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BPREVIATIONS USLD

ATE idenosine 5'=pyrophosphate

P idenosgine 5'=phosphate

ATP idenogine 5'-triphosphate

D4 Teoxyribonucleic acid

RaD Nicotinamide-adenine dinucleotide

mez Dihyéronicotinenide-adenine dinucleotide
N Micotinamide-adenine dinucleotide phosphate

NALPH 2 Idhydronicotinsmide-adenine dinucleotide phosphate

N fdcotinanida mononucleotide
PPi Inorganic pyrophosphate
RHA Ribonueclelc acid

tris 2= fimino=2-hydroxyme thylpropane~1 ,3~diol
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1e Specific engymic assays by direct spectrophotometry
for both the oxidized and reduced forms of nicotinamide-adenine
dinucleotide (NAD) and of nicotinamide~adenine dirmucleotide
phosphate (NADF) are described. Methods for extracting these
. goenzymes from animel tissues were investigated and the use of
ﬁriohlometie acid at 0° for the oxidized coenzymes and of
Oe1 M-sodium carbonate at 100° for ths reduced coenzymes wes found
to te the most satlisfactory procedure.

2. 'The concentrations of these coengymes were determined
in the livers of prenatal and postnatal lambs and adult shsep
and of postnatal end adult rats, During the normal growth of
the liver in both gpecies, the concentretion of total nicotinemide
nucleotide coenzymes increased and reached a maximum value as
development ceesed. The total asmounte of these coenzymes in the
liver were coipared by using a regression snalysis with different
paraneters as measures of the relative stege of meturity and of
the growth rate of the liver.

3. The coenzyme ratio, ([Nap] + [NDH,]) ¢ ([NaxF] « (KamFH,)),
foll from about 6«10 in the livers of prenstal and newborn lambs
to 2«4 in the older lembs and adult sheeps 1in the liver of the rat,
this ratio fell from 2.4 in the young to 1.3 in the mature animal,
It is migrested that & high coengyme retio is charecteristic of
mammalien liver in the perienatal snimal.
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4, The concentration of H4D was higher in the adult-sheep
liver than in the rat, and the concentration of r&mzﬁz was higher
in the rat liver. This difference in proportions of NAD end of
Nmz mey reflect a comparative emphasis on oxidative metabolism
in the liver of the sheep and on reductive gyntheses in the liver
of the rat,

5. The rates of reduction of NAIF in the presence of
glucose G-phogphate, of 6ephosphogluccnate and of glucose plus
adenosine triphosphate were determined in liver homogenates from
foetal, newborn and young lambs snd from adult sheep and rats.

In each case the rates decreased during development of the lambs.
The higher enyymic activities in the livers of the young lenrbs
are consistent with the hypothesis that many aspects of the carbo~
hydrate metebolism of the young lash differ from those of adult
sheep and more closely resemble those of non-ruminants.

6. Hethods of preparation and some enzymic reactions of
nicotinic acid nueclectide and of nicotinlc ecideadenine dinucleotide
were studied, The products from & method of combined chemical and
enzymic preparation were compared with the naturally occurring
compounds. Nicotinic acid nucleotide and ATP were converted
quantitatively into nicotinic acid-adenine dinucleotide and
pyrophosphate using ATP:NMN-adenylyltransferase. This dinucleotide
and that prepared from NAD snd ethyl nicotinate by an exchange
resction using NAD(P) glycohydrolase, had the same R, in two solvent

gystems and were converted into HAD by NAD sgynthetase.
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7o The preparation of pure nicotinic acid-hypoxanthine
dinucleotide is described and the quantitative cleavage of the
pyrophosphate bond of nicotinic scid-adenine dinucleotide is shown.

8. The possibility that nicotinic acideadenine dinucleotids
is a substrate of NAD kinase, or inhibita this engyme was investigated,
No inhibition wae found, nor was any compound with the expected
properties of nicotinic acid-adenine dinuclecotide phosphate

(an analogue of 4%} observed on electrophoresis or chromatogrephy.
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PREFACE

Some agpects of the work reported herein have been
publighed as follows @

*oynthesls of Nicotinie seid Buoleotide and of Nicotinamide
Nucleotide by Iiver and by Maige Roots" M, R. Atkinson, F. Ceiger,
E. K. Morton & . V. Ramekrishnen, (1961). /mst. J. Sei., 24, 138,

*4 Comparative Btudy of Ricotinsmide Nucleotide Coenzymes
during Crowth of the Sheep and Ret" P, Calger, k. K, Norten,
Qo He Pilsell & I, G. Jarrett, (1962). Biochem., J. 85, 35%.

"Nicotinamide Nucleotids Coenszymes and Glucome letabolism
in the Livers of Foetal and Newborn lLambs* ¢, H, Filsell,
I. Go Jerrett, K. R, Atkinson, P, Caiger & R, K. Morton, (1963).
Elochem, J, 89, 92.
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Ihe Helstionshdp of Micotinamide iucleotide Coenzyme Concentrations

o Hates of Cell Uivision

The work described in this thesis was peart of an investigation
of pyridine nucleotide metsbolisn and cell division ihat was
initiated by the late lrofessor <. K. Horton.

Branster & dorton (1956) isolated muclei fram livers of mice
st various stages of development and from msmusary glends end tumours.
They measuxed the rate of formation of nicotinemide adenine
dinucleotide [ HAD] from nicotinemide mucleotide | M) and adenosine
triphosphate [ 4T°] in the presence of these muclei, and found lower
rates with nuclel from foetal livers than with those from the livers
of adult uloe; nuclel from bwwours hed less activity then those from
corpereble no:mel adult iissue (Por o detalled discussion see
Seetion I1},

Forvterg (1950) had shown that formation of ML frow 47 and
WV wes catalysed by an adenylyltranaferase ! 'pyrophosphorylese') in
liver and in yeast, and Hogeboom end Schneider (1952) found tret the
activity of this ensyme (ATP:NVN adenylylirensferase, EC 2,7.7.1)
wae elaost entirely in the nucleer fraction of mouse liver, it now
ssems likely that nicotinic acid mucleotide is the essential

intermediate in the bicsynthesis of nicotinanide nucleotide COBNEYmMe s,
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tryptophan ——« hydroxyanthranilate - non=cyclic precursors

quindlinste “ ATF b 1

x}icotizﬁ.c‘: acid ——I—Lﬂ.catinic acid~

nicotinate
nucleotide adenine dlnucleotide
glutauine + AW  —ro
glutamate 4 A 4 Fi P
nicotinamide — — - nicotinanide — — migcotingmi de-
nmuclectide ]_ sdenine dimicleotide
ATF a—if«i l

other nicotinamide
coengymes

4 major source of nlcotinic acid nucleotide is probsbly the

reaction:

guinolinate 4+ Sephosphoribosyl
pyrophosphate

nicotinie acid ¢ pyrophogphate
mucleotide

(Gholson, Ueda, Ugesawara & Henderson, 1964), though this reaction
sould not be shovm in s number of animal tissues by iakamura, Ikeda,
Tusji, Kishisuka & Hayeishi (1963). uinolinate is formed from
tryptophan in reactions involving hydroxyanthranilate (liteckell &

Hye, 1948; Decker, Fang, lemch . Henderson, 1961). iicotinte ecid
nucleotide is alse formed dirsctly from nicotinate and phosphorivesyl
pyrophosphate (Freiss & Hendler, 1958a, 1950b; Imsende & Handler, 1961)
although the sctivity of the corresponding ensyme in an extract of
acetone powder of pig liver is only & twentieth of the asctivity of
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the enzyme that converts quinolinate into nicotinic acid mucleotide
(Gholson gt al. 196kj, The resction measured by Lranster & rorton
{1956) is cetaiysed Ly the enzyme that converts nicoiinic acid
anucleotide into nicotivic scid-sdenine dinuclieciide {(irelss « Handler,
1958b,;. Although the licheelis coustants for aicoulrie scid aucleoctide
and nicotinmuide nuclectide are sizdler and the mexiuum velocity of
nicotinenide~adenine dlnucleotide formation is slightly greater thsn
thet of nicotinlc seidesdenine dirucleotlde Tormetion {(itidinson,
Jackson & lorion, 1961; Jackson, 1962, ihere is no evidence that the
former reaction tskes place in physiological conditions, Formation of
ticotinanide nucleotide {rom nicotinemide sud phosphoribosyl pyrophosphate
has been shown in erythrecytes, but the righ Michseiis congtant makes
this resction of doubtful physiclogical significance (Freiss & Handler,
1957). There is aleo little inforwstion on the physiologicel
significance of ithe reaciion sequence:

nicotinamide + ribose 1~phogphate

v
ricotinand de

ribeside

]

nicotinnud de
nicleotide

desoribed by Rowen & Kornberg {1951) and Fornberg (1951).
any early sugresiions that nicotinamide derivatives were
intermediates in the blosymthesis of nicoiinemidew-sdenine dinucleotide

followed from the observation that nicotinamlde was repidly converted

into this coenzyme in liver (for a review see Xaplan, 1961). It new
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seems likeiy that hydrolysis of nicotinamide to nicotinate by
nicotinamidase and conversion of nicotinate into nicotinic acid
mucleotide asccounts for these observations (Fetrack, Greengard,
Cranston & £elinsky, 1963). Although subsequent discoveries make
it unlikely that Sranster & iorton (1956) were using physiological
sabstrates there 1s no reason to suppose that thelr assays did not
indicate the relative sctivities of the nuclear adenylyltransferase
wiﬁich is essential flor the biugynthosls of nicotinle seid adenine
dimclmtiée in the tizsue thet they studied.

vorton (1958) related his observations of low activities of

adenylyltrensferass in embryonic end tumour tissues to previous

observations tha wars contained lower concentrations of nicotinamide
adenine dimucleotide than did comparable normal tissues, He proposed
that the sctivity of the transfersse in the mueleus limited the supply
of nicotinendde~zdenine dinucleotide to the cytoplasm and thus limited
the axtent of growth of the cytoplasm, It was suggested that lack of
coenzyme in the cytoplassm initiated cell division, leading to a
correlation of high divislon rate, low coengyme concentration snd low
activity of the nuclear edenylyltransfersse. Dawking (1959) found
that the sdenylylirangferase activity and the nicotinamide-adenine
finucleotide content of adult rat liver were sbout three times as
great as those of fostal liver,

These results indicated the need for a more camplete study of

the concentrations of the four mucleotide coenzymes in normal tissues

at verious stages of srowth end development.  The most gultable
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animels availsble to us for this study were lambg, sheep and rats.
The livers of foetal lambsz are large encugh te provide enough tissue
for the assay of ths coenzyme from & single liver, and the larger
senple permitted the messurement of a number of other parameters
(dry weight, nitrogen, nucleic acids, and muber of maclei,. #ith
large numbers of animels the rate of growth at any stege of development
could be celculated from the rate of change of the selected parameter.

4 major objection to Morten's (1958, 1961) hypothesis was the
lack of evidence that the adenylyltransferase is the rate-limiting
enzyme, (cf, Section LI} snd nevel « kandel's (1962} observation that
& high concentration of nicotinamwide-adenine dinucleotide is correlated
with & low rate of gynthesis of nuclesr ribonuclede scid way be sore
relevant tc processes of control of growth, The possibility that the
nuclear iransferase has other catalytic sctivities must alsc be
consgidered, particularly as nicotinamide monomucleotide at a concentration
of 20uk causes e 140-fold stimalation of conversion of adencsine
triphosphate into polyadenylate in the presence of « preperation from
liver nuclei, while 2mM=MN causes a 1000-fold stimulation (Chambon,
teill & Mandel, 1963).

Accurate measurement of the concentrationg of ihe foux
nicotinemide micleotide coensymes in tissues has presented uany
difficulties, and when the work described in this thesls was coumenced
it waz necessary to find gestisfactory methods for the extreotion and
assay of these coenzymes., The first section of the thesis describes

specific enzymic assays by direct spectrophotometry in conditions
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suitable for use with the concentrailens of ithese cospounds in animal
tissues, It alse desceribes experiments to find the best sxirsction
procedurs. Ixtracticn of oxidized coenzymes with trichloroscetic
acid at 0% and of reduced coengymes vwith 0,1 li=sodium carbonate at 100
wae found to be the most satisfactory procedure.

The second section of the thesis describes the spplication of
these assay methods to samples of liver from about 75 lambs and sheep
and from sbout 50 rats. This section also describas the methods used
and the results cbtained in measurement of deoxyribomucleic scid,
ribomicleic acid, total nitrogen, and mumber of nuclei/liver, together
with other measurss of growth (dry and wet weight of liver, body weight
of animal and ‘crownerump length' of foetal and newborn lambs), The
total amounts of the nicotinamide rmucleotide coenzymes in livers of
sheep and rats during development were compared using & regression
snalysis with different parameters (e.z. liver dyy weight, total
nunber of nuclei/liver, calender age, and body weight, as messures of
the reletive stege of maturity of the animal.

Muring the normel growth of the liver in both shesy and rats
the concentrationg of the totel nicotinamide mucleotide cosnzymes
increased and reached a maximum value as development ceased. I the
adult liver of boith rats and sheep the contant of total coensymes/
micleus was of the same order {spprox. 490 wmnlea/‘log micled j, and
about twice the value found in the livers of the young endmals,

The concentration &f KAD was higher in the adult shoep liver

thar in ti2 rat, whereas the concentration of reduced nicotinanide-
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adenine dinucleotide phosphate {Hmz} was higher in the rat liver.
The coenzyme ratioc,

(laaz] o (Bazy] ) s (Lname] o Lnamiy]),
fell frow velues of 6~10 in the livers of pre-nstel and newborn
lanbs to values of 2% in older laxbs and adult shesp. In the rat
this coenzyme ratic in the liver during develoyment fell from sbout

2.{0- in the young to gbout 1,3 in the nmature animel.

m;qtim de Nucleotide Cosnsymes and Carbohvdrate istaboliam in
the liver of he Developing Lemb.

¥hile the reslts in Section II were obtained in an attespt fo
test some aspoots of Morton's (1958, 1961) muggestions sbout coensymes
and growth , they are alsc relevent to studles of the meteboliasr of
runinants,

shereas adult sheep derive most of thelr energy requirements
from the lower fatty acids, young lawbs rely to a grest extent on
exogenous carbohydrates and higher fetty ecides that are constituents
of the ewss' milk (of, innison ¢ lewis, 1959; Lindsay, 1959). In the
young lemb, during the limediate post-natal periocd, many aspects of
garbohydrate and fatty acid metebolism differ from thoze of adult sheep,
and more closely resenble thwse of nonerusinants (Jarrett & Fotter,
1952; Jarrett & Pilgell, 1960, 1964} Jarrett, Jones & Fotter, 1964;,

In the young land the bloodeglucose level is comparatively
nigh {90 mg./100 ml,) and falla to sbout helf this value in the adult;

a similar fzll ccours in the rates of utilization of glucose and
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scetate by the whole animal., ‘the glucose pool and the sensitivity
to insulin of the animal and the hexokinase activity of intestinal
micoss also decrease during growth of the leanb {Jerrett & Filsell,
1958), In contrast to this the concentration of volatile fatty
seids in the blood incresses during development (Heid, 1953), as
does ihe cspacity of ruminal epithelium and of liver to produce ketone
bodies (Veidsmann, 1962). The concentration of coensyme & in the
;iver of the growing lamb slso increases, resching the adult level at
about 6 weeks after birth (Jarrett & Filsell, 1964), The relationsiip
of metabolic pathways to the need for oxidized or reduced NAD and
KAF are disoussed in 3ection III,

Since HATRR,, is required for a nunber of reductive gynthetic
pathways (Iickens, 1961; Lowenstein, 1961) the formation of this
compound Ly enzymlc reduction is of great importance in the control
of metasbolic processes, {ne of the mein sources of Ifiz.?‘)ﬂ‘fz in
tissues of non~ruminants is the oxidation of glucose G~phosphate

and E~phosphogluconate :

NATP Zﬁmﬁz
glucose | ? » G-phosphopluconate
6=phogphate _
Ay
ﬁ!&fﬁ?ﬂa
ribulose S-phosphate + CO

2

ané the corresponding resctions have been shovn in sheep liver
{#clesn, 1958; Heggi , Hansson, Simesen, Kronfeld & Luick, 1961).
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The utilization of glucose by liver requiree its prior phosphorylation
but Gallagher & Buttery ({1959) were unsble to dewonatrate plucokincse
activity in liver homogenates from newborn lembs and adult sheep.
In the studies reported in Section IIl, rates ¢f reduction of HADF
with glucose G-phosphate, with 6-phosphogluconate, and with glucose and
ATP were meamuwed in the presence of exirscte of livers irom foetal
and post-natal lssba and adult sheep., In all cases the sctivity of
6-phosphogluconate dehydrogenase was greater than tne activity of

glucose 6-phogphate dehydrogenase, and this was greater than the

sctivity of glucokinase.

The glucokinage sctivity with extracts of foetal and newborn
lamd livers were of the ssme order as those found in adult rats and
masch Migher then those found in extracts of livers from adult sheep.
The sctivities of both dehydrogenases also Jdecressed during development
of the livers of ihese animaels.

Preliminery experiments were carried cut to find if contimuous
intravenous infusion of glucose, acetate or propionste for periods up
to 10 days would change the concentirations of the nicotinamide
micleotide coenzymes or of the engynic activities assoclated with
reduction of NAIF in livers of adult gheep, It has not been possible
to use large enough groups for statisticel comparison, but the animals
that were infused with glucose showed e decrease in NAD concentretion
and some incresse in apperent glucokinase sctivity with respect to
snimals infused with saline, iAnimale infused with acetate had much

lower spperent glucokinase activity than those in the other groups.
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Synthesis and Froperties of jiicetinic Agid Mucleotides.

#ith Preiss & Hendler's (1957, 1958) obeervation that
nicotinic acid nucleotide and nicotinic scld~adenine dimuclsotide
were intermedlates in the bilosynthesis of Nil, a nsed arose for
supplies of these compounds in sufliclent g antities for kinetic
studies and for the development of analytical methods, ynthesis
and examination of thesze compounds is desoribed in Secotion IV,

Serlupi-Crescenzi & Ballio (1957, isclated nicotinic acid-
adenine dimuclectide from Fenicillium chrysogemum and from erythrocytes.
They wade the same coupound in an exchenge reaction with nicotinate,
NAD and nicctimms.de-aéanim dinucleotidaee from spleen (a resction
with a very low yield), The dimicleotide was identical with
‘Compound 1I', which Preiss & Handler (1957) isclated in a redicactive
form as & metabolite of [“"C]-niaotimte in extracts of erythrocytes
and yeast, Lamborg, Stolmenbach & Kaplan {1958) obtained the
dinmicleotide by the exchange resction of ethyl nicotinate snd HAL,
followed by mild elkaline hydrolysis of ethylnicotinate-adenins
dimucleotide.

Nicotinic acid mucleotide has been extracted from yeast
(Wheat, 1959) and from Fusarium (Pellic & Russi, 1959); it has also
been prepered from nicotinie acdd-adenine dinucleotide of enzynlc
origin by hydrolysis with potato pyrophogphatese (Fallio & Zuasi,
1959).

& more direct preparation of koth nucleotides wes developed

in thie Department, and the finel section of tids thesis reports
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evidence that the products vbtained by the new metbod (stkinson &
Korton, 1960, are identical with the intermediates of the biosynthesis
of NiT,

Mitrous gcid or 1 in amyl nitrite convert NAD into
nicotinami de-hypoxsnthine dimucleotide but do not convert the amide
group into e carboxyl group. IMitrous enhydride converted nicotinamide
micleotide into nicotinic acid micleotide and Kil into nicotinic szgld-
hypoxsnthine dinucleotids, The dimucleotide was hydrolysed by
potato pyrophosghatese to nicotinic acid nucleotide and inosine
Sephosphate., Hicotinic acid nucleotide and ATP are converted
cuantitatively into nicotinic acid adenine dinucleotide and
pyrophosphate.  Micotinic acid-adenine dinucleotide was also prepared
by @ modification of the method described by Lambory gt al. (1958).

leotinic acid-adenine dimucleotide prepared by the two
methods had the =same I“&g, in two solvent gystens and was converted
into NAD by KAD synthetase in the presence of glutamine and AIP,

To investigate the possibdlity that nicotinic scid-adenine
dinmucleotide is & subsirate of Nal kinase or inhihits this ensyme,
formption of NAIF from MiD and ATY was measured at two levels of his
and four levels of nicotinic scid-adenine dimacleotide, There was
no inhibition, nor was any compound with the sxpected properties of
chootinio scid-adenine éimicleotide phosphate (the nicotinio acid
snelogue of NATP) observed on electrophoresis.

In a preliminary attempt to protect the amino group of NAV
during conversion into a nicotinic acid derivative: the Nill was

treated with scetic anhydride in pyridine until free of coenzyme
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activity. tubsequent treatment with nitrous anhydride followed
by removal of aoetyl groups with dry awmonia in methencl geve
nicotinic acid nuclaotide and 47, This quantitaiive cleavage
of the pyrophosphate bond by acetic anhydride in pyridine prevented
synthesis of the nicotinic scid snalogue of Hal¥, but provides a

useful non-engymic clesvasge of pyrophosphate coenzymes,
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Kessurement of the Higotinamide Iucleotide Coensyme Content
of indmel Tissues
(a) sthods of Determination
in tion

With the realisation of the lmportance of these cosasymes in
wetabolism, many methods for their detection and assay have been
described in the literature during the past thirty years, In
sttempts to fulfil two important criteria on which the value of an
analytical biochemical procedure can be asseased = that the method
be gpecific for the compound belng deterwined and sufficiently
gensitive to ensble sssays to Le carried out on suall amounts of
tissue - methods have been developed which involve microblal aseay,
polarogrephy, mancmeiry, spectrophotometry and fluorimetry.

&lthouyh an adequate extraction procedure must be used
before the mucleotide coenzymes in a tissue sre determdned, it l1s
convenient to discuss methods of measurement of concentrations of
coengymes before conzidering methods of exiraction, since the former
are needed to mssess the adequecy of the extraction procedures.

The practical 1imit of direct spectrophotometry, whan
determinations of nicotinasmide nmucleotide coenzymes are carried
out udng a lightepath of 1 cm, and & wavelen,th of 340 mu, iz of
the order of 1077k, Fluorimetry can extend this limit to sbout

8}:’ and manometric techniques have been uged to measure as little

a8 2 % 10‘1 zmle of NAD, Enzymic cyeling combined with fluorimetry

10"

permits determinstion of these coenzymes at concentrations as low
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as 10~% {(i.c. 10" Vuole of coenzyme] snd could possidbly be extended
%5 the determination i0-'° mole of coenzywe. Tris would bring the
determination of the coenzyme content of individual cells within

the =scope of assay nystems.

The chemistry of these coengymes and many of the assay aystems
availsble have bean reviewed by Schlenk (1945, 1952), Singer & rearney
(1954) and Keplan (1961) and Fawcett (1963). Ciotti & feplan (1957)
and Lowry & Passonnesu (1963} have given useful summaries of many
sssdy systems in which fluorimetry and spectrophotowstry are used.

ophilus influenzae
followed from the discovery by Lwoff & ilwoff (1936, 1937) that

the development of a microbial aseay with Haew
nicotinsmide micleotide coenzymes were a growth factor for this
organism (see Kohn, 1938, 1940; Fittmen & Frager, 1940; Hoagland &
Sard, 1942; Hsndler & Kohm, 1943), Gingrich & Schlenk (154h)
nsasured ihe rate of change of turbidity of cultures and showed that
this was proportional to the amount of coenzyme present. Although
concentrations of 5 x 10" kbl or 10"&}3-@ #F could be determined,
the pssay system is non~gpecific end requires only the fe-nicotinami de~
rivosyl molety {see also Dachur % Xaplen, 1968}, A polarogrsphic
assey for nicotinezide nucleotide coensymes wae developed Ly
Carruthers & funtzeff (1953), but has not been widely used,

iseay systems currently fevoured depen” on the use of specific
dshydrogenases for the engymic oxidation or reduction of the coensyme
moiety being determined. Since the oxidized formg of the

nicotinmnide micleotide coenzymes ere destroyed et nigh pH, and the
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reduced forms are destroyed at low pH (see Schlenk, 1952; Lowry,
Fassormeau & Rock, 1961), use of samples treated with alkali or
acid and then with a delydrogenase that is specific for HAD or with
one specific for HAIF will result in completely specific aseays for
both of the oxldized and reduced moieties.

The methods fall into two groups : those that depend on limiting
the rate of enszymic reaction with a coenzyme and those in which the
sbeolute arount of enzymic reaction ie limited by the complete
oxidation or reduction of the coenzyme,

(i) (Xethods based on rates of enzymic rssctions

These assays depend on a gystem of coupled ensymes by which
the coengyme is alternately oxidized snd reduced and the rate of
sccumilation of product depends on the rate of electron transfer
to and from the coensymes ('cycling'), end this in turn depends on
the amount of coenzyme present. In earlier methods, rate of
production of carbon dioxlde or uptake of oxygen was messured.

The esrliest of these methods (Myrback, 1933) depended on
the ability of added NAD to restore the Fermentation of washed
brewer's yeast., The coenzyms could be measured in concentrations
from 2-10pM, (Schlenk & Schlenk, 1947). Jendorf, Klemperer &
Hastings (1941) used & preparation from skeletal muscle, treated
with charcoal, snd measured the rate of production of phosphoglyceric
and glycercphosphoric acids from fructose diphosphate in bicarbonate
buffer in the presence of arsenate. Evolutlon of 002 was proportional

to the amount of added NAD and the system wasg used to measure
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concenirations in the range 1-10ui, /infinsen (1944} used this system
with a CUsrtesien diver and was sble to measure as little as 2 x 10‘32
mole of NAD,
The coupled enszyme assay with purified enzymee was i{irst used
by Warburg, Christian & Sriese (1935 in & system containing glucose

Gephosphate, plucose f=phosphate dehydrogenase and "old yellow

engyme™,
glucose 6-phosphate AT e Hzﬁz
A
&~phosphogluconate 2{};}:‘5?}12 — 02
glucose '0ld yellow
E~phicgphate engvme’

dehyérogenase
The rate of oxygen upteke was proporticnal % ths concentration
of Hall¥, whlch could be determined at concentrations of C.1uk.
Glock & Moiean (1955s) ueed gystems which coupled =n
aicobol dehydrogenase specific for Wabl, with MIBE
uxidoreductase and & glucose é=phogphate debydrogensse which is

cytochrome ¢

gpecific for NALE with ﬁf&f&’ﬁzz ¢ytochrome g oxidoreductase together
with gytochrame g under conditions wiere the retes of veduction of
the cytochrome ¢ (followed by change in extinotion at 550 mu)

were dependent cn the amounts of' NAD and Hil¥, Use of acid and
slkaline extracts e¢nabled as little as Ui umeuclie of oxidimed and

reduced forms of the coensymss L0 Lo Deapirsd



17

e¢thanol —r— NAD < {errocytochrome g
Y A
acetaldelyde 1 RAIH, ———— ferricytochrome g
slcchol Mﬁiﬂzs
dehydrogenase aytochrame ¢
oexidoreductase

glucose 6~phosphate —— NAIF  ~e—1— ferrocytochrome [}

\ A
§-phosphogluconate  <—Ls- NiTPH, —— ferrigytochrome g
S=phosphate '
oy tochrome ¢
dehydrogenase m%dommt%ae

alibgugh thle technigue gave the Yiret relisble iigures
for HALY and RALEIL, concentrations in animal tissues (Glock &
Fciesn, 1955 m,b,4; 19563 1557), endogencus reduction of cytochrome c
and difficuities in the preparation of stable Nili: oytochrome e
oxidoreductase have hindered the application of this method,

lowry, rassonneau, Schulz & Hook (1961 have deseribed very
sengitive coupled engymic systens for the asssy of' these coenzymes,
For MALE, the gysiem utllized glutemate dehydropemsse snd gplucosge

E-phosphate dehydrogenass,

;ﬂii&?ﬁz + a=ketoglutarets + 1‘&11: —— [ilF 4+ gluisnate

BAIFP + glucose G=~phosphate — xw:amz 4+ b-phogphogluconate

under the conditions used, each woclecule of 1ADP catalysed the

formation of sbout 8 000 molecules of C-phosphvgluconate in 30 min.
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The 6~phosphopluconate was then measurad in a second incubation
with &=~phogphogluconate dehydrogenese and added HAF, The -fﬁ,,.:‘%zﬁxz*ﬁg
thus produced was determined fluorimstricelly by the wethod of
Lowry, Roberts & Kapphshn (1957),

For WAL, the system utilised glutemate dehydrogenase snd
lactats dehydrogenase:

iﬁﬁ‘ﬂz + yketoglutarate + N!:‘i“* —>» HAD 4+ glutamate

NAD 4 lectate ——>f€ﬂ§§2 + pyruvate

Pyruvate was produced in about 2 500-fold yield in 30 min, and
meagured in the second step with lactate dehydrogenase and added
NADH,, by fluorimetry (ieowry et gl., 1957).

#ith both gystems the procedures can be repeated to give

&

an over-all miltiplication of 107 to 10°, If the first ayeling

was carried out in very small volume, theh a double cycling ?vith &
multipiication factor of 10° could extend the sensitivity to 10°12
mole of coengyme since 10~ mole/ml, cen be measured directly by
fluordmetry, The HAD sgystem used is not Ldesl since it lacks
an irreversible step and the lectate/pyruvate equilibrium is not
favourasble., This rethcéd also has the usual dlsadvantages of
fluorimetry (see p.33).

Several asssy systex: have been developed in which oxidation
of the coengymes was coupled to reduction of varicus dyes e.g.
methylene blue, phenazine methosulphate, 2,6~dichlorophencl-indophenol

anc nitre~blue tetraszolium.
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Summer, Krishnan & Sisler (1947) end Sumner & Hrishnan (1943)
described a system similar to that reported by Werburg gt al.
(1935), and used purified lactate dehydrogenase, disphorase and
methylene blue under sneerobic conditions where the rate of
decolourigation of the dye was proportional to the NAD concentration,
vhatley (1951) used enzymes which are specific for NAIF (iso-citrate
dehydrogenase, glucose G-phogphate dehydrogensse) in a similar
systen to determine this coengyme in plant tissues.

Thess coupled reections are preferably used with coenszyme
concentrations lees than the Vichaselis constant for the
oxidoreductases, so that overall rates ere approximately proporiional
to coenzyme concentrations. In all cases, rates measured with
unknowns must be compared to those with standsrds.

villee {1961, 1962) has modified the method described by
Glock & Melean (1955a) so that the sssays cen be cerried out with
commercially available ensyme preparations, coupling electron
transfer from the reduced cosnzymss to 2,6-dichlorophencl-indophenol
with a diaphorsse preparstion from Clostridium kluyveri which
oxidizes ﬁﬁ‘ﬁz or Mmz. he rate of reduction of the dye was
measured by the rate of decresse in extinotion et 500 my. Fhenazine
methosulphate could be used to replace the dlaphorase. Slater and
Sewyer (1962) have described asssy systems of this %ype which could
be coupled to a tetrezolium as the finsl oxidant.

The principal investigations of nicotinauide micleotide

concentration by neasurement of raves are listed in Table I,



Teble 1. JMethods of determdning nicotinamide nucleoti

timthod

¥anometry:

Hestoration of fermentation
of brewers' yeast

Engywdo conversion of fructoss
diphogphate into zlycercl phosphate
and phosphoglycerate in ?%afrﬁ;i"s
buffer

As above: with Cartesian diver
technigue

Glucose G-phosphate & dshydrogensse/
dtsphorass/oxygen uptake

woengyme
measured

HAD

RAD

goengyines .
{i) Xethods bapged on rates of gnzymic resctions

feference

Eyrblick (1933}
von Buler (1936)
Aixelrod & Elvehjem {1939)
Kensler, Suguira & Rhodes (1940)
sovier (1944)
chlenk & Schlenk (1547}

-gz-

Jandorf, Elenperer &
Hagtings (1941)

infinmen (1944

¥arburg, Christian &
Griese (1935)



Table 1. {continued!

g i bt e TN
Yethnd Coenzyme felerence
measured

Iscolorisation of methylene blue:

Lectate & dehydrogenase/diaphorase MNAD Swmner, Krishnan & Sisler (1947)
Sumner & XKrishoan (1948)
Whatley (1951)

Glucose 6-phosphate & dehydrogenase/ HATP thatley (1951)

diaphorase

Isocitrate & dehyarogenase/disphorase NADE
%
t

Reduction of cytochrome ¢:
Alcohol dehydrogenase or glucose S~phosphate KAD, NAH, Glock 4 Nelean {1955a)

dehydrogenase/ disphorase NP,
RaDPH

Feduetion of 2,6-dichlorophencl-

indophenol:

Aeochol dehydrogenase or glucose G-phosphate AT, HATH, Villee {1961, 1952)
dehydrogenase/disphorase (or phenazine RiTi, NaTOH,

methosulphate)

Pluorinetric assey with ‘oyeling':

for details see text Ll EalH lLowry, rassonnesu, chulz & Hock
Al LADHE, (1961)
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(11) Methods based on gomplete oxidation or reduction of

(a) Spectrophotometric asesy
%arburg, Christisn & Griese (1935) were the first to use
the increase of extinction at 340 mu on reduction of NAD as &
mathod of assay. Determination of the molecular extinction
coefficient of Nmﬂz at 340 mp have given values close to 6.2 x
10° (see Table 2).

The NAD may be reduced with sodium hydrosulphite (Warburg &
Christisn, 1936 ; Le Fage, 1947; Gutcho & Stewart, 1948) or with
ethanol and alcohol dehydrogenase (Negelein & wulff, 1937; Horecker
& Kornberg, 1948; Racker, 1950; Bonnichsen, 1950). The use of
sthanol and yeast alcohol dehydrogenase makes the assay specific
for NAU; several analogues of NAD are also reduced under these
conditions, but at a much lower rate (¥aplan, Ciotti & Stolzenbach,
1956), Heduction of NAD vith lactate and lactate dehydrogenase
(strength, Ringler & Nelson, 1954) hes not been widely used since
yeast slcohol dehydrogenase ig readily available commercially.

The oxidation of NADH2 using acetaldehyde and yeast alcohol
delyydrogenase, messured by the decrease in extinction at 340 mu,
has proved to be a satisfactory sssay system (Negelein & Wwilff,
1937; Racker, 1950; Spirtes & Eichel, 1954; Holzer, Goldschmidt,
Lemprecht & Helmreich, 1954; Jedeikin & Weinhouse, 1955). From
Facker's (1950) data it is evident that in the presence of an excess
of substrate (ethanol or acetaldehyde), there is almost complete
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Table 2. ixtinction coefficient of reduced nicotinand de-adenine

dinucleotide at 340 nu

¥olecular Reference
extinction coefficient

x10™>
4,78 iarburg & Christien (1936)
590 Haas (1937)
5e12 Negelein & walff (1937)
6.28 Uhlmeyer (1938)
547 Negelein & Bromel (1939)
5450 Sehlenk (1942)
5.83 Drabkin (1945)

6,21 {mean of 6.11, 6.11, tHiorecker & Kornberg (1948)
Ge25, 6428, 6,31)

6425 Wallenfels & Christian (1957)



=2l
reduction of NAD at pH 9.5 and almost conmplete oxidation of mmz
at pH 7.5, with alechol dehydrogenase,

Similer assays for FADP involving reduction with isocitrate
and purified isocitrate dehydrogenase from pig heart (Ochoa, 1948;
Ciottd & Keplan, 1957) and with glucose 6-phosphate and glucose
Gephogphate delydrogenase {inderson & Venmesland, 1954) have been
used; the reactions are carried out at sbout pH 7.5 and give almost
complete reduction of the coensyme.

& ppecific engywic assay for mwnz using HAIﬁ‘Hzt cytochrome ¢
reductase from liver, coupled with cytochrome ¢ was used by Keplan,
Colowick & Neufald (1952) but the resction required sbout 3U min.
for complete oxidation of the cosnsyme. A aore satisfactory
gystem using oxidized glutathione end glutathione reductase from
peas was later developed (Raplsn, Colowlck & Neufeld, 19533 Clotti
& keplan, 1957; Holmer, Busch & Kroger, 1958),

Tetermination of total reduced coansymes can be carried ocut

by oxidation with the diaphorase from ([lostridium kluyveri (“eber &

Kaplen, 1954; Ciotti & Keplan, 1957) or with phenesine methosulphate
using menometry {Smith, 1961) or fluorimetry (Stoller, 1960),

4 method for estimation of total coengymes wes used by Haas
(194%), This was based on reduction of 2:6~dichlorophenolindophenol
by the reducsd coenzymes. '

In 1938, Meyerhof, Chlmeyer ¢ Mbhle, found that the
nicotinemide nucleotide coenzymes form addition compounds with
cyenide at high pH. Colowick, Kaplen & Clottd (1951) showed that

the mddition compounds had an ultraviolet sbsorption gpectrun similar



to that of the reduced coenzymes, with « molar axtinction of €,3 x
103 at 325 m., dihough slimllar conpounds are ormed by many
guaternary pyridinium campounds, total Hil plus NADY cen he measured
by correcting for other compounds present efter hydrolysis of the
coenzymes with Neurospora NAlmse (see Ciotti & Yaplan, 1957). . The
reduced cosnuymes do not react with cyanide., lMorton (1955) has
shown that slkaline phosphatase hydrolyses the phosphoryl groun at
the 2'=position in KAIP, so that by the use of alcohol dehydrogenase
followed by the phosphetase, both HAD and NADP could be sstimated
spectrophotometrically in the same solution.

The use of mioroscopic techniques spplied to living tissues
or sugpended éroplets and the use of monochromatic spectrophotoneters
of high resolution, mekes possible the direot measurement of as little

W ole of nicotinamuide mucleotide coenzyme (see Filngenkerg &

as 10~
Slenczka, 1959; C(rnsiein & Lelwer, 1960).

Table 3 lists the maln investigations of nicotinumlde coenzyme
asssy by methods depending on complete oxidation or reduction or
formation of adducts.

(b) Fluorimetric assey

(1) Condensation with ketones. The discovery by
mff (1947), that Nesubstituted derivatives of nicotinemide condense
with acetone under alkeline conditions to give s product with a
green~blue fluorescence, which Intensifies and gives a stable blue
fluorescence on treatment with acid, has become the basis for a
nusber of ssesy msthods. Huff & Perlmweig (1947) used this method
for the determination of Nemethyl nicotinamide and it wes then



Teble 3. ¥ethods for determining nicotinsmide mucleotide coenmymes, depending on
complete oxidation or reduction or furmstion of adducts

Kethod

“pectrophotometry at 340 mu:
heduction with sodium
hydrosulphite

Reduction with ethanol/alcohol
dehydrogenase

Reduction with lactate/lactate
dehydrogenase

Oxidation with acetaldehyds/
alcohol dehydrogenase

feduction with isocitrate/
isocitrate dehydrogenass

Loengyne
measurad

HAD

NAD

NADP

keference

Varburg, Christian & Griese {(1935)
ie Page (1947)
Gutcho & Stewart (1948)

liegelein & walff (1937)
Horecker & Kornberg (1948}
Racker (1950)

Bonnichsen (1950)

warburg & Christisn (1941 _
Strength, Fingler & Nelsmon (195k;

Negelein & Wwulff {1937}
Racker (1950)

Jedeikin & weinhouse (1953}
Spirtes & Eichel (1954)
Holzer et al. (1954)

Ochoa (1948)
Ciottd 4 Keplan {1957}



Teble 5. (continued)

Hethod

dpectrophotometry at 340 mus

Reduction with glucose 6-phosphate
& dehydrogenase

Uxidation with oxidized
glutathione & rsductase

iUxidation by diaphorase from
Clostridium kluyveri

Heduction using alcohol
dehydrogenase and glucose
6é~phosphate dehydrogenase
Cxldation using glycerole
rhosphate dehydrogenase
followed by glutamate
dehydrogenase

dpectrophotometry at 325 mu:

Cyanide addition reaction:
uge of Nilwase

Coenzyze kKefesrence
measured
NATE Anderson & Vennesland {1954 )
KAI‘PHz Eaplan, Colowick & leufeld
{(1953)

Ciottd & Ksplan (1957)

eber & Kaplan (1954)
Ciotti & Ksplan (1957)

Holzer, Busch & Kroger (1956}

NAUE, + RATPH,_
z 2
WAL, Nali

HAH,, NADFH

2 2

NAD, HADP Colowicic, Kaplen & Ciotti {1951)



Table 3. (gontinued)

Kethod

Kanometry: oxygen uptake

Oxidation coupled to phenazine
methomilphate

measured

A, NoZPH

2

iieference

smith (1961)

Ly
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adapted for the mcasurement of niceotinamide mucleotide coenrymes
in blood (lLevites, itosen & Perlzweig, 1947) and animal tissues
(iobinson, Levitas, RWosen & Ferlsweig, i947;. Concentrations
as low as 4 ul could be measured satislactorily.

Carpenter & hodicek (1950, modified this procedure and
nsed methyl ethyl kstone for the fluorimetric estimetion of
Hemethyl nicotinamide and this modification has Been used for
determination of the coensymes (Xsplan, Goldin, Humphreys, Clottd
& Stoltzenmbach, 1956), The use of enzymic oxidation or reduction,
or destruction of auws form of the coenzymes wes conbinsd with this
aseay method by Jacobron & Astrachan (1957) for the determination
of each of the oxidized and reduced nicotinamide mucleotide
coengymes down to concentrations of sbout 0.01 uM. Hodifications
of this method, which require fewer enzmymes and retain epecificity
and sensitivity have been used for determdnation of these coengymss
in bacteria (Weber & Schwarts, 1960) end in plant tissue (Grabem
& Fawker, 1962; Cayler, 1962).

(44) Jeagtion with slkeli, TWhen HAD and other
nicotinesdids ribosides are treated with strong alkali, z
fluorescent prodénct is produced which is sufficiently stable
for this resction to be used as an assay method for concentrations
as low as 1 i (¥aplan, Colowick & Barnes, 1951). This method was
nodified by lowry, leberts, Kevphshn & Lewls (1 956) using alksli
and hydrogen peroxice oo thet NAD and HA4¥ could be measursd at
concentrations of C.01pM. The reduced coenzymes were also
determined by measuring their native fluorescence at sbout 470 mu
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(see mlso Lowry, roberts & Kspphshn, 1957). Basshem, ¥irt,
Hems & Loening (1959) have made a careful study of the epplication
of this method to determination of these coengymes in animal tiasues.
Heduced coengymes in alkaline extracts were oxidized enzymically
before trestment with alkalline hydrogen peroxids.

(i11) Direct gbgervation of ¥issuies. Idirsct cbservation
of the changes in oxidation end reduction of the nicotinamide
nucleotids coenzymes has been made possible by the development
of micro-spectrofluorimeters so that less than 105 nolecules of
reduced coengyme cen be detected, ibsorption and excitation
paxims for the free and bound coenzymes are at 335 mu and 340 mu,
giving fluorescence emission peaks st 463 mu and 480 mu, respectively.
Syetems studied have ranged from suspensions of mitochondria, yeast,
bacteria and ascites tumour cells to animal tissues in vivo (see
Chence, Cohen, Jobsis & Schoener, 1962; Chance, Schoener & Ferguson,
1962; Estabrook, Heitra & Scott, 1962).

Pable i lists the main investigatione of nicotinamide
coenzyme sssey by methods depending on conversion into fluorescent
derivatives.
issegsment of the various sseay methods. It is clear &hat s
wide range of methods is availeble for specific and acourate
determination of both the oxidized and reduced forms of these
coengymes. It was therefore necessary te check methods and adspt
them for routine use with enzymes readlly svaileble commercially
or readily prepsred and having sufficient specificity to allow



Table &, Methods of deterdining nicotinaudde pucleotide cosnzymes:

assay by gonversion into fluorescent ferivatives.

Lethod of formation of
fluorescent derivetives

Condensation with acetone in
alkali, followed by ecid

Condensation with methyl ethyl
ketons in alkali followed by ecid

Condensation with: ketone in
alkali after engymic reduction and
treatment with acgid

Trestment with strong alkali
af'ter enzymic treatments

Treatment with alkaline peroxide
af'ter ensymic reduction and
treatment with acid or alkali

{xidation of coenzymes by
phenazine methosulphate: i
following Xaplan et al. (1556).

Coenzyme
meagsured

HAD, TAIE

NAD, Namx

HAD, NADHp
NAD, NAIFH

NAD, HAT®

NAD, NADH
RATP,
KATPH

i, RALEH
E &

heference

Buff & Perlswelg (1947)
Levitas, Rosen, Haff &
rerlzweig (1947)

Fobinson, Levitas, Hosen &
Ferlzwelg (1947)

Carpenter & Kodicek (1950)
Kaplsn, Goldin, Humphreys,
Ciotti & Stoltmenbach (1956)

Jacobson & Astrachan {1957)
%eber & Schwertz (1960)
Zreham & Hawker (1962)

Kaplan, Colowick % Barnes (1951)

Lowry, Loberts, Rapphahn & Lewis
(1956)

Lowry, Roberts & kepphatmn (1957)

Basghem, Birt, Hems & loening
(1959)

Stollar (1960}



Table 4, (contimued

liathod of formation of
fluorescent derivatives

Use of native fluorescence
of reduced coenzymes

Coanzyme
peasured

X‘E.AEHZ % ng

lef'erence

Chance et al. (1962)
Estsbrook et al. (1962)



determination of one of the coenzymes in the presence of the

other, Direct fluorimetry using the methyl ethyl ketone
condansation or the alkalioﬁzoa reaction has the advantage of

kFigh sensitivity. The presence of other materisls which may
either fluoresce or quench fluorescence requires the use of
internal standards and a number of blank determinations which must
be carried ocut concurrently. The enzymic cycling method of

Lovwry, Passonnesu, Schuls & Rock (1961) makes full use of this high
sensltivity but its use with tisaue extracts requires complete
destruction of NAD-ases befoare incubation with the substrates.

Manometric methods are of value with turbid solutions or
tissue extracts that contain compounds that absord or fluoresce
strongly in the regions of messurement.

Spectrophotometric methods dependent on rates of coupled
engymic reactions are atiractive because of high sensitivity,
permitting the assay of O.1 pmemole of coenzyme. lHowever, results
migt be corrected for the rate of noneenzymic reduction of the final
electron acceptor and alse for the activity of the coupled system in
the absence of the tissue extract. Assays with standerd amounts
of coenzymes must be carried out, preferably as & range of internal
stendards. If it is necessary to use ammall smounts of tissue, S8y
200 mg, or less, or tissues in which coenzyme content is low, e.g.
aseay for NADF in tumour tissuss (commonly as low as 3 um~moles/g.
fresh wt.; of. Table 10) then methods of this type or fluorimetric

methods with or without cycling would be required Lo give the
necessary sensgitivity.
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The use of direct spectrophotemetry at 340 myu, in
conjunction with gpecific enzymatic oxidation or reduction of
the coengymes, ensures complete specificlity for the assay, removes
the need for standerds and does not require & geries of tlenk
determinetions {see Helmreich, Holzer, Lamprecht & Coldscrmidt,
16545 Folzer, Pusch & ¥r¥ger, 1958; Klingenterg & (lencgka, 1959;
Klingenberg & Hicher, 1960). The limit of acourate measurement
is sbout 1-10 ui! coengyme. This wus, therefors, the assay method
chosen snd this section describes the preparation of snzymes snd
substrates and the specificity of the assay systems, Hethods
for the extraction of these coensymes from animal tissues are
congldered and results cbtained for normal adult rateliver tissue

are compared with those reported by other workers.



Experimental

Drepsration of enzymes
*L -igocitrate: NAIP oxidoreductase (Jecarboxylating)
(isocitrste dehydropenase; SC 1.11.42). The enzyme from pig
heart was prepared as described by Gchoa (1955)., the dialysed
smmonium milphate frection was kept at -i5”.  ror deteils of the

specificity of this enzyme see Lelow,

RADPH 3 glutathione oxidoreductase (glutathione reductase;
EC 1,6442), The reductase from dried pess (Greenfeast veriety)
was prepared as described by Keplan, Colowick & Neufeld (1953).
taterial precipitating between O.4 and 0.6 saturation of ammonium
sulphate was dissolved in 0.1 M trie (C17, pH 7.k) and kept at =15°,
The ensyme oxidized 81 pmewmoles of Nmzlmin-/mg. of protein at 25°
in an aseay sysbtem containing O.18 pmoles of mwnz, 16 unoles of
oxidized glutathione and 0,57 m-mole of tria chloride (pH 7.4) in
a final volume of 5 ml, FProtein was measured az described by
warburg & Christian (1942).

Glutathione reductase waz also prepared from wheat germ

as described by Barnett, Stafford, Conn & Vennesland {1953},

*  However, leister & Strassburger (1963 have evidence that

the substrate is %);iamitratm
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haterial precipitaiing between 0,25 and 0.275 saturaticn of
ammonium sulphete had s specific activity of 150 .m-moles of
NATFE, oxidized/min./mg. of protein tut was lese steble than the
snzyme from pess snd was only used for preliminary work.

jmglycercl-3=phosphate: NAD oxidoreductage (glycerolphosphate
dehydrogenases BC 1.1.1.8.). 4 preparation of the dshydrogenase

from 3igme Chemical Co. was used., The suspensioch was diluted

twenty=-five fold in 041 ¥-tris (C1, pH 7.4) before use.

fthenols NAD exidoreduotage (slcchol dehydrogensse; 2C lelslel.).
Preparationg from Sigme Chemical Co, end fyom . ¥, Boehringexr &
Soehne were used us solutions contsiming 17 (w/v) and 0.1% (w/v)

of protein, respeciively,

Ketoss-1-phogphate aldehyde-lysse (aldoless; 20 4.1.2.7).
in smmonium sulphate fraction from rabbit miscle (Atkinson, Burton &

Lorton, 1961 was used.

QOther reagents
Cxidized glutathione, sodium igocitrate and fructoge 1,6-diphosphate
(barium or sodium salts) were obtained from the Sigma Chemical Co.

Dihydroxyscetone phogphate, A solution containing spprox.
RO miedihydroxyscetone phosphate was prepared from fructose
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1,6-diphosphate by treatment with aldolase, followed by removal
of protein with perchloric acid snd of perchloric scid as potessium
porchlorate {of'. Meyerhof, 1938).

Mootinamide-adenine dinucleotide. with the coensyme from Sigme
Chemicel Co., 96 of the extinction st 259 mu wes due to P, as
measured by reduction with ethanol ond alcohol dehydrogenase st

pH 5.5 {for deteils see¢ below). In later work coensyme from
Toshringer & Soehne (stated to contain 854 of P=NAD, 5% of u=NAU
and 1% of adenosine diphosphate ribose) was used.

iisduced nicotinemide~adenine
(sigme Chemieal Co.) used in the earlier experiments 815 of the

inucleotide. In the disodium ealt
extinction at 260 mp was due to E—H;mz, as measured with
dihydroxyacetone phosphute snd glvcerolphosphate dehydrogenase
{for detsils see p. 40 ). In later work the reduced coenszyme was
prepared us described by Aitkinscn, Burton & Morton (1961), but
without precipitation as ths barium salt,

Nicotingmide~pdenine dimucleotide phosphatg, This was cbtained
as the sodium salt from C. P, Foehringer & loehnw, sbout 817 of

the extinetion at 260 ny was due to the Pelsomer, estinated with

isoclitrate delyrdrogenase.
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‘educsd nicotinamide-asdenine dinucleotide phosphate., This was
prevared from the oxidized coensyme as desoribed by lvans &

lason ( 1 953) .

lsthods of Jetersination: tests with individual coensymes.
Assay for micotinemide-sdenine dimuoleotids. To ensure almost
complete rednotion of WAD by ethanol in the presence of alechol
dehydrogenase it has previously been found necessary to establish
the equilibrium:

NAD ¢ CH,CH,OH —» NATH + H* CH,CHO
at a pH greater then 8.8, or to remove scetaldelyde with trepping
reagents such ss semicarbazide., Both methods were tested initially,
with solutions of the purified coenszymes. The method using a high

vH (i1, below) was selected for the studies reported here.

(1)  Asssy with ethenol, pemicsrbaside, and alcchol dehydrogensge
Alcohol dehydrogenase (0,025 ml. of the solution described

on p. 36) was added to a 1 om. cuvette containing 2.80 ml, of

a2 Metris (C17, pH 7.4), 0405 ml, of 0.5 M-semicarbazide

hydrochloride, 0.1 ml, of ethanol, and 0,010 ml. of 10 md-NAD.

The increase in extinotion at 340 mu measured at 25° against a blank

without engyme, in an Optica (P 4 spectrophotometer, was complete in

3 win, Increases in extinction were corrected for the absorption

ine to the enzyme; this was measured in e similar system without NAD,
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There was no increase in extinction when 0.025 ml. of 10 e NALE
was added after ithe reduction of il was complete, nor dié the
HAIS inhibit the reduction of HAD added subsecuently. seplicate
analyses agreed within 1., This system, based on that described
by regelein & wlff (1937), was less suitable than (ii) for the
measurement of coengzymes in tissues because the sysiem came to

equilibrium more rapidly at the higher pH.

(11) Assay with othencl snd slcohol dehydrogensse ab pH 2.5.
0.54-Trichloroacetic acid (0.8 wl,), 10 m¥-NAD (0,025 ml.} end

2.0 ml. of a solution containing 62 mg. of glycine, 33 mg. of HeCH
end 0,10 ml. of ethanol were placed in a 1 cm, cuvette {£inal pH,
9,5). The extinction change on addition af 0.025 ml. of alcohol
dehydrogenage was meagured as in (i), Reduction was camplete in
less than 1 min, and the extent of reduction was 59: of that observed
in the method with semiosarbazide. From Racker's (1950) measurement
of the equilibrium constant the residual NAD at equilibrium in (1i)
would be 0.3 of the total NAT + i“z&:&‘ia, This gystem permits the
use of extracts of tissue Iin trichloroacetic scid; +the concentrations
of NeOH end plycine mre csloulated to neutrslise the acid and bring
the final pH to 9.5, This pi seems to offer the best corprouise
vetween activity of the debydrogenase, completeness of reduction of
the HAT end buffering cspecity of the glyeins, 4 @olar extinction

3

increment of 6.2 x 10 at 340 mp on veduction of NiD was used in

calculation of the concentration of this coensyme {of, Tsble 2.
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£gsay for reduced nigotinamide-adenine dimucleotide.

Becanse of reports that zlcohol dehydrogenase prepsrations
resct rapidly enough with fws’AI&"Hz to interfere with the anelysis of
HADH,, (tiolzer st s1. 1956; this system was compared with en
lmglycerol=3=phosphate system which these suthors used for

determination of ﬁﬁmgﬁ

(1)  Aessy with dihydroxyscetone phosphate and glycerol-phoschate
dehydrogenase., 0.13 umole of NAY}H‘? was oxidized in less
than 1 min. by 0,05 ml, of the dehydrogenase solution described sbove,
in a solution containing 2.6 ml, of O ik=tris (C17, pH 7.4) and 0.1
ml. of 50 mi-dihydroxyacetone phosgphate. 0.1 umole of Iﬂﬁ?ﬁz was
added to the aystem af'ter oxidation of NADH, was complete; the mub-

2
sequent decrease in extinction at 340 mu in a 1 cm, cuvetts was less
than 0.002 in 3 ndn. A further 0.125 jmole of 3.&13?42 was completely
oxidized in 2 min,
This gystem was thue specific envugh for the enalyticel studies
described later, but since the more readily available scetaldehyde~
aleohol dehydrogenase system (1i) proved to be specific for 2‘65&1:&32,

the latter system weas used for the main investigations.

(11) assay with acetaldehyde and aloohol dehydrogenase.
HADE,, (up to 0,16 m) in 2.95 5l. of O Z=trds (C17, pH 7.4) end
04025 ml. of O.5l~acetaldehyde was oxidized within 4 min, on

addition of 0,025 ml, of & sglution of alcohol dehydrogenase,
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Col umole of Nmz was not oxidized in this gystem, nor did it
interfere with the oxidation of MJ’:‘Hz. less than 0.2% of the N.atﬁz
remsined in & reduced state at equilibrium (Racker, 1953).

igsay for nicotinamide-sdenine dimioleotide phogphate. Cois punle
of UATF wxe reduced in less than 3 min. on sddition of 0.02 ml.

of a solution of isocitrate dehydrogensse to the coensyms in 2.7 ml.
of O.i)-phosphate (K*, p 7.5), Cut ml. of 0.1M-TL~-4socitrate wnd

Cul ml, of G AM-YgCl, in & 1 em, cuvelte, Ihere wes no change in

2
extinotion at 30 mu with 0,25 wmele of Sal in thiz system, nor did
thia coenzyme interfere with subzequent reduction of Nal¥.
Concentrations of Wali were celculated frow a molar extinction inerement

3

of 6,2 x 10 at 340 mp on veduction (cf. Table 2). Ia these

conditions at least 99.97 of the ALY was reduced {see Uchom, 1955).

Assay for reduced nicotinamide-adenine dinuoleotide phosphate.

Y;Am‘?az (up to 0.2 pmole) was oxidized in less than 3 min, on addition
of 0,020 ml, of s solution of glutathione reductase to a solution of
the coengyme in 2.85 ml. of O.Zi-trds (C17, pH 7.4) and Ol ml, of
Oeili~oxidized glutathione in a 1 cm. cuvette. Ge25 wmole of mmﬂ2
was not oxidized in this gystem by eny of the batches of reductase
used for anslysis of coenzymes in tissues and did not interfere with
the analysis of MI&"HE. in these conditions et least 99.9. of ihe

NADPH,, was oxidized (see Conn & Vennesland, 1951).



b 2w

ixtrection of nicotinspdde nuolsotide coensvmes fran pnimai tissues
dnce the =iw in determining any tissue constituent is to

arrive at a value which represents its in vive concentration, it is
escsential fe consider the factors which will slter coenzymes either
by oxldation or reduction or by cleavege of the mucleotides, Since
the tlasue structure must be desiroyed in order to obtain an extract
suitable for use in the assey system, destruction or chenge in the
coengyme molecule Lrought sbout by pE changes, texperature snaé
engyme action misi be considered.

(a) ingmic breakdown of nicotinamide sucleotide cosnzymos

The enzymic insctivation of NiD by enimel tissues was first
shown by the work of Lenmerstrand (1936) and of wvon Luler, Heiwinksl
& Schlenk (1937). fubsequent studies have szhown ihat the coenzymes
nay be attacked st several sites — Clesvage ai the nicotinamlde
ribose linkage, the pyropiosphate linkage, desninsiion of tie
adenosyl moliety, hydrolysis of the 2'ephogphoryl of A0, pyro=-
phogphorclysis and interconversion by oxidatlion and reduction
have besn studled (Fig, 1).

(1) JFucleosidases. lann & uastel (1941) showsd thet
nicotinamide inkibited the inactivation of NAU by brain, Handler
& Klein (1942) demonstrated that in sndmal tissues, cleavage at
the nicotinamide ribosgyl linksge coours and ig inhibtited by
z&cotinamids. HATP was alse split by this enzyme (Handler &
¥lein, 1942) but RilE,, HbLPH,, AN and aicotinamide ribosgide were

not (Zatmen, Kaplan & Colowick, 1953).
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Figure 1

inzymic destruotion and interconversion of
nicotinamide nucleotids coenzymes

4
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Pyrophosgphatase
sdenylyltransiersse

sdenosine demminase
Uxidoreductase; transhydrogenase

Fhogphatase; phosphokinasge
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ithe Nillmse sotivity is larpely Pound in the microsomal
fraction of the cell, ung & ‘illiems (1952} showed that more
than helf the activity was in this fraction and thal the recainder
was divided btetween the nucleus and the supernatsnt in rat liver,

4 similer distribuiion occurs in kidney end brain {see also Jacobson
& Kaplan, 1957aj. Jurton (1977} round very low levels of the enzyme
in rat brain at birth, with a merked increase occurring in the first
few weeks of postenatal life. Iemeth & Iickerman (1960) have shown
_siﬁilar increages in NiTase activity in the liver, spleen and
cerebral cortex of ithe guinea pig; however, adult levels are reached
just before the time of birth.

in enzyme which splits NAD at the nicotinemide ribosxide
linkage has been isolated from Neurospora crasse (Keplsn, Colowick
& Nason, 1951), This ensyme sppears to be localized in the conidia
(Zalokar % Cochrane, 1956 end is greatly increased in concentration
when the mould is grown in & zivec-deficient medium (Hason, Kaplan &
Colowick, 1951).

The Hileses of animel tissue are comperatively resistant %o
higy tenperatures (see lowry, rassonneav, “chulz 4 dock, 1561}, zo
that insctivation of this enzyme is of major imoortance in seking
the tissue extract.

(11) 4 number of enzymes have been

described which will split the pyrophosphate linkage in NAD and Al
but they asre generally non-specific and will hydrolyse other
nucleotides az well., In the case of NAD, HMN end #F are lormed;

HADP pives NMM and adenosine 2°,5'-diphosphate. This cleavege is
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brought about by preparations from rabbit kidney and liver
(Fornberg, 1945; Kornberg o Lindberg, 1343, from: potatoes
(Fornberg & iricer, 1950, and from pigeon liver (Jacobson &
vaplan, 1957a). ‘ost snimal tissue pyrophosphatases hydrolyse
;’xﬁl‘}ﬂz faster than NAT, however with the poiato enzyme, the reverse
ie true, The pigeon liver pyrophosphatase hydrolyses only the
reduced forms and not the oxidized forms of the coenzymes, Ihis
enzyme is found in the soluble fraction of the liver, whereas the
other animal tissue pyrophosphatases sre largely associated with
the microsomal fraction (Jecobson & Keplen, 1957a).

(4ii)} Adeposine -desminase. ‘The enzyme from takadiastase

was shown by Faplan, Colowick & Ciotti (1992) to also deaminate NAD
but not KADF.

(iv) BAl~pyrophosphoryvlase (ATP:NMN~sdenylyltransferase).
Foth oxidized and reduced NAD are cleaved at the pyrophosphoryl link
by inorganic pyrophosphate in the presence of this enzyme (Kormberg,
1950). Since inorganic pyrophosphatases occur widely in animal
tisses, this resction is probauly of litile quantitative significance
in the breakdown of Hal (see lasande & andler, 1961). lowever, the
synthesis of Wil is readily catalysed by elimination of pyrophogphate
from AYP with MMM or nicotinic acid mononucleotide (see itidnson,
Jackson & Morton, 1961). |

(v) (xidoreductases. During extraction of coensymes
from cells these compounds come in contact with dehydrogenases mnd

substrates =2 that rapid changes of the steady-state ratlos of
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oxldized and reduced coenzymes teke place. {ils may be a major
source of srror in determining the coenzymes snd is avoided as
far as possible by repld inactivation of the delyydrogsnases.
(b} lLestruction of nicotinamide nucleotide coenzymss by pH sud

teuperature changes

The gencrelisetions made Ly the serdly workers in this field
gtill hold true, i.e. that the oxidizec forms of the coengymes sre
relativaly stable in scid solution but are rapidly destroyed et high
pil while the reduced forms axre steble at high pH, but repidly
destroyed in acid solution (for reviews, smee Singer & Kearney, 1954;
and Kaplsn, 1961).

Colowicic, Kaplan & Clotti (41951) measured the rate of
destruction of NAD in the presence of various buffers and showed that
citrate and phosphate increased the rate of destruciion, whereas in
tris buffer, the rale of destruction was much lower. The nicotinamide-
ribogyl linkage sppears to be tlw most labile bond in the HiD
molecule,

Iy, Fassonneau & Rock {1961 carried out a thorougn
investigation on the rates of destruction of the oxidized wnd
reduced orms of the coengymes, varying Lolh tewpersture and phi
end the mechanisms of these resctions haeve been studied by burton &
ceplan, (1963a,k,. The stabllity of hal decreases rapldly above
pH B; bowever there is destruction st all pH vsaluss at 10U,  TBoib
NADH,, and MAIVTL, are quite stable when heated for 30 end 60 minutee

4
a2t 100% in (.41 N ke(H, tHowever, in the presence of blood, ihere
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is congiderable destruction of N,!s.t‘-ﬂz in sodium hydroxide solution,
but not in scdium carbonste solution. Fethods used for the
gxtraction of nicotinamide mucleotide coenzymes from liver tissue
are llsted in 7able 5, together with the values cbtained., ‘these
reaults sre confined to adult rat-liver tissue, in order to compare
the various technigues used,

The problem, therefore, is to extract the coenszymes from
the tissue =85 completely es possible, under conditions where there
iy rapid inactivation of the enzymes that can ceuse alterations to
these coenzvmes snd where desiruction of the coenzymes by pl or
tenperature changes is minimised. low temperasture treatwent of
the tissve, addition of inhibitors snd heating heve been the methods
used to minimise engymde changes, In genersl, an aciéd extraction
for the oxidized coenrzymes and s&n alkaline extraction for the reduced
forma have been the preferrved methods. The use of a single
extraction, buffered at @ pH near 8, in an attempt to cbtain both
oxidized snd reduced forms with minimur destruction of elther has
also been investigated.

In ¢his investigation & single~extraction method with
trd s~muleats at pH 8.4 was compared with a double~extrection method
{ trichloroacetic ecid at G¥; HalH or Xa,CC, et 100%), Results with

2773
fresh or with frozen tissue were alsoc compearsd.



(1)

(2)

(3)

(&)

(5)

(6)

(7}

(8)

(9)

(10)

Table 5 .

reference

Azslrod & Elvehjem
(1939)

Kenanler, Suguirs &
Ehodes (1940)

Bernheim & Felsovenyi
(1540)

Jandorf (1943)

Robinson, lLevitas,
Logen & Perlzweilg
(1547}

Fisher & Schlenk
(1948)

Plegelson, Willlems
& Elvehjem (1950,

Carruthers & Suntweff
(1954}

Strength, Ringler &
Nelson (1954)

Holzer, Goldschmidt,
lamprecht & Belmreich
(1954)

47~

ixtraction methods snd micotinamide

Asssy method

Kenometric: restorstion of
yeagt fermentation

As above

V factor of H. parainfluensas

Lanometria: CO, production
following JandSrf ot al, (1941)

Fluorimetric: condensation with
acetone

¥anometric: following Axelrod
& Elvehjem (1539)

Heduction with éﬁazéaz.

¥ X
spectrophotonetry”

Folexography

Spectrophotometric, with
dehydrogenase and diaphorase

Spectrophotonetrics oxidation
or reduction using alcohol
dehydrogenase



Extraotion procedure

(1)

(2)

(3)

(&)

(7

(8)
()

(10)

4=

micleotide gosnsyme conpentration in adult ret liver

Ko. of
animals

Tissue frozen at =-80°, 6
proamd snd sxtracted with
water for 2 min, st 100°

of . iyrbaock (1933) &
Tesue ground with tri- 48
chloreanetic scid and
ferrioyardde

Tisme extracted in water, 15
3 min, at 100%; homogendzed,
centrifuged; vesidues
re=oxtracted

‘M asue homogenized in Zi 105
nicotinsadde: coensymes
oxidized with Cef &0#)2

M esue homogenized in water =
(100%/3 min.): cooled,
adjusted to pH 6.5

Tasie frosen (ssetons/d&ry 10
ice, ~80%); hosogenized in

%, triohloroacetic acdd/%k
Hi,e: sbgorbed on charcoal,
efufed with 10 aquesus
pyridine

As sbove:; use of i metaphoar »
phoric scid for extreastion

Pigsue homogenised in O0.5¥ 16
phosphate «0,5% alcotinanide 16

pH 7.4); trichloroncetic 8
aold added
™ gmue homogenized in 5 8

trichloroscetic sotd (i5%)
or in # hell {(100°)

Age Sex _
(body wt. in parenthesis)

adult

(100-250p, ) wale &
fennle

nale
male

(5ee following pege for details)



Table 5

{continued)

Goengyme contemt (umemoles/g. frash wt.)

Velues glven ars means I S,E.M,

{ xax] [zmmzl

{ 5ap]
{m}?&zj [ Nare} wmxa} {m&»ag Total

(1) 1670
(2) = - 85
3 - . -
(&) - - 1575
(5, = - -
(¢) = - 952
(7)) = - .
(3) - L3 -
(9) 1230 éwé& to 1390)
1255 (1141 %o 1389}
1216 {1029 to 1350)
(10) 575 180 655

- -
- -
" Ead
- e
- -
L] -
L2 -~
- -
L o

% gxpressed as Nl

-

i

Renge given in farenthesis

Rarw]

-

813*

1250

(735 to
1935)

1256%

823



(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

Table 5 (continued)
Geference

Strength, liondy & Daniel
(1954)

Spirtes & Eichel
(1954)

Greengard, frink &
Colowiek {1954)

Jedeikin &
weinhouse (1955)

Glock & Mclean (1955b)

Glock & MoLean (1955¢)
Glock & Molean (1956)
Glock & Moleasn (1957)

lowry, Roberts &
Kapphahn (1957).

Greenbaum & Graymore
(1956)

sesay method

iactate dehydrogenase-diaphorase:

metlyylene blue reduction,

4lochol dshydrogenase:
ethanol or acetaldshyde,
spectrophotometry.

Hethyl ethyl ketone

condengation/Iluorimetry,
(KaDase and lactate
dehydrogenase ).

Aloohol dehydrogenase with

ethanol or acetaldehyde:
spectrophotonetry.

NALEH, or RADPH_=cytookrome g~
reductase/cytochrone g;
spectrophotometyy.

&8 sbovs,
As above
As above,

4loohol dehydrogenase and
glucose G6=-phosphate
dehydrogenase with fluorimetry
(EN-NaOH) .

ef. Spirtes & Edchel (1954),
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Teble 5 (continued)

No, of
Extraction procedure andmale
(11) Tissue homogenised in C.ili~ N

phosphate =0,1% nicotinamide,
PH 7.8 then heated (85°/
3 min,) cooled and rehomogeniend.

(12) Tissue homogenized (100%/ &
1.5 min,) in phosphate~
bicarbonate, pH 7.4

(13) Tissue heated (100%/15 sec.)
77 in 041 ¥ tris, pH 8.2

{14) Tissue heated (100°/1 min,) é
then homogeniged 30 sec, in 8
0.05¥-phosphate at sither
pH 5.4 or E.7

(15) Tissue in C.iH=HC1 or U.ile 6
NaCH; heated (30 sec./100Y,
homogerd.zed 1.5 min;
cooled,

(16, As above, 5
{17) is sbove 5
(18) 4s ebove 11
23
(19) Tissue heated in 0.05k=tris -
buffer, pH 8,2, (5 min,/85°);
homogeniged, centrifuged
12 000g, 1 hr; portions treated
with acid and alksli
(20) of, ipirtes & Lichel (1954) 6

Age Sex
9 fenale
months
nale

Joung
aduli
adult female
adult fennle
adult

4 months female
(170-200g. )

(see following page for details)
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Table 5 {continued)

Coenzyms content (um-moles/R. fresh wt.)
Yalues glven are means L IFN Range given in parenthesis
{NaD] { NaoP)
L4 L

[ Naz] (ﬁmle L BALH, | \RaE] (N, [xmnz} Total

(11) 822
(732
to

870)

(12) 717 517 1290
(722 (381 (1186

to to
828) 627) 1368)
(13) 492 42 93k

(14) 559 4r2 1031

(507 (381

to to

616) 558)
(15) 555819 30613 861 a4 266%8 2% 1135
(16) 610%19 211225 851 1351 1924, 205 1056

(17) 495313 199512 6% 1381 2u0%21 253 9A7

433325 zobti8 637 e 254313 255 892
(18) s97t15 273ti2 €M oty 282% 2 1164
(19) 542 218 76C 71 63 134 894

(20) 6ooteh 320818 920238 - - . -



Teble 5 (gontinued)

Reference

(21) Jaccbson & Kaplan
(19570)

(22) Holser, Busch &
Kroger (1958).

(23) Bucher & Klingenberg
(1958)

(24) Bagsham, Eirt, Hems
& Loening (1959)

(25) iowy, Passonnem,
Schuls & Rock (1961)

(26) Klein, Mandel & Mandel
(1961)

(27) slater & Sawyer
(1962)

(28} cChristie & .eiage
(1962)

(29) Calger, Morton, Pilsell
& Jarrett (1962)

Assay method

Fluorescence of methyl ethyl

ketone somplex; gpecific

enzymic oxidation or

reduction of coenzymus,

(See Jacobson & istrachan,
1957).

“pecific enzymic oxidation
or reduction of coensymes:
spectrophotometry,

{af. Jedeikin & Weinhouse,
1955)

dodification of lowry,
foberts & Kapphaim (1957).

mgymic cycling followed
by f‘luorim;tz:y (Lowry ot al,
1957).

kethods of Holser, Busch &
Kroger (1958),

Coupled reduction of 2, G-
dichlorophenoleindophenol
(Villee, 1962).

kethods of Dassham et al.
(1959).

Ypecific enzynic oxidation
or reduction of coenzymes:
spectrophotometry. #or
dotalls see text,
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Teble 5 (contimed)

(21)

(22)

Extraction procedure

Tissue extracted by
homogenizing either in 5%
trichloroscetic scid at 15°
or in 0,1M-Na 003(133 10) at
100° for 2.5 #in?

™ ssue samples sxtracted with
elther NeNaOH or €/ HC1O,;

brought to pH 7.4t cent ed

(23) (of, Jedeikin & Vsinhouse,

(24)

(25)

(26)

(27)

(28)

(29)

1955

Extraction as for Glock &
MeLean {1955) Extracts
frogen -190°

™ wsue homogenized in O.,02N

gg‘ - O aysteine.
Extracts heated (60°, acid
semple 45 min, 5 alkaiine

sample 10 min.

(ef. Holmer, Busch &
Kroger, 1958)

ef. Villee, 1962)

homogenate (of . Bassham
et al. 1959).

M esue extracted by homo-
genizing for 2 min. in
either 0,5M,-trichloroacetio
acid at 0° or in 0.15&-3&2603
at 100%

Ko.of
eninmals Age Sex
- adult
é adult
(70180 g.)
8
'S 5 months male
8 adult
From Fatterson (1963)
19 adult male
(270"330 80)
N 7 months  male
(520"625 Bt)



Teble 5§ (continued)

Coenzyme content (ummoles/g. fresh wt.)
Values given are means & ..M. Range given in parenthesis
§: 7] [ Naze)
+ +

[ NaD] [Nam{z] {rm}azj [ NaTP) (NapeH, ] [nzDPH,] Total

(24) 46 166 612 4 £25 469 1084
(22) 765 288 1053 9 295 304 1357
{(23) 622 638 4260 - - - -
(24) 485%33 153324 638 2536 251%2, 276 912%62
(25) ¢G28 252 880 115 502 617 1497
(5715 (230 (805 (108 (401 (513 (1391
t0 to to to to to {o
67h)  279) 953 ) 128) 567) 695)  1648)
(26) €37 240 77 - - 266 1143
(27) 600 127 727 60 267 327 1054
(28) 738 238 976 144 L7 588 1564

(29) 42b 108 532 29 380 409 941
(5‘;42 (80 (508 (25 (276 (30t ( 709

to to to to to to
500)  162) 597) 37) 487) 524}  1147)



Teble 5 (continued)

(30)

(31)

(32)

(33)

neference
Hennan & Hosenthal
{1963)

Burch, lowry &
Yon Dippe (1963).

Spirtes & Milstein
(1963)

Lindall & lLagsrow
(1964)

kssay method

Spectrophotometric: (ef.
Clottl & Keplen, 1957).

(of, Lowey st al. 1961)

Spectrophotometrio: (of.
Spirtes & Richel, 1954),

Fluorimetrics of. Basshan



Table 5 (gontinued)

Extraction procedure No, of
animals Age Sex
(30) Tissue frozen: homogenized in 7 adult female
2% Kolo, (0°) er o.m-m2603 {300-350g. )
(100°) "for 2 min:
neutrelised to pH 7.0
(31) Tissue frozen in situ with 4

freon at -150%; extraction
as for Lowry et al. (1961).

(32) Tissue extracted in 0,1k 12 male
potassium phosphate, pH 7.4 (150-250g. )
at 100%,

(33) of. Bassham et al. (1959) 8 Jyoung male

(see following page for details)



Table 5 (continued)
Coensyme gontent (um-moles/g. fresh wt.)
Values given are means $s.m. Renge piven in parenthesis
{ NaD] { NaT)
* +

[ nam] memg] {mm&2} [ mazE] {r:;wziz] U:.amvaz} Total

(30) 476thz 13tz usotns T w526 iseiz7 G

(31) 7 by 782 37 386 760 1542

(32) 663%ak 438%18 1001328 - " - -

(33) 490%ua 208419 698 L6Xe 5768%59 62 1322
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Zxperimental

inimals, Yerino ewee, age 2~4 years, that had been grasing oa
an improved mixed pasture, were used.

4lbino rats, sbout 7 months old (300-600 g. body wt.), were
used: these had been fed on a commercial preparation containing
wheat (455%), oats (405}, Fish meal (8%), dried yeast (1%), dried
alcim milk (5%), NaCl (1%). Yach ton of the cubes contained a
supplement of vitamins 4 (8 x 106 international units), Dj (z x 106
international units), £ (2,500 international units}, riboflevin
(3 g.), thiamine hydrochloride (1 g.), vitemin K (1 g.), pantothenic
acid (1 g.), nicotinic acid (5 g.), choline chloride (50 g.) and
vitamn B, , (6.8 mg.).

The sheep were removed from their source of food about 2 hr,
gnd the rats about 30 min., before slaughter,

3nce most rats in animal houses are infected with a virus
which causes respiretcry disease {see Codwin, 1964}, the animals
used in thie study were raised from disease~free¢ parents, FHany of
the rats used were examined by Ir, K, O, Godwin (C.S,I.R.0.,
Tivision of Biochemistry and General Nutrition, sidelaide}, for
freecdom from disease., The lungs wers fixed in formol-seline and

exadined histologically. In no case was there evidence of inflection.

Sempling procedure. 'The animals were killed by severing the neck
and cervical coré and the livers were removed within 30 sec.

with sheep, a number of alices (approx. 10 mm. thick) were taken
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from each lobe; with rats the whole liver was sliced., Thofinal
sespling was done by repidly chopping the slices into small pleces
(4 mn. cubes) and thoroughly wixding the chopped materials. Veighed
portions were then taken,

For frozen tissue, the liver sample was placed in a polytlene
bag which was immersed in liquid nitrogen. The time taken From the
death of the animel to the tissue resching -150° was about 2 min,
The frogen liver was crushed between stainless steel plates at -15°,
“he tissue sssple (epprox. 2 g.) wes weighed in a polythens scoop
on 3 balance in & room at =15° and then transferred to the

homogeniging vessel which contained the extraction medium,

Extraction and assay methods used in
of coenzyme levels.

(1) Extrection with bot tris-maleste buffer, pH B.s,  Approx.

2 g+ of tissue was homogenized in 15 ml, of hot tris-maleate buffer

(0.2 ¥, pH 8.4) by alternately heating for 30 sec. in a boiling water
beth and digintegrating in a power-driven homogenizer at 2 000 r.pan.
"he total time of heating end homogenizing was 2 min. The tube was
chilled in ice and the volume of the contents wag nede up to 25 ml.
with cold 0.2 l~tris buffer (pl 7.4). The homogenate was shaken with
3 ml. of paraffin oil and centrifuged for 3 min. at 50 000 g. at 22
The clear agueocus layer was removed with a hypodermlic syringe and
uszed for assays.

For NAT, each cuvette (2 em. light-path) conteined 2 ml, of



«57=

tismie extract and 0.8 ml., of & solution contalning 25 mg. of
glycine, 14 mg. of NaOH and 0.0k ml. of ethanol; the finsl pH was
sbout 9.5. The coenzyme was reduced on addition of 0.025 ml. of
alcohol-dehydrogenase solution,

For NAIP, each cuvette (2om. light-path) contained 1 ml.
of tissue extract, 1.5 ml. of 0,2 M~tris buffer, pH 7.4, 0.1 ml.
of 041 M~Di-isocitrate and O.1 ml, of O.1 g’r-MgCZla; the final pH was
about 7.5. The coengyme wae reduced on addition of 0.02 ml, of
isocitrate~dehydrogenase solution.

For NADH,, esch cuvette (2 cm, light-path) conteined 2 mi,
of tissue extract, 0.5 nle of 0.2 Y¥wtris buffer, pH 7.4 and O.1 nml.
of 50 mi-dihydroxyacetone phosphate; the final pH was sbout 7.k
The coentyme was oxidized on additien of 0,025 ml,. of glycerol~
phosphate-dehydrogenase solution.

For NAIPHZ, each cuvette (2 cm. light-path) contained 2 ml.
of tissue extraot, 0.5 ml. of 0.2 ¥-tris buffer, pH 7.4 and 0.1 ul,
of 0,1 Yeoxidized glutathione, The coenzyne was oxidized on
addition of 0.02% ml, of glutathione-reductase solutiom.

(1) Exiysction with gold 0.5 M-irichloroscetic sgid.  4pprox. 1 8.
of tissue was weighed and homogenized at 2 0UQ rev./min, for 2 win,
in 15 ml. of ice=cold 0.5 l~trichlorcscetic acid with s Fotter-
Elvebjun glass homogeniger and teflon pestle (Ae He Thomas & Co.,
3altimore, UsS.4.). The homogeniszer was rinsed with 5 ml. of 0e5 M
trichloroscetic acid and the volumse of the combined suspension was

measured. The clear extract obtalned by centrifuging at 2 500 g.
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for 5 min, at 2° was used for assays.

For BAD, each cuvette (4 ar. light-path) contained 2 ml,
of tissue extract, and 3 ml, of a solution conteining % mg. of
glycine, 50 mg. of NaOH end 0.15 ml, of ethenol; the final pH
was sbout 9.5. The coenzyme was reduced on addition of 0.025 ml.
of alcohol dshydrogenase solution.

For HALP, each cuvette (4 cm. light=path) contained 2 ml.
of timsue extract, 3.5 ml, of 0.3 k=triz, 0.1 ml. of 100 mli-ll~
izocitrate and O.1 ml. of Q. ﬁ-Mg0123 the final pH was 7.5.

The coensyms was reduced cn sddition of 0.02 ml. of isocitrate~
dehydrogenase solution.

(iii) Extraction with hot NaOH golution. The procedure was the
some as in (1) sbove, except that O,1R-NalH was used and the pH was

adjusted to 7. with 1 i-malelc acid before centrifuging.

(iv) Extraction with hot trichlorcscetic scid. The extraction

and assays were carried cut as in (ii) sbove, with the heating
procedure as in (i),

(v) Zxtrsction with bot Na CO, solution. /fpprox. 1g. of tissue
was weighed and homogenized at 2 000 rev,./min. for 2 min. in 15 ml,
of 0.1 g—n«zo% in a Potter-Elvehjem homogenizer in a bath of
boiling water. The homogenizer containing the carbonste solution
was pre-heated in the same bath for 0 min. The teflon pestle of
the homngeniser was machined to give a clearsnce, when hot, equal
to thsat of the homogenizer used in ths extraction of the oxidized
coenzymes (see (i1) sbove).
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The extract was immedistely poured into a polythene bottle
in liquid nitrogen, the homogenizer was rinsed with 5 ml, of
Ol g;-mzce , and the ringings were combined with the homogenate,
The extract was thewed, adjusted to pH 7.5 with 1,0 M-meleic acid
(epprox. 0.6 = 1.0 ml,) and the volume was measured, The homogenate
was sheken with 2 ml, of liquid paraffin (British Drug Houses Ltd.)
to assist in the clarificetion of the extract, and then centrifuged
at 60 €00 g. for 30 min, at 2%, The clear aqueous layer was
used for asssys.

For Nilli,, each cuvette (1 om, light-path) contained 2 ml,
of the tissue extract, 1 zl. of 0.2 ¥~tris-HC1 buffer (pH 7.5) and
0,025 mle of 0.5 l-acetaldehyde. The coenzyme was oxidirzed on
addition of G.025 ml. of alcohol-dehydrogenase solution,

Por z«z&mﬁz
of the tissue extract, 1 ml, of 0,2 l~tris~HC1l buffer (pH 7.5) and

, each cuvette (1 om. light-path) contained 2 ml,

0u2 mle of 0,1 li-oxidized glutathione, The coentyme was oxidiged
on addition of 0,02 ml, of glutasthicne-reductase sclution,

411 sssays were carried out at 25Y in duplicate or triplicate.
sxtinotions were read against air, and vwhen the first extinetion
change resulting from oxidation or reduction of the coensyme was
complete, a second portion of enzyme was added and the corresponding
change in extinction (due to the extinction of the solution of
enzyme) was subtracted from the first change.



Hesulte and Discussion

As shown in the Sxperimental section, acourste and specific
assays of the four nicotinsamide nucleotide coenzymes were possible
by direct spectrophotometry with ethanol-alcohol dehydrogenase
for NAD, acetaldehyde-alcohol dehydrogenase for NADHZ, isccitrate-

. ipocitrate dehydrogenase for NATF and oxidized glutathione-
.. glutathione reductase for NAEE*"‘K_EE-

Altoough fluorimetric methods and coupled assays based on
rates are reproducible when uged in conjuncticn with suitable
controls, the spectrophotometric assays used in the present
investigations are more direct and repid. With a photometric
accuracy of 0,002 the suallest amount of coenzyme that could be
meamred with 10 error in 5 ml, of solution in a 4 om. cuvette
is & pmemole. In the procedure described here thiz is derived
from 0,1 g., 80 that & coenzyme concentration of 40 \m-moles/g.
fresh wt, of tissue can be measured with this photometric
BOCUTRCY

#hlle satisfactory sasays were available for the coengymes
when they had been cbteined in solution, the preparation of extracts
that provide a true measure of the coenzyme content of tissues is
muich more difficult. Although many studies of coensyme concentrations
in tissue have been described, few authors have compared the resilts
cbtained when different methods of extrsction are applied to the

same tissue, ‘Table 6 lists some studies of tihls kind., (ne of
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the main difficulties 1z the absence of uniform material for
analysia. There is considerable variation of coenzyme concentrations
in the same organ {e.g. rat liver) in a group of animels handled
as far as possible in identical conditions (cf. Table 5, reference
nos. {15)-(18), (25), (29)).

A mejor difficulty is to ensure reproducible irestmsnt of
the tiasue seuples during homogenigation at 100°, In the earlier
experiments (Teble 7 (a) to (J); Tsble 8), the homogeniszer vessel
containing the extracting medium and the pestle was heated in a
boiling~water bath for 10 min,, the tissue sample introduced,
the contents dlspersed using the power-~driven pestle and the
howsgenizer end contentes rehested in the water bath. In experiments
(k) of Table 7, and in the studies of coenzymes during growth
{Section II}, en electricelly~hested weter bath, fitted with a
pergpex snd rubber coller wes used (ses flate 1). This enabled
the homogenization to te carried out while the tissue sample was
being heated in boiling water,

Algo, in thege later studies, insteed of usging an ice~water
bath to cool the tissue ssample and extracting medium after
homogenizing, the contents of the homogenizer were frozen by
pouring into a polythene bottle which was lmmersed in liquid nitrogen.
These procedures eanabled a nore exact control of the conditions of
heating, extracting snd cooling the sample,

It was considered that there could be advantages in obtaining

a single extract which would contain both the oxidized and reduced
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Plate 1

Power-driven homogeniger with teflon pestle
in an electrically~heated water bath fitted

with a rubber and perspex coller.
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coenzymes. Since these coenszymes have Leen shown to be more statle
when hested in tris buffer than in phosphate (Colowick, Keplan &
Clotti, 1951), 0.2 E~tris-meleate buffer, pH f.4, was used. The
variability in the values obtained when uging this extraction method
on fresh and frozen rat-liver tissue and compared with cold and hot
trichloroscetic acid and hot NaCH (see Table 7, {a) to (d)) was
largely due to difficulties in controlling extraction conditions
at 100°; rapid insctivation of dehydrogenases is essential and this
is more sasily effected in ecid or alkali.

me to #fficulties in obtaining disease-free rats at this
stage, chickens were used as a readily available source of liver
timsue. As is seen in Teble 7 (f) and (J), consistent results
eould be obtained with the hot tris-maleate extraction but in a
mumber of instances no NAIPHZ was found in the extract. In each
case the enzyme system was active eand the assay of Nma added to
the extract was satigfactory; egain, oxidation by dehydrogenases
in the initial stages of extraction is a probable source of error,

Since it was intended to use these extraction methods in a
study of scenzymes in sheep liver during growth, these conparisans
ware repested using edult-sheep liver {Teble 7, (h) to (J).
Tn order to study changes in coenzyme content of the tinsue
resulting from storsge of the serples at room temperature the
tris-maleate sxtrasction was repeated st verioug times from the
dsath of the enimal. By adhering to & strict schedule for handling

the tiasue and extractions, a more consistent series of results was
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Table 6. Comparison of methods of exirsction of nicotinemide
nucleotide coenzymes from adult-rat liver
reference & Coenzyme content (um-moles/g.fresh wi.; meen
extraction ) values ¥ S.8.M.
me dium o {NaD]+ , Nal¥y ¢
[ Nap} ;,ramsz] 1NADH2] | 8arp] {NADPHz] mmﬁzj

(a) Glock & Molean

(19558)
Acdid extract ShE=19 - 846
slkaline sxtract - 300516 - N -
Fhosphate-
carbozate buffex 579421 508827 1087 - - -
pH 7,

(b) Bashem et al.,

(1959)
Acid extract 2385 - 7 87 1 ‘j} hat 5 i:?
/lkeline extract - 302 - 284
Det Krt!‘ia-ﬁﬁl

({wap] « [navP}} ({Nﬁﬁﬁa} + {Nmzl)
(e¢) iindall & Laszarow

(1964) :
icdd extract 588 .
Alkaline extract - 497

0.058-tris buffer, pH 8.2 557 789
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Takle 7. Comparison of methods for extrscting nicotinamide
nucleotide coensymes from liver tissue
For details of extraction and esssy methods, mee pp. 55=60.

Uoengyme content, mean value (um-moles/y. fresh wt.).

(a) Nicotinsmide-adenine dimucleotide in rat liver after freezing:
Extraction with cold OJ5k-trichloroscetic acid:

[ nap]
Yean Range of values
¥ale rats 665 (609, 670, 608, 565, 773)
Female rats 538 (521, 520, 489, 535, 545, 603)

(b) Fresh and frozen rat liver tissue: extraction with hot

trip-meleats.

{ #aD] tRani,) | Bt ] {refmfzz‘j
iresh 480 15 109 120
frogzen 25 25 198 35

{e} Fresh rat liver tissue: hot trichlorcecetic acid extraction.

Time from death [ NADJ [ Nane]
of animal
b min. 258 - 32 =
10 min, 340 - 60 -

15 ndn 292 - 18 -
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Teble 7 (gontinued)
(8} Fresh rat-liver iissue: hot KaCll extraction

Time from death ¢ liab] ’Lf-;'wﬁz I L) LMEE"HZ]

of animal
55 win, - aL - 232
95 min, - 95 - 268
15 min, - &0 - 275

(e} Hot trichloroacetic acid extraction ; chicken snd chickene
embryo liver:
L NaD]
Hean Range of values
Vean of two groups
of livers from 8 embryos 930 (860, 1000)
(3 deys before hatching)

Mean of 4 birds;
(6 weeks old) Lhao (350, 430, 450, 450;

(£} Comparison of hot tris-maleate and cold trichlorecscetic
aclid extraction: 12 wask-old cockerel
{ man] LD

. o + ] ., *
{ Nau) Lw.!;ziz] LI\EADHa} [ wane] {Ii.&DE-”’HQ] 'LN;,wrzz] Total

Zxtraction
tri g
maleate 395 128 £23 26 156 182 705
Ca L6 - - 102 = -
tris

maleate 321 194 515 45 140 185 700
CA 436 - - 139 - - s
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Teble 7 (continued)

(g) Hot tris-meleate extraction: 11 week-old cockerel
[ Nap] { NaTp]
{ nap] [mmg] [m;m,‘,] [ Naz®] inmﬂzl [NAE&’HQ] Total
(1) 31 18 512 3b 118 152 664
(2) 356 153 509 42 104 146 655

(h) Tris-maleate mud hot trichloroacetic acid extraction:

Ewe: AB=560, 2 yesrs old,
[ NaD}+ [ NaTP]e
Extrac- Time [NAD] LNADHZJ w.em] { nave) B«m] [nmzl Total
tion from
death
tris- 5 min, 660 125 785 257 215 412 1257
maleate

hot 9 min. 64‘40. - - 164 - - -
CTA

tris- 15 min, 576 116 692 268 146 L3h 1126
muleate

(1) Tris maleste, hot trichlorcacetic acid and hot NaCH
extraction: ewe: A7=-234, 3 years old: fresh tissue

tris- 5% min, 656 180 &36 245 198 438 127h
maleate

hot Smin, - 40 - = 50 -
NalH

trip~ 3 ‘
maleate 117/ 664 125 789 312 183 495 1289
m. '
hot 4 min. 610 - - 150 - -
TCA
(alkaline + acid extractions  ,1108)
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Teble 7 (contimued)

(J) A7-234, fromen tissue: 12 hr. after deamth of animal

| NAD] | Narp)

A v )
Extraction [ NaD] [ﬂﬁﬁiﬂg] Lmssﬁzj | NATP ) Lﬁéf)i*—ﬁzl i_ﬁﬂ&*ﬁz] Total
trin- 0 iy Sl 1% g9z 37 981
maleate
hot - 70 = - 171 -
e 1095
hﬁt 622 - - 232 - Y -
A
cold 79% - - 345 - - (1135)

ca
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Table 7 (gontinued)
(k; PFresh and {rogen adulterat liver; extraction using gold
trichlorcacetic acid and hot & CO

2
Coenzyme content {um~mole/g,. frea:wt.}
[ man] { NaDw]
L +

{ NaD) meg‘j {:mzﬁzj { Nae] anz] Lbzmﬁz] Total
4, fresh 555 450 705 83 258 334 1039
Ay frozen - - - - . - -
B, fresh 673 12 797 105 193 298 1095
B, frogsen  ThC 135 875 131 208 h29 0ok .
C, fresh 655 150 805 204 234 438 1243
C, fromen 645 116 761 115 166 281 1042
L, fresh 566 160 726 120 238 358 1084
D, frosen &30 134 734 160 210 370 100k
B, fresh 583 192 775 120 255 55 1150
£, frozen 575 153 728 135 205 340 1068

Nean and renge (B to B)

fresh 620 156 776 137 230 367 1143
(566 (124 (726 (105 (193 (298 (1084
to to to to 0 to to
673}  192)  &05) 20k.) 255) 438) 1243)

frosen &0 135 775 135 . 217 352 1127
(575 (116 (728 (115 (205 (281 (1004
to to to to %o

_ to ‘ to
740)  153)  875) 160) 288) 4L29)  130h4)
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obteincd., From Table 7 (h) to (J), it is seen that the extract
with het tris-naleate buffer contains more HAIDP than that with
hot trichloroscetic acid but thet cold trichloroacetic acid is
as effective in extrscting NAIF as is the tris-maleate buffer,
The m2 content of the hot NaOH extract was less than that in
the tris-maleate tuffer.

The extrection wiith hot tris-msleate buffer was used for
a series of animals during Jeptember, 1560. These results are
given in Table 8, In several experiments, the extracts appeared
to be unstable and increase in extinction at 240 mu in the control
extract made accurate assay difficult,

Lowry, Roberts & Xspphahn (1957 ) used 0,05 M=tris buffer,
pH 8.2, for extresction of these coensymes from rat-liver tissue
{see Teble 5) and reported very low values for NEIPH,,.

Basshem gt gl., (1959) and iindall & Lasarow (1964) have compared
this extraction medium with separates acid and alkaline extractions
(see Teble 6 (b) & (o)) snd slso found a low NALPH, content.

This was due to oxidation of the HAI’PHZ in the extract, giving rise
to high values for NAIP,

Prom these resalts and from the data in Table 7 it is clear
that spurious values coculd be obtained with the single-extraction
procedure, It therefors was decided to use a double-extraction
procedure, similar to that of Jacobson & Kaplan (1957); cold 0.5 M-
trichloroacetic acid was used for NAD and KA and hot 0.1 X~Ne CU

273

for mm{z angd N‘A{i&*ﬁz. The two extractions were carried out

similtaneously on separate samples of the tissue. The use of
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sodius earbonate solution gave a less-coloured extract, more suitable
for spectrophotometry, than one obteined with sodium hydroxide.
Values obtained for adulterat liver, using this twe-extraction method,
are of the same order as those cbtained in recent studies (see Table 5).

Yhen studies of coengymes and growth had been completed; reports
of the work of Lowry and co-workers (1961, 1963) suggested that it
was necessary to freeze rate-liver tismus rapidly after death of the
animal in order tc cbtein velues for coenzyme content which will
reflect the in vivo levels. A further group of adult rats was
talken and the twowextraction procedure carried out on fresh and
frosen smmples from the senme tissue. The results in Table 7 (k)
show that under the extrsction conditlons used here, there was no
slgnificant difference found between fresh and repidly frozen rat-
liver tiasmue.

Klingenberg & Bucher (1960), in discussing the nicotinamide
nucleotide coenzyme content of livers snd mitochondria, commented
that "the extraction snd ensymatic analytical determination of
pyridine mucleotides from tissues aspperently still has some pitfalls,
Although this ia so, many of the dlscrepancies would sppear to be
due to insufficient ettention being given io factors which are
sasily controlled and slaso to inadequate parameters being used as
the bagis for comparison. It is clear that in comparison of resulis
obtained by different workers for eny cne tissue, such factors as
sge and sex of animal, diel, freedom from diseass, differences

between strains or varieties, physiological state of the tissue



Teble & Nicotinamlde nucleotide coenzymes in the livers of
lembs during growth (Series 1j: hot trig-maleate
buffer extraction

Coenszyme content, (im-moles/g. fresh wt.)

[ Nap] [ Nazp]
ige. [ NaD] anmziz] {m’mz] { NaDP ] [rmmzj [NA;PHQ] Total

Frenatal 906 33 939 45 167 212 1151
625 16 641 83 9% 177 818
W5 45 450 21 96 17 567
666 35 701 [4] 133 206 907

Newborn 686 25 Fak! L 132 173 884
€96 54 750 # 146 187 937

Fostnatal
(asys) 461 35 496 106 91 197 693
1 Lah 24 b5 113 108 221 666
2 ko2 %0 b52 38 131 169 621
& 728 27 755 138 194 332 108’}
1 20 424 81 8 230 651
8 LY 26 469 149 169 318 787
9 391 8l 475 197 &5 2h2 7
567 35 602 162 140 302 904
20 s 40 485 104 182 286 m
22 510 30 540 186 171 357 897
(yeers)
2 660 125 785 239 235 &7 1257

3 656 160 836 257 215 k12 127%
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immediately before sempling, method of killing animals, smnpling
procedure, extraction procedure, stebility of the extract and

method of voenzyme assiy, will all affect the inel reault.

Normal snimel varistions must be taken into consideration snd
sufficient data cught to be obtained o as to allow statistical
evaluation of the significence of the veriation. It is not alweys
clear how an suthor has celoulated a "standurd error” and data would
be of considersbly more use if all the values found for concentrations
were given, or at least ihe range of values stated. If expsrimental
details of this sort were svaileble, then many of the spparent
conflicts in the literature on coenzyme levels would probably be

rosvlved.
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Ricotinamide Nucleotide Coenmyme Concentrations and Growth
of ihe liver in Sheep aug Rats
Introduc

In recent studies of the interaction of the cell nucleus
with the cytoplasm the aspect of geneticsl control of growth snd
metsbolism that has recelved most attention is the transfer of
informetion from deoxyribonucleiec acid to pites of protein gynthesis
as ribonuclsic acld with a specific sequence of nuclectides.

However, the rates of reacilons in the cell depend not only on the
enzymes present, but also on the concentrations of coenzymes snd
other essentisl cofasctors. The possibility that enzymes in the
micleus might control the concentrations of coensymes in the
cytoplasm iz therefore of great interest in the interpretation of
the contrel of growth and diiferentiation.

The presence in the mcleus of one of the essentisl enzymes
of the metebolic patiwey leading to nicotinamide nucleotide coenzymes
iz an umumel exsmple of 2 nuclear ensyme oatalysing one resction
in a sequence that is otherwise apparently localised in the cytoplama,.
This led Morton to suggest (1958, 1961) that the muclear adenylyl-
transferase that catalyses formation ef nicotinic zcid-adenine
dinucleotide from nicotinic scid nucleotide and zdenosine
triphosphate might limit the supply of NAD and its derivatives and
thus control the rate of growth end cell division,
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As dlscussed in the general introduction (p.1)} and as
shown in more detail in Pigure 2, animal tissues are known to
contain pathways leading to NAD and NAIP from tryptophen, nicotinic
scid and nicotinanids,. In zome respects the first of these
pathways, through hydroxysnthranilate and quinolinate, iz analogous
to the ‘'de novo'pathways of biosynthesis of purine snd pyrimidine
nucleotides; this analogy is even more marked in the case of plants
end micro-organiems that make guinolinate from precursors other than
tryptophan (Gholson gt al. 196k). Conversely, the pathways from
nicotinmmide snd nicotinate resemble the 'salvege' pathways of purine
and pyrimidine nucleotide biogynthesis, Kormberg (1957) hae pointed
out the significance of thess direct smtheses of purine end
pyrimidine nucleotides by phosphoribogyl transfer from Sephogphoribogyle
pyrophosphate to free purines and pyrimidines that have been liberated
by the breakdown of nucleic acide end nucleotides.

It is not possible at present to state which sre the rate-
limiting steps of biogynthesls of NAD and NAUF in enimal tissues
under physiclogical conditions; this is particularly true of tumour
tissues and tissues in stages of repid development. In normel
adult liver the demcmstration that there is little scoumilation of
[ Y¢]-nicotinic moid micleotide during cemversion of [ ' 'Cl-nicotinate
into NAD ia no evidence that the conversion of nicotinie acid
nucleotide into its adenylyl derivative is not rate limiting in the
overall conversion of tryptophan, nicotinste and nicotinamide inte
NAD (see Freiss & Handler, 1958a).
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fattways for gynthegls of nicotinamide nucleotide coenzymes in

animal tissues

1. See Mitchell & Nyc (1948) 6. NAD kinase

2. JeHydvomsnthrenilic oxidase 7e HNicotinamide deamidase
(Decker et al. 1961)

3. See Nishizuks & Hayaisha (1963), 8. HMN pyrophosphorylase

by AP : NiNeadenylyltransferase 9. lilcotinic acid mononucleotide

pyrophosphorylase

|
-J
5. HiD synthetase 10.  Gee (rtega & Brown (1950) *:



tryptophan = > 3-hydroxyanthranilate 10 non=cyclic
_ precursors
&2 /
quinolinate -—
PRPP
3 PP
PP, +— —— ATP 1
1 {
; | .
nicotinate ] — nicotiniec acid = nicotinic acid-adenine
) nucleotide dinucleotide
PRPP PP1
. ' glutamine + ATP
D
glutamate + AMP + PPi
nicotinamide — e - —8— - - nicotinamide J— —_— — — nicotinamide-adenine
nucleotide T- 4 I- dinucleotide
ATP PPi ATP
6
ADP ~h____h

nicotinamide~-adenine
dinucleotide phosphate
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‘The pathways of biogynthesls of NiD and NADF sfford many
potential aites of metebolic control. Conversion of nicotinamide
into nicotinate by nicotinsmidese is inhibited in liver, and this
inhibition is under hormonal control (Greengard, Petrack, Craston
& Kalinsky, 1963). Gcmrérsien of quinolinate into nicotinic acid
nucleotide in crude extracts of liver is inhibited by unidentified
material that may be adsorbed on charcosl sné is also inhkibited
by BAD or its breakdown products in this system (Gholson et al.,
1964), Thie raises the possibility of 'feed hack' control of
blogynthesis of WAL,

A further poseibility of control of the formation of NAD
arises from the seperation of the nuclear transferase, which
requires a supply of ATP for formaticn of nicotinic acide-sdenine
dinucleotide, from the main sourcea of AT in the cytoplasm.
itkinson, Jackson & lorton (1964) were only able to extract this
enzyme from disrupted nucied in conditions that extracted muclelc
acid, and the engyme msy bLe bound et a gpecific site in the mucleus.
Baltus (1954) found the enzyme in the nucleolar fraction of starfish
ococytes. Formation of nucleic ecids in the mucleus also reguires
a8 supply of ATF and the inverse relationship of NiD biogymthesis
to rate of cell division and gyntheais of mucleic acid might resgult
from competition for AT¥, atkinson, Jackson 4 Morton (1961) found
that the nuelear transfersse also catelysed mucleotlidyl trensfer
from guanosine triphosphate and deoxyadsnosine triphogphate;

competition for these precursors of nucleic aclds by the nuclesr
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transferase might also contribute to the interaction of pyridine
nucleotide meteboliam and nucleic acid metatolism (of . Norten, 1964 ;
fevel & Mandel, 1962: Chambon, Weill & ¥andel, 1963).

The activity of ATPy sap adenylyltransferass in tumours and
erbryonic tissues is lower than that in normal sdult tissue, The
contrast is particularly marked when the activity is expressed on
s per micleus' basis., Soms results reported by Eranster & Morten
(1956) and by Dranster (1958) are listed in Table §.  Sfudlar
results by Dawkines (1959) were discussed in the general introduction,
Stirpe & Alaridge (1961) found lower activities of the adenylyl-
tranaferase in nuclei from regenerating rat liver than in normal
adult liver, de Burgh (1957) bad shown that regsnerating mouse
liver had a decreased capacity to cause & net incresse in the level
of NAD on injection of nicotinamids.

In Table 10, the levels of ricotinamide nucleotide cosnzyme s
in aevural norzmal adult and tumour tissues are conpared,

It has been known since the work of von suler (1938) and
Bernheim & velsovenyi (1540) that low levels of nicotinemide
nucleotide coenszymes are bresent in tumour ang exbryonic tissues.

A comparison of Sections A & B of Teble 10, shows that when
expressed on a fresh wt, basis, the coensyme content of tumours is
much lower than that of the corregponding normel adult tissue » &nd
this is ospecially marked with levels of NAIP ana NAIK?'HQ.
decrease in coensyme level is parslleled by a decresase in the

This

Sctivity of NMNeadenylyltranaferass (compare Table 9).



Table 9.
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Comparative values of ATE:

Mifit-adenylyl transferase

activities of gell nuclei in normel and tumour tissues.

{Zranster & korton, 1956;

Tissue

franster, 1956).

nzymic fotivity

(~moles of KAl formed/? o nuclei/br, )

he Lhormal Tissues
Fowl liver
tiouse liver,
foetal
7=17 days old
2 months old
adult
mamary glsnd,
lactating
non~lactating
Human liver
lymph gland
B, Tumeurs
Houge carcinoma
(Céﬁﬂ
hepatoma
Shrlich sascites
Rat walker sercoms
Human Sarcoma

squamous carcinoma

Yisan

o

12
0

1342
12

10

2.8

A S Sl

Hange

(2 to 3)
{11 to 13)

(42 to 45)

€1o to 17)
6 to 8)

o

-

(2 to 3)

Ve T am)
_e
g8
W0
Mo Mg

]
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Ususlly, engymic activities or amounts of tissue constituents
sre exproseed an the basis of units of activity/unit of fresh wt.,
&y wte wr nitrogen. This will only be valid if there are zo
marked differences in cell sizes, &y wta. or nitrogen ocontents of
the tissues bLeing coupared, For example, when expressed on s
fresh wt, basis, Jye~induced hepatomas contain 480 of the total NAD
snd o of the tetal JAIFP of normal reat liver (see Clock & lciean,
1957; and 7able 10), The M4 phogphorus content per nucleus of
hepatome and normal rat liver iz the stise (Lavidson & Lsslie, 1950)
but the smounts of Jii phosphorus/g. fresh wi. of the tissues are
546 & 249 ug., respectively. Fence, thers are sbout 2.2 tiwes as
meny miclel per g. of tissue in hepatoma ss compared with normal
edult liver. Then expressed on the basls of amsunt per mucleus,
therefore, ths results of Glock & Molesn (1957) show thet hepatoma
contains about %04 of the WAL of normal adult zat liver, This
agrees well with the relative activities of HilN-adenylyltransfersse
in muclei from hepatoma snd rormel adult liver (see Table 9).

(n the basis of this data, korton (1958) proposed that in
cells that were growing rapidly, the synthesis of sew cellular
material ocourred against a limiting rate of supply of IAD from the
micleus, and that in normel embryonic tismies, this would lead to
a dscline with time in the rate of csll division, allowing
gifferentiation of the sdult tiassue, If 2 genetic leslon
prevented ihe inoresse in -adenylyltransferase and hence in

amount of NiT which would normelly follow coll division, then new
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Table 10. Levels of nicotinamide nucleotide coenzymes in pormal and tumour tissues

M seue Cosnzyme content {umemoles/g. fresh wi,) iteference

1.

2e

3e

(nap] [warmy] [ware] (nawE,] Total

NORMAL

Liver

(a) TEat 555 306 8 266 1135 tlock & lolean (1955b)
Lhé 166 44 425 1081 Jacobson & Keplan (1957)
L85 152 25 251 914 Bassham et al. (1959)
628 252 15 502 1497 Lowxy et al. (1961)

{ other values, ses Table 5)
(b} Jouse 657 183 57 328 1195 Jacobson & Kaplan (1957)
¥emmaxy gland= 340 125 <3 68 536 Glock & Nelean (1955)
rat
Skeletal Muscle- 417 40 10 12 479 Glock & Helean (1355b)

rat



Coengyme content (jm-moles/g. fresh wi.)

Tissue { xap} {ﬁm\az} { aTP) {Hzmzl Total reference
B. TUMOUR
1. Bepatoma~rat 376 76 - - - Jedeikin & veinhouse {1955)
382 36 < 37 531 Glock & Mclean (1957)
2, Sammary gland 1549 5 - - - Pisher & Soblenk (1948
carcincma~mouse 156 57 - - - Jedeikin & Weinhouse (1955)
3.  Sarcoms=rat 144 81 - - - Figher & Schlenk (1948)
37 157 63 - - - Jedeikin & Velnhouse (1955}
166 33 <4 < 207 Glock & Mclean (1957
Jensen 177 62 <4 6 249 Glock & Mclean (1957
=Rouse
Crocker 165 92 7 12 279 Glock & iclLean (1957)
L. Adscites~ shrlich bié o - - - Jedeikin & veinhouse
(1955)

shrilich 198 3h <l <h 260 Glock & belesn {1957)

u6 L-
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cell divigion wouid be induced. orton (1958) considered that
tumeny cells differed from mormal embryonie cells in that they
lacked an inherited potential for increasing the amount of
transferase following cell division and thut tumour cells way
arise fro: normal adult cells by depletion of enzyme systems
agsociated with the synthesis of NMN-adenylyvltransferase.

Further information wes thersfore needed on anounts of
nicotinamide nucleotide coenzymes in tiseue ihal was undergoing
norwel growth and differentiation, together with data that
would sllow growth rate of the tissue to be measured, hats and
lambs were chosen as the experimentel animels and gufficient
parsmeters were measured so that growth of the whole animal and
of the liver could be assessed. The variety of reference bases
which were messured (dry wt., nitrogen, mucleic acid phosphorus
snd murber of muclei per g. fresh wi.), slso allowed results to
be expressed on the Lasis of per mucleus ('per cell') during

growih.
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riment

inimals

411 sheep and lawbs uwaed in thie study were obtained from
the "Glenthorne Lxperimental Station, C.iel.Ret., [Avision of
Biochemistry end General Mutrition, idelalde, 'The sheep had been
grazing on an irproved mixed pasture and the lenbs running with their
dams in a separate aree on the same type of pasture.

¥ale albino rats were obtained from the same colony as those
used in Seotion I,

The snimals used in Sexdes I sand III were lanbs and sheep
gnd in Serdes II and IV, lambs, sheep and rats.

Seriee I . Two Lerino ewes and sixteen wether lambs,
renging in age from sbout one week prenatal to 22 days old were
cbtained during September, 1960.

 Series 1l. Four Nerino ewss, age J years, and four groups
of wether lumbs, ranging in age from & days to § weeks, wers
obtained during the months of sugust to October, 1961.

¥ho rats used renged in age from 4 to 28 days and included
a group of feur 7 month-old rats.

Series 11J. erino lembs (40 animals) renging in ege from
about 2 weeks before Wirth te 50 deys after birth, five wethers

{6 months to % years old) and two adult ewes (5~6 years old) were

used; the gestation pericd of Verino sheep under local conditions
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is sbout 150 deys.

The lazbe listed in Table 10 were born during May, 1962,
from ewes which had been grazing on an improved mixed pasture, dry
until the end of April, and becoming increasingly green after
sutum rains. These ewes were also off'ered a supplementary feed
of cheff'ed wheaten hay snd during the last few weeks of pregnency
an additional ration of grain (oats snd wheat).

Sexiep. IV. A further group of lasbs (Table 11) boran
during gust-Septenber, 1962, were also uged, These animals
graszed on an improved mixed pasture (spring growth) end the lasbe
ran with their dsms in a separate area on the same type of pasture.

The pre-natal lambs were cenoved from the uterus within 30 sec,
of slaughtering the ewe, and placed on & welghed gtainless steel tray
g0 that the body wt. of the animal cculd be deternined after the liver
samples had been removed. The curved crown-rump length (Cloette,
1939) was measured after all serples had been obtained. The
newborn lambs (1=-5 hr, old) were unsuckled; the other lambs and sheep
were removed from their source of food and water about 2 hr. and the
rats zbout 30 min. before slsughiexr.

The edult rats used were six months old.

WW. This was the same as that used in Section X

for fresh tlssie, Livers from the young rats were pooled from
groups of animals at the various sges.

Extraction snd agsey of coensymes. The oxidised and reduced
coengynes were extracted simultaneously from separate ssmples of the
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tissue. Cold trichloroscetic acid and Lot I%aamj solutions
were used as described in Sectlon I, A stenderdized time
schedule was used and extraction of both oxidised and reduced
nicotinemide miclectides was commenced within 3 min, of the death
of the animal, except with the poocled livers, when the Yime was
extended by 2 to 3 min, All assays were completed within 5 hr,
of the death of the animal,
Counting of nuglei. Approx. 1 g. of tissue was we
homogenized in 9 ml, of icew-cold 0.85% NaCl (adjusted to pH 7.2

with 0.2 g;-»nnawah) and the nucleil in a suitably diluted portion
of the homogenate were stained and counted in a

described by Yokoyems, ¥ilson, Tsubei & Stowell (1953); at lemst
three thousend nuclei were counted in each sample., All counts
were made by the one operator with the one hamoyimter
throughout the work., As & test of this procedure, deoxyribunucleic
acid was estimated by the vethod described below., ¥ith pooled
livers frow the two groups of 28«day-0ld rats the veluees were 219
and 304 ug. DN phosphorus/g. fresh wi. These zsmples contained
313 and 359 x 10° nuclei/g., corresponding to values of 0,70 and
0.85 x 10~125, INA phosphorus/mucleus respeotively, which is in
good agreement with published values (see Davidson, 1960)., This
indicates that relisble counts of ruclei were obtained.

Iuclelo scids. These were extracted as described by Schnedder
(1945) except that perchloric aeid (5 w/v) was used to remove
acld~soluble material end IKA was ostimated colorimetrically with
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penitrophenyl hydrazine (Webb and Levy, 1955); the N-NaOH used

to develop ithe colour was seturated with trisodium phosphate at 20°,
The THL of sbout a third of the saples wes alav estinated by
Burton’s (1956, procedure, Ihe values obiained by Durton's scthod
were up to 55 lower than those chbteined by vebb and lLevy's techuique,
Fhosphorus was determined by 4llen's (19%0) procedure. Calf-tiymis
A (Zamenhof, 1953) was used as # standard; es detormined by “yatt's
(1955) method, ihe molar ratio of uracil/thymine was no greater than
0.02/1 and the recovery of bases was 96 of the totel phosphorus.

The tissue smples wers treated with perchloric acid and lipid
solvents end the dried powder was stored at «15° for leas than 5 days
before extraction with trichloroacetic acid and estimation of
deoxyribose. It was found that storage of the dried powder for
more thsn cne week or storsge of the trichlorocagetic acid extract
for more then 12 hr. geve lower values of L4,

Diy weight. Chopped tissue (approx. 2 ge) was weighed
bafore and after drying at 96° for 48 hr.

Nitrogen, lKaterisl used in the determination of dry wedght
wag analysed by a micro-ijeldabl procedure.



Results
Reference bages. So that changes in ameunts of coengymes end in

enzyme activities could be adequately essessed in a tissue that is
rapidly developing, a muber of parameters other thsn calendar sge
were determined. Tables 11, 12 snd 13 show the veluez for calendsr
age, body wt., liver fresh wi,, liver dry wt., percentage &y wt,,
end the mumber of miclei end the smount of nitrogen/g. fresh wt,

u_;t’ liver. The derived values for the mumber of muclei, and the
swounts of nifrogen, per liver, are also given. The eromwn-rusp
length was measured in prenatal lasbs ("i‘a‘blg 12) but it varied too
zuch in relation to other parsmeters to te a relisble guide %o the
stage of development.

Values of DNi phosphorus snd R¥Ni phosphorus/g. fresh wt. of
1iver were determined in lasbs and sheep from 4 days to & yesrs 0ld
and in adult rets. The results are given in Tehle 13, topether
with the derived values for the amounts of nucleic acid vhosyhorus/
liver and DA phosphorus/nucleus, Some samples deteriorated on
storage (see ».3+) and, for these, values of totel mucleic acid
phosphorus only ere shown.,  RNA phosphorus was Jdeternined by
adifference between total nueleic acid phosphorus and INA phosphorus.
From these, the "NA phosphorus/nuclsus was caloulated. The mean
value for the RNA phosphorus: DNA phosphorus ratio was 1.40 {(range
0.84-2,18) for 19 animals {sheep and laxbs). The ratio showed no
trend during development. This value was about half of that



HSeference bases and picotinemids mucleotids coenxymes in livers of sieep and rats.

Table 11,
(Series 11)
Ypecies Iiver
and Body  (fresh
bge  wt. wt,
(dnys) (xg.) Be)
theep
4 L.z 127
o6 1t
4.8 9k
G2 124
14 6.2 134
Teb 190
8.2 193
£.8 215
29 T3 16k
1045 245
10.7 222
56 11.7 264
16.0 346
18,8 361
1968 357
19.9 32,

(&7 ::méﬁ/s-r

4 : 4
334k
35.7
29,1
31.5
36.4
50.1
521
59,4
45.9
63,6
60.8
75.0
99.0

1046
103:0
91.2

fresh
wh.

267
chz

Coengyme content (um-moles/g.fresh wi,)

{ NaD]} mgm?_] ;,thz] | Naz®) {xmzj wmzl Totel

365
b2
330
322
381
220
247
353
149
109

349
507

M7

68
48
33
101
17
15
5l
18
46
58
51
56
36
102
W8
62

[wan]

433
450
363
423
398
235
304
297
399
27
1€0
564
385
€09
k79

20
10
20
27
10
a7
10
10

234

85
153
154
235
230
176

109
277
2
257
160
160
132

219
263

L NAzE]

254

95
163
18
245
257
186
119
329
2t
295
1%
193

3

687
565
526
&0
643
k32
he7
W6
728

459
758
578
829
Ttk
792

~898=



{yeazs)

3 48,0

3 50.2

3 51.9

3 532

Rats

(aays} &.

4{(17)* 8.3

7(43)* 134

28(5)*  39.8

(3)*  56.5
{3)* &8.0

{months)

7 520

7 560

7 595

7 623

*Sauples were taken from the pooled livers of the mumber of animels shown.

7%
836
930
815

C.28
O olede
1482
2.69
340

148
17.3
178
173

235
251
277
by

0.07
0.12
047
D.78
1.00

b1
5433
5.45
5458

205
9
232

2n

323
513
359

188
185
184
181

736
670
679
608

2
W3
470
573
455

435
433
328
500

111
116
107

7
120
113

83

96

162
95
80

93

847
786
786

392
553
583
556
551

597
531
408
595

15
28

33

151
234
296
274
25

364
39%
276
487

210
266

323
245

156
255
346
279
320

3%
419

524

1057
1072
1109

889

788
899
35
871

991

1117



Table 11 {continued)

Coensyms content {umoles/liver)

Jpecies -8 { NAD! [ NapP)
and 30 "x + &
Age - iitrogen Huclei , ) ,
s:(f:’p‘) (g./liver) /liver |[NaD] 1m2] mm{z] | Narw] gmaz] [Emz] Total
i 3.9 339 LA 8.6 55,0 2.5 29.8 313 8641
4e23 34z 62e3 Gl 69.1 %o 13.% 14,7 83.8
3465 335 37.6 2.8 A 2.3 1€.3 18.% €540
Aﬁm@? 3& 50.0 12.‘!- 52-‘96' §u§ 19.1 22;&- %.&g
14 429 a0 511 243 55.4 1.3 3145 32,8 86.2

5.89 5N 41.8 2.9 biy,7 51 43.7 48,8 935
5.60 439 7.7 104 58,1 1.9 340 35.9 )
6.67 496 60.0 3.9 63.9 2.2 2544 25.6 83.5
29 5.08 538 573 Teb 65.3 B LIRS 539 126
T35 716 5665 1542 5%e7 Gut 49.2 53.0 111
7.10 &6k 2he2 1.3 355 92 574 66.4 102

56 &,71 Tk 136 b5 148 9.0  h2.2 512 198
1067 894 121 12,5 134 b 55.4 6.8 2
11.9 938 183 37.6 20 12,8  65.9 797 300
1243 908 %3 174 160 16.8 7842 95,0 255

104 1000 135 20,1 155 1642 84,2 o 256

ratio

1.70
S5.10
2.23
Z2e3%
1.62
QN
1.62
2.50
1«21
0.66

oSk
2.91
1.99
2.77
1.€9
153



(years)

5 2743
3061
32.6
285
dats
(asys] (mao./liver)
h(17)* 8
7(13)* 13
28(5)* 55
(3)* 9
{3)* 102
(months)
7 503
606
&27
588

¢ Ssmples were taken from the pooled livers of the number of animals shown.

1596
2160
1955

0.3
149
5.2
8.4
12.2

321
324
31.3

5
560

86.5
97.0

632 100

496

Jei0
0.18
0,76
1.27
1.58

6,43
7450
5e31
B.65

23.3

0.0
0.06
0.19
0.3
0.29

2441
1.68
GeP
1.62

661
657
952
525

Q.11
0.2h
095
1.50
1.87

8.8k
9.4E
151
10.27

1.7
3.&
202
2.9

0,00
0.01
0.03
0.00
0.05

s Y1
T3
U ot
Goh9

152
216
276
175

340k
0.10
0.48
07k
1.0k

5.38
6482
4,9
8.42

164
29
300
202

0,04
O.11
0.51
0.75
1.09

5.83
7.25
5.38
8.91

825
89¢
1232
727

2415
0.35
1,56
2.25
2.9

14,67
16.43
12.69
19.18

4,03
2.75
2ob3
2.63

251
2.09
1.84
152

1.72

152
127
1.36
1.13

-lg~



Table 12, heferebce bages and concentrationg of nicotinendde mucleotide soenzymes in livers
of lambg ani gheop. (Series 11I)

Liver fmeled Coenzyms content {umemoles/g.fresh we,)
Bodqy C/R fresh oxy x 1075x 1678 { NaD] [ NEP]
wt. length wt, wte , + , v +
sge (§.) (em) (8) (ge) % Jeo/Mver [Nd] [Namt )] [namss )] [Mare] | NaiPH,] [ NADFH,])Total
Pre~ 3.26 4B,3 68.i 17.3 25.3 30h 207 - - - - - - -
netal ;.2 495 67,0 17.h 26,0 335 225 562 &1 603 10 63 75 676
3.3k 52,0 69.8 17.4 ka9 37h 261 460 » 451 5 79 84 575
306 46,6 Tie2 17.9 25.1 365 260 241 24 265 5 12h 129 39%
2,78 k9.5 86,0 19.0 22.1 496 426 204 39 243 8 65 7% 319
3.54 50.8 82.7 20,7 25.0 392 324 578 77 §55 5 77 82 137
5,95 55.9 933 25.3 Zi.1 288 269 5&3 by 587 5 55 60 647
3.68 50.8 106 27.5 25.9 350 371 338 38 376 5 115 120 496
Foat~
natal
(br.) _ _
5 3.9 5t 60.6 15.3 25.2 369 zely b7 65 &72 5 17 122 5%
3 3.5 51,3 645 17.8 27.6 376 2hz W97 83 570 5 5 9% 666
3 RO 55,2 70.2 18,3 26,0 347 23 ABD - - 5 - - -
2 b5 56.6 Ti.1  18.8 26,5 Mz 293 58k 60 Shis 5 120 125 769
1 3.5 52,7 Mo 995 27.3 365 262 575 79 654 5 &1 66 720
2 5.1 55.9 95.6 26.% 271.7 329 35 763 Ldy 807 5 184 189 996

‘wga a



(aays)

1 441
4 3.8
1 k.9
1 545
2 &1
3 5.2
3 Ge5
5 Se8
i Bel
18 8.8
24 10.0
22 11.3
27 943
50 15.3
(years)
5 335
6* 16,1

5549
53 ol
594
59.7
5lob
8047
60
62,2
37
71.8
76.2
775
71.7
85.4%

795
93.0
971
129.5
97'5
136.3
154
146
1745
180.8
211.6
228,7
182.5

4393
720

21.6
22.3
23
32.3
25.2
3545
k.6
36.2
48.3
513
60.5
6ho6
535
80.0

145

2744

23.9
2540
269
25.9
2640
264
24,8
27.7
284
28.6
28,2
2943
28.0

293
3045

sLactating 24 dxys

314
29

PERRBRE - 5EE2

275
258

250
270
307

289

436
475
459
542

556
813

1355
1858

§05
566
578
321
1

317
29
LS
472
352
474

585
612

66
57

I S

42
62

3
69

59

38

15

gﬂmmam@mmm&ng‘

10
15

15
15

139
92
81
65
63

255
92

114

135

184

166

178

197
256

15k
§02

103

F & ¥

vE8EBRE

97
124
140
189
186
101
193

212
n

652
75
721
499

607
615

855
%2



Teble 12 (mﬁmg)

Coenzyme content (wmoles/liver)

Liver nitrogen { 5an] [ Bare)
(mgo/- ‘ ot -
Age freeh wt.) (go/liver) [NaD} {NAIE] {xmzzl { Hare] [::mzl ghm,‘,] Total Coenzyme
Prenatal  20.8 1.27 = = - - - - s
0.6 1.38 376 2.8 b0 o 0.7 b2 49 45,3 B.26
25.6 165 32,1 2.2 34,3 0.3 5.5 58 40,1 5.85
2343 1.66 17.2 147 18.9 Oh 6.8 9.2 28,% 2.0
21.5 1.85 1746 3.3 20.9 0.7 5.8 6.5 214 3.20
22.9 1.89 L7.8 6.4 54,2 O.b 64 6.8 61.0 &0
21.5 2.02 50.7 et 54,8 C.5 St 5.6 604  9.75
22.2 234 35.8 bt 39.9 0.5 12.2 12.7 5246  He13
Fostnatal
(nur.)
5 28,0 1.70 2447 349 2846 0u3  7a1 T 36,0 3.87
3 2448 1.56 b 5. 358 0.3 5.9 6.2 3.0 5.9
3 27.1 195 337 - - O - = -~ -
2 26.7 1.90 .5 43 45,8 O 8.5 8.9 She? 5415
1 2o 1.73 i 5.6 b6.,7 O 443 b7 Elele 991
2 27.2 2.60 730 &2 77.2 4 17.6 18.0 95,2 1,27
{aays) , _
1 30.5 2.43 3248 7.2 39.6 1.2 1.0 12.2 5.8 3.23
1 30.5 2.3 52.6 6.2 58,8 0.9 G.6 %5 €6.3 6,20

"“69\.
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1h

BNR R

(years)

6%

2745
3.6
29.0
30.9
B3
29.6
2945
32.5
304
29.5
.7
3246

3146
B

2.67
4,09
2483
ho22
4,67
432
Seth
5487
Seli2
£.76
5.60
9.32

15.9
22.1

56,1
41.6
30.6
3545
5541
48,0
723
81.1
99.9
80.6
84.0

136

268
441

*Lactating ewe, 24 days

545
9.7
4.3
?#g
9.1
€e2
1048
10.1
1544
158
9.8
17.0

28.6
56

61.6
5143
ke
b3
67.2
542
8341
91.2
1153
96 .4
93.8
152

317
497

0.5
S
Qb
C.7
b
0.7
17
G.9
1.1
46
1.8
4.3

7
1.0

7.9

1247
6.3

8.5

36.2
13.5
199
2l
38.9
36,0
16.6
51.0

7.1
184

Bolt

1343
6.8

9.2

406
142
21.6
DS
40,0
h2.6
1844
553

105
195

7040
6hob
k1,7
5246
107.8
684
104,7
11648
155
135.0
11242
207

692

738
3.84
5412
4,68
1465
3478
354
3.60
2.88
2.26
5.08
2.76

3.03
2455



Table 13. Heference bases snd the concentration of nucleic acid phosphorus snd of
nicotinamide pdenine dinucleotide in the livers of cheep and rats. (Series IV)

4ge Body wt. liver wi. Iiver nitrogen Mucledi B
kg Fresh Iry # ng./g. g+/liver x '%0"6/3. x 10"@;‘,'
e Be fresh wt. fresh wt., liver
Sheep
(8ays)
4 bol 86.6 22.5 2545 25.9 2.65 264 234
L 3] 84,5 2340 27.2 o I 2.47 269 228
4,8 100 26.8 26.8 3245 325 385 365
5e3 108 22.3 27 1 29.& 3418 380 411
6.0 1k 3.2 2545 b o6 338 W77
647 69 424 26.3 2945 boT5 307 498
7 645 15 2.6 26.h 3145 4,82 262 403
72 7 48,3 26.2 3.6 5ol 250 bh2
641 181 51.0 26.2 2842 Selk 199 360
8.0 218 58.2 26.7 30.4 6.6 233 507
1 10.0 284 8114 2842 e 8.32 2n 496
15 8,0 199 a5 &7 o 29.8 5492 249 495
14 8.5 218 5749 26.6 29.6 654 250 563

1h Bob 220 614 2840 2547 6452 243 534

-336-:



(days)

30 12.5
25 11.9
28 13.3
26 156
49 15.8
19.1
(mmths)
6 28,3
23.1
(years)
3 5646
4 57.6
57.8
Rats
(months) g.
6 a77
46h
49
500

510

921
857

17.2
16.7
17.2
194
19.8

62.8
1.8
1.7
4.9
CEW

G o's

202
205

275

272

532
Se34
5450
6.1
6.22

2741
27.6
2747

287

29.3
L3

22.9
2945
30.7

3049
32.0
32.0
315
31

331
3563
3345
2946
3514
3348

3he2
354

3548
349
6.4

31.6
3249
324
28.7
274

7468

866

G4
10.6
108
11

25,6
24,1

311
29.9
32.2

054

0.549
0557
0557
0.543

3z
269
317
289
265
261

243
217

188

209

127
152
143
155
150

725
698
890
985
&2

<75

1474
1480

1135

1845

2.9
25.4
2&--5
30.1
297



Table 13 {contimued)

Mimals Age

Larbe

{(daye)
4

4
15
14
14

INA
Mo/ B

264
347
bt
35
390
516

7
208
272
2
302

325
M7

R4
HE/En

35k
547
360
46
452
476
361
454
541
39
398
384
b3

Miclelc acid phosphorus

T Ria
rg/liver mg/liver
224 3.0
263 &346
42,8 36.0
38.2 ble 9
56.2 65.0
50.8 76.6
494 63 o
37.6 82.2
59,2 117.8
76.9 111.0
6041 79.2
704 8249
65.6 57e3

RNy

A

145
1.49
0,84
1.18
1.16
1.51
1.29
2.18
1.99
145
132
T.17
1240

DNA
HIE o/
mcleus
1.00
1.29
1.17
093
1.15
1403

1.12
104
1417
1.00
Ta21
1.30
130

[ Nan]

pn-moles pmoles
/ gsfresh /liver

wt.

4 32 3645
370 59.6
310 k7.6
37 66.2
396 .6
3t 61.3
260 75.8
370 7346
277 6043
310 68.0

el T



30 378
29 2886
28 304
26 317
L9 -
b -
sheep {months)
6 242
(years)
3 192
& -

Kats (months)
6 159
187
162

-

h12
403
473
Ti4*
625

526%

318
510%
L0

506
526
508

4E0#

87.6
7540
85.2
108.0

167.2

176.8

247k
3412
2.79

80.2
107 o
1130
161.0

405

293.0

~
e

8.76
BoTh

* Total nucleic acld pbosphorus

Felts
2081
3.1k

te21
1.07
0.96
1.10
0.59
0.51

113
.82

1.02
0.95
0.69

125
122
113

475

435
420

595
636

"7
824
910

465
15
385

110
120
122
143
153
196

412
433

706
805

6,97
7.76
7e1h
7.48
9.12
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obtsined for three sdult rats (mean 3,04, range Z.81-3.18).

The DIVA phosphorus/nucleus was found to be 1.12 uug (range
0493=1.30pug. ) in these lambs and sheep, and 1,20 uug (range
1e13=1,25 pugs) in the adult rats. In s further group of pen-fed
ewes sged 3 years, a mean value of 1,03 upge (range 0.,91-1.19 g, )
for seven animals was obtained,

The percentage dry wt., of the livers in the lasbs in Series
11 (& to 56 days old) varied between 25.3 and 28,9%, with & mean
of 27.3% (16 animals), and in the four adult sheep increased to
a mean of 30.0% (range 29.8-30,2%3;. In the sheep and lanbs of
Series II1 and 1V, (of. Tebles 12 and 13) the percentage dry wt.
of the livers of animals up to 5 Jdaye old varizd betwesn 22,1 end
2775, With & mean of 25,9, (23 enimsls), and in the five adult
sheep increased to & mean of 29,9 (range 29,3=307'). In the rats
(Series II, Teble 11) the percentege dry wt, of the liver showed an
increase from 25.2% (mean for 17 enimels, & days o0ld) to 31.1%
(range 304 to 32.2Z for four enimels) in the sdult.

The total nitrogen/g. fresh wt, of liver in the lambs in
Series II, varied betwosn 29 and 34 mg./g., with » mean of 31.6
ege/gs (16 animels) and in the four adult sheep increased to o
mean of 353 ug./g« (renge 35 to 36 mg./gs). In the animals of
Serdies III and IV (Tables 12 and 13) the total nitrogen/g. fresh
wt, of liver was lower in the eight prenatal lembs (mean 22,1,
renge 20.6-23.6 mgo/gs) than in the six newbom lembs (mean 26.3,
renge Ph,2«28,0 mg./g.) and than in the older lambs and sdults
(44 animals; mean 31,3, range 27.5-36.4 mge/g.)s During growth
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of the ret efter birth (cf, Teble 14) the %otal nitrogen content
of the liver increased from a mean of 29.&6 lg./g. fresh wt. (30
animals, renge 29«30 mg./g.) in rets up to 7 days old, to a mean
of 32.9 mg./g. {11 enimels, range 303 mg./g.) in rats 28 days
0ld and reached a msan value of 3.5 mg./g. {4 salsals, range
34=35 mge/g.) in the adult.

The mumber of nuclei/g. fresh wi., of liver differed little
in eny of the groups of lenba but the number was greater than that
found in the livers of sdult sheep. In ihe young rats thore were
slnost twice as many nuclei/g. fresh wt. of liver as in the adult.

Cencentrations of nicotinanide nucleotide cgenmymes in livers of
gheep and rats during growth., Table t1 shows the concentraticns
of nicotinamide nucleotide coensymes/g. fresh wt. of tissue, in
thelivers of gheep and rats of various ages ranging from four days
to waturity (animsls of Serdes II). /n emalysis of varisnce hetween
and within age classes was carried sut on these resulis and showed
little difference in the concentrations of coensymes beilween sny of
the groups of lsmbs. Iowever, there was a twof'old rise in the
concentration of total coensymes from the lower levels charascteristic
of the young lembs to those found in adult sheep (mean value 1030
im~molesig. fresh wt,). 4 similar rise in concentration of coenzymes
in the liver was alsc shown during growth of the rats.

Table 12 shows the concentrations of nicotinamide nucleotide

coenzymes in livers of prenatal and postnatal lambs of various ages.
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A wide variation was chserved in the values obtained for the livers
of foetsl and newborn animals, but the general trend was for the
concentration of total [ HADJ/g. fresh wi, to be ndgher in the prenatal
snd lmmediately postnatel Jasbs then in lambs 2«5 days old. The
concentration of total [NAIP/g. fresh wi. in tle livers of foetal
and newborn animalsg wes lower than in the young lambs and adult sheep,
Values obtained for laxbs during their subsequeni development agreed
well with those obtained in the previous series of lambe end sheep
(moe Table 11).

Tsble 13 shows this concentration of HiD in the livers of
postnatal lmbg and of adult rats.

Table 8 shows the concentrations of nicotinscdde nuclsotdde
coenszymes/g. fresh wt, in the livers of lanbs shd sheep ranging from
sbout one week prenatsl to the adult animal (Series I), These values
were obtained by using a single-~extraction method which aithough less
precise, gave results which showed fycads in concentrations which are
eimiler to the results obtained in the later studies (of'. Tables 11,
12 & 13).

Jotal supnts of miootinemide nucleotide coenzymes in the livers of
gheep snd yaty during development.

Prom the date in Table 12 for sheep and rats (Jerdes 111},
regression analysis was carried out using celender sge, body wi.,
liver dry wt., end the totel number of miclei/liver as parsmeters
of relative matupity; the total amounts of [NAD], | NAP] snd [NaD] +
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[NA}:E’] per liver were the dependent veristes. It was necessary
to take logarithms of both the dependent snd determining variates
to produce homoscedasticity and linearity. Details of the statistical
treatment are given in the ippendix, The notetion used in the
regression equations is as follows, all being on s totel liver basis.
%, = log (liver dry wt. g.)
xy = log (ne. of nuclei x ’80“8}
x, = log ([NaD] + [ﬁiﬁﬂz])
%5 = log ({3Ame] + [NamPHy])

xg = log (total coenszymes)

@m
%, = ~0a3795 + 1.3001 x, (curve B, #ig.3)
X, = ~2.3317 4 15621 x, (curve 5, Pinul)
Xg = =0.2941 & 1.1057 x, (curve C, Pig.3)
%g = »2,0816 + 1.3548 Xy (curve ¥, Pig.h)
xg = ~00h62 + 1.2265 x, (ourve 4, Pig.3)
xg = ~1.9335 + 14708 x, {curve D, Fig.h)

Rats

x, = 0.2541 + 0,9802 (curve B, Pig.5)

%2
%, = =049037 + 142163 x, (curve B, Tig.6)
xg = 0,025 + 11235 x, {curve C, Fig. 5)
x5 = =1,3002 + 1,3929 z, (curve Ivf, Pig.6)
X = 04587 + 140330 %, (ourve A, Pz 5)

X = =0.7604 + 1,2809 x; (curve D, Pig 6)
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These twelve regression curves, which sre sll highly sipnificant
(¥ € 0,001), are presented in Mgs, 3, &, 5 end &,

It can be seon thet for the sheep (Pip., 3} the regression
curve of ([NiDF] {Nmaz}) on liver dry wt. was almost linear
indiceting that with increasing aige of liver the concentration of
this coenzyme remained unchanged., However, with ([ NaD] + [NAH'IE]),
and thus also with total coensymes, there was a greater incresse
in ths amount of coenzymes psr unit incresse in wt., of liver in the
larger livers, i.e. in the more mature enimals, 4 similar trend
was shown in Fig, & when expresssd on s nuclear basis.

In the liver of the rat (Fig., 5) the regression of
(L5ap] + [NADH ]} on liver dry wt, was lineer indicating a constant
rate of increase of thisz coensyme as the liver increased in total
éry wt. This alsc spplied to (| NAIP] + [Nmz]} and eonseguently
to total coengymes. Iowsver on a nuclear basis {(Mg. €) the gradient
of the regression curve of both coenzywes on ruclei increased during
devclt‘aymant, i.e. aniunels with larger murbers of liver nucled
contained proporticnslly s grester smmount of coenzymes in the liver,

The following regressions of enimel body wi, 2nd liver dry
wt. On age can be used to determine either of these parameters in
termg of the other.

Sheep
log (body wt., kge) = 0.4039 + Cob340 log (age, days)
log (liver @y whe, g.) = 12749 + 0.3725 log (ege, days)
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Eata
log (body wte, g.) = 0.1889 4 1.0986 log (age, days)
log (liver dry wt., g.) = =1.7733 + 1.0817 log (age, days)

4 gimilar regression snalysis was carried cut on the datas
from the sheep snd lambe in Series III1 (Table 12), using values for
the dry wt, of the liver and the nurber of nuolei and smounts of
coenzynes in the whole liver of each snimel, and gave the following
equations:

Ay log (total coenzymes) = 0.2772 + 1.0606 log W;

B, log ([map] « [xmle) = 0.2613 + 1,2062 log W;

¢, log {[Karp] « [kﬁfmfg}) =-0.8834 + 1,3395 log W;

D, log (total coensymes) = ~1.4834 + 1,2978 log N;

Ey log ([N4p] + [NADH,]) = ~1.3873 + 1.2228 log N

P, log ([NAIF] + [NAPH,]) = =3.2169 + 1.6814 log ¥
where W = liver dry wt. (g.) and § = muber of miclei x 10"8.

In each case the regression is highly significant (P <0,001).

& egaparieson was nade of thess six regreseions and those cbtained

previcusly for the growing lembe in Serfes II (see Table 11 snd p.95;
squations A-F, Figs 3 & 4). Since enly in one case, namely regression
B, do the coefficlents differ significantly snd these only at the 0,05
level the two sets of dats mey be considered commatible, The
difference in regression B was due to higher levels of ({NiD] +
{mmz}) in the livers of the young lembs in the present series.

The means of each of the regression of the pressnt geriss differ

significantly from those of the previous series as would be expected
from the differences in the stages of development of the smimsis in
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each group. Further details of this statistical treatment are
givern in the “ppendix

The wmeans, variances snd intercorreistions of the logarithms
of the 1961 =nd 1962 data on the growing lamb (Series IT & III)
are given in ¥sble i4. These statistics were obtained using o stock
programue i the I.B.M. 1620 Computer of the University of sdelside.

In order to assess the rate of change of nunber of nuclei
per unit change of coengymes, the regression of x}\ an Xg Was
caleulated snd the resulting regressicn eguation was differenilisted
ef'ter conversion to the original units, using the data from the

lambs and sheep of Series II (see Teble 11; Flus 3 & 6).

Sheep
N = 27.04 06278
whence % - 16.98 ¢~0-3722
kats

N = 3.98 07987

a - 3,06 02313
ac

where N is the number of nuclei/liver and C is the tovial smount of
coensymes/liver, iig. 7 (g snd b shows the curves cbtained for
the sheep snd rat respectively and indicates the change in musber of
nuclel per unit change in total coenzymes relatdive to ihe swsunt of
coanzymes in normal liver tissue during growth and development.
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Gorrelation matyix of dats from lasbe and sheep of Series II snd III.

Yarintes:

x. = log {liver dry wte, 8.)3

= log (no. of nuclei x 10‘8/ liver);
X = log (total NaD/liver, u-moles);
x5 = log (totel NAIF/liver, y=moles);

X, = log (total coenzymes/liver, p-moles).

geriep 11 (61/5/20).

letion matrix:

*2 3 M 5 %
X5 1 .,0000 « 9880 «9365 7 «ITh5
X5 1.0000 « 9 5k 9506 +9609
X, 1..0000 «8508 «9816
X5 10000 v9323
Xeo 1,0000
Semple mesns snd verisnces:
x,  1.676088 f 0.01309
Xz 2.,8457710 T 0.068503
x,» 24059591 ¥ c.195272
x50 1776621 T 0.4391kk
X 20225489 t 0.160512
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Table 14 (gontinued)
Series 111 (62/5/27)
Correlstion matrix :

*2 3 . *5 %
Xy 140000 66D #9302 <9532 +5492
Xy 1,0000 8760 9272 «9001
X, 5 1 40000 +897h +3950
X5 1.0000 «9303
Xg» 1,0000
Sample mesns snd varisnces
X, 151127 T 0,086365
Xy 24591684 Z 0,051853
X, 1.781856 T 0,101055
X5y 14140808 I 0.470837

i+

xgo 14880002 ¥ 0,107816
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FPlgure 3.
Changes in amounts of nicotinamide nucleotide coensymes
of liver during development of thie sheep., Curves were
drawn from the regression equationa:

&, log (total coenzymes) = =0.0462 + 1.2265 log W;

B, log ([NaD] « [MaDH,]) = =0.3795 + 1.3001 log ¥;

Cy log ([Nare] + LNADPH,]) = =0.29%1 + 1,1037 log ¥;
whore W is the liver dry wt. (g.) In each case F<0,001.
To 1llugirate the fit of observations to the regression
curves, some estimates of nicotinamide nucleotide coenzymes
sre shown for various velues of liver dry wt. selected
from the renge of values shown in Teble 14; for clarity,
not all observetions are illustrated. @, (total coenzymes);

a, ([xan] + Ez«’mz]h ®,(Lnane] 4 (ranen,]).
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Egre &

Changes in amounts of nicotinamide nucleotide coensymes
of liver during development of the sheep. Curves were
drawn irom the regression equations:

D, log (total coenzymes) = =1,9335 + 1,4708 log H;

8, log ([NaD] + [ mmal) = =2.5517 + 1.5421 log K;

¥, log ([NapP] + [NAWHE]) = =2,0816 + 1.3548 log N;
where N is the nuber of muclel :1'8. In cach cnse
F <0001, To illuat-ate the £it of cbservations to
ths regression curves, scme estimates of nicotinwride
micleotide coenzymes are shown for various veiuss of
nuber of nuclel selected from the range of values shown
in Taeble 11; for clerity, not all observations are
illustrated. ®, (total coenzymes); & ,( [NAD] + mez]);
8, ((xaP] + [Navem,l).
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Figure 5.
Changes in =zuwunts of nicotinamide nueleotide coensymes
of liver during development of ihe rat., ‘The lettering
and sgymbols are as f'or Fig. 3. Curves were dramn irom
the regression equatioms:
A, log(total coenzymes) = 04587 + 1.0330 log ¥W;
B, log([NaD] + [thal ) = 0.2541 4 0,9802 log W3
C, log({MamP] + [NADPH,]} = 0.0255 + 1.1235 log W;
In each case P < 0,001.
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Blguxe 6.
Changes in smounts of nicotinamide nucleotide coensymes

of liver during development of the rat. lLetiering and
gysibols as for Pig. 4. Curves were drawn from the regression
squations:

D, log {total coenzymes) = 0,760k + 1.2809 log K;

E, log ([Nap] + {wamat }) ~0.9037 + 12163 log N;

¥, log ({HaD] + anzj) = «1.3002 + 1.3929 log N;
In each cese P < 0,001,

#
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Pigure 7.

Rate of change of number of nuclei, N, per unit change

of total coensymes, (, in liver &uring development of (a)
the sheep and (b) the rat, The curves were derived from
the sppropriate regression equations {see Pigs. & and 6,
curves D), For sheep, AN/aC = 16,9807 7122} for the rat,
A& = 3&6‘3‘0‘2313.
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Discussion

Reference bases in liver tissue
A nunber of studies (see Kosterlitz, 1958) have clearly

indicated that in any evaluation of analyses done on liver tissue,
the choice of a reference base depends on the type of experiment.
In the first instance the data in Table 11, (Series II) were grouped
under ages and an analysis of varience between and within sge classes
performed, However it was thought that liver vrt.'or total number of
nuclei/liver geve a better indication of the stage of development of
the liver than celendsr age, wihich mekes no allowence for varying
growth retes within an animel group. The informetion gained fram
the regression analysis of the data in Table 11 was consgidered to
give a better assessment of the coumparative chsnges in amounts of
coenzymes on the besis of liver dry wt. or total number of nuclei,
which have a more drect bearing on liver metabolism. Hegression
analysis on the basis of age, although not quite as precise, still
gave a2 highly significent relationship resulting in ithe some
general conclusions.

Since the concentration of coensyme at the active centre of
the relevant enzymez is the most direct factor controlling the
rate of engymic processes involving the coenzyme, concentration/
unit fresh wt, of tissue is probebly the best spproximstion to

concentration. However, the cosngzymes ere not uniformly distributed
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in the tissue sample; there is heterogeneity of cell types and
inter-celluler spaces exist; within the cell there is also great
heterogeneity, and concentrations reported here represent the
mean concentration over the whole volume occupied by nuclei,
wi tochondria, membranes, intercellular spaces etc. This is one
of the main problems with work of the type reported here, but
reliable methods sre not yet available to measure coenzyme
concentrations at active centres of enzymes in intact tissue.

In comparison of coenzyme concentrations in tissues, smount/
ge fresh wi, has been the most commonly used reference base (see
Table 5). However, an errcheocus impression may be gained, particulsr-
ly when comparing tissues of different species or tissues of one
species at diff'erent stages of development, if this is the only
perameter used., leslie, Fulton & Sincleir (1957) showed that in
a comparison of glycolysis rates in embryonic and mslignant tissues,
results expressed on the basis of unit dry wi. showed no difference
between the two types of tissue. ihen the metabollc quotients were
expressed on a 'per cell! basls clear differences appeered.

& similar phenomencn was noted in the present study.
Jedeikin, Thomas & Weinhouse (1956) and Dewkins {1959) have reported
that the concentration of NiD (um-molea/g, fresh wt.) in the liver
of the young rat reached the adult level by 7 days after birth. A
gimilar conclusion would be reached in this study if results were
compered on this basis, ¥hen compared as smount ‘per cell’, using
the nmuclesxr count as the reference base the walue for HAD at 7 days

was less than half that obtained for the adult rat (23 x 10“?pm-mlez/
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cell) and even after cne month had cily reached two thirds of the
adult level, It is obvious that multiple reference bases are needed
for conparative studies.

When a further study of nicotinamide nucleotide coenzymes
in the livers of prenatal and newborn lambs was carried out {Series
III; Table 12), the same parameters were measured and the dry wt.
of the liver and the total number of nuclei per liver were again
used as meamures of the relative stage of development, In addition,
nucleic acid phosphorus was determined for most of the snimals used
in Series IV (see Table 13).

Little information is svailable on the DNA content of lanb
and sheep liver. Values of 5.4 and 6.1 x 10”12, INi/nucleus for
livers of two sheep were reported by Vendrely and Vendrely (1949);
these results were based on estimations with Dische's (1930)
diphenylamine reaction in the nucleic scid extract cbtained by
modification of Schneider's (1945) snd Schmidt end Thennhauser®s
(1945) procedures. The mean DNA content of the nuclei in the livers
of sheep and lanbs used in this study (19 animsls) was found to be

123. INA phogphorug/micleus (equivalent to 11.2 x 10"12g.

1.12 x 107
DNA/nucleus) and is thus much higher than the values obtained by
Vendrely and Vendrely (1949). However, values reported by lMasters
(1963) for IN. phosphorus (236252 wge/g. fresh wt.) and for the
ratio of RNA/IN. [1.64 = 1.92) in the livers of young and adult
¥erino sheep, agree well with those reported here (see Tsble i3,

and Teble 15),
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The mean value of DNA phosphorus/micleus in the livers of
six-month old rats (1.12 x 107" %g. see Tsble 13) was in good
agreement with results of other workers (0.91 = 1.4% x 10”1,
DNA phosphorus/nucleus; see Leslie, 1555),

Shereas there was no trend in the amount of INA phosphorus/
tueleus during development in the sheep, the meen value of 1.2 x
10'1 2g. for livers of rats at six months was higher than the value
(0,77 x 10125, ; see p.£:) at one month due to the increased
proportion of tetraploic nuclel in the older rats. The expression
of coengyme or enzyme levels as functions of elther INA phosphorus
in the liver or of nunber of nuclei in the liver of sheep is egually
valid, but in corresponding ‘stuaies in rets sllowsnce would have to
be made for the increase in the aversge amount of INA of the nuclei
in the liver during development.

Nicotinmmide mucleotide cosnzymes and growth

Low nicotinamide nucleotide coenzyme concentrations are &
charactsristic of rapidly dividing tissues (see Morton, 1958, 1961).
Such widely varying tissues ss mouse mammary carcinoma (Jedeikin &
%einhouse, 1955), dye-induced hepatome and Krebs ascites tumour in the
rat (Glock & lclean, 1957) snd foetal rat liver (Dawkins, 1959) have
lower nicotinsmide nucleotide coenzyme concentrations than the
comperabls tissue in the normal adult animal. Increasing the
coengyme concentration by injection or implantation of nicotinmmide
ie accompanied by & decreasing rate of cell division in
methylcholanthrene-treated tissue in the mouse (Fujii & Msuno, 1958)

end in regenerating rat liver (Cids, 1958).
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If the data of Cide (1958) are taken and the mitotic rate
derived and plotted ageinst nicotinamide nucleotide coenzyme
concentration for regenerating rat liver, & significant negative
correlaticn is shown ( see Yorton, 1961; and Fig. 8).

Fujii & Misuno (1958) also showed that nicotinamide (25 ml)
will prevent cleavage of fertilized sea-urchin eggs. n removael
of the eggs to fresh nutrient solution, in the sbsence of nicotinamide,
normal cell division is resumed. This suggests that the inhibition
of oell division may operate through a specific physiological
mechanign rather than resulting from general toxicity thwough
denaturation of proteina.

From Pig. 7 it can be seen that during normal growth of the
liver in both sheep and rats total nicotinamide nucleotide coenzyme
concentration has reached a maximm value when growth has ceased.
The total coenzyme concentration per aversge cell was found to be
of the same order (490 m—mleqhﬂa rmioclei) in the adult liver
tissue of both rat and sheep. In young animals of both species
the concentraiion was sbout half this value.

The third group of lambs end sheep {Series I, Teble 12)
included enimals from sbout two weeks before birth to maturity.

The regression squations A = F {see p. 97) that relate coenzyme
content to stage of liver development inh the sheep, oconfirm the
conclusions from the data of Series II (Tsble 12; Figs. 3 & &)

which were derived with enimals from four days old to maturity.
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Eigurs 8.
Relationghip between mitotic rate and concentration
of nicotinamide nucleotide coenzymes in regenerating
liver. rlotted from the results of Cide (1958)
following Nortom, (1961). b = =1.6543 F<0,001.

O, intreated snimels; @, Animels after implantation
of nicotinamide.
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The small difference (F<0.05) in the regression equation B,
and the corresponding eguation derived in the previous study
(Pig. 3, B} is due to & higher concentration of NAD in the livers
of animals during the first two weeks after birth. In this study
the growth rate of the young lambs was less than in the previous
work, probably reflecting a poorer nutritional status of the lambs,
which were running with older dams on autumn passture. It was
shown from the JSata from Series 1i (see Fig. 7, that the
nicotinaride nucleotide coenzyme concentration is lower in & more
rapldly growing liver. fihis later study, {leries IIi, Vable 12
with & larger nuwber of young snimals also confirms the relationsidp
beﬁeen the rete of change of number of nuclei as » function of the
chenge in concentration of total coenzymes in the liver,

The results in this section confirm the earlier observations
#ith other tissues that the total concentration of nicotinamide
nucleotlide coenzymes increases &s the liver grows end the rate of
cell division decreases.

It can not be concluded that the rate of divigion and the
coenzyme concentrations are ceuzslly related cr that either is
controlled by any one enzyme involved in thie biogyntheslis of
pyridine nucleotide coenzymes, However, it iz likely that
gxperiments to discover the reason for the rise in coenzyme levels
as the rate of cell divislon decreasee will provide valusble
informetion on the reletionship of nucleic acid and nucleotide

metaboligs and on the interaciion of nucleus and cytoplasm,
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One of the main purposes of the programme of study of
formation of NAD was the design of inhibitors of the reactions
leading to this compound (Morton, 1958). ¥ost emphasis was given
to inhibition of the adenylyltransferase, and powerful competitive
inhibition of this engyme by é-thioinosine 5'-triphosphate was
cbserved (Atkinson, Jackson, Morton & Murray, 1962), There is no
inown way to generate this compound inside cells snd at present it
is @ifficult to envisage specific competitive inhibition of enzymes
in cells when both substrates are nucleotides. The low permeability
of cells to nucleotides snd their rapid hydrolysis by enzymes raises
problems in chemotherspy with these compounds.

Recent sdvances in knowledge of pyridine nucleotide
blogynthesis indicate new possibilities of inhibition of this
process. inalogues of nicotinic acid are ineffective entimetsbolites
in snimsl gystems (Wocley, 1963). It is now clear that patiways
through quinolinic acid would prevent total inhibition of nicotinic
acid nucleotide bilogynthesis by inhibitors of the 'salvage' pathway
from nicotinemide and nicotinic acid.
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SECTION 1L
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Carbohydrate petebolisw snd bicotinepdde hucleotide ygenzymes

in the Liver of the evelopin: Lesb

Introdustion

tlthough observations have Geen made on the concentrations
#f nicotinsmide muoleotide woengymes in the tiasues of Ilsborstory
spinals, thare appears to by 1ittls information on voncentrations of
e oxidised and reduced forms of thess subastances in ruminant
tissues,

Yany sspects of carbohydrate metabolimn in the adult sheep
d.iter frou those in monogastric snimals (see Lindeay, 1959) snd
differences in snzyme patierns have veen shown to exist between
lsmb, adult sheep and rat tlssues (Jarrvett & Wilgell, 1958; Mcleun,
1958a; Gallagher & Buttery, 1959). lioreover, tho motesbolisn of the
young lanb mere closely ressibles that of the noneruminating animal
then that of the adult sheep, which relise larzely on lower fatty
scids for ite eneryy requiresents {Jarrett & rotter, 1952, 1953).

The quantitative significence of ;lucose in the neteboliwm
of nature ruminenis and the Inter-relstionshdps between plucose
snd lower fatty scide has still to be elucidated (lindesy, 1959;
Jarvett £ #ileell, 19613 Jarrvett, Jonee & Fotter, 1964}, idnce
nicotinemide micleptide cosnzymes are required for both oxiduative
metabolien and reductive gynthesee, further informution is needed
on the spply and denmnd for these coengymes in enimales that
predominantly use scetate for both
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oxidative metabolism and for lipogenesis (see Annison & Lewis,
1959).

In the first instence, the postenatel lambs and rats of
Series II (from 4 days old to maturity) were studied and marked
changes in amounts of coensymes were shown (Teble 41). In
view of the comparatively high proportion of HNAD found in the
livers of some peri-natal lsubs (eries I, Table 8), it wes
decided to extend the study of coengymes to the prenatal and
newly born animal.

A mmber of physiological adjustments take place in the
newly born animal, Some of these are associated with cardio-
vesoular changes (Dewes, 1961; ott, 1961), end othera can be more
closely related to metebolism. During the later part of foetal
development, the glycogen content of the liver rises to kigh levels
end falls repidly immediately after birth in many animals (Shelley,
1960, 1961; Ballard & Cliver, 1963; Dawkins, 1963). Similar changes
ocour in the lipid content of the liver of the guinea pig in the
peri-natal period (Rsiha, 1961). Dawkinas (1959) has shown that
reapi_rn‘rmy enzymas in the liver of the newborn rat increased in
activity in the first few days after birth. In the liver of the
prenatal guinea pig, sotivities of glucuronyl transferase, tryptophan
pyrrolase and glucose 6-phosphatase are low, and rise toward adult
values soon af'ter birth, whereas that of glucose 6~phosphate
dshydrogenase shows & gradual decresse and that of Gephosphogluconate
dehydrogenase shows litile change éurin; develojment (Nemeth &
Tickerman, 1960). These changes in reletive enzymic activities
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and in earbohydrate and lipid contents reflect the changes in
functional activities of the liver after birth (see Villee, 1961).

™he oxidative pentose phosphate pathway iz s potential
source of NAIFH, for reductive syntheses (sse Tickens, 1961;
Lowenstein, 1961), and the formation of this compound by enzymic
reduction is important in the control of metsbolism (see lciean,
1964). The relative sctivities of glucose 6-phosphate dehydrogenase
and of 6=phosphogluconate dehydrogenase were therefore determined
in liver extracts of the lambs, sheep and rats from Series IJI and
v,

Although the exngenous spply of glucose t0 the adult sheep
is limited, the phosphoryletion of plucose is necessary for its
subgequent metabolism, Apparent glucokinase activity in extracts
of lamb and sheep liver was tested by following reduction of NADY
in the presence of added glucose and ATP,

Since considereble differences in nicotinamide nuclectide
coenzyme concentrations and in the sotivities of glucokinase and
of glucose 6-phosphate and 6-phoaphogluconate dshydrogensseswere
found in the livers of lanbs: during development, the effects of
intravenous infusion of glucose, acetate and propionate on the
levels of these coenzymes and ensymes in the livers of adult sheep
were than investigated.

In this section changes in amounts of coenzymes and in
enzymic activities are discussed with reference to the intermediary
metabolisn of the liver in the perie~natal snimal and to metabolic
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differences between rumdnants and monogastric animsls,
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Sxperimental
inimele
The lsmbs, sheep and rets used for the study of change in engymioc
sctivities associated with carbohydrate metaboligm during develcpment
were those of Sexdies III and IV,

Series V. Zleven Merino ewes, 2 to 4 years old, that had
been accustomed to being handled and had been itrzined t¢ remain
placid in metabolisn cages were used. Thay were given 1000 g. of
& mixture of two parts of cheffed wheaten hay and one part of chaffed
lucerne hay each smorning and allowed free access to water,

Technique of infusion. A polythene tube filled with heperin
was secured into an external juguler vein and the sppropriate solutlon
was infused. 4 constant rate of infusion (1000 ml. per 2k hr.) was
mainteined by using s modified Dale~fchuster pump mechanimm atiached
to & glass syringe, fitted with a glass two-wey valve (see Flates
2 & 3); the infusion was continued for 10 days.

The solutions used for infuslon were 0,155k~sodium chloride
(control group), 0.556i~glucose, 1.90Y-acetic acid and 1.084propienic
acid. ‘The sodlum ohloride solution was isotonic with sheep blood
end the acetic and propionic acid eolutions were neutrelised to pH 7
with sodium bydx;o:d.ae solution. The smounts of glucose, acetate
and propionate were chosen s0 as to be isccaloric snd represent 400
alories per litre. W%hen infused at the rate of 1 lr./2k Ir,, these
solutions supply spprox. 40% of the maintenance requirement of the
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£late 2
Sheep in metabolism cages during intravenous infusion,
showing polythens reservelr and tubing and modified
Iﬁie—ﬂomm punp mechani s,
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Flate 3
Vodified Dale~Schagter purp mechaniem attached to
motor. Glass purp with two-way valves attached by
polythene iubing to reservoir and to intravencus
catheter.
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animal under the experimental conditions used (see ¥arston, 1548).
imeay Procedures
Sempling procedure wes the same as that used in Section I,
Extrection and assay of coengymes and determinations of dry
wt., nitrogen, nucleic acids and muclear count were carried out
as in Ssction II,
Blood glucose was determined on the protein-free filtrate
(Somogyi, 1952) by the colorimetric procedure of Nelson (1944),
Total volatile fatty aclids in blood wers dotermined by a
micro-modification of the method of Friedmsnn (1938) involving
an electrametric titration of the distillate.
Relstive snmymdc activities. Rates of reduotion of NAIP
with glucose 6-phosphate, G-phosphogluconste and with glucoss and
ATP were measured in the presence of tissue extracts; the msihods
used were based on those of Glock and Molean (1953) and MoLean (1958).
ipprox. 2 g. of tissue was weighed and transferred to 18 ml,
of 1oe-cold 0.,15H-Kil~ U1 %ﬁﬁf‘c&:ﬂ}j in & Potter Slvehjem glass
mortar with a teflon pestle {A. H. Thomes & Co., Baltimore, U.Z.h.).
The tissue was dispersed by hend for 30 sec, and then homogenized at A
1000 rev./min. for 1 min, The homogenats was centrifuged at 60,000 g
for 30 min. at 2° and the supernatant wes dimlysed at 2° sgainst
the KGI—-KHCO} solution for about 18 hr. The extract was again
centrifuged at 28 000 g for 15 min. at 2°, Heductlion of HADP was
neasured st 340 my in cuvettes of 1 om. light path at 25° with a

Reckmen TK-24 recording spectrophotometer, [Eash cuvette contained
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0.5 ml. of 25mif~glycylglycine-EOH buffer at pH 7.6, 0.5 ml. of
0ol Li=ifgCl,, 0.2 nl. of 1.5 ME-NATP and liver sxtract (0.1 ml,
for dehydrogenase activity and 0,2 ml, for gluookinase sctivity)
in a totel volume of 2.4 ml. The glucose é-phosphate, G~phospho-
gluconate and glucoss respectively were added to the test cuvettes
4n each of the sppropriste mssays (see velow).

Rate of reduction of NiDF with glucose 6-phosohate. The
reaction was started by the addition of 0.1 ml. of 50 mii~glucose
f-phosphate, The rate of incresss of extinetion at 340 mu was
linear for at least & min, The results are expressed as wmoles

of NATEE, forwed/min./g. fresh wt.

Rate of reduction of NAIP with 6-phog
reaction wes started by the addition of 0.1 ml, of 0.1 k-6~

vhosphogluconate, The rate of change of extinctien at 340 my:
declined somewhat with time, particularly after the first two
mimites, Results were expressed as umolea of NADPH, formed/min./g.
fresh wt., calculated from the rate of change of extinotion in the
first 2 min, The same rate was cbserved on addition of 0.1 ml. of
50 mM-6-phosmphogluconate to the test cuvette,

Eate of reduction of NAIP with glucoss and ATP. ATF (0o m1,
af 20 mbegolution) was added to both test and blank cuvettes. 'The
reaction was commenced by the addition of O.1 ml. of 2.5 F-glucose.
ifter a lag period of up to 2 min, the rate of increese of extinction
was constant for at least 16 min, The results were expressed as

winles of NATPH, formed/min./g. fresh wt. as estimated after the lag

period. ¥#ith lower concentrations of glucoze, lower rates were
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observed; from the results an sppsrent Mchaelis constent (Km)
for glucose was estimated at ik mi uelng a liver homogenate ;ron
& 28-day~old lamb, 411 results shown in Pig, 11 are given for a
substrate concentraticn of 0,1 Meglucose.
Chemicals. Glucose f~phosphate (sodium salt) and

é-phosphogluconate (sodium selt) were cbieined from (.P.Boehringer and

Sochne (Germsny) and Sigms Chemicel Co., (U.5.4.) respectively,
Glucose (2.R. grade) was obtained from Pritieh Drug Fouses Ltd.,
4TP (sodium salt) was from either C., F. Bochringer end fostne (Germany)
or from California Corpn. for Biochemical Research {U.S.i.).
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Remults

Coensyme ratio. From the values of ([NaD & [itani,)) and
of ([ NaP] + {ﬁ;ﬁ.&“ﬁz]) obisined from the regression eguaticns B snd C
(section I1I, p. S5, for rat liver, the coenzyme ratie, a;ua.m]mmmz]}z
({name] + [Namkn,)), wes caleulated for selected liver d&ry wis.

Yhe plot of these values sgainst liver dry wt. gave the curve shown
in Fig 9. Since the regression equaticns from the studies on lanbs
and sheep of Series 11 and 1I1 have been showvn to be coumpatible (see
Pe 97), the results of both series were pooled and regvession snalysis
gave the following equation:
7 w 3.728 = 3473 + 0.879x%,
where y = log (LNaD] + [Namki)s (LNAP) + | Naleh Js
end  x » log (Liver ay wi., Belo
The curve in ¥ig. 10 shows these relationsiips, When tie coenzyme
i'nti§ was derived from regression equations £ and F (see p. 95 wnéd
¥ig. 6), and the values plotted against nusber of nuclei, essentislly
the same curves were obtained.

Engymio sotivities. b rates of reduction of NADF in the
presence of added glucose and ilr, glucose owphoaphate aud
G-phosphogluconate under the conditions used nere reflect the relative
sctivities of glucokinase, glucoae b-pnosphate dehydrogenase and
t-phosphogluccnate dehydrogenase. Fige 'a;e snd 15 show theee
activities for lambs and sheep (umoles NAIEE produced/min./g. fresh

2
wt.) plotted against liver dry wt, Logarithms were taken of Loth

the dependent and determining variates to produce homoscedasticity
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Eigure 2
Change in the coenzyms ratic,

(Lnap] o [Bapm)}) « ([NADP] + (NADPH,]), in the
liver during development of the rat. The curve was
derived from regression equations B snd C (see p. 95).
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Flgure 10
Change in coensyme ratio,
(Lran] + [nap]) « ([Nare] + | NAPH,]), in the
liver during davelopment of the sheep. The curve
weg derived from the regression equation;
¥ = 3.728 = 3473x + 0619
whore y = log ([NaD] + [Mamiy]) ¢ ([NADP] + [NapeE,]),
x = log (liver dxy wt. (ge))
P < 0,001,
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and linearity and regression analyais gave the curves showm.

The rate of reduction of NAIP with éephosphogluccnate was
greater than that with glucose 6~phosphate. The relative activity
with 6~-phosphogluconate for prenatal and newborn lambs was 3.5+7.0
pmoles HAI@Bz/uﬂn./g. frosh wt, and declined during further
development to values renging from Q. - 2.5, The relative activity
with glucose 6-phosphate also showed &« wide scatter, falling from
about 141 to about 0.4 umoles NAIFH /min./g. fresh wt. in the ldver
of the mature animel. %with glucose and Ay the values ranged
from 0.3 = 1.0 uroles m:wz/min./g. fresh wt., in the prenatal end
newly born lambs end fell to 0.01 = 0,05 in mature wethers,

Some of the wide variation in relative ensymic activities in
the very young lambs could well have been due to differences in the
previous nutritional history of lambe teken at random from the flock.

#ith extracts of rat liver (see Tsble 13, for rats listed in
order of increasing body wt.) the following velues were obtained:
with glucose G-phosphate, 6.25, 5.78, 5.58, 1.55, and 2.55; with
6=phosphogluconate, 1.33, 139, 132, 1.21 and 1.26; with glucose and
ATP, 0.36, 0.33, 034, G.14, and 0,32 ymoles z«mz/mn./g. fresh wt,
respectively.

Deteils of the statistical treatment of these resmulis are

given in the fppendix.
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Elgae 11

Change in the rate of reduction of HAIF, with
glucoss and ATP by homogenates of shesp and land
liver during development. The curve was drawn
from the regression equetion:

log ¥ = 11382 = 1,2020 log x3
where ¥ is wmole of mmv:{z/mm./g. fregh wt,,
and x is the Liver &y wt., (g.); ¥ < 0,001,

A , Value for lectating ews.
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Pigure 12
Change in the rate of reduction of NAIP with
glucose G-phosphate, by homogenates of sheep
and lamd liver during development. The curve
was drawn from the regression equation:

log ¥ = 04455 -~ 0.34k59 log x ;

where y is pmoles of Nm&zlmin./g. fresh wt.,
snd x is the liver dvy wt. (g.) P<0,001.
A , Value for lactating ews.
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Flgure 12

Change in the rate of reduction of NADP with
6-phogphogluconate, by homogenates of sheep and
lamb liver during development. - The curve was
«rewn from the regression equetiom,

log y = 0.9705 -~ 0.4025 log x,
where y is umoles of NADFH/min./g. fresh wt.,
and x is the liver ary wt. (g.). F <0.05,

A, vilue for lactating ews.
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Infusion experiments. Tsble 15 lists the values found
for body wt. liver fresh wi. and dry wt., nitrogen, micleic aeid
phosphorus axd nusber of nuclei/g. fresh wt,, together with
nicotinamide nucleotide coenzyme content and the activities of
glucokinase and of glucose 6-phosphate dehydrogenase in the livers
of these ewes. JFor comparison, some data for aninals that were
not infused, but fed wheaten-hay cheff under the sane conditions,
are alszo given,

Semples of blood wers taken towarde the end of the period
of infusion snd glucose snd total volatile fatty aclds were
determined, The blood-glucose level in the animals infused with
saline varied betwsen 36 and 67 mg./100 ml, end botween 34 and Sk
mg./100 ml, in the animals that hed been infused with the glucose
solution. The total volatile fatty acid concentration in the
blood of the snimals that had been infused with acstate and
propionate varied betwsen 0.3 and 1.2 uroles/lr. Theme values
for glucose and total volatile fatty acids are within the normal
MQ for sheep under these conditions (see Jarrett & Potter,
1957).



Coenzyme content (um-moles/g. fresh wt.) Coenzyme NATPE,, formed
(nap] [naze] ratio (jmoles/min./g. fresh wt.)
* * with glucose with gluccose
[nan] [wape,] [wapt) {#a0P] (MamFB,) (NALFH)] Total é=phogphate end ATP
A 75 57 532 23 192 215 757 2.48 0.81 0.13
B 770 66 836 75 160 235 107 3.56 Cl.84 Oeti
C 250 50 200 5 126 131 434 2.29 O.hh Cet2
D 3h2 57 399 16 169 179 578 2.2 0.76 0.18
E 575 28 603 5 215 220 823 2.74 0.62 G.02
P 655 58 713 14 300 3Ms 1027 2.27 03 0,01
G T Wb 764 28 215 23 1027 322 0.63 0.05
H 820 62 882 5 b 249 11 3.54 0.81 0.07
1 718 29 Y% 18 245 263 1010 2,84 - -
J 135 83 818 19 280 295 1117 2, 7% - -
K 761 #1 842 52 327 369 1211 2428 - -

‘-‘8 ‘ "-.
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Intermedisry metsbolism in the Mver of the developing lamb

4 mumber of studies on the development of enzyme systems
in the maturing memmalisn liver have indicated a changing pattern
to ensble the liver to perform its important role of metabolic
hesostasis after birth, In the later stage of foetal development
liver metabolisn is characterised by an increasing rate of gynthesis
and deposition of glycogen, the concentration of which falls
rapidly in the first few hours after birth and sfter remaining low
for several dsys, gradually rises towsrds the adult level (Villee,
19543 Shellay, 1960, 1961; Bsllard & Oliver, 1963; Dawkins, 1963).
The sbility of the liver to regulate blood=glucose concentration 1s
14nked with the development of glucome 6-phosphatase activity,
which sppears duing the latter part of gestation and inoreases
rapidly immediately after birth in all species that have been
exudned @.z., rat, rabbit, guinea pig, sheep, man (ses Dewkins,
1961, 1963 ).

The phosphorylation of glucose is necessary for its
sibsequent metebolism by tissues end the ocourrence of different
ferms of glucokinass (£ C 2¢7.1.7-) in memalian 1iver has been
shown, These forms may be distinguished by chromatographic
behaviour (loore & Angsletti, 1961), apparent yvdcheelis constant
for glucose (Vinuela, talas & Sols, 19633 walker, 1963; Walker &

Rao, 19645 Ballard & (liver, 1964), and pH optimum (Ballerd &
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Sliver, 1964).

In the guinea pig and the rat, one form of this enzyme
oocurs in foetal liver and a second form appears soon after birth
(Walker, 1962, 1963; Ballard & Cliver, 1964kj, Both of these 'foetal’
and ‘adult' isoenzymes of glucokinase are present in the adult liver.
The kinetic properties of tieas forms in different species are
summarised in Teble 16,

The ¥Yoatal' form of the enzyme is & relatively non-specific
hexokinass (of the type ATP:iD=hexose G-phosphotransferase, 5 C 2.7.1.7 },
and the ‘afult’ isocenzyme ia more specific (of the type ATP:D-glucose
6-phosphotransferase, E C 2,7.1.2) (see Vinuela gt al., 1963;

Walker & Rao, 1964k). The relative activities of these two iscengymes
in the liver of the rat change following starvetion {Vimuela et al.
1963), snd in alloxan dlebstes (Cahill, Ashmors, Earl & Zottu, 1958).
This change is due to decrease in the activity of the *adult’
iscenzyme (Oliver & Cooke, 1964).

The liver csll is freely permsable tv glucose (sse Cshill
et 8l. 1958) and the initisl phosphorylstion of glucose appears to
be a rete-limiting step in glucose utilization by the liver
(ri Pietro s} al.1962; Walker & Reo, 1964; Ballard & Oliver, 1964),
The Micheslis eonstant of the *adult' glucokinsse (10-30ml) is such
that large veriations in the rate of glucose phosphorylation would
cccur with change in blood glucose concentratian over the normal
renge of sbout 310 ml,

Although the supply of exogencus glucose to the liver of
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the mature ruminant is limited, it has been possible to show
glucockinase activity in homogenates from the livers of adult
sheop as well as in prenatal, newly born and postnatal lamba
(see Fig, 11). Gallagher & Buttery (1959) were unsble to
demonstrate hexokinase sctivity in liver homogenates from newly
born lsmbs and from adult sheep. This failure would sppear (o
be for two reasans. Firstly, there is a high glucoss 6~phosphatase
sctivity present in houogenates of ruminent liver, causing rapid
hydrolysis of glucose é~phosphate formed via the gluookinase
reaction (Reggi, Kronfeld & Kleiber, 1960). This glucose
é~phosphatase activity is associated with the microsomal fracticn
and may be removed by high-speed centrifugaticon; Callagher & Buttery
(1959) ussd centrifugetion &b 9 000g whereas centrifugation at
60 000g wes used in the experiments reported here. (see 4 rietro
et al, 1962; Walker, 1962; Raggi, Kronfeld, Dartley & luick, 1963).

Secondly, Gallagher & Buttery (1959) used a glucose
concentration of 10 ml, whereas the apparsnt Eh for this snzyme,
from the liver of a 26-day-old lamb, was 11@5,“(”« Pe 145)e

The values obtained for glucokinase activity in homogenates
fras the livers of foetal end newly born lambs (Fig, 11) were of
ihe cmse order as those found in adult rats (0.14-0,36 jmoles of
NADPH /win./g. fresh wt.) and mch higher than those in acnlt
wethers. Raggi et a1, (1963), using similer method, have reported
soluble glucokinase sctivity in the liver of the cow (0,17 mole
of mm/m./g“ fresh wt.) which is similar to the activity found

here for a lacteting ewe (see Fig. 11).
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Ballard & Cliver (1964) have shown that glucckinase
activity in the liver of the rat rises duwing developwent from
the foetus to the adult, the change being due to the inorease in
activity of the ‘adult' iscenzyme, which has a high F‘m for glucose
{ef. Table 16). Imring development of the lamb frmmfaehu o
adult, & merked fall ocours in spparent gluccolkinase activity of the
liver (see Fig. 11); it is suggested that this fall is due to
decrease in activity of a glucokinase which has a high KE for
glucose, Jarrett & Filssll (1958) have shown that the spparent
hexokinase sctivity, as messured by the ability of intestinsl
sucosa to utilize glucose, is greater in 2«day-old lesbs and aduls
rats than in clder lambs snd adult sheep,

Glucose G~phosphate may be oxidized via the glycolytic and
pentose phosphate patiways, both of which operate fruom an sarly
stage of development in foetel liver (Villee & Loring, 1961).

Figs. 12 & 13 show that the relative activities of the firet two
engymes involved in the oxidative pentose phosphate patimay, glucose
é~phosphate dehydrogenase and G-phogphogluconate dehydrogenase,
decreags during development of the liver in sheep., Kemeth and
Dickerman (1960) have reported s similar fall in sotivity of glucose
6-phosphate dehydrogenass during development of guinea-pig liver
with little change in sctivity of é~phosphogluconate dehydrogenase.
f#ith adult rats the rates of reduction of HAXF with
6é~-phosphogluconate were less then with glucose 6-phosphate in
contrast to the lsmbs snd shwep, The velues obtmined with the
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Refersnce dpecies Apperent K‘m for glucose
'"foetal' - tadalt!
& rat 40 px -
Xohn (1961)
i Pletro rat = 10 = 40 mlf

et al, (1962)

valker (1962) guinea pig 30 uM 3 mi
Walker (1963) rat 37 uM 10 m¥
Vinuela gt al. rat 10 pl 10 mig

(19637 - h
Ballard & Cliver  rat 50 = 80 pl 10 « 30 mi

(196k) (pH optimum, 9.0)(pH uptimm.?.@)
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liver from a lectating ewe (24 days) sre shown in Figs, 12 & 13
anéd are in esch case greater then those for the adult wethers;
they were of the sase order as those reported by kiciean (1958},

These higher epparent enzymic asctivities in the young lamb
are conslstentwith the hypothesis that meny mspects of the
carbohydrate metsbolisn of these animels differ from those of the
adult sheep and more closely resemble those of non-ruminants
(Jarrett & Potter, 19523 Jerrett & Filsell, 1960, 1964; Jarvett,
Jones & Fotter, 1964), The decrease in relative activities of
glucokinase, of glucose 6-phosphate dehydrogenase and of &e-phospho-
glucenate dehydrogenase during growth of the lsnb is consistent with
the changing pettern of metabolisn during development in ruminants.

Of the total nicotinamide nucleotide coenxymes found in the
livers of sheep and rats in this study, the concentration of NiD
was slways greater than that of xm&z and the concentration of MI‘EHQ
grester then that of NAIF, This canfirms cbservatlons made on
Jiver tisme by other workers (Glock & lclLean, 1955; Jacobson &
Kaplan, 1957; Eessham, frt, Hems & Loening, 1959; lowry, Passctnesu,
Schuls & Rock, 1961).

ilthough the intoruation available frow this study does
not differentiate the role of coenzymeés in the developing snimal
in relaticn to its changing metabolic patiern, soms fmplications
csn be considered, It is apparent that a higher HAD concentration
was present in the livers of prenatal and newborn lambs than in
1subs more then one day postnatal (see Tables 11 & 12, p. “6a & 88a)

snd regression equations B, p.97. Since hypoxia may be
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one of the main dangers to the snimal at this time (Dawes, 1961)

a high ratio of [NaD] : [NADiiz] would facilitate anaercbic
glycolyels under conditions where snoxia limits the reoxidation of
Nﬁlﬂz. The relstive resistance of newborn lambs to hypoxia has
been clearly demonstrated (liott, 1961;.

then solutions of saline, slucoss, scetate and propionate
were infused intravenously for 10 days into ewes, thers wes &
decrease in total nicotinemide nmucleotide coenzyme concentration of
the livers of the animals infused with glucoss (see Tsble 15).

This chenge was largely due to a decrease in concentration of NAD
but the groups of animals used were not sufficiently large to allow
estinstion of the statisticel significance of the difference. In
these snimals (C & D, Table 15) there was some rise in glucokinase
activity of the liver. The much lower levels of glucokinase
activity in the livers of the owes that were infused with scetate
(£ & #, Table 15) may be significant but this requires further
investigation,

Informetion on the levels of nicotinemide nucleotide coenzymes
in the tissues of ruminants may be of velue in understanding the
aetiology of bovine ketosis ond pregnsncy toxaemia in the sheep.
Kronfeld & Kleiber (1959) have sugpested thal the wetabolic defects
in acetonasmia sre most sisply expluined by & shortage of both
oxidized and reduced forms of KAD end of Nil¥, Yronfeld é& iaggl
(1964) have shown that the concentrations of NAD, NADH,, NADF and

NAPH, 5 menmary tissues of ketotic cows are reduced to about half
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of the concentratione found in ihe mammary tissues of normal
cows (values expresmed as pme-uocies/g. protein),

Patterson (1963) has determined the concemtrations of
nicotinamide nucleotide soeusgyies in the livers of hesalthy pregnant
and lactating sheep and found values similar to those reported here
{see Table 12, p.5isn). Horeover, no significant difference could
be ghown in activities of isocitrate dehydrogenase, of glucose
G=phoaphate dshydrogenase end of 6~phosgphogluconute dehydrogenase
of liver tissue and from other groups of wellenourished snd under-
nourished pregnent ewes. 4 moderate degres of keionsenie (more
than 10 mg. 'acetone'/100 ml., or plesma. was established in the
under-nourished group. These results showed that levels of Md?v?ﬁa
in liver tissue are not markedly low late in pregnancy end also that
the capacity of the liver tissue for production of ﬁAﬂ‘?ﬁz is not
decreased in hyperketonsemic pregnant ewes (which did not show
clinical symptoms of pregnancy toxeemia), Further data ere
cbviously required before the role of the pyridine nucleotide cosnzymes
in these diseases ¢an be clarified.

Although the total coengyme concentration/aversge cell was
of the same order in the liver tissuve of Loth young rats and lambs
(250 m—mleaf‘mg nuclei) &nd rose to sbout twice this value in the
sdults of both species, the coenzyme ratio, ([ NAD] 4+ {ramizl} 3
({nars] & [mme)), showed s marked fall during development (see
Vigs, § & 10). The coenzyme ratio is particulerly high in the

livers of the prenatel and newborn lambs, falling from 6~10 to 24
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in the older lsmbs and adult sheep (Fige. 10). A similer decline
occurs in the coenzyme ratio of liver tissue during development
of the ret, felling from sbout 2.5 in the 4-day-old enimsl to
sbout 1.3 in the adult.

Caloulations from the dste of Nemeth & Ddckermmn (1960)
indicate a similer fall in coensyme ratio in thc ldver of the
guinea pig during development, Villee (1962) has reported values
for nlcotinamide nucleotide coensymes in buman foetal liver and

these date indicated a coenszyme ratio of sbout 8., Foux, Gordon,
Dinnerstein and Rommey (1962) have determined these coensymes in

the liver of the rabbit during development but the change in coenmyme
ratio cannot be calculated from the information evailable.

It would gppear that a high coenszyme ratio is charscteristic
of memmalian liver in the prenatal and newborn enimal, felling
rapidly sround the time of birth and then attaining a charscteristic
value for adult liver.

The difference in coenzyme ratio between adult shesp and rats
is largely due to a gresater amount of NAD in the liver of the sheep
end of NATEH, in the liver of the rat (ef. Teble 11)., It is
suggested that differences in relative amounts of pyridine nucleotide
coensymes in & tissue may be related to emphasis on particluar
metebolic pathways. The coensyme content of variocus tissues of the
rat and guinea pig is given in Teble 7.

It is clear from this table that the coenzyme ratio is

relatively high in tissues where thers is an esphasis on oxidative



Isble 17. [Nicotinamide mucleotids coensyme content of rat snd guines-pig tissues

(Glock & Yolean, 1955b)

T ssue [ na}
Eat

disphragm 435

brain 200

pancreas 173

cardiac muscle Ly

kidney 354

(18 aagi‘gfctatim} -

adrenal 473

liver 555
Gulnea pig

OVary 32

Coengyme content {um-moles/g.fresh wt.)

* Coenzyme ratio = ([ NAD] + [Mmz]) s ([narP] {ﬁmz])

[ ﬁmzl

27
132
117
215
318
125

231
306

57

[ maze]

<3
<3
<3
5
&

<3

{ﬁm,‘,]

17
10
16
43
70
66

154
267

150

Total

661
Shdy
298
5
726
553

877
1136

536

Coenzyme ratio”

33

16

15
8.8
6.8

ko
341

24

b S g
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metaboliem e.g. muscle and brain, snd much lower in thwee
tissues wher: lipld synthesis is= more important e.g. adrenal and
ovary. In lactating menmary gland, where oxidative metabolism
and lipid gynthesis zre both ceoouring extensively, the coenzyme
retio hes an intermediate wvelue,

ticlean (1958b) hes shown that during the lactation cycle
in iks rat, the changes in ricotinamide nucleotide coenzyme content
of the maamary glend (lergely in 1D and ﬁﬁ"'&?ﬁz:‘ are paralleled
by chenges in enzymic sctivities, notably of glucose 6-phosphate
dehydrogenase and of S-phomphogluconate dehydrogenase, Further
studies (Molean, 1964k; Greenbsum & Darby, 1964) have shovn a close
relationship between the oxidative pentose phosgphate pathway and
fatty acid gyntheslis in this tismue.

For the rat, the lower cosnsyme ratio of liver tigsue, due
to a higher concentration of xma,
relatively greater sctivity of the oxidative pentose phosphate

msy be associsted with the

pathway as conpared to that in the sheep (see liclean 1958a;
Raggl ot al. 1961).

In the metebolism of adult sheep as compared with the rat
there is an emphasis on the oxidation of scetate. However, the
quantitative importance of the utilizetion of exogenous acetate by
the liver of the sheep is still a controversial issue (see Lindeay,
1959; Holdsworth, Neville, Nader, Jarrett & Filsell, 1964).
icetate oxidotion will require the operation of the tricarboxylic

scid oycle, which is largely NaD-dependent; propionate and
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butyrate, also importent in the rusdnant, enter metabolic
sequences via this qycle (Black, Kleiber & Dvown, 1961; Holdsworth
et al. 1964). It may be that the relatively higher amount of NAD
in sheep liver is related to this activity. From a study of
developmental changes in laotie dehydrogenases, Fine, Kaplan &
Kuftinei (1963) have miggested that oxidative metaboliasm may be
greator in the livers of rumineants than in those of other mammals.

It is suggested that the difference in proportions of NAD
and HAIPHz shown here reflect a comperative emph;mis on oxidative
mstsbolism in the liver of the sheep end on reductive synthesss in
the liver of the rat,
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Smthesis snd Properties of Nicotinic oid Mucleotides
Intreduction

itkinson & jorton's {1960) method for the preparation
ofnicotinic acid nmucleotide and of' nicotinic scid-adenine
dmicleotide gave a more direct spproach to these conpounds then
was previously evailsble (see General Introduction pp.10-12),
Since thess compounds are intermediatec in the biosynthesls of NAD,
it was necessary to show thet the products obtained by ilhis new
method were identical with the neturslly occurring compounds,

In this section, methods for the preparation of nicotinic
acid nucleotide and nicotinic acid-adenine dimucleotids are
described. Hicotinic acid mucleotide =mnd ALF were converted
quantitatively into nicotinic acid-adenine dinucieotide and pyro~
phosphate using ATP:MiN-sdenylyltransferase. Thiz dinucleotide
was also prepared by a modification of the method of Lemborg et al.
(1958) and the dinucleotides prepared by thess iwo wethods had the
sene BF in two solvent systems snd were converted into NAD by NAD
gynthetase.

The preparstion of pure nicotinic acid-hypoxsnthine
dinucleotide iz desoribed and the guantitstive cleavage of the
pyrephosphate bond of nicotinic scideadenine dinucleotide by scetic
enhydride in pyridine ia shown,
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The possibility thet nicotinic scid-adenine dinucleotide
is a substrate of NAD kiname, or inhibits this enzyms was also
investigated. The work described in this section was carried out
in collaboreation with Ur. K. R. stkinson.



~133~

inzyme preparstions

Nucleotide pyrophosphatase (dinmucleotide nucleotide~
hydrolase; EC 3,6.1.9) from potato was propared by the msthod of
Atkinson, Jeckson & Forton (1961). ihe product had an activity of
1 jmole of NaD hydrolysed/min,./ml.; the protein concentration was
8 mg./uml.

AP Nfi-adenylyltrensterase (IC 2.7.7.1) was prepared from
pig-liver nuclei as described by atkinson, Jacksor & Worton (1961).
The preparetion had en ectivity of 15 umoles of NAD synthesigzed/min./
ml, snd contained 18 mg. of protein/ml,

HAD kinage (ATP:NAD 2'~phosphotransferase} iC 2.7.1.23)
prepared from pigeon liver by the method of Wang, Kaplsn &
Stoltzenbach (1954) was cbteined from Sigma Chemlcal Co.. The
product had en activity of 93 um-moles of NAUP formed/hr./mg. protein
at pH 7.5 and 37°; the protein concentration was € mg./ml.

HAI(E) se (NAD(P) nuclecsidase; EC 3.2.2.6)

was prepered from pig brain by the method of Zatmen, Ksplan &

Colowick (1954). The preparation had an activity of 7 pmoles of
s {NAD muicleosidase; G 3.242.5) was

prepared from Jeurospors crages (wild type; by kaplan's (1955)
method by . Jo P Jeckson., At pH 7.2 and 37° the product
hydrolysed 12 umoles of NiD/min./mg. of protein.

NAD synthotase (deamidomiiiD: I-glutamine amidoligese
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(A¥%P); EC 6.3.5.1) was propared from pig liver by Freiss &
Handler's (1956p) wmothod,

Cther enzymes and chemicals were from the sources given in
Sections I end II1 (pp. 35 and 115).
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(1) EPrepsrstion of picotinaside pucleotide from nicotinamide-
adenine dinucleotids with nucleotide pyrophosphistase
from potato

Nicotinami dseadenine dimucieotide tetrahydrate (1.0 g.,
about 1.35 memoles) was dissclved in water (10 nl.} and fitrated
to pH 7.2 at 20° with 3.5 potassium hydroxide in the Hudiometer
Mmtomstic Recording Titreter. The solution was kept at pH 7 with
potassium hydroxide after addition of 12 ml. of potato mucleotlde
pyrophosphatass, tydrolysis of the pyrophogphinte bond resulted in
a correspouding conmmpticn of alkali. The reaction wes complete
in 90 hr., 0.85 ml. of alkali having been used.

Lasay with aliksline ethanol and yeast slcoliol dehydrogenase
showed that not more than 0.25 umole of NAD remsined after hydrolysis.
The product had 7.78 x 10° .. 325/CN™*, corresponding to 1232 Kmoles
of nicotinamids micleotide (c. 90%) caloulated from a millimoler
extinotion coefficient of the ayanids complex of 6.3 at 325 mp
(Jeckson, 1960).

The solution was cooled to 0%, uixed with perchloric scid
(72%; 3ml.) end centrifuged. The residue was washed with cold water
(5 ml.). The combined solutions contained 5.42 x 10° A, 325/CH .
After being shaken for 1 hour at 2° with Nuchar C (3 g.) the solution
contained 758 4.U. 325/CN  end after trestment for 30 minutes with

a further 1 g, of Huchar C the solution contained 255 i.U, 325/6N

* AU./CK = absorbance in ¥-KCN x dllution » volume, with a cuvette
of 1 ecms light path.
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(5% of the materisl in the original supernatant). The charcoal
was washed with water (5 x 100 ml,) at 2 and washed four times with
portions of ethanol-amyl alcoholewater (5:15:2).

Extract no. Volume Al o325/CN
1 65 ml. 4230
2 19 243
3 53 352
@;5‘ (93% of possible
units

The extracts were evaporated at 25° snd poured onto a column of
Dowex=1 scetate (10 cm. x 6 em.%; xb; 200~400 mesh) and &isplaced
with water at 2°. Frections 2«8 (15 ml,) contained material
(R,0475 = 0.80 in Preiss snd Handler's (19582) solvent B) which
absorbed light at 254 mi, end showed blue fluorescence in light of
360 my wavelength after oxposure to ammonia end ethylemethyl ketone.
No other materisl absorbing light at 254 mp was present in these
fractions, HMaterial which sbsorbed at 254 mu but gave no fluorescent
compound was present in fractions 12 -~ 18,

Fraotions 2«9 were evaporated at 20-25Y and the residue was
made up to 10 ml. in water and conteined 3.42 x 10° L.G.325/CN™
(543 umoles). Recovery of nicotinsmide mucleotide froum the
perchloric acid extract was sbout 635 snd from the dinucleotide
sbout 405,

(11) into nicotinic scid

Kicotinwnide rnucleotide (900 umoles) was dried at 209/C.1 mm,
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for 16 hours, sispended in acetic acld (20 ml.) and cooled in

an ice bath. Dry nitrous anhydride from arsenious oxide {50 g.)

and nitric acid (50 ml.) was passed into the cocled solution.

Por 5 min, the solution was green, and gas was evolved at the surface
of the insoluble solid. Gas evolution then ceased, and the solution
became brown, After 15 min. volatile material was removed in a
strean of dry air at 20°, and the white powder remsining in the flask
was stored at =10°,

Chromatography of this material on a Dowex-1 formate column
(13 ome x 6 em.2j x 8; 200400 mesh) without neutrslisation of the
nuclectide did not give camplete retention of nicotinic acid nucleotide
on the resin.

ihe product was washed in with water (50 ml.) and then
eluted with a linear gradlent of 200 ml, of E~formic acid added to
200 ml, of Qa2 t=formic acide lkaterial with absorption at 266 my
was digpleced from the column between O anéd 100 zl. and betwesn 135
and 360 ml, These fractions were freeze-dried sepermtely end
dissolved in 12 ml, and 15 ml, of water respsctively. laterisl
from the first frection had meximum extinction at 322 mu in
B-potassium oyanide (3.36 x 10° AU.); that from the second fraction
had maximm extinction at 315~320 mp (544 A.U.).

The first fraction was freesze-dried sgain and finally dried
over potassium hydroxide and sulphuric acid at 2°/0.01 mm. Bw
residue dissolved completely in acetic soid (20 ml.); in molar
aguecus potassium cyanide the solution had maximum extinetion at
320 my (348 x 10° i.U.) ond en sbsarption minimm at 286 mu.
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In water the materisl had maximm extinotion at 267 mu (2.75 =
10” 4.0.). The solution was treated with nitrous anhydride as before.
he product hed maximum extinction at 315 mu in Nepotasslum oyenide,
It was dissolved in 10 ml. water, the asquecus phase was extracted
with ether (3 x 10 ml.) and freed of ether in an air stresm.
ifter adjustment to pHl 7,5 with potessium hydroxide the solution
was poured on a colum of Dowex-2 formate (€ em. x & m.ﬁg ey
200-400 mesh) snd washed in with water at 2°. Material with
extinction at 266 mp emerged in the first 50 ml,

This material had maximm extinotion at 315 mu (3.35 x 10° A.D.)
and accounted for 97% of the Al. 315/CK applied to the colum.
Failure to retain nicotinic acid mucleotide in both these experime
was probably due to the high concentration of scetic acld or potassium

scetate in the sample applied to the columi, The eluate was mixed
with perchloric acid (70%; 3 ml.) and kept for 2 hours st 0° (final
pH 2.1). Potasasium perchlorate was removed by filtration and
washed with oold water (2 x 10 ml.). The coudined filtrate had
meximm extinction at 315 ms in Mepotassium cyanide (2.89 x 10°A0).
Maxizum extinction was developed in 15 minutes at 20°. Decolorising
charcoal (B.D.H.) was washed with hot Nehydrochloric seid, hot
trichlorcacetic acid (55) snd then with water until the washings
were neutral. The charcoal was then dried at 100°., The acid
filtrate after potassium perchlorate precipitation was shaken with

2 ml, of packed dry charcoal for 15 minutes at 2%, After
filtration 773 AJ. 315/CN (23%) remsined in solution. After
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treatment with a further 2 ml. portion of charcosl at 2° for
15 minutes 455 4.U. 315/CN (14%) remained in solution, snd after
treatment with » further 1 ml. for 2 hours at 2°, 231 iU, 315/cN"
(7%) remained, This was dlacarded. The combined charcosl was
waghed with water (200 ml.) at 2°. The water removed 300 A.U. 315/
GHT(105% of sdsorbed units), The charcoal was extrected at 2°
with portions of ethenol-amyl alechol-water (4:1:4 by volume) and
portions of esch extract were exendned in E-potassium cyanide,

Extrsct number Vol.  Tims of AUl 315/0N
extraction
(br, )
1 10m. 0.25 204
2 10 0.26 685
3 10 0.25 625
4 15 16 418
5 15 G5 2814
6 15 0.5 132
7 15 0.5 98

2643 (111% of calo.;
poasibly due to extransous colour),

Charcoal was removed from the cosbined eluates by filtration

(Whatman No. 54k paper) and the filtrate concentrated in a stream

of air at 15° to 67 ml. The solution contained 2.15 x 105 5.y, 315/
CK™ and showed @ single component sbsorbing light at 254 mu after
elsctrophoresis for 4 hr, at 9 volts/om. and 2° on Whatwmen No.3

¥ paper in 0,05K~disodium phosphate-im¥ 074 (anionic migration:

8¢5 cm.t migration of nicotinamide nucleotide in tids system:
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6 cm.j. The eluete contalned no materisl which gave &
fluorescent product after expomire to mmonia snd ethylemsthyl
ketone wnd examination with light from a iltered high pressure
merceury lamp.

This eluate was poured on a Lowex~2 formats colusn
(dimension as befere; washed with ethanol before use). (mly
90 AUe 315/CN” passed through the colum with & water wash.

The colum was then washed with a linesr gradient of 150 ml, of
lformic aold added to 150 ml. of O.25keformic acid. laterial
with extinction at 266 mu started to cmerge after 275 ml. of the
formic acld gradient, :lution was cuntinued with a gredient of
120 ml, of Z¥-formic acid into 120 ml, of M=formic acid and
displacement of material with sbsorption at 266 ni was conplete
in a further 150 nl. This materisl was concentrated by freexe~
drying to 10 ml, and added slowly to acetone (90 ml.) at 2°,
The mixture was centrifuged and the Precipitate was kept at 2°,
This material orystallised as colourless branched prisms and had
maximum extinotion in water or in 0.0kM-phosphate, pH 7 at 265 mu
(1238 A.U.) and in molar aquecus potassium ayenide at 315 mu
(1338 8.0.); S315/a® 2657108,

€ (Based on phosphorus anslysis carried out by Mr.
Ko Re Gayler) was 4.6 x 10° at 265 mu (pi 7) end 5.0 x 10° at
315 mu (15 min, erter dissolving the sample in M=KCN). Naylor
(1963) found that the corresponding extinotion coefficients of
snalytically-pure nicotinic scid riboside were 4.6 x 103 at 265 mu
and b7 x 10° ot 316 mu.
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This materdal contained a single component (R, 0.30)
wiich sbsorbed light st 254 mu after chromeatography (Whatman lNo.1;
ascending) in Preiss and Hendler's (1958) solvent C; RFO.76 in Preiss
and Usndler's solvent B), On electrophoresis on Ubatmen No.5 My
paper for & hr. at 12.5 volta/em. at 2° in O.Ohli~potassium citrate
P L.5, there was also s single coamponent (11 cm. migration towsrds
anode). No materisl which fluoresced at 360 my, after exposure to
smnonia and ethylemethyl ketone, could be detected in either
chiromatographic or electrophoretic ssparation., After this treatment
the papers were warmmed at 100° for 20 min., and were exposed to
cysnogen bromide vepours Vhen gprayed with sn acidic ethanclic
solution of pe-aminobenzoic acid an orange colour developed in the
region of ultra~violet abeoxrption, probably because of hydrolysis
ol e nicotinlc ascidegzlycosidic linkege in these conditions,
(i1i) <onversion of nicotinic scid nucleotids to micotinic soide
izensferase from pig-liver nucled

4denosine triphosphate (207 umoles), mlcotinic acid

micleotide (chromatogriphisslly and electrophoretically homogeneocus,
314 4,0, 266; 63 pmoles), and msgnesium chloride (500 jmoles) were
dlluted to 55 ml. and sdjusted to pH 7;8 with kl~potassivm hydroxids
(Ge13 mleje Nicotinamide nucleotide adenylyltransferase (0.2 ml.)
was added. £f%er 1 hr. the pH had fallen to 7.75 and afiter 3.5 hr.
to 7.8, ifter 11 hr. at 20° the eolution was frozen, but chromato
graphy in freiss and Hendler's eolvent b and electrophoresis at pH 4.5
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in O.0hli~potassium citrate indicated that adenylyl transfer was
almost complete after 1 hr,

The remciion mixture was fractiocnated on Dowex-2 formate
essentially as desciibed by Freiss and Handler (1958} for a system
of nicotinic scid metsbolites. (Dowex-2 formate; x 8; 200-400 mesh;
13 ame x &5 om.).

Fraction No. helle 260 pmoles( approx. )
I; nicotinic acid
nucleotide g3 19
1I; nicotinic acid-adenine
dinucleotide 827 54
1113 adenosine diphcsphate 164 12
iV} adenosine triphosphate 2120 138

Within the limits of the analytical method, nicotinic acld riboside
5%-phosphate was converted into its phospho-adenylyl derivative
without any destruction by the snzyme from pig liver nuclei.
(iv) FPreperation of nicotinic scid-adenine dinucleotide
by exchange resstion with ethyl nicotinste and NaD(Y)
nucleosidage fram pig brain
Nicotinemide~adenine dimucleotide (820 jmoles) was dissolved
in water (10 ml,) and after the addition of 2 ml, of K~KH PO, was
adjusted to pH 7.5 with potassium hydroxide (3.484; 0,38 ml.).
This solution wes then incubated at 38° with 50 ml. of the NAD(P)
micleosidase preparetion from pig brain and 1 0 ml, of ethyl nicotinate,

following the msthod of Lamborg et al. (1958). NAL was assayed by



TS
using ethancl and glycinate at pH 9.5 and yeast alcohol
debydrogenase; guaternsry pyridinium compounds were essayed by
extinction at 320 mp in M-KCN, The ammmt of ethylnicotinate-
adenine dimicleotids was cbtained by difference, The incubation
was contimued for 7.5 hr. and residual NAD was hydrolysed by
treatment with NAD mucleosidase from Neurogpors. &t this stege
the ethylnicotinate-adenine dimuicleotide showed an extinetion
maximum at 321 mp in M-KCH.

Summery of xecovery of pyridinium gusternery compounds i

Incubation time Treatment XNydrow Charcoal Dowex-i
{hre) with lysis adsorption formete
0 k425 7.5 NiDase & elution
NAD (umoles) 820 77 20 0 - - .
nicotinate
nucleotlde - 350 370 290 233 7% 160
(pmoles)
% yield - 43 45 35 29 21 20

After the hydrolysis, the extinction maximm of njcotinic
acid-adenine dimucleotide in Y~KON was at 318 mu. The nucleotides
were separsied by elution from Dowex~1 formate using e formic acid
gradient, following the method of Prelss & Handler (195ta). Nico=
tinic acid~adenine dimucleotids was obtained in a vield of &

(65 umoles). This method also gave L8 umoles of nicotinic ecid
micleotide. |
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The nicotinic scideadenine dinucleotide prepared by
adenylyl transfer (see (1ii) sbove) and that prepared by the
exchenge reaction were compared by paper chranatograply in two
@ifferent solventa and gave the following results:

Conpound e {in Freigs & Iandler's
(1958a) solvents)
B 1+
8) Dimucleotide (adenylyl transfer) 0.27 0413
b) Dinucleotide (nicotinate-exchange) 0.26 Qu12
e) lxture (a) + (b) Ge27 0.13
( Trace contaminant: 0.22

adenosine diphosphate
ribose fxom (b))

Material which fluoresced at 360 uy: after exposure to
ethyl-methyl ketone/mnmoria, or gave a colour with scldic
p-sninobensoic acid af'ter exposure to cysnogen bromide was ebsent.
(v) Conversion of nicotinic scid~adenine dinucleotide inte

nicotinamide-adenine dinucleotide witlh N0 ginthetoss

Ge35 Ml, of the equilibrium resction mixture from (i4i)
ebove was incubated with NAD synthetase mbstrate (sec Ireiss &
Hendler, 1956b), (0.25 wl.) and Gk ml, of NAD synthetase prepared
fram pig liver., (ne ssople was mixed with 1.5 ml, of 0.5 k=
trichlorcacetic acid at zero time, the other alfter 30 min. at 38°,
2.0 ¥l. of supernatant snd 3.0 ml. of ethanol-glycinate (pH 9,5)
were mixQd and exanined in & & om, cuvette at 340 my before and
sfter addition of alcohol dehydreogensse. The absorbence change
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in the sero~time blank was 0,021, and that in the test was 0.527.
Het synthesls of WAD in 0.5 hr, wez 0,126 umole., The sample
was expected to contain 0,40 umole of nicotinic soidesdenine
dinucleotide,

The engyme was subsequently shown to destroy HAD rapidly,
and o give incomplete net conversion of nicotinic scide-adenine
dinucleotide prepared by the exchange reaction (see (iv) above)
to NAD {approximate yield, 11h).

The spectrum of the test solution was read sgainst thst
of the blenk after reduction with ethanol and alcohol dehydrogenase,

end showed maximum extinction &t 341 np end minimum extinciion at
210 w.

ifter removal of volalile waterial by freese~drying the
nicotinic acideadenine dinucleotide described sbove was titrated
potentiometrically to pH 7.5. Ho orthoplosphate ester dlssocistion
could be detected in the range ¥ 6.5= 5 745, In water at pH 6
the material had maximum extinction at 260 mu. In k-potassium

cyenide after 15 min, at 20° the meximum extinotion was at 316.5 mu.

B346.5/08" Eo60ag, © +34

(vi) Conversion of nicotinsmide-adenine dinucleotids into
Ricotinic seld-hypoxanthine dimucleotide with nitrous
anhydrd de

Nicotinemide-adenine dinucleoiide “etrahydrate (500 mucles)
was suspended in dry acetdc scid (12 ml.) snd cooled to the

freezing point of the suspension while dry nitrous snhydride
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from 25 g. of srsenious oxide and 50 mle of concentrated nitric
acid wes condensed into the reaction vessel, The final volume
of deep green solution was sbout 20 unl. Turing 25 min. at about
10-15% (cooling beth) gas was evolved. DUy air wes then pasaed
through the solution for iC min,, whch the suspension (sbout 12 ml.)
was alwost colourless. 4 second portion of nitrous snhydride wes
condenged into the reaction mixture as before, but no zas evolution
was cbserved, and efter 40 min. at 10° volatile material was removed
4in a stream of dry sir, at first at 10°, and after removal of
nitrogen oxides, at 25°. The residue was dissolved in water (10 ml.),
extrected with ether (3 x 10 ml.) and the ether was rewwved in an
air gtresm, The solution was adjusted to pH & with Si-ammonium
hydroxide and diluted to 16.5 ml. In water st pH 6 the product
had maximum sbsorption st 249 my (647 x 10°4.0.). In lepotassium
cyanide ths product had an extinction maximu at 316 mu (2,32 x
105 44Us, corresponding to 480 umoles of nicotinic acid nucleotide
derivative for a millimolar extinotion coefficient of &.8).

“ The product was poured on a column of Dowex~1 [ormate (14 om.
x & m-z, x 85 200-40C mesh) at 2% and washed in with 30 ul. of
water. The column wes washed with 250 al. of 0.2 }~formic acid
and then with 350 ml. of 2¥-formic acid., Little material absorbing
light at 254 my was removed by these sclutions. (m glution with
Eesmmonium formate in Aji-formic acid material with extinction at
254 mp emerged between 40 ml. end 120 ml., but mainly between 50
and 90 ml., This material had meximum extinotion at 249 mp in water
and at 317 mp in Mepotassium gyanide. After freeze-drying, the
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material was freed of ammonie by passage ilrough two colmnes of
Dowex=50 (E*) (8 cm. x 8.5 m.a 3 200=400 megh; at 25, A1l
materiel sbsorbing light at 249 mu was washed through with water,
and the elvate wag filtered (uhatzmen so.54% peper) end diluted
to 56 ml., This wsterial had maxliue extinction in water at 249 mu
(4,82 x 103 Adly) and in Jepotassium cyanide at 316 mu (4.52 x

1'03 halley equilibrium was attained after 13 min. at 20°;
I -
“s16cH Paugn o 0+32)-

This naterial was dried to constant weight (0.250 g.) during 15 hrs.
at 0,01 mm,
¢ H K P
C oy Bagle0y (Fo kil 0 roquirest o2 b5 9.5 8
Found: 45 b5 9,75 B.Y
Fhosphorus analysis was by Mre 4. C. Jenningas end other analyses
by the Australian Mioro-snalytical Service.

The yield of dinucleotide was 339 umoles (based on
tetrahydrate), Extinction coefficients were #he2 x 10° at 249 m
in water and 4,5 x 10° at 316 myu in E-potassium cyanide.

Material which had been stored at pi 1 for 5 dsys was
examined by electrophoresis {wbatman %o. 3 M} in 0.05 Y-disoddss
phosphate~ | mi=ilTs for & hr, at 12,5 volts/om. in a room at 29
subsequent experiments showed a terperature rise in these condiiicne.
The mein snionic component (about 98 of the extinction at 25% ru)
migrated 10,0 eme A trace of a more rapidly-moving component
( 7 inosine dipbosphate ribose; sbout 2 of the extinction) moved
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1140 ctie towards the anode. The main band (nicotinic acide
hypoxenthine dinucleotide; showed blue fiuorescence under a
filtered high pressure mercury lanp safter treatment with methanolic
O¢Sk~potassium cyenide..
(vii) Hydrelygis of nicotinic sgié-hypoxanthine dimucleotide

with pucleotide pyroshogphiatass from potato

Nicotinic ecid-hypoxenthine dinvcleotide (2.54 md, 5 ml,)

was titrated potentiocmetrically et 20° with 43.5 mii~potassium
hydroxide from pH 2.6 to pH 7.5 (0.85 ml, alkali wes used),
Dissociations with p¥ ebout 2.6 mnd greater than 8 were evident, but
no orthophosphate dlssociation near pH 67 could be detected, -

then solutions of nucleotide pyrophosphatase (2 ml,) and
the dinuclectide were mixed in the ‘'pli-state’ at pH 7.5, rspid
hydrolysis took place. The resction rate was congtent until about
helf the dinucleotide had been hydrolysed, and declined %o half the
jnitial rate when 955 of the dimucleotide had been hydrolysed (i.e.
at a concentration of about 8 x 107 ). The initisl rate of
hydrolysis was sbout 0,34 jmole/min. |

The hydrolysis of 12,7 umoles of dinuclectide conmmed 0,51 ml.
of L +5 mli-potassium hydroxide. If digsccletion of orthophosphstes
was complete at this pH the expected consuption of alkali would be
0.56 ml. The observed consumption of 867 of the alksli nesded for
titration of the ortiwphosphates formed is in good sgreewent with

the expected extent of dissociation at this pil i.e. about 904,
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Chromatography in Preiss & Hsndler's (1956a) solvent B showed
the presence of nicotinic acid nucleotide (RF 0.80) and inosine
5'wphogphate (RFG.W). ifter hydrolysis was conplete the solution
was cooled to 0° and mixed with perchloric acid (72%; 0.6 ml.).
ifter 10 min. at 0¥ the susgpension was centrifuged for 10 min.
at 12 000 g and the supernatant was brought to pi 7 with 4N~
potassium hydroxide., After 16 hr. at =15° potassium perchlorate
was removed by centrifuging at 15 000 g for 10 min, and the
supernatent was stored at =15° and used as & source of nicotinie
soid nucleotide for gyntheais of nicotinic acid-adenine dinucleotide.
(viii) sttempted of nicotinamide-adenine dinucleotide
into nicotinic scid-adenine dinucleotide by non~ensymic
method

Nicotinamide~adenine dinucleotide tetralydrate (0.50 g.,
containing 630 umoles of KiD on enzymic assey) was sugpended in
3 ml, of dry pyridine and cooled in ice while 3 wml, of scetie
anhydride was added, The sample was then shaken at 20° for 46 hr.
furing this time the s0lid dissclved slowly, and finally only =
small insoluble residue was present, On chromatography on psper
in pyridine~wster (2:1;v/v) material that absorbed at 254 mu and
gave an ethyl-methyl ketone reaction was present at kj 0.60 and
% 0.72, Yellow material was present at RF C.85., After removal
of solvent at 30°/0.05 mm. for 1 hr. the residue was diseolved in
5 ml, of dry acetic scid and 1 ml. of acetic anhydride, The

solution was frosen in dry ice-cellosolve and an equel volume of
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dry nitrous anhydride was condensed in furing 30 min. The
teuperature of the mixture wes raised to 13% during 10 min. in
& water bath. There was considersble gas evolution, and the green
solution became brown. After a further 15 min. at 13” volatile
material was removed in a stream of nitrogen, and then in a freesze-
drying spparatus, The residue was finally dried for sn hour at
50°/0¢1 mne and evaporated to dryness again with 30 ml, of dry
methancl.,  After 34 hr. at 2° to decompose mixed snhydrides, the
solution was seturated with dry swmonia at 0%, Frecipitation of
colourless matorial started immediately. After 22 hr, at 0° the
ammonia wee removed at 5° in a stream of nitrogen, and the pale
powder was weshed with dry scetone at «15° (3 x 25 ml.). The
residue was dissolved in 25 ml., water and placed on a colum of
Dowex~2 formate (13 cm. x 3.5 am?; x 85 200=-400 mesh) and washed
with water, After 350 ml. of effluent had been collected Koo
had declined to 0.020. Elution with UNeformic acid was started.
Eaterial with extinction at 260 mu emsrged after 50 ml,, and the
effluent was collected. 4t 350 rl. oo had declined to 0,15,
The colum wa: then washed with 0,5 Yeanmordum formate - 1.5 N-
formic acid and all material with extinction at 260 mpy eluted with
this solution wa= freesze-dried.

Fractions were examined for extinotion at 260 and 315 mp

‘ ™~
in water and in Mepotassium cysnide.
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Fraction Yole of felia 260 AU, 315/CN ¢
No. formic acid
(ml.)
T 30m70 16
II 70=95 1688 90
11X 95-118 3582 1160
v 118~148 605 LEC
v 148-173 125
VI 173-223 65
173

* Measured in M-KCN-ethanol (2:1; v/v).

Nucleotides were identified by paper chrometography in
Preiss & Handler's (1958a) sclvent B, Frectien II contained much
more AP then nicotinic acid micleotide; frection I1I conteined about
ecqual amounts of these mucleotides and fraction IV contained more
nicotinic acid micleotide than AP. Fractions (III and IV) and (V
and Vi) were freeze dried separately and the residues were dissolved
in 12 uwl. of water and froszen.

The only nicotinic acid mucleotide detected was the
monomicleotide (sbout 360 umoles). spproximately an equal molar
proportion of adenosine 5'-phosphate was present. This method
of cleavage of the pyrophosphate linksge with acetic anhydride in
pyridine provides a convenient ncneensymic gynthesis of nicotinemide

micleotide and of nicotinic scid nucleotide.
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(ix) Effect of nicotinic acid-adenine dimucleotide on the

formation of nicotinamide~adenine dinucleotide

phosphate frem HaD end 4TP with NiD kinase

in order to test the possidility that nicotinic acid-adenine

dinucleotide iz 2 mibstrate of NAD kinase or inhibits this enzyme,
the formation of NA¥ from Hil and &IF wes measured at two levels
of N&D snd four levels of nlcotinie scideadenine dinucleotide.,
The resctien mixtures conteined AT (5 uoles), ¥gll, {10 pmoles),
trie-C1 (100 umoles, pH 7.4) FaD (0.5 and 1.0 umole), nicotinic
acidesdenine dinucleotide (0.5, 1.0, 2.5 and 5 umoles), and NAD
kinsse (0.2 ml.); the total volume was 1.0 ml, Elank determinationg,
without the addition of nicotinic acideadenine dimucleotide were also
carried ;'sut. The resction was stopped at suitable times by the
addition of 1.5 ml. of O.5l~trichloroscetic agid. After
centrifugation the NAF formed was determined with isocitrate
dohydrogenase (see Section I, p.it)e

Bucleotide Gonoentration (mi)
NAD 0.5 0.5 0.5 0.5 0.5 1.0 1.0 1.0 10 1.0
nicotinic

ecid-adenine O 0.5 1.0 25 5.0 © @5 1.0 2.5 540
dimicleotide ‘

KATP O19 018 016 018 018 024 - 026 ,026 024
formed

The solutions containing 0.5 amd 1.0 umole of Nib were incubated
at 38Y for 20 end 25 min., respectively. From these regults the

K, of the kinase for NiD was estimated at 5.5 x 10‘1‘“; hang et al.
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(1954) give a value of & x 104‘&. It 12 clear that there was
no inhibition of HADP formetion by nicotinic acid-adenine
dinuclentide under these conditions.

In order to check ihe posaibility that nicotinic acid-adenine
dinucleotide phosshate (the nicotinic acid snalogue of NADP) could
be formed under these conditions, the experiment was vepested with
larger amounts of the mclectides. Tube 4 contained ATP (10 jmoles),
1gCl, (20 umoles), tris HCL (200 ymoles, pH 7.4) and NiD (12.5 umoles);
in tube B, the NAD was replaced by nicotinic acid-adenine dinucleoctide
(12,5 jmoles); the total volume was 2,5 ml. NAD kinsse (0.6 ml.)
was added to esch and the tubes were inoubated at 38° for 9 hr.
The contents of the tubes were frozen and stored overnight at -153
ifter thewing, hydroger peroxide (30/%; 0.25 wml.) and perchloric acid
(725 0.1 ml.) were added. The nucleotides were adsorbed on Norit
and eluted as described by Threlfall {1957). The nucleotides in
25 ul, sawples from each tube were separated by electrophoresis on
vhatmen 3 Wi peper in 0,04 ¥esodlum citrate, pH 4.5, for 7 hr. at
12 volts/cin.

In sample 4, /%, AIP, nicotinic ecld-adenine dimicleotide
and ATP were the only nucleotides detected. The psper with sample B
wes dried and spots sbsorbing light at 25k mu corresponding to NAD,
P, AP, NADP snd ATP were detected. Ascending paper chromestography
in pyridine: weter (2:1; v/¥) was carried out, at right angles to
the direction in which the voltage had been applied. The paper
was dried and then exposed to ethylemethyl ketone/wmonia vapour.
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¥hen exaszined under ultraviolet light, spote corresponding to NiD
and JADF showed a bright blue fluorescence.

Semples A and B were slso examined by ascending paper
.chrmtogmyky in acetore: water (2:1 v/v) snd descending paper
chromatography in n-butyric ecid: water : mmmonia (44 ¥)

(661 333 1 3 v/v). No mcleotides with the expected properties
of nicotinic acid-adenine dinucleotide phosphate could be datected,
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Statistical nalysis of Data from Lesbg, Sheep snd Bata
of Series II (1961}, Serdes 111 (1962) snd Series IV (1362)

A stendard regression analysis of varianoe is presented
together with the regression coefficient snd ite standard

deviation., The relevent regression egquations are also given.
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Key Yo Zymbols
regression coefficient
total smount of coenzymes/liver, umoles
aorrected
degreeos of freedom
mean sum of squares
total number of nuclei/liver
mnber of valuss
not glgnificant
significant at 0.05 level
significant at 0.01 level
significant at 0,001 level
sun of values for x, eto,
standard deviation
standaxrd error of b
sum of products
sun of squares
Student's ¢
liver &ry wte, £
log (age, dsys)
log (body wt., Kg.)
log (liver dry wt,, g.)
log (no. of nuclei x 10'3/15.?")

log (| HaD & Hﬁmz,]/liver, jnles)
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Key to Symbols (gontinued)

x, = log{[NaP « Nmzl/liw, jmcles)
xg = log(total coenzymes/liver, umocles)
31 = cosnzyme ratio =

(Lxap] + \nabH,l) + (QWame] « {Ranid,])
7, = engymic activity (woles of mwzzz formed/
min./g, fresh wt, of liver tissue)



(a)

No.

O o~ oWt oW o =

p ke ms  mh wd ok b
B 3 o 9 & & F W 0 = O

o

0,50206
0.60206
0.60206
0.60206
114613
144613
1.,14613
1.14613
146260
146240
146240
174619
1474819
174819
1. 76819
1.74819
3403941
3.03941
3403944
3403941

=159=
Lembg and sheep, Seriep II : log,, dats, n = 20

Variate
31 xa

0,66276 1455267
0465897 149831
0452325 1452375
0.6812% 146369
079239 1456110
0.89209 169984
0. 9hhk8 177379
0,91381 171654
1.02119 1.83632
0.86332 1.66181
1,02936 1.783%0
1.06819 1.86332
1.20412 149956k
1425667 2,0128k
1.29885 1.95999
1.27016 2,01703
1.70070 2439967
1.71547 2.4k245
146312k 2.3T107
1.72591 2.,38739

5

255405
2.56110
2453020
245250k
2.60314
2.642h6
2.73078
2.69548
2.85491
2.67302
2.82217
2.87157
295134
2495609
300000
2.97220
520305
333045
3420004
325113
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(a) Lexbs and gheep, Series II : log,, Sata, (continued)

No. Variste
% 5 *g
1 1.83948 1.12710 1.91645
2 1.71933 135025 1.87390
3 14 TH036 1.49136 193450
& 161700 1.26951 1. 77815
5 1.725% 1.51587 153450
6 165031 1466931 1.97128
7 1.80482 14,4082, 135134
8 176418 1.55509 157313
9 1470501 177252 208507
10 1.81558 175239 207703
1 1455145 1.82282 2,00902
12 2,17319 1.70927 2.30146
13 2.12651 1482478 2.30103
1% 2.20812 197772 2.40654
15 2.19088 2.01114 2.40960
16 2034242 1.50037 24476k41
17 2.81757 2.37840 2495231
18 2.86451 2472 5401369
19 2.82020 2.21h33 2491635
2 2.720099 230103 2.8609h



Totals

neens

x

22.,06789

1.104395

27.001214
24607470

(a) Crude and corrected sums of squares and products
(Lag,w deta : sheep : n = 20}

*2

37.52165
1.876083

72.318612
1.924901

*
56425420
2.87710

108414649
1.563872

163490645
1.301601

%
Man82
2.0595

48.379679
2,867660

79. 781853
2.502601

119.303503
2.007146

88548467
3.710166

*5 *
35.52842 45.08870
1.776621  2.254935

§1.735148 52,545428
2.,497157 2.738672

68.778663 86.9469855
2.126017  2.360974

102.936040 130.342414

1 07652095 1 091#396
65.75T179 =
2.653748
104, 743983

34069346

-‘9 ‘,n



(a)

1)

2)

3)

4)

5)
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Regreagion analysls : log,, deta : shoep ; Series II
fegression of x, on x,
Variation due %o ar a8 ¥3 VR
e e
Regression 1 34197958  3.,197958  112.38
SHesidual 18 0.512208 0.028456
Total 19 54710166

b = 1.107457 (s () = 0.,1045 %, = 08365 + 1.1075::1

Regresion of X, on x,

o e o

Regression 1 3.253680  3,253680  128.%0
Residual 18 0.456486  0,025360

Total 19 3710166
b = 1,300119 SE(b) = 0.1148 x = -0.3795 + 1.3001x,

Regression of x o xi "

Regresnion 1 3085138 3.095138 90.59
fleaidual 18 0.613028  0,034168

Total 19 3. 710166
b = 1,562059 $E(b) = 0.1620 Xy, = =237 + 1.5&2&:;3

Regression of x.:‘ on x,

e ok sk

Regression 1 1870557  1.270557  736.55
Fesidusl 18 0.031044 0.001725
Total 19 1301601
b s 0,8124b3 SE (b) = 0,0299 X = 125235 + 6.312#::2
Regression of 5 cm x, .
Regression 1 2,392660 24392660  171.53
Hegidual 18 0.251085 0.013949
Total 19 2.643748

b= 0.95?99&\ 38 (b) = 0.0?}1 15 = 0.71 85 + 0.95?931
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(a) Regression snslysis : log,, date i sheep; Series II (continued)

6) Regression of x. on xz,

Variation due to ar 55 S Vi
Regression 3 2 HAE15  2,344613 141,08
Resldual 18 0,299135 0016619

Total 19 2643748
b = 14103650 s2 (b) =« 0.0929 Xy = =0.2961 + 141037x,

7) Regression of xﬁ o 14:3
Regression 1 2.380050 24389050  168.8h
Fesidual 18 04254638 0,014150

Total 19 24643748
b = 1.354795 SE (b) = 0.1043 X = ~2.0816 + 1.35&8::3

8) Hegression of x, an x
é 1 (

liegression 1 2.876k76  2.876476  299.51
Resd dual 18 0.,172870 0 4009604

Fotal 19 3.049346
b = 1,050318 38 (b) = 0.0607 xg = 1.0950 + 1.0503x,

9) Regression of X on x,

e
Regression 1 2.895836 20895836 339457
Hesidusl 18 Ue153510 0008528
Total 19 34Uhgs46
b = 1,226543 st (b} = 0.,0666 X = -0 062 4 1.2265::2
10) Regression of x. on x5 »
Regression 1 2.815695 2.815695 216,91
Residual 18 0.233651 0012961
Fotal 19 34049346

b = 1470801 st (b) = 0.0999 X = =149335 + 1.#7932:3
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{a) gegression snalysis : log o Sata series JI

Sheep
11)

12)

12)

Regression of x, on X,

| S —————

Variation due to ar 88 M3

Regression 1 2497309 2.497309

Residual 18 0.110161  0.006120
Total 19 2.607%70

b = 0434009 x, = 04039 + O.kijo

Regression of "g on xo

Regression 1 1.83979%  1.839799

Residual 18  0,085102 0.,004728
Total 19 1925901

b = 0.372519 X, = 12749 + 0+3725%,

Regression of f“i on x,

Ll

Regression 1 IhosJ0566 430566
Residual 7 0,045211 0,006459
Total 8 & AT5TTT
D =1 0098553 x‘ = Q.‘ 889 + 1 .9986%
Regression of xg on ﬁ
Regregsion 1 44295521 44295521
Total 8 k4376376

b = 1.@8168? 12 w =1e7733 + 1 0081710

R
aew

508,06

389413

371457



Sheep
log x,

1ee
145
146
147
18
1.9
2.0
21
242
2e3
2.4
245

10333

2,50515
2.60206
2.69897
2,81291
2490309
3 400000
3407918
3417609
3.25527
3430103
330252

2200

3440

48,0

6746
1014
139.6
197.0
260.9
36841
487.6
57346
£64,5

178
230
2.6
3s.2
45.3
6345
81,9
105.6
136.1
1755
226.3
29.7

*5
205
27.8
37.6
5346
710
9641

12340
16645
21341

whE
o S @0

27947

*
4649
62.2
4245

1094
145 .1
192.4
255.2
338.5
b49,0
59545
769.8
10476

5644

78.3
108,7
2170
301.2
393.9
569
7151
83540
560,6



(b)

-

Wi O~ O W W N

%
0.60206
0.84510
144716
144716
14716
2.32222
2.52222
2432222
2.32222

-166=

Bats, Series I1 : log,, data

Variate
* x
091508 =101 4E7h
112710 =0,53350
159968 ~0 432790
175205 «0,1101h
1,83251 0.,00170
2.74819 0.,72673
271600 0.66370
2, 79449 Q. 74663
2.77h52 0.73640

*3
~411351
Ge27184
0.74933
0492634
1.08707
1.50650
1 kOl
149554
1451054
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(b Rats, Sexies II : log,, data {gontinued)

Ho .

x4
1 -0.95078

By

~0.,62093
~0.02457
Q17555
0.27277
0.96284%
0. 54645
1401157

LT+ IS - S I A .

0,36392

Variate
5
-143565%
-0495079
-0.29073
«0.,12378
©.03706
0486034
076567
0,34388
0,73078

s
-0, 80658
=0 45967
0416343
0.35218
047173
1421564
116641
1.28279
110344



*

Tﬁt&lﬂ 18.26382

means

x4

2.029313

41.538790

L AT5TTT

*s

0434908
C.038787

4.389915
k376376

13

8.84755
0983077

3 .8§1 211
34478039

11.517208
2.819251

*u
2462882

0.29200

9.625818
4291119

44391480

44289518

6.013479
3429147

44997820
4. 229966

rats : 2 = 9)

%5
0,62159
0.069099

L.931431

4.941182
4,917062

4.538231
3926866

5.608176
556520

(b) _Crude snd gorrected gumg of squeres snd products

(10g,, data

x6
4,48907

0.49878¢6

13.638313
4.52858k

4,695018
4.,520903

3.614093

64937044
44697961

“39i=



()

1)

3)

)

5)

169~

Jepression snalysis : log,, data

fegression of x, o X,

Variation due to &f 38
fiegression ] 44114079
Residusl 7 04115087

Total & 4.,229966

b = 0,958743 a8 (b) = 0.0608
fisgression of x, on xg

Regression 1 b4 204384

Eesidual 7 (025582

Total 8 &’0229966

b = 0,980153 SE (b) = 0,0289

Regression of x, on xs
Regression 1 4,170963
Residual 7 0.,058983

Total 8 44229966
b = 1.216333 8E (b) = 0.,0547

Fsgression of 5 an x,

Regresaion 1 2.,764103
Resddual 7 0055148

Total 8 2.8192514
b = 0,794730 58(b) = 00424

Hegression of :iﬁ on x,

Regression 1 5433473
Reed dual 7 Q131731
Total 8 5 e565204

#
v

rats, Series Il

s Yo
&4 14079 248,51
Ce16555

xlp = =1 26535 + 0.953?::1

44204384
0.003655

29N
1150.31

E = Qe2561 + 0.980232

4170983 49501

0.008426

X = 069037 + 1.216335

L2 23

2.764103 350,86

0.0078786

x} ® 0-9523 4 0.791»7::2

e
B3 3473 268472

0018819

S5 (b) = 0,0648 xg = =2.1668 o 1.1&18:::1
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(b) Regression snalysis : log,, data : rats , Series II (continued)

6)

7)

8)

9)

109

Regression of x, on x

5 2
Varistion due to af 33 bs VR
Regression 1 5.524568  5.524548 951,20
Kesidual 7  LOLOEBE G 005808
fotal 8 5565204

b o= 14123547 SE (b) = 0.0364 x5 = 040255 4'.'1.1235::2

Regression of x. on x

e “E%
Kegreasion 1 5.469636 5 «469636 400,62
Kestdual 7 0.095568 0.013653

Totel 8 54565204
b = 1.392876 &B ('b) = 0-5696 15 & »143002 ¢ 1:}92913

Regresgion of Xg on X,

[SasSessss s s

Regression 1 558201k £.58201h 276462
Kesidual 7 0e115947 G 016564
Totel & 4,697961
b = 1.011798 SE (b) = 0.0608 x. = =1.5545 4 1.0118x,
Regression of x; on fg
Regression 3 4.,670203 &.670203 1177?5@
Fesidual 7 0,027756 0.003965
Total 8 4.,697961
b = 1.03302h 53(b) = 0,030 X = 0eltB72 4 1.0530x,,
Regression of X, on 12 .
Regression 4 4.,625339 4,625339 Lh% 82
Residual 7 0.072622 0.010375
Total 8 b 697961

b= 1.2&)870 SE (b; ] 0.0@7 xé = "0&760)* + 10280933



(b) Points for plotting resression lines of Series II
Eats
log x, % %, x5 g
~1415 0.07 Ou13k 0,054 04187
~0,95 0,142 0.210 0,09 04300
-C.75 0,178 04330 0.152 U483
~0455 0.282 0519 0.256 0.777
«0e35 Oohh7 C.815 D29 1e252
=0,15 0,708 1.280 0a719 2,013
0.05 1122 2,010 1,207 3239
0.25 1,778 34156 24025 5212
045 2,818 4,956 3397 B8.386
065 L W67 7.783 5,699 13.495
0.75 54623 O 754 7382 17.119
log x3 :t:‘3 X, 3:5 Xe
«0,1 0e79% 0.09% 0.036 0.129
O 1.259 04165 0,069 0.233
Od3 1.995 0.289 0,131 C.h21
0.5 3.162 0.506 0,249 0.759
Q.7 5.012 0.887 0473 1.368
0.9 7943 16553 0.896 2,468
141 12,59 2,718 14706 L 452
1e3 19495 44750 5 o200 4030
1.5 31,62 Sy 330 64153 e b8

146 39.81 11.027 &.480 19453
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(¢} Derivation of rate of change of pumber of muclel oo
goenzymes for sheep of Series II
13 s 1 0“'32051 +* 0;627805356
.0 N = 27.0k28 cO+027805
ax -0,372195
%" 16,9776 C
xg ¢ N &
1.77815 60 35345 3,70
2,00000 100 487.4 3,06
2430103 200 7527 236
247112 300 971.0 203
260206 400 1163. 1.83
2.69897 500 1338 1,66
2.77615 600 1500 1.57
2.,54510 700 1653 1.48
24903509 800 1797 Y
295424 900 1935 135
3,00000 1000 2068 1.30

3402119 1050 2132 127
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(c) Derivetion of rate of change of mumber of nuclei on
coenzymes for rats of Series Il

xj = 0059%85 £ 00768651}6

N = 3.97818 ¢oe 768651

aN = 3,057832 G~OrZ13MI

ac
xg ¢ N £
-, 82301 Ce15 U926 oy
(30103 Q50 2.54% FeB9
{00000 1.0 3.98 3,06
030103 Eeld o 78 2.60
Oli77i2 5.0 5426 2037
0.69897 540 137 2114
0.90309 840 19.7 1489
1.07918 1240 26,9 172
1.,20612 16,0 335 761

130103 20.0 39.8 1455



(a)

HNo.

M o~ O P N -

o ™ S o P Sy
AV I IS Y TS T A ¥ R . PN

*2

1424055
1424055
1.25285
1427875
131597
140312
1.43933
1.18469
1.25042
1.27516
1.29003
142325
133045
134830
1438561
150920
140140
1.55023
155871

A Tlhm

X

3

2.35218
241664
241497
2,62051
2451054
2,42975
2456937
2.35025
2,38382
2.46687
241830
2,49831
2.3979%

243136

2.487T1%
2.58633
2.46050
2.62428
2463949

Variate
*
1.60638
1455529
127646
132015
1275400
1473878
1.60097
1.,45637
1.56585
1.66087
1466932
1.88762
1.59770
1476938
14768958
171012
154283
1.63749
1475400

Lepba snd shoep (Serles IIL) ¢ log, dats

%5
0.69020
0476343
0.56379
0.81291
0.83251
Cohin9
110380
0,86923
0.79259
0.54939
0.67210
1425527
1.08636
0.97772
O, 92428
1.12385
0.83254
0496379
1415229

s
1465610
160314
144871
143775
1478533
1.78104
1.72099
1.55630
1463347
1.75799
1,78817
1.97864
171433
1.8344.2
1.84510
1.81023
1.62014
172099
1.83506



(a)

Hoe

22
25
2k
25

27

*2
1468395
1.71012
1.78176
1.81023
1472835
1.90309
234202
2.16137

w75

3
2,67669
266181
2.73400
2,7510
2. 76507
2491009
3,26902
3413191

Variate

%
191960
1495999
2.06181
1.98408
1497220
2418184
2.69636
2.50106

*s

133445
1440312

1.60206
1.6291
1426482
1.74273
2.29003
2,02119

Laubg snd gheep (Series III) : leg,, data (gontimued)

6
2.0200
2.067h2
2.19033
2414301
2.04999
2:31597
2484011
2,62531



Crude and corrected sums of squares end products

{a)
(Logw data 3 Series II1 : n=27)
X x5 X% g X5
LG, B0286 69.97548 48,11010 30,80182 50, 76004
1.51122 2,59168 1.78166 1414081 1.88000
[}
63.007476  182.7026k6  8B.352690  39.572939  96.23168 G
58 2.245500 1348283 2,627h441 4433972 2.803217
ThSEU4 70 49,555980 79.,090982
2.259367 3.,007745 2.361545
1264334907 82,095639  133.303787
1 .648709 2.267041 1. 759781
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(é) hegression analyss : log,, dats : Shoep Series III

1) FRegression of x, on x,

Veriation due to ar 55 M3 Va
Regreasion 1 2273320 2,270 160:49
Residual 25 0351 24 0.015165

Total 26 2,627h4
b = 1,006175 5B (b) = 0.079%2 xlb s 0.2613 & 1.0062!2

2) Regression of xﬁ on x,

Regression 1 WOBTET k025737 2hGene
Residual 25 0405235 0,016209
Total 26 ho433972
b = 14335454 8 (b) = 0,08494 x = =0 8834 4 143395x,
3) TRegression of Xz on xg
- LLE ]
Regression 1 2.525632 2525832 227.65
Residual 25 0.277385 0.011095
Total 26 2, 80317

b = 1.060586 BE (b) = 0,07029 IG m 612772 + 1006032
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(d) Regreseion snalysis : log,, data : sheep ; Serles IIL
(continued)
4) Regression of x on >
Variation due to af 53 ) Vet
. L2 1
Hegression i 2.016076 2.016076 8244
Segidual 25 Y] 061 1365 ] QOM55
Total 26 2,627kt

b = 1.222821

5) Hegression of xE o f}

Regression 1 3.811867
Hiesidual 25 04622105
Total 26 h.A433972

b = 1.681428 SE () = 041359

6) Regression of % on :;3

Regressaion 1 2,270839
Residaal 25 Ue532576
Total 26 24803217

b = 1.297785

SE (b) = 0.1347 x, = ~1.38673 + 1.2226x,

3.811867 153419
00246584
x5 = "'3.2169 -+ 1,’581“3

2,270839 1066k

0.021295

341 (b) = 001257 xé = =} QI{-B% + 10297&5){3



(e) Cruds snd corrected sums of squares snd products
(Log,, data : Series Il snd Sexies I1II)

12 xs x)* 15 16
76832451 126.92568 89.30192 66.3302) 95.85874
136.226089 346,193292 176,501155 105.33011% 202.576151
54699543 3403001 7223062 11.719465 7.467683

15k, 246023 118.334644 166,060538
54926255 7796696 6.314267
245,654 410 185.033679 263 ,6L6202
L, 472833 54900145 4767070

Summation of the corrected sme of sgusres and products
for Series II snd Series III

x,: 3'3 :;# 15 26
4,170401 2.64988: 64337607 7.077720 5.852563
34655855 05004 3466177

611
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(e)

1) Hegression of x,_on %,

Vardieticn due to af

Regression 1 64161553
Hesiduel &5 1062309

Totel L6 7.223862
L = 1.039704

2) TlLegression of ﬁ on xa

Regression 1 104664750
Resldual 45 1054715

Total 46 11.719465
b = 1.367855 s& (b) = 0.,06412

3)

on X

Regression of x 3
Regreession 1 6994501
Regidual 45 0472882
Total b6 7.467683
b = 1.107777 38(b) = 0.06294

Regression snelysis : log,, date : sheep : Series (IX 4+ I11)

f Vi
6.161553 264,005
0.,023607

SE (b) = 0,06436 x, = 0.167h + 140397,

10664750 455,020

0.025438

x5 = ‘9‘8682 + 10367912

6.99k801 665,664

0.010508

x; = 041935 + 1.,1078x,
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(e) Hegression snalysis : log,. data : sheep : Series (IX & IIXI)

(continued)
k) Regression of x, on xi
Variation due to af 85 ¥s VR
Regression 1 5.678998 5.878996  196.71h
Regidual 45 1.3k4b6A 0,029886
Total 10-6 ?0223862

b o= 1514379 g2 (b) = 0.,09371 %, = 16496 + 1.31%:{5
5) Regreseion of fﬁ on :r.:

Regresslon 1 10.229709 10229709 306.335

Residual 45 1.489756 0433106

Total 46 14719465
b o= 1.733806 S (b)) = 0.,09863 X5 = «3,2711 + 1'7338::}

6) legression of xc oo x:,g

Regression 1 6.677916  6.677916 380,508
Residunl 45 0,789767 0.,017550
Total b6 7467683

b = 1.400843 st (b) = 007481 xg = =1 o 7436 o 1.@0@;5
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(e) fpalysis of varisnce of regressions : log,. date :
gheep: Series (II ¢ I11)

Varietion due to af 58 MS VR
x, o, xa
Veans 1 0.886255 47,01
Fetween fegressions 1 0.089552 407%
Common Regression L} 5 o3 Thds 268,44
Deviations 43 0.810607 0.018851
Total 46 7223362
fﬁ on xg
Veans 1 4,644745 28333
Between Regressions 1 0.057630 352
Common Hegression 4 6.315720 385455
Deviations 43 0. 704370 0.016381
Total 46 114719465
¥ on X,
Means 1 1,615119 169417
Botwean Regression 1 0.02854% 2.8%
Common Regression 1 54393123 538,18
Tevietions L3 0430895 G,.010021

Total 46 7467683
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(e) snalysis of variance of regressions : _log,, dats 3
sheep : Series (II + IID) (gentinued)

Variation due to

%, on X,
Lieans
Between Regressions
Common Regression
Deviations

Total

%%
Means
Between Hegressions
Common Regression
Teviations

Total

X, on 13
Heans
Between Regression
Common Regression
Deviations
Total

43
46

04886255
0.067493
5e0b3721
1.226393
7.223662

4o O41THE
0.,070657
64130260
0.876803
11719465

14615119

0.019824
5066710
0.766029
7467683

31,07
237
176,84
0,028521

227 464
3447
300.64
0.020391

90466

1,11
2841
0.017815



Hegression

(e}

Logyg
143681
144687
145694
16700
1.7706
1.8712
1.9718
2.0725
2,173
2.2137
243743
2.4749
2.5756
26762

Eoints for plotting regression lines of Serdes III

n S’

Criginal

2343
294
3741
46,8
5540
el
937
118.2
149.0
187.8
236.8
298.5
376.4
h7h.5

5 on XE
gy  Original
Ce5901 5489
0.7240 5430
0.8580 7e21
CeING 9.82
1.1259 13436
1.2558 18419
1.5938 24,76
1.5277 337
1.6617 45,89
1.7956 62.46
149296 85,04
2.06350  115.74
2,19745 157.56
2.33140 21449

Xg O %y
logyq  twiginal
14439 2748
1.5499 355
1.6560 4543
1.7620 57.8
1.8681 7346
19742 Ky 2
2,0802  120.2
21863  153.6
2.2923  196.0
2.3968F 25043
2.5045  319.5
2.6105  407.8
2.7166 520.7
2.8226  664.7

gL



Regression

{e}

Logyq
Te37111
1.4150
1.5190
1.6230
17270
78309
1.9349
2.0389
241425
2.2468
2.5508
24547
245587
2.6627
2.7667

. S
Original
20.5
2646
33.0
4240
5343
678
86.1
1094
138.9
17645
2243
284.,9
362.0
4599

58k o4

o Tl
Logyq Criginal
0.6365 433
07733 5.93
0.9101 8,13
1 JOU69 1114
11857 1327
1.5204 2049
14572 28,66
145940 39426
1.7308 53,80
1.867€ 75.72
2.00439  101.02
2,818 138,41
2.27797  189.66
241476 256,57
2.55155  356.08

Xe oG X,
log 4o  Uriginal
1M 2.8
1.5229 3543
16336 4340
1. 74k 555
1.8552 71.6
1.9660 92.5
20766 419.3
241675 B
2,293 -
2091 256.5
25195 3314
2.5307 427.3
2. 761k 551.3
2.8522 71146
2.9630 9183

foints for plotting regression lines of Series (II + III)

-vgg o



{£}

(10g W)2
241078
2426493
2432184
2416297
2.,43703
2.,838946
5414633
2.9h754
337207
2.76161
3.18230
347196
3496258
44,05152
3.84156
i (06841
5.75842
5.96571
5462197
5469963

«186e

Coenzyme ratio : log,, date : Sheep ¢ n = &7

Series 11 series IX1
log ¥, (Log ;s‘}z log Yy
0.71238 1453896 0291618
0,36908 1453896 CJT7186
024900 1456963 0e31267
0434749 1463520 Ge50724
0. 21004 173178 0.50149
«0,03900 1.96875 0.92059
(e 39656 2.07167 Ceh9717
0.20909 1440359 0.58714%
=0406731 1456355 0.77346
0408319 1.62348 O, 71148
=0427137 1.66418 0.99722
CJMb392 2,02564 0.63235
0.29973 1.78076 0.51134
0422640 181791 0.79166
Q17970 1.91992 . 86530
U hk205 2.27768 0458627
03917 1496392 0.71032
0.38739 240321 0467370
0.60587 242958 058171
041996 2.83569 J.58515
2.92451 0455687
3017467 045975
3.27693 0455467
296719 Ge 70738
3.62175 Ou43911
5.48693 0.40633
I 67152 047987
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(£) Various regressions were calculated in an attempt
tc relate the ooenzyme ratio, ([Nav] + [NAH"IZD:
([ NaDP] « {NADPHZ] Js to liver dry wte., %, €ege

log,, (coenzyme ratio) on log, ¥,

2
log, W + (10310?1) .
1ag1°?f ’

log, i
10
b 4 log o + (log 0’2%}2.
log, . ¥ 1 !
10
There was little to choose between any of these but the
regression of 102;10 {coenzyme ratio) on log_‘o%’s‘ + (10310%‘?)2 wag slightly

better than the others., This analysis is presented on the

following page.
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(f) Regression of log,, (I,) o log, " end (;9540%’?}2

SD t(om 4k af)
b, = =3.473008 + 0.9210 3,77
b, = 0.679165 * 0,2561 54433
palysis of Varisnce

Varistion due to  af ss S VR

Regression 2 1.208972  (.606486 11297

Deviations b  2.222551 04050513

Total he  3.431525

logly,) = 3.7282 = 3.4730 log ¥ + 0.8792 (log )%
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(g) mgmic sotivitles : log,  data : sheep; Series 11

log (100 y,)
log W glucoss glucose 6~phospho=
ATP 6~phogphate gluconate
1.23805 177815 2.00000 2.69020
1424055 177815 1.89209 2.73239
1424055 147712 2.08279 2.69897
1425285 1473239 2.06070 2.56820
1.27875 - 1.88081 1.56820
1431597 173239 1.85733 2455630
1.,40312 1.62325 1.,91908 -
1443933 147712 1488089 2481954
1.13469 1.81954 197313 -
1,25042 1.62325 2,03743 -
1.26245 1.55630 195424 -
1,276 2,00860 2.02119 2.64345
1.29003 175239 1290858 2455630
142325 1462325 24012050 2454510
1433445 1465124 Za1h613 -
134830 1462325 204429 -
135561 177515 2,06139 -
1450920 1.62325 2.06h46 -
140140 1477815 1,96379 -
1.55023 173239 1498227 -
160855 1.73239 2.02119 -
1 0558?1 1 073259 201 6137 "4
1.68395 1,68124 1 49590k -
1.71012 1473239 2,04139 -
1,78176 1455630 1.7768%5 -
1481023 1477815 1477615 -
1.72835 1.73239 1.93552 -

1.90305 1468126 1491908 -
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(g) Ingymic sctivities : log j0 Sate @ gheep Series IV

log W

1435218
1oh2813
1.,46687
1.58206
1.62757
1,60853
1466558
1. 70757
1.76492
1490902
173640
1.76268
1.78817
1.,79796
1.85612
1.850h2
1.97727
1494645
1.98408
2430535
231175
2,43933
2.3979
243457

slacose
AT

1.56820
1.60206
1.20642

130242
1.89209
0472
0490309
0.69897
0.60206
0.84510
0,69897
1.32222
1,00000
047712
CL7712
0.00000
0.69697
01712
0,60206
0430103

log (100 y.)
glucose ¢
6~phosphate

19542k
1e 75819
1.95904
1485733
1.920942
1.96379
2.01264
1.71600
1.66276
1.3h202
1.6%697
1.60206
1.79239
2.02534
1o 74819
1471600
1.83885
" 092%2
1.57576
1.91908
1474899
1443136
1034242

G=pho goho-
gluconate

2406922
1., 778145
1.98677
2,17026
1.65321
174819
2435603
235411

2.16732
2,04139
2630103
2439270
1. 58084
1.,89209
2,20412
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() ZEngymic activities : Hegression anslygls : Series (1II + IV)

(1) Regression of log (100y,) en log W

¥y with glucose + ATP

n o= b7 Sy, = 62.99466
SW = Tl.3352 H(y,)® = 97.355703
SW = 132,703142 HyF,0° = 12921209
s(F)2 = 5.455758 S¥y° = 97.094383
b o= =1,2020%6 s(w-H) (y5,) = =6.5579%
Anplysie of Verlance
Veriation due to ar 85 S VR
Regression 1 7.862946  7.882946 7041
Residusl b5 5.05826k 0.111961
Total 16 12,921210

F, = 343182 = 1,20200
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(g) [nzymic activities : Repression analysis : Serdes (III + IV)

(continued)
(1) Begression of log (100y,) on log W
¥, with glucose 6-phosphate
n= 51 Sy, = 95.83629
SW = 83.5245 8(y )%= 18179577
S Wz = 1‘1-2051“;579 s(y?:&z)g = 10?05686
s(w-8)? o 5.733547 SHYy, =15h965763

b o= «0,345855  s(%-R) (r¥,) = =1.982979

Mpalyehs of Verisnce

Variation due lo af 88 MS Vi
Regression 1 0.685825 0,685825 32:;;
Hegidual 49 1.019862 0.,020814

Total 50 1.705687

3?2 w@ 20&2&55 £ 0;510-5955
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(s) Bogmic activities : Kegression snalysis : Series (IILs IV)
{continued)

(1) Regression of log (1003'2) on log W
¥, with é=phosgphogluconate

n = 26 Sy, = 59.84995

SW = b43.18676 s(y,)? = 140,862700
S5W = T6.091M7 Sy v,)? = 3.09283%
s(Wel)? = ba356946 8%y, = 97.636736
b = 040252  S(i=E) (yp¥,) = 1753779

inplysls of Verience

Veriation due to ar 55 ¥s VR
Regression 1 0.J0590 0,705%40 7410
Fesidusl % 2,3868%  0,099454

Totel 25 3.09283%4

3’2 4 2.97@5 - oo‘iozf?w
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