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CHAPTER 1

HISTORICAL  AND  CLASSIFICATION




a) Qeneral Historisal Background

The concept of inherited metabolic error leading to diseass
is about fifty years old, tut only within the last decade has interest
besn thoroughly aroused in such inborn srrors. With the steady
development of biochemical techniques and their increasing application
to clinical medicine, a surprisingly large number of diseases have
been shown to arise from familial transmission of some biochemical
asbnormality. Usually it has been pessible to demonstrate an sbsolute
or .celative deficiency in s particular enzyme system, and to relate

this to the pathogenesis of the disease in a more or less direct manner.

The porphyrias are metabolie disorders, some of which are
hereditary in origin. They sre disorders of the porphyrin chemistry
of the body, the striking clinic.il expression often belng the passage
of dark urine. The hereditary forms belong to that largsr family of

digeases called by Garrod (1923) "inborn errors of metabolism®, It is

known that the metabolism of the body is repulated by an intricate mm_c
of enzymas, the synthesis of which is under genetic control. A defect
in this control may result in the defective formation of one vr more
specific ensymes and thus lead to an inborn errur of metabolsim. The

error may be revezled ss an sbberration of molecular structure, as in

the haemoglobinopathies. It way -ad to ihe inadequate produstion of




an essential protein as for example in hasmophilia, or of an importarsl
e yme such a5 glucese-&-phosphate dehydrogenuse in the red cell.
Beveral ot the 'primery’ smentiss are now divclossd as being in reality

inborn errors of metabolime, for sxample phenylketonsria,

The history of the porphyrias began when Scherer {(L841) showsd
that the red .olour of blood was not due to iron. Mulder (1844) carried’
out a similar study and described & 'purple-rec fluid' devoid of irem,
which he namsd 'Lron-free haematin'.,  7This red substance was called
Yeruentine' by Thudichum (1887}, mnd he defined its spectrm snd noted
it's remarkable fluorescence. Hoppe~Seyler {1871} found thst the
iron-free haematln de.cribed by Mulder, was 2 mixture of iwe subobances
the main consituent of which he called 'nmemstuporphyrin’ {(Oresk porphurog-
purple)., Three years later, Shultz [187.) published clinieal detedls
of a case of so-called 'Pemphigus Lepromus’ fpy his doctorste thesls.

The urine of this patient was extensively stulied by Beumstark (187.0

who named two pigments derived from it, urerubrohaematin smd wro-
fuseohaematin, It 45 row clear, that the patisnt of Shulis and Beumwterk
was g deseription of what we now call conganitel porphyris, mnd wie in
fact the first association of this plgment 1n urine with & dissmse in

mar, The diagnosis was made almost cevtaln by the sulopsy recurd

of intense red-brown digeolouration of the evelston.




8.

In 1880, MacMunn described a dark-pigment, which he named
urchammatoporphyrin, This was excreted in the urine of a pattent
with sub-acute rheumatism, who had been taking scdium salicylste,
Le Nobel (1887) confirmed this finding, also listing & mumber uf

PR [

diseases, including lead poisoning, in which hie had found the pigment.

Shortly after sulphonal wes introduced as a hypuotic, Stokvie -

in 1889 reported that an elderly woman who had taken sulphonal excreted
& dark red urive and hed le.er died. Harley (1890) reported & fatal
case of an unusuael form of nerwvous disturbance, assocciated with dark
red urine. For the uext twenty to thirty years, many other cases
were recorded of ‘haematoporphyrinuria' associated with 3 definite
pettern of symptoms., Ofinther (1911, 1922) carefully listed and
classified these individual cases. Garrod (1923) credits Ofinther
with the first recognition that this disease was an 'inborn error of

matabolism'.

One of (dnther's patients was & man named Petry. Hans facher
commenced a study of the axcreta of this patient and Letween the years
1915 and 1945 made mormmental contributions to porphyrin chemistry.

By these researchez the naturally cccurring porphyring of exerete,
uroporphyrin and coproporphyrin were found to differ structurally Irom
hsematoporphyrin, which waz considered to be 2 chemical artefact.

Fischer (1915 a,b), laidlaw {1904) and Schume (1924) differentiated
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the naturally occurring porphyrin of haem itself from haematoporphyrin
anc the name protoporphyrin was suggested for this by Pischer. Thus
it was that the diseases of porphyrin meiabolism came to be termed
the porphyries by Waldenstr®m (1937) rather than haemstoporphyrias
{Gtnther 1911).

Many emithorities in the field of porphyria have attempted
at some time or other to arrive at & satisfactory classification of
the porphyriss (Teble I), However, not until specific snzyme or
other defects in the various disorders of porphyrin metaboliss have

been unravellsd will a wholly sstisfactory classification be achieved.

Hans Ofinther (1911, 1922) published the first classification
comprising four types of 'haemstoporphyria' {(Table IA). In his
clessification it is noteworthy that he recognised acute and chronie
forms and that b first defined and named congenital {erythropoietic)
porphyria, Prom a study of 103 cases of scute porphyris in 1937,
Waldenstrom distinguished five clinicel sub-types (Table IB). It 4«

now realiged that these represent different manifestations of the

same disease,




The classificaiion of Schmid, Schwsrts and Wetson (1954)
{Pable IC), was the first classification in which in addition to
purely clinicsl manifestations, bicchsmical findings were taken into
account. These mathors demonstrated that the porphyrias are clearly
divisable into eryti-opoletic and hepatic types from analyses of the
porphyrin and porpnobilinogen content of bone marrow and liver.
Waldenstrém (1957) (Table 1D) revised his original 1937 concepts, but
sti1l held the view that the lsgion in acute porphyris was present in
all haem synthesizing cells rather than a disturbance of hepatic
funetion. This concept 1s however, not accepted in more recent
cluspificativne, Of some interest in this classification is the
recognition of an acquired form of porphyris, termed porphyria cutanes

tarda symptomatica.

Watson (1960) (Table IE) suggested en extension of the 1954
elessification also clearly recogrizing hereditary ond scquived forms
of hepatic porphyria. The classification recommended by Goldberg und
Rimington (19¢2) (Table IF) has a composition similar to that put
forward by Watson, and reflects the /ifficultdes encountered in the
elassificatior of these dlseases, The more recently published
claseification of Esles (1963) (Table I0) and Tschudy (1965) (Table IH)

are yssentially simdlar, These recognize erythropoletic and hepatic

forms, the latter being divided into three major types, vis. acute
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1i.
intermittent porphyris, South African genetic porphyris, and
symptomatic porphyria. The major subgroup of sympiomatic porphyria
is recognised as that associated with liver disesse and alecholism,
this form cceurring in high incidence in the Bantu of South Africs.
Experimentally induced porphyrias are recogniged as & soparate subgroup
in the Goldberg and Kimington classification (Table IF) and would
presumably fall into the symptomstic porphyria groups of Eales and
Tehudy.  As indicates reviocusly it is shown that a wholly satisfactory
classification will only be asrrived at with the detailed elucidation

of the metabolic sberrations in these diseases.
e) orphyris a

By far the most common types of porphyria found in South Afries
today, are the so-called South Afrlcan genetic type of porphyrie variegate
found mainly in the White population, and the Bantu type of porphyria
which i# thought to be an actguired afflication and is called porphyria

cutanea tarda sy stomatica.

Tre rarer srythropoietic porphyrias have howvever, alsc been
reported in South Africs. The first cass of congenital erythropoletic

porphyris in South Africa was reported by Finlay and Barnes (1950).

The same cass and 8 further case in &n elderly male were reported and
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fully characterized by Kramer and his co-workers (Kiamer et al. 1965).
Sweeney ana his co-workers (1963) first reported erythropoietic
protoporphyria in an African end seversl fumilies have since been

discovered (Finisy et 8l. 1966; Leeming and kramer, 1968), Hereditary
coproporphyrie has been reported in s family by Dean, Kramer and
Lanb (1969).

In a painstaking and brilliant study, Dean (1963) was able
to trace the original forebears of the vast mejority of White porphyric
subjects in this country. According to Dean, Adrisantjie Jacobs
(Adriaantjie Adriaanse) one of 8 number of orphans sent out by the
Dutch East India Company in 1688, as prospective wives for the free
burghers, married Uerrit Jans who had come to the Cape in 1685, sad

were the original forebears of the disease in the White populatincp.

W . The first record of the disease only appeared in the literaturs
in 1939 (Kooy 1939, Bales and Chair 1931). At present 1% 18 estimsted
that there are mbout 10,000 White Scuth Africens who heve inherited the
gene for porphyris variegats, sccounting for the highest incldence of

porphyris in the world. Porphyrie variegata exists in two forms.

There is a latent form asscciated with relatively few cliniocal symptoms

other “han photogsensitivity, but with the excretion of increased

amounts of protoporphyrin ad coproporphyrin in the feecss. Protoporphyrin




usually exceeds coproporphyrin in the fasces, and the urine shows

no abnormality. The manifest or acute form is sssociated with scute
abdominal pain and neurclogical disturbances which may result in death.
Tachycardia, hypertension, and in scme cases skin phoioeentitivity are
marked fealures of the discass. In addition these patienis excrste
increased amounts of §-aminolaevulinic acid and porphobilinogen in the

urine in the aoute phase.

The incidence of symptomatic porphyria in the Bantu pecples
of Scuth Africa is also very high indeed, although accurate figures
are not available. The clinical and biochemical features of the
condition have been extensively studisd and charscterised, particularly

by Barnes (Finlay and Barnes, 1950; Scrnes 1955, 1959), Lamont (1961)

.end Bales (1963). The features of Bantu porphyria are skin sensitivity,

hypertrichosis, excessive pigmentation of the skin, snd excretion of
groatly increased quantities of urcporphyrin in the vrine and increased
amounts of copre orphyrin excreted in the fzeces.  Almost all thess

patients have derenged hepatin function with sidercsis snd a history

of excessive consumpiion of aleshol,
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CHAPTER 11

HAEM BIOSYNTHESTS




1I. Haem Biosynthesis and the Porphyring

Porphyrins are widely distributed throughout the animal
and plant kingdoms. In the free form, they occur in small amounts,
but the iron complexes of porphyrins, or haems are quantitatively
most important and play a vital role in the living cell. Ferroproto~
porphyrin IX is the | osthetic group of several important enzymes such
a8 for example, caétalasa, peroxidase, and eylochr me b, whilst hsems
Cerived from prophyrins of slightly different structure, occur in
chloroeruerin, cytochrome ¢, and cytochrome oxidase. The macrocytic
rings of chlorophylls a and b are derived from the sume parent structure,
porphyrin, and recent evidenve shows that they are built up in & way
comparable to that of anima) porphyrins (Bogorsd 1955).  Chlorophyll-
like pigments also oceur in brown and red algee and in some becteria
and mlthough exp.rimental evidence is still lecking, it roems likely
that their biosynthesis follows the same general pattern. Finally,
hasmoglobin and myoglobla are two chromoproteins whose prosthetis
group is ferroprotoperphyrin IX.  Thus fenctions of oXygen transport,
photosynthesis, and Intracellular oxidation are dependent on this group
of compounds.  Porphyrin synthesls would sppesr to be one of the most

fundamental sthributes of cells., Relatively simple materials are

employed and the steps involved seem to foliow a general plan., Although
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the bulk of krowledge has been gained chielly from study of the
biosynthesis of the hsem of haemoglobin the results are applicable

in & mach wider context.

48 8 result of the work of Fischer et al. (1939), of lemberg
ot al., (1949) and of MacDonald et al. (1953, 1944, 1956; Jacksen and
MacDonald 1957; Morsingh and Machonald 1960 and Tarlton, MacDonald
and Baltezei, 1960), the chemistry of porphyreins is well known, sad
mst of the naturally oceurring porpnyring have been prepsred, Thers
are many isomeric forms of the porphyrins, namely 5 uroperphyrins, 4
coproporphyrmng and 15 pre srphyrins,  However, only the single
protoporphyring IX, either in the free stais, or as the ir-a complex
haem, and only ceproporphyrin I snd IIT7 and uroporphyrins I and III

have so far been encountered in nature (Flg. 1.

Present knowledgs concerning the pathway of porphyrin snd
haem synchesis L s been accumuiated during the pest 20 years and
represents a major aceomplishmen® of wodern blochemistry., The finsl
scheme has been piecsd together from discoveries made st different times,
and there still remain significant detalls to be filled in.  Hevertheless,
the way in whicn this compliested yet vitsl synthesis is achleved p -

be reparded as [irmly established (Rimington 1958; Heilmayer 1966)

(Pig. 1),
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The unravelling of the porphyrin biosynthesic chain begen
with the early studies in Shenin's laboratory in 1945. Shemin snd
Rittenberg (1945, 1946) using *N-lsbelled glycine first shoved that
this amino acid is a specific precursor of haem protoperphyrin in both
man and the rat., Subsequently in vitro studies demonstrated that
isotopically labelled glycine is incorporated into haem by nuclested
duck or chicken erythrocytes (Shemin st al. 1948, Dresel and Falk i954)
and by the non-mucleated erythrocyte of the rabbit, made ansemic by
bleeding or edministration of phenylhydrazine (London e% 8). 1950).

The next step wes to establish the distribution of the C and

N atoms of glycine in the porphyrin molecule. Protoporphyrin IX is an
asymmetric tetrapyrrole consisting of two types of pyrrole units as
shown In Fig I through various degradative steps, ring & ard b oan

be converted 1o methylmeleimide and rings C and D to haematinic scid.
On degrading 15“'1!1)6110(1 haem protoporphyrin prepared in the rebbis,
(Muir and Neuberger 1949) or duck, or human (Wittenberg and Shemin 1949)
by the sdmindstration of glycine*lf’)l, it was found that the 153 con
centrations of the porphyrin molecule and the two breskdown producta
were equal. Thus it was established that glycine provided the N-atoms
present in all four pyrrole unite. The fate of the C atoms of the
glyeine molecale in poiphyrin biosynthesis was elucidated in similar

Fashion. Using U"C and 15H~1&boll¢d glycine and other precursors
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Radin et al. (1950) and Muir and Neuberger (1950) found that eight of
the C-atoms of glycine were incorporated into the porphyrin molerule,
and that four of these labelled C atoms wers present in the methene ¢
fraction, Further step wise degradation (Wittenberg amd Shemin 1950)
revesled thet the other 4 C atoms are situsted in comparable positions
in the pyrrole rings. On the other hand, sxperiments with carboxy-
labelled glycine did not lead to labelling of protoporphyrin or hasm
(Grinstein et al. 1948, Radin et &l. 1950).

The origin of was remalning 26 C stoms of protoporphyrin was
likewise traced with the aid of isotopically labelled compounds. Using
h‘(}-noctlte labelled either in the wethyl of carboxyl position, Shemin

and Wittenberg (1951) found that scetate could supply all 26 C stoms in

‘quanion. Furthermore, in degradative studies of the “ype mentioned

above, thay detected equal amounts of radioactivity similarly distributed
among three ¢ atoms in esch of the two residues representing the two
sides of the monopyrrole molecule. It seemed then highly likely that
the bagic monopyrrole unit was formed by condensation uf two moliecules
of the same compound with glycine (Shemin and Wittenberg 1951). Shemin
and Wittenberg (1951) reasoned that this pricursor must of necessity be

a three or four carbon compound, most probably an unsymmeirical four

carbon molacule. In & serioe of further experiments using other
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labelled intermedistes of the TCA cycle including carboxyl-labelled
mccmatr-u‘c methylens-lsbelled sucoinate- Mc ol ~Ketoglutarate~ S'-u‘c
% -Ketoglutarate-1,2-1%C and eitrate 1,5-14¢, Shemin and co-workers
{ohemin ang Kumin 1957, Wriston et al, 1955) identified the four carbon
compound in gquestion a» a derivative of succinate, possibly a suecinyl-

coenzyme complex which could arise from succinate or & -Ketoglutarste.

Following the earlier observation (Wittenberg and Shemin 1950}
that the ~C atom of glycine is used equally for both the methene
Lridgs and the pyrrole ring and that no derivative of the - atom
could be substituted for glycine it became apparent thal the whole
glycine molecule must participate in the initial eondensation with the
vactive" succinate (Shemin 1955).  Thir led to the postulate that
suceinate condensed with the ¢ atom of glycine to form o -amino-
f-Ketoadipic acid which then underwent decarboxylation to remove the
carboxy group which does not a pear in the porphyrin molscule. The
resulting haem * cursor would be § -aminolaevulinic sedd (Ala)., It
was suggested that, by means of a Knorr typs condensation, two woleculss
of this acid eould yield a pyrrole which would it the requirements
imposed by the known distribution of the C atom of glycins in proto-

porphyrin of haem (Shemin 1955) (Fig. I1I1I)h




The fact thet ALA is indeed s physiclogicsl haem precursor
was subsequently shown by a number of workers. Dresel and Falk

(1953) demonstrated the biosynthesis of porphobilinogen (PBG) from

AlA incubsted with chicken red cell haemolysates. PEG the mono-
pyrrole which had previously been isclated by Westall (1952} from
the urins of a patient with acute porphyria, on incubation !u a A
chicken red cell haemolysate system gave rise to & mixture of PROTO,

COPRO and URV (Palk, Dresel and Rimington 1953).

Shemin and Russel (1953) also demonstrated that unlab-ll
AlA diluted in the redicactivity of haem is synthesised by chick red
cell haemolysates from glycine-u’c or succinate 3“0« This would be
expected if the non-radicactive ALA were diluting ALA-MG formed in
'tho incubate from the lsbelled glycine or succinate. Finally,
axperiments with ALA- 5-140 (Shemin, Russel and Abremsky 1955) snd
ALA-l,L-Ll’C (Sehvefman ond Shemin 1955) gave precisely the predicted
labelling pattern for haemin, i.e« C in the S p.sition behaved in the

same faghion as the C-atom of glyeine, and that in tre 1 and 4 positions

in the same way as the carboxyl groups of succinste.
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®) & -sminolasvulinate Synthetase (§-ALA Synthetase)

The formation of ALA from suceinyl-CoA snd glycine i3 the
first step leading speci{izally to the bicgynthesis of the porphyrins,
Neuberger (1961) proposed a mechanism whersby a steble carbanien is
formed from glycine ani pyridoxal phosphate which reacts with the
electrophilic carboxyl carbon atom of siceinyl Cod to produce O -aminu-
P-ketoadipic scid. This compound then loses m;: to give AIA. The
formation of ALA is carried out by the snzyme & -ALA synthetsse which
utilizes pyridoxal phospnate as a coenzyme, & -am‘Lno-P ~ketoadipic acid
decarboxylates vl ually spontanesusly in neutral selution {laver,
Neuberger and Scott 1959).  Thus it is not known whether it occurs as
an r.agyme-bound intermediate or free in solution, or indead whether
it is an intermediate at all, since it is possible that condensation and
decarboxylation ccrur together in & coacerted rssectiocd. This irdtial
step in the porphyrin biosynthetic pathway hes been extensively studied
in a rumber of different systems, including micro~organiams (Kikuehi
et al. 1958, Gibson 1958, Lancelles 19%9), avian erythrocytes, (Brown

19%8a, Laver et al. 1958, Gramick 1958) and mammslisn liver {Oranick

and Urava 1963, Tochudy et al. 1964, Marver et al, 1566). In esch




system the entymic formation of ALA by condensation of glycine ang
succinyl CoA has been demonstrated. Kikuchi et al. {1958} Gibeon

ot al. (1958) and Granick and Ursta (1963), in exsmining the induction
of guinea pig liver ALA~synthetase by DDC clsarly demonstrated the
intramitoctondrial localization of this ensyme,

Browr (1958b,~) working on particulets preparations of
chicken eryihirocyte showed that ferrous iron was involved at some
stags in the synthesis of ALA, but Burnham and Lascelles (1963)
working on Bhodopseudomonas sphercides found thwt iron does not
participate in the action of Al4-synthetase from this source. Thus
it would eppear tnat iron is not irvolved in all Ald-synthesising
systems.

5 requirement for the coengyme, pyridozal phosphate iz now
unequivocal.  Shu.man &nd Richert (1957), stuiying vitamin By deficient
ducklings, frund a decreases rate of red cell huem synthesis, furthermors,
pyridoxal-5-phosvhate added jn vitro t¢ red cells from these ducklings
stimulated haem formstion from lahelled glycine and succinate, Elder
and Mengell (1965) induced & pyridoxine deficiency in & pstient suffering
from acute intermittent porphyria, snd found & decresse in urinary

encretion of ALA and PEC.  Subseguent pyridoxine loading of the patient

markedly increased sxcretion of thess precursors.




Ar vitro studles with microbiologiesl (Lascelles 1957).
avian erythrocytes (Gibson et al. 1959,, and mammulisn liver
(Granick and Utata 1963) preparations have all shown that ALA or
prophyrin formation is substantially increased when pyridoxal phosphate
is added. JUonversely the reaction is strongly inhibited by substances
such as L-penicillamine {lLaver et al. 1958) which is thought to interact
with pyridoxal phosphate. It has suggested the mechanism whereby
this cofactor promotes the biosynthesis of ALA, is the formation of
i Schiff base betweer. the amino group of glycine and ensyme-boun
pyrid~xzal phosphate. This would have the effect of 'activating'
the C-stom of glycine to cundense with suceinyl CoA (Orandek 1938,
Gibson et al. 1958),

P ALA dehwdrogenase and the swuthesis of PBG

Soon after PBG was first isclated from the urine of a patient
with scute inte: ittent porphyrias by Wesiall (1952) the position of
this monopyrrole as s porphyrin precursor was established (Falk et al.
1953, Bogorad and Granick, 1953). Orenick (1954) demonstruted that
ALA could be enzynatically converted to PEO by chicken erythrocyle
extract, (ibson et al. (i..5) vonfirmed this on & highly soluble

ensyme preparation from ox liver, Schmid and Shemin (1955) on duck

erythrocyte and Nandi o' 8l (1968) on jhodopsewdononas soheroides,
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The cytoplasmic enzyme (ALA dehydratase) which requires
reduced glutathione (GSH) for activaiion before it can effect synthesis of
PBG {Uibsor et al, 1955, Schmid and Shemin 1955}, has now been purified
from a number of swurces; from ox liver (Gibson et al. 1958), cow iiver
(Batlle et al. 1967), human erythrocytes (Calisano et al. 1966), yeast
(Clara De Barieco, 1967), soybean callus tissue (Tiger et al. 1968),
vheat leaves (Nandi and Waygood, 1967), and B gpheroides (Burnham
and Lascelles, 1563).

Shewmin et al. (1955}, on the basis of the positions of the
labelled C~atoms in protoporphyrin synthesized from Glycine-'z*cl"' ana
succinyl Cod, proposed the formation of a monopyrrole by cundensation
ol two molecules of ALA via & Knorr type of mechanism Fige. III & IV.
The proposid structurs ¢ this monopyrrole was also identical with
that put forward by (co son and Rimington (1943) for PBG.  Furthermore,
rdditional suppert for the condensation ides came from the finding that
the molar activity of PBG synthesised from ALA-5~U'C was exactly twice

thet ¢f the latter molecule (Schmid and Shemin, 1955).

The Knorr reaction {(Pig. III) involves an aldol condensation

followed by the elimination of H,0 between the £ -carbon of ore

melecule of ALA and the carbonyl group of the second molecule, plus
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the formation of a Schiff base with elimination of water between
the carbonyl group of the first molecule and the amine group of
the second.

Randi and Shemin (1968} have recently obtained further
evidence on the mechanism of PBG synthesis, using & purified preparation
of Al dehydratase., This evidence indicates that initially one
molecule of AlA forms a Schiff base with the ensyme, 8s a result of
which the p'umt&ylem C of ALA is converted to a& carbanion which cin
then make & mucleophilic attack on the carbonyl roup of the second
molacule. Pollowing this aldol condensation, & moleeuls of water im
lost (Fig. IV) and ithe &mino group of the second ALA moleculs displaces
the amino group of the ensyme by & transimination or transaldiminstion

to close the pyrrols ring (Nandl snd Shemin 1968},

The AlA-dwnydratase engymes in all systems so far examined,
are SH enzymes, and, with almost all sotivity can only be dawonstrated
in the presence of added thiol compeunde,  With a mumber of extracts
preincubation with thiol compounds has to bg performed for maximum

astivity to be obzerved (Gibson et al. 1955; Burnham and Luscelles,

1963).  This requirement of highly reducing conditions for assaying




the enszyme, suggests that the oxddation reduction potential in cells
may play a part in determining the expressed activity. When the
oxidation reduction potential is high the engyme may only be sble to
function in vivo st a fraction of its mecimum sctivity (Tait 1963).
d) Porphobidinogsen - Uroporphyrinogen 111

Westall (1952) had demonstrated that PBO on hesting in dilute
acid 15 easily converted to URO; and several authors had shown this
monopyrrole to be an sffective porphyrin precursor in biological
preparations (Falk et al. 1953; Bogorad and Granick 1953). It was
8 logical assumption therefore that in vive & similar condensation
of four PBO molecules yielded URC with subsequent decarboxylations to
COPHO and PROTO.

However, Schwarte (1955) working on rat liver homogenste and
bone marrow, and Dresel and Falk (1956) working on chicken red cell
heemolysates, demonstrated that URC ecould not replace PBO as substrate
for COPRO and PROTO formation.  The true intermediates were subsequantly
shown to be the colourless reduced or haxahydroporphyrins (porphyrinogens),
by & number of workers on & variety of different tissues. Dogorad (1955%)

woriing on spinach leaves, snd Neve et al. (1956) on a haemolysed duck

red cell preparatiou, demonstrated that UROgen and not URD was converted
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to hean.  Manzerall and Oranick (1958) confirmed these findings
with rabbit reticulocytes, and Bogorad (1958) on Chlorells
preparations. The porphyrin therefore insteai of being true
intermediates in blosynthesls of haem, represent by~products formed
' 7 irreversible oxidaticn of porphyrinogens (Rimington 1956).

The conversion of four PBG molecules into the tetrapyrrols
Urogen 117, requires .wo enzymes, PBO deaminase (UROgen 1 ‘xym«hottse)
and UROgen ieomerase {UROgen III cosynthetase). In the sbsence of
the second enzyme the symmetrical UROgen I is formed, Thess two
entymes have been separated and partly purified from plani cells
(Bogorad 1958). In extracts from animel cells the system which
makes the 111 isomer, after heating to 60°C now only forms t!';o I
1somer (Rimington and Booij, 1957) showing that the second ensyme
48 heat latile., These two enzymes have also recently been separated
from extracts of mouse spleen (levin and Coleman 1967). The first
angyme can be visualized se catulysing " formation of & linear
tetrapyrrole that is condensation betwesn the ™ ~aminomethyl group
of one PBL molecule and the free ® -position of the next with the
release of pmj Finally, at the tetrapyrolle stage the ™ -amino~
methyl group of the fourth unit condenses with the free ™ -position of
the first uait, to form the porphyrinogen ring. The spatial srrangement

of the tetrapyrrole is such that this condensation is favoured rather
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than formation of longer linesr pyrroles, since models show that
the o -aminomethyl group is in close proximity to the free « ~position
(Teit 1968).  This porp.yrinogen has a symmstrical arrengement of
side groups, i.e. type I. The problem ie to account for the formation
of the ITI isomer in which one of the PBG units is inserted 'bask *o fromt'
@s it were. This is obviously the function of the second enmyms, but
how it does ip unknown. Many hypotheses have been put forwerd (Bullock
et al. 1958; Wittenberg 1959; Bogorsd 1960; Mathewsop and Corwin 1961
Bogoard 1963; Cornford, 1964), but & number have been ruled out by
experimental work and there is no direct evidence to support any of
the others, UROgen III co-synthetase by itself has no action on PBO
or on UROgen I or on any of the products of PBO deaminase - tnat is,
if it is added to the reaction mixturo after PBG and PBO deaminase
have been incubated, U0gen III is not formed (Bogorsd 1960). Mo
intersediates have been identified, although the presence of zome in
resction mixtures has bsen indiceted (Bogorsd 1960).
e) Uroporphyrincgen ILL (VROger 111) = Goproperphyrinogen LI

(£0PROgen 141)

Under normal conditions uroporphyrinocgens ere metsbolised
in two different ways. They are either axidized to uroporphyrins,
or ensymatically decarboxylated to coproporphyrinogen (Mauserall
and Granick 1958; Pogorad 1954; Hoare and Hesth 1958).  Normally &

¢




small fraction of the URUgen formed in the cell undergoes iiceversible
stepwise oxidation to URO and is thereby lost to the haem biosynthetic
pathway. The oxidative p;'ocoas has been observed vo cccur either
enzymatically (Dogorad 1958), or by means uf photocataiytic auto-
xidation, sensitised by the produst URO (Mauzerall and Granick 1958).

Sequential cruymatic decarboxylation of most of the uro-
porphyrinogens formed from PBO lesds to the formation of & series
of porphyrinogens with less than 8 carboxyl groups (Msugerall and
Granick 1958). The enzyme urcporphyrincgon decarhoxylass has been
studied in preparations from rabbit reticulosytes (Mmuzerall and
Granick 1958), duek eryihirceytes {Heve et al. 1955}, Chlgrsalls
(Bogorad 1958) ard R. sphiercides (Hoane and Heath 195t).

Hoth series I and III are acted upon by this enzyme but at
differsnt rates - UROgen I is decarboxylated at only one third of the
rate Br UROgen I1I.  Partial purification has been achieved, and as
far as in known, a single enzyme ir responsible. This ensyme is found
in the cytoplamm. Ioowers I, II, I1I and IV of uroporphyrinogen
ire substrates, wheress the corresponding ureporphyring, are not
(Mmuzerall and Granick 1958), The exact mechanism of Gecarboxylation
of UROgen (8 carboxyl groups) to coprogen {4, carboxyl groups) is not

krown. While avetic acid side chains are astecked, the proprionic

Meugerall and Orenick (1958) and Ssn Martin

acid side chains are not.

32.
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de Visle and Grinstein (1968) have been sble to isolate porphyrina
with 7, 6 and 5 carboxyl groups as well ss coproporphyrins when
uROgen is incubated with the enzyme. When these porphyrins are
reduced to the porphyrinogens and reincubated with the enwvyms, further
decarboxylation cccurs, suggesting that the carboxyl groups are removed
one &t 8 time. However, it is not known in what order the acetie
acid side (hains are decarboxylated or indeed whelher there is any
preferred ordar. Considering all these intermedistes and thelr
possible isomer: there would be altogether 34 different substrates
for this ensyme. Since it has not been established with any certsiniy
just how many enzymes are involved, it remaing convenient to describe
the "collective enzyme" as UROgen decarboxylase (Mauzerall snd Granick
1958).
1) ¢ pronerphyrinogen JUI{COPROgen IX1)» Protoporphyrin 1%
(aoro 1
The nmjmntic conversion of COPROgen IXI to pritoporphyrin
IX hes been demonstrated and extenaively studied in @ mambar of sysbtems,
including chicken erythrocytes (Granick end Maugerall 195%a), Duglens
(Granick and Msuzersll 1958b), beef mitochondria {Bano and Oranick

1961), snd a purified ensyms from mammalian liver mitochondria (Batlle,

Benson and Rimingten 1965).

33.
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The enzyme coproporphyrinogen oxidase (eonroporphyrinogenase}
is located intrammehondrinny, has an absolute requirement for vxygen,
and unlike UROgen decarboxylase is substrate specific for COFROgen III
and does not act on the I isomer. Only two specific proprionic aoid
groups are oxidatively decarboxylatqd to vinyl groups yislding proto-
porphyrinogen (PROTOgen). Porra and Falk (1964) have found copro=

porphyrinogen IV to be a substrate, albeit a very poor one.

The exact mechanism(s) involved are still uncertain, but the
available evidence suggests ihat the *wo proprionic acid side chains
appear to be acted on independently since Sano and _.anick (1961) found
that & porphyrinogen with thres carboxyl proups was formed and then
disappeared &s the reaction proceeded, On the other hand Mauzerall
{1964} has published svidence, which puggeits that decsrboxylstion
and oxidation by molecular oxygen of the proprionic acid groups are

simultangous.

PROTUgen like the othar porphyrinogens cdn undsrge sutoxidation.
In the presencs of light protoporphyrin IX is readily formed but in the
dark this 1s not the case unless mitochondria are proesent, It hasm
therefores been suggested thal an entyme {protoporphyrinogen exidase)

sperates in the cell to convert PROTOgen to PROTO IX {Bano and Granick

1961; Parra and Falk 1964).
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8) Jusertion of Metel inic Protoporphyrin

Haem is finally synthesised from ferrous iron end proto~
porpliyrin by & particulate ensyme. ferrochelatase (haem synthetase),
which is located intramitochondrislly. Current available evidence
favours the insertion of tue ferrous ion st the stage following the
ox’dation of the hexahydroporphyrin i.e. PROTO IX, although this
could occur at the PROTOgen stage. (Mauzerall and Oranick 1958,
Heikel et al. 1938),

Burly studies using wvian erythroeyte preparstions suggested
that the blosynthesis of haem from PROTC and ferrous iron was enzyme
dependent since the activity wes abolished by O~ snd significantly
inhibited by prehcating of the haemolysate for 30 minutes at 56°C
{Boldberg et al. 1956},

More recently the enzyme has been purified from mitechondria
of avian erythrocytes (Oyame et al. 1961), memmalisn liver {(Porrs and
Jones 1963), bacteria (l-scelles 1964;, The enzyme from most cells

hes a relatively wide specificity for the metal #&nd for the porphyrin,

although it is not certain whether all the reactions are catulysed by

Fid

* L3
& single entyme (Johnson and Jones 194%4). #part from pe**, 20 ana o
are used by most systems, However, Forra and Ross (1965) using a
cell frew extract of {lorgeridiue Letanomorphum, which does not make
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haen, but does make vitamin 812, found that cobalt was inserted
whereus iron was not, Until recently metal protoporphyrin in
complexes, other than haem, were not thought to cocur in cells.
Howsver, zine protoporihyrin has bren found in yesst, and certain
mitants scoummlets large (mourds, (Pretlow and Sherman 1947}, ‘The
possible relevance of this is not elesr.  Addition of reducing
substunces ~ aseorbic acid, (8H snd cysteine - hes been shown to
markedly potentiete iron~incorporating ensyme activity in rabbit

bone morvow bubt not in lver preparstions {lockhesd et al 1963,

h) The Succinsts glvcine cyele (Shemin. cycle)

Shemin (1955) discovered ‘hat the § ~cerbon stom of & -amino-
laevalinic scid could be utilized ss a 'ons carbon fragment' for the
ureide group of purines, ‘B ~earbon of serine, and the methyl growp of
metnionine. Sherin thus demonstrated that porphyrin synthesis woe
not tha only metebolic fate of ALA. It could also be converted to
formic acid (Nemeth et &l. 1957).  Since the § -carbon of ALA is
derived from the & -carbon glycine, Jumin et 8l (1955) proposes &
'suceinate-glycine cycle' to explain these phenomena (Fig. V). Shemin
workers proposed that some of the ALA formed by the condunsation

and his co-

of suceinyl-Cok wnd glycine, 18 transaminated to yleld o ~ketoglataraldehyae;

the lntter is then decarboxylated, yielding the one carbon fragment mentioned
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abovey and succlnate which re~enters the pool. ALA transaminuse
activity hss subsequently pesn demonstrated in seversl iifferent

systems (Bagdascarcalr 1S38; Neuwberger and Turner 1963),  In addition,
Shemin et sl. (1955) showed that duck red cell haemolysates on incubation

with AL&- 5~ Loy

C yields ~labelled & ~ketoglutaric acid, and Nemeth et al.
{1957) subsequentiy deronstrated the sppeerance of suceinic seid-l,
:’,—E’C in the urine of rats after injection of ALA-1, z.»u’c. 1t seoms
that <his pathway does operats, although Tachudy and his co-workers
(Tschudy et &1, 1962, Techudy 1965) have obtalned evidence which suggests

that in mammalisn llver this sthway is probably not very setive.

i) The Seurge of Glycine end Suceinyl GoA
i)  Qlycine: The source of most of this amino seid in animals

i probaply dietsry slibough glyeine ean &lso be formed from serine by

¢ 5 setion of hydroxymethyltransfersse (Lascellss 1%54) .

§2)  Succinyl Copr “here are four immediate sources of
succinyl Gua which sre sumnsriied in Table 2. The relative contribucions
of each of these sources is not known with any certsinty, but the major
ors in animals is probsbly oxidative dscarboxylation of & ~ketoglutarate
(Lascelles 1964) (Fi-. V) (Table 2 resction 1}). o -Ketoglutarate is an

intermsdiate of the tricarboxylic (TCA) cyele and hencs 1t follows that




TABLE

II

THE BSOURCES OF SUCCINYL~5-CoA

HO. REACTION ERLITHE
= Ketoglutarate - CoA-8H + NAD" «-Ketogluterates
B T2 L85 Succinyl-8-Cok + O, + NADH, debydrogenssy
(complax)
Suecinave + OTP b CobeSH Mceinyl-tod
2 CATE)
a / synthetase
'ﬁ&*# Sueclnyl-6-Cuh + H.0 + P4 s GDF (ADF)
Avetpaget yl-S-Cob » miesinate Asetoscetyl-Cods
B sodnyl=Cok
3 oy Byoeinylv3-Coh ¢ acetoagetate pind
Lransferage
Methy implony 1+8- Cod Methymalonyl-lod
4 e gyt g 8 - D Isomersse
[
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saceinyl Coi for haem biosyrithesis m&y normally arise from TCA

eyels activity. It has been shown that the lsbelling patberne in
protoporphyrin and hsem following incubation of red cell haemolysates
with o -ketoglutarate-5- 14, o -ketoglutarate-1, 2-34g, clbrate-

1, %MC, esstuto«-louc aned acetata»)—m{: were in complete spresment
with the patterns predicted on the basis of sucelinyl Coi eynthesis vis
oxidative TCA cyele activity ("amin and Wittenberg 1951, Wriston

et al. 1955). .

Suecinute wes shown to be an lmmediate precurssr of suceinyl
Cok (Table 2 reaction 2) by Jnemin snd Fumin (19%52), using cerboxyl-

Ug-1abolled sucoinyls

Labelled euccinmtry‘c which vannot give rise to
Coa via an oxidative turn of the TCa cycle. Labbe and his co-workers
(Labbe et al. 1945, Enrumada snd Lebbe 1966, and Labbe 1967) heve
produced evidence that conversion of pyruvate to succinyl-Coa via a
reductive dicarboxylic ecid pathway (Flg. IX) involving malete, fumarate
srd sucelnate ozours both in normal ana porphyric mammalian liver.

These aspects will be considered in more del.ll in Chapter IV. In tns
third resction {Table <), & trensfer of 204 from sestoscetyl Cod o

succingts does not cecur in liver slnce the relevant engyms is not

found in this organ (harper 1907},




The fourth possible iemodinte source of supoinyl Cod ie
methyl malonyl CoA whioh undergoes isomerization under the influence
of methylmalonyl Lol isomersse (Table 2 resction 4).  This rsastion
provides a me.naniem whersby proprionate can be converted to TCA
cyele intermediulies and thereby sct as & carbon source for glaconeo~
genesis.  In ruminants, shere proprionate 1s a major source of
glacoss, this is obviously an important pathwey. However, there
{8 a. present no information on the relative importance of mathyl-
malonyl CoA as & source of suceinyl CoA for haem synthesie in

ardmals and man.
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&} Genersl

Ooldberg (1968) has recently written a nomprehensive review
on expsrimental porphyria.  Experimental attesple, to emulate the
pioture of porphyria snd urinery porphyrin excretion in man, go bagk
to the end of the lust century., Stokvis (1895), who made the first
obaervation of 'sulphonal hsematoporphyrinuria’ in man and also
produced the first coproporphyrinurie by the administration of sulphonal
(diethylsulphonedimethynethane) to rabbits and dogs. Fischer and
Duesberg (1932) confirmed these findings and also reported trace mmounts
of gther-soluble porphyrins, now premumed to be uroporphyrin, in the

.rine of rabbits treated with sulphenal,

Valdenstrom and Wendt (1939) were unsuccessful in &n attempt
to produce sn experimental porphyria by the non~hypnotic derivative
of sulphonal, dimethyl-sulphone-dimethylmethane. Rirdngton and
Hemmings (1938; 1939) found that several sulphonamides, including
sulphanileride, caused a high e cresion of coproporphyrin in rats,
while Dent &nd Rimington ) vbrerved a atrieo;i coproposphyrinuria
in rats fed on a diet inelu .ng oxidiszed cese n.  Coproporphyrin IXI
was the predominant porphyrin excreced in t71 urine of rabbits given
lead by Westuersall and Comfort (1952), but in sddition tri-penta~and
hexooarboxylie porphyring were detected by paper chromstographic mobhods,

Thers wes 286 &n inoremse in total fapeal porphyrine (Weatherall 1954,




&3

and Schmid, Schwarts and Watson (1950) demonstrated elevations of
copro- and prote- porphyrins in the bone marrow and circulsting
erythrogytes, of lead polsoned rebbits., In additien uroporphyrin
I vas detected in the cirevlating blood cells and isolated from bone
marrow of lead-polsoned ralbits in the ascute stage of intoxicstion

{Schmid, Hanson and Schwarts, 1952).

Sehwarts et al. (1952) found thet the trestment of rabbits
with phenylhydrazine, lead and ultra violet light produced a temporary
condition which was chemisally similar to congenitsl porphyris in
humans, since tle animals excreted much URU I in the urine while the
bree marvow URD and COPRO porphyrineg were markedly elevated, but the

liver porphyrin concentrations were generally normal.

Stimulated by & single report by Duesburg (1932), who reported
the presstce of porshyris in & patisnt trested with large amounts of
sedormid (allylisopropylacetyloarbamide), Schmid and Sohwarts (1952)
found that sedormid induced an 'hepstic! form of porphyria in normal
ravbite, large &mounts of PHC and uroporphyrin III were sxereted
in the urine, and the liver contained much PBG, URO- COPRO- and FROTO
porphyring. These cbservatione wers confirmed and repeated on many
other typos of enimals {Brooskman and OGray 1953; Benard et al. 19533




Goldberg 1943; Btich 1954; Case ot al. 1953; Talman et al, 1955).
Goldberg and Rimington (Goldberg 1953; Goldbarg and Rimington 1955}
found that the clinical assessment of rabbits treated with Sedormid
was obscured by the profound hypnotic effect of the drug. They
invesiigsted related drugs, one of which might produce the sumne
chemical features in experimental animals, but yet not be hypnotic.
They found such & drug to be sllylisoprovylacetamide (AIA) and showed
furthermore that tne AIA effect produced in rebbits eould alsc be

demonstrated in rats and fowls (Ooldberg and iimington 1955) (fig. VI).

At the basginning of ths century, barbituretes ware introduced
to medicine, and soon after were associated with the cucet of acute
stiacks of porphyris.  Waldenstrém {1997) put forward the theery that
the barbiturates could precipitate latent porphyria into the active
form.,  Early experiments on the effect of barbituretss on porphyrin
metabolism were howsver unsuccessful, but Ooldberg (195&) Found that
i 9 barbiturstes piven to rabbits, & had & significant effect on the
urinary exeretion of porphyrins, those containing one or more allyl
groups beinp particularly effectivo. Furthermor=, it is also note-
worthy that the 1 which had no significant effect have been associated

with provocation of the human disease. Moore and his co-workers (19o8)

hive recently demonstrated o significsnt inerease in hepatic 6 ~ALA
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synthetase in rats given pentothal.  Sslomo, and Figge (1959}
reported an experimental type of yorphyris in mice, rats and
rebbits with 3, S-diathoxycarbonyl- 1,4-dishydrocollidine (IDC).
The effect in rats and rabbits is precisely similur to that of A4
and Sedormid, but in mice they alsc found accumulaiion of proto-
porphyrin in the red cell.

The outbreak of cutaneous hepatic porphyria in Turkaey
Brought o ight the toxie properties of the Pungleide hexs~
chlor benzens, and stimslsted an sxperimental approsch in animals.
Ockner snd Schmid {1961) showsd that rats fed 0.2% hexachlorobenzene

in thelr diet for some time exersted large mmountz of uroporphyrin

and coproporphycin and also FAG,

Grissofulvin hes been extensively ussd in the pasi few years
for the treatment of fungal infections in man and animsls. Weston~
Hurst and Paget (1963) and De Metteis and Rimingte: (1963) found that
it produced a quite remarkable experimentel porphyria bn =ice. Much
provoporphyrin is Tound in the liver and faeces and also in the
cells, and there are increased amounts of § -aminolaevulinic scld and
prophobl Linogen in the liver and urine.

Prato ot al. (1564) found that the drug 2-allyl-oxy-3-methyl-

benzamide produced a digturbancs of porphyrin metaboiisa in man, and
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sabsequently Battistini et al. (1966) showed that this druag when
given to rets prodacsd a marked incresse in excretion of vrinary
ALk, PBG and coproporphyrin snd faecal porphoring. On the whols,
the drug studies in experimental animals and liver cell culture have
confirmed the clinieal evidence of s pected drugs {(Oronick 1965;
de Matteis 1367).
5] Abd-Indugen Forphyrds iu the Rabbit

i} (hemisal Lodings

The sdeinigbration of AIA to rabblts in 8 dose of sbout
200 mg/kg. fiay wes found to calme an Uwsedists riss in the urinsry
eoproporphyrin excretion munting stepwise until the 4bh te Thh day
when uroporphyrin and PHO eppeared in the urine (Uoldbery and Rimington
1962).  From this point, the urinary copropurphyrin exeretion remained
approximately constant, but the P3G and uroporphyring mounted to resch
maximun levels two to thres day - later. If the drug vas continued,
uroporphyrin and ¥s0 lsvels usually fell after seversl days of muximum
excretion, Withdrawsl of the drug led to rapid cessation of urinary
prophyrin and PLG exeretion within forty-eight hours until normal levels
of copreporphyrin were regained within four days.  Faecal corpo- and

proto- porphyrin levels rose and foll in sccordancs with urinary

copropo phyrin.




Thers was o merked increase in copro- and protoporphyrin
levels in the liver, while some rabbits exiiblited increased uro-
porphyrin and FHO as well,  The spleen, kidney and bone marrow
stowed 5lighlly ruised Levels of ~opro- and protoporphyrin, while
the kidney and plasma of some rebbite showed slightly increased

levels of coproporphyrin and T'BG.

Goldberg and Pimj.gton (1955), found that in those rabbits
trested with AlA vhich were high ax:retors of PBG, a fourfold reduetion
in the urinury excretion of glycine was noted et the end of the drug
course ss compared with ihat befors the drug wis given. Three rabbity
which were poor excretors of PEG, and wers later shown to have hepato~

cellular damoge, void many amine scids at the end of the drug course,

1) Clinieal Zirdings

Unlike zedornid treated rabbiis which lost consclousness
for aboul 10 hours aftsr drug adwinistration, AIA trested rabbit never
becsne unconsieisus and st the most showed only a slightly dazed
sppearanse for 1 - 1§ hours after drug sdministration (Goldbery and
Rimington 19627,

Limb paralysis of paresis never occurred, i AlA treated

rabbits remsined ‘otlve even though excretlng emounts of ureporphyrin

N
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as high ss 7 mv par dey or more for many ceys. The ATA treated
rabblits “wwever (uickly lose sppetite and weight, but haemetological
indices remsin normal. There i3 also no evidence of photosensitivity.
e) Hexnghoorobenzens poisoriny in Rebbite

1)  Chemical findings

e Matteis et al. (1961) incurporated 0.5% of hexachlore~
bengene into tha fesd of rabbits snd demonstrated incressed urinery
wroporphyrin excosuaon after sboub six weeks.  The uroporphyrimuria
bocame progressively more severs and was acccupenied by & rise in
urinary coproporphyrin. There was no significsnt rise in urinery
ALA or PBG oxcretion. Massive guantities of vroporphyr n were found
in the liver, tut only slight inereases in coproporphyrin and proto-
porphyrin wei'e noted. Uroporphyrin was alsc Jetected in the saran in
apprecisble amounts and also in some other organs studied,

The qualitative reaction for porphobilinogen in the lives
wag negative. On paper chromatography of the URU fractiun from liver,
Matbels et al. (1961) showed thet 1t was mainly wroporphyrin III with

some 'psuedo~uroporphyrin’.




4)  gnieal findings

Al the animals studied by Mattels et al. (1961), although
varying in amounte of porphyrins excreted, exhibited the same finsl
neurological picture. The animals lost weight, suffered from oliguris
and ocnstipation, with diminished intske of food and water. The
hasmoglobin level remained unchanged. Unless sacrificed esrlisr, all
the rabbits disd after 8 ~ 12 weeke having shown for the lasy week or
80 before death, neurclogical symptome in the form of tremor snd Mﬁ..

4)

Expsrimental induction of porphyria in snimals by various
drugs, produces in 8Sucs cases s striking chemical resemblance to
several forms of porphyria fuvad in man (De Matteis 1967). Thus
AlA-induced porphyria in the rabbit produces a chemically similar
pattern to variegate porphyria during attacks. This is perhaps the
most fundamental similarity between the two conditions and suggests
& similar mechanism of porphyrin precursor overproduction. The major
difference between the human and the cxperimental diseass, is in the
neurclogiocal states associsted with both. In AIA induced porphyria

in the rabbit, there is o evidence, clintesl or histopathologicsl, of




sny sslsctive damags to ncrvous tissus, and the main slintenl
manifestation of acute porphyria i.e. paralysis, hypertenrion ana

tachycardia are ab

On this basis & Lmportant question which might be asked is
how relevant to the human disesse are the results of studies on
exparimentally produned porphyris in sntmals. The differaunces in
the two dumq could of course be explained on the basis of &
Species dix‘ttmc;a. However it can also be argued that if an animel
18 exposed to s chemical porpheria for little more than the 2 to 3
weeks, this may a0t be & suffisient time to produce the clinieal
nanifestations of ‘“he human disesse, since i man the metabolic
abnormality will have been of long standing before the onset of
symptoma. In 1960 De Matteis dsmonatrated both sboormal porphyrin
synthesis and disturbances of the nervous system such &2 paralysis
in pantothenic acid deficient rats treated with ATA (De Matteis 1960},
Goldberg and Rimington (1962) have suggected that experimentally induced
porphyria by drugs such as AIA and sedormld mey indeed resemble the
acute forms of vorphyris in man from the chemicel pathologicsl poinc

of view more nearly than has been previcusly supposed.

Hexachlorcbenzene induced porphyria in rabbits has sn uncanny
chemical resemblence to hwman scquired symptomatic porphyris, such as

[OOSR, B




is common in the Bantu pwople of South Africs. Ooldberg and
Rimington (1962) have compared hexschlorobensene polscuing in
enimals and found the type of lesion produced t¢ ressmblo the
cutsnecus porphyris of chronic alooholics (Conivet snd Rimington
1953).  Again as in ATA induced porphyris, the neurclogy associsted
with the two disesses differ. In hexachlorvbenzene poisoning of

rebbits, the development of neurologiosl symp is a ristic

festure more reminiscent of the human acube porphyriss. However, i
an cutbresk of porphyria in Turkey which was put down to hexachloro~
bensene ingestion, and involved sbout 5,000 man, women and children
(Cam 1959), no neurciogical ménifestations were evident. It would
seem therefore that in this case a distinct specles dlifferwnce may
be involved snd further work will clearly be required to clarify

the situation.
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CHAPTER v

THE EFFECI OF DRUGS ON HAEM BIOSINTHESIS
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A largs body of recent experimental worr ou the porphyriss N i
has been concerned with the study of control mechauams governing ) o
the rate of hsem blosynthesis. The porphyrinogenic drugs have been
& major toul in these studies, as mechanimms of action of these L&
porphyrinogenic substances and the control of haem aynthesis are
intimately connected. >

An unequivocal finding to date has been that one of the 1y
sites of control is at the stage of § ~ALA synthesis. § -ALA-
synthetase has beun shown to be the rate-limiting ensyms for haam
bloaynthesis in a rumber of experimental systoms. These ifclude ] :
the bacterium Bhodopsusdomonas soheroides (lascellss 1960, Bursha
and Lascelles 1963), guinea pig liver (Grandck 1963, Grarick snd b
Urats 1967), chick embroyo liver cells {Oranick 1966}, and ohick
erythroid prosursor cells (levere and Oranick 19565, 1967). The
Mructural diversity of substances capeble of including § -ALA
~mthelaze {8 extremaly wide, and ranges from drugs suech as allylis» ] ¢
provylecetenids (ALA) {Oranick 1966}, 4o steroids (Granlck and Keppas
W67 Kiu, a6 and Oranicl i958), snd strueturslly small molecules, of
wiich ethancl is an exmple, (Shanley, Zail snd Jouvert 1968).  This

structursl diversity nes resulted in a mumber . mechsnisms of §-ALA

synthelase Intustion bLeing proposed.
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In 1963 Lascelles, working on the bacveriun Bh, sphervides,
found that two mechanisms were involved in the contro’ of AlLA-
synthetass activity. Firstly haem allosterically inhibited 6 ~AL A~
syntnetass (i.e. end-product inhibition), and secondly haem repressed
the formation of § -AlA-synthetase (i.e. end-product repression
(Lascelles 1960, Burnham and Lascelles 1963).

In 19€7, levere and Grenick working on the early differentisting
erythroblast of the chick found that haer formation was limited only
by a lack of ALA-synthetase which they proposed was undsr the control
of a repressor mech&nism. Bnd-product inhibition was nlso deronstrited
in rabbit reticulocytes by London et al. (1964). OGranick and Urata
(1963) demonstrated a 40-fold increase in the § -AlA-synthetase sctivity
of guinea-pig liver on trestment with 3.5-dicarbethoxy-i,4, ~dihydro-
collidine (DDC).  Oranick (1963) fours. this incresse to be due to
induction of anzyme synthesis rather than o activation of performed
enzyms. Granjcl. (1966) confirmed these results on chick embryo liver,
md furthermora demonstrated, that in this system haem inhibited the
induction process, but that no end-produst inhibition of & -ALA-

synthetase took place.
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Oranick's findings on guinea~pig liver cwlls and chick

smbroge livar lad him to postulat. a repressor mechanism for § -4
synthetase (Oranick 1966) (Fig. VIII). He postulated the presence

of a protein sporepreasor and 8 corepressor which ia haem. To explain
the action of porphyrinugenic substances, he found it necessery to
suggest that such vubstancss compete with end-prodact (hasm) for sa
active site on the aporepressor, which regulates the sctivity of &
structural gene coding for § -AlA-synthetase. The combinstion of
aporsprassor and inducer fails to repress the operator gene for §-ALA

synthethase, congseguently leading to accelersted porphyrin biosyntheeis.

8 already mentioned, (Granick 1966) found that s vide variety
of chemicals and drugs including stervids, were capauble of inducing
axcessiva porphyrin gynthesis in chick ambroyo liver. The inducing
potentisal of the natural stercids was shown t0 ba equal to or exceedd
that of even the most potent porphyrinogenic druge (Granick snd Xappas
1967). Purthermore Kappas and Granick (1968) demonstruted, that the
pattern of induction by these natural stercids wes very similar to
that of foreign drugs and chemicals. This damonstration of porphyrino-
genesis in the liver by a group of physiological compounds allowed Kappas




and Granick (1967) to propose that these ster “ds pisy & role in
normal vontrol of hmem biosynthesis. Thy~ oroposed, that under
physiclogiesl conditions, the free s.ervids compete with haem for
8 site on the sporepressor thereby causing derepression of ALA-
synthetase.

Grandck's hypothesis, however, is based on evidence cbtained
from nor-mammalian so rces, and until wore direct evidence is obtained
from mammalian liver it cannot be assumed that the hypotheids applies

squally to tumens,

e Ihe Labbe Rvpothesis

Since &1) krown inctious of heem are directly relstsd to
oxidative processes, it has been suggested that the state of cellular
oxidation might influence the metsbolic regulation of porphyrin snd
haen blosynthesis (Margoliash 1961).  Earlier work produced s mumber
of observetions, which indirectly linked porphyrin and haem synihiesis
with biological oxidstion. For example, Falk et al. (1959} have shown
that decreasing oxygen tension, within limits, would result in incressed
porphyrin formation by avian erythrocytes in an in vitiro system.
Rhosspseudomonas soheroides, an organism which can be induced to
synthesize porphyrins at 8 greatly accelersved rate by growing it
anagrobically in the light, has been used to study the regulation of
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porphyrin synthesis (Lascelles 195, Shemin et &l. 1960, Kikuchi

et #l. 1961 and Gibsor et al. 1962). Most of thesc rtudies with

Rs shoercides heve been concerned with the tricarboxyls-~ scid cycle
{TCA~cycle), ond with the activity of AlA-synthetsse. However, in
an extensive investigation of factors affesting pigment formation in
this organism, Cohen-Bazirre et el. (1957) concluded that the rate of
porphyrin formstion in the cells ia governed by the stste of uxidation

of & carrier in the electran transport systom,

Many workers have since suggested that the redox environment
in the liver may play an important role in determining both pattemns
of porphyrin excretion and the extent of porphyrin excretion snd the
extent of porphyrin formation (Lockwood et al. 1958, Rimington, 1963b).
Based on results obtained from work on pyruvate utilisation and related
facets of oxidstive metabolism in symptomatic porphyric patients,
Joubert et al. .963) suggested a functionsl deficiency in the mito-
chondrial enargy transfer system resulting in defective cxideticn of

NADH. in these pstients. Depression of NADH;, oxidation by porphyrine-

2
genic drugs has been demonstrated either directly or indirectly by &
mmber of different workers. Using mouse fibroblast cells growm !n
tissue culture, Cowger et al, {1963) found decrensed uxygen uptaks

by cells utilizing endogenous substrates which were ~*~ized largely
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FIG IX
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a) Malic ensyme
b)  Pyruvate carboxylase
¢) Malate dehydrogenase

1. Fumarate hydratass
i 2.  Fumarats reductase (Inducible)

3.  Suceinyl UoA synthetase (Inducible)

4o Suceinyl Cos synthetase (Constitutive)
5,  Succinyl CoA descylase
ketoglutarate dehydrogensss

On administretion of porphyrincge ic drugs, reachi
2 and 3 are inducible (Labbe et &l. 1963}.

| b)  Reaction 4, 5 and 4 and mito nondrial permeabilit;
l normal (Granick snd Urata 1963, Tachudy et al. 1§

Heaction 8, b, ¢, and 1 represent utilisation of P
through the reductiva pathway, which is increaged
;dmini etration of porphyrinogenic drugs {(Haining
967 ).

The initial site of action of the porphyrinogenic 4
iset?u inhibition of NADH, - oxidsse (Cowger and
1967).

Fi6.[X

Diagram representing the Labbe hypothesis
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Substrate

NAD NADH
W

NADH oxidase

FD Aok

Oxydative
Phosphorylation

Pyruv
HYRUVATE yruvate
*,
\a OXALOACETATE Acetyl CoA
\\ /
MALTTE Krebs
j’ Cycle
FUMARATE Succinate  « Ketogiutarate |
-k
NAD
SUCCINATE 3

Porphyrinogenic
Drugs

HAEM




through the medistion of NADH,. Furthermure, these workers showed

4 decresased cellular ATP concentration in mouse fibioblast zslls
treated with porphyrinogenic drugs presumably due to a depression o.
oxidative phusphorylation, following an inhibition of mitochondrial
lADﬁa oxidation. Ga dos et al. (19%%a) have described an inverse
correlation between ATP and porphyrin concentration in the livers of
rats trested with Apronal. Gajdos et al. (1966n) alse found &
consistent decrease in liver ATP after treatment of rats with malonate,

a porphyrinogenic substance and known inkibitor of suceinete dehydrogenase.

Oranick's hypothesis of Ali-synthetase induction is guuerally
accepted today, but the wide structural diversity of substences capsble
of inducing ALA-synthetase has led to the necessiiy to postulate the
existence of alternative mechanisme of AlLA-synthetsss indnetion. Une
suggestion originally put forward by Rimington (1962, 1963e, 19&3b) nolds
that the common property of porphyrinogetic substances is the bilisy
to change liver redox states. Labbe and his co-workers (Labbe et sl.
1965, Kurumsda and Labba 1966, lLabbe 1967) have formulsted a precise
hypothesis on ALA-synthetase induction as 8 result of increassd
intramitocholdrial MDH;/NAD ratios. labbe has tentatively linksd

the overproduction of porphyrins or porphyrin precurscrs to depressed
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oxidation of KADH2 (Fig. IXj. Labbe and cowcrkers (1965), observed
groater succinate utilization in the form of increased suceinyl~CoA
synthstase activity in mouse liver mitochondria, sfter trestment with
the purphyrinogenic drugs AIA and IDC.  In isotopic expsriments
using fumurate 1~¢-Cl‘; Kurumada and Lesbbe (1365) demonstruted that
fumrate reduction and corversion to succinyl-CoA was amccele,ated

in rat liver made porphyric by drug-induction. They furthemmore
showsd that fumurate reduction to succinate was mediated via the

entyze fumurate reductase which is NADH, dependent. Following on

2
from this work labbe also carried out experiments in shich the

incorporation of cl4

~labelled pyruvate and other labelled dicarbaylic
acide into liver haem in normal and porphyric animals was determined.
Using these dicarbuxylic acids which were labelled in particular
positione in the molecule, lsbelling patterns varied in such & way
that permitted sslective assessment cf the utilization of these scids
for haem formation through either the reductive (malate-fumurate-
succinate) pathwsy or through the oxifative (TCA cycle) pathway
(Haining and Latbe 1967). These experiments ied Labbe to the conzlusion
that in the porphyric animal, pyruvate conversion to sucelnyi~Col and
incorporation into haem through the reductive pathway resctions was
incrensed while tricarboxylic acid pathway turnover remained unchanged.

Lsbbe had already furthermore shown, that the enzyme suceinyl-foA




synthetase existed in both a constitutive sand an incucable form,
and that the effect of drugs such as AIA and DDC was to induce the
non~gonstitutive succinyl-CoA synthetase (labbe et al. 1965).

In an extensive study Cowger and labbe (1967) investigated
the effact of 30 drugs which included a wide variety of molecular
species on HADHZ oxidese purified from beef liver mitochondris and
glycolysis in cultured mouse fibroblast cells. Most of the druge
were chosen because of their known association with the precipitation
of symptorms in clinical cases of porphyria or their ability to induce
porphyria in an experimental system. Their results, indlcated a
constant relationahip between the inhibition of electrun tramsport and
the exacerbation of induction of porphyria. These finding: supports
tne thesis of a direct metabolic link between impaired terminal oxidation

and porphyrinogenesis.

Based on these [indings then, Labbe has proposed that factors
vhich lesd to an incresse in the intramitochondrisl NADH,/HAD® ratio
stimilate fumuirste reductase activity, leading to incressed aynthesis
of succinate, which in tum induces non-constitutive suceinyl-Cod
synthslase. The suceinyl~CoA thus generated, then acts as depressor

of AlA-gynthetase synthesis by substrate induction (Fig, IX).
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However, as in the case of Granick's hypothesis (section b),
there 1p virtually no informstion as to the applicsbility of the
proposal to human prophyria.

d.  Drug Detoxification

The mammalian liver has the ability to inactivate potentially
toxic compounds and render them suitable for excretion. These substances,
which include lipid soluble drugs ard naturally occurring compounds
(e.g. steroids) are metabolised in the microsomal fraction of the liver
by oxidetive enzyme systems {(u.llette 1963). These enzyme eystems
require microsomal cytochrome, cytochrome P-450, and are unusval in
that they also require atmospheric oxygen and NADPH (Gillette 1963,

Conney 1967, Gmura et al. 1965 and Cooper et al. 1965).

Marver and Schmid, (1968) hsve froposed a hypothesls linking
the hepatic detoxification mechanisms with the psthogenesis of acute
and experimental porphyria. They have based their hypothesis on a
number of recent cbeervations. Firstly, haem is involved in the
repression of hepatic AlA-synthetase (Grenick 1966, Yschudy et el.
1966 and Marver et al. 1966). Secondly compounds that stimulate
drug metabolism including the barbiturates, steroids and AIA, induce

AlA-gynthetase. This snbsequently provides the haem needed for

%




incroased formation of micrceomal cytochromes. Further evidence

fo.r thie ‘nterdependence is provided by the cbservation of Marver

and Sehmdd (1968) that haem blocks the drug mediated induction of

AlA syn.wetase and microsomsl cytochromes. Thirdly & large number

of compounds incl ding AIA, the barbiturates and nsturslly ceourring
steroids sre cepable of produsing chemical porphyria in cultured-
embryonic chick liver, and tney also aggravate Jenetic porphyris in
man, (Oranick, 1966, Schmid, 1966, Granick, 1965). Howsver, by
contrast, only a few of those compounds, of which AIA ic a good example,
can induce porphyria in the intact experirsntal animal. FPhencbarbitone
does no. inducs porphyrisa in tha intact animal. Yet both thete classes
of compounds, represented by phenvbarbitone and AIA, induce hepatin

§ “AlA synthetase and enhance liver haem synthesis in the intact animal.
Marver and Dohmid (1968) have explained the differsnce in the uffect

of thess twc classes of compounds by their different effect on the
fesdhack repression mechanism of Al synthetase. Induction of § -Ala-
synthetase results from interference with the normsl feedback repression
of the envyme. Phencbarbitone in addition to interference with the
feedbask control mechanism, alse induces the drug det ~xsfication
mechsnisms in the 1iver. Thus in the intact animal, the induction

of §~AlA synthetase provides the incressed isem needed for syn‘hesis

of hepsiic cylochromes, and consequently porphyria does not develop.




By contrast, AIA and and same other porphyrincgenic compounds have
the capacity to promots haem degradation in addition to stimulating
haen synthesis (Haver et cl. 1968, Callahan et al. 1968)., Marver
and Schmid have therefore postulated that these sompcunds induce

§ ~ALA synthetase excessively because in sddition to interfering

with enzyme repression, they enharice the breskdown of haem. In
cultursd embryonic liver, and in genetic acute porphyria Marver and
Schmid have postulr d that a constitutional defect may not allow the
liver to respond adequately to stimulation by drugs. The defect may
be in that one or more components of drug detoxifical’ . mechsnism are
blocked, and therefore detoxification does nct take place. Under these
circumstances, § -ALA synthetase is induced excessively, thereby
producing porphyriz or aggravating pre-existing disease. However, st
present, more data is still regiired to establish whether an cperator
constitutive nutation or a genetic disorder of detoxification is the

underlying defact.

e.  Ihe fiadox state of the Cell Cytoplasn

The porphyrinogens, being the true intermediates of haem
biosynthesis, are highl’ unstable, and .t 38 therefore understandable
that they recquire reducing conditions to prevent irreversible sutoxidation.

Heikel et sl. (1958) has put forward the suggestion that the excessive




porphyrin appearing in the liver in cutanecus porphyria may be

derived from porphyrinogens which have become oxidized and have “hus
'escapsd' from the bissynthetic pathway. Goldberg » Rimington (1962)
have proposed that normally, oxidation-reduction systems in the liver
such as NAD® - HADH, and NADP' - NADPH, systems preserve an oxidation-
reduction climate which keeps ‘he pigment in the reduced state.
However, in the disessed liver, the balsnce of these or other systems
is sufficlently upset for oxidstion of porphyrinogens to porphyrins

to ocour. Once formed the porphyrins wou'd rocurmiate snd sufier

eventual excretion as useless products.

In the symptomatic porphyria of the Bantu, diffiouities have
arisen in formulating an approach, 1. 81 far as the underlying bio-
chemical basis of the disease is concerned. Since no evidence can be
found of genetic inheritance, theire is no basis for a hypothesis invoking
the enzymes medisting haem synthesis, A: a result the postulate that
the ‘redox state' of the liver underlies the biochemdesl lesion in
symptomatic porphyria has gained some standing.

This situation is however quite different from the invisaged

by Labbe {section ¢/ who holds that perphyrin gynthesis is promoted

by conditions (within the mitochondrion) favouring reduction.
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CHAPTER v

FYRIDINE NUCIEOTIDE SINTHESIS




The biosynthesis of the nicotinamide miclectides hes Leen
extensively studied in the last twenty yesrs, and it has become
obvious, that it is & very complex part of the metabolisnm of &
varisty of organisms. More than cne biosynthetic patbway semas
to be operative and the significance and control of thess *s still
far [rom underatcod. However a rumber of the pathways hive oeen
well documented and sre summarized in Fig. VII.

Ooldberger and Tanner {1922) reported that under normsl dietary
conditions, the rat did not require nicotinic acid. ‘Working fim
this observation, Krehl and his co-workers (1945) firot demenstrated
that there was u metabolic relatiomshl, Yeti :eu nicotinic weld and
trvptophan, and that in fact trypiophan was the dietary factor which
substituted for nicotinic acid in the rat. JubSequenily, a number
of genetic snd isctopic studies were carried ocut which elucidated the
rechanite of this conversion. Hosen eb al, {1%6) and Singal et al.
(1946) casmonstrated incressed urinary excretion of N-methylnicotinaside
after the administration of tryptophan to the rat. Rutritional studies
by Rundley (19s.) and Henderson et al. (1949) demonstrated that sultable

levels of tryptophan could replace the requirement for nicotinde acid




rI0. VII
The enzymes which catalyze the reaction dapicted

opposite are -

1. Tryptophan pyrrolase
2. Kynurenune {irmykase
3. Kynurenine - 3 - hydroxylase
4o Kynureninase
5e 3-hydroxyanthranilic acld oxidase
6. Spontaneous
7 ) Quinolinate toer -ibosylase
8.
9. Desaminc - NAD pyrophosphorylase
KAD‘ synthetase
1l Nicotinamide deaminase
12. Nicotinic acid ribomucleotide pyrophosphorylase
13, Nicotinamide ribonucleotide pyrophosphorylase
14 Nap* pyrophosphorylase

s) The "NaD® pathway of vryptophan metabolisu®
Nisnizuka and Haysishi involves resrtions 1 « 10
b)  The "Preiss-Handler pathway” invelves resction
12, 9 and 10
¢) The pathway suggested by Dietrich et al. invel
reactions 13 rod 14
@) The hypothesis of Oreengard et al, involves
entrance of nicotinamide into the "Preiss-Handler Pathimy’
through reamction
o) The incompletely characterized 'de nove' P
grouped in reactions 1%
The following symbols are used
F =  Phosphate
R = Ribose
A = Adenine
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in the rat, dog, rabbit, pig, monkey, chick duck and seversl other
mamnals and tirds that they studied. Studies using Reurctpors crasss
snd the rat have lsd tc the compounds kynurenine (Besdle et al. 1947)
3-hydroxykymurenine (Mitchell and Wye, 1948, Haskins snd Mitchell 1949),
aad 3-hydroxyanthrenilic aecid (Bonner 1948) being recognmised as inter~
mediates in the pathway of tryptophan to nicotonic acid (Fig. VII
resction 1-4). Using isotopic procedures, Hefdelberger and other
workers found direct evidence for the metabelic relstionship between
iryptophan and nicotinic mcid (Heldelberger et sl. 1949, 1949b,
Henderson and Hankes, 1956, Partridge et al. 1952). These workers
found, that vhan labelled ptophan or J-hydroxy dlic zcid var

administered to rats, nicotinle acid recoversd from the wrine and
tissuse was lebelled in the carbonyl carbon position, They further-
more demonstrated, that it wss the carbom in position 3 of the indole
ring that became the carbonyl carbon of rdcotinic scid.  Scheyer ot al.
(1349} and Partridge et al. (1952) aluo demonstrated that the nitrogem
stom of the indols ring, was converted to the pyridine ring nitrogen
of rdeotinic acld.

During the next few years most resesrch was directed at trylng

to elucidate the mechanism of the conversion of 3-hydroxyanthrunilie
seid to nicotinde acid. Most attempis were unifomly unsuccessful,
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and only the pyridinecarboxylic acids, quinclinic aci¢ and pieolinic
were found to be derived from 3-hydroxyanthranilic asid and ultimately
tryptophan jn vitro. However, niether of these compounds gave any
indication of being precursors of nicovirdc acid in vitro despite the
Fact that quinounic acdd was found to serve 88 & precursor of both
N-methylnicotinamide in rats (Hankes and Segal 195), and nicotinic
scid in chick embroyo tissues (Wilson and Henderson 1960).  Recently
however, Nishizuka and Hayaishi (1963) found the mirsing step by which
tryptophan is converted to nicotinic seid in rats, These workers
domonstrated the conversion of quinolinic acid to nieotiniec seld ribo-
moleotide and not a free nicotinic acid as had been looked for up to
that time. They used a soluble rat liver enzyme quinoclinate trans-
ribosylase which they supplemented with $-phosphoribosyl-l~pyrophosphats.
The ‘NAD” pathway of tryptophan metabolism’' which they proposed un the
bagis of their observations has subsedquently been found in a number of
organisme (Fig. VII Reactions 1-10) (Kono et al. 1965; Ahmad ard Most
1966; Hadwiger ot al. 1963; Yang end Walker 1065; Packman and Jaooby

1965, Andrecli et al. 1963},

The pathway criginelly proposed by Priess and Handler (1958), for
the biosynthesis of NAD" from nicotinic acid by human erythroeytes and

yeust autolysates is still scoepted today (Fig. VII Resctions 12, 9 & 10).




Subsequently work has indicated that the 'Priess-Handler’ pathway

18 operative in several maummalian tissues and a number of different
organisms including beef liver (Imsande and Handler 1961), E. goli
(Imsande 1961) myobacterium tuberculosis (Dudley and Willet 1964),
Enrlich ascites tumour cells (Orunicke et al. 1966) (Pallinic and
Bieed 1965).  Priess and Handler discovered the existence of an
engyme nicotinic acld ribonuclectide phyrophosphorylase shichk converted
pleotinic acid to nicotinic acid ribomuclectide. The nieotini: acid
ribenuclectide thus produced is converted to deamino-NAD in the presence
of ATP, and then amidated in the presence of ATP and glutamine to give
NAD® (Priess snd Handler 1958) (Fig. VII Resctions 12, 9 & 10},

In sddition to the 'Pries-Handler pathway' and the 'NAD pathway
of tryptophan metavolism' of Nishisuks and Hayaishi, which incorporates
part of the 'Priess-Handler pathway' several slternative pathusys of
nicotinamide nucleotide synthesis have been put forward. Although in
the two pathways slready discussed nicotinic acid is the precursor of
yap* synthesis, nicotinamide has been krnown for many years to be an
adeguate form of the vitamin for meeting the general mammalian dietary
requirements for precursors of the nicotinmmide coengymes. Nicuvtinemide
has also been shown to be the predominant form of the vitamin in blood

and other mammalisn tissue (Chaykin et al. 1965 a,b). Hughes and




Williamson (1953) demonstrated deaminase enzymes, which can convert
the amide to the acid, in a variety of bacteria. These enzymes can
therefore permit the deamidated nicotinamide to enter into the 'Priess-
Handler pathway'. [Kirchner et al. (1966) howsver, in contrast to the
findings with the nicotinamide utilizing bacteria, found that very few
mammalian cells possessed the abllity to convert nlcotinsmide to
ricotinic acid. Greengard and his co-workers (Petrack et al. 1963)
did find the deamidase in mammalina liver, but only partially resolved
the problem becausa they found the aetivity of this enzyme was masked
in cell homogenates by an endogenocus inhibitor. They suggerted that
this phenomenor could offer n means for the control of IIAD’ blosynthesis,
Recent evidence however obtained by Gresngard and his co-workevs support
their previous proposal that the initial step in the bivsynthesis of the
coenzyme {rom nicotinamide in mammaiian liver involves the deamination
of nicotinamide to nicotinic acid, which is then converted to NAD® via
the 'Priess-Handler pathway' (Fig VII Reaction 11) (Petrack st el.
1965, Petrack et al. 1963, Oreengard et &l. 1963).

The discovery by Dietrich and his co-workers (1965, 1966), of a

speci fie nlcotinamide ribonuclectide pyrophosphorylase, of wideapraad
occurrence, has raisad the possibility of yet another pathway by which




nicotinamide might be converted to NAD'. Tuis patbway permits the
utiligation of nicotinsmide without the prior need f.. desmination
(Fig. VII Heaction 13).

Finally, much worl has been carried cut in locking for s possibls
'de novo' pathway for the blosynthesis of the pyridine ring. This
pathway wuld utilize relatively small and simple molecules rether than
& complex precursor such as tryptophsn. At present, derivatives of
aspartic acid and glycercl have been implicated as the condensing
partners in a reaction ylelding quinolinic acid in several orgunisms
(Chandler ot al. 1966, Isquith and Moat 1966a, Gross et al. 1965).
However, there have been seversl organisms in which other small molscules
have been shown to be preferred precursors, and as yst the 'de novo'
pathway(s) is not at all clearly understood (Scott and Hussey 1965,
Isquity and Most 1866b) (Fig. VII Reaction 15).

It seems then, thet most cells have potential for synthesizing
Map* by more thsn one metabolic pathway. Sinae the nicotinemids
eoenuyms concentrations in these cells are remarkably constant, it sesms
a8 though the cperation of any given pathway must be regulated with
respect to both existing nuclevtide levels and the degree of operation
of the other pathways (Chaykin 1967),  In addition it deems fessible




.
that the concentrations of nicotinmmide cosnzymes In certain animal
tissues such a8 the liver might be under the influence of the general

»tabolic state of the animal as well. For exsmple many of the
exidation-reduction functions of the liver, which are directly relsted
to other metabclic and nutritional factors, could weil be under tie
control of these factors through hormone action, or deranged by drugs
or other chemicals which effect these factors.

In summary there ssem to be a number of pathways leading teo
the biosynthesis of the nicotinamide coenzymes in mammalisn and othar
vella. The ennymes of these puthways could be regnlated ip vive Wt
the extent to which one or ot ier of the pathways predominate, and the
significance of & rumber of pathways in the same anlmal or tissue which

seemingly all szcomplish the seme end, is not clear.

b)

¥lootinamice-C% hes been shown Lo be the precursor of choice
when undertaking experiments involving the nicotinamide coangymes.
Stollar and Kaplan (1961) showed that the nicotinamide nuclectides of
liver became labelled after administering nimtinmidrcu to the intact
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rat.  Work has also besn published in which nicotinamide has been

shown to induce s considerably greater increase in the concentration

of lver NAD' than does nicotinic acid (Plegelson et ai. 1951;

%aplan et sl. 1956; Greengard et al. 1964). Greengard and his co~
workers (1966) have shown this apparent contradiction to be due to

the fact that nicotinamide has a much longer half-1ife than nicotinic aeld,
both in liver and in blood. Loeuzyme synthesis is thus permitted o
contirue for a longer period, following administration of the amide.. :

+ +

(¢) HNAD -—» NADP

The conversion uf KAD' to NADP' is carried cut by tha snayms
NAD kinase (ATP : NAD 2~ phosphotransferase). The enxyme is Ng'*
dependent and has bee: isclsted and studied in yesst sutolysstes
(Kornberg 1950}, rabbit kidney and liver (Kstchman et al. 1951), and
pigeon liver, (Wang and Xaplan 1964). The ensyms cstalyzes the synthesis
of NADP* by a direct phosphorylation of nap* by ATP in the pressnce of
Mg Komberg and Pricer (1950) have shown that the NAD' is phos-
phorylated at the S-carbon pocit.ioxfx ot the ribose molety of the

adenine portion of the molecule.
(6) MNAD' and NADP' as hydrogen cariiers.

The coenzyme NaD' can be reduced by many different substrates, in
the presence of the appropriste enzymes which are known as dehydrogeniases,




The sane applies to the cosnzyme NADP', but there appear 1o be fewsr
ensymes capable of reducing HADP." The engymes are fairly specific
for the coenzyme cracerned, and thoss ensymss which reduce NAD® do not
usually reduce NADP® and vice versa, though there sra exceptions, as
for example glutamic dehydrogensse (Williamson ot wl. 1367). The
two zy are also redu by certain chemical reducers, for
axasple dithionate.

The reduced forms of coenzymes are nct oxidized at any significant
rates by 02, or by cytochroms C, or by dyes such &8 methylens blue.
They are howsver oxidized by many of the dehydrogenases acting in
reverse, in the catalysis of anaercbic fermentations, by dyes in the
presence of several {lavoproteins, by cytochrome C or bs in the
pcesence of the respoctive cytochrome reductases, by cystine,
glntathione or lipoamide in the presence of their respsctive reductases,
and by n202 in the prsgence of the speciric peroxidaces. In addition
they sre also oxidized non-enzymstically by » variety of substances
ineluding phenazines, porphyridines and porphyrexides (@alm‘r‘
and Hellerman 1958).

The two coenzymes are widely distributed in llving matter.

Glock and Mclean (1955), measured the amounts of reduced and cicidised
NAD® and NADP® in various tissues of the rat. They found that in

most of the different type of cell they studied, the NAD® was ,.eeunt
in mich larger aiounts than NADP, but that the ratic of the amounts




of reduced and oxidized forms was much higher for NADP® than for

HAD*.  For example they found that the totsl NAD® in ret iiver was

of the order of 570/1; Per gr wet welght, with 36f being in the reduced
form, in contrast to 210 ug per gn wet welght of HADP® with 978 baing
found ir the reduced form. Subsequent  to this study, many other
workers hav: estimated the distribution of the reduced and oxidized
HAD® and NADP® by varicus methods. Holser ot al. (1958) found higher
total values than (lock and Mclean (1955). Using ret Jiver they found
a total NAD" concentration of 697 ugna/gn vet weight, with 27.6% being
1n the reduced form, and 234 ugns/gn wet welght of NADP', wi<i 978
being in the reduced torm. In 1962 Slater and Sawyer using s micro~
enzyne nethod on rat liver obtained cimilar results to thoss previously
mantioned as far as NAD' is concerned. However, they found a totel
NADP® concentration of 312 ugms/gm wet weigh' of liver, with 8% being
in the reduced form. Krebs and his co-workers measurad the redox state
of frue nicotinamide adenine dinuclectide in the cytoplasm snd mito-
chondris of rat ilver, by memsuring the ratio of the concentrations of
the oxidised und reduced metabolites of NAD-linked dehydrogeusse systoms

d
located in the two compartments. They found the ratio wm
to be 7.2 in the oytoplasm and 2.2 in the mituchondris {Wil)iamson

ot al. 1567},
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The only previously published resuits as to the distrilution of
MAD® in the rabbit iiver, are those of Jedeikin and Welnhouse (19%55)
who found a total of 567 ugms/gn wet weight of NAD®, with 27.8%
being in the reduced form.

¢} DBasls for the presenc study

The structurel diversity of substances capsble of induidng Ala-
synthetsse, and the necessity to postulate the existence of » hypo~
thetical apcieprescor ln mammalisn tissue, have kept speculsti. live
as to alternative mechanisms of ALA-synthetase induction other than
that postulated by Orenick (1966) (Chapter IVb).  One euggestion,
originally put forvard by Rimington (1963), holds that the common
property of porphyrirogenic substances is their ability to change liver
redox states., Llabbe and his co-workers (labbe, Kurumenda and Onisawa,
1965; Kurumads and Labbe, 1966; Labbe 1957) have indeed formulated s
precise hypothesis explaining AlA-synthetase induction as & Tesult of

increased intramitocnondrial MDH?/NAD’ ratios, as described in

Chapter IVe,

However, susch eviderre ss exists of hepatic redox states after

sdministration of porpryrinogenic substances 18 conflicting. Slater

+
and Ziegler (1966) did not find material changes in uumg/mo ratios
of the whole liver Following scministration of a variety of porphyrinngenic




substances to the rat. By sontrast Oajdos and his co~workers
(1966b, 1969) found increases in the ratio of reduced to oxidized
cofactor in the liver of rats after porphyrinogenic substsnces wers
#dministered.

Consequently, the major purpose of this study was to seek more
direct eviderice in the intact animal, as to the rate of reducsd cofactor
generation under the influence of a potent porphyrinogenic substance.
Such an approach 18 possible because of the observationa of Stollar snd
Kaplan (1961), Oordon end Reichlin (1962) and Gordon (1963) who showed
vhat. nicotinamide-C14 s tncorporsted into the nicoinamide-adenine-
dinucleotides, By studying the rate of incorporation in these cofactors
and their reduced products, a measure of the rate of reduced cofactor
generation 1s pot .ible.

In the present study Lwo potent porphyrincgenic drugs have been
used, Flrstly, hexachlorcbenzene was administered to the rabbit, becoude

the pattern of porphyrin excretion clossly resenbles the pattern found

in the Bantu symptomatic porphyria. The other drug used was Allylisopropyl~ ||
scetamide (AiA) wnich was administered to rabbits, becsuse in this case
the pattern of porphyrin excretion ¢y slosely resembles the pattarn

found in ths South African genetic type of porphyria.
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A, METHODS  AND MATERIALS

1. Indugtion of Porphyrin Bloswthesis
Young male and female Albino ratbits (New Zeulund strain)
were used for all experiments. The rabbits were maintained on &
stock diet until commencement of irug administration, and water
‘sd lbitum',

a) Hexachlorobenzane (technical grade) was obtained from
B.D.H, (Lsborstory Chemieals Divisicn). 7T  hexschlovobenzens was
administered as rart of the diet. Approximately 0.5f hexachlorcbensens
wes thoroughly mixed in with the stock diet, moistened, pressed into
cakes, and dried at 60° - 70°C.  The dried cakes were then powdered
and approximately 500 g./day fed to the rebbits for 50 - 60 days.
(De Matteis, P.isr and Rimington 1961).  During the hexachlorobenzene
fosding, the rabbits were allowed s small amount of greed food (grass,
carrots, ete,) and water 'ad ibitum'.

b) ALY (2-allyl-2-isoprupylacetamide) was kindly supplied
a2 a gift from Hoffmann - & Hoche snd Company. The AIA was sdministered
by gastric intubstion in & dose of 200 ng./Kg. bodywsd ght per day, for

7 « 10 daye (Goldberg and Rimington 1962).




All the rabbits were weighed at the beginning and end of
incduction period, and urine and stcois continually assayed for
porphyrins or porphyrin precursors.

2. Jotreduction of Radiosctive Label

Mlcotinamide (Curbonyl-C}4) with a specific activity of
1(8/110./:( was cbtained from the Radiochemical Centre, Amersham, England.
The nicotinamide-Cl4 wes dissolved in 0.9 NaCl solution, snd 0.5 ml.
of this solution representing an sctivity of 10 /ue was injected into
the rabbits through a vein in the ear. The rabbits were sacrificed
at appropriate time intervals, by injection of air inte & vein in the
ear.

3. Extraction uof NMicouinamide Nucleotides NAD .+ NADP
and NADH, + NADPH,, (Gordon 1963).

Immedistely after desth, the liver was rapidly removed and
placed in liquid nitrogen. The whole procedure from death to freesing
twok no longer than 30 seconds.

Two portions of the frogen liver, weighing & gms. each, vers

taken for the two methods of extraction.

*
<) Agid extraction of NAD _and NADP

+




The frozen liver was cut into smaller pleces and homogenized
wih 6 up and down movements of the pettle in a Potter-Liverjem
homogenizer with 5% TCA (5 ml./gm. liver) at 0°C.

The 2ediment was centrifuged off in a refrigerated centrifuge,
washed with a further 10 ml. of 5% TCA (cold) and centrifuged again.

The pooled supernatant's were added to 5 volumes of acetons
at -20°C and al'rwed to stand overnight (12 - 14 hours) at -20°C, in
order to precipitate the nicotinamide nuclectides,

The resultant precipitate was collected by centrifugation,
wathed with 2 changes of fresh cold acetone, and dried under s stream
of nitrogen, in an ice bath. The powder was finally washed in one or
two changes of cold ether snd sgain dried under a stream of nitrogen

in an ice bath until no smell vf ether remained.

The resulting slightly yellow-white powder contained the
NAD® and HADP’, and was stored in the deep-freese in un atmosphers of

nitrogen until used.

b) Alkaline extraction of NADH, and NADPH,

The reduced forms were extracted with slkall, oxidized, and

+ +
isolated ss the oxidized forms, WAD and NADP .




Frozen liver was immersed in hot 0.1 M Na, €O, (Temp 80°c)
for 30 ~ 60 seconds, and then homogenized with 6 up and down movements,
of the pestls, in a Poiter-Elverjem homogenizer with hot 0.1 M hhz f.!(!3
(5 ml./gm. liver).

After homogenization, the liver was Ammedigtely cooled in
an ice bath. The sediment was centrifuged down, and the supematant
removed. The sediment was washed with a further 10 ml. of cold
an CG3 0.1 K and the sediment again centrifuged down. The combined
alksall extrect was then incubated in the dark, at room temperature
with -

0.4 vols. of phosphate buffer-IM pH 7.4
0.04 vols. of phenczine msthosulphate~l mM
0.36 vols, distilled water

for 20 miputes, in order to oxidize the reduced ¥AD* and WaDP®

(Stollar 1960).  After incubation, the extract was added to 0.2

of 1ts volume of 1008 TCA. The precipitate was centrifuged off in

the cold, snd the supernatant added to 5 vols. of cold (-20°C) scetone
and allowed to stand overnight (12 - 14 houss) at -20°C.  The resulting
precipitates were collected by centrifugation, washed vith 2 changes

of cold fresh acetone, 1 or 2 changes of cold ether and dried under a

stream of nitrogen after sach warh.




The resulting buff-white powder containg the oxidized ﬁmz
and IADPHR and wu# stored in s deep-freeze in an stmosphere of nitrogen
until used,

CHROMATOGRAPHY

be A

1)  Prepsration of Columns (Hulbert et al. 1954).

The resin used was obtained as Dowex I (Chloride),

x 8 or x 10, 200 - 400 mesh. The axtremes of fine and coarse particles
were removed by sedimentation. In order to prepare ths formate fom,
large columns of the resin (5 om. x 25 cm.) wers washed with 3 M sodium
formate until no more chloride lons were sluted off.  (Chloride ions
tested for in elute, with ‘“‘03 and Silver Nitrate)., When the resin
was free of chloride ions, it was washed with copious volumes of water.

A resin colum for chrometugraphy was supported in a gluss
tube by & constriction on which rested a wad of fibre glass. The resin
was poured a8 a thin squeous slurry and packed with low air pressure

in a number of uniform glass colwmns, with 1 om. cross section and 10 om.

long.




8.

Before us-, the column vas washed with 5 to 10 bed volumes
of 8 mixture of 6 N formic seld and 1 K sodium formate (1K ¥a formate
in 6 N formic acid), then with several bed volumes of 88% (23 N)
formic scid, and then with defonized water, until the effluent was
no longer acidic. (This wesh with concentrated formic scid removes
considerable coloured material from the resin, and reduces the ultrs
violet light absorpiion background of the chromatogranm).

A sample (acetons powder dissclved in oold distilied water)
was put onto the onlumn st the rate of 0.6 ml. per .inute per sq. om.
cross-section and rinsed inmto the column with about 1 bed volume of
distilied HQO. Before chromatography the column was usually washed
with several mors volumes of distilled elgastat water, t0 remove
1ightly absorbed compounds.

2)  Elutien

The slution wes carried out in two wars - (fradient
elution and step-wise elutiom:
a) Gradier” elution. The apparatus for gradient eluticn
consists of a reservolr (} “tre suction flask), (500 ml. Erlenmeyer
flask) with magnetic stirrer, and the glass tubing contalning the resin

eolumn, all joined by, well washed Tygon tublng in an air-tight system.




Alr nitrogen pressure applied to the side-srm of the ressrvoir was
used to force the concentrated eluent through a glass outlet tube

'A' into the side-amm of the mixing flask, where the solution from
the mixing flask was similtaneously forced through s glass cutlet
tube into the resin column (Hurlbert et al. 1954). The resin colum
was protected from being forced dry by addition of 10 ml. water, widch
alsc has the effect of a second 'mixer'. The solution was begun with
water in the mixing flask, and concentrated eluent in the reserveir.
The concentration of the eluent rises smoothly and asymptomatically
approsches that of the reservoir sclution. The rate of flow sluent,
through the column was regulsted hy air pressure up to several 1bs./8q.
ins. to give about 0.6 ml. of eluent per minute per sq. cm. of cross-

section of the column., The eluate was collected in 5 ml. of fractions.

b) Step-wise elution. This was found to be a much Quicker and
more simple method.  NADP® and ¥AD' sre eluted with quite a large
dlfference in concentration of the eluste, snd therefore this method

was used in the majority of experiments.

7% mi. of 0.1 M HCOUH eluted off the NAD" from the colum,

and 2.0 M HCOGH the NADP'.
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FIG, XII
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Tt was found that AMP is eluted betwesn NAD' and NADE®,

when the concentration of formic acid reaches sbout 1,0 M (Fig. XII)
B.  Paper Chromatography of Nicotinamide juclsctide Fractions

1) Peeparation of Samples: The pooied sluatas,
corresponaing to th required nucleotide were subjected to boiling
under reduced pressure at 37°C - 40°C to get rid of the formic acid.
This process was carried out, until the odour of formic seid fumes
were not ionger detecteable. The samples were re-dissclved in
distilled water and 1f formic acid #uill detected biles . again. Whem
the formic acid was no longer detectable, the samples were freese
dried and again dissolved in & minimum of distilled water. The samples
were vhen spotted onto Whatr- .xo. 1 chromatograray psper. 0.06 ml.
(60 /ul.) were spotted on with a Sehll adams 20 ul. haemoglobin pipette,

and dried under a stream of alr,

2) Development of Chronmatogrun:  The chromatograms were

developed by ascending chrumatography in ons directlon for g~ 10

wours with the following solvet Seith 19603,




K m

Iso-butyric acid 100 125
Watser 55,8 oF.7
Ammorda 4e2 5.25
0.IM (27 g/1) E.D.T.A. 1.6 2.0
161.6 201,95

After 8 - 10 hours the chromstograms wers sllowsd to dry
in air, and were studied for nicotinamide nucleotidee under UV

Ugh' 254 mu wavelength.

RADIOCACTIVE ASSaAY

e falandaidon of Congentrtden of Nucleotids Spot

84x spols were run of the same nucisotide, esch with w06 ml,
of the wample spotted on. Three of the spots were cvt ot of the
paper as daiscs with a size i cork borer and the micleotide eluted
off the paper with 0,01 N HCl, These wers read individually at

260 mu in s Uni-am 8.P, 600 spectrophotometer and the absorbance




measured, The quantity present was estimated using an extinection
co-efficient of 18,5 x 10°° m?/uole at 260 mu (P-1 Blochemicsls

Circular OR - 10 (1956)). The average of the three readings was
token 88 the nuclestide concentration on the remaining three discs

which were used for radio active assays.

The radioamctivity of tihe three remaining spots in each casge
was Astermined individually and the mean activity caloulated. The
papar discs were dried in an oven at @0"0 and placed on the bottom of
standard Packerd vials. Fifteen ml, of a standard phosphor (5 gms. PPO
and 300 mg. POPOP made up to 1 litre with analytical grade toluene) were
added and the dises were then counted in a Packard Tricard liquid
scintillation ccunter (series 30000 Qrenching was found to be constant
throughout the range 3f quantities of nicotinamide mucleotides counted.

he mean activity of these samples was taken as the activity in oounts/

minute/50 mu moles for that time interval.

5.

Porphyria was induced in three rabbits, as wslready described.

Three normal rabbits and throe porphyric rabbits were injected with
0.5 ml. of nieotinm ide-ct (lo/uc) in normal saline snd then sacrificed

after 20 minutes. The iivers were repidly removed and washed in lce-

¢old 0,25 M sucrose, Weigred aliquots were homogenized in fresh ice-




cold 0.25 M sucrose.  All subsequent step were carrisd out at o°c.
After a preliminary 10 minute centrifugst'nn st 700 x g. the super-
natant solution was centrifuged at 6000 x g, for 10 minutes. The
supernatant from this cenirifugation is refer-ed to as the cytoplasmic
fraction, and the pellet as the mitochondrial fraction. The NAD® of
each fraction was extrccted, 1solated, and its spucd fic activity
determined as described in the text,

2 The yutic of reduced to oxidized mucleotides An the slver of rate
The ratio of the specific activities of reduced to vaidized

nucleotides were determined in the livers of normal rats of the Wistar

strain after intraperitoneal injection of nmmmmm-c“. The

ratiocs were determined at various time intervels by the methods

deseribed, except thal anly one small por.lon of liver was used par

extraction.

QUANTITATIVE ESTIMATION OF HEFATIC
NICOTINAMIDE NUCLEOTIDES

gotides

Fodd fied Method of M. Klingenberg (1963}

1) 3AD and NADP® - Materials
Perchlerio (BC10,) - Materials 0.6 M £.3 ml. HOLO,
(8p. 1.67) diluted Lo 100 ml. with distilled elgasiat water.




Dipotassium hydrogen phosphats (Kz HPOa) - 1M 7.4 g
KEKI’O6 diseolved in distilled elgastat water and made up to 100 mi,

Potassium bydroxide (KOH) - 3 M.
HBathod:

After sacrifice, the iiver was ramoved and immediataly,
'quick~frosen' by plueing into ! 44 aitrogen. In the frozen
state the livers were placed in a mortar, containing liquid 'dirogen

and ground to a fine powder. The oxidized nuclestide ir this fine

powder was extracted ss follows:~

A stoppered centrifuge tube coutaining 2 ml. of Perchloric
aoid (0.0 M) was weighed, and tu this was sdded approxinmstely O.8 gms,
of frozen liver powder. The tube was then re-weighed and the ratio
of acid to tim-ue sdjusted to 5:1 (approx. 4 ml. acid). The stoppervd
centrifuge tube was then shaken vigourously in order t¢ extract the
rd cotinamide nuclevtides.

This wes then centrifugsd for 5 mins. at J000-5000 xg. and
2 ml. of supernatant removed snd placed in a clean centiifuge tubs.

To thds supernatnat, which 15 cocled on jce, 0.2 ml. of 1 M. KQKPO&
was fivst added, and then ¢ 1 77 a” KoM (per 4 ml. Kﬁm‘) unkdl




the pH reacted 7.2 - 7.4. Wile the alkali was being added, the
tube was shaken vigourously to prevunt any local concentration of
alkall which may densture the oxidized nueclectides.

The xcw& was centrifuged down, and the clear supernatant

used for analysis.

2)  RabH maummi ~ Msterials

Aleoholis KOH ~ (0.5 N) 2.8 gms. XOH disrolved in & mixture
of equal parts by volume of ethanol (sbe.) and distilled elgastat water;
mado up to 100 ml. with this mixture. Trietlunoclamine ~Hol « Phosphats
(0.5 M Triethanolamine, 0.4 M K}{:PO‘, C.1 szﬂPOi.). 93 g» triethanclimine
hydrochloride, 5.44 g. K}IQPOI’, and 1.74 g. KQHPG&) dissolved in distillea

elgastat water, and made up to 100 ml.

Mothod:

A stoppered centrifuge tube conteinirg 2 ml of aleohclie ~
KOH was weighed, ana to this was addea approximstely 0.8 g. frosen
liver powder. The tube was quickly stoppered, re-welghed ard the
ratic of slkali - tiasue sdjustod to approximately 5:1 {(approx. 4 ml. -
KOH). The tube was shaken vigorously {vortex stirver) for s few
seconds, s0 that the aleoholic KOH covered all paris of the centrifugse

tube. The sleoholic KON destroys all the Ditinne thus preventing




deconposition of RM}KQ after neutralization. The tightly stoppered
tube was then heated for 60 seconds in a 70°C water betn and
vigourously shaken agsin. The extract was then cooled by placing
in an ice-bath and nentralized to approximstely 7.2 with triethans-
lamine -HC1 - phosphate (smount calculated before hand - approx.

+ 0.5 ml. per ml. of extract). The triet lamine-HC1 ph 4

wat added very slowly with vigorous shaking to prevent loeal eon-
centration, and denaturing of reduced mucleotides. The extract was
allowed to stand for 20 mins. st room temperature to obtain flooculation
of the denatured protein. The extract wes then ventrifuged at 20,000 -
40,000 g, for 10 mins. and the almost clear ruparnatsnt used for analysis.
In order to prevent auto-oxidation the solution wes fushed as often as

poseible with nitrogen and tightly sealed.

d

metrie estimation of Nagolad
Method of Slater and Sawyer (1962).
Mgterlals:
1. Puenowine agthosulphate - 1 mgm/ml.  Preshly prepared
and kept in dark.

2. Dieslorophenol indoohenol - Stock solution - 35 mgns/200 wl.

Dilubed 10 x with water befors use.
3.  Phosphate Buffer - 0.1 Mpli 7.4
4, Oris paffer - PH 2,0 1M




5.  Qlugosefrphor.iste ~ sod. salt 0.1 M (Obtained from
Sigma Chem. Co., 5%. Louis, Mo., U.8.A. ).

6 Absolute Ethaol A.R.
7. Olugose-Gphosphate dahvdrogenase - 1 mga/ml. in 3.3 M

ammonium sulphate solution pH 6.0 cbtained from C.F. Boeliringer-

Soehne, H sin (n ).
8, Algoho) dehvdrogenase - 30 mgns/ml. in 2.4 M awmonium
sulphate pH 8,0 sbtained from C.F. Boshringer-Soshne, Marnhein
{Germany ).
Mathod:
i)t
Dichlorophenol indophenol 2.5 ml.
Phenozine methosulphate 0.04 ml.
Phosphate buffer 0.5 ml.
Absoiute ethanol 0,1 ml.
i Aetd ext.oact {0 uted 1.5) 0.1 ml.
1. The following resgr s were wized in a 1 com 6iiins cuvette

and the change in extinction st 600 wu fullowed against distilied

water, untll coeresse/min, wes small aud vonstant,




S 0.05 ml. Aleohol dehydrogenase was then added to one cell,
mixed and the change in extinetion between this cell and ansiher
dichlorophensl indophenol cell messured at 10 or 20 win. intervais
in a Unieam spectrophotometer. The difference is proportional to

the amount of HAD‘ present in the acid extract.

11)  EapP*
Dichlorophenol {ndophenol 2.5 ml.
Phenosine methosulphate 0,05 mi,
Tries buffer 0.5 ml.
Gluccse-b-phosphate 0.1 ml.
Acid extract (undiluted) 0.2 ml,
1. The following ingredients were mixed in a 1 com silica cell

and the change in extinetion followed at 600 mu ageinst distilled

water until decresre/min. was small and constant.

24 0,05 Glucose-é-phosphate dehydrogenase was added t0 one cell,
mixed, and the change in extinction between this cell and ancther
¢ chlorophensl indophenol cell messured at 10 ~ 20 min, intervals in

8 Unlcam spectrophotomeler,

iii, Nlbﬁz - )U.DH!:

The estimations of reduced di and triphusphopyridine

nueleotides in the alkaline sxtract were carried oub using the sams
With the alkaline

conditions as for NAD® and NaDP® respectively.




axtract however, 8 larger period of equilibration was required befors
adding the specific enaymes 4o sllow Ghe reduced nuclectide to be

oxidized by ph ine methosulphat Thus, in the alkaline extrecis
econtalining umi, and lADP!!z, the reduced forms were converted non~
ensynstically to NAD® and ¥ADP', The amounts of NAD® end NADF® were
then measured by adding ADH and swirchenfermeni respectively.
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RESULTS




B. RESULTS

1. Po: Bios

N

8} Hexachlorobenzsne: The indv tion of perphrris by
hexachlorcbensens administration as letailed in the text was not
sucesssful. From & series of 48 raboits, only one excrsted large
amounts of porphyrins in the urine and stools, after six weeks of
drug sdministration. The majority of the remaining rabbits died
before six wesks, showing neurclogical symptoms, or from Pgstusrella
infection, possibly due to decrsased resistance to the orgunism
caused by the arug. The condition of the porphyric rabbit and
porphyrin excreted are shuwn in Fig. L. Afier 50 days of hexa-
chlorobenzens sdministration, the rabbit showed 5% foss of weight,
wat very weak, snd showed nyperexcitsbility and signs of terminal
paralysis.,  Urinary PRO vas reised, and extremsly large amounts
of uroporphyrin and ccoroporphyrin were found. Fascal Copro~ and

Protoporphy=ins were only moderately raised.

vy Allriisopropylacetmdde (ALA): Ths induction of

porphyria wes very successful using AIA, and nearly 100F induetion

wns cbtained, The results of u t plesl induction period are shown

in Pig, (¥I). The rsbbits receiving ALN showed & me weight loss,




¥IG. <

BEFORE DRUG AFTER 50 DAYS
RABBIT Mx 23 ADMINISTRATION | DRUG ADMIN,
Weight 24 Kgrrs 18 Kgms.
une  pgo nit 25-2u9/mi
Uroporphyrin nit 18,000 ug/mi
Coproporphyrin nil 1700 vg/ml _
Faeces
Coproporphyrin mit Ziugrgm. dry Wi
Protoporphyrin mil Aug/ gm dry wt,
General Very weak, terminal
condition ataxia, emaciated,
Healthy hyperexcitability,
fatty acid degener-
ation of tne liver
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Fig., %1

- 1000
Mllyiisopr opylacetamide(nig)

i Urirary =G | vgimi)
Py hour speciment

Urisary {rngy |
. Copropurphyrin

Urinary  gmg1) 5
Uroporphyrin j




PR

but remained relstiveiy slert and healthy throughout the drug course.
Coprojorphyrin appeired in the urine on the ind - rd dny . reached
a peak of around 100 mg/litre on the Btk day, maintaining this level
until d.vg administration ceased or the animal was sacrificed.
Urinary PHO und uroporphyrin appearea in the urine on the 5th er 6th
day and increared enormously by the 9th or l0th day when the animal

wag sacrificed.

2. Incorporation of Mcofbinamdrcu in%o Hepatic mm’, nmnz,

NADP® gnd NADPHz of Jormal and AlA-induced Porphyric Habbits

After injection of 10 je of nicotinmido-—cu intravencusly,
the specific activity of the hepatic NALY ¢f normal r.bbits increased
progreseively with time until 15 minutes, whe: the incorporation of
the lsbel reached a maximum Jevel and then fell slightly by 25 minutes
(Fig. XIII). AL each time pericd, the specific activity of the MBP'
was congiderably less than that of NAD', indicating the relatively
slow rate of equilibrium of NADP® with NAD', in agreement with tae
Gute and findings of Gordon (1963), and Stollar and Keplan (1961). In
contrast to Gordon {1963), who found that the inerease in incorporation

of nicorinanide-C% into NADP® did not vary significantly beiwesn 2.5

and 20 mirutes, we found a mmall but progressive ineresse with time
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THE BATE OF INC ATION OF NICOTINOMIDE - Ok BN10 HEPATIC
NAG AND NADF OF NORMAL RABEITS THE HEIGHT] 0’ EACH BAR
REPRESENTS 3 RABBITS, EACH ESTIMATED IN TRIPLICATE ¢ STD Elmoa

SPECIFIC ACTIVITY (com /50 mu Moles)

TiME fraing )
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FIG. XV

THE RATE OF M TION OF NICOTINAMIDE - % 1 INTO
HEPAnc NapH B8 anD NaDPH T OF NORMAL RABBITS.
THE MEIGHT OF EACH BAR REPRESENTS 3 RABBITS EACH
_IN TRIPLCATE ¢ STD ERROR.

=

SPECIFIC ACTIVITY (cpm./ 50 mp

TIME ( mirs.
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FiG. Xv

THE RATE OF ATON OF_NICOTINAMIDE - C % INTO
HEPATIC NADH BB ann waDes T OF NORMAL RABBITS.

THME MEIGHT OF EACH BAR REPRESENTS 3 RABBITS EACH :
IN TRIPLCATE * ST0. ERROR. !

SPECIFIC ACTIVITY (com. / 50 mpu Moles)

TIME { mins. )
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in specific activity of NADP®, The incorporation in nicotinmdrcu
into hepatie NAD" ad NADP' of Alr~induced porphyric ratbite follower
s psttern simdl . to that 3es in normal snimals (Fig. XIV), The
ineorporatior of the label with time, into the reduced nicotinamide
asdenine dim.cleotides of beth groups of animals followed a pattem
similar to that of the oxidized NAD® (Figs. XV & XVI) mxcopt that st
81l time intervals the specific activity was less than that of the
oxidized NAD'. In contrast however the incorporation of the label
into reduced NADP' increased quite considersbly in time in both groups
of snimsls as compared to the oxidszed forms (Figs. XV & XVI).

3. The ratio of the specific activity of NADH,/NAD" and NADPH/NADP"

The retic of the specific activity of KADHQ/HAD’ in normal
rabbits incressed wit: time from approximately 0.21 at 2.5 mluutes to
0,32 at 5 minutes to 0.68 at 25 minutes after injection of nicotinamide~
¢ (Mg, XVIT). By contrast, in porphyric rebbits the rate of generstion
of NADHQ was significantly greater, the ratio of the specifio activity
of umu/mm‘ being approximately 0,68 at 2.5 minutes snd 0.85 st 5
minutes after injection of niaotinmidrcu (Fig. XVIII) (at 2.5 mimutes

P€ 0,01 and 5 minutes P € 0,001).
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FIG., XIV

THE RATE OF ATION NICOTINAMIDE - C % INTO

HEPATIC HAD AND NADP OF A INCUCED PORPMYRIC
RABBITS. THE HEIGHT OF EACH BAR REPRESENTS TME MEAN
OF 3 RABBITS, EACH ESTMATED W TRIPLICATE & 510 ERROR

EPECIF IS ACTVITY { cpm 7 50 myu Moles?

%
HME (ming )
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THE RATE OF xw:m OF NICOTINAMIDE - C % INTO
HePaTic NaDH B anp Napen B OF a1A mOUCED RIC
ANIMALS THE HEIGHT OF EACH BAR REPRESENTS THE MEAN
OF 3 RABBITS EACH ESTIMATE[ IN TRIPLICATE ¢ STD. ERROR.

SPECIFIC ACTVITY {cpm /50 my Moles)

w0
TIME {mirs.)




FIG. XVII
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RA'I 10 OF SPECIFIC ACTIVITIES OF NADM: MAD *— § HADPM:
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HE RAND OF YW sﬁscw: ACTVITIES OF NAUH : NATIw~—8 £ NADPH:
MADP -4 I THE LIVER OF NORMAL RATS EACH POINT REPRESENTS
THE l;fm OF ONE RAT ESTIMATED ® TRIFLICATE.
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THE EQUILIBRATION OF NICOTINAMIDE DINUCLEQTIDES IN LIVERS OF
NORMAL AND PORPHYRIC RABBITS

‘he livers ware removed and frozen §

tes after inistraiion of

nicotinamide - L4 The values represent the mean of 3animals sach

estimated in triplicate, 1514

. efror

CONDITION OF SPECIFIC ACTIVITY RATIOS
RABBITS NAD | NADP | NADH |NADPH m | NADP |
NORMAL
3 28 8 7 ig &
controL | DTN | T | 28 % 3040.060-962007

ALA - INDUCED 217066 | 23t6
PORPHYRIA

9E | B IGMG‘I&&'@JE

HEXACHLORO ~
BENZENE - INDUCED) 4112 23

2408

15t6 | 16525 FH’O&HSSHWR

PORPHYRIA (1 exp )




TABLE 4

Equilibration of intra- and extramitochondrial NAD in livers o/ normut

and AlA-porphyric robbits

Condhtion of rabbits

Specific Activity of NAD

9y

Mtochondt Frocten] yopicrmi. Frocto b
cpmlSOmgMom
816 51.7
Nor.aa!  animals 485 52 0951
418 2.5
477 50
ALA - induced hyri §0% 625 | 0-967
uced porphyfics 1 548




The rate of gensration of NADPH, from NADE® in normsl
rabbite was more rapld than that of NADH, yiom NAD', as indicsted by
the higher ral oz of the specific activity of NADPHZ/NAII?' at all times
up to 20 mimutes (Fig. XVII). 1In the porhvric rabbits the generation
(54 Hu:?ﬂz was agaln more rapid than that of HADH2 s and furthermors the
generation of NJ\I}PS2 wa3 significnatly higher than in normal rabbits

(Fig. XVIII) (at 2.5 mirutes P<€0.001 and st 5 mirutes P& 0.001),

In contrast to the rapid rate of generation of xm?a2 from
NADP® in normal rabbits, the rate of generation of MP% in normsl rats
was much slower, belny even slower than the rate of generation of lmﬂ2
crom NADY in these rats {Pig. XIZ). The latter finding is in acew:d
with the data of Gorden (1963) in ncrmal rats.
4e Ihe equilipraticn of picotinamide dimucleotldes in the liver

of noymal Hexachloyobsnzene-induced nd AlA-induved id

porphyric rabbits at 5 migytes

Five minutes afier administration of n&cotimuida—cu norval
rabbits the ratic of specific activities W ‘Hymﬂ)’ weg 0,30 & 0,04 and
that of NADPH/NADP 0.96 # 0.07. By ccurast the ratio of the specific
aotivities of NADH/NAD and NADPH/NADP were significantly increased in the
liver of the rabbit made porphyric with hexachlorobenszene (Table 3). This
table also shows the ratios obteined in the AIA-induced porphyric animal:

for eomparison.
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Twenty minutes after injection of nicct.iwaidrcu in two

normal and two porphyric rabbits » the specific activity of mitochondrial
NAD* was almost equal to that of extramitochondrial NAD' {Table 4)
indicating a fairly rapid rate of equilibration between th two oo
partments. Thess findings are in contrast to Lhose obbu.aed in rate
by Oordon (1963}, who found that the specific activity of mitochondrial
NaD was a 1ittle over one third of thet of extramitochondrisl NAD 24?3'
mimites after injection of the .iabel.
6. SQuantitative estimation of pyridine wcleotides in normel

and AlA-induced porphvric rabbit livers

The results of thie study are summacized in Table 5. It
can be seen, that AIA produves a significant changs in !MD* and Kmﬁz
under the conditions used, with a marked trend towards incressed
reducing potential (P€0.001 for both wAD* and xmnz). The ratio of
NADBR ineresses from 0.279 + 0.095 in the normal rabbit, to 0.405 & 0.042
in the porphyric rabbit representing an increase of 45% (P€0.001).
The #um of NAD® + NA.DH2 docreases to & small but not highly significant
degree in the porphyrie rabbit, AlA also produces s emall change in
NADP® and a significsnt increase in NADPH, (P€0.02 for HaDP® and
P€0.,001 for NADPE,). The -stio of NADTH, to HADF" increases from
11,05 # 1.94 in the ncrmal rabbit to 20,31 ¢ 1.83 in the porphyric

rabbit, representing an incieass of &3.8% (P€0.001). The total
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oxidized and reduced mucleotides (i.e. NAD' + NADP® + NADH, + NADFY )

doss not change (P€0.5). Of perhaps further interest, is that uhe
“ratio of NADH, « HADPH, to NAD' + NADF' ineresses from 0.347 in the normal
rabbit, to 0.836 in the porphyric rabbit. The only previously published
figures as to the ratic of Matéfp to MAD" in rebbit live ; &re those of
Jedeikin and Weinhouse (1955). These workers obtained lower quantitutive
amounts of oxidized NAD® than those obtained in the present study, and
gonsequently a higher EIA})HE to HAD ratio, bt still not as high as those
obtained with porphyric rebbits in the pressnt study (Table 5). A
possible explanstion For these differenccs is the use of differsnt

tochnigques and experimental sonditions.

7. The celeulation of 'turnover times' of NMADH, in the livers

From the equilibration date (Pige. XVI & XVII), it simould be
possible to calculate 'turnover times’ o ;mxag in the liwer eslls of
normal and porphyrie rabbits, providing tne following swavmptions.,
according to Gordon (1963) can be made.

i) The rate of labelling of niectinamide ruclevtidms must not

be limited by the specific activity of Lhe Cu' BOUTE. In

the present experiments the spacific setivity of the ul mmmmu-c“
was 3.9 x 10 c.pm./50 mu Moles, wirich grestly sxcoems bthut of

the nicotinamide micleotiden ct all time intervals.
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11) 'The mcmtr)ntion of sach of the hepatic nicotinamide
muclectides should not changs during the course of the experiment.
Gordon {1963) has demonstrated no detectable change in hepatic
NAD® and NADP® after injection of 0.5 mg of nicotinamide o the
rat.  In the present experiments the order of 0.1 mg of nigo=
tinamide is injected into the much larger rabbat, and it is
therefore felt highly unlikely that any change in hepatic NAD

and NADP takes place.

141) The immediste precursor molecule NAD-CY4 should be distributed
uniformly in a homogenvus compartment where Lhe hydrogen transfer
between oxidised and reduced nicotinsmide nuclectide cecurs. In
the present study rapid equilibriuwm was found to take place bstwesn
mitociondrial and cytoplasmic NAD'.  Although it wes not possible
to isolate sufficlent meQ to measure the intramitechondrial rebe
of generation it is reasonsble to expect that if mitochondrial
permeability barriers to NAD' are small in the rabbit, the same
will be true of the reduced cofactor (Table 4).

iv) The rate of loss of C% from any of the nicotinwaide nucleotides
should be negligible relative to the exchange between oxidized and
correspending reduced forms, The data indicate the rate of



.

convirsion of HAD*-C1 to MADP-C' 1a slow relative to the rate

of conversion of NAD'-¢14 44 mm-zz-cl" (Mg, XIII). If there

Wers sppreciable breakdown ot the labelled micotinamide nugleotideg,
sxeretion of the label in the urine might be expected. Hince in
the present study none of the label was detected in the urine of
either normal or porphyric rabbits, sfter one hour it seems

unlikely that there was eignificant loss of Cu'labclhﬂ nicotinamide
nucleotides in the first 25 minutes,

Zilversmit, Entenmunn and Fishler (1943) have derived the

equation

lfic eetdvity of Froduct . S |
specsfic activity of Precursor n%‘ 1-e/m)

for the situation when the specific activity of the immediate prewursoy
varies linearly with time. A plot of the ratio of reduced to oxidized
nicotinamide nucleotides which represents the ratio of ths specific
activity of the product to vhat of the preoursor, 1s seen in Figs. IVII
& XVIII. For each experimentally determined ratic n may be caloulated
from t hy sbove equation, If n is know: for the ratioc st esch time

interval, t, then the 'turnover time' (“r; san be caleculated from
the equation « = b1 (Y . ),
n
1If one works cut the ratio arbitrarily for assigned values

of n, an exponentisl ocurve may then be plotted, (Pig. XX} from which
the values of n for the experimentally determined ratios may be read off.
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The calculated averags 'turnover time' for mﬂ2 in the Liver
of nermal rabbits in the present study is 5.82 + 0,566 mirutes, In
the AlA-induced porphyric rabbit iiver however, an average 'turnover time'
cannot be worked out for the resson that by 2.5 minutes equilibrium had
already been established i.s. we did not snd could no® nake the sbaervstion
early envugh to obtain a range of -turnover times'. Therefore in this
instance 'turnover time' has been caloulated at 2.5 mirmtes. This
result is 0.27 minutes, but berring in mind the considerstion that
equilibrium hes already been reachsd, it would seem more correst to

report the recults as <€ 0,27 minutes.

8. The ratic of the specific activity of umﬂzm‘w‘ and NADVH, /N4DF"

The ratios of the specific activity of NADH,NAD® in the liver
of normal and porphyric rabbits compared very favoursbly with those
obtained by Gordon (1967) in the liver of nommal rats, However, the
retios of the specific sctivity of umm?mmv’ in the iiver of normal
and porphyric rabbits were in girect contrast to those previously obtained
in nowmal rats (Oorden 1963}, In order then to check the present methods
and techniques, the experiments were repested in normal rets. The results
{Fig. XI1) confirm Gordon's previous finding of a lover NADPH,/NADP®

ratio in normal reis.




n(%-!-?i'%}

0 04 08 12 16 20
I
The exponential curve plotted from arbitrarily assigned

values of n, agrinst the ratic calculated from Zlver-
smit et al (1943).
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s)  Oeneral

The exprrimental approach in the present study is based on the
assunption that the following reactions and equlilbria are valid.

Meotinamide 4¢  —memmes  HAD-H0 NADH- Yog

.

RapPa- Mg

Results obtacned in the control rebbits are entirsly consistent with the
above schemes as far ss the incorporation of radicactivity from nicotinumide
intc the oxidized cofactors are concertied krig. XIIT}.  Firthermors, as 12
slsar from Fig. XVII, NAD' equilibrates in time with NADH, in that the
ratic of the specific activities gradually approsch unity. By contrgst
the ratic of specific activitias of NADPH/NADP® exceeds unity after 10
mirutes This finding is clearly inconsistent with proposed prior
lsbelling to NADP® which subsequently equilibrates with NADPH,. Hence

the results in the present study on the rate of generation of smg

from NADP® do not indicate the full picture, and we ssem to bs measuring

two different things in NADH, and mPﬂg generation.




b) RADHi Generation

Such evidence ms exists on hepatic redox states after administration
of a porphyrinogenic substance are conflicting. A number of workers
hsve measured total NAD® and NADHz levels in rat ascites cells and the
livers of animals after administation of porphyrinogenic drugs. Kohen
(1963) feund that smylobarbitone, a typical NADH,-oxidase inhibiter, csused
& rise in MDH2 confined to the mitochondrial in aercbic cells, and that
anserobiosis or addition of glucose increased NM}KE in the extramito-
chondrial region of the cells. Gajdos et al. (1966b) found that an
increased NADHz/NM)* ratio accompanied porphyrinogenes s in mouse liver
after admindstration of >orphyrinogenic substance, and Oajdos and Gujdos
Tartk (1969) found a significant incresse in HADH, concentration in the
livers of rats 6 hours after a single dose of AlA. By contrast Slater
and Ziegler (1966) found no significant change in NADH,/MD' reti> tn

the 1ivers of rats made porphyric by a number of different drugs.

In the present study, tiis results obtained in ire sontrol rabbits are
eonsistent with the scheme as represented at the beginning of the
diseussion as far s8 the incorporrtion of radicactivity from nicotinamide
into the oxidized nucleotides are concerned (Fig. XIII), and further,

that !IAD‘ equilibretes in time with nmnz in that the ratio of the specific
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activities gradually spproaches unity (Fig. XVII). It is alsc elear
from the results (Pigs. XIII and IIV) trst AIA does not affect the

rate of 61& incorporation into liver NAD® and congequently any change
in the incorporation of radicactivity into mmz mist be affected by

a changs in the rate of equilibration betwsen NAD” and NADH,. The
administration of AIA reduced the time taken for equilibration betwewn
oxidized and reduced NAD' to less than 2.5 sdnutes ss comparsd with
the cont... rabbits which took 20 minutes before equilibration was
approsched,  According to Zilversmdt et al. (1943) the 'turnower time'
of & substancs in & tissue ig the time required for the appearance or
dissppenrance of an amount of thst substance equal to the wmount of than
substanca present in the tissue. In the present study, the 'turnover
time’' foi RAD§£2 wes significantly affected by ALA, being reduced from
5.82 + 0.57 mirutes in the control rabbite te €€ 0.27 minutes in the
lver of rabbits, trea.ed with AIA. It is, however, important to
recognize that the 'turnover time' calculstions are approximate becuuse
of possible deviations from the sssumption that have been mada,  For
this ressm the valuet have their grestest usefullness in s comparetive

rather thar in an absolule sense.

It was s reasonable expectation that if the rate of mmt: generation

18 markedly incressed, as preseatly found, then the quantitative ratic
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of !!ADH;/NAD’ would increase in response to AIA, and therefors thae
quantitative studies woie undertaken. The results {Table %) have
cor.firmed this expectation, as the administration of AXA, significently
incressed the ratio of NADH,/’NAD*. AIA does not affect the total owdized
and reduced NAD® to a sigrificant extent, although there 15 a slight
decresss in response to the drug. Total liver cofactor (1.E. NAD® +
NADH, ¢ WADP® + NADPH,} 18 nov altered at 811 by AIA. These results
support the /7 ding of Uajdos and his co-workers (Oajdos et al. 1066b,
Gajdos and Gajdos-T8r8k 1969), but do not confirm the results obtained
by Slater and Ziegler (1966). In view of the pussibility that the high
specific activity of the NADH2 in AlA-induced porphyric rebbit sonld be
due to a decresse in NAD' syn*hesis, the quantitstive results (Table 5)
sre of importance.  in contrast to Slater and Ziegler (1966) whou found
decreased totsl nucleotides (L.e. NADY + NADH, + napP® + xmmz}, in the
present study the total muclectide concentration in both the normsl and
the Ali-induced prophyric rabbit wes the sams {Table 5). Therefore a
gecrease in NAD® synthesis in rabbit liver under the influence of ALA

does not take place under the superimental conditions used in this study.
*
Tn the rabbit, revid euilibration between cytoplesmic WAD snd

sl toshondrial WAD® wes found (Table 4). This is quite unlike the

findings in the ret [Oordon 1963) where minimal aguilibration betusen




cytoplasmic and mitochondrial NAD® occurred even after 25 minutes. It
mst be assumed that this iz a species difference, and »1'hough it was

not possible to isolate sufficient NAD32 to measure the intramitochondrisl
generation, 1% is reasonable to expsct that 1f mitochondrisl permeablility
barriers to NAD are emall in the rabbit, the sams will ba trne for
reduced cofactor. Krebs and his co-workers, working on rat kidney cort.x,
rat liver and mouse liver have studied the redox state of the cytoplasm
and mitochondria, and the generation of extramitochondrial reducing powsr
(Krebs et al. 1967, Williamson et al. 1967}, They have suggested that
the NaD* + NmHE pool in the external compartment of the mitochondria
comminicates freely with the Nap¥ + NADH, pool in the cytoplasm. Further-
more, they postulate that s transfer of Nwﬂg is probably not dirsct, but
mediated vis ppecial carrier mochanisme such as the malate-oxaloscelate

system,

From the observations in these experiments it is clesr that in the
intact animal a potent porphyrinogenic substance profoundly influences the
rate of reduced cofmctor generation, and consequently the guantitative
KLDHQ: NAD* ratic ir the liver, In the particular specles used there
i8 every reason to believe that the situation demonstrated for the whule

liver, is valid in the intremitochondrial compartment as woll, Thess
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are highly significant metabolic devistions and since the sffect of ATA
on the huem biosymthetie pathway in the liver is not in doubt, it seems
reasonabile to suppose that there is some relationship betwesn these two
matabolic events. For this reason the hypothesis proposad by Labbe
(1967) 88 to the mechanism whershy increased intramitochondrisl NaDH, /iAD"
ratios could give rise to industion of AlA-gynthetase, is worthy of

thorougn testing.

<)

The very inte >ting suggestion put forss.d by Rimington
(Rimington 1962, 1%43a, 1963u) that the redox enviromment in the liver

may play ar important role in determining both the pattern of excreticn

and extent of Jation ol porphyrins in symp tic porphyris, prempled
the attempts in this ctudy to measure turmover rats of mmn and wuwaa
in hexachlorobengzene poisoned rabbits as thie type of expsrimental porphyria
closely resembles the symptomatic porphyria found in humans. This study
was not succeasful in that only ons rabbit excreted incressed amounts of
porphyring and porphyrin precursors out of 3 total of 48 rebbits studled.
Therefors no conclusions s Lo the vesult ocan validly be drawn.

However, it i interesting to note that olthowgh & deoreased reducing

climate in the liver might have been expected on the basis of Rimingtons

theory, in fact quite the veverse wes found in the single rabbit studied




in that hexachlorobenzene produced an increass ir umzmw and

mm?mmr specific activity ratios at 5 minutea (Table 3)s  his
result may indicate that the hanisn of b Hhlorob £ picbes ek

porphyria is also compatsble with the Labbe hypothesis.

d) mmi Generation

A possible explanation for the very high retic of the specific
activity of NADFHZNADP at early timws after injection of the lsbel in
the normal rabbit (Fig. XVII) is the operation of s kinase with NADH,
a8 substrate similar to the kinase devcribed in yeast (Xorw srg 1961,
Bsrnofeky et al. 1968, Bernofsky 1969) and in Seocharomyces cerevisiae
(M ddleton and Apps, 1969). Such & kinase is sbsent from plgeon liver
(Wang and Kanlan 1954, Apps 1968, 1969, 1970) does uot funciion in the
rat (Oordon 1963, Uka and Fleld 1968), could not be detected in spinach,
(Yamomoto 1966) or Azcbaoter (Chung 1967), and no published informescion
as to its existence in the rabbit could be found., The present work
miggests that as far as umm2 gensration is concerned, we may be
measuring mum; iy Km?ﬁg. If this resction is faust compared
With WADPH, b LTI ummg/nwp‘ ratios have quite & different

meaning in that substrate does not determine the ratios.




In their caleculation of 'turnover time' which have been used
in the prasent study with respect to the umazfxm’ ratios, Zlversmith
ot al. (1943) bave 1llustrated the ‘specific sctivity-time’ relationship
of & pracursor to ite product., Their illustration, iz reproduced
in Pig. XXI.  Thess suthors point out, that during the early interval
after the administration of a labelled substancs, the specific activity
of a precursor of a compound must be higher than that of the compound .
iteself. From Flg. XXI it ean be noted that the specific sotivity of
the prewursor {S.8.A.) is grester than thet of the product {8.a.B.).
In time the Bpecific activity of the precursor becomes constant, snd
then graduslly begins to fall, while the specific acitvity of product
ineresses and eventually equilibrates with the precursor. However, in
time, the specific activity of the product will exceed that of the
precursor. Applied to the present vase this could mean a rapid formation
of HADPH2 from NADP® in normal rabbit liver, and a relatively slow

breakdown of NA{?PHQ.

In summary then, what are felt to be valid cbservations on the
+ N
ratios of the specific activity of mmzmmv in nomal and porphyric
rabbite have been obtained in the present study. However, theas observations

*
may not be consistent with prior lesbelling of NADF .  Some possible
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Illustration of the Sa-time relation of
precursor A and product B

after Zilversmit et al.(1943)
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explanations have been put forward, but a further study 15 necessary
to elarify the NADF:&R generation fiadings.

Whatever the explanation for the high NADPH,/NADP® specific activity
ratios may be, the rat’> in the porphyrie rebbit is still significartly
higher than in the normal rabbit (Figs. XVII & XXIII p < 0,001 at 2.5
and 5 minutes). A possible explanation is in the role that this
micleotidé plays in the detoxification mechanism of the 1iver {detailed
in Chapter IV). Heduced nicotinamide adenine dinucleotide phosphats

has been shown to be an essential component of detoxification mechanism.
In recent years msny workers have shown oxidative enzyme systems concerned
with detoxification to be dependent on atmospheric oxygen and reduced
nicotinamide adenine dinuclevtide phosphate (Gillette 1963, Gillette

et al. 1947; Omura et al. 1965; Cooper et al. 1965; Conney 1967) .

Of further interest, are the studies cf Conney and Burns (1968), who

showed that drugs such as phencbarbital stimulated non-specifically the

activity of almost every Hmﬂiz/oxygm dependent micr 1 enuyme that
they studied. Furtherwors, studies by Gillette et al. (1957) showed

the presence in liver microsomes of an snuyme system that oxidized

HA.DPHZ to NADP® (Hw?ﬁzmﬁdiu}, with the resultant formation of peroxide

es a product of the reaction. These investigators postulated s mechanism

1.
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whereby phencbarbital and other drugs stimulated non-speciiically the
oxidation of & wide range of substances in the liver microsomes by
inducing the synthesis of the Hmma-axiduu system. The increassd
amounts of active oxygen formed from lm}P}iz could then be utilized for

the oxidation of drugs by specific enuymes in liver micrososes.

Tn the present study equilibriun between NADPH, and NADP” in the
normal rabbit is sppreached st about 15 mirmtes (Mg. XVII). The
administration of AIA results in eguilibvrium being already reached at
2.5 minutes {Fig. XXIII). Purthermore, at equilibrium the ratics in
the rabbits administered ATA are poised at & higher reducing lovel than

the rativs in the normal rabbit (Figs. XVII & XVIII),

The expectation of a higher guantitative ratio of um?nznmr' in
response to ATA was borne out by the qualtitative study summarized in
Table 5. The RADPH2 1 HAI)P" couple which in the normal rabbit is
poised  the side of reduction (NADPHJMDP' ratio 11.05 + 1.94) has
bean demonstrated before by many laboratorics e.g. rat liver {Siater
et al. 1964, Olock and Mclean 195%). The sdministration of AIA in vur
studies, incresses the reducing potential of the nmmz + wapp® eouple
to 20.31 ¢ 1.83. The total of NADP' + NADPH, was inorsased under the

influence of AIA. Thepe results are in contrast to those obtalned in




o

131,

rat liver by Slater and Zieginr (1966). Thess workers found 1ittle

change in the ratioc Rmmzj‘sml’* in rat liver under the influemnce of

ATA.  Purthemmore, & significant decrsase in the total xapr* + M}}Pﬁn

was obeerved, in rat iiver under the infinence of Ak, These conflicting
results could pertops be explained on the basis of species differesues,

or perhsps on the differences in erpsrimental condi dons.

It seems reasonably clear then, that the administration of drugs
such as phenobarbitsl and allylisopropylacetamide to an intact animal,
rerults in stimulation of a number of systems all requiring mﬁiz. The
remlts obtained in this study confirm the iLucreased requirements for
reduced NADP*, after the administratuon of & potent rorphyrogenic

sunstance such se ALA to the intact rabbll.
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rat liver by Slater and Ziegler {(1966). These workers found 1ittle
change in the rstio mnymv‘ in rat iiver under the influense of

AIA. Furthermore, & significast decresse in the total NADP + NADPH,
was observed, in rat liver under the influence of AI&. These sonflicting
results could porhaps be explained on the basis of specivs differetces,

or perhaps on the Jifferences in experimentel conditions.

It seems ressonsbly clear then, that the administration of drugs
such as phenobarbital and allylisopropyiacetamide to an intact wnimal,
results in stimulation of a number of systems all requiring mmz. The
results obtained in this study confimm the increased requirements for
reduced NAT r , after the administratuon of a potent porphyrogenic
sunstance such as AIA to the intact rabbit.
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b

132.
SUMMARY

Porphyrinogenasis was sti-mlated in rabbits using the drugs
Hexachlorobenzene wnd allylisopropylacetamide.

The ratic of the specific activity of NADH, to NAD' and NADPH,
to NADP wss measured at various time intervals after the
administration of nicetinamidrcu to normal and perphyrice
rabbits. It was found thet AIA produced s sigificant
acceleration 1n the generation of KADY, and ﬁwmy. The
results obitained from one rabbit suggest that hexachlorcbenszens

8lso increased the rate of mmi2 and R).DPHQ gensration.

Rapid squilibrium betwsen cytoplasmic and mitochondrial NAD was
sbessrved in both normal and AlA-induced porphyric rabbit liver.

ATA was found to significantly influence the fquantitative umount

of reduced NAD* and MDP‘ in rabbit liver. This consequently
results in incressed NABHQ H NA!)* and EABPHE i !?M}P‘ ratics,
However, the total nicotinamide nuclectides in ths liver remained
vnchanged.

Using the caleulations of Zilversmit et al. (1943) ALh was found

to significantly increase the 'tumover time' of m&aa in the

rabbit liver.

The ratios of the specific mctivity of !ﬂmﬁi?fﬁmf and m&zfnm’
at various time intervals after the saministration of nicotinaide-C
to normal rat liver calemlated by our techniques are ertirely consistent
with the results obtained by Gordoen (1963).
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The rerults “nve been interpreted as svidence for a link bebween
ingreased roduced nicotinamide nuclestide g

133

or porphyrin precurser overproduction under the influence of &
potent porphyroganic drug.

The results sonfirm the increased requirements for xmma wnder
the inftusnce of a porphyrinogenic drug.

£4 .
on end porphy
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