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NOMENCLATURE 

En. general the conventions adopted here follow 

those of the Tentative Rules and Proposals of the 

IUPAC-IUB Commission on Biochemical Nomenclature 

Lsee Biochem. J. (1966) 101,1] and those symbols and 

abbreviations acceptable to the Biochemical Journal 

(see Policy of the Journal and Instructions to Authors 

(1970); The Biochemical Society, London). 

Abbreviations and nomenclature for folates and 

pteridines are those recommended by the IUPAC-IUB 

Commission on Biochemical Nomenclature [see Biochem.J. 

(1967) 102,15] 

The conventions for isotopically labelled 

compounds are those adopted by the Editorial Board of 

The Biochemical Society and the Editors of The Chemical 

Society (see Handbook for Chemical Society Authors, 

pls6).
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SUMMARY 

The physiological disposition and metabolism of : 

folates was studied by purification, characterisation and 

specific Saad gantivi sy determinations of compounds derived 

from oral doses of labelled folates, 

aera of 22 and 320ug of pteroyl-L-glutamic acid/ 

kg, 50 and 25% respectively was absorbed, With doses of 

320ug of [eeeetotavoric tet acembe acid/kg, radioactivity 

was detected in the peripheral circulation 10 minutes after 

admits tea tien. Pteroyl-L-glutemic acid was absorbed 

without metabolism and was present in systemic blood for 

up to % hours after administration. 

With doses of pteroyl-L-glutamic acid from 3.1 to 

56ug/kg approximately 6% of the dose was excreted in 24 

hours; whilst at 320ug/kg 30% was excreted mainly in the 

2 to 4 hour period, 

Three urinary folates were isolated. One sf the major 

metabolites was 5-methyltetrahydro-=pteroylglutamic acid. 

The others were unidentified but were not pteroylglutamic 

acid, 7,8-dihydro-~, 5,6,7,8-tetrahydro-, 5= or 10-formyl- 

tetrahydro-, 5,10~methylidyne-tetrahydro-, 5,formimidoyl- 

tetrahydro-, 5,10-methylene-tetrahydro-, 

5-methyltetrahydro-pteroylglutamic acid, nor any 

decomposition products of these compounds formed during 

isolation, Webs t Taieniconinnaed pteridines were absent, 

Six hours after administration of pteroyl-L-glutamic 

acid, more than seven labelled compounds were isolated 

from liver homogenates. Extractions performed up to 10 

days after administration or after prior starvation only 

slightly increased the incorporation of label into



(v) 

conjugates, 5-methyltetrahydro~pteroylglutamate was the 

major monoglutamate and represented 10% of the total 

hepatic folates, 

The physiological disposition of the natural 

diastereoisomer of gine thy betpelipero pte rorl ela tates s ae 

similar to that of pteroylglutamate. At a dose of 84u¢/keg, 

80% of the urinary folates was 5-methyltetrahydro- 

pteroylglutamate, but at lower doses a greater proportion 

was present as metabolites, 

The major unidentified metabolite excreted after 

pteroylglutamic acid administration showed a similar 

absorption and excretion pattern to 5-methyltetrahydro- 

pteroylglutamic acid and was metabolised to 

5-methyltetrahydro-pteroylgiutamate. 

The results are dtctdsced dah reference to the 

nutritional, metabolic and clinical importance of folates 

in previous work,
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1 . 

En 1931 Wiis reported an extract of autolysed liver 

which was effective in the treatment of tropical macro= 

cytic anaemia in humans. Later observations, apparently 

unrelated, showed new factors (vitamins M,G,B and Factor 

U) which prevented nutritional cytopenia in the monkey” 

and in cutee! There then followed a series of import- 

ant findings showing that these factors were essential ~ 

5 
nutrients for lactic acid bacterin and a factor, active 

for Streptococcus Feacae R, was purified from four toms 

of spinach, This factor was named folic woia® and, 

although criticised ae 4he time, the name has remained, 

In 1946 a large group of chemists showed that these nut= 

ritional factors were identicai and were mt 46 (2amino- 

etsgrabptonddyidmethed lautns Wenecgt io piuvadds acid, 

for which the name pteroylglutamic acid was proposed’, The 

structure and numbering of PteGlu is; shown in Fig.l. 

PteGlu was synthesised in 194 and a vast amount of 

literature has since been published om folates and other 

pteridines, Many reviews have appeared and books by 

Blakiew (1969)° and Chanarin (1969)? are excellent and 

comprehensive reviews. However a good deal of confusion, 

concerning folates in particular, has arisen partly from 

the different techniques employed by different workers and 

there follows a brief description of the methods, and then 

a more detailed account of folate and pteridine metabolism 

*aAbbrewiations: PteGlu, pteroyl-L-glutamic acid; 

H,PteGlu and H, PteGlu, 7,8-dihydro- and 5,6,7,8-tetrahydro- 
pteroyl-L-glutdmic acids; 5(and 10)-HCO-, 5(and 10)- 
formyl; 5,10-CH=, 5,10-methylidyne-; 5,10-CH,=, 5, LO- 
methylene~; 5-CH,,-, 5-methyi-; 5-lCNH-, 5-formimidoyl-~ 

derivatives; PteGlu,, pteroyl-L-glutamyl-y-L~glutamic acid; 

PteGlu,,, pteroyl-L-glutamyl-y-L-glutamyl-y-L-glutamic acid; 
and théir derivatives corresponding to those for PteGlu,



in normal and diseased metabolism, 

Bioassay.techniques using the larvae of Aedes aegypti 

oo, the haematopoetic response or parallel growth in 

monkeys’ +?**, eS chick l®»17 and ratte: have now 

been superseded by more specific and sensitive micro- 

biological assays using Lactobacillus casei, Streptococcus 

faecalis and Pediococcus cerevisiae for folates and 

Crithidia fasciculata for pteridines~° (review ref,21). The 
~ 

  

response is routinely measured turbidimetrically, but the 

size of growth on a thin-layer agar plate has been used, 

ref.29 page 642. The differential growth response of L, 

casei, S.faecalis and P.cerevisiae to synthetic folates is 

shown in Table I. Even with this data the growth response 

to other folates and pteridines cannot be predicted and 

must await chemical identification of synthetic or natural 

folates. Microbiological assays have also been criticised 

8,23 
for. their lack, of specificity and that the growth re- 

ak eee 
sponse is altered by mutation~", the presence of antibio- 

24 25 
tics , folate antagonists and contamination with other 

bacteria (although strictly aseptic conditions are not 

oo 

eaneriteal ose Large concentrations of ascorbate may incre- 

27 27 620 
ase or decrease S.faecalis growth; compounds other 

than folate stimulated the growth of L.casei and S.fae-~ 

calis~’; autoclaving of food decreased the L.casei rel~ 

ative to the S.faecalis Piao saaes and these organisms do 

not respond directly to folate derivatives which »ccur in 

largest amounts. Despite these criticisms, which are part-~ 

Loularty important when impurities are present, microbiol- 

ogical assay is still the only folate assay technique used 

A routinely and is the most sensitive (down Co-uLO assay



technique developed for folates., The microbiological re- 

sponse is shown in Table 1. : 

Radiolabelled PteGlu, commercially available since 

1960, offers advantages in a reliable and sensitive radio- 

chemical assay method, and has greatly aided metabolic 

studies both in vitro and in vivo, Tritiated-PteGlu is non- 

specifically labelled”, tritium being present in the 

pteridine ring, the C, “me thy Lene group and im the glutamic 

acid moiety. Tritiated-PteGlu is of high specifiic radic- 

activity and may be used for studies in humans, but poss- 

ible tritium-exchange reactions, isotopic effects and bio- 

chemical or chemical conversions to pterins (with the loss 

of labzlled glu or p-aminobenzoyl- glu) make it unsuited 

for detailed analysis. Specifically labelled Lottc]pteciu 

is therefore advantageous in folate and pterin studies and 

was used almost entirely thidugiee this study. 

Enzymatic assays (see Jaenione” page 605), involving 

reactions (a) to (e) féllowed by the spectrophotometric 

assay of 5,19-CH=H, PteGlu, the nicotinamide coenzyme or 

radiochemical assay, have only recently. been developed, 

(a) dihydrofolate reductase: HCOOH 
H,PteGlu eee H, PteGlu —— > 5, 10-CH=H), PteGlu 

NADPHEH. NADP — ie 

(&) tetrahydrofolate formylase: Ht 
H, PteGlu Se ae 10-HCO-H) PteGlu —> 5,10-CH=H, PteGlu 

HCOOH JATP ADP+Pi 

(c) methylenetetrahydrofolate dehydrogenase: H* 
95 10~Cil,, -H, PteGlu p> 5, 10-CH=H, PteGiu —>10-HCO=H, = 

NADP” NADPH PteGliu 
iH 

(a) methionine synthetase: 
homocys " HCOOH 

5-CH,-H, PteGlu <> I, PteGlu ———> 5, 10-CH=H, PteGlu 
ee met * HH” %



(e) phenylalanine hydroxylase: - 

   
    

CH, -~CH, NH, COOH CH, , CH, NH, COO! 

> Ir, tritiated water 
li lipides iit SEN 

* x 

i OH 

Although inne methods are highly specific and folates 

down to 107 1 can be assayed, the enzymes are not yet 

available commercially and the methods developed are only 

Pid nokoucteets assays, but the future potential of enzy- 

matic assays seems indisputable, 

31,32,33 8 
Fluorimetry » although sensitive down to 10 M, 

has a limited use for folates, of which only if, PteGlu, 

LO-HCO-PteGlu and D,10-Ci=H, PteGlu are fluorescent, and is 

relatively non-specific for pterins,. 

Tne structural similarity of many matural folates and 

pterins causes separation and identification problems, but 

have been separated by a choice of solvents used with 

paper or thin-layer chromatography. Separation of pter- 

1 a 
idines 5 and folates>” on paper are reviewed by Sehoen"s 

Slavik?” and Rianiay . Tel.c. has further advantages over 

paper in speed, greater resolution and choice of absorbent, 

Folate and pterins have been separated Gh: cellulose”, 

36,37, 38,40 
silica gel and on mixtures of silica gel and alu- 

mina with plaster of Paris’. The sensitivity (down to 

LOOng per spot) is greatly increased (down to lOpg per 

: * i 5 : 5 Ri Ae, 
spot) with microorganisms (bioautography “3) bat aie 

fusion of folates and dye through the culture medium 

causes enlargement of spots and thus. reduces the separat~ 

ion., Compounds: are also difficult to Nadbver eka the 

bioautograms,. 
. 

The amphoteric nature of natural folates and pterins



and their differing basicities and acidities can, in part, 

account for their separation with ion-exchangers on 

Dower art. phosphoceliuloses~© DEAE=-j and TEAE-cellulose 

anbwnne te and on ion-exchange thin-layer plates’, but 

stereochemical configurations must play a part in the 

separation of diastereoisomers of 5,19-CH,-H,Pteaiu!??>, 

Despite its low capacity, advances in the production of 

DEAE-cellulose has now established its use in the separ- 

ation of natural folates although the separation of certain 

folate coenzymes is insufficient and an improved separation 

has recently been claimed using DEAE-~Sephadex; see ref.2%9 

page 661. 

Other reports for separating and identifying natural 

folates and pterins from biological extracts have sporail- 

ically appeared and include high voltage dlectrophoresia’” * 

20,5! 
at uv. and i,r,°0194199 spectroscopy, polarceuaenreeC. 

58,59,60,61,62 63,64 
n.m.2r. and mass spectrometry 

The development of reliable and reproducible assay 

methods together with the growing recognition of the labil- 

Lty and similarity of folate and of pterin coenzymes has, 

since 1960, reduced the previous confusion in the liter- 

ature. about folates and pterins, Folates and pterins have 

been found in many species of animals, plants and micro-~ 

organisms and probably occur universally throughout nature 

but pterins, unlike folates, have received little attention ’ 

in mammals, even Cheat biopterin was first isolated from 

human urine’. 

The biosynthesis of pterins has been extensively 

studied in insects, amphibia and micro-organisms and the 

currently held pathway is shown in Fig.2. Guanosine tri-



phosphate is-converted to a substituted diaminopyrimidine 

by loss of the C8 carbon atom; cyclization them forms the 

6-substituted pterin from which is derived the naturally 

occuring pteridines with and without a carbon side chain. 

The biosynthesis of lumazines and riboflavin from pterins 

is shown in Fig.3(b). The deamination of pterin to lumazine 

has recently been demonstrated in rat liver”* and HES. 

flavin biosynthesis in micro-organisms and plants is re- 

viewed by Winestock and Plaut Ceges yt? ons origin of bio-~ 

pterin found in mammalian urine and liver is speculative. 

Possible sources of biopterin are food, by synthesis by 

intestinal flora, or by biosynthesis from pteridines (rev- 

afack of lumazine and riboflavin biosynthesis) or folates, 

These sources have been tested only on three occasions 

when it was shown that biopterin excretion was not altered 

by antibiotics, which suppressed the growth of intestinal 

Prorat nor by folate or riboflavin defiet ancy tere 

and was not diminished by a biopterin-free diet, even in 

the Be generation and therefore cannot be derived from 

stored biopterin. Orally administered biopterin was well 

absorbed but not utilised”° , and Pabst and Rembold 

(1966)° concluded that the excreted biopterin was synthe-~— 

sised in the animal. Coenzyme forms of pterins found in 

mammalian systems are an unknown form of neopterin and 

‘ tetrahydrobiopterin which may be derived by reduction of 

sepiapterin, biopterin (?) and dihydrobiopterin, see 

Fis. 3a). Sepiapterin wetina taza’! and dihydropterin. reduct— 

ase . have been isolated from mammalian and avian liver, 

Tetrahydrobiopterin (and other pterins? ) fumctdons as a 

coenzyme for oxidation/reduction reactions and the conver-~



sion of phenylalanine to tyrosine [see page 4 reaction(e)] 

has been used to estimate the level of tetrahydrobiopterin 

in rat liver (13ue/¢), kidney (1.5ug/g) and brain (0.75ug/ 

wae? Estimates of serum biopterin in man using Crithidia 

se 9 
fasciculata were higher (30%n=/m1).)~ than folate (1ome/mi)*° 

Other reactions requiring pterin coenzymes are, 

lipid synthesis: the sparing action in the biosynthesis of 

dicarboxylic acids by biopterin or neopterin im Crithidia 

Te 
fasciculata’; lipid catabolism: 

  R, CH, .0. CH. eter ne oes R.CH,OH + n'cHo —> rt coor 
2 

as; in the production of stearic acid and glycerol from 

he 
batyl alcohol in rat liwer homogenates’ §; and a possible 

role in steroid hydroxylation: 

progesterone ———3 17a0-OH~progesterone, which is 

stimulated by relatively large doses of 6methylpterin or 

H, PteGiu in the rat testis’, A mechanism suggested for 

the hydroxylation of phenylalanine is the production of a 

at quinonoid,dihydropteridine intermediate’ , analogous to 

75 the flavin semiguinone intermediate’~, however the quimon- 

oid dihydropteridine has recently been criticised anda 

peroxide intermediate chekcaca”: Although these oxidation 

systems are as yet unknown in composition and mechanism 

they are of considerable physiological and pharmacological 

importance, 

Folates can also be synthesised from purines (Fig.2). 

The proposed 2~amino-4-hydroxy~6-hydroxymethyl-7,8-dihydro- 

pteridine intermediate is coupled to p-aminobenzoylglutamic 

acid or p-aminobenzoic acid giving 7,8H,-PteGlu and::'7", & 

dihydropteroate respectively. Glutamic acid may also be 

coupled to 7,8 dihydropteroate giving 7,0H,-PteGlu. However



in a healthy adult, the now classic study by Herbert!’ 

showed that folate synthesis, if any, was mot sufficient to 

prevent serum folate deficiency and anaemia when fed a 

folate deficient diet (Sug folate/day). Mo correlation was 

Shen yeou in patients between the types and frequency of 

78 
intestinal microflora and serum folate indicating that 

there was no net folate synthesis useful to man and thus 

dietary folate is the sole source of folate available to 

man. Folate coenzymes are biosynthesised by reduction to 

H),PteGlu and then a 1-Carbon unit (formate, formaldehyde 

or methyl oxidation states) is attached at N5 or N1O, see 

Fig.l. PteGlu, which has no known coenzyme function and 

probably does not exist naturaily, is reduced to H,PteGlu 

by dihydrofolate reductase, Ensymes catalysing all these 

folate interconversions have been isolated from mammalian 

liver. 

The function of the tetrahydrofolate coenzyme lies in 

its ability to accept a carbon source, producing the other 

folate coenzymes and, in turn, their ability to transfer 

the carbon unit, and possibly further hydrogens, producing 

either tetrahydro- or dihydro-folate. Reduction of dihydro- 

folate to tetrahydrofolate then completes the folate cycle 

of 1-Carbon transfer, The immediate carbon sources are 

formate; the amino acids glycine, serine, histidine and 

methionine (and S-adenosylmethionine); trimethyl-sulphonylt 

chloride and carbon dioxide. The ultimate carbon sources 

may be proteins, carbohydrates, lipids or carbon dioxide 

(photosynthesis), Folate interconversions Cee the 

carbon source into a form to be utilized in the synthesis 

of amino acids, proteins and nucleic acids (see Table .2)



9 

although folate involvement in the synthesis of choline, — 

methane, lipid and as a source of energy have been sugg= 

ested. The involvement of different folate coenzymes in 

intermediary metabolism is summarised in Table 2. 

The mediation and interconversionms of folate coenzy- 

mes has been studied in detail and foumd to be associated 

C, riboflavin and iron. Se ae Bios 

Blom deficiencies produce condit- 
fw 

Folate- and vitamin 

ions which are haematoliogically indistinguishable, giving 

rise to megalobiastic anaemias: both Bios isolated from 

diver in 194°", and rolate are antimegaloblastic factors, 

Small doses of PteGlu produce a haematological response 

only in megaloblastic anaemia due to folate deficiency as 

does cyanocobalamin only in B deficiency, but large 3 ye Ys & 12 

(pharmacological) doses of either compound produce haemat-= 

ological responses in both types of anaemia. However the 

response to PteGlu in cobalamin deficiency was incomplete 

due to the progressive development of neurological symptoms 

(or PteGlu caused the neurological disorders) or the 

occurrence of neurological relapse, The many experiments 

performed have failed to clarify any relationship between 

folate and cobalamin and the levels of folate in red cells, 

the clearance of folate from plasma, the urinary excretion 

of folate after intravenous folate administration and of 

formimidoylglutamic acid after histidine were similar in 

both cobalamin=- and folate- deficient patients. The bio- 

chemical role of folate has been centred around its greater 

requirement in synthesis of thymidylate bind haa se DNA) 

than uracil (and hence RNA), see Fig.4, and thus the dev- 

elopment of the megaloblastic state. The "methyl-trap!
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85,86 
hypothesis proposed that Bio was active only in the 

transmethylation of homocystine to methionine requiring 

5-CH -H, PteGlu, and thus in B_.=- deficiency it was pro= 
de 

-H, PteGlu was increased at the expense of 

3 

posed that youn 

the other folate coenzymes causing a reduced aynthesie nf 

nucleic acids. However there is little evidence that. this 

methyl transfer reaction is the sole one and recent evi-~ 

Sariéeo shows that on a diet deficient in Bio and limiting 

in methionine, the metabolism of L-histidine (Lotte) imi- 

14 
dazole) to CO. was reduced. compared with a diet contain- 

1th 
ing either B and/or methionine. The production of CO. 

LZ 

from s(t 4ej-cm ~H) PteGlu was not altered in B,--deficiency 
3 

nor by the methionine level. These results show that Bao 

independent transmethylation:.reactions are operating and 

thus the "methyl-trap' hypothesis must be at least modif- 

ded, Other proposals for the nole of Bio are in the con- 

88,89 
version of folate to polyglutamate in neurological 

99,91,92 
disorders the reduction of ribonicledtiaes to 

deoxyribbnuclestides7- (consistent with the observed in-" 

crease in plasma lactic dehydrogenase in megaloblastic 

ET ee: the reduction of 5,10-CH,-H), PteGlu to 5-CH,~ 

95 96 : 
H) PteGlu and the role of arsenic and cyanide’+ in 

megaloblastic anaemias. Evidence is lacking and indirect, 

and these hypotheses highly conjectural. A method for the 

estimation of 5-CH,-H)PteGlu in rat liver and urine was 

used during this work and should be of value in diseased 

conditions involving o- CR - 8) Ee eely coenzyme, 

Biochemical relationships between folate and ascorbate 

remain obscure but a large proportion of patients with an-
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aemia and clinical scurvy do show evidence of megaloblastic 

haemopoesis and patients responded to ascorbate and also 

to folate enhanced by Bacorbate’ but not to iron, folate 

or eahataninnt: Folate and ascorbate were related in ir~ 

99 radiated rats and. folate was required for ascorbate 

synthesis in rate but no relationship could be found 

: | 

in guinea pipes May et cc concluded that the 

requirement for folate was cane toee in scurvy and prelim- 

inary results presented here suggest a role for ascorbate 

in normal folate metabolism. 

Iron deficiency, per se,may lead to folate deficiency, 

A relationship between iron and folate metabolism has been 

shown im experimental animals and in man. Patients with 

iron deficiency had an increased formimidoylglutamate ex~ 

EO : 
cretion? ??, A similar secondary folate deficiency has been 

shown in rats when a decreased activity of formimidoyl- 

; 1oO4 
transferase was .reported ° 

Biotin treated rats had increased folate levelae 

and high doses of PteGlu increased the urinary excretion 

106 
of riboflavin although folate and B failed to prevent 

LZ 

decreases in blood haemoglobin, erythrocytes and serum 

proteins in riboflavin deficiency?’ and thus a folate rel- 

ationship with riboflavin has yet to be confirmed. 

Thus deficiencies of Bio» ascorbate or iron may lead 

to secondary folate deficiency symptoms which may be diff- 

icult to distinguish from primary folate deficiency, 

Folate deficiency, however, is probably the most common 

hypovitaminosis of man and is often associated with low 

79 109 
income groups or a disinterest with food - On the other 

hand pterin deficiency is unlikely to occur since it is
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synthesised in the body; deficiency diseases have not been 

reported and phenylketonuriacs have normal tetrahydro- 

pterin and dihydropterin reductase, The daily requirement 

of PteGlu has beem estimated (at 50-1lOQUg for adults and 

20-50.g¢ for children aged 1-4 years) by restoration or 

maintenance of blood folate or normal haematology. These 

studies, however, do not relate to the effect of dietary 

folates (which are largely unknown) nor do they indicate 

if there was selective replenishment of the several forms 

of body folate. 5-CH ~H, PteGlu, a naturally occurring 
3 

dietary fcelate, was compared in metabolic profile with 

PteGlu studies in this work, 

Folate deficiency may thus arise due to malabsorption, 

an increased folate demand, in association with other nut- 

ritional factors or an increased excretion and these in 

turn may be enhanced by drugs, alcohol, states of stress 

or in pregnancy. 

Malabsorption of PteGlu has been demonstrated in 

tropical sprue, idiopathic steatorrhea, intestinal disease 

and infection with gatestinal worms and megaloblastic 

anaemia is: frequently associated. It is important to note 

that, although the mean absorption is lowered, estimates 

vary widely and the use of PteGlu may have obscured impor~ 

tant. biochemical and physiological variations in these 

Sendit tous. 

The importance of folates in cell growth and division 

has led to the development of folate antimetabolites for 

use in cancer chemotherapy and a treatment for leukaemia 

using aminopterin was described as long ago as sonete?, 

Since then aminopterin, and to a greater extent metho-
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trexate, have produced impressive results with Burkitts 

lymphoma, psoriasis, leukaemia and suppression of immune 

response in homograft rejection although only a limited 

success has been achieved with solid tumours, These folate 

antimetabolites are thought to act by inhibiting dihydro- 

folate reductase and such an inhibitiom in vitro is well 

Gikcwsnted<. This inhibition causes a depletion in tetra- 

hydrofvlate (and hence other tetrahydrofolate coenzymes ) 

producing similar effects to those in folate deficiency. 

A crucial effect is in depleting the level of 5, 19=CH., =H, = 

PteGlu for thymidylate synthesis. The incorporation of 

formate into DNA- purines was inhibited to a greater ex- 

tent than RNA- purines in rat iiasuee and Ehrlich asc~ 

ite Helial Because of the non-specific action in deplet- 

ing all tetrahydrofolates these antimetabolites are extrem— 

ely toxic even though leukaemic lines P-815 and 70429 tai 

mouse contained folate patterns different from mouse liv~ 

ore The toxicity is greatest in rapidly proliferating e 

cells such as the intestinal mucosa and antimetabolite 

therapy can lead to abdominal pains, nausea, vomiting and 

diarrhoea, Coe and Bui. warned that "there is need for 

caution in the use of methotrexate in benign disease. A 

prospective study should be carried out to determine the 

best method of monitoring hepatotoxicity of this drug dur- 

ing long term administration". Only limited success has 

been achieved in reducing the toxicity of these iki aekeb. 

olites by using 5-HCO-H) PteGlu or oe eHa HF vetee and with 

5-HCO-H) PteGlu the antitumour effects were cprenseae”. 

presumably because the 5-HCO-H, PteGlu afforded a greater 

protection to leukaemic cells(L1210 in mice) than the host.
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The uptake, metabolism and physiological disposition of 

folate analogues has been extensively evexnlea 

The many studies performed to establish the occurr- 

atch: the physiology and biochemistry of folates have pro- 

duced confusion by conflicting reports, some of which have 

been clarified by work presented in this thesis. 

Results on food folates vary not only with the type 

and preparation of the food but with the extraction and 

assay techniques. The protective effect of ascorbate and a 

comparison of eight extraction procedures has been com— 

ited The leveis of four American daily diets were 157ugE 

before and 68%¢2 after conjugase treatment using L.cas- 

116 
ei although some estimates varied by an order of mas= 

Hise High cost diets contained only slightly higher 

folate (19%g) than low cost diets (isselie. Gives rearth: 

et ein’? later attempted separation of food folate by chro- 

matography and found 55% as 10-HCO-PteGlu, 34% as 5-HCO- 

H,) PteGla and 10% as PteGlu but they did not rule out decom- 

position, no reference was made to 5-CH,-H), PteGlu and con- 
3 

119 
jugates were not detected. In a.more recent study of 

$94. 24 hour diets collected in neutral ascorbate, of the 

total folate, 10% was active for S.faecalis and 25% Lor 

L.,casei and that 25% of the total folate was micro- 

biologically active before conjugase; they concluded “the 

increase in L.casei over S.faecalis after conjugase repre- 

sented a persistence of methylated and/or triglutamate 

forms" and continued "that the assay of S,faccalis before 

conjugase represented pteroates other than methylated 

forms and may have none, one or two glutamate residues", 

Derivatives in milk were 20ng/ml without conjugase treat-
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ment. Liver contained some 0.6-20u8/g mainly as conjug= 

LAL ee 
s ate . Thus natural 'folates in the diet foods are 

mainly conjugates which are tetrahydro- derivatives and 

may be methylated or formylated, but these may be affected 

23 by cooking. Ghitis? found that boiling for 5mins reduced 

the folate content of pasteurised and fresh milk by up to 

90% and 60% respectively, whilst Hurdiel?* found no loss 

with pasteurised milk and no loss on boiling or frying 

liver or white chickem meat. Hurdle reported losses of up 

to 90% on cooking broccoli and eggs. Little is known about 

the chemistry of cooking nor storage of food folate alth- 

ough it is generally accepted that folates (or at least 

the growth of folate-assay orgenisms) are reduced by cook- 

ing; many more studies are meeded. These estimates of food 

folate show that the mean total daily monoglutamates (and 

ap bo triglutamates) is similar to the requirements of Pte- 

Glu(50-29%Ug daily) and is discussed later, Some of the re~ 

quired folate must then be derived from conjugates, either 

by autolysis accompanied by a conversion into microbiolog-= 

ically-active Pathten,. Acdrae by utilization .of conjugates. 

Folates containing up to three glutamic acid groups are 

well abaenuearto = 

2 {) 

sienificant’~2' +99 

but the absorption of : er varied from 

128,131,132, | undetectable!?, 

116,119 

and slight 

75% of dietary folates were conjugates which were 

134 
still evident after cooking and thus cooking alone pro- 

duces little, if any, conversion of conjugates to mono- 

glutamates. It is therefore likely that conjugates are nute- 

ritional folates even though earlier evidence did not rule 

135 
out the absorption of impurities - A crucial point is 

whether or not ‘synthetic polyglutamates are sufficiently
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Similar to dietary folates for the results to be signifi- 

39 
cant. Yeast“ and liver conjugates were reduced and methylat- 

ed or formylated derivatives, and the small amounts of unre- 

duced forms may have been derived from reduced forms during 

isolation. The nature of the "conjugates" has not been 

studied sufficiently. Conjugase is an enzyme which has 

been isolated from many sources and is: a carboxypeptidase 

converting PteGlu, to PteGlut?’, Bacterial conjugase is 
7 

relatively non-specific,hydrolysing a variety of mono- 

L360 
di~ and tripeptides and the chicken-pancreas enzyme 

attacks not only PteGlu 

139,140 

but also Pp-aminobenzoyl-y-y-tri- 
3 

giutamate Although pteroyl-hepta-glutamic acid was 

isolated from yeast and characterised by chemical and bioi- 

L4iee 
ogical properties only an L,.casei-active factor core 

taining three glutamic acid molecules was characterised 

from javento | The characterisation of other hepatic fol- 

ates relies on ion-exchange properties compared with syn- 

thetic polyglutamates, but elution patterns are profoundly 

altered by reductiom or substitution of polyglutamates, 

Acbonte were made during this work to further character-— 

ise hepatic polygiutamates using t.1l.c., ion-exchange and 

Sephadex chromatography. 

Since little is known about food folates, most of the 

metabolic studies have been done with PteGiu as a model 

compound, 

Shortly after its chemical synthesis, metabolic stud 

ies with PteGlu showed that it was efficiently absorbed 

and a transient rise in urinary folate followedt t+ tort, 

Later studies, also on humans, showed a peak in the serum 

(systemic blood) between 1-6h and most frequently at about.
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2h after the oral dose and that higher doses produced ele- 

vated serum folate peaks. This rise in systemic folate was 

dependent upom the absorption, tissue uptake, metabolism 

(chiefly hepatic) and excretion of the oral dose, the study 

therefore gave little direct evidence of PteGlu ebasvOel on. 

When assaying systemic blood, it was suggested that a pre- 

loading saturation dose (15mg) gave a more reliable index 

of PteGlu absorption=-”, However, in view of the findings 

presented here, the argument and validity of such a pre- 

loading dose is questionable. Despite the disadvantages in 

that relatively large doses (1-5mg PteGlu for humans) must 

be used to obtain a significant increase in serum folate 

and that systemic folate may differ from portal folate, 

systemic folate assays have aided the diagnosis of folate 

malabsorption, Assays of the faecal excretion of folate 

wnight conceivably give more reliable estimates of absorpt- 

45 ion, Unfortunately microbiological assay of theca” were 

higher than the oral folate due ta bacterial syathesieree 

and/or biliary excretion of folatel*7, Faecal excretion 

showed extensive variation in humans, after oral adminis— 

tration of labelled PteGlu. Urinary excretion has also been 

used to study folate absorption but, since the metabolic 

pathway(s) were not defined, the results are inconclusive. 

Detailed Studles on PteGlu absorption have beem per- 

formed in rats. Although Cohen et at? found no variation 

l 
in absorptiom along the small intestine, everted-sac'?? 

150,151 152 
and in situ techniques have shown a greater ab- 

sorption in the proximal part of the small intestine, Im- 

paired absorption of folate has been found in cases with 

diseases and resection of the small intestine23, PteGlu
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absorption may be active or. passive and in a detailed stu- 

dy of factors affecting transport in the everted sac, 

Smith et alt?) concluded ‘that PteGlu may be transported to 

some extent by passive diffusion in addition to transport 

by solvent drag. Little work has been done: on the factors 

affedting the absorption of other folates, 

Tt has been suggested that metabolism of PteGlu takes 

place during absorption and that, on the serosal side, 5- 

CH -H, PteGlu appeared in ones and >On ee fe Soxe and 5- 

2 

HCO-H) PteGlu appeared in the mene tsne on. The suggestiom 

that PteGlu is absorbed without metabolism +? 153,155,156 

was confirmed during this work, 

Little work has been published on the absorption of 

reduced folates. 

255157; 12° 157 
Both direct and indirect studies have 

established that PteGlu is rapidly taken up by the tissues. 

158 
Chanarin et al, concluded that about. 60% of an intra- 

venous load (l5ug/kg) was cleared into the tissues and 

extracellular fluid in 3min. In cata 24h. after a dose 

of PteGlu 29% of the total remained in the kidney, liver, 

spleen, testes and duodenum, 10% im the plasma but less 

than 1% remained in the erythrocytes. The observed incre- 

ase in systemic blood folate (at 2h) has clearly had 

sufficient time to be taken up by the tissues. 

Exactly what happens after PteGlu is taken up is un- 

certain. Johns et al’? found that PteGlu could be fiushed, 

up to 3 days later and concluded that PteGlu was slowly 

metabolised. Indirect at eanente produced in support of 

this conclusion are based on the low activity of .dihydro= 

folate reductase at physiological pH and, although the re-
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duction of Hi, PteGlu is continually required, the reduction 

of PteGlu is not required since most of the food fotates 

are in reduced it’orms. On the other hand, PteGlu was reduced 

125,154 
on absorption and rapidly reduced after intramus- 

25 cular injection™ but the intestine contains much lower 

levels of dihydrofolate reductase than the liver and none 

could be detected in inolerte In view of the proposed 

slow reductiom of PteGiu, the observation of reduced foi- 
¢ 

ates appearing in blood and urine was explained by dis- 

placement. rather than by metabolism, Chanarin and 

McLean, using tritiated-PteGlu, showed unlabelled metabol- 

ites im the urine??? in ten out of fourteem cases; how-~ 

ever the characterisation of metabolites was ambiguous and 

specific activities were not peported >; Butterworth 

Ste unine [2tte]-pteciu, found a greater dilution than 

expected and concluded "While this may indicate some dil- 

ution by displacement of non-radioactive folate from tiss-— 

ue, it does not approach the nearly complete displacement 

as described by Chanarin and McLean ~-~--- further invest- 

igation will be needed to determine if this discrepancy 

might be due to differewces in labelled folate, patient 

material, dosage or route of administration." Such further 

observations, carried out on rats, are presented in this 

thesis. 

The haemolytic response and the effectiveness afford- 

ed in folate therapy show that PteGlu is metabolised, ul- 

timately at least, into naturally occurring folates, Micro- 

biological assays have shown that the majority of body 

folate;is in the liver. As with food folates, estimates of



hepatic folates vary with the extraction and assay condit— 

ions and present-day investigations are based on extract— 

ion, separation on DEAD-cellulose and microbiological assay 

i 
sie 

of fractions before and after conjugase treatment “++, 

lax 
Bird et al, observed that alternate freezing and thawing 

or autolysis of rat liver decreased the conjugates and al- 

tered other folates, compared to an extraction obtained by 

heating fresh liver for a short period. They concluded that 

endogenous conjugase was released by either freezing and 

thawing or autolysis but was inactivated by the short heat-— 

ing period. It was also pointed out that the temperature 

and heating period were critical as folates were altered 

by changing either of these parameters. Using this techni- 

que 75% of the hepatic folates were conjugates (more than 

five types), 67% were 7 CH MF amen or its derivatives 

and the total folate was 2Q:e/g¢ wet weight. Other forms of 

folate were 5-(and 10)-HCO-H, PteGlu and their conjugates 

with little unsubstituted H,PteGlu, although decomposition 

of Hy, PteGlu was not ruled out and materials with chromato- 

graphic behaviour of pteridines (the likely decomposition 

products) eva rou. Other workers have found folate 

levels ranging from 0.1 to 20ug/g for rat livert21+163-5 

and 0.6 to 17Hg/g for human livert?0+166 Rat kidney, 

spleen and intestine contain 1.6, 0.6 and 0.6ug of folate/g 

163,165 167 
respectively and bone marrow 95 to 726ng/m1 . put 

no indication is given on the degree of hydrolysis which 

occurred before microbiological assays and the types of 
° 

folate are unknown. Serum folate contains only 5-CH -H, = 
3 

PteGlu and accounts for the much greater growth of L.casei 

than either S.faecalis or P.cerevisiael68, The resting
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level is about 10ng/ml in man. Rat serum PGlakert tier was 

significantly higher than that of cattle, sheep, horse, 

rabbit and chicken which were similar to man’, bry thro- 

cytes and leucocytes contain various folate comjugates. 

Folate excretion has been used to determime the ab- 

sorption, renal handling and tissue uptake in an attempt 

to diagnose folate deficiency. Folate excretion in sweat 

has been Patea only on one occasion when it was shown 

that, under profuse sweating, S.faecalis and L.casei res- 

ponse was five to six times higher than that in urine and 

that the growth was not. increased after incubation with 

conjugase,. 

A few recent studies on biliary folates showed that 

oral PteGlu and 5-HCO-H), PteGlu were rapidly converted into 

bad tary. Siintes eens ttt, Purification of biliary folat- 

es tentatively identified the presence of 10-HCO-PteGlu, 

LO-HCO~H, PteGlu, o~CH, 

147 
triglutamate form - An interesting finding was that the 

-H), PteGlu (20-55%) and possibly a 

concentration of biliary folates exceeded that in the plas- 
149.1970.19 

at hee but a concentration or secretion mechanism 

he 
has not been suggested. The presence of conjugase enzy- 

i me has been disputed and folate conjugates are absent, 

The extent of the cycling of folates from intestine via 

plasma to the bile and back to the intestine has not been 

studied quantitatively and the nutritional effects of bil- 

iary excretion are unknown. PteGiu may, in certain circum- 

stances, pass into the intestinal lumen directly through 

the mucosa of the stomach, duodenum and jejunum '?, 

The major excretion of folate is in the urine where J . ’ 

in humans, i-l18ug of folate are excreted per day130,132,
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nd
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143,144,174,175,185 put the type(s) of folate excreted 

have not been studied at this level. Folate excretion is 

increased following oral, intravenous and 1 HGceeet ae 

injection of PteGlu and the pattern of excretion is well. 

documented. After oral administration of PteGlu there is a 

transient urinary rise at, or shortly following, the peak 

143,176 
and at physiological doses (up te 

: ! 
500ug im humans) up to 12% of the dose is Becrateat en. 

178,186 

of serum folate 

The amount excreted increased with the dose and 

with 15mg PteGlu 77% was axamoveat! However after pteroic 

me 

acid, which is ineffective as a replacement for PteGlu!’ 

Ai much less (<3%) was excreted and it was concluded 

that pteroic acid fees both poorly absorbed and poorly con- 

verted to folates?/’, 

Folate excretion following PteGlu has been used as a 

diagnostic aid in diseased conditions. Following PteGlu 

load, folate excretion was decreased in patients with 

4 3) 2 “ “ 

SEatordice™ 15 a ore pregnancy?>”, spruen/?9t50 | 

181,185,190 461;182 
$ pernicious anaemia leukaemia » Hodgkin's 

dimedeer’s and in folate and Bio bagicteucios es The dec- 

reased excretion has been shown by several routes of ad- 

ministration of FteGlu to be caused by malabsorption and/ 

or folate deficiency, possibly involving “deranged folate 

metabolism?", However the urinary folates were not ident-~- 

ified and therefore "folate deficiency and deranged metab- 

olism" may reflect an increase in tissue uptake or conver- 

sion into folate material which is not excreted. Deranged 

folate metabolism has also been suggested in viral hepat~ 

itis, cirrhosis, cardiac failure with congestive hepato- 

megaly187, in riboflavin deficiency, high dietary methion-
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ine levels » and hyperthyroidism where folate ex- 

cretion is increased, 

The renal handling of PteGlu has been studied in de-~ 

2 C 
tail by Johns and co-workers”? 't7? when it was found that 

PteGlu was reabsorbed mainly by storage in the renal tub- 

ules, unlike glucose which is rapidly transported from the 

be 2 

tubular lumen to peritubular bison. e This reabsorption 

may be viewed as PteGlu binding to a protein (dihydrofolate 

199 reductase) which is blocked by methotrexate 

Attempts: to characterise urinary folates in normal 

folate metabolism has led to confusion. Two folates which 

have been characterised were PteGlu and 5,10-CH=i, PteGlu, 

i725. toe ‘ a: : : 
Ds is inconsistent with more recent microbiol- 

yi2ts192 

PteGlu 

ogical data ree 5,10-CH=B, PteGt is both inconsist-~ 

: x : : 162 ; 
ent with microbiological assays and with serum folate, 

Attempts were therefore made to purify and characterise 

urinary folates and then to extend this approach to the 

metabolism of natural folates and to the study of hepatic 

folates.



MATERIALS 

Animals, The adidas used were adult male Wistar rats, 

weighing 200-350g, purchased from Scientific Products Farm, 

Ash, Canterbury, Kent, U.K. Experiments on rats (which had 

not previously been used for experimentation) were con- 

ducted under Home Office Licence with certif:icate A. 

Food. This was diet 41B, supplied by Pilsbury, Edg- 

baston, Birmingham, U.K. Dietary constituents are shown in 

Table 3. Pellets of diet kia were broken into pieces small 

enough to prevent blocking of the urine/faeces separator, 

Food, replenished daily, and water were given ad libitum, 

unless otherwise stated, 

U.v. spectra were recorded from 200 to 400nm on SP. 

700 or SP,800 (Pye Unicam, Cambridge, U.K.), and at fixed’ 

wavelengths on a Uvispek (Hilger and Watts) and fluores- 

cence spectra on an Aminco-Bowman spectrophotofluorimeter, 

Pteridines and PteGlu were purchased from Koch-Light 

Laboratories Limited, Colnbrook, Bucks., U.K. 

10-HCO-PteGlu was prepared by a modified method of 

ae 5e@ PteGlu and 500ml Silverman, Law and Kaufman (1961) 

of 98% formic acid were refluxed im the dark at 75° for 

30min. The preparation was freeze-dried and gave at rei 

coloured product (5.1g). U.v. and fluorescence spectra are 

‘shown in Table 4. The product showed a fluorescent impur- 

ity on t.l.c. which was removed by t.1.c., and by column 

(15x3.5cem) chromatography on De Acidite-G (chloride form, 

150-200 mesh, 3-5% crossslinked). The product (2.5g¢) was 

applied to the column in 20m1 af Lo(v/v)-NH., and eluted 

(1.5m1/min) with 500ml of 0,U5M-HCL followed by 1500m1 of



O.,1M-HCi. The fluorescent impurity was eluted with 0.05M- 

HCl and 10-HCO-PteGlu with 0.1M-HC1 (peak at 1200m1). This 

lengthy: procedure gave an impurity of pPteGlu (identified 

on t.l.c.) due to hydrolysis of LU-iiUU-!)'teGlu. 19-HCO- 

PteGlu was routinely used without purification, 

H,-PteGlu was prepared by reduction of PteGlu with 

sodium dithionite??4, The white product showed one light-— 

blue fluorescent spot on t.1.c. The product was stored as 

a suspension in 0.005M-HC1 at DL STS for up to four weeks 

without appreciable decomposition, 

i), =PteGlu was freshly prepared by catalytic hydrogen- 

citen of PteGlu over Pt in glacial acetic acidt?", follow-— 

ed by freeze-drying. T.1.c. showed small amounts off two 

fluorescent impurities. U.v. spectra indicated a purity of 

60-80%. 

JaHCO-H) PteGlu, as Ca leucovorin, was a gift of 

Lederle Laboratories Ltd. , Pearl River, N.Y. ,. U.S.A. and 

was readily converted to 5,10-CH=H), PteGlu in dil-HCl immed- 

iately before ane”, U.v. and fluorescence spectral data .- 

are shown in Appendix II. 

  

2:10-CH, =H, PreGlu was prepared by suspending PteGlu 

(3¢) in 100ml tris buffer (pH 7.8), to which was added 

sodium borohydride in water (25ml). The reaction mixture 

was kept under nitrogen and shielded from the light 

throughout the preparation. After 1l5mim stirring, excess 

borohydride was destroyed by adjusting the pl to 5.5 with 

M acetic acid. Formaldehyde (4m1, 38% w/v) was added and 

the pH adjusted to 5 with 1M acetic acid. After a eas 

15min the reactiom was cooled in an ice bath, 1.5ml of 2- 

mercaptoethanol added and the pH adjusted to 7 with 0,5M-



NH), Ol. Purification was done on DEAZ-cellulose (DE byes 

Whatman, W.& R, Balston Ltd., Maidstone, Kent, U.K.) wash- 

ed with ‘2 litres of O.4M-ammonium acetate and then water 

until free from acetate, tested with Pb(NO,),. A 3.5x/t5em 

column was.:prepared and washed with 3 litres of 4107 °M. 

ammonium acetate, pH 7.0. The product was applied to the 

column and was eluted with an ammonium acetate gradient 

produced by passing O.4M ammonium acetate into a mixing 

2 flask containing 5QCm1 of 4,10°"M. ammomium acetate, each 

containing 2-mercaptoethanol (107m). Am elution rate of 

lml per min was maintained with a flow inducer (Watson- 

Marlow Ltd., Bucks., U.K.). 10m1 fractions were collected 

and the absorption at 295nm recorded, The fractions con- 

taining the major peak were: pooied and freeze-dried. The 

purified product was dissolved in Oml of deaerated water 

containing 500mg of sodium chloride, the solution was ad- 

justed to pH 7.0 with 0,1M-NaOH and filtered, 2-mercapto- 

ethanol was added (to give a solution of 1077) and 12m1 

of calcium chloride solution (containing 10¢ CaCl. 61,0 

per 100ml) added. The calcium salt of 5,10-CH ~H), PteGlu 
2 

was precipitated overnight at 4°o by the additiom of 200m1 

of ethanol. The product was filtered, washed with 200ml of 

75% aq. ethanol. and then 20ml1 of ethanol. The product was 

rapidly dried under high vacuum (0.1 torr). The purified 

product was identified as 5,10-CH,-H, PteGlu by u.v. spec= 

tra (Pig.5) which showed that the compound was stable 

in neutral and alkaline solutions and labile in acid. Rf 

values in 0.1M sodium phosphate buffer, pH 8.0, forite aula 

in 0.1M sodium formate (2%, v/v) and ethanol-water (7:3, 

v/v) were 0.72, 0.49 and 0.10 respectively, compared with
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0.72, 0.606 and 0.31 respectively for Hy) PteGlu. 

2—CH-H) PteGla was prepared by the method of Blair 

and Saunders’. The product showed a small amount of a 

Hlusrescents impurity on to1.c. and the purity was 80-95% 

by uw.v. spectra. 

PteGlu, was a gift from Mr..McArdle, Queen Elizabeth 
J 

Hospital, Birmingham, U.K. Despite the fact that this had 

been kept several years in a dil. solution of phenol; the 

solution showed only one yellow compound on t.1.c. with 

u.v. spectra similar to PteGlu,,. 

Chromatography solvents for t.l.c. These were as full- 
  

ows: (3) butan-l-ol——acetic acid—-water (4:1:5 by vol, 

equilibrated for 20h; upper phase); (b) 0.1M-sodium phos- 

phate buffer, pH 7.0; (c) propan-l-ol—aq. 1% (v/v) NH, 

(2:1, v/v); (d) butan-l-ol—acetic :acid—water (20:3:7, by 

vol.). Antioxidant, when used, was 0.5% (v/w) 2-mercapto- 

ethanol for all chromatography solvents. 0.5% (w/v) 2- 

mercaptoethanol prevented the noticeable decomposition of 

2~CH,-H, PteGlu, which occurred eccasionalliy when 0,25 was 

used. in t.1.c. solvents. 

Liquid scintillators. These were Ni220 (Nuclear Enter- 

prises, Edinburgh, U.K.) and a toluene-based scintillator 

containing ‘tg of 2,5-diphenyloxazole and 100mg of 1,4-bis- 

(5-phenyloxazol-2-yl)-benzene (both from Koch-Light) made 

up to:1 ditre with: AJR. toluene. 

Radiochemicals (The Radiochemical Centre, Amersham, 

U.K.) were [2ttc}pteciu (as the dipotassium salt; sp. radio- 

activity 31.4 to 55.3mCi/mmol), (3°,5',g--H]PteGlu (pot- 

assium salt; sp. radioactivity 1590mCi/mmol), [2(n)-?H]-pL- 

* : + a8 + S 
glutamic acid (aq. solution containing 2%, aq. ethanol; sp.



radioactivity 3800mCi/mmol), Lutte) -L-giutamic acid (aqe 

solution containing 2% v/v, ethanol; sp. radioactivity 

>225mCi/mmol) and Carte] hexadecane (sp. radioactivity 

1.06 to 1.101Ci/g). Labelled PteGlu was stored at -15°C as 

the freeze-dried material. 

Purity of pteridines and folates was periodically 

checked by t.l.c. and/or u.v. spectroscopy. When impurit- 

ies were present in sufficient amounts to interfere with 

identifications on t.1.c., the material was discarded and 

new material synthesised and purified. The purity of lab- 

elled materials was estimated by densitometry of radioauto- 

graphs produced by co~chromatography of the material with 

unlabelléd material. The radiochemical purity of labelled 

materials used in animal experiments was at least 95%, 

All glassware, t.1.c. plates, dissection equipment 

were decuntadasted (heconst5 ¢ Decon Laboratories Ltd., 

Brighton, U.K.) after use. Gauze baskets used for combust— 

ion of materials were cleaned by heating to redness for 2 

min. prior to use.
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METHODS 

Radiolabelled compounds were administered to rats, 

the. urine and faeces were collected. throughout the experi-. 

ment and assayed for radioactivity. Urinary folates were 

purified initially through a florisil column followed by 

t.1.c. Blood samples, obtained in several experiments, 

were assayed for radioactivity and were purified directly 

by t.l.c. At the end of each experiment the animals were 

sacrificed and balance studies completed by assaying radio- 

activity in liver and kidney samples, Liver extracts were 

also assayed for radioactivity and labelled compounds were 

purified by florisil followed by t.1l.c., by ion-exchange 

or by zel-filtration column chromatography. Microbiolog- 

ical assays of purified folates were done both to aid in 

identification and to determine their specific radioactiv- 

ities. 

Administration of labelled compounds. Labelled PteGlu 
  

was administered in distilled water by stomach intubation. 

Rats were firmly handled by stretching the skin back over 

the head so that the mouth was open and the throat unob- 

structed. A graduated 1ml all-glass syringe, with a curved 

metal tube designed to pass down the rat oesophagus, was 

used to administer a volume (about O.5m1) calculated to 

give the required dose. Other labelled folates were admin-~ 

istered in 0.5ml of sodium ascorbate, pH 6.0, unless other- 

wise stated. The commercially available solutions of lab- 

elled glutamic acid (in aq. 2% ethanol) weré diluted to 

give the required dose and administered in O.5ml of solut- 

ion (made up with water). The small amount of ethanol in
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these solutions would not significantly alter the results. 

All animals recovered immediately after the administration. 

Urine and faecal collections. These were performed by 

housing the rats separately in wire-bottomed metabolic 

cages fitted with a urine/faeces separator (Metabowl; 

Jencons Ltd., Hemel Hempstead,UWerts., U.K.). Some food did, 

however, contaminate the faeces and was manually removed 

before the faeces were freeze-dried. Urine samples were 

collected in subdued light for up to seven days after ad- 

ministration. Urines were collected in acid (0. 5m1 conc 

HC1) or alkali (0.5m1 sat.-KOH) with toluene (5m1) in 100m1 

flat-bottomed flasks, or were collected frozen in tubes 

(24x200mm) half covered with acetone/solid CO, (-78°C) in 

a vacuum flask, The tubes prevented urine from freezing 

inside the cage and yet were covered by sufficient freezing 

mixture to last 24h, Antioxidants, when used, were _0,5¢ 

sodium ascorbate for urine collected in acid and 9,2ml1 of 

2-mercaptoethanol for urines collected in pia 

Blood samples. These (up to 0.5ml1) were taken from 

the tail vein. The bottom of a 250ml: polythene bottie 

(with the screw cap removed) was removed and a hole (about 

icm diameter ) made in a rubber bung, chosen to fit tightly 

into the bottom of the bottle. The tail of the rat was fed 

through the hole in the bung; the rat placed into the bot- 

tle and the bung pushed into place. This was found suffic- 

ient to restrain without hurting the rats. The tip of the 

tail was then removed with a new, sterile surgical blade. 

The end of the tail was then wiped with a tissue wat with 

heparin (2% aq. solution). Blood was collected in 2 dram 

vials previously wetted with heparin solution. Blood flow
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was induced by gently running the tail (from base to tip) 

between the thumb and first finger. When sufficient. blood 

had been obtained the rat was freed and placed in a cage, 

Subsequent blood samples were obtained in a similar way, 

after removing the newly-formed blood clot. The rats behav- 

ed normally, immediately after being freed. Tests on the 

blood samplés were quickly performed before blood clots 

were formed, Pipettes, wetted with heparin solution, were 

used and were washed immediately after use. | 

Rats were routinely killed by placing them on cotton 

wool abcve liquid ether in a desiccator, When hepatic fol= 

ates were to be purified, the rats were stunned by a blow 

to the head and then decapitated. The extinction of the 

"“leg-jerk reflex" was used as proof of death. 

Determination of radioactivity. This was done by 

liquid scintillation counting. Urines were counted directly 

in NE220, Blood and tissue samples were assayed by combus— 

tion, essentially by the method of Kalberer & Rutschmann 

ote 25ml of a solution of ethanolamine (120m1 made up to 

1 litre with A.R. toluene) was pipetted into the side arm 

which was then attached to the combustion flask (Fig.a). 

The side arm was then dipped into a vacuum flask contain- 

ing acetone/solid CO, mixture. Liver, kidney or faeces 

were freeze-dried and weighed. Using a pestle and mortar, 

each tissue was ground to a homogeneous powder. Paper bas~ 

kets (Fig.c) were formed from ashless filter paper cut to 

shape (Fig.b) by wrapping the paper around a pencil, The 

baskets were weighed before and after addition of a sample 

(about 50mg) of the tissue. The paper. basket was then 

placed inside the Pt-basket (Fig.c). The flask was flushed
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with oxygen; the paper wick was lit and the assembly plun- 

ged into the combustion flask and secured with springs. 

After complete combustion (about 2min) the side arm was 

taken out of the cooling mixture and 

the ethanolamine solution tipped 

into the main flask, CO, absorption 

was complete im 1 hour. After this 

time the ethanolamine solution was 

tipped back into the side arm;.:the 

side arm was: removed and 5ml1 ot the 

ethanolanine soiution counted im 5mlL 

of toluene-based scintillator. Coin- 

bustion was done behind a safety 

screen and safety procedures (see ref 

197) strictly followed; For blood 

samples, further filter paper was   
  

45 Fig. b placed in the paper basket sufficient 5 
ReneeyRELeenecemnmnnmiemee WY 

<——- 35 to absorb blood (up to 0.5mi) with- 

Dimensions (approx.) in mm. out the blood reaching the wick. 

The paper was dried at 116°C for 1LOmin and then the above 

combustion procedure tollowed. Direct counting of blood 

samples in NE220 or after dissolving in Soluene (Packard 

International, Zurich, Switceriand) was unsuceessful either 

because samples were not completely dissolved (or decolour- 

ised) or low counting efficiencies were obtained. Fresh 

liver was weighed and a sample (up to 250mg) was quickly 

weighed into the basket to reduce evaporation losses. The 

samples were then dried and burnt as for blood samples. 

Recovery of radioactivity (1 3 tel oteridine in water) carr- 

ied out with four samples each of about 5nCi, was 96+5%.
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Radioactive samples were. counted in a automatic lig- 

uid scintillatiom spectrometer (Nuclear Enterprises) op- 

erating: at o°c, Total sample counts were at. least 5000 

counts above background. Counting efficiencies were deter- 

mined for each sample by an internal standard (about 30me ) 

of Ca 50). choxedesens. diluted (about 10 times) accurately 

(0.1%) by weight with unlabelled hexadecane (British Drug 

Houses), Details of the counting conditions are given in 

Appendix I. 

Chromatography on florisil. This was essentially sim- 

198 

  

ilar to Foxall - Florisil (8g, 690-100 mesh; Koch-Light ) 

was washed with 100ml of aq. 1% (v/v)-HCl, then to neutral- 

ity with water, followed by 100ml aq. 14% (v/v )-NH, then 

to neutrality with water and finally with 50ml1 aq. 1% (v/v) 

-HC1l. This slurry was packed into a glass burette and 

shielded from light. Samples were applied in (up to 25ml) 

a solution at about pli 1.0. Elution, designed to desalt 

samples with the min degradation and with the max recov- 

ery, was carried out with 30ml aq. 1% (v/v)-HC1 (acid 

fraction), followed by 30ml of water (neutral fraction) 

and finally 25 to 30ml of aq. 14% (v/v)-NH, (ammoniacal 
- 

fraction). Antioxidants, when used, were 2% (w/v)-ascorbic 

acid.in acidic solutions and 0.5% (w/v)-2-mercaptoethanol 

in neutral and alkaline solutions, The distribution and 

recoveries of radioactivity after applying and eluting 

' in 
C 2t4¢) pteGiu without antioxidants and 5 “<c) cH,-H,PteGlu 

with and without antioxidants are in Table 5. Chromatog- 

raphy of the three fractions obtained after application of 

4) 

C2ttc)pteciu in water showed the presence of one labelled 

material which co-chromatographed with unlabelled-PteGlu on
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t.l.c. in solvents (a),-() and (¢c). When 5-[*4c]ox,—1,- 

PteGlu (about 100miCi, pH 1.0) was eluted from a florisil 

column, and the acid and alkaline fractions chromatographed 

by t.l.c., two labelled compounds were present in solvents 

(m) and (c) and one in solvent (a). 5( *4c]ou,-H, PteGlu gave 

similar spots of which one was identified, by co-chromatog- 

raphy, as 5-CH,- ,,PteGlu; the other was unidentified. When 

3 
iB 

s(t4telcH,-H, PteGlu was applied and eluted from a florisil 
33 : 

column and chromatographed by t.l.c. with antioxidants 

throughout, only 5-CH.,-Hi PteGia was present, Thus anti-~ 

oxidants prevented the decomposition of 5-0 EL Eee when 

chromatographed on a florisil column and by t-1.¢c., and 

each of the three florisil fractions contained similar com 

pounds. The elution profile of 5 +c] om,-H,PteGlu showed 

that, on this occasion, urine caused a retention of aoe 

-H,, PteGlu possibly due to a buffering action, Fig.6. Elut- 

Lon?of unane with NH. Wes therefore carried out until the 

eluate (up to 391) was colourless. 

The effect of the changes in pH which occur during 

florisil chromatography (with antioxidants) was tested on 

5,10-CH,-H, PteGlu, which is stable in alkali and labile in 

acid, and on 5,10-CH=H, PteGlu which is stable in acid and 

labile in alkali. T.l.c. of the ammoniacal fraction from 

chromatography of 5,10-CH,-H, PteGlu showed five bands: Rf 

0.00 (PteGlu), 0.23 (1.blue fluorescence), 0.39 (1.blue 

Pluseeaconasy. 0.46 (purple fluorescence) and 0,53 in sol- 

vent (a). The compound at RE 0.53 was identified as 5,10- 

cil ~H, PteGlu by Rf values and co-chromatography in sol- 
Za 

vents (a), (b) and (c). T.l.c. of the ammoniacal fraction 

from chromatography of 5, 10-CH=H) PteGlu showed three bands:
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Rf 0.35 (5,10-CH=H), PteGlu), 0.39 (light blue fluorescence) 

and 0.62 (light blue fluorescence) in solvent (a). Exten- 

Sive decomposition of these folates had taken place and 

florisil purifications were therefore performed as rapidly 

as possible and the ammoniacal fraction frozen as it was 

being eluted. 

Thin-layer chromatography. T.1l.c. plates were made 
  

from cellulose (MN 300 or MN 300 uev.3; Macherey Nagel and 

COs, Duren, Germany ) according to the Manufacturer's recom- 

mendations using a t.1.c. spreader (A.Gallenkamp and Co, 

Ltd., London, U.K). In general, larger quantities of mat- 

erial were applied to thicker and larger plates. Over Img 

quantities of freeze-dried material were applied as streaks 

to plates 1x200x200mm. Smaller quaritities were applied to 

plates 50 or 100mm wide’ and 0.5 or 1.0mm thick. Precoated 

films (0.10mm thick; MN 300 u.v., Macherey Nagel and Co.) 

were used for quantities up to 504g applied as single spots 

in volumes up to 201. Larger volumes (up to 5ml) were 

applied to plates as streaks (using an SA 20 streak appli- 

cator; Burkard, Rickmansworth, Herts., U.K.). T.1.c. plates 

were dried in a stream of cold air. All chromatograms were 

developed to 10cm from the origin, with. solvents prepared 

immediately before use. Compounds. were detected by viewing 

the plates under u.v. light. Fluorescent compounds (down 

to Qu e/em*) were detected under 365nm and absorbing com- 

pounds (down to Sei evan) under 254nm wavelength light. 

Materials were extracted from cellulose with water by suct- 

ion through a sintered glass filter funnel, collecting the 

filtrate in a tube surrounded by acetone/solid CO, mixture, 

The extraction procedure was repeated twice. Antioxidant,
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when used, was 0.5% (v/v) 2-mercaptoethanol. Recovery of 

radioactivity ({214e]pteciu) orom meLloloes wae 70445, Uv. 

spectra; recorded on material extracted from chromatograms, 

showed large peaks due to both the cellulose additive and 

to the cellulose itself, 

The Rf values of the pteridines and folates used dur- 

ing this work are shown in Table 64 The Rf values were 

determined from several chromatograms and are reported to 

show that the three solvent systems used were sufficient to 

separate natural folates and pteridines. Rf values varied 

with the amount, the thickness of the plate and the sol- 

vent preparation. Corrections for variations in the amounts 

of compounds and thickness of the plate were not attempted 

since plates were routinely run with standards and com- 

pounds were also characterised by their fluorescence or 

absorption. Most compounds showed variations in Rf of eg OGodes 

The variation of Rf with the concentration of PteGlu when 

chromatographed in acidic systems is given in Appendix IT. 

Radioautography. This was used for detection and loc- 

ation of labelled compounds on chromatograms. An X-ray 

film was used as described in Appendix I. The relative 

amounts of labelled compounds were estimated by scanning 

the radioautograph with a microdensitometer (MK IIIc; 

Joyce, Lobei and Co. Ltd., Gateshead, Co.Durham, U.K.). 

The peaks were cut from the traces, weighed and the rel-~ 

ative size calculated. 

Chromatography on DbAb=-cellulose,. The method was that 

ates described by Silverman et - log of DrAt-cellulose (DE 

Hyflo (Johns Manville, N.Y., = bes: Whatman). and 22.52" 0 

U.S.A.) were stirred into a slurry (about 700m1il of water)
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and a portion packed into a burette. The column was pre- 

pared for use by sequential washing with 25ml of 0O.5M-Na0OH, 

water to neutrality, 25ml of 0.5M-sodium phosphate, pl 6.0, 

and water until the eluate was free of phosphate (to sat. 

BaCl, solution). The final height of the cellulose column 

was 19-20cm. Sample volumes (2ml1) were adsorbed on the 

column, followed by washes of 2ml and 1lml volumes of ascor- 

bate solution (ascorbic acid to pH 6.0 with NaOH; final 

concentration 0.2% w/v). A head(40m1) of the latter ascor- 

bate solution was placed on the column and gradient elute- 

ion performed by passing 0.5M-sodium phosphate buffer, pH 

6.0 containing 0.2% (w/v) sodium ascorbate, drop-wise 

through this head, from a separating flask, in a closed 

system. 5ml fractions were collected in tubes containing 

O.1ml of 10% (w/v) sodium ascorbate, pH 6.0, using an auto- 

matic fraction collector (L.K.B., Produkter AB, Bromma, 

Sweden). Chromatography was carried out at room temperature 

and the flow rate was 0O.4ml per min. Fractions were stored 

at ~is"o until assayed. [2ttc] rteciu was eluted with a 

peak in tube 25 and 5-CH 

13 

} gil 2"Hc] pteGiu in tube 13. 

and Bird et a1*} recorded peaks at tubes one 
Silverman et ail 

28 to 29 Sad 13 for PteGlu and aha ye tects respectively. 

‘Sodium salts were used since potassium salts may interfere 

with the counting procedures, which was done with 0.2ml of 

each fraction. 

Gel-fidtration chromatography. Gel-filtration has 

been used successfully to separate and determine the mole- 

cular weights of both small and macro-molecules. It was 

therefore hoped that such a valuable aid could be applied 

successfully to pteridines and folates, Although an en-
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tirely adequate theory has not yet been produced to explain 

‘thas relationship between molecular shape and size to the 

elution characteristics, the general principle is that 

smaller molecules enter the pores, present in the solid 

phase, to a greater extent than larger molecules. Larger 

molecules are therefore eluted earlier than smaller mole- 

cules of a similar type. All molecules larger than the ‘pore 

size are eluted in the void one Yo}; that 1s, in the 

volume of the ‘dead~space® around the solid phase (spheres). 

Since the mol. wt. of PteGlu, is 1217, Sephadex-G15 (ex- 
7 

clusion mol. wt. 1200) seemed the ideal choice. 

A 50m1l burette was modtitied by removing the tap toa 

reduce the dead-space at the bottom of the column, 12g of 

Sephadex-Gi5 (Pharmacia, Uppsaia, Sweden) was swollen (3h) 

in O.1M ammonium acetate containing 0.2% (w/v) ascorbic 

acid, pH 7.0, and packed into the burette (plugged with 

glass wool covered with a filter paper). The column was 

run with a hydrostatic pressure (about 50cm) and, after 

settling under gravity, the column was topped with a fur- 

ther filter paper. The column was 41.5cm in height and the 

elution rate was 7.9mL/he Elution with 0.1M acetate con- 

taining ascorbate annuls the ionsexchange effect of the 

Sephadex (Vharmacia). Fractions (32.drops or 1.98m1 each) 

were coliected at room temperature in tubes piaced in an 

automatic fraction collector (L.K.B., Produkter AB). Fract- 

ions were stored frozen (15°) until assayed. Table 7 

shows the elution volumes (Ve) of compounds (ng to wg quan- 

tities) used to standardise the column. Using the elution 

volume of casein (mol. wt. 7109,009) as the void volume 

(Vo): the constants Kij= Vj- Vj/Vt- Vos (V, is the total
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column volume) were calculated for each of the compounds 

andiwere plotted against molecular weights (Fig.7). 

Glutamic acid and 2-amino-4-hydroxypteridine were 

eluted een earlier than folates and, in a study of mol.wt., 

the importance of using molecules of a'similar type is ap= ~ 

parent. This was done by studying the effect of increasing 

the no. of glutamic acid groups from zero (pteroic acid} 

through one (PteGlu) to three (PteGlu A plot of the K__ 
3)° 

values of these three compounds against their molecular 

weights was not ijinear (Fig.7). Reduced and substituted 

derivatives of PteGlu and PteGlu, were eluted earlier tham 
s 

PteGlu and PteGlu, respectively, but again the plot of Kav 
3 

against mol. wt. was not linear. A linear regression line 

(method of least squares) for pteroic acid and folates 

showed that a trend of decreasing Koy against increasing 

molecular weight, but the correiation (coefficient -0.835) 

was well below that (-0.99 to -1.0) required for molecular 

weight determinations. Sephadex-G15 cannot theretore be 

used to determine mol. wt. of Puidtes and a feasibie ex- 

planation is that with iierthebes in moleiuwt. of tolates 

there are accompanying changes in molecular shape which 

affect, chromatography. Two important points remain. The 

first is that the pteridines and folates were separated and 

the Sephadex-G15 provides a purification and identification 

method which has the advantage over DEAE- cellulose because 

of its greater eapacdt ty: The second point is that since 

5-CH he i er (mol. wt. 714) was eluted only slightly 
3 

after casein (mol. wt. >100,000) and that the monoglutam~ 

ates and triglutamates seemed to be split into families, 

it may be possible to deduce molecular weights by using
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Sephadex with a greater mol. wt. exclusion. To test this a 

systematic study of folates from monoglutamates up to (say) 

heptaglutamates is required. Unfortunately such See soucte 

are not yet available and such a study must await their 

synthesis. 

Microbiological assays. Samples to be assayed were 

freeze-dried in tubes previously sterilised at. 130°C Lor 

15min. The tubes were covered (aluminium foil) and stored 

at =15°C until assayed. Immediately before assay, the sam- 

ples were dissolved in phosphate buffer, pH 7.0, containing 

1% (w/v) sodium ascorbate. The organisms used were Lacto- 

bacillus casei N.C.I.B. 8010 grown in Q-Ess medium (gift 

OfeB sb L., Division of Bioquest, WeSik ks streptococcus 

faecalis N.C.1I.B. 8043, grown in Difco 0319-15 medium and 

Pediococcus cerevisiae N.C.1I.B. 7837 grown in Difco 0456-15 
  

medium (Difco Laboratories, Detroit, Mich., U.S.A.). Incu- 

bation was for Sh at 37°C and the extent of growth was de- 

termined turbimetrically. Assays were performed in duplicate 

at least. Conjugase treatment was done with O.1ml1 of con- 

jugase preparation isolated from chicken pancreas**”, in- 

cubating at 89°C for 6h in covered tubes and then the.sol-— 

ution eer ees until assayed (as above). This conjugase 

preparation increased the L.casei response to a crude yeast 

folate-extract,
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Pteroyl-L-glutamic acid was previously isolated from 

" . 

autolysed Liver; hs OR at oiveed spinacn®’*?? and 

liver extracts’. At the time of these isolations little 

was known of the lability of folate coenzymes and it is now 

recognised that PteGlu can be formed from folate coenzymes 

and thus PteGlu was probably an artefact of the isolation 

procedures. PteGlu is however useful both as a folate de- 

rived by decomposition of natural folates and as a model 

folate. Tritiated-PteGlu has high specific radioactivity 

and may be used for folate study in man, but is non-spec- 

2 84,204,205 
qPically iabelied@""™ 11a? and has been criticised on 

the grounds of possible Fosure Claes The low counting eff- 

iciency of tritium and possible tritium-exchange and iso- 

topic effects are other disadvantages. The PteGlu used in 

these studies was pure and was specifically labelled (at 

position 2) with carbon-14 which has negligible isotopic 

effect. 5-CH,-H, PteGlu, labelled C2ttc], was isolated after 

administration of [2zt4c] pteciu (Section II) and is a co- 

‘ : one 206 a! £2207] 208 
enzyme occurring in liver ; mitochondria » serum and 

pons 

After an oral dose of 320Ng PteGlu/kg, assay of the 

faecal radioactivity showed that 40% of the dose was ex- 

creted in 3 days, 4% was excreted in the subsequent three 

days whilst no radioactivity was detected ina further 3 

day faecal’ collection. Faecal excretion: of radioactivity 

was thus complete in 6 days and faecal excretion studies 

were done over 6 days. After oral C2ttc}pteciu the mean 

absorption (dose minus faecal radioactivity) was 25% and 

50% at doses of 320 and 22ug of PteGlu/kg (Table 8). The 

difference in faecal radioactivity at these two doses was
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not statistically significant. At the oral dose of We of 

PteGlu/kg, the absorption is likely to be 5Uy since the 

tissue and urinary radioactivity were comparable with those 

at a dose of 22ug/kg (Table 8). These results show a phy- 

siological saturation above 22ug of PteGlu/kg and reflects 

5h be, 
the saturation kinetics observed in vitro and im vivo 

The faecal excretion (at 22ug/Kg) was higher (Student's t 

18! 
test;<P 0.01) than in humans fat comparable doses of 4 ug 

of: 4i-PteGiu/ke, Although only 4 rats and 3 humans were 

studied, the differences may indicate a more efficient ab- 

sorption in man. than in the rat. These differences, however 

may be due to variations in technique. Anderson et ail aia 

not state the purity of the 3y-PteGlu and their subjects 

were fasted overnight which is likely to increase absorpt- 

ion compared to these Paaiieteaeursous which were given be-~ 

tween 10.00am and 2.00pm, to animals given food and watsr 

ad libitum... Another factor which determines the faecal ex- 

cretion is biliary output. Folate is excreted in human 

‘ Le f eyattis h 7s 71 
and after oral PteGlu the peak of biliary 

excretion was 30min after the is cai but. the fract- 

don of the oral dies which is excreted in the bile has not 

been determined. The fasting level of biliary folate in 

human was 10-89ng/ml1 (L.casei) which is 2 to 10 times the 

serum folate. With a biliary output of about: 1.litee per 

day? /+ the excretion (up to 0.1lmg/day) is an order of mag- 

nitude higher than the urinary output (1-181¢/day). Al- 

though it has not yet been established, biliary folate 

probably does not represent an absolute folate loss since 

LA5 
only 300ng/day (S.faecalis) were excreted in the faeces 

4 4 Ly 
and an entero-hepatic circulation has been suggested ° 

$
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No biliary studies have been done in the rat but, by 

comparison with humans, biliary output must be about 0.5Ne 

of folate per day, 

In judging the relevance of PteGlu studies to food 

folate, it is pertinent to describe the folate form in the 

diet. Folates are almost universally present in foods. 

Extraction and assay of food without ascorbate protection 

Pcgca the richest sources of folate were yeast, liver, 

asparagus, endive, broccoli, lettuce and spinach and that 

the last five had little or no PteGlu*tt, However these 

values are probably low since folate values were higher 

when ascorbate was present, Four daily diets contained a 

total of 688u¢ of folate (L. casei) of which 157ug was 

'free! (microbiologically active) folate? and low cost 

17 diets ea sims lar - These studies were performed 

without ascorbate protection throughout and some 

decomposition of the folates was likely to have occurred, 

The folate content is then likely to be higher than this 

value but will vary with the diet and its preparation. The 

normal daily requirement has been estimated at 25 to 250ue 

2) 
of PteGlu’ (92391955247 

M 

195,247 

« However, in two of these studies 

the diet also contained unknown levels of folate 

and the total intake was therefore higher. An oral dose of 

250Ug of PteGlu produced a marked haematological response 

to a person kept on a diet containing 5ug of folate!’, 

Intramuscular injections of 50-7548 produced a good 

haematological response in patients with megaloblastic 

anaemia and folate deficiency due to alcoholism. The daily 

requirement therefore is within the range 50-100uUg of 

PteGlu and the min is often taken to be 50-100Ug of PteGlu.
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The free-folate concentration in the diet was there- 

fore similar to the requirement of PteGlu. The requirement 

of other folates, which are likely to;ocecur  in.the diet in 

larger quantities than PteGlu, has not been determined. 

The contribution of the conjugates to the normal 

nutrition is much less certain because the content and 

type(s) of conjugates in foods are unknown, ReAGlu,, (a 

conjugate) was isolated from yeast, 

Varying the time and temperature of one extraction tec= 

hnique performed on liver and Portuguese man-of-war,ref.243, 

conjugates were not isolated when extracts were heated for 

long periods at a low eoapewitaass whilst a short heating 

procedure (95°C for 1%min) led to the isolation of con- 

jugates. The conjugates were not identified. Lowering the 

extraction temperature produced decreased amounts of 

conjugates and increased amounts of free folates, The free 

folates contained mono-, di-,and tri~glutamates as well as 

other unidentified materials, The differing results with 

the different extraction procedures were due to ‘'liber- 

ation" of endogenous conjugase which is denatured at 

higher temperatures. Since yeast does not contain con- 

jugase this may account for the much earlier isolation of 

Eee U Ete from yeast. Conjugase is present in pig, dog, 

rabbit, chicken, turkey, cattle, man, almond, potatoes and 

other higher plants and the highest levels in animals were 

found in pancreas, liver, intestinal mucosa, kidney, 

spleen and brat. Conceivably, then, cooking or autolysis 

released conjugase or other hydrolysing enzymes which 

caused rapid decrease in the amounts of conjugates. There
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may also be a difference between animal and plant foods. 

Hurdle et ain? showed (though they did not discuss) that 

conjugates were lower after, than before cooking and, 

moreover, that cooking egg white, yolk and milk caused a 

greater loss of conjugates than the loss of total folate; 

whilst for plant foods (potato, broccoli and porridge) 

cooking produced a greater loss of free folate than of 

conjugates. Hydrolysis of folates also occurred on 

freezing and thawing liver and blog. Folate was also 

lower in cured and canned Pacts: Without chemical 

identifications of dietary folates the literature will 

remain in its present state of confusion and such a 

generalisation as "normal subjects must therefore utilise 

efficiently the polyglutamate derivatives of folate’ 

seems, at least, premature. Little is known of the 

chemistry of the folate changes which take place during 

cooking. When 'typical' American diets were autoclaved 

without ascorbate 11% of the total folate (175ue) was 

PteGlus e's The PteGlu may have been derived by oxidation 

of H,PteGiu, Hy) PteGlu, by hydrolysis of 19-HCO-PteGlu and, 

under certain conditions, from 5~CH, -H, PteGlu (Beavon, 

J.R.G. and Blair,J.A., unpublished results). Synthetic 

Eye Shin, and ES eGLU, were absorbed as PteGlu, but the site 

of hydrolysis is uncertain. Monoglutamate (including 

PteGliu) studies are therefore important both as compounds 

in the diet, as model compounds and are valuable aids in 

studying the metabolism of folates, 

Dietary folates may be altered and synthesised 

de novo by bacterial metabolism. Xanthopterin was
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converted to pteroic acid and 109-HCO-PteGlu, and the 

folate deficiency in germ-free rats was reversed by 

indculation: of: Evcoli.: Pivulganis -or A.aerogenes~*?, The 

nutritional value of such bacterial synthesis in normal 

metabolism is however probably negligible compared t» 

dietary folate since folate deficiency and anaemia develop 

on a folate deficient diet’’, Folate is also rapidly 

4 gy 

absorbed (Fig.8) from the jejunum and not the Sleuml $9259, 

i Antibiotic therapy in one patient increased folate 

abeorsttont which suggested that bacterial consumption 

of folate (or reduction in absorption of folate) was more 

imhottant than bacterial Wathewbe With these opposing 

factors, the results presented here are not due to 

bacterial metabolism. Even when faecal bacteria were 

present in the jejunum, serum folate was the normal 

coenzyme (5-CH,-H) PteGiu) and serum levels were within the 

normal barge nee, 

Absorption of PteGlu has also been estimated from the 

rise in serum folate. After oral (2ttclpteciu radio- 

activity was detected after 15min at doses of 3.0Ug/kg and 

10min at 32%Ug/kg (Fig.8). Since systemic blood was 

assayed, intestinal absorption must have been extremely 

rapid because the gastric evacuation time is likely to be 

a minimum of 5min. The results therefore do not preclude 

some absorption through the stomach wall. Only very low 

levels of radioactivity were detected in the blood and, at 

the peak activity, the total blood volume contained some 

1% after 320uUg PteGlu/kg and 20% with 30ug@ PteGlu/kg. A 

similar pattern is found in humans where, using L,casei,
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a dose of at least O.1lmg (awlug/kg) must be given to 

produce a significant increase in systemic response. The 

majority of the eons had therefore either been taken up by 

tissues or else had been excreted (see Fig.8). Moreover, 

the amount of radioactivity present in the blood was of 

the same magnitude despite a ten fold increase in the 

dose. L.casei response, however, increases (from 1-5ng to 

200ng/m1) with a ten fold ey vae se (from 0.5 to 5.0mg 

PteGlu) in the dose given to Hitmen Possible explan- 

ations are that the dose of PteGlu either displaces tissue 

(liver) folate into the blood or that the dose is 

metabolised and is then d@inted by the tissue folate. 

Identification of the cause must await identification and 

purification of the blood folate (Section IIT). At doses of 

30ug PteGlu/kg two blood peaks were apparent, the first 

peak occurring within 1 hour and the later (and larger) 

peak occurred between 1$ to 34 hours (Fig.8). Similar 

peaks were found at 320uUg PteGlu/kg (Fig.8) when a stat- 

istically significant fall (Student's t test, p<9.01) in 

radioactivity (at 82min) was found after the first peak 

(at 60min) and this was followed by a significant rise in 

radioactivity (at 115min). In a brief study on humane ieee 

given 5mg PteGlu, double peaks were detected in systemic 

blood using S.faecalis, However, a diligent search of 

other publications failed to confirm the double peaks. 

This lack of evidence does not mean that they do not occur 

since the time between sampling was often too large 

(>30min), small peaks are not likely to be significant 

above the normal blood level (#l00ng L.casei per ml of
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blood) and the data recorded are not sufficiently accur- 

ate. Denko A” concluded that "a more fortuitous time in 

sampling or continued repetition may have produced more 

double-maxima curves". The rapid fluctations and double- 

maxima in systemic blood after oral PteGlu load show that 

systemic blood folate is complicated because of such vari- 

ables as absorption, tissue uptake, displacement, metabol- 

ism and renal excretion and reabsorption. The earlier blood 

peak may represent PteGlu and the later peak metabolite(s) 

formed mainly in the liver. Absorption studies using 

systemic blood studies are therefore of doubtful signifi- 

cance since they measure a ati wid above renal excretion, 

and Girdwood and Heiamore found that in disease, serum 

folate was "not particularly helpful" in assessing abscr- 

ption. Portal blood studies clearly overcome these disad- 

vantages, but the technical difficulties involved prevent 

its use as a diagnostic aid to malabsorption. An improved 

absorption test was found by assaying systemic folate after 

an Oral dose. Siven ap to. 3 ways after a single "saturation" 

(preloading) dose of pteGiuls4, However the dose required 

‘to “saturate" patients is unknown, Furthermore, since 

systemic blood still represents metabolism of the oral 

dose, all patients studied must metabolise the preloading 

dose to the same extent (probably completely) as do normal 

humans. Sheehy Po tehar an increased metabolism 

in»folate deficiency and Cherrick et al”)? showed a differ- 

ent metabolism in cirrhosis. Girwood and Delamore preferred 

to compare the urinary excretion after oral with that after 

L59 intravenous injection 

The absorption of other folates has received little
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attention, Tritiated-H PteGlu and ~H), PteGiu were rapidly 

LG 

2 

ahbeoehad” and an intestinal conversion of 9-HCO-H) PteGlu 

Big 
to 5-CH ~H, PteGlu was suggested - These chemically syn- 

2 

thesised tetrahydrofolates are mixtures of diastereoisomers 

at Ce} unlike the natural tetrahydrofolates which are the 

L-isomers and show full microbiological activity and 

fadere. in optical rotation~-° from chemically synthesised. 

compounds. Only the L-isomer of 20H, Hy Eke L 

was taken up by Bhoemevigiea This was difficult to 

reconcile with the lack of growth of P.cerevisiae with 

5-CH,-H) PteGlu as substrate (see Table 1.). In mammals it 

is not known whether a similar specificity occurs Gr 

whether the two isomers are interconverted and the inter- 

pretation of results obtained with such mixtures are there- 

fore limited. Serum assays after oral T,PteGiu*° are un= 

able to differentiate between absorption of the L-isomer 

audy or interconversions of the isomers. Although 5-CH,- 

ii), PteGlu has only been isolated from liver, serum, mito- 

chondria and peas, microbiological assays on other sources 

show an increase response of L.casei above S.faecalis sug-= 

gesting that 5-CH,,-H, PteGlu(and, its conjugates) occur, uni- 

versally, J-CH,,-Hi, PteGlu is therefore a nutritional folate. 

The absorption(oral minus faecal radioactivity) of L-5-CH, - 

Hw, Catte]pteciu was 36% and 45%.at doses of 17.2 and 18.8ig 

/ke respectively (Table 9.) and did not differ significant- 

ly from the absorption of 22ug of PteGlu/kg (Table 8.). The 

absorption of other pteridines can, however, be markedly 

affected by structural changes. Pteroic acid was poorly 

abasenedy whilst methotrexate, 3'5*dichloromethotrexate 

and aminopterin were absorbed to a far greater extent than
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BtaGiu’.; These folate analogues are bound to serum protein 

to a greater extent than is PteGlu and, since they are 

excreted unchanged, an absorption mechanism involving prot- 

ein binding is suggested. At the intestinal pH, pteroic 

acid would be present as pteroate and its much lower sol- 

ubility than that of folate was:suggested as an explanation 

qi?7 for. the: poon absorptionsof pteroic: aci «- Water transport 

LL 
and pH were also important in PteGlu absorption and an 

acid microclimate together with solvent drag was suggest- 

ee The absorption of folates and their analogues is 

dependent on several factors and further studies are need- 

ed to determine whether the absorption is an active ora 

passive process. 

The majority of the radioactivity of the absorbed 

PteGlu was distributed between the urine, liver and the 

kidney (Table 8.). At 320Ug PteGlu/kg virtually all the 

absorbed radioactivity was excreted in the urine and least 

radioactivity was present in the kidney. At 22 and 3.2ue¢ 

PteGlu/kg slightly more radioactivity was retained than 

was excreted and least radioactivity was present in the 

kidney. Most of the retained radioactivity was therefore 

present in the liver, the major site of folate when assayed 

microbiologically. Liver contains up to 20Qu.g of L.casei 

6 

activity/g?* whilst kidney, spleen and intestine contain 

1.6, 0.6 and O.@1g of L.casei activity/g respectively 163, 

16 : 
e After oral (2ttclpteciu, the radioactivity was prob- 

ably distributed as is the body folate. An interesting 

finding however was that the ratios of renal/ 

hepatic radioactivity (about O09. OOF andwO. > after 

doses of 320. 22 and 3.21g PteGlu/kg respectively, Table 8)



were an order of magnitude higher than the ratio of L.casei 

determinations (0,007 calculated from i can as Wedieee orate? 

and the’ weight of rat kidneys and liver). If the specific 

radioactivities of the labelled folates were similar in the 

two tissues this would imply a renal concentration mechan- 

ism for PteGlu. Immense doses of xanthopterin, 2-amino~4- 

~hydroxypteridine and PteGlu (500mg/kg) given intravenous- 

ly to rats caused crystalline deposits and renal fiitures 

However, even at this dose (about 350,990 times higher than 

the daily folate requirement), the renal failure was temp- 

orary and reversible and it is extremely unlikely that such 

a mechanism plays any role Se physiological or pharmacol- 

ogical folate levels. Large doses (2mg/kg) of PteGlu given 

intravenously to.rats showed that, after one hour, kidney 
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levels fell but were still above normal 3 days later’. 

After intravenous 3y_-pteGlu (29 ¢/kg) serum levels fell to 

undetectable-tritium levels in 24h whilst radioactivity 

was present in the kidney for up to 15 eyo Similar 

findings are presented here, in that, after [2ttc) rteciu, 

blood. radioactivity fell to undetectable leveis after 24h 

whilst tissue radioactivity was detected after 6 days. 

(Fig.8, Table 8.). Further studies on the reabsorption of 

PteGlu in the kidney suggested that excess folate was 

stored in tubular celis by folate bindine? Johns and 

Rartano oc speculated that if the reabsorption of PteGlu 

was greater than that of 27 GH gai Peet hily this would account 

for the folate depletion in Addisonian pernicious anaemia, 
: 

“where the levels of 5-CH -H,)PteGlu are increased. There is 
3 

little evidence for this. Furthermore the results reported 

here show that, after administration, the ratio of radio-
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activity present in the kidney / liver (6,22. Tables:9'. 3 

after 5-CH -H,( 2t4c]pteciu was the same (0.07) as that 
3 

after PteGlu and therefore such a specific reabsorption 

mechanism seems unlikely. Such a reabsorption mechanism is 

also in marked contrast to the renal excretion of other 

water-soluble substances, such as glucose which is rapidly 

transported into the peritubular blood and the results do 

not explain the almost total excretion of folate analogues 

(methotrexate and aminopterin) which are bound more firmly 

ta proteins®, The authors did not study other tissues and 

it is likely that the renal concentration may represent an 

increase in total folate after administering PteGlu. The 

folate content of the kidney is dependent on the folate 

Intates? It is therefore not established that there is 

any specific concentration mechanism in the kidney and 

without such a mechanism, the ratio of renal / hepatic 

radioactivity is a measure of the ratio of folate in these 

two tissues. This comparison would give a renal folate 

level of about 10-20uUe/¢. Grossowiez et Bi oP egies low (2- 

16uUg/e¢) and variable hepatic folate but,during extraction, 

the extent of deconjugation was neither controlled nor de- 

termined and it is likely that their procedure gave low. 

values of folate: as was the case with hepatic folates. The 

radioactivity measurements reported here suggest that the 

recorded literature values ?03»165 for renal folate are low 

and should be redetermined in: the-Light “of Nepatic studies, 

Starvation for 2 or 3 days gave a significantly re- 

duced urinary radioactivity after a large (320U¢,/kg) oral 

=e) 
dose of C2ttclpteciu (Table 19). This would suggest a 

physiological control mechanism which may be dependent on
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serum folate levels and/or .on folate reabsorption by the 

kidney. Such a mechanism has been studied in detail and 

there is a general agreement that after glomerular filtrat- 

ion PteGlu is reabsorbed in the renal tubules. When the 

concentration was less than 1Ong of PteGlu/ml the plasma 

clearance was less than expected for simple filtration of 

unbound PteGlu and corresponded to a max reabsorption rate 

of O,O3#e per minute in bimane’>, Since the normal range is 

5-l6ng/ml this accounts for low folate excretion, On star- 

vation (or folate free diet) serum folate might be expect= 

ed to decline rapidly reducing the folate excretion and 

thereby maintaining body (mainly hepatic) folate. After 

starvation for two days the excretion of a large dose of 

PteGlu would be only slightly lower than without starvation 

but a dramatic fall was noticed. Recent preliminary studies 

shed light on this apparent paradox, for when serum and 

liver folate were assayed (L. casei) during dietary folate 

deficiency of rats, the hepatic folate fell much more 

rapidly than did the serum folate’ *>. This would then acc-= 

ount for the much reduced excretion after 2 days starvat- 

ion, but more work is needed to determine if there is any 

preferential loss of folate coenzyme(s) and hence the 

biochemical importance of folate deficiency. 

Urinary folate excretion varies from undetectable 

levels to 184g per day in han ed eae ane 9 PAO How- 

ever these results were dependent on the assay organism. 

are ; ‘ Ae Ae 224 226 
P.,cerevisiae gave values of 0.2 to lyg Desay : ; 

129,143,175,176,223 
S.faecalis from 0 to 5.hWe and L.casei 

129,185 7337, 224. : : 
1 to lWig/day AttS I FRO ds . Assays were often done with- 

out any protection against folate decomposition. The
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differences recorded may reflect not only variations in 

sample and growth response of the organisms but also variat— 

ions in collection and assay techniyues. When the urine was 

stored frozen until assayed slightly higher values (mean 

9.5Ug of Lecasei activity/day) were obtained Ae: Differ- 

sntiat microbiological assays of S.faecalis / P.cerevisiae 

25 
varied from 0.3: to 1035 Humans. ona poor diet s patients 

32 
and with megaloblastic anaemia ass=- 

Lge 

with tropical sprue 

ociated with cirrhosis excreted slightiy less than nor- 

mal but patients with megaloblastic anaemia? excreted 

normal lewels when assayed by S.Yaecailis and P.cerevisiae 

respectively :. Higher excretion was recorded in cirrhosis 

Ae but the values are of scant significance in view of 

the above variations. 

Oral administration of doses of PteGlu causes a temp- 

orary increase in folate excretion. The radioactivities 

excreted following oral doses of 3.2, 22 and 320ug pot tej. 

PteGlu/kg were 11, 12 and 33% of the oral dose in the 

following 3, 6 and 7 days respectively (Table & ). There 

was no significant difference in the radioactivity (approx. 

6% of the administered radioactivity) appearing in the 

urine in the 24h period after oral doses of 3.2 and 32u¢ 

[2ttclpteciuske (Sp.radioactivity 55.3mCi/mmol, Table 11), 

but a marked increase (to 30%; Student's t test, p<0.001) 

when the dose was 320ug PteGlu/ke. (2t4cjptecin of sp.radio- 

activity 31.4 and 30.3mCi/mmol. at doses of 40 and 56us/keE 

respectively, showed a similar excretion of radioactivity. 

in’ a. study.on rats given.oral, RteGlu, a similar excretion 

130 
was found by assaying the urine with S.faecalis =~ . How- 

ever this technique probably gave a low folate value since



S.faecalis is not active for all folate coenzymes and no 

precautions were taken to protect labile folates from 

decomposition. The radioactivity excreted in the 24h 

following [ottclpteciu, in these experiments, represented 

81% and 31% of the absorbed radioactivity at doses of 320 

and 22ug/kg respectively. At 320Ug PteGlu/kg a sharp fall 

in radioactivity occurred after the first day, which repre- 

sented 90% of the radioactivity excreted in 7 days (Fig.9). 

Administration of 32 and 3.2uUg PteGlu/ke produced a more 

gradual fall in=radiloactivity in daidty urine. collections 

and the first day urine contained 50% of that excreted in 

6 days (FPig.9). When 2 hourly urine collections were made 

it was found that most of the radioactivity, after a dose 

of 320j1¢ C2ttcjrteciu/ke, was excreted in the 2-4h period 

(Fig.10).The urinary peak therefore coincided with the 

serum peak of radioactivity (Fig.8). At a dose of 32u¢ 

PteGlu/kg the urinary peak of radioactivity varied from 1- 

6 hours in individual animals and the mean excretion show- 

ed a gradual fall throughout the first day (Fig.10). This 

excretion was in agreement with the excretion pattern 

observed in humans, in that the largest amount of excreted 

material, after an oral dose, is Sais ad within 24 hours 

j 
: 

Lait 
143,144,159,174,176 The levels and often within 8 hours 

of material ,excreted in humans after oral PteGlu vary 

widely. Anderson ek al uate tritiated-PteGlu obtained a 

similar percentage excretion (6%) at 0.2mg (about 3y¢/kz) 

and higher values (16%) at 40ug/kge in 24h urine collect- 

ions. When these results are expressed as a percentage of 

the absorbed radioactivity the excretion (8-19%) for humans 

was sinilar to the 13% recorded here for rats, Similar
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mean (but widely varying) excretions were found using 

P2226 : : : : 
S.faecalis whilst higher values were found using S.fae- 

183, 1595176 calis and t ecani ht Nome of these workers used 

antioxidants and the values therefore may be low. Although 

the total urinary folate was not measured microbiologically 

in these experiments, by comparison with human studies it 

seems likely that a higher excretion would have been ob- 

tained and this would suggest folate dilution. Two reports 

have attempted to measure the dilution of PteGlu given to 

humans. Assay of unpurified urine with S,faecalis and 

L.casei (after oral Lettclpteciu) suggested that no dilut- 

ion had occurred in one patient with Lounceet a. whilst a 

partial purification of labelled materials (after intraven- 

ous (3) -pteciu) showed a total dilution (some materials” 

not labelled) in 3 out of 4 normal subjects, 4 out of 5 

folate deficient patients and 3 out :of 5 vitamin Bio de- 

ficient aida bs ee These opposing findings are difficult 

to reconcile. Because PteGlu is not present in mammals any 

dilution must have occurred by metabolism of at least some 

of the orally administered PteGlu. To investigate this 

further, large doses of unlabelled PteGlu were administered 

orally after [2ttc} pteciu and the amount of radioactivity 

displaced into the urine is shown in Table 12, The radio-~ 

activity displaced in 24h urine collections (up to three 

days) was then compared with amounts of radioactivity 

which are likely to have been excreted without the flush- 

ing doses(Table 11). Flushing doses of up to 1.6mg PteGlu/ 

kg, when given 24h or 72h after the labelled dose (2-358 

PteGlufAcg), did not significantly increase the urinary 

radicactivity in 24h collections up to 3 days (Table ge}.
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A flushing dose of 1.6mg PteGlu/kg when given after the 

time of max blood radioactivity(35h after the labelled dose; 

see Fig.8) caused a significant (Student's t' test, p< 

0,001) increase in radioactivity in the 24h urine and 

dropped to normal levels on the 2nd and 3rd days. Similar 

results were found with a large preloading dose of PteGliu 

(Tablel2), Administration of 320ug PteGlu/kg at time 0 and 

24h later did not produce a summation of label excreted 

(Tablel.), This together with the failure to flush signi- 

ficant quantities of radioactivity after 24h suggests that 

there was little or no PteGlu remaining in the body at 

this time.” The ‘oral [2ttc] pteciu had therefore either been 

excreted and/or had been metabolised within 24h, Further- 

more, since the flushing dose would have been metabolised to 

similar compounds as the labelled PteGlu and that signifi- 

cant quantities of radioactivity were not excreted on days 

1, 2 or 3 after the flushing dose, it may be concluded 

that the compounds present in the body after 24h are main- 

ly. not those which are excreted in the first 24h urine. 

This conversion of PteGlu into a storage form (ie. a form 

not excreted) of folate within 24h could be the result of 

either metabolism or of storage of PteGlu in a cellular 

compartment. Metabolism of PteGlu seems the better explan- 

ation because different forms of folate are less likely to 

be displaced than are similar folates in different cell 

compartments. 5-CH ~H, PteGlu is one likely metabolite of 
3 

PteGlu, but a flushing dose of DL-5-CH “i, PteGlu given 
3 

! 
48 hours after C 2t4¢) pteciu failed to displace radioactiv- 

SLY 
ity. This suggests that there was little 5-CH -H,[ 2*4c) - 

3 

PteGlu present at this time and that the storage form of
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folate is not 27 Vai * heGixts, In studies on humans, intra- 

venously administered flushing doses of PteGlu displaced 

radioactivity (47% of the radioactivity retained) into the 

urine 3 days after an intravenous dose of tritiated-PteGlu. 

The different results may be due to the high specific 

radioactivity and the adoption of intravenous doses which 

may cause an unnatural body distribution of label com- 

pared to that after oral doses. In agreement with the 

results reported here, a brief study of patients with 

chronic lymphatic leukaemia showed less than 1% of an oral 

dose of C2ltc) pteciu displaced when the flushing dose: 

was given 4 days Latour: The types of folate formed from 

PteGlu and the significance of radioactivity displaced 

after 34h and by a preloading dose must await identificat- 

ion of the folate coenzymes (Section bY} 

The urinary excretion of folate after a load of 

PteGlu has been used to ¢stimate folate absorption and 

tissue levels of folate in humans. An improved test for 

PteGlu absorption is claimed by comparing the urinary ex- 

cretion of an oral with that of an intravenous dose. 40U¢ 

of PteGlu, given intravenously to humans, produced 5-10% 

(L.casei) of the dose in the following 24 hour urine 
dy 

Cee oe 155. whilst larger doses (5mg) gave 30-52% (Ss. 

faecalis) of the digag hls? oF 1308 9s 230. When corrected for 

collection 

absorption these levels of excretion are similar to those 

in rats (Table rr) and suggests that the tissue uptake, 

metabolism and excretion in humans are comparable to those 

in rats. Although the excretion after a 5mg test was ab- 

29 es 3 : ; 
normal in leukaemia and in some patients with. megalo- 

: : ‘ ‘ 5 ae 
blastic anaemia associated with pregnancy!79 and nutrition- 

2



a. 

‘ 
4 aoe 

al megaloblastic anaemia ~ , C 
230 

Se Ob al studying idiopath«+ 
° nme 

ic steatorrhoea and Chatterjea~~’ studying nutritional 

megaloblastic anaemia found that the mean excretion was 

lower than in normals,but the wide variations make this an 

unsatisfactory test for dietary folate deficiency. In add- 

ition to the complications mentioned for oral doses, these 

tests were not related to body weight which is further 

complicated in pregnancy where there is a relatively great- 

er increase in body fluid than in the total weight gain??, 

Once diagnosed, folate deficiency is usually easily 

corrected by administering PteGiu. It should be noted that 

a more effective treatment should be obtained by using 

smaller doses (less than 50 e/ke) given more frequently 

than a single larger dose, since with smaller doses. there 

is a greater percentage absorption (Table 8) and a smaller 

excretion (Table Ld)s Larger doses are also potential 

dangers in that they may mask anaemia due to vit.B,, de- 

ficiency with the progression of neurological damage. Al- 

though PteGlu administration corrects folate deficiency 

the causative factors (underlying conditions and socio- 

economic factors) are more difficult to overcome. Clinical 

assessment and physiological tests alone are neither sen- 

sitive nor specific for different types of folate defic- 

iency. Biochemical causes have received less study. Folate- 

turnover has been measured by the excretion of formimidoyl- 

glutamic acid (Figlu) after an oral histidine load. Hist- 

idine may be metabolised via urocanic acid to formimidoyl- 

glutamic acid which may be converted to glutamic acid by 

N-formimidoyl-L-glutamates: tetrahydrofolate 5-formimidoyl- 

transferase enzyme if there is sufficient folate coenzyme.
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Thus in folate deficiency (or, strictly, a lower folate- 

turnover) the excretion of Figlu after oral histidine iS 

increased. The test could be improved by assaying not only 

urinary Figlu but also urocanic acid which is dependent 

upon the amount and rate of conversion of histidine to 

Figlu and by comparing the excretion before with that 

after saturation with PteGlu. Further studies are needed 

to show the origin of Figlu, not all of which is derived 

pee the histidine load. Another biochemical test for fol- 

ates is based on the formylation of 5-amino-l-ribosyl-4- 

imidazole carboxamide-5"=-phosphate by 10-HCO-H, PteGlu adur= 

ing purine biosynthesis, when it was suggested that a def- 

iciency of 10-HCO-H), pteGlu led to the excretion of 5-amino 

-l-imidazole carboxamide(AIC). However tests of the excret- 

ion of AIC after AIC load have not been successful in 

diagnosing folate achiGichoytot: 

More direct studies on the types of folates have 

also been attempted. Leukaemic cells had different folate 

coenzymes than normal rat Si sauce pat the results are of 

doubtful significance since the 'normal" folate pattern 

was not the pattern reported by others. The urinary folate 

coenzymes were compared in rats fed normal, riboflavin 

deficient and high methionine diets when, after an intra- 

muscular injection of tritiated-PteGiu, the different fol- 

ate patterns were compatible with a decreased activity of 

5,10-methylene tetrahydrofolate reductase in riboflavin 

deficiency and high dietary Rethionines’ However in both 

these reports it is likely that folate decomposition had 

taken place and until a detailed analysis of the folate 

coenzymes has been worked out this type of approach must
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be inconclusive. 3 

The excretion of folate coenzymes has received little 

attention. In these studies 5-CH -u,[2Mclpteciu was ad- 
2 

ministered in 0.2% (w/v) ascorbic acid solution (pH 6-7) 

which is sufficient to protect labile folates from oxidat- 

jou. The urinary excretion of radioactivity in the 

faxret 24h abten,onat 5=-CH -u,[274c]pteciu did not wary 
2 

significantly over the range 0.24 to 18.8ug/kg and was 

only significantly higher (Student's t test, p<0.01) than 

the excretion following C2ttcjpteciu at 18.8u¢g 5-CH, =H, = 

PteGlu/kg (Tables dat and 13). The tissue distribution of 

radioactivity after oral 5-0H,-1,2*4c]pteciu (Table 9) 

was also similar to that after [2ttcj}pteciu (Table 8). The 

slightly higher values (about 9%) of urinary radioactivity 

i 
after 5-CH -u,(274c]pteciu than after C2ticj]pteGlu may 

2 

have been due to the ascorbate. Higher doses of ascorbic 

acid (up to homg/kg) significantly increased (Parker '"U* 

tostroe, p<0.05) the excretion of radioactivity up to 29% 

of the dose (Table 13). It is likely that similar increases 

would have been recorded if ascorbate had been administered 

with Catto] ptecin since ascorbate was shown to increase 

the folate excretion (microbiological assays) after PteGlu 

administration to rats, The reason for the increased 

excretion caused by ascorbate is obscure but the previous 

conclusion that ascorbate protected labile folates in the 

urine does not now seem the complete explanation since the 

radiochemical assays used here are independent of folate 

decomposition. In scurvy the folate requirement was in- 

erecaon ine and a relationship between folate and ascorbate 

was shown in irradiated rats99. Folates have also been
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suggested as requirements in ascorbate synthesis’ ~ and 

folate deficiency diminished the urinary excretion and 

tissue concentration of ascorbic acid. The vitamin C 

requirement in guinea pies, but not inv rats, may, accouns 

for the lack of folate/ascorbate interrelationships in the 

: ae Gs 
guinea pig . 

On subsequent days (Table 13),the radioactivity ex- 

creted after 5-Ci,-H,(2*#¢] PteGlu fell significantly to a 

lével similar to that after L2ttc] pteciu, which is consist- 

ent with the rapid excretion of PteGlu and intravenously 

ee 2 232 A eee 293 
administered 5-CH ~H) PteGlu and 5-HCO-H) PteGlu * ne 

3 

lower absorption and higher excretion {neither statist- 

ECawkiy. significant) of radioactivity after 5-o1,-1,[2*#¢]- 

PteGlu than with [attc}pteciu produced significantly lower 

(Student's t test, p<0.02) hepatic radioactivity (Table 9). 

The Lower absorption may be due to an increased biliary 

excretion of 5-Ch PteGlu. than PteGlu. Thus,, inyseneraly ae 

the physiological disposition of 5-CH,-H, PteGlu was Similar 
A 

to PteGlu. A similar conclusion was also reached for 

5-HCO-H, PteGiul8®, and for the plasma clearance of H,Pte- 

Glu and H,PteGlu'?’,



Purification and Identification of Labelled Metabolites of 

L Mh 
Co*tolpticaid tand's—cH Eo tc lhtecla 

SECTION IL
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After the administration of [2ttcjpteciu (32 to 56ug/ 

kg; specific radioactivity 31.4 to 55.3mCi/mmol) to four 

rats, urines were collected under various conditions, 

pooled, and then purified on a florisil column. The 

ammoniacal florisil fraction was then purified by t.l.c. 

Collection in alkali without antioxidant and 

chromatography without antioxidant. 

The major radioactivity co-chromatographed with folic acid 

in::three solvent systems, (a) Rf 0.00, (b) Rf 0.35, (fc) RE 

0.11. .Two other radioactive components subsequently decom- 

posed to folic acid. 

Because of the decomposition of the labile folates 

excreted the author decided to perform all subsequent ex- 

periments with antioxidants present throughout (see Mater- 

dials and Methods). 

Coblection of urnine’ in acid using antioxidants 
  

throughout, 

Typical chromatograms of the ammoniacal florisil fraction 

showed radioactivity at Rf values (0.00)*, 0.28, 0.42 and 

0.52 in solvent (a) and ne ay ludni vie RE: values: 0225 50-10 

and 0.40 in solvent (c). Labelled PteGlu was absent. The 

compound Rf 9.52 in solvent (a) and 9,40 in solvent (c) 

was identified by co-chromatography as 5-Cli ~H) PteGlu in 
3 

systems (a), (p}s (c) and 2% (w/v) ammonium acetate-pyri- 

dine (19.1, v/v). The relative amounts of the two major 

compounds are ahouat itt Table 14, 

Radioactive compounds were purified free from any 

fluorescence or absorption by chromatography in solvent 

(a) extracted, freeze-dried and the process repeated in 

* due to retention of radioactivity at the origin.
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solvents (c) and (d). The amounts of radioactive compounds 

were too small tobe detected. under u.v. light by using: 

this method. 

Collection of the urine frozen followed by freeze- 
  

aryings. 

Antioxidants were used during bist fica ete Chromatography 

in solvent (a) showed the presence of five labelled com- 

pounds Rf (0.00)*, 0.22, 0.31¢ O43 (major radioactivity) 

and 0.52 identified as 5-CH ~H) PteGlu, Labelled folic acid 
3 

was absent. The major radioactivity was further purified 

in solvent (c) Rf 0.10, and then in (d) Rf 0.47, and was 

then free from all fluorescence or absorption, 

Labelled 5-CH ~H, PteGlu was identified (by its Rf 
2 

value in two solvents) by /a similar purification, in all 

but one of the twelve subsequent experiments. Character— 

isation by co-chromatography in three solvents was carried 

out in eight of these experiments. 

The relative microbiological activity of the major 

unidentified compound, Rf 0.42 in system (a) and 0.10 in 

system (c) and 5-CH -L-,[ 27 4c] pteciu is shown in Table 
3 

15. The microbiological activity of the 5-CH,-H) PteGlu 
3 

showed max. activity for L.casei and little activity for 

S.faecalis, which was nevertheless higher than expected 

(Table 15 ) and may have been caused by decomposition dur- 

ing the assay. An L.casei assay on the unidentified mater- 

ial before and after conjugase treatment were exactly the 

same indicating that this compound is not a heptaglutepate: 

Because of the instability of this compound however 

and its decomposition to FPteGlu, even when antioxidant was
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present, the identity of this compound was investigated by 

the addition of folates to the urine collection flask,when, 

even if.decomposition did occur, the radioactivity would 

correspond to.a pteridine fluorescence of the decomposed 

folate. 

Urine collection in acid with antioxidant with 0. 5mgz 

folic acid. 

Thin layer chromatography produced radioactivity at the 

following Rf values:- in solvent (a) 0.41 and 0.49 (5-CH, - 

H) PteGiu) WLU Minor radtoactavaity at 0.00, 0.122 ‘arid02 30; 

in solvent (b) 0.7-1.0 and 0.85-1.0 with minor bands at 

0.00 and 0.49, and in solvent (c) 0.22, 0.28 and 0.41 (5- 

CH,-H)FteGlu). Folic acid was detected on all chromat6- 

grams and was not radioactive. The major compound, Rf 0.41 

in solvent (a), was chromatographed in solvent (c), Rf 

0.03, and then (d), Rf 0.53, and was then free from fluor- 

escent or absorbing impurities. 

Addition. of HW, pteGlu (about img suspension in HC1) to 
  

the collecting solution (acid with antioxidant) did not 

distinctly alter the autoradiograph and the radioactive 

compounds, Rf values 0.42 5-CH -H,PteGlu, 0.07 and minor 
2 

radioactivity at 0.17 and’ 0.31 in solvent (c), did not 

agree with any fluorescence, 7,8-H,PteGlu was not identif- 

ied on the chromatograms. The experiment was further mod- 

ified by collection of the urine frozen and then thawing 

the urines with a solution of 7,8-H,PteGlu (9.1M HCl.with 

2% w/v ascorbic acid containing approximately limg 7, 8-H, - 

PteGlu). Florisil fractionation and thin layer chromato- 

graphy in solvent (a) produced radioactivity -at RE O. 255 

G2 37.4 OF46 “and Os.60... 7,8-H,PteGlu was identified as a
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broad blue fluorescent band (Rf 0.27-0.45) and did not co- 

chromatograph with any radioactivity. In solvent (c) radio- 

activity was present at Rf 0.12, 0.30 and 0.41 (5-CIL, -Hy, - 

PteGlu). 7,8-H,PteGlu was present at Rf 0,06 free from 

radioactivity. 

Urine collection in acid with antioxidant with 5m¢ 
  

H)PteGiu, 

The chromatogram developed in solvent (a) produced radio- 

activity. at Kf 0:43 and 0.54 (5-CH -H, PteGlu). Hy) PteGlu 
3 

was not detected. The compound Rf 0.43 was purified free 

from fluorescence in solvent (c), Rf 0.03. 

  

Urine collection in acid with antioxidant with 0.5mg 

Leucovorin (Ca salt). 
  

The presence of 5,10-CH=H) PteGlu distorted the chromato- 

grams. Three radioactive species were present in solvent 

(c) Rf's 0.10, 0.18 and 0.48 (streaked) -labelled folic 

acid was absent. The major radioactivity (Rf 0.18) was 

purified in solvent (a). Decomposition occurred giving 

radioactivity at Rf'*s 0.32 and 0.61. ‘A strong’ white fluor- 

escence (5,10-CH=H, PteG1u) was present at Rf 0.30 and was 

not radioactive. Both the radioactive compounds were fur- 

ther purified in solvent (b) free from fluorescence, 

Radioactive species from a chromatogram developed in 

solvent (a) were purified free from fluorescence. The isol- 

ated 5,10-CH=H) PteGlu was not radioactive. 

Cobilection.of upine sin. alkali, containing antioxidant 
  

  

and 2m¢ 5, 10-CH =H) bteGlu. 

in the chromatogram developed in solvent (a) Dy19~CH, -H, - 

PteGlu (characterised by Rf 0.85 dark absorption under 

254n.m..u.v. light )was not isolated, The major radioactive
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species was purified in three solvents:- (a) Rf O.44, (c) 

0.07 and (d) 0.50 and was then free from fluorescence or 

absorption. 

  

Addition of oneH. Hip beGlu (2mz) to the collecting 

solution (acid with antioxidant). The major compound Rf 

0.09 solvent (c) could be separated free from fluorescence 

or absorption and therefore was not 27CH, =H) Pteclu nor any 

decomposition of 5-CH ~H) PteGlu produced during urine 
3 

Colfectson om <spursfication, 

  

Reduction of unidentified material, Sodium boro- 

hydride. The purified labelled material was divided into 

two, half was reduced, the other half acted as a control 

(without sodium borohydride). The two solutions were then 

appliec as streaks to two halves of a chromatogram and 

developed in solvent fad; The autoradiograph showed 

blackenings at Rf 0.30, 0.47 and 0.62 in both the control 

and the compound reacted with borohydride. The experiment 

was repeated on a different sample with similar results. 

Catalytic hydrogenation. The autoradiograph showed 
  

blackenings at Rf values in solvent. (a) 0.43 with minor 

spots at 0.20, 0.33 and 0.55, in solvent (b) 0.82 with a 

minor one at 0.70 and in Solvent (Co) O. Ibend. 0224 with -a 

minor spot at 0.38% The major madioactivity was Similar im 

Rf value to the starting material. The experiment was re- 

Demved on a different sample of unidentified compound and 

the freeze-dried reaction mixture contained 3 radioactive 

species, none of which co-chromatographed with added 5- 

CH open OT.>:. 10-Clisii, PteGlu. 

Purification of the second day urines was performed 

in exactly similar manner to those of the first day; using
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antioxidants throughout. The_autoradiographs were essent- 

ially similar to those of the chromatograms produced by 

the first day urines. 

Radioactive folic acid was absent. The major radio-~ 

active component, Rf 0.48 in (a) Omeiake OO, bb sin (c) was un 

identified. The compound at Rf 0.55 in (a) was identified 

as J~ tel PEeGlu by co-chromatography in solvent (b) RL 

0.83 and solvent (c) Rf 0.41. The experiment was repeated 

with similar. results. 

Purification of the third day urines was performed 
  

using antioxidants throughout. The autoradiograph showed 

the presence of similar radioactive.compounds and labelled 

5-CH,-H, PteGlu was identified by its Rf value in solvent 
30° 

systems (a) and (c). 

These results show that after an oral dose of 32 to 

56¢e¢ PteGlu/ke collection in acid and alkali and pur- 

ification of the first-day urine without antioxidants led 

to decomposition and only PteGlu was identified (although 

other labelled materials were present). A similar pur- 

ification with antioxidants present led to the isolation 

of labile folates and PteGlu was absent. Collection of 

urine frozen and in acid gave similar results whilst 

collection and purification in alkali caused a greater 

decomposition, PteGlu, isolated from human urine by techs 

niques involving 34] PteGlu and DiAb-cellulose purificat- 

ion and bioautography, may have arisen by oxidation due to 

the absence of antioxidants as was found in this work. 

rueGlal fas been asolated after oxidation of a rgeGiu, i) - 

PteGlu and 5-Clil ~H) PteGlu (Beavon, J.R.G. and Blair, J.A. 
3 

unpublished results). However collection of urine under
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toluene followed by freezing and assay with Soomnane or. 

produced. a similar S.faecalis and aed response and 

using antioxidants Hieoushoderee produced labelled PteGlu 

after administration of (Pu JpteGlu. Unfortunately specutee 

radioactivities which would indicate whether or not de- 

composition had taken place were not recorded by the 

authors using labelled material. Bioautography (Leeming, 

R.J., Portman-Graham, Hz and Blair, J.A., unpublished 

results) provides the strongest evidence that PteGlu is 

excreted in humans, given oral-PteGlu and suggests a quan- 

titative difference in the rate ef metabolism of oral 

PteGlu between the rat and man. 

During the present study two major (representing some 

85% of the radioactivity, Table 14 ) and one minor labelled 

metabolites were isolated. One of the major metabolites 

was identified by co-chromatography as ON, Hy Fae: The 

other was not identified but was not PteGilu, H,PteGlu, Hy 

PteGlu, 5-HCO-H, PteGlu, 5,10-CH=H, PteGlu, 5,10-CH,-H, pte- 

Glu or GG Fees nor any artifact formed from, these 

during the isolation. Because both L0-HCO-H, RteGlu and 

5-HCNH-H, PteGlu are rapidly converted to 5,10-CH=H, PteGlu, 

the unidentified compound was not either of these folates. 

Labelled 2-amino-4-hydroxypteridine and 1LO-HCO-PteGlu were 

isolated on two occasions and characterised by chromato- 

graphy in solvents (a) and (b). These two compounds 

appeared as relatively small amounts of radioactivity and 

were derived from other labelled materials. These com- 

pounds therefore arose by decomposition of labile folates 

since other pteridines were absent and the labelled com- 

pounds décomposed to PteGlu when antioxidants were not
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added, 10-HCO-PteGlu is readily formed by oxidation. of 

10-HCO-H, PteGlu whilst 2-amino-4-hydroxypteridine may be 

derived from H) PteGlu or tetrahydrofolates which them- 

selves form H) PteGlu. 

ELarly work suggested an increase in P,.cerevisiae 

activity (citrovorum factor) in the urine after oral ad- 

ministration of PteGlu and in normal urine (Section I) but 

isolation media often contained no antioxidants and com-- 

pounds were accompanied by unidentified S.faecalis-active 

material(s). Without added antioxidants compounds isolated 

during this erie were PteGlu and unidentified materials of 

undetermined microbiological activity. To account for the 

citrovorum factor activity, first reported by Sauberlich 

(1949)*??, two groups of workers proposed that it was 5, 

10-CH=H,PteGlu'?*?77*, which may be derived by rearrangeé- 

ment’ of 10-HCO-H) PteGlu. Chromatographic, spectral'results 

and biological response of the isolated material reported 

by Silverman et alt?twere identified with 5,19-CH=H, PteGlu. 

These results must be viewed with caution since both 

groups of workers used large doses (up to 175mg given to 

humans) and Silverman et alt? tused formic acid (during 

purification procedures) which reacts with 2 Cig Sore 

to give 5,10-CH=H, PteGlu (Appendix tIf). It is also poss- 

ible that, under certain conditions, the 5-methyl group 

may be oxidised to 5-formyl, in fact, such a conversion is 

in agreement with the ucneceens presence of d-HCO-H) =~ 

PteGlu (active for P.cerevisiae) in blood whereas 5-CH,- 

HW) PteGlu and its conjugates are the major blood fclates*?” 

Low conversions to urinary citrovorunm factor activity 

have been reported for PteGlu when given orally32,125,184,
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226 234 162 
or subcutaneously - More recent studies showed no 

activity for’ P.cerevisiae in human urine which is in 

agreement with the results presented here. It is therefore 

unlikely that citrovorum factor is excreted in either 

humans or rats. Labelled folate conjugates or unconjugated 

pteridines were not present in the urine, suggesting that 

little, if any, folate was converted to unconjugated 

pteridines. This agrees with the earlier observation that 

orally, subcutaneously or intravenously administered Pte- 

Glu did not give rise to increased xanthopterin in human 

uninee. Neopterin® >? and bispeeene ere both isolated 

from human urine, may have been derived from compounds in 

the diet or by synthesis from purines. Pterins occur in 

micro-urganisms, plants, fish aud liver, brain and kidney 

of rat and guinea Hisar. The synthesis of pterins from 

purines (Fig.2) has been demonstrated in amphibia but not 

in man. Isoxanthopterin previously isolated from we hecee 

may have arisen by folate degradation but the origin of dS 

mh 
4 BAO : ; i 

xanthopterin 1S uncertain, bittle is':known: of. the 

occurrence of pterins in mammals and even less is known of 

their metabolism, but it seems odd that such struct- 

urally similar compounds as folates and pterins should 
‘ 

occur together and not be interconverted in mammals. It 

seems unusual that any loss of the ability to synthesise 

folate during evolution was accompanied by the loss of 

their interconversion but not by the ability to synthesise 

65 Prerim.” ; Or convert “Lt tO; Lumar ne 25 
° 

The ratio of the major unidentified material to the 

I 5-CH,-H,[ 2*4c] PteGlu isolated on the first day after an 

ee oo DAs rs ; 
oral dose of 32y¢@ [2°-C]PteGlu/ke, varied from 0.5-7.7
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(mean 2.7) to 1.0 in twelve experiments. Both of these 

2s mee Tah 
compounds were also isolated at 3.2 and 320uU¢ het} Ptecin 

/kg and on day 2 and 3 after PteGlu when a similar wide 

range in ratio of the two metabolites was found. The per- 

centage of radioactivity present on the chromatograms in 

9-CH,-H, PteGlu was similar at the three doses (about 25%, 

Table 14) in the first day urine collection, and Lower 9in 

the second and third days collections. A scan of a typical 

radioautograph is shown in Fig.11. Due to the wide var- 

iations in the label present in the two compounds, any 

deductions derived from this must be tentative but the 

relative decrease in radioactivity present as See at) 

PteGlu may indicate a greater metabolic rove «fox» J-CH Hy = 

PteGlu than the other material. 

The chemical and physical properties of the unident- 

ified compound. were further investigated, The compound.was 

not reducible by either borohydride or catalytic hydrogen- 

ation and suggests that it was.a tetrahydro-~form.: Micro- 

biological response was similar to that of 5-Cit, H)PteGlu 

(Table 15) and the + igs cet tains onela was not increased after 

conjugase treatment indicating that the compound does not 

contain more than threé glutamic acid residues. Chromato- 

graphy on t.1l.c. was'compared to the Rf values of a family 

of synthetic mono-, di- and triglutamates both unreduced, 

reduced, formylated(5 and 10) arid methylated(N-5) supplied 

by Salem, A. (Ph.D. thesis, 1971). In solvents: (i) citric 

acid (5%), adjusted to pH 9 with ammonia (9.88) and satur- 

ated with iso-amyl alcohol; aq. layer, (ff) 9,1M-sodium 

phosphate buffer (pH 7.0), (iii) n-butan-l-ol-acetic acid- 

water (4:1:1 by vol.), (iv) NH, (9.88)-tert-butan-1-ol- 
3



73 

water (1:1:8 by vol.) and (v). formic acid (98% w/v)-ethan- 

ol-water (1:15:35 by vol.) the Rf values of the unident- 

ified compound were 0.21, 0.53, 0.42, 0.62 and 0.44 res- 

pectively, compared to 0.70, 0.83, 0.54, 0.86 and 0.75 

respectively for 5-CH ~H, PteGlu. The relative Rf value of 
3 

the unidentified material showed no resemblance to any of 

the synthetic folates used by Dr.Salem. Moreover the com- 

pound was Slits exceptionally slowly in alkaline solvents 

(i) and (iv). When chromatographed on DUAW-cellulose the 

compound was eluted (peak in tube 18) between 5-CH ~H,- 
3 

PteGlu (tube 13) and P'teGlu (tube 23). Such an elution 2 ? 
profile suggests that the reduced compound is more acidic 

and is consistent with the observed elution of reduced di- 

and heed oe Hes However the elution volume (53m1) from 

Sephadex-GL15 Pave a Koy of 1.8 showing that the compound 

was not eluted in the di- and triglutamate yo rue (XK. © 

140) and suggested that the compound had a molecular 

structure similar to a monoglutamate. Mass spectrometry of 

the material was Gneusce eal due mainly to the relatively 

high level of impurities exipeced from thin-layer adsorb- 

ent and to the low volatility of pteridines and folates, 

In an attempt to isolate larger quantities of this mater- 

ial, 5mg of PteGlu was taken by one human volunteer, the 

following 2%h urine was collected frozen and freeze-dried 

and then purified through a florisil column in a compar- 

able manner to that used for rat urine with added..anti- 

oxidants. The labelled compound from rat urine was then 

added and the mixture purified byt. L..c. with antioxidants . 

Unfortunately the labelled material decomposed on 

successive chromatography which was required to remove
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the excessive amounts of inorganic material. The decomp- 

osition may also indicate that this compound was not ex- 

creted by humans as more recent results using bioauto- 

graphy suggest (Leeming, R.J., Portman-Graham, H. and 

Blair, J.A.,unpublished observations). The compound there- 

fore remains unidentified. 

Starvation produced radioactive materials at Rf 

values (Table 16) similar to cites excreted from animals 

given food and water ad libitum. . 5-CH,-H,[274c]PteGin was 

identified by co-chromatography in solvents (a), (®) and 

(c) and the other compounds were unidentified. Furthermore 

the amount of radioactivity in the compounds was similar 

to that obtained without starvation, although the specific 

radioactivities of the major unidentified compound and 5- 

cu,-1,[2**c] pteciu were increased by starvation but not by 

a double administration of [2140] pteciu (Tables 14% and iG). 

The radioactivity excreted (in urine collected in 

acid with lmg PteGlu) after flushing doses was also pur- 

ified by florisil :chwe@matesraphy and t.T.c. using anti- 

oxidants throughout and the results are shown in Table 17. 

Flushing doses of 200, 4hOO or 1600yug PteGlu/ke when given 

24-72h after the labelled dose did not produce labelled 

PteGlu in the urine excreted in the following 24h. The 

materials excreted showed similar Rf values to compounds 

excreted without flushing doses and Se Sd tae was 

identified by co-chromatography in solvent (a) Rf 0.64 in 

six of these experiments. Minor radioactive materials were 

present at Rf 0.18, 0.25 and 0.28 in solvent (c) and may 

have been displaced by the flushing doses or may have been 

artefacts due to either decomposition or the inaccuracy
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in determining the very low levels of radioactivity (see 

Table 123 present on chromatograms. However, a greater 

alt proportion of radioactivity was present as 5-CH Biles 37H, L 

PteGlu than the major unidentified metabolite (Rf 0.08) 

following flushing doses (Table 17) than was normally ex~ 

creted on days two and three without flushing doses (Table 

rey % This suggests that the body contained radioactive 

folates, 5-CH,-H, PteGlu or compounds converted into 5-CH.- 
4 a 2 

Hy) PteGlu, in greater amounts than the unidentified 

material. Flushing doses of 1600ug PteGlu/kg given 35h 

before or 34h after labelled (otte}pteciu produced lab-~ 

elled PteGlu at Rf 0.14 in solvent (c) and represented 49 

and 45% of the total radioactivity respectively. The labv- 

elled PteGlu was purified in solvent (a) and then co- 

chromatographed in solvent (a) Rf 9.00, (b) Rf 9.46 and 

(c) Rf 0.12. The labelled PteGlu was not derived by decomp- 

osition since similar collection and purification proced- 

ures did not cause decomposition to PteGlu. The specific 

radioactivity of the PteGlu was not determined and would 

have been of only limited significance since PteGlu was 

added to the urine and the dilution produced by the flush- 

ing dose cannot be determined since neither the absorption 

nor the extent of metabolism of the flushing dose were 

known, 5-cn,-#,C2"4c}rteciu, Rf 0.4 solvent (c), was also 

flushed by these doses of PteGlu but the amount of 

the unidentified material (Rf 0.08) was difficult to 

determine because: of contamination with labelled PteGlu. 

However, chromatography of labelled PteGlu in solvent (a) 

did produce labelled material (Rf 0.38) which did not 

correspond to any fluorescence or absorption and was not
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therefore a decomposition product of PteGlu. A flushing 

dose of 5-CH,-H, PteGlu produced no labelled PteGlu but pro- 

ae 
duced 5-CH -u,(2'=c]pteciu and the unidentified compound 

3 

(Table 17). The ratio of 5-CH,-H,PteGlu to the unident- 
2 

ified material was higher than before the flushing dose, 

(Tables 14 and 17) suggesting a preferential flushing of 

5-CH ~H) PteGlu or that more of the retained radioactivity 
: 

was present as 5~CH, -H, PteGlu than the unidentified com- 
2 

pound at this time. 

After oral 5-cit,-H, [240] Pteciu she radioactivity ex- 

creted in the urine, collected in acid with ascorbate, was 

purified with antioxidants present throughout. When ad- 

ministered in 0.2% (w/v ) ascorbate solution the major com- 

}. 

pound excreted was 5-CI -u,[2"=c]pteciu (Table 18) and 
3 

represented some 60% of the total radioactivity excreted 

after oral doses of 0.24 to 19ug/kg. At a dose of Siyg/kg 

the radioactivity represented 80% of the excreted radio—_ 

activity. At OvZau¢e 5-CH,-H) PteGlu/ke a significant pro- 

portion of the radioactivity excreted was present at Rf 

0.08 in solvent (c) whereas very little of this labelled 

material was present at higher dosages and may have been 

produced by 'tailing" of radioactivity from a compound 

present at Rf 9.25 (Table 18 and FPig.11). Although the 

material at Rf 0.25 was not identified it had an Rf catia 

similar to the minor compound excreted after PteGlu admin- 

istration. This relatively low conversion of be CH, 2 = 

PteGlu compared to the higher conversion of PteGlu into 

metabolites is likely to be due to a difference in spec- 

ific radioactivity of the administered folates. The PteGlu 

administered was not only of higher sp. radioactivity but
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is not diluted by body folate whereas the 5-CH -it), PteGlu 
3 

was of lower (about 2.5 times less) specific radioactivity 

and would have been further diluted by the body a7 CHa By 

PteGlu and excreted as such, without the excretion of 

other labelled metabolites. The excretion of other metab- 

olites at a dose of 0.242 5-CH, -H) PteGlu/kg is explained 

by a slower excretion of this lower dose (as was the case 

with C2ttejrteciu; see Section L) giving more time for 

: ) 
metabolism. Administration of 5-CH -H,(27*4c]PteGiu 9 Heat BC 0 Ye 

2 

A, ascorbate (Table 18) increased the excretion of metab- 

olites of 5-0-1, 2*4c]PteGiu, and they had similar Rf 

values to the unidentified metabolites excreted after 

be telpreGiu: adinthietratian: (Table. 145% 

Purification of blood samples obtained after ratte. 

PteGlu saan etr avian was carried out on t.1l.c. applying 

10Qu1 of blood collected at times up to 17h after the ad- 

ministration and developing the chromatograms in solvent 

(») with antioxidant. After exposure for 3 months, the 

radioautograph showed the presence of two labelled mater- 

ials (Rf #0.5 and #0.85) when blood was taken from 30min 

to 3¢h after oral administration of 32Qu¢ [2ttc} pteciu. 

There was no blackening at Rf 0.85 in blood taken at 10min 

and no blackening at Rf 0.5 in blood taken after 33h. On 

the same chromatogram the administered [2ttc} pteciu had an 

Rf value of 0.48 and it is therefore likely that the com- 

pound St. RE 0.50 in blood samples was Cotte} pteciu. The 

material at Rf 0.85 was probably a tetrahydrofolate met-— 

abolite (see Table 6) and is likely to have been one or a 

mixture of the compounds excreted in the vUPine 1 e. 5-CE, = 

H)PteGlu or the unidentified materials. From a micro-
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densitometer scan of the radioautographs the percentages 

of the radioactivity present as the two materials were | 

calculated for each of the blood samples. These percent-~- 

ages were then combined with the radioactivity per ml of 

blood (Fig. 8) to calculate the amount of radioactivity 

present as the two materials and these were then plotted 

against the time of sampling (Fig.13). The labelled PteGlu 

(Rf 0.50) rose after lOmin, rakained approximately con- 

stant for over an hour and then declined slowly to an un- 

detectable level at 34 hours. Because there is no PteGi: 

present in rat tissues and the amount of PteGlu absorbed 

over’ this period from the diet is negligible (see Table 3) 

compared to the labelled dose(80ug of PteGlu), the specific 

radioactivity of the L2ttc] pteciu isolated from blood was 

the same as the oral dose (55.3mCi/mmol). The peak of 

serum radioactivity (2muCi; Pig.13) therefore represented 

only l5ng of PteGlu/ml of blood, after an oral dose of SOug 

of PteGlu. Most of the radioactivity was present as metab-— 

olite(s) which showed a peak in systemic blood slightly 

before 2 hours. The amount of folate present in the metab-~ 

olite(s) is likely to be higher than PteGlu because the 

urinary metabolites showed lower Sp. wradioactivities 

than the oral dose (Table 14). The specific radioactivity 

of the metabolite(s) could not be determined since mater- 

ials extracted from the thin-layer chromatogram failed to 

stimulate the growth of L.casei showing that the folate 

levels were below microbiological detection (min. of 2ng/ 

ml in the assay medium which corresponded to 200ng of fol- 

ate/ml of blood). The small plateau of radioactivity (of 

Rf value 0.85) which occurred between 30 and 90 min
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(Pig.13) and preceded the major blood peak may have repre- 

sented a different folate composition from the major peak, 

although this was not further investigated because of the 

low levels of radioactivity. Compounds excreted in the 

urine were not examined over this period. 

Purification and identification of hepatic folates 

has previously presented difficulties and thé results have 

caused confusion in the literature. Determination after 

the administration of materials is further complicated 

by the changes occurring because of the negative radio-= 

chemical balance. Extraction prior to purification of fol- 

ates usually relies on homogenisation and deproteinisation 

by heating. However, if the temperature is not sufficient- 

ly high, and the deproteinisation procedure extended, loss 

of folate conjugates occurs due to the action of conjugase 

ehuyue. p-Chloromercuribenzoate, a conjugase inhibitor, 

and acetone, which precipitates conjugase , were therefore 

used with antioxidants in a comparative study of extract- 

ion procedures as follows:- 

method (i).Freshly excised liver (7-1l5g) was homo- 

genised in 25ml of water containing 2% (w/w) ascorbic acid. 

The protein was then precipitated by adding lg of tri- 

chloracetic acid. The precipitate was centrifuged, the 

supernatant decanted off and the precipitate washed with 

5m1l of 3% (w/v) trichloracetic#acid..: fhe supernatants were 

combined. 

method (ii). Freshly excised liver was homogenised in 

AOMLHOL RO (90-100°C) water containing 2% (w/v) oe o eb ie 

acid and 0.1% p-chloromercuribenzoate (dissolved in a 

small volume of ammonia). The mixture was centrifuged and
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protein precipitated by the addition of acetone. The mix- 

ture was centrifuged and the volume of the supernatant © 

reduced by rotary evaporation (at about 10 ¢2; 

method (iii). Freshly excised liver was homogenised 

as in (ii) and the protein precipitated with 2ml of conc, 

HC1, centrifuged and the supernatant Wecedbed: 

method (iv). Freshly excised liver was homogenised in 

109ml of hot water made 2% Ce with ascorbic acid and 

0.1% with p-chloromercuribenzoate. The mixture was centri- 

fuged and the protein precipitated by the addition of 

acetone, The mixture was centrifuged, the precipitate 

washed and the combined supernatant were freeze-dried, 

method (v). The freshly excised liver was placed in a 

boiling-tube with a B cone resting in an ice-water mix- 
34 

ture. To this was added 12ml1 of a cold solution consisting 

Git elm oL 10% ascorbate solution, pH 6.0, plus 9.8ml1 of 

water. The mixture was homogenised for 30sec with a metal- 

blade homogeniser attached to a fast stirrer. The homogen- 

iser was then quickly removed, the test-tube stoppered and 

heated in a water bath at 95°C for 19min. After this time 

the contents of the tube were 90°C, The test-tube and con- 

tents were cooled in ice-water, diluted with 15ml1 of a 

cold solution of 1% ascorbate solution, pH 6.9 and rehomo~ 

genised for 15sec. After centrifuging, the supernatant was 

decanted, The method differed from that of Bird et alae 

only in the type of homogeniser used and that the homogen- 

ate was not sub-divided. 

All aqueous extracts were stored frozen for a minimum 

period tintil used. Yor purification of nadioactivity by 

t.l.c., 29%ml of the extract was acidified to pH of about



81 

1.90 with cone. HCl, centrifuged to remove any precipitate 

and the extract chromatographed on a short florisil (5¢) 

column made in a burette. The radivrvactivity was eluted as 

were urines(see Methods) with iva Gana oriitadh tee anti- 

oxidants. The percentage(mean £5 7D, bor foun experiments) 

of the radioactivity recovered in the acid, neutral and 

ammoniacal fractions were 17.25415.48, 3.2942.29 and 79.55 

+15.69 and the recovery of radisactivity was 78.99416. 39%, 

These were similar to the distribution and recovery ot 

radioactivity of synthetic and urinary folates (Table 5). 

A comparison of the recovery and of the Rf values of 

materials extracted by different procedures was carried 

out after the oral administration of 80ug of (2 i4e]pteciu 

to rats, and the livers removed after 24h, The recoveri¢s 

of radioactivity were 51 to 89% when determined once for 

each of methods (ii) to (v) and are unlikely t>» be signi- 

ficantly different (Table 19). 

T.1.c. of the extracts was performed with and with- 

out added PteGlu on the dante (enatoiia teens: Radirauto= 

graphs did not show blackening corresponding to either the 

Rf value or the dark absorption (under 254n.m, light) of 

PteGin, and therefore labelled PteGlu was not present in 

the liver 24h after administration of [2t4cl]pteciu. The 

higher recovery of radioactivity using method (iv) with 

the addition of PteGlu before homogenising (Table 19) may 

therefore suggest that the addition of PteGlu reduced fol- 

ate losses. Such losses may have been caused by protein 

binding (or co-precipitation) of folates, On the chromato- 

grams developed in solvent (c), the greatest amount of 

radioactivity was present as a band at Rf 90.94 to 0.08 in
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each of the extraction methods used (Table 19). Therefore 

these materials could not be distinguished by t.l.c. in 

solvent (c) and may reflect the similar nature of each of 

the materials extracted by the extraction methods used. 

Precipitation of protein with acid, methods (i) and (iii), 

produced a greater proportion of the radioactivity in 

materials other than that at Rf 0.04 to 0.08 than did pro- 

tein precipitation with stevens or heating, methods (i439: 

(iv) and (vw). Precipitation of protein with trichlor- 

acetic acid, method (i), produced the largest number of 

labelled materials detected on the chromatogram (Table 19). 

After precipitation of protein with acetone, rotary evap- 

oration, method (ii), produced more labelled materials 

than did freeze-drying, method fie), Thus prolonged ex- 

traction procedures or the use of strong acids during ex- 

tractions produced more labelled materials than shorter 

procedures and the use of acetone. Furthermore, since the 

percentages of radioactivity extracted were the same for 

the different methods, the compounds produced only by 

longer extraction procedures and with acids must have been 

derived by changes in other labile materials. P-chloromer- 

curibenzoate,which inhibits all the enzymes producing fol- 

ate changes yet t¥isted i had little effect on the mater- 

ials isolated and therefore the changes produced probably 

arose by v-hemical deconiposition caused by longer extract- 

ion procedures or the use of strong acids. These deduct- 

ions therefore led to the use of method (v) for further 

experiments on hepatic folates. 

Extraction of hepatic radioactivity 6h, 24h and 10 

14 
days after an oral dose of [2 -C] PteGlu and chromatography
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in solvent (c) showed that most (74 to 85%) of the radio- 

activity had an Rf value of 0.04 (Table 19). Attempts to 

increase the incorporation of radioactivity into hepatic 

folates by starvation of animals, prior to administration 

of [2t4c]pteciu, produced a similar percentage (84 and 89%) 

of radioactivity in the material at Rf 0.04 (Table 19). 

This material then probably represented the largest amount 

of folate in the liver but speculation about the identity 

of this material from this one chromatographic property is 

unlikely to be fruitful. This labelled material was ex- 

tracted from the t.l.c. and chromatographed on a DiHAL- 

cellulose column and fractions eluted were assayed for 

radioactivity (Fig.14). The elution of synthetic folates 

were not tested in detail but were eluted from these coli- 

umns. slightly earlier than synthetic folates used by 

others (Table 20) using similar columms and elutions. The 

elution of radioactivity of the major band: from t.i,c. 

shows that several (>8) compounds were panes and the 

shape of the peaks indicates that mixtures may be present 

in the tubes showing that there had been an incomplete 

separation of radioactivity. Most of the radioactivity was 

eluted in tubes after 17 and peaks were identified at 20, 

26, 29, 32 and 38° (Figiitiw The original purification by 

t.1l.c. in solvent (c) would separate monoglutamates which 

have higher Rf values (see Table 6). The peaks at 6, 8 and 

15 were either not monoglutamates or were formed by de- 

composition during handling. Without purification by t.1l.c,. 

the liver contained a greater proportion of biatertad in 

tubes .10° tor:20 (¥4e.15), a region containing some mono=- and 

triglutamates (Table 20). To further characterise the
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radioactivity, tubes were assayed -by L.casei before and 

after conjugase (Table 21). Most of the peaks showed some 

increased growth after conjugase treatment and a 2-fold 

increase was regarded as within the errors in microbiolog- 

ical determination and this error may be an increase by 

errors in radioactivity determinations, particularly when 

low levels were present. Tubes 18 to 38 did, however, show 

a marked increase in growth after conjugase treatment 

(Table 21) and were therefore labelled conjugates, The 

radioactivity present as conjugates was some 70% of the 

total radioactivity and was similar to the value (75%) for 

liver conjugates using microbiological assays before and 

after Gon jubabars it thus appears that under these con- 

ditions the oral (2t4c]pteciu had been metabolised and the 

radioactivity distributed throughout the liver folates, 

which were mainly conjugates. When another animal was 

starved for 3 days before administration of (2ttcjrteciu 

and the liver extracted after a further 6 days, a greater 

proportion of the hepatic radioactivity was present in 

tubes after 17 (Fig.16) compared to the distribution of 

radioactivity after 24h (Fig.15). This apparent. increase 

in conjugates may have been caused by further synthesis of 

conjugates after 24h and/or to the excretion of labelled 

monoglutamates. 

Investigation of the metabolic pathway(s) from PteGlu 

to hepatic conjugates was attempted by isolation of hepatic 

folates extracted at different time intervals after the 

AGMine Sonat Lon of { 2ttc] pteciu. 10 days after the admin-~- 

! 
LStratvion«<orL { 2t+4c] pteciu, the liver radioactivity showed 

a similar chromatographic pattern (Fig.17) to. that wicth
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prior starvation of animals (Figs.15 and 16). The major 

radioactivity was present in tubes 18-20 with appreciable 

radioactivity in latter tubes up to 40. Liver extracted 

36h after [attclpteciu contained radioactivity which was 

distributed between two broad peaks (tubes TO: to TO and.20 

GOn3 5: Fig.18) with Jittile radioactivity at,tubes 13.to 20 

characteristic of liver extracted after 6 and 10 days but 

not after 24h. The iin twkthi tion of radioactivity eluted 

from a DEA-cellulose column (Fig.19) from a liver ex-= 

tracted 6h after oral L2ttclptecin was similar to that 

(Fig.18) present after 36h. Thus extraction of liver fol- 

ates at times up to 10 days after the administration of 

Lottclrteciu showed that some conjugates were formed after 

6h whilst others were formed at a much slower rate, but 

the determination of the pathway(s) involved must await 

the characterisation of hepatic folates, The radioactivity 

(30%) eluted before tube 17 (Fig.15) probably consists of 

10-HCO-H, PteGlu (tube 8) and possibly 5-HCO~H, PteGlu (tube 

13) with little 5-CH ~H) PteGlu (tube 13), which would have 
2 

been separated (Rf 0.40) from most of the radioactivity 

(Rf 0.08) by t.1.c. in solvent (c). Most of the radio- 

active non-conjugates however must represent other un- 

identified materials. These may include triglutamates 

which were isolated from fiver??? and Portuguese man-of- 

gee and which are Bris AAO. L. cect’. Little further 

evidence is available about the conjugates. 

Using a similar extraction and purification procedure 

liver folates showed a much greater growth with L.casei 

than with S.faecalis or P.cerevisiae before and after con- 
  

jugase was obtained and it was concluded that most of the
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derivatives were reduced and methylated derivatives of 

§4413 12¢ 
PteGlu - The results presented earlier in this 

thesis, however, showed that a natural folate which was 

active only for L.casei was not 5-CH ~H, PteGlu and there- 
3 

fore those conclusions based only on differential micro- 

biological assays should be viewed with caution until sub- 

stantiated by other methods. With controlled autolysis 

during extraction procedures thie amounts of conjugates 

121,243 and may account for the low levels of 

163,164,165 

were lower 

and the absence of 

; : ; eo Lie 
conjugates in leukaemic cells of the mouse, mouse liver 3 

166 
and in human liver biopsy material . Autolysis has 

conjugates reported for rats 

caused further confusion since extracts of liver formed 

after uncontrolled autolysis had a relatively different 

growth response to fhe three Grtaanmre? than had ii 

or blooa?2© extracted without autolysis and then treated 

with purified conjugase before assays were performed. Thus 

autolysis is unsatisfactory when determining either the 

folate levels or the types of compounds present and the 

procedure used in this work were designed to minimise any 

autolysis... 

An increased microbiological response, after prior 

treatment of folates with conjugase, was also found in red 

blood belist ot, marine cue Wauperaar’ and yeusk le . 

Conjugates therefore probably occur universally. Early 

work on yeast folates led to the isolation and synthesis 

: O 
of PteGlu LAL More recent work?" 

7 

tained five conjugates which were separated by and eluted 

showed that yeast con- 

with a stronger buffer than triglutamates from an ion- 

exchanger. After conjugase treatment these materials had
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differing responses to L.casei, S.faecalis and P,cerevis- 
  

iae. By comparison with the earlier isolation of PteGlu. 

the authors assumed that all five conjugates were hepta~ 

glutamates although they stated that "the exact degree of 

conjugation of yeast folates is unknown" and that "more 

substantial evidence was being sought". No such evidence 

has appeared. Indeed the occurrence of even higher folate 

ped gx hak aka ees in yeast was indicated by the isolation of 

D=waminobenzoylglutamates containing 190 to 11 glutamic acid 

residues*'>, Four lines of evidence, namely behaviour on 

ion-exchange column, microbiological assays before and 

after conjugase treatment. and the isolation of FeeGlu., 4 

suggest that liver conjugates are similar to yeast con- 

jugates and are therefore polyglutamates. However, neither 

the extent of reduction, substitution nor the extent of 

conjugation of liver polyglutamates has been determined. 

It' was therefore decided to investigate the extent of con- 

jugation of rat liver folates by combining the previousiy 

established method of producing labelled conjugates 

together with the administration of labelled glutamic acid. 

It was then hoped to isolate doubly-labelled conjugates 

from which the extent of conjugation could .be accurately 

determined, 

High sp. radioactivity tritiated-glutamic acid was 

administered together with (2446) pteciu by stomach intub- 

ation to one rat. The liver was removed.after 24h, the 

radioactivity was extracted and the extract chromatographed 

en a Sephadex column (Fig.29). Most of the pteridines (te. 

labelled materials) were eluted at tubes less 20, indicat- 

ing that they had a molecular weight greater than mono-
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glutamates, Small amounts of IMG labelled materials were 

eluted up to tubes 50 and this confirms the ion-exchange 

elution pattcrn. (hie. 1ade The major labelled metabolite - 

found in the urine was ape from the liver extract, 

Tubes containing the major carbon-14 labelled and tritium 

labelled materials were clearly separated, Furthermore, 

the tritium/carbon-14 ratios, which indicate the extent of 

folate conjugation, were not conetant throughout any of 

the peaks. The presence of both tritium and carbon-14 in 

the same tubes was therefore due to incomplete separation 

of these labelled materials and not to doubly-labelled 

compounds, The experiment was repeated using a larger 

amount of glutamic acid (/img/kg) but again doubly-labellted 

materials were not obtained (Fig.21). Because of the 

possible lability of the tritium at position 2 (nominally) 

of the glutamic acid, it was conceivable that this lab- 

elling may have been lost before conjugate synthesis. The 

last experiment (shown in Fig.21) was therefore modified 

by using 1AGelabelled gicthaukc acid and tritiated-PteGlu. 

The liver extract was chromatographed on a DEAL-cellulose 

column and, despite the difficulty in assaying carbon-14, 

the fractions did not contain doubly-labelled materials 

(Fig.22). In the above experiments glutamic acid was not 

isolated from the liver extract and it was possible that 

it had been excreted or metabolised sufficiently before 

any incorporation of PteGlu into the liver conjugates had 

taken place. The experiment was therefore modified by ad- 

ministering tritiated-PteGlu 3h before io _sluvamic acid 

(4mg/ke). The liver was removed after 24th, the radio- 

activity extracted and chromatographed on a Sephadex
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column (Fig.23). No doubly~labelled materials were obtain-~ 

ed, Urinary folates did not contain doubly-labelled mater 

ials when chromatographed on a Sephadex column (Fig. 24) or 

when materials were purified through a florisil column and 

then by.:t.1.c. (Table 22), 

Therefore, under the above conaeeiow “the de novo 

synthesis of hepatic folates was not accompanied by the 

incorporation of labelled ei utanae acid. However, despite 

attempts t» increase the administered glutamic acid to a 

level which would not have been completely metabolised 

within 24 hours, glutamic acid was not isolated from the 

homogenates. It was not, therefore, ruled out that the 

Lavied administered as glutamic acid was absorbed as such 

or that the glutamic acid was netabolised at a much greater 

rate than the synthesis of conjugates from PteGlu. Both of 

these seem unlikely since the label in both labelled Ou 

and Lt) forms of glutamic acid. was absorbed and most of 

the label as folate was converted into conjugates within 

6 hours. Two deductions are possible. The first is that 

the conjugates do not contain glutamic acid and emphasises 

the tentative nature of the present suggestion that con- 

jugates are peptides containing glutamic acid residues. 

The second is that, if conjugates are polyglutamates, then 

the glntamate residues were derived from a source other 

than glutamic acid itself. The explanations of these con- 

clusions however will remain speculative until the bio- 

synthesis and structure of hepatic folates are determined,
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Our knowledge of the fate of folates in vivo is 

limited largely by our lack of identification of the nat- 

ural forms of folates. The approach, described previously, 

was designed to clearly characterise the intermediates Ed 

the results were both disappointing and rewarding. The 

identification of folates was minimal, but, even with this 

limitation, several deductions can be made and will be 

considered in this section. 

Reports disagree about the absorption of folates. 

Different authors have concluded that PteGlu is absorbed 

1316 5 125,154,216 151,155,156 metabolism, either with or without 

Some misunderstanding may also have occurred because "ab-~ 

sorption with (or without ) metabolism" can be interpreted 

differently. The work presented earlier established that, 

in the rat, metabolism of PteGlu is not a prerequisite for 

absorption, The relatively high metabolic rate of the 

intestine may however cause some metabolism, This con- 

clusion was derived from assays and chromatography of 

blood samples, the effects of flushing doses of PteGlu and 

purification of ied Ria folates, 

When doses of labelled PteGlu (ranging from physiol- 

ogical to large doses) were administered orally, the 

radioactivity in the urine continuously declined and 

PteGlu was not excreted in the urine collected for up to 

7 days. More abrupt changes occurred in the radiractivity 

of blood samples and two peaks of radioactivity were 

present in systemic blood in the 24 hours after admin-~ 

istration. After a dose of 320ug of PteGlu/kg the earlier 

(minor) of these peaks contained PteGlu and the PteGlu 

declined slowly to an undetectable level at 34 hours after
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administration. A large flushing dose of non-labelled 

PteGlu, given (orally) shortly after the complete absorpt- 

ion of the labelled dose, produced an increase in radio- 

activity and labelled PteGlu in the urine. Shortly acter 

the administration of a large preloading dose, some of a 

labelled PteGlu dose was excreted in the urine as PteGlu. 

Some of the labelled dose was therefore absorbed as PteGlu. 

Unfortunately, using these eateuts folate assays, it. was 

impossible to obtain an accurate estimate of the extent of 

metabolism, if any, during abscrption, because of the 

rapid metabolism after absorption (which will be discussed 
~ 1 5 

later). Cohen". using differential microbiological 

assays was able to show that metabolites (5-HCO-H, PteGlu 

and 5-CH,-H), PteGlu) accumulated on the serosal side of 

everted-sac preparations, and, although he concluded that 

this. was due to metabolism of the mucosal PteGlu, the poss- 

ibility of diffusion of endogenous folate was not ruled 

aie out. Baker al’ 35 using bioautography, showed that, IS
 

after oral administration of PteGlu to humans, the L.casei 

assays of systemic blood were much higher than S.faecalis 

assays; whilst after parenteral administration both L. 

casei and S$.faecalis assays were increased. They concluded 

that the most likely place for metabolism was during ab- 

2 sorption, Although these radiochemical dceterminations 

showed only very low levels of PteGlu (some 9.02% of a 

dose of 320ug¢ PteGlu/kg) in systemic blood, a comparable 

amount in the human studies of Baker et al-would have pro- 

duced a large microbiological response. Their lack of 5S. 

faecalis growth may therefore suggest absorption with — Ooo 

metabolism, however their results were confusing because
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they obtained an increased S,faecalis sel viey im the 

urine, When the experiment was repeated PteGlu was present 

in systémic blood (Blair, J.A. and Leeming, R.J., umpub- 

lished results). Thus it would appear that PteGlu can be 

absorbed without metabolism in both the rat and in humans. 

The absorption of naturally-occurring folates, however, 

may be different. The absorption of tritiated-H,PteGlu and 

~H), PteGlu in humans caused an increase in growth-promoting 

activity for L.casei but no increase for S.faecalis (which 

grows with H,PteGlu and H, PteGlu) in systemic blood and 
2 

the authors concluded that metabolism to 5-CH,-H) PteGlu 
2 

had occurred during asorption?<. However, the peak of 

radioactivity occurred significantly (in my view) earlier 

than the peak of L.casei growth. This suggests that folate 

of high sp. radioactivity was absorbed before it was con- 

verted to a folate of low sp. radioactivity when assayed 

with L.casei. Such results are consistent with the ab- 

sorption of some of the H,PteGlu and Hy) PpteGlu without met-— 

abolism. Further studies are required with r,PteGlu and 

H),PteGlu to investigate this and to determine the met- 

abolites. The results presented previously Showed that the 

natural diastereoisomer of pee, Hy Peete was excreted 

largely unchanged and suggests that it was absorbed as 

= : P25 ge bk? 
5-CH ~H) PteGlu. It has been suggested that the ab- 

3 

sorption of 5-HCO-H) PteGlu (determined by microbiological 

assays ) was accompanied by metabolism to J7 CH, =H PteGlu, 

but evidence in this laboratory (Beavon, SOR Gio. and: Bad x, 

J.A., unpublished results), using 5-1c0-H, [2+4c]pteaiu, 

suggested the converse was the case, Both these studies 

were done using racemic mixtures. Since only the L-isomer
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is microbiologically active,.these conclusions may reflect 

differences in absorption and/or metabolism of the two 

isoners. Few studies have compared the two isomers. One 

such investigations” reported (with esoteric argument) 

that the L-isomer was taken up preferentially by P.cere- 

visiae but the importance of this mechanism requires 

further studies. It would appear then that folates in 

mammals can be taken up without metabolism. Furthermore, 

there would be little advantage im an intestinal conversion 

of all food folates to FRG Hs HOO Le (except in certain 

cases of liver disease). 

At physiological doses only small amounts of folate 

were excreted whilst at larger doses the percentage ex- 

creted increased suggesting that there was a saturation 

level of folate conversion in normal nutrition and that 

the dietary excess was excreted. Dietary levels of folates 

may be stored to a certain (unknown) degree. Chromato- 

graphy of urine and blood samples gave rise to an apparent 

anomaly in that, PteGlu was present in the blood during 

the maximum excretion of folate but was not itself ex- 

creted. The probable explanation is that ‘che concentration 

of PteGlu (15ng/m1) did not reach the maximum kidney re- 

absorption rate (for which the level in dogs was 0.O4Ug of 

PteGlu per 10g of kidney per single pass?" 3, even after a 

dose of 320ug of PteGlu/ks. It was also noticed that the 

rate .of disappearance of PteGlu from the blood (about 

0.2ue¢/ke/h) was much less than its rate of metabolism 

(>20u¢/k.¢/h Beez the same period) and suggests that the 

rate of disappearance of PteGlu from the blood was reduced 

possibly by a reversible protein binding. PteGlu was ab-
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187 25,157,199 
sorbed onto milk- and serum-proteins There 

is however little information on the rate of POpation or 

of breakdown of these complexes although "both rates 

are presumably high"®, There is no evidence to show 

that the binding is specific for either the folate or the 

protein and may involve weak ionic, hydrophobic or hydro-. 

gen bonds or the formation of charge transfer complexes. 

More recent. studies n”* on the physiological role of prot- 

ein binding of natural folates (studied with o- OHH 

PteGlu) showed that there was no relationship between the 

free folate and the folate excreted in several diseases” 

whilst in pregnancy the free folate was increased but the 

excretion was decreased. The physiological importance of 

protein binding is therefore unknown. 

The excretion of radioactivity up to 10 days after 

doses of Llabelled-PteGlu and ~5-CH.,-H, PteGlu suggested a 

half time turnover of 10 to 100 days (depending on the 

dose). Even considering the low radioactivities (and assoc- 

iated errors) involved this was a much lower turnover than 

that using tritiated. PteGlu®. Dr.Thenen's use of tritiated 

pteGlu may be affected by tritium exchange reactions bie a 

further comparison must await publication of her results. 

In these experiments the compounds excreted (5-CH,-H), - 

PteGlu and others) represented only about 10% (see below) 

of the liver folates and therefore the half-time turnover | 

is a measure of the turnover of hs Wala eget tr and other 

folate monoglutamates. A further complication is that some 

of the radioactivity would follow the turnover of red 

blood cells:‘or the movement from one folate compartment to - 

another and therefore the usefulness of such a determin-



2D 

ation is doubtful. 

Investigations of the biochemical pathways is depend- 

ant on characterisation of folate intermediates. Few in 

vivo studies have been done in mammalian systems and 

identification of folates has been sporadic and sparse, 

BLocnens coames Phas have largely been determined in vitro 

on enzyme extracts, homogenates or in non-mammalian 

systems. Identification of folates in mammals has almost 

entirely been done by comparing microbiological assays 

with the response to synthetic folates. However, not 

enough is yet known about folates for microbiological 

assays, on their own, to be used for folate identification 

and were only used, in this study, to confirm identificat- 

ions and to determine specific radioactivities. Methods of 

separation and identification have now been developed and 

the next era will hopefully be characterisation of folates, 

Radiochemical approach was the most useful technique used 

here with t.1.c., and was particularly useful for monoglu- 

tamates and simple nkewidineaobus preliminary studies with 

DEAE-cellulose and Satiegi produced only marginal ad- 

vances for liver folates. However some interesting ideas 

were forthcoming, 

The urinary compounds excreted after a dose of PteGlu 

were largely Joe Peete and an unidentified compound. 

Sp.radioactivity déterminations at different doses suggest- 

ed that these Mceni both watnraliy excreted folates in the 

rat. The identification of 5-CH,-H) PteGlu as a urinary fol- 

ate is consistent with more recent microbiological assay of 

urine and with serum 27 CH= ,PteGlu, identified by bio- 

autography of human seruml68, and of the increased L.casei 2
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response with the serum of other eats wh The excretion 

of two folates is confusing, since 3-CH,-f, PteGlu was by 

far the major metabolite in humans. The two com- 

pounds were however excreted on subsequent days after ad- 

ministration and were not therefore due to overloading of 

folate in’ the body. The second compound was unidentified 

although it may be of worthwhile interest to speculate 

that the compound was 5,10-C(COOH)=I, PteGlu or the re- 

arrangement, 10-CO(COOH)-H), PteGlu and reduced, 5,10-CH. 

(COOH)-H, PteGlu derivatives. Chromatography of these com- 

pounds compared to other synthetic folates would be influ- 

enced by the additional carboxyl group, which «Sula cause 

a reduction in Rf value in alkaline solvent systems and 

would only be eluted by stronger buffers on ion-exchange 

chromatography. Similar properties are shown by di- and 

triglutamates. Similar chromatography was exhibited by the 

uriidentified compound yet gel-filtration suggested that 

the compound was a monoglutamate, Biochemically a link 

between folate and ascorbate exists. Ascorbate increased 

the excretion of PteGlu in the rat but not in the guinea 

Boe ee 
PLE . The results presented here suggest that ascorbate 

increased the excretion of the unidentified material when 

5-CHi,-H, PteGlu, a natural folate, was nGininketored. A 

similar study in humans using PteGlu showed that the com- 

pound was not excreted (Leeming, R.J. and Blair, J.A., 

unpublished results) suggesting a difference between the 

rat and humans. In both humans and guinea pigs ascorbate 

is °a.vitamin, whilst :the nat® can: synthesise ascorbate tor 

100 
which a folate requirement has been suggested  ~, Unfort- 

unately, little is known of the function, synthesis and
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metabolism of ascorbate, but-most of the oxalic acid and 

glyoxylic acid excreted in the urine is derived from 

ascorbate. Glyoxylic acid condenses with Hy) PteGlu giving 

5, 10-CH(COOH)=H, PteGlu which is readily oxidised to 5,10- 

c(COOH)=I, PteG1u?’, These reaction products are analogous 

to those formed by the condensations of formaldehyde and 

formic ‘acid wath Hy) PteGlu and enzymes catalysing these 

reactions have been taqtetad hiss hypothesis, then, ex- 

plains the observed link between ascorbate and bohibs in 

the rat as a branch point between one- and two-carbon der- 

ivatives of 1, PteGlu. The sp... Padioactivities: ot eect e 

isolated in the urine are consistent with this hypothesis 

(discussed later). 

Methods were thus developed which would both lead to 

the isolation of metabolites without decomposition and 

would distinguish them from PteGlu. The methods were then 

used to study both the extent and pathway of metabolism, 

Urinary and hepatic folates isolated 24 hours after the 

administration of 320ug PteGlu/xg, did not contain PteGlu 

showing a rate of metabolism of at least hug of PteGlufk.g/ 

hour. Furthermore, since most of the absorbed radioactiv- 

ity was excreted in 5 hours, the rate of metabolism of 

PteGlu was at least 20ug/k g/hour. Flushing doses also con- 

firmed this, whilst a dose of 1.6mg of PteGluAcg was not 

completely metabolised under the same conditions. Since 

the metabolism involved reduction, the rate of metabolism 

of: reduced folates is likely to: be higher than for. PvEeGiu. 

This rate of metabolism is much greater than that required 

to convert the dietary intake of folates into body folates. 

One of the metabolites was oC wee Earlier
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results also suggested that PteGlu was metabolised to 5- 

OQ £ 

Ciao, bE teGlu in husene’ but later observations, using 

tritiated PteGlu, suggested that the urinary 5-CH 
3 

PteGlu was derived by dteplacenentl?-, The displacement 

~Hy, ~ 

wes shown in only 10 out of 14 subjects and should be 

viewed with caution because other metabolites and folate 

! 
decomposition products were present. Work with L2ttc jpteciu 

in humans suggested that metabolism had taken place, al- 

though the metabolites were not identified’, he rate of 

metabolism of PteGlu in humans has not been determined. In 

these experiments most of the retained radioactivity was 

present in the liver and, since all the known folate co- 

enzymes occur in the liver, it seems reasonable to suppose 

that most of the metabolism took place in the liver, 

Using labelled-PteGlu enables one to carry out dilut~ 

ion analyses and thus estimate the extent of metabolism 

and folate pool sizes, assuming that the labelling is com- 

pletely and evenly distributed throughout the folate pool. 

Although this assumption ears for the final distribution 

and for subcellular Midctionas it ds. clearlynot true 

for the in vivo physiological experiments used here and 

approximations must be made for rates of absorption, met- 

abolism and excretion of the label . (discussed above), 

The labelled 5-CH ~H,PteGlu excreted on day 1 after oral 
3 

doses of 3.2, 32 or 320ug of PteGlu/kg showed that the 

absorbed dose had been diluted by 100-200uUg of folate. 

Thus the absorbed dose had (on average) been metabolised 

and distributed into half the total hepatic folate (20ug¢/ 

12 
@), determined by L.casei « The total folate pool how- 

ever is likely to be larger since, during synthesis of
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hepatic folates, radioactivity was being excreted without 

being metabolised (with accompanying dilution) further. 

This was confirmed by analysis of liver folates which 

showed a further (5 fold) dilution when assayed 24 hours 

after. administration.. The. specific radioactivity of ae 

Hy) PteGlu isolated on day 2 after administration was lower 

than on day 1 suggesting that the compound represented 

only a small part of the liver folate and was diluted fur- 

ther by the relatively low folate intake (~5ug) compared 

to the total hepatic folate (#300ug). Plushing doses pro- 

duced a further (10 fold) dilution establishing that the 

compounds excreted represented only a small pool of the 

total folate since the absorbed flushing dose (about 1091¢ 

of PteGlu/kg) would have produced only a slight (<1.5 fold) 

dilution if it were distributed throughout the body folate. 

Thus orally administered PteGlu was rapidly metabolised 

into a normally small folate pool and this was further 

metabolised into the major folates within 24 hours, The 

folate pool contained two metabolites, ere hari e FOe and 

the unidentified material, which were excreted. 

The dilution of the unidentified compound was depend— 

ent. on the dose and dilutions were less than the 27 CH ar 

H) PteGlu. The compound excreted in the first day urine was 

diluted by about 5 to 200Ug of folate, depending on the 

dose. This was unexpected and may reflect the differing ex- 

tents of further metabolism of the oral dose. The compound 

by a was derived from PteGlu and was extensively diluted 
° 

flushing dose of PteGlu. However, since the compound was 

' 
not diluted further on day 2 the compound, once formed, 

does not seem to be metabolised into other folates (or at
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least those folates which are formed from 5-CH,-H, PteGlu) 

and was not extensively formed by natural folates in the 

diet. Thus it appears that this compound was formed readily 

from PteGlu, was present in much smaller amounts and had 

a relatively lower turnover than 5~CH,-Hy PteGlu, The 

amount of the compound excreted and present in the tissues 

may be exaggerated by using PteGlu and indeed only a smali 

amount was formed from 5-CH ~H, PteGlu (Section II), .It 
a 

may be then that the naturally excreted compound was 5- 

a eee since it is difficult to reconcile the ex- 

cretion of two folates., These dilution results are there- 

fore consistant with i), PteGlu being the branch point (see 

above ) and hence the only other folates likely to give 

extensive amounts of the unidenvified compound would be 

HpPteGlu and H,PteGlu. Due to their lability, however, 

they are unlikely to be present in the diet. 

Thus, studies on the distribution and metabolism of 

PteGlu suggested that the liver contained a small pool of 

folates, containing o- CHR Ree ts but that the major 

folates were other derivatives which were not excreted. 

Other techniques were then used to investigate the path- 

ways of metabolism, the size of the pool and the nature of 

the conjugates. 

The physiological distribution of pach, nth, Peay ii was 

similar to PteGlu, the biochemical distribution however 

seemed different, AOC nek Sout was largely excreted as 

such. The dilution (about 5 fold) of the a i ee 

excreted on day 1 was much lower than that batout 70) 

derived from PteGlu and suggested that the body level of 

3-CH, =H PteGlu was 5 to 20u@ compared to 190-290ue of
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total. folate. The dilution which would have been incurred 

a 

ligible because the level (62ng/m1) of 5-CH 

by the serum level of 5-CH ~H) PteGlu would have been neg- 

att 2 . si le 
3 Ms teGlu in 

the serum is very small.compared to the doses used. The 

dilution was inene epee mainly caused by the liver folate 

and the results indicate that only 10% of the total 

hepatic folate was Bee ae Oe An approximate measure 

of hepatic d-CH,-H) PteGlu can be obtained by comparing the 
a 

L.casei assays above S.faecalis and P,cerevisiae assays. 

Unfortunately the relative growth of these three organisms 

is dependent on the extraction and assay procedures and 

values of 5-CH,-I, PteGlu have varied from 0 to 100% of the 
3 

total folate which, in: turn, “has varied: from 0, 1.To 20ue/¢E 

Q 
. oO : ; . : * 

of Liver: > However, E consider (for reasons which are dais- 

cussed earlier) the best estimate was that reported by 

2 ’ 
Ba Pde eb. 1S suggested that 75% of the total hepatic 

: : f 

folates were conjugates and of the non-conjugates, 67> was 

5-CH.,-H, PteGlu. This suggests that the level of 5-CH,- 
i248 3 

Hy) PteGlu was 17% of the total folate, slightly higher than 

the value reported here from dilution studies. This dilut- 

jon analysis could be extended to the study of 270H “By 

PteGlu levels and metabolism in diseases and should be a 

useful tool to investigate the methyl-trap hypothesis in 

vitamin Bio deficiency. 

Little information was forthcoming on the pathways of 

metabolism. PteGlu was metabolised into liver folates 

within 6 hours, but only low levels of radioactivity were 

present in monoglutamates when extracts were taken from 

6 hours to 10 days. This suggested that the percentage Q 

of folate present as-“monoglutamate was low and that this
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could be accounted for largely by the poCh. =H Pest u The 

formation of 2-CH,.-H, PteGlu from PteGlu could not be 

determined because of the low levels of monoglutamates and 

the rapid metabolism, It may involve reduction, conden- 

sation with formaldehyde and then further reduction. If 

5-CH,-H, PteGlu proves to be the only natural monoglutamate 
4 3 

in the mammalian liver, then a suitable role as a trans- 

port folate seems predictable since J~CH,-H, PteGiu is also 

exclusively present in mammalian serum and urine. The role 

of 5-CH “i, PteGlu as a transport folate would be advant- 
3 

ageous over other reduced monoglutamates. 5-CH ~H, PteGlu 
a 

is more stable than H,- and Hy) PteGlu and is not affected 
2 

by smail (physiological) changes in pH of the medium or 

changes in different buffers as are other reduced mono- 

glutamates, 

Less is known of other forms of folate. Our knowledge 

of the chemistry of conjugates has advanced only slightly 

since the late 1940"s and conjugates are still referred to 

as storage forms of folate. The term storage can, however, 

be misleading since it implies that they are metabolically 

inactive. Because we do not know the function of conjug- 

ates -does not imply that they are inactive. Indeed in all 

cases tested, purified enzymes utilise di- and triglutam- 

ate forms of folate either equally or more effectively 

than monoglutamates and mS te can act as substrate for 

106 Pode he. senuHetasee: On the question of storage, it is 

interesting to see that bacteria and plants, which can 

synthesise folates, contain conjugates and suggests that, 

in these organisms, the conjugates are not merely storage 

forms. The conjugates in different organisms, of course,
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may not be the same, 

Work in this thesis showed that several forms of fol- 

ates existed and that there were several forms of con- 

jugates. If conjugates were the storage forms, the quest- 

ion to be asked is “Why are there several forms of a stor- 

age folate?". This work also showed that, in vivo, only a 

small part (about 10%) of the total hepatic folate was 

present as oer a Eber a Sr that in homogenates, only 

small amounts of other monoglutamates were present and 

that these may have been derived by the decomposition of 

other folates, 

+ would therefore appear reasonable to suggest that 

the coenzyme forms of folates were not monoglutamates. The 

tissue pattern would then appear as summarised on the next 

page. In the tissue the major forms of folate are shown as 

a coenzyme pool and also involving storage folates which 

are represented as being of a much lower concentration 

than the true coenzyme forms. The size of the two pools 

and their chemistry are as yet unknown. Because the 

structures are unknown at present the advantages of these 

forms of folate over monoglutamates cannot be estimated 

but may be a structural one. The structural necessity of 

conjugates (suggested by ionophoretic studies as contain- 

ing 5 or 6 glutamic acids) in Ty bacteriophage was 

suggested since the removal of one of the 6 glutamic acid 

molecules completely inactivated the phage. Nothing is 

yet known of the biosynthesis of conjugates.
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Fig.l Enzymatic Interconversion of Folates 
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Fig.2 The Biosynthesis of Pteridines and Folates 
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Fig.3  Interconversion of Pteridines 
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Fig.4 The role of folate 

2 amino-N ribosyl 

acetamide 5* phosphate 

5, 10CH=H, PteGlu \ 

H,PteGlu 

10-HCO-H, PteGlu 

    Hy, PteGlu 

A wv 

adenylic guanylic 

  
  

carbamylphosphate 

orotic acid 

| 5, 10CH,-H, PteGiu 

  

   

    
uridylate 

| 
sa     

  

prolonged protein synthesis 

»< 
cytoplasm 

megaloblasts 

i. 
a    

in megaloblastic anaemias. 

5CH,~Il, PteGlu 

cots 

Se met, 

PteGlu —+ H,PteGlu 

eee 

eS 
DNA 
Po 

decreased mitosis 

ee 
immature immature nucleus 

anaemia 

NUCLEAR-CYTOPLASMIC 

ASYNCHRONISM 

bale



Eig cb Dy L0-CH, =H, PteGlu prepaned: by a modification: of 
he 

Blaix ands: Saunders wave spectral data, 

BLY. 
(9. 1N~sodium 
phosphate buffer) 

pil a:3 
(0, 1M-Na0OH ) 

pH 1 (0,1M-HC1) 

Dit lavas er oimidad , 

pH max min ratio _ Emax 

(nm) (nm) (Amax/Amin) (x1077) 

1.0208... 245 2.8 a2.% 

7-9 296 253 Bi 27.6 

13.05 497° 253 2.7 25.4



(
T
H
)
 

s
u
m
o
,
 

ofc 
pCO? 

Ot 
ce 

CZ 
CT 

S
E
 

e
e
 

1 
H
S
 

tH 

  

i | Vv 

A
Y
T
A
T
Z
O
C
O
T
p
R
e
y
 

e
 

4 
—
 

t
t
 

TIN 
O
-
H
 

T
O
R
 

 
 

 
 

O
U
T
S
 

f
e
e
 

| 
} 

~
~
 
I
3
2
e
m
 

U 
*
9
X
O
9
 

009. 
U
T
 

p
e
q
t
z
o
s
o
m
 

se 

e
t
9
m
 

U
O
T
I
n
N
T
S
 

p
u
e
 

u
c
t
z
e
o
s
r
t
t
d
d
y
 

"
M
U
N
 
T
O
O
 

[
T
I
S
E
I
o
T
 Fs 

- 

 
 

 
 

e 
Mors 

HTDe4d 
“H-HO[OF 

eZ)-S 
FO 

STtyoad 
w
o
T
I
n
i
a
 

yg°8ta 
$ 

-



Fig.8 Radioactivity in blood atter orat doses 
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Peta 9 : Distribution of radioactivity in the nrine after 
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Table I. Response of L.casei, S.faecalis and 

P.,cerevisiae to synthetic folates and pteroic 

Compound L,casei S.faecalis P,cerevisiae 

“pteroie acid* ~ + , , 

PteGlu* + a ee 

1L0-HCO-PteGlu* + + . 

7, 8-H, PteGlu* + + = 

d-HCO-H, PteGlu . + + a 

10-HCO-H,PteGlu + oe - 

Hy, PteGlu + + se 

5-HCO-H), PteGlu* a + + + 

1O-HCO~-E, PteGlu + + z 

5-Cll,-Hy PteGlu + 3 - 3 2 

9-CH,, “Hi, PteGlu* + ~ = 

PteGlu, + Pe Z 

PteGlu, + Se a 

Hy heeelu,, + -? + 

PtsGiu, ~ ~ a 

Data are a combination of synthetic compounds 

determined (*} and literature Walues tte), 

+ indicates a response of at least 50% of the maximum; 

‘- indicates a response less than 5% of the maximum,
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Table 3. Cons Ci tuermesior -f£oo0d used inwall animal 
  

experiments 

Food was diet 

by the suppliers. 

Crude protein 

Crude oil 

Fibre 

Digestible oil 

Digestible fibre 

Leucine 

Glycine 

Lycine 

Valine 

Arginine 

Tsoleucine 

Phenylalanine 

Threonine 

Tyrosine 

Histidine 

Methionine 

Cystine 

Tryptophan 

Calcium 

Phosphorus 

Calcium:phosphorus 

Sodium 

Chloride 

41B and the 

% by weight 

17. Ne
) 

J
t
 

ON
 

pa
 

3)
 

9 

2.7 

4. 35% 
2.114 

1.723 

1,08 

0.981 

0.877 

0.837 

0,801 

0.710 

0.674 

0.555 

0.362 

0.326 

0.309 

0.261 

FoLpe acid 

values are those published 

0.38meg/1b. 

Vitamin B,, 6.4ug/1b. 

ng/Lb 

Choline 595 

Inositol # 100 

Niacin 25.0904 

Vitamin EF 8.698 

Pantothenic acid 6.801 

Thiamine 2,809 

Pyridoxine 2 

Riboflavin B,53S 

Biotin 0.41 

r.Up/ ibs 

Vitamin A KGL 

Vitamin D,, 1169 

p.-p.m. 

Tron 65 

Manganese 3A 

Zine 8.29 

Copper ti 

Todine 4,48 

Cobalt 9.89



Table 4 16-HCO-PteGlu prepared by a modification of 

Silverman, Law and Kaufman 

U.v. spectral: datas in. 051M. NaOH 
  

max min 

| (nm) (nm ) 

Product 258 367 8322 

Let Go rets 

ao 250 370 320 

Fluorescence spectrum in 0.1M 
  

Excitation 365 

XN 
300 3h0 380 420 

. 

=
 

Se
 

    

258. 258 25S 
(zig) Agen Agoa 

32 lel nia 8 

ig 4.5 13 

NaOH 

460 

/ Emission 

60 500° 540 

Wavelength (nm)
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Table 6 

this work 

Thin-layer chromatography of compounds used in 

Samples of fluorescing compounds (0.2 to lug) and of 

a,v.e-absorbing compounds (2 to 10ug) were applied in 2yul 
to cellulose plates (0.2mm thick) and developed to 10cm 
from the origin in solvents containing 0.5% (v/w) 2- 
mercaptoethanol, ; 

Compound 

2-amine- 

4e-hydroxy- 
pteridine 

(Pt) 

6 hydroxy- 
methyl-Pt 

6-formyl1- 
Pt 

6-carbexylic 
acid-Pw 

Xanthopterin 

Iso- 

xanthopterin 

Biopterin 

PteGlu 

10-HCO-PteGlu 

D Hot teGlu 

H) PteGlu 

Characterisation 

under u.v Light 

Blue fluorescence 

Light-blue 

fluorescence 

Li ght-blue 
fluorescence 

Light-blue 

fluorescence 

Green fluorescence 

Light-blue 

fluorescence 

Light-blue 

fluorescence 

U.v.-absorbing 

Light-blue 

fluorescence 

Light-blue 
fluorescence 

U.v.-absorbing 

5-HCO-H, PteGlu U.v.-absorbing 

5,10-CH=H, - 

PteGlu 

S10-0H, “nH, = 
piscin -.-* 

JuGe,, 

p-aminobenzoyl 

-glutamic acid 

Glutamic acid 

White fluorescence 

U.v.-absorbing 

Rf value 

  

Solvent Solvent Solvent 

(a) 

0.55 

0.48 

0.38 

6. 34 

0.00 

0.65 

0.55 

0.43 

0.69 

0.38 

0.85 

(b) (ec) 

(some decom- 
position) 

~H) PteGlu U.v.-absorbing 

Purple 

fluorescence 

Purple colour 

after ninhydrin 

staining 

0.63 

0.77 

O.40 

0.53 O.4% 

0.48 - 

0.68 O,.53 

0.58 GO, 32 

Oo. 61 0.16 

0.40 oc17 

0,63 O.49 

0.50 GO: i2 

0.92 O.30 

0.39 0.30 

0.78 0.35 

eo 7 O54. 32 

0.65 Decom~ 
position 

0.92 0.28 

0.85 0.55 

0.94 O47



Table.7, Chromatography of pteridines and folates 
  

on Sephadex-G15. 

Compounds were applied in and eluted with 0,1M ammon- 
ium acetate containing 0.2% (w/v) ascorbic acid, pH 7.0. 
1.08m1 fractions were collected, Flow rate was 7.9ml/h and 
the column height 41.5cem, Elution volumes (ve) were the 
peaks determine d from elution profiles. 

  

  

     

     

   
   

  

    

    

Compound Assay technique Ve 

(m1 ) 

Casein u.v. absorption 14.34 (Vo) 

Glutamic acid oa counting 19.5 

5-CH,-H,, PteGlu, u.v. absorption (300nm) Lye 0 

PteGlu, u.v. absorption (300nm) 24.0 

5-CH,-H, PteGlu it Go2. a counting eo 

190-HCO-PteGlu Pt ee counting oo 
i 

5-HCO-H, PteGlu *SecX: a: counting 36.9 

2-amino-4-hydroxy= _ Fluorescence 
pteridine (Ext.353; Emm. 450) 49.8 

l 
PteGlu tet & counting 4Q,2 

Pteroic acid S.faecalis about 56.5 

Fig.7. Relationship between elution from Sephadex-G15 

and molecular weisht,. 

2.0- Pteroic,@ =-0,835 

} © PteGlu 
> ‘ 1,50 Pterin 

{ 

} 

1.04 : I~HCO-H) PteGlu 

10-HCO-PteGlu© 
\ 

Cea Glu o! PteGl ArOH,, “Hr tes u 9; v eG Ma 

A Glutamic 

5<-CH,-~H, PteGlu 

v ? & 2 t 3 S - 39 compet 

200 300 400 500 600 700 800 

folecular weight (log scale)
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Table 20 Chromatography of synthetic folates on D@AB- 

cellulose column, 
  

Data are taken from Silverman et aiit3 Wittenberg 

et al end Bird et ait ueine columns made and eluted in 

a similar way to those used here (see Methods section). 

Compound Tube Number 

10-HCO-H, PteGlu 8 

10-HCO-H,, PteGlu 9 

10-HCO-PteGlu 10 

5-HCO-H) PteGlu ce 

Bnet. iH, PteGlw 13 

HW), PteGlu 

LD 
1O-HCO~H) PteGlu., 

5-HCO-H, PteGlu i 3 bs 
RE aaa D+ 5 CHL, H)PteGlu, ) 

H,PteGlu 26 

PteGlu 29 

PteGlu 38 
3



Table 21 L,casei. response -to hepatic folates separated by 
  

ion-exchange chromatography and treated with . 

conjugase. 

80ug of (2ttejrteciu (125uCi/mg) were administered to 

one rat previously starved for 3 days and the liver re- 

moved after a further 2th, Radioactivity was extracted, 

chromatographed on a DEAK-cellulose column and fractions 

assayed for radioactivity (Fig.15). The amount of folate 

in selected tubes was then determined by the growth of - 

L.casei before and after treatment of the fractions with 

chicken pancreas conjugase. The sp. radicactivities of 

folates were then calculated. 
' 

Sp. radioactivity (yCi/mg of PteGlu) 
  

Tube number before conjugase after conjugase 

treatment treatment 

in 8.4 2.9 

6 >5.6 ek 

8 >8.4 5.8 

11 | >17.6 11.9 

13 i ete: a 

15 37.9 14.6 

18 >76.0 6.4 

22 >31.6 To 

AG. BOO.0 9.4 

29 PO3.2 7.4 

38 >20.4 $.3 

43 $5.6 10.2 

6 >16.0 2.8 

LS 9 a 8.0
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OP RADIOACTIVITY: 

   | DETECTION AND ASSAY 

 



. LIQUID SCINTILLATION SPECTROMETRY. 

The high counting efficiency of scintillation spect- 

rometry has led to its almost universal use in the detect~ 

iom of weak 8 emitters such as carbon-14 and tritium. The 

difficulties which may arise in determining these isotopes, 

particularly im biological syatenis, are the low solubility 

of aqueous solutions in organic scintillators and quenching 

effects of coloured solutions. The following is an acc- - 

ount of the counting procedures used on such solutions 

isolated during work.for this thesis and on the available 

ins trudentetions 

Experimental 

Lebelled samples, Urines Geiiectod in acid (see the 

Experiwental section) were deep brown and contained a ron- 

radioactive dark brown/black sediment which was removed 

by centrifuging the urine and decanting the supernatant. 

Urines collected in alkali (see the Experimental section) 

were pale amber. Aqueous solutions, imcluding extracts 

from t.1.c. plates, varied from colourless to deep brown, 

The prescence of a fluorescent indicator in the cellulose 

had no effect on the counting rate. Tissue and faecal 

samples were assayed after combustion, see ref.(i). All 

these samples gave colourless solutions with similar 

counting efficiencies and will not be dealt with further, 

Scintillator. Toluene scintillator, rer. Cis), and 

triton-X100 scintillator, ref. (iii), have been success-= 

fondly used for counting of aqueous solutions, but work in 

this laboratory (Dransfield,&. and Beavon,J.R.G,, unpub- 

lished results) has shown those scintillators unsuited 

for coloured samples with low count rates, either because



of low counting efficiency, pet oiwed chemiluminescence, 

or both. The scintillator used was NE220 (micdieat Emter- 

prises, Edinburgh, U.K) 

Method 

10m1,. of NE220 scintillator were placed in a quartz 

vial and a weighed ee (approx. 0.05m1.). of Crete}. 

hexadecane was. added. The vial was placed in an automatic 

liquid scintillation pect onstar (Nuclear Enterprises) 

operating at o°o. The gain was set at 25 and the sample i 

counted in a single channel set on integral mode with the 

lower discriminator set at 0.8V. The counting efficiency 

(c.p.m./d.p.m.) was calculated from the count rate. A 

pulse height spectrum was determined using a 400 channel 

analysor (Laben Spectroscope, model 400; Laben, Milan, 

Italy.) set at 20mV/channel. The counting efficiency and 

pulse height spectra were then similarly determined for 

successive additions of urine, The experiment was repeat= 

ed with higher gain settings and also with scintillator 

containing both (1-2*¢] hexadecane and C1,2-9R] hexadecane,. 

Sample counts were:'at least 5000 above background and 

efficiencies were determined by internal standardisation 

(adding the tritium first for doubly-labelled samples) 

using hexadecane standards (15 to khomg), diluted if nec- 

eeeary; to give a count rate about 100 times higher than 

that of the sample. 

Results and Discussion 

Fig.ITA-1 shows the pulse height (amplitude ) spectrum 

of carbon-14 alone ("unquenched") and after the addition 

of alkaline and acidic urines to the scintillator, The 

area under the spectrum (up to 10v) is proportional to the 

counting efficiency.



The effect of adding aikaline urine was to shift the 

spectrum slightly towards lower amplitude, showing that 

the addition of alkaline urine produces only a small 

quenching (chemical and colour) effect. Clear homogeneous 

solutions in NE220 were obtained with up to 0.5m1 of alkal- 

ine urine. The counting efficiency (at gain 50, lower dis- 

criminator setting 0,8V), Pett Peony. de with 0,69ml1 to 

73.0% with 0.21ml. Further additions lowered the counting. 

efficiency and above 0.4ml, spurious counting was observed, 

Alkaline urine samples were therefore routinely counted 

with gain 25 assaying 0.25ml. Under these conditions the 

counting efficiency for carbon-14 was 75% with a back- 

ground of 30c.p.m,, giving a "figure of merit,F" of 0.19 

and hence, for a counting time of lmin., the minimum 

activity which could be detected with a probability of 95%, 

Bak was 15d.p.m. 

Under similar conditions. acidic urine produced a 

much greater quenching than did alkaline urine, and this 

quenching was accompanied by an increased no. of pulses 

at low amplitude, characteristic of fluorescence, see 

Fig.IA-1. The pulse height spectra performed at higher 

gain (Fig.IA-2), showed a marked increase in quenching and 

fluorescence with the additionvot up, to.0.08ml. of urine 

and then little change up to 0.32ml. of urine, At gaim 50, 

the counting efficiency for carbon-14 was 60.3% and, with 

successive additions (0.02m1.) of urine up to 0.08m1., 

increased to 83.6% due to quenching of the amplified spec- 

trum to within the photomultiplier range. Further addit- 

ions, up to 0.32ml of acidic urine, caused only a slight 

drop in counting efficiency. Still further urine caused 

extensive precipitation and eventually two heterogeneous



solutions. Acidic urines were therefore routinely counted 

with gain 60 assaying 0.25ml of urine. The sede cieaey was 

85% with a background of 120c.p.m., giving F=0.006 .and 

Anan 24 -p.m. 

Colourless aqueous solutioms produced only slight 

quenching oh wit aa) effects and were counted with the 

gain set at 25 assaying up to 1lml. in 10ml. scintillator. 

The pulse height spectrum of tritium overlaps that of 

carbon-14 up to 4V, at gain 100 (Fig.IA-3). Addition of _ 

acidic urine caused quenching, fluorescence and a greater 

overlap of the spectra. Since the samples varied in their 

extent of quenching and fluorescence, radioactivity of 

doubly~labelled samples was determined by the simultaneous 

equation method, see ref.(iv), although this method gives 

more variable results than other methods, see ref.(v). In 

an attempt to obtain max. channel width with efficient 

counting of both isotopes in two channels, the channel 

widths (at gain 100) were 1.0V to 2.3V; difference mode 

(channel 1), and 2.3V; integral mode (channel 2) For 

acidic urine samples, the counting efficiencies in chann- 

els 1 and 2 for tritium were approx. 14 and 8% and for 

carbon-14 were approx. 16 and 69% respectively. The max- 

imum accuracy was obtained with the FH/14 6 ratio 10, see 

refs.(iw), (v) and (vi).



DETECTION AND LOCATION OF RADIOACTIVITY ON THIN LAYER 

CHROMATOGRAMS. 

Several methods exist for the radioassay of teil.c.; 

namely (a) external scanning, refs.(vii) to (xii);(b) rad- 

ioautography, refs.(xiii) to (xvi); (ec) elution followed 

by detection of radioactivity by G-M, ionisation or scin- 

tillation counting and (d) direct coumting of absorbent 

refs.(xvii) to (xix). 4 

Direct counting of absorbent requires the removal of 

reproducible scrapings by mechanical equipment and count- 

ing corrections must be made after evaluating self absorp-~ 

tion losses, on absorbent particles. 

Elution (with water) foliowed by liquid scintiil-~ 

ation counting (in NE220) was used for extremely low 

radioactivity (lmCi applied as a streak 20cm long. using 

an SA20 streak applicator, Burkard, Rickmansworth, Herts. 

U.K.). The method was accurate to £19%, but care must be 

taken to ensure uniformity of samples of absorbent and in 

extraction of radioactivity. The method relies on the 

quantitative elution of compounds but polar compounds can 

be exceedingly difficult to remove quantitatively,(ref 

xix). 

External scanning was done with a proportional gas 

flow (methane/argon; 1/10) counter (Desaga t.l.c. seanner 

12-2 supplied by Camlab, Cambridge, U.K, coupled to a 

rate meter and chart recorder. T.1.c. plates were scanned 

(300mm/h ) using a "windowless window't, the rate meter was 

set at time constant 10 and the chart drive matched to the 

t.1.c. scanning speed. The Wine detection was O.45muCi 

(see Fig. fA-4, upper trace) scanning a solution of



attic pteciu applied, in 1u1, to a t.l.c. plate (0.25mm 

thick, cellulose MN300uv; Macherey Nagel and Co., Durer: 

Germany. ). The accuracy, determined by removal and weigh- 

ing the area under the peaks, was +20% and is thus less 

sensitive and less. accurate than either direct sions 

of absorbent or elution. 2 

A disadvantage common to direct counting of absorb-- 

ent, elution and external scanning, however, is the inab- 

ility of these methods to show the shape of the radio- 

activity since only an average value of radioactivity over 

an area of the chromatogram is recorded. This disadvantage 

is sveseone by radioautography. 

Radioautography was performed on standards of carbon 

-14 applied to a t.l.c. plate (see external scanning) by 

placing Kodak AR1LO and AR5O stripping film (Kodak, 

Lichfield, UsKe) and X-ray film (Ilford Industrial Co; 

Iiford, Essex, Usk. )y over the chromatogram. The films 

were held in position by a further glass plate and elastic 

bands. The films were exposed at “15°C for 24h and then 

developed in Kodak DX80O, victind with 3% (v/v) acetic acid 

and fixed with Kodak FX40, Min detection with AR5O was 

>50muUCi; with ARIO was 0.5muCi and with X-ray film was 

O.25muCi. The min detection with X-ray film was as rec- 

orded by Frey and Frey, ref (xiv). The blackening on AR10 

stripping film was distorted due to elongation of the 

film, whilst X-ray film gave a reproducible record. The 

relative amounts amounts of radioactivity exposed to X-ray 

film was determined by scamning the radioautograph with a 

microdensitometer (Mk Lites Joyce, Lobel and Co; Ltd... 

Gateshead, Co. Durham, U.K.), and was eedupage to + 20% 

(Pig. TA-4, lower trace).



During drying of the spots evaporation takes place om 

the circumference of the spot. When the spot is completely 

dry a ring of radioactivity is formed around a circle of 

lower radioactivity. The radioautograph shows this: and the 

densitometer scan therefore shows a double peak (Fig.IA-4, 

lower trace). en ties with the outward movement of sol- 

ution during drying there is also a movement of solution 

towards the surface of the t.l.c. absorbent, refs.(xx) and 

(xxi), and thus detection on thicker plates will be the 

same as for thimner plates. The sensitivity of detection 

may be improved by spraying the chromatogram with a phos- 

phor. However, phosphors bbencnt either as a result of 

spraying or direct liquid scintillation of paper chromaio- 

grams, cause difficulties in the selective elutiom of 

phosphcr or labelled compounds, see ref.(xxii). Incorpor- 

ation of phosphor into chromatograms may also cause con- 

tamination and reduce the recovery of labelled materials, 

and was therefore not used. 
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Fig.IA-4 Comparison of external scanning with radio=} 

autography in the detection of Carbon-1'4t 

Ont, 4a Cs 

! 
11 spots of a solution of C2ttcl]pteciu were applied to 
a cellulose plate (0.25mm thick). 
External scanning was performed with a Desaga t.1l.c. 

scanner, 

Radioautogram was produced by 24h exposure of X-ray film, 

developed and then scanned with a microdensitometer, 

External scan 

      
155) Sah 
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L NF ~S \v 

Microdensitometry 

    
 



| ‘THE ANOMALOUS BEHAVIOUR OF FOLIC “ACID ; 

 



The use of ¢.1.,c. ‘to, purify. and identify. trace 

amounts of material is now well established.Folic acid is 

readily detected on t.l.c. as a dark absorbing area, when 

viewed under ak: light (254mm). On 0.25mm thick cellulose 

plates, S5yug of PteGlu were detected by this method; 

amounts down to ling were astestes by radioautography (24h) 

or external scanning of at te] pteciu. It is in this con— 

centration range that the chromatographic behaviour of 

folic acid changed with its concentration, 

Methods 50nCi of 2(ttelpteciu (as the dipotassium 

salt, sp.act. 50.3mCi/mmol. Radiochemical Centre,.Amersham, 

U.K. ) was. applied to a cellulose (MN300uv) t.1L.¢. plate. im 

varying amounts (0.5 to 50ug) and varying concentrations 

(0. 5ug/ul to 25ue/ul). The plates were then run at room 

temp. in subdued light up to a line marked 19cm from the 

origin. The plates were then dried in a cold air-stream. 

Radioactivity was detected by external scanning and radio-# 

autography (see Appendix I). 

Chromatographic solvents for t.l.c. These: were as 

follows: (a) propan-1-01-105)(v/v )NiL,-glycerol, (42121); 

(bv) propan~1-ol~1%(v/v)NH,, (2:1); (c) 0.1M~sodium phosphate 

buffer, pH7.1; (d) 3%(w/v)NH,C1; (e) butan-l~ol-acetic acid 

-water (4:1:5, by vol. equilibrated for 20h; upper phrase ); 

(Lf) go( w/v) NH, C1 to pH5.5 with NH, OH; (g) 3%(v/v) acetic 

acid to pH3.4 with NaOH. Chromatography solvents were also 

made containing a crystal:-of sodium sulphide or made 0,1M 

with respect to EDTA(sodium seit). 

Results and Discussion Increasing the concentration 

from 9.5 to 10ug of folic acid/yl did not greatly effect 

the Rf values in alkaline and neutral solvent systems



(see TableIIA-1). The slight reduction in Rf value observed 

with Rep ee i ediansencmws was due to tailing. Im acidic 

solvent systems (a) and (e), the Rf decreased with increase 

in concentration. The results were suggestive of decompos- 

ition at the lower concentrations. The individual spots 

were recovered and chromatographed together with added 

2-amino-4—hydroxy-6-formylpteridine, 2-amino-4— 

hydroxypteridine-6-carboxylic acid (the likely decompos= 

ition products) and folic acid. The radioautograph showad 

that. all the radioactivity co-chromatographed with the 

folic acid, and thus the behaviour of small amounts of 

folic acid was not due to decomovosition. 

The addition of Na, 5 [see ref (i)] or EDTA to solvents 

(a) and (e) did not noticeably change the behaviour (see 

TableITA-2)., Small changes in Rf values are attributable 

to the increase in pH due to the addition of NayS (the pH 

of solvents (d) and (e) after running the chromatograms 

were 8.0 and 3.9 respectively) and to the increase in 

ionic strength with EDTA. Simce heavy metals are precipi-~ 

tated by sodium sulphide and obblete with EDTA, the anom- 

alous behaviour of small amounts of folic acid was not. 

due to heavy metal salt formation nor chelation, [see 

ref (ai) ).: 

The behaviour of folic acid is probably due to a 

concentration difference. This was established by running 

similar amounts of folic acid applied in different volumes 

of solution, see TableIZTA-2. The dilution causes an incre- 

ase in Rf in solvents (d) and (e). Although this behaviour 

depends om the concentration of folic acid it is not due 

to solubility since the chromatograms showed a minimum 

between two peaks (see FigIIA-1). An increase in Rf with



dilution caused by solubility would produce only one peak 

(with a forward running streak) of radioactivity. 

With chromatographic solvent (g), dilute solutions 

(0.2-0.3ig/11) of folic acid gave the Rf value of 0.20- 

0.30 and concentrated solutions (5.0-7. 52/1) gave the 

Rf value of 0.00, and this behaviour was not altered by 

the additiom of EDTA. 

Running folic acid in solvent (f) produced only one 

spot (Rf#0.35), over the concentration range 0.2 to We 

PteGlu/ul. Thus the anomalous behaviour, which disappears 

when the pH is altered from 4.6 [solvent (d)] to 5.5 

[ solvent it, is due to a change eK the non=-ionised acid. 

Since this anomalous behaviour of folic acid in 

acidic solvent systems is not caused by decomposition, 

solubility or chelation and is concentration dependent, 

this etfect is most likely resulting from the association 

of folic acid molecules; the species present at low con- 

centrations and having the higher Rf value being the 

monomer, and the species present at higher concentrations 

and having the lower Rf value being the associated form. 

The association of folic acid molecules may be caused 

by intermolecular hydrogen bonding between the non-ionised 

carboxyl groups, but this seems unlikely since the 

hydrogen bonds of non-ionised carboxyl groups in aqueous 

solutions are formed preferentially with the solvent 

molecules, [ref (i451 5 The infusibility and insolubility 

of folic acid in all but aqueous alkaline solutions, 

{ref (iv)], suggests that there is strong intermolecular 

interaction between the pteridine rings of folic acid 

molecules. This intermolecular interaction would be a 

reasonable explanation for the association of folic acid



im higher concentrations in acidic solvent systems, 

Purines have also been shown to associate in aqueous 

solution and have the molecular planes held in parallel 

to each other by the t-electrons of each ring Lref (iv) 

and (v)]. 
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Fig ITA-1 Thin-Layer Chromatography of Folic Acid. 
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Table IlA-1 Rf: values of folic acid in alkaline, neutral 

a and acidic solvent systems. 

A solution of folic acid (containing 50muCi of 

Carbon-14} wag applied to a chromatogram and chromatograph 

-ed at room temp. in subdued light (see the Methods 

section). The radioactivity was detected by external scan- 

ning and radioautography. 

pH. Solvent Concentration Rf 

(ug applied/ 

ul applied) 

  

  

  

  

  

  

  

  

+i (a) 0.5/1.0 0.16 

) 10/2.0 Our 

15 (b) 0.5/1.0 0.14 

10/2.0 0.11 

ZL (c) °0.5/1.0 0.57 

10/2.0 0.56 

50/5.0 0.53 

wi0:. (a) 0.5/1.0 0.04 0.27 

15/2.0 0.04 

2.6 (e) 7 0.5/1.0 0.42 

8/2.0 0.00 
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1O-HCO-H, PteGlu and 5,10-CH=H, PteGlu are known to act 

as co-factors in one-carbon (at the oxidation level of 

formate) transfer reactions in polypeptide initiation and 

purine biosynthesis. These two folate coenzymes are bio- 

synthesised by tetrahydrofolate interconversions and have 

been chemically synthesised from 10-HCO-PteGlu, 5-HCO-, 

5-lICNH-H) PteGlu, see ref.(vii), and H), PteGlu (Pig. TITA-1), 

H)PteGlu reacts with formic acid to produce 10-HCO- 

H, PteGlu which rearranges in acidic solutions to produce 

the more stable 5,10-Cl=H,PteGlu, see ref (i). A similar 

overali reaction has: beem carried out using 5,10~CH, - 

on Pc eo LF 3 CH, . ARG Cou ary Conte derivatives, as follows. 

MATERIALS 

22 CH> and, 97 G5 N= By Ph teal were synthesised as in ref. 

(ii) and 5,10-CH,-H, PteGlu by a modification of that method, 

H)PteGlu was synthesised by catalytic hydrogenation of 

PteGlu, ref iii}: 5-HCO-H), PteGlu (ealcium leucovorin) was 

a gift of Lederle Laboratories, Pearl River, N.Y., U.S.A. 

Purity (determined by uv spectroscopy; Pye Unicam SP.700) 

of H, PteGlu and the 5,10-CH,-, aces and der ott a= derive- 

atives was 85,90,82 and 67% respectively. 

! METHODS 

Solvents for t.l.c. These were as follows: (a) 1.0M 

aq. formic acid; (b) propan-1-0l—butan-1l-ol——0. 1M-HC1 

(2:121, by vol.)s (c) aq. -HC1, pH 2.0; (d) butan-1-01— 

acetic acid—water (4:1:5, by vol. equilibrated for 20h; 

upper phase); (e) 5%(w/v) acetic acid in water-saturated 

putan-l-ol; (f) 0.2M-sodium acetate buffer pH 4.0. 

General method carried out with 1, PteGlu and 5-CH,,- 

if, PteGlu. These folates (6mg) were dissolved in 98% (w/v) 

formic acid (2m1 ) containing 1% (w/v) ascorbic acid and



covered with a layer of toluene. The solution was left at 

room temp. for 3h and then freeze-dried, The freeze-dried 

solid was dissolved in the min. vol. of water and purif- 

ied by t.1.c. on cellulose (MN 300u.v., 1mm thick) devel- 

oped in solvent (a). Compounds visible under u.v. light 

(365nm) were extracted with O.1M-HC1 and u.v. spectra and 

fluorescence spectra (Aminco Bowman, American Instrument 

Co. Inc., Maryland, U.S.A.) determined. The reaction was 

also carried out at 75°C, 

Kinetic Studies performed with H),PteGlu and the 

5-CHo~, prea s and 5-C pH, 

(approx. 15mg) were dissolved in 5ml of a solution of 

~H, PteGlu derivatives, Folates 

formic acid (either 98% (w/w), 10% (w/v) aq., or 10% (v/v) 

in eone: -HC1) containing 1% (w/v) ascorbic acid and cov- 

ered with a layer of toluene. Samples (0.1m1) were with- 

drawn at time intervals, made up to 5ml with 0.1M-HC1 amd 

the fluorescence at 470nm (excitation 355nm) was measured, 

The amount of 5,10-CH=H) PteGlu present was calculated from 

a standard curve produced with authentic 3, 10-CH=H), PteGlu 

(5-HCO-H) PteGlu dissolved in 0.1M-HC1). After 3h, 5u1 of 

the solution was spotted on t.1l.c. plates and developed 

in solvents (a), (bv), (a) and (e). 

RESULTS 

The product of the reaction of formic acid with 

Hi), PteGlu and oe a ee gave a major white fluorescing 

band, Rf 0.25 in solvent (da). This compound had a fluores= 

wanes excitation max. at 335nm and emission max. at 470nm 

(see Fig. IIIA-2); a usw. spectral max. at 350nm in 0O.,1M- 

HCl which disappeared when the solution was made alkaline 

and reappeared on acidification, and had Rf values 0.36 in 

solvent (a), 0.22 in solvent (b), 0.34 in solvent (c),



0.25 in solvent (da), 0.06 in solvent (e) and 0.38 in 

solvent (f), Authentic 5,10-Cll=H, PteGlu had a similar 

fluorescence spectrun (see Fig. IITA-2), similar u.v. spec= 

trum and had Rf values 0.38, 0.21, 0.34, 0.22, 0.05 and 

0.39 in solvents (a), (b), (¢), (4), (¢) and (£) respect- 

ively. | 

Similar results were obtained when the formylation 

reaction was carried out at 75°C, 

Results of kinetic studies on H,PteGlu and the 5,10- 

CHy-s ooONG se Pal ey poe ee ae OF aie shown in 

Figs. IIIA-3,-4 and -5. After 3h all these solutions, chro- 

matographed on t.1.c., showed a white fluorescence with Rf 

values 0.37, 0.23, 0.25 and 0.07 in solvents (a), (Bb), (a) 

and (¢) respectively. 

5-CH,-H, PteGlu dissolved in 1% or 50% (v/v) aq.Mc 
2 

containing 1% (w/v) ascorbic acid and covered with a layer 

of toluene, did not produce a white fluorescent compound 

with the Rf value of 5,10-CH=H, PteGlu when the mixture was 

chromatographed in solwents (b), (c), (da) nor (e). 

DISCUSSION 

H), PteGlu and the 5,10-CH,-, 5-CHi,- and 3-0, H.-H, PesGiu 

derivatives, in the prescence of formic acid, produced a 

white fluorescing compound. This fluorescent compound was 

bees eberka ad as 5,10-CH=H, PteGlu by its Rf value in 6 

G iveht acutenk: u.ew.e. spectra and fluorescence spectra 

(although the prescence of cellulose and/or its fluores- 

cent additive shifted the excitation spectrum to lower 

wavelength). 

Under similar conditions in the absence of formic 

acid, 5,10-Cii=H, PteGlu was not produced. The reaction was 

therefore dependent on the presence of formic acid and,



under these conditions, 5,10-CH=H, PteGlu was not produced 

by oxidation of the N-5-alkyl group. 

The kinetics of the formylation were studied by flu- 

orescence spectroscopy because the emissiom max. at b7Onm 

is characteristic of 5,10-CH=H, PteGlu, see ref (iw); wher- 

eas its u.v. absorption, max. at 355nm at pH 1.0, is also 

given by pteridines, see ref (w) page 92, which may be 

formed in side reactions. 

At the three pHs (<3.0).studied the rearrangement of 

10-HCO-H, PteGlu is fast (half time <8min), see refs (i) 

and (vi). 

The cate of formation of 5,10-CH=H, PteGlu (over the 

first 100min) from H,PteGlu fell (to +) whem the formic 

acid concentration is reduced from 98% to 10% aq. formic 

acid. The rate curves of these two reactions are clearly 

sigmoidal showing that the rate of formylation is of the 

same order as the rearrangement step. Substituting cone. 

HCl for water with 10% formic acid caused a drop in the 

rate ‘and also the total amount of 5,10~CH=H) PteGlu formed, 

This fall in rate and the amount J, 10~CH=H) PteGlu produced 

is probably due to decomposition (oxidation?) of the 

Hy PteGlu, caused by the HCl, 

The rate of formation of 9,10-CH=H) PteGlu bomeu tes 

first 100min) from D,10-Cil,-H, PteGlu was greatest with 

10% aq. formic acid and least with 10% formic acid in cone. 

HCl, and the amounts of D,10-CH=H, PteGlu formed were less 

than with H),PteGlu under comparable conditions. The react- 

iom therefore proceeded via the Soid-natelpeeaaeeiagoia 

of $,10-Cil,~H, PteGlu to H,PteGlu, see ref (viii), followed 

by formylatiom and rearrangement similar to H) PteGlu. The 

reduced rate with 10% formic acid in cone. HCl is caused



by decomposition of the HH) PteGlu formed, 

The conversion of aoe ii Peery to 5,10-CH=H, PteGlu 

was greatest with 10% formic acid in cone. HCl and the 

reaction rate with 98% formic acid was similar to that 

with 10% aq. formic acid. The conversion therefore depend- 

ed to a greater extent on the acidity rather than on the 

concentration of formic acid. The opposite was found for 

a7 CB HP team, when the rate was reduced by a reduction 

in formic acid concentration and was least with 10% formic 

acid in, cone. HCl; : 

The conversion of j-~alkyl-H, PteGlu analogues to 

5,10~CH=H) PteGlu could proceed as follows: 

Er 
5-alkyl-H) PteGlu aoe H, PteGlu 

bal 

5-alkyl,10-~HCO-H, PteGlu 10-HCO-H) PteGlu 

5, 10-CH=H, PteGlu 

Loss of the alkyl group followed by formylation 

(reaction I) has H,PteGlu as an intermediate, whereas 

formylation before loss of the alkyl group (reaction 32) 

does not. 

Although it was not possible to confirm which of 

these mechanisms was operating, the conversions of 5-CH,- 

Hi, PteGlu by a pathway similar to reaction II and 2 Goh us 

H, PteGlu by reaction I are consistent with the observed



effect of HCL which reduces the rate of conversion of 

H, PteGlu (or compounds producing H,PteGlu as an intermed=— 

iate) to 5,10~ClisH, PteGlu. 
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Fig.IIvA-1. Synthesis of 1O-HCO-H, PteGlu 

and 5,10-CH=H, PteGlu 
  

(a) Chemical synthesis 
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Pig. IIIA-2, Formylation of 2-H, =H, MteGlu 
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Despite intensive efforts to characterise the major 

urinary metabolite formed after bestia td an of [2ticj- 

PteGlu to rats, the compound was not identified. However, 

a preliminary metabolic study was carried out both. to 

Sai ae evidence for the structure of the compound and to 

determine its abeeel Lem for future analysis. The import- 

ance of this compound as a naturally occurring folate Te 

the rat was discussed in sections II and IIT. 

Materials and Methods 

The compound was isolated from 2uh urines collected 

in acid with ascorbate after the administration of [2eaC)= 

PteGlu (320u¢/Ke, sp. radioactivity 55.3mCi/mmol) to each 

of 16 hae, The compound was isolated by purification OF 

urine through a florisil column followed by tel, Cc. 2 ines o L— 

vents (c), (a) and then (d), using antioxidants throughout. 

The specific radioactivity was determined by radiochemical 

and L.casei assays and was 33. 3mCi/mmol of PteGlu. Assays 

and chromatography were as previously described. 

Results and Discussion 
  

The distribution and excretion of radioactivity after 

a dose of 25ug/Kg, (Table IVA-1) was similar to that 

following PteGlu or nee ety OCA administration although 

the radioactivity excreted in the urine, collected on the 

first day after administration (Table IVA-2), was slightly 

higher (Student's t test, p<5%). The higher excretion was 

to be expected since this compound was the major urinary 

compound but was only a minor compound of liver folates 

(Section IX)» 

Purification of the first day urine showed that the 

radioactivity was present mainly as the compound admin- 

‘istered and had Rf values of 0.15 ard 0.40 in solvents (c)



and (a) respectively. A small amount of a compound at Rf 

0.43 in solvent (c), Table IVA-3, co-chromatographed with 

5-CH,-H) PteGlu in solvent (a), BE O.50. 
a 

The compound was therefore excreted largely without 

metabolism and suggests that it was absorbed without 

change. Since this compound was probably only a minor com- 

pound of liver, the small dilution (5.6 times compared to 

60 times after PteGlu administration) must have occurred 

by the de novo synthesis of the compound during that 2 lin 

period. The compound is therefore a naturally occurring 

folate. Metabolism of the compound would have produced a 

further dilution of radioactivity by the body folates and 

this was reflected in the dilution (about 50 times ) of the 

excreted 5-CHL,,-H) PteGlu. The compound was therefore met-- 
3 

abolised into naturally occurring folates of which 9~CH..~ 

Hy) PteGiu was excreted. 

Further discussion on the fate of this compound would 

be premature.
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Table EVA~2 Urinary excretion of radioactivity after an 

oral dose of the unidentified metabolite. 

The labelled material was administered as a solution 
in O.5ml of 0.2% (w/v) ascorbate solution, pil 6.0. The 
radioactivity was determined directly by liquid scintill- 
ation counting. The results are expressed as the percent- 

age of the administered radioactivity (mean #SD; no. of 
rats in parenthesis) excreted in the urine after oral 

administration of the unidentified material, The specific 

radioactivity of the administered materials was 353. 3mCi7 

mmol of PreGiu. 

Radioactivity (%) 
excreted after doses of 

Days after administration the unidentified material 

(24.5ug as PteGlu/kg) 

  

  

  

+ 14.09 + 8.89 (8) 

2 1.92 + 0.79 (3) 

3 1.38.2 0,58: 63) 

  

ioe 1,10 4:1,07, (4) 
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Anomalous behaviour of radioactive folic acid on thin-layer chromatography 

The use of thin-layer chromatography to determine the purity and identity 
of trace amounts of organic compounds is well established. We now report an 
example in which the chromatographic behaviour changed with concentration of the 
substance under investigation. 

Folic acid (pteroyl-L-monoglutamic acid) may be readily detected by TLC on 
cellulose powder in amounts greater than 5 ug by its appearance as a dark absorbent 
spot when viewed in 254 my light. With butanol-acetic acid-water (4:1:5, upper 
phase pH 2.6) as developing solvent, folic acid has an Rp value of 0.0 and this con- 

veniently distinguishes it from its fluorescent decomposition products which move 
away from the origin. 

When [2-Cifolic acid (0.45 ug/l; specific activity 50.3 mCi/mmole; Radio- 

chemical Centre, Amersham) was assayed for purity in this system a major spot, as 

determined by autoradiography, of an Rp value of 0.42 was obtained with nothing 

at the origin. This led to the initial conclusion that the sample of folic acid had ex- 

tensively decomposed although this radioactive material was not identical with the 

anticipated decomposition products. When TLC of the radioactive compound (0.45 

“g/ul) was carried out in 0.1 M phosphate buffer (pH 7.0) and in propanol-1% aq. 

ammonia (2:1) the major radioactive spot had the same chromatographic behaviour 

as cold folic acid (5 ug/ml). When folic acid was added to the radioactive folic acid 

so as to produce a wide range of concentrations and TLC was carried out in butanol- 

acetic acid-water (4:1:5, upper phase) the Rr values of the major radioactive 
species varied as shown in Tables I and II. 

TABEE 1 

Ry VALUES OF MIXTURES OF RADIOACTIVE AND NONRADIOACTIVE FOLIC ACID 

[2-MC folic acid 0.45 ug/l. 

Nonradioactive Rp 
folic acid added 

0.0 0.42 
8 ug/2 wl 0.00 

20 wg/3 wl 0.00 

40 wg/5 pl 0.00 

TABLE II 

Rp VALUES OF MIXTURES OF RADIOACTIVE AND NONRADIOACTIVE FOLIC ACID 

Mixture of 0.5 wg [2-!C]folic acid and 10-15 wg nonradioactive folic acid. 

Volume of Rr 
solution applied 

(ul) 

2 0.0 
10 0.0 
50 0.50 

J. Chromatog., 45 (1969) 476-477
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These data show that folic acid in butanol-acetic acid—water has an Rp value 

of 0.0 when applied in concentrated solutions (more than 1 ug/l) and an Rp value of 

0.42 when applied in dilute solution (0.5 ug/ul). 

As these differences in chromatographic behaviour could be attributed to che- 

lation of the folic acid with metals, chromatograms were run in butanol-acetic acid— 

water saturated with ethylene diamine tetracetic acid and butanol-acetic acid—water 

containing a crystal of sodium sulphide!. Again dilute solutions of folic acid had an 
Rr value of 0.49 and concentrated solutions an Rp value of 0.00. 

With 3% aqueous acetic acid (adjusted to pH 3.4 with NaOH) dilute solutions 

(0.2-0.3 ug/ml) of folic acid gave an Rp value of 0.20-0.30 and concentrated solutions 

(5-7-5 ug/l) an Re value of 0.00; the behaviour was not altered by the addition of 

ethylene diaminetetracetic acid. 

With 3% aqueous ammonium chloride at pH 4.0 dilute solutions of folic acid 

(0.45 ug/l) gave two spots (Rr 0.04 and Rp 0.27) coalescing into one Rp (0.04) at 

higher concentrations (7.5 ug/l) but at pH 5.5 only one spot (Rr 0.30-0.40) was 

obtained at all concentrations. 

The absence of any effect of adding sodium sulphide or ethylene diamine-tetra- 

acetic acid establishes that this anomalous effect is not due to chelation of the folic 

acid. As the variation in Ry values with concentration is found only in acidic 

solvent systems and disappears when the pH of the 3% aqueous ammonium chloride 

system is changed from 4.0 to 5.5 this behaviour is due to the non-ionised acid. 

The variation in chromatographic behaviour with concentration of folic acid in the 

acidic solvents used is caused by the association of the acid, the species present at 

low concentrations and having the higher Ry value being a monomer and the species 

present at higher concentrations and having the lower Ry value being the associated 

form. The association of the folic acid molecules could be caused by intermolecular 

hydrogen bonding between the non-ionised carboxyl groups but this seems unlikely as 

the hydrogen bonds of non-ionised carboxyl groups in aqueous solutions are made 

preferentially with the solvent molecules and not with each other?. There is strong 

intermolecular interaction between the pteridine rings of folic acid as evidenced by 

its infusibility and insolubility in all solvents but aqueous alkaline solutions!. This 

intermolecular interaction would be a reasonable explanation for the association of 

folic acid in higher concentrations in acidic solvent systems. A similar association in 

aqueous solutions has been established for purines where it has been shown that 

purines associate with the molecular planes parallel to each other held by interactions 

between the z-electrons of each ring?.4. 
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The Urinary Excretion of Orally Administered 

Pteroyl-L-glutamic Acid by the Rat 

By J. A. BLAIR anp E. DRANSFIELD 

Department of Chemistry, University of Aston, Gosta Green, Birmingham B4 7HT, U.K. 

(Received 25 January 1971) 

1. The urinary excretion of folates after oral administration of [2-14C]pteroyl-L- 
glutamic acid was studied by assaying the radioactivity in the urine and in materials 

purified and characterized by t.l.c. 2. Radioactivity excreted was 6.8, 5.9 and 

30.7% of the oral dose in the first 24h after doses of 3.1, 32 and 320 ug/kg respec- 

tively. 3. Extensive decomposition of urinary folates to pteroyl--glutamic acid 

was prevented by antioxidants or collection of urine frozen. 4. At the three dosages, 

two major and one minor radioactive compounds were isolated. One of the major 
metabolites was 5-methyltetrahydropteroylglutamic acid. The others were 

unidentified but were not pteroylglutamic acid, 7,8-dihydro-, 5,6,7,8-tetrahydro-, 

5- or 10-formyl-tetrahydro-, 5,10-methylidyne-tetrahydro-, 5-formimidoyl-tetra- 
hydro-, 5,10-methylene-tetrahydro-, 5-methyltetrahydro-pteroylglutamic acid, 

nor any decomposition products of these compounds formed during isolation. 

Labelled unconjugated pteridines were absent. 5. Labelled pteroyl-L-glutamic acid 
was displaced by oral administration of unlabelled pteroyl-1-glutamic acid (1.6mg/ 

kg) when given 3.5h after, but not when given 24h after the labelled dose. 6. The 

results show that orally administered [2-14C]pteroyl-t-glutamie acid is absorbed 
without metabolism and is then metabolized into naturally occurring tetrahydro- 

907 

folates. 7. These findings are discussed with reference to previous work. 

Since 1935 (Decastello, 1935) a vast amount of 

literature has been published about the urinary 
excretion of folates and pteridines, not only for 

their interest per se, but also to provide possible 

insight into the folate relationships in normal and 

diseased metabolism. 
Of these reports only a few are concerned with 

the non-microbiological identification of pteridines 
and folates. These reports include the isolation of 

uropterin (later identified as xanthopterin) 

(Koschara & Hrubesch, 1939), isoxanthopterin 

(Blair, 1958), biopterin (Broquist & Albrecht, 1955; 

Patterson, Broquist, Albrecht, Saltza & Stokstad, 

1955; Patterson, Saltza & Stokstad, 1956), neop- 

terin (Sakurai & Goto, 1967), PteGlu* (Baker e¢ al. 
1965; Anderson, Belcher, Chanarin & Mollin, 

1960) and 5,10-CH=H,PteGlu (Silverman, Ebaugh 

& Gardiner, 1956; Albrecht & Broquist, 1956). 

By far the largest amount of literature, however, 

* Abbreviations: PteGlu, pteroyl-t-glutamic acid; 
H,PteGlu and H,PteGlu, 7,8-dihydro- and 5,6,7,8-tetra- 

hydro-pteroyl-L-glutamie acid; 5(and 10)-HCO-, 5(and 
10)-formyl-; 5,10-CH=, 5,10-methylidyne-; 5,10-CH,-, 

5,10-methylene-; 5-CH;-, 5-methyl-; 5-HCNH-, 5- 

formimidoyl- derivatives. 

deals with the microbiological assay of urinary 
folates. Microbiological assays suffer from several 

disadvantages, chiefly in their lack of specificity 

(Blakley, 1969), and have been much criticized 
(Wieland, Hutchings & Williams, 1952; Johns, 

Sperti & Burgen, 1961; Kinnear, Johns, MacIntosh, 

Burgen & Cameron, 1963). This lack of specificity 
is particularly important when the compound is 

not characterized by other methods or when 
impurities are present. It is therefore desirable to 

develop a simple non-microbiological assay tech- 

nique for urinary folates. The use of radioactive 

labelling is advantageous in the study of urinary 
folates because of the presence of only trace amounts. 

Tritiated folic acid, first used in 1960 (Anderson 

et al. 1960; Burgen, 1961), although having the 
main advantages of high specific radioactivity and 

that it may be used for folate study in man, suffers 
from the disadvantage of non-specific labelling 

(Anderson e¢ al. 1960; Johns e¢ al. 1961; Burgen, 

1961; Zakrzewski, Evans & Phillips, 1970) and has 
been criticized on the grounds of possible impurities 

(Blakley, 1969). 
We now report the results of our studies on 

the urinary excretion of orally administered
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[2-!4C]PteGlu in the rat, by using the labelling to 

provide accurate determination of the amounts 
excreted and t.l.c. to purify and identify the com- 

pounds. 

MATERIALS 

Animals and chemicals. The animals used were adult 
male Wistar rats, weighing 200-350g, purchased from 
Scientific Products Farm, Ash, Canterbury, Kent, U.K. 

Food was diet 41B, supplied by Pilsbury, Edgbaston, 
Birmingham, U.K. Radiochemicals were purchased from 
The Radiochemical Centre, Amersham, Bucks., U.K. 

The specific radioactivity of [2-!4C]pteroyl-L-glutamic 
acid, as the dipotassium salt, was 55.3 mCi/mmol and that 

of [1-)4C]hexadecane was 1.06yCi/g. Pteridines and 
pteroyl-t-glutamic acid were purchased from Koch—Light 
Laboratories Ltd., Colnbrook, Bucks., U.K. H,PteGlu 

and H,PteGlu were freshly prepared by the methods of 
Futterman (1957) and Hatefi, Talbert, Osborn & 

Huennekens (1960) respectively. Calcium leucovorin 

was a gift of Lederle Laboratories, Pearl River, N.Y., 

U.S.A. 5-CH3-H,PteGlu was prepared by the method of 
Blair & Saunders (1970) and 5,10-CH,-H,PteGlu by a 

modification of that method. Characterization and 
purity of the compounds were periodically determined by 
t.l.c. and/or by u.v. spectroscopy (Pye Unicam SP. 700). 

The liquid scintillators used were NE220 (Nuclear 
Enterprises, Edinburgh, U.K.) and a toluene-based 
scintillator containing 4g of 2,5-diphenyloxazole and 
100mg of 1,4-bis-(5-phenyloxazol-2-yl)benzene (Koch— 
Light) made up to 1 litre with A.R. toluene. 

Antioxidants used were ascorbic acid (British Drug 

Houses Ltd., Poole, Dorset, U.K.) and 2-mercaptoethanol 

(Koch-Light). Florisil (60-100 mesh) was purchased 
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from Koch—Light and cellulose (MN300uv) from Macherey 
Nagel and Co., Diiren, Germany. 

Chromatography solvents for t.l.c. These were as follows: 

(a) butan-1-ol-acetic acid—water (4:1:5, by vol., equili- 

brated for 20h; upper phase); (6) 0.1 M-sodium phosphate 

buffer, pH7.0; (c) propan-l-ol-aq. 1% (v/v) NH; (2:1, 

v/v); (d) butan-1-ol-acetic acid—water (20:3:7, by vol.); 

(e) m-formic acid; (f) 0.01mM-HCl, pH2.0; (g) 0.2m- 

sodium acetate buffer, pH4.0; (h) propan-1-ol—butan-1- 

ol-0.1m-HCl (2:1:1, by vol.); (i) 5% (v/v) acetic acid in 

water-saturated butan-l-ol; (j) 2% (w/v) ammonium 

acetate—pyridine (19:1, v/v). 

Antioxidant, when used, was 0.5% (v/v) 2-mercapto- 

ethanol for all chromatography solvents and extractions 

from the cellulose plates (performed with water). 

Table 1 shows the characteristic Rp values of the 

pteridines and folates used during this work. Detection 
levels were of the order of 25 g/cm? for light-absorbing 

compounds and 2yg/em? for fluorescent compounds. 

The R, values of the compounds when added to urine 

were distorted and greater attention was paid to the 

relative Ry values, characteristic absorption or fluores- 

cence and co-chromatography. 

METHODS 

[2-'4C]PteGlu was administered to the rats, the urine 
was collected, assayed for radioactivity and then purified 

initially through a Florisil column followed by t.l.c. on 
cellulose. 

Administration of [2-14C]pteroylglutamic acid. This was 

administered in 0.5ml of water by stomach intubation to 
adult male rats. A control rat was given 0.5 ml of water 
only. The animals were housed separately in wire- 

  

Table 1. Thin-layer chromatography of pteridines and folates 

Samples of fluorescing compounds (1 yg) and of u.v.-absorbing compounds (10g) were applied in 21 to 

cellulose plates (250m thick) and developed to 10cm from the origin in solvents containing 0.5% (v/v) 
2-mercaptoethanol. 

Characterization under 

Ry value 
A 

. 

Solvent (c) Compound u.v. light (nm) Solvent (a) Solvent (d) 

2-Amino-4-hydroxypteridine —_ Blue fluorescence (365) 0.55 0.53 0.43 
2-Amino-4-hydroxy-6- Light-blue fluorescence (365) 0.65 0.68 0.53 

formylpteridine 
2-Amino-4-hydroxypteridine- Light-blue fluorescence (365) 0.25 0.58 0.12 

6-carboxylic acid 
Xanthopterin Green fluorescence (365) 0.48 0.61 0.16 
Isoxanthopterin Light-blue fluorescence (365) 0.38 0.40 0.17 
Biopterin Light-blue fluorescence (365) 0.34 0.63 0.49 
PteGlu U.v.-absorbing (254) 0.00 0.50 0.12 

10-HCO-PteGlu Light-blue fluorescence (365) 0.65 0.92 0.30 
7,8-H,PteGlu Light-blue fluorescence (365) 0.55 0.39 0.30 

H,PteGlu U.v.-absorbing (254) 0.43 0.78 0.35 
5-HCO-H,PteGlu U.v.-absorbing (254) 0.69 0.87 0.32 

5,10-CH=H, PteGlu White fluorescence (365) 0.38 0.65 Decomposition 

(tailing) 

5,10-CH,-H,PteGlu U.v.-absorbing (254) 0.85 (some 0.92 0.28 

decomposition) 
5-CH3-H,PteGlu U.v.-absorbing (254) 0.68 0.85 0.55
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bottomed cages fitted with a urine—faeces separator 
(Metabowl; Jencons Ltd., Hemel Hempstead, Herts., 

U.K.). Food and tap water were given ad libitum. 
Urine collection. This was performed in subdued light 

every 24h for up to 7 days after administration of labelled 

PteGlu. Urines were collected in acid (final pH 1-2), 
alkali (final concentration 1-2 m-KOH) or frozen (acetone— 

solid CO,, —78°C). Antioxidants, when used, were 

ascorbic acid (final concentration 1-2%, w/v) for urine 
collected in acid, and 2-mercaptoethanol (final concentra- 

tion about 0.5%, w/v) for urine collected in alkali. 

Urines with antioxidant were collected under toluene 
(5ml). 

Determination of radioactivity. This was done for 

urines and other aqueous solutions directly by using 
NE220 liquid scintillator in an automatic scintillation 

spectrometer (Nuclear Enterprises) operating at 0°C. The 

background count was approx. 2 c.p.s. Assay of radio- 

activity in tissues and faeces was performed by combus- 
tion (Kalberer & Rutschmann, 1961). The freeze-dried 

material was ground in a pestle and mortar and a sample 
(about 50mg) was burned in 2 litres of oxygen. Carbon 
dioxide was absorbed in 25 ml of a solution of monoetha- 
nolamine (120ml made up to 1litre with A.R. methanol) 
and the radioactivity of a 5ml sample was counted in 5ml 

of toluene-based scintillator. The background count was 
about 1 c.p.s. The recovery of radioactivity was 96%. 
[1-14C]Hexadecane was used as internal standard for each 
sample. Total sample counts were at least 5000 above 
background. 

Purification by chromatography on Florisil. Florisil (8 g) 

was washed with 100ml of aq. 1% (v/v) HCl, then to 
neutrality with water, followed by 100ml of aq. 14% 
(v/v) NH, then to neutrality with water and finally with 
50ml of aq. 1% (v/v) HCl. This suspension was packed 
into a glass column (11.5em x 1.3cm) and shielded from 

the light. Urine samples were freeze-dried and applied 
in 25 ml of solution at about pH1.0. Elution was carried 

out with 30 ml of aq. 1% (v/v) HCl (acid fraction), followed 

by 30ml of water (neutral fraction) and finally 25ml of 
aq. 14% (v/v) NH; (ammoniacal fraction). Antioxidants, 

when used, were 2% (w/v) ascorbic acid in acidic solutions 
and 0.5% (v/v) 2-mercaptoethanol in neutral and 
alkaline solutions. 

There was no significant difference between either the 

distribution or the recovery of radioactivity from the 
Florisil column, from urines collected with and without 

antioxidant, or with and without added folate. The per- 

centage distribution of the radioactivity expressed as the 
mean +S.D. for 23 experiments, was 23.9-+-11.1, 6.8+4.4 

and 69.3+13.0 in the acid, neutral and ammoniacal 

fractions respectively. Recovery of radioactivity was 
83.3414.0%. 

Both [2-'4C]PteGlu and 5CH,-H,['*C]PteGlu when 
applied in water or urine to a Florisil column were similarly 
distributed between the three fractions. T.l.c. of the 
three fractions from labelled urine showed the same 
labelled materials in each fraction. For further purifica- 
tion only the ammoniacal fraction was used. This fraction 

contained most of the radioactivity and was not grossly 
contaminated with inorganic material. 

Purification by t.l.c. The ammoniacal fraction from the 
Florisil column was freeze-dried, dissolved in approx. 2 ml 
of water and centrifuged. Any solid material was washed 
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twice with a small volume of water, the washings were 
combined with the original supernatant and further 
purified by t.l.c. as follows. 

The solution was applied as a streak (with a SA20 
streak applicator; Burkard, Rickmansworth, Herts., 

U.K.) to cellulose t.l.c. plates (200mm x 200mm x 1 mm). 

Further purification was on plates 1mm or 250m thick. 

All chromatograms were developed to 10cm from the 
origin. Recovery of label ([2-'4C]PteGlu) from cellulose 
plates was 70%. 

Because of the anomalous behaviour of small amounts 
of folic acid (Blair & Dransfield, 1969) in solvent (a), 2mg 

of non-radioactive PteGlu (R;0.00) was added as a 

routine to the Florisil ammoniacal fraction before 
chromatography. It was also found that this acidic 
solvent system caused retention of radioactive material 
at the origin; subsequent chromatography in systems (6) 

and (c) showed that this material was not PteGlu. This 

retention may be due to washings from the Florisil 
column. To avoid erroneous conclusions due to this 
retention, chromatograms were also run in the alkaline 

solvent (c), which did not cause retention at the origin. 

Radioautography. This was used for the detection and 

location of labelled compounds on chromatograms. An X- 
ray film (Ilford Industrial G, Ilford, Essex,U.K.) was placed 

over the chromatogram and held in position by a further 
glass plate and elastic bands. X-ray films were exposed 
at —15°C for up to 21 days, developed in Kodak DX 80, 
washed in 3% (v/v) acetic acid and fixed in Kodak FX 40. 
Minimum detection of radioactivity by this technique 
was approx. 2.5nCi/cm? in 24h. The relative amounts of 

labelled compounds were estimated by scanning the 
radioautograph with a microdensitometer (MK IIIc; 
Joyce, Lobel and Co. Ltd., Gateshead, Co. Durham, U.K.). 

Microbiological assays. Samples were dissolved in 
0.1m-sodium phosphate buffer, pH7.0, containing 1% 

(w/v) ascorbic acid. The organisms used were Lacto- 
bacillus caset N.C.I.B. 8010 grown in Q-Ess medium (gift 

of BBL, Division of Bioquest, U.S.A.), Streptococcus 

faecalis N.C.1.B. 8043, grown in Difco 0319-15 medium 
and Pediococcus cerevisiae N.C.1.B. 7837 grown in Difco 
0456-15 medium (Difco Laboratories, Detroit, Mich., 

U.S.A.). Incubation was for 18h at 37°C and the extent 
of growth was determined turbidimetrically. Assays were 
performed in duplicate at least. Chicken pancreas con- 
jugase was prepared by the method of Perry & Chanarin 
(1968). 

Reduction of labelled compounds. This was done with 
excess of NaBH, in 2% (w/v) ammonium acetate, pH 7.0, 

containing 0.5% (v/v) 2-mercaptoethanol, for 20min at 
room temperature, or by catalytic hydrogenation in 
acetic acid, H,/Pt, for 20min at room temperature. 

Formylation of 5-methyltetrahydropteroyl-L-glutamic acid. 

Formic acid (98%, w/v) reacts with H,PteGlu to produce 

10-CHO-H,PteGlu (May et al. 1951), which rearranges in 

acidic solutions to the more stable 5,10-CH=H,PteGlu 

(May et al. 1951). A similar overall reaction has been 
carried out in this laboratory by using 5-CH3-H,PteGlu. 
The 5-CH,-H,PteGlu (6 mg) was dissolved in 98% formic 
acid (2ml) containing 1% (w/v) ascorbic acid and covered 
with a layer of toluene. After 3h the mixture was purified 
by t.l.c. on cellulose. The major fluorescent material 
(white; under 365nm u.v. light), Ry 0.35 in solvent (a), 
was identified as 5,10-CH=H,PteGlu by fluorescence
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spectrum (excitation maximum 335nm; emission maxi- 

mum 470nm), u.v. spectrum (peak at 350nm in 0.1M- 

HCl disappears when the solution is made alkaline and 
reappears on acidification) and t.l.c. on cellulose [.R,;0.36 
in solvent (e), 0.34 in solvent (f), 0.38 in solvent (g), 0.22 

in solvent (h) and 0.06 in solvent (7)]. Authentic 5,10- 

CH=H,PteGlu (calcium leucovorin dissolved in 0.1M- 

HCl) had Ry values 0.35, 0.34, 0.39, 0.21 and 0.05 in these 

solvents respectively and co-chromatographed with the 
material in solvent systems (a) and (h). 

The reaction with 5-CH;-H,PteGlu was slower than 

with H,PteGlu. The reaction was also carried out at 75°C 

and with aq. 10% formic acid at room temperature. 

RESULTS 

The urinary excretion of radioactivity after an 

oral dose of [2-14C]PteGlu is shown in Table 2 
Identification of the labelled urinary components 

was attempted by purification of urine collected 
under various conditions as follows. 

Collection of urine without antioxidants. When 
urine was collected in either acid or alkali without 

antioxidants present, extensive and variable de- 
composition of radioactive material to PteGlu 

occurred, during both collection and purification 
procedures; consequently all subsequent experi- 

ments were performed with added antioxidants 
(see the Methods section). 

Collection of urine in acid with use of antioxidants 
throughout. Typical chromatograms of the am- 
moniacal Florisil fraction showed radioactivity at 

Ry, values (0.00, due to anomalous retention), 0.28, 

0.42 and 0.52 in solvent (a) and corresponding R; 
values 0.25, 0.10 and 0.40 in solvent (c). Labelled 

PteGlu was absent. The compound with R,0.52 
in solvent (a) and 0.40 in solvent (c) was identified 

as 5-CH3-H,PteGlu by co-chromatography in 

solvent systems (a), (b), (c) and (j). 
Radioactive compounds were purified free from 

any fluorescence or u.v. absorption by chromato- 

graphy in solvent (a), extraction, freeze-drying and 

repetition of this process in solvents (c) and (d). 
The amounts of radioactive compounds were too 

small to be detected under u.v. light by using this 
method. 
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Collection of the urine frozen followed by freeze- 
drying. Antioxidants were used during purification. 

Chromatography in solvent (a) showed the presence 
of five labelled compounds with R, values (0.00), 

0.22, 0.31, 0.43 (major radioactivity) and 0.52 
(identified as 5-CH3-H,PteGlu). Labelled PteGlu 

was absent. The major radioactivity was further 
purified in solvent (c) and had R,0.10, and then in 

solvent (d), in which it had R,;0.47, and was then 
free from all fluorescence or u.v. absorption. 

Labelled 5-CH,-H,PteGlu was identified (by its 
Ry value in two solvents) by a similar purification 

in all but one of 12 subsequent experiments. 
Characterization by co-chromatography in three 
solvents was carried out in eight of these experi- 

ments. 

The relative microbiological activity of the major 

unidentified compound, R, 0.42 in system (a) and 

0.10 in system (c), was 100 for L. casei, 13-38 

(mean 25) for S. faecalis and <2.5 for P. cerevisiae. 
The corresponding values for the isolated 5-CH3- 

H,[2-!4C]PteGlu were 100, 4-33 (mean 12) and 
<2.5. L. casei assays on the unidentified material 

before and after conjugase treatment were exactly 
the same indicating that this compound is not a 

heptaglutamate. The response of S. faecalis and 
P. cerevisiae to conjugase-treated material was not 

determined. 
Collection of urines with added folates. Because of 

the instability of the unidentified compound and 
its decomposition to PteGlu, even when anti- 

oxidant was present, we decided to investigate the 
identity of this compound by the addition of folates 

to the urine collection flask, when, even if decom- 

position did occur, the radioactive material would 

correspond to a fluorescent pteridine formed from 

the decomposed folate. 
When urine was collected in the presence of 

added PteGlu (0.5mg), H,PteGlu (lmg), H,PteGlu 
(5mg), 5-HCO-H,PteGlu (0.5mg dissolved in Im- 

HCl), 5,10-CH,-H,PteGlu (2mg), in separate ex- 

periments, the radioactive compounds did not 
correspond to the fluorescence or u.v. absorption 

of the added folate or, in the case of H,-PteGlu and 

  

Table 2. Urinary excretion of radioactivity after an oral dose of [2-!4C]pteroyl-i-glutamic acid 

The results are expressed as the percentage of the administered radioactivity (mean +8.D.; no. of deter- 
minations in parentheses) excreted in the urine after oral doses of [2-!4C]PteGlu, specific radioactivity 

55.3 mCi/mmol. 

Percentage excreted in urine 

Dose 0-24h 

(ug/kg) (1st day) 
3.12 6.83+42.91 (12) 

32.0 5.89 + 2.56 (8) 

320 30.7+6.8 (14) 

io 

24-48h 
(2nd day) 

48-72h 
(3rd day) 

2.66+0.78 (4) = 
1.95 +£0.83 (8) 
1.22+0.18 (4) 

1.05+0.77 (8) 
0.64-4.0.29 (4)
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5,10-CH,-H,PteGlu, which were not themselves 
isolated, of their decomposition products. Added 

5-CH,-H,PteGlu did not alter the radioactive 
materials isolated. : 

Reduction of the unidentified compound. The 

attempted reduction of the labelled material (puri- 

fied through Florisil and by t.l.c. in two solvent 

systems) with sodium borohydride and by catalytic 
hydrogenation, did not change the pattern of 

radioactive spots when compared with control 

experiments. 
Purification of the second-day urines. This was 

performed in a manner exactly similar to that used 

for the first-day urines, antioxidants being used 
throughout. The radioautographs were essentially 

similar to those of the chromatograms produced by 

the first-day urines. Radioactive PteGlu was 

absent. The major radioactive component, R,0.48 

in solvent (a) and 0.11 in solvent (c), was not identi- 

fied. The compound with R,0.55 in solvent (a) 
was identified as 5-CH3-H,PteGlu by co-chromato- 

graphy in solvent (b), R,0.83, and solvent (c), 

R;0.41. 
Purification of the third-day urines. This was 

performed with use of antioxidants throughout. 
The radioautograph showed the presence of similar 

radioactive compounds and labelled 5-CH3-H,- 

PteGlu was identified by its R, value in solvent 

systems (a) and (c). 
Studies on the two major metabolites in the urine. 

The ratio of the major unidentified material to the 

5-CH,-H,[2-!4C]PteGlu, isolated on the first day 
after a dose of 32 ug/kg, varied from 0.5—7.7 (mean 

2.7) to 1.0 in twelve experiments. The percentage 
of the total radioactivity on the chromatograms in 

the unidentified material and 5-CH3-H,PteGlu, 

and the specific radioactivity of the 5-CH3-H,- 

PteGlu, are shown in Table 3. 

The specific radioactivity of the unidentified 
material, assuming full activity for L. caset, isolated 

on the first day after an oral dose of 32 g/kg, was 
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2.15mCi/g of PteGlu, giving a dilution of the 

starting material of 59.1. This was similar to the 

dilution (52.2) of the 5-CH3-H,PteGlu. 
The results of a series of orally administered 

‘flushing’ doses of unlabelled PteGlu are shown in 

Table 4. Flushing doses of up to 1.6mg/kg body 

wt., given at 24h or later after oral doses of 3.95 

or 32yg of labelled PteGlu/kg, did not produce a 
significant increase in radioactivity in the urine, 

and did not give labelled PteGlu in the urine. The 

percentage of the radioactivity in the urine present 

as 5-CH,-H,PteGlu was 9.5 after a flushing dose of 

200 wg/kg given 72h later, 26 (specific radioactivity 
0.013mCi/mmol) after a flushing dose of 400 ug/kg 

given 24h later, and 30 (specific radioactivity 

0.008mCi/mmol) after a flushing dose of 400 ug/kg 

given 72h later. 
A significant increase (Student’s ¢ test, P 

<0.001) in radioactivity occurred when doses of 

1.6mg of unlabelled PteGlu/kg were given 3.5h 

after or 3.5h before the labelled dose (44 ug/kg). 
Labelled PteGlu was excreted and represented 

45% and 49% respectively of the radioactivity 

detected on the chromatograms. 
Tissue radioactivity. The radioactivity present 

in the faeces, urine, liver and kidney after oral 

doses of [2-!4C]PteGlu is shown in Table 5. 

DISCUSSION 

The experimental results show that of a dose of 

80 ug (320 pg/kg) only 20-40% of the PteGlu was 

absorbed, and of this 81% was excreted in the urine 

in 7 days. At the PteGlu dose (5.5 ug) equivalent 
to the physiological range of folate (approx. 5yug 

per day), 50% was absorbed and of that 31% was 
excreted in 6 days. Although the faecal excretion 

of radioactivity was not determined for a dose of 

0.8 yg, it seems likely that about 50% was absorbed, 
by comparison of the tissue contents with those 

after a dose of 5.5 4g. A similar amount of excretion 

  

Table 3. Studies on the isolated 5-CH,-[2-!4C]H,PteGlu 

After an oral dose of [2-!4C]PteGlu (specific radioactivity 55.3 mCi/mmol) the urine was purified by column 

chromatography and t.l.c. The percentages of the radioactivity on the chromatograms present as the unidentified 

compound and as 5-CH;-H,PteGlu were estimated by densitometry of radioautographs and the specific 

radioactivity of 5-CH3-H,PteGlu by a combination of liquid-scintillation counting and L. casei assay, on 

material eluted from thin-layer chromatograms. 

Radioactivity (%) present as Sp. radioactivity of 
  c — .  6-CH,-H,[2-'4C]- 

Dose Unidentified PteGlu 

(ug/kg) Day compound 5-CH;-H,PteGlu (mCi/mmol) 

2.2 1 60 22 0.097 

32.0 1 43.3 29 1.06 

2 82.6 14 0.032 

3 67.0 8.6 — 

320 1 52 27 Lia
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Table 4. Displacement of radioactivity by flushing doses 

Flushing doses of PteGlu were given by dissolving the PteGlu in a minimum volume of aq. 1% (v/v) 
NH, diluting it with water (final pH 7-8) and administering in 0.5 ml by stomach intubation. The results are 
expressed as the percentage of the administered radioactivity (mean -+s.p. of four animals) excreted in the 
24h before and in the days after an oral flushing dose of unlabelled PteGlu. The specific radioactivity of the 
[2-'4C]PteGlu was 55.3 mCi/mmol. 

% of the administered radioactivity appearing in the urine 
  

  

Dose of Time (h) of the i + 
[2-14C]- flushing dose after Flushing Days after flushing dose 
PteGlu the radioactive dose (ug of c AN . 
(ug/kg) dose PteGlu/kg) 24h before 1 2 3 

32.0 72 200 1.724+0.23 2.07+0.99 1.02+1.14 0.62 +.0.09 
35.2 72 400 0.39 +.0.40 1.00+0.20* 0.68 + 0.12 0.33+0.14 
32.0 24 400 12.1 +8.3 2.93 +. 0.567 1.35+0.55 1.21+0.51 
3.95 24 400 6.87 4-4.40 4.71+1.30 — — 

21.8 24 1600 4.2742.23 2.444 0.87 _1.22+40.27 — 
44.3 3.5 1600 = 16.5 +0.8 1.12+0.28 1.12+40.24 
43.6 Preloading dose of 1600 ug of = 20.2 +4.6 0.79-+0.30 0.68 4.0.42 

PteGlu/kg given 3.5h before the 
labelled dose 

* Specific radioactivity of the 5-CH3-H,PteGlu was 0.008 mCi/mmol. 

{ Specific radioactivity of the 5-CH;-H,PteGlu was 0.013 mCi/mmol. 

  

Table 5. Distribution of radioactivity after oral doses of [2-14C]PteGlu 

The radioactivity in the urine (collected every 24h after administration of [2-!4C]PteGlu) was assayed 

directly by liquid-scintillation spectrometry. The radioactivity in the liver, kidney and faeces (collected 
throughout the experiment) was assayed by combustion followed by liquid-scintillation counting (see the 

Methods section). The specific radioactivity of the [2-!4C]PteGlu was 55.3mCi/mmol. Results are the mean 

1971 

+s.pD. for four animals. 

Duration of Radioactivity (% of oral dose) 
  Dose experiment c 

(ug/kg) (days) Faeces 
320 7 74.9433.1 
22 6 47.644.7 
3.2 3 ae 

Urine Liver Kidney 

32.64.4.5 7.342.0 0.56 +0.12 
12.0+3.0 16.1+2.8 1.1 +£0.3 
10.9+3.7 14.443.7 2.2 +0.3 

  

was observed in the rat by using S. faecalis assays 

(Swendseid, Bird, Brown & Bethell, 1947). During 

studies on humans, Retief (1969), using L. casei 

assays, obtained similar results, whereas higher 
values were recorded by Jukes, Franklin, Stokstad 

& Boehne (1947) using L. casei, by Girdwood & 

Delamore (1961) using S. faecalis assays and by 
Anderson et al. (1960) using tritiated PteGlu. Wide 

variations of excretion have been recorded and may 
reflect differences in folate absorption and meta- 

bolism, in the microbiological activity of isolated 
materials and in the specific radioactivity when 

labelled PteGlu was used. The amounts of label 
remaining in the liver were approximately an order 

of magnitude greater than those in the kidney at 

all three doses and are within the ratios reported by 
using L. casei assays (Grossowicz, Rachmilewitz & 

Izak, 1963 ; Grossowicz, Izak & Rachmilewitz, 1964). 

There was no significant difference in the per- 

centage of the administered radioactivity (approx. 

6%) appearing in the urine in the 24h period after 
oral doses of 3.2 and 32 g/kg of [2-!4C]PteGlu, but 

a marked increase (to 30%) when the dose was 

raised to 320 ug/kg. On the second and third days, 
the urinary excretion of radioactivity after the 
largest dose fell sharply, whereas that after the 

smaller doses fell more gradually. This pattern of 
urinary excretion is in agreement with those found 

by Steinkamp, Shukers, Totter & Day (1946), 

Jukes et al. (1947), Denko (1951) and Girdwood & 

Delamore (1961), in that the largest amount of the 
excreted material from an oral dose is excreted 

within 24h. 
After an oral dose of 32 ug/kg collection in acid 

and alkali and purification of the first-day urine 

without antioxidants led to decomposition and only 
PteGlu was identified. A similar purification pro- 

cedure with antioxidants present led to the isolation
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of tetrahydropteroylglutamates, and PteGlu was 

absent. Similar results were obtained by collection 

in acid, alkali and with frozen urine. PteGlu, 

isolated by several workers (Kinnear e¢ al. 1963; 

Anderson ef al. 1960; Johns e¢ al. 1961, using 
(SH]PteGlu and DEAE-cellulose purification ; and 
Baker et al. 1965, using bioautography), probably 

arose by oxidation due to the absence of anti- 
oxidants as in our work. McLean & Chanarin 

(1966), using antioxidants, also obtained PteGlu. 

Specific radioactivities, which would indicate 
whether or not decomposition had taken place, 

were not recorded by the authors who used labelled 
material. 

During the present work two major (representing 
some 85% of the radioactivity) and one minor 

labelled metabolites were isolated. One of the major 
metabolites was identified as 5-CH3-H,PteGlu. 

The other was not identified but was not PteGlu, 

7,8-H,PteGlu, H,PteGlu, 5-HCO-H,PteGlu, 5,10- 
CH=H,PteGlu, 10-HCO-H,PteGlu, 5-HCNH-H,- 

’ PteGlu, 5,10-CH,-H,PteGlu or 5-CH3-H,PteGlu, 
nor any artifact formed from these during the iso- 

lation. Labelled unconjugated pteridines were not 

isolated, although they were not extensively studied 

because their Rh, values differed from the radioactive 
materials and the radioactive compounds decom- 

posed to PteGlu when antioxidants were absent. 
2-Amino-4-hydroxypteridine and 10-formylpteroyl- 

glutamic acid appeared as extremely small amounts 

of radioactivity on only two occasions and they 
were derived from other labelled materials. 

The microbiological activity of the 5-CH3-H,- 

PteGlu showed maximum activity for L. casei and 
little activity for S. faecalis, which was nevertheless 

higher than expected and may have been caused 

by decomposition during the assay. The unidenti- 
fied material showed similar specific radioactivity 

to the 5-CH3;-H,PteGlu and therefore was a natur- 
ally occurring metabolite of PteGlu. Its activity 

with L. casei was identical before and after con- 

jugase treatment; the molecule therefore is unlikely 
to contain more than three glutamic acid residues. 

The compound was not reducible. From this 

evidence and the Ry values, it is tentatively identi- 

fied as the di- or tri-glutamate of 5-methyltetra- 
hydropteroate. Because of the similarity in micro- 

biological activity these methods cannot distinguish 

between the unidentified compound and 5-CH;- 
H,PteGlu. 

Early work suggested an increase in P. cerevisiae 
activity (citrovorum factor) in the urine after oral 

administration of PteGlu but isolation media often 

contained no antioxidants and compounds with 
citrovorum factor activity were accompanied by 

unidentified S. faecalis-active material. To account 

for the citrovorum factor activity, first reported by 

Sauberlich (1949), two groups of workers (Albrecht 
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& Broquist, 1956; Silverman eé al. 1956) proposed 

that it was 5,10-CH=H,PteGlu, which was isolated 

by Silverman e¢ al. (1956). These results must be 

viewed with caution, since both groups used very 

large doses (up to 175 mg for humans) and Silverman 

et al. (1956) used formic acid, which, we have shown, 

reacts with 5-CH3-H,PteGlu to give 5,10-CH=H,- 
PteGlu. Low conversions into urinary citrovorum 

factor activity have been reported for PteGlu when 

given orally (Anderson eé al. 1960; Broquist, 

Stokstad & Jukes, 1951; Baker et al. 1965; Oji, 

Wada & Yoshida, 1951) or subcutaneously 
(Guggenheim, Halevy, Neumann & Usiel, 1956). 

More recently McLean & Chanarin (1966) have 

shown no activity for P. cerevisiae. We did not 

obtain 5,10-CH=H,PteGlu and the compounds 

isolated showed no activity for P. cerevisiae. Com- 
parable observations have been reported for blood; 

Usdin (1959), using no antioxidants, obtained 

5-HCO-H,PteGlu (active for P. cerevisiae) although 
5-CH3-H,PteGlu was the major folate present. 
Labelled unconjugated pteridines were not 

present in the urine. Neopterin (Sakurai & Goto, 

1967) and biopterin (Broquist & Albrecht, 1955; 

Patterson et al. 1955, 1956) may have been derived 

from compounds in the diet or by synthesis from 

purines (reviewed by Kaufman, 1967), although 

this has not been shown for mammals. Isoxan- 
thopterin (Blair, 1958) may have been derived by 

folate degradation. Orally, subcutaneously or 

intravenously administered PteGlu did not give 
rise to increased xanthopterin in the urine (Rauen 

& Haller, 1950); the origin of xanthopterin 

(KXKoschara & Hrubesch, 1939) is uncertain. 

The 5-CH3-H,PteGlu and the unidentified 
material were also obtained on the second and third 

days of excretion, and also at oral doses of 3.2 and 

320ug/kg. The specific radioactivity of the 
5-CH3-H,PteGlu isolated from day 1 samples at 

the three dosages showed that this metabolite had 

been diluted by 100-200 yg of folate, which is about 
half the total hepatic folate found by using L. 

caset (Bird, McGlohon & Vaitkus, 1965). 

A large dose (1.6mg/kg) of non-labelled PteGlu 

given orally 3.5h before or 3.5h after [2-!4C]PteGlu 
produced an increase in radioactivity and labelled 

PteGlu in the urine. This is in agreement with 

absorption of PteGlu without metabolism 
(Whitehead & Cooper, 1967; Butterworth, Baugh 

& Krumdieck, 1969; Smith, Matty & Blair, 1970), 

but in disagreement with Cohen (1967) who obtained 
metabolites on the serosal side of everted-sac 

preparations, although the possibility that these 

arose from endogenous folate was not ruled out. 

Chanarin & Perry (1969) obtained an increase in 
growth-promoting activity for DL. casei but no 

increase in activity for S. faecalis (which grows with 

H,PteGlu and H,PteGlu) in the systemic blood
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after oral doses of tritiated H,PteGlu and H,- 

PteGlu, and concluded that metabolism to 5-CH,- 
H,PteGlu occurred during absorption. However, 
the peak of radioactivity occurred significantly 

earlier than the peak of L. casei activity and the 
inability of these investigators to measure portal- 

blood folate also does not warrant their conclusion 
(Bernstein, Gutstein, Weiner & Efron, 1970). 

Flushing doses of unlabelled PteGlu given 24h 

or more after the [2-!4C]PteGlu produced no signi- 
ficant increase in radioactivity excreted. Similar 

results were obtained for humans (Butterworth et 
al. 1969). The small amounts of radioactivity were 
accompanied by low specific radioactivity of the 

metabolites, showing extensive dilution owing to 
metabolism of the flushing dose. Labelled PteGlu 

was not present in the urine, which suggests that 
the [2-14C]PteGlu had been completely metabolized 

within 24h. This was substantiated in that labelled 
PteGlu was not present in the liver 24h after an 

oral dose of 320 ug/kg (J. A. Blair & E. Dransfield, 
unpublished work). These results are in disagree- 

ment with those of Johns e¢ al. (1961) who obtained 
displacement of tritiated PteGlu by intravenous 

flushing doses. They did not use antioxidants and 
their results are subject to criticism on the grounds 

of decomposition of metabolites and the displace- 
ment of radioactivity found by them, but not by 

ourselves nor by Butterworth et al. (1969), may 
reflect the high specific radioactivity of the tritiated 

PteGlu. 
Metabolic studies can now be undertaken by 

using the biologically active diastereoisomers 

isolated during this work. 

We are grateful to Mr R. J. Leeming and Miss H. 
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