STUDIES ON THE BIOSYNTHESIS

OF 5-HYDROXYTRYPTAMINE



STUDIES ON THE BIOSYNTHESIS OF 5-HYDROXVTRYPTAMINE

A thesis submitted by
DAVID GRAHAME GRAHAME-SMITH

in partial fulfilment of the requirements for the
Degree of Doctor of Philosophy
in the

University of Lomdon

March 1956

St. Mary's Hospital Medical School, London, W.2.



ABSTRACT

The studies reported here have almed at understanding the
first step in the biosynthesis of S-hydroxytryptamine, that is the
S-hydroxylation of tryptophan with the production of 5-hydroxytryp-
tophan. This reaction hes been demonstirated in carveinoid tumour
tissue, intestine and brein, and the enzyme catalysing the reaction,
tryptophan 5-hydroxylase, has been partially purified from curcinoid
tumour tissue and brain and has been shown to require a reduced
pteridine cofactor for full activity. Tryplophan H-hydroxylation by
these tissues differs in gseveral respecis from that occurring in rat
liver which is carried out by the non-specific aciivity of phenyl-
alanine 4-hydroxylase.

It appears that the bruin is capable of synthesising
independently all the S-hydroxytryptamine it needs ami that tryptophan
S-hydroxylase is largely confinad anatemically to the phylogenetically
older parts of the brain and at the subcellular level to the presynap-
tic nerve endings, these localisations broadly following those of $-
hydroxytryptophan decarboxylagse and S-hydroxyiryptamine.

Evidence is pregented which suggests that ihe lowering of
brain S-hydroxytryptouine observed in experimental phenylielonuria
resulits from the inhibition of the £fansport of tryptophan acroas the
nerve cell membrane thereby deprivily the cytoplasmic tryptophan S-

hydroxylage of its substrate. .
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1.
INTRODUCTION

In the gastrointestinzl imucosa of wany vertebrates are found cells
which contaln distinctive gramiles. Thesge gfanules have well defined
histochemlcal properties (chromaffinity, srgentalfinity, ability to
cou;ile with dia.zorﬁm salts anxl yellow fluorescemnce after Cixation with
forunldehyde). Erspamer and hies collecgues (Rrapamer, 1954) sought to
identify the subgtance responsible -for the pecullar properties of these
granules in a series of investigstions sprewsd over nineteen years.

They came to recognise that thegse cells, which they nawed "Enterochrom-
arﬂ.n cells” were present not only in the gastrointestinal tract of
vertebrates but also in the skin of certain speéies and gathered

together in glandular formations such as the posterior salivary glads

of the octopus. From tissues rich in these cells they were able to
extract a aubstance having poaerful pharmacological actions which they
named "Enteramine®. As this work wes going on in Milap, marine animals |
were readily avallable. Erapamer and Asero (1953) chose two for thelir |
stuly on the isolation and characterisation of Enteramine. 30 kilos of
posterior salivary gland tissue were removed from 30,000 octopuses
(Octopus Vulgaris). From this tissue they extracted Enteramine as its
plcrate salt. The picrate salt of Enteranine was also prepared from

the akin of 1020 3icilian amphibiuns (Discoglossus ‘Bictus ). Sufficient
material was recovered to allow the chemical and biochemical character-
isation of Enteramine from these two sources as S-hydroxytryptamine (SHT).
The properties of the natural SHT were compared with synthetic SHT (Asero
et 2l 1952) and found to be identical. |



2.
During the later stages of this work stuiles began indepen-
dently (Rapport et al 1948) on the nature of the substance responsible
for the vasoconstriocting property of serum (0'Connor 1912). Rapport et
ai (1948) named this substance “Sverotonin“‘ and from beef" serum a substance
was lsolated which on the'basistdf 1ts coiorimetric' peactions, ultraviolet
specira, paper chromatographic’ and crystalliséticn propeﬁties was thought
to be the creatinine sulphate salt of SHT (Rapport- 1949) When Hamlin and
Fisher (1951) a.ccomplished their synthesis of 5H'1‘ it was evident that
Rapport had been correct 1n the structure he had. assigned to Serotonin,
It was not until 1952 however that Erspamer and aolleagues and Rapport
a.nd his coworkers beca.me mutua.lly aware of each others uork on enter-
| amine and serotonin ard that these two substances uere mentical.
When the structure of 5HT became known ideas concerning its bio=-
synthesis and metabolism began to form. Three poasibs_.e routes for its
biosynthesis appear to hove bheen considered: , |

1. The S-hydro:quation of tryptamine formed by the deearboxylation of

tryptophan:
@L_j] CHpCHCOOH CHQCHQ HO CHaCH,
N _ N
. H H o
Tryptophan Tryptamine - 5-hydroxytryptamine

2. The 5-hydroxylation of tryptophan with the tormgt_ion of 5-hydroxy-

tryptophan which is then decarboxylated to form 5-hydroxytryptamine:



@U caacucoori HO@rjnmactxcom | @\__chﬂocﬂe
N

Tryrﬁophan 5-hydroxytryptophan 5-hydroxytryptamine
3. The cyclisation of 2:5-dihydroxyphenylalanine (2:5-DOPA) to form 5-

hydroxyindole with subsequent insertion of the B-ethylamine side chain.

"Un o= ") — "R

2:5 DOPA o 5~hydz-o;qr1niole . s—hydroxytryptamne

Using S-twdro:qtryptophan Synthesised by Ek and Witkop (1953)

Udenfrieni et al (1955) showed that homogenates of guinea. Plg kidney enzym~ |
aticauy decarboxyla.ted s-wdmwtryptophan (5HTP) to rorm 5HT. The same
group of workers went on ’co partially purif‘y this enzyme trom guinea pig
kidneys and demonstrate 1ts requiremen’c for pyridoxal phosphate (Clark et
al 1954) At first the decarbmcylation was thought to be -specific for
SHTP but lovenberg et al (1969) have shown that the enzyme prepared from
guinea pig kidney, brain a.nd intestine has a wide speciricity for aromatic
amino acids. This aroma.tic amino acid decarboxylaae will catalyse the de-~
carboxylation of the L isomers _ot dihydroxyphenylalanine (DOPA), SHTP, tyro-
sine, phenylalanine, tryptophan, and surpﬂéingl& histidine, though the
enzyme 1is not as active for histidine as the speéific histidine decarboxylase
(Weissbach et al 1961) Hagen (1960) has questioned whether all similar de-
carboxylases have such a wide apecif:lcity by demonstra.ting that decavboxylases
prepared from phaeochromooytomas and earcinoid tumours, whilst decarboxylating

DOPA and SHTP will not decarboxylate the other aromatic amino acids.



‘Blaschko (1952) demonstmted that SHI' was oxidatively deamina.ted by
guinea pig tissues and posterior sallvary glands of Octopus Valgaris and |
Titus and ‘Udenfriend (1954) that the final product of this ‘oxidative
" deamination was S-hydroxyirxiole acetic acid (SHIAA) It remained for
Weissbach et al (1957) to demonstrate that the direct product of the
oxidaxive deamination of SHT waa 5-hydroxy1ndole acetaldehyde, this
being converted to 5HIAA by aleohol dvhydrvgenase.
" The position was reached therefore where it aeemed that the

| Vprobable route of bioSynthesis of 5HT was via SHTP and of‘netaboliam to
EHIAA. As SHTP 1s not an amino auid abundant in naxure it Was probable
-that 1t uould have to be synthesised by tha organism requiring it. With
this information Udenfriend et al (1956) carried out a series of
'jimportant experiments. They utilised the toad Bufo Marinus, the venom
‘glands of which contain large amounts of Sohydroxy-N-methyl-tryptamine.
N-N-dimeﬂxyl-s-hydroxytryptamine (Bufotenine), (B-[S-—hydroxy-iniolyl (3)]
- -ethyl) trimethylammonium hydroxide (Butotenidine), and 5-HT (Weiland et
‘»‘al 193h). DL-tryptophan-a-cln was administered orally to the toad amd

" later the toad was killed, the 5 -hydroxyindoles extracted and subjected

“to paper ehromatographic separation. Radioactive 5HTP was identified :

amd recrystallised to constant specific activity as its p-iodophenwl- :
‘,.sulphonyl (pipsyl) derivative. This was the tirst definite demonstration
that tryptophan could undergo S-hydroxylation by living tissues. In
addition to this they were also able to show that the administration of
L«tryptophan~2-clu to rubbits led to labelling of the SHT extracted from

'the platelets.
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Az o proportion. of this thesis is concerned with the fnvestigation
of SHT blosynthesgis in carcinold tumours, and as Investigation of
patlients with the carcinoid symdrome helped greatiy in elucidating the
patiways of SHT synthesis and uetabolism a short consideration of these
tumours and the clinical picture asssoclated with them 1s necessary .
| The t.ana "aarcinotd tumour” was coined by Orbendorfer (;LQU?) to
deaeriba cex'ta.in intestinal tumours which although carcinomatous ran a
more benign cburae t.han the more omn emimxm. Gosset and Masson
{1914 ) demonstrated that many of these carcinold tumours contained
granules which reacted with silver stains and Masson (1928) identified
the cells contalning these granules with the Kultschitzky cells of the
crypts of Iieverkilin. He therefore called these tumours “argentaffin-
omas™, Since then i1t has been recognised that not all of these tumours
have characteristic sllver staining properties nor are they all locoted
in the gastrointestinal tract. For this reason the term "Carcinold
tumour” is preferred to "Argentaffinoma”. 'aasaidy (1934) desortbed a
case of abdominal neoplasn which presented with faclal flushing and
pulnonary valve disease but it was really Woldenstrom wnd Liuiljicng
(1953) who realised the assoclation of carcinoid tuours uith the
clinioal syndrome of flushing and valvular heart diaease. Sime then :
there have sppeared many reports of carcinold and qthax- types of
tusoura assocfsted with a clinical ploture which,depending upon the
particular case may commonly present with one or more of the following
phenonena:  flushing, wihich may become wore or less peruanent, diarr-

hwoea, valvular disease of the heart, deperdent oedemu, pellagra-like
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iesions of the skin and intermittent dyspvnoea ;:lue to bbstructive aimay
disease.’ This clinical picture is now known as the Ca.rcinoid Syndrome
and has been well described (see Waldenstr&n 1958)

vDembeak (1953) ‘was the. ﬂrst,to demonstrate that a cmreinoid tumour
.*oontained large amounts of SHI and Page et‘ el (1955) showed that patients
with the earcimid syndrome commonly excrete increased amountz of SHIAA
in the urine, the estimation of whioh is now the accepted diagnostic test
for this syndrome. Initially mamr of the symptoms were attributed to an
increased secretion of BHT. but. the work of Robertson et al (1962) threw
doubt upon whether SHT was responsibl.e for the flushing. Qates et al
(1964) tollowed up this wark a.rxi were able to demonstrate that the
flt.shing was probably due to the release of a vasodilating kinin from the
tumour, formed w:lthin the tumour by a kallikrein. Melmon et al (1965)
have recently reported that this kinin is lysyl-»bradykinin. The tumours
~ associated with the carcinold syndrome are therefore capable of pro-
ducing at least two substances with marked phamacologica.l activities,
and it is known that some also produce histamine. It is not unlikely
that other substances are also produced, since the mechanisws by which
~ the broncho-constriction and valvular lesions arise are st111 not well
explained. | |

: The pellagra~like lesions of the skin sometim_ee seen in severe

‘oases are thought to be due to the diversion of tryptophen through the
SHT pathway which in tbeae patlients may account for 604 of the ingested
tryptopha_n. This is thought to result in the diminished synthesls of

nicotinic acid from tryptophan, though contributing
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factors may be the malnutrition associated with a cachectic state and

severe diarrhoea, which terminally many of these pé.tients exhibit.
" When 1t was realised that increased 5HT ’synthesis oceurred in

" the carcinoid syndrome several investigations were done which helped
in the initial formulation of the pathways of SHT synthesis and meta-
bolism. I o

Udenfriend et al (1956) administered tryptophan-2-c1* to a
pat’te:i‘:tv with the carcinoid syndemB and showed that the dr:).nary SHIAA
became radiosctive. That the tumour was dependent upon a supply of
tiq?;itophan for the syntheéis .o‘f" SHT was shown 1& i:hé investigations
of Smith et al (1957) where the 'urinary level of SHIAA excretion rose
and fell para passu with the amount of tryptophan in the diet. In the
normal dog however the amount ofv 5HIAA excreted izi thé urine could not

be increased by the administration of tryptophan ('Udenfriend et al 1956)
which led these workers to suggest that SHT biosynthesis 1s, under
physiologlceal conditions, occurring at a maximal rate. However since
SHIAA urinary excretion and tissue levels of SHT can be eadily increased
by the administration of SHIP one may essume that SHTP decarboxylation
1s not the rat-limiting step. It 1s not unreasonable to speculate
therefore that tryptophan 5-hydroxylation might be the rate limiting
step in the biosynthesisv of SHT.

Scattered observations supported the hypothesis that S5HIP was the
intermediate in the conversion of tryptophan to SHT. Dalgleish (1956)
and Samiler and Snow (1958) identified SHTP in the urine of certain
patients with the Carcinoid Syndrome. Donaldson et ai (1959) administered
labelled tryptophan to a patient with the Carcinoid Syndrome whose urine

contained SHTP and found that the SHTP became labelled.
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Initially Udenfriend et al (1953) dismissed tryptamine as an inter-
mediate in the synthesis of SHT as they could not demonstrate the
formation of tryptamine from tryptophan. When however the Venzymatic
desarboxylation of tryptophan was revealed (Weissbach et al 1959) this
possibility was reexamined but no evidence for this pathway could be
found (Udenfriend et al 1959). | |
The hypothesls that 2:5-dlhydroxyphenylalanine couldube o precursor
of SHE would presume the hydroxylation of tyrosine, cyclisation of the
side chain and the ingertion of a ﬁv-ethyiamine sﬁe ehain; ' Q:emical
synthesis of 5-hydroxyindole by this route is possible (Cromartie and
Harley Mason 1952). However the administration of labelled phenylalanine
and tyrosine does not lesd to the recovery of radioactive S;lxvdroxytrypto-
phan from the venom glands of Bufo Marinus (Udenfriend et al, 195G) nor
have any of the various steps in this proposed vaequence been shown to
occur encymatically. | |
All the evidence pointed to the sequence
- Tryptophan — 5-hydroxytryptophan —— 5-hydroxytryptamine
as being the physlologlcal ;-oute of S5HT biosynthesls st least in animal
tissues. However many plants contain S5HT as well as other amines such
as noradrenaline, vt.yramim, dopamine end tryptamine (Waalkes et al 1958).
It is not impossible that the bilosynthesis of SHI in plants could proceed by
a route different from that in animal tissues. There are precedences for
~different biosynthetic pathways for important blological substances. For
example depending upon the species of bacteria, algae, fungl or plant,
lysine biosynthesis may occur from acetate and a-ketoglutarate via a-

aminoadipic acid or from pyruvate and aspartate via a, -dlaminopimelic
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acld. No evidence has been adduced for both pathways existing in the
same orgonism (Meister 1965).

However the possiblilities that tryptamine or 2:5-DOPA are pre-
- ocursors of SHT in certain gpecies is falrly remote. There 1s the fact
already stated, that noradrenaline, dopamine and S5HI tend to occur
together in plants and there are certaln similarities in the blosynthesis
.of these compounds which are worth considering. The starting point in
the blosynthesis of these substances would appear to. be the hydroxylation
of an aromatic amino-acld, tyrosine for dopamine and noradrenaline and
tryptophan for 5HT. DOPA and 5HIPare then decarboxylated to form dopa-
mine and SHP respectively. Up to this point then the biosynthetic routes
are similar, but catecholamines and SHT do show other metabolic reactions
for instence oxidative deamination, O-methylation and N-methylation,
though the importance of these varies from tissue to t.is#ue and from amine
to amine.

The studies which this thesis describes aprang from observations on
a patient with the Carcinold Syndrome (Apperdix: Case 1). The urine of
this patient contained large amounts of SHTP and consideration of the sig-
nificance of this highlighted the fact that very little was known about
the en:zymatic catalysis of tryptophan 5-hydroxylation. Lﬁenfrierﬂ et al
(1953) had briefly reported that tryptophan-2-Cl¥ was converted to 5-
hydroxytryptophan-2-ct% by 1iver homogenates. A detailed report of this
work never appeared as the amount of conversion was thought to be insig-
nificant. However in the l:lgm'.. of later work demonstrating the S5-hydroxyl-
ation of tryptophan by rat liver (Freedland et al 1961), which will be more

fully discussed later, the earler work may have been falsely dismissed.
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Mitoma et al (1956) demonstrated the 5-hydroxylation of tryptophan
in & bacterium, Chromobacterium Viilaceum, an organism which makes &
piguent Violacein, this pigment containing a S-hydroxyindole structure
(Beer €t al 1954). They could not howevér obtain the tryptophan 5-
hydroxylase activity uhen'.thef pacterial cells were broken. They were able
to show though that the bacterial cell would not hydroxylate phenylalanine
and that the hydroxylating activity of these organisms differed from the
microsomal aromatic hydroxylating system in liver. The latter has been
the subJeét of many investigations and 1s responsible for the ring hydroxyl-
‘ation of many aromatic substances foreign to the body (Mitoma ét al 1961).
It 1s of interest to note that this latter hydroxylation involves the
introduction of one atom of molecular oxygen, into the aromatic ring
(Hayaishi et al 1956) and comes uder the heading of a "Mixed function
oxidase”, a class to which most enzymes catalysing arbxhatic hydroxylation
probably belong (Mason 1957). In such reactions it is postulated that the
hydroxylase (oxidase) is responsible for a coupled reaction imvolving a
substrate, an electron donor and molecular oxygen. One atom of molecular
oxygen is reduced, and the other introduced into the substrate. Precisely
how such reactions occur is unknown but the overall reaction is represented
by:  Substrate + Op + RHp — > 30 + R + Hy0 (where RHy is the electron
donor). Depending upon the hydroxylase the electron donor may be reduced
NAD, reduced NADP, reduced pteridine compounds, or ascorbic acid (Hayaishi
1963). It is useful here to anticipate some of the results reported in
this thesis to discuss in detall one of these "Mixed function oxidases",

phenylalanine hydroxylase, as many of the propeftiea of tryptophan 5-
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hydroxylase which will be reported suggest a similaerity between these
‘two enzymes. Phenylalanine hydroxylation ls reviewed in detail by
Kaufman (1963), who has been largely responsible for working out the
mechanism of the enzymatic couversion of phenylalanine to tyrosine. He
views the reaction in the following way . The enzyme, phenylalanine
hydroxylase, which in Kaufman's work is partially purified from rat
liver, forms a bomplex with molecular oxygen. This brings cut the first
requirment fo the reaction when studled in vitro, that is fm requirement
" for molecular oxygen (Eq. 1). By = reaction, the mechanizm of which is
unknown, the proposed enzyme-oxygen complex then introduces one atom of
oxygen into the aromatic ring of phenylalanine to produce tyrosine and an
enzyme complex containing only one atom of oxygen (Eg. 2). This atom of
oxygen 1s then reduced to water by a reaction of the enzyme-oxygen com-

plex with an electron donor which is oxidised during this process (Eq. 3).

E+0 = IL-0, | (Ea. 1)
E-0y4 pherwlalanme S tyrosine + E-0 _ (B3. 2)
E-0+ X, = E+ Xip+ H0 (Ea. 3)

In s series of careful investigations Kaufman has shown that the electron
donor 18 a tetrahydropteridine. It was found that tetrahydrofolate (THFA)
as well as simpler, amd often more stable tetrahydropteridines, could
replace the naturally occurring cofactor which is now thought to be redu-..
cedrobiopterin: (Kaufman 1963 ). Most of the resent studies on phenyl-
alanine hydroxylation have utiliged 2-amino-~%-hydroxy~-6,7-dimethyltetra-
hydropteridine. (In the studies to be reported on tryptophan 5-hydroxylase,
tetrahydrofolic acid (THFA) and 6-7 dimethyl 5,6,7,8-tetrahydropteridine

(DMPHY ) have been used in the investigation of electron donor requirements).
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Kaufman found that during the conversion of phenylalanine to tyrosine
by the rat liver enzyme the tetrahydropteridine was oxidised to a di-
hydropteridine, which i1s inactive, via an intermediate "Oxidised
pteridine®, This intermedlate 1s capable of being reduced back to the
act;ve ‘tetrahydropteridine by reduced NADP and an enzyme prepared from
- sheep liver, which may be regarded as a dihydropteridine 4rednotase.
~ Kaufwman has presented evidence that the "Oxidiaed_ pteridine” capable of
‘belng reduced back to the active tetrahydropteridine is a 5,6-dihydro-
: pteridine and that the inactive final oxidised form is a 7 8-dihydro~
pteridine. The overall reaction is _the#efore reptjesented by eqa. 4.
L-Fhenylalanine + Oz + tetrchydropteridine

phenylalanine reduced NADP + Dihydro-

hydroxylase ~ pteridine reductase (Eg. 4)
(rat liver) (sheep 1;lver)

H,0 + L-Tyrosine + "0xidised pteridine'f wems T,8-dihydropteridine

In terms of enzymologlcalilnvestizations carried out in vitro the
necessity for the additlon of reduced NADP and the dihydropteridine
reductase should be overcome by adding an excess of the active tetra-
hydropteridine. ~ However 1t is probable that quite a large. excess of a
tetrahydropteridine has to be added because these compourds are rather
unstable and easily oxidised. |

The results reported in this thesis will present evidence sugzestive
that tryptophan 5-hydroxylation proceeds by a similar reaction and the
reports of Nagatsu et al (19@4)_on tyrosine hydroxylase and levine and
Sjoerdsma (1965) on the tryptophan S-hydroxylase prepared from mouse
mast cell tumours suggest that these enzymes also act through a aimilaf

mechanism.
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In 1957 Parrat amd West reported that certaln mast cell tumours of
rats contalned large amounts of SHT. Schindler (1958) incubated neo~-
plastic ascitic mast cells of this type with 131;--1:x':\rp'l.:c:phan—»}‘-t'::""L and
isolated from the incubation radicactive 5HT. He also produced solid
mast cell tumours in mice and from these tumours prepared a cell-free
supernatant extract which on incubation with radicactive tryptophan
,foixixéd radioactive SHT. HNo attempt was made to identify SHTP as an
intermediate.

Delg;leish and Dutton (1957) attempted to demor.strate the bio.,yn-
thesis of’ SPT from t*yptophan in peri‘us“d 1iver and Srtestine but
falled. Cooper ard Melcer (1961) claimed to demonstra_te the. 5-
hydroxylation of tryptophan and the subsequent. decarboxyla.tion of the
S5HTP formed in cell free preparations of intestinal mucosa and kidneys
| of guinea pigs. They encountered troubly with non-enzymatic S-hydrox-
ylation of tryptophan which to some extent confuses the results they
present. In addition the quantitative assay which they describe would
probably not exclude the assey of tryptamine as SHI, and this would
aceount for the activity they found in kidney preparations with which
tryptophan decarboxylation would be expeated. They‘claimed‘that cutt
ard ascorblc acid were required for the full activity of intestinal
tryptophan hydroxylase and as will be discussed later this is a potent
corbination in catalysing the non-enzymatic S5-hydroxylation of trypto-
phan. Even though there are many anomalies in this report which make
it difficult to assess, nevertheless one 1s tempted to speculate that
tryptophan 5-hydroxylation was bé.:.ng observed. Although in the studies

to be reported later, tryptophan $-hydroxylation has been demonstrated
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in whole intestinal segments, Cooper armd Kelcer's work on cell-free
preparations of mesmm mucosa could not be confirmed (see also
Renson et al 1962). Another study which implicated the gastrointestinal
tract as a site of SHT biosynthesis was that of Bertaeeini (1960). He
found that. the removal of the gastrointestina.l tract fm rats caused a
marked fall in the urinary excretion of SHIAA and in tissue concentration
of 5HT '(exce.pt in the brain and ‘skin). ‘Hevé‘xcl\ded ﬁrwptophan malabsorp-
tlon as the cause of these changes and donciuie& that thevgastrointestmal
tract was the mein site of SHT biosynthesis in the body but that the brain
and skin were also capable of svrrbhesising, SHT (thﬁ- iatteyr probably by
virtue of its mast cell population.)

These conclusions ure relevant to the Carcinoid tumour. The majority
of these tumours arise in the gastrointestinél tract am are made up of
cells having the histochemical reactions of the argentaffin cells of the
gastrointestinal mucosa which Ersparaer (1954) had implicated as the
site of synthesis and storage of S5HT. The preaufxxption has always been
therefore that the tumour itself is directly responsible for the increased
biosynthesis of SHT seen in the carcinoid syndrome.

When the deoision was made to investigate tryptophan 5-hydroxylation
in isolated tissues, the cholce of tissue for examination became import-
ant and some general considerations of this matter will be discussed. If
an enzymatic reaction is to be studied in isolated tissue preparations
then it is obvious that the more active the tissue is in respect of the
reaction the easier the study is likely to be. At first sight a good
eriterion for choice of a tissue would seem to Le the tissue concen-

tration of one of the products of the reaction. However the tissue
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conceﬁtration of a substance, particularly a substance with pharmacological
activity, 1s a balance between synthesis, storage, destruction and release.
For instance a tissue may contain a high concentration af‘ a substance
merely because that substance is stored there, as is the case with SHT in
platelets. If however s tlssﬁe does contain a high concerntration of a
substance amd there is a reasonzble indirect evidence that the substance
is synthesiaed there such o tissue may be a good rirst choiee for examin-
ation. Because clinical 1nveat15,ation on various aspects of the
carcinold syndrome was golng on in the emiromnent where the present
astudies were proposed, carcluoid tumours LB removed at operation or
metastatic carcinoid growth (which in the liver is usually well defined
and cbundant), was not too Gifficult to come 'by.. |

The greatest problem engountered .in these studles iaas been the
development of methods capable of demonsirating and assaying the enzymatilc
5-hydroxylation of tryptophan. From the outset the en::ymatiu conversion
of tryptophan to SHTP was stxxiied usine, xva;:noactive tryptophan as a subs~

trate. This was done for two reasons. Firstly it appeared from the
literature that tryptophan hydrexylation was \miikely to bé & guantitatively
very active reaction. Secordly carcinoid tumours con tam large amounts of
5-hydroxyindoles so that if the conversion of tryptophan to SHTP was small
1% might prove difficult to demonstrate the de novo synthesis of 5-
hydroxyindoles by non-isotopic methods. |

The identification anmd assay of the radiocactive S-mrdroxyitﬂoles
formed from tryptophan-3-Ci% proved a very difficult technical problem.
The wmethods designed to tackle this gradually devéloped as the stuciy

progressed and information about tryptophan 5-hydroxylation emerged. These
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‘methods are therefore deseﬁibed in the context of the study as it evolved.

. mis investigation into the nature of tryptophan 5-hydroxylation
as the first step in the biosynthesis of SHT has passed through various
phases. First carcinoid ‘tumours were stuiled and the initial éxperiments
f'a.iledi'to demonstrate tryptophan S—hydrox,vlation. Freedland et al (1961a)
then reported thé.t ’pi-yptophan-s-"hydrokylation gccurz?ed, 1n rat liver
prexiax;ati'ors_. The reaction was :thexf'ef:ore studied in this tissue and the
knowledge gained applied to thé; study of carcinoi:.d‘tumouzj. 5t111 no
~ actlyity was ‘ft;:u_nd. j MevthodsA_were then altered and improved and it became
) | poésiblé to demonstr‘atelaxﬂ stuly the comersién of ‘tryptvopha.n. to SHTP in
‘caréino‘id‘tumour,tissue'. _These methods were then appliéd to the study of

SHTF bioaynthesis in intestinal segments ard isolated brain tissue.
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EXPERIMENTAL SECTION I

'A. TRYPTOPHAN 5-HYDROXYLATTON IN CARCINOID TUMOUR TISSUE

Introduction

_ The criteria used in the selection of carcinoid tumour tissues
used in this stuldy were: | _ ‘ » .

(i) Cases from uhich tissue was removed should have presented with the
carcineid syndrome; _ 7 o

(11) The urinary excretion of SHIAA must have been 'z"aiysed‘ ani/or the
tumour tissue must have 6ontaimd‘ an increased concentration of 5-hydroxy-
imdoles. These criteria sﬁauld_ensure that, in vivo at 3.§ast. the tumour
tissue was actively synthesising SHT.

. The pattern of 5-hydroxyindoles excreted in the ﬁrxne and present
in the tumours of patients with the carcivold spfndrome is of intersst. In
nost patients with the syndrome the main S-hydroxyindole excreted in
excess in the urine is SHIAA and in tumours removed frow such patients
the predominant S-hydroxyindole is SHI, {(oiten wich a litiie S5HIAA) (own
observations). Langemann (1958) has demonstrated that many carcinoid
tumours convain both SHTP decarboxylase and moncamine oxidase. However:
in a few patients the tumour and urinary pattern of S-hydroxyindoles
differ from this. These patients exerete in the urine large amounts of
S5HTP, SHT, and SHIAA and tumours from such patients have been shown to
contain large amourts of SHI'P as well as SHT (Peart et al 1953). It has
been shown (QOsates and Sjoerdsma 1962) that the administration of SHIP to
man causes the excretion of SHTP, SHT and SHIAA in the urine. It is

therefore assumed that in these patients there 1is some defect in the
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decarboxylation of SHIP either because of a lack of SHTP decarboxylase

or because of some fault in Intracellular organisstion whereby SHTP is
releaged before it can be decarboxylated.

The first tumour studied (Appendix: Case 1) was of this type
and on the _assumption that it 1acked the decarboxylase it was hoped that
any SHTP foraod 'from tryptophan would remain as such in the tissue incu-
b;ticn'mixture and not be further metabolised to SHI. Initially there-
fore methods were developed to demonstrate the prddwtvion‘of SHTP which
were applied to other tumours without fully appreciating that these latter
tumours were vich In SHTP decarboxzylase.

Methods

L. Collection and Preparation of Careinoid Tunour Tissue

(FPor detalls of tumours see Appendix)

Tumours which were collected at operation were immediately placed
in ice in o vacuun flask, transported to the lasboratory amd steored in the
deep freeze at ~100C to -15°C until used. Autopsy material (livers con-
taihing tumour metastases) was removed half to one and a half hours after
death. The livers were stored at -10°C to -15°C until used.

Typleal corcinoid tumour tissue is very filbrous amd difficult to
homogenise. 'rhe‘ following 'pmoedure was there fdre adopted. Pleces of
the whole tumour or metastases macroscoplcally separated from the liver
tissue around them were minced up with scissors. The mince was then
pressed through several layers of wire gausze in a sodium press, The fine
mince was weighed and homogenised in a tissue homogeniser, a glass tube
with a teflon pestle (clearance 0.1 nm:) in C.01 M potassitmx phosphate

puffer pH 7, (1:1 w/v).
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Whole homogenates.were centrifuged at 100,000 g for 1 hour, The
clear supernatant was decanted and kept and f.he particulate fraction was
resuspended in 0.01 M potassium phesphate buffer, pH T to vt.he original
vol\ime of whole homogenate taken. All these preparations were performed
at 00 to 59C.

2. Assay of Tryptophan 5-Hydroxylation
a. Deproteinisation At the end of the incubations {to be deseribed, in

which 1 ml of either the whole homogenate, 100,000 g supernatant or
100,000 g particulate fraction were used, 2 ml of 0.8 N perchloric acid
was alded and the sample gently shaken. The denatured protein was removed
by centrifugation at 1000 g for 1‘0 mins and the supernatant kept. The
precipitate was resuspended in 3 ml of 0.6 N perchloric acid, again
cenbtrifuged ard the two supernatants pocled. This exﬁ;ract was ad justed
to a pH of 7 with 1 N KOH and the srystalline potaséium perchlorate
removed by centrifugé.tion et 500 g for 5 minutes..

b.  Desaiting This extiact containi a high canoentvation- of ions and
its volume is about 10 wl. The S-hydroxylidoles in this solution had to
be extracted in & form cuitable for high voltage paper electrophoresis,
which had already been chosen &8 the method of ldentification. It was
necessary therefore to desalt the extrzot amd reduce the volwu:e. The
procedure adopted was esgsentially that deseribed by Asatoor ard Dulgleish

(1956) , o
The deproteinised extract was adjusted to a pH of 4 with a few

drops of glacial acetic acld. 0.25 G of charcoal previcusly deactivated
with stearic acid (4 G stearic acid to 100 G charcoal) was added and the

suspension allowed to stand with occcasional mixing for 10-15 minutes. It
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was then centrifuged at 2000 g for 10 minutes and the supernatant
discarded. The precipitated charcoal was resuspended in 10 ml of dis-
tilled water and centrifuged again. 'This procedure was repeated twice
more, discarding the supernatants each time and thereby washing the
charcoal free of salts. The charcoal was then resuspended in 10 pl of
an agueous phenol solution (73 phenol/100 ml water) and allowed to stand
for 10-15 minutes with occasional shaking. The sugpension was centri-
fuged at 2000g for 10 minutes and the resultant supernatant filtered
thfough No. 1 or No. 4 Whatman filter paper to remove the last traces
of' gharcoal. Two further 10 nl volumes of the agueous phenol solution
were added and the procedures repeated. The phenolic eluates were
pooled and evaporated to dryness at 70°C in a rotary evaporator under ‘a
vacuum of 10 mm Hg. The dry extract was dissolved in 10 ml of water and
evaporated to dryness and this procedure repeated to remove last traces
of phenol. The extract was washed from the flask with 1.5 ml x 3 volumes
of water and the solution placed in smazll glass pots and dried overnight
in a vacuum dessicator contalining Paos, NaOH ard cone HpSOy at 10 mm Hg.
These dried extracts were then suitable for high voltage paper electro-
phoresis after they had been dissolved in a little water.

Initially interest was focused upon the recovery of SHTP and it
was found that, using this procedure, the recovery of SHTP was about
705 when 2 umoles of DL SHTP was added (prior to the addition of per-
chloric acid) to aqueous solutions. The recovery of SHT however was
only 5-10%7 under the same conditions.
¢. The Separation of 5-hydroxyindoles by High Voltage Paper Electrophe-

reeis The dissoclation constant of the 5-CH group of 5HT is 11.1 (Vane
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0 O D O O
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Fig. 1 High voltage paper electrophoresis at pH 12, showing
separation of tryptophan (T), SHTP, S5HT, and SHIAA (For conditions
see text). O = origin, - = cathode, - = anode. Stained with
Erhlich's reagent

‘2

-5HTP—

g5cm

Fig. 2 High voltage paper electrophoresis, pH 12. Scan of eleét;;-——
phoretic strip showing peaks coinciding with SHTP-3-C1¥* and tryptophan
«5-034, (For corditions see text).
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1959). It seemed likely that the dissociation constant of the 5-OH
group of SHIP would be in this region and therefore at pH values
higher than this SHTP would be expected to move more guieckly toward
the anode than tryptophan on high voltage paper electroplmresta. The
apparatus used was one butlt in the laboratory but on the principles
descrived by Efron (1960). |

2y trial and ervor the follcwiné, solution was selected as the
high voltage paper electrophoresis “"buffer”. Two stock solutions, A
and B, are first prepared: | '

A. Sodium tetraborate (Nap5y0, 10H0) | 19.05 G/L

B. Sodium hydroxide (NaOH) ) _ 8 G/L
500 wl of A and 450 ml of B are wixed and the solution made up to
neé.rly 2 L. The pH is then measured with a glass electrode and if
necessary adjusted to 12 with 2 N NaCH.

Electrophoresis is carried out on 3 mm Whatman paper at 80-90
v/em for 1 hour. Spots are applied one inch apart on strips of paper
5" in width or applied separately on strips of paper 1" in width, 4-5
strips being electrophoresed at one run. The origin ié set weil toward
the cathode end of the paper if the separation of tryptophan, SHT, SHTP
and SHIAA is being studied as all these substances run toward the anode.
Pigure 1,shows the separation achieved. For interest is included a
soan of part of an electrophoretic strip on which was spotted 2.5 ne/
16ug of DL-3-C}% tryptophan and 0.5 pe/20ug of DL-3-ClSHTP (gure 2).

Discrete separations can be achieved under ideal conditions,
but the following precautions pust be taken:

(1) The samples spotted must be virtually salt, protein amd 1ipid free,



otherwlse separations will be poor and trailing will occur.

(11) The paper should not be overloaded. 40-60 ug of either tryptophan
‘or the 5 hydroxyindoles is really the maxfoum amount for an 1‘n1t1a1 spot
1 om in diameter on Whatman 3 mm paper.

' (iii) The electrophoretic solution muét be changed with eé.o)h’run.

(iv)v : Although good separations are achieved the distafxee tfavelled from
the oﬁigin‘ is rather variable from run to run. VH'OWeVer within‘ am,' one
i-unfthevseparations are‘ reiiaiale. For this reason rathef-thén use fhe
'distanée tz‘avelied' from the.vorigin’ as the sole 'irxiéx’of identification,
stahdazii strips upon which have been spottéd pure substances have always
" been electrophoresed alongside the unknowns. Also in the experiments
where the conversion of radioactive tryptophan to radiocactive 5-hydroxy-
indoles has beén studied, nob-radioactive ‘5-hydroxyindoles have aiways
been added as "Carriers" and of course these substances’ can be identi-
fied on the strip after soanning, by their staining reactions. One
further point 1s of interest. Tryptophan, SHT, SHTP end SHTAA when
present in amounts of 20ug or more per spot fluoresce witha light
greenish-blue tint on the electrophoretic strips run at pH 12 when
these are dried and viewed under a Wood's lamp in U.V. light é.t 365 ms.

This property also ailded location of these substances.

d. Stain:lxig Reactions Throughbut the studiés reported here 5-hydroxy-
indoles, tryptophan and related compounds have been located and identi-
fied on paper chromatograms and electrophoretograms by their staining
‘reactions with Ehrlich's reagem'. (Jepson 1955)

e. Initial Analytical Progedure After incubation 2 umoles of DL-SHTP

were added and the sample deproteinised with perchloric acid. The extract
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was passed through the charcoal method and the evéntual.dpied extract
dissolved in 0.2 ml of water. 0.02 ml aliquots were then spotted for
high voltage paper electrophoresis at pH 12 as desceribed. The strips
weré dried in a hot air oven at 50°C and then scanned for radioactivity
in a chromatogram scanner (Isotope Developments Ltd.‘s‘eintillation
counter 663). They were then stained with Enrlich's ..feagent to locate
the "carrier SHTP.

Expts 1 and 2. INITTAL ATTEMPIS TO DEMONSTRATE TRYPPOPH.AN 5 -HYDROXYL-
"' ATION IN CARCINOID TUMOUR TISSUE

Tumours 1, 2, 3,- 4 vand 5 (See Appendix 1) were shdied. Whole
h.omogenates, 100, 000g supernatant amd particulate trac*ions alone ard
combined were -examined for tryptophan: 5-twdroxylation activity by the
'methods deseribed. Various experimental cox:ditions_were. tried and
these are shown below. o -

(a) Using as a basis thé,firrlings of Cooper and rvielcéf ;.(1961) who
-elaimed to have demonstrated tryptophan hydroxylation iﬁ prepa:jations

of lutestinal mucosa, tissue incubations were carried out as follows:

Tumour preparations examined -~ Volume added .

. whole homogenates . . : 1xn1

- 100,000 Gsup ernatant fraction - 7 1lmd, o
100,000 G particulate fraction | 1 ml ‘

: Additions‘ o - Final Concentraiion

Potassfium phosphate buffer pH 7.5 0.1 M -
CuCly S ~2x107M .
Ascorbic Acid ‘ 1x107°M

Pgbeéy?fc acuuty luo/umole y - 1.2 x 100N



The total volume of the incubation samples was 2 ml. Incﬁbations were
carried out for 1 hour at 37°C in a metabolie sha.ker either :m air or

in Thunberg tubes thrice evacua.ted and flushed w:lth 1\5 Boiled tissue

was used as a control.

| (b) Using as an analogy phenylalanine 4-mdroxy1ation (Udenfriend and
Cooper, 1952 and Kaufman, 1958) the folluwlng 1ncubations were carried out:

Ttmzouz- Prepar tions Examined | Added

Whole homogenates - l mL.

100,000 G Supernatant fraction o Ymd o

100,000 G Particulate fraction lml
Additions - . . Fins) Concentration

Potassium phosphate buffer pH 7 - . 0.0 M -3

NADP 2 x 10 I‘f

Glucose-6-phosphate (potassium salt) = 0.04 M. :

Glucose-6-phosphate dehydrogenase 5 E.U.

MgCly o . 0.02:M -

DL»tryptophan-} 014 5 8 x 10"4M

(speeific activity 2.07 pc/umole) . _
@ .

Potassium phosphate buffer PHT 0.04 M "

Reduced NADP 2 x 10°°M

THFA : S 2 x 10‘3»4

NAD 2 x 107M

MeCl, , . 2 x 1070y

DL«trypt.ophan-B-c 5.8 X 10"“1«1

(specific activity 2.07 pc/umole) -
The total volume of the incubatlon samples was 2 ml. Incubations
were carried out in tubes flushed with Oy and corked, in a metabolic shaker
at 37°C. Boiled tissues ldemtically incubated acted as comtrols.
Results
1. By the methods of analysis used no radioactive S-hydroxy-

tryphophan could be demonstrated.
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~5HTP= ~T»

Pig. 3 HRadioactive scan of high voltage paper electrophoresis (pH
12) of extract from an incubation of carcinoid tumour whole homogenate
with DL~tryptophan~35-Cl4%, Stained with Erhlich's reagent. Note that
no radicactivity is essociated with the "Carrier®, SHTP.

(T = tryptophan)

’
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2. It appeared from the size and density of the SHTP spot
on the paper electrophoretic strip after staining with the Ehrlich's
reagent that about 50“’ ot‘ the carrier SHTP was being recovered.

- 3. Although sepa.rations of tryptophan from S-hydroxytryptophan
were rather variable, separations were on many oocafsions excellent and
had there been appreciable radicactivity associated with t.he 5I-ZI'P a
peak should have resulted on the Scan. _

A representative strip showing good separation of carrier SHTP
from radioactive tryptophan 15 shown in figure 3. Note that no raedio-
a.ctivity 15 present in the area where SHTP stained |
Dlscussion

The following appraisal of these negative results was made:

1. Had the tumours lost their zetivity? At the time this question

was impossible to answer. In retrospect however the probable answer
is no, sinee subsequently it was possible to demonstrate tryptophan
hydroxylation in tumours stored at -10°C to -15°C for as long as nine

2. Had hanogenisation destroyed some essential intraoellular organis-

ation necessary for full activity of tryptophan hydroxylase? By this

is meant 'bwo things:- (a) 'I'hat the 1ntracellular 1oealisation of the
enzyme is in some way essential for 1ts activity ( Pardee, 1959) |
(b) That in the whole cell cofactors essem:lal for emymatic trypto-
phan hydroxylation are organised 1n spa.oe around the enzyme in optinug.
concentration. Breaking the cell then destroys this organisation and

releases the cofactors whose effective conoentration is then lowered
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‘and which may be destmyed or 1ngctivated by substax@cles_ 6r enzymes
~ with whiéh in yvivo the& do x;ot come into conj:éct (fardee 1959).
| | If. seems very 11kély thaﬁ the loss of e.eilulav‘organisation
"did play some part in the negative results, since it was 1ater demon-
strated that although tryptophan lwdroxylation could be demcnstrated
in tumour slices, frequently no activity could be de_mnnstrated in
_c.ell"fj'ree fraetions prgparéd bf;‘om‘these 'tumourvs. A s.;miwl-ar si‘buatidn
has been report;ﬁ_ by r‘ﬁitoma’et' ail (:L956) with Chromobacterium
\fiolacemﬁ where 1t was shown that, whereas the' whole ba.éterial cell
: would twdroxylate tm'ptophan, all cell free prepara‘bions were inactive.

3. Was tryptophan 5-hydrcxylation inhibited by endo&enous 5-hydroxy~

ipdoles? ‘ These tumou;'s 'c\ontained large gmou_nt‘sh o;(’_ )-hydromrirdoles
(see Appez_adix). As 5-hydroxyindoles are products of, .tryptophan
ﬁydroxylation it couid be that in disorganiéed tumour tissues prepared
by homogeniﬁation tryptophan hydroxylation is inh;hit.ed' by the high
concentration of 5-hydroxylndoles present. Product inhibition of
enzymatic reactions 1s a well recorded phenome;len (Waiter ard Freiden
1963) and very relevant 1s the v{ork of Nagataﬁ ‘ei al (1954) on the

inhibition of tyrosine hydroxylase by eatecholanines.

4, Has allthe SHTP converted to SHT? In tumour 1 endogenous SHTP
wasv‘d»emonstrated and recovered‘ after ineubation, “though no radbactivity
could be found associated with it. This objection did not therefore
apply to‘ thils tumour. However in thg other t.umours no erdogenous SHTP
had been demonstrated on paper cl_'xmmatograpm or ,eieet.nophoresis amd at
a rough calculation this exgltx;qs the presence of more than about 1-2 ug

of SHTE/G of tumour compared with 200 ug or more /G of tumour for SHT.



29

In these latter tumours therefore SHTP might have been very quickly
converted to SHI' by endogenous SHTP decarboxylése.‘ As the methods
‘used: in these inital experimehts wez-e developed primarily to detect

the production of SHTP it.niight' have been that one was in fact missing
tkrypto;lxhan hydroxylation because. a1l the SHTP formed had been converted
to sHT. | o o

5. Was the asssy method sufficiently sensitive? Calculations made on

_the basis of later results show that the analytical procedure would not
have detected less than a 1% comversion of the. substrate L tryptophan
. to L SPHP ard. 1t 1s very ]..il-«:ely‘that urder the conditions used here the

. comversion was less than this. |
Optimistically it was still assumed that tryptophan hydroxyl-
ation did ﬁake place in these tumours and thati the reasons for the
negative results were:- .
(1) Partial conversbon of SHTP to SHT
o -(ii) Yowered tryptbphan hydroxylatibnuactivﬁy becau.sé of
‘ -hoinogeﬁisation.

(1i1) Insensitivity of method.

. B TRYPTOPHAN 5-HYDROXYLATTON IN RAT LIVER PREPARATIONS

- -Intréduction

At the time the initial negative tumour experiments were
 being done Freedlard et al,.(1961a) reported that tr.:,'ptophanbs-rwdroxyl—
' ation could be demonsirated in cell free preparations of rat liver.
Dalgleish and Dutton (1957) had previously réporféd‘tﬁat liver was

inactive in this respect but Freedlard and his ‘eolieagues had taken



the unusual step of 1neuba_tj.xig their liver preparations with high
concentrations of L—try_ptophAn (1.6 x 1074m). Having failed to demons-
‘trate tryptopha.n hydroxylation 1n carcinoid t\mm:rs i‘b isas thought

| worm}qxhile to 1mest:lga.te the ra‘b 11ver antivtty further and use it as
a basis for the study of tumour hydroxylation. _

Mehhods

(a) The Assay of Tryptogpan S-eroxylase in Rat Liver

To the incubation sample was added 4 vol.umes of‘ 95% ethanol.
The mixture was allowed to stand with oeeaaional shaking for 5-10
minutes and then centrifuged at 1000 G for 10 minutes . “I‘he deproteiniced
supernatant fluid was taken and evapqiiated to drynes‘s_' under ‘Vacuum at
50°C in a rotary evaporator. “I‘he dried extraqtv.sé.é‘ xashed out of the
flask with 1.5 x 3 ml of wa.ter and evaporated to dryness in small glass
pots in a vacuum dessicator containing P205 NaOH, and coner HaSO)‘ When
dry, 5 ml of wa’cer was added, the extract dissolved ard a 2 ml aligquot
taken for assay by the colorimetrie procedure,descz‘fibed‘ by Udenfriend et
al (1955) and modified by Freedland et al (1961a). The optical density
df- the purple chromophore resulting from the nitrogpnaph_thol eolorimetric
reaction was measured at 540 my and compared with a standard solution
containing a known amount o'f :Sflxydroxypryptamme, a 2 cc aliquot of which
had béen‘ ca;'tiéd through the colorimetric reaction. Two blanks were
usually rim, one consisting of 2 cc of water, the other a boiled tissue
coﬁtrol or a control to which 4 vols of 95% ethanol had been added prior
to incubat.ion. The dried ethanolic extracﬁs were also sultable for paper

lelectrophoresis and chromatography .



(b) Preparation of Rat Liver

Rats were killed by a blow on the head, the livers immediately
removed, weighed, minced with scissors and homogenised 1n the glass tube
with a t;eflon pestle (as previously described for carcinoid tumours) in
a solution of KC1 0.154 M containing 2.5 x 10™'M NaOH (3 co/C of liver).
The whole homogenate was centrifuged at 20,000 g for 40 mins and the
supernatant résul’c:lng uged in the experiment to be desgeribed.

Before the cofactor requirements of this preparation were more
precisely defined it was assumed that the rat liver tryptophan 5-hydro-
xylase activity would turn out to similar to the phenylalanine 4-
hydroxylase activity s the properties of which had been atudled by Kaufman
(1959) and Udehi‘riend and Cooper (1952). 1In the initial experiments it
will be seen that rather erratic and empirical additlons were made, before
a more syétematic investigation of cofactor reguirements was made.

Expt 3. THE DEMONSTRATION OF TRYPTOPHAN 5-HYQBOXYLATION' BY RAT LIVER

The following incubation mixture was set up:-

1l ml 20,000 g rat liver supernatant

L-tryptophan final concentration 5 x 10™M
NAD " " 5 x 10”MM
Reduced NADP " u 5 x 10~
THFA n " 2 x 107
Nicotinamide " " 5 x 10°M
Potassium phosphate buffer, pH 7 " 0.1 M

Total volume of incubation, 2 ml. Bolled tissue identically

incubated was used as a conirol. The samples were incubated for 1 hr

at 379C in an atmosphere of Oy in a metabolic shaker. At the end of



incubation the samples were deproteinised, extracted and assayed as

. described.

. Results

-1 cc of a 20,000 g supernatant fraction prepared from a 3:1 (v/w)
whole homo;enate of lrat llver produced 0.0% umole of S5-hydroxyindoles
in one houru (assayed‘as SHT). This represents a 0.3% conversion to 5-
- hydroxyindoles of the 10 umoles of L-tryptophan a.dde&.

Comen;s . ,

(1) No purple chromophore appeered on assay of the control samples.
(11) A visible purple chromophore was formed on assay of the experi-
mental incubation.

. (111) It was apparant therefore, aésuming that the assay is specific
for 5-hydroxylndoles (Udenfriend et al 1955) that rat liver possessed
tryptophan S5-hydroxylating activity.

Expt 4. THE SUBCELLULAR FRACTIONATION OF TRYPTOPHAN 5~HYDROXYLASE
| FROM RAT LIVER , :

A 20,000 g supernatant ‘fraction (81) of rat liver was prepared as
already described. An allquot of this was then centrifuged at
100,000 g for 60min in a Spinco ultracentrifuge (Model L) The
resultant supernatant (s, )was decanted and kept. Roughly half of the
100.000 g partieulate fraction (P2) was resuspended in 4 ml of Sp,

the other half being resuSpended in 4 ml of 0. Ol M potassium phosphate
buffer, pH 7. This subcellular fractionation is schematically illus-

" trated in figure 4.



33

FIGURE &

Subcellular Fractionation of Rat Liver Whole Homopenstes

Whole homogenate rat liver in 0.154 M KCl + 2.5 x IO'I‘M NaOH (3ec/G)

20,000 g for 40 mins

P 8;
100,000 g for
; 60 _mins
Ta 3 2
" P, resuspended in 4 P, resuspended in 4
ul of 8, (B, + Sp) ol of 0.01 M potassium

phogphate buffer, pH 7
(P> + buffer)

To 1 ml aliguots of fractions 81, 85, "Po+S," and Bytbuffer” were added:

L-tryptophan Final concentration 5 x 10°9M
 NAD " . 5 x 10™%M

Nicotinzmide " " 5 x 1073m

Potassium phosphate buffer pH 7 n 0.1 1

Total volume of incubation 2 ml. Tissue preparations to which were
added 4 vols of 95% ethanol acted as controls. Incubations were carried
out for 1 hr. at 37°C in 0, in a metabolic shaker. The samples were

deproteinised, extracted and assayed for 5 hydroxyindoles as described.
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Results TABLE I

Tryptophan 5-hydroxylation by subcellular fracticns of rat liver

Fraction Vol. (ee) umoles 5 hydroxyindoles
' produced/hr
5, 1 02
S, . . 1 | . 018
B+ S 1 0.11
P, + buffer 1 o
Conhénts_

This experiment showed that the tryptppha:n.hydmxylase activity
| éesided ‘in the 100,000 g supernatant fraction, tfxé.t no activity was
present in the 100,000 g particulate fraction, and that perhaps a

100, 000 g supernatant ;-:as ‘;sligh'hly more active than .a 2,0,:600 g super-
natant,.
- Expt. 5, STABILITY OF RAT LIVER TRYPTOFHAN 5-HYDROXYLATION

o As these studies were béing dohe to form a basis for the inves-
tigation of carcinoid tumour activity, the stability of the rat liver
: erizyme was investigated. If ihe carcinoid tumour hydroxylase was
similar, one wanted to know how stable it was in the interval which might
elapse between collection and “Immediate" 1ncubétion and also whether the
activity deteriorated during st;_drage in the deep freeze.

1. Stability at 37°%

1 ml. aliquots of a 20,000 g supernatant prepared as described
were pre-incubated for various times at 37°C in air without shaking in
the presence of NAD, nicotinamide and phosphate buffer, pH 7. (Concen-

trations as in the'previous experiment). Total volume of incubation 2 ml.
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At determined intervals L-tryptophan was added to a t’inal ooncentration
of 5 x 10"3M, the tubes gassed with 02 and shaken at 37°c for a further

hour. | At the end of 1ncubation the samples were assa.yed for 5-hydroxy-

1ndoles.
Results | ' ‘I‘ABLE 2
The stabilitx of tgzgf._oghan 5: g g_:_gglase :ln rat 11ver at 379¢
Preincubation Time umoles 5 hydro:qrimoles pro-
_ duced/ml 20,000 g_supernatant
0o o T 2 -
15 wins® - .04
30 mins o7
60 mins , 008
120 mins | 0.05
180 mins = : 0.02‘
Comment

It will be seen that activity gradually declines over the 3
hours of the preincubation b\rh that activity is still quite easily
detectable then. Whether the deeline in activity 1is due to a fall
off in the_ effective concentration of essential cofactors or due to
instabllity of the enzyme was not further investigated. : The point
was made that if activity could still be detected after 3 hours
incubation at 37°C, then if the carcinoid tumour enzyme were similar
it woild be unlikely to become completely inactive dur:lgg the period

of collection and immediate preparation of tissue in the cold.
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2. Stability a.t -1o°c to -15°¢

The last experiment did not exclude the possibility that the
enzywe might become maqt:lye during storage at -1_09(: .to -15°C for longer
peri'ods‘. To test this 'a 100,000 g rat liver supernatant fraetion was
prepared as described and a 1 ml aliquot was ‘assawéd‘fc;‘rktryptophan
hydro‘:ylase activity as 1n the last experiment. The rest was stored in
the deep freeze for 214 hours, then thawed amd a 1 ml al:lquot again assayed
for tryptophan hydroxylase activity T
Results  TABLE 3 |

The stability of tryptophan 5-hydroxylase in rat liver at -109C to -15°C

100,000 g supernatant pmoles 5-hydroxy1moles produced/hrjml
Fresh ‘ : ' oo

Stored 24 hrs. at -10°C to -15°C | 0.038

Coments

The fall in activity represents a decrease of 3% in tryptophan
hydroxylase activity after storage for only 24 hours. This was a fairly
depressing finding but confirmed the work of Kaufman (1957) on phenyl-
alanine 4-hydroxylase. If the iwdrbxylating activity of carcinotd
tumours was the same then the démonstration bf thié aéiivity would have
to be carried out on very fresh material. As it turned out however, the
carcinold tumour hwiroxylase proved ‘t_o be a gréat deai more stable than
this. | |

THE IDENTIFICATION OF THE PRODUCTS OF TRYPTOPHAN 5-HYDROXYLATION BY RAT
LIVER

Although confirmation of tryptophan 5-hydroxylation by the assay
method specific for 5-hydroxyindoles had been achieved, nevertheless more
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precise identificat:lon of the products of the rea.ct:lon was needed.

The agsumption was made that any tryptophan‘:vdroxylated would
lead to the formation of 5-HTP, that this would be corverted to SH'I' by
the aromatic amino aclid decarboxylase present in the rat nver prepar-
atlon, and that some of the SHT might be oxidatively deaminated, if
'soluble mo.noamine'oxidasﬂe Qas bresent (Heisa'sbaeh ‘et al 1957), producing
GHIAA. Methods ﬁgre therefore needed foz? the extraction and identific-
ation of BHT, S}EDP.and‘_ SHIAA. -

‘Methods

(a) Deproteinisation with ethanol. This procedure has ‘a;lreédy been

‘described on p. 20,

(b) Extraction of SHT The dried ethanol extract was dissolved in 5
ml of waber and the SHT extracted from the solution into butanol and
returned to 2 ml of 0.1 N-HCL by the extraction procedure described by
Bogdanski et al (1956). This final acid extract was evaporated to dry-
ness in a vacuum dessicator. After dissolﬁng_ the dried material in
water, aliquots were used for the eleotrophoreﬂc amd ‘chromatographle
procedures to be described. | |

() Extraction of SHIAA  The dried ethanol extract was dissolved in

4 ml of water. 0 .3 ml of 6 NHC1 and enough NaCl to saturate the solution
were added. This solution was then shaken with 20 ml of peroxide free
ether foi 10 mins. After separation of the two phases the ether phase
was removed and evaporated to dryness at room temperature in a rotary
evaporator ,&t slightly reduced pressure (MacFarlane et al 1956). The

dried extract was washed out of the flask with 1.5 m} x 3 volumes of
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Fig. 5 High voltage paper electrophoresis at pH 6.1 showing the
separation of tryptophan (T), 5HF, SHTP and SHIAA. For conditions
see text. O = origin.
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water and this sdution dried agaln in a vacuum dessicator. The final
dried ‘ex'tract in small glass pots was dissolved in 0.1 mi of water and
aliquots subjected to paper electrophoresis and chromatography. This
is. only a slight modifiéation of the method desceribed by Ikenfriend et
al (1958a) ard it avoids the return of the SHIAA into phosphate buffer
which leads to a salt laden solution unsuité.ble for electrophoresis and
_ehromatography .

(d) High voltage paper electrophoresis

(1) At pH 12 in sodium hydroxide/sodium tetraborate solution
This method is described on p. 21. L |
(11) At pHl 6.1 - The solution used is a mixture of pyridine,
acetic acid and water prepared according to Efron (1960).  High voltage
paper electrophoresis is carriéd out at 80-90 V/em for 30-U5 mins. Spots
- are placed 1" apart at the midpoint (longitudinally) of a strip of No 1
Whatman paper" 5-6" wide, The separations achieved on electrophoresis of
standard solutions of tryptophan, SHTP, SHT and SHIAA (20 ug of each
spotted at the origin) are depicted in figure 5.
At pH 6.1 the separation of SHT (towards the cathode) and SHIAA
- (towards the anode) from the tryptophan are very good.  Tryptamine runs
slightly in front of 5HT and usuelly there is effective separation from
1t. Thls system does not effectively separate SHI'P from tryptophan.
Staniards were always electrophoresed alongside {he experimerrhal samples,
(e). Paper chromatography {Jepson 1960) |

(1) Descending Puper Chromatography = '

Solvent: n-butanol :glacial acetie acid:water (120:30:50 v/v)

Paper - No 1 Whatman Development time - overnight
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| Staining - Enrlich's resgent
"Rgs"  Tryptophan 50 SHP 52
. smma 6 smp o

(11) Aseendirg paper. ohromatograuhy
| Solvent- Isopropanol. 880 ammonia: u'ater (2()0 10:20 v/v)
)Paper - No. 1 Whatman Development time - wernight
| Staining Ehrlich s reagerrt ‘ ‘ .
| v"gfs_.__ | Tryptophan 25  sEr 56
0 smma 8 . sme 15
Toptetre &
\ A’c this stage a.nd with tbe apparatus available the Rfs were
not highly predictable. For this reason .atarxierda were alwa,fs run
alongside the unknowns for defmite identi"ication

Expt 6 TIE IDEM.‘IFICATION OF THE PRODUCTS OF THYP.".‘OPHAN S-IlYDROXYIATION
AN RAT LIVER

Five separa.te ‘but identical incubations having the following comp-
osition were set up:
1 ml 100,000 g rat liver supernatant (prepared as already described)
L tryptophan 5 x 107M 3 N . 5 x 107M
Potassium phosphate buffer, pH 7 0.1 fj  Nicotinamide 5 x 102M
Total volume 2 ml. .
The incubation tubes were flushed with 0y, corked and shaken gently for 1
hour at 37°C.
‘Sample 1
' Procedure: Total 5-hydroxyindole production quantitatively assayed

by colorimetric assay.
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Sample 2
Procedure: Butanol extraction of SHT
Electrophoresis at pH 6.1
Ascending paper chromatographw in isopropancl:
ammonia: water solvent
Sample 3
| Procedure: Ether extraction of SHIAA
Electrophoresis at pHI 6.1
8ample 4
Procedure: Simple ethanol éeprote_inisation ani extraction
Electrophoresis at pH 12 |
Chromatography in n-butanol:acetic acid: water

Chromatography in isopropanol:ammonia: water
Results

Quantitative

1 ce 100,000 g rat liver supernatant produced 0.1% pmoles of 5-hydroxy
indoles in I hour.

Qualitative
Sample 2. Electrophoresis pH 6.1. Staining showed the presence of spots
having the mobility and staining reactions of 5HT and tryptamine.
Chromatography Isopropanecl:ammonia: water. Stalining showed
the presence of spots having the R.s of SHT and tryptamine,

Sample 3. Eleotrophoresis pH 6.1 - no SHIAA could be detected
Sample 4, Electrophoresis pH 12 - sta.ining showed the presence of a

small amount of S5HIP, a larger amount of 5HT amd a large trailing

tryptophan "spot". Also present was a spot running just in front of
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tryptophan having a bright light blue f.‘luoresoenoe under g Woods
lamp and staining a bright yellow with Ehrlich's reagen!:. This was
ta.ken to be kynurenine, resulting fmm the action of tryptophan

pyrollase on the substrate L-tryptophan (Knox and Mehler 1950).

Chromatography (n-butanol zacetio acid‘ uater) - a,ga:ln SHTP and
‘5}1'1' were 1dent1rj.ed on staining. ‘

| matggrap_ly (Isopropahol. amonia: wa.ter) - 5}1’1' and trypt-

amine were definitely identified.
Comments

" B This eyz‘:perimen‘t‘ showed tha'.i‘;'thve 5-hydroxy1ndoles produced were

those expected. SHTP had been identified as the intermediate in the

production of SH'I'. The absence of SHTAA was not too surprising as

| monoamine oxidase 1s primarily a m:ltochorxirial enzyme in liver (Hawkins
1952) The presence of tryptamine pointed to the activity of the
aromatic amino aeid decarbo;wlase (Iovenberg et al 1962).

' Is tryptamine 5-hydroxylated by rat liver?

The incubation of rat liver supernatant with 5 x 1074 trypt-
amine, under conditions 1n whioh S-mrdroxyirﬂoles were produced from
tryptophan falled to demonst.rate the production of a.mr 5-—1"wdroxyixﬂoles
Jepson et al (1962) have demonstrated that tryptamine :ls 6-hydroxylated
by rat liver microsomes.

Ekp_tg 7 com"mmr:on OF THE 5-HYDROXYLATION OF TRYPTOPHAN IN RAT LIVER
USING DL-TRYPTOPHAN-3-C1% AS A SUBSTRATE

Because isotoplic methods were being used in the study of
carcinoid tumours it was necessary to:see whether tryptophan 5-hydrox-

ylation in rat liver preparations could be demonstrated by these methods.
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lmlofa 100,000 g rat 1ivex' supernata.nt was incubated with the
following addi.tions. -

Reduced NADP - 5 x ot Reduced NAD - 5 x 10™*u

TFA 2 x 100M Nicotinamide 5 x 1072M

Potassium phosphate buffer pH 7, 0.1 M -

To those samples iix which total S5~-hydroxyinicle production
was to be checked was added non-radioactive L-tryptophan to a final
 concentration of 5 x 10™M. Raéioactive DLatfyptophan-B'-cll‘ (specific
activity 2.5 uo/umole) was added at a final concentration of 1 x 107M
to those samples in which the aim was to demonstrate the production of
radicactive S5-hydroxyindoles. Boiled tissue identically incubated
acted as a control in both the non-isotopic and isotopic experiments.
The total volume of all samples was 2 ml and incubations were carried
- out for 1 hr at 37°C in an atmosphere of 0Op.

sis
i. In thev samples incubated with non-isotopic tryptophan _the total 5-
hydroxyindole production was assayed colorimetrically.
2. Ethanolic extracts of the samples incubated with isotopioc DL
tryptophan—j-cm.were subjected to paper chromatography. The paper
chromatographic strips were then scanned for radiocactivity and stained
with Ehrlich's reagent.

 Results 1. Non-isotopic Method

Total 5-hydroxyindole production = 0.156 pmoles/hr/cc rat liver supernatant
| 2. Isotopic Method

(a) Paper chrozbatgggaply in n-butanol: acetic acid: water. On the scan

this showed a radiocactive peak overlying a spot with the mobility and



T+ 5HT — 5HTP—

. Fig. 6  Expt. 7. Scan of deseendigg paper chromatogram of egtract
. from the incubation of rat liver homogenate with DI~tryptophan-3-Cl4,

(For conditions see text). Note the peak overlyling the SHTP spot.

0 = oprdigin, F = front, M = radioactive marker.
Solvent = n«butanol: acetic acid: water, 120:30:50 v/v.

Fig. 7 Expt, 7. Scan of ascending paper chromatogram of extﬁct
the incubation of rat liver homogenate with DL-tryptophan-3-C
conditions see text). Note peaks overlying SHT, tryptamine (TA).
tryptophan (T). O = origin, M = marker, F = front.

from
CFor

"
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staining characteristics of SHTP (Figure 6).

(b) ager chromatggraggz in 1soprogano1- ammonia. water. On the scan
this showed a radioactive peak overly:lng a spotwith the mobility and

' staining characteristics of SHP (Note also the small pea.k coinciding

with tryptami.ne) (Figure 7 ) |
3 No S-dexyimole production was seen in the control samples by
either the non-isotopic or isotopic methods.

" Comments

These results confirmed, by isctopic means, "th_e ‘results obtatned
by non-isotopic and showed that the technique could be used at least
' qualitatively to demonstrate tryptophan 5-hydroxylation.

Expt. 8 THE EFFECT OF q-NETHYL-DIHYDROXYPHENYLALANINE (a-METHYL DOPA)
_ON TRYPTOPHAN 5-HYDROXYLATION BY RAT LIVER

| The comparative size arﬁ density of the SHTP and SH'J.‘ spots
produced in the prev:lous experiments suggested that during the incubation
 at least 5% of the SHI‘P was being decarboxylated to 5H'1‘. Tt was thought
) kthat this decarboaquation could be blocked with a-methyl dopa (Sourkes
1954) but f:lrat an experiment was dane to see whether this substance
,would effeet tryptophan hydroxylation.
. A 1 ml aliquot of a 100,000 g rat livez- superna.tant (stored over-
night at -1o°c) was ingubated with the following additions:
L-tryptophan 5 x 107M Nicotinamide 5 x 10™M
NAD 5 x 1074 Potassium phosphate pH 7, 0.1 M
_a-methyl dopa 1 x 10™2M (when added )
Incubation was carried out for 1 hr in tubes flushed with O, and corked

at 37°C.
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Results TARLE 4

The effect of a-methyl dopa on tryptophan 5-hydroxylation by rat liver

Conditions  umoles 5-hydroxyindole pro-
dusced/hr/ml .supernatant

Without c-methyl dopa  0.038

With a-methyl dopa o

Cbrmzénts |

Although the hydrdquétion seen was Quanﬁita.tively small this
was probably due to the fact that the preparation had been stored. The
significant point is however thit a-methyl dopa appeared to inhibit the
production of 5-hydroxyindoles by rat liver preparaﬂoné, At the time
_ the full significance of this was not appreciated. In the context of
the work as it was progressing, these results meant that a-methyldopa
could be used as a decarboxylase inhibitor if it was gbing to inhibit
tryptophan hydroxylation. However Burkaxd et al (1964) have since con-
firmed that tryptophan S-twdroxylation in rat 1iver is inhibited by a-
methyldopa and Ibvenbérg ét' al (1965) have shown tha.t. a-methyldopa also
inhibits a partially purified tmptophan 5- hydroxylase prepared from
malignant mouse mast cells.

‘1‘HE REMGVAL OF 5-HYDROXY II\DOIES FRQ*I HIGH-SPE@ SUPERNATANT TISSUE -
PREPARATIONS BY GEL FILTRATION

In discussing £he 1xiitia1- negativ'e‘resultsr‘using, carcinoid
tﬁmours 6ne of the pcihts ralsed was the possiblé 1n_h1b1t6:y effects o:
endogenous 5-hydroxyindeles upon tryptophan rwdfoxylation.

Attempts were made to demonstrate whether the addition of 5-

hydroxyindoles to rat liver supernastants would inhibit tryptophan
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hydrbxyiation and though these stulies suggested that indeed inhibition
did oceur the technical obstaoles to prwing the point were so great
that the problem was not further 1nvestigated.

Since 1t has now been shown that. the tryptophan hydroxylase

activity in rat liver preparations was in the high speed supernatant

» \~‘fraction a method was developed for application to careinoid. tumours

whereby S-Ide;wimioles could be quickly removed from supernatant
prepara.tions, 1eaving tryptopha.n 5-hydroxy1ase a.etivity 1x:hact.
 Method

. A whole homc)genate of’ tumour 4 was prepared in 0.01 M potassium
‘ phospha.te buffer pH 7 (3:1, v/w). A 100,000 g supernatant fraction from
: 'th:_ls was prepared in the same way as described for rat liver. This
tumour contained about 150 pg/G of SHT so that the éupernatant fraction
could he expected to contain about #0ug of SHI/oc.

A column of Sephadex G 25 was prepared, 1 cm X 45 cms, and
- primed with 0.05 M potassium phosphate buffer pH 7. 5 cc of the tumour
supernatant were placed on the colum, allowed to enter the column and
eluted with the same buffer. The fraction emerging (7 cos) which was
vlsibly opalescent and containing a small amount of haemoglobin was
collected and assayed for its 5-hydroxyindole comtent by the nitroso-
naphthoi colorimetric procedure after deproteinisation with alcbhol.
No S-twdroxyirdolgs were deteé‘b_ed.
| | The next point investigated was whether the tryptophan 5-

hydroxylase activity of rat liver would withstand this treatment.
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Expt. 9 THE EFFECT OF GEL FILTRATION UPON THE TRYPTOPHAN 5~
HYDROXYLASE ACTIVITY OF RAT LIVER SUPERNATAND

A 100, 000 g rat 11ver supernatant from a 3*1 (v/vx) whole
homogenate was prepared as a.lready described. ‘ 10 ees of this was
placed on a Sephadex G 25 .column prepared as described above., On
elution with 0.05 M potassium phosphate ‘buffer pH T the fraction
) emerging 'which visibly contatned haemoglobin was couected and 1ts
volume was 11 ccs ("Treated Supernatant “) This was compared for
| its tryptophan S-hydroa:ylat:lon antivity with the superna.tant not
(passed through the column (’Urrbrea.ted Supernatant")
| " Either lcc of "Untreated" 100,000 g supernabant or "Treated"
supernatant was inoubsted with the following additions: a

L tryptophan 5 x 10"3M;‘ ' Nfcotinamide 5 'x 107OM

Potassium phosphate buffer pi 7 0.1 M: NAD 5 x 10~'m
The total volume of all samples was 2 ml. Boiled tissue acted as a
control. Incubations were cé.réiéd out for 1 hr at 37°C in tubes
gassed with 0, and corked. The samples were assayed for total 5-
hydro:qrindole production es previously desoribed.

Results . TABIE 5

The effect of gel filtration on tryptophan S-hydroxylation by rat liver

.. ~ Activity in umoles 5- Total aetivity. umoles 5-
Rat liver TIydroxyindoles produced Volume of hydroxyindoles produced/
supernatant /hr/ml of preparation preparation hour/total preparation

Untreated 0.144 ‘ 10 ces _ 1.4k

Treated 0.075 11 eces  0.85
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It can be seen that the treated material had only 57.5% of
the activity of the untreatel material. Tt was thought likely that
this was due to the removal of essential cofactors from the supernatant
during its passage through the Sephadex and so investigations were done
to ‘more clearly define the cofe.etor requirements of the system.

Expts. 10 and 11 COFACTOR REJUIREMENIS OF RAT LIVER TRYPTOPHAN
c ‘ : 5-HYDROXYLASE '

The aim of these experiments was to £ind conditions which would
resﬁﬁre,the activity of supernatant fractions passed through sephadex.
Again the basis for cholce of the varlous udditions made to the incu-
bations was previous work carried cut on phemrlaiéanine #-mdmxylase.

100,000 g rat liver supernatants were t:éated with sephaiex 625
as described above. 1 ml aliquots of this material were incubated in a
tbtal volume of 2 ml with the addition of L-tryptophan 5 x 1024 and
potassium phosphate buffer pH 7.0, 1 Ii. All samples were incubated for
1 hour at 37°c, shaking in oxygen. 4t the end of the 1mubation the
szuples were assayed for total S-hydroxyinmiole production by the nitroso-
naphthol colorimetric procedure. The various additions made, their final
concentrations and the effect they had on the amount of tryptophan
hydroxylated in two separate experiments are shown in tobles € amd 7.
Comments

From these studies it was apparent that of the cofactors used the
best comwbination was reduced NAD, reduced NADP, THFA and nicotinamide.
This combination appeared to fully restore the activity of 100,000 g rat

liver supernatant passed through the sephadex column.
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Cofactor reguirements of tryptophan 5¥twdrmqy'1ase in rat liver

Additions (Pinal Conec.) wmoles 5-hydroxyindole produced % activity
/hr/ec of treated supernatant

" Reduced NAD 5x107%M + Reduced NADP 5x10-4M ; 0.9 100
THFA 2 x 10™°M + Nicotinamide 5 x 107DM :

' Reduced NAD 5 x 107%M + THFA 2 x 10M 0.169 89
‘Reduced NAD 1 x 102M 0.122 64
‘Reduced NAD 5 x 107y ) . o118
Nicotinamide 5 x 1077M ) . t 8_ f e
Reduced NAD 2.5 x 107M 0.118 o 62
Reduced NAD 5 z 107%0 = - - - . o111 - 59
Reduced NADP 1 x m?p e 53
Reduced NADP5 x 10 - - 0.099%5 52
Reduced NADP 2.5 x 107" 0.0965 = 51
Reduced NADP_5 x 107 ) |

'PHFA 2 % 10OM ) 0.095 - 50
Reduced NADP 5 x 107 ) - i

Nicotinamide 5 x 1079M ) 0.089 47

. mBIE T

NAD 5 x 10™*M + RedueedNaD 5 x 104y )

NADP 5 x 107%M + Reduced NADP 5 x 10™%M )  0.096 100
THFA 2 x 10™M + Nicotinamide 5 x 107 ) |

Reduced NADP 5 x 107N + THFA 2 x 10~Ju 0.065 . 68
Reduced NAD 5 x 10“‘311 0.059 61
Reduced NADP 5 x 10°*M _ 0.046 48
NAD 5 x 10°*y 0.0U5 . y7
NADP 5 x 10~ 0.0296 31
THFA 2 x 1079M 0.0185 - - 19
Micotinamide 5 x 107M 0.0185 19

No additions SR 0.013% - . 1y




51

1-6+

pMoles Tyrosine tormed/2ml incubation

v

.

-

05 1 155 2 25 3 35 4 45

Phenylalanine conc. x 107°M

Fig. 8 The effect of increasing L-phenylalanine concentration
upon tyrosine production by rat liver supernatant. For conditions

see text.




STUDIES COMPARING PHENYLALANINE H—HYDHOXYLASE A.ND TRYPI‘OPHAN 5=
- HYDROXYLASE IN RAT LIVER

Freedland et al (1961b) followed up their work on the demons-

- ration of trjrptophan' 5 nydroxylation in rat liver by showing that
phemlalanine, fyrosine, phenyllactie acid and’ phemrlpyruvic acid
inhibit tryptophan hydro:quation by rat liver prepara.tians and that
their preparation of rabt 1iv¢r, now a 135,000 g supez-natant fraction,
also 4-hydroxylated phenylalanine. Some of these j:soints #:ere confirmed
in the follbwing experiments. |

Expt. 12 THE DEMONSTRATION OF THE 4-HYDROXYLATION OF PHENYLALANINE BY
: RAT LIVER PREPARATIONS

Method |
7 Thé assay of tyrosine was carried out according to. the procedure
described by Udeniriend and Cooper (1952). The ‘etr‘f.yme» breparation used
was a 100,000 g rat liver supernatant ffaction préparéd and passed
through the sephadex 0 25 column as deseribed. Incuba'c.toﬁs were carried
out at 37°C for 1 hour in tubes zassed with Oy, corked and shaken.

ALL inoubation samples contained reduced NAD 5 x 107, THFA
2 x 10'31«’1 nicotinamide 5 x 10™7M, and potassium phospﬁai;e buffer pH 7,
0.1 M, and 1 ml [of sephadex treated rat 1ivez- supernata.nt Total vol,
2 ml. Various amounts of L-phemlalanine were added 8173. after incubation
at 37°C for 1 hr in tubes gassed with O, the tyrosine content was assayed.
The amounts of phenylalanine added and the corresgaonding'amount of
tyrosine produced can be seen in the graphical representation of the
results in figure 8. vaiously the phenylalanine 4-hydroxylase in these
rreparations wes very active, much rore active than the tryptophan 5-

hydroxylase activity.
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Expt. 13 THE INHIBITION OF RAT LIVER TRYPTOPHAN 5-HYDROXYLASE BY
PHENYLALANINE

Sephadex treatéd 100,000 g rat liver supernatant, 1 ml, was
incubated for 1 hour at 37°C in 0,. Reduced NAD 5 x 107N, THFA 2 x
107M, nicotinamide 5 x 10™M, L tryptophan 5 x 10M, and potassium
phosphate buffer pH 7, 0.1 M, were added to give a total volume of
2 ml. L phenylalanine 1 pmole (5 x 1074M) was added to one tube.
After incubation the total s-mdro:ryiradole content of the samples was
assayed colorimetrlcally.

Results TABIE 8

The inhibition of tryptophan 5-hydroxylation in rat liver by phenylalanine

Sample pmoles 5~maroxyiknicles Activity
_produced/hour
- L-phenylalanine 0.089 100%
+ L-phenylalanine (5 x 10~*M) 0.0332 38%

Comments

It i3 evident that phenylalanineis a potent inhibitor of
tryptophén hydroxylation by rat liver preparations as ’suggested by
Freedland et al (1961b). The relationship between phenylalanine 4-
hydroxylation and tryptophan 5-hydrexylation in rat liver wiil be dis-
cussed later but at this stage it did seem rather strange that,if
carcinoid tumours hydroxylated tryptophan by the same mechanism,
increased tyrosine production had not been observed in the many blo-
chemical stuiies on the carcinoid syndrome reported in the literature
(Levine and Sjoerdsma 1963).
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Expt. 14 CONFIRMATION OF PHENYLALANINE 4-HYDROXYLATION IN RAT LIVER
BY ISOTOPIC METHODS

Because of the association between ph_enyla.lani;xe_ ard tryptophan
hydroxylation by rat liver it was obviocusly going to be hegessary to
vinjvestilga'tev the capacity of carcinoid tmnquz_-s to lwdrmlate phenyl-~
~alanine. As such activity wag. likely %o be small, if present at all,
methods, wére developed to demonstrate the formation of tyrosine-2-cl4
. from phenylalanine-2-C}*. If careinoid tumours aw hydroxylate trypto-
o pl_;,a.t}_by the same mechanism as ra.t liver then “?‘1_?1.’9-"35;_,3‘ much greater
., chance of,demonstrating phe{nylala,nlii‘m' I;«hyﬂrgxylatipg than tryptophan

5 hwdroxylation.v If however phenylalanine wdroxylation could not be
| demonstrated by sensitive isotoplc methods then either an enzyme like
that in rat liver had deteriorated to Buch an extent that it would
ecertainly not be possble to demonstrate the much léss active tryptophan
5-hydroxylation or tryptophan 5-hydroxylation in careinold tumours was
~ catalysed by a different e:n;me.
Method | | o |

At the end of the 1ncuba.tlons, deproteinisation with ethanol
was performed. The dried ethanol extract was dissolved in a little
water and an aliguot sub.jected 'bo descending paper chromatography in
_the n-buta.nol, acetic acid: water solvent already described on page
Aftgr,devglopxnem overnigpt the c}:romatogra;n wWas dri_ed'_’_a.m scanned for
: }radioactivity and then‘ stained with the nitrosonaghthol‘ chromatographic
. staln described by Smith (1960) -

lecofa 100,000 g rat 1iver supernatant treated with sephadell
was incubated with the following additions:



e)
-—3

--—ph&-——-——— f)’l'_—"

Fig. 9 Radiocactive scan of desceniing paper chromatogram of extract
3 the incubation of rat liver supernatont with DI-phenylalanine-s-
cl¥. Mote the radicactivity asscoiated with tyrosine (tyr) amd
remaining phenylalanine (phe). O = origin, M = marker.

Solvent - n-butanol: acetic acid: water, (120:130:50, v/v)

i
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L-pherwlalanine-z-cm (specific activity 10 ue/umole) 5 x 1079M
Reduced NAD (5 x 10-%u) Reduced NADP (5 x 107%)
‘ THFA (2 x 10'31"1) ' Nicotinamide (5 x 10'3h1)
Potassium phosphate buffer, pH 7, 0.1 M.

Incubations were carried out for 1 hr at 37°C in an atmosphere of Oo.
in £he cdntrol sample boiled tissue waé used.,
Reéult‘s

o .‘Th'e‘ result of seanniné the chromatogram produced can be seen
'in figure 9. The large radioactive peak coincided with a spot having
the characteristic staining prépertieé of tyrosine. The small peak has
the correct Ry value for phenylalanine.
Summary of studles on tmtoghan E-Q‘ngié.tion in rat liver
1. The enzymatic S5-hydroxylation of tryptophan by rat liver preparations
in vitro had been confirmed.
- 2. B~hydroxytryptophan had been shown to be the intermediate in the blo-
synthesis of 5HT. ‘
3. The tryptophan 5-hydroxylase ac‘bivity' lay:in the 100,000 g supernatant
fraction of rat liver. ‘
4. This fraction could be freed of 5-hydroxyindoles and its tryptophan 5-
hydroxylase activity fully restored by the addition of certain cofactors.
5. The same rat liver preparation had marked phexvllalanine h-hydroxylase
‘actiﬁity and phenylalanine!nhibited"bryptophan 5-hydroxylation by rat liver
6. The tryptophan 5-hydroxylase in rat liver was stéble éncugh to allow
fairly extensive manipulations in the cold, butvétoragé at -10°9C to -15%

led to marked loss of activity.
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C. Expt 15 THE EXAMINATION OF CARCINOID TUMOUR TISSUE FOR TRYPTOPHAN
5~HYDROXYLASE ACTIVITY SIMILAR TO THAT FOUND IN RAT LIVER

Description of Experiments and Results
Using the informat:lon and technical knowledge e;ained from the

study of tryptophan S-rxydroxylation in rat 1iver. a.t’cempts were made
to demonstrate similap activity in carcinoid tumour tissue. Tumour 6,
metastasea from a liver removed at an autopsy carried out within one
H ‘hour of death was prepared and studied within h hrs of 11;8 collection,
all preparations being carried out at O°- l&°c.
whole homogenates, 20 000 g supematant and particulate fractions,
i and a 100,000 g supernatant f'raction were prepared as described. for rat
livér. In addition an al:lquot of the 100,000 g supernatant was rendered
free of S-hydroxyixﬁoles by gel filtration using sephadex G 25. These
preparations were 1ncubated with DL-tryptophan-3-Cl¥ under those con-
ditions shmvn to be Optimal for tryptophan S-hydroxylation in rat liver.
At ‘the emd of the incubations, "Carrier SHIP, sm' and SHIAA were added
and the deproteinised extracts exbensively .ma,lysed by high voltage
paper electrophoresis and pa,per éhrcmatography scanning the paper strips
for radioactivity
o No radioac.tivity could be fourd 111 association with any of the

"Carpier" 5-hydroxyindoles despite good reccvery of the latter. In
addition the superna.tant rendered free of S-hydroxyixﬂoles possessed no
| tryptopha.n or phenylalanine m]droxylase activity, ‘ using non-radioactive
L—tryptophan and L-pherwlalanine asg substra.tes arxi colorimetric assays
for E-rwdroxyirdoles and tyrosine. The same negative results were

obtained in studies on tumours 4 and S.v
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Conclusions

One was forced to conclude that if the S-hydroxylation of
trypto;:han did take place in careinold tucours (am I must say that

| I besan to have douhts about this) then the reaction was different

probably qualitatively ard quantitatively from that occurring in rat

liver.

D. TRYPTOPHAN 5-HYDROXYLATION IN CARCINGID TUMOUR SLICES

Reappraisal of the problem

1. I dee!.ded to study the hydroxylation of tryptophau in slices of
carcino:ld tumour where, 1t was hoped, a miuimum of disruption of intra-
cellular organisation would be caused and perhaps no dissipution of, as
yet unknown, cofactors would result

2.. A method needed to be developed in which amf redicactive SHIP
formed from DL-tryptophan-3-C1¢ during incubation would remain in the
incubation as SHTP and not be decarboxylated to SHT thereby dissipating
the radiocactivity throughout the S-hydroxyirdole pathway. In this 'uay
there would be the maxizum opportunity of ploking up the radioactivity
associated with one §~hydm§:y1zuole. Some way of bldcking decarboxyl-
ation without blocking hydroxylation was needed.

3. Lastly the analytical procedures needed to be made quautatively
more precise and quantitatively wore sensitive. Here i‘ollows an account
of how the methodological difficulties were overcome.

Methods o

(a) Inhibition of SHTP decarboxylation

4y
In 1962 Drain et al reported that 3-hydroxybenzoxyamine (NED

1024) was a potent inhibitor of 5-HTP decarboxylation both in vivo amd
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in vitro.: The effeetiveness of :this compournd in inhibiting the
decarboxylation of SHIF in carcinoid tumours was ;nvevsti'gated com-
_paring 1t with a-methyl dopa. - |

A 100,000 g supernatant fraction of tumour 5 was treated with
sephédex G 25 to remove 5-hydroxyindoles. as previously de;séribed. 1
ml of tms' "treated" tumour snpevngtant was mcpha.ted for 1 hr 1n a
total volumé of 2 mi at 37°C in air, gently shaking. _Boiled tissue
acted as a control. To all tubes the follouipg:,addit:’lons:ﬁere made
(shpwh as final concentration):- | Ny

DL-SHTP 2.5 x 107M  Byridoral phosphate 4 x 100N

Potassium phosphate bufrer PH 7 5, O. 1 M |
The decarboxylation of SHIP was separa.tely studied (i) Without the
addition of a decarboxylase inhibitor; (11}) In the presence of a-
methyldopa 1 x 107 M and (111) with the addition of NSD 1024 2.5 x 107M.

At the end of the incubation, ethanol deproteinisation and ex-
traction of the 5-hydroxyindoles was performed and frqm the ethanol
| extract the SHT was extraoted with butanol as alrga@y described on p. 57,
However the butanol was twice washed with borate buffer PH 10 to ensure
the removal of SHTP (Udenfriend et al 1958b). After the ‘5}1T had been

returned to 0.1 N HCl it was assayed by the nitrosonaphthol colorimetric

procedure _
‘Results . TABIE 9

The Effect of « methyldopa and NSD 1024 on SHIP decarboxylation by
carcinoid tumour tissue

Conditions % inhibition of SHIP decarboxylation
No demsarboxylase inhibitor 0
a-methyldopa:x 10™9M 86

NSD 1024 2.5 x 10M 100
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As o methyl dopa. was not as effiecient as NSD 10214 as a
decarboxylase 1nh1b1tor and as it had also been shown to inhibit
tryptophan hydroxylation by rat liver, NED 1024 was ohosen as a
'deearbo:qlase inhibitor. o ' |

(b) Assay of tryptophan 5-hydroxy1at1on in earc:lnoiu tumours
Assay method I and IT

1. All inoubations were carried out at 379C in flasks (for slices)
or tubes (for whole ho_mogenate}s and -subcellular irgqtigns) flushed
with 02 and corked, unless otherwise Aindicated. - DL~tryptophan~3 Clll
was added as the substrate and I\SD 1024 to 1nh1bit the decarboxylaticn
of SHTP. | |

2. At the end of incubation 2 or 4 uwoles of DL SHIP were added and
the slices homogenised in the incubation medium.

3. Samples were deproteinised by the addition of perchloric acid (see
p. 19 ). | | | |

4, The 5HTP in the protein free extraoct was absorbed onto and eluted
,from' charcoal deacﬁivated with 4% stearle acid (see p. 19 ).

5. The ﬁnalvdried and pilenol-free eluate from the charcoal was dis-
solved in 0.1 ml of Watj.er all of which was subjected to two-way ascending
paper chromatography .

(1) Two-way ascending paper chromatography 10" x 10" squares

of Whatman 3 mm chroma.tographic paper were held in a Uni\»rersalAF‘rame
(Shandon) and two-way paper chromatography performed (Jepson 1960) with
the following solvents; Solvent 1 - isopropancl: 850 ammonia: water
(200: 10; 20 v/v). This was the first solvent used amd the chromatogram

was developed overnight. After (drying the frame was turned over and



SHT

I PA

S5HIAA

SHTP

Pig. 10 Tracing of two way ascending paper chromatogram showing the

separation and position of tryptophan (T), SHI, SHTP and SHIAA.
IPA = Isopropanol: ammonia: water (200:10:20, v/v)

BA = n-butanol: acetic acid: water (120:30:50, v/v)

61
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'chroxnat‘o‘g‘z"a;phed in solv'ént 2 (n butanol: glacial bace:tilci é.c&d: water
[120: 30: 50 v/v1). This development either took place the next day
for T-8 i'xcnrs or over thevné‘xt night for 1 hours. The chromatograms
" were ail dried in a hot air oven the t.empefa‘huré of which was not

allowed to exceed 50°C.

(11) ‘Pésition"of bz_-el’evant subsfa.nces onh two-way paper chrom-
~ atography ‘Because solvents were allowed to "run 'ov;er the fop", precise
B Rf values have iittlé'méaning’. However the rél’ative‘ boéitions.of
tryptophan, SHIP, SHT and SHIAA on these chromatograms is extremely
relisble. As the cavrder SHIF and the SHT produced from oy
decarboxylation fluoresce a lightish blue urder a Wcéd’é' lamp this also
alded location. A standard chromatogram of tryptophan, SHIP, SHT, SHIAA
and sdmetimes tryptamine was always run in the same frame as the experi-
mental samples and after drying stained with Ehrlich's reagent. The
"unknown” chromatograms were cbmpared with these standards. An example

of a typleal standard chromatogram is shown in figure 10.

6. Radioautography of paper chromatograms = This wss carried out by
placing the chromatogram up against X-ray film (Iiflex or Kodirex), in
a speclal folder and leaving in the dark for 4-7 days. The X-ray £ilm
wag then developed and fixed. ' |

7. Elution of S5HTP from the first paper chromatogram After the

position of the SHTP was located and the initial radioautogram had
been compared with the chromatogram, the SHTP area was cut.out, chopped
up with scissors and the paper mixed with 1.5 rrl x 3 volumes of water.
The resulting pulp was separated by centrifugation and the supernatant

fluid evaporated to dryness in a vacuum dessicatbr.
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Whén H,V. paper electrophoresis was performed the dried SHTP
~ eluate was dissolved in 0.1 ml of water ami the whole amount spotted.

If enzymatic de_carbwcyla‘bion was to follow, then it was dis-
~solved in 0.4 ml of water.

8, High voltaze paper electrophoresis . This was performed in

initial experiments to ensure as far as possibl_e the identification of
| SHPP. It was carried out on the SHFP cluste from the initial chromato-
gram "a.t >_pH 12 in the way desaribed on .p. 21 - After t‘he,'strip had been
_dried vit was scanned far" radiﬁactivity- and the SHTP located by 1its
pq‘sitioh by comparison with é standard 5HTP _str;p run alongside and by
 the fluorescence of the SHTP. The SHTP was then eluted from this strip
in the same way as it was éluted from the f£irst éhromatogram ard
qvaporated to dryness in fhe same way. It was then dissolved in O.4 ml

~ of water ipeady for decarboxylation.

9. E}’lzymatic decarboxylation of SHI'P It might be fbhough‘b that two
‘ way paper chromatograpm'r foilowegl by high«voltage paper electrophoresis
_ "was a sufficient Mentification of SHTP, Neverthelgss,‘ 1f one could

demonstrate that on incubation in a SHTP decarboxylase system, the
radioactivi‘by which first appeared to be assoclated wit"x SHI'P now
- appeared to be associzted with SHT, the_case tgr identirication would
be virtually cproved. - | i

In addition toi this point however is a technical one. High

voltage electrophoresis at pI-I 12 is not very reliable a'ﬂ if one run
did not work then the results of the previous week 8 work was wasted.

However the enzymatic decarboxylation with subsequent thomatography
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proved to be very reliable and also very necessary 1f electrophoresis
was not carried out. The reason for this is as follows.

Thé DL~tryptophan-3-C* used in these experiments proved to be
rather unstable in this two-solvent chromatographic system. Radio-
autograms of “pi.xre " DL trypfopha.n—}éw shbwed many radiocactive smudges
one or more oi" 'whic-:h might be cdntaniinating in the SHTP area {see
figure 11). However subjecting these areas to decarboxylation and subs-
equent chromatograph for SHT no raﬁioaetivity wé.s seen anywhere near the
SHT aiea (see figure 12). Introduct:lcn of decarboiyiafii;n therefore rid
' the system of these contamihating artefacts and é.lldwed. rirecise assay of
the hydroxylation, by assay of the SHI. | |

Fortunately it was found that the R, of the NSD 1024 in the
butanol solvent was 80 compared with 27 for the 5HTP. In this way the
decarboxylase inhibitor was removed from the SHPP prior to decarboxylation.

10. Standard method of decarboxylation of SHTP The SHTP eluate from the

initial chromatogram or frem the high voltage ‘electroph'oresis wes
enzymatiéally decarboxylated by a stereosbecii‘ie L-aromatic amino acid
decarbOxylase prepared from guinea pig kidneys amd partially purified by
ammonium sulphate precipitat1§n to stage 3 in the préparation described
by Clark et al (1954). All preparations were tested for their activity
at £irst by the methods of Clark et al (1954) .'and ylyater‘by the method of
Lovenberg et al (1962). All preparations when tested were capable of
decarboxylating 0.75 umoles of L SHTF/hour/0.2 ml enzyme solution. This
was usually very adequate to deal with the amount of SHTP recovered from

chromatograms or electrophoretograms. The decarboxylase was stable at



~10°C for at least two months. The ,ineuba‘f.f.ori conditions employed
- were as Tollows: |
SHTP eluate 0.4 ml (from chromatogram or electrophoretogram)
Decarboxylase 0.2 ml Pyridoxal phosphate 4 x 107M
Potassium phosphate buffer pH 7.5, 0.05 M
Iproniazid 5.5 x 1079M .~ Total voiume‘O.B_ml.
'The 'system was preincubated at 37°C for 5 minutes, prior to,the addition
of the SHTP eluate to 1nhibit any monoaminé 'oxida,sé ‘present. Then the
sample was biricubated in air for 15 minutes at 37§C being gently shaken.
‘The sample was ‘d'eproteinised by the addition of 4 'imls,o: 95% ethanol
and the elear supernatant,after centrifugation, decanted and evaporated
~ to dryness in a vacuum dessicator. The dprled ektraet wéédissolved in
0.1 m} of water ard all of it subjected to two-‘ua;y ‘paper .a.seen:ling‘
chromatography*in the solvents already ‘deseribed. Radioautogi-ams of
the chromatograms were px-epared

11. Iocation and assay of SHP ‘l‘he SHT 1in initial qualitative experi-

ments was identified by stalning the dry chromatogram with Ehrl:tch's
resgent. In quantitative experiments however the SHT "spot" was
located by'_its position as compared with a sta;ndaxwd -‘cin;omatégram and
by its fluorescence. The spot was cut out and the 5HT eluted with
water as deseribed previously for SHTP. This eluate was dried in a
‘vacuun dessicator.

b.Initially this dried S5HT eluate was assayed for the amount of
SHT present by dissolving 1t in 1 ml of water ard taking aliquots for
fluorescent assay, after suitable dilution, in 3 N HC1 (Udenfriend et

al 1958b). In later experiments however it was found more comnvenient
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to dissolve the SHI extract in 0.5 ml of water and :asséy a 0.25 ml
aliquot Ly the nltrosonaphthol colorimetric préc»edux»e’ (Udenfriend et
al 1955), modifying the v-olume felationézhipé cf‘t’he reagents used
proportionately.

The radioactivity of the SHT eluate was assayed by counting
~known aliquots dried on aluminium planchettes to "’int“initte thinness"
in a gas flow dounter (Nuolear Chicago, Model D A7), the efficlency of
which was 30%. Knowing the amount of DL SHTP added as carrler and the
' emount and sﬁédific act.{vity '_oi’ the SHT finally recovered it is possible
to balouié.‘be ﬁhe amount. of SHTP forméd from the substrate tr&ptoﬁhzm.
| ' Figﬁre 13 shows the schene of Assay, lethod I. When high
voltage paper electrophoresis was omitted the p_rocédﬁxre will be referred
to as Assay Method II.

Expt. 16 QUALITATIVE DEMONSTRATION OF TRYPTOPHAN S-HYDRO}CYLASE IN
SLICES OF CARCINOID TUMOUR _

Slices were prepared (Elliott 1955) from hepatic metastases

of tumour & (see apperxiix) xﬁaerosooxgiealiy distinct from liver tissue
and these were incubaled under the following conditions:

Slices of ‘tumour, 2.4 G x;lét wt. Ringer thSphate'aolutiozm pH 7.4, 5ml

DL-tzvpiophan-}Clu (_sbeoific aafivity 32 pc/wmole) 308 mumoles added

NSD 1024 2.5 x 10H  Total volume of incubation 5.8 ml.
2.4 G of boiled tumour slices were identically inoubated as a control.
Incubatlon Was carried out for 1 hour with shaking at 37°C in 50 ml
flasks Plushed with O, and corked. At the end of the incubation 4 moles
of DL-SHTP were added as carrier. Assay method I wes then carried out
except that the final SHE chromatogram was staihed ‘with’ Ehrlich's reagent

instead of quantitatively assaying the SHT.
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Scheme: ASSAY METHODS I & TIX
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Results

(Figures 14 to 19) | ,
1. The radloautograms of the initial "SHTP" chromaﬁoéram show
virtually no 5HTP in the control but mérked'radioactivity in the SHTP
area in the expe?imental sample (figs 14 and 15).
2. The sﬁan.éf the electrophoretic s@rip sﬁouedvradioaetivity éssociated‘
with the SHTP spot in the ezperimeﬁtal sample but not in the}aontrol
(figs. 16 and 17).
3. The final redicautograph of the chromatogram of the decarboxylated
SHT extract shows rédibaetiviﬁy in the area of SHT in the experimental
but not in the control sample whereas in both "Carrier" 5HT stained with.
vequal intensity indicating roughly egual reeovery (figs. 18 ard 19).
4. Also it can be seen that little radioactivity is present in the SHTP
area on the final chromatogram whereas in this area SHIP stained guite
densely with Ehriich's reagent (fig. 19).

The carrier added at the end of incubation was DL-5HTP. On
decarboxylation one may assume that all the L-S5HTP was denarbaxylated
by the IL-specific decarboxylase to SHT which was radiocactive, whereas
the D-SHTP remaining was non-radbactiée. This was strongly suggestive
that the hydroxylation had been specific for the L-isomer of tryptophan.

A However it is known that non-specific non-enzymatic hydfoxylatian

of a number of aromatic compounds occurs in the presence of‘qa, ascorbie
acid, Fe?* and FDTA (Udenfriend 1954) and tryptophan 1s hydroxylated to
SHTP by this system (Dalgleish 1955).

Though such a system seems unphysiological it nevertheless

seemed important to exclude its participation here. If, as secemed
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Fig. 16 Expt. 16 (Control) Radicactive scan of high voltage paper
electrophoretic strip (pH 12) of eluate from SHTP area on the chromato-
gram from which the radiocautogram scan in Fig. 14 was prepared (1i.e.
Control incubation). Note there is no radiocactivity associated with
the 5HTP.

1 SHTP 1

Fig. 17 Expt. 16 (Experimental) Radioactive scan of high voltage
paper electrophoretic strip (pH 12) of eluate from SHTP area on the
chromatogram from which the radicautogram scan in Fig. 15 was prepared
({.e. Bxpt. incubation). Note the radloactivity associated with SHTP.
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Fig. 18 Expt. 16 (Controi) ; Hédioautogra.mof a’two way aasceni-ing
paper chromatogram enzymatically decarboxylated SHTP eluted from the
strip depicted in fig. 16. Note there is no radiocactivity in the area
of 5HT.

SHT

{ .
Fig. 19 Expt. 16 (Experimental) Radioautogram of a two way ascen-
ding paper chromatogram of enzymatically decarboxylated SHTP eluted -
from the strip depicted in Flg. 17. Note the radicactivity assoclated
with 5HT, but that very little radioactivity is associated with the

remaining D SHTP.

l
]SHTP l
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likely, such non-enzymatic hydroxylation could be shovin ziot to be
stez'eospecific then it could be distinguished from the l'qrdroxylation

'seen with carecinoid tumours.

Expt. 17 THE NON-ENZYMATIC, NON-STEREOSPECIFIC 5- ~HYDROXYLATION OF

The incubation eond,:ltiéns.‘weref as follows:
- DL-tryptophan-3-C* (specific activity 32 pc/umole) 308 pmoles added
Potassium phosphate buffer (pH 7.4) 0.04 M

eSO, 6 x 107M | JEDTA 4 x.107%M

_As_corb;cv aeld o L v ‘Tota‘.l,yolme, 2.5 ml.
Incubation ﬁ_v-‘g.s'earried out 11:1L tubes flushed with 02‘, corked and shaken
for 1 hour at 37°C. At the end of inoubation & umoles of,DL--surp were
added as carrier and then the sample carried through assay method T
_ke.xoe;'a‘b t’hat‘ ‘again the 5HT on the final chromatogram was stalned with
Ehrlich's reagent instead of foe.ing quantitatively a.s_sayed.
AResx‘xlts R ‘ ;

| Eigure 20 shows the radioautogra.m of ihis final chromatogram.

sterél spots are present but attention,shoﬁld be focussed upbn the
SHTP and SHT spots. One. can see that there is roughly an equal amount
of radioactivity in the SHIP a.rea‘ and SHT areava.xﬂ on staining the
- amount of SHTP and SHT. in these two areas was approximately equal.
This suggesté that bbth the D and L isomers of tryptophan had been
non-enzymatically hydro:wlatéd anmd that only half of the recovered
'GHTP, the L isomer, had been decarboxylated to SHT, the rest of the
radioactivity remainirﬁ; with the D-5HTP. This contrasts with apparent
stereospecificity of the tumour h;ydro:quatioxi for the L isomer of

tryptophan ard very strongly suggests its enzymatic nature.
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Expt 18 QUANI‘ITATIVE ESTIMATION OF TRYH‘OPHAN 5-HYDROXYLATION
BY CARCINOID TUMOUR SLICES (7)

The preceding results were so elear cut and the amount of

radioactivity residing in the final SHT spot looked large enough to
be easily asséyed. ‘The following experiment was therefore performed :

Tumour (7) slices. 3 G wet wt. |

' Ringer phosphate solu‘bion pH 7 4, 5 cos.

Dbtryptophan-}-clu, épecific activity }auo/umole, Final cone. 6.2 x 10™°M

NSD 1024, 2.5 1074y |

The total volume_ of incubatioh was 5.8 ihl.' Boilé& éiices identically
incubated 'acted as a control. Incubations were carried out in 50 ml
flasks flushed with 02 and corked. for 1 hour a.t. 37°G. At thﬁ emd of
1ncubation 4 pmoles of DL-5HTP were added as carrier. (Paper chromato-
graphjr of extracts of this 'tumour had shoﬁn thé.t SHTP content of this
tumour was less than 1 pg/G tumour tissue, a level unlikely to interfere
‘with quantitative assay performed here). Assay method IT was then
carried out amd followed with radioautograms of the chromatagrams
Results o

Figure 21 shows the radiqautogram ‘ot‘ the initial cﬁromatogram

of the experimental sample and the large amount of ralicactivity in the
SHTP area. Figuré 22 shows a secan for radicactivify of ’a one-way
as_cerxiing. paper chromatogfam ,pi'epared in the "1sopr9panol: ammoniaz
 water" solvent of the extract from the decarboxylated SHTP. The SHT
‘wes then eluted and the amount of SHT fluorimetrically assayed and its

radloactivity determined as described,



TABLE 10 . Ll

Tryptophan §-hydroxylation by carcinoid tumour (7) slices

Carrier " " umoles S5HTP % tryp-
DL-SHTP GSHT recovez-ed Specific aetivity produced/G  tophan
added umoles of SHT o/min/pmole %issue/hr. 5-hydro-
-pmoles ‘ S xylated
; *
. Experimental S 005 5.6x 10" 700 1.36
Control . &4 0.036 o .. 0 0

* Calculated on the basis that only the L isomer is hydroxylated.

Recrystallisation of SHT to constant specific activity

" The spécifié,‘ activity of the recovered SHT was high enough to con-
sider 1its re'crystallisation'tq dbnstanfb specific activity, as a proof of
identity. - , T
Methods o

_ - ‘ SHT base was prepam from 5HT creatinine ._ sulphate by the method
' deseribed by Chadwick and Wilknison (1960).“ The final sdlution in 0.1 N
HC1 contalned 66 umoles of SHT base/cc, when assayed by the nitroso-
naphthol bcolcrimetric procedi:re. The procedure then fo_llowed was that
report.ed by Rapport (1949). | |

To the remaining 5HT eluate from the final ehromatogram of the
last experiment dissolved :Ln 1 ce of water was added 66 umoles of SHT
base (1'ce). To this mixture was added 2 cc of a saturated solution of
" plerie acid. This mixture was cooled to 0°C and allowed te stand. In
a few hours crystals of SHT plcrate formed. These were separated from

the mother liquor by centrifugation and dissolved '1n,2 ml of 0.1 N Kl
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Aliquots of fhhis solution were taken for the colorimetric assay of

SHT and for estimation of radioactivity at infinite thinness in a gas
-flow counter. This procedure was repeated twice.

Results

The S5HT recrystallised as its plerate complex to a specific

. activity of 18.3, 19.4 and 18, 5 c/min/pmole on three suocessive

crystallisations. The mel‘t;ing point of these crystals was 186°C-
189°C with decomposition. The report.ed m.p. of the picrate 1s 185-
- 1949C: (Asero et al, 1952,Erispamer and Asero 1953,’.-He,m11n and Fischer
1951). The meltihg point of the mixture was the same as that of the
picrate. prepared from they 5HT base alone. B

Confirmatery experiments on tryptophan S-hydroxylation in carcinoid
tumours

Expt 19 QUALITATIVE

Slices of tumours 7 and 8 were inoubated in exactly the same
way as 1n the previous experiment a.nd treated by assay method II.
Results
1. Radioactivity was seen on the rad:loaut‘.ograms of the first chrok-
atogra.m in the area of 5I-1’1‘P.
2. Upon decarboxylation of this SHTP, the radioaetivrity appeared in
the SHT area on the radioautogram of the final chromatogram.

Expt. 20 QUANTITATIVE ESTIMATION OF TRYPTOPHAN 5-HYDROXYLATION IN
SLICES OF TUMOUR ©

 Slices of tumour 9 were incubated under the following conditions:
| Slices of tumour 9 (4 G wet wt). |
DL-tryptophan-3-ci* (630 mumoles/20uc) added.»

NSD 1024, 2.5 x 107

Ringer phosphate solution, pH 7.4, 5 ml.
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Incubation was carried out for 1 hr at 379C in a flask flushed with

0o, corked and gently shaken. At the end of incubation 4 pmoles of

DL-SHTP were added and the sample treated by assay method II.

" Results | | | ' ‘

© Qualitative

1. Redioactivity was seen ‘tia_n _!jadioauto:gf_ém.s of first ,luhzfmnatogram
. in area of SHTP. _ . ', |

‘2. After deéarbo:quation radidaetifit&_ now appeared‘ in,the area of
SHT on the radioautogram of the final chromatogram.

Quantitative

The $HT wes eluted fromztvh'é final chromatogram. Its amount was assayed
colorimetrically and its radloactivity assayed at infinite thinness in
2 gas flow counter.

Table 11

' PTpyptophan 5~tm‘iroxy1a£ioh by carcinoid tumour (9) slices

DL-SHTP 5HT  Specific acti~- SHPP (mumoles) % L-tryptophan

~added recovered viiy:-of!5HI:e/ - produced/G hydroxylated

pmoles pmoles  min/pmole tissue/hour = by whole sample
4 | 0.11 1.13 x 10° 1.2 3.2

Expt. 21 THE CONVERSION OF TRYPTOPHAN TO SHT BY CARCINOID TUMOUR (7)
SLICES

~ Slices of tumour 7 were. ;ﬁeub_ated under the cénditions described
on p. 76 except that iproniazid 3.7 x 107°M was substituted for NSD 1024.
The incubation sample was deproteinised with ethanol and the dried
ethanolig: e;:tra.ct extracted with butanol tq remove 5H1‘l and this was

returned to 0.1 N HC1 and evaporated to dryness in a vacuum dessicator.
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It was then dissolved in 0.1 ml of water and subjected to
two~way ascending paper chromatography in the solvents already des-
eribed. o
Results

Although only qualitative it wul be seen that there is no
| radioactivity in the area of the 5m! 1n the control sample {where the
SHT endogenously present in the tumour stained rig 23) whereas
vradioactivity is present 1n the SH.’I' area in the experimental sample
(fig. 2’-})
Discussion

There seems no dou‘bt tha’c. t’rom these experiments tryptophan
:ls S-kwdroxylated by careinoid tumours ard that the direct rroduct of
this reaction is SHIP, and that if the blosynthetic pathway for SHT is
not blocked at th_e' décarboxylation stage, the‘tumours ﬁi}.l complete the
blos;yntlshesis of SHT. . o
| Two points seemed important to investigate at this stage.
1. Te ensure that one wa.svreél;lj oEserving tumour hydroxylation and not
the hydroxylation of tryptophan in the human liver vfi-o_m which the meta-
stases had been removed. (This point had to some extent been proved by
‘the observations on tumour 8 which was a primary nmedule from the ileum
ard whiéiu could not therefore have been contaminated by liver).
2. Woulk these tumours incubated under the same comditions 4-hydroxylate
rhenylalanine to form tyrosine? 1If one could establish that under the
corditions 1n‘ which tryptophan 5~fwdroxylatiqn took place phenylalanine

4-hydroxylation did not ococur then there would be good pv:ldenoe that the

tumour hydroxylating enzyme was different from that in rat liver.



Expt. 22 THE APSENCE OF TRYFTOPHAN 5~HYDROXYLATION IN LIVER CON-
TAINING METASTATIC CARCINOID TUMOUR (TUMOUR 6)

Slices of liver macroscopically free of tumour and slices
of caﬁcinoid metastases from the same liver were separately lncubated
with boiled slices of the respective tissues acting as caniz'ols under
the conditions described in experiment 16 on page 73 . After incu-
bation DL 5HTP (4 umoles’) was added and the initial steps of assay
method I car'f‘iéd out. |
"~ Results

Whereas the production of radiaaeﬂve SHTP by the experimental
tumour samples was easily demonstrable, no radioactive SHTP could be
detected in the extract from the liver slice incubation.
Conment.s

This experiment showed that under corditions in which tryptophan
S-hydraxylation was easily demonstrable in tumour slices, it was not
demonstrable in liver slices, which had been taken from the same speci-
men stored wunder the same conditions and prepared in the same way.
Could these results be explained though by the aémmxption that much
greater amounts of the same enzyme were present in the tumour than in
the liver and that whilst the activity of the liver had deteriorated to
urdetectable levels the activity of the tumour was still detectable
because of its inftial higher activity? If this were so, and indeed
rhenylalanine 4-hydroxylese was present in the tumour and carrying out
tryptophan 5-hydroxylation there, then phenylzlanine 4-hydroxylation
should be easily demonstrable, for in liver the activity of phenyl-

alanine 4-hydroxylase is 30 times greater for phenylalanine than
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tryptophan (Renson et al 1962). '

Expt. 25 THE ABSENCE OF PHENYLALANINE 4-HYDROXYLASE FROM CARCINOID
TUMOUR AND YCARCINOID LIVER"

Slices of hepatic metastases from tumour 6 and slices of
normal liver in which these metastases lay were incubated with DL-

phenylalanine~3-ct%

under the following conditions:
Liver slices or metastatic tumour slices, 2.5 G wet wt;
DL phenylalantne-3-C* (2 umoles added) (specifie activity Suc/umole)
Ringer phosphate solution, pH 7.4, 5 ml.
The samples were incubated, shaking for 1 hr at 37°C in 50 ml flasks
flushed with O, and corked,

At the end of incubation 4 pmoles of L-tyrosine were added and
the sample deproteinised with 0.8 N perchloric acid. The extract,
neutralised with 1 N KOH was passed through a small column of Zeocarb
225 (HY). This column was washed with water and the tyrosine elubéd
with 10: ml 6f'.2N ammonia. The eluate was evaporated to dryness in a
rotary evaporator at 70°C under a vacuum. The dried extract was dis-
solved in 0.1 ml of water, 0.05 ml of which was spotted for paper
‘chromatography in n-butanol: acetic:acid: water (p.38 ).

Results

Radioautograms of these chromatograms showed no radicactivity
in the tyrosine area in any of the samples although .the "Carrier"
tyrosine was recovered as shown by its staining reaction‘on the 6hrom-
atogram with the nitrosonaphthol reagent (Smith 1960).

These experiments established therefore that the tryptophan 5-

hydroxylation activity in carcinoid tumours differed markedly in its

specificity from the phenylalanine 4-hydroxylation activity seen in rat liver
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Expt. 24 TRYPI‘OH{AN 5«-HYDROXYLATION IN WHOLE HOMOGENATES OF
CARCINOE TUMOURS

Aithough tryptophau 5-hydroxylation hal been demonstrated
using slices of careinoid tumowr it proved very difficu1£ to demon-~-
strate this activity in homogenised tissue. Whole homogenates were
prepared from f.umours l& 5, 7 ani 8 and attempts were pade to
demonstrate tryptophan 5~hydroxy1ation using DL tryptophan»}-cm
a substrate and NSD 1@& as a deearboxylase inhibitor and analysing
for SHTP by assay :rethod II. In no case wasg any radioactive SHTP or
SH’I‘ recovered This was surprisim as slices of the 1ast two tumours
{7 and 8) vere shmm to be active in incubations carried out at the
same time. Obviously disorgandsation of the tissue rendered trypto-
phan S-hydroxylase mactivé in some way. However whole homogenates
of tumour O were shown to retain the:l:" tryptophan 5~h&drcxy1’ase activity
and in the following experiment the activity of the homogenate was com-
pared with that of slices.

Preparation of Tissue and Incubation Conditions

Slices were cut from hepatic wetastases of tumour 9. HMetastases
were homogenised in Ringer phosphate solution p!«l: 7.4 (lec/1G tumour
tissue) as described on .p. 18 . This tumour proved to be nuch less
fibrous than previous tumours and therefore easier to homogenise.

Siice Incubation

' The slice incubation was in fact that reported on p.17 , the
results of which are repeated below. '

- KWhole Homogenate Incubation

Whole homogenate tumour 9 (1.1 w/v) 2 ml; NSD 1024 2.5 x 10N
DL tryptophan-3-C1¥ 10 uc/315 mumoles (final concentration 1.26 x10-4i1)



The total volume of the sample was 2.5 ml. _ »

The incubation mixture was placed in a 50 ml flask, flushed
with 02 and corked, and incubated at 37°C with shaking for 2 hours.
At the end of the incubaticn 4 umoles of DL-5HI‘P were added and the

_ sample tregted by assay method II.
‘-Results | | | _ ’
- Qualitative (whole hgmqgenate ard slices)

Radioactivity was seen in the a.rea of SHTP on the radloauto-
.grams of the first chromatograms, and after deearboxyiation this
radioactivity appeared in the area of 5!:!1‘ on the radioautc)grams of
the final chromatograms. |

Quantitative me m

Tryptophan 5-hydroxy1ation in carcinoid tumour ( slices and whole homogenate)

DL-SHI‘P '
Preparation - ~"-added’  SHT recovered specific activity ' mumoles SHTP formed
umoles pmoles  of 5HT c¢/min/umole /G of tissue/hr.
Slices = 4 0.11 1.3 %205 1L
Whoie homogenate . 4 0.17 5.4x10 - 1.e2
Diseussion

Allowing for the fact that the concentration of DL tryptophan-
T B0 = were different one can see that the activity of slices and whole
homogenate of‘ this tumour in respect of tryptophan S-Wdroaquation were
E similar Why should this tunwur be a.otive as a whole homogenate and
' not the others? Three possibilities are considered— o
 1. 'I‘his tumour was of bronchial origin, the otherfs were of irrhestinal

origin. This different derivation may ha.ve been respansible in some way .
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2. This tumour was much wore easily homogenised than the others amd
'. lésé vfig;:"rdu‘s'methods :had Vto be' used. I doubt‘ﬁhefhér this really accounts
for i'l;s écfiv.ity, becauﬁe 1 haé beén pésSiblé' to paz;tiaily‘purify & tumour
tryptophan S-thdrblquésé in ‘a." SOJ.ﬁble " form from méﬁastaSeé of a tumour
'treated by much more vigorous methods . 1n the whole homogenate of which no
activity was present. - . -
’3 'l‘he ‘most obvious diffeprence between this tumour and the others tested
was in the endogenous content of SHT. This tumuur contained between 5 -
10 pgms of SHI/G of tumour tissue_.f Could it have :Seen_that the much
higher SHT content of the other tﬁmours en hnmogéhisatioﬁ caused inhibition
of tryptophan hydroxylation? This point is tested in the next experiment
to be described and the answer is probably no! The reason why the whole
homogenate of this tumour was active‘_a.nd the others inactive remains
uni;:nown.

Expt. 25 THE EFFECT OF GHT, PHENYLALANINE AND AMETHOPTERIN UPON
TRYPTOPHAN HYDROXYLATION BY CARCINOID TUMOURS

Introduction

l§__ Because of the reasoning above, the effect of 51:‘,! on tryptophan 5=
hydro:quation by whole homogenates of eaminoidf tumqur (9) was studied.

Phenylalanine We havé éeen ‘that phenylalanine inhibits tryptophan 5-

hydroxylation by the rat liver and it was of some interest to see whether
phenylalanine would 1nh1b1t tumour tryptophan hwdroxylation even though

these tumours do not appear to hydroxylate pheny}.alanine.

Amethepterin Amethopterin is a potent inhibitor of phenylalanine 4-
hydroxylase in rat liver (Kaufman and Levenbm'é 1959). The mechanism of
its inhibition is thought to be via its inhibiting effect upon dihydro-

folate reductase (Osborn et al 1958) which is necessary for the reduction
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of the dihydropteridine to the actlve tetrahydropteridine.

Experiment 25 =

A whole homogeﬁate 1:i w/v) was prepared in Ringer phosphate

solution, pHv T #, and was‘ incubaﬁed under the following eonditions:

Whole tumour homogenate 121 w/v) in Ringer phasphate solution, 2 ml;

DL tryptopham}—(:”’f (10 ue/315 mumoles) 1.26 x 10"*M

NSD 102, 2.5 x 203m.
The total volume of the incuba‘bion vas 2 5 ml. _The following additions
‘were made to separate 1neubations- k B .’

(1) Yo further additions a |

(2) SHT creatinine sulphste (2 pmoles of SHI. base) 8 x 10™Mm.

(3) L pherylalanine (2 umoles) 8 x 107,

(4) Aetnopterin 5 x 1074,
All mcubations were carried ou‘b for 1 hr at 37°C 1n flasks flushed
with 0z, corked and shaken. At the end of incubation analysis for SHTP
was carried out by assay mef.hod Ir. ‘
" Results A TABIE 13

The efrect of 5!!1‘, pherwlalanine and amethopterin on tryptophan 5«
hydroxylation by carcinoid tumour (9)

-Additions 5HTP 5HT Specific activity ‘mumoles SHTP produced
added recovered of 5H1‘ o/minfpmole /G tissue/hour
umoles umoles e

None 4 0.17 5.4 x 100 | 2.14
SHT 4 0.14 4.5 x 107 : 2.06
L phenylalanine 4 0.13 5.6 x10° - 2.62

Amethopterin 4 0.2 6.3 % 100 - 2.86




The difference between the amount of SHIP produced in these four

incubations is so small that one-is forced to say that at the concen-

trations used these substances had no‘ apparent, effect on tryptophan
hydroxylation, V

THE SUBCELLULAR LOCALISATION oF TRYPTOPHAN 5-HYDROXYLASE IN CARCINOID
TUMOURS

_As whole homogenates of twr.ours 4 5, 6 and 8 were inaotive 1w
kproved 1mpossib1e to fra.ctionate the hydroxylase aotivity. The sub-
‘ cellular localisation of tryptophan s-rwdro;quase 1n tumour (9) was
stuiied but for t.echnioal reasons the experimﬁfs we:fg:brcught to a
final conclusion. On two aecasions hawever there ‘was ‘the ‘susgestion that
» most of the tryptophan S-hydroxylase aetivity in tbi& tumour lay in a B
100,000 G particulate fraction prepared from a whole homogenate, No
quantitative studies were dene however before the supply of this tumour

ran out.

Expt. 26  PARTIAL PURIFICATION AND COFACTOR REQUIREMENT OF TRYPTOPHAN
5-HYDROXVIASE IN CARCINOID TUMOUR (7)

Introduction

Although whole homogenates, particulate and supernatant
| fz'actions of this tumour were shown to be 1nact1ve 1n respect of
tryptophan S-twdroxylatien nevertheless when the paz'tial purification
of brain tryptophan S-hvdroxylase was achieved ard the cofactor
requirement of the enzyme prepa.ration demonstra:bed (see P {52) an
amenium sulphate precipitate of a supernate.n_‘_h freetien of this tumour
was mede; This rather 611&1 experimeht was done for the t‘ellewing

reasons. If in fact one assumed that the tryptophan 5-hydroxylase in

~the whole homogenate and fractions prepared from 1t was inactive either
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because of‘ 1ack of cofactors, presence of high levels of‘ 5-hydroxy~
indoles, or xre sence of 1nh1b1tory suhstances, then by making an

“ ammonium sulphate precipitate and adding the necessar:,r cofactor one
.m:lght remove these possibly inhibitory faetors U’afortunately as the
whole hornogenate of this tmaar and fractions prepared from it were
1nactive 1t was impossible to calcula.te the actual degree of purific-
ation but the activity of the amonilm sulphate fraction and its co-

| fa.ctor requirement is of :lnterest.

_Preparation of tissue

Metastoses of tuxﬁour 7 were remcved f‘rom the,surrounding liver
: and Weighed (37 G). These metastases were then homcgenised 1n 0.32 M
sucrose + 0.01 M meroapboethanol 2.1 (v/w) in a Wari'ng blender for 4
~min. * The homogenate resulting was more finely homogenised in a glass
: tube with a teflon pestle.  An: aliquot of the whole hamogenate (vol.

60 ces) was centriﬁzged at 100,000 g for 1 hour.. To an. aliquot of the

. resultant supernatant (40 cecs) was added 12.5 ¢ of (m&)asou to give a

' 50% saturation with (m{4)2804 The (lmu)asou precipit.aue resulting
after standing the mixture at 3°C for 25 mins was: remwed by centrifug-
"ation at 12, 000 g for 30 mins and redissolved in 1& ces of' 0.01 M

‘potassiun phosphate buffer pH 7. containing: 0.001 M mercaptoethanol.‘

Incubation conditions

| (NH4) 2804 precipitate prepa.ration lcc, DBD 1024 2, 5 X 10 by
BL 1:rm;»1:ophan—3-~CM 152 mumoles/suc (f:lnal concentrati.on 1, 09 x 1074n)
Potassiwn phosphate buffer pH 7. 7. 15 x 10 ‘-m; DMPHu 2 x 10"3M (see

p- il
Tota.l volume of‘ incubation, 1 l& ml.

)
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In one sample the enzyme preparation was boiled as a control
and from another the DMIH, was omlited. All sa.mplés were \shaken in 02
_at' 57°c for 3:-5 hours.. At the end of this time the samples were aasayed

for SHTP by assay method III (see section on Brain, p. 112).

Results R | TADIE 14

The aetivity of partially purified tryptophan S-Mdmlase ‘from
carcinoid tumour (7)

DL SHTP added  SHT recovered Specific activity uumoles SHTP

wroles umoles S5HT ¢/min/umole formed/ml ,
' _ ~ preparation/hr
zsqi;ea control 2  0.059 8.7 x 10> 242
- DMPH, 2 © 0.089 2 x10° 49
+ DNPH, 2 0.065 88k 10t 525

- Comments »

These results 111uétrate a difficulty also encountered by
Nagatsu et al (1964) in stﬁlying tyrosiye hydroxylase. They also found
that non-enzymatic hydroxylation wés sometimes increased by boliling
" tissue preparations. They overcame this difficulty by xising D-tyrosine
a:s a subsirate with unboiled tissue, giving a more meani.nétul index of
the non-stereospecific non;enzfmatic hydroxylation.  In .tl-'t,e present
éxperiment the use of D~tryptophan as a subsirate with unboiléd tissue
* ‘would have been a more elegant control but as it was not used & more
Jogioal control would seem to be the unboiled sample to which no DNMPH
was added. Whether the relatively small amount‘ of hydroxylation seen
in this sample is enzymatic or not is unknown but what 1s striking is

the greal increase in activitjr seen when DMFH) is added.,
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It is clear therefore that tryptophan S5-hydroxylase has' been
z\ecover’éd-from ‘a tumour whole homogenate in which no activity could be
- demonstrated. This is very suggestive that in such whole homogenates
there are. presght, influerces irhibitory to the activity of tryptophan
 5-hydroxylase which are unable to exert -themselves. when' the organisation
. of the tissue 1s relatively undisturbed as in the case of incubation
_carried out with slices. Tt is also apparent that the carcinoid tumour -
»:tryptomanzs-hydroxylase réquirea a reduced pteridine for full activity,
in common with tryptdphan bydfoxylase prepared ﬁ*g_m ,athér tissues. This

matter will be exzmined more closely later..



EXPERIMENTAL SECTION II

A. THE BIOSYNTHESIS OF S-HYDRQXYTRYPIMINE IN INTESTINE

Introduction

There are certain facts which suggest that most of the S5HT
formed in the body is synthesised in the gastrointestinal tract.
(1) Removal of the gastrointestinal tract from rats, whilst main-
taining tryptophan blood levels, leads to the virtual disappearance of
SHIAA irbthe urine (Bertaceini 1960). |
(2) Argentéffinomas (carcinoid tumours) produce large amounts of SHT
and have been shown to possess all the enzymes neéessary for its bio- .
synthesis. The majority of these tumdm-s arise in the gastrointestinal
tract, and are composed of cells having histochemical reactions
identical with the argentaffin cells which are normally situated deeply
in the crypts of Ideberkliin.
(3) The gastrointestinai tract as a whole cdntains large amounts of
SHT and though this could be merely a reflection of storage, neverthe-
less taken together with the preceding facts suggests that intestine
synthesises SHT. |
(4) There are the experiments of Cooper and Melcer (1961) which have
already been discussed‘. Their evidence was suggestive, but not conclu-
sive, that preparations of' rat gastrointestinal mucosa synthesised SHT.

Methods having heen developed for the demonstration and assay
of tryptophan 5-hydroxylation in carcinoid tumours these same meﬁheds
were applied to t_he study of tryptophan S-hydroxylation in the gastro-
intestinal tract.
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PFreliminary experiments in which intestinal mucesal hemogenates
prepared by the methods described by Cooper ard Felcer (1951) were
incubated with DL~tryptophan-3-C1% and NSD 1024, and carried through
assay method II falled to demonstrate the production of S5HTP. Various
additions to the incubation were made (e.g. reduced NAD and NADP, THFA,
ascorble acid and CuCJ.z) but with none of these could definite enZymatic
tryptophan 5-hydroxyletion be demonstrated. As this situation had been
seen with whole homogenates of ear#inoid tumour and was overcome by
using sllces, experiments were corducted using mt_eatinal. segments.
Expt. 1 THE FORMATION OF 5SHT FROM TRYPTOPHAN BY INTESTINAL SEGMENTS

Preparation of tissue

Rabbits were killed by a blow ‘en the neck and the abdomen
opened. A loose ligature was placéd Just distal to the pylorus amd a
3" segment of intestine distal to this ligature was rémwed. This was
turned inside out over a gluss rod pressed agalnst the closed erd and
the mucosal surface washed clean with ice cold distilled water. The
~ segment of gut was then suspended in Ringer phosphate solution (pH 7.4)
in the mannex- depicted in figure 25.

The gut segument was suspended from a double hooked tube placed
Ain the inoubating tube and from the lower hook of the suspending tube
OXyEen was bubbléd‘. This procedure exposed the maximum internal
surfage area of the gut to the substrate tryptophan, kept it well
oxygenated ard at the same time mixing was carrled out by the bubbling
oxygen. The incubation tube was placed in a water bath at 37°C. The

brim of the tube was greased with silicone grease to aveoid frothing.



Components of incubation

Ringer phosphate solution, pH 7. k, 10 ml; Gut segment 3" “long;
- nL tryptopnan-j-cl‘* 10 u/0.5 umole (4.35 x 10°5M);
| Reduced NAD 5 x 10 “m | Reduced NADP 5 x 10
“ .‘ | Pyridoocal phosphate 4 x 10 5M: '. o  THFA 5 x 1(\{)"31\6‘
Iproniazid 2.5 x 10"5M SN |
' ) where indicated
SHT u5x10'5m) N
E‘:l‘he samples were preincubated for 10 minutes before the additicn of
substrate s0 that 1n the samples to which Iproniazid was added mono-
'amine oxidase was inhibited. The following samples were inoubated:
1. Boiled gut segment + f‘ull system (oontrol)
| 2 Gub segment + full system
>3. Gut segment - BHT
4. Gut segment - BHT and 1pron1azid N
"I'he samples were incubated as deserdibed for 1 hour at. }7°C. At the
end of incubation 0.5 umoles of ‘jm‘ were added to samples 3 and 4.
'l‘he gut was Finely minced with seissors ard resusperﬂed in the incu-
bation flutd to which was added 4 vola ot‘ 95% ethanol. The denatured
protein was removed by eentrlt_ugation and the proteinffree gxtra.ct
ev‘raporated ﬁo dryness at 70°C in a rotary evaporator under vasuum.
The dried extract was dissolved in 5 ml of water and. the B5HT extracted
with bubanol amd returned to 0. 1 N HCl as previously deseribed. The
acid extract was evaporated to dryness, dissolved in O 1l ml of water
and subjected to two-way ascerxiing paper cbromatography in the solvents

described on p. 58 . Radloautograms were prepared from these ¢hromato-

grams and the latter stained with Ehrlich's reagent to locate the SHT.
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Q.Iualitaﬁiv‘e results

1. No radicactive SHT could be demonstrated in the boiled control sample.

2. Radfoactive SHT was seen in all the other fractions (see Fig. 26).

Since no quantitative stulies were done and the density of the

B rédiéév.\itive‘_ spots on the radioautograms is an unreliable guide to activity

unless ‘pecovery of the "Carpier” SHT :vlskarioun, no :p‘r'e{cs.se estimate of the

emount of tryptophan hydroxylated can be given. However the density of

" thé 'radioabﬁve spots dn’ the rsdioautogra:ﬁs'. in relét‘idnft"o the density

or the S5HT spots when sta.ined with Ehrlich's reagent. suggested that the

| hydrmlation a.otivity of 1ntest1ne is of the same order as that seen in

Expt.2

careinoid tumour and lat.er 1n brain.

'I'HE FOBMATION OF SH’I‘P FROM TRYPTOPHAN BY INTESTINAL SE:}MENJ.‘S

Although experime;nt 1 appears to confirm that SHT is syhthesised
from tryptophan in intestine there is one ob,jectian. 1‘1_;"15 possible that
both in the boiled control and experimental samples SHIP was non-
enzymatically formed and that only in the experimental sample was 4t de-
carbmcylated to SHT. a.s only in this sample would the decarbcxylase be
a.otive. |

For t_hié reason a sizgilé.r experiment was performed but this time
a boiled gut segment and a viable gut seénient 'w‘ere separately inocubated
under the same ‘eorxiit‘.ions but substituting NSD 1024 (2 % 10™M for ipro-
niézid. At the end of 1ncﬁbat;onf the sample was treated by assay method

I up to and including the high voltage electrophoresis. It was possible

to show that whereas in the control sample no _i'édidaetive SHPP was pro-

'duced, in the experimehtal éample,v radioactive SHrP was present on the

initial chromatogram and on elution this ran as SHTP on high voltage

paper electrophoresis.
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It has not yet been possible to demonstrate enzymatie trypto-
phan 5-hydroxylation in cell-free extracts of intestinal mucosa using
" either isctoplc methods or non-isotopic methods and because of the
difficulty of interpreting any quantitative results ’rgsulting; from
inoubation of gut segments, no quantitative studies have been done.

"Expt. 3 THE _INABILITY OF INTESTINE TO 4-HYDROXYLATE PHENVLALANINE

An at’ﬁembﬁ was 'madé td see whéthér inthtinal segmgnts inou-
bated with DL-phenylalanine-3-C}* (10 pe: 2.9 x 107M) would result
in the production of radicactive tyrosine. The éamblé ‘after inoubation
was treated by the method deseribed on p. 81 arﬂ‘tksxe'.'extraot',s@‘jected
" to ascending paper chroxna.tography in the n—-but_anol: ba.c'etic aclid: water
solvent. Radioautograms of the chromatograms showed n§ radioactivity
present in the areas where "Carpier! tyrosine 'stainéd; These results
confirm those of Udenfriend and Cooper (1952) and Kaufman (1957) who
could f£ind no evidence that phenylalanine 4-hydroxylation took place
anywhere but in the liver, |
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EXPERIMENTAL SECTION III

' THE BIOSYNTHESIS OF SHT IN BRAIN

Introduction

‘In 1954 Amin, Crawford and Gaddum demonstrated that SHT was
present in brain, and this was confirmed by pumerous workers using
& varlety of chemical and blological techniques. It was fourd that
SHT was not evenly distributed throughout the brain but concentrated
1n certain aress (Amin et al 1954, Bogdanski and Udenfriend 1956,
Gadium and Glarman 1956).  Although the discrete localisation in
various areas of the brain has been studled (for instance by Kuntzman
et sl 1961), one can generalise and say that whilst the hypothalamus,
midbrain and medulla contain fairly large a.mounts of Sm‘ the cerebral
cortex and cerebellum have a low comentra.tion. | |

The problem that concerns us here is how this brain SHT is pro-
duced. Udenfriend et al (1957) showed that S5HT ‘didh:ot' 'fréely enter
the brain from the circulation. From their findings one can presume
that SHT, be it in the plasmacor bound to plateletsv, does not easily
pass the blood brain barrier. On the other hand the same group of
workers (Bogdanskl et al 1957) showed that the concentration of SHT in
various areas of the brain closely paralleled the activity of SHTP de-
carboxylazés This was suggestive that at least the step 5HTP --+ 5HT,
took place within the brain. It was shown that the administration of
SHTP to animals raised the prain SHT concentration (Wenfriend :&7ai 1957)
and that 5H.TP is taken up by brain slices by an actiire transpar't mechan~

ism (Schanberg and Glarman 1960, Smith 1963). When Cooper and Melcer
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(1961) reported tryptophan 5-hydroxylation in ;ucést_i_ne they epeculated
“that perhaps SHTP was synthesised 1n the intestine, circulated to the
- braijn, emér?ed the brain and was deca.rbo:wlatedv to 5HT. Similar
reasoning was also applied ’after'. the demonstration of tryptophan 5-
_ hydmxyl_étiqn in rat liver (Freediand et al 1961a), -though_this hypo-~
thesis w,as' considerably 'wgake‘nq.d by the demonstration that this activity
was due tb i:hemrlalanlne a—hydfoxylase ard probably not_g ‘pl’wsiological
( paxhuay for SHT biosynthesis (Renson et al 1962) L
. ’ What .are the ob,jections to this eoneept as the physiolagical.
| / mechanism for the bioaynthesis of brain 5HT? e

1. SHTP ca.nnot be detected in circulating blood under physiolugieal
conditions (Renson et al 1962) | _

2. The work of Green and Sawyer ( 1964) demanstrated that the S5HT in
brain derived from exogenously ‘administered SHTP behaves differently
'1n respect of the klnetics'of 1£s appearance and disappea:ance to S5HT
~in brain formed from endogenous precursors. -
3. Removal of the ga.strointestinal tract does not a.ffect the brain
' concentration of SHT (Bertaceini 1960).

4. Renson et al (1962) convincingly showed that £he inhibition of
tryptophan S-hydromylation 1n:rat liver caused no decrease in the
brain content of SHI. | | ‘ | ‘

5. let us examine the hypothesis that SHTP is formed outside the
brain. Such a mechanims would involve:

(a) The 5-hydroxylation of tryptophan with the formation of SHTP

at some peripheral site such as intestine or liver;

(b) The escape of this SHTP into the circulation and its escape



101

from SHIP decarboxylase which is widely distributed in tissues;

(g) The circulation of the SHTP to the brain and its transport
into brain cells; _ .

(@) The Qecarboxyletion of SHTP with the formation of SHT at or
near the site of its action.

- When one considers “thatb‘the 5-hydrexylation of tryptophan is
probably the rate-limiting step in the blosynthesis of 5HT, that brain
sSHT ‘appears to be discretely l§cglised both at f.,he anatomical ard sub~
ce;_lular levels and that if S5HT has.‘a function 'iq the central nervous
system its action is likely to be at disc_rete fléai; then a niéchanism

for its blosynthesis such as that outlined abcve would be very diffioult
to control. _ - ‘ ‘ .

© These obJections led one to suspect that SHT was probably syn-

thesised from tryptophan within the brain. If so, thex_z what supporting
‘evid'enc‘e: ﬁas there and what chance of demonstrating this,'synﬁhesis in
vitro with the methodsjdevgloped for the stgdy:of'carcinéid tumours amd

 gut? Studies on the turnover of SHT in brain pex'fbrmed by estimating
the in&rease in brain SHT after vthé‘ administratipn of a wonoamine
oxida:se inhibitor indicated _that the half life o}f‘S'Hr in brain is in
the order of 10-30 mins (Udenfriend and Weissbach 1958). Garattini
and Valzelll (1961) on the basis of similar experiments calculated
that rat brain synthesises about 50 ug of SHT/day. A raf. _brain weighs
about 1.5 G s0 that 1 G of rat brain produces f;zbout 1.4 pz of SHI/hour.

1 G of carcinoid tumour tissue in vitro producés’uﬁ"to..l.e ug of SHI/

nour. If this amount of tryptophan 5-hydroxylation took place in
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o b_ra;r; thatx__it‘ seemed reasonable to assume that the mgtlpds already
| developed would be capable of detecting :Lt. »

For 5HT synthesis to take plase complet.ely in brain there
would have tc exist an uptake mechaniom for tryptophan. Gurof{ and
Udenfriend (1962) demonstrated that indeed a mechanism for the active

transport of tryptopha.n mbo brain existed, and Gal et al (1963)
’ demonstrated that 1ntraaerebra1, but not 1ntraperitoneal. injections
of DL tryptophan-}-c‘ll& produced labelling of brain slﬂ'. _

' Expt . THE QUALITATIVE DH'IONS’I‘RATION or 'I.‘RYPTOPHAN S—HERO}’YLATION
N INR‘LEBITBRAIN

-Prepara.tioh of tissue, 1ncubati’on and assagy' of trypbophan S~-hydroxylation
Rabbits were always killed by a blow aéroéé ‘the' mid-éewical
spine with a metal bar. The head‘ and upper neck were then cut off. The
skull was opened and the whole“ brain (minus the olfactory bulbs,) was
removed intact, ineluding the cervical bulb and the upper part of the
“upper cervical cord. The whole brain was weighed and hemogenised in a
thick walled glass tube with a teflon pestle (clearance 0.2 mms) in
Ringer phosphate solution, pH 774 (lce/G of brain ti;ssueb.
To Eecesof brain whole homogenate were added:
' DLtryptophan-3-Cl% 20 uo/630 mumoles (final concentration 8.2 x 10°-5M);
NSD '10214 2.5 x 10~4M; Ringer phosphate solution, pH 7.4, 2ccs.
The total volume of the ineubation was 7.7 ces:
‘5ces of bolled brain homogenate were ldentically incubated as a comtrol.
Incubation was carried out at 37°C for 1 hour .in 50 ml flasks flushed
with Oy corked and gently sha.keﬁ.' At the erd of the incubatién 1 pumole

of DIL-SHTP was added as carrier and the sanple analysed by assay method II.
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Results

On the radioautogram of the initial two way paper chromato-
gram, there was a suggestion of radioactive S5HTP in the unboiled
sample (Fig. 27). After decarboxylation of this 5HTP, radloactivity
was present on the SHT spot of the radiocautogram bf the chromato-

- graphed, decarboxylated SHTP (Figz. 28). No radioactivity was éeen
associated with either the carrier SHTP or the 5HT produced from it
in the boiled sample.

BExpt 2 THE ANATOMICAL DISTRIBUTION OF TRY.FI"OHlAﬁ 5-HYDROXYLASE IN
BRAIN AND ITS QUANTITATIVE ASSAY

| Although tryptéphan S—kwﬂroﬁcylatinn apééared to take place in
| brain ne\}ertheless if this reaction was going to”be quantitatively
étudied a more nctive prepérétibn was necessary. In additioqthe
anatomical distribution of the hydroxylase was itself of interest.

Preparation of tissue, incubation and zssay of tryptom 5-hydroxylase

The brain was removed from a rabbit as already described. The
cerebxb-alv cbrtex was removed by bcutting thronggza?.-a the most latéral aspects
of the cerebral peduncles and the cerebellum by dissecting cff the cere-
| bellum and cutting its connectlons with the brain stem close to the
surface of thé lattier. This préduced three main portbions of brain., The
-cerebral cortex, the cereb.ellum,. amd the rest of the brain which 1s
nence forward (when rabbit bréin_'is used) called the hind brain. Each of
these portions was homogenised in its own weight of Ringer phosphate
solution, pi 7.4. | |

Whole homogenates of each braln portion _(2.5 ée) vere incubated

with DL tryptophan-3-C  5ue/250 wuwoles (4.2 x 1073H); SD 1024 1.5 x10™M
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Ringer phosphate solution was added to.bring the total volume of the
incubation samples to 6 ccs. As control samples, 2.5 ccs of cerebral'_ ‘
cortex and hinmd brain whole homogenates were beiled for 3 mins amd
incubated in the above system. Incubations were carried out for 1

hour under O, at 379C with shaking. At the eni of incubation 2 umoles

of DL-SHTP were added and the samples taken through assay method II.
,R‘esults

Cerebral cortex and ecerebellum On the radioautogram of the final

chromatograms no radioactivity was associated with the SHT. The radio-
é.ctivity was not quantitatively assayed as visually none was »’ present,
despite dense stdining of the carrier SHT with Ehrlich's reagent.

Hind bréin On the redioautogram of thé. final chromatogram there
appeared to be a large amount of radiocactivity assocliated with the SHT.
The SHT was therefore eluted, its amount assayed by the nitrosoixaphthol
pmgeam already deseribed and the radioastivity assayed at infinite

| thinness in a gas flow counter.
TABIE 15

The anatomical distribution of tryptophan 5-hydroxylase in rabbit brain
Preparation BHTP added G5HT recovered Specific activity L SHTP produced/

umoles umoles S5HT co/min/umole. hr/G tissue wet wt
Cerebral cortex 2 + (staining) O (radioautogram) 0
Cerebellum 2 + (staining) O (radicautogram) (s}
Hind brain 2 0.05 3.3 x ot 1.89 mumoles

Discussion

These results showed that the bulk of the activity lay in the

rabbit hind brain follewing roughly the distribution of SHT and SHTP



105

decarboxylase activity (see Table 17). Because the rabbit hind brain
pmp‘aration is too small to allow further dissection and examination
of 1ts hydroxylation activity an experiment was done with dog brain.
Expt, 3 ANATOMICAL DISTRIBUTION OF TRYPTOPHAN HYDROXYIASE IN DOG BRAIN

Preparation of ﬁssﬁe, incubation and assay of tryptophan 5-hydroxylase

"' dog (mongrel puppy) was anaesthetised by an I.V, injection of
neﬁxbutal"axxi when uncqné‘cizb\;s' the carotid artertcsl.weré. cut aml the dog
’. bledto d_‘ea..thl. The skull was opened and the brain dissected free and
r;’.moved. The cerebral cortex and cerebellum were removed and discarded.
The rest of the brain ﬁas seotioned by cutting through the cephalic

. border of the pons dividing the brain, for the pﬁr.po_s'e;s; ‘of description
~ into ";vpothalamuthhalamgs" and “jidbrain-pons-medulla" sections.

y ﬁhole_"homogengtes in Ringer\_»‘phos‘pﬁate solution pH 7.4 1(1.1, w/v) were
| ‘mad:‘efy Whole nomogenates of bﬁain sections (3 ce) were incubated with

‘ DL-tryptophan-}-cm

» 10 po/315 mumoles (final conc. 8.3 x 10791;
. NSD 1(2#, 1.5 x 10"314. 'l‘he total volume of the incubation samples
‘was }_.8 ccs. Boiled samples of each section ﬁere ;.@eni;iaally treated
; 'as controls. Incubations were carried out at 37°C for 1 hour in an
atmosphere of 02 At the end of incubation 2 ;moles,l.ot SHTP were added
~ to the samples and they were carried through assay methed II.
‘ Results o TABLE 16

. The anatom:lcal distribution of tryptophan S-Mdroxylase in dog brain

Seetions DL-5HTP added SHT recovered Speeific activity SHTP produced/1
umoles pmoles Sm.c/min/umole /G wet wt tissu
"Thalamus- | | W
_hypothalamus" 2 0.1 2.36,:: 107 685 pumoles
"Widbrain-pons

-medulla" 2 0.112 1.34 x 10t 378 uumoles
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TABLE 17

The anatomical distribution of" 551' 5HI‘P decarboxylase and trypt :gmn 5-hydroxy1ase in bratn

SHT * - SHIP decsrcoxylase ] Tryptophan S—hydroxylase
~ 117pg SHT forwed/hr/G of = 685 npumoles SHIP formed/hr/G

1.65u2/G tissue = 100% . tissue = 100% . of tissue = 1007
Hypothalams 1008 0 om 1008
Tholemss 5% -
Mid brain 61% . o _' - 837
Pons L B . :  - | o | 2{*%“;} ' B 55%
Medulla _ 38% . e )
Cortex grey 16% e | o ' 6% o

white o7 - _

Cerebellum 0% o 0% } o%

#* Data ef Amin, Crawford and Gaddum (1654 ) and Bogdanski and Udenfriend (1956)
#* Data of Udenfriend, Welssbach amd Bogdamki {1957)

L0)



108

Discussion
| Already it has been mentioned that the concentration of
S5HT in different parts of the brain closely follows the activity of
'SHT decarboxylase. In table 17 it will be seen that the activity of
tryptophan S-bydroxyiase follows roughly the same distribution. This
o ';cqmpaz?ist;m strongly suggests that SHT is completely synthesised in
. the area of the brain in which it 1s found and that there need be
Tlittle or no transport of SHT from one area to another. If SHT is
" & substance acting pharmacologically at discrete loci within the
_brain then this would be the situation one inight,e:ipeot.

_ If one éonsidefs Vthe, activity of frﬁrpﬁdphan 5-hydroxylase not
on the,bé-fiis of "per O of tissue" but on the basis of the activity of
the total brain sections then one £inds that whereas the "nypothalamus-
thalamus" section produces 9.55 mpmoles of SHTE/hr, theb "rﬁidbrain—pons-
medu]_.lva"iseetion produces only 1.34% mumoles of 5HTP/hour; This high-
lights even more the high activity of the "hypothalamus-thalamus"
seotion. It is possible that a large part‘of this activity is a'
property of the hypothalamus alone where S5HT is found in very high
conoentrations.k

Expt 4 FROOF OF THE IDENTTTY OF THE FRODUCT OF TRYPFOPHAN 5-HYDROXYLATION
IN BRATN AND EXAMINATION OF THE STEREOSPECIFICITY OF THE REACTION

Preparatibn of iissué, inoubation and assgz of tgxgtop_ha_g §-§zgmlase‘
| .A whole homogenate of rabbit hind brain was made in Ringer phos-

phate solution pH 7.4 (1:2 w/v). 1l ce of this whole homogenate was

incubated with NSD 1024 (3 x 103M) and DL tryptophan-3-C1¥, Suc 158

mumoles (final cone. 1.5 x 1075M). The total volume of the incubation
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was 1.5 ul. Boiled tissue Wentically inoubated acted as a control.
Sémpies .nere incubated for 1 hm:r at 37°C in tubes flushed with O, and
éorked; Asssy method I was performed }ontthe aampies after the addition
of 4 pmoles of ‘SHI‘P.

Results

(a} Identification of 5111'9 and SHT

Radioaetive 51-11‘? was present on the radioautogram of the
| i.nitial chromatogram oi‘ the unbo:lled sample and on elution this radio-
' activity ran witn the eluted SH‘I‘P on H.V. paper electrophoresis. After
decarboxylation the radioactiv:tty now z-esided in the 51-1"‘ area of the
final chramatoagram. On the radioautograms of the chromatograms no
radioaetivity was visibl;y msoeiated with the carrier SHTP or the S5HT
'produced from it by decarbo:quation, in the bolled contml. although as
we shall see a small amount of r«dioactiv ity could be demonstrated on
quantitetive assay. o

(b) Quantitative assay

The SHT eluate from the final chromato,gr-m of the decarboxylated

| SH‘I'P was eolcrimetrioally assayed for its SHT contexxb and. the rauo-
ctfwity measured

Results | TABIE 18

le&tmn m rabbit hind-»bm:ln whole homogenate

)HI‘P added S5HT recovered Specific activity pumoles 1-5HTP
umoles umoles SHT . o/min/umole _produced/hr

* Control 8 o 7.2 x 10° 31
Experimental 4 0.025 §.35 x 300 179
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These results show that some radicactivity 1s associated with the
5HT in the control sample, and in fact in all experiments done with
brain a sma;ll but variable amount of r;on~enzymatic tryptophan

hydroxylation was demonstrated.

(_c‘) Examination of thg Stereggpeéificitx of tryptophan 5-hydroxylation
v in brain _ |

It had previously belen de_moz;strated during e:;pe_ﬁments on
. carcinoid tumours (p '{1} ), that non-enzymatic _‘ tryptqphan hydroxylation
' was not stereospecific whereas. the tumour hydroxylatiqx; was speclfic
for the L isomer of tryptopnar}; ;Using .th'e“samé reasqping but gquanti-
tative techniques the stereospecificity of the ~hydroxy1ati_on 4n brain
‘was investigated. o _

‘In non-enzymatic mdroxy;auon of DL-tryptophan-3-C1%, such as
might océur in a boiled control incubation, the specific activities of
the D and L isomers of SHTP 1solated after the addition of excess non-
redioactive DI, SHTP carrier will be equal. Therefore as only the L
isomer of SHTP is enzymatically decarboxylated the specific activity
‘of the SHT formed will be equal to that of the D-SHTP remaining.

In the case of an experimental incubation, however, both non-
enzymatié and enzymatic hydroxylation will occur and assuming the
enzymatic hydroxylation will be specific for the L isomer of tryptophan-
3—814, the total radicactivity of the L-SHTP will be greater than that
of the D-SHTP. Therefore after the addition of an excess of non-
radiocactive DI-SHTP carrier, the specific activity of the L-SHTP will be

greater than that- of the D-GHTP. So after enzymatic deearboxylation the
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spegi,fi;é activity of the SHT isolated will be greater. tﬁan that of
the D SH’I‘P remeining. _ - = '
From the final chromatograms of the decarboxylated SHIP in
the cor;trfol _and exlperiment‘al Ssamples "of the 41,a:st gxperinxent,. the
. remaining D-SHIP and the SHT were elgted and their :specific activities
- estimated icoo L Lo :‘:L }_.

- Results. TABIE 19

. The st.ereos;:ecif’ieity of tryptquan 5-hydroxylation in brain ,
' (see text for expla.nation) e

Sample Specific activity of D= Speaific é.ctiirity' of SHT
: SHTP recovered (c/m/umole) recovered (c/mln/;mole)

Comtrol . 20 7120

Experimental TR0 . W50

" Table 19 shows: (1) ‘In the céixtrol sample the nory;-'-’enicymatic hydro-
xylation'which cceurs gilving roughly equal specifiﬁ activities in the
SHT and D-SHTP isolated;  (ii) In the egpermeﬁtal sample is shown
the non-enzymatic hydroxylation which gives a specific activity of
the D-SHTP roughly equal to that in the control sample but a much
higher specific activity of the SHT isolated, signifying an enzymatic
 stereospecific hydroxylation of the L isomer ofi'trybtophan.

(a) ecggstallisation of 5HT to constant specific activity

The SHT resuldng from the assay of the "Hypo‘c.hala.mus-thala.mus
section in Expt. > was recrystalliaed to constant specific activity by
the method deseribed on p. 75 . The specific activities of the SHT
picrate on two successive recrystallisations weﬁé 19.72 and 20.23 c/min

/umole. The meltingfﬁo.int of this recrystallised SHT picrate was 184-
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1879C and of authentic material 186-189°C (reported 185-194°C).

Comments

. There szeems little doubt therefoze that SHTP is produced by
the S-hydroxylation of tryptophan by brain preparations and that the
reactlion 1s stereospecific for the L isomer of tryptophah. Usually
bolled control samples were incubated azlongside un;noued samples to
glve an assessment of non-enzymatic hydrmw}.atién. In calculating
the results the control non-enzymatic hydroxylation has always been '
subtracted from the.total exﬁeriméntal activity. When contrels have
- not been run this willvbe st_atec?..

MODIFICATIONS OF THE ASSAY OF TRYPTOPHAN S-HYDROXYLASE (ASSAY METHOD IIT & 1

Some modifications were now made to the assay methods already
described, though ﬁmiamentally the technique 1is the same.
ABssy Method ITI

After incubation DL-SHTP carrier is added to the sample amd 1t 1s
deproteinised and treated with deactivated charcoal as m assay methods I
amd II. The dried eluate from the chafcoal is then subjected to one way
vasoen@ingi pdber chromatography on Whatman 3 um paper (10" x 10") in the
n-butanol: glacial acetic aaid: water solvent (p. ).; {The éample is
applied in a streak 1" long at the origin). Thissgolvent separates the
SHTP from the ma.lovit& of the radioactlive tryptophap, though streaking
| bf;#‘:he latter does cecour and for quantitative work t‘urther purification
16 necessary. This is achieved by eluting the SHTP from the chromato-
graphic strip after locating it by its fluorescence wjrler Wood's lamp

ard by comparison with standard strips run at the same time and stained
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~with Ehrl:lch’s reagent. This eluted SHTP 1s then enzymatically
. deoarbaxylated as already described ard the dried ,deproteinised extraot
fromthe decarboxylation subJected to one—-way, asce,rxiing paper chromato-
- rapmr in the isopropa.nol. ammor'ia. water solvent (see p. 58 ) again
.applying the sample in a streak at the origin.

The BHT is located on this chromatogram by its fluorescence and
. by comparison with a standard strip, ‘eluted and the eluate dried ami
| assayed for thf-' amount (and speclfic activity} of the 5FT present.
| ‘Ra;iioa,ut?grams apre prepaz;ed from l?oth ghrgmategra;ns‘ jbp enswre reasofable
| sepazjatIon of' the SHTP from the ara;iibz'zctive_ tryptéphéﬁgivn the first amd
coInpletg separation of‘_ the SHI' from any conta#nin&tﬁ,ng redicactivity
which might finally I:é present in the \. last..

Assay Method IV

This is furxiamentall:} the same as assay meth;:d TIT. However,
in method III the following pmcedur-es are very tIme consuming:
(1) Perchloric acid deproteinisation | |
(11) Evaporation of the phenolie eluate from the charecoal.
To speed up the assay the folImi.ng modifications were made:
| (1) Deprétein:lsat‘ion was carried out with trichloracetic acid
('J.‘.C,A.) (2c§ of 5% TCA té a tissue sample) and the TCA éxtraated from
the dépmteinised extract witix ether (5 ml x 3). The pH of this extract
was adjusted to a pH of 4 py adding 2mlof 2 M :odiu;n acetate buffer
pH 4. The deactivated charcoal i:as then added tcv this extract.
(11) After the charcoal had adsorbed the indoles 1t was poured, in

suspension, into small glass columns 1 cm in diameter. The partially
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constricted ends of these colﬁmns were packed with glass wool by
which the charcoal was held back. The thin layer of charcoal was then
washed by carefully pouring through the column 20 ml of water and the
indoles eluted from the charcoal by slowly passing thrbugh the column
10 ml of 1 N acetic acid in 80% ethanol. (In control experiments 75-
807 of 2 umoles of DL~5§ﬂ‘Padsofbed onto 0.25 G of deactivated charcoal
was eluted by this method.) The ethanolic eluate was then evaporated
to dryness in a vacuum dessicator over P,0s5, conc. Hy50; and flakes of
NaOH at 12 mm Hg. When dry the extraet was treated by chromatography
eto. as desoribed for the dried "Phenol" eluate in assay method III.
Expt. 5 THE EFFECT OF TIME ON TRYFTOPHAN 5-HYDROXYLATTON IN BRAIN

A whole homogenate of rabbit hind brain was made in Ringer
phosphate solution pH 7.4 (1:2, w/v). Tces of this whole homogenate
was incubated with DL—tryptophan—}-cm 20pe/632 mumoles (final concen-
tration 8.2 x 1075M), and NSD 1024 (2.5 x 105M). The total volume of
the sample was 7.7 cecs. The inoubation was carried out in a flask
flushed with Oy and corked, at 37°C.

lee aliquots of the incubation were withdrawn at “zero" time,
15 mins, 45 mins, 75 mins and 105 mins. To each of these‘aliqﬁots wag
added 4 ymoles of DL-SHTP and the samples subjected to assay method III.
Results B

(a) Qualitative In figure 29 are shown the raiicautograms of
the chromaf.ograms of the extracts from the enzymatic decarboxylation of
v the SHTP produced. This 1llustrates the usefulness of having a visual
check on the radiocactivity of the S5HT and also shows the inereasing

radiocactivity of the SHT with time.



1é

500]
400+
300~
200 A

100~

Hpmoles SHTP produced/ml. incubation

| § ¥ A J L] ¥ . L] v

10 20 30 40 50 60 70 80 90 100 110

Time in mins. s

Fig. 30 Expt. & The effect of time on the formatlon of SHIP in
whole homogenates of brain. This figure shows the increasing amount
of SHTP produced with time during the insubation of bLrain homegenate
with DL-tryptophan-3-Cl4, (For conditions see text).
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(b) Quantitative The S5HT was eluted from the final chromato-

grams, its recovery estimated colorimetrically and its specific aoctivity
assayed. The amount of SHTP produced in each 1 ce aliquot of the incu-
bation was then calculated.

TABLE 20

The effect of time on tryptophan 5-hydroxylation in brain
Incubation time wimoles L-SHTP present in

(mins) , each 1 cc aliquot
0 0
15 , m
k5 | 282
75 386
105 ol

For a graphical representation of the results see figure 30.

B THE SUBCELINLAR LOCALISATION OF TRYFTOPHAN 5-HYDROXYLASE IN BRAIN
Introdustion '

Techniques whereby cells can be disrupted and subcellular
structures separated by centrifugation techniques are now in widespread
use. Brody and Bain (1952) applied the disruptive and centrifugation
techniques which had already been used with liver to separate brain
whole homogenates into "Nuclear", "Mitochomdrial" and “Supernatant”
fractions. When Hebb and Whittaker (1958) ami Whittékfer {18%9) began
| {0 study the distribution of acetylcholine in subcellular fractions
prepared from brain they found that most of the acetylcholine was bound

to particulate matter ard was pharmacologically inert until released.



118

This suggested that a barrier was present which pre%rentéd»the free
' . diffusion of acetyloholine. These workers realised that the mechanism
by which acetylcholine was bound might be of great importance in under-
standing how acetyleholine is stored and released during synaptic
© transmission in the central nervous system.
Whittaker (1963) deseribes how acetylcholine was found to be
" localised in a orude mitochordrial fraction (15,000 g) and how electron
. microscopic studies showed that this fraction was unlike similar frac-
" tions prepared from liver in containing particles otherthan mitochondria.
The crude mitochondrial fraction was further fractionated by equilibrium
centrifugation in sucrose gradients and the 'fractions which were removed
were stulied in respect of their morphology (by 'el_ee_trrovx; mieroscopy ) and
| co‘htent of vui'ious substanoces (e}g. aeetylchoiine and 5HT). From these
studies of the structure and biochemical propérties of the fractions
obtained and by interpreting the findings in the iight of the mbrﬁhology
‘of undisrupted brain tissue, it became possible to understand the nature
of the particles which make up the "Mitochondrial” fraction of brain.
| When brain tissue is kept 15 0.32 M sucroSe solution large
. extracellular épaees appear, there is swelling and disintegration of cell
bodies and their dendrites and shrinkage of nerve endings which appear to
be pulling away from their attaehments; It is ’easy to see how homogenis-
ation of such material might cause shearing of theaxo n and release of
the nerve ending as a separate particle. ’
Gray and Whittaker (1962) examined the heterogeneity of the

brain "Mitochondrial” fraction prepared from the cerebral cortex and
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resuspended in 0.32 M sucrose. This they did by layering 0.8 M

sucrose on top of 1.2 M sucroge ard on top of the 0.8 M sucrose they

layered an aliquot of the resuspended crude mitochondrial fraction.
“After equilibrium qent;fifﬁgation in this‘disqontinﬁou‘s‘sucra‘ae gradlent
| they foulﬂ, that three _tragtiogs were produced: the lightest (fraction
Aa), floating on the O 8 M sucrose consisted mainly or myelin fragments
,and the heaviest fraction (fraction C)as a pellet at the bottomoof the
‘tube, consisted mainly of mitochondria. The vfjrvaotion of intermediate
density, floating on the 1.2 M sucrose (rifactipn B,)’ ‘Was composed of
, vpartie;ies which had ;t_hg appearance of nerve em;ingg. They were about
1 B across, bourded by a thin membrane within which was cytoplasm, one
. or more mu__'.oc‘hondria,”arg small round bodies (synaptic vesicles) about
0.05 p in diameter. The appearance of these p}artié.l‘es when compared
with the morphology of un'iis?ugtedl brain tissue made 1t plain that
they were _separated nerve endings and they have now been given the
name of "Synaptosomes“, (Whittaker et al, 196%4).

» The Synaptosames have been shown to contain acetylcholine
, (Whittaker 1959), choline acetylase ard acetylcholine esterase (De
Robertis et al, 1963), 5-hydroxytryptamine (Michaelson and Whittaker,
1953) some SHTP decarboxyiasek_(nodriggez et al 19‘6{&_)‘ and substance P
(Ryall 1964). The position regarding noradrenaline and histamine is
. not _yet. quite elear though it has been suggested that the former has
a synaptosomal localisation {Levi arxirlvlayr‘xer_:tlgﬁl&). _

 As syné.ptosomes contain cytoplasm it is obvious that a
i'?axfticulatg" fraction containing them shouldrbe rich in components

peculiar to eytoplasm. This 1s the case. Johnson and Whittaker (1963)
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have shown that lactate dehydrb_genasé (IDH) can be used as a eyto-
plasmic marker in bré.:l,nv and that the 'syhaptssomal fraction has a
high content of this enzyme indicating entrapped foyﬁhoplasm. Ryall
(1964 ) hes used potassium as a cytbplasu;ie mag.rker; Because one 1is
separating gynaptosames :‘rgm m_itochgxﬂria it has been found that it

s usefﬁl to employ a mi}bochondz;iél ‘markér as a further ‘v check and

for #hi_s,vréasc‘m subcelll.ulé;" fractions are ,often‘exm#;ne‘c_ll for theipr

. gsgcgina‘pe ‘delfgydrogeﬁagg act?.yi‘hy (SDH), an ‘enz..yn:tev wjhieh 18 mitochon-
© drial i‘n‘lgagansation. (stnger a.rr:l Kearney 1963). To.be as elear as

; one cari about the nature of the subcellular fractions prepgred from
homogenates of brain 1t is necessary to exe.mivn_‘e; tﬁe st‘_ructure of the

parti_clfes( by electron mlier_&}a‘sqopy‘ arxi th_e p{iooh}em;lre&l‘ préperties of
| thé ‘fraetions by the enzyme ‘mt‘a.i'ker teohniq'ues Just‘desxc’:ribed. The
~variation in the eomppsiti_on of fract.tong‘ rgépvei-ed may vary from
avea to area of the brain and is also depe;ﬂenﬁ upon the techniques

of hqmogenisatién ard preparation of the various fractions (Whittaker
and Dowe 1965)= - | | -

| vvawthér reflnements to the teohniqﬁes of the suboellular

fractionation of brain have been added. Synarls’t‘osomes can be dis-
rupted by freezing and fhawing (Rya}.l 1963), hyposmolarity (Michaelson
‘and Whittaker, 1963),' and ultrasonic disintegré.tion (}‘)ejl.orenzo et al
1964 ). ‘The properties of the synaptic vesicles, synaptosomal .membra.ne
and synaptosomal mitochordria can then be separate_lyy :st_udied after
these( ,_cqmponents have been further separated by centrifugation in

suerose density gradients. It 1s of interest to note that acetyl-

choline is bourd to the synaptic vesicles (Whittaker 1959) and that
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:though some SHT is bound .to gynaptic vesicles, this binding {s more
. labile than that of acetylcholine (Michaelson and Wnittaker 1963).
The ability -to isolafhe synaptosomes and_ study their proper-
-ties has led to a much greater understanding of the blochemical and
. phamauologigal properties volf: the nerve emiing. ‘ I.t is apparent how-
~ ever that a synaptospmal frjaotion must contain variouai\:y;‘:es of nerve
ending differing not only in structure (Whittaker and Gray 1962) but
 also in function. Indeed 5. Rebertis et al (1962) have attempted to
separate nervé endiﬁgs containing acetyleholine rrom those which do
.. not by density gradient centrimgation ‘ )
‘ The demonstration tha.t 51—1‘1‘ and SHTP decarboxylase both have
a significant synaptpsqmal ,1oeg11,1sa.tigx; ra.ised the question of where
tryptophan 5-hydroxylase was 1§ca11$ed. 'nxough 1t 1:; not impossible
for SHTP to be synthesised_ in ;tpe cell bady and tgansyorted to the |
nerve ending where decarboxylation to SHT takes pléée, 1t seemed quite
likely that the total synthesis of SHT t_dok place in the nerve ending
and this of course would require a synaptosomal localisation for tryp-
tophan 5-hydroxylase. Stﬁ:cell?ular fractionation of brain to define the
localisation of tryptophan 5-hydroxylase has therefore, been undertaken.

Expt. 6 THE DISTRIBUTION OF TRYPTOPHAN 5-HYDROXYLASE ACTIVITY BETWEEN
THE TOTAL PARTICULATE AND SUPERNATANT MATTER OF RABBIT HIND BRAIN

| Prepar‘atiqn' of tissue, inaubation and assay of tryptophan  5-hydroxylase

| A rabbit hind brain was homogenised in Ringer phosphate solution
‘pH 7.4 (1:1, w/v) in a glass tube with a teflon pestle (15 passes, 1240
r.p.m., 0.2 mas clearance). An aliquot of this thlé homogenate was then
centr:lfugéd at 100,000 g for 60 mins., The resultant supernatant fraction
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wag decanted and kept and the particulate fraction resuspended to
: the‘or'iginal volume in Ringer phosphate solution pH 7.4. The fol-
lowing fractions were then incubated under the ‘conditions stated:
whole homogenate lce, pariisulate fraction lee, supernatant fraction
lce, partieulste fraction 0.5 ge + supernaté.rrb fra.cﬁ:lon 0.5¢ce. lec
of the tissue semples was incubated with DL-tmptopnana-c’-“ 5u0/315
| ‘mumoles (final concentration 2. ua x 10"*M) and NSD 102 (1 5 x 10-M).
‘*me samples were incubated, gently shakin,g, for 1 hom- a.t 37°C 1n
' tubes flushed with 0 and corked. At the end‘ ‘of the inoubation 1
'umole of DL-SH’I‘P was added and the samples passed throu,gh assay method
I up to but not including quaxxbitative assay._ 'l'he ﬁnal radiocauto~
grams were examined togetm- with the chromatograms stained with
Ehrlich s reagent. o

Results

| The radioautograms of the chromatograms of the decarboxylated
SHTP are shown in figure 31. These demonstrate that rad:loa.ctive S5HT
1s present in the whole homogenate (a), the particulate fraction (b)
and in the pa.x'ticulate + supernataxxt sample (s) No r&dioactive SHT
lwas seen in the supernatant sample despite gsad recovery of the

carrier GHT, | |

Commsnts

Although under the eorﬂitions used here ti e. suspension in

Ringer phoaphate solution and at a 1:1 (w/v) dilution) tryptophan 5-
hydroxylase appeared to be wholly particulate 1n distrlbutien, later
experiments using more dilute suspensions of tissue :m sucrose media

demonstrated that some tryptophan 5-hydroxylase can be found in the
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o supernatant fraction. This apparent difference 'mr the distribution
- of the em.yme with changring; conditions of preparation will be dis-

cussed later .

Expt 7 THE SUBCELLULAR LOCALISATION OF TRYPI‘OPHPN 5-HYDROXYLASE IN

It was obvious that :.f,the sort_of’ precise -subeeilnlar frac-
‘tionation outlined in thé ‘inil'.rpc»iuction to this section was to be
carried out then homogenaf‘:ejﬂsvovti‘ brain in sucrose media would have to
be made. | N |

Several whole homogenates made in 0.25 M and 0. ',’:2 M sucrose
were inactive in respeet of tryptophan 5-hydroxy1ase act.ivity so that
| 1n1tially further examination of this problem was 1mpqssible. However
Naéatsu e£ al (1964) reported their work on tyrosine hydroxylase, the
enzyme vresponsible for the initial step in noradrenaline biosynthesls
a.rﬂ they found that during purifioation of this enzyme from brain and
beef adrenal homogenates made in 0.32 M suerose that enzyme activity |
was lost but that by the addition of mercaptoethanol to such prepara-
tions enzyme activity éould be restored. As it seemed quite likely
that tyrosine hydroxylase and tryptophan 5-hydroxylase had similar
properties, 0.001 M mercaptoethanol was added to the sucrose media in
which whole homogenates of brain were mede. Tt was . then found that
tryptophan 5-hydrox&lase ‘activvity was restored and’ so Mher sub-
cellular fractionation was attempted.

In this experiment the aim was to prepare from a whole homo-
genate of rabbit hind brain a "Crude mitochondrial" fraction and

corresponding supernatant fraction and cempare the tryptophan hydroxylase
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activity.

Preparation of tissue, incubation and assay of tryptophan 5-hydroxylase

Hind brain preparations of rabbits were prepai'ed as previously
described and welghed. They were then homogenised in a glass tube with
a teflon pestle (iaHO»r.p.m., 12 passes, clearance 0.2 mms) in 0.25 M
sucrasé and 0,001 M mereaptoethanol (1%2, w/v). An ailiquot of the whole
homogenate was. then centrifuged at 1000 g for io mi‘nutes. The super-
natant was removed with a pipette anmd the 1000 g partviculate resuspended
in 5 ml of 0.25 suerose and 0.001 M mercaptoethanol. Tﬁe, 1000 g super-
natant was then centrifuged at 15,000 g for 60 minutes. The supernatant
resulting was removed with a pipette and the particulate fraction
resusperded in 0.25 M sucrose and 0.0bl M mercaptoethanol (7 ces).
Alic';uoté of the whole hemogenate, 1000 g particulate (Pl)' 1000 g super-
‘natant (83), 15000 g particulate (Pp), and 15,000 g supernatant (Sp),
were takén for the assay of tfyptophan S-hydroxylase aotivity. The total
volume of eéch of these preparations waé measured. In fig. 32 is shown
the ceixtr:lfuga’cion procedure for this experiment.

Fig. 32 PFPaertial subcellular fractionation of brain whole homogenate

Whole hoinogenate of rabbit hird brain in 0.25
M sucrose:0.001 M mercaptoethanol (1:2 w/v)

1000 g: 10 mins

[ ]
Py Sy
(+ 5 ml 0.25 M sucrose/ 15,000 g; 60 mins
0.0001 M mercaptoethanol)
B |
Fa - %

(+ 7 cc 0.25 M sucrose/
0.001 M mercaptoethanol)



In this experiment THFA, FeS0), and mercaptoetha.nol were
edded. This was done because Nagatsu et al (196%) had reported that
tyrosine hydroxylase required ﬁese additions for full activity. It
15 doubtful whether these additlions materially affected the amount of
tr&ptophan hydroxylation. occurring under these conditions. (See
section on cofactor requirements, p.:M p ).

1l oc aliquots of whole homogenate, Py, 8;, P, and S, were
incubated with: DL tryptophan—}—clu 5uc}m2moles (final concentration

8.5 x 10°5M); KSD 1024 (1.5 x 103M), THFA (4.1 x 10~D), FeSO,
(2.46 x 10~4M and mercaptoethanol (5 5 x 10'3M). Boiled lece portions
of whole homogenate and P, were 1dentica11y incubated as controls.

In all of the expex:\nents to be described incubations were
carried out at 37°C in tubes flushed with O,, corked a.m shzken., In
this experiment the 1ncubation was carried out for 2 hours. At the
end of the incubation 4 umoles of DL-SHTP were added and assay method
III carried out. ' | L

Index of amaunt of tissue in each 1ncubation sample

Protein concentrations of tissue aliquots were not estimated
until later in this series of experiments. _Howevex- an index of the
amount of tissue in each fraction used in this expe;‘iméht the dry
weight of each sample was‘estimated. After deproteinisation the
resultant precipitate was dried in a vacuum dessicé.tor at 10 mm Hg
over P05, conc. HySO0y and NaOH flakes for 4 days. The tubes con-
taining the dried precipitate were then weighed. After this the
ﬁreaipitate was removed from the tubes, a.rﬂ the tubes were carefully

dried and reweighed. The differences between the initial and final
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weights is taken as the dry weight of the particular sample.
Results TABLE 21 |

The production of SHEP in subeellular fractions of rabbit hind brain

Fraction puumoles SHIP formed upmoles SHTP formed pumoles S5HTP formed _
/hr/ce of fraction /hr/mam dry wt. /hr/total vel.of fraction

WH 228 2.5 4560
R 27 1.97 2190
8, 20 126 273
B, 12 | 7.85 | 816
S %7 2.62 502

(WH = whole homogenate)
TABLE 22

The percentage distribution of recovered tryptophan S-hydroxylase activity

in brain subfractions and its absolute recovery from primary fractions

| Primary Subfraction % distribution of recovered % recovery of trypto-

fraction tryptophan 5-hydroxylase phan 5-hydroxylase
Py 89%
ot
WH Pl + 51 = T4s5 WH
S; 1% -
P 62%
Sy d Py + Sp = 356% S,
Sp 38%
TABLE 23

The relative specific (RSA) of tryptophan S-hydroxylase in each sub-
fraction of brain

Subfraction RSA tryptophan 5-hydroxylase
81 0.69
Fo 1.

So 0.52
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Interpretation of results

The results of all the experiments on the subgellular

localisation of’ tr-yptophan B—dexylase in brain have been expressed
_ in a number of ways. _ . ‘ ‘
1. In Table 21 the amounts of SHIP produced per co of the fractions,
ﬁer ng . nf dry wt amd by the total volume of the fractions are shown.
On' the basis of acﬁivity per mg of dry wt, fraction By has by far the
highest activity and on the cbasis of activity of the total volume
has a higher activity than S;. However thé 'highest activity on the
basis of total volume is seen in fraction P;. B
2. .Invi‘afbie 22 the.vabs‘dit‘rléé“ recovery qt'ttyptobhé.n 5-hydroxylase
-activity from the primm _t”raét'ions and the §ergentage »d:'lystribution
of recovered activity in the subfraotions are shown. |

It is striking that 'bhe combined activ:lty of Pp and Sp 1s
356% that of the S act:lvity. This changing activity with subcellular
fractionation has been a varigble finding but one suspects that in a
whole homogenate of brain inhibitors of tryptophan S-hydroxylation
are present which are variably removed during fractionation. This
changing activity ma.keé the interpretation of the results of sub-
cellular fractionation difficult because one cannot be sure whether
the apparent localization of tryptophan 5-hydroxylase a’ot:lvity to a
fraction 1s exaggérated by an artefactual Inerease in enzyme activity and
of course the converse may also apply. However in theée experiments the
results have been taken at face value as irxiieating a.t least the
qualitative subcellular localisation of tryptophan 5-—hydroxy1ase.

To express the distribution of tryptophan 5-hydroxy1ase in the
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various fractions as a percentage the following procedure has been
adopted to overcome the changing activity during fractionation. The
astivities of related subfractions jiud been combined and taken as
‘representing the activity of the primary fraction. The activity of
the_subfraotions has i'.hen been expressed as a bpereenta.ge“of-thie and
gives the percentage distribution of recovered tryptophan 5-hydroxylase
activity. |

Again,.g}gt this method of 1nterpretatian,fract1_dn ‘P is more
actlve than Sy and fraction Fo more active than So.
3. In table 23 is shown the relative specific activity (R.S.A.) of
tryptgpha.n 5-hydroxylase in ea‘.ch subfraction. This is n'éleula.ted in
the follwing way: | |

R.S.A., = - % recovered tryptophan 5-hydroxylase activity
% recovered dry weight (in expt. 9 protein recovered is used)

A relative specific ackivity greater than one reflects the relative
congentration of activityb 1;1 the particular fractien.

It is eﬁdent that fraction Py has the highest R.S.A. followed
by P, 81 and Sp in order of deereaéing gctivity; |
Conclusions |

The important point to emerge from this 'experiment was that a
significant amount of tryptophan 5-hydroxylase .activity was localised
in the crude mitochondrial fraction (Pg) sedimenﬁii:g at 15,000 g. In
order to clarify the situation more complex centtifugation procedures
were é.pplied to the problem. |

It is likely that the high activity of fraction P was caused

by three factors:-
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(a) The initial high concentrations of‘ the whole homogenate
(1:2 w/v) protecting whole cells from rupture; |

(b) The bulky particulate matter of the cehcentrated whole homo-~
genat.e dr_eggix;g down p‘a_.rf.icles‘ at1000 g which would otherwise have
.__'appeared in fraction P2, N | R
(c) The omission of the wash:lng of fraction Pl'

Expts.‘ 8 ald 9 THE SIECELHILAR LOCALISATION OF TRYPTOPHAN 5-
HYDROXYLASE ACTIVITY IN RABBIT HIND BRAIN

" Although there are ‘certain methodological kdifferences between
o these two experiments they willibe described and interpreted together
as they are designed to in#est;gate the same problem and fundamentally
they lead to the same eonclusions:,  Briefly the ’difi"erenc‘es between the
two experiments are as follows.-' ‘ ‘ o

(a)  the homogenisation technique was slightly different-

(b) the index of the amount of tiesge used _Was mg. of dry wt. in
expt. 8 and prfeteiﬁ eopeeptrat"ipp in expt. 9;

(c) fraction Sp was fractionated ‘further in lexpt.‘ 8;
N 1(d‘)_ in expt. 9 the subcell}x'lar distribution ef £he cytoplasmic
ma;rker lactate dehydresenase (L.D.H.) and the mitochondrial marker
N succinate dehydrogenase (S D H ) was stndied, | - _

(e) in expt. 9 electron microscopic studies were carried out.
VMethods 1

1., Preparation of tissue In both experiments a whole homo-~

, genate of rabbit hird brain in O 32 M sucrose + 0 001 M mercapto-
_ethanol (1:8, w/v) was prepared in a glass tube with teflon pestle
(clearance 0.2 mms). In expt. 8 the pestle was turned at 1240 r.p.m.

and 12 passes of the pestle were made. In expt. 9 the pestle was
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turned at 840 r.p.m. and 12 passes of the pestle were made.

2. Centrifuzstion technigues These follow the procedure des-

eribed by Gray and Whittaker (1962) and the fraetiohation scheme 18
depicted in figure 33. Certain polnts must be discussed. THote that
the P, fraction was washed twice with the sucrose medium and the
imshin_gs combined with fraction 8;. Fraction B, (17,000 g particulate)
was resuspended in 1'( ecs of 0.32 M sucrose ani 0.001 M mercaptoethanol
anciv 5 ce aliquots layered on top of 10 ml of 0.8 M sucmsé which ‘15—1 hr
| before had been layered on tép of 1.2 M sucrose (10 m1). The lusteroid
tubes in which the discontinuous sucrose gradient ffactionation was
carrled out were centrifuged zit 53,500 ¢ for 2 hrs m’ a swing out head
(swinzing bucket rotor SW 25.1) in a Spiheo ultracentrifuge (Spinco
Model L). At the énd of cehtrii‘itga‘hiovn the tt,;bes kad the appearance
seen in Pigure 34.
 In expt. 8 the layers A and B were separately and carefully
renoved tdth a Pasteur pipette, the clear fluid above and below these
layers being discarded. The A ard B layers from each tube were res-
pectively pooled amd thelr volumes umas@. In expt. 9 the layers
A and B were separated by cutting the tube in a tube cutter.
The "pitochomirial" pellet C was resuspended in & ces #f 0.32
M sucrose + 0.001 M mercapioethanol. In expt. 9 fraction Sy (17,000 g
superné;tant) was éentrifuzed at 100,000 g for 60 mins to produce a
supernatant fraction (83,) and a "Microsomal" fraction (P3) which was
resuspended in 5 ce of 0.32 M sucrose + 0,001 Mmercaptcethanol.

3. The assay of tryptophan 5-hydroxylase activity In expt.
8 the whole homogenate (W.H.) and fractions Py, 83, Bo, Sp, A, B amd €
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FIGURE 23

Scheme of subecellular fractionation of brain, expts 8 and 9

Whole homogenate rabbit hind brain (1:8 w/v) 0.32 M suerose + 0.001 M
mercaptoethanocl, total vol., 35 ces

1000 g; 10 mins

[
1000 g particulate

resuspended in 5
‘ ml sucrose medium

1000 g, 10 mins___j.
1000 g particulate

resuspended in 5 " }—— Supernatants Sy (total vol 40 ec)
ml sucrose medium » pooled » 1000 g Supernatant
1000 g, 10 mins. 17,000 g, 60min

P ‘ ,
resuspe}xied in : I : ‘ !

sucrose medium P2 : S
17,000 g pasticulate re- 17,000
suspended in 0.32 M sucrose supernatant
+ 0.001 M mercaptoethanol
_ ‘ 100,000 g
53,500 g; 2 hrs Dis- 60 mins
continuous sucrose
gradient, 0.8, P3 S}
) 1.2 M sucrose.,
1 I |
A B c |
(Myelin fraction) (Synaptosome  Resuspended in 0.32 M sucrose
" fraction) - + 0.01 M mercaptoethanol

(Mitochondrial fraction)
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Sucrose Fraction

0-32M—

V777 A
O8M 7778

].2M_—L\/}<———C

Fig. 34 Disgram illustrating the appearance of the centrifuge tube
after the centrifugation of fraction F, on a discontinuous sucrose
gradfent at 53,500 g for 60 mins. Fraction A = "Myelin fraction".
Fraction B = "Synaptosome fraction". Fraction C.= "Mitochondrial

fraction”.

1

—
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and in addition in expt ¢ P:,, am 83 also were all assayed for trypto-
phan 5-hydroxylese activity.

A 1 ce allquot of each fraction was incubated with DL-trypto-
phan-3-C3 (5 1o/155 muwoles, final come. 1.19 x 10-U1); NSD 1024 (1.5
x 10-34); and potassium phosphate buffer pH 7 (7.7 x 107H). The
samples were incubated for 1 hr at 3?°C in an atmosphere of O in a
metabolic shaker. At the end of ineubation 4 pmoles of DI-SHTP were
‘added and the 3amp1és carried through assay method IIT (for expt. 8)
and assay method IV (for expt. 9).

" Index of amount of tissue uzed for agsays In expt. 8 the

dry }wt of each sawple was estimated as deseribed in ‘expt. 7. In
expt. 9 the protein concentration of suitably diluted aliquots of
each fraction was estimated by the method described by Lowry et al
(3951), using a fresh sdlutian of bovine serum albumin as a standard.

The assay of lactate dehydrogenase (IDH) metivity In expt.

9 each subfraction was assayed for IDH activity by the method described
by Kornberg (1955). Known aliquots of each fracticn were taken and
suitel:ly diluted for assay. Three concentrations of tissue from each
fraction were aaaaqre& and the averagé aétivity caloulated. The change
in optieal dessity at 340 mu which occurs as NADH is acidised to NAD
during the reduction of pyruvate to lactate by ;actate} dehydrogenase
was measured over an interval of 3 mins in a recording spectrophoto-
neter. Assays were carried out at room temperature. Results are cal-
culated on the basis of units of optical density change ( A 0.D.) in

100 secs/unit of tissue. Controls without the addition of pyruvate

acted as the blank,



155
The assay of succinate dehydrozenase (SDH) activity (suecinate-

tetrazolium reductase). In expt. 9 each subfraction was assayed for
SDH activity by the method described by Pennington (1961). This assay
depends upon the reduction of 2»-(p~1odopbe:w'1)*3-,(p-—nitropheny.l)-5-
phenyltetrazolium chloride (INT) with the production of a coloured -
formazan compound &S succinate is oxidised by ‘succiinic dehydrogenase,
INT acting as an electron acoeptor. The reduction of INT is followed
by extracting the formazan dye into etkiyl acetate and measuring the
oﬁtical density of the extract é}t 490 ., Aliquots of the fractions
‘were suitably diluted for the assay and three different concentrations
of tissue a#sayéd from which an average value for SDH activity was
cAal‘oulated. The results were calculated on the basis of the optical
deﬁsity of the formazan extract at 490 my produced after 15 mins
incubation at 3700. Controls without the addition of succinate acted
as blanks.

Electron microscopic studies Eleoctron microscopis examination

of frastions A, B and C were performed by negative staining techniques
(Horne and Whittaker) and tissue sectioning
Regults

(see Tables 24-27)
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| PABLE 2%

1. The production of 5H'1'P in subcellular fractions of rabbit hind brain

pumoles SHPP produced/hr/ un!.t uumoles SHIP produced/hr/total

S of tissue* vol. of fraction
Fraction  Expt. 8 — Exjt. 9‘ . Expt. 8 Expt. 9
w109 16 16300 430
| R 09 : - 2,140 . u6y
5, 258 a9k 10,320 . 2088
‘R we w8 5,7243";"1‘ Sz
Sy 32 e 5470 o
A   _55.5 Cam 6,987 S 280
B N 12 I ',41'0 - | "7.,775 TS 315
¢ = 155 BRI 130
. . R
S5 . o e 1050

- * Unit of tissue - Expt 8 = mg dry wt; Expt 9 = mg protein.
| | TABLE 25 - |
‘2. The percentage digstribution of recovered tryptophan 5-hydroxylase

activity in brain subfractions and its abaaolut.e recovery from primary
fragtions =

'h'imaryv Subfraction %diétributibn of recovered % recovery of trypto-

fraction ' tryptophan 5-hydroxylase . phan 5~hydro::y1ase
Expt.‘ 8 Expt 9 Expt. . Expt. 9
- Py " 17 15 :
W - S o s
Sy 83 . L
By ‘ 51 , yiy
81 \ : } o7
S, 4o ' 56 .
A 13 38
Py B 48 4y } 301 65
C 9 18
- 7
S2 gi’: - o | 77
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3 The relative specific activity (R.S A.) of tryptophan 5-hydroxylase
in each subfractian of brain

Subfraction R.S.A. tryptophan 5-hydroxylase
' Expt. 8 - Expt. 9
Py 0.2 0.31
5, o 5.5 1,67
B, 0.88 126
Sa L 1.2 0.85
A o 0.93
3 o 1.7 157
c B o 0.58
7 - 0.28
S5 . - . | 1.27

TIBIE 27

The percentage distribution of recovered IDH and SDH aotivity ard the
R.S.A.s of IDH and SDH in brain subfractions (Expt. 9)

Primary % distribution of recovered R.S.A
fraction Subfraction IDH - SDH IDH SDH
Py 18 - 57 0.35 1.15
WH
Sy 82 K. v 1.6 0.85
Py 24 100 0.69 2.86
Sy
8> 76 0 1.17 0
A 22 _ 6 T 0.54 0.16
Py B 45 1¢ 1.61 0.34
C 3% : &l 1.06 2.7
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_Intergretation of results

B Primary fraction WH a.nd subfractions Py ard 8-,

- {a) Tryptophan 5-hydroxylase activlty The recovery of tryptpphan

5-hydroxylase in the combined fractions Py and S; is 77% (Expt.8) and
3% (Expt.g) of the whole homogenate aetiviﬁies .(Table‘zﬁ). Examin-
ation of the distribution of thé recovered tryptophan S-twdéaxylase
activiﬁy shows that an average of 168 (+1) 1 recovered in fraction
Py and 885 (+1) 1n’ fractibn S; (Table 25). A similar d:istribution of
activity 1s also seen in table 24 whéré the ‘absolute amounts of SHTP
produced are shown. | TR | . o '

(b) IDH activity (Expt. 9) Eéca’.mina.t‘iﬁml of the distributions of IDH

in f‘rantions Pl ard 8y (Table 27) shows tl'w.t 18% of the IDH activity
lles in fraction P| and G2% in fraction §;. The R .8.A.5 of IDH ard
tryptophan S-hydroxylase are likewise closely related in the e two
fractions (Tables 26 ard 27, expt. 9)

(c¢) SDH activity (E:-pt 9) The percentage distr:lbution af SDH

antivity {Table 27) a.nd the R.S8.i. of BDH are quite different from .
those of tryptophan 5-h~;dmxylaae and IDH, both being x:sueh higher in

fraction Py than Sy

2. Peimary fraction Sy and subfractions P, amd Sy
(2) Tryptophan S5-hydroxylase activity  Although there is some dif-

ference in the dfstribution of tryptophan 5-hydroxylase between frac-

tions B, end S, in the two experiments nevertheless by all the methods
of expressing the results we see that tryptophan S5-hydroxylase activity
is fairly evenly split between these two fractions, P, possessing an

average of 48.5% (:2.5%) of the activity and S,, 52.5% (+3.5%).
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{(b) 1IDH setivity (Expt.0) As might be expected in the case of a

cytoplasmic marker, most of the IDH activity lies in fraction Sz,

but it is important to note that 2% of the }aqvtivity 1lies in fraction
P, representing entrapped cytoplasa in this fraction .. (Teble 27). It
is interesting also that the R.S.A. of tryptophan 5-hydroxylase in
fraction B, is .gi*eater than that of IDH,dénnﬁing a greater conpentpration
‘of the hydroxylase in the erdrapped cytoplaém of;fraqftion Pa, than in
“the free cytoplasm of fraction 32 | |

/(c) DH activity When the distributlon of SDH activity ard the R.S.A.

of SDH in the various I‘ractiom is examined (Table 27), a striking fact
emerges. Whereas tryptophan £ ~h,,rdromia.~e aetivity is falrly evenly
spread between fraction; B and Sg. SDH activity iz solely locallsed to
fiae‘tion P, If we assume fbr the moment only one subcellular local-
isation for trypt-ophan 5-hydroxylase then this dissociaticn between the
. aoti.vity of' SDH and tryptophan S-hydroxylase 1:: fractions Py amd Sp is
evidence against the tryptophan 5—hydroxyldseb activity‘ of rraet.iqn Py
being located in the mitoéhoxxiria of that fraction.

3. Primarv fraction P;, and subt‘raotions A, Bad C

(a) Tryptophan S-hydroxjase activity In tables 24, 25 and 26 we

see that by all the methods of expression a consistent pattern emerges.
Fraction A ("Myelin fractlon") contains an average of 40.5% (+2.5%) of
the activity, fraction B { "SYnaptosome »fraotion"),l‘&é% (+2%4) and

~ fraction C ("I»!itochomrialifraction") 13.5% (-_&}.S%). The average
R.S.A. qf tx_wptophan‘s»lwdmxylase in ‘vfractiox:‘t A 1s 0.88 (+0.05), in
fraction B 1.635 (+ 0.065) and in fraction C=.525 (+0.055).
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These results ghow that tryptophan S-hydroxylase is

mainly ioualised’ in the synaptosomal fraction B prepared from the
crule mitochordrial fraction Fp.
(b) IDH activity (Expt. 9) Table 27 shows that fractlon B has the
higheet concentration amd R.S.A, of IDH. It should be poted however
that the activity of IDH is lower in fraction A and higher in fraction
C than tryptophan S-hydroxylase activity (Table 25). " Nevertheless
there 1s no doubt that the distributlon of tryptophan 5-hydroxylase in
these three fractions fits the distribution of IDH for better than it
fits that of SDH. |

(¢) SDH activity There is little activity of SDH in fractions A

and B, B4Y of the activity being located in fraction C ("Mitochordrial
fraction”) (Toble 27). Tt 1s apparent again that tryptophan 5-
 hydroxylase activity and SDH are quite dissociated in these subeellular

fractions.

4.  Primary fraction S» and subfractions Py and Sz

{a) Tryptophan 5-hydroxylase activity Tables 24, 25 and 25 show that

very little tryptophan 5-hydroxylase activity resides in fraction Py
("Microsomal fraction"), 937 of the activity being present in the high
speed supernatant fraction, 83

5. Bleetron microscopic stulies

Fraction & (Fig. 35) This fraotion consisted mainly of myelin

fregrents and its appearance was similar to that which might have
heen expected had the fraotion been prepared from cortical tissue, l.e.

& typleal "HMyelin" fraction.
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Fraction B Unfortunately the electron micrographs of this fraction
did not show good preservation, probably due to damsge during process-
ing. TFrom the appearances of fraction A where myelin fragments pre-

- dominated and the apﬁearames of fraction C where mitochomiria pre-
dominated one would suspect that this fraotion B was a falrly average
preparation containing a pfedominance of synaptosomes. In addition
~the hlgh IDH zotivity and low SDH activity of this f‘raetibn is
supportive evidence for this view.

Pragtion C (Fig. 3G) Although this fraction contained a pf-edominance

of mitochordria both on the basis of its electron microscopic examin-
ation and high SDI activity, nevertheless the fraction &.’m‘t contain a
few very large synaptosomes, not normally seen 1n fraction C prepared
from cortical tissue.  These large synaptcsor::es.' may account for the
rather high IDH activity of this fraction which is higher than one

- would expect for a C fractlon prepared from cortical tissue. On the
other hand the tryptophan H-hydroxylase activity of this fraction was
guite lqw and 1t is tempting therefore to speculate that perhaps these
large synaptosomes do not contaln tryptophan 5-hydroxylase. |
Conelusions

1. It 1s apparent that tryptophan S-hydroxylase activity is not
associated with the mitochordria in any of the fractions studied,

2. However tryptophan S-hydroxylase actlvity 1s loeated in the erude
mitochondrial f‘raction B, (17,000 g particulate fraction). Fraotion-
ation of this material on a dlscontlnuous sucrose gradient has shown

that the synaptosomal fraction contains most of the tryptophan 5-
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hydroxylase activity and suggests therefore that tryptophan 5-
hydroxylase is present In some nerve endings in the rabbit hind brain.
3. One camot be certain however that all the tryptophan 5-hydroxylase
in the rabbit hind brain is located in nerve endings. Although it is
tempting to speculate that the tryptopha.n S5-hydroxylase activity seet
in the high speed eupernatant fraction has been released from synapto-
somes ruptured during preparations one cannot exclude that it may have
come from the cytoplasm of ruptured nerve cell bodies. If one could
show that as the yield of synaptosomes inereased, supernatant tryptophan
5-hydroxylase activity diminished and that with very high synaptosomal
vields there was very little tryptophan 5-hydroxylase activity in the
supernatant, then there might be some justification in assuming that the
synaptosome was the sole localisation of tryptophan S-hydroxylase. There
is some indirect evidence on this point. in expt. 6, no tryptophan 5-
hydroxylase activity was found in thé supernatant fraction (100,000 g),
in expt. 7 about 25% of the activity was in the supernatant fraction
and in expts 8§ ard 9 about 407. The initial concentration of the whole
homogenate in expt. 6 was 1:1 w/v, in expt. 7 1:2 w/v, and in expts 8
and 9 1:8, w/v. It therefore appears that as the initial concentration
of the whole homogenate diminishes so the amount of tryptophan 5-
hydroxylase in the supernatant rises. This suggests that some property
of very concentrated whole homogenates 1s protecting some part of the
nerve cell from rupture, and one suspects that the nerve endings are
more likely to escape rupture than the large cell bodies. If one
ageepts this it would be evidence for the nerve ermiing particle being

the sole localisation .for tryptophan S-hydroxylase.
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4. No studies have yet been done on the localisation of tryptophan
§-hydroxylase within the nerve enling particle but the finding of
about 50% of the é.ctivit;,r in the supernatant f‘factién i;rﬂer isosmolar
conditions is susgestive that tryptophan 5-hydroxylase is situated in
the cytoplasm of the nerve ending and not bourd to the intraterminal
mitochondria as was previously suggested (Grahamé-Smith ar'ﬂ‘tf,oloney
1965). | | |

| . These stulles have therefore demonstrated that some nerve
endings contain tryptophan S-hydifoxylase amd as 5-hydroxytryptamine
(Michaelson and Whitteker 1963) amd 5-hydroxytryptophan t_lecarboxylase
(Rodriguez et al 1964) are also fourd in the nerve ending particle it
ié suggested that certain nerve endings in certain areas of thelbrain’
possess the enzymes necessary for the complete biosynthesis of SHT.

The significance of this will be discussed in the final discussion.
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C THE PARTIAL PURIFICATION AND PROPERTIES OFTRYI’I.‘OH{AN o

HYDROXYLASE IN BRAIN

Expt. 10 ard 11 The effect of tetrahydropteridines on tryptophan 5-
- hydroxylation in whole homogenates of rabbit hind brain

The requirement for full activity of both phenylalanine 4-

hydroxylase (Kaufman 1959) and tyrosine hydroxylase (Nagatsu et al 196%)
has been shown to be a reduced pteridine. Tt seemed possible that
tryptophan 5-hydroxylase ’would also require a similar cofactor and S0
estimetions of tryptophan S-hydroxylase activity in whole homogenates
of rabbit brain with and without the addition of reduced pteridines was
carried out.

Methods
In expt. 10 the effect of tetrahydrofeolie acid was studied

and in expt. 11 the effect of 6,7-dimethyl 5,6,7,8-tetrahydropteridine
(Dmmu). In both experiments whole homogenates of rabbit hind brain
were made in 0.25 M sucrose and 0.00) mercaptoethanol, l:2, w/v in expt.
10 amd 1:3, w/v, in expt. 11. 1 ce of these whole homogenates was
ineubated with DL-tryptophan-}—Cm {5uc/155 mumoles:final cone 8.5 x
1075) and NSD 1024 (1.5 x 10M) and potassium phosphate buffer pH 7.4,
(5 x 10"2M). When tetrahydrofolic acild was added the: final concentration
was 4.1 x 107N and for DMPH, 3.54 x 107M. All incubations were carried
out for 1 hr at 37°C in 02 ard at the emd of the incubetion 2 pmoles of
DL-5HTP were added amd the tryptophan 5-hydroxylase activity estimated
by assay method 1IV.
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TABLE 28

The effect of tetrahydropteridines on tryptophan 5-hydroxylation
in whole homogenates of rabbit hind brain (Bxpts.l0 and 11)

Expt. “Corditions pumoles SHTP produced/
hr/ce of whole homogenate

~THFA 459

10 : :
+THRA ' 228
- ~DIMPH,, - 70

11
+DIPH), R 69 -

Discus’sion
| 'I'hese experiments were repeated seveml times and on no
occasion was an mcrease of twptophan S-hydroxylase activity observed
when either THFA or DM’H;; was added to whole homogenates of braln, nor
wag an 1ncrease in activity seen when in addition to these pteridines,
Fe*t, mercaptoethanol, NADPH and NADFH regenerating systems were added.
As thils seories bf experiments was carried out with concentrated whole
homogenates {(i.e. 1:1 - 1:3 w/v) and as the subcellular fractionation
stiudies chowed that under these conditions nearly all of the tryptophan
5-hydroxylase actirity 1s particulate bourd probably within the nerve
ending particle, then if the pteridines were in fact cofactors two
possibilities arose: (1) That within the nerve ending particle there
was an optimum concentration of the pteridine cofactor or (2) That the
pteridine cofactor under these corditions did not easily crosss the

nerve ending membranes.
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Because of thii various methods were used to disrupt the
synaptosomes after which the tryptophan S-hydroxyla.ée é.ct.ivity of
such preparations was assayed with and without the addition of
reduced pteridines. Johnson and Whittaker (16063) demonstrated that
hypoosmolar conditlons disrupt the synaptosomes. Feldverg (1945)
showed that bound choline acet&lase was activated by ether treatment
of brain preparations arnd Hebb and Smallman (1956) that choline
acetylase is present in h‘oomoi’ar homogenates of brain in an
oceluded form. One presumes that ether treatme}nt of brai# preparations

breaks the occluding wenbrane of the synaptosome and a;ilq_ves the pre-

' oursors of acetylcholine more ready access to choline acetylase

resulting in an inereased rate of acetylcholine synthesis.

Expt. 12 The effect of YHypoosmolarity", ether treatment, and ultra-
sonication upon the tryptophan 5-hydroxylatiomactivity of
brain whole homogenates with and without the addition of DMPH;‘

Hethods

1. Hypoosmolarity A rabbit hind brain was homogenised in 0.01 M

potassium phosphate buffer {pH 7) and the homogenate stood for 20 mins
at 5°_C.

2. Ether treatment An aliquot of the above preparation was then added
to peroxide free ether (0.8 cc ether/l cc homogenate), shaken for 3 mins
and stored at 5°C for 10-15 mins after which air was bubbled through the

mixture at 4°C for 1 min to remove the ether.

'3. Ultresonicotion A whole homogenatecof Lrain was made in isotonic

. Ringer phosphate solwbion, P 7.4, + 0.002 M me’rcapt.oethanol_. | An

allquot vwas subjected to ultrasonication for 2 mins at 20 ke¢/s in an
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M.S.E, ultrasonic disintegrator (Model €0 W). The tryptophan 5-
hydroxylase activity of the "Hypoosmolar" whole homogenate, the

ether treated whole homogenate and the whole homogenate before and

after ultrasonication was assayed with amd without the addition of

DMPH)y, as indicated in the results. The basic incubation mixture
contained the following: 1 cc of the sampie to be studied, DL~
tryptophan-3-C*, (Suc/151 mumoles, final comc. 5 x 1075M, ) NSD 1024

(1.5 x 105M) and potassium phosphate buffer (3.3 x 1072H).

Additions  When DMPHy was added it was added together with. the

system shown for the reduction of NADP: DMPH, (1 x IO'Z’M), NADPH

3.3 x 107*M), glucose G-phosphate (1.3 x 10-%4), glucose-6-phosphate
dehydrogenase (I.E.U.), nicotinamide (5 x 1072M) and MgCly (3.3 x 10‘1‘1‘4).
ALl incubations were carried out at 37°C for 1 hr in an atmosphere of O,.
Tryptophan 5-hydroxylase activity was estimated by assay method IV.
Results TABLE 20

The effect of various treatments of brain homogenate upon its tryptophan
5~hydroxylase activity and the influence of DNPH)

Preparation Aditions upmoles SHIP produced/
hr/cc of preparation
Hypoosmolar whole homogenate None 0
Hypoosmolar whole homogenate + DM?HQ (s}
Ether treated whole homogenate + DMPHy | 32
Untreated whole homogenate Hone - 80
Untreatéd whole homogenate + DMPH 90

Ultrasonicated whole homogenate + DMFHY 123
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Discussion

Although the hypoosmolar whole homogenate to which no DMFH)
has been added hes no activity, this is probably due to the fact that
no mercaptoethancl has been azdded to this preparation which Huennekens
et al (1964) have shown stabilises tetrahydropteridines. Therefore any
endogenous tetrahydropteridine would be unsteble under these experimen-
tal conditions. We can see however that the additvion of DMPHy to both hypo-
osmoler and ether treated homogenates inecreased the tryptophan hydroxylase
activity. The isotonic whole homogenate (to which mercaptoethanol was in
fact added) has activity which 1s only slightly increased by DNMPH.
however after ultrasonication a larger inorease in actlvity is seen upon
~ the addition of DIPHy. ‘I.‘hése results show that under conditions in which
~the nerve endings would be expected to be intact little stimulation of
activity is seen upon the addition of DIFH). ﬁfte_r treatment ecalculated
_to,rupture the membranes of the nerve bend:lng particles however, DNMFH) is
seen to stimulate tryptophqn S-Wdroxylatiqn. fhese f‘lindings are compat-
| able with the hypothesis that tryptophan &hydroxylase is situated
within the nerve ending particle where either 1t 1s. surrcunded by an
optimal concentration of pteridine cofactor or _qccluiéd from added co-
factor by the membrane of the nerve énding. _ L

~ Although these experiments suggested that. ‘tryxrtpphan 5-hydroxylose
required a reduced pteridine for full activity the results using treated
whole homozenates were not very clear cut and so an attempt was made to
partially purify tryptophan _5-—hydroxylase from brain tissue -in the hope
thet 1t would be possible to completely dissoclate it from its cofactor

and show more marked stimulation of activity on adding back the cofactor
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Pigure 37 -

Scheme of partial purification of tryptophan 5-hydroxylase from brain

Whole homogenate (1:3, w/v) in 0(22 M suerose: 0.0l M mercaptoethanol

-

,_ 100,000 G for 60 mins
I —= -~ | 1

Particulate resuspended in ' ' Supernatant
0.32 M sucrose + 0.001 M v .
wercaptoethanol 50% saturated with (M, ),S0,
‘ 15,000 G for 30 ming
—

]
(M, )5S0, ppt dissolved in (NH)y, )5S0,  Supernatant
0.31 M potassium phosphate B A
buffer pH 7.4 with 0.001 M

mercaptoethanol



or a substitute (i.e. DMFHy)

Expt.13 THE PARTIAL PURIFICATION OF TRYPTOPHAN S5-HYDROXYLASE FROM BRAIN

Purification procedure, incubation and assay of tryptophan 5-hydroxylase
Two rabbit hind brains were homogenised in 0.32 M sucrose + 0.001

M mercaptoethanol (1:3, w/v). This whole homogenate was then subjected
to ultrasonication for 3 mins {20 ke/s). 'fhe ultrasonicated whole homo-
genate was centrifuged at 100,000 g for 60 mins. The particulate
material resulting was susperded in 0.3 M sucrose + 0.001 M mercapto-
ethanol. Amdnium sulphate was added to the 100,000 g supernatant to
give 507 saturation (Dixon and Webb 1960). This solutioh was allowed to
stand with an cccasionsl shake for 20 mins and then it was centrifuged
at 15,000 g for 30 mins. The supernatant material was decanted. The
ammonium sulphate precipitate was dissolved in 10 ec of 0.0l ¥ potassium
phosphate buffer pH 7.4 + 0.001 M mercaptoethanol. Dialysis of an aliquot
was carried out against 0.001 M potassium phosphate buffer pH 7.4 + 0.001.
M mercaptoethanol for 12 hrs at 4°C. (See figure 37 for purification
scheme). The voluwe of each fraction was measured dubing this process.
Protein concentrations of each fraction were estimated by the method
deseribed by Lowry et al (1951).

1 cc of each preparation was incubated with Dbtryptophan—}-cw
(5u0/151 mumoles), NSD 1024 (1.5 x 107M), potassium phosphate buffer
(7.7 x 10°2M). The total volume of the incubetlon was 1.3 ml. DMPH,
was added as i{ndicated in table 30. Incubations were carried out in Op
at 37°C for 1 hr and tryptophan 5-hydroxylase activity was estimated by
assay wethod III.

Results These are tabulated in Table 30



TABIE 30

The partial purification of tryptophan 5~hydroxylase from brain

Protein .

Activity'/mg Vield Purification

Preparation Mdition Vol  Activity* Total acti-t

ces  [ful/hr vity/hr conc/ml _ protein/hr |
Whole homogenate - 28 283 8050 2.9 93.5 100 1
100,000 g supernatant - - 14 41.6 563 2.6 16 7;7251 1 0.16
100,000 g pa,é-tiuuzate - 20 226 ' 4520 1.2 188 56 .1.:89
(N, ),50, precipitate - 10 0 0 0.6 o o o
(M, )80y supernatant - 20 0 0 0.2 0 0 0
(3, oS0, precipitate +DMBH, 10 301 1010 0.6 168 (we) 12.5%  1.69%

(s) 17he 10.5¢%

‘s uumoles SHTP pmduced/m/hr
+ uumoles SHTP produced/mg protein/hr

1+ uunoles SHTP produced ﬁhole frantloxé/hv=

o The ylelds and purifications of this fraction are expressed here in two ways: (a) In respect of
(p) 1in respect of the 100,000 g supernatant (s) ‘ «

the whole homogenate (WH):

4% 1
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After storage for 16 days at -10°C the (Miy),S0, precipitate
solution was dialysed and its activity compared with the undialysed
material, with and without the addition of DNMRi,. The results are
shown in table 31.

Expts. 14 and 15

Two further partial purifications of trypto;&han 5~-hydroxylase
fﬁom brain were performed and the aetivity of various 'fractions assayed.
The activity of these fractions and the effect of DNMPHy are shown in
table 32 where the results of these experiments are.iéqﬁpared with those
of expt. 13. | I
Comments ‘ ‘

1. In expt. 13 (Table 30) ultrasonication appeared to be relatively
inefficient in releasing particulate bound tryptophan 5-hydroxylase
since only 13% of the recovered aoctivity was found in the 100,000 g
supernatant. This appareni low activity of the supernatant may have
been caused by the ommission of DHPHy to the assay mixture. In Expt.
14 (Table 32) where activities are throughout rather low, ultrasonic-
ation appearé to have released all the particulate bournd tryptophan §-
hydroxylase activity, the 100,000 g supernatant on this occasion being
assayed with the addition of DFH), .

2. No activity was found in the (N )-80, supernatant irrespective of
whether DMPH, was added or not.(Table 32).

3. The striking finding in these experiments was the tryptophan 5-
hydroxylase activity of the (NH;;)ESOL’ precipitate' and the marked stim-
ulation of this astivity by DMPH, (Table 30 and 32). This stimulation

of activity was not seen in boiled samples of the (NHy),S0; precipitate
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TABLE 31
The effect of dialysls on tryptophan 5-hydroxylase partially purified

from brain

Preparation Mdition pumoles S5HIP produced

/br/mgm protein

Undialysed - 0

Undialysed. DI4PHy 285

Dialysed - 0

Dialysed DMFHy, 143
TABLE 32

Comparison of thé results of the partial purification of tryptophan 5-
hydroxylase from brain v

Tryptophan S-hydroxylase activity
Preparation uumoles SHTP produced/mg protein/hr
Expt 13 _Expt 1> Expt 14 Expt 15 Expt 15

Whole homogenate
~DMPH), 399 - -

+DNPH), - - 8.6 -
100,000 g particulate
-DMPH, 188 - - - .
+DMPHj E . - 0 - -
100,000 g supernatant
-DMFH), 16 . -~
+DMPH, - - 49
- (M, )o80, precipitate .
-DMPH, 0 - 0 - -
+DMPH), 168 285 51.8 - 31 (stored
1 month)
(N )oS0;, precipitate :
Dialysed) -DMPH, - 0 - 94 -
+DMNPH), - 143 - 333 76 (stored
1 month)
(N )a80y supernatant
~DMFH, C -
+DMPHy - 0 -

Final conc. DMPH, Expt 13 = 2.4 x 107M1, Expt W = 1.84 x 1074,
Expt 15 = 3.7 x 10™M.
- = Not eatimated
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solution amd 1is strorgly suggestivebtl‘zat DMEHA is acting as a co-
factor in the enzymatic S-hydroxylation of tryptophan. In expt.: 13
(Table 30) 1t will be seen that the (M-I,4 )Z,SOQ precipitate was comp-
letely inactive until DMPH, was added suggesting that the enzyme may

be completely dependent upon a reduced ptermline cofactor for activity.
The role of reduced pteridine cofac_tora in tryptophan S-hydroxylase is
further considered in the final discuss.tbn. o

4. Dialysis of the (mu)asouv precipitate solution in Expt. 13 appeared
to decrease the activity by bf'(%, though the deperdence of activity upon
. DMPH), is again well 1llustrated (Table 31). However dialysis of stored
material in expt. 1’{ ;ncmased activity by 145%. o

5. Storage for 16 days at -10°C did not appear to greatly affect the
activity of the (IH))-S0; precipitate but storage for 1 month at -109C
led to a T7% deorease in activity (Table 32).

6. The yield of tryptophan H-hydroxylase activity from the whole
homogenate in Expt. 13 was rather poor (12.5) but better in respect of
the 100,000 g supernatant fraction (174). The purification in terms of
the 100,000 g supernatant was 10.5. This 1s a poor degree of purific-
ation but 1t has clearly revealed that the .full activity of tryptophan
5-hydroxylase is deperdent, at least in part, upon a reduced pteridine.

Expt. 16 THE ¥FFECT OF AMETHOPTERIN, SHTP, AND ASCORBIC ACID UPON
TRYPTOPHAN 5-HYDROXYIATION BY BRAIN WHOLE HOMOGENATES

Introduction

(a) Amethopterin has been shown to inhibit phenylalanine and
tryptophan hydroxylation by rat liver both in vivo amd in vitro (Renson

et al 1962, Kaufmen 1958). If tryptophan hydroxylation in brain occurred
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via a similer resction then ft was possible that amethopterin might

be zn effective inhibiﬁor. This did séem unlikely however as Renson
et al (1962) had shown that the brain levels of SHT were unaffected

in animals treated with amethopterin whilst phenylalanine hydrexylation
was inhibited. The point was however tested.

(b) » The effect of SHIP was studied as this is the immediate
product of tryptophan S-hydrorylation and product inhibition ofenz,yme
pe:_;otions is a falrly common phenoﬁenon,.

~ (c) 1The ei‘fect of asscorbiékao_id wes also tested because
COoﬁer and Melcer (1961) had oited th% substance as a cofactor in the
hyd:-oxylation of tryptophan by intestinal TMCosa.

Tissue preparation, incubation and assey of tryptophan 5-hydroxylase

A whole homogenate ‘of the "Hypothalamus-'malawa“ section (see
p. 104 ) of a dog's brain vas made in Ringerrphosphate solution, pH 7.5
(1:2 w/«v)f The whole homogenate (4 ces) was inecubated with DL-tryptophan
-3-c1* 10 ue/315 mumoles (£inal cone. 6.3 x 1075M) and NSD 1024 (1.5 x
10™M). Total volume of all samples incubated was 5 ocs.

When the following additions yere made their final concentrations
were: amethopterin 2 x 10™MM, DL-SHTP 4 x 10°%M, ascorbic acid 2 x 107N,
Incubation was carried out for 1 hr at 37°C in 0,. At the end of incu-

bation the amoum.‘ of SHTP bz'oduced was assayed by method IIT.



TADIE S

The effect of amethopterin, SHTP amd ascomic acid on tryptophan 5
hydroxylation in whole homogenates of brain

Results

Mditions pumoles S5HIP produced/hr
' . /4 cc of whole homogenate
. None 150
Amethopterin T 7?5.‘
- DL-SHTP _ S
Ascorbie aqic_i o , 510

Conm:enté

Amethopterin appeared to increase the m}dfomy;.a.éé activity
but this was not repeated ard it significance remains unknown. What
is mpofiant, is that amethopterin doés‘not inhibit tryptophan hydro-
xylation in brain. The possible significance of this finding is dis-
cussed later. |

DL-5HTP, at the concentration used, did not inhibit tryptophan
hydroxylation.
_ Ascorble acid caused a slight inerease in activity but as
reduced pteridines were 'shoun'td}be the essential cofactors, this point
was not bpursued. |

D | (Expt. 17) THE EFFECT OF L-PHENYLALANINE UPON TRYFTOPHAN G-
HYDROXYLATTON TN BRATN

Introduction

Apart from the careinold synirome one of the diseases in which,
it hes been speculated, chanpes 1in SHT synthesis and wetabolism might

play a part is phenylketonuria. This disease was first desoribed by
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F8lling in 1934, and presents as mental deficiency but besides this
there are also disturbances in growth and pigmentation (Penrose
1946). The "Inborn error of metabolism” (Garred 1909) in this
disease is a defect in phenylalanine lfxyd.roxylation (Jervis 1953).
Because phenylalanine cammot be hydroxylated to form tyrosine it
accumulates in the blood and 1s metabolised via alternate pathways to
phenylpyruvic acid, phenyllactic ceid and phenylééeti_.c soid. The
‘detection of abnormal amounts of phenylpyruvic acid in the urine is
the accepted dlagnostic test for the digease. . '

Pare et al (1957, 1958, 1959) found that in the blood of
petients with phenylketonuria there was a dec:éased amoﬁnt of S5HT amd
also a decreased urinary excretion of SHIAA. 'Tl;zese findings suggested
that there might bhe an as_soéiation between phenylalanine anmd tryptophan
metabolism. |

On the assumption that the main defect in this disease was the
accunulation of phenylalanme Yuwiler and Louttit (1951) fed increased
amounts of phenylalanine to animals to overload the phenylalanine
hydroxylating system. They found that urder such conditions the brain
content of SHI fell significaxibly. 'I‘his ‘experim;ent»al situation is not
entirely the same as the natural condition because of course in the
experimental condition, large amounts of tyrosine are also formed,
nevertheless the finding of a lowered brain SHT concentration reguired
- explanation.

Davidson end Samdler (1958) showed t_hé; 5}§B:P'deearboxylase
propared from guinea plg kidney ias }inhibited by the‘addition of
phenylalanine and its métaboij.tes. Yuwiler et al (1965) could not
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however find any inhibition of S5HTP decarboxylase in the brains
removed from animals with experimental phenylketonuria in which the
SHT content was lowered. They also calculated from certain assunp-
tions, that w;)uld maximiaeﬂle effect of any inhibitor of SHTP
decarboxylase wxler the experimental conditions they describe, that
only a 0.4% decrease in 5HI'P decarboxylase activ:lty would result. Yet
:they showed that the brain SHT is lowered by 2255. Their arguments are
" very convineing against the iuhibition of SHTP decarboxylase being the
| v’ma‘in' cause of the lowered brain SHT. They al:;o present evidence to
show that there is unlikely to be any increased activity of monoamine
Qxidase activity leading to a fall in brain SHDP.

When Freeland et al (1961a) demanstrated that rat liver 5-
hyd&*cxvlated tryptophan and that this was inhibited by 'phexwlalanine,
1t was suggested that the cause of the lowered brain SHT in experimen-
tul phenylketonuria was an inhibition of tryptophan B-Mdrw.ylation
~ But when Renson et al (19.:2) were able to show not only that hepatic
tryptophan S-hydroxylation was due to phenylalanine l&-hydroxyluse ard
unlihely to be of physiolog,ical importance In the bics,;nthesia of S5HT,
 but also that under coniit_vions in vivo where pherwlalamne hydroxylation
" was inhibited, brain 5HT was not deoreased this explanation fell down.

o When the 5-hydroxylation of tryptophan in brain was demonstrated
1t became of some interest to sec whether phenylalanine would have any
effect on the roaction. | |

Tissue preparation, incubation and assay of tryptog__héh 5-hydroxylase

A whole homogenate of rabbit hind brain was made in 0.25 I

sucrose + 0.001 I merceptoethanol (1:2 w/v). Aliquots of the whole
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Fig. 58 The inhibitory effect of L-phenylalanine upon the pro-

duction of SHIF h{ brain homogenates. Concentration of added

DI~tryptophan-s-Ci¥ « 7.55 x 10~5m,
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homogenate {1 ec) were incubated with: DL tm,rptopha,rh}-(::m 5 nc/
151 mumoles (f£inal conc. 7.55 x 10°5M), NSD 102% (1.5 x 10™7M amd
potassium phosphate buffer pH 7.% (5 x 1072M). To this mixture were
edded various amounts of L-phenylalanine as shown in table 3%, The
samples were then incubated for one hour at 37°C in 0,. At the end
of incubation the amount of SHTP produced was estimated by assay
method ITI. |

Results (see also fig. 38) TABIE 3}

The effect of L-phenylalanine on tryptophan 5-hydroxylation by whole
homogenates of brain

Final concentration of ppmoles of SHTP produced

added L-phenylalanine /G brain (wet wt.)/hr
0 627 |
2.5 x 10~y 597
5 x 1074M 362
10 x 10-4M 274
15 x 1074M 229
20 x 107y 197
Discussion

It should be noted that the final concentration of added
tryptophan in terms of the L isomer 1s 3.8 x 10"5M but this does not
include the free endogenous tryptophan which from the data of Schurr
et al (1950)we can assume is in the region of 4.6 - 5.8 ;g/G of brain.

These results show that phenylelanine inhibits tryptophan
hydroxylation by whole homogenates of brain. Nekamura et al (1965)

have recently reported though that partially purified tryptophan

hydroxylase from brain is not inhibited by phenylalanine. If this
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is correct how can these two facts be reconclled?

The investigations of the subcellular losalisation of trypto-
~ phan 5-hydroxylase in brain have shown the enzyme to be localised in
the synaptosome arnd of course it would be so localised in the concen-
trated whole homogenate (1:2 w/v) prepared in isotonic media amd used
in this experiment. o

The inhibition by phenylalanine of hydroxylation in whole
hombgenates but not of the purified enzyme could therefore be explained
by supposing that phenylalanine inhibits the transport of tryptophan
across the wall of the synaptosome. thereby depriving the hydroxylase of
its substrate. This mechanism would obviously not apply when a purified
preparation of tryptophan 5~hydro:qr1ase was Stxdied.

Expt. 18 THE IN{IBITION OF THE UPTAKE OF L«Tnyrromm-}-c“ INTO ERAIN
SLICES BY L-PHENVLALANTNE

Introduction

Is there any evidence to back up the hypothesis that phenyl-
alanine inhibits SHT biosynthesis in brain, not by inhibiting tryptophan
5-hydroxylase, but by inhibiting the uptake of tryptophan by the brain.

A few studies have been done on the transport of tyrosine, phenylalanine,
SHTP and tryptophan into brain snd from these certain specﬁlations can be

made. :
MeKean et al (1962) have shown that 5-hydroxytryptophan uptake

by brain is inhibited by phenylalanine ard also by L-tryptophan., Smith
(1963) confirmed this in vitro and also fourd that a-methyldopa inhibited
the uptake of SHTP by brain. Udenfriend and his colleagues (Chiragos et
- al 1960, Gureff et al 1962, and Guroff and Udenfriend 1962) studied the

uptake of tyrosine by brain both in vivo amd in vitro. They fourd both in
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vivo and in vitro that brain possesses a mechanisr for the uptake of
tyrosine against a concentration gradient. They fournd that this uptake
is inhibited Ly aliphatic monocamine carboxylle acids but not by their
related nitrogen free acids. The uptake is also inhibited by substances
closely related to tyrosine and also by tryptophan and phenylalanine.
However certain differences between the uptakes observed in vivo and in
vitro led them to suppose that two mechanisms were involved in the uptake
of tyrosine by brain in vivo. 'The first involved transport across the
ca.pnlar-y wall and the secord passage across the nerve cellb menbrane.
Overall though they concluded that the uptake of tyrosine depended upon
a catalytic process. They also demonstrated that the uptake of L-trypto-
phan is probably dependent upon similar mechanisms. Although this line
of work has not yet been taken very far the experimen;b' now to be des-
cribed demonstrates that the uptake of L-tryptophan by brain slices is
indeed inhibited by L-phenylalanine.

Hethods |

Preparation of brain slices Because Smith (1963) showed that

there were quantitative though not qualitative differex_xces in the up-
take of SHTP by slices prepared from different areas of the dog's hind
brain the present studies have been done on rabbit cortical tissue in
order to échieve a structurally more homogeneous population of slices.
A rabbit was killed by a blow onthe neck amd the whole brain
. pemoved, minus the olfactorylobes, ard chilled on ice. Slices of
cerebral cortex were cut by hamd 'and bétween 100-150 mgms of these

slices roughly amd quickly weighed out for each incubation. Each 100-



150 mg portion of slilces was suspended in 2.5 c¢es of Ringer phosphate
solution pH 7.4 in 25 ml flasks. All these operations were carried
out at 0-4°C as quickly as possible and the Ringer phosphate solution

was cooled to 4°C before the slices were suspended in it.

Incubatlon conditions To each flask at 0-49C was then added
0.25 ml of an agueous solution of L-‘tryptophanﬁj-cu" (10 pmole/ml:
specific activiiy 0.84 pc/umole or 4.2 x 102 pe/ug). With the
efficiency of the gas flow counter at 29% the counts/min/ug of the L-
tryp’cophan-;‘i-cm were 2700. ‘This addition gave a final concentration
of added L-tryptophan of 1 x 1077, When L-phenylelanine was added the
final concentration in each case was 1.07 x 10‘51*&._ » v

| Uptake of L-tryptophan into the slices was measured at 37°C
‘with end without the sddition of L-phenylalanine in flasks gassed for
one ;;xinute w:i.t;l'x'.()2 and,'thez‘).' gdrkéd. An attempt was made also to study
'ihe uptake of‘ L-tryptophan in an. atmosphere of Ny at j‘(", but it is
likely_ith.at for technicél reasons the ;Séz.'centa.gél‘of Né in the atmos-
phere above the 1ﬁcuba'bion was not 100% and also that O, was nol comp-
letely removed t‘rom the incubation medium Lhough, as will be shown In
the results, Ny was found ‘Lo have some eft‘ecc. on upza&re._

The uptake of tryptophan was also st.udied at 0°C in an atmos-
phere of Q,, by placing the inaubaticn flasks :m lce. and intermittently
shaking these by hard., 1In all cases the uptake over predetermined
periocds of time was studied,

Estimation of the amount of L~tryptophan taken up by brain slices

At the end of the chosen time interval the slices were removed from the

susperding medium, drained and blotied tor 30 sees on Wha’cmari No. 4 filter
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Fig 39 The uptake of L-tryptophan by slices of rabbit cerebral
cortex. For copditions see text. Concentration of added L-
twptophan-}-cl » 1 x 1072M,

X = at 09C + Og. O- at 57°%C + 0, _ A= at 37°%C+ K,
®- ut 575C + L-phenylalanine (1.67 x10731)

166
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paper.  The final wet welght of the sllces was then determined to the

nearest mg. The slices were then homogenised in 5 ml of 70# ethanol
ard the denatured protein removed by centrifugation. 0.5 ml of the
deproteinised extract was then plated out on aluminium planchettes and
agsayed after drying at infinite thinness in a gas flow counter (effic~
iency 297). Control stulles showed that the recovery of radioactivity
undeyp these coxlitions was 69% a.xrl that recovery is gquantitative and
not aepemen* upon the amount of tissue used (i.e. there is no appreci-
able non-specific absorption of tryptophan onto the tissue).

The results are calculated in iwo ways: (1) ‘As the amount (in

ug) of L-tryptophan-3- Clu take-x up per G of wet ..lice tissue in a given

time, (2) As the ratio between the intracellular concentration (ng L~
tryptophan—}—cw per G wet tissue) and the concentratibn of L-tryptophan

-3-C1* i1 the starting medium (ug/ml).

Results TASLE 55
The uptake of L-tryptophan by brain slices amd the 1nhib1t1ng effect of
L~phenylalanine
Tine ug L-tryptophan/G tissue Intracellular conc {ug/G tissue)
mins. Medium cone. ml
0% 379C  379C  379C 0% 379¢  379¢  579C
0o +0s + My + ph +Q_, + O + & + ph
0 0 0 0 0 0 0 0 0
15 55 151“ - -~ 00296 0083 - -
30 77 203 161 Te 0.415 1 0.87 0.425
45 61 224 - - 0.328 1.2 - -
60 63 163 178 95 0.358 0.88 0.5 0.553

ph - phenylalanine.

These results are graphically represented in fig. 59
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Discussion

The difference in the uptake of L-tryp’cophan} by brain slices
at 37°C arxi. d"c is very striking and the following facts suggest that
this 1s not merely due to an effect of temperature on ‘diffusion rates.
1. The concentration of I~tryptophan in the slices reached at 45 mins
at 37°C is greater than that in the medium (ratio = 1.2). This suggests
not only an active uptake mechanism but also a concentration mechanism.
In this experiment the erdogencus concentration of L-.-tryptophan in the
brain slices has been ignored, so that the intracellular cono/medium

conc ratio may have been slightly higher than this and :I‘suspect that
| if the medium concentratidn had notibeen so high theh the ratio would
ha.ve: been higher than this, |
2. An atmosphere of N» (for qualifications see Methods) inhibited the
uptake of tryptophan by about 207 at 30 mins which would not be
expected if uptake were merely due to diffusion.
5. Fnenylalanine is shown to raduce the uptake of tryptophan to levels
seen at 0°C. This is perhaps the most telling point in favour of the
uptake at 0°C being mostly due to diffusion and that at 579C (minus
phenylalanine) being due to an active uptake mechanism.
4, The curves of uptake at 0°C ard 37°C have di.ffexwent forms. Uptake
at 0PC ceases at about 30 mins whilst at 37°C uptake continues for
another 15 mins, Had the uptake at 57°C been due to diffusion one
would have expected the time relationships to have been similar.

If then we assume that the uptake at O9C represents only the

diffusion of I~tryptophen into brain slices, then we see that L-phenyl-
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alanine at a concentration of 1.67 x 10™°M with a medium concentration
of L-tryptophan of 1 x 10-7¥, more or less completely 1&;1’:)11;3 the
active uptake of tryptophan byv the brain slieeg.

At the present time the loss of tryptophan by the brain slices
after 45 mins at 37°C and sbout 30 mins at 0°C in oxygen and the apparent
protection egainst this'loss by N> and phenylalanine are unexplained.

' Although more sttdies are needed on the uptake of tryptophan by
brain this experiwent has been included because 4t does show that an
active uptake mechan'ismr for tryptophan does exist and that this 1s
inhiblited by phenylalanine, These results reconcile the points previously
mede, that whereas phenyiaian_ing appears to inhﬁj.bit tryptophan S-hydroxy-
lase by whole homogenates of brain made in isotonic media, in which
synaptosomes will be largely intact, ' it does noi‘. ‘i.nh:lbit partially
purif’iecl tmrptophé.n h&droxylase. The evidence is now stropgly in favour
of the whole homogenate inhibition being dué to the mh:lbition of trypto-
phan uptake by the synaptosomes and the lowered 5HT content of brain in
experimehtal phenylketonuria b_eing due to the inhibition of tryptophan
uptake by brain, by the high plgsma levels of pherxylalanine.

If this explanation is correct thefz some eiciting possibilities
arise. If transmitter subatances are synthesised in nerve emdings (as
seems l:l_kely) then with the techniques now aya.nable it should be
poseible to study their biosynthesis in purified synaptoscme fractions
and investigate the effects of various substances upon the transport of
their precursors across the synaptosomal_ mex_zbr_-anes, since this may be an
fmportant control;ing step in the synthesis of these substances and sub-

Ject both pathological disturbances and pharmacological attack.
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GENERAL DISCUSSION

The studies reported here have demonstrated that enzymatic

tryptophan 5-hydroxylation with the formation of SHTP is the first
step in the biosynthesis of SHT in carcinoid tumour, brain and intes-
tinal ﬁissue. The 1list of tissues in which this reaction has been
described lengthens and at present stands as follows:

(1) Chromobacterium Violaceum (Mitoma et al 1956)

(2) Mast cell tumours (Schindler 1958)

(3) Rat liver (Freedland et al 1961k)

(4) Intestine (Cooper and Melcer 1961; Grahame-Smith 1964b)

(5) Carcinoid tumour (Grahame-Smith 1964a)

(6) Brain (Grahame-Smith 196lc; Nakamura et al 1965; Gal et al

1965; Green and Sawyer 1965)

The work of Renson et al (1962) suggested though that liver was not
responsible for the biosynthesis of S5HT urder physiological conditions.
In mammals it seems very likely that the main site of SHT synthesls is
the intestine and that the argentaffin cells of the intestinal mucosa
are responsible, in view of the histochemical properties and apparent
origin of the majority of carcinoid tumours. One presumes too that the
" enzymatic properties of these tumours are in many réspects similar to
those of the intestinal argentaffin cells., If one accepts this presum-
ption then 1t is likely that the tryptophan S-hydroxylase in argent-~
affin cells of normal intestine requires a reduced pteridine as a co-
factor. So far the tryptophan 5-hydroxylases shown to require such a

cofactor are those prepared from mast cell tumours ((TLoverbers! ehjaIisuna
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'1965), carcinoid tumours and brain. One point 1s puzzling here.

‘Wherea.s phenylalanine hydroxylation, a reaction also requiring a
'reduced pteridine for full activity, is markedly inhibited both in
: vivo a.nd in v:l.tro by amethopter:ln, 5HT synthesis appears to be little
‘affected by this substance either in vivo (Renson et e.l 1962) or in
.vitro. If pherwlalaniue hydro:wlation and tryptophan hydro:qlation
‘deperxied upon the same electron donor axﬂ the oxidised form of this
| .donor was reduced by the same dihydropteridine reduota.se one would have
| expected tyrosine and SH’I' biosynthesie to be equally diminished by
amethopterin 1n vivo ani 1n vitro. hat they are not so affected
| 'suggests some difrerence between the two rea.etions. Although at
present one can only Speculate about the mechanism of tryptophan 5-
hydroxylation it seems quite likely to proceed in the way described for
phenylalanine hydroxylation, i.e.

Irtryptophan + reduced pteridine
tryptopha.n hydro:quase
L-5HTP + H,0 + oxidised pteridine"
That a reduced pteridine is required for this reaction is of 1nterest
. and Simpson

as Jacobson (1945) has extracted materlial from earcinoid tumours
which has the properties of a pteridine a.nd‘ which he thought was Xan-
thopterin. Tt would be of interest to kuow the precise nature of the
netural cofactor as this might exblain the different behaviour of
phenylalanine and tryptophan hydroxylation in respect of amethopterin.
It is5 also of importance to further purify tryptophan hydroxylase and

et\ﬂy in detall its precise requirements, for in purified systems it
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may turn out that amethopterin does inhibit tryptophan hydroxylation

via thg cofactor system.  whereas factors, as yet unknown, may negate

its inhibiting influence in crude isolated preparations amd in vivo.
Although deteiled studies of the }Specificity of the tryptophan

S5-hydroxylase investigated have not been carried out, nevertheless it

is of importance to note that carcinoid tumour intestine and brain

t.ilssue do nof wdroxylate phenylalanine. Table 36 cﬁmpares the hydroxy-

lating activity of various tissues for phenylalanine and tryptophan.

TABLE

Comparisor{ 'ot} the tryptophan S5-hydroxylase and phenylalanine
h-hydroxylase activity in various tissues and organisms

Phenylalanine Tryptophan
_Hydroxylase Hydroxylase

Rat liver (Renson et al 1962) bt TP i A
Mast cells (Lovenberg et al 1965) o -+
Cércinoid tumour - ++
Brain ’ - -+
Intestine - ++
Chromobacterium Violaceum (Mitoma et al 1956) - -+

Pseudomonas species ATCC 11269a (Guroff & Ito 1965 )++ -

It would be of great interest to know the fagtors involved which
cause these differences in specificity. Although Nakamura et al (1965)
have shown that tryptophan 5-hydroxylase prepared from brain will not
hydroxylate tyrosine and Nagatsu et al {1964) that tyrosine hydroxylase
will not hydroxylate tryptophan one wonders ihether sometime during

evolution there was not a common aromatic amino acid hydroxylase, The
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similarity of the hydroxylating and decarboxylating étéﬁs An the
" blosynthesis of SHT amd catecholamines and the wide specificity of
the decarboxylase is somewhat sﬁggestﬁe‘ that this n&a& nave been so.
‘Tt would be of intez-est here to investigate the apecificity of the
hydroxylases responsible for catecholamina and 5HI' biosynthesis in plants.
Many observations suggest tha.t the biosynthesis of BHT, 1like that
| of dopamine a.nd noradrenaline is limited in rate by the initial enzymatic
hydroxylation of tryptophan and tyrosine respectively. The work done in
vivo on this point was disoussed in the introduction. Aiihough there have
been no detailed stulles done on the kinetics of tryptophan S~hydroxylation
in isolated mammalian tissues (other than mast cells) the obaervations
reported here make it clear that in 1ntestinél cercinoid tumour and brein
tissue tryptophan S-hydroxylation is a much less active reaction than S5HTP
decarboxylabion. If tryptophan bydroxylat:lon is the rate-limiting step in
the blosynthesis of SHT then its inhibition may effectively lower tissue
SHT concentrations and give valuable information about the true physio-
logical functions of SHT. However enzymatic reactions are not the only
limiting factors in the synthesis of biologica.i substances in vivo. We
have seen for instance that phenylalanine may _1nh1b1t'5,n'r biosynthesis in
" brain by blocking the transport of tryptophan across nerve cell membranes.
A consideration of the quantitative aspeéts,,of tryptophan 5-
_hydroxylation in i{solated careinoid tumour and brain throws light upon two
points., Firstly a rough eomparison hetween the rates of synthesis of S5HT
in a patient with metastasising ,c_arcinoid tumour (tumour 9) shows that in
vivo the rate of SHT synthesis was in the region of 1-2 pgm/ G tumour

tissue/hr (Tumour tissue estimated at 2.5 Kg and urinary SHIAA excretion
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100 mgms/day) and in vitro 0.2 - 0.3 ugm SHI/G fum\bur.tissue/hr).
 Considering the highly artificlal conditions of the in yitro experi-
ments and probable deteriopation in enz;.rme’ aétiﬁrityf this is fair
agreement. Unfortunately it is not yet possible to assess the rate

of SHT bibéynthesis per‘g,ra\m'ofv argentatfi‘n. celié in ihe norma.l intes~
tine but 1f we compare the activity of the carcinoid tumour 19_ vitro
(0.2-0.3 ugmof 5H‘I'/G of tumour/hr) with the éeitiviihf{ of i'abbit’ prain
‘stem (approx 0.4 pg SHI/G of Ezl'a'iii/hr),”wé'seéi that the tumowr tissue
has a falirly physiologlcal rate of SHT biosynthesis. This means that
the increased SHT biosyhtheéis seen in the ‘eé.r’civr‘lio.id' syndrome is not .‘
due to a greatly increased biosynthetic activity in each tumour cell
but to an increase in thé numbéi' o.fj such cell’s.' 'I‘his ‘éﬁég‘ests iha.t

the tumour cells are probably fﬁnetibning normally when compared with
their non-neoplastic counterpart, the argentaffin cell of the intestinal
muicosa, | o | o

The second point of importance is to consider whether the acti-
‘vAity .of fz'yptophan twdro:qriéfiori bbsérived 1n. isbié.téd ;br‘ain tissue can

' acco.unt! fdr ali the SHT éyntﬁesised in vivo bj 'bry‘a‘.in, ﬂ fér if 1t doesn't,
' it would indicé.te 'thavtK brainv'ti'és.ue reiiés ﬁpon' a supply of BHTP from
.elsewher'e in the bcdj. "I‘h‘ezac'tuél ré.te of SHI‘ synthesis is difficult
to measure in vivo bub Garattini and Valzelli (1961) have estimated -
that rat brein probab‘ly‘ turns over about 1 ugin SHI'/G of "brain/hr and
tﬁis‘pfre.sﬁmes d simi'iar‘ réte ldft s&nﬁheéis. ‘Ihe 1n vitro rate of synthe-
' slis‘. oﬁéeﬁed during these Stﬁ&ies has .‘be’en 1n ‘f.hé region of 0.4 pg SHT

/G/hr 5o that there 1s falr "ag';reemént, again making"dliowénoes for the



ertiﬂciai‘arﬂ probabiy ss yet not ideal cordit:".ons of in vitro
| study . These ﬁndmgs s.long with those discussed in the introduce
tion to section III make it almost certain that the brain independently
..synthesises all the SHT which it needs.
_ One is forced to speculate as to how far the biosynthesis of
_‘ 5HI‘ 1n brain and intestine is dissociated and each one independent of
the other. One of the properties of the "Blood bra.in barrier" may be
to protect the brain from the extracerebral influences whieh would
| otherwise af*fect the synthesis of probable synaptic transmitters.
Many of the putative transmitters » noradrenaline,’ aoetyloholine, SH‘"‘,
histamine a.xxl substance P a.re found to have a function outside the
brain ani there would obviously be cerebral ohaos if the factors
influencim_; the peripheral bios.vnthesis an:i metabolism of these subs-
tances were allowed to exerh themselves upon the same processes in
the brain. |
| This brings us to a consideration of the physiologieal ana.
| pathological functions of 5H‘1‘ in the bra.in. °everal times during this
| report the supposition that 5}{0 is a synaptic transmitter substance
has been made. What is the evidence fox- this?
Three criteria have been suggested for the 1dentif1cation of

a substanee as a synaptio transmitter, (Salmoiraghi et al 1965).

(1) The demonstration that the substance is localised at the nerve
ending; | (2) The demonstr‘ation of an 1dentioel'acticn for‘ the natural
| transmttter ani .1ts ssir'nthet.{c' ah'alogue; (3) The demonstration that
the suspected transmitter is released during stimilation of the rele-

vent synapse. How far havethese criteria been fulfilled for SHI'?
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The subcellular fractionation of brain tissue has shown that
' 5HT, SHTP decarboxylase and t;wptophan S=hydroxylase are all localised
at the presynaptic nerve ending. Carlsson et al (1964) have cobserved,
using fluorescent microscopy,u that some nerve endings in the central

nervous system appear to contain SHI'. Criterion one is therefore ful-

filled, , ,
The secord criterion has not been fully fulfilled. Various

workers have utilised the method whereby small amounts of various subs-~
tances have been placed in the vicinity of single neurones by inoto-
phoresis with muliibarrelled micropipettes. The activity of these
neurones can be continuously recorded. The trouble is that with the
mammalian central nervous system it is virtually impossible to exclude
the action of these substances on neighbouring structures. Bradley and
Wolstencroft (1965) have tested’marv neurones in the pons and medulla
with aeetyj.choline. noradrenaline and SHT and all sorts of combinations
of exoitation and inhibition were seen, which makes the interpretation
of their results difficult.

Krnjevic (1965) found that SHT had a quick depressant action
on several tested cortical neurones, ’chough its depressant action was
weak compared with y-aminobutyric acid and Krnjevic concludes that SHT
is unlikely to play much part in intracortical transmission. ‘Curtis
(1965) described his investigatioha into the action of SHT on the
excitation of 1a.te_ra1 geniculate neurones by optic tract impulses. He
fourd that such excitation was depressed byk 5HT, though other substances
such as 4-hydroxytryptamine, 7-hydroxytryptam1nse and certain lysergic
acid and phenylethylamine derivatives had a similar action. It is
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~thought that this inhibition occurs via the blocking of the access of

‘the excitatory iransmitter to the sub-synaptic receptors of the lateral

N geniculate neurones or inhibition of the release of a transmitter the

_ nature of which remains unknown. This hypothesis raises the point as

| to uhether cex'tain substances sueh as 5HT, thought at present to be
l direot synaptic t:ansmitter substances, may 1n tact function indirectly
, by controll:lng the relea.se or actual synaptic tnanamitter substances or

by interfering with thelr action on synaptic receptor sites.

Florey (1965) reviewing the pharmanology of SHT in invertebrates,

- 1s very cautions about concluiing that SHT acts as a synaptic transmitter

bin_ these organisms. However the evidence tha.t he cites ror this role,
especially in the J.amell;brar;ch cardloaccelerator neurones is very

‘ impreasive. Feldberg and his co-workérs (Feldborg and E‘leisehhauer 1965 )

1n a series of reporrhs. have 1mp11ce.ted mr—adrenalim and 5HT in the con-

trol or body temperature via their action on the lwpothalamus By tech-
niques of 1ntraventr1cular 1ntusion tb.ey have administered SHT and nor-

: ‘adrenaline and have shmm a hyperthemic effect for 5HT and a hypothermic
errect for mradrenaline.‘ ‘Ihe area. sensitive to these amines in pro-
duc:lng these effects is the anterior hypothalamus and Feldberg ard Myers
(1965) extended these studies by showing that microin,jections of these

" amines into the anterior hypothalamus produced the same effects as their
intraventricular infusion, Feldberg (1965) has also dema:_istrated that
during hypothermia SHT appears in the C.S.F. of the cerebral ventricles
suggesting hypothalamic release of this substance. It is dangerous to

 speculate too far on these £indings but they do sugzest a role for SHT

(and noradrenaline) in body temperature control by the hypothalamus.
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-Whether these amines act at synapseé within the a.ntér:lor

hypothalemus is unknown. Although the secord criterion for the identi-
' fication of SHT &s a synaptic transmitter is not completely fulfilled,
nevertheless the evidence avallable suggests that it may be so, for
certain neuronal pathways.

. On the third criterion, the evidence is somewhat indirect.
Anden et al (1964) have shown that the in vitro ‘stimula’c;ion of the
spinal cord results in a release of SHT into the incubation bath and
Dahlstrém et al (1965) that electrical stimulation of the medulla
obionga’i;a-in vivo results in the depletion of SHT»Stéres' in the vari-
cosities of the nerve endings (as Judged by fluorescent microscopy).
Although, suggestive, these stulies do not prove that SHT is actually
released from the presynaptic nerve endings during : synaﬁtic trans-

mission. o | | | .
Overall then one can say that although the case for S5HT being

a synaptle transmitter or a substance 1nd1reotly controlling synaptic
transmisslon in eertain areas of the central nervous aystem is not

| proved. there ie a good deal of evidence for. this being the case,

o Da.hlstr&m and Fuxe(lgﬁh and. 1965) have used histochemical
:methods to show up neurones ccntaining the monoamines dopamine, nor-

| adrenaline and SHT. They olaim that the methods which they use dis-

| tinguish between the fluoreacence produced by cells containing the BHT
on the one ha.nd amd the cateeholamines on the other. Using these methods
they have charted the 1odisaticn of neurones containing the monoamines.

in the central nervous system. It is of 1nterest to note that although
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the synaptic terminals of neurones show a very high fluorescence,
(which is presumed to indicate a high concentration of the monoamine
at this site), the cell body and its processes do whow a low fluores=
cence. These findings suggest that although SHT 1s malnly locallsed
to the presynaptic nerve ending some is spresd throughout the nerve
cell. What this means in terms of the locus of synthesis of this amine
is unknown but it may be that the nerve cell body itself can syntheslse
SHT and this might account for the localisation of some of the tryptophan
5-hydroxylase in the high-speed supernatant fraction of brain preparations.
These wquers have also shown that the monoamine containing
neurones: are distributed throughout the central nervous system in a
definite way. They have :characterised three neuronal sjrs’bems: one
large nigro-neostriatal system containing dopamine and two bulbospinal
systems containing noradrenaline and SHT respectively. ILewis (1965) has
studled the histochemical locallsation of cholinesterase, assuming that
the presence of a high concentration of cholinesterase in neurones indle-
ates that such neurones rely upon innervation by acetylcholine. He and
his cowbrkers have demonstrated a cholinerglc pathway érising from the
reticular formation and supplying the whole of the cortex and many sub-
cortical structures. These findings that putative synaptic transmitters
are localised to various well-defined tracts and areas of the central
nervous system suggest that functional differentiation within the
central nervous system may be dependent partially upon having several
synaptic transmitters or regulators of synaptic transmission each of

which may serve an independent neuronal pathway to which other pathways



180

dependent upon other' transmitter substances are insengit;l.ve. This
- hypothesls coupled with the fact that transmitter substances are
~ likely to be destroyed or inactivated very quickly may explain how such
. discrete funcfci,on can be maintained witllun‘ the centray nervous system.
There are ceixtai_n_ pz‘-o_pler‘t;osv in rela.;ion.to carcinold and
. related tmoura which I should like to discuss.
. Campbell (1959) has considered the assoclatlon between the
_property of certain normal and neoplastic cells to stain with silver
. ‘sf,ain,swarxi thelr abllity to ayr_xt,hegisg or stopg,sgr. '_fJ.‘h‘ere appears to
be two types qf cell in this respect;  those which contain granules
which both take up and (rgd‘uc_e the silver stain, and those which take
up the gil;ver .stai,n but dp Inot_reduvce, 1t, 8o that an external reducing
~ agent nrust be app_l:led ,befo;;e. the staini_ng becongea pbvipus. The former
~are known as "Argentaffin cells and the latter Argyrophil" cells. A
. good deal of controversy has “taken place abOut the signifieance of
ljzhie;sqvgt:aimng react:‘lons‘avnd the prqh}ggx_re;nains unsolved. There is no
, doubt that there 1s some relatlonship beiween f._he ,gr:ggntafﬂnity of the
~granules of the argentaffin cell and itheir SHT content but it does not
appear to be a direct one. Jacobson (1958) arﬁ. others have shown that
th‘e_do;igree of‘argex‘xtaffinity_iof carcinp;d; tumours be,a(.rg: 1ittle relation=
ship to their content of 5HT, though the content of SHT per cell may be
the important factor and this will vary f:oxp place ,t_o:pl,aee within the
tumour and from time to time depending upon the local rates of synthesis,
storege, release and d’estruetilo.n‘o‘r 5HT. On the :other hand the release

of SHT by reserpine (Pletscher 1958) has been shown to correlate well

with changes in the argentaffinity of the tissues studled. In addition
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- formalin-fixed gelatin models of SHT have been shown to have most of
the relevant histochemical properties of argentaffin granules (Barter
~and Pearse 1955).

When the property of Argyrophilia is considered the problem
- is even more complex and as the basls of neither direct or indirect
silver staining is known any significance we attach to them must be
conjectural. Whereas. in vertebrates the argentaffin cells are distri-
buted in the gastrointestinal mucosa, biliary tract anl__pancie'as, the
. argyrophil cells are much vmoreuwidely d‘istributed in the same organs
. and also in the prostate, adrenal med\;{lla, organ of Zuckerkandl, carotid
bodx and in the epithelial nests found in broncf;ie¢tat1c bronchi,
(though not_in normal bronchi ). . The property of argyrophilia may be
- "non-specific" and would not warrant consideration here were it not for
the fact that many carcinold and related tumours show this property,
suggesting that argyrophilia may in some way be related to SHT production
or storage. FErspamer (1939) originally suggested that argyrophil cells
- were blochemlcally and morphologically immature argentaffin cells.
Sandler and Snow (1958) followed up this line of thought when they
reviewed three atypica; cases of the carcinold syndrome. The causative
tumours were argyrophilic and the patients excreted SHIP, 5HT and SHIAA
_in the weine. They suggested that argyrophilia might be related to the
ability of the cell to synthesise SHI.'P buf; not to deeaxfbowlate it to
5HI or store the latter, A sort of "half-way house" toward the full
funotlonal and morphological differentiation of the argentaffin cell,

In the present state of our knowledge a o.autious oversall

interpretation of these findings might be made, It seems likely that
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the argentaffinity of argenrta.fﬂn cells is due to their SHT content

.or to some property of the gx-anular material uhlch stores the SHT in
' these cells. Argyrophilia on the other hand does not appear to be
- mlated so closely to the ability of the cell to synthesise or store
l' SHT but the frequent occurrence of argyrophilic eells in tumours shown
" to synthesise SHT does sugsest some relationship. ‘I'he suggesb:lon
‘though that argyrophil cells are f‘unctiona.l and morphologioal precursors
or a.rgentafﬁn cells is 1a.r5e1y speculative. | '
 willtams am Sa.ndler (1963) attempted to olass:lfy carcinotd
a:xl rela.ted tumours by consideration of the:lr histochemical and biochem-
ical properties, znetastatie characteristias, histological struoture ard
" embryological origin. As their reference point they took the commonest
“and most easily recognised fleccaecal caroinoid tumour. Histologically
this type of tumour is Me up of nests of regular cens separated by a
a delicate conneotive tissue trmework the oytoplasm ot’ the cells contains
argentatfin granules. Sometimes the struoture has a slight trabecular
sppearance. Th:ls typlcal type of tumour contains ususlly a high concen-
tration of S-hydroxytryptamine, metastasis to the liver only, and pro-
duces the carcinold synﬁrome. Patients with this type of tumour excrete
mainly SHIAA in the urine. |
Bronchial, pancreatic amd gastric tumours associated wlith the
oercinoid syrdeome frequently differ from the more typioahueomaeoal
fumours in many 'respecis. In general the prognosis is worse, metastases
to bone and skin frequently occur and the pa.tienis often exorete 5HTP,
5H'1‘ end SHIAA in the urine. These tumours on the whole contain a

smaller concentration of S5HT than the 11eo-oaeoa1 tumours. The structure



of these tumours is frequently atypical amd the argentaffin reaction is
usually negative.
Carcinoid tumours axfi__sing bin the rectum are usualiy ‘more trab-

| eoulaf in histologlical appearance, the argentaffin reaotinn’ 15 usually
hega’tive and the c&rcinoid syxidrome does not occu_r;‘ The tumours do not
contain abnormal amounts of ‘5Iﬂ“ .a.nd gorIdo the ‘pat.ientg oxerete ‘abnormal
quahtities of SHIAA in tﬁe urine.’ These rectal oaroirnoic;s frequently -
metastasise to skin and bone. | | ‘ o _

| ' Williams and Sa.mler saw some pattern 1n these phenomena. amd ‘
‘proposed that the developmental origin of the’ tissue from which the

' tumour arose might in some way be involved m these differences. A1l the
tissues ‘from which these tumours arise are of endod ermal origin. ‘The
bronohial, pancreatic and gastric tumours arise from the embryological

| foregut, the ileocaecal tumours from the midgut and the rectal from the

| hindgut. Although this classification in no way explains the biochemical :

| and structural differences cobserved, nevertheless 1t does raise an inter-
’esting'point. It infers t‘hé,t‘ in the th;-ee areas of fc_ho deyelcping‘ gyt
thepe is distributed a system of cells perhaps potonﬁiélly having similar
functions which biochemieally dirferentiate in difrerent ways during :

! development of the embryo. It is 1mportant to note that some of the
bronohial ard pancreatic tumours show none of the histological charactep-

| istics of carcinoid tumours wh:llst possessing the ability to synthesise

| 5HT and bradykinin. There is no evidence as yet that normal bronchial
and pancreatic tissue synthesises SHT though the problem is as yet
largel.y unexplored

" There are now many reports describing humoral syndromes in
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‘ assoeiatioh with tﬁmburé origihat_ing in tiesuee ‘not, knm-m to have the
property of producing the humoral substances thought to be involved. It
‘. 1s limpo:rtant to note that the precise structure ofmany of the humoral
| sﬁtstances produced by these tumours is tinknown sa t}iat one cennot be
cert_ain vhether they are the eame as the phys::loloéical‘ ahd natural
hormone., It is evident trom clinical ard pmrsiological studies however
that ma.mr of these substances appear to be acting in the same way as
their purported na.tural counterparts, though their prodﬁetonis not sus-
ceptible to normal controlling mechanisms. In table 3!7 are shown the
| humral syndpromes assoclated with non-endocrine tumaurs, ‘the hﬁmoral
bsubstances thought to he 1nvolved and an 1ndication as to the accept-
abil:lty or the evidence for the Mentifieation of these substances.
Consideration of these tumours arxl their'peculiar properties
1ea.ds one to ask whether a true change in s.ellular function is occurring
during the process of cart.inosenes:ls. It could be that cells are present
in .tisvsﬁes which have the”prop‘erty of synthesisine; ‘normonal substances
but tha* thelr number is normally 8o small or activity so low that it is
'only when a large mass of such :cells is present, as in a tumour or its
metastases that this property becomes obvlous though its clinioal effecis,
Another possibility is that scattered throughout the body are a
number of morphologically amd biochemically urxiifferentiated cells which
»upon becomim; cancerous differentie_te functionally to produce substances
| at variance with the tissue from which the tumoz.r appea.rs to rise. This
1s a return to the embryonal cell thecry oi‘ Cohnheim (1877) (see also

Cowdry 1955 ) which at present 1s rather uni‘ashionable.
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TABLE .3
3T v
Humoral syndromes associated with "Non-endocrine® ‘tumours

Humoral syndrome Suggested hormone involved Tissue of origin of tumours

Cushing's syndrome A.C.T.H. (structure unknown, Bronchus, pancreas,thymus
physiological evidence good) ovary, thyroid, misc,

Hypercalcaemia {with Farathormone (evidence for Kidney, bronchus, pancreas,

-out bone metastases) nature of hormone poor) ovary, uterus, misc.
Hypoglycaemia Insulin-like activity reco~ Measenchymal tissues, liver,
vered from a few tumours only adrenal cortex, misc.
Hyponatraemia ADD.H, (probably arginine Bronchus
vasopressin) :
Carcinoid syndrome S5HT and lysyl-bradykinin Bronchus, pancreas

(evidence certain)

Polycythaemia Erythropoietin (physiolog~ Cerebellum, uterus, liver
ically and immunoclogically adrenal medulla
like natural hormone.)

Hyperthyroldism Thyrotrophic hormine. Trophoblast, gastrointes-
(Physiological activity tinal, bronchus, prostate,
recovered from some tumours.)

Precocious puberty Gonadotrophic hormone. (Phys- Liver
v iological evidence good)

Data compiled from review by Lipsett et al (1964)
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Perhaps the most attyractive explanation is that during the

~ process of carcinogenesis something happens to the fully ditterentiated
nen~hormene producing cell to de-repress the mechanisms for the synthe-
~sis of the relevant hormone, A‘.Lthough in the present state of knowledge
1t 1s dif:icult to be p'recise nevertheless the possibility that distur-~
_bances in the control of cell multiplication and growth may be associated
v,witl.h é.ga}matic. qualité.tive disturbances in cellulé.r fu:ictibn is of great
importance. It does suggeéﬁ that these two ahnormalities may be linked
~through a common mechanism presﬁmably at the lgavél' éflfhe cell's genetic
material, Investigation into ;thé, procegses by whicb these tumours syn-.
thesise substances not _appa';'ently synthesised byl'ivhe ﬁ_i‘;issueé} from witich
the tumour arises may provide a clue to the mechanism of carcinogenesis

itself.



_APPENDIX . DETAILS OF TUMOURS

MNumber i text . . . .. 1 - S L I 5. 6 7 g

Age and Sex. . S k8, F 51, F 50, M 1, F 60, F . 54, F = 52, M- 8 M 52, M

Interval stored at -10°C to. 2months lyear 3 days 1day C lawy ~ ¥ hours -'h.dw:ls . 2 nouss' '8 hours

~15°C before first study

‘Primary site =~ Panoreas ' 'Iléum ~ Bronchus Ileun . Tewm - - Tlewm  Ileem = Tlemm = Bronchus
;mmtases ~1iver, bone, lung, - Liver . Livezf. . 'Liver, o Liver o liver,
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C = two way ascending paper chromatograpny in solvents described on p.60. f Btainéd withBrlich's reagent.
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ADDERDIM
S-hydroxytryptamine creatinine sulrhate, L-tryptophan, I~-phenylalanine,
pyridine nucleotides, ascorbic acid and nicotinamide were purchased from
British Drug Houses Ltd. Tetrahydrofolic acid was prepared by the method
described by Hevennekens et al (1965)). 6-7 dimethyl-5,6,7,8-tetrahydro-
pteridine HC1 was obtained from Calbiochem Lﬁl. Glucoée-6-phosphate
dehydrogenase (100 Kornberyg Units/mg prote:ln)a, prepared from yeast, was
bought from Britlsh Drug Houses Ltd, as was the ba.rium salt of glucose-
6-phosphate which was conyex-t.ed- to the potassium salt in the way described
by pr’nberg and Horecker‘(lgs5 )2. 5—hydro>wbr§ptophan, S-hydroxyindole
acetic acid (diethylammcnium salt) and iproniazid phosphaie were donated
by Roche Products Ltd. w-}ethyl-dihydroxyphenylalanine {Aldomet) was
provided by Merck Sharp and Dohme Ltd, and amethopterin by lLederle Ltd.
Sephadex G 25 was purchased from Pharmacia, Sweden; Zeocarb 225 amd
: actiﬂvated charcoal from B.D.H. Ltd. j-}i;rdrowbenz:yloxyaminé (NSD 1024)
was provided by Dr. Drain of Smith & Nephews Lid, Al) radicactive
chemicals were obtained from the Radlochemical Centre, Amersham. All

other substances used in enzyme incubatlons were .of 'axialytical ‘grede.

1. Heuennekens, F.M., Mathews, C.K. and Scrimgeour, K.G. {19565) Iethods
in Enzymology, Ed. Colowick, S.P. and Kaplan, N.O., Vol 1IV. p.
805, Academic Press Inc., New York.

av KOrnberS. AO, al'ﬂHO!‘GCKGI', B.L- (1955) ibid. VOl x' pu 52)‘0
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SUMMARY

The enzymatic S-hydroxylation of tiryptophan with the formation
of S-hydroxytryptophan, as the 1nit.1a1 step in the biosynthesis of 5-
hydroxytryptamine, has beendemonsirated in isolated preparations of
carcinoid tumour, intesiine amd brain. The method developed to assay
this reaction involves the incubation in vitro of the substrate txypto;
phanej»-_-c;"* with lthe tissue prepa.rabiun wndery stu;iy, ‘ 1nhibiﬂon of 5~
hydroxytryptophan decarboxylation, isolation of the 5-hydroxytryptophan
produced arnd its contmlled enzymailc decarboxylgtion to S-hydroxytiryp-
temine which is then isolated :.md assayed.

Carcinold tumour, intestine and brain whilst ,:-hydroxylating
tryptophan will ngt hydroxylate phenylaianine, nor is tryptophan
hydroxylation in these tissues inhibited by amethopterin. This dis-
tinguishes the tryptophan S-hydroxylatlon occ;urrix)g in these tissues
from that occurring in rat liver which appears to be due to the non-
spécific activity of phenylalanine d-hydroxylase. These findings add
weight to the argument that liver is normally not a site of S-hydroxy-
tryptamine biosynthesis,

Tryptophan 5-hydroxylase appears to be stereospecific for the
L isomer of tryptophan and has been partially purified by ammonium
sulphate precipitation from preparations of carcinoid tumour and brain.
After purification it is poss;ble to show that the enzyme reguires a
reduced pteridine c_ofac‘t.or for full activity, suggesting a similarity
with phenylalanine u-hydro:cylaSe and tyrosine hydroxylase.

Studies of tryptophan S-hydroxylation in brain have shown that

this organ is capable of synthesising independently all the 5-hydroxy-
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‘tryptamine 1t needs and that there need be no reliance upon the

synthesis of S-hydroxytryptophan or S-hydroxytryptamine in other areas
of the body. Anatomlcally tryptophan S-hydroxylation is most active in
the phylégenetically older parts of the brain and at the subcellular
level a large proportion of the enzyme is localised in the presynaptic
nerve endings. The anatorical and subcelluler distribution of tryptophan
S-demxylase in brain broadly follows that of 5-hydroxytryptophan

, decarboxylase activity and 5-hydroxytryptamine concentration, ard these
findings are compatible wiih fhe hypothesis that. 5-hydroxytryptamine is

a substance directly or 1ndimct1y involved in the chemical transmission
of nervous impulses in certaln areas of the nervous system. The study of
tryptophan 5-hydroxylation by brain homogenates prepared so that nerve
-endings remain intact has suggested that the membrane envelope of these
nerve endings either encloses an optimal environmental level of the
reduced pteridine cofactor for tryptophan S-hydroxylase or that the
pteridine does not easily cross the nerve cell membrane.

The phenomenon of a lowered brain S-hydmxytryptamme concen-
tration in experimental phenylketonuria has been investigated. Although
phenylalanine inhibits tryptophan 5-hydroxylation in preparations of brain
~ in which nerve endings remain intact it has been reported vhat it does not
inhibit purified tryptophan hydroxylase.v Experiments have been done which
reconcile these findings and suggest that phenylalanine lowere brain 5-
hydroxytryptamine by inhibiting the transport of trypiophan across the
nerve cell membrane.

Quantitative data have shown that carcinoid tumours synthesise

5-hydroxytryptamine at a physiologlcal rate and that the overall increased
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bilosynthesis of 5-hydroxyindoles in the carcinoid syndrome is due
to the greatly increased number of funciloning cells and not due to

a greatly increased function of individual celis.
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