reaction 2, Fig. 34) might account for most
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a-Ketoglutarate Hydroxypyruvate
(1) Alanine (3)
PyruVate
Glutamate : Serine

| G]yoxy]éte (2)

a~-Ketoglutarate

(5) Pyruvate

Alanine
Glyoxylate "

Fig.34. A series df’reactions that may account for the synthesis
of glycine from glyoxylate as a carbon source and alanine as a

nitro§en source. (Thompson and Richardson 1966,1967; Greenberg
1969b : : ‘ ‘

Reaction

(1) Alanine aminotransferase (EC 2.6.1.2)
(2) Glycine aminotransferase (EC 2.6.1.4)
(3) Serine-pyruvate aminotransferase (EC 2.6.1.51)
(4) Serine hydroxymethyltransferase (EC 2. )

1.2.1 .
(5) Alanine-glyoxylate aminotransferase (EC 2.6.1.44)
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of the glycine present {n the incubation medium. It was seen’EBat}glycine
release in the presence of glyoxylate was enhanced upon the addition of
glutamate (Fig. 11). Alanine has been reported to serve as an amino‘dono;,
for the synthesis of serine from‘heroxypyruvate in liver tissue (Greenberg
1969b; Réaction 3, Fig. 34). Convgrsion 6f serine to glycine by a reaction
catalyzed by serine hydroxymethyltransferase (Reaction 4,'Fig. 34) might
then account for thé extra glycine released by rumen papi]]ag with 10 mM
glyoxylate as the carbon source, and a]anineb(Figs. 10 and 23) as compared
to g]utamate (Figs. 11 and 22) as a nitrogen source. Glutamate plus

glutamine did not accumulate in quantities greater than the blank incubation

as a result of Reaction 1, Fig. 34'being active.

o

5.4 Glutamine Metabolism

5.4.1 The Synthesis of Glutamine

The inc]usion-of methionine sulfoximine, a non-competitive 1nhi?itor
,Iof glutamine synthetase.(Meister 1969) in incubations with rumen papi]]ée,
reduced the release of glutamate plus glutamine, 19% and 8% with and

without addevaH3-N‘respecfive1y (Fig. 20). Methionine sulfoximine had
‘noyinhibitory inf]uehce upon the recovery of alanine or glycine with
-glutamate plus pyruvate (Fjg. 21) or g]yéxy]ate (Fig. 22) respectively in
incubation medi;t \Thék;;;uced‘glutamate plus glutamine release with

added methionine sulfoximine ¢Fig. 20) was within the staﬁdard error df the
methods of analysis. It wés not possible to determine whether glutamine

did cdnstitutea portion Of the tota]Aglutamate plus glutamine released by

rumen papillae. Cha]upa et al.(1970) did not report the activity of

glutamine synthestase in sheep rumen mucosa, but stated that it was very
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‘Tow; Salem et al (1973a) found an active\gfﬁtamine synthetase in the
rumen mucosa df cattle. In the present study, evidence of glutamine
synthetase activity was inconclusive without direct analyéis for this
enzyme reaction. \ '

5.4.2 The Disappearance of Glutamine from Inéubation
- Media - ‘

1

It Qas estimated (Appendix C) that 26% of the glutamine added to .
incubation media (Serijes II incubations,vFigs..11, 12 and 13) was non-
enzymatically cyclized to pyrro]idd%e carbpxyiib acid (Reaction 1, Fig.

35) before amino.écids were isolated for GLC ana]ysis; Glutamate plus

; glutamine present at the end of the incubation périod could account for

no more than 3% of the added glutamine (Table 11); these glutamate plus

. glutamate recoveries -(Figs. 11, 12 and 13) were less than the blank .
‘fncubation (Fig. 10). It would appear that there was extensive mefabolfsm

of glutamine by rumen papillae.

. Additipn of g]utam%ne to incubation media did not enhance the
recovery of‘glycin; ffom g]yoxy]éte (fig. 11), or alanine from,pyruvate.
(Fig. 12) or propionate (?ig. 13). This indicated that glutamine wés not
utilized as an amino donor (Reaction 2, Fig. 35), an& that it was probably
not converted to g]utamate, be@ause when glutamate was added to incubatiéns
under similér conditions (Figs. 11, 12 énd 13) there were marked amino
acid responses (Reaction 5, Fig. 35).

Since the nitrogen of glutamine could not be accounted for in
glutamate p]ug glutamine, nor in amino acids synthesized from carbon sources

(Figs. 11, 12 and 13), it was concluded that glutamine was catabolized to a

compound for which no_ang]ysis was undertaken in the present study. Ho§hino
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Fig.35. Reactions that.may account for the disappearance of
glutamine from incubations of glutamine with rumen papillae.
(Gilbert et al.1949; Sallach and Fahien 1969)°

Reaction - ' I

(1) Cyclization of g]utam1ne to pyrrolidone carboxylic ac1d
(2) Glutamine-keto-acid aminotransferase (EC 2.6.1. ]5)

533 Glutaminase (EC 3.5.1.2)

4) Glutamate dehydrogenase (EC 1.4. 1. 2)

(5) Glutamate-keto-acid aminotransferase

«F

<
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et a].(1966) reported that homogenates of rumen mucose were able to
hydrolyze glutamine to'NH3—N An arrangement of glutaminase (Reaction 3,
Fig. 35) andgﬂutamate dehydrogenase (Reaction 4 Fig. 35), both
m1tochondr1a1 enzymes (Knox and Greengard 1965 Sallach and Fah1en 1969),
where glutamine is shunted d1rect1y to(produce a-ketoglutarate and NH3 -N
might account for release of NH3 N from glutamine.  Mitochondrial membranes
contain permeases spec1f1c for a—ketog]utarate or g]utamate (W1111amson
1976). The permeases of mitochondrial membranes may control the exchange .
of a-ketoglutarate and glutamate between the mitochondriaL\matr1x and
cell cytoplasm, favouring the exi; of a-ketoglutarate, and limiting the

exit of glutamate from mitocﬁondria. It is cqnsidered likely that glutamine

nitrogen is converted to NH3-N rather than serving as an amino donor in
_ , _

yumen papillae.

5.5 Glycine-Serine Interactions

Giyéine release from rumen papillae was augmented by jncreasing
the concentration of serine (0.1 to 2 mM) -in incubatfén medié-?Tab]e 13,
Fig. 18). Glycine (0.25 to 4 mM) incubated with ruméﬁ papillae did not
appear to inf]uence.serine release (Fig..19). Upop—the addition of 1 mM
formaldehyde or 1 mM formate to a 1 mM glycine tre ‘ ent (Fig. 26),hthere
was an increased serine release by rumen papillae. The interconversion of

glycine and serine by rumen papillae may be catalyzed by serine hydroxﬁ-

methy1transferase (EC 2.1.2.1).

-
y

:5.6 Afginine Metabolism ﬁ

Investigations of ornithine cycle enzymes in rumen muscosa -of cattle

have indicated that arginase (Martincic and Krvavica 1964) is ténfo1d more
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active than ornithine carbamoyltransferase (Krvavica et al. 1964) in th%s
t1ssue Dur1ng preparation of amino acid esters (Appendix B) in tﬁe

present study, citrulline and ornﬁth1ne appeared to form the same ester]
Therefore ornithine release could not be d1st1ngu1shed from citrulline
release by a direct analysis of incubation media. One may anticipate that .
a higher activity of _3rgimase as compared to ornithine carbamoy]transferase
would have favouyé//;he format;Bn of ornithine rather than citrulline

hen rumen pap111ae were 1ncubated with arginine.
’ ~ Incubation ‘of rumen papillae with 1 mM arginine resulted ih the
release of-ornithine and indicated‘the presence of arginase‘and urea
production..Heckee and Nolan (1971) reported ng arterio-venous difference
for urea concentration aeross the rumen of sheep,suggesting no net transfer
of plasma urea from p]asme to rumen fluid ac%oss rumen mucosa. Therefore,
a flux of nitrogen as blood urea nitrogen demonstrated byiHavassy et al.
(1974) may not accbdnt for the total inSut pf nitrogen as urea into rumen

fluid. It may be possible that arginase associated with rumen papillae

could catalyze the cleavage of arginine from blood and be responsible for,

atleast some of the release of nitrogen as’urea into the rumen.

5.7 The Influence of Volatile Fatty Acids onn Amino
Acid MetaboTism by Rumen Papillae

:.The volatile fatty acids acetic, propionic and butyric are
produced in large quantities as a result of microbial fermeritation in the
rumen (Hungate ‘1966) and thus are available in large quantities io‘rumen

papillae. The conversion of propionate to alanine and serine by rumen

papillae has already been discussed. AEetate and butyrate (Fig. 27) appear

not to influence the release of amino acids by rumen. papillae. B
. /

-
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5.8 Oxalate and Malonate - _Metabolic Inhibitors

Malonate is an effective coﬁp&titive"inhibitor of succinate
dehydrogenase (EC 1.3.99.1) (Webb 1966). Webb (1966) stated that inhibition
of succinate dehydrogenase results in the accumgiation of infermediates of
the tricarquy]ic acid cycle; succinate accumulated when rumen epithelium
was incubated with 0.01 or 0.02 mM malonate plus 40 mM propionate
(Penﬁ1ngton and Suther]and 1956b). An 1ncreased availability of 1nter-
mediates of metabolism could legd to the synthesis of amino acids in the
presedce of a source of nitrogen (NH3-N or amino acids as amino donors).
In the present study, malonate (Fig. 25) Q§dslitt1e influence upon the AN
re]ease of amino aﬁfds by rumen papillae.

’ G]yoxy]ate serves as a source of oxa]ate in Tiver tissue; oxalate
is-not converted to g]yoxylage (We1nhouse and Fr1edman 1951). A]though
‘'oxalate was/9dded to 1ncubat1on media as a potential source of g]yoxy]ate
1n rumen paplllae (F1g 15), oxalate did not select1ve1y increase the
release of glycine, suggest1ng that oxa]ate was not read11y converted to

_ g]yoxy1ate Oxalate (1 mM and 10 mM, Figs. 25 and 15 respectively)
consistently increased the release of glycine, serine, aspartate plus

farparaglne and g]utamate p]us g]utam1ne No increased alanine release
was recorded'W1th 10, mM oxa]ate (Fig. 15) as compared to 1 mM oxalate
(F1g 25) in the 1ncubat1on media.

The 1ncreased release of amino acids by runen papillae incubated
w1th oxa]ate\(g1gs 15 and 24) was d1ff1cu1t to exp1a1n. An inhibition of
succinate dehydrogenase in rumen walf‘by oxa]ate was reported by James

(]958);vhowéver,oxalate is a less effective inhibitor of succinate

“ dehydfogenasg than malonate (Webb 1966). Mg]onate.had'1it§Je influence
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'upon the release of amino acids by rumen papillae (Fig. 25). Oxalate
precipitates in body tissues ;S the calcium salt (James et a].]é?T), and
this,in combination with an absence of calcium from incubation media
containing oxalate, might have a 1ed the chemical status within the

oells of rumen papillae. A change in cef] permeability to amino acids

was unlikely since the ca]cu]ated free amino acid concentrat1on of rumen
papillae could not account for the release of amino acids by rumen papillae
incubated with oxalate. An enhanced proteo]ys1s, with an increased supp]y
of endogenous substrates may explain the effect of oxalate upon the amino
acid metabolism of rumen pap111ae. It was difficult to determine if amino
acids other than those reported we;e released in 1argerlquantities by/;umen

papillae since the.concentrations of these amino acids was very low in

incubation media. l \ ' .

. ' l

5.9 In Vivo Approximations. , ,

Important asoects of the in vitro data on the metabolism of
rumen pap111ae were the synthesis of the. am1no acids alanpine, g]yc1ne,
serlne aspartate (plus asparag1ne) and g]utamate, and the conversion of
arginine to ornithine indicating yrea production It was not poss1b1e to
'determine unequivocally'whether glutamine was synthes1zed by rumen papillae.
The' finding by Hosh1no et al.(1966)" that g]utam1ne was catabolized to
NH3 -N by homogenates of rumen mucosa may explain the low recovery of added
g]utamine nitrogen as the nitrogen of glutamate plus glutamine or of amino
acids after 3 h ofnincubation. It would be difficult to estimate in vivo
~ nitrogen fluxes in rumen papillae as a result of amino acid metabolism from

in vitro data. At best, pathways of nitrogen (rumep fluid NH3-N) fixation

.,
\
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~and transformationstare indicated in this study.

5.9.1 The Fixation of Rumen Fluid Ammonia,
' Nitrogen by Rumen Papillae

/ - .
The synthesis of amino acids by rumen papillae, which most -~

likely entails the metabolism of ruminal epithelium, could constitute a
means for the f1xat1on of rumen fluid NH3 -N (?ig 36) | In order for a
synthesis of amino acids by rumen pap111ae to occur, n1trogen sources such
as rumen fluid NH3 -N and glutamate, and carbon sources such as propionate
and g]yoxy]ate must be. made ava11ab1e to the' tissues of rumen papillae.
Plasma glutamate (Fig. 36) may be used by rumen papillae as a
souree of amino groubsrin addition to glutamate synthesized 16 the tissue.
Synthesis of glutamate in the_]ﬁver using NH3-N absorbed from the rumen,
followed by traneport of this glutamate to rumen papille~. and tts use as
an amino donor, may: be an alternate pathway for the/ultiﬁategfixation of
NH3-N 5nto amino acids by rumen ‘papillae. Virtually all NH3—N absorbed
by the sp]anchn1c bed, of which the rumen mucosal tissue is a const1tuent

in sheep fed a high nitrogen diet was reported to be detox1f1ed in the '

liver and therefore did not reach the peripheral circulation (Wolff et al.

1972). From the data reported by Nolan and Leng (1972), approximately

25% of intraruminally injected [ N}&NH4C1 was retained in a body pool of

n1trogen w1th a slow turnover rate. Plasma g]utamate may be a component of
this as yet undef1ned pool of nitrogen which may in fact be a pool of
nitrogen that could supply amino groups for the synthesis of amino acids

by rumen papillae.

[

Prop1onate absorbed from rumen fluid would be expected to be the

primary source of carbon for the synthes1s ‘of alanine, serine, aspartate

plus asparagine) and glutamate. Organic acids such as pyruvate and s
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Fig.36. The possible pathways of fixation of rumen fluid ammonia
nitrogen into amino acids by rumen papillae. :
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and tricafboxylic qcid cycle intermediates‘aré“present in vaef'tissue
and plasma (Prior et al.1972) but at very low concentrations. Acetate, a
which is present in liver tissue and p]asma in high concentrations in
relation to other organic acids (Prior et al. 1972) d1d not 1nf]uence the
release of am1no acids by rumen papillae.

A possible source of,g]yoxy]ate in rumeﬁ tissue may have entailed
its synthesis from oxalate by bacteria‘ (Kornberg 1966). Plant material can
be a’source of oxalate (Long 1961). However Talapartra et al. (1948) reported
that the major product of oxalate degradation by rumen bacteria appeared
to be carbon dioxide.

_ The lack of an increased glycine release by rumen papillae with
hydroxyproline (Fig.24), or the two-carbon compounds g]ycd]a]dehyde,
glyoxal or glycollate (Figs. 14 and 15) does not, of course; preclyde the
converion of these compouﬁés to g]yoxylate in tissueS‘other than rumen
mucosa. Transport of this giyoxy]ate via the vascular system to rumen
pap11]ae might then constifute a source of two- carbon compounds for the
synthesis of g]yc1ne by rumen pap111ae (Fig. 36).

In ruminants (Wolff et al.1972; Cross et al. ]975) glycine is

present in plasma at a concentration h1gher than in monogastr1cs such as

‘rats (Yamamoto et al.1974). The concentration of plasma glycine increases

twofold when cattle (Brown et al.1961) or sheep (Cross et al.1975) are
fasted. There is a production of glycine by rumen papillae, as-reported
herein, in quantities about equal to alanine. In comparison to alanine,

glycine is rather ineffective as a glucogenic precursor; glycine and

-alanine contribdte 0.9% and 5.5% respectively of the Earbpn of glucose

turnover in fed sheep (Wolff and Bergman 1972b). Glycine synthesized by

rumen papillae may serve an as yet unknown function in ruminants.
7o .

L}
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5.9.2 Sources of Ammonia Nitrogen to the Rumen
. .

are pools of nitrogen that may contribute nitrogen to the rumen (Fig. 37),
Arginine was converted by rumen papillae te ornithine in vitro indicating
urea production. In vivo, the urea produced in the rumen mucosa would,
upon entering the rumen, be degréded to NH3—N through the action of

bacterial urease. Nhen rumen papillae were incubated tn the presence ofv

A

role of a carrier of nitrogen to the rumen microbes.
Bergman et al.(1974a) implicated the b]asma Fonstituents,‘arginine

and citrulline as carriers of nitrgéen betyeen the Tiver and kidneys of

sheep (Fig. 38). 1In their studies of amin acids metabo]ism,‘én uptake

of citrulline by the kidney was nearly balanced by a ﬁet output of arginine

“for fed or fasted sheép. As é result of the present study, a compartment

representing rumen papillae was added to the scheme 5§‘$$lustrated in

by urea produced from arginine by rumen mucosal tissye. "Arginine may then
be utilized in the transport of nitrogen to the rumen as a resylt of urea

production in the rumen wall. _ | -
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Fig.38. Possible interrelationships of the ornithine cycle amino
acids arginine, citrulline.and ornithine as cagriers of nitrogen
in the plasma of ruminants between the kidney, liver and rumen
papillae. (Interrelationship between liver and kidney from
Bergman et al.1974a; metabolism by rumen papillae, results of the
present study) -
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5.9.3 Rumen Pabil]ae as a Compartment Contributing to
the Interorganal Transport of Amino Acids -in
Ruminants - ‘ :

!

The‘nitrogen traﬁsformations that_may occur in rumen papillae as.

a resu]tvof aﬁino acid metabolism therein héve to this'point been considered
without regard td‘contro] of the quantities of amino acids metabolized._

In vitro,'fhe synthesis of amino acids by rumen papillae was influenced by
the concentratidn of added carbon substrates (glyoxylate, Table 13, Fig.

16; propionate, Fig. 28)'rather than by the concentration of added

NH3-N (Table 13). It would appear that the determining factor of amino

acid synthesis byd?uﬁén papillae in vivo could be the concentration of
carbon sources such as propionate absorbed from rumen fluid. The concen-
trations of arginine and glutamine in p]aﬁha, and bossib]y of NH3-N in§
fumen fluid, may influence the quantity of NH3-N reieased from urea produced

by the action of arginase upon arginine, or the quantity of NH3-N released
from glutamine. = | ‘

Although there have been quantitative in vivo tracer studies of the
movements of NH3—N out of the rumen into the rumen wall, and into the
rumen from the wall (Mathisbn and Milligan 1971; Noian and Leng 1972; .
Nolan et al 1976), the proportions of these movements that may entail amino
?cid metabolism in the rumen papillae %fe unknown.  In the present in vitro
~ studies alanine, glycine and 91utamatefkp1us glutamine) wer - quantitative]y
the.major amino acids produced by rﬁmeh.pap111ae;'these'cquld be products
of rumen wall utilization of NH,-N in vivo. On the other hand, it was
found fhat rumen papillae readily metabolized arginine and glutamine; these

conversions may play a role in pitrogen transport to the rumenzin vivo.
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APPENDIX A

PREPARATION OF INCUBATION MEDIA FOR AMINO ACID ANALYSIS

A

Compounds such as organic ac1ds, which themselves form esters,
carbohydrates and ionic components- interfere with the gas- 11qu1d
chromatographic ana]ys1s of amino acids (Gehrke et al. 1968; Gehrke and
Leimer 1970). A short isolation procedure, using a strong cation exchange
resin, was undertaken to remove interfering compounds before amino acid
derivatives were prepared.

Amino acids at pH 2.2 to 2.5 are strongiy bound to a sulfonated
po]ystyrene resin in the hydrogen form, while organic acids and p]asma
prote1ns rema1n unbound and. can be washed through the resin with water -
(Harr1s et al.1961). Ammonium hydrox1de was used to elute se]ectlve1y am1no

acids off the ion exchange resin.

Al. Charging of the Resin

The cation exchange resin was converted to the acid (H ) form
according to the method of Pe]11zzar1 et al, (1971) The resin, AG50W-X8
(H ) (200-400 mesh) (Bio- Rad Laborator1es Ltd.; Richmond, Ca]1f U.S.A.),

7. a sulfonated po]ystyrene was suspended in distilled deionized water with

N
st\rr1ng and the slurry was adjusted to about pH. 12 with 20 N NaOH. . Water

was" de10n1zed by passing d}st1]1ed water through a Barnstead demineralizer-
cartr1dge.(Sargent—we1ch §c1ent1f1c Company; Toronto, Ont., Canada) containing
multibed eation and anion exchange resins. After st1rr1ng for 20 minutes,
the resin was washed with distilled, deionized water until the supernatant

was about pH 7.0, and then converted to the acid form in a slurry of 6N HC].

N
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A second wash of 6N HC1 was used to complete the conversion of the resin
to the acid form. Enough 6N HC1 was added in each wash to suspend the
resin in a slurry while stirring. The charged resin was washed with
distilled, deionized wapgr until the supernatant was about pH 4.0 and was
stored in distilled deionized water at 0 C.

The resin bed volume used for each incubation was 1.0 ml and
represented 1.2 meq of exchange capacity (determined according to Harris
et,a].1961). lIon exchange columns were similar in cohstruction to those

used by Harris et a]'(196i).

A2. Isolation of Amino Acid for Analysis

| Incubation media,'contéinfngban internal standard and adjuéted to
\pH'2.2 to 2.5 with a 0.1 volume of.BNﬁacetic acid (Harris et al.1961), were
added to eachyco]umn of prepared jon exchange resin and washed iﬁio the
column with 0.5 m1 0.IN. acetic acid. The resin was washed with 10 m]
of distilled deionized water. Amino acids ﬁere eluted with 10 ml of 1IN

3

NH4OH fb]]owed with a 5 ml distilled deionized water wash into a 20 ml

teét tube held in ice. The fractioné were mixed thoroughly and divided into
two 13 x 100 mm culture tubes with teflon 1jned screﬁ caps (Canlab; Edmonfon,
A]ta}; Canqda), frozen.immediately at -3q Cénd lyophilized. The lyophilized
.residues were stored at -30 Cuntil amino acid esters were .prepared. The

culture tube With the lyophilized residues served as the reaction tube

for amino acid ester formation.

A3. Recovery of Amino Acids

' The recovery of amino acids from the ion exchange procedure

depended upon the normality of the eluting base (NH4OH) and upon the ability
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of the eluting base to displace amino acids from the ion exchange resin.
The recovery of all amino acids froh a standard solution represent{ng a
protein hydrolysate (Appendix B), except lysine and a}ginine was 90%
or better. An 80% recovery of each of lysine and arginine was achieved.

The use of NH4OH as an elutingagent at a concenﬁration 2N or
greater resulted in pobr recoveries of the basic amino acids lysine and -

arginine. Since the pKa's of NH4OH and arginine were not very different,

lydigas. to displace a:?inine from the

The recovery of all amino

- .7 K
acids from the resin was. maxi

.
-




APPENDIX B \

o

THE GAS-LIQUID CHROMATOGRAPHIC ANALYSIS OF AMINO ACIDS

Amino acids were analyzed as the isobutyl-N(0)-heptafluorobutyryl

esters using a modificationlof the procedure of MacKenzie and Tenaschuk

(1974).

B1 Instrumentation

& '
2500 gas chromatograph (Bendix Corporation, Process

, A.Bendix'

=y
Instruments Divi&{§}3 onceverte, West Virginia, U.S.A.) equipped with a

four column oven, four!flame-ionization detectors and dual differential
electrometers was uséd. Peak in}egration'values were obté}ned with an
Autolab Minigrator (Specf}a Physics, Technical Marketing Associates,
\Missis$uagaﬁ Ont., Canada) and the péaks were reproduced on a Fisher
‘ Recordall Series 5000 (Fiséher Scientific‘COmpany; Edmonton, Alberta,

- Canada).

B2 Preparation of Columns and Packing Material

A pair of glass co1umns, 3.7 m long and 5 ntn 0D were prepared to
conform to an on column injection of samples. ‘A column packing of 3.5%
‘.(wt/wt) 0V-1 on Gas-Chrom Q (80-100 mesh) (both OV-1 and Gas-Chrom Q”frbm '7%?/
‘Applied Science Laboratories Inc.; State College, Pa., U.S.A.) was prepared.
The OV-1 was dissqlved in redistilled chloroform oyernﬁght’and:added to the
salid phase in a r0und bottoﬁ}flask; excess chloroform was added to the

solid phasezsuch that the so]id_phase was completely immefsed»in the

3

143



144

chloroform sb]utibn. The solvent was slqwly removed under vacuum 06 a
rotary\evaporator. Glass wooﬁ was used to plug the detector ends of the
columns and the packing"matéria] was'added to each co]umn.'AThe‘coiumns
were'conditioned, and maintained when not iﬁ use, at ah oven température'of

+250 C and a nitrogen flow of 30‘m1/min.

-

B3 Instrumental Condftions

Inlet temperature 250 C
Detector femperature | 290 C .
Temperature brogfam . - 100 C for § min, 8 deg/min. to 230 C,
| 4 deg/min 230 to 260 C
Gas flows = Nitrogen 30 ml/min at 40 1b/in |
Air 360 ml/min at 20 1b/in2 L

Hydrogen- 40 ml/min at 20'1b/i52

B4 Reagents ‘ ? - _ _ J &

Isobutanol and methylene ch1oride, both obtained from,Ffsher
Scientific Company; were redistilled to a consfant boiling point.
Heptaf]uorobutyric anhydride was puréhased from the Pierce Chemical

Company (Rockford, IT1., U.S.A.).

[2a)

B5 Preﬁération of Isobutano]lHC1

Hydrogen chloride gas (Matheson of Canada Limited; Whitby, Ont.,
dandda) was bubBled through isobutanol until the alcohol was 3.0 N HCI.

The normality was determined by‘titration with 0;1 N NaOH.
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B6 Amino Acid Standards

o

A mixture of amino acids representing a protein hydro]ysate
(hydrolysate standard) containing the aming aclds L-alan1nef g]yc1ne ”y '
L-valine, L- threon1ne L-serine, L-leucine,” - 1soleuc1ne L pro]1ne, oL
L4neth1on1ne, L- aspart1c acid, L phenyla]an1ne L.glptam1c ac1d
L-lysine-HC1, L—tyros1ne Learg1n1ne.HC1 and L-h1st1d1ne HC] at 2.5
umo]es each per ml aqueous 0.1 N HC1y, and L-cystlne at 1.2 umo]es per ml
; aqueous 0.1 N HC1 was prepared These amJno acids plus the amino ac1ds‘

L- asparag1ne H20 L- g]utam1ne L-cyste1ne hydroxy-L- prol1ne and

L- tryptophan were obta1ned in K1t Number LAA 21 from Sigma Chem1ca]
Company (St. Lou1s, Mo., U. S A. ) Addit1ona] amino acids. purchased were-‘”
L- orn1th1ne HC] and'L-c1tru1]1ne from. §1gma Chemical Company,
cyc]o]euc1ne (1-am1nocyc]opentanecarboxyl1c ac1d) from A]dr1ch Chem}ba1h
Company (MiTwaukee, Wis. ,rU S A, ) and D L 0 phosphoser1ne and L- norleuc1ne
from Ca1b1ochem.(Los Ange]es, Ca]if U S A. ). Cyc]o]euc1ne was the

le

internal standard for al] preparat1ons of Ser1es I to Ser1es VI

-K
o

-

‘JB7 Amino Acid Preparatlon for Chromatographx

o

All react1on5 were carr1ed out in 13 x ]00 mm - cu1ture tubes - w1th
teflon lined screw caps (Can]ab; Edmonton, A]ta., Canada): Two water baths
(Prec1s1on Sc1ent1f1c Company; Ch1cago, I]] ., U.S.A.) conta1n1ng a bath
medi um of ref1ned rapeseed 011 were adJusted to either 100.2 2 C oril

P

150 + 3 C.
. o - | , o

For a-standard mixture of amino acids in aqueous 0.1 N HCYV,without

ion exchange preparatﬁOn,”the procedure for ester forma;ion Was'started at

Part A (below). Lyophilized preparations, after ionsgkchange preparation .
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(Appendix A) of a standard mixture of amipo_acids or of incubation media
were started at Part B (below). | |
A. Removal pf Water. A 100 ul sample of amino acid standard
: and 100 u) of internal standard (2;5Mumo1e§,,per ml aqueous 0.1 N HC1) were
added to the reaction tube and dried?in a vigorous stream of nitrogen at
room temperature. A A
B. .Isoﬁhtylatioﬁ. Two hundred microlitres of isobutanol -

. 3.0 N HC1 was added to ‘the dry amino acid residues. The tube was gently
flushed with nitrogeh, capped tightly, and}mixed for 15 seconds on‘a Vortex
mixer (full speed). After esterification in an o0il beth_at 100 C for 30
min, the reaction vessel was removed from the bath and the isobutylation
reagent was eveporated to dryness under a stream of nitrogen. |

| C.  Acylation. Two hppdred.microlitres of heptafluorobutyric
anhydride (H?BA) and 100 pl of methylene chloride oie e”ded-to the dry
ispbuty] esters. The tube Was gently flushed witr’nitrogen and capped
tight]y. The m1xture was a]]owed,to react in an oi? heth-at 150 C for *b._
-min and was .hen cooled to room temperature. . The acylation reagent and
.solvenf Were evaporated under a gent]e stream of ‘nitrogen. |
Redction tubes with dry eﬁiﬁp.acid esters werevflushed with”

nitrogen, tightly capped and stored tempprarily in an ice bath, or in a

freezer at -30 C untii the esters were chromatographed. Before injectipn;“f'“

the der1vat1ves were d1sso]ved in 50 ul of methylene chlorwde In alg

cases one pl of HFBA Was co1nJected with the am1no ac1d esters. ﬁ{§;p

‘}'A.,...}Bﬂ ,_;@h’no Ac1d Analyses o r
H1th the gxcept1on of histidine, amino acids present 1n a prepared

o /J
B I
. S
,:

r%
stana%rd m1xture representing a protein hydro]ysate produced a s1m1lar .

S . . o

)
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L
chromatogram (Appendix Fig. B1) to that reported by MacKenzie and
Tenaschuk (1974). Coinjections of HFBA resulted in histidine be1ng ;
chromatographed between pheny]a]an1ne and glutamate, vhile co1nJect1on
with acetic anhydride (MacKenzie and Tenaschuk 1974) resulted in histidine
being chromatographed after arginine (Appendix Fig. B1).
. A chromatogram of amino acids'from an incubation withou* add~d
o n1trogen or carbon substrates is presented in Appendix Fig. B2. The amino -
G acyﬂs o;‘lnterest in this preparatlonkare alan1ne g]yc1n$s serine,
;wy espartate plus asparag1ne glutamate plus g1utam1ne, orn1th1ne and arginine.
y ‘Hydroxyprol1ne wou}d be cbrOmatographeq at the position marked 1n Appendix
\ F1g ‘B1; th1s p051tion relat1ve 'to the other amino acids 1s in agreement

: w1th MacKenZIe and. Tenaschuk (]975)

89 Limitations o? Amino Acid Analysis

%

s ‘No d1ff1cu1t1es were encountered w1th the analysis of alanine,

glycine or hydroxypro]1ne

The amides, g]utam1ne and asparag1ne were chromatographed as the

9

d1carboxy11c acids, g]utamate and 1spartate respect1ve1y With a standard

mixture of g]utamate, g]utam1ne, aspartate and asparagine,'two and not four

-

peaks were found in the chromatograms Acid ca]a]ys1s, in 1sobutano]——HC1

13

at 100-C, would have caused the re]ease of the amide group w1th the respective

~

d1carboxy11c acid be1ng formed (Morr1son and Boyd<1972)
Phosphoser1ne and ser?ne had the same retent1on character1st1cs
It appeared that the phosphate group was cleaved from phosphoserine to
' form serine quant1tat1ve1y under‘fﬁe conditions of amino. ac1d ester.

N

: format1on - ‘ o
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Appendix Fig.Bl. A typical chromatogram of the isobuty]-N(O)-hebta-,
" fluorobutyryl esters of amino acids that may- be present in a protein
hydrolysate with cycloleucine as the internal standard. The positions
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of hydroxyproline,and histidine with a coinjection of acetic anhydride,

relative to the other amino acids, were noted. Injection of 5 nmoles
of each amino acid except cystine at 2.5 nmoles, coinjected with
heptafluorobutyric anhydride (HFBA). €olumn:3.5 % OV-1 on Gas Chrom Q
(80 to 100 mesh), 3.7 m X 5.m OD glass. Conditions: 100 C for § min,
8 deg/min-to 230 C, 4 deg/min 230 to 260 C, :

Q
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Appendix Fig.B2. A chromatogram representing the gas-liquid chromato-
graphic analysis of amino acids from an incubation of rumen papillae
with no added nitrogen or carbon sources. Conditions noted in Appendix
Fig.B1. '
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Ornithine‘wés quantitatively chromatographed as a sihg]e peak.
During derivative formation citrulline breaks qown and yields‘orﬁfthine;
this conversion of\citrul]ine to ornithine waslincomp]ete.

The comﬁléte conversion of glutamine to glutamate and asparagine
to aspartate, and the incomplete conversion of citrulline to ornithine has
recently been reported by Siezen and Mague (1977).

" The coinjection of:HFBA was neceséary‘to obtain a repeatable
recovery of thenestgrs of serine and arginine. It was believed that the

HFBA forced the acylation reaction to completion in the injection port
: VY ey '
. TR :

at 250°C.



APPENDIX C

THE NON ENZYMATIC CYCLIZATION OF GLUTAMINE TO-

e

PYRROLIDONE CARBOXYLIC ACID

] Gilbert et al. (1949) demonstrated that the non-enzymatic cycli-
zation of glutamine td pyrrolidone carboxylic‘écid (PCA; Reaction 1, Fig.
“35), is acce]eratéa in the presence of bicarbonate or phosphate. .To
determine th'much of the g]utamine.added to incubation media (fncubafion
of Series II, Figs. 11, 12 and 13) is cyclized to PCA, a solution of 1 mM
glutamine in Krebs-Ringer Bicarbonate (KRB, adjusted to pH'7.0) was analyzed
with and without incubation at 39 C for 3 h. |
C1 * Behaviour of  Pyrrolidone Carboxylic Acid

During the Ion Exchange Procedure for
Isolation of Amino Acids

Owens et al.(1953) used Dowex 50 in tﬁe acid (H+) form to separate
émino acids from thé organic acids_present.in the jué%%spf sugar beets.
The PCA present in the sugar beet juice waS’recbvereﬁi%h the effluent water o
wash fractions witﬁ the.organic acids but not in the amino acid fractions o
which remained bound to'Ehe Dowex Sb (Hf) jon exchange resin.- Both the
Dowex.SO‘(H+) usedvby Owens et a]_(1953) ahd the AG 50 W (H+) ;sed'to isolate
amino acids from incubation media in this study (Appendix A) are sulfonated
polystyréne ﬁation exchange resins. In so]ution‘at a pH 2.2 to 2.5 gluta-
mine was bound to the resins, while PCA would have passed through With
the first IO ml wash fraction. Glutamine was recoveféd from the resin byi\

elution of the column with I\N/NH4OH.‘

£
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C2 Analysis for the Disappearance of Glutamine
From a Solution in Krebs-Ringer Bicarbonate

Glutamine was isolated and determined quantitatively according

to the methods presented in Appehdices A and B. ' o,

A 4 ml volume 1 mM'g1utamine in KRB (source of buffer hhemica]s,

Table 3) was incubated for 3 h using the procedure described for rumen

papillae in the Materials and Methods section. -A 1 ml volume of cycloleucine
'internal standard was added to 2 ml of glutamine in KRB that had been
"incubated for 3 h at 39'C; a? m; aliquot of glutamine in KRB that had.not
.been incubated, was also breparéd. The glutamine in KRB, with added

internal standard, was adjusted to pH 2.2 to 275 with 8 N acetic acid

' (Harris et q};]QG]) and glutamine was isolated from a 300 ul aliquot of

this mixture.

~

c3 Losses.of‘GTutamfne from Krebs-Rigééﬁ@charbdhate‘

The loss of glutamine in the three days bef&réféna1x§is for:
-glutamine was 20% ofxthat present in a prebared 1 mM solution of glutamine
~in KRB. THis waS'fqllowed by.a further loss of 6% of the 1 mM glutamine
in KRB after incubation for 3 h at 39 C. Cyp]ization of g]ﬁtamine to PCA
might account for the disappearance of 26% of the 1 mM glutamine included
with the carbon éources glyoxylate (Fig. 11), pykuvate*(Fig.'TZ) and

propionate.(Fig. 13) in the incubatjons of Series II.

X ¢



Appendix Table 1. Percent dry matféf of rumen
papillae used for the preparations/of Series I -
to Series VI. /

Series Day © Percent Standard
Dry Error
Matter
I 1 17.7 0.2
2 18.6 - 0.2
-3 18.3 0.4
Il 1 17.1 0.3
2 17.9 0.2
3 16.1 0.1 » D
111 1 19.5 0.2 )
.2 8.2 0.4 v
3 18.0 0.3
IV 1 17.9 0.3
2 18.5 0.3
3 19.8 0.1
v 1 18.6 0.3
2 17.5 0.3
, 3 16.1. 0.3
vl 1 18.0. 0.5 _i;
2 17.9 0.3°
3 19.1 0.3
8 0.2

Average (n=18) 18.0

—~
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