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A STUDE ON PYRIMIDING BIOSYRIHESTS

By Goeorge David Birnieo, B.Sc.

The pathways of bilogynthesig of the pyrimidine nucleobides
uwridine«~5t=phosphate and cytidine«5!-phosphate have been
olucidated in recent yoars, The objoet of the present

study was the developmonb of o cellefrec system in which

 fhoe syntheslis of thymine, thymidine or thymidylle acid

could be investigabted, with parblcular vefovence to the

mochanism whereby the pyrimidine ring undorpoes meihyle

ption, The organisms used were Bacheridehie coll PA/LE,
' d

Boch, ¢oll 113/8, Beohs gall 150~ and Pecillug subbilig

H.C,L.B., BOKY,

The ability of Hgch., coll PA/LE to catalyse thae

synthesls of methlonine from homocysteine and sorine, a
reaction formally analagous to the methylation of uracil
or deoxyuridine, wag confirued. Atbempts weore made Lo
aynbthesliee thyrine or thymidine Crom uracil oy

deoxyuridine using Hsch. c0ll PA/LE and B. subtills 8052

under tho stwe condibtions ag those Invelved in mebthionine
ayathesis, He evidenco was obtalned for the synthesis of
thynine or thymidine in this syshen using (1) a microe

biologieal asgay sysbtom suploying Hsch. coll 150~ ap asgsay

orgonism or (il) extonsive paper chrometographic snalysis,
with the use of 3«l40-gorine as the ono-carbon vnit

preeursor. The use of tho cofactors folie meid, Ni0-
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formylfolic acld and NP-fopmyltotrabydrofolic acid aid
not stimulobe any debectable synthesis of thymine or
thynldine.,

4 debaliled investigetion of the enzyme acblvities

present in Tach. coll PA/LS was undortakon, The

abliliity of Egch, coll to catelyse the produetion of one-

corbon unlits fvom seprine and from formate waag confirmed
and ovidence in corrnberation of the involvement of Ne-
nyGroxymovhyliebrahydrofolic agld ag the lmmedlate one-
gerbon unlt precursoyr was obbalnod. onditilons wewve
sstablished under which the hydrolysis of nucleosides

by nuelovside phogphorylase and lnorgeniec phospbabe

{produced from ATP by adenosine~H'-briphosphatase)vas held

o a minlouam,. . The oporailion of regeneratlive TPNH and

DREVH systems in Bagh. ¢0ll uvnder suitable conditiona wag

alao confirmod. Oun The boagis of infowmebtion doeyived
from this investigatlion, a systom was developed 1n which

thymidylic acld was gynthegised by vell-fvee exbracts of

Bseh, coll PA/LS oand Beeh. eoll 115/3 from (1) serine,

formaldehyfe or formato and (13) deoxyuridine, uridine

or deoxyuridylic acld, togebher with the cofackors ALP,
Mgg*p TPNH (oe DPMEH), tetrahydrofolic scid and pyridexal
phosphate. Thoe evidence that thymidylic acld was
synthesised in these systems was obbained by an exbtensive

progreamme ¢f pagpee chromatography and elecbrophoresis.
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Extensgive examinabion of thesge systems For intepe
medliates on the blosynthetic pathway to thymidylic acid
was carried oub, bub no inbermedistss of the H-hydroxy-
methyl-pyrimidine vype were identiflied. Ex?erimen%s

uging extracts of Tsch. coli 16Ty a thymine= op

thynidine~legs wubant, ag the onzyme scures were garried
out bt again no thymidylic acid precurscrs of the
He=hydroxymebhy l-pyrimidine type were ldenbifled.
Jucessasful chemleal syntheses of behydroxymebhyluracll
and Sehydroxymethyldeoryuridine were achleved and the
gbructure of the latber wasg confirmed by degradetion
studies, Attempts Lo synthesise H-hydroxymeblyldaoxye
vridylie acid were unsuscossful, Tvidence was obbained
that thymidine~5HT«briphogphate was formed in sysbems ip
whtdoh thymidylic aoid was gynthosised; bubt no in viiro
gynthesia of DNA-thymine was detected in the same
SYHTOns .

A comparison of seorive, formeldehyde and formaic ag
one=cerbon anll pregursors revealed that serine was a
mieh more prolifle source of cne~carbon units than ol ther
fomaldehyde or formate. A slmilary comparisgon of
decxyuridine, uridine and deoxyurldylic acid ag onge-
garbon unlt acceptora showed that urldine was a loss
afficient aceepbor than selihey detxyuridine or de6oxy-~

uridyiic acld but no adgpificent difference between




degoxyuridine and deoxyuridylic acid was detocted. he
effect of vitamin By, on thymldylic acid bilogynthesls

was algo investigabted using Tsch., coli 113/3, a methionine~

or vitamin Bio-less mubant, bub no wnequivocal evidence
Tor a vitamin By, effect was obtalned with extraects of

Bech, coll 113/3 cells which had been depleted of

vitamin Byo by serlal sub-culturing in o methlonine
wmediwm.

Further extensive lnvestigation of the 140~thymidylic
acid synthealsed ln these sysbtoms revealed that a large
proportion of the 14G~thymidylie aeld diaolated wasg not ,
in fact, authentic thymidyllc acld. Abttempts to
alucidabe the gbrucbure of the contamlnant heve bheen
corried oub. Dogradatlve and auntoradiogrephic gsbtudies
have led to o tentative ldentificmtion of P ~amino~lgo-
bubyric acild and %-ux*amo«»;i;gigﬁ)utyric acld as hydrolytic
products of the thymldylic acid contaminent. On this
ovidence, the conbtamlnant appears to be the 431b«iihydro
derivative of thymldylie acld. Parallel invesbtipation
of tho Jegradation of thymine and thymidylic aeid by

satracts of Bsch., colid PA/LS has provided speclrophobo-

metriec evidence thet tho orgenlsm catalyses the reductlon
ef the pyrimidine ring across thoe 4:56~double bond,
Thymidine doss ant appear to Do a substrate for this
reductlion systom.

Blochom. J. 10568, 69, 1P.
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Secblon I 2 Intyoductlon
Sonbents

le Geneval Inbroduction.
2+ Bloayntheosls of the pyrimldine ring.
{1) 8tudies in whole ¢oll sysbens.
{1i) Studies inlﬁﬁll-frﬁﬁ sysboms .
(111) Albevnabive pathways of pyrimidine ring
blogyanthesls,
de DBlosynthesls of the pentose sugars.
{1) D=ribose biosynithesis,
(11) p-2-teonyribose blosynthesis.
4 Methylation of the pyrimldine ring.
(i) Sources of the methyl group.
{i1) The one=-carbon unit accepbor.
{131} Yechanisns of production and transfer of the
gne=carbon walts (&) The structure of the onew
carbon unlt pool comploeXx.
(b} Pathways of one-carbon unit
pool formation from
diffoprent ono-carbon unli
precursors,
5. The mechoanisn of thynlne~methyl group synthoesis,

6. The »Ble of vitamin Byg in nucleic acid blosynthosia.




1. Ooneral Inbtroduction

With one sxcepbion, the pathways by which the
ancleotides of deoxyribonuclele aeld (DNA) ave
synthesised have been elucldated la recent years” and.
have heon reviewod by a nuﬂb@r:mf puthors {Relchard, 198Ha;
Schlonk, 19553 Carter, 19563 Davidson, 10574). The one
axgoption ig thoe pathway by which thymidine-~Bv-phosphate
{thymidylie acids THP) 3 synthesised with pariticulee
roforence e the wechanlen by vhich the methylation of
the pyrimidine ring is achleved. A study of bhis
deseribed in this thesls..

A study of tho blosynthesis of THNP involves
conslderation of & nuwber of different polinis, namely
() the blosyathesls of the pyrimidine ring: (b) the
blosynthesis of the dsoxyribose componenty and (¢) the
methyletion of the pyrimidine ring., This last poinb
{c) alone involves a numbor of interesting problems
including (1) the sourco of the one~carbon unit which
in transformed inbto the TMP-moethyl groupi (11) the
struchbure of the one-~carbon unli asceptor ecompounds
(111) the mode of trenafor of the one- carbon unit and

(iv) tho mechanism by which the ThiP-methyl group is




Formed Lrom this ono=carbon unlt.

The biosynthetic pathways o the pyrimidine
nucleobides have beoen egveblished on the posls oF
information obtained (1) from whole cell systems by
isotope incorporaticon studies (using labelled smalle
moleeule precuraors) and by growih vegulrement sbudies
{(uoing mieroblal mubtands) and (1i) from sell~froo
aystoma by studles of tho relevant onzyme systoms.

It was initially inbtended that thisg
introductory section {Seection I} should incorporvats a
review of the problems of TMP synbhesig which had boen
clucidatod abt the tims when tho progent sbudy wes
gommenced, follovwed by a brled sypopsir of the rosulis
published during the vime this work was procooding.
Unfortunately, this appronch has been found to be
oxcoedingly 4ifficuls iIf nob, indeed, impossible sinece
the ficld has broadoned rapidly in thse last feow years.
Resulis which have been publishod since Oghober, 1956
(when this sbudy was begun) have hed en ilmporbtant
bearing on the interpretation of previous obsorvetions,
with the reosult that o yeview of the £ield up to the snd
of 1966 would be mislending in o pamber of asposts and
would necesgitabe considerable smendmeont. This would
lead inovitably to a very cslumsy discusaion of the
published work and, accorvdingly, the latroductory sectlon

incorporaies resulss published by early 195H9.




In geevion II, the sccbion devoted Lo a
degeription of the obssrvations made during the study,
it has been found pecessary bto include a shorb
discussion of the vesulis of each experiment in ordeyw
that the logleal sequence of the experimenis mey be
clearly wndersicod. A short general A&lscussion of the
pverall sipgniflecance of the eXperimental obsevvaiblons
has been inecluded alse {Section II1). The experinental

technigues nsed ave described im full in Section IV,

Be Blosynthesis of the pyrimidine ring.

(1) Studles in whole=gell sysbamd.

The firsh abttocks on the problem of pyrimidine
aneleotide biosynthesis wers made by sbudies on the
incorporation of carbon and nitrogen isobtopes, in éhe
form of simple precursors, inbto the nuclelc acid
pycinidines of whole animals, mammalian and avian bissue
sllcoes and homogenetes and micro-organisms and by bbudies
of the growth factors of warious wleroblal mu%aﬁts. The
initial step was taken by Barnes and Schoenheimor (1943)
when these suthors found bthab 15m»ammoﬁium cllivate %Qﬁ-
incorporated inbo the nucleic aclds of mamnalian and
avian bissnes thus showing that the nueleic acids conld
bo derived Trom spall molecule prooursors. Ineorpors
ation of othey labelled procursors into the nuclele acids

off s#imllay tlssues, followed by isolation and




degradation of tho pyrimldines, hes showa that Ny
of the pyrinldive ving is derived from amnonis
(Ingerkvist, 1953), Ug from 00y (Helunrich snd Wilson,
1960) and Ng, Uy Cp ond (g from aspartic acid
(Tegerkvist ot al, 1962; Reichard and Lagerkvist,
1953) (See Fig. I, 1 for the definition of ring
numbering in the pyrimidines).

Poth cerbamylaspertic acid {ureidosuceinie
acid) and orvotle acld (uracil-d-carboxylic acild) two

growth factore of Iactebacillus bulegaricus 00, were

showa to he implicsted in the bigsynthosis of the
pyrimidine ring whén 1t was found that bobh compoundis
wore incorporvabed inte the nucleie aclids of thet
organlam {(Wright et al, 19561). The »dle of oreotiec acld
- a8 8 precursor of the mueleic acld pyrinidines of a
large number of tlssues has heen confirwed both in vive

and in vitre. Orvotic acid hos been shown o be

incorporated (a) into the nueclele seids of Esgharijehia
coli B {(Weed énﬁ Cohen, 1951}, y@aﬁttmﬁmonds ot_al, 1882),
the rabt (Hurlbert and Pobber, 19623 HMarryingbon and Levik,
1955}, the mouse {(Legevkvist and Relchard, 1954),
memnelion Liver slicos (Weed end Wilson, 198)L; Reichard
and Bergst?gm, 19581}, cat spleen slices (Weed and Wilson,
1953 ), bumonurs {Weed, 1951) and Thrlich nsciteg tumour

colls (Iogerkvist and Relchard, 1954) and (b) inbo the
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uridine-5Y~phosphate {(uridylic acid; UMP) of the
acid-gsaluble fraction of ret liver {Hurlberi and
Potber, 19523 Huvlbert, 195283 Hurlbert, 10563%).

The blosynthesis of orotic ascld, so clearly
implicated in pyrimldine blosynthesis by the evidence
quobed above, was investligobod vory exbtensively by
Relehard end Lagerkvist (19563). Those aunbhors shtudied
the incorporation of 19y wammoniun chloride, 13-
blearbonate, 15N-&~aapartie 8¢id, 1:4-15C«L-aapartic
Belid, 2:15=tbGolenspartic peld and IONehmecarbanylosparbic
acid into an added poel of orobtic acld and cbbalned
rosulbs which both confivmed and amplified those
obbained in previous lnvegblgations. The vesulbs,
in conjuncition wilith the obther ovidence cbtained Trom
isotope incorpovation and microbiological oxperimontsg,
showed clearly thab agparbic acid, carbamylespartic acld
and orotic acld (or close derivatives of these compounds)
were all lnvelved as precursors in the blosynthesls of
TMP »

Dune other compound, dihylro-ovetic aclid, was
Implicated in UMP bleosynthesis by experliments of the
same Lype. It was found thabt dihydro=-orotic acld would

support the growth of L. bulgericus 0P in plece of

carbemylaspartic acld or orvotic acid (Miller ot al, 1955)

and fuvther, thet rat liver homogenates would catalyse
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the dehydrogonation of dihydro«orotic sceid to yleld
orotic acid. |

Bxperiments using whole cell systens bhawve
shown, {a) thet the pyrimidine ring can bo derived from
swall molecule precursors and () thabt four soupsunds
(agpartic acid, cavbamylaspartic acid, dihydro-orotic
acld and orobic aeld) arve inbtimabtely connected wiih the
biosynbhebic pathway to the pyrimidine onuelscotides.
The Turther detalls of this pathwvay were worked out by
studying the enzyme systems involved in cell-free

exbracts end, in some cases, with purifled onzymes.

(311) Studies in pell-free sysbems

The synithesis of eltrulline from ornithine,
WHo . {CHp )pze CH{NHg ) «COOH w—wd WHg ,CONI . (CHp )+ CH {WHg ) COOH

orunithine citrulline

a2 reaction which ig formally analogous Lo the formation
of carbemylesparblc acid Lvom aspartic acid, haa boon
studied by CGrisolia and Cohen (1962) and by Jones gb al.
(1966). Crisoclie spd (ohen showed bthat the Foruwation

of the "aobive” dorivative of ammonin and Qg

{Compound X) involved in the synbthesls of eltrulline

is dependent on bthe presoncd of adenosine=Ht«Lriphosphate
(ATP), Mgh+ and acetylglutemate. Jones eb al. found

- Ang e

(1) bthat celle-frvee extractas of Strepbocogeus Fescnlis




&
wlll catalyse the formatlion of carbamyl phosphate
(compound X) from COo and ammonle in the presence
Qf ATD tw-

COg + NHy *+ ATP ~3Hg = CO - OO Hg + ADP
~and (i1) that the carbamyl phogphate zo formed is a

subatrate of the grnithine carbamyl transferase

activity which catalyses the synthesls of citrulline
from ornithine. The analogous oondensation bebween
aspartic acid and carbamyl phosphate, catalysed by

the enzyme asparbete ecarbamyl transferase, has been

demonstrated by Reichard and Hanshoff (1956) using
(1) an esxtraect of rat liver and (i1) o purified
Pache coll enzyme. In addition, Reichard and

Hanshoff established that the grnlthine- and

aspartate carbamyl transferase were not ldentical.

The aspartate carbamyl bransferase sctivity lsolebed

from Esch, c0ll has been purified to a considerable

extent and, using the purdfied enzyme, good
stliochlometry for the roaction |
carbamyl phosphate 4+ aspartate -y carbamylaspartate
+ inorgenle phosphate
has been obtalned, No evidence that thls reacbtlon 1s
ravorsible was obtained by the use of “2Ppg®~. The

fallure to demonstrate exchange hetween sdded
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Geasporilc acld and carbamylespartic eeid in this
veaction indicabes the noneinvolvement of a
carhamyl-enzyune cowplex.in the wechanlsme The
mechanism probably involves a sucleophilic attack
on the carbonyl group of carbemyl phosphate by the
N-aiom of asparile acid subsequent o substratow
binding by the enzyme,

The hydrolysis of carbamylaspartic acid to
aspartlec acid; amuonie and C0p bhas been deseribed by
Lisherman and Eornberg (19556}, This degradebion is

effected by a ureidosvecinase (garbemylasparbase)

enzyme wWhich ls obtained Trom extracts of Zywmobscterium

oroticun grown anssrobleally on orotic acid as Fthe sole
carbon source. The hydrolysis s dependent on the
pregent of Mnﬁ+ and a sulphbhydryl compound, bub nob
adonosine-5'«diphosphats {ADP), wherens the corrvespoading.
hydrolysis of citrulliine yilelds AP, The veaction 1s
both highly exergonic and virbually irrveversible and
thege facbs led to the suggesbtlion that the mechaniom of
carbamylaspartic acid synbthesls from asparble acld
involved argincsuccinice acid, 1% had been observed that
citrulline-ureido-+%¢ was utilizad (a) in the synthesis

of nuclele aeid pyrimidines in Neurcspors (Heinrich et al,

19584) and in pigeon liver bomogenstbtes (Schulmen and

Badger, 1954) and (b) for opotlc acid synthesls in ratb
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llvaere slices {Smith and Stebttin, 1954). ‘Phese
observatlons had been inbevprobted as indlcating theb
arginosuccinic acld was ilmplicated in the bioaynﬁheéia
of the pyrimidine ring. However, the observed
formatlion of ecarbamylphogphate fron citrulline by a
rat liver mibtochondrial exbract in the presence of
ATP, Hg%? and acebtylglubamate (Bmlith and Relchard,
1956) han snabled thaege observabions on eltrulline
ubtilizatlion to be Iintegrabted with the pathway of
carbemylespartic acid syathesis fronm carbanyl phosphate
and agpartic acid without the paviieipation of
arginosuccinlc acld.

Lisberman and Kornbarg (19853) have shown

that eell-free extracts of Z. orobleum will eatalyse

the intevconverslon of cerbamylaspartiec scld and orotic
acld. Phe exbracts of bthis mlcro~vrgenism contein

{a) dihydrg=grobase whilech catalysos bthe formation of

dihydro=orotic acid from carbanylespardic acld and

(b} dihydro~orotic acid dehydropenase, o

diphosphopyridine nueleotide~(DPH~) linked enzymo which
catalyses the dehydrogenablon of dibydro-orotic acid o
yield orotic ceild. The possiblliby that bthese enzymes
nay not be involved in norwal pyrimidine biosynthetic

petlhwinys mast e consldered since it has been demonstrated
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that both ave adaptlve onzymes (Yobes and Pordee, 1956a).
However, the corresponding onmymes bave been shown Lo

be prosent in exbrachs of Boch. coll B which has been

grawn'on minimal medium {(Yabos and Pawvdee, 1956) end,
moreover, the activity of the ipolated onzymes lg
sufficient to acecount oy thelr ilnvolvement in the
syathesis of the mcleie acld pyrimidines of the parent
colig.

The recent work of Liehewyman b al. (1955) has

enabled the Lfineld stages in the synthoesls of UNP:
orotic aclid - orobidine-~bBlephosphote - UNP

o be defined clearly. From yeast oxbracts, Lthess
anthors hwve igolabed end purifled sn enzyne

{orobidine=5! ~phoaphate pyrophosphorylagse) which

catalyses the Teormation of orotidinoe-iH'~phogphate from
orotiec acld and Be-phosphoribosylpyrophosphate in the

] .
prasence of Mg“*. These yoash extrasts also contaln

grotidine-56! ~phoaphate decarboxylieso which converts

orobldine-Skphosphate lrreversibly to UMP, The presscnce
of those ensymes hes boon reported in mammellan 1iver
also {(Hurlbert and Releherd, 1955), an observeblon which
oxplaing the observed incorporation of *4C-orotic acld
| into the UMP of the agide-seluble fraction of rat livexn

{(Hurlbert and Potter, 19833 Huvlbert, 19623 Hurlberi, 1953}
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Hurlbert end Reilcherd, 1955). The snzyme

opolidine«5f=phosphate pyrophosphorylese, igolabed

from yeast, appears to be specific to orobie acid.
o covvesponding reactlon with DL-cavbamylaspartic
acld, [=dlhydro-~oroblic nceld, wracll or cybosine hasg
boon veporbed.  Similarly, no ovidence for the
involvement of an open~chain glycoside in reactions
leading to the formabtion of orotldine-5!-phosphate
has been obtainod.

Fox ob al. (1957) have rocently substeniieted
the abructure of orotidine ag J-D~-ribofurancsyiuracil-
4=carboxylic acld by & spectrophotometric study of
Nealkyl derivatives of orobie seld. Tiobermen gt _ol.
{1955) have demonsitrabted that the orotidine~bY-phosphabe
whieh they cbitalned was apparently identlesd with the
product of an eonzyaically-catalyased phosphate ﬁransfer
B0 orotidine (Michelson, 1951), thus indlcabting the
compound o be the H'-phogphate oater of 3-D-rlbofursnosyle
nracil-d=corboxyliec acld,.

The bilosynthebtlc pathway to the pyrimidines,
shown in Pig. I, 1, has been eptablished on the basls of
this evidence. The forreation of the free base from UMP

ig ocatalysed by the action of uweldylic acid

phosphomonoesheyase on UMP to yleld wridine, followed by

hydrolysls of the nucleoside teo wracll by nucleoside
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phogphorylasns .. Tho conversion of uracll bo eytosine

hag been shown to take place atb the nuelaotlde
triphosphate level {(Lieberman, 195667 Licborman, 1956).
The synthesls of thymine isg more complex and will be
disoussed laier at some leogth.,

Lt i wobbhy of ndte thet a conbrol of

pyrimidine nucleotlids biogsyuthesis 1un Hsoh. coli by

a feed~back inhibition machanism hag beon demonsirabted
by Yabosg anﬁ'?amﬂae (19560), PThese suthors have shown
that eytidine-5'-phosphabe ls & ecompotvitive inhibiltor
in the formation of carbamylaspartic acid Trom
carpamyl posphete and aspartic aclid. Cytidine will
also 1nhiblt this reaction though to & lesser exient
whereas the presence of ureeil, uridine, UNMP, ov

eytosine does nobt cause any appreciable inhibition.

(1ii) Albernsbive pethways of pyrimidine ring blosynthesls

Although the padhway oublined in Plg. T, 1, has
hoan eshabllishod very clearly, some evidence of the
operation of alternative pathways of pyrimidine bLidsynthesi
hag been veported in recont vebrs. A reversal of the
reacbion sequence by which uracll is degraded to
@,-ﬁlanine (Figel,2) (Grisolia and Wallach, 19553
Conollakls, 19663 Fink ot al.. 19b66b;Fritzson, 194573
Fritzson and Pihl, 1957) has beon considered as & posaible

pathway 4o the pyrimidines.
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Boyd and Falrley (1988), working with the

pyrimidine-losa mubant Neurogpora cyassa 1298 which

is ecapable of growih on propionic acid 0rtinaminabutyric
aeid, have shown that this mabant will incorporate
propionic acid and o ~amincbubyric acid into the
pyrimidines @f ﬁhe nwaclele aelde.  Theoy have proposod
thoat this incorporvatlon iavelves a deplveitive of
gnalanim. However, Coheh ot al. (1957) have shown
that dihydrowrncil snd dibydrocytosine ( and the
corrasponding ribosides end dooxyribosides) do not

support the growbh of a verieby of pyrimidine~less mutants

of Tsche coli. Gortaln mutants of Lsch, colli are

capable of growth on dihgydrouracil, bubt it has been shown
recontly thail those arganlsms ave panbobthenato~less
mabants (Slotnick and Weinfold, 19567).

Friteson (1957) bas found that tho only step in
the reectlon seqguence in Plg. I, 2 which is effectively
reveoyalble in rat liver slices is the interconversion of
dilydrouraell and B -ureldopropionie scid. However,
ag the ublilizatlon of uwreasell by rat liver for poly-
nuelaoctide syubhesis is negliglible (Plenitl and
Schoenheiuer, 19443 Kubtmon ot al., 1964), a study of
the anaboile pobentlalities of the degraddtive pathway
in & %issue which i3 capable of wbilizlng urecll to s

gragior oxtent, suech as rat inbtestinal mucosa or the
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Flexnor~Jobling carveinoms (Heldelberger eb al., 1957),
would be of inberest. ILagerkvist et al. (1955) have

lﬁmwlaballad dihydrouracll, F»-uvaiﬁﬁpyepieniﬁ

ghown thab
~aeld and E»-alanin@ are not incorporated Ianbte the

mielaie agldsg of Bhrlich aselbes tumounr cells Yo &
gignificont extont wheress uracll is ublillized for
pelymusleotide pyrimidine biosynihesis in the same

gystems  On the other hend, Snléﬁ*dihydrmnwacil hag heen
shown Lo be incorporated inbo the acidescluble pyrimidine
nueleotides of o highe-speod suporpabant fractlon of rat
1iver or Flexnereiobling carcinoms homogenabes to a slightly
greater‘extaﬁt than 1s uracll (Heldelberger ot 8l., 195Y).
The significance of these observations is not clear, bulb

1t must bo borne in wmind thalb the observed incorporation

of 2-14C~dihydrmuraeil iy have been due Lo the hydrolysis
of the dihydrourscil to carbamyle % «slanine followed by
transfer of bthe carbamyl bto msp#rtic aeld and Cfrom thonce

by the scheme oublined in Flg. I, 1.

The recent work of Mokrasch and Grisolis {1958)
has glven the most slgnificant indicatlon of the réle of
dihydro-pyrinmidines in the synthesis of the nuclele aclds,
These aubhers have obitained, from mamvalisn and avien
liver, & soluble onzyme system which catalyses tgé
incorporation Of carbamyl- ? -~ alanine, ma!.a?bmuyl-g% = slanine

riboside, carbaﬁ@ﬁmagualamina riboslde -5 -phosphute,




dihydrouridine and dihydrouridine-H?-phosphate inbo

the ribonucleic acid (RNA) of the system. They have
shown bthat the pathway of incorporetion does not
involve ovotic acid and thet thoe vibobtides are
ubllizod more extensively than the otbher derivatives.
The lattor observation strongly suggosks that the
reaction involves the ribotide derlvabilves, but further
investigation of this sysbtem will be negessary in ovder
that an evaluaticn of the observations may be obitained.
O the obher hand, it nust be noted that Vissgerw ggmg§.
(1957 ) .have been able to debect only negliglble
incorpovabion of lQﬁg—éihy&reuridine~3f(2*~)~phoaphate
into thoe maclele aslds of rat intestinal mucose and
regenerating liver,

| if the wreverse of the wpeaction sequonce fyom
uracil to Pn&lanine (g, T, 2) can bo demonstraived,
the final steps of the blosynthesis from %QaE”ani.ne Lo
UMP can be comploted by the formation of uvidine frowm
unracil and riboge~l-phosphate under the lofluence of

aneleoside phogphorylese Tollowed by the phosphorylatlon

Cal

of the anucleosldo by the seblon of uridine-~hi'-phosphokinese

in the presence of ATP.

S« PBiosynbtheosls of the pentose sugard.

{1) D-ribose blosynbhesis.

The pethway of ribose blosynthesis from glucose
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(Fige I, 3) has been elucidated by the work of MeNaire
Heott and Gohen (1951), Horecker (1951) and Dickaaéy-
{1983}, The hydroxyl group on Cg of the glucose molecule

is phosphorylated by the action of hexokinnse in the

pragence of ATP. The glucoso-G-phosphate is oxidlzed

by hoxesemonophosphate dehydrogensse actlon in the

presence of Lriphosphopyridine nucleotide (TPN) bto

yield the strajghtechain compound &e-phosphogluconic acid
which ilg decarboxylated ot €, and oxldlsed at Uy to yleld
vibulose-bephosphate (D-R-oxoribose-H-phosphate). The

action of phosphoribosce isomerase converts ribulogesbe

phospbate 0 the lsomerice aldshyde with asymmetric
roduction of Oy kebo~-group and ring closurve takes placo
o form D-ribose-Sephosphate (Deribofurangse-6-phosphate).

An alternative pathway for the synthesls of
ribose~B=phosphate has been found in cerbain bacteria.
These bacteria are able to couple glycolaldehyde and
glyceraldohyds«3=phosphabe, both of which e¢an be derived
Trom glucose, to form ribose-b-phosphate.

Thare are three pathways known by whiech the
ribose-Sephosphaiteo formned by oither of the above routes
mey be inedrporated into the yyrimidiné nucleotides. The
machanisms of these patlways lovolve (a) dirsch

condensation of the pentose derivabive with tho pyrimidine
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bases to form the pyrimidine nuclectides (Davidson,
Lo57)s (b) isomorisabion to riboso~Ll-phosphate by

the acblon of phosphoribonutsse followed by

condengation with the pyrimidine base under the

influence of nucleoside phosphorylase to form the

pyrimidine nuecleoaide; and (ol roncbion with ATP %o
form an"activg” derivative which will condense with
ceoble acld, Hornberg ot al.(1954 and 1955) and
Rowy o% 8l,{1P55) have 1dentified this "active"
devivabive ag Bephosphorivosylpyrophosphate. Ag has
been described previously, Libvberman gt al.(l985)

have veporbted the isolation from yeamst of orotiding-

5% wphiopphate pyroph@sphdryl&se undey the influsnce of

which orobic acld and B~pheosphoriboaylpyrophosphabae
couple to form orotidine-Ht~pheosphaie aund pyropheospbheie
{(Fige To 1)

The evidence obitained Tfrom the syastems sbtudied
so far indlicate thal mechanlsm (c) s the predominating
pathway by which the vibose molsby of the moleculs 1g
introduced inbto pyrimidine {(and purine) nucleotides
synthesised de nove. The obher wechanlsms appear .to
operate only in the cases whore preformed pyrimldines

are supplied to e sysbem synthoalsing polynucleotidsas.
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{i1) D=2«dooxyriboge blogynthosis.

Racker (1952) hag described a synthosis of
daoxyriboso~G~phoaphate, which is analagous to the
formpbtion of riboas«b-phoaphalte fvom giyeerald&hyde-
S«phosphate and glyeolaldehyde, under the influence of

an snzyms found in exbracts of Lach. coll. This

enzyme, described asg an aldolase, cabalyses the conden-
gation ol glyceraldshyde~d~-pliwwgphate and acetaldshyde 1o
form D-B-deoxyribose~o-phosphates Howaver, the exact
réle of the Racker aldolasse in de novo deoxyribose
synthesis is nob eclear. Tanning and Cohen (1954}, using

1 , , .
1*"4ngluaese in the presence of Basche.coll, have shown

that the pathway of deoxyvibose Lformatlion ls predominantly
by way of Sw~phosphogluconate and vidosse (Fig. 1, 3)
whereas, in the presence of bactoriophege~infected Bach.
ooil,; the dlstributlion of the labslling in the deoxyribose
Torwed is albered to a pattorn which appears to indicate
the opervetlon of 2 pathway lnvolving the Recker aldolase
rather than the normal pathway (Lenning and Gohen, 1955).
In thege organlsms there is the pozsibllity that the
pyrimidine deoxyribetides may be synthosised by the same
type of pathway as is UNMP, that Is by interaction of
S~phosphodeosyribosylpyrophosphate and orotioc acid bto
form deomymraﬁidinanﬁ*wphgaphate but sg yobt there havs

been no reports of these Intermedialbes ox reactions having
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heon observed. An albornabive pathway is the formation
off the puecleosides by the interactlon of deoxyrihoso-

iwphogphate and 2 pyelnidine wndey the influence of

nueleosl@e phosphoyylase, bub agein this depends on the
préegonce of preformed pyrimidines,

Information gleaped from studles of the
distribution of activibty in the nucleic acld vibose

and deoryribose chalng of Hsch, coll grown on a varieby

of l4g.labelled subatrates including l-t%Cwlactote ang
l=l4Cmocobale have shown that deoxyribose is derived
from rilbose, or from o precursery of rlbose, even more 80
than the comparable studies weling lleCnglucose(Lanning
and Cohon, 1984 and 19588)., This was demonstvated very
recenbly by Bernsteln and Sweeb (1988) who grew Lsch.
coll on 1-fg.toctate nod found that the pattern of

aotivity in Oy to O, of the polynucleotide deoxyribose

B
chelns in the organism to be Bl: 1831 0623 4: & compared
with 20: 153 69: 1t 1 for the correspaﬁ&img ribose
chains. Begatell ob_ol, (1958), using 1-Y%C-scetato as
a carbon source in & simllay system, confirmed the
conclusion that deoxyribose 1s dorived Lryom riboso or o
riLOSO ProcuUrsoy .

The vast proportion of the evidence on

dcoxyribose bHigcsynthesls which bhas accumnlabed cleayly

indicakes that the conversion of ribase to deoxyribosze
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takes pilace at the nucloeside oy nuclectide level withoub
olther Lission of the Neglycosids Linkage or rupture of
the pentose chain., Rose and Schwelgert {1953) have
shown that 1439~cytiain@ is incerporatod into the
deonyeybidine vesidues of vat tissue DHA with no ioss

of gpecifle acbivity. Very récenﬁly Helubtt (1958) has
confirmed this resull using a cytldine~less mubant of

14
Heurospora, and the intact incorporation of~l*ag»cyﬁiﬁin@

and 14G$-uwiﬁine inte the polynucleotide pyrimidine
dooxyaucleotlde residuss of mamwalisn and avien tissues
also has boeu demonstrated (Roll ot al., 1956; Rolcherd,
1967 and 1958}, Whethor the ribose«~decxyribose inbepr-
conversion bokes plase at the nucleoside or the nusleotide
level: is nob elear, bub somoe evidence to indicate thot

the roaction takes place &l the level of the nuclsogido=ble
phosphate has beon obtalned recenily by Relchard (1958) who
‘basg described briefly the formatlion of deoxyuridylic acild
{dooxyuridine-&?-phosphate $;diMP ) Crowm UMP by & solubloe
onzyne Lrom chick owbryoe homogenates. No evidence of bLhe
inberconversion beking place at the nucleoside lovel has
been obtained wilth the excepbion of & dlthiel-sctivated

soluble enzyme of Salwonello bywmphimarvdius LT-2 which hasg

racently been reported by Grosaman{lebd) withoub deballs
and whieh 1s stated Lo offeoct & peduction of uridine Lo

Seoxyuriding .



>The mechaniam of the vedustion at the 2t
position in vibonueclecitides bas nobt besn siucideated
but recenbly Brown et al.{18568) have suggostod
tenbabtilvely that é preimidine ﬁgsS'fggg%g-muslecaid@
stfug%utﬁ may bo involved in the blosynbthesis of
aeaxyriboaé. Howover, the sborcochsmistry of the
anplagons pvurine derivatives 1s gueh that it wowld
appé&? lmpossible for a purine egaz'fgxg;gwnuelaosiﬂe
vo participabe in purlne deoxynucleotide synthesis.

Although vitemnin Bys appears bto be intimately
concerned in the biosynbhesls of the nuclele acids In
Bomes wéy, the %ﬁle.played by this vitamin is still
obseure, Vibamin EZB has been impliented () 1n the
synthesls of the thymine-methyl group (Elwyn and
Sprinson, 19603 Pobber, 1954; Smith, 19566) and (b)) in
the synthesls of the deoxyrlbose moloty of DNA{D@wning
and Schwaigart, 1958). These aspects will be discussed
leter at some longih. | |

Ancther possible pathway of AUMP blosynitheosis
warranby some considerstion., Ideberman (1965 end 1956)
has demonstrated Lhet bthe aminatlon of urac¢ll, to yield
cytosine, tekes place ot the nucloeotlde txiphosphete level
but thero 1s no ovidence to suggest thet deoxyeytldino-5'-
triphosphate is formed by the analagous amloptlion of

depxyuridine-&t=triphosphate, Relchard (1955) has shown




that 14&~de@xyuriaina is oot Incorporated into the
eytoslne of DHA of vegensyvablng liver ov iontestinal
macoge and Priedkin and Roberts (1956) have conflrmed
this observation with winced chilck ewbryo and
suspengions of »abbit and chloken bone mapvow pells.
Yoreover, Friedkin and Kornberg (1957) were unsble to

demonstirato BY-Gooxynucleotide kinage aeblvity bowerds

AUME in oxtyacte of Esnh} coli. Thus the ds novo

sypbhesls of deoxyoeytldlne nucleotlides probably
invelves a pathway of the typet: UMP =) uridine ~i'e
diphosphate ~»uridine-5'~triphosphate - cybosines

ot ~triphosphate —~» 7 «% deoxyeybldlne=-6'e-phosphate.
The aeoxyeyﬁidinﬁvﬁf-Phasph&té formad by these veachtlons

may be deswinabed to GUMP by the actlon of deoxyeytidine-

o' ~phosphate deaminage, & new deaminase found reconily

in howogenates and acetone powder extracihs of

?awaoenhratué lividus. (Searano, 1968). The 4UMP formed
in this way is a p@ssibla sourge of pyrimidine
deaxynucleotidos for DNA blosynbhesis. However, it is
posaible thab the sugar inberconversion takes place ab
tho triphosphate level. In thils case, the deamlination
of deoxyeybidine~b!-phosphote may be o mecheniam for
salvagling & pyrimidine ring by synthesisling 4UNP from 4

compound whieh is not on the direct DWA synthebtic pathway
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vather then e mechenism whorcby pyrimidine deoxye

nmicleotides are synbhosised de novo.

4. UNethylatlon of the pyrimidine wing.

(1) Bources of tho mebhyl group.

The arigimlaf the thyminaﬂmethyl group in HNL
heag bheen investig@ted by & auwdboy of workers and has
boen shown to be in a one-garbon unlt which can be
derived from a nuuber ©of gimple procursors including
formete, formaldehyde, glycine, serine and methionine.

The in vive ineorporation of Loopormeto inbo
the thynine«pethyl group of DUA of the internal organg
{liver, intestinal mucosa, spleen, ebe.) of the rab and
the chick has been &ém@nmﬁﬁ&taé by Totber et al.(l951),
Riwyn and Sprinson{losd), Havrington and Lavil (1955),
and Herrm&nm'gﬁmgg. (1$55). Mannoll and Rossiter(lyb5H)
have shown that *4C-formate labels the methyl group of
DNA-Chymine in btlssue slices of wvat llver and spleen.
The in vitro lacorporatlion of l@G*fOﬂm&f@ into the thymino-
methyl group has been demonstrated also by Totter{1954)
and Tobtter ond Best {[1955), using susponsions of rabbit
bone marrow cells end Prussof and Lojtha (1956) and
Prugsol et al, (1956) have showp that 1%G—fmrmate is
incorpovated inbto DMA-thymine by suspensions of Bhrlich

eacites tumour cells., Kit(l987) has confirmed these
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cbaervations with Ebrlleh aseites tumour cells end

Kit ot nl.({1958) have also shown that 4¢-formete is
incorpovated into the thymine compounds present in

the acid~soluble fyaction of both normel and malignant
lymphatie tlssuss. However, it must be ncted that 1t
bag beon shown thet 140—farmata 1s not incorporated
into the thywmine-methyl group of the DHA of a growing

eulture of Egche.onli although, in the same sysbom, tho

Hg.pormate will label positions 2 and 8 of the purlne
rings {Crosbie, 1958).

Lowy ot al. (1956) have demonstratoed the
incorporetion of L4¢-formaldehyde inte the Ehymine-
mothyl group of momnalian DNA, a result which has been
confirmed by the cobgervations of famill eb al. (1956),
Recenbtly Kit ot al,(1958) have shown oclearly thabt normal
or neoplestlc lymphatie ecll suspenaions will convert
146~£aﬂmalﬂ@hyda Lo the thymine-mothyl group of acide
soluble thymine compounds and of DNA-thymine. 140—
formaldehyde has alse been shown to be converted to the
mothyl group of thyming nucleotlides by cell-froe

extracts of Rsch., coli (Priedkin and Zornberg, 1957;

Plaks and Cohon, 1957) and by cell-free extracts of ratb
thymas tissue (Fhear and Groenborg, 1957).
Totber et al. (1951) bave ghown thei Qi A

glycine glves rise to & lhbelled one-carbon unlt whigh
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is lncorporated ln vive into the bthymine-methyl group

of mamnalian DNA. This cbsevvabion hins been confirmed
by BElwyn and Sprinson {1954) who isolated and degraded
the DNA of the internal organs {(liver, sploen, kidneys,
hoart, Inbesbine, pancreas, goneds and lungs) of rats
which had.baan fod ﬁnl%c—glycin@ ox 5~14Gmsarine. They
found, in both eases, that the thymins-methyl group was
Jabelled. Thelr wesulis indloabed thab the hydroxy=
mothyl group of serine is & wajor source of the methyl
group of DHA-thymine and that the o ~cayrbon of 2atdn
glycine, which is converied Lo the thymino-methyl

group alse, is o magh loss effoetive precursor. Dagradm
abion of the isolated pyrimldine showed theib more than
00% of tho 1&0 pregent in the bthymine was located in the
S-mobthyl geoup, both whon Rnlgc-glycinﬁ and whon G~"%(-
serine was the ono~carbon uwnlt source. An in vitro
sysbem in which deoxyuridine is "methylated" by PR
gerine andesx the influence of a zoluble enzyme exbyract
of rebbit thymus Hissue has been describsed by Bilakley
{1957).

The conversion of the methyl group of methionine
to mammalisn DEA-thymine has beon demonsbrated by Hevrmenn
eb al, {1955) and by Kit ot al. (19568}. Kit ob al.{1958)
noked that the utllization of m@thianinawm@thyl-iéﬁ wes

roduced markedly by the eddltion of formaldehyde bubt thab
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the Incorporation of " Oeformeldebyde wag unaffecbed by
wlabelled methionine. Greon and Cohen (1957) and
Orosbie {1988) have shown Uhab methionine is not a methyl
donor for DNA blosyobthesls in methlonine-less mubantas of

Lseh. coli. Groon ond CGohen (1957) confivmed this with

the observabion thab mothiopine-mothyl~t4¢ 15 not utilized

Tor DNA-thymine synthesis in a urecil-less mubtant of

Esoh, coli. Oun the other band, Dinning eb al. (1958) have
degeribed the incorporabtion of mﬁthioninavmethylnléﬁ into

the DW¥A«thymine of Lasbobacillus leichwmonnii and thoy

have repuorbed that the pathway of incorporatico is nob
Lofluenced by vitamin Byse Kb et al, (1068) have
suggested that the pathway of methionino=methyl ubilize
ation in thils reacticoa involves pricr oxidation of the
mebhyl growp to form ¢n active donor whiech is probably a
folic acld derivetive, thus agresing with the conclusions

drawn by Herrmanun ot al. (1955).

(31) Foe one-carbon wnit sceophbor.

Although the precuvsers of tho onew-carbon unit {(the
one-carbon uald donors) bave been elucldated the nature
of the compounds which act as acceptors of the ons-carbon
unlt hag romwsined ohscure untll recontly. M dillerent
times ovobtle acid, uracll, cybosine, the ribo~ and

deoxyribonucleosides and nueleotides of these pyrimidines
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end ths 418-dlhydrodorivatiives of these compounds have
hoon suggesbed as possible one-oaxrbon unli acceplors.
L5 hag been shown thabt Lree orobic scid is
ubliized Tor the in vive synthesis of DNA-thymine in
tha pat (inrlberd and Pobbter, 19523 Harrlopgsion and
Tavilk, 19556) and in tho mouse (fagerkvist and Roichard,
1964)e  The in viira ubllization of oretic acid for
DRA-Ehymine synthesls bos been demonstrated by Weed and
Wileon(1053) who showed bthat 2-lg-protic neid was
Incorporabad inbo DNA-thymine in tissuo sllces of wab
Liver and cab spleen. Loagerkvist and Relichard {(1964)
have observed the incorporatlon of oxabic acid lanbo the
DEA-Ghynine of Bhrlich ageibes tumour cells. OQthew
free pyrinldines have been shown Lo be DNA~thynine
procursors in come casgs. Freo thymlne, uracil and
eybosine are incorpoweted into the DNA-thymine of the
normel rabt Yo a very small exbent (Holmes et al., 19543
Reichard, 19565) and Rubtmen ot _al,(1954) heve shown thab
2utl0uprocil 18 a pracureey of DNA~bhywine in ratb
hepatomn tligsne. The mouse has been ghown to he vathoer
an oxcepblonal animal ia thaet 1t will uvtilize uraclil fop
DA -bhymine blosynthesis to & much lavger exbtent
(lagerkvist end Reichard, 1954). VUracil is also
utilized for DNA-thymine blosynthesls by some urecll-

less mutents of Esch, coli. (Moore sod Boylen, 1085
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Green and Gohon, 1957) and Rege and Sveonivasan{l964)
have repwrﬁéd that ur&cil la converted to thymine in
the presence of & washed whole~coll suspension of
Baclllus subtilis,.

Sbtudies on the ubilizatlon of nuclecsides

for DNA-thyuine blosynthesis have proved mors vewarding.
Both ribonucleosides and deoxyribonucleosides have been
observed many times te be incorporated ag intact unﬂﬁa
into the thymine of memmalien and bacterial DNA, Roge
and, Schweigort (1983) have shown thed l%ﬁg—aytiéim@ is
incorporvated inte the DHA~bhymine of wat tissues and both

+*, ’ﬂ‘ X
l“GQ-eytidine opa b4

Ggmuridine have been shown 0 be
ubllized for the synbhesis of the DWA-Thymine of
wammelion and avian btissues (Roll bt al., 1956; Reichard,
1957 and 1958),  MeNubit (1958) has conflrmed this with

Heurospore mubanbe. Grossman and Visser (1954) bave

demonstrated the ineorporation of 4-148-cybidine inbo
D¥A-thymine in in vitvo experiments with wat liver
slices. The Lo vilvo utilization of 2-Y4¢-deoxmyuridine
for the sypnbhesis of acld-poluble thymine compounds and
of DA~thymine has boon observed by Priedkin and Roberts
{1955 and 1956) using suspensions of chick éﬁbryo or
vabbit bone marrow colls. These authowrs nobed thalt this

roaction was inhibited by aminopberin and that tho R-l4¢w
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deoryuridine was not lacorporabed into the DNA-cyvosine
or into the RNA-pyrimldines. Moreover, the incoyporw
atlon of the labelled nuclecsides inko the DNL-bthyninoe
wag redunesd plgnifiecantly by the addition of wnlabelled
thymidine., Simllar resulis were obtalned by Prussofl
end fLajtha (1986), Prussof ot al. {(1986) and Prussof
(1988 ) duving cxperiments on the incorporabion of méﬁ-
forate into the DNA-thymine of vrabbit bone-marrow and
Fhrlich asclibes tuwmowr colls. These workers found
vhot the gpseiflc agblvity of the DNA«Phymine wog
increased by the addition of desxyuridine, deoxyeytidine
and the coryogponding vibdaldes and was decroassd
markedly by the prosonce of thymidine, aminoptorin op
agethymiding, bus not by azathywmine. They alge found
that the cytosine nucleosides wore considerably more
efficiont in boostling the synthesis of DNA~thymine thon
wors the covrvosponding urecll nuclooslides. In similap
exporiments, Kit et al, {(1958) found bthat the additlon
of 4:1b=-Aihydrovracil devxyriboslde or S-mobhyleybosine
deoxyriboside d4ld nobt reduce the exbond bto which 140w
formeldehyde was converted to apld-~scluble thymine
COMPOUNES 4

A comparison of the incorporation patierns of
a number of labelled nucleesides into DNA-thyrine hag

shed some light upon the problom of The nature of the
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one-carhon Wit acceptor. Relchard {(1955) has
atudled the In vivo incorporation of £=r4C= deony-
reldine an@.%eléﬂnﬁem&thyiuri@inﬁ inbe the DNA=-
thymine of wegenorating wrat liver and intesbtinal
rucesa. | Friodkin ob al. (1866), using swbryonie
blasues and Friedkin aad.Waﬁﬂ'(lﬁﬁﬁ), using bone
garrow colla and isolated thymus nuelel, have demon-
strated thet 2-+%C-thymidine iz incorporeted into
DHA=-thwymine but not Inbo sny other auclele agll
pyrimidineg, obsevvations which have beon confipmed
with bacterle by Domulng and Schwelgerd {;956). A
comparison of the pattern of Ewléﬁwﬁwméthyluri&ina,
8~3ﬁ6w%hymiﬂe, ﬁmléﬁaﬂ@axyur&ﬂlm@, 8-1ﬁc-thymidine
has confizmed and coe-ordlnated resulis obiteined by &
Jergs aumber, of workers., The ntilizatlon of deoxy-
ﬁriaine~far.ﬁﬁﬁmthymine'biﬂﬁynthesie takes place
rapddly under conditions where uiaeil ig nok utilized
and the patiern of 2~1%G~decxyuwidin® incovporation
resembles that of 8*1%6~ﬁhymidin® rather then 2-34C-
uridine., In no case wes 2~ dG-deoxyuridine obhserved
50 e ubilized fopr DNA-cybosine synthesis. The
pattern of the smaell bubt significent incorporation of
2wl 4G ubepe thyluridine into the DNA-thymine of

rogenerating.rat liver whon sdwinistored abt high dose
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lavels resembles that of B~14G~thymin$, suggesting
that S~methyluridine ig utilized for DNA-bhywmine
syntheasls only after conversion toe fres thymine.

The evidenece obiained from these resulbts
indicates that deozyuridine (or o nucleobide
devivative theveof) is the primery onse-carbon unlé
scceptor in the blosynthesis of DN¥A-thymine. Iin
conflrmation of this, Priedkln and Kornberg (1857)
have deascribed a system in which a cell-froe oxtyact

of Bsch, eoll effects bthe syathesis of thymidine-Ht-

beiphosphate from GUUP. Friedkin(l95¥) hes also

desoribed an Eseh, ¢oli system which syntheslsea THP

Lrom - AUMP and formaldehyds or sorine., Plaks and
Gohon {1987} have used & similar system bo synbheslse
TMP from AUMP and formaldehyde in the prasence of
axtrechs from nowmal of bacterliophage~infected Bgch.
Loll cells, a comparable mepmalion sysbem has heen
deseribed by Phear and Groonborg {1.987) who observed
the coupling of deoxyuridine and l4$-f0rma1@ehyde o
yleld Momue in the presence of ATP and a cell~frec
oxtracht of vat thymus tlssue. in contrast Lo this,
Blakley (1957) has observed the syabhesis of TG
thymidine From deoxyuridine and 3«14G-gerine in the

pregence of the soluble enzymes from o rabblt thymus

homogenate.  Blakley has steted that AUMP is nob




witilized as effeetively as dooxyuridine in bthis aystém,
an ohservation which is Aiffienlt to wevoneilewith th%
vesults obtaloed by the 6ﬁhew gyoups Iin the pame fielé,»
Blakley (1857} bhas alse Pound that uweldine, 4:5e
dihydrouridine and 43b«dihydrodsoxyuridine are nob
invelved in the wethylatlon reaectlon.

Howover,; there ig some evidencs Lo suggost
that deoxyeybidine ean aet ag a8 oneweavbvon unli
accoptor in DUA-thymine syobhoslis. Elwyn and Sprinson
(1954) interprot the vesults obtained in a study of
8«14ﬁ¢@1ycina and 5-+%¢~s0rine dncorporation into DNA-
thymine in the pat to suggest that thymine arises Ly
methylatlon of a cybosine derivebive. Tho rosulbs
obbained by the Prussaf school (1966 and 1968), showling
thet eyiosine pusleosldes are more offwechtlve than
procgil nuclecpides in Ilnereasling tho lsbolling of DA
thymine by 1@G~f¢?m&t@, bogebther with the observailion

that Hsch, soll exbtymets conbaln Hemethyle Geoxyeybldine

deaylnage acbivity (CGohep and Berner, 1857), have been

interprebad as dndicating that deoxyeytidine, ravther thén
dooxyuridine, is the one~carbon unlb acceptor. However,
sinece tho inberprobation of svidence obtained by lasotope
inﬂarparationls%mdias ia wholewcsll gyabems involves
diftficuitieos ralzed by the opervealblon of & nuwmber of

factors (permesbllily, pool size and kinotle) of unknown




cheracter and magnitude, the isotoplic evidence upon
which thls conclusion ls based cannot be considerved
uneguivocal., Whon atbtempiting 10 agsess the significance
of these vesulbs it is advisable to boar in mind the
ohservations made by Kit et al. (19588} who found thet
acld~goluble Hemathyldeoxyeytidine end the corrssponding
St-daoxypucioobide ‘are not labelled during the
incorporation of *g-formaldebyde into the DA ~thynine

off 1lymphatie eell suspensions ln the presence of en
added pool of Hemebhyldeoxyeytidine.

It musb bo noted, however, that deoxyeytidine=
Htephosphate does funcbion as a oneecervhon unit accspbor
molecule in the system deseribed by Mlaks and Cohen
(1967) who showed that bBehydronymethyldsoxyeybidylic
aeld is synthealsed from formaldehyde and deoxyeybidine-
St-phosphete under the Influence of o cell«fres extract

of T6r<4 bacteriophage~-infocted Bseh, coll cells. The

problem raised by these cobservablons remains Lo be
rasolvad,

Dther compounds clied 28 possible ohe~carbon
unit accepiors ave the 415-dihydro derivativos of the
pyrinidines and tholr mucleosides and nucleotideos.,
However, no evidence to indleabte that the 4:5-dihylro-
pyrimidine derivatives function as cne-carbon unilt

accopbors in the synbhesis of bthymine nucleobides or
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DA -Chuywine has beon obbained. Indesd, a considerable
amount of evidence to suggest that they do not funetica
in this way has been emassed. Cohen gb al. (1956)
found that the 4:B~dihydro dorivabives of uwracil,
thymine, uwridine, deoxyuridine, thymldine, cyiosine and

depxyeytidine do net support the growth of the thymino-

less nmbant Jseh. coll 15 Tw. labew, Cohen gi al. (1967)
reported thais 4:0-dihydrolecsyuridine and 4:b6-Aihydro-
deoxyeytidine are nobt ubilized lor DNA-thymline synthesis

in Each._aoli B or Bseh. ¢0li 15 T= o1 for vival DNAw

thymine and S-hydroxysmethyleybosine in Wér bacteriophage

grown in Esch. cold B or Isch. coll BUU= {a upacii-less

mutent ). Blakley (19587) similorly hes reporbed bheb

4S5 -tihydrodeoxyuridine and 4:b6-dihydrodeoxycyitidine are
not involved in thynidine synthesis in his cell-froe
thymus eysbom. Kit ot al. (1958) have shown thot

435 dihydrodeoxyuridine ls robt Involved In DNA-thymine
synthesis in lymphabic tlssves and tumours, It has

- 4 N :
baen ghown that znl“G»@%5ﬂhhyﬂrod@mxynridiae will

penotrate the Bueh. coll coll by Cohen ot al. (1957) who
isolated & phosphorylated dervivative of the nucleoside

from the ncld~soluble fyactlon of Bsch. coli 16 T=, 20

that the non-involvement of the dihydro derivetlve in
this sysbtem 1 nol merely a valflsction of & peormeability

gffect, However, bhe eovidence is not eonclusgive sineo
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it is probable that the "methylebion" reaction is
baking place &b & nucleobide level in a sysbom which
wey not possess eny klnose activity towards the

431 b-dihydrodeorynucleosidn,

(iil) Wechanismg of production and tronsfoy of the

ona=carhon unit.

(a) ©$he sbtrucburs of the énagearbon unit pool complex

A9 previeﬁsly disoussed, the prooursors of the
nethyl group of EN&«thymiﬁe and acld-soluble thymine
compounids bave beon elucidated in & layge number of
wommaliaan, evian and bacberial sysbtems, both in vive and
in vibrg. However, these precursors ape so diverse ln
thelr nature that 1t was very soon obvlious that they muat
posse3s & common denomiunator, which bowsame known as the
"one-carbon unit pool®, It became obvious that eoch onee
carbon wnit precursor donsbted one-carbon units to the
gommon pool which then acted as the lwmedisbte onag~carbon
vnit donor. The najure @fithe raterial forming the ono-
parbon pool and the mode of Its formeidion and utilization
has been & polot of inberest fov some years. It is only
rocently that the siruecture of the sompound which bakes
up the one~carbon unit from the precursors and achs es
the common one~carbon unlt donor has heen elucidabod.
Indeed, there is «till some discussion as to the precise

abructure of the intermediate one-carbon unit carrying
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A pumber of workers have found that
bilogynthetvle pathways involving one~carbon wnlibs
are dependent on the presense of folic acld { oy its
dovivatives ). Uging bacgterdial mabonts which
required folié aeid for growth, Sbokes (1944) and
Rogors and dhive {1948) cobiained vesulbs from which
it was Ilnferved that follie acid s involved in the
biosynthesis Qf miclele acld purines and DNA~thymine.
Prussof et al, {1948) have shown more divectly thab
folic acid ls intimaaely converned in the biosynthﬂsis

of Lactobacillus casel nueleic aclls, an observabion

whiech was confivmed later by the work of R@ge.and
Sreanivasan (1950)., Skipper ol al, (1980) have shown
that the incoxporetion of 140~£ormate into the aucleie
aeld purlnes is inflinenced by diletary folic acid in

the wouse. They found thet the folic acid onbagonists
amincpterin and emethopberdin inhiblted the incorporation
ol 14C~forma%e into mousa viscera puelelc acids. Labew,
Skipper ob al. (1952) oxtended bthis work to show that
the incorporation of 146~f0rmmte into the DNA and RUA
purines and the methyl-group of DNA=Lhymine of mouse
vigsceora and loukaemic celis was inhibibed by amebthopterin.
Golathwait and Bendich (1952} also observed this

Inhivition of l%ﬂwfmrm&te incorporation inte roet intesbtinal
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nuclelc aclds by aminopterin. LBy comparing Lhe
incovrporation of 1&§—adaninﬁ and 1@G~fmrmata in the
prasonce of amlinopberin thege authors alsgo demonstreted
that the folie acid antagonlst acbs abt some peint on
the purine wing synthetic pathway and nobt after
completion of the purine ring hed boen effected. This
was confirmed by Buchapap and Schulman (1953) who
showed thabt the incorporation of 14G~fmrmata into
position 2 of the purine ring of inesinic acld wasg
depondent on the proasnce of a Lolice acld devivabtive,
leucovorin (Nﬁ-fmrmyltatrahyﬁrafolin aold). It must be
noted, bowever, that Tohter and Best (19865) have
described an in vitee pvabblt bone morvrow system in
which aminopterin skerts no great effect on the incorpore
ation of M{Formate into RVA snd DNA purines although 1%
doss 1nhibit the inecorporation of the ¢ into the
nethyl group bf LA «Lhyming

Othey systems whilch dnvelve the transfer of «
one=garbon wnit have been shown else to be depandent
on folic asid or on o derivative of folle acid. Blakley
(1954} has demonstrabed the synthaesls of 2=t tGaserine
Trom B=tG-glycine and formeldchyde under the influence
of 8 pigeon liver extraes. e fouwnd that the presenge
of foliec acid wes essential for thig reaction Lo take

placa and bthat LDid:17:8«betrahydrofolic aold was o wors
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afficlont cofactor than folic acld iveell, suggestlang
g prior reduction of folie neid to tebrahydrofolic
agld which 1s the active cofaetor. Kilsluil and
Sekani (1958) also demonstrabed o vequirement Top
tevrahydrofelie acld in the transfer of a 1&Gr1abal
from glycine to sorins. Also, Lolic acld h@s haon
Implicated in the synthesls 0? the methyl gré&ps of
choline and methiomine (Bonnebt, 19860; Jukes eb al.,
1980), Woods (195§% has vecenbly demonastrated a

roquirement Tor tetrahydrofolice acld in his celle

froe sch. coll system which effects the synthesie of
methionlne frmm.hmmacystein@. '
Results obbained from experiments designed
to elucidete the nature of the folle acid derivative
which scted as the immedinbte one-carbon ualt donor
quickily made it clear thai bthe folie acld derivative
concerned with purine ring synthesis differs from
that involved in thymine-metlhyl syntheslis. Greenberg
(19540 and 1954b), using pigeon liver extrachs and
Joenieke (L9541}, using plg Lliver extracts, demonshrated
an AP ~dopondent vomctlion bhetween tetrahydrofolic aeid
and Mg-~formate to yield a derivative which transformylates
dirvectly to HBeamino-d-inidazolocarboismide-~5t-
phozsphoribeglde in the absence of ATP Ho yleld 2-440.

inosina=5t~phogphate (inosinic aeid), Gresnberg {19564a
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and, 1954b} also nobed that the formylation of bHeaminoe
4o 3midazolecarboxsnide B! -phosphoribotide by HOw
formylbotranydrofolic acld was dependent on the proegence
of ATP. The achlvation of Nﬁnfermylt@ﬁrahydrgfelic
acid wos shown to he due to its conversion bto NIO-
formylbetrahydrofollc acid or NB, N1C.amethenyle

bebrahyévofolic acld (Greenboerg, 19564b; Greenbarg et al.,

|

9653 Goldthweilt ot 8l., 19568), Jaenlcke (1955) has
1s0lated and identificd B0 140ufornylbobrahydrofolic
gcld as & product of (if the intersctiton of 140mformata,
ATP apd tetrahydrofolic seld and (1i) the conversion of
4

BmttGagerine b0 glyeine under thoe ilafluence of the

tetrahydrofolate formylege aptivity present in plg liver

eRLracts. .

fhe diffevence bebwesn bthe folic aold
derivatives concerned in purine ring synthesis and
thyminemmathyl aynthesls has Deoen Gomonstraied wvoery
neably by Biwyn and Sprinson (1954). Yhese authors
have shown thebt, in the syothesis of the methyl group
of DEA-thymine of rab tissnes from imgeste@ L~($-14G=

- 14

2y 3~9H2: 15y )~serine or ~ ¢:fHesodlum formate, Lo sond
0.9 atoms of deuterlum, vespecblvely, accompanied the
labelled earbon abom, In contrast to this, during the
conversion of the F>wo&rbon of Le={3~d4q:2,5- 1y 0y )~

gorine or +4¢:8Hesodium formates bto carbon atoms 2 spd 8




in the purine ving, extensive labilisabion of the
dengerium took placo, it was inferred from these
vesulibs that the pathway of incorporation of the
Pmcarbmn of serine into the thymino~methyl group

does nobt involve & d@rivétive ab the oxildetion leovel

of Nlﬁ*formylt@trahydrﬁfelie acid, On %tho other

hand, Lowy et 8l, (1956) heve shown thab 140, Delabelled
formaldehyie (s mixbure of ¥, *H0H0, D.CHO, H.ODO and
DODO ) is incorperated intoe the mebhyl group ﬂf.rat
DEA-thymine with considerabls loss of D relative tul
140, However, as the suthors themselves have pointed
oub, the significance of the resulbs mey be vibliated by
laobopes selection effects of the type which hed boen
noted already oy Rachele ef al.(l956) and hy Abeles
(1955). Crosbiso (1958) has shown that l4C~formate is
incorporated into pogitions 2 and 8 of DNA-purine rings

in o growing culbare of lsch, coll bub thel the izotope

ig not utilized in the aynthesls of the methyl group of
DNA~thymine In the same systeme A mamber of Investigators
studying the in vitro synthesls of thymidine or of thymine
nucleotides, have obgerved thal the "methylation” of

1%0

deoryuridine or dUMP by ~formaldohyde or Gt 4mgoring

1n the presoncs of cell-free extracts of Fsch.coll or

rabbit or rat thymus btissue is dopendent on the presence

of tetwyahydrofolic acid (Frledkin, 19573 Friedkin and



Kornberg, 195673 B@akl@y; 19873 Phenr and Greenberg,
19673 Plaks and (ohen, 1967).

The evidence of these experimenis clearly
jndicates that N-hydroxymethyltetrehydrofolic acid (or,
by annlogy with ths covresponding formyl derlvative
in purine synthesis, Hs, Nlﬂumathylan@mtetrahgdrnfelic
aeld) 1s the folle scld derivative invelved in the
synthesls of thoe thymlne-methyl group. Evidence in
confirmabion of thls has been presented by Friedkin
(1957) and Friedkin and Kornberg (1987) who observed
thaﬁ N«hydroxymethyltebtrahydrofolic acld could replace
serine and tetrahydrofolic acld in the synthesis of
thymine nucleotides from deoxyuridylie acid. A number
of suthors have reported that N-hydroxymethyltetrahylro-
folic acid is e produet of (1) the actilon of gerine

hydroxyuwethylase on seylne in the presence of tetrahydro-

£olie acld (Faenicke, 19565 Huennekens ot al., 1967;
Blakley, 1988); (11) the non-enzymic interaction of
foimaldehyde and tetrahyarofolic acld (Jauenlcke, 19663
Kislulk, 1967; Bleakley, 1068); and (iii) the action of

i ~hydroxyme thyltetrahydrofolic scld debydrogenass on
N0 formyl tetrahydrofolic acid (or N5, N1O.methenyle
totrahydrofolic acid) (Jaenicke, 1965 and 19863
Hatofl et _al., 106Y).




&b o

fhe precise structure of the lmmedisate one-
earbon unit donor (written here as Hehydroxymethylbetro-
hydrofolic scid) ia blll under discussion, Blakley
(1954) fipst postulabed thot the N°, Nlﬁamethylenaw
bridgo structure (Fig. I, 4 (¢)) was the form baken by
tho derivative although Kisluik and Sakami {1954) hawve
auggésted that ﬁ5~hy&$@§ym@thyltﬂﬁrahy@rofalio acid was
a possible structure {ﬁig. Ty, 4 (p))s Kisluik (léﬁ?)
auhaﬁquantlj demonstrated thal the presence of
unsubstituﬁadlﬁﬁﬂganﬂ N0 positions In the molecule
WaLs nec@sé&ry for formaldehyde binding by tebtrehydrofclie
actd (Pip. I, 4{a)). Biakleyl{lgﬁa) hag recontly
re~investignted this gquestion and has obkalined svidencse
which indicetes thet Tthe primsry site of inberaction of
formaldshyde with bebtrahydrofolic meld is at the HO
posiblon and bhat the adduct contains an WS, Ni¥a
Cwethylens hridge. Yoreover, he has shown that the only
dilfference hebween synbhetic m5, Nlﬂumﬂthylama -
tetranydrofolic aold and the product of serine

hydroxymethylase action on Lesorine in the presence of

tetrahydrofolic acid 1g in 2 sterveoisomerlec agpect = the
synthetic produet 1s & vecemate while the enzymlc product
1o a single sherooisomor. The vesults obbained, however,
do not rule oub thoe possibility that the WP, Nlﬂwmﬁ%hylanaw

bridge derivative is in equilibrium with an Nehydrexymethyl-
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tatrahydrofolic acid which is the fomm of the
doprivative actuslly lnvolved In the traunslor of a
ong~carbon urit to the accepbor molgsculs. Indeed,
there lg some oevidence to londicabe thatb Ea, §iY.
methylanatatr&hyéfmfﬁlie acld dimsocintes veadily

vo Lorm N-hydroxymelblhyltebrehydrofolic aclde On

the obthser hend, as Blakley (1958) polnbts out, the
enzymic lnterconversion of Nlﬁ~f$rmg1aanﬁ Nehydpresye
methylbetrahydrofolic acid {(PFige Iy, 4) is more eesily
concelved as dnvolving the mebhenyl-bridge aund
mathylene~bridge compounds as subsbrates (Jmenicke,
12663 Hateld gt al, 1967). However, as bthe scheme in
Pigs I, 4 shows, bthe concept of & ready inberconversion
of the three forms of N-hydvorxymethylihebrahydrofolie
aeld is quite femslible. For comparison, Pige. I, 4 algo
includes the scheme of the snalagoud Wefopunyliobtrae

hydrofolic acld interconvorsions,

(b) Pathweys of cne~cavbon unit pool formetlon fron

Qiffer@nthmn@fcaﬁbﬁn undt precursors.

As hes beon disgcussed alrsady, the sources of
ogne-carbon units ubilized for the synthesis of thyminas~
methyl groups have & common denominator in thabt they all
conbribute o one-carbvon unlt to & comuon cpewcarbon poel
in the form of N«hydroxymethyltetrahydrolfollic aeld, which

Phen aobs ag the fmmedinbe one~carbon unit Aonov.



However, bthoe pathways by whiah the precursors donate
their one-carbon waits to the tebrvehydrofelic acid
Gerivative differ guite widely Trom esach othor,

The most siwple pathway ig that of formeldehyde
ubdlizotion. Formaldehyde has beon shown by a ouwdher
of workers to condepnse nonesnzymleally with betrahydroe
folle seid to form the N-hydroxymethyl derivabive
{Taenicke, 1956; Kisluik, 18957, Blakley, 1958}, The
derivatlive formed in this way heg been shown to differ
from the spzymically synthesised derivatlive in
stereoigomeric vospeebs only.

The case of forsate incorporablion inteo thyming-
mebthyl groups ig not duite so slmple. Howewver, it
sppears 1ikely that the £irst atep is the formmiion of
ﬁlﬁmfewmyltetr&hydrofalic acld (Jeenloke, 19553
ﬁlﬁhmaﬂhenyl derivetive by the loss of one moleculo of
wabor. Jaenicke (1956) and Hatefi ot al, (1957) have
ﬂamﬁmstfateﬁ the hydrogenation of this derivative Lo
form V-hydroxymethyltetrehydrofolic eeld, prosuwmably by
way of the Nﬁ, Nlo—methylenedbfiage derivative (Fig. I,
4,) Grosbio (1958) bas shown thal léﬂﬁformate 14
ubillized for the synthosis of (o and CGg of the purine
ring out not for the thynino-methyl group in the DEA of

a growing culbure of Tgch. cell. This observation hes

been abitributed to (1) the rapld oxidetion of formate ..
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\ﬁc-aﬂg ant. {(11) the very rapld utilixatimﬁ of the
ngufermylt@tr&hydrafﬁlia acid for purine_éﬁnkﬁaais
in the growing culbturs with the resuld thab the

inberconversion of the formyle and hyﬂrakymé%@gim
R

LAY Ny

dsrivativos (by way of the X9, “bridge compouhds)
N

; o ARy
doos not bake place, It mast be noted thab Dinningq

et al. (1968) have Inberpreted results obtained auring
a study of the effect of vitanin Bag on the

" » 14-' o . '
incorporation of “O-formabe inbo the DEA-thymine

wethyl groups of Lactobaciline leichmannli to indlceste

that formate s converted bto thyminesmethyl by a pathwey
which doss not lnvelve a hydvorynethyl group in
aquilibrium with carboned of serine. However, the
validity of the authors! inberpretation of their
rasulbs is guestionable,.

Serine has been shown Lo give rlae to
Nehydroxyme thylbstirahydrofolic a¢id by the action of

sorine hydroxymethylase In the presence of tebrahydro-

folic ncld {Jaenicks, 1966, Huennekens et al,; 19573
Blakley, 1953), A kineblc study of the incorporation
of 2ml& Goglycine and 3-t40agorine into the thymine=-
methyl group of the LHA of @xpen@ntially'gwéwing colls

of Bsche coll hag revesled that glyclne &nd serline do

not lie on the Dathway of luncorporaticon of Bwtd0agorine

sl Eml%cnglycinag respectively (Crosbie, 1058),  The
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pathwey of serine utlllizavion hag been shown to involve
pyridoxal phosphate (Vitamin Bg)s  DBlakley (1955) has
shown thait the interconversion of serine and glycine=
g reaction which reguires the tranafer of a one-carbon
unit from sewrine - is dependent on pyridoxal phosphato.
Snell and Mebtzler (1954) have discussed the mechanism of
pyridoxal phosphate-cabtalysed reactions of this type and
they end Blekley (1955) have concluded that amino aclds
wndergoe veschtion while bound to pyridoxal phosphate
through the smino group of the amino apld and the
aldehyde group of pyridoral phosphate, in effsct in
she fTorm of Schiflf bases.

One obher polnt in the iunteyraction of serine
and tetrahydrofolic acid Is of Suffieient iuterest o
montion, dJeenicke (1958) has observed the fonuabtion
of a gering~tetrahydrofclic acld complex during the
interaetion of serine and btetrvahydrofolic acid. The
gignificance of thig Qbservati@ﬂ ig nob clear, althéugh
it is possible that the formetion of this complax is
the inltial sbep in the syobbesis of WHehydroxymethyltetra-
hydrofolie acld from serine.

The route by which glycine gives rise Lo a
ono-carbon unit has not been completely clarified as yeb.
Phe previously discussed observablons noted by Crosble

{1988) have shown that sevine does nob 1le on the
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pathway of 2w146~g1yain@ incorporetion dnto the thyminew

mﬁﬁhyl group of Hscbhs goll DNA. The resulbts obtalned

vy Nakedo and Weinhouse (1958) can be interproted to
Andieate bthat the pathway byﬁvh:lch the o ~carbon of
Bmlﬁa-glyainé is incorporated into the thymine-methyl
group invelves an laitiel trensamination to yleld
Baléﬂ*glywxyiaté follovod by oxidation Lo 14grormato
end then by way of the ahepé outlined previously vig
mlﬁ#14ﬁ~fﬁrmylt®trahyﬂr@falie aeld. However, the
cheorvabion that Y40-formate is incorporated inte
positions 2 and 8 of the purin@ ring but nob into DNA-

thymine in an organism Bsch., eoll, in whieh 2»146-

glycine is utllized for all thrse “ono-carbon® positions
under the same conditlionsg (Crosbie, 198B) strovgly
1ndieaﬁa$ that fwee formabe (and probably H19~
Tormylbebrahydrofolic acld) is not involved in the
pathway of 2.l43aplyeine insorporation. Moreover

the svidence obtained by Nakade and Welnhouse {(1953),
fndlcating that glyoxylate is dnvolved in formate
producetion fr@m,glyeiné, is based solely on expexihnents
omploying the brapping technigue and, sccordingly, this
gvidence has been repderved suspecht by the recont
observabion of the rendomisation of activiby bebtween
g-tdGmplyeine and glyoxylate due to fééil@ nonﬁﬁnzymiu

transamivabion {Crosble, 195689). Indeed, bthis recent
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gvidence obbained by Crosbis (19288 and 1959) has cant
doubt upon the detalls éf thils propossd incorporation
pathwey «

An alternablve pathway ﬂf one~garbon unib
formabion Lyom glycine hag been proposed. In this
pathweay il 1s posinlated that the of =cavbon of glycine
condenses with & suceinyl-~coenzyme A conplex £o form
ol -»amixw-ﬁ ~oxoodipie oeld which is desarboxylated to
S yileld § caminelovalinie asld. The O w-aminolevulinie
acid coa be ubllized for pophyrin asynthesils or the
o ~carbon {origlnally the ol=cavbon of glycine) cen glve
rige to formaldshyde which asts as the one-parbon unlt
donor {(Shemln, 1255).

It sooms likely therefore, from the evidence
published that an N-hydrogymethyl dorivative of
tetrahydrofolic acid (the precucrser of the DNA~thymine
methyl group) is the primary one-cerbon unit complex
Tormed since this derivative may be dehydrogonated
r204lly to ferm o ~formyliebrahydrofolie acid (the
precursor of Cp and Cg lIn nuelsid aeld purines) whersus
the veverse reaition does nob take place in a growlng

enlture of Bagh, coll in which ﬂ*léﬁeglyéiﬂﬂ rocdlily

1abels all three "one~carbon® positlions, FThis schome
cort be inferved, from the work of Blwyn and Sprinson

(1984), to take place in the sase of *%C-labelling of
» P &
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Cp and Gy of DWA-purines and the mebhyl group of
DHAw-thymine by BurtGagorine .

The pathway of one~cerbon wnit formation Trom
methionine is also somewhat obscure as yet, lethionine
doss not donate a one«carbon unit for Tthe synthesis of
DE¥A-bhymine in many systoms. For example, methlonine
is not a thyminee~methyl group donor in methionine~lass

matants of Bseh, coll (Gween and Cohen, 19573 Crosbile,

1958), an observation which has heow confirmed for a

wrecll-legs mutant of Fgeh., coli (Green and Cohen, 1957).

Kit ot al, (1958) have polnbed oub that the trensfer of
the methyl group of methlonine Lo thymine may be by way
of & bragsnethylatlon veaction or oxidation of the
nethionine-nathyl group 0 8 one-carbon unit which Loprms
the wsnal complex wiith btetrabydrofoliec neld. in
support of the $iest posslbiliby, the observed transfery
of asthionine~methyl by transmethylation o form & (wC
linkege in sterol synthesis (Alexendor et al., 19673
Alozander and Schwenlt, 1957) hes boen cited. However,
Kit ot ul, (1958) obsevved thet the utilizatlon of
m@thieniﬂa—léﬁmmﬁthyl Tor Dﬂﬁ#thymina mobthyld group
aynbhesis was greatly decreased by incuvation undey
apaaroblc eondliblons, suggesting thaet the pathway involves
oxidablon of the methlonine-methyl group in some way.

These obgservations confivmed conclusions proviously
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veached by Hervmenn ok ol, (1985}, The stage at which
this oxidation takes place ls not clenr sinco Green and
Cohen (1957} have shown thet 8 -hydrexymethylbomocysteline
{a possible produect of meﬁhianina~mﬂﬁhyl oxidation) is
not & precursor of the methyl group of thymine or of the
&« hydvomymethyl geonp of H-hydromymethyleytosine in
viral DUA, It wounld appeay, howovey, btheb ﬁh@ pathway
of methionine-methyl ubilizatien lnvolves o folic acld
deorvivative slnce m&thi&himewmathyl-14€ 1g incorporated
into the sdenine, guanine end thymive of DWNA in
lymphabtlec tlssues and tunmounrs and, moroover, thisg
ineprporatlion is depreased bto some oxbtont by the
prosence of aminopberin (Zit ot al., 1968), Thoese
subbhors also found that formate incorporaition was
inhibited to a greater extenty bthan wag mebhilonlne-methyl
incorporstion by the addition of aminoptorin, suggesting
thet Lormede deoes nolt lie on bthe pathway of methioningw
methyl ubilization. Conversely, Dinning et al, (1o58)
heve obbelined evidonce whish shows that wmethioning is
not an intevmedlate in the formate unbilization pathway.
However, it must be noted that Dinning ot al.(1988) Lound
that methilonine-mebhyl is a major precuvsor of the DA«

thymine webhyl group in L., leichmannild wheveas Kit et al.

(1958) found that bthe mebhyl group of mothionine serves

only to a minor oxbend as a precursor of ths ong-carvon
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unit pool in lymphabtle btisgues snd btumours. The
integratlon of theso cobgorvatlons and the pathway of
mathionlno-methyl utilization in ons-carbon unit
voachtlons awelts illumination. It appears likely,
howaver, that the pathway @f methionine=-methyl

utiligetion s of the type:

~Selle e Nebydvoxymethylitotrahylrofolie seld —=ythymino-
methyl

N-formyliotrahydrofolic aeid  --d purines

By The mechanlsw of thymine-methyl cvroup syhtheosia.

""he observations which have beoen discussoed
alvoady elearly ifmplicate deoxyuridine (or deoxyuridylic
aeld) as the one~carbon unlit seceptor and Nehydroxymethyle
totrahydrofolic acld (or the Nﬁ, ﬁlﬁ ~mothylene~bridge
dorivetive) asg the immediabte one-carbor unilt donor and
that it is these two compounis which interaect %o form
TMP. lotegration of the pathway of de nove UMP synthesis
wlth the gynthesis of TMP has b@ém achleved by the vecend
vasulis obtalned by Relchard (1958) who has described the
Lormation of JUMP from UMP under the influence of an
onzymo present in chick eombryo homogenates, bhus defining
g pathwey of thymine oueleobide synbthosis from aspartic
seid, carbamyl phosphaba, Dephosphoriboayl pyrophosphate

anfl o ono=carbon unit donor.



The details of the “methylabtion" recctlion
mechanism are not yeb clesr, but theye are soveral
possible pathways which have been comsidered. Thros
of these mechenisms postulate ean inibial e@ndensaiian
of Nuhyarozymnethylbebrahydrofolic aeid with tho
slightly~potivabed Gy of AUMP Go form & devivobive
of QUMY and bobrshydrofolic seid linked through &
mothylene bridge (I, Pig. I, 5). The fivst of vhese
threo mechanisms, oubtlined in Schemo & (Fig. I, B),
was postulated by Cohen et al.{1956) end Hamill et al.
{1966) and involves hydreolysds of the inbermediate Yo
form HSebhydroxyuethyldeogyunridylic acid (II) and
raganerated tetyehydrofolic adéld. The Shydroxymebhyl
dorivative unﬁéfgaws nydeagenatlion of the 4:5 double~
bond of thoe pyrimidine wieg to yield the 415-dilydvo
derivabive (IT1) followsd by dehydvation to form the
S=methoeno devivabive {(IV) which roarrangss sponbancously
to form the &mm@thyl derivetive TP (V) ﬁnhen.ggagé.
(1986) obbtained some ovidence in support of ithis nechanism
whan thoy isolated thymine and thymidine from the
profduets  of catalybie hydrogenation of S-hydroxye
nethyluraell and bthe corresponding ﬂeoxynmdleaﬁiaa@
respechively, Tho catelybic hydrogenation also yielded
the 4:6-dihydro derivatives in addition to thymine-and

thymidine, However, no eovidence to indilesibe that this
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mechanism operates In bielogical systems hoa been
obbtained. CGohen g% 2l. {1987), invesbigating the
r@le of B-hydrozymethylureclld, H«hydroxymebbhyl-
eybosine and the corvesponding deoxynucleosides in
bacterial and bacberiophage DNA-pyrimidine blosyathesis
by the isotope compebition technique, failed bo obbain
any evidence for the utilizatlon of b-hydrozxymethyle
pyeimldine deplvatives in DNA~thymine Dlosynthesis.
Furbhernore, Groon ot al.(1987) have shiwn thab the
436=dihydro derivatives of b-hydvoxymebthyluracil,
S=hydroxymothyleybosine and the gorresponding deoxy-

nueloosides 4o nob support the growith of Bach. coll

1T« (o thymine-loss mubant). Thig svidenco in@ieaﬁas'
that ony involvement of behydroxymobthyle oy 4:5-dihydro=
Hehydroxymothylpyrinidine derivatives in thymine
biogynbtheosls mast oecur at o nucleobids lovel. However,
the mechanigm outlined Iin Schame A appears Lo be the nosb
Likely pebthway of S-hydrozymethyldeoxyeytidylic acid
biosynthesis (Flaks ond Cohoen, 1957), This veaction is
not iohibited by H~fluorouracil deoxyribogse-Htephosphate

whereas the Bseh. coll thymldylate synthebtaso reaction

is inhibited powsrfully and irreversibly by this
antimetabollite (Cchen et al., 1968). This observatlon
would appear Lo argue agelinst the mechanism of Scheome A

beling involved in TP biosyntheslis,
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The second of these thiee wmochanisms, Schomy
B (Pig. T, B) suggesbed by Friedkin and Kornberg (L95Y).
involves either (1) & reduetive filasion of the CHg-N
linkegeo of bthe inbermediante (I) to yleld THMP (V) and
rogenerabed t@br&hydﬁﬂfﬁlie aeid or (11) an olimination
reascblon within the intermediste {I) to yisld TNMP and
T18-dihydrofolic aeid, In case (14) the point of action
of the reduced phosphopyridine auvcloctide {(an sssenbial
cofaebor for THP syntheslis = Blakley, 195%; Phoear and
Groanberg, 195%) will be in the rogeonevabion of
tetrahydrofolice acld from dilhydrofolic acid, é&eenberg
end Humphroys (1958) provided some evidonee iﬁ.suppﬁrt
of the latbtow 90$sibility when they obzerved a
atiochiometyin we&a%ionship bebwoen thymine-mobhyl
group synthesis and setrahydrofolic acid concontration
in the sysbom desoribed by Pheay and Greenberg (1957).
They also found PThat reduced diphosphopyridine nuelsotlde
will gbinulate thyming-mothyl grovp synbhesis in the
pregencs of sub~optimel concentrobions of betrahydrofolic
acld.,

The third mochenism, Schome § {(Fig. I, 5)
onvigsages the refuetion of the 4318-0ouble bond of the
Intermedlato {I) followed (i) by hydrolysis to yleld
vhe 438-dihydro-b-hydvoxymothyl derivative (IIX) which

forms THP by the sbtepes oublined in Scheme 4 or (1i) by
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an olimlpabion remcblon to yiold the 4:1b-dihydro-
bemethene derivatlive (iv) whigh forms TP by the
sbeps oublined in Schowe &. A possible variation
of thils is shown In Scheme B whore the hydrogenatlon
of the pyrimidine 4:b«fouble bond takes place Lo
yileld 415=-dibyirodeoxyuridylic aeld (VII) which
condenges wibh. the W-hydroxymebhyltebrahydrofolic
acid to form an intermediate (vx); However, as
diseussed praviously, bthere is o congilderable bcﬁy of
ovidence which indicatos bhat 43 8-0ihydeopyrinidines
are nob Involved in the synthogils of TMP, ab lesst ab
the level of the freg base or the nuclecaide {(Cchen
ot _als, 19573 Blakley, 1957),

Hach of the pathways outlived in Pige I, 6
form qulte foasible mechanlsms for the "methylation”
rencblion albthough no strong evidencs Lo indicabe Uhe
operabtion of eny one of thom hes been obbalned., Ab
bast, only negablve evidence or evidones hest described
as clreumatantial evidence concerning sach meghsaniam
has bean published. However, s consideration of the
problem oun this besls indloabtes that tho mechanlsm
described in Scheme B appoesrs o be the wmost likely
of tho mochanisms postulebed. It must be polnbed oub,
however, bthat this is no morve than an interim

soneclusion and thei the problem has &46ill) to bhe reaclved,
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6. Tho vole of vitamin Bis in nucleic acld blosynthesis.,

The role of vitenmin Bis in nucleic acld
biosynthesis is stdl) obscure and 1ittle evidence with
vopord to the offect of this vitenin bhas been reporbed.
Vitamin Byg has been impliecated, under some conditlons,
in (1) the blosynthesls of the deoxyribose moioely
{(Downing and Schweigert, 1956) and (1i) tho production
of tho one~cavbon uwalbt uwbilized for HNA-thynline methyl
group synthesis (Blwyn and Springon, 1950; Totter, 1954:
Smith, 1956, Dionling ob al., 1958).

Lectobacilivg lelchwannli will grow oun 8

mediun supplemented with & very small amount of vibanin
810 This growth requirement cen be replaced by
daoxyaucleosides in much lavger amountsg « the rablo of
vitanin Byosdeoxynucleosides required ils 1:10,000.
Downing and Schwelgert (1966) have studied the incorpors
ation of l409~hhgmidine Into tho DNA of thin micro-
organlamn and have shown that Tho deoxyfibﬁse of the
1409~thymiaine is nbilized for DNA-doonyelbese gynthesls
withous dilution when vibamin Bhe is absent. when
vibamin Bigo is present, however, tho 1ﬁ05~demxyriboﬁ®
Tyom 1409~thymidine 1s incorporated intc the DNA with
eongsiderable dilusion. Theose raesulbs strongly suggest
thet vitanin Byg is involved in deoxynuclooslie synthesis

although perticipation in the Backer aldolasg reactlon

.
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(R&eker, 1982} or in the synthesis of the N-glycosids
linkage does not appear to occur. Tho point abt which
vitamin Bis acts is nobt known.

The »Ble of vitamin Bis in thymicesmebhyl

synthosis is similariy cbscure. Dinning et al. {1968)
have shown that vitamin Byeo hog no effech on the
utllization of 1~ 4gwglyecine, 2-1%Cnglyaine, Bedfmgorine
or methiomin@~m@thyl-146 For R¥A-purines or DNA-Bhymine

synthosls in L. lolchmanndd but that the vitamin Joes

have profound effect on the incorporaiion of 1dg.
formate into DNA-thymine in the seme organlism, Thé
anbhors suggest that vitemin Big is involved in the
reduction of formabo during the meihyl group synthesis.
However, no unambigucus evidente of the extont of +4¢-
formate lncorporabion lubd the thymine-methyl group as
compared with the ring posltions was presenbed, malkiog
an assesement of the signiflcance of the rosults
aifficult,

Howevey, vitonin Byp does nob appear Lo have
an effect on HNA or DNA synbthesis in all systems. In
complebe contrasi Lo the sbove resulbs, Wagle eb ol.
{1958), using vibamin Big~deficlent piglebs and chicks,
have found that vitamin B1o has po offect whatsoever on
(1) the incorporabtion of 14¢ formate, lﬁﬁmfowmalﬁehy@e,

2-t(eglycine, &-l4C-gerine or mobhionine~mothyl~+&c
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into the polynuecleotide bases oy (11) the ubilizabion
of 146#@1&0@&@ for the synthesls of the polynucleotide
yénhmﬁes.

The problem yalsed by these conbrasting
rasulbs ond the elucldabion off the achual #0le of
vitamin Byg in the synthesis ef the nuelele aclds aro

guestions whieh remain H0o be solved.
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Introductions
Deaminabion of deoxyeytidine by Escherisehle opll

PASLB,

Nuclepside phosphorylage scbivity in Esch: coll PA/LS.

Deogradation of adencgine-Bt-triphosphate by Bech. coll

PA/LE and Hechs ooll 157w~

Dooxyaridylic scld and bthymidillie aglid phosphomonge

asterase actlviby in Hsch. coll PA/LS.

Desminatlon of serine by Hsch. coll PA/LY

Synthesls of alanine from serine by Rsch, coli PA/15.

Synthesis of reduced triphosphopyridine nucleotbide and
tranghydrogenation of diphogphopyridine nucleotide

by Bach. coli

Deoxyuridine kinase activity of Hsch, coll.

Iaberconversion of serine and glyoine.
Syathesis of Ne«hydroxymebhylitebrahydrofolle aclid by

faohe. cOLL.

Synthesis of wethionine by Bsch. coli PA/1S,

Syntheses of b-hydroxymethyl derivatives of uracll,
deoxyuridine, uridylic acld and deoxyuridylic scdd.
Dagradetlon of H-hydrvoxymethyluracil.

Degradation of S-hydvoxymebhyldeozyuridina.
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20,
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28,
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Aeld hydrolysis of Cthymidylic aecid,
Abbempted syntheses of thymine and thywidine by

Baelllng subbilis 80569 and Hasch. coll PA/LD.

Synthesis of thymidine by exbtraots of rabbit
thymas glands .
Synthesls of thymidylle acld by colle-fresy extracts

of Bsche coll PA/LE and Bsch. coli 113/3.

Investigation of fhe thymldylic acid synthetic
aysbem for the presence of inbermediates.
Gonparison of deoxyuridine, uridine and decxyuridylic
apld asg one-eerbon unlit acceptors In the syutheals
of léG-TMP .
¢ o . PR X4 R 14 4 b
omparison of 3=""C-gerine, g=~Formaldehyde and
Yigeformate ae one-carboun unit donors in the

3o N : 14 RS
aynthegis of “TC-TWP,
synthesis of 140-TMP by cell~fdoe extracts of

Baoch, coli 157w,

Synthegls of l%%vthymidineuﬁ'~triphoaphat® and

DEA-thymine by cellefree extracts of Esch. coli PA/LB.

The cabtabolism of thymine, thymidine and thymidylic
8018,
Mgutobolled mabarisls produced by the ¢atabolism of

"y TR I Y

Wsche coli PA/IB.
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le JInbtroduction.

The sin of this work was to £ind s cell=free
bacherial sysben in whieh bthymine, thynidine or
thymidylic acid (TMP) waes synthesised, bo sbudy the
effectes of various factors on the system and teo
glucidete the m&ahaniéms by which one~carbon wnilts were
transferred and veduced To bthymine-methyl groups. A
number of compounds wore wped as one=-carbon acceplors,
namely uracil, uridine (UR), deoxyuridine {(UDr) and
deoryuridylic acld (dUNP).. The one-carbon donoy
syabemg atudled wovae (a) 140-f9rma1dahyd@ in the presence
of Bt 63 ¥ 8~bobtrahydrofolic seld (P4} (b) léﬁw
formabe end ATP in the pressnce of Fﬁﬁ@; ond {¢) Satia

serine in the presence of Fally end gerine hydroxymobhylase.

The ensyme souvces were (i) Escherischia coll PA/1S5,

a serine- or glycine=lese mubanty (i) Esch. coli 15T,

a thymine-or thymidine~less mubants (131) Zsch. coli 115/,

a maebthionine= or vitamin Bjo-less mubants; and (iv)

Boedllus subtilis N.C.T.B, BOGS.

Initial work was carrvied out with washed wholos
call suspensions and laber work with celi~Treeo sxtracts.
In the cage of cell«~free exbrachka the enzyme sysbtem was

& erude cell extracht pessessing a lavge varlety of enzyme
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acbivities, somo of which are involved in pathweys
rosulblog in degradationsg or gide-rveacliions of the
subgtrates and obthews of which ave concerned in the
synthetie pathways balng studled. Tho bacterial

extrocts were oxamined Pfor the presonce of some of
e ¥

' "l‘n 1.8 wao
these enzymes, in particular for deoxyeybidine deanlnase,

nucleoslids phosphorylase, adenoaine~3t-triphosphatase

deoxyuridyliec acld and thymidylic acid phosphomonoosternses

serine deaminase and pyruvic trangaminase acbivities on

tha subptratos degradetlve pathways and for glucose=G=-

phogsphate dehydrogenaso, eridin@ auclactide Lranshydrom

gonase, deooxyuridine kinase, serine hydroxymethylagse

and methlonine synthetase activitles on the gynthetic

pathways .

linch of these enzymeg Oy engyne systoms was
shown o he present in the crude celle{rec exbractg.
The resulibs obbained from these studies are Alscussed
more fully in Sections IX, 2 %o II, 12 (inclusivo)e. From
information derived from these resulbs ths cell-freo
gystems in wvhich THMP synbhosis was investigoted (Seclhions

o &

IT, 1% to i1, 83, inclusive) wers constructed,

2, Doaminoblon of deoxycytidine by Bech. coli PA/1S

B R WM IR

e pubant requiring thywmlne or thymidine for growth, was

capable of growing when Se~methyldecxyeybldine was
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substlituted for thynldine and bthey succesded in

isolating from Esche coll an enzyme which cabalyses

Phe desmiveiion of G-mothyldeosyceyblidine to thymidine.

The prosence of this enzyme in Each. coll 18T~ explaling

the organism's ability to ubilize Se~methyldeoxyeytidine
for growth. Barllor, Wang et al. (1950) lsolabed a

aemxycytidina_daaminase from Heohs coll and from yoaat,

Under the influsnce of this enzyme, Gecxycybidine is
deoaminated to Uy and, accordingly, a.cell-frea oxbrach

of Bach, coll PA/1S was oxamlned for the presence of

thls onzyme aebtivily.

The deaminstion of deoxyeyiidine was followed.
spocbrophotometricnlly by making use of the wrelatively
high extinctlion of deoxyeyiidine at 280 ma a8 compared
with that of Wy and the onzyme solution ab the sume
wavaelongih,e Flge I, 1 shows olearly thai deoxycybldine
is deaminaboed rapidly oven at 250 (. and that the

devryoytidine deaminese activity of cell-free extrachts

of Esch. coli PA/LE is high. Thus deoxyeybidine ils o

pogsible subsbtliube for Wr in the study of the btransfer
of one-cavbon unibs to the pyrimidine ring. Ia this
cose the reaction willl proceed by the inltlal deamination

of deoxyeybidine to Udr.




Pigura Ii, 1

The geamlnotion of deoxyeybidine at 26% ¢, by o eell-

free extract of Hsch. coli PA/1B.

Toob =~ 0,25 ’JY&O].QQ deoxyoytidine in & ml. phogphabe
buffer (0.1M, pH 7.8) + 0.2 ml, coell-frae
oxtroct of Boch, coll PA/LS (0.1 mg. protein);

Conbvol -~ 3 ml, phoaphate buffox (0.1, pH 7.2) +

(a2 ml. coll-freo extract of HKaoch. coll PA/LH

(0.1 mg. probein).

The extingtlon of bobh test and control at
280 wi wasg determined in a w.v. specbrophotometer at
fixad time Intervals over a period of 120 mlnubes apd
the difforence in exﬁinction betweon test apd control
{ DFogg) plotted against time. The rabe of decroase
in QAlpgy with time 1s e measure of the

deonyoeybidine deaminago sctivity of the cell-free

SRBERCh .
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e Nuclooside phosphorylase actlvity ln Esch, coll PA/1E

Although i{ was known that Nsch. coli conbalned

& nueleoside phogphorylase, the great astivity of this

enzyme in Heche coli PA/LH was reoalised first when it was

noticed that, alter Uy ov TR had bheoen Incubabed with

whole~coll sugpensionsg or cd l+free exbrocts of Rsch., coll

PA/15 in phosphabe buffer, very little nuecleoside could
be isolated from the reaction mixbture bubt bthat upracil was

lsolated in a very large yleld. Nueleosids phosphorylase

activity is dependent on the presence of Inorganic phosphate
end on Invesblgsblon was cerried oubt to deotermine whothspe
there wag sufficient inorganic phosphate in the cells to
- promote the achivity or whother an exbernal supply of
phogphate Wwas NECOSSAYY.

Thils Investigation was corried oub by comporing

the rate at which thymldine wes degraded by puclceogide

phogphorylase in phosphate buffer with that in phosphate~fyree

buffer, using both washed whole~coll suaspensions and colle

freo exbracts of Hseh. coll PA/LS as sourvces of npucleoside

phosphorylase, Trise(hydroxymethylamino=) mothane (Tric)

buffer was chosen as the phosphate~free buffer. The
veasction was followed spectrophotomebtyrically, making uase
of the relatively high extinctlon of thymine abt 200 mp
in alkalline solubion as compared with that of thymidine

and the onzyme solublon at the sams wavelength and pH.



06,

Although thore ls conslderable senbter of tho
points on the grephs, Pige., IX, 2(a) and II, 2 (b) show

clearly that an external gource of inorganic phosphate

is ezsentlal to the puclaoéiﬁe phosphorylase actlivity

prosent in Hschs coll PA/15. Thig differonce is

sspocially ovidont in the caso of coli-~froe ﬁgtraets
(Plge IX, 2 {b)) in uwhich case the ﬁ@g&&d&ﬁian of
thynldine wasg refnced o a vanishingly amaLl. degroe f0
Tris bulfer. SGubsequent o this obpoervablon Wpls buifor

was uged in all systems involving mucleosides bo obviabe

th@fposﬂibility of subatrabte degradation by nucleosides

phogphorylase scbion.

4. Dogradation of adenline~St-triphosphato by Bseh. coll

PA/LD and Boch, coll 1560w, *

In almpele reschbion mixbtures, degradation of

nuclacslides by the nucleoside phogsphorylase activity

prasent in Bech. coll is avolded by carvying out the

lneubations in phogphate~Tree buffer. However, in more
complex resctlon mixbtures which contaln adenosine«Hte

triphesphate {ATP) the possiblo presence of adenoslno=bts

brdphoaphatage in the cell-free extract could provide a

aource of inovrgenic phosphalte. Accordingly, cell-free

oxtracts of Hsgh. coll PA/LS and Fech. coli 15¥- wore

tosted Tor adenosine~b!-uUriphogphatase activity under

conditions perallel to bthose under whlch TMP gynthesls



Figure_II, 2

PDegradation of thymldine by pu

TN i oA e

{a) in washea'wholeucell suapenaians of Bach, cﬁl@ Pﬂ/l5.

Tagba = H Pmclas TDy + Q.80l, washed whole«coll

suspension of Esch. coli PA/15 (10 mg.

dry wh.) in & ml. of (1) phosphate buffer
(0.0M, pH 7.2) or (il) Pris buffer
{0111, PH .2);

Conbrols = Q.2 ml. washed whole=cel) suspension of
Bsch, coll PA/15 (10 mg. dry wt.) in 5 wml.
of .{1) phosphate buffer (0.1, pH 7.2) op
(i1) wrie buffer {(D.1M, pH 7.2).

{b) in cell-frse exbraots of Esch, coli P4/15.

oubs = 5 Pmol&s Thr + 0.2 nl. cell-free sxbtrvacht of

Bgoh, cell PA/15 (L mg. protein) in 5 ml,

of (i) phosphate buffer (0.1M, pH 7.2) or
(ii) Tris buffoer (001}%}{, pﬁ 1‘7.8).

gontrols = 0.2 ml. coll-free extract of fsch, coll

P4/156 (1 mg. protein) in 5 ml. of

(1) phosphate buffer (0.1 ¥, pH 7.2) ov

(11) Tris buffer (0.1H, pH 7.2)
Incubatlon was at 372 C, under aevobic couditions,
fach Hest and conbrol was gampled abv fixed time

inbervals and cach sample (0.5 ml.?! was mixed with




20-NaOl {2 ml.) immoedietely on withdrawal, “%hese
mixtures werve dilubed to b ml, with waber and the
extinetlon of .each at 290 mp was d@termiﬁ@&. The
difference in extinctlon bebweoen test and conbrol
{Aﬁiﬁggo} was plotbed sgainst time. The rate of
inereess in A Bogn is o measure of the rabe of

thymlne production sand hence of the mucleoside

phosphorylase sctivity of (a) the wavhed wholow-

sell puspengion and (b) the colle~fres extract of

Boehs, coll Ps/15,
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wae lovestigabed.

The degradation of ATP by adenosino=o!=-iri-

phosphatagse activiby present in coll-freec oxtracts of

Bgph, coll PA/LS and Ggch, colil 15%- was followsd by

incubating ATP with cell«free exbracia of these organiasms
in Pris bulfer and determining the concenbtration of
incrgonic phosphete present at varlons btime lvborvals ovar

a poriod of 6 hours. Tho progsence of adenosine=5Ht-

trlphogphatase in cell~freo oxtrachs of Hech. coll PASLS

and Rach, coli 16T- in ghown clearly by flge I, 5. The

graph also shows thoat the degradablon of a0P proceeds
slowly under these conditions, incubation for & hours
resulbing in loss than 30% dogradation of ATP by Boch.

coll PA/LS nnd just over 50% by Haoch. coll LG,

Burther dnvestigatlion of thoe nucleooalde

phospherylase activity in Zechas coll under condibiony
whore the sole source of inorganlc phosphate was £rom

ATR, degraded by tho adenosing~-5!~triphosphatoge proasent

in the organism, showed that 204 or less of tho added
nucleoglds was hydrolysed to the free base 1un 5 hours,
aven when tho ATP wes present lu councentrations as high

as 50‘nmgles/ml. thus the adenosine~5!=tpiphosphatasy

activity prosent in Bsch. coli does nob cause sarlous
degradation of pucleosideo substrates in incubation

mixbures containing ATPR.




Flgure YL, &

Dogradaition of adenosine~H!~triphogphate by adenogine =51~

briphogphatase in cell-~free oxtracts of Bsch. coli PA/1B

and Ygceh, coll 15T=,

Topts = 10 pwoles ATP + 100 pmoles NgsS0y in Tris buffer
(0«1}, pH 7.2) with (a) a cell=free extract
of Baoch., ecold PA/15 (0.7 mg. protein); and

(b) & cell-free extract of Hsch. coli 15V

5.3 mz. protein).
Controls - 100 Pmoleﬂ MgS0, in Tris buifer (0.1M,

VL 0t T

Pl 7.2) with (1) a cell«froe eoxbract of

Esche cold PA/LE (0.7mg.
protein}s
(ii) o cell-free exbrsct of

Tgchs coll 16T=- (3.3mg.

probtelin); and

{1i1) lﬁjnmﬂﬁs ATP.
Total velume of the incubation mixbtures was b ml.
Ineubation was carpled out under aerobic condlitions
at 379 ¢. Each test and control wes sempled at fixed
timo Intervals over & pericd of six hours and each
somplo (0,5 ml.) troated with 2 mi. &0% trichloroacetic
acld. Thoe precipitated protein was centrnifupged,
washed with & ml. 6% trichloroacetic aciﬁ and

rocenbrifuged. The combined supernsatants wore dlluted



o A0 mi. with water and 8 ml. of cach was assayed for
inorgenic phosphate by the method of Borenblum and
Choin (1938).

The conconbration of inovganic phosphato wag
plotted againgt time. The rate of rise of this
concentration is proportional Lo the rate of degrad-

atlon of ATP and henco vo the adegosine~§L¢br1phoaphatase

activity of the cell-frec axtracis,
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5. Deoxryuridylic acia ond thymidyllce scld

phosphononeeateras © actlviby In B geh; coll PA/1IS,

The presence of deoxyurldylic acld

phosphomonoesberase activity in Zach, coli PA/LE was

gonfivmed by incubating éﬂM?(Sﬂlnmmleﬁ)g g0, (80 pmoles)

and o cell-fvea extract of Hggh, coli PA/LE in Tris

buffer (0.1M, pH 7.2), total volume 3 mls Aftor
inovbation at 379¢. for 8% hours under aevobic conditions
the roaction was stopped by addition of 0.3 wl. 10N-HCL
and heabing atbt 1000 §. For 10 winubtes. The venebion
supernabant was separabed by chronebography on paper in
nebubancl~water snd the area carrying sdenine, uvacll

and Dy was elubed with waber., The meberial so obbtained
was rechvromebographed In two diwonslons (Eﬁb“t&ﬂOlWWﬂ%OT
ahd iso-propancl-water-HCl), A small emount of mabtorial
was found in the uracll poesition bubt none in the UDw
position. The wltre~violeh sbgorpbtion spectra of the
material in aeld and aikali confirmed bthat it was uracll
and that it was uvnconbaminatod wiith UDva.

The preaence of thymidylic acid phoaphomong =

egberase nebivity in Igehs coli PASLS was confirmed by

Incubatiog THP (6 pmoles) MghO4 (50 pmolos) ond o colle

freo oxbract of Bach, cold PA/LD (6.3 mg. probein) in

Pris buffer (0.1 M, p8 7,2}, tobal volume 3 ml. Afbver

incubation ab 379 ¢. for 3 hours under seroble conditions




a8,

the reaction was stopped by the additlon of .3 ml.
10W-H03 and heating at L1000 C. for 10 ninutes. The
reaction supornabtent was sgeparabtod by chromatography

on. paper 1n.gybubanoi?water and the erea carreylng
thymise and thymnidine was elubted with water.  The
maberianl so obbained wasg rechwomabopraphed in the samo
solvont system. The watlo of %hﬁ%@n& and thymidine

Lo TP was doberminod by eﬁtiﬁati@ﬁ?maasuTﬁm@nﬁs in
acid at 260 ma, and it was found thal 15% of the TP
had been degraded to thymine or thymldine. The watlo
of thymine to thymidine was dotermined also by
difforenbinl spoctrophotomebry and it was found thet the
mixbure conslsted of 86% thywine, If was found thab
troabment of THP with NeHCL at 100° ¢. for 10 winutos
effocts hydrolysis of the THP to the extent of 7% and
that the hydrolysis product consisbed of 50% thymine
(Pig. XTI, 20).

In the £irst oxporimeont uracll hed been

produced hy the aestion of the phosphomonosgberage on

d0MP followed by the degradation of the UDr produced

by nuelsoside phosphorylans. In the gecond oxpsriment

an aneiogous pathway hag bveon followed, as is shown by
the incroaged proportion of thymine in the product as
compared with that in the product of W-HC1l hydrolysis of
THE o




Tablo 1T, 1{u)

Incubation ‘pmmlaﬁfml. Poveenbage yield o
Omisslong atmogphers ‘kebo-anids™ koto=-selids Lfrom go
None AN .82 )
) SR RS
None aly G.76 )
Hone nitrogen 0o &Y 3
) 0,06
Hons nitrogen 054 }
Serine ol D01 )
erine 2le 0.0% ; T
Sarine nitrogon 0«20 )
) eenzemEs
Sorvine nitvrogen 0,18 }

1, Celeulobod on assumpbion thet yield is 100%
pyruvic acld.

2. Qorrocted for ketoenelids produced by cells alona,




Tablo £1, 1{b)

Hoto~pelds Liboratod by washed wholoecoll sugpensions

of sohe coli PAJLB in the prosonce and sbsence of

aoring,

AN Rl DRV 1

Twubes wore £illed and the reaction mixdtures
troatod as in Table II, i{a). The rescition
supoernatants were assayed fov kebo-sslds by the mebhod

of Prilodemona and Hangen {(1943).




Table If, 1 {a]}

Peroontage yield

3

Ingubation mmoles/ml.
Oulssions sabtmosphore / NHa®
WNone air 125 .8
None aiy 120,0
Nona aitrogen 100,86
Hone nitrogen 1006
Serine aix Le00
Jerine aly L.02
BSoring nitrogon 2e12
Sorino aitrogen 2412

Hig* from serine-

W Qg N Nt W3 i

EoR RN

1 Gorrvected for HH,® prodused by colls alone.




Peble T, L(s)

Ammonia liberated hy washed wholee-coll suspenslons

of Bach, coll PA/LS in the presence and absence of

O
Il 1 b 1 AT AN X
et e TR R RS

FReg!

Soringe.

LRI e TRy

Tubegs contalined washed wholeoecoll

suspensions of Hsch. coll PA/LE (6 mg. dry wb.) and

gorine {800 Fm@l@a) in phosphoto buffer (0.1, pd 7.2)
wotal volume 6 ml. Incubstion was carried out under
aorobic and ansevobic conditions at 37% C. for 25 hours.
At The end of the incubation puried reaction mixtures
were contrifuged (80,000 g) and the supernabanis assayed

for Ni,™ by the mothod of Johnson (19411,




PO

6. Deaminatlon of serine by Esch, coll PA/LD

The presence of sering deaminase actlvity in

Egchs cold PA/LB was confirmed by incubabing washed,

whole~coll susponsions of Bach, coll PA/LE with serine

in phosphate buffer. The desminabion was Followed by
asaaying the veonction mixbures for NH@* and for kotom
aclds.

| Teble IX,L{a) shows that the liberation of
4" wes debocted in (i) the presence end {il) the
abaence of gerine whon incubeblon wes eavried out under
agroble Oov sneopobic conditions. In the abgonece of
sorine, the cell suspensions velesscd twice ng much
Nia* wnder anoevoble conditlons ag they aid undew
aerobic condltions wheress, when serine was present, the
amownt of NHg" relomsed under nnaeroble conditlons wes
only 87% of that releaseod uwnder asroble conditions, The
addition of gerine caused a l00~fold inevease in bhe
swount of Nﬂé* liberated by the colls so that the origin
of the NU,™ when seorine was included in the incubsiion

mizbure ls beyond doubt by Che action of serine desminsse

on the amine-acld, A swaller proportion (18%) of sdded
serine was deaminated undey anteroblc conditions than undor
aserobic conditions {(20%).

Table I, 1{b) shows that tho production of

kebo~acide was deteected in (1) the presence and (ii) the




Tle

absence of sorine vhen incubsbtlen was carvied out under
agrobic or anserobic copdivions, In the sbaonce of
serine, theres was e ten-fold increased in kelo-acid
production under anaevoble condiblong as coumpared wilth
anerobic conditiond wherees, when aserine Wﬁé pregeni
the smount of kebe-acids profuced under sunasroblie
condiblone was only 404 of that produced under asrobic
conditions. The additlon of seribe caused a 40-fold
Incrense in the yleld of keto-acids so thabt the origin
of the k@t@*aai@s when serine was included in the

incubation mixbure 1s beyond deubt by the sction of

gerine deemlvase on the amine acid. A gwaller
proporbion {(0.08%) of added serine was deaminsbed undor
anaerobic conditions than under aerobic condibions.,

Comparisons of corresponding assays fop HH4+
and keotownelds in PTables IZ, 3{a) and 11, 1 {b) show
Immelinbeoly vest dlfferences hebween the concenlrations
of Nﬁﬁ* and. kebo-nslids detected In the seme sysbem,
asrchic deamination of serine glving vrise bo a 20% yiold
of NHQ* bub only 0.1% kebtowacid and ansercobic deaminabion
glving rigse 4o o 168% yleld of MHs" bub only 0.05% kobow
agid,

The nabuve of tha'k@tamaeiéa 3ynthesise& in this
gysben was elucidabed hy incubating washed wholewcell

suspengiong of Tach, cold PA/156 wibh Hutdgugorine in




phiogphate buffer. The R:4d-dinitrophenylhydrazones of

the keto-aclds were preparesd and sopsveted by paper
chromatography. Ilgss 17, 4 {a) and II, 4 (b) show
radioactivity coinciding in peoslition with the bwo

lesomers of pyruvic 2:4-dinitrophenyibhydrazone (Rp values
0eB2 and 0.86 vespeebively). The natures of the othen
radloactive matevials (Rp values 0416 and 0,08 vespectively)
were not deberminod. 3ince nelbther is coincident with

any ulitra~vicolet abporbing or nlnhydrinspositive mabterial
it iz uwnlikoly that they arve kotowacid 2i:4~dinitrophenyle

hydrazones or amino aeclida.

7. Syathesis of alanive from serine by Hsch. cold PASLB,

Tho presence of pyruviec tronsaminase achivity

in Bach. goll PA/LD was conflzmed by loncubating serine

with weshoed whole-cell susponsions of Zgeh. coll PA/LS

undor both seroble and anaerobic conditions. Fige. 11,

5 ghows that alanine was syntheslsed Ly Bach. coll PA/LS

2 ne "L »
undoer those condibions. Wahon a*l“GmSﬂriﬂﬁ was incubated

with washed wholew~coll suspensions of Bach. coll PA/1E

under the same condibions, chromabography of the reachion
mixvures fﬁllowed‘by suborediography showed that alonine
and glubamic. acid were bobh highly lebelled (Figs. II,
6 {a) and X1, 6 (b)).

Thus the origin of the alanine syntheslged in

this system ls beyond doubit by the actlion of serine




Figure 11, 4

Daam&ma@zon of sefine by gering deaminase of Esch. 9011
Wmmmnmm

AR 25,V g ) A

{a) Ylbra-violet photograph and (b) autoradiograph of
paper chromnbographic separation of 2i14-dinitrophenylw
hydrazones prepared from vremebion mixtures containing
GeddCmgorine and & washed whole~cell suspension of
Tach. eoll PA/LS incubated wnder enameroblc {2) and
aeroble {3) conditions, togother with merkers of
2id~-dinitrophenyihydrasine (1), pyruvie 2:4- dinitro-
phenylhydrazons {4) and @w?oxgil¢g R34-ind trophenyle
hydrazone (5), |

Note "A" ig en impurity present in 2¢4-dinitrophonyle

hydrasine,.

gomplate lpncubablon mixbuyre - Faddusorine {200 Pmmleg,

IQEG) and a washed whole~-coll suspengion of Esch. colil

PA/LE (2 wmg. dry whbe) in phesphate buffer (Q.1u, pH 7.2).
Tobal velunme of the incubation mixture wag 2 ml.
Incubation wes carried oub under (i) aerobic and

(11) enaerobic condiiions at 379G, for 2% hours.,

-
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Figur@fli, De

Synthesls of alsnine from serine by RBsoh, coll PA/LE

Photagraph of paper chromabtographlice separation
of veacblon mixtures contalining washed whole~cell

suspenalons of Bsech, coll PA/1lS and serine iln phosphate

buffer incubated under anserobie conditions (1) or
serobic Amingaclds (2) with markers of serine and olanine
(3)a Amiﬁ?@aida spots were developed by spraying wibth

ninhydrini.

Qomplete venchion mlxture « Herine (600 Pmales) and o

waghad whole~cell sugpension of Bsch. coll PA/LS

(Gug. dry wt.) 1n phosphate buffer (0.1M, pi 7.2).
Totbal velume of the Incubatlion mixbture was 6 mls
Incubation was carrisd oub under aerobic and anveroble
sondibions at 37° ¢. for 25 hours., After incubation

the 6oll suspension was centrifuged (20,000 g.le



Pigere TL6.




Fleurs IL, 6

Synthesls of alanlne from gserine by Bseh, coli PA/LS

{a) Photograph end {(b) suboradiograph of papar
chronabogeaphic separadtlon of reaction mixburves

conbalning washed wheole-gell suspensions of Bgch. coli

Pa/18 and 3-14G~ﬂerine in phogphate buffor incubated
wader aeroble condlblons (2) or snasroble conditions

(3) with mavkers of glubamic acid, sorine and alanihe(l),
ﬁminq&ei& apobs ware develaoped by spraying with

ninhydrin.

Gomplebe resctlon mixbure - 32t4Grgerine (200 pmoles,

lﬂlpc} and o waghed whole-coll ﬁusp@héion of Hgch,
geld PA/LS (2 wg. dry wh.) in phosphate buffew

(0.1, o 7.2} Total volume of the incubatlon
mixbure was 2 ml, Incubation was carried out wnder
asreble and anseroblc condiblons ét ay@ ¢, for & hours,
Afver incubatlion the cell susponsion was cenvrifupged

{20,000 Z.)




Figure II,6.

(a) (b)
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doamloase on the sorine followod by Lransanination of

the pyruvie acld so produced. The sehome of theo

renchions invélved may be drewn oub za Followste

Sorlao
SOTLNG

desminage

Nig + pyruvic acld

pyravic slubanic acld »
, trdcarboxylic acld
transominase '
o \s cycle

d-ozo-glubanie acld (./
w

alanine

Be Jﬁyntheﬁis_af roduged triyhaaphapywi@iﬁ@ nucleobide

and btranshydromenation. of diphosphopyridine

mielootide by Bsch. coli.

The dehydrogenation of glucose-fH-phosphato is
e briphosphopyridine nucleotide {TPN )-1linked veaction.
Incubatlon of glusose~t«phosphate and TPH wisth glucosge

6=phosphate -dehydrogenase is thevefore & gonvenlent webhod

of preparing reduced tripbosphopyridine nueleohide (TPHH)

in situs The presonce of glucosg-Gephosphats -dehydrogonase

activity ln Bach, coll was gonfirmed by lneubeting glucosos

G-phosphote TPV end a cell-froo exbract of Lsch, cold PA/1G.

oo synthosis of TPNH was followed spectrophotomebrically



by making vse of the velabively high oxtinction of
TPNH at 840 s, compared with that of WPN. Pig. X%, 7
shows cleerly that TPNHE ls syathesised rapldly in this

gyastem snd hence that cell-free extracts of Zgch. coll

PA/LS contain very high glusose~6~phogphate dehydrogonase

achbivity.

The nabuare of the btulfer used doos pot appoear
o affeet this reacbion since phosphate buffer (0.1 M,
pH 7a2), Trls duffer { Q.01 M, pH 7.2) and glyeylglyeine
buffer {(0.027 M, pH 7.2) cap all voplace the Nal{dy
buffer used in this cage withoutb causing any notliccable
change in the rete of the rescbion. Uslng the sswe

pochnlique, coli-~froo extrackbs of IDsch, coli 18T~ and

Bsch, cold 113/8 heve been shown 40 possoss tho same

aetblvlty.

The prosence of pyridine nueleotide trenshydioe

genase acbivity in Esch, co0lld was confirmed by adding

diphosphopyridine nucleobide (OPY) vo 8 reaction mixbuve
conbalning TPNE which bhad Deen syobhesiged In situ from

TP and o limitlng amount of glucose~S-phospbate by the

scbion of glucose-G-phosphoba dehydrogenase. Condltions
choson were tha o undor vhich a limited amount of TPNH
had beon synthesised by including less than a molap
proportion of glucose-6+phosphate in the lncubation

mizture. The vsacbion was followed spectrophotometrieally



Pipure IL, 7

Tho redugbion of iirlpbosphopyridine nuclegtiﬁe &t

26Y G, by a celle~freo oxtract of Hach. coll PA/15.

Pogt« 0.9 pmoleg TPN dn 3 ml. Nﬁﬂﬁﬁg golubion (Q.2%)

+ 0.4 ml. Baftfroo glucosenﬁnphasphate
{18 pmoles) + 0.4 ml. coll-free exiract of

Bsch, coll PA/LS (0.2 mge. proteln)s

Gontrole 0.5 pmoles TPN in 3 ml. HallCO0z scolutlon

K7 5 TS e cwy e b A

(0.27%) + 0.4 ml. gloss-Alstllled waser +

0.4 ml. cell=free cubtract of Hsch. coll

PA/1S (0.2 mg. protein).
The extinction of both test and control ak
540 WL was dotermined. in a w«v. gpaatrophotometer
at intervals of one minubte over a perliod of 22
adinutes and the difference In extinchkion betwoen
tost and contwol (B lggn) plotted ngalnst btime.,
The vote of loncrease in liﬁgég ig dirvectly proportional

to the glucose~G-phoasphate.. . dohydrorenasa activity of

the cell=froc extract, and to the rate of TPNH synthesls.
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by making use of the rolatively high exbtinctlon of
PPN at 440 mp comparsd wibkh that of e mixbure of TPN,
DPW, weduced dlphosphopyrldine nucleotide (DPNH) and
The enzymoe sclubion ab The some wavelongth. ¥Wilge 1L,

8 chows clearly that a cell~free oxbract of Dach. coll

PALLE roadily cebolyses the hydvogenation of HPN by

TP and honce thet tell-fyoe exbracts of Rach. coll

2A/16 conbaln pyridine wicleobide transhydroponase

8ebivieye

As cell-froe oxbtiracts of Tach, coll possoess

glueose-b~phosphate deohydrogenase end pyridine nucleobide

branshydrogenase actlvivices, the addition of TPN, DPN

and exeess (B to 10 moler equivalenis) glucoze-6-phosphato
to incubation misbures conbelning celle~free exbracts of

Boche coll will go® up a regoeserative system in which

TPHI and DPUH are syntheslsed ln situ, thus ensuring bhad
a large supply of DPHE and TPNH is avallasble in those

incubobion WIXEQUROSs

9. Decxyuridine kinaso acblvity of Bach coll.

The phosphorylation of UD» by ATP in the presonce

of cellefree exbtractbs of Fagch, coli PA/LSG or Esch, coll

15%. woas sbudied in inecubation wixbtures used Lo synthesise
TP » After 2% hours incubatlon at 370 ¢. undor snseovobice
condibiong the nucleotide mabterial was ilgolated from the

deproteinised veaction mixbures by paper chromatography.



Figure II, B

Pyvidine nueleotide transhydrogenation by Bach. coli

PA/15.

A sclutlon of YPNH was prepared by mixing

80 Pmﬂlﬁﬂ of WgClg, (.18 pnoles glucose-B-phosphate,

04 Pmales TPH and a8 cell~froe extraect of Tsch. coli

Pa/15 din 6 ml. glyeylglycine buffer (Q.02VHM, pil 7.2).

Pagh «~ 2.9 ml. "UPNH solution® + 0.1 wl. DPN solution

et o o vy

(2 pmoles).

Gontrol ~ 2,9 ml., "TPNH solution' + 0.1 ml. glass=
distilled wator.
Tho extinctlon of the test and conbrol was
deternined at 340 mp ab fixed time intervals over a

poriod of 25 hours and plotbed agelnst time.
K = X =~ X conbrol
e TV g Mem best

At polnt 4, glass~distilled wabor was added
to the conbrol and DPN solution Lo the test.
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T6a
This nucleotlde maberial was treated wlbth 2N~ HGL at
1009 ¢, for 1 hour and the hydrolysis produchts were
separated by paper chromatography.
Pige Tk, 9 clearly shows material in the urecil
poalition from tho reaction mixbture which contalned UbDwp,

AR and o cell=froe exbract of Bsch. coli 15T- (2). A4

corresponding wlbre~violet absorblng spobt was detocted
from the reaction wmixbure wvhich contalned Uhw, ATP and

a cell~freoe extract of Mech. coli PA/LS (4), bub 1t was

vary Paint and was nob reproduced on this phobograph.
Por comparison the corresponding hydrolysate of material
isolated from e reaction mizbture which contalned AUMP,

ATP and a cell~froe exbract of Hach. coli PA/LE was run

1o parallel and 1t alse shows the ulbtra-violel absorbing
maberial in bhe uracil position (B).

The uwlbtra-violeb absorpiion spechra of tho
mabterial in the uraclil positlon corresponded exactly with
thet of an authentic sample of uracil abt all pH values
investigated. Yoreover, no material corresponding to this
uracll was obtained from o simlilar loncubation mixzture from
whieh pyyinidine derivatives had been excluded.

Tracll ond Wr sre well separebted from the
nucleotlide materlal by the chromatopraphic analysls carried
out on the deproteinissd reactlon mixbures. Thue the
vracil appearing after hydrolysis of the nueclectide

Pracbion of thoe reactlion mixbaves must have 1lts orlgin in



Plgupe Tr, 9

The phesphoryloblon of deoxyuridine by Eschecoll PA/15

and CTsch. coll 15T-

Ulbravioletb photograph of papor chromabographlc
gaparablion of hydrolysis products of the base bands
<RF 0.0 to 0.05) of n~bubancl-waber separablons of
deproteinised reaction mixbtures conbtalining UDYD énﬂ a

cell-free extract of Zagch, coll 16%¥~ (2); dUMP and

a c¢all-~freo oxbyaoct of Hgch. coli PA/1S (3); and UDe

and & cell-froe oxbract of Esch. coll PA/LS (4),

together with marker ndaenine. and wvracil (1).

Complete phosvhorylation sysbenm -~ The phosphorylation

of UDr was studied in systoms uwsed to synthesiseg.TMP, that is
ATP (60O chlﬁs}, FAH , {5 pmolesn), MQQO% (40 puoles),
pyridoxel phosphate (0.6 pmoles), DPVH (2 pmoles),

PN (2 pwoles), glucose-6-phosphate (20meolea),
3»14G~sarin@‘(ﬁﬁ Pmnles, 15 pe) in Tris buifer

{C.1M, pH 7.2) with {8) ¥hr (30 puoles) + a cell-froo

oxtrect of Bach. coll 167~ (6 mg. proboin)s (3) AP

(30 pmﬁles) + a coll-freo extract of Rsoh, coil PA/1b
{3.6 mg. protein); and (4} UWDr (50 pmoles) + & colle

froe extract of Hach. coll PA/15 (3.6 wg. protein).

Ineubation was enaerobic, at 37° C. for 2% hours.
The hydrolysilis of the base~bands was carried

out by heabtling with BN-HOL at 1002 ¢, for one hour.
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o wracll nucleooblde, most probably AUHP. This shows

that cell-free extrachs of Basdh, coll PA/LE and Bach.

Gelld 150w ave capable of offecting the phosphorylation
of UDr by ATP.

Bzvlncbion mensurements at 260 mp indieated
thet 18% of added Wr was degraded to uracil by

puclooside phosphorylase snd 145 phosphorylated to JQUNP

in the gaso of coll-free extracts of Kech, coll 157,

fusufliciont phosphorylation of UDr btook place with Esch.
coll PA/LE for measurements to Do malle bub it was found

that 20% of edded UDy was degradod to uracil by

ayeleoside phosphorylase.

i

10. Inberconversion of perine end glyeine.

Blakloy {19584 and 1988) bhas confirmed the

prosesce of geying hydroxymethylage in axtracts of

plgoon liver by demenstrabing the converasion of Dl (i om
glyeine to 2-YGegorine and the synthesia of IR
gerine from Bnléﬁ»glycin@ pnd Lormeldehydes. He found
thab these reactlons were Qependsnt on AW, and pyridoxel
phosphates. Those obaecrvatlons have been confipmed by
Kislulk and Sakemi (19586).

As a firgt stop to confivming the presence of

serine hydvoxymethylase in Bsch., coll PA/LS the inter~-

converslon of serine and glyclne was sbudied. Cell-froe

extrocts of Tsch, coll P4A/LE (0.5 ng, proteln) were




V8.

incubabed in phosphate buffer (0., pH 7.2) ab
570 ¢. for B hours with 2«1%¢eglyeine {lﬂﬁ‘pmﬁlea, 2 pe)
and (1) serine (100 junoles)s (11) Pady (0.5 pmoles);
{11%) serine {100 pmoles) end FAH, (0e8 pmoloes); (iv)
serine (100 pmoles), PAN, (0.5 puwoles) and pyridoxel
phosphate (0.1 pmole)s (v) fomaldehydo (0.5 pmoles)
end FAHg (0.6 pmolos)s (vi) Formeldehyde (0.5 pmolos),
serine (100 pmoles) and FAHg (0.5 puoles)s The total
volume of each incuvbabion mixture was & ml. and
incubation was onrriod oub under anasvobie conditions.
The deprotelinised resction mixbures were tresbed with
L-fluoro-2 sd=-dinibrobenzene end the 2:4 dinitrophenyle
(NP~} derivatives of serine and glyelne isolatod and
gseparabed by chromatography on celibvs columns (sechbion
(IV,; 21). T no case was the DUP-serine found bto Lo
radloactive.

| Goll~free exbracts of Each, coli PA/LE (0.5
ng protein) were Incubated under exactly the same
conditions with S-1%gegerine (100 Jmoles, 2 se.) end
(i) Jé'!&ﬂ,i (0.5 }xmoleg)g (11) folic acld (0,5 pmoles)s
(311) NO-formyl-Fatia (0.5 moles)i (iv) glyeine (100
Jmaoles)s (v) glycine (100 pmoles) and FAHg (0.5 jmolos),
The deproteinised reacblon mixtures wore treated with
1=flupro=-2sd~dinltrobenzens and the DNP-derivabtives of
serine and glyelinoe isolatoed aand soparvabod hy

chromabography on celibe columms. In no case was thoe
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DHP=glycine found to be madioactive.

The presence of gerine hydvoxymothylase in

Gsehs coll PA/LS was domonstratoed, hﬂwevef, vihen cell=
fvee exbvacts of thab opganism wore incubalbed undew
snaeroble conditions in Tris buffer with 1433~serine,
DENH and (1) glyeinos (11) glycine and FAH,; (4311)
FAH@. Pable II, 2 shows that, in each case, the DNPw
devivative of glycine was rediocactive. The synthesls
of 1408nglycine Lrom léﬁgmsemine in thege systems was
conflmmed by papew chromacographic separetion of

(1) the free amine acids of the deprobeinissd resction
miztures and (11) the DNP«amino acids prepared from the
dobrbtainisﬁé reaction mixbures by treatment with
I-fluovo«2id-dinitrobenzene,  Auntoradiography of those
chromatograng showed radloacblve spobs coincidont with
(i) carrier glycine and carrier soring (Migs. IT, 10 {a)
ahd I, 10 (b)) and (i1) carrier DNP=glycine and DNP-
serine (FMigs. 1T, 11l{a) and IT, 21(b)}},respectivoly .

Tae presence of sevine hydroxymethylase in

Zschs coll PA/L5 was also confirmed when cell~froe

axtracts of thlig orgenism were incubated with G
formaldchyde and glyeine in the presence of DPNH and
PAHy. DNP-serine lsolated from bthis incubatlon was
vadloactive (Pable IIL, 2). The failure o demonsbraie

the presence of this enzyme in Esch, coll Pa/15 in

varlier experimenta using 2-34Ce~glyeine and formaldehyde



Specific netivivies {counbs/min. fumole) of
7/

bHP-plyeine and DNP-gorineg lasolated Tron

> 1, - By A.“ 0 X
roactlion mixbureo canxa;nlng‘;‘ﬁg-s@riae and

o cell-froo extract of Esch, coll PA/1G,.

Tubes conbained cellefroe oxbracts of

Noch. cold PA/15 (4 mg., protoin) and DPNH

(0.%‘ﬂmolaa) in Tris buffor (0.1M, pH 7.2) with
(3) 1405n39r1n@ {401pmelea, éjua} end glyeine

(20 wioles)s (41) **Cz-sorine (40 umoles; ¢ me),

{
glycine {40 Fmalaﬁ) and FAHy (2.6}um®l@m)g
(143) 14 s=sorine (40 Juole s, élgc) and PAHa

2e5 Pm@laﬁ); {iv) 1@G~fﬁrmal&ehy&e (3 pmﬂl®$$

4 }uc:), glyeine (40 /n.m.@les} and. FAH, (2.5 }m@l@a).
Total volume of the fncubabion mixturas wes b ol
Tneubatlion wes garyiad oub under anaerobic
conditcions at 87 ¢. for £ hours., The deprotoin-
1sed renction nixtures were tveated with l-Tluoroe
Bsd-@initrobonzene and the DNP-derivatives of
gevrine ond glycine isolated and separatod by

chyomabography on calite columns.



Tabls 1T, 8.

Additions Lo cell-froe exbract
of Bsch. coll PA/LS in Tris

Specific activity of DHA

derivatives

jeolated

bui Lor DRP~gorine DUPegiyeing
14 ; o
TTCgmsorine v glyeine + DPNH 28,420 8,640
léﬁgmserine w glyeine + DPNH
+PAH 4 21,420 2, 560
Mgswporine + DPNH + FAHg ho 15,490 1,000
HI4CHO + glyeine + DPNH + PAH,™ 500 50

1« Goprvior DNP-glycine added beflowe lsolavlon

of the NNP-orivabives.

2e Qavelior DNP-sorine added before lasolation

of Tho DNP-Qorivatives.



Figurs ¥T, 10

Interconversion of serine and glveing.

{a) Photograph and (b) auvtoradiograph of paper

chromabographic seoparation of deprobeiniged

ronctlon mixtures contalining 140»~30rine, DPN¥, a

2
e}

coll-Croc exbract of Bsch. coll PA/LS and
(1) slyelne (2), (i1) glycine + FAH, (3) and
(i11) il (4) topother with o markor of glycina{l).

Complete reacbion mixturc - 1405-serine {40 pmcmea

¢ pe); glyeine (40 proles), DPME (0.4 pmoles),

FAH, (5 pmoles) and a cell-free exivaet of Hseh,

goll Hﬁ/lﬁ.(émg. protein) in Tris buff@r.(o.lm; pH T.2),
Potal volume of the dncubation mixtuve wos O mle
Ineubation wes carricd out under anseroblc conditions

at 379 C, for two hours.
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Fipure YT, 11

Intorconverslon of serine and glyeine

(n) Ultraviolet photograph and (b) auboradiograph of
paper chromatographlce separation of the DEP-
dorivobives of sorine and glycing prepared from
deproteinlsed reaction mixbures coabtaining 1405~serine,

DPEH, a coll-freoe oxtract of Bsch. coll PA/LD and

(1) glyeine (3), (ii) glycine + Pai, (2) and (111) PaH,
(L) together with marker DNP-glycine (4) and DNP-

sovine (B)e

4
Complete incubation mixture = 1 Gg»sariﬁe (40 pmolas,

4 pe), glyeine (40 Fmoles), DPHH (0.4 pmoles),

Fall, (S pmoles) and a ecell=frece oxbtraect of Bsch. coli
PA/15 (4 wg. provein) in Tris buifer (0.1M, pH 7.2).
Total volume of the incubatiocn mixturs wag § ml.
Incubation was carvied out wunder anaocroble condlitlons

ab 379 ¢. for Hwo hours.
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is due entively to the very low apoeifle sctivity of

34
the 2~1'0~g1yeine usged compared Lo that of the (=

fornmaldohyde used in this latber exporimont.

1l. The aynthesls of Wehydroxymethylbebrahydrofolic

nold by Bsch. coll.

Fally hes been shown Lo be an ossentlal cow
facbaor in a pueber of roactions involving the transfer
of one~carbon units. Blakley (1954) has found bthab
the synbhesls of 2ntGugorine From 2~1$Cﬁglyain@ and
formeldohydoe, ﬁaing plgeon Liver extracbe, was dependend
on added FAH,. Kisluik end Sakeml (1L955) have
confirmed this observabtiotn. Woods {1958} also hasp
repovbed that FAK4 ig a co~factor roquired for onge-
carbon wnih transfer in the gynthesis of methloning

by cell-freo exiracts of Hsch, coli PA/1B. In the

study of sorinc«glyecine inkerconversion (section II,
10) 1t hos been ghown Yhat the sdditlon of A
incroases the vabte ot which 1463wsepine ﬂiaappears Trom
from incubabtion mixtures conbaining cellefiree extracihsg

of Bueh. coll PA/15,

The devivative of PAR, Involved in the iransfoy
of oneg-~cavrbon uanlts has Doen the subjeet of mueh work
and discussicrn. Kisluik (1957) and Blakley (1958) bheve

shown that the blnding of formaldehyde by FAll, is



Bla

dependent on the pregsence of unsubatitubod §8-ang N0~
positions in PAHz. | These suthors have shown thab
Tormaldehyde and Fﬂﬁé condenss nop-onzynically bo form
Vehydrouymethyltetrahydrofolic acld (H-CHoOM«FAH, ).
Kislulk and Sokemd (1954) have postulabed theb the
gstructure of the fommaldehyde-PaH, complex is
WO-CigOH-FAY, snd thab 1% is this compownd which acts
a8 Lthe intermedlete mns-carbon unib donor. Blakley
{1958), on the obther hand, has indicabed that ths
NO=CHAUH~FAH, fovmod indtially is transformed to a
compound containing an'ﬂﬁ, Nlommﬁ%hylane brldge.
However, bthe evidence pregented doss not rule out the
poasibiliby that the derivatlive involved ls an
N”Gﬁzﬁﬁﬁ?ﬂﬁé {oithor 4 op ﬁlq»ﬁﬂgﬁﬁ) phiechi is in
egquilibrium with N, mloﬁmathylenemﬁﬂﬁé. For the
parpose of thoe present work it san be assumed thab
HS~0H0, ¥ ctp0n and w8, Wamothylenc-ra, ave
frealy inﬁamehaﬁg@abla and the structure of the derivabive
involved will be writton as HmﬁﬁgﬁﬂuFAH%.

Feledkin {195Y) has shown that n mixture of
formaldshyde and PAHz (which ero koown bo condense none
gogzymieally to foym NeLHo0H-FAN, ) wlll roplace serine
and FAHy in the syathesis of THP Ffrom GUMP by celle-froo

oxtracts of Bsch. coll and o number of authovrs {Jeonicke,

1955 end 19563 Huennekens gb al,., 19573 Blakley, ¥958)



have reporvbod bhab W=-CHaOH-FAH, s a preduct of The

achlon of gerine hydroxymethylage. on seriue. The

aynthosis of N-CHoOH-PAT, from gevine ond FAH, by tho

serine hydvoxymethylage actlvity present in ¢ell-frec
extracts of {1) rebbit thymus glands, (31) Zsch. coll

PAf1B, (131) Dach, eold 15T~ snd (iv) Bech. coli 115/5

wap investigabed by the steam Alstillstion beechnlque
deseribed ln Beetlon IV, 19 and by peper chromatography.
Table 1L, 3 (a) shows thebt Incubailon of
p-t0uagerine in the proganco of a rabblt thymus extract
rasulba In bhe production of volatlle lﬂﬂﬁmaterial.
Incubatlon vnder anaerpblic conditlong increases the
yviold of this volebile Mg-matorial vheresss Phe omlsslon
Of AT, DPNH, FAlg and MiG00s from the incubation mixbure

lﬁc«mataﬂial.

censes o lavge decvease Iu volatile
able IZ, &{b) shows thai Fall, 1o an essenblal co=fagtor
'fer the Produoﬂion of onew-carbon uwnits {assayed as
volablleo mécnmateriml) from 5-2%0¢ sorine in tho prosence
of 8 rabblt thymus @X%Pa;t whioh had boen Irested with
Dowox-l={chloride) bofore incubation. In the same
sysbom the proesence of MEQ* iong heas been shown to
ingroase the yiold of oneecorbom unlbg.

Onew=carbon unit preduction has beor shown also
0 bo affocbed by subsbltubing TPNH (TP + glucoso=6e

phogphate in the presence of glucoso=G~phogphabo delydro-




Tablo I, & {a)

Shoam~volatile 4&G~material iﬁalatedAf?Qm incubabion

misbures conbtaining S-l4Cesorine and rabbit thymug

onbracts (unbrontod).

The synthesia of N~LHuO0H-FAH, from FAlly and
onewcarhon unrits produced by the actlon of parineg

hyarOXymethylasa O Snléc*semine waa studied in

ayatems nsged tO synthesise thymidine., Tubeag
contulned ATP (4. waoles), DPMH (0.8 jmoles), Ubpe
{40 Pmolea), FetdQegorine {8 /umm.es;, I)w), FA¥

(5 pmal«w), Hgsh, (40 ]umcxié.ea) and an extracht of
roabblt thywus gland in Trlg buffer (0.1, pH Y.2),
tobal volume 4 ml. Incubabion was cavried oub
wndor (1) seroblic and {ii) enaorobic conditiona &b
57" Ge £or 4 Dhours. 1.0 ml. of the reaction
mixtuve woeg btroabed with 10 ml. BN-H,50, and stoame
Aistilled. Volatile 1%G~ma%eria1 was Lbrapped in
2:4-dinitrophenyihydvazine solubion. The solublon
was exbtracted with 6614 and this extract plabed ond

CONNTO0 .




Moble If, 3 {a)

Ineubation gounts/min. /mi.
Omlasiong ahuoaphore inocubation wixbture
None ady 40
None nitrogen 160
Nope A= nitrogen 60
ARP, DPWH, FAly
and Mgs04 aly 20
ATP, DPNH, Fﬁﬁé
ond Ng8h, nltrogen 20

1. The extract uvaed in this cese was broabed

with Dovex«1~01" before incubation.



Table LI, ${h)

Ly A L) H b ko
Steom volatblle l*co-maiser:;.al isaolated Prom incubabion

mixiures containing 5=4g ~gerdng and pabblt thywug

oxt vo.gbs | { brant o0 )e

The aynthesls of N-—GHzOH»FAH 4 from TA, end
ong=cavbon units produced by the action of serine

hydroxymethylase on S-+4C-gserine was studled in

ayatems used te synthesise thymidine. Tuboy
contalned (ATP (4 /umoles), DRPUH (0.3 Iumc&les), UD»r
{40 ’umolas), Hetbpagorine {40 ;J.mcles_, 4 }1@), FAlTy
(5 {umoles),. Mg$0 4 {40 lumoles) and, aml axbract of
!umc)les),. Mgs0, {40 lwnoles) and an oxbract ofYoX-le
¢1™ prior o inocubation, in Tris bulfer (0.1,

pH 7e8), total volume 2 ml. Incubation was caryled
out under anserobic condliions at 570 G'_."i‘a:i? 4 hours.
Stean~volatilo M"O»material was isolabted from 1.0 ml.

incubation mixbturo es in Table II, 3{a).




Teble I, 3(b)

Omlssions

None
mgb@@

Mgshy, and FﬂﬂQ

Incubation
abmosphere

counts/min./ml.
inenbatlon nixbure.

nisrogen
nitrogen

niirogen

180
110
10
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genase) for DPNH. Table II, 4(a) shows that there wap
g Pive-Fold increase In the asmbount of volablle 1%G~

maberial produced by the serine hydreorxymethyloss of

Bsche coll PA/LD whon TPHH repleced DPNH in the

incubabion rizbars. Thore was o almllar incronse

n . = B » i ‘ a :!n’ -
{alght-fold]} in the anowat of volabile 4G»matarmm1

prodused by the geeing hydreoxymothylase of Bach. ooil

Li8/8 when TPNH replaced DPNH in the lncubabion mixbure
(Pable 11, 4{b)).
Table L, & shows that cell-~frse extracts of

Bache eold 16T« will cobalyse bhe production of cue-

w14 w . _
carbon units Lrom 5ml*ﬂnaewin@ end 80 gondirme the

presonce of gorline hydroxyneblwilase actbivity ln this

mabant. Toable IT, § also sbows thob the Inclusion of
dUiP in the incubatilon mixbure made no significaubd
dlfferonce to the speciflc achivity {(counbts/minéjamols)
ofF l%ﬂwfarmaléahyﬁ@ 23¢~dinlsropheny lhyirazone isolabaed
wheroas the iaeluglion of Ubhr caused o Live~lold ingrease.
It wonld appear theb a labile derivabive of Ubx, which
yields 14G~f0rma1ﬁehyda on hydrolysie, is involved bub
no such derivative was lsolabed foliowling oxbtensive popey
chromabography .

The production of one-carbon ualbs from 140~
formate in bthe presence of c¢oell«lree exbracts of Dgeb.

gold PA/LS wag algo cobserved. The specific activity




Table 1L, 4(a)

Stopmesvolotlle i%c—mab@riml iaolated from

ineubation mixturcs containing 3Mléﬂﬁﬁﬁrinﬁ and

a coll«free extract of Hgch, coll PA/LB.

The synthosis of N-CH0H-FAH, from PAR,
end cne=garbon wnits produced by the action of

sorine hydroxymethylase on 3-+%0agorine In the

pPrasonce af.(i) DPNE and {(11) TPNH was studiod
in systems vsed to synthesisc TMP. Tubos
contained ATP (4 pmmle@]a e (40 Jmolas,
GetbCeserine (8’mmolesp 4 pol, PAHy (5 pmoles),
MES0, (éafumales)g pyridoral phosphote (0.3
wmoles), a coll-free exbtract of Esch, coli PASLS

/
and {1) DPYE (0.3 ;mmleass} e (11) TP (D3 ).xmales)

+ glucose-G-phosphate (3‘pmﬁlea3 in Tris buffer
(O.20, PH 7.2}, tobal volume 4 ml. Incubation was
carvisd out under ansseroblc copditions at %9 C. fop
4 hours., Stonm~volatile *40-matorial was isolated

from 1.0 ml, incubstion mixbtures in Table I, 3(a),.




Table XL, 4(n)

Systam containlng counta/min/ml. incubatlion
mixture
(1) DPEH 160

(11) TPH + gluecose~Ge

phosphate 850



Pabla Il, 4{b)

Sﬁ@ammvmlatile lécnmgﬁerial ismlate& fram'inaubaﬁiwm

a : . .
mizburon contalning 3-1“G«sarin® and a gollefvae

exbract of Hech, coll 115/3.

The synthasis of H-CH,0H-FAl, from FAky
and onoe=-carbon unlts preduced by tho aetion of

gorine hydroxymethylase on $«i%C-gerine in the

progence of (1) DPWH and (ii) ¥PNM was studlied in
syatoms usod bo synbhesise TNP. Tubes contained
LEP (6Q‘pmﬁle$), R {20 Pmolas), 5u1éﬂ*&6rin@

(280 ymoles, 10 }w), Pat, (8 /umzalass}, M0,

(40 pmoloes), pyridoxal phosphabe (0.1 pmmlas),
vitamin Byp (8 pge), o coll-free extroot of Esgh.
eoli 115/6 (12 mg. protein) snd {i) DPWH {8)@@@1@&)
or {11) TPY i%tumolaa) + glucoso~G-phosphato

(20 pmoles) in ¥ris buffer (034, pH V.2),bo0kal
volune 2 ml. Incubation was cavrvied oub upden
snparoblo conditions at 370 . for 4 hours. Sheoams
volablile HCemaberial was isolated fyom 1.0 ml,

{neubstlion mizbures in Pable XX, 3(a).




Pablo TT, 4(h)}

Syabom sounts/min./ml .
Gﬂntainimg incubation mixbure
{1) DIPER 250

(13) 7PN + glucosgo~

Gephosphale 22000



Table 31, §

, 4 . , o,
Apeam~volatile *Yoepatorial izsolatod Trom locubablion

mixibures eonbaining (1) HetdCegorine ond a cell-fre

wbrack of (a) Esch. coli PA/15 and (b) Esch, coll

LDE= sd {ii) o aFformate end o cell-free exbraciy of

lioeh, coll PA/1B.

Tho synthesls of NeCHOH-FAH, frow FAH, end
one~cavbon unlts produced from (i) FnldCusorine by

serine hydroxymothylase activity in coll«froo oxbracis

of {n) Bach. colli PA/15E and (b) Eschs coli 150= and

{11) ¥¢-formate by coll-fyoo extractn of Hgch. coll

PA/LS vwag studied in systems used to synthesis THF.
fubos contained ATP (60 /umoles), FAH, (3 jwmoles),
1gso, (40 lunmles), pyridoxal phosphate (0.6 maoles),

DR (2 ’umales), e {2 ,ummles), glucose~G-phosphate

{20 ’umoles) and o eell«free exbract of {(a) HEsch. coli
4
PA/1B with (1) 5-3”0-3@:0139 (30 fRolaes , L5 mels

(2) 3-14C~z0rine {30 unoles, 18 }m) and Ty (50 ymoles)s

4
(3) 5-t4G-gorine (50 junoles 15 /w:s) pad amp (30 Jmoles):
(4) Moapomate {30 }molea;, 186 ,ucz)_ and e (30 ):x__moles);

or {b) Bach, coll 15T- with s« sorine (30 pmolos, 16

31(;) and Wy (30 pmoles) in Tris buffar, (0._,11«'1, o 7.2)
tobal volume & ml. ineubation wes earvicd out undep
anaoroble conditions ot 370 C. for 24 hours or 5 hours.
The apocific activiitloes (tsounts/‘m'}.n./fma:i.am) of the

j’éCv»a?ermalc}.ehyae 21d-dinitrophenyihydrazong lsolated by



atoom digbilletion alfter the addition of
forme ldehyde (5.3jamelea} aa carrier %o

1.0 ml., of each incubabtlion mixbure were

datermined.
Tablg 11, 5
4
. Spoeciflp
. Bach activity of
Syston Inoubation Eeli Protein HIE(HO-R54-
conteining  time {(hwvse.) BUfEnt mg./ml. dinitrophonyl~
hydrazones
3 ok ] 2 : = s
B=*EGmparing & PASAB 3438 9,560
30 0 ~gerine
+ UDp 2% PA/IE  1.20 42,200
Guddgagorine
v QUMP S PA/AS 1.20 8,680
Mg wformate
+ Upp 8 PA/1B Lo R0 808
Geobd@maorine

+ Ue 5 157 = 1.68 11,080



8"1" ™

of the 146»£0rma1&ehyd9 214 dinltrophenylhydyrazono
igoleated from thig inouvbabion mixbure was very low,

being ebous 8% of that from serine hydroxymebhylase

actbion on 5-140@s@rinea
The deta presenbed ghow that rabblt thywsus

exbracts and coll-frao oxbvacts of Hsch. coll PA/15,

Hach, goll 160= end Bgch. cgll 113/3 all catalyse the
A g li& » v
produetion of one-carbon unlis Tiom Sni“c~sarlne andh,

thus econfiwva the presence of gerine hydrvoxymethylaso

pobivity in those extvacts. The actlon of this
enzyme hag been shown to be dependent on FAW, and its
pobiviby o be increaszed by incubsbion under anasrvoble
conditlons and by bthe sddltion of Mgt ilons.

The ¥8le of F&ﬂi in thege sysbems wos
investigated by paper chromavographic sopapysbions of

incubabion mixbures conbrining seprine hydcoxymethylosea,

4, . , :
3~l*0-a®r;n@ and FAR » PYopor chrowaiography of

i

incubabion mixbures in phogphate buffer (0.1M, pH G.9)
and in igo-swyl sleohol -6} KipPO, followed by eubo=
radlography mevely Iindlonbed the proscnce of & lablle
14Gw@0mpouna which was degraded during deovelopment of

the chreonabogran, Bobtew rosulibs weore obbained when

the chromebograms wore developod in the cold voom (4Y G.).
Auhara&iagraphy rovenlod +*Cemotoriel coincident with

spota which fluorosced in wltra-violet light (Flg, 11,12),



Filgure 11, 12

The synthoesis of N-hydrvoxymethyl-5:6:7:8~tetrahydrofolic

acld from 5:6:1718~tetrahydrofolic acid and Bt Owsarine

Anboradiograph of paper chromatographic
separation of reaction mixtures conteining PAH,,
Ny

3~i”6-merin@, pyridoxal phosphate, o cell-fres exbtract

of Gach, coll PA/16:and DPNH (1) or TPNH (2), btogether

wlth moarkers conslsting of wlxtures of FAH, and 3*146~
sorine (3) and Fﬁﬁé and }ﬁﬁ-formaldehyaa (40, The
dotted lines enclose areas corresponding to those whieh,
on the original chromatogrém, vwere Iluorescent in ulbra=
violet light. The chromatography was caryied out in
the cold rocm {4°¢.).

Gomplete incubation mixture « The syﬁth@mis of N=CHoQH

PAH, was studied In sysbems used to Synthgsis TMP, thab
is ATP (60 Fmalea), Fﬂﬂé {3 pmales), Mes0g (40 pmoles),
pyridoxal phosphate (0.2 pmoles), =G ugarine (40pmoles,
20 pe), We (40 puoles) and (3) DeNE {4 jmoles) or
{11) TPNE (4 Fmoles} in Tris buffer (0.1, pH 7.2) with

a eoll-fres extracht of Bach. coll PA/LS (9 mg. proteln).

The tobel volume of the incubstlon nmixture was 4 ml,
Inenbotion was carried out under anseroblc condibions

gt 3970 C., for 4 houyrs,

e il



|06

,,°°'

Figure II, 1\2.
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A mizbure of FAHg and 146~fo epaldohyds, which condens 89
non-euzynically 0 yileld NCHoOH-'AM,, Tun ln parellel
gilves a radloactlve fluorescent spot with the same Ry
value {(Q.14} as the Lirst of the two spobs obtained
Trom the inenbebion mixzbures eontaining ﬁulﬁa-sarina,

FAH, and gerine hydroxymebhylasg. The second of lhe

two spots (Rp 0.40) shown in PFlg. IT, 12 dld not give
g posibive reaction o alubydrin snd accordingly does
not appear to be bthe PAlly-serine complex roported by
daenicke (LOES) Lo be present in simllay systems,

Hiller and Waolsh {1.957) bave reponted thab
Nﬁsformyléﬁﬁﬁd, on btreabment with porchlowie necid, will
cyelise bo fowm the N9, Wiiinidezoliun derivative (ACP)
with o chavecterisbic change in speetrum,. Accordingly,
e wixture of FAH, and 5wt Cmsorine dnenbated in Tris

buffer with a coll=free exbteact of Bsch, coll PA/IS was

acldifiod with perchloric ocld and exemined
gpectrophotonetrinally. No gignliicant poak developed
ab 350 )R » Ghromatography i 0.5 N-Corrle asld alao
failod to reveal the prepeunce of 1%G~AGE. Tihs no
dotecbable amounta of NﬁnfmﬁmyléPAH4 was synthesised
from FAH, end 5-*%Geserine in the presence of gerine

hydroxymethylese.,

These resulbs indleate that the action of

aorine hydvoxymethylagse on BetdQugarine in the pPresence




GG
ol Fad, is to ayﬁﬁheﬁiﬂemw&ﬁﬁﬁgﬁﬁwFAﬁﬁ which acbs as tho
intermedlate opa-carbon wnlt carrior In reactlons
involving the transfer of one-garbon maite. Thﬂl
ayhthoesis of corrvespoading ono~carbon uniks From formabe

by gell-~Proe oxtrache of BEsoh. eoli PA/LE proceads,

progumably , by the plow reduction of {1} fomate bo
formaldehyde or (11) N*fwrmyl~?ﬂﬁé o chﬁgﬁﬁéﬁﬁﬁ%. The
effact oi subgblibubing YPNH Lor DPNH on the gynbheosis of
Nﬂl4ﬁﬂgﬁﬂéﬁﬁﬁﬁ from 3~*0ngerine is marked. The
synbhesla of EucﬁzﬁﬁéﬁA34 from FAH, apd sevrlne ls nob
IPNe or DPN«linked, bui the oxldebion of W-CHgOH-FAlL,

o Nﬁafarmyléﬁﬁﬁé 1s TPN-~depondent (Habefdi gl ol,, 1957)

1 ~CH o0l 5 AR @ﬁ o wPOPIy L AUETTTS Povmato—) GO,

PN WPNH

Thus s 1o the pregence of TPN the egqullibrliuvm will lle
more o the side of X\Iﬁ-fcmwl-ﬁ‘ﬁﬂ% rosulting in a
reduchion in the concenbration of N-GHBOEdFﬁﬁ&. in
the inoubation mixbtures under dlscussion there is &
rogenerablve sysbon for The asynbhegls of PPNH in
opovatlion so thabt the oxidation of NeQ@aOl-Fall, b0
Nﬁwformyléwﬁﬁ@ and honee to GOy proceads b o very slow

Pate.
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12, Syntbhesis of methionino by Hach. coli PA/LS.

Gibson and Woods (1952) heve demonstraied tho
synthesis of methionine from homocystaine by washed

whole~coll suspensionsg of various matants of lsch. coll,

When e mubent, which vogquired serine ov glyeine for
growvh, was used in these sbudies, the authbra showe,

that olfher gerine or glyelns was essenbial for mebthioning
synthaesls. ‘he addibvion of vitawin Ela was found Lo
shimulebe synbthosis, Cross and Woods (1954) have also
donongtratod thig synbthesgis with ceoll«free oxtracts of a

seyine- or glyclne~less matant of Zsch. coll ani Guest

{1969) has shown a vibenin Bye vregquirement in this
gystem.
Methionine synbhesis from homoeysteine and ongw

cerbon unlba, produced by georine hydroxymebhylase acblvity

on servine, involves the bransfer of a onegw=carbon uwnid
from serine Lo the sulphhydeyl groue of homoeysteine
Followed by the reduction of this one-carvbon unld Lo form
the methyl growp of methionlne. The mochanlsm of this

voactlon may be vepresented by the following schomoie



834
Serine

| hydioxymnethylesg
CHQOH s CHL. 6Ol

l Cﬁg.cozﬂ.
i
1\!1'12 / N}Ie
FAH, NqGHOOH-FﬁH%
ﬁeanchOHQQCHoGQQH
nethionine |
NHg
gynthetagy
~ Me oScC}IB oGﬁ( .(}‘H.G’O 'H
P AT, e
NHg

This wmechanism is anelagouws to that postulated

for the "methylation" of Wpr (or AUMP), Thus thore is a

possliblllty that roplacement of homocysteine by UDr iun

systems conbaining methlonlne synthetsse esctiviity will lead

to the synthesis of thymidine. Accordingly, washed

whole~coll suspensions and cell-fres extracts ol Fach.
coll PA/LS wero luvestigabed for melhlonine synbhebase
acbivity.

The presence of mebhlonine synthobaso ectiviby

in {a) washed whole-coell guspengions and (D) cell-froe

exbracts of Bach,., coll PA/LS was confivmed by ineubabing

(1) washed whole-cell suspensions of Bach, coll PA/LS

with glucose, vitemin e, serine and homocysbeline in
phosphabte buffer end (1i) cell-froe exbtracts of Fach.

coll PA/LE with ATP, frucbose=-liB-diphosphate, Mg80,,
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pyridoxal phosphate, serine and howocysteline in phosphete
buifer. Tho synthesis of mebhionine was followed by
micrablological asgsay of the reaction supernatanis, after

removal of cells or proteln, using lsch,. coll (Wl94,

a mobhionine~less mubant., nob capable of growth on
homogystolne, as asgay organism.

The results summerised In Tables 11, 6(a) and
II, 6(b) show respectively that washod whole~cell

snapensions and cell-free extvects of Hasch. coll PA/LB

afffpet the synthesls of methionine under the described
conditions, The prosence of homocysbeine wag essential
for methlonine synthesis in both whole~cell and colle
Tree extract systems bub in neither case was the addition
of gerine found Lo be necessary for synthesis to bake
place,. Howevor, the rdle of serine as a one=carbon

unlt donoy s indicated by the dogdresse in mebhionline
gynthosised when serine was omltbed from the incubablon
MIXGUTE o The addlibion of formaldehyde, on the cthor
bhand, partianlly inhibvits the resction In cellefren

exbracts in the presence of serinoe.

13, Hyntheses of bB-~hydroxymethyl derivablves of uracil,

Seoxyuridine, uridylic acld and deoxyuridylic acld.

Plnk, Cline and Fink (1956) have deseribed
the synthosls of S-~hydvoxymethyl derivabtives of uracil,

Ty and wridylic acid (UMP) by condensing formaldehydo



Tavle 1T, 6(a)

Synbhopls of methionlno by waghed wholewcoll

suspension of Hach. coll P&/la.

fhe conplote veaction mixbture consisted of

8. weashed whole«cell suspensicn of Bsch. coll

Pa/Llb {6 gl dey wie), glucose (100 }mo Las ),
vitomin Bio (0406 ug}, sarine (100 Pmaléqj and
nomoeys tolne (l@ﬁlpmnias) in phosphiate buffer

(O 111, pH 6.9), tobtal volume Sul. Incubation
was cayrled out undsr aercbic conditions ol

79 ¢, for 7 hours, AV the end of the
incubation pericd rsactlon nixbtures weore centrl-
fuged (29,000 g) and the supernatents assayed for

wmebhionine using Esch. coli GV 194, a mothlenines~

less mubtant, as assay organism.



Pable IT 6(a)

Omisslions

None
SBaerine
Homoeystelne

Serine and homocystelne

fethionine synthoesised

wmeles/hy /mg. colls (dry wha)
/ TR,

0,26
0,14
0.0
0+0




Table %L, 6(b)

Synthesis of mothionine by celi-fres oxtracts of
Bach. coOli PA/L5,
R T e e srvorvan armsompouptent

The complote reaction mixbture consisted

of & collefves extract of Hech. coli PA/LB{ 5 wmg.
protein), ATP (leﬂlpmelesi, fruohoaaaliﬁ-diphaaph&ﬁé
{laalpmolﬁs), MQSU% (zﬁlpmolas3, pyrldezal phosphale
(0.4 pwoles), serine (lcﬁ‘pmnlas), homecysteine ?
(lﬂﬁlpmoles) and formaldenyde (3.8 Pmalas) in phosphatbe
buffer (0,14, pH 6.9), total volume 5 ml. Incubabion
was carriod oubt under sercbic condisions ab 37° ¢. for
¥ hours. At the end of the ilncubation period
reaction mixtures werse deproteinised by heatling ab
1009 C. for 30 minutes and centrifuged. The reaction
aupernatants wore asaayed fov rethlonine using Each,

goll CW194, a methionine-less mubant, as assay orgenlanm,




Toble IT, 6{b)

lethionine synthesised

Omisslons }gmolea/hr./mg. provein
None 0.56

HOHO 107

HCHO ond sovine 0835

HCHEO and homocysteing 040

HGHO , homoeysbeine and

gserline 0.0
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and tho pyrimidine at 100°C in the presence of 0,080«
HCL., As the S-hydroxymethyl derivatives of UDr and
dPMP were of interest, beceause of thelr possible
involvement as labermsdiates on the thymidine/THP
biosyntheble pathway, abttempits wore mede Lo syanthosise
H-hiydrorymebhyldecxyuridine and bH~hydroxymobhyl-
deoxyuridylic acid, The conditions used for condengation
were bhose deagribma by Fink, Cline and Pink (195H6)
(Socbion iV, 13)., In addibion, a varleby of other
condengabvion conditions wepre invosbigabsed.

As o preoliwminacy sbep the synbthesis of
H~hydreoxymethylurneldl was inveablgateds  Uracil,
Formaldehydes and HCL were hented in a sesled tube ab
1009 ¢, for 24 hours and the reachbion prolucts were
aoparateld by paper chromabtography. Pig., 1T, 13 shows
that urecil and formaldehydo condenae readlly under
these conditlions, yielding bthres products soparable by
one~dimensional chromatogrephy (solvent, n-bubancl-
Wator )e One of these products migrated at the same
rate as 4id authentle H-~hydroxymothyluracil (RF 0.28)
and, in addidion, the ultra-violel absorption spectre.
05 this material ab pH 1 and pl 13 corresponded exactly
with those of authentic bH-hydvoxymethyluracil. The
sbrucbures of the obthor meberials shown in Filg. ¥, 13

ware nobk slucidated,



Pigure IT, 15

Synthasle of SH-hydroxymothyluracil by the condensatbion

of Lormaldehyde and uracil.

Tltraviolot phobograph of paper chrométographic
separabion of tho products of uracil end formaldehyde
condengatlon (1) togethor with mavrkers of aracil (2)

and vracll and S-hydroxymethylursceil (3).

GCondengatlon gyabtem = 60 Fmoles urecil + 1.3 muoles

formaldehyds in 041 ml. 0,08 N=HCl. The mixture was
soaled in a ecaplllary btube and heatod ab 100° ¢. for

24 hours,.




Fisure II, 13.

Uracil
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Rg in n-butane]l-water.
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S-Nydrexymethylurecil
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21,

When UDr was substibtuted for ureeill in this
gsystem the maln condengation product wae agein bHe
hydroxymethyluracil (Fige 11, 14). A& trace of UDp
(Rp ©,40), a fastemoving maberial (Rgp 0.83) which is
probebly & polymer and a falnl apob 05 motevrial
(RF 0.12) are also shown by Fig. I¥, 14. Larger
gquantities of the material of Ry 0,12 were lsolated
by chromatography of the products of this condensation
as bapds in nebutanol=waier. The band of Rp 0.05 to
0,156 was elubed with water and rechromatograpbed in two
dimensions (gnbutanolwwater and acotone-wator~formic
2.0id), The material nigrated as a single spot of
Rp veluos 0,12 and 0.77, in pebubtancl-waber and acebono-
watec~formic neld, reaspectively, suthenblic H~hylroxy-
nothyldeoxyuridine, proepared by deaminaitilon of S-hydroxy-
methyldeoxyeytldine yrom phage deoxyribonuclielic acld
(DA}, bes an Ry value of 0,11 to 0.21 in n~bubanoli-
water (CGohen, 19587,

The structure of the material of Ry 0.12 which
waa igolated from the products of condensatlon of UD,
and formaldehyle, and whieh was suapocted to be
S~hydroxymethyloeoxyuridine, wag inveatigated further by
8 study of the ultraviolebt-absorpiion spectra ab pH 1
apd pH 13. Comparison of the ulﬁravielet»absorption
apectra of urecil and bB-hydrexymethyluracil, at pH 1 and

pH 13, shows thet the effeet of the hyperconjugation of a



Pigure II, L4

Condensation of (i) deoxyuridine snd forwnldehyde alb

100% C.; (1) deooxyuridine end fommmldehyde at room

Lomperabures {(i11) uridylic aeld and formaldegydewat

300° (.

Ultraviolet photograph of paper chromsiographle
separatlon of the products efl(i) Ur and formeldehyde
gondensation ad 1009 ¢ (1): (1i) Uy and fermalﬁahj&@
condensation et room temperature {(5); and (1ii) UMP
and formvldohyde condangatlon ab 1009 ¢ (4) togethewr

with o marker of Uhey (2),

Gondonsation system -~ (a) 60 piaoles Ubr or (b) 60 puoles

e + 1.3 mmoles Sormaldehyde in .1 ml 0.08 MN-HC1,

For condensations at 100° €, the mixtures were soaled in
caplllary tubes and heated for 84 houvrs. For
condengatlon abt room Lemperature, the mixbture was kept

in o gorled tube for 72 houra.
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hydroxymobhyl group on position 5 of the pyrilidinc
ving ig to shift tho wavelengths of thoe maxime and
minima Gowards the visible range by 2 to & mit. Tho
same shift wag oObsorved when the ulbraviolen
abaorpblon spectra of UdPr and the maborial suspected
%0 bo H-hydroxymeihyldeozyuridine were compercd
(Fige IT, 15).

FPinal confirmetlon thet this maberial
synthoglised Crowm UDr and fovmeldehyde was S+hydroxymethyl-
dooryuridine was obtalnod by wcid hyadrvolysis of tho
netorial . Ropar chromabographlce separabtion of the
hydrolysis products showed that all but o bLraco of the
metorial had been dograded Lo one pyoduct which
migrated at the sewme vabs as 4ld H-hydroxymethylurecll
(Fig. 1T, 16}« TFurbhor 3donbtification of this product
Fron S-hydroxymn bhyldeogyuridineg hydrolysis was obiained
from the ulirve-violot absorptlon specbra, which agreed
cxactly wilth those of asuthonbic B«hydroxymethyluracil,
at pHl and piHl3. On the basgls of this ovidence 1t wag
ostablighed thait Ubr and formeldehyde in tho presenceo
of B héd condensaed to glve a small yield (1% or lems)
of S=hydroxymethyldeoxyuridine.

Although S-hydroxymothyldeokyuridine is readily
dograded Ho S-hydraxymethyluracll by breatment with 0,1 -
HOL at 1000 €. for 24 hours, it wos found that UDr ylelded




Figure JTI, 15

Ultraviclet absorpbtlon spectrs of uraell, deoxyuridine

and the corresponding S-hydroxymothyl derivatlves in

acid and alkall,

Ultraviolel sabsorptlon spectra of

(2) UDr (I) and 5-hydroxymothyldeoxyuridine (II)
et pH 13

{b) Ubr (I) and S-hydroxyuethyldeoxyuridine (IIL)
ot pH 133

{e) wvracil (ITI) and S-hydroxymethyluraecil (IV)
at pH 1:

() wvracil {(Iii) and b~-hydroxymethyluracil (IV)

at ptl 13.
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Figure I, 16

Dogradation of H-hydroxymethyldecxyuridine by HCL

Ultraviolet photograph of papor chromabographice
separation of S«~hydroxymethyldeoxyuridine hydrolysis

products (1) together with merker H-hydrosymebthyluracll(2).

Hydroivals system = S~-hydroxymebthyldecoxyuridine (about

0.1 Hmnle) + 0,1 mle QJANHEL. The mixbture was asealed

in a capillary tube and heated at 100Y C. for 24 hours.
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only & trace of upracil whon Breated under tho some
conditions. Sineo the major product of Uy and
formaldﬁhyé@‘aondemsatien is bB-hydroxymethyluracil,
the condonsatlon must procede the hydrolysis, that is

Schome 13

HCL B "Gl
Ute & HOHO w2y 5 o Of=UD 3 Y HeGllpO-uracll
Schome 1

will represent the soquence of reactblons Laking place
and not Scheme 23

HCL HCHO/HGL

L » uracil ‘SucH?OH-uraeil

gchong 2

It follows, therefore, that the hydroxymethyl group on
posibion & of the pyriwidine ring venders the §0a
glycosidic bond lebilc to mild acld hydrolysis. Thus
S=pydroxymebbyldooryuridine was hydrolysed almost as
rapldly ag it was formed and the end-product was largely
S-hydroxymothyluracil, Accordingly, abbeompbs were made
o £ind a set of conditions under which {a) condensabion
of Uy and formeldohyde takes place and (b) the §O-
glycosidic bond lg velativoly stable. Such a sot of

conditiong would lead bo bthe synbhosls of Hehydroxyheihyl-



deoxyuridine in roasonable yleld.

Both (i) o decrowse in the concontration of
HEL $0 04,008 N, hoating for 24 houwrs ab 100° ¢. and
{ii) an jducwreoase in the concenvrablion of HCL to 0,2 M,
heating for 8 hours ab 1009 0. resulted in the isolavion
of H=hydeoxywethyluvracil and Dy only. Shnilay
rosults were obbained when UhHw gnd formeldohyde, in bhe
prosonce of 0.08 H-HOl, wore heabted (1) at 80° €. for
24 hours end (1i) ab 100° ¢, for 8 hours, Thus it
appoars that the presence of HCL in the vescbion mixbure
is nndesirablo. 'ﬁowaver, acld conditlons ave essenblal
for condensabion to take place, no condensabion products
belng dobected whon the HOEL was omitboed. fhen alkall
(0.08N= or 0,0000-Na0il) wos subsbitubed Lor HCL, hoabing
ot 100¥ G. for 2¢ hours, the UDr wes hydrolysed 5o
uracil and no S<hydroxymebthyl doprivatives were isolatoed,.
Condensatlon took place only et elevabed btempsrabures,
no roaction boing found to have bakon place when o
wiziure of Ubr, formaldehyde and HOL was kept ab rvoom
Lomperaburo in a soaled bube for 72‘hours.

Wy and a brace of behydroxymethyluracil wero
isala%gd whaon UDp (Golmmolaa), hexamethylenotetramine
{120 pmoles) end HEL (80 pmoles) wore refluxed in
dioxane-wator (9:1 v/v.) for 6 hours, Only unchanged

D was isolabed when tho sswe mixburo wag heated in o
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soaled btubo ab 100° G, for 24 hours. When the
conconbration of HOL In this mixbture was incrcased by
g Tactor of 2.5 complete hydrolysis of the e to
nracil took place,

The condengsabion of urldylic acid (UNMP) and
formaldohyde wasg studled as a proliminary to attompbing
the synthesis of bebydroxymebhyldeoxyuridylic acid.
UMP, formaldehydo and HCL were heated in a soaled tube
ab 1009 G, for 24 bhours and the reactlon produchs woro
separated hy paper chromatography (io n-butanol-watoew).
Pige Ti; 14 shows that thesc products included uracll,
a trace of Smhydroxymethyluraail,-UR and pucleotido
meteorial (Rp values 0.37, 0.28, 0,15 and 0.0, respecb~
ively)e Terger quantities of the nucleoctide naterial
wore ilsolabed by chromabogrephy of bthe products of this
condensation ag bands in g-butanol-wabor, The bandg
of Bp 0.0 to 0,00 wore elubed wibh wator and
rechromabographed in eceotone~watepr«formic acid. The
nueleotide material migrated ag one diserobto apob of
TMP together wilth o trace of ulbraviololt absorbing
Cwaterlal of Ry 0.79. Insulficlont of this material
ARp 0.792) to allow Investigalblon of its structure was
obbained. Whon the dondénsabion was ropoeted with
AUNP under tho same conditions the only products

igolated were uresil, S-hydroxymebhyluracil, UDr and
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‘a btrace of AUMP. It wag found that, when JdUMP wes
hoated with 0.08W=HCL in o sealed tube ab L00® ¢. for
24 hours, AUMP was hydrelysed almost completeoly to
UDr. Thuas the peoanctions taking place when dUMP was
heated with fovmaldehyde and HCL ave as followg:

(XN HOHO/ HOL

TR ey D % §=CHl 0 ~UB 3 5~Cilp Ol ~r0.01.
FG i

Since the chomical synthesls of b-hydroxymebhyle
deoxyuridine from Uhr and formaldehyde, although
successiul, had glven low yields, bthe possibility of
enzymle coupling of b-hydroxymoebhyluracll and deoxyriboss
wog dnvestigntod. The hydrolysis of nusleogides by

puclooside phosphorylase acblvity (Section IT, 5) is,

in thoory, & reveorsible roaction. Accordingly,
mixbture of a nucleogide and o froee pyrimidine bage in

the presonceo of nucleoslde phosphoryilagse end inorganic

phosphato willl ettain an "equilibrluw® consisting of a

mixbure of the bwo nucleosides and the two froe bhagses:

sucleoglide
phosphorylage
- & = — .
Bg Do - R
I ond Bo = pyrvimidine bases; R » deoxyriboso

The not rosuld iz tronsfor of deoxyribogo from oOne
¥



0% e

nuclecslde to the aﬁhar. This "equilibrium" holds

for shoprt time inbtervals only os deoxyriboss~l-phonphabe
{the inbormediate form of the deoxyribose) Ls romoved
vapldly fvom the reaction by the actlon of

phosphoribomubage, yielding deoxyribose-d-phosphabe

which nudergoes further mobabolism,

The synthesia of Uhr Lrom uracil under these
conditions wes investlgeboed initlally as a model sysbowm.
Uracil end thymidine were incubated ot 3%¥ . for 1 hour

with o cell~froe extract of Hsch. coli PA/LS

{conbaining nucleosido phosphorylose acbivity) lo the

presonce Of dnorgenic phosphabte and the products of

the roaction wore separated by papoer chronabography.
Flg. I, 17 shows that an ultravioclet absorbing materlal
with vhe chromabographic properties of Dy was isolabed
frowm the vosction minbures. The wltraviclet absorption
spacbtrum of thils materdial at pHLS coineided wibth thoat of
authentic Ubr, Thus the synthesis of UDr has boen
effeocted by trensfor of deoxyribose Tvom thymidine to

uracil in the presence Of nuclooslde phosphorylagss.

However, whon b-hydroxymebhyluracll (Qaﬁlmnoles) replaced
vracil in the sewe syelem, no btrace of S-hydvoxymethyle
deoxyuridine wag lsolated from the reactlon mixiture,

Thug 16 has been possible to synbhesis

B-hydroxymobhyldeoxyuridine In very small yleld using



Ploure I3, 17.

Syntheals of deoxyuridine Lrom wracil by nucleoside

AL Ry B ALY A T A BT T

phosphorylase of Bgeh. coll PA/16,

Ultraviolet photograph of poper chromabographlc
sopavation of thymino, thymidine and UDr mixture (1)
from the Ubr synthebtle systom together with merlker

thymine (2) and Upr (3],

e syathetle sysbom = 0.5 pmoles uracll + 0.5 pmoles

thymidine + R0 Fl. phosphate bulfer (0.1, pl T.2) + C,1ml.
colli-froe extract of Esch. coll PA/LS (0.1 mg. probein)

incubated on paper for 1 hour at 379 €. Iniblal
gseperation was by chromabograpby with igg-propanol-~
rabor-fICLl; the ares of paper contalning thymine,
thymidine and UDr was elubed and rechromabogvraphed on

paper with n-hutanol-wvator.

CGontrols - 20 pl, phosphate buffer (0,14, pi 7.2)
{1) 0.5 pmoles uwracll; (i1) 0.5 pmoles UWhr; (iil1) 0.1 ml.
goll-freoe extract (C.1 mg. protein); and {iv) 0.5 pmolps

e + 0.1 ml, coll-freoe extract {(C.1 mg. probein).
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the mebhod of Pink, Gline and Fink {(1956). Yo
atbompted varisbions in the condonsation condltions
regsulted in en Ilncreased yileld of S~hydeoxymebliyle
deoxyaridine, nﬁﬁ,wera atbempits o synthesis the
covresponding nucleotide successful. Enzymic
gynthesia of b-hydroxymebhyldeoryuridine was

similarly unsuccessiul,

14, Degradation of S-hydroxymethylurecll.

Although it hes hoeon veported that
H-hydroxymebhyluracil ls very lebils, veadily being
degraded to uracil and focmpaldehyde by a %raée of
acld (Bendich, 1955), stbeupts Lo assany Bwhydrq$ymﬁthylm
uracll by the stvongly acldic chrometroplic acid resagent
were unsuccassful.,  Whaen Sehydroxymethyluracil was
treated with HpS0, (BN~ or LON~)and sbeam-0istilled, no
srvace of formeldchyds was detocbed in the distillate.
Hydrolysis with sN-NaOH at 100 ¢, was nacesyary before
say dobectable amount of formaldehyde was liberated from

S-hydroxymebthylueacil. Flg. IT, 18 shows that, aiter

20 minubtes hydvolysls, only 7% of the S~hydrozymethyluracll

has boon degradod, At longoer hydrolyais btimes some
formaldohyde lliberated by this reaction has volatilised,
Although thig introduceos an grror inbto the estimstion of

the degree of S-hydrvoxymothyluvacil degradation, 1% ls




Flgure Y1, 18

The hydrolysis of OH-hydvoxywebhwluracll by

Sl-Ne0H ot 1007 ¢,

1 ml, portions (0.7 jproles gach) of
b-hydroxymethyluracil were heated with 1 ml, NalH
{108 ) at 1009 ¢. for pericds of time verying from
20 to 120 mlantes. Afber belng cooled sach poertion
wag neubrelised and assayod for formaldehyde by the
chreomobroplic acld veagent, and the free formaldehyde

asopyed vas plobied agalnst tlma.
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geon that b~hydroxymothylursell is a rvelatively stable

compouni «

16. Degradation of S-hydvoxymebhyldeogyuridine.

Acld hydrolysis of H-hydromymathyldeoxryuridine
to Sehydroxymethyluracll in slmost LO0% vield hag beon
ghown already to be effected by treabment with 0,1N-FGL
alb 1009 C. in o sealed bubef{Pflg., I, 16). Inzymic
degradation of S~hydrogymethyldsoxyurlidine wan 2lgo

abtemplbod, meking use of the nucleosldce phosphorylase

actlvity of Each, toll PASLS. B-Hydroxymethyldeoxy-

urlding was incubated in phosphate bulfer with a colle

froe extract of Tseh, coll PA/LS and the reaction

mizture was. subnitted Lo chromatography on paper aftep
incubation for one hour., PFig, II, 19 shows that no
trace of behydroxymothyluracll weg produced from

S-hydroxymethyldeoxyuridine by the actlon of puclceosldo

phosphorylase under theso conditlons.

Thuas S-hydrvoxymethyldooxyuridine is reallly
degraded o B-hydroxymethyluracil by treatmont with
dilute aecid, bub the synthelic compound is not &

subgtrate for nucleoside phosphorvlase sctlvity present

in Esch. coll PA/LS, The »eslstance of B-hydvoxymebhylw

deoxyuridine to abback Dy nucleoside phosphorylase

confirms tho observatlon (Seeblon II, 13) that




Pigure 11, 19

Degradebion of b-hydroxymethyldeoxyuridine by

pucleoside phosphorylagsce.

Ultraviolet photograph of papor
chromatographic separation of arreactlion nixture
gonbalining Sehydroxymethyldeoxyuridine and o

cell=froo extrect of Esch., coli P4a/18 in the

presence of inorganic phosphabo {8) together

with a marker of B-hydroxymethyluracil (1).

S=-Hydroxymethyldeoxyurldine degradotive systen -

5«ﬁy&roxymethyldGOquridines(about G.5~pmﬂles) *
20 pl. phosphate buffer (0.1M, pH 7.2) + 0.1 ml,
coll-free exbract of Rsch., coll PA/LS (0.1 mg. protein) |

incubatoed on paper for 1 hour ab 379 (.




11, 19.
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S~hydroxymothyluracll and deoxyribose~lephosphabo
nre nob coupled to yleld S-hydroxymobhyldeoxyuridine by the

scblon of nucleoside phosphorylase.,

6. Acld hydrolysis of thymidylie aeld.

The degvadetion of AMP to thymine and thymidine
undoy mild, controlled conditions was of imporbance in
gxperiments o confirm the sbracturo of enzymically
synthosined *%0~labelled THP, Accordingly, the
hydrolysia of THP under a numbor of Ailferent conditlons
wes studlod.

PP (2‘pmales) was heabed with OOl mls O,1N=
HEL in a senled tube et 100° ¢. for 6 houvs. Paper
chromabographic sopareablion (solvent, gfbutanolmwater)
off the resction produvcts revealed ultra-violat abgsorbing
material which had migrated ét the geme rabe as 4ild markors
of thymine and thymidine  The ultra-violet sbsorption
speobra, ab plHl and pHI3, of this maberial in the
thymino-thymidine position ccrrggponﬁed exactly bo thoe
apoctra of authentic thymidine. Shus hydvolysis of
THP uwnder thoge condiblons degrados the nuceleotide o
thymidine (In 10% yicld) without causing furthoey breakdown
of the nucleoside Lo the fros hoaso.

The hydrolysis of TP by treatment with (i) H-

HEY and {(1i1) 2N-HC1 at 100° ¢, for times ranging from 10



0L,

o 90 minubes was invoesbigated alge. The hyﬁralysis
was followgd»by paper chromabographic geparation of the
renction products followed by spoectrophotometric
measurensnt of the watio of uvndegrodsed THMP Lo thyminew
bhymidine, Tilg. I¥, 20 (&) shows %hat ﬁmﬂﬁl hydvelysis
for 90 mimubtes degrades HD% of the TP present whoreas
90% is hydrolysed by 2N-HEL in 60 mlinubes.

The proportions of thymine and thymidine
present in the products of TMP hydrolysis by (1) Ne
HEL and (331) 20-HGL for times ranglng from 10 to 80
minutes were determined by differential spectrophotometiy,
Pflg. I1, 20(b) shows thab the product of THUP hydrolysls
by 2N-H0L was 100% thywive efter 50 minubes, In tho
case of N-HO1 hydrolysis only 80% of the product wes
thymine &fﬁey~ﬁQ”miautgg hydrolysis, the obther 208
being thymidinc,

Thus relablvely mild, controlled conditions
have been found under which TMP 1s hydrelysed (1) to
thymidina without contsminetion by thymine snd (i1) to

thymine without contaminabtion by thymidine,



\Figura IL, 20

The hydrolysis of thymidylic acid ab 100° €.

by (i) ¥-HCl and (3i1) 2N-HC1.

(2) TP (50 pmoles) was heated at 100° &,
with (1) 2 wml. N-HCL and (11) 2 ml. 2N-HCG1. 10 ul.
somples were withdrawn from both (i) and (ii) at
fized time intervals over a period of 90 minutes.
Bach s&mple'wus chromatographed on paper with
n~butanol-water {solvent 1), and the ratio of TM?'
to thymine + thymidine determined by elublon and
spoctrophotometric measurements at pH 1.

{b) The ratio of thymine tc thymidine in
the hydrolysis products of sach sample withdrawn
wos Gaetermined by dlfferential spectrophotonebry

at 260 mF and 280 nrh
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7. Abtempbed gyntheses of thywine apnd thymidine by
Baclllus subtilig 8059 and Esch, coll PA/1S,

¢

It hes been gtabed slveady (Section IT, 12)
that the mechanism for the “m@thylatioﬁiaf homocysteine
to yilold methionine isg analagéua to that postulated for
the "mebhylation" of UDx» to yileld thymidine. Thus
there is a possibllity thoet substitubion of Udr for
homocysteine in a crude bacberial asysbom containing

mathionine synthetuse activity will lead to tho

aynthesds of thynldine. Also, Roge and Sreenivasan
(1954) heve reported the synbhesis of thymine from
uracil in tho presence of washed whole~cell suspensions

of B, subtills, Those eubhors found that the yield of

thymine wags lncreased Ly tho edditlon of one-carbon
unit precursors such as serineg, glyclne and methionine.

This system isg analagous to that in which methionino

synthetase activity woas domonstrated io lisch. coll

PA/&& (Secbion I¥, 12).
Accoxdingly the sysbom deseribed by Rege
snd Sroonivesan {1954) was velnveablgabtod. A washed

wholo-coll suspoension of B. subtlllis 80569 (1Y mg. dey

wt,) was ineubated with uracil (20 jwmoles) in phosphate
buffer (0.08M, pil 7,2) in & btotal volume of € ml. Afber
incubation under serobie conditions at 87° €. for 4

hours the roaction mizxture was contrifuged (20,000 g) and |




A0S

. o y ;
bhe "supernatent espayed for thymine, using Each,

wam

gggiflsﬁn, & bhymine- or thymidine~less wmubant, asg
’fassay orvganism. Ho trace of thymine wans detocted
in the veaction gupernaboni. Extensive papow
chromabogrephy also falled to reveal the presence of
thymine. Tho Incubation mixbure was supplemented
with (1) serine (20 pmwolos) or (ii) glycine (20 pmoles)
but again no thymine wag detocbod. Thus tho
attemptod repset of Reoge and Sreonivasank work with

e strain of B, gubbtilis wos unsuecoesaful.

This exporiment wes ropeabod uging a washed

whole-coll suspension of Hach., coll PA/)B. A washoed

whole~cell suspengion of Fach, coll PAS1E (3.2 ng.

dry wi.) wes incubabed with glucosa (40 pmoles), uracll
(20 pmoles), serine (40 ymoles) and vitamln Bis (0.1 pg.)
in phosphato buffor (0.3 ¥, pH 6.9) in a botal volume
of 2 mli., After incubsabion uwnder acvoblic conditions
at 579 G, for 5 hours the resctlon mixtures were heabed
at 100° ¢. for 20 minubos and céntriﬁug@d (20,000 ),
The supernabant was ssgayed Tor thymine, using Bsch.
coll 150~ ag assay organigm. No trece of thymine wes
doteched in the reaction supernatant.

Ag atbompta to cavey oub the "methylation®
reaction at the lovel of the freo base had proved

unguccessiul the roaction was inveatlgated ab the



Table 1Y, 7
Thymine assayed
Omissions mpamoles/he, /g cella
; 51 . J
Hone &yd
Hone L 8,0
Gell susponsion 840
Vitamin Bio 5,9
Sorine - 5.6
Deooxyuridine 0490

1. Jdncubation mizbture heated at 1000 Cs Lovw

20 minutgs before incubation.




Tablo Ilp_V

Syntheals of thymine by washed whole-gell

suppensions of Bach, cold PA/15.
! o e e AT AR ey

Tuboes contaloed & waahed wvhole-esll

guspension of Bach., coll PA/LS (5.2 ng. dvy

wte ), glucose (40‘Fm01@s)g wr (30 pmmleﬁ),
serine (40~Pmoles)& and vitamin Byp (0.3 pa)
in phosphate bulfer (0.14, pil 6.9), btotal
yolune 2 mle. Inewbation was carried oub
wder acrobic conditions at 39 ¢, for 7 hours.
At the end of the incubstion period the
vopebion mixbures were cenbrifuged (BON00O g)
end the supornatanbts wers assayed for thymine

uging Lsch. c0ll LOT«; a thymine« or thymidinow

legss mutent, as assay organism.




Table 11, 8.

Synthasis of Lhaymine by coll=froa exbracts

of ¥ach. coll PA/15,.

Tubes convained o coll=fraes exbract

of Bach. coll PASLS (3 mge provein), AVP

{120 polos), fructoso-lié-diphosphate

(120 pmolos), Ng50, (20 pmoles), Ubr (30 pmoles),
serine (40 pmoles) and pyridoxal phosphate

(0.2 muoles) in phospbate buffer (0.1, pH 7.2},
total volune 5 ml. JIncubatlon was carried oub
under sorobic conditions at 37° C. for ¥ bouvs.
A% tho end of the incubation periocd the veachion
mixtures weve deprobeinised by heating at 100° ¢.
for 10 minutes, cenbrifuged (5,000 g) and the
suparnatents were assayed for thymine using

Bgche coli 167=, o thymine or thymidine-less

mutant, as assay orgenisne.




Pable T1, 8

Thymine assayed

Omisslons Qmmoles/hrs/mg. protein
None G350
Wono e | 4840
Goll=froe axtract 41,0
Pyridoxal @h@spha@a 380
Sorine 9140
Deoxyuridiae 00

1e Ineubation mizbturs heaboed ab 1009 C.

Tor 20 ninutes belfore incubatlon.
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nuelooside lovael, uslng Ubr as the ono~carbon unit
accepbor compound, A waghed whole=coll susponsion

£

of Bach. colld PA/LD was incubabed with UDy, sorine,

glucose and vitamln By under noroble condifilons and
the incubabtlon supernatant was asgayed for thymino,

using Bech. coll 16%~ ag assay orgeniom. This assey

revealed tho presoncoe of a small awount{0.083 puoleos/
wle) of thymine in the roactlon auvpernabant. The
resulbs in Teble IL, 7 show thal the amount of thywnino
opsayed was decreascd whon serine or vitawmih Byo had
boen omltbed from the incubablon wmixbure. Howevaeyr,
the preasonce of thymine wasg detocted algse whon thoe
ineubabion mizbure had been heabed at 100° ¢. for 20
minubes  heforg incubation oy when the coll guspension
had been omitbted {rom the incubation mixbure.
Inveastigation of the Uy used in these Incubations, by
micvobiological snd paper chromabographle ta@hniqn@é,
showed that the UDr wes conbaminabtod with thymidine
{about 1%).

Taking the contaminabion concenbrablion of
thymidine as the bagewlevel 1T wags Tound thet, when
serine or vibemin Byo had been comitted from the
incubation mixture, the concentrabtion of thymine present
after Ilnoubatlon was 70% to 750 of the bage<level. Vhon

the complete systom was incubotsed the concenbrabtlon of
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thymine dotoched was 80% of the base-lovel. These

rosulits were confirmed by repetition of the experimont.

In no case wag 2 net synthesis of thymine obssrved.

Thus 1t appeers that this sysbem is capable
of thymine mebabollsm and if synthesis iz taking place
it is procseding ab a2 slower rate than ilg the metabollam.
The mebeabollism of thymine by washed whole=cell

suspensions of Egsch. coll PA/LB was confirmed by

ineubating & whole-ceoll suspension of Hach, coOli PA/LB

{4 mg. drey wh.) wlth vitamin Big (0.2 ug) and thymine
(0.2 umole) In phosphate buffer (0.WM, pil 6.9). Aftor
7 hours inoubabion vnder sevobic conditions at 379C,
mdereoblologlead assay of the reacilon gupernsbant
revealad that 0.05 umoles (BO%) of the thymine wemained.
Possible requirements of the synbhetic aysten
for Lolic acld derivstives woere Invesbigeted also since
e. number of sysboms Involving the branafer of one-carbon
unibs have been shown by several workers to rqguire
these derivabives (Blakley, 195643 Kisluik end Sakewi,
19853 Friedkin, 195873 Woods, 1958 among others). Folie
acid {20 umoles), e ~formyifolic peld (20 vaoles) ox
Nsofawmyléﬁﬁﬂﬁ(zﬂ unelosg) were used Lo supplement tho
incubation systom,. In no case did the additilon of any
cne of these supplementery factors cause a deteclable

net synthesis of thymine. Slmllarly, veriations in the
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comcemtr&ticma of glucose, Ubr, sorine, vitemin Byo
or coll suspension 4ld not yiold any net synbhesis of
thymine.

The gynthesis of thymine by cell«free ¢xtractas

of Hgchi. coll PA/LS was invesbtigated as this technlque

londs ltsell to a cluser sbudy of colfachor raquiremonts,

A coll-free extraect of Buch. coli PA/LE was lncubated

with AP, frucbose-lib~dlphosphate, Ngs0,, UDr, serine
end pyridoxal phosphoate in phosphateo buifer. Aftor
deproteinisatlion the reaction gupernabant wasg asssyed

for thymine, using ¥och. coll 15%- ag agssay organiasm,

Table II, 8 shows bthat, as dn the systems using cell=
susponsione, thymine was debeciod in the supernabani

from each incubatlion exeept wheon Udp Lied boon omittod.

In the abgence of gevine bthe concenbration of thymine
pregont afbey iuveubeblon wes 74% of tho base-lovel
concentrabion whergas, when the compleote system had
beon incubated, this concenbvrablon roase to 79% of the
hagse=lovel.

The addition of supplementary colaectors in the
form of folic acld (zaipmolea), Nlomformylfwliu acid
(zﬁ‘pmmlas) op Nﬁwformyl—Fﬁﬂé (RO,Bmules) had no affect
on the net sypbthesis of thymine in this systom.

Although bobth systems conbaining (1) whole-

¢oll suspensions or (1i) cell-freoe extracts of Boch.
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goli PA/LS have been found to metabolise the thymidlne
present in the Incubation mixbures, the [figures quoted
in Tables LI, 7 end IT, 8 show that the net amount of
thyming pregent aftor ilncubation iz greater In the
systems in which synthesis eould have bLaken plase bhean
in the systems in which, presumebly, synbhesis would
procesd at o slower vabe, 1f at alld, thalb is where
serine, bthe one~carbon donor, had been omibted from the
incubatlon mixbuves. Thue the synthesls of thymine
should ba uneguivecally demonsbrabable only by the

use of Q-labelled one~carbon units.

Gocovdlogly, the washed whole=~cell suspension
and cell-=froe exbract experiments alrveondy dezeribsd
(Tableos IT, 7 and LL, 8) were repeated with the serine
{40 pm&lea) raplaced by 6~i&6-a@vin@ (40 pmoles, 2 pe).
Microbiclogleal assay of the veactlon supornabants fov
thymine revealed the same resulis as were obtalved
previously {Faebles IT, 7 and 1L, 8). In addition, the
roachion supernatente, o whiech carrvior thymidine had
beon edded, were chrowabogrephed on paper lu btwo
dinmensions {(solvents, igo~propenol-wabor-HQl end n-
bubanol-waber ). Auvbovadiography of theze ehromatogramns
314 not show the presence of +4¢-lebelled material
coincident with the carvier thymidine. fgalation of

larger guantities of thywidine from the reaction
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supernatante hy-ohramthQP&phy of the supernubanb
as bonds {solvent, n-butanol-water)on paper
followed by pepor chromatography of the ilsolated
thynldine in two dimensions (solvents; iso-
propenol-wateor-Hl and p-bubanol-water) and auto-
radlography of these chrometograms also £ailed to
vavoal the presence of 1%leaballed meterial
coincldont with tho caprier thymidine.

Thug, elthough it sppoaved from the
miewoblologioal assay deba that thymine(or thymidine)
‘m&y'be synthesissd to a very small exbent in sysbems
containing e, serine and elther a washed whole-

cell suspengion or & ¢ell«fres axbrect of Hsche coll

PA/18, this synthoesls was nob conlivwed by bthe
studies using 5»140~s§rin9 ag the onewcarbon uwnlb
Aonoe . Two ?omsihle grplapationg of these Obaerym
ations ave (a) that the "mebthylation” of the Udp

and the mebabolism of the "thymine® takes place at a
lovel higher than the nueleosidoe, perhaps ab the
nucleotilde level, the sequence of roactblions in this

cage belings

Thymidine
ATR
Deoxyuridine Ahymiging
kinsse a0 ADP
Pt
o > JUMP e Y PP memeIr0E ADOLAC

pProducha e
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or (b} theve may be r common intermediete in the
Iehymine” synthoblc and metabollce pathweys, the

segquence ol reachions in this case bheing:

Thymddine
s
e "%hymime”
fk';-ﬂP\\\~\~~ /
11 >x
£inas6 —
ADP T2 metabolie produchts.

In elther of theso cases, no lécﬁlabellad
thymine {or thymidinel) would be isolated after the
inecnbation since any which was synbhesisoed would be
motabolised immediately. The only eftfect that the
synthesis of "thywine® would bave in such mechanilsms
would be to decrease theo rete al which the added
thymidine {(that ls, the Udr contaninant) wes mebabolisged-

an effact which was observed (Tables IT, 7 and II, 8).

18. Tho synthesls of thymldine by extracts of rabbib

thymus glands.

During the course of the work described in
Section II, 17, the methylabion of deoxyuridine hy
soluble enzymes of »abbit bthymue glands was reported by

Blakley (195%). ‘'ne thymus extracis used by Blakley
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were inactlivaled by tresbment with Dowexel«({chloride)
and extracts a0 treated counld be veactiveated by bthe
addition of ATP, DPNH end FMi,. This work bas been
confirmed by Phear and Greenberg {(1957) who used
axtracts of wab thymus glands, It nust be nobed,
however, that whereas Blekley found thymidine Lo be
the malin product of the methylablion, Phesr and
Groenbeorg found TMP Lo be the primary produch.

The eovidence described in Section Ti, 17
showed no wnegulvoeal aynthesis of bthymine or
thymidine, - Phe conelusicns drawn from this evidence
indicats that synthesls btook place ab the nucleobide
tovel wather bthon at tho sweleoside levol whereas
Blakloy's woxk (1987) indicated that the reactlon
ook place at the nuelsoside level {or, if ab the
nucloeotide level; the phosphorylated products were
dephosphorylated at a rabe comparsble with that of the
"methylation® resebtion)s In view of this difference
bebwoen bthe btwo systoms a reinveétigation of the
syatom studied by Blakley was wndoertolken,

An sxtract off rabbit thymus gland was
incubated with UDy {10 pm@les) ond S-+EC0-gorine (10
pumoles, 0.2 pe) in Tris buffer (0.0, pH 7.2), total
VQlume'l.ml. Incubabion wis carricd oub under

anaerobic conditions abt 379 ¢. for 4 houys, Deprobeln-
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igation was offected by henbing et 1000 ¢, for 10
winubes snd cenbrifuging (5,000 g)s Carriew
thymidine (2 pmoles) wes added o the aupernatant
and reo-~isolated by chromabography on paper ng bhands
(solvent, p~bubanol-water). Tho material lsolabted
freom the thymidine position on this chromatogram wag
rochromabographed ia two dimensions (solvents, dao-
proponolewaber-l0l and p~butancl-water}. The spob of
thywnldine so separated weg elubed with wabter, plated
on %o & plapchetbe and cownbeod. No radloachiviby
weas detected in tho carvier thymidine. TRepevitions
of this oxperimont with exbracts of frogh rabbli
thymus glands using 5~140~serina of highor specific
activity { (3) 10 pmoles, 1 pe and (ii) 8 pmoles,

4 pe) and incubatlag under (e) sercobie and (b)
macrobic condltions also failed to demonstrata the

140*1&b@11@& nabarial which counld

synbhesls of aay
be isolated with added carvrier bthymldlne by paper

chromal ogroply . Sinilerly, incubebtion of .DowsXmle
(chloride)etrosted, exbeacks of rabbit Thymug glands

for 4 hours at 570 G, In Treis buffor (0,11, pi 7.8)

wder snaeroblce conditions with Uhe (20 Pmalea),

DPHE (043 pmoles) and (1) B+MGmperine (20 pmalas,'é.@ma},
AP (1 pwole) and FAHL, {0.25 pmoles)”er'{ii) dnddGmsorine
{40 pumoles, 4 )m), ATE (4 pweolean), FAH, (5 ]:l,m.cal:-'ss) ana

HEs0a (40 pmoles) falled to offect the synthesis of any
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Y T
detectable quantities of 1“0#&&@@11@& thymidine.

However, when an untéaahaﬁ extract of rabblil
thymus was supplemented with ATP (4 pmoles), FaH,

{5 pmoles), Mgdly, (20 pmoles) and DPNH (0,3 pmeles) and
ineubated in Tris buffer (0,1 M, pH 7.2) with Upp

{440 pmclas) and 3-%G-serine (8 prolos , 4»pc) for 4
hours ab 3?0 ¢, under anagroble conditliong, the added
coyrier thymldine, isolated as before Ly paper
chiromabograply , emﬁtained 146w1abelleﬁ material,
Agrobic incubation of the same systom produced no
Yegalabelled thymidine, nor wasg aalabelled Shymidine
isolated from systems which had been incubated undew
anaeroble condlitions bubt from which the suvpplementary
ATR or FAH, had been omitbed,

The spe€ifle acbivity of the cavryiop
bhymidine lsolabed Trom thils sysbtem wasg veory Low and
vag not sufficlient to enable successful auboradliographs
%o be obbained, However, the mabterlial was sufflciently
radicactive to yiald e counting rate which was
statlistlcally above background.

Although the nethylation rveascblon appesrs to
proceed ab the nucleoslde level in thlg sysiem, the
addition of ATP hes been shown to De necessapry for the
renction o bake place (Blakley, 1957), Thoe ATP nay

be involved In the resctlion in the way shown by the
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following schowes

"1-C unite”
Dy QUMP » TP Yhymidine

ASR ADP

In this schewmse the Ubr s pheoasphoryliated to SIP which
then wdergoes "methylotion®™.  The TUMP which iz formed

ag the iniltlal product s degraded by thymidylate

phamphommnmest@rasa actblon yielding thymldine as btho

mein reactlon product. This is in aceordance with the
view vhabt the "methylabion™ roactlon bakes place ab the
nugleotide level. The fallurve to demonstrabe this

reaction ab the muecleoside level (i) in the presence of

coll-Cvoo axtrocts of Bach. coli PA/1SE (Sectlon IX, 17)

and {1i) in thoe preomence of exbracts of pab bthymus
glends (Pheor apd Greenberg, L956%) moy well be due Lo

low thymidylate phosphomonoesterase acblviby in those

sysboms.

19. Synthesis of thymidylic neld by coll-Tree extyachs

of Bach. coll PA/LS and Lsche coll 1135/,

The results of the expeviments described in
Sectionas 1T, 17 and IX,18 suggest that the methylatlion
of Ubdr may take place av the nueleobide level, Alsg,
while this work was in progress Friledkln (1957) rveporied
the synthosls off TMP Trom AUNP by cell-fres oxlracts of

Esch, coli B. Accordingly bthe meothylation of Udr was
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refinvestigated ot the nuclootide lovol.

A coll-froe exbract of Bgche coll PA/LE wes

incubatod uader anaerocbic conditions with UDr, 3-140-
serine, ATY, FAl,, Mgll,, pyridoxal phosphate and TPNH
in Tris buffor. The deproteinised veacblon mixbture,
0 whlch carrier thymidine and TMP had beon added,was
submibted to two-dlmonsional papor chromatography
(solvenbts, lso=-propanclsweber-HCl and n-butanol-wabter)
followed by anboradiography. Fig. IL, 21 shows
radloactive matorial colneiding with the ultraviolote
absorbing spot of cavyvier PTHNF whereas there s no
léﬁulabeile@ maberial asgociated with the spot of

carrier thymidine, Pige Il, 21l also ghows 5»140nsmrin@
togethor with btwo obher stwongly radlosctive spobs,
material A and maboerinl B, which do not colncide with By
ultravioleb~abgorbing arvea on the chromabogrom.

The nueleotide fraction of the reaction mixbure
was lgolated by poper chromatograpby of the roaction
suﬁﬁrnagants as bends (solvent, n-butanol-water). The
hage=-bands (Rp 0.0 to 0.05) wore oluted wiith weter ond
the nucleotlide mabterial g0 obtained was rechromabtographeod
in two dimensions (solvents, igo«propanol-wator-HCl and
acobone-wober-fornic aclid). This chromabogram wos
submibted to antoradiography and Pig. II,.82 showg thab
radioactlive material, coincident with the apot of carrvior

TMP, has been separated from tho nucleotideo fraction of
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Synthesls cf_ige-labella&'"thymidg}ic acld" by a

cell~froe extract of Esch. coll PA/LB.

Autoradiograph of a two-dimensional paper
chromatographic separyablon of o deproteinised
raactlon mixturo containlng 3-140~serine, Uhr, and

o ¢oell-freec extract of Bsch. coll PASLS togethor

with carrier thymldine and THP, which had been

pdded after Goprotelnlsatlon,

Completo incubatlon mixturg = 5-146-33rine

(8 jnoles, 4 pe), tdr (49 Fmoles), ATP (40 pwoles),
FAH , (5 Fmolos), MgﬁOé {40 pmoles), pyridoxal
phosiphate (0.2 puoles), TPN (0.3 pmales), glucose=
S=phoaphato (3 pmoles} and a cell-fros exbract of

fech. coll "PA/16 (5 mg. protein) in Tris buffer

(Oellly, pH 7eR), tobal volume 4 ml, Incubation
vag carrisd ~ub under anaerobic conditions atb

37° ¢. for 4 hours. After the pericd of
incubation, the reactlon mixtures were deprobein-

ised by hesting ab 100Y ¢. for 10 minutos.
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Synthesis of léﬁ-laballad "thymidylic acid" by a

coll=freo extract of Hsch. coll PASLS

T RO LT

Auntoradiopgreph of a two-dimensional paper
chram&tmgraphic separation of the buse~bands
(Bp 0.0 to 0.05) of a p-bubanol-wabter separabion
of deproteinised veachlon mixbtures conbaining
3—140»s&r1ne, Wy and & cell~froe extract of

Fach. cold PA/1S together with cerrior TMP, whicn

hed been added alfbeyr deproteinisablion.

Complete incubatlon mixbure -_5-1%0-&eriﬂe(8 jracles,

4 pe)s Wr (49 pmolea), ATP (49 puoles), FAH,

(5 pmoles)g Mgﬁ@% (40pmoles), pyrldoxal phosphate
(0,2 pmoles), TPN (0.5 pmoles), glucose-6-
phoaphate (35 Pmml@a) and o cell«lree extrach of

Esch, coll PA/L1S (5 mg. probein) in Tris buffer

(O 1M, pH 7,.,2), btotal volume 4 ml. Incubation was
carvlied out undey anassercoblc conditions ot &7° ¢. for

4 hours. Afteor the period of incubation the resaction
mixtures were deproteinlsed Dy heabting ab 100° ¢, for

10 minutes.
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of the reactlon mixture by this procedure. Pig. I,
22 also shows 3=24Gegerine bogethexr with one other
strongly radloachive spob, maberial ¢, whiech was nob
godnecident with any ulira~violet-ahsorbing meberial
on the chromebogra.

Phus, incubation of G~'Ceserine and UDE in

the presence of a coll-freo oubracht of Bgeh. coll Pa/lb,

together with a number of cofectors, has produced
Yo alabolled maberinl which was not sopavated from
added carvier THMP by paper chromabogrephy in three
BOlvents . On thig baslis, the 1ﬁ0w1&boll@d material
ney be bentabtlvely ldentified os 14C-Twe,

Those vesulbs wore conflvmed by repebtition of
this emperiment using {a) Uy or (b) AUNP as the
pyrinidine ope~carbon unlt acceptor compounds. The
aome rosults were obbtained slso whon DPNH replaced
PPNl in the incubabtion mixburce. Paper chromatographic
ageperation of these renction mixbtures in one=«dimension
(solvent, n-butanol-water) followed Ly auboredlography
showed thot thore was no +¥0-labolled matowial progont
in the pogition occupled by thymidine on this
hronatogram (Filge. I, 235 (a) and 1L, 25 {(b)). ®ig.
¥, 83 (b) shows a radiosebive spob corresponding to
mneborial B (I'ig. IT, 21) together with o radiocactive

gpot of Ry 0.88, moaberdal . Blutlon of materlal D
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Synthesis of 140 1 abelled "thymidylic acid" by

cell-froc extracts of Bsch, coll PA/1S.

{a) Ultrvavioloet photograph and {(b)
antoradiograph of papsr chromatographle sepavablona
of deproteinisod reaction mixbtuves conbaining a

goll=froe oxtract of Hsch. colil PA/15 and (1) G- 4C-

sorlne, AUHP and TPRH (8); (ii) lﬁC*formalaehyde,
UWr and TPNH (3); (1i1) 3- %Cesorine, UDr and TPNE
{4): (iv) 5=-**C¢-serine, UDr and DPNH (5) together
with markers of thymine (1) end 4C-formaldehyde (6).

Comploto Incubatlon mixture - & cell«free oxtract of

Tiach. coll PA/1S (9 mg. probveln); ATP (60 pmoles),

FAH% (3 pmoles), mggoé (40 Fmoles),_pyridoxal phosphate
(0.2 pmoles) and (1) 5-3%G-gorine (40 pmoles, R0 pe),
AwmiP (40 pmoles), TPN (4 pmoles) and glucose-8-phosphate
{40 pmclea!; {1i) léc-fermaldehyde (8 pucles, 12 jpel,
Upr {40 pmoles), TPN (4 pmoles) snd glucose-G-phosphate
{40 pmoles); (iii).&-léc-serine {40 Pmeles, 20 pc),

e (40 pmoles), TPY (4 pmoles) and glucose«G~phosphate
(40 ymoles); {(iv) 3-1é0-sarina (40 juuoles, 20 Fc),

UDr (40 pmoles) and DPNH (4 pmeles) in Tris buffer
(0.1, pH 7.2), total volume 4 mle Incubation was
carried-out under ansercbic conditions st 379°C. for 4
houra. Afbor the pericd of incubation, deprotelnisation

vas effected by heating ab 1000 ¢. for 10 minutes,
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and roechromabtography in btwo dimengiens(selvents, 1gGe
propanol-woter-A0l and nebutanol-webtor) with caprrier
thymine and thymidine showed that mabterial D wes
nelther thymine nor thymidine.

Further confirmatlon of the ldentity of
TP and the 1ﬁc~labelled mobeorial coineident wibth
earrier THP in Pigs. II, 81 and 11, 22 wos obtained
by an oxbensive programue of paper chromatopraphy
and glechrophoresia. The nucleotide Cractions of
deproteiniged resctlon mixbures which contained
Getdtmgerine and (1) UDr and TPNH; (11) aUMP sad
TPHH: or (1i1) UDw and DPFNH and to vwhich carrier
THP had been added, were isolubed by peper chrome-
tography (solvent, p~bubtanol-water). The TMP wasg
igolatved from theso nucleoblide Tractions by

chromatography {(solvent, acebone~-wabter-formic acld)

of the nuecleotlide fractliones as bands on pepor. The
nitraviolet-nbaorbing aren of the carrieor TUP was

eluted ond thilsg maberial was submitted bto

chromabography in two dimenslong (solvenits, Aso-

propancl=water-iitl and acetone~waber~formic acid},
followed by ambtoradlography., Filgs. 1T, 24{a) and
ir, 24{b) show again the prosence of Yia-1000lled

material colincident with the uwltravieleb-absorbing

apot of cavrier TMP, bogether with 3~l4C-gserine and

materdal € which were present in the TMP Ifraction.




Plours 11, 24

_ , L4 . .
Synthosis of ! (=-lobhellod “thymz@ylic acid" by cell-frae

extracts of HEsch. coli PA/LE.

(a) Mitraviolet photograph and (b) autoradiograph
of a two-~dimensional paper chromatographic sepearation of
a mixtare of Saléﬁnse?in@, material @ ana.léﬂtlabelled
TP, bogothor with added carvier TIP..

This material was lsolabted from an‘ineubatien
nixture conbaining 3-1éc-serina, De and a cellefyes

oxtract of Hsch. coll PA/LS Dy paper chromatagraphy

(solvent, g—butanolmwatarl of the deproteinlsed reachlon
mixturs a3 bends with added carrier THP. The bageg-
bands (Bp 0.0 to 0,08) were eluted and the material
obtailned wag rechromatographed (solvent, 2cebono-waber-
formic acld) as o hand on papor. The earricr TMP wes
cluted and the material obtained was the mixture of
3—140*36rine, material ¢ and THMP separated on The

chromatogram described in thlgs figure.

Gomplote incubatlon mixtuce - the incubabion mixturs was

140-serine (QOqulas,

that doseribed in Plg. II, 285 with S«
4 pe), UDr (40 pmoles), TPH (4 pmoles) and glucose-6-

phosphate (49 pmolos),
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The TP isclaled by these chromaitographlc
separations (Pig. TI, 24) wds olubed and submitied bo
further dhromatography and Lo electrophorogis in an
abtompt Lo sopavebe thoe U g-labellod matorial from the
carvied TUWP. Part of the THP was chvoemabographed in
two dimonsions (solvents, 18% NaghP0, ond aceboneo-

25% aqueous brichlorvoacetic acid) and, as Pig. II,

25 shows, the radicsctive maberial was ecolonecident with
the ultreviolet-absorblog spob of carrier TMP.  The
othor part of the THP was submitted to electrophoresis
on paper end agelin, as PMig. YL, 26 shows, bho léﬂw
labelled maberial coincided with the ulbroviclel-
absorbing spobt of cavrier WP, The thymidine seen

in Pige. 1T, 86(a) was produced by the portial
doegradation of the caprier TMP vwhich tokes place whaen
TP ig chromatographed using lso-proponolewatoer-HCL

as solvent.

When 14$»£0rma1d@hyde (8 pmoles, iz pc)
roplaced 5~1%6486T1n6 in this sysvem, papey chromalbography
of the reschblon products (solvent, n-bubancl-wabter)
followed by aubobadlography revealed redioactive mabterials
with Rp values 0,88, 0.30 ond 0.0 corresponding to
maberial D, wmaterial B and nucleotide material
vespoctively {(Flg, 11, 23)e Auntoradiogrophy of & twow

Aimensional paper chromniographlic separabtion (solvents,




Fleure IL, 85
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wyntaesis of ""g-labolled “"thymidylic acid" hy

cell~froo extracts of Hsech. coll PA/15.

Autorvadiograph of two-dimensional paper
chromatogrem of enzymically syntheslsed J4C~
labelled THP fogether with carrier TMP, The TMP
oin this chromatogram was obtelaed by elution of
the THP sopsrated by thoe paper chromatography

deseribed in Fig. II, 24,
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Pigare T, 28

Re 4 13% Na, WPO, ,



Pigure 11, 206,

Synthegls of ou1abolled "thywidylic aecld" by

coll-free extracts of Hsch. coll PA/LS.

(2) Ulbtraviolet photograph snd (k) auto=
radiograph of a paper elecbrophorebic separatlon of
enzymnieally synbhesised g lebelled THP together
with carrler thywidine and TuP. The TMP on this
eloctrophoraetogram was obiained by elutlion of the
TMP separated by the paper chrometography described
in Pig. 11, 24.

Mlectrophoresis was carvied oubt on papor
soaked in citrabe buffer (D.05M, pH 5.5). Jeparation
was achieved by applying a petential difference of

13 volbs/cm. for 85 hours,
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igo~propanol~water-HGl and acobone~water-formic acid)
of this nucleoblde matberial with carrier MNP AL4 nob

show any M Gnlabelled naterdial associoboed with tho

corrler TMP.  However, when the THP was eolubted and

counbted it wag found Lo be weally wvaodloscbive. o
farther svildence of Formaldehwde sebing as o aoures
of onew~carbon units in the synthesis of TP way
obtalunad,

When UR replaced UDr in this sysbem, paper
chyromebographic separatlion of the veachlon produchs
(solvents, n-bubanol-wabors lso-propanol-wabere HUL;
acobone~water~formic acid) followed by auborediography
revenlied lﬁﬁvlabellﬁﬁ maberisl colneldont with the
altraviolet~absorbing spots of carrlied TMP. Electro-
phoreals of bhe TMP on paper conflvwed bthe coincidence

lﬁﬂwl&halled material wlith the cavrior FHP.

of the
However, this fallure Vo separabe the L4G-1abelled
maberdal from carriler THP does not preclude the
possibility that the mebthylation® produet, which was
chtained whon UR replaced Uy in the incubabion wmixture,
was in fact the ribose snalogue of TMP. Ribonueleotldos
and thelr deoxyribonuclaotide analogues can he geparated
by paper chromatography using ebhanol-M-H, ccobobow
ethylenedlamninetebtrascetic acld (IDTA)-borabe as solvent.

In this solvent the ribose derivatives form a borabe
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complox of alow mobility (Figs. I, 2%(a) ang 11,
27(b)}, The mixbure of cuarrier THP and Jiits associabed
14Gw1abéllaa material isolabed from ineubation
miztures which conbained TR in place of Dy was
submitted to paper chromabogrophy using this solvent.
Autoredliogroephy of thig ohrowmabogrom gshowed that,
whereos some of the ¥C-labelled material hed migreted
with the corrier TNP, & proportlon of it hod nob
migrated from the ovigin. However, the some effoch
was observed with *4C-0Me lsolabed from incubabion
mixsures which contalned Udr.  Accoxdingly, the
rosulbs obtalned by using this technique were incon-
clusive.

The synthesis of Mo.pup was domonstrated also

uging coll=free oxbracts of Besch. ecoll 113/5, o

mothlonine~ or vitamin Bys-~less mutant. This muband
wes used in a gbtudy of bhe effect, if eny, of vitamin
Bin on the synthesls of TP from (1) Ubr and (i1) UR,
g was isolovod from rescbion mizbures containing
B osllefroe extract of this mubtent end (1) Udr op
(21) UR, Dbobh in the presence and the absenco of vitamin
Baoe Guantitabive results of this exporiment will be
dlscussed lator (Sectlon II, 21),

Thus it has been shown that bthe incubabtion of

coll-free extraets of (a) Hech. coli PA/LS and (b)




Figure T1, B9,

separation of ribonuclootldes and thelxr deoxyribho-

gmglaotide analogues by paper chromebopraphys.

Ultravlielet photographs of paper chromabow
graphic separations of {a) adencsine-5?=-phosphabe
{ANP~51) and deoxyadenosine=-5t!-phosphabe (GANP«5T)
using (1) ethanol~il-Wlgacetate~ADTA and (1l) ethanol~
-, ecotabo-TA-borate as solventss (b) uridine-
Htephosphate (UMP~5') and deoxyuridine~5t-phosphaio
(aUsP-51) using (3) obhanol-H-NH, ecetato-EDTA and

(ii)othanol~M~Nﬂéacetate—EDTA~borate A8 SOLVONGLS .
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Bach, coll 1135/6 with (1) Ubr, (ii) duMP or (111) UR
axnd 5~i46*30rine in the presonce of the cofdctors

AR, Mgh0a, AR, 8 pyridoxal phosphate andg TPNH (o

DPRE) resulted 1ln the synthesis of Hp-1obelled maborial
which has been identified ss +&g-oup by virtue of tho
fact Ttholb the mabterial was not sepsrabted from avthenbic
corvice TMP by poper chromatography in five golvenbs

or by paper elsctrophoresis ab pH 3.5,

20. Invesbilgation of the thymidylie acld synthobic

gysboe for the presence of intormediales.

The strusbures of the 34(-labolled compovnds
mebterials A, B, ¢, snd D {(Figs. IL, 21, II, 28 and II,

23 (L)), which were igsolated from incubabion supernatants
contalinlng lﬁcwwa, wore of intereost as those materials
may have been lnbermedlates on the synbhebie pathway Lo
YhoePp.  Moberiwmls A ond ¢ were of specilal intorest
gince the migration raites of theso maberials in Lhe
solvents used egreed with those known ox predicbed fox
S-hydroxymethyldcoxyuridiae and 5»hydroxymathylﬂeoxym
uridylic acid respectivoly. '

Obgervations woade during attompis Lo synthesige
S-hydrosymethyldeoryuridine and S-hydroxymethyldeoxyuridylic
neld (Scetion II, 18) indlcebed thab both of these
eompounds were oxitremely sensitive to mlld acid

hydrolysis, reudlly yilelding B-hydroxymebhyluracil,
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Accordingly, samples of mabterial A and materield ¢ wero
trenbsd with 0.4 mi. G.lNiHCl in o soaled bube at LOQY
G. Por 24 houwrs. The reactlon produets were submlbted
to paper chromebography in two dimensiens {solvents,
Asoepropancl ~wator-H0L and p~butencl-yater) with carrior
Hwhydroxymoethyluracil, followed by subovadiography.

No 140~1mbelled maborlial colacident with the ulbraviolet-
absorbing spot of earvvier bH-hydrvoxymeothylurasll was
detected. Tho Rp values of both maberials A and ¢

were wachanged and 1% appeared that the compounds hod
beon uwpaiffected by thig bveaitmont with 0,1 W-HGL,
Repetibion of this trestmont using N-HCL similorly had
no offect upon maberiala A and C.

There are o number of compounds which conld
have been synbtheslsed Firom H-tEgagerine in these
incubation mixbures and which, thovefore, way havo
appeared ag materials A end ¢ whon the conatlbuents
of the reaction mixbures were separvated Dy paper
chromatography .« The chromatogrephic behaviour of
those compounds wos inves%iga%ea in the solvent
gysbome used Lo lsolabte mobveriels A and C, PFilgs.

TI, 28{a) and II, 28(b) are dlagroms of the
seperatlions observed with serine acting as a refervence
compound , In eddltlion Lo those compounds ghown in

these diangrems MC-formaldehyde, *40-formic acid end




S Plgure Ty 28

Paper chromabvographlc behaviour of compounds

invgstbloated Cor ldentlty with metoviels A and Q.

Diagrams of ﬁWOwdiménsional paper
chromabographlc separations of some compounds
which could heve been syntheslsod from F-id(.
gorine In the incubatlon mixtures in which the
syntbhesis of “4C-TP wes studied (Figs. II, 21 and
T, 224)
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14G-pyruvmte wore chromabtographed in thoso systoms,
but no trace of vediosebiviiy due Lo these meterlals
vepelned on the chrowmavograms sfter deying.

Mige 1T, 28(a} showa that the compounds
corvesponding moat closely o material A apre alanine,
glutamlic acld ond B-hydroxymethyldoonyurldine .
Ascovdingly material A wes wlxed wilth cerrier slanline
and bBehydroxymothyldooryuridine aad submitbed %0 papew
chromabograpby in btwo dimensions (esolvents, lso-
propanol~uater-H0l and gfbutagolwwater) followed by
auorediography. Filgs. 11, 29{a) ond I, 29(b) show
vhat  the “C-labolled materinl colneided in position
with the orrier alanine, The mixtuvre of metorial Ay
alanine and S-~hydroxymethyldeoxyuridine wus tronted
with 0.1 ml. O,IN-HCL In a soaled tube ab 1000 ¢. for
24 hours, copditions which have heen shown bo degradoe
H=hydvoxymebhyldeoxyuridine o S-hydroxymethyluracil
(Section II, 13). Two~dimensional paper chromstogropiy
(solvents, lso~propancl-water-fi0l end n-bubonol-water)

followed hy entoyadiogrophy showed that thewre was no

fuad

4p-labellod material assosiobed with the ultraviolet-
shosorbing spot of H-hydroxymethyluracil,. A£1L the radlo
activity pregsent on this chromabogram was colncldent
with the ecarvrvier alanine.

Fig. I1, 28(b) shows bthat the compounds most



Figure Il 29

Nluecidontion of th@ structuras_of materials A

and ¢ (Cips. 1T, 21 and IL, 22).

{a) Photopraph and {b) antoradiograph
of a two-dinmensional peper chromatographlc
soparvation of a mizture of alanine, S~hydroxy-
mothyldeooxyuridine and materiel A, iHaberial A
was lgsolabed from lncubation uniXxtures by bho
procedure described in Plg, I, 21. The alanine

spot was developed by spraying with ninhydrin.

.
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closely corresponding to moborinl € ave ageln alanine,
glubtamic acld and S-hydroxymethyldeoxyuridine. A
comparison of Flg. 1T, 30 with Pig. I, 22 alaso shows
the resemblance in chromatographle properiies betwooen
atorlal ¢ and alenine, glubamle aecld and H-hydeoxymothyl«
deoxyuridine. Accoxdingly, o mixture of meterial A
and alanine was submitted Lo paper chromatography in two
dimensions (golvenvs, iso-propencl~wateor-il and acebone~
wabav-formle acid) followed by suboradlogrophy. Figs
11, 51(a) and I, 31(b) show thab the “FCulabelled
moherial coincided with the carvier alanine.
Thus both material A cnd material ¢ heve been

idontified tentabively as slanine or glubtamic acid (ov

a mixbure of both). The counclusion that materials A

and ¢ were Ldemblcal compounds was coullvmed by submitbing
o mixbure of alenine, S«hydrcxymethyldeoxyuridine and
maverial € to the same Lreatment as undevgone by the
corresponding mixture of alanine, H-hydroxymethyldeoxy-
uridine ond moterial A. The “¥¢-lobelled maborisl
coincided exacbly with the gspot of alanine afbter each
chromatogroephic separabion. No *¢-1labelled material
was found Lo be associsted with the ulbraviolet~
ohaorbing spots of bB-hydroxymebthyldeoxyuridine or 5He
hydroxymethyluracild ofter acld hydrolysis. Similerly,

the Yg-labelled material coincided exactly with the



Figare X1, 30

Eluecidetion of the struchturss of mabtorials A and

G (I“j.gfﬁo 1:’:, 2:]..3_,1161. 11.28)0

Photograph of a btwo-dlwmensional paper
chromatographie sepsaration of alanine, glutamlc
acld, H-hydroxymebthyldeoxyurldine énd serlino.
Tho aminqﬁcia aspobs wore developed Dy spraying

with niohydria,
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Figure I, 31

nilucldatlon of the structures of materials A and

¢ (Pips. II, 21 and II, 22),

{o) Photogroph and (b} antoradiograph
of o two~dimensional paper chromatographic
soparabion of a mixture of slaning and materiel
Ceo Hatorial ¢ was lsolated from incubation
mixtures by the procedure described in Fig. Ii,
22. The alonine spot was deoveloped by spraying

with nipnhydrine
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spot of caprier alanine when & mixture of alenine and
maborial A was submitted Lo paper chyomatography in
two dimensions {(solvents, iﬁgﬁerPanolwwa%erwﬂcl axd.
acolonewwater~fornle acld) followed by auntoradiographye
Finel confipmation of the struchtures of
maberials A and ¢ was obtained by breabment of tho
coipounds in the presgence of garrier alanine with
chiloramineg«~T and by paper cohromatography of the maberials
with cerrier alanine (solvent, phenolewator)., The
acebaldehyde produced by degradation of the alanine by
chlovamine~T was trapped in a solubtion of 2:de
dinitrophenyilbhydrazine in 2N-HgS80,4. Tho acotaldehydo=
2i4-0initrophenylhydrazone was oxtracted with GGl,,
plated on Lo planchettes and counved. The derivabtive
from both maberial & end material ¢ wes found to be
rafdioaciive. Troobuent of 3«¢¥Cweserine under the sanme
conditions 4id not yleld & yadicactive derivative. The
paper chromabography of maberials A snd ¢ confirmed thet
most of the radloschivity wes sessociated with the
garviar alsnine., 4 small proportion of 1éﬂhlaballed
material was in the positlon occupled by glutamie acld,
Thus both maberials A and ¢ have been found to
congist of alanine together with e emall proportion of
glutamic acid, This vesult Is in agroement with

observations made during a study of the synbthesis of ..
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alanine from sexine by washed whole=¢ell suspensions

of Hsche coll PA/L5 (Sechion II, 7)s In the original

Tracbionations of deprotelnised reactlon mixiures by
paper chromabography (solvent, n -butanol-waber) maberial
A hes been Included in the nucleotide fraction {(Bp 0.0
to 0,05) presumably because of the prosence of a high
concentravion of galbte which had the offect of retaprding
the migretion of the materlal. Thus maberinl A hos
resppearod a8 maberlial ¢ on fuether peper chromatogrephic
sepavablon of the nucleotlde fracbions.

The chromatographic properties of matevial B
(Figs, 1T, 21 and II, 23) resembled these of 5=
hydrorymethylueacil. Accordingly e mixbure of maberial
B ond S-hydroxymethyluracll was subnibtted to chromatography
in two dimensions (solvents, dgo-propanol~water-ifl and
ﬂdbuhanolnwatar) followed by auntorediography. Mo btrace
of HG~1labelled material was found to be coincident wilbh
the ultroviolot~abseorbing spot of earilier B~hydroiy-
methyluracil. The chromafographie behaviowr of material
D (fig. BT, 83) a4id not resemble that of a 5=nydroxy -
methyl-pyrimidine. As hes been ghown previously
(Seetion IL, 19), mabterial D was not Jdenticel with
thymine or thymidine.

Deproteinised veactlon mixbures from whilch
LEG-THP had been isolated wore chromaotographed on paper

with caxeler S-hydroxymethyluracll and Behydroxymetivyl=-
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deoxyuridine (solvent, np~butanol-water), The carriew
b=-hydrorymethyluracll and §~-hydroxymethyldeoxyuridine
were lsolated and rechromatographed on paper in two
dinmensions (salvents, lgo-propancle-water-HCLl and ne
bubanol-wator). No Mgelabelled matovial was Found
to be colncldent with the nltraviolst~abaorbing spots
of zarrior H-~hydvoxymothyluracil and H-bydroxymothyldooxy-
uridine. The S=hydroxymethyldeoxyuridine fraction wag
hydrolysod to S-hydroxymethyluracll by heating with
0,1N-HUL in a sealed tube ab 1009 ¢. for 24 hours and
rochromabographod on papor, but agaeln no MH(-labellod
material was found Lo be assoelated with the uwltraviolet-
abaorbing gpob of carrier H~hydroxymoethyluracil. The
nacleotide fractions of these reactlon supernatants were
mixed with carrier SH-hydroxgnethylurecil ond hydrolysed
by (a) heating with 8N-HCL at 100° . for ono howr ov
(b) heabing with 0,IN~HCL in a sealed tube at 100° C.
for 24 hours. The hydrolysls products were chromoto-
graphed on paper in two dimensions (solvents, Lsow
propanolewater-HOL and p-butanol-water). No 14Gm
labelled material wasg found ®o be coincident with the
ulbravioleteabsorbing spot of carrier L~-hydroxymeilyle
urecil in either cusos

Thus no S-hydroxywmethyl intermedliabes have hoon

iscolated from Phe incubation nmixbures in which 1%G-QMP
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was synthoesiged. Slnee the chemical gynbhesis of
S=hydroxymebhyldeoxyuridylic acid was not sucecosaiful
(Section II, 13) and therefore the nuclisotide maberial
isolated from the incubation mixbures could nobt be
hydrolysed after admizbure with suthentic S-hydroxy-
methyldeoxyuridylic aeidgfih i still possible thab

a pmall quantity of 1ﬁﬁ-lmbellaa H-nydroxymetlhyle
deoxyuridylic acld has been present in theose incubation
mixbures. The S-hydroxymethyl group of S~hydroxymethyl-
deoxycybidylic acid present in hactarlophage DNA has bheon
shown to be muech more acld-lobile (towards certain sclds)
than the S-hydroxymethyl group of d-hydvoxywethyldooxy=-
eybosing {Wyatt and Cohen, 1L952). Thus, although
S-hydroxymethyluracll ia stable bto acld hydrolysig,

the B-hydvoxymebhyl group of Behydroxymethyldsoxy-
uridylic acid may be hydrolysed more readily. If this
wag bhe case, acld hydrolysls of S«hydroxymethyldeoxy-
urldylic acld would yield unlabelled uracil rather than

K guiabelled B-hydroxymethyluracil,

2L. Qomparison of dsoxyuridine, uridine snd deoxyuridylic

acld osg one=-cnrbon unit acgeptors in bthe synthesig

of 14CTup,

In preliminavy experiments to estimato the

relative officiencies of Ubr, UR and JUMP us one~carbon
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unilt accepbors in the asynbhesia of Mgamp under o
variety of conditions, the deproteinised reaction
mixturea, Lo which cavrier THF had been added, were
submitted to paper chromatography as bands {(golveni;
p~bubanol=water}, The nuelectide fractions (Ry 0.0
o 0.08)were rechromebographed on paper in two
dimensions (solvents, lzo-propanol-water-HCl and
acetone-waber-formic acld)e The radioactive
meterials were located by auboradiography eand, in
ench ecase, bhe dlstribution of the 140-1&@&11@&
material was the same as that obseorved previously
(Fige II, 22)s The uvlbravioleb-absorbing spob of
carrier TP was elubed and ocounted, together with
the other +2@-labelled majerials revealed by
auboradliography, The amount of 146-Tmy'synthesiged
was caleulated sa a percentage of the total counts
ilsolatad, In dater experiments, the game amount of
arriery THP was added bo sach ioveubation mlxbure
{a) before incubebtion or (b) after incubabion but
before deproteinisation, The carrvier THNP was
igolabed from the incubation miztures, after deprotein-
isabion hnd been offected by treabment with HCL (fineld
concentration, novmal) and heabting ab 200%C. for 10
minutes, by bthe paper chromatographlc separvations

oubLined above. The THP wos eluted, plated on Lo



planchéttes and counted. The specific acbivity
(counts/min./pmole) of the TMP was ostimabed by
glubing the planchettes wlth 4 ml. 0.l N=HCL and
observing ths extincbion of the solution s0 obbtained
ab 260 Bt e

In the preliminary experiments, a colle

free extract of Lsch. cold PALLE was incubated under

snmoroble condltions with 3~**Q-sevine and (a) UDan,
(b) TR or {ec) AUMP in the presence of the cofachors
AT, PAM,, TPRH and pyridoxel phosphabe. Table 1T,
¢ shows that thsre was a slightly lowey proportion of
vafdioactlivity associlatoed wlth the carrier TMP whon
UR replaced Uy as the ons«¢arbon unidt acceptor in
the incubabion mixture. The extromely small Alfference
obtained when AUMP replaced UbDr in this system %? of
doubtful gsignificanco. h

These experiments were extorded to a siwdy of
() the effect of vitamin Pyo and (b) the offeel of
repipcing TPNH with DPRH by using cell-Iroe exiracts of

Esch, coli L13/3, o methionine= oy vitamin Blp- less

mabent. A collefree exbrach of Esch. coll L13/3 was

tneubated wnder sheeroblc condiblions with S«l4Qegerine
and (1) UDr and TPNH, (1i) UR and TPHH or (13i1) UR
and DPNH in the presence or absence of vitawin Byg. The

cofactors present In the luncubation mixbures were ATP,



Table I1, 9

Synthosis ﬁf_léG»labﬁlle& "thymidylic acid” by

coll-freo sxbrects of Hach, coll PA/15.

Tubog conbalned a cell-frao oxhracht of

Each, coll PA/1B (20 mg. probein), ATP (120 };mgjj,gg;) s

FAH, (12‘ymnles), NgS0, (B0 puoles), TPN (4 pmoles),
glucosamemphosphata'(40‘ymoles), pyridoxal phosphate
(Q.S‘pmalng, Anwd&Gagering (60 jpoles, 39 93) and

(1) Upe (60 pmoles), {(i1) Ur (80 pmelea) or (111)
auMP (60 pmoles) in Tris buffer (0.1, pH 7.82),

votal volwas 6 . incubation was carpied oubt under
anasvoblc conditions ot 379 C. for 4 hours. AL the
and of the lncubation pevied the reactlon mixbures
were deproteinised by heating at 100° ¢, for 10
minutes, cenbrifuged (5,000 g) and the supernetants
were chromatographaed on paper with n~butanol water.
The bands of Rp 0.0 Uo 0,05 wero oluted and the
nucleotide maberinl 80 obbalned was rechromebtographed
on paper with cerrler TMP 1n two dimensions (iso- |
propanoliswater~-fHGl oand scetono-water~formic acid). The
radloactive materials were located by.aunbtoradlography,
olubted and ecounted, The smount of 146*1&b?lle&

material assoclabted with the carrier TP was estimated

as a poveeabaps of the btobal counbs loolatod.- Neses s e




Table 1L, @

One =garbon Total counts/ Gounts/min. in THD:
unlt mina. isolated

acceptor pereentage of tobal
pyrimidine laolabed
Deoxyuridine 82,675 EY:

Upidine oB,268 Ga0

Deoxyuridylic acld 108,880 6.8
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Fﬂﬁé, Mgﬂoé and, pyrldoxal phosphate. Table TI, 10
shows that the proportion of radlomcbivity
srsoclated with the cevrior THP was decreased
sipniflcantly when {(a) UR wrepleaced UDr In bthe system

conteining Vitemin By, (by 8%); (b) vitemin B,, was

P
omitted Trom incubation wixbures containing ﬁir and,
TP (by 10%4); () DPNH wreplaced TPNH in the aystem
containing UR & d vibamin B (by 30%).

The vesulbs 0bbainad from these prolininary

oy

srpoyinents show, by o comparison of Tables IT, 9 and
IT, 10, that there is a consldsrable differenced betwoon

the thymidylate synthetage achivity pve@@nt in Egch.

(]

13 PA/15 and that presont in Iach, coLl 113/3. 'The

WW

results indicabte that Uy funcbtlionsn more efflclently

as & one-carbon wnit accoeptor than.does UR., They

algo show that tTho prate al which 0 amiip wos aynthoglisoed
Trom UDr in the presence of coll-free extracts of Hsch.
ggki 1&&/5 was Increased slightly by the addiblon of
vitomin Byg. The decrense in léC-TMP aynthesised when
DPIH was replaced by TPHH in Incubablon systems
containing UR may bhe dus to (i) the veduction of the
rivose o deoxyrlbose being TPNH»ﬂepenﬁen“@ (11) the
lower concentrablon of W-CHa0H-FAHg (or lo effect, of
ono=-gurbon units) observed in sysbems conbaining DPEH

as compered wl th those contalning TPNE (Table 1T, 10);



Tablae 111 :L{}

Synbhogly of 3-4(:3-1&?:;9113@_ "ohymidyliec acid” by celle

fyoo oxtyacts of Egeh coll 113/3. Rifech of

vitamln O1o on thymldylic acid synthesig.

Tubos conbained a callefree exbtrogt of

Rach. coli 113/3 (12 mg. protein), ATP (60 JHOLES )

FAHy (5 pmolos), Mgs0, (40 mmoles), pyrldoxel
phoaphate (0.1 /umolas), 3*140%56.’(‘1&3 {30 }zxm:;;es,

16 pe), vistamin By (2 pg) end (1) UDr (20 }mm}.es),
TPN {2 jumoleal) end glucose-G-phosphate (20 mmoles);
(11) UR {20 pmoles), TPN (2 pmoles) and glucose-Ge
phosphate {20 pmc}l@s); or (111} UR (20 Jumoless) ond
PPy (2 lzmzei&.es) in Trls bulfer (0.4, pH 7.8), tobtal
volume 2 ml. Incubation was carrisd oub under
aneeroblc eonditions at 37° ¢, for 4 hours. At the
ond of the incubabtion perilod the veaction mixburey
were trented with 0.256 ml. 1ON-HCL, heated at 1000 C.
for 10 minutes and cenbrifuged (5,000 g). The
14g.iabelled THP was isoloted with added carriler TUP
by paper chromatography as in Table 11, 2 and estimated

ain o perconbago of the total counts igolatod.




Table [I,

10

+

+

Syateom
Noo ¢ontaining
L, Deoxyuridine +
2 e Deoxyuridine +
S Urldine
4. Uridine
S Urldine

+

TPNH
TPNH
TPNH
TPNH
RPRH

Counta/min in
THP s percentage of

Omisaians totel isolated
¥None 1.37
Vitamin BlB L2
None 127
Vitawmin Bla 119
None 0.89

Stetisticnl analygis -

Studentts " Y test

Comparison

1.

Ze
G
4o
4o

De

Signitficance
"L Y teogt value level (FP)
4,671 Y0.01
2.H13 ML05£0.02
0.413 {0.05
0.946 {0.05
6.67 p0.01



cor {1ii1) & combination of (1) and (i11),
In the later sexperiments, a cell~frog

oxtraet of Bauch., coll PA/LS was incubabed under
1

anaereobic conditions with 5= 4C-serin6 and {a) Ur
or {b) dUMP in the presence of the cofactors ATP,
PAHg s MpB04, DENH, TPNH and pyridoxal phosphate.
After incubation for one hour, 1Omi. of such
incubation mixbure wog withdrawn. After incubatbtilion
for 2ghours, a further 1.0 ml. of each incubation
mizbure was withdrawn. Carrier MNP was added To
gach 1 ml. sample before deprotelnisation was
effected, The carrier THP was ro-lisolabted by poper
chromatography as described In Fig. IL, 22 and the
speciflc acblvity was estimabted., Although
duplicatlon is nob good, the wesulbs in Table II, 11

) , 4
do show that most of the 1

C~TiP wes synthesiged in
the fipst hour of Incubstion. The veosults show that
tho addition of a pyrimidine one-carbon wunild accepbor
has a very merked effect on the specific scltiviby of
the carrier THMP lasolated from the incubsbion mixbtures.
However, the scabtiter in the vesulbs makes it lmpossible
o draw any concluslons as Lo the relabive ¢fficlencles
of UDr and AUMP as one-cerbon unillt accepibors.

1 all the +4¢-matorial isolated with the

carvige TMP Trom these reactlon nixtures is composed



Table I1, 11

Yynthesis of 14CG-labelled “"thymidylic acid" by

cell~froe extracts of Esch. coli PA/1lS5,

Tubes contained a coll~free oxtract of

Isch, cold PA/1S (5.6 mg. protein), ATP (60 umeles),

Filly (8 pmolos), MgsO, (40 pmoles), pyridoxal
phosphate (0.6 jpmoles), ¥PN (2 mmoles), glucose-
6~phosphate (20 nmoles), DPHH (2 pmoles), 3-1%C-
serine (30 mmoles, 15 me) end (al) UDr (30 mmoles)

or (b) AUNP (30 pmoles) in Tris buffer (0,1M,

pH 7.8), total volwne 3 ml, Incubation was carried
out under anaerobiec conditions at 37° ¢. for (1) 1
hour: (11) 2 hours; or (114) 2% hours. Carrier TUP
(5 ymoles) wog ndded to 1.0 ml. samples of each
incubation wmixbure before deprotelnisation was
offected by adding 0.3 ml. SN-HCLl, heating at 100° (.
for 10 wminutes and centrifuging (5,000 gl.

The THMP was isolated from the supernsabants
by peper chromatograpby {(solvents, n-butenol-wabter,
iso-propunol-water-HCl and acetone-water-formlc acid) .
Tho specific nctivity (counts/min./pmoles) was estlm-
ated in the conventional manner.

The THMP 1solated was hydrolysed to thymine
by heating with 2N-HC1l at 1000 C. for cne hour. The
thymine was lsolated by paper chromatography (solvenbs,

nebutanol-wator and scetono-water~formic acid). The




specifle activity (ecounts/min./pmole) was

ssbtimated in the conventloual manner. .

Toble II, 11

Ypocific Activity
(omunts/miﬂ./ymole)
Time of

One-carbon uniy incubation of bthymine fron
gcooptor pyrimldine his, of TuP g TP
None 2 8,300 43
Deoxyurldine 1 224100 112
Deoxyuridine 2% 36,300 261
Deoxyuridine 1 21,200 108
Deoxyuridine 2% 28,400 127
Deoxyuridylic acid 1 16,000 76
Deoxyuridylic acld 24 25,200 152
Dooxyurldylic acld 4 20,500 106
Deoxyuridylic acid 2%

27,400 124




152

ontively of 4¢P, degradatilon of the THP lsolated
to thymine will ylold 140~thymine of the seame spociiic
actblvity as that of the porvent PMP. Accordingly, in
an abtbenpt Lo obvaln final confirmation thoat the e
labelled moborial acsoeiobed with the cavrier THMP was
1&6~?MP, the Lsolobed THP was hydrolysod with BN-HGL
at 100° ¢. (Section IX, 16). Tho thymine produced
wag isolobed by two-dimensional paper chromatography
{solvonbn, p=butapol-wabor and avetone~waber~formic
acid) and the speeifle activiby was debermined. Table
IT, Al shous that the specifie activity of this
thymine wag vory low compered with that of the parent
TMP. Thus only o very emall proportion of the
rodicactivity asgoclated with the caveier TMP was,

in fact, pregent in Idgqmp, Rowever, Table IX, 11
gshows that the spegific activitles of the thymine
samples oare proportional to those of the parent TMP
gomples and therefore the conclusions drawn from o
congidoration of tho TMP spoeific activities are sbill
volld.

; Fink ot al, {1956b) have shown thal methyl-
Mﬁc~thymine iz mebabelisod by wai liver glices to yleld
Sebydroxymebhyluracil, wreacil«b~corboxylic acid,

4 S=gihydrobhynine (DHE), P;nureidmfiggpbutybic aeld

(BUIB), P»-am:l.ma«gggmbutwia acld (BAIB), urcs, alanine,



RRGE I

glucoseo and thymine glycol. ¥ig, I, 32 shows that
bhoge metabolic profduets can Lo separabted from each
other and from thymine, thymidine and THR Ly bwo-
dilmensional paper chrometogrophy {solvents, Lerbe
butanol-nethylethylketono-water-NH, 00 ond bork-
butanol-methylethylkebonew-wabor-formic acld).
Accordingly, the THMP lasoleted Lrom the incubation
wixbures woas hydrolysed (2H-HCL ab 100% ¢,) ond the
hydrolysls produchs were submibied Lo two-dimensionnl
paper chrownabography in this solvent systom (Fig. 1T,
32), followoed by eauborndiography. As the specific
activiby of the thymine pvofuced by the hydrolysis of
tho carrlier THMP was very low, it was Aifflcult bto
obbain satisfactory aunborediographs. However, Fig.
I, 335 does show the presence of redioactlve maberial
which 3s colneldent with the ultraviclet-ahsorbing
spot of cavrrler bhyaine. No 140m1ab911@d material weasg
found to be ceincident with the spobs of carrier DHT
and BUIB, bub & small amount was found to coincide wikh
the apobt of carrier BAIB. The naburos of the other
roadionchive maberials shown in Pig. IT, 33(b) wers not
debormined.

The offect of pre=-incubotion addition of
carrior TMP to incubation systoms synbhesising 14 gpp
was determined by incubeblng a cell~frosc exbract of

Bach. coli PA/LS undew anaevobie conditions with




Plgure 11, 32

Paper chromatographic separacion of somoe mebabolic

products of thynino.

Tuo-~dimensiocnel paper chromatographic
sepavation of thymine, thymidine and TR togother
wilth some products of tho mebtabollsm of thego
compounds . i values are those guoted by [Mink

ot ale. (19560).

WSRO Dol P
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Filgure II, 33

14
Hydrolyals of C~lebolled "thymldylle seld” isolatbed

Leomn roachion nixbures conbaining o collefroo oxtract
of Egch. 601 PA/15, 3~1%Cmsorine avd (a) Upr or (b) QUMP.
(o) Ultraviolet photograph and (b) suboradiograph

of a vwo~dimonsional paper chromabographic separation of

the hydrolysis producis of THP isolabed from incubabtion

miztures containing a coll-free extract of Loch., coll
PA/ID, 5= 0-goring and (a) UDr or (D) atup, togethor
with corricy BAIB, BUIB, DHT snd uracll-Sesavboxylic
acide. Thoe TMP was isolabted with ecaryier THP by the
paper chromatographle technlques described in Flg. II, 22.
The THP wes hydrolysed by heatlng with 2N-HCl at 1009 C.
for 30 mlnntos, :

Complote THP-synthobie incubablon mixture - A coellelree

prbraet of Bsch. eoli PA/LE (3.6 mg. protein), ATP

(60 pmoles), rall, (3 pmoles), MgS0, (40 pmoles),
pyridosal phosphate (0.6 pmoles), TPN (2 Fmoles),
giucose~8~phosphate (20 pmcles), DENF (2 pmalea), Gt m
sorino (80 pmoles, 15 me) and (o) Wre (50 proiosl) or

(b) auHP (30 puoles) in Tris buffer (0.1, pi 7.8), total
volume 3 ml. incubation was cerried out under enacveble
conditions for (i) 1 hour or {ii) 2% houvs ab 379 @,
Carvior THP (5 pmoles) wos added to 1.0 wl. samples of

gach inecubabion mixzture beforo deproteinisation.
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Ssléﬂ*serine and {a) UDr or (L)UR in the prosence

or abpeonce of PP. The coefuctors prosent wers

ATR, FAl,, MgS0,4, pyrldoxel phosphate, DPNH and

TN o Gavyriew TMP wag added vo each lncubabion
mixbure which did not contaln carvier THP afber
incubabion bubt before deproteinisatlon was:effecte&.
The coarrier TP wes relgolated from ecach reactlion
mixbure by the papor chromebography degeribed in
Flge TI, 22 and bthe specliiic acbivity wes estimetod,
The vesults in Teble T, 12 show agein bthat the
spocific acbivity of the TMP lgolated wos increassd
greatly when o pyrinddine one~carbon unit scceptor
wos Included 4n the incubsbion mixbure. Tho specific
acbivity of the caryieor THP ilsolated was higher when
carrier TUP hed been added before lncubation. This
difference was smell (7%) when UDr was bthe ono=
eorbon unit occopbor, lerge (44%) whon UR was the
one-carbon unit accepbor.

The THMP lsolated from these incubablon
mixtures was hydrolysed (RN-ICL abt 1009C.) and the
thyming prodwcod was laolated by two-dimensional paper
chromabography {solvents, Lort-butanol-mothylethyllkotone
wator=-NHa0H and bert-bulanol-methylethylkhebone«-waber=
formic neid), Yhe speeclfic achivity of each thymine

sample wos again much lowor bhan thot of the parent TMP



Teble I3, 12

Synthosis of +¥C~labelled "thymidylic acid? by celle-

froe extructs of Esch. coll PA/15,

Tubes contained a cell-free extract of

Esch, coll PA/15 (19 mg. protein), ATE (80 Fmoles),

FAlly (& melesl, Mes0, (40 pmoles), pyridoxal
phoaphate (0.6{Pmnles}, TPN (2 pmolesl), glucose~
6-phoaphabo (zﬂ‘Pmoles), DPNHE (8 pmolas3, Budd(.
serine (30 pmoles, 15 pe), THP (7 pmoles) and
(1) wpr (30 pmoles) or (1i) UR (30 pmoles) in Tris
buffer (0.1¥, pH 7.2), total volume 3 ml,
Ineubation was carried out under ananoroble
conditions at 37°% ¢. for 3 hours. Deproteinisation
wos offected by adding 0.55 ml. 1ON-HCLl, heabing ab
100V ¢. for 10 minutes and centrifuging (5,00015).
The specific activity (counts/min,/unole)
(a) of the THP and (b) of the thymine from this TWP

wag Qeteormined as in Table II, 11,




Table I1, 12

Specific Activity

(counts/min./pmolo)
One-carbon unit Of thymine from
accoptor pyrimidine Omiggions of THP TMP
None TP 12,800 182
Deoxyuridine None 46,200 218
Deoxyuridine THP 43,300 610
Uridine None 72,100 149

Uridine TN 49,400 259



(Pable IX, 18), lMoreover, the thymlne specific
activities were nobt proportlional to thoss of the
perent THP. The thymine gpecific activities show
(1) that the addition of carryler THMP before
incubation docreased the synbhesis of lﬁE-Tm?; {11)
that move *EQ-thymine (fram;149~wMP) wes ilsoloted
from incubations contalniag Ubhr than from those
coptaining UR: and (1i1) that the apeolflce achivity
of the thymine lsolabed was Increased by tho
presence of e or TR in the incubation mixbure.

This quanbltabive abudy of the synthesls of
14&«@MP from BettQegerine and {a) Wr, (b) UR or
{e) AUMP in the presence oL cell=free extracts of

Bgeh. coli PA/LS haws shown (1) that thoe Hgwinhellod

material which waa aynthesised by those systewms and
vhich was nol sepavated from added carrvier TMP by
extonslive paper chromatogrephy (Sectlon YI, 19) was

g wmixbure of compounds; (il) thet o small proportion
(ahout 0.01%) of the Momiabolled material assoclabed
with the carrler TUP was in Ffact Y4C-Tup (as shown by
acid hydrolysis o o-thymine); (3i1) thab a large
proportion{at leant 70%) of the Mgmlabeiled material
apsociated with the carrier TMP was & pyrimidive
deprivative other bthan TMP (the lincrease in THMP speeclfic
activiby observed when (o) UbDr, (b) UR or {c) dUMP was

present in the incubabtion mixbure Indicates this since
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thore wag littla 146¢thymin@ isolabed asg cbompared wibh
the other products -~ Tables 1T, 11 and II, 12)3 (iv) tho
the mebabolism of YUMP synbthegised in incubation mixtures
wos not spared by the presence of cavyier THP? (v) that
the amount of 140~thymine ioclated was (Jecrensed when
carrier TMP was present ln the incubatlon mlxbtures

(vi) that UDr end AUMP were more efficient onowecarbon
wmit accepbors than wos UR3 (vii) thet there was no
significont difference botween UDy and AUMP in the rDle

of onew~carbon wnlt aceeptors.

¢ . o mate . 14 : T « 14
22. Gomparison of S G-sevine, -~“G-formaldehyde and "G~

foymate as one~carbon unlt donors in the synthesgils of

140 TP .

The replacement of 5»140~serine with. lég..
formaldshyde in the lincubation system used to study the
synthesisg of ;46~WMP has beon descrlibed preoviously
(Section IT, 18). The speciflic activity of the TUP
igoloted from incubabtion mixbures conbainlng G-
Fformaldehyde in place of 3-140~serima was not debermined.
However, it was concluded bthat 3=tGugorine functions
mach more effliclently as o one-carbon unit dopnor than
does lécwformmldehyde In this sysbtom gince the gpeciiic
activity of the Moamip isoleted from aystems conbaining
140»formalaahyde was too low 0 reglater on an Xevay

fllme
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Whon *geformete roplaced Smléﬁwsarine in
the incubatlon mizture, carrler TMP was added to the
incubatlion mixbure before deprobteinisation was
affectbod. The cearrier THMP wag rai&oiﬁtad by paper
chwonabography ag desceribed provicusly (Fig. i, 22)
and the specifie activity was dobermined. Although
the %C-Tommabe had the same activity (0.5 po/mmole)
ag tho $=4%C-gorine it replaced, the resulbs In Table
1T, 15 show thab the VY0P isolated hed o much lower
apecific activity when Ygaformate was the oneecarbon
donor than when 3-34Cesorine provided the one-carbon
wits. Hydrolysis of bthe TMP yielded ~*C-thymine
which agaln wogs of much lower spocific aetivity when
the source of the ono~carbon wnlts wes M¢-formate
than when it was 3=+%4C-serine.

Thus gerine was by Lar the most efficlent of
the threo one-capbon unii donors investiguted, The
reagon for Formeldehyde belng very Inefflcient is nob
cleary although 4t may be that the concantrations used
were toxle 0 the cell-Lroe exbracts. The very low
acbivity of the formate was oxpected since it has
been shown alrseady bhat the gyanthesls of NwCHEQHiFAH&
from formate takes place abt a very slow rate (Sectlon
Ti, 11). Horeovaer, l@U-fawmat@ hes besn shown not to

label the methyl group of DEA~thymine in growing ZHgch.



Table II, 13

14 _
Synthesls of * C~labolled "thymidyllic scid" by colle

free extracts of Bach. coli PA/LS and Lsch. coli 180w,

Tubes contained & cell=froe exbract of

() Hoch. coli PA/1S (5.8 mg. protein) or (b) HEsch.

coli 157= (5 mg. protein), ATP (60 umoles), FiM,
(3 umoles), Mgﬁb4 (40 mmolesl), pyridoxal phosphate
(0.6 umoles), TPN (2 umoles), glucose-6-phosphate
{20 wmoles), DFNH (2 amoles), Uhr (30 umoles) and
(i) 3= %gmgorine (50 umoles, 15 pe) or (11) Hg-
formabe (Sﬂdpmoles, 15 pe) In Tris buéfer (Oo1i,
pH 742), total volume 3 ml. Iincuvbatlion wag cerried
out under anaercbic¢ condiblons at 37° C. for (1) L
hour, (2) 2 noura, (5} 2% hours or {4) & hours.
Carrvier THP (5 pmoles) wag added to 1.0 ml, sawmples
of eanch incubsotion mixture before deproteinlaation
was effectod by adding 0.3 ml. BN-HCL, heatlng atb
1009 ¢. for 10 minubes and cenbtrifuging (5,000 g).
The specific activity (counts/min./umole)
(a) of the TP and (b) of the thymine from this

TMP was detormined ss in Table II, 1l.
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goli cells although it is freely ubtilised in

labelling the 2 and 8 positions of the puvrine
nucleus In the some system (Crosbie, 12568)}. Tho
synthesis of MC-THP from UDr and *%0~formate by

coll-froe exbractn of Tsch. coll PA/1S wmay be by

{1) a slow roduction of formate to formaldebyde
or {ii) o slow veduction of N5~£ormy1~F&H4-t0
N-CligOH~FAH 4 e Neolbtbheoy of Uheso processes bakes

place in growing Bach. coll cells since, in these

systous, formateo is (2) ubllised »apidly in the
gynthesis of purine and (b) oxidised vapidly Lo
G0gs  The reactions of formube in these two

sysbems (theb is, in (1) growing Hsch. coli cells

and (i1l) cell-free exbracts of Hsch. coll) may bo

reproseatbed by the schenes

| Roeduction oxidatlon
HCHO &~ — == = — Bovmnto > COP

PATLG N © NAOuf ormy LAY, »Carbon atoms B

\\gk\ T: and 8 in purines.

, TN
N <
NelHoOH - FAH,
[ 4
e
TMP -mothyl

\

‘K

!/

Jopy
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pathways in growing calls.
e y
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wmawwee pAthWoys in cell-froe exbracts of wrestiong cells,
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B5. Syntheals of Tgaqup by cell-fres oxbrachs of

RNy Gt SN i

Bach, goli 151-,

As BEsche coll 15T« Is a mutent which requires

aither thymline oy thymidine fow growi, cell~lree oxtrachs
of this organiem were not expecbed Lo eabalyse the
synthesis of G une £ wom iy and 3-4%Cesorine. Tho
enzymne bloek in this organism ig thought t¢ be ab o

stoge Imnedlately before Thymine (or TMP) on the synthebic
pathwoy. Therefore, a pool of the thyming precursor
Inmediatoly Delorve the bloek may agocuwnulabs whon colle
free exbracts of the mubant ore incubatod ln the systei

in which Mo-Pup 1s gynthesised by Eaclh. coll PA/LD.

Aecordingly, o cell-free extract of Bach. coli

16T -was incubabed under anserobic conditions with
Butd(mgerine and Dr in presonce of the colfacbors ATP,
PaH, , MgS0y, DPUH, TPNH and pyridoxal phosphate. Cerrlew
TP was added beforoe depreteiniaation waa-@ffmcted. TWQe
dimenailonal paper chromabogrephic sopsrations of tho
roactlion supernebent followsd by suboradiogrophy revealed
the same patbern oFf distelbubtlon of radiovcbive maborials
ag had been obtained {rom reacbion mixtures contalning

Upr, 3~+%G-gorine and o cell-freo extract of Esch, coltl

PA/LS (Wigs, 1T, Bl and IF, 28), with +%gelabolled
material colnolident with the vltraviolet-eboorblng spobs

of carrier TYP,
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The specific agtivity of tho eorrier TMP,
isolated as described previcusly (Fig., 1T, 22), was
dotevmined. Tho TMP was hydrolysed alszo to thymine
(BN-HG1 ab 1000 Qo) end the specifle activity of the
isolated thymine was determined., The resulbag in
Pable IT, 13 show that (1) bthore was no signifiecont
dlfference betwoen the specific cctlivities of TMP
lsolated from wrencbion mixtures which had been
ineubabed for 2 houwrs or for 5 houesy (Ii) the
specific activity of the ecarvier TMP was sboub 50%
of thoat of the carrise TUP isolated from a
correaponding incubation mixdure conteining o ¢olle

fvoe exbroct of Boch. coll PA/IS; and (1il) the

speciffic activity of the thymine isolated from the
Yo e was very low.

Thus 1T hag been shown that collefvres exbraoche

of Bech, coll 100~ gynthesise Ygalnbelled matorinl,
which ig nobt seperated from caprier WMP by paper

l4cnsmrin@. A minute

chromatography, from Dy and &=
proporbion (logss than 0.5%) of this 3 gm1abolled
maborial proved to be osmip, The vewainder consisbed
most probably of compounds whiech are Inbermediates lun
the synthesls of THF rather than mebtabolic products of
eq-re.

This gystem hag not as yeb besn lnvestigated

further, bubt it should provide a promlsing spproach to



the study of structuves of Interwedliates oun the THP

sybthetle pathway.

24, Hyunthosigs wf_E&thhy@iﬁin@mﬁ'«triphmsph&te and,

DNA-thymine by cell free extracts of Hsch cell PA/1S.

It woag obsorved that whon the nucleobido
Tfreactions of sysbamns from which 1%CJPMP was isolated wore
gubnitted to poper electrophorvesis, M pwlobelled material
migrated ab a rate faster bthan that of the cavrier TMP,
Under an applied potentlal difference of 13 volts/em. at
I 3.5 this “"Celabellod moberiol hed o mobllity L.4
times greater Cthan that of TMP, Tho lécwlabelle&
moterlal wag found to occupy spproximabely the position
to which thynidine~6'-triphosphate {(TPP) migrates under
the same conditlons (Keir, 1058).

Accorvdingly, o reactlion wmixture containing o

call=froo extract of Rach.. coll PA/LD, G=*%0asorine and

AUNP, Gogethor with the cofachors ATE, PAH , HES04,

TPWH and pyrldoxal phosphoboes; was ohromebographed on
paper og o band {(solvent, n~bubanol-wator) before
cdeproteinisation was eoffectod. The mueleobide Traction
(B 0.0 to 0,05) was isolabod and submlited to
olectrophoresis on pdper in c¢itrabe bulfor, pH 3.5’w1th
corrier TMP and TTP, woder o potential differsnce of

6,5 volts/em. for L7 hours, Fig. I, 34 shows that

auborediography of this elecbrophorvebogram rovealed



Blpura IT, 34,

. s o A . : .
Syathosis Of QQvlabéllﬁﬁ Ghymidine-51«briphogsphate

by coll«freoo exbracis of Hsch. coll PA/1S.

Avboradiograph of a peaper oledtrophorobls
separetion of the micleptlde Traction istlated from an
incubation mixbure conbaining 3*14G-$ariﬂe, QUMY and o

voll-fyoc exbtract of Bach, coli PA/LE together with

carvier TMP and TIFP, Tne nuecleotlide Lraction wasg
isplated by peper chromabography {solvent, a~hutansle
vaber). Flectrophoresls wag carvied out on paper
sosked in eltrate bulfer (0.08M, pH 5.56). Sepavation
was achiioved by epplying a potential difference of

8.5 voilta/em. for 1% houvs.

Completo incubablon mixbure - A cell-free extract of

Egche coll PA/LG (20 mp. protein), ATP (120 pmoles),

PaH, (12 pmolesl, Mg80, (80 pmeles), TPN (4 pmoles),
glucose~G-phosphate (40 puoles), pyridoxal phosphate

(03 pmoles), Bertmsorine (69 Pmales, 50 pe) and

auMP {60 pmolos) in Tris buffor (0.4M, pH 7.2), bobal
volume 6 xale Incubation was carried oubt undeyr snaerobic

conditions fox 4 hours ab 3%9 C,
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lﬁcmlabellad maberial coluncident with the ultraviolet-
absorbing spot of carrier TTP.

This soparatlon of the nucleotide materials
from the incubablion mixturs was carried out before
deproteinigation of the reaction mizbture wasg elfocted
ag PUP is both acide and heabt-lablle. Acecordingly,
the protein present in the incubavion woasg praecipitated
by heoabting for 10 minutes at 1002 ¢. Phis protein
was isolated, washed and hydrolysed. The hydrolysis
produts were submitted o two-dimensional papor
chromsbogrephy {(solvents, phanol-water and nebutonol-
water-acotle acld) followed by aubovadiography. No
14g.labolled matorial was Found Lo be associabed with
the aminco-aeilds of the protein thus precluding the
wnlikely posslbility that the 1%C~1aballad material
colncident with vhe cavrier PP on the electrophoretow
grom {Flg. 11, 34 ) wona 1écmlabelleﬁ proteln.

The synthesis of LG.prp in Sncubation
mizbures from which léﬁm@MP had besn lsolatod was nob
investigated furbher. Howeveor, the evidence obtalned
does indleate that the fash-moving ¢ wlobollod
material, observed on olestrophorebic geparabions of
the nucleotide Lractions of bhese lancubation mixbures,
is probably Lég-o1p,

Lehmen eb £1.{1988) have described a coll-

fres properation of bacterial origin whilech effeckts the



ARD LR
bransphogphorylationg TP > THP -0 and

thoy have shown algo that PIP ils iavolved iln DNA

synthesis In vitro ln the game ensyme syston. Ag

ohe progduct igolated from incubation mizburssg in
which 4¢P wae synthealsed hag been tenbtatively

¢ o 4
identificd ns 1 G

~TTP, tho posslblilty that DNA is
synthoesised in thoese systenms wag investigeted. A

cell-froo exbract of Buch. coll PA/IS {12.8 mg.

protelan) was incubsted in Tris buffer [0.1M, pk 7.8)

with 5&14¢~ser1n9 (éb pmolos, 20 Hﬂ) and UDr (40

pmcle&), in the prosence of %he cofactors ATP (80 pmoles),
FA, (5 poles), ﬂgsoa {40 pwoles), DPUH (2 pmoles),

PN (2 Pmoles), glucose~G-phosphate (20 pmoles) and
pyridoxal phosphete (0.1 pmﬂles), Incubation was
carried out In a botal volume of ¢ ml. unpder anserobic
conditions at 379 G. for 4 hours, The DVA was’

isolated from the incubation mixbure snd hydrolysed
(Seocbion IV, 20). The DHA In Incubatlion mixbures

containing cell-froe extracis of Bsch. coll 1313/3

{(Section IZ, £21) was lsolated elgo and hydrolysed .,

The DHA hydrolyssbes wero submibtled Lo two-
dimensional paper chromalography (solvent&,liggw
propancl~weter-IiQl and n~butenol-waber-Na0H) followed

o 14G

by antoradlography. -naterlial was found to be in

the thymlve position on these chromatogeams. The



hydrolysabes werve fracblonabed into the four besos
{(adenine, guenine, eybosine and thymine) by paper
chromatography eg bands (selvents, n~bubancl-waterl.
Gaeh of the four bases were rechromabographed on

paper {(solvents, igo-propanclewater-HGl and n-butanol-
wator~NiH, 01 ). Auvtoradiography agailn falled (0 veveal
bhe presgnece of any 140 1ahelled material which was
colneident with the nlitravioleb-ebsorblng gpoty of the
DASOS .

This Investigetion hag shown thait, although the

£
1 “O~-SuP

TuP aynthetlc syasbtems also synthesis T¥P, the
is not dncorpovated Into the DNA. Thusg the HNA aynithoetilc
pathway ig not onhe of tho pethweys by whieh THP (ov
thymine, Sectlon I, 17) is motabolisod by cell-froe

sxbracts of Hech. coll P4A/15 under the conditions used

in this wovrk.

26 The cababolism of thymine, thymlding and thymidylile

ocid by cell-free extracts of Pach,. coli PA/LE,

The cababollism of thynidine wes observed first
when It was found that the thymldine pregent in UDy as
o contominent partially disappeasred whoen incubabted wilth
washed whole~cell gugpensions or cell-freo oxbracts of

Rgch. eoll PA/1LS (Section ITX, 17). The experiments

described in Sectblon IL, 24 have shown that tho

thymidine was not incorporabed inbko DNA, Movreover,
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the thywidine was wrapidly hydrolysed to thymine by the

powerful nucleoglde phogohorylagse activivy present in

Baeh, 00li PA/LE and 1t seems unlikely thot e mochanism

for the synthesisg of TP by couvpling thymine end a
phosphopylated deoxyrivoside exists in these systoms.
In addivlon, washed wheole-cell euspensions of Esch.
coli PA/LG heve boen shown bo mebabolise thymine

(0,05 pmﬂles in 7 bours) in a syshom in which the only
source of deoxyyribose wes by do novo gyntheals or by
degradebion of DNA (Seoction IX, 17). Thus 1t wes
concluded that 1t was nobt an anabolic pathwey by which

thymine or thymidine fs metabolised by Dgoh. coll PA/LS

under Lheso conditlions.

Pink ot al. (1966b) reporbed thet rat Liver
slices cabalyse the catabolism of thymine by a nuwber
of pathways including one 1n which the initial attack
1g by the reduction of bthe 43b~double bond of thymiae
o yleld 4:85-dihydrothymine (DHT) which s further
degragded ©oO Pmureiaﬁﬁ&gﬁwbutyric acid (BUIB) and

@nmnincwmi.@g»bui;yric acld (BAIB). Accordingly,

cell-froe extechbs of ¥ach., coll PA/LS wore investigated

for the presence of this catabollce pathway uwsing thymine,

The reduction of thymlnoe, thymidine and THP

was followed by o apectrophobometric method Hased on
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that usod o confllrm the presence of pypridine nucleotlide

transhydrogenase activity in Bach. coli PA/LS (Section

I, 8)s A solution of (&) thymine, (b) thymidine or
(¢) TUP was ndded to a veaction mixbure conbaining o

coll=frao extrect of Tsch. coll PA/LS and TPIH which

hed been syntheslised in sibtu from TPN and glucogse-6-

phogphate by the actlon of glueose-G-phosphabe

aahydroganasa. Conditions chosgen wore those uwnder

whieh o limived amount of TPNH had beon syathesised by
including less than & molar proportion of glucogemGe
phosphate in the lncuvbatlon mlzxbtureo.. Yhe reaction

wag followed spectrophobomebyricully by meking uvse of
the volatlvely high extincbion of WPHH ab 240 mja
compared with thet of a mixture of TPN, thymlne and
the enzyme solubion ab bhe same wavelongbh. Fig. 11,
35 shows that the extinchlong of the solubiong to
which thyming or TMP hed been added decreased mors
rapidly tban the extinction of the controel bto which
wabor had boen added. This ls the sawme efffech,
although wmuch lesas mavked, that wes obialned when DPH
wag added bo & solutlon of TPNH wmder the same
conditions {Pig. 11, 8) and therefore 1t was concluded
that thoge observationg are censlistent with a very slow
roduetion of TP and thymine by TPNH, Plg. 1Y, B0

alao shows thebt the reduction of THMP proceeded ab a
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The hydregenatlion of thymine, thymidine and

thymidylie acid,

A solution of 1PNl was prepared by mixing
00 pmoles HESO4, 1 puole glucoso-6-phosphate,
246 puoleos TPY and a cell-free oxbtrect of HBsch.

coll PA/1S (7 mge probtein) in 15 ml. Tris builer

(0.1, Pl 7.2) = a system in which glucoge~6=
phosphate ia the limiting facbor in TPRH synthesis.
Toabs = 3 ml, "IPNH solutilon” +
(a) 0.5 nml. thymine solution (5 poles);
(b) 0.6 ml. thymidine solution
(B pmoles);
{¢) 0.5 ml. thymidylic acid solubtion
(ﬁ.pmales),
Control -~ & ml. YI'PHH sclution® + 0.5 ml. glass-distilled

waber

Tne oxtinctlion of each tvost and the sontrol
vas debermined abt 240 mp at fixed time intervalg over

o poriod of b hours and plotted agalnst time.
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faster wather then the reducstion of thymnine, wheveus
thymidine was 0ot reduced under these conditvtions.

However, the catabollism of thymidine by Bsche. coll

PA/LS in the presence of phosphebte buifer ls explainod

readily hy the action of nucleoside phosphorylese on

the thymldine to form thymlne which, ag ig shown in
Fige X1, 35, undergoses reduction. in the present
sxperimontys there la no gsource of inorganic phosphate
and accordingly the thymidine is not hydrolysed.

On the bagis of the sssumpbtion that 1 mole
of TPNH will reduce L mole of TMP it was calceculabed
that o totel of 0,025 pmoles of THP had been reduced
during 4 hours incubatlon at 26° ¢, In the case of
the thymine, sbout 0.012 pmoles were reduced during
the aamm poeriod. This wesult 1ls of thoe seme order
df magﬁituﬁa as thab abtainea previously when 1t was
found that €.06 pmnle& of thymine wers cababollsed
on incubation with o washed whole«~¢ell suspension of

Bgch. coll PA/LS ot 379 ¢, for ¥ hours.

Thoe nature of the produets of TP catabollanm
in thig agyastem was invesbtigeted by incubaling o colle

free extract of Dech. coll PA/LE (19 mg. probein) in

Pris buffer (Q.14, pH 7.2) with TMp( 7 pmoles) in the
presonce of the sofactors TPV ( & Pmol@s), Elugose=G=

vhoasphate {20 pmoles), DPNEL (B pmoles), ﬁQSOQ(éofﬂmOlGS)



148,

and pyridoxel phogphate (0.6 meles). Incubation
was carried oub in a tobal voluwne of & ml. uader
snaoroblic conditions st 37% ¢. for (a2} 3 hours and
(b) 5 hours. Doproteinigation was effected by
2dding 0.4 ml. 200-HOL aod hoabing ov 1007 ¢. for
10 minutes beforve the renction mixtures were
submitted to oxtensive paper chromptography.

When the supernatant from the reactlion
mixture which had ﬁeen lancubated for 3 hours was
submitted vo chromatography on peper (solvent,
nebutanol-waterl, a trace of meborial which hed
wlgratedl ab tho same rabe as aubhentle BAIB was
revsaled by spraying the chromatogram with niphydrin,
This material was present 2lso in thoe supevnatant of
the reaction mizxbure which had boen 1naubateé for §
hours, togethor ﬁith a trace of a compound which £aveo
2 positive reacition with Jl~dim@thylaminobanzal&@hyde
(PRAB) and which hed migrebted to the positlon
ovcupied by subhentie BUIB.

The prescnco of muecleotide products of WP
catabollism wes confivmed by paper chromatographic
soparation {(solvent, n-butanol-water) of the reaction
nixture which had besn incubated for 5 bours. The
nugleotbide fraetion (p 0.0 to 0,05} was hydvolysed by
hoating with 2N-HCLl at 1009 ¢, for 1 hour eund ithe
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hydrolyais'prﬁducts wors rechromabographed on paper
(solvent, bort-butanocl-methylebhylketone=-waber=-.
fﬁnmic acid). A swmell apot of material in the
position of BAIB was developed by spraying with
ninhydrin,

Since TUP 3s hydreolysed to thymine by
treabment with sM-Hcl ot 100° ¢, for L hour (Section
Ii, 18) and DUT 1 hydrolysed to BAIPR under the same
conditions (fflg. 36), it is & reascnable conelusion
that compounds such og 416-dihydrobhymidylic acld arse
hydrolysed to BAIB by this treabment. Thus the
appearance of BALR afbter the hydrolysis of the
nucleotide fraction of lvecubation mixbtures contelning

TMP, TPUH and e cell-free extract of Hsch, coli PA/LE

ig congletent with the occourrvsnce of compowds such

85 43b-dihydvobhynidylic acld in the reaction mlzxiuvuros.
In additlon, when the deproteinised reaction mixiure
wag chromabographed on paper (solvenb, &ggwprmpanolw
waber- HGL), two gpobs (Rp values 0.40 and 0.50,
respecﬁivelﬁ) of material, whilich gave a posibive spray
roacblion with PDAB, were veveanled. The neture of the
maberial appearing ags thess spobs was nobt detormined,
but 1t wes nobted bhat thelr mobillitiez dld not
correspond with those of DY, BULB, DBAIB or 4315

Aibydrothymidine (Bp vaiunes 0.81, 0.95, 0,70 and 0.77
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Hydrolysis of 4:5-dihydrothymine by (a) N-HCL
and {b) 2H-1C].,

Photograph of a peper chromatographic
soparation off the products of DHT hydrolyals b&
{a) heating with N-HCL at 100° ¢. for 10 minubes
(2) and (b) hesbting with 2N-HCGL ab 1000 ¢, fop

1 houwe (1),
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respecbively, in thig solvent)s Thig meberial nay
have Deen the nucleoblde material which gave rize o
BATE on hydrolysig,.

Thus 1% has been showa that TPHNH wlll veduce
thymine and TMP in the presence of a cell-{ree exbract

of Bach. coll PA/15.  BUIB and BAID have been isolated

Trom the reachion mizxbures bogether with e nueleotide
materiel which yields BAIB on hydrolysls with 20-HCL,.
The strucbure of this nucleobide material hasg not ag
yot boen more ully debermined bul it ls suggested

Lhat it may bo 4:&8~dihydrobthymidylic acid,

4
20, G=1lobellod materials produced by the gababulism

Aid
KTy

o

of g-mip synthesised in vitro by coll-froe extracts

of Mgeh. coli PA/LB.

Y pup

The guantlbative investigetion of
synthosls described in Sechklon II, 21 rovealed, among
other things, that (i) the *¥C~labelled meberial
sagoelated with caryrier THP afteor extonsive paper

Mo pup and (13)

chyomabography ceonteined veory libivle
a lerge propoxticn of this Mga1abellod matorial,

plihough not 14¢-TupP, was still a derivative of urscil.
The rosulbs discussed in Section IT, 25, show that TP

1s cabobolised by coll-free sxbtracts of Hsech. coll PA/LS,

the evidence avallable Indlcebing that this cababolism
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proceeds by way of a reductbion of the 4:15~double bond
in the pyrimidine ring. Accordingly, tho nabure of
the‘l%0§labellﬂd material which wos synthesiéed from
Be®egorine and (8)0Dr; (b) UR or (o) AUMP and which
had ehromatograpblie properties very similar Lo those
of THP was invesbigated with partlcular reference Lo
thse possibliiity that 1% was composged of 14carmy
catabollc produchts. |

Phe first ovidenece for the presence of 4G
labelled cakbabolle products of TP ih incubabion
mixbures from whiech }Qc.mmp was isolated was obtained
from the paper chromabographic saparations of these
Incubation miztures {(solvenbts, (1) iso~propanclewator-
HC1 and p-bubanol~water; (11) p~bubtanocl-wabeor).
Auboradlography »evealed the presence of radioachtive
moterials which migrabed (1) ab the seme rabe as
suthentlc BUIB (Material B, Figs. TI, 21 and IX, 23)
and (ii) at the same rabe sz aunbhenbic DHY (Material
D, Fige II, 251). |

Some svidonce Lor the presonco of 4:H-
Aihydrobthynidyiic acid in incubabion mixtures Trom
which 140»%%? wag lsolabed was obtainwd when & cell-

freoe oxtract of Bseh., coli PA/LD was ilacubabod with

% Gmgorine and (&) UDP; (b) UDr and TMP: {(e¢)UR; or
(0} UR and TMP in the presence of the usual cofactors

(Pable IX, 12). The nucloobtide fractions of these



reagbion mixtures were lsolabed by paper chromsbography
(so;veﬁtg ﬁwbutanolwwatar) and hydrolysed by treatment
miﬁh,QNéHC1 at 100° G. for one hour. The hydrolysis
rroducts wore submitited to papor chrometbograpbhy
(ﬁolvent, bort ~butanol=nethylethylketons-wator- formic
acld) followed by aubovadliography. TFigs. II, 37 (o)
Jand;II, &7 {b) show, in each case, the presencs of

"y
'lééulabelle& matorial which has migrated to the same

pugition ag o markeyr of aubhenbic BALB, The 1%6-
materlal is coinecident wibth materlal which develaped
the characteristic nmino-acid colour when the
chromatogran was sprayed with ninhydria. In pddition,
Piga. I¥, 87 {«) apd II, 37 (b) show small "double"
spots of radicactive material which hasg migrated to the
thymlne-DHT pogition (Rp 0.60) on this chromabogram.

It s probeble that these "double" spobs are composed
of thymine and DT,

A number of other 1@G~1abellga compovnds were
revealed by avboradlography of & two-~dimensional paper
chromabogrephic sepavabtion (solveats, tork-butanol-
wethyletliy lketone~water-NH,0H and Leort-butanol-
nobhylethylketone-water~Lformic acid) of the hydrolysig
produchs of these nucleobide fractions togethey with
carrier BAID, BULIL and DHYT (Fig. II, 38). The

auboradiogrophs showed that 5-+%-serine ("x%), 1%¢-



Pigure II, 37

J‘A
“Gelobelled catabolie prodmets £rom incubablon

wixtures from which 1&GmTMP_has boon Iisclatbod,

{a) Photograph and (b) suboradiograph
0% & papor chromstographic sepavation of the
hydralysis producks from nusleotide matorial
isclabed by papsr chromatography (solvent,
n-butanol-wobter) from incubabion wmixbures

contalining 2 coll-frec extract of Bsch. coll

PA/1E, HeldCesarine and (a) Dr (1)}: {(b) Ubw
and FHP (2)1 (e)UR (3); and (&) UR and Tup
{4), bogother with markeors of BalB, BUIB and
TET, (5)e

Complobe vreachlon mixbure « 4 cell-froes

extroot of Hach. coll PA/LS (19 mg. protein),

ATP {60 pmoles}, ?éﬁ% (D pm@les)g HES0,,

(20 puwoles), pyridoxal phosphate (0.6 pmoles),
TPN {2 pmoles); glucose-Gephosphateo (80 pmoles),
DPRE (2 pmcl@a), Gwttegorine {30 pmﬂlesﬂ 15 Pﬂ)
pnd {a) UDe (30 pmeles); (b) @r (50 pmeles) and
TP {7 pwoles)s {e) UR (80 pmolesl); op {4} UR
(30 pwmolos) and THP (7pmoles) in Tris buiffer
{030, pll 7.8}, tobal volume 3 nls,  Ineubablion
yag carried out undey onacroble conditions at
579 G, for 3 hourva. Deprobtelnisation was
affoctad by adding 0,35 ml. 10N~H01,h@atiug et

1000 ¢, For 10 minuntes snd contrifuging (5,0005.).
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Flpure I, 38

1é0~1&bolled catabolic products Lrowm incubation

wmixturcsg from vhich 1QC~TMP has booen isolabed.

Ausoradiograpn of a two~dimensionanl
papor chromabtographic separatlion of thse hydrolyslis
products from nucleotide mateorisl lsolated by
paper chromatography (solvent, p~butanol-waber)
from lncubation mixturves contalning a cell-Troe

14
extract of Hasche coll PA/LS, 3« (eserine and

(o) Wy or (b) MNr and THP, bogether with markers
of DAID, BUIB, and T,

Complote incubatlion mizture -~ The incubation

mixsuros were those deseribed in Filg. I, 57.
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alanine and o Tyace of léﬂ-laball@d aberial coincident
with tho carvvler BAIB were present. The naturce of
tho other *%4G~labelled materinls shown in Pig. 1T, 38
was nob determined.

The incubation mixbures conbaining a celle

frea extract of Rach. coll PA/15, B-leGagorine and

(o) UDr or (D) UDr and TP (Toble 11, 12) wers
chromatographsd as bands on paper (solvent, isg-
propanal-weter«-HCl)s Yhe products separated in
thils way were dlvided Into three fractions ~ frachlon
A{RF 0.60x0,75), fraction B which inecluded the carrviewr
TP (Rp 0.%5-0.85) end frection ¢ (Ry 0.85 - 1.0).
Afber bthe addltlon of carrier BAID, BUIB ond DHT,
fractions & and ¢ were gsubmitted to two~dimensional
paper chromabography (solvents, hert-butancl.
nethylethylketone-water-NlH40H and Lerb-butonol-methyle
alhylkotone~wator-formic acld) followed by sutoradlogrephy .
fractions A, B and € were hydrolysed (8N-HC1 at 100° g,
for one howur) and, after the addition of carvior BAIB,
BUIB, DIT and uracil=bSecarboxylic scid, the hydrolysis
products weve submibtted bto btwo~dimensional papor
chromabography in the same solvenb systen, followed
agaln by asutoradiography.

Antoradlograpghy of the fractblon A

chromabograng showed the pressnce of 146walanine ang
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a trace of 1écmlabelle& maberial coincldent with the
cavrier BAIB (Pig. 1T, 39(a}). No radicactivity
wag found to be agsociabed with the cerrier BUIB or
carrier DHT bub bthere was +4C-labelled maberial
(Rp vaives 0.70, 0.08) which was in the position to
which the amide of BAIB migrabtes ia thls solvent
system (Rp veluos 0.70, 0.063 Pink ot al, 195ch).
Autoradiography of the fyvaction A hydrolysate
chromebograms gave the same result (Fig. LI, 59(b)).
There was no +g-labelled maberial assoclabed with
the earrlor uvacll-H=carboxylic acid,
Autoradlography of the fraction B
hydrolysate chromatogrems showed “C-labelled
maborials coincident with (1) the carrvier TUP and
(i3} the carrler thymine (FPig. Ii, 85). OFf the
obher vadloachive spots shown In Pilg. IY, 33, one
was in the position to which alanline migrates in
this solvent asysbem but no gm1abolled naterial
coilncildent with the spots of carrier BALXDR, BUILB, DHT
or uracll=S=-garboxylic acid was debocted.
Avioradiography of the frackion G
chromatOgraﬁé‘favealed tho pressace of a trace of I4(
labslled wmabterlal which was colncidont with tho cavrier
BUIB {Pig. 11, 40(a))e Mo vadioactivliy coincident

with the carrlior HBAIB or DIV wag dotocbed bult Ltwo



Figuve Y1, 39

l%ﬂwlaballad catabollc preduchs from ineubation

mixturos from which 340-0up has boon isolatod.

Autovadiographs of two~dimensiconal popaer
chromatographic separablions of fraction A maberial
{a) before hydvolysls and (b) after hydrolysis by
SH-HGL at 100Y ¢, for one hour, Proction A was
the material of Rp D.60 to 0,75 separated by poaper
chromabography {solvent, iso-propanol-wabtor-HCi) of

inoubation nmizturves. ¢ontalining = cell~frego exbravt

of Bsch, coll PA/1G, 3~¢esorine and (1) UDy or

{11) UDr and THP.

)

Gomplate incubation mizxbture « The incubation mixbures

were those deseribed in Fig. LI, 37.
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abrongly radi@aéhiva apobs (RF waliuws D.88, (.85
end 0.0, 0.9 wore vieible., After Lruchion ¢ had
been hydrolysed, a8 trace of 14 G-labelled wmaterial
which was c¢olncident with ﬁhe carvier BAIE weas
doboctod but no redloacktiviv y wag found Lo 5@
agacclatold W& th the gpots of carrlor BUIE, DAY op
uracil=b~carboxylic necid. Theo wadloactive spob
0f Ry values 0.32, 0.85 wag no longer proesent ond
the spot of Ry values 0,0, 0.0 was groably
decrensed in intenslty while a radloactive spob
(Rp valunes 0.58, 0.0), vhich was not present bofore
hydrolysis, had mado lig nppedronco.

Tha rogsulbs obtained from this

R

investigation ave not ag cleav-cubt as desiroed, The
gi1abellona gonpounds which arve synthosised in
incubatbion mixtures from which 140 THR was isolataed
wero not all identified bub some eovidence foir tho
presence o Mo-pATH and HMC-BUIB wes obbtained. The
appoarance of g ~BAYE after hjdrolys e of thoe
nmiclootlide fractlons of these Incubablion mixbures
strongly guggests the presonce of a compound such ag
4 5mﬂ1hydﬁathymiaylic acid, - Ne evidence for tho
prosence in the veaction mlxbures oFf LS~hydroxymethyl
dorivatives, eitheyr as precursars or ag cuababolic

proeduchs of i%cammp, was obtained nor was ‘¢geuraciles-




Piguyre IX, 40

14
%“c»labolled cabtabolic products from incubstlon

mixtures Lrom which ‘MC « TP hag boen isoloted,.

Antoradiographs of two-dimensional paper
chromatographic separstions of fractlon ¢ mateorial
{a.) before hydrolysis and (b) afber hydvolysis by
2H-NGH ot 100° ¢, for one hour. Fraction C was
the material of RF 0.85 to 1.0 separated by papeyr
chromatography (solvent, lso~propancl-water-HQl} of
incubation mixtures conbalning s cell-free extrach

of Hach, voll PA/LB, 3~1@C#sarine and (1) UDy ow

{11) Uhr and ‘THP,

Completo incubatlon mixburo - The dncubatlon

mixnturse weve those desoribed in Pig. 11, aV.
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carboxylic acid isolated. Tho other 146»1ah@116ﬂ
moberials wore not identlified.
A comprohenalive sbudy of the catabolisnm

:!14
of  G«=THP by celi-~free oxtracts of HEsch. coli

PA/LES has pot as yebt bhoen carried outb. The
projected gsynthosis of authentic samplos oOF

possible ceababolic products of THMP shovld offer

o promiging approach Lo the probhlem of bthe mechanism
of avbhenilc 140wm@thylemﬁ gatebolism by Bsch. coll

PA/LG.
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SJection ILI 131 Discusaion.

Ganbaggg.

1, Introductlion.
2., The *S-mothylation" of the pyrimidine ring.
(1) Cholce of the onzyme SOUrCe.
(33) Compositlon of the "S-methylating® syaben.
(111) The bicsynthesizg of thymidylic acid.
(iv) The effect of a poel of wnlabelled thymidylic
aeid on Mo-thymidylic scld biosynthesis.
(v) Pyrimidine derivabtive inbtermediabos in ithe
blosynthesis of thymidylic acld.
(vi) The offect of vibamin Byo on thymldylic acld
blosynthoglis,
Se Tho catabolism of thymidylic seid.
4« The mechanlomg of thymldylic acld biosynthesis and

cataeholism.
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1. Introduction.

The purpogse ©f this study was to develop
a cell~fvee system in which the blosynthesls of
thywnine, thymidine or thymidylic acid could be studisd,
As bhas boen explained in Seetlen I, 1, the section
devoted t0 & description of the observations made
during this study (Seetion II) also incovporates a
dlscussion of the regulis of gach experiment as they
wore obbalned . Since each experiment was planned
on the basis of Informestion derived from previcus
exporiments, 1t was found necessary to adopt this
somewhat wusual format In ordsy that the logical
sequence of the experiments could be properly
undergtood . Sectlon 111, therefore, consgists of a
short general dlgcussion of the overall signiflcance
of the oxperimental resulits deseribed In Section I,
sogether with a correlstlon of these results with the
choervations reported by other Invesgbigators in this
fiold. Seation ILZI also takes the form of 5 summary

of tho results obtained during this sbtudy.
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2. The "Gemevhylation” of the pyrimidine ring.

(1) Cholce of the enzyma SOUree.

The cholice of the source of the onzymes
uged in the study of the "S-methylation® of the

pyrimiding ring foll on Hsch. coll uubtants as a

vogullt of the work of Woods and hils colloagues

{1952 and 1954) on the blosynthesis of methlionine.
Gibaon and Woodls (1962) and Gross and Woods (1954)
have shown thabt wholeecoll suspensions and cell-froe

xtyaets of Ngchs coll PA/IB, a glycine~ or sorine=

loss mubtant, cstalyse the synthesis of methionine

from homoeystelne and o one-carbon unlt produced from
serine, This reaction is formelly analagous to the
S=hydrozxyueothylation of deoxyurldine (or deoxyuridylie
acld) and, as the b~hydroxymethyl derivative of
dooxyuridine (or deomyuridylic acid) is o postulated
intermediate 1n the synthesis of thymidine (or

thymidylie acid) (Cohen ot al.,1966), Esch. colil

PA/LE wos chosen as the primary souvce of the enzymoes
nged in this study of thymine, thymldine and
thymldylic scld blosynthosis. |

A preliminary ianvestigation of the offect of
vitamin Byg on thymidylic acld blosynthesis was carrvled

out using cell-fres oxtracts of Esch, colli 113/3, a

methlonine~ or vitemin Bjp-less rmutent. However, no
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effent of vitanin Byp on the bilosynthesle of THP

from UDyr was demonstrated with thils mubtant and a

more deballsed sbtudy of the vitamin Blz-&epenﬁence
of the methylablon reaction 1s plapned using

Lactobaoiliug leoichmanil, an organisn regquiring

deogynuclocside or vitamin By, for growbh.

A prowising spproach 0 the study of the
gtpructures of intermedintes on the thymidyllc acld
biogynthetlc pathway should be provided by
emploving & mutant reguiving thyaine for growth

a8 the onsyme sSOUrce. Baohs colld 15%-, a

thymine~ or thymidine«less mubent, 1s thought bo

have an enzyme blogk av & gtege Immediamtely proceeding
thymidylic acld oo the blosyathetle pathway and,
therefore, it was thought possible that a pool of the
inmediate precursor may accumulete when & cell~{res

exbract of Bach, coll 16T~ i1g used in a system 3In

which & cellefroe axtract of Hsch. coli Pa/L5 cabalyses

the synthesis of thymidylic scid. ‘Unforbunstely, no
identifiable thynidyllc aecid precuvracrs were isolated

from such systems contalning Esch. ocoli 157- extracts.

However, this approach will bear further investigetlon.
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(13) gompositlon of the "B-methyleting" systom.

Ag hos been stabed previocusly, the synthesis
of methionine from homocysitelne and a ons-garbon unit
is formally anslagous te the synthesis of thymine from
a pyrimidine one-carbon ﬁnit aceopbor and o onew-
citrbon unitc. Aseordingly, when 1% had been verified
that bpth.whﬁl@weall guspensiona and cellnfveg

oxtrochs of Bseh. coll PASLS will catalyse the

formation of wmethionine from homoeystelne and sering
(Section I1,)2)abtomphs were made bo gbtudy the
synthesis of thymine and thymidine in the sawe systens
and wndler the sane conditicons with urseil or deoxy-
uridine replacing homocysbelne as Vthe onewcarbon unit
agecopltor molecula. 4 mievoblological nasay system,

using BEsch. eoll 16T« as the assay ovganism, wae

developed to enable the thymine and/or thymidine
gyntheslsed in these sysbems o be estluabed,

Howover, no detectable net synthesls of thymine or
bhymidine wae found ln these systems. Repetition of
these experiments uslng S=MCeserine (0.085 pe./pmole)
ag the one-gerbon unit donor and employing the
technidu@s of paper chromabography and autoradiography
to deveot I4C-thynine, Mg-thymidine and MGethymidylic
el ayunbtheoslsod also falled to demonstrate the

synthesis of thymine or lts derivativaes. Bimilarly,
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the aldition of cofacbors kaown Lo be involved in
ong~garbon unlt bransfor {(folic acld, N .
formyliolic acid and N5~f0rmyltwhrahy&r0f01ic acid)
failled Lo induce debtecbable net synthesls of
thymine or thymidine.

Tnibial atteompts to syntheslise thymine,

thymidine or thy«idylic acld using whole-tsll

suspensions or cell-fves exbracts of Bach, coli
PA/LS bavieg failed, a dotallod exeamination of the

enzyme sckivitles present in Esch. coli PA/LS

oxtracts was wdertaken, A thymine biosynthelic
syatem consisghta of three separabe gystoms, namoly
{e) a one~carbon wnit donor systemy (b)) a one=carbon
unit acesptor systems snd (¢} a hydrogen donor {ov
rediucing) system and, accardingly, 8 separaté.
investigetion of apch of those three systems was
undertalen,

(a) The one-ecavbon unii donor systom.

The production of one-carbon units from
serine is dependant on the presence of gerine

hydroxymethylase in the fsch, coli Pa/l5 oxtracts,

Blakley (1954} and Kisluik and Sakaml (1955) very
neatly confirmed the presence of this enzynme in
pigeon livey extracks by demonsbrabiog The synthesis

of Bed&gegerine from 2”146~g1yaine ond {1} formaldehyde



or (1i) o one~carbon unit derived from Leserine.

The prosence of gorine hydroxymethylase activily

in Bsch. eoli PA/LS extracts was confirmed in the

same way by the demonsitrabtion of 146~g1ycina
synthesis rom léﬂﬁﬁéarine and of YGegerine
aynthegis fyrom glyeine andilécufarmalaahyﬂ@
(Section IX, 10),.

Having ostablished thet gerine hydroxy -

methylase activity was present in Egsch. coli Pa/l8

exbracts, the conditions for optiman sctivity of
the enzyme wore studied by debtermining the amount
of lﬁs-laballed ons~carbon wnits {in the form of
Mpaformaldehyde) libevabed from 3-+4Q-sorine
under a vavioty of conditions. By this mesns,
it was esteblished bthat the reaction was Hi16:7iBw-
tetrahydrofolic acld-dependent, thus confirmling
an observation made durlng the study of serine~
glyelne inberconversion whon 1t was shown thab
the additlon of tetrahydrofolic acld accelerated
the rate at whilch 14C;~serine dissppeared from

ineubation mixtuves containing Each. coll PA/LH

exbracts (Toble 1T, B)e In addition, it was
found thet incuvbetion under enesroble condiblons,
which obviates ailr-oxidation of tetrahydrofolic

acld, was vecossary for one~carbon mnilt production,
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The navturs of the complex forming tho
ong~carbon wailt pool produced from sorine was
investigated by paper chromatographle analysis

of the profucts of sevineg hydroxymebhylese action

on 3-*%¢~gerine in the progsence of tebrabhydvofolic
acdd. Weakly wadicactive gpots of the pame
mobilivy wore soparated bobth fyom the products of
this reaction and Lrom the products oblained from
the non-enzywmic intoractlon of btetrahydrofolic
acld and 1@G«fmrmaldehyde. Since totrahydrofolic
acld and forpeldehyde are known to underge nonw-
enzymic condensation 4o formm N-hydroxymeithylietra-
hydrofollc acld (Jaeniche, 19663 Kisluik, 19573
and Blekley, 1958), the evidence proscntied by the
autoradiograph reproduced in Pley II, 12 sbtrongly
suggests that Nehydrozyethylbetrahydrofolic acld

i1 cne produect of the sctlion of serine hydroxye

nebhylase on sorinc.

On the basles of this information, the
primary one-garbon unlt donor sysbem was composcd
of S—E%Gmawrin@, t@%rahjarﬁfclia acld and pyridoxal

phosphate in the presence ©of rerine hydroxymethylsase.

Pyridoxal phosphate wag added to the system as &
rogult of the demonsbreted pyridoxal phosphate-

dependence of serine-glycine interconversion
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(Blaklaoy, 1255),
Although the regults obtalned during the
abtudy of one~carbon unlt production from serine

under the influence of Kach. coli PA/LE oxtrachs

{Table 11, 2) indicated that the crudo cell«Froe
extracts employoed conbalined pyridoxal phosphate,

in view of the evidence presented by Blékley {1955)
it wes decilded to supplement the pyridoxal phouphabe
conkent of the extracits to ensure that an adeguaie
pool of this cofector waes presenb.

Two obther one-~garbon unlt donor syatems
weore investigated. Thae fivst consisted of
14waarmaldehyde in the presence of Letrahydrofollic
acid and depends on the previously discussed non-
anzymic condensation of formaldehyde and tetraw
hydrofolic acld bto form Nehydroxymethylieotrahydro-

X 140»f0rmata

folic seid., The socond consisted o
in the presence of tetrahydrofolic aecld, ATP and
TPNH, This syston depends on the formation oF
Vehydroxymethyltetrahydrofollie acld from formate
and tetreohydrefolic acld via Nlouformyltetrahydfo»
folle acid and the N9, N1°~mgyhﬁuyl~ and methylone~
bridge dervivatives of tetrahydréfolic acld by o
pathway which has been discusged already ab zome

longth (Section I, 4). The operation of this
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pathway 1o extracts of resting ceolls of Esch, coll

PA/15 was confirmod by the isolotion of 1¥g~labelled
one~garhon wnits {in the form of l%cmfcrmalﬁahyde)
from this systenm.

Gomparison of the rabes of one~carbon
unit productlion Trom seorine and formabte showed
that, as oxpeckel, serine is a much more prelific
source of one-caybon uvwnits in the form of
Nehydroxynethylietrahydvrofolic acld than is formebe,
No compayable comparison of sorine and formelidohyde
was obtained.

{b) The cne~gerbon uwnlt ncceptor sysbei.

In all, four compownds (urecil, uridine,
deonyuridine and deoxyuridylic acid) wers
lovesbigated for abllity to aet as cone~carbon unib
AcCOPLoOrs. Although Hege and Sreenivesan (1954)
veported that uracll was converted to thymine by

vesthing Baclllus subtilis oulbtures, repebltion of

thelr work falled bto ghow that uracll could ach

an o one~carbon wallt acceptor in thymine biosynthesie
wnder conditlons which followed those descrlved by
the suthars as closely as possible, A similar

aysbem using Basoh. coli PA/LE 1n place of B. subtilis

also foiled to demonstrate tha synthesis of thymine

Trom wracil. This result was not uwnexpeected in
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view of the evidence obtalned from a varieby of
incorporation studies which have clearly implicated
deoxyuridine (or & nucleotlide derivatlive bherecof)
58 the primary oune-carbon unlt acceptor, (Seciion
I, 4)s

The vwse of deoxyurldine {and uridine) as
the one=-garbon uwiit acceptor was compllcsted by the

presence of puelooside phogphorylase sctivity in

Isch. coli. However, it was found this onzymo was

dependent on apn external supply of inorganic phosphate
and, thorsfove, could be inhibited by wreplacoment

of the phosphate buffer of the system by Teis buffer
(Beetion IL, 3)s In addition, the ivorganic phosphate

produced from ATP present by the adenosine-Hie

tri@hmsph&tmeactivity of Esehi. coll was Tound Lo he

insufficient to ceuge hydrolysis of more than 0%
of the nueleoside preseont thus ensuring bthat an
afieguate pool of the nucleoeside romalined in the
Syaten,

The evidencs presented by Friedkin (19087)
and Phoar nad Groesberg (1958) indicates that the
primary one=-carbon unit acceptor in thymldyllic scid
blosynthesis was a nucleotids derivaiive of
&moxyuridine whereas Blakley {1987), on the othey

hand, found that the nucleoside acbed as the primary
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one~carbon unlt sccopbor. However, no evidence
pointing to deoxyuridylic acld as the primavy
ong-carbon wunlt accoeptor in prefervence Lo deoxye

uridine, or wvice versa, was obialned from the

prosont experiments., Bach, coll PA/LE extracts

were found vo contaln hoith deoxyuridylic acid

phogphononoogterase and deoxyuridine~5Y-phosphow

kinage acblvities with the offect that the
pddition of either deoxyurldylic acid or deoxye

uridine to an Bech. coll PASLS extract quickly

rosulied in o mixture of both nuelecozmlide and
aucleotide being formed {Seetions IT, & end II, 9),.

(¢) The hydrogen donor systom.

Since the "SH-methylobion” of a pyrimidine
ring obviously involves the reduction of o one-
carbon unldt at the oxldation level of {formaldehyde,
the provision of e hydrogen donor {or roducing)
sysbon 1s necessary. Both TPNH and DPHHN wewo
utilised in this »8le.

PPN was synthesised in ity Trom TPN and

gluceoge~6«phosphate by the action of the glucosg-G-

phogphate dehydrogensse present in Esch. coli

sxbracts, the praéence 0f this enzyme activity in
the extratcts readlly belng conflvmed by a speebro-

photomebtric method {(Section I, 8). Moreover, the
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presence of this enzyme activibty in Bsch. cell

prbracts epabled a vyapldly solf-regenevalbing
hydrogen donor system te be esgtablished by ths
uss of PPN snd glucose=-G-~phosphate in the molar
ratlo of L:l0.

The use of DPHH as the hydrogen donor

wai compligatsd by the presence of DPNI oxidsse

actlviby In the Isch., coll extracts. However,

the use of snaerobic conditions inhibibs the acbion
of this enzyme and, morsover, a rapldly =elie
regenerating system for DPRHE formaetlion ip situ can
be established by uwsing DPNH, TPN and glucogse«bi~
phoaphate in the molar ratlo of 1:1:10 by virbue

of the ohserved pyriding nuclsootlde transhylvozenase

scoblviby of Esch, coll extrachbs {Bechbion I, 8),

{(1ii1) 7Thoe biecsynthesls of thymidylic acld.

When the presence of the necessany

accansory enzyme activivies in Bech, coll PA/ILS

had besn confirmed and the optimum sondibions for
the operablion of each of the threo gystems (onge
carbon unit donor, one-garbon unldt scceptor and
hydroegen donor) necessary for the "B~methylation”
of the pyrimldine ring had been established, the

blosynthesis of thymine was relnvestigated.
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However, alithough the synthesls of thymidine from
deoxyuridine by rabbit thymus extrects was demonstrated
wder the same eonditions us used by Blakley (1957),

no evidence of thymine or thymidlne bioaynthesis by

HBeeh., cold PA/LE extracts under the same conditions

oy Ohtained. Accoydingly, in view of the evidence
that the methylation reaction takes plecse ub the
nuclectide level {(Friedkin, 1957), the resction was
reinvestigateod at this level.

It was found thaet cell~free extvacts of

Baoche coll PA/LE or Bsch. coll 113/3 will catalyse

the Formation of 14C~thymidylie smeid from deoxyuridine,
nridine or decoxyuridylic acild and a onee-carbon unit

14q Mearomate or L0-formalde-

derived from H= w3OTING 4
hyde in the presence of the cofachbors ATP, mgg*,
totrahydrofolic acld, pyridoxal phosphate and TPNH
{or DPWH) when incubabtion is carsied ocub under anserobic
conditions (Sections 1T, 193 1T, 21; II, 22 and I, 24).
A preliminary veport of the biosynthosis of 14¢.
thynidylic acld In ithis system has bheen made already
in e paper read to the Blochemical Sceleby (Birnle and
Croshle, 1958). A copy of the published abstrasct of
this paper ls appended.

The identificution of the ¥¢~thywmidylic acid

gynthesised in these systems depended upon the Tallure
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to separabe radiocactiviity from edded carrier thymidylic
acid by paper echrometograpbhy In five different solvents
and by paper eleectrophoresls at pil J.5. Alshough

this methed of 1ﬁ®nﬁif§ing gompounds is not whelly
gatisfactbory, lts use in this caso was uwaavoidaeble,
The defeeh in the method was elearly illnatraboed when
1% wasg found thab tha.140~ﬁhymiﬂylie acid, on aeid
hydrolysis, yielded l@$~thymime of muen lower apecific
activity, However, the fact thabt the 1@Gﬁthymine.
Cigglated from the hydrolysis products of the parent
01éaatnygmidylic acid" proved to he chromebtogrephically
hemogeneous confiemed that a propovtion, ab least,

of the pavent "4¢-thymidyviic acld" was indeed
anthentic 140*thym1dylic scid (Secbion II, 21).
Moreover, the very large decvease in the yleld of

the parent "Mg-thymldylic acid" produced by the
exeiuzlicn of pyrinidlne one~carbon unit accoplors

from the thywidylic acld blosynthebie syatem suvggests
that the parent "14C-thymidylic aecld" is composed of
pyrimidine derivatives. Thig, together with the
ohaervation thet the specifice sctivitlies of the
Mo-thymine samples isolated were proportional to

those of the pavent "IMo-thymidylic scld® samples,
suggests that the concluslions drawn Leom consliderations

of the parent "1C.thymidylic aecid! specific activities
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are nob invalldated by bthe regogouition of bthe
heberogencous nabure of bthe parent "léCethymidylic
aclda”.,

The rocognition of tho hebervogeneous
nature of the "1%thhymidy1ic acid” isolated
imnediatoly posed the guestion of the nature of the
p.labelled material which was not ssparated from
authentic thymidylic acld by extensive paper
chromatography and electrophovesis, It has been
pointed out that evidence to suggest that the
radioactivity 1s assoclated with a pyvimidine
derivative bhas been obbalned. Although "1&C~
thymidylic acld" wag lsolated from sysbems to which
no pyrimidine compound had been added, this
"lécmthymidylic acid? wag shown to contain aubhentic
140-thymiﬂylic aclid in the same proporblon as in
W4 G-thymidylic acld" isolated from systems to which
decoxyuridine or deoxyuridylic acld had Yeon added
(Tebles ¥I, 1) and XX, 12), Thie obaervation suggestis
that the "ldg. thymidylic acidsynthesised in
Toyvinidine~less™ systems is a pyrimidine derivabive. ..
and not a serine mewabolite. The presence of a small
pool of deoxynuclecside or deorynucleotide in tho

Esch. coll exbracts would account for the synthesis of

H14Gethymidylic acid" io "pyrimidine-less™ systems,
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However, the possibllity that the paronb
#eGebhymidyllc aeld® is meioly composed of
materiel which is not a pyrinidine devivaitlve mush
be adwmittod. it 1o concelvable that the mabterial
ig tvotal unrelated to thymidylic acid and that it
way o a compound such as a phosphorylated 1&¢-
labholled sugar derivabive derived from FrtdQuegorine
and deoxyribose (or ribose) libersted from

decxyuridine (or urldine) by the feeble nucleoside

phosphorylage aetivity of the enzyme sysbem used.

Indend, the observation that cell-free extracts of

Baghe coll 16%=, o bhymine~ or thymidine~less
mutient, would catalyse the formabtion of “1@G~thymiéy1ie
acld" from 3-t4Cagerine and dooxyuridine providos

evidonce in support of thils suggestion.,

(iv) 9Shoe offect of a pool of unlebelled thymidylic

aeld op 1ﬁc~thymidylic aeld blogynithogio.

e presence of & pool of unlabelled
thymidylic acid was found Lo docronse the yileld of

4, :
l“thhymiaylie acid syoubhesised rom

aubhentic
deoxyuridine or deoxyuridylic acld and 5~140~$erimo.

. This observation indicates that a pool of thymidylic
nedd tends o inhibit the synthesis of MQethymidylic
acid. On the other hand, the awount of the parent

" oo phymidylic acia" synthesised was nob decreased
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by a pool of unlabelled thymidylic aai@.' e
obgorvation again suggests that the bulk of the
parent "oothymidylic acid” is unrelated to
thynldylic acld. Iowever, the signiflesnce of
this obsecrvation will remain obscure until thé
abruchure of the paroad "14C*thymidylic acld" is.

glueldatod ,

{v) Pyrimidine derivative inbermediates in the

biosynthesls of thymlidylic acid.

.

It was suggosted previously (Biranle and
Grosble, 1958) that two *%¢-labelled materials
isolated from systems in Whi@h.léCnﬁhymidylic ac¢ld
was synthesised wers inbermediates on the thymidylic
acld blosynthetic pathway and that those mebterialg
were, in fact, the B-hydroxymethyl derivatives
of deoxyuridine and ée@xyuridylia 2010« Investig-
agion subseguent to this rebart hasg shown that these
two materisls were both & mixture of alanine and
glutamle scld produced by the action of the sovine

deaminase activity of Lsgch. e¢oll extracts on

s=ldGegorine followed by further wetebolism (Section
I, 20).
Despite extensive lavestlgation, no trace

of the b-hydroxymethyl derivebtives of uraeil,
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deokxyuridine or deonyuridylic ascid were Tound Lo
be present after Incubation of the thymidylic aeld
Pilosynthotlc systema. The evidence obtained
appears to rule out the possibility of the presence
of a detectable trace of &mhyerXymaﬁhyluraail or
5mhydrmxymﬁth&ldeoxymridine. Hoﬁever, by analogy
with the kneown acld-lebillty of the hydroxymethyl
group of bBe-hydroxymethyldeooryeytidylic aold (Wyati
end Coheon, 1952), the possibllibty that S-hydroxy=
mothyldeonyuridylic acid may give rise to uracil
rather than bH«hydroxymethyluraell on acld hydrolysils
must be admitbed. No aubhenble S~hydrozymotiiygle
doonyuridylic acid bhelng avallable, the bebhaviour of
the nucleotide on scild hydvolysis could not be
invesbigaboed.

No vecognigable pyrlmidine derivative
intormediates were isolated from the systems in which

Bgch. coll LBET=- oxbrects veplocod Egech. coli PA/LE

extraetm; lﬁﬂwlahalled material with the ssme
chromatographic propertles as thymidylic acld wes
isolated From these systoms bub, uvaloritunatoly,
atbempts to ldentify this substance were unsuccessiule.
Howevor, tho simllarity between thies 14¢.labslled
materlial and the pavend “1%thhym1ﬁylic acld® dsolated

from the Esche coll PA/1S systoms indicabes that the
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possibility that 1t is not a pyrimidine derivetive
warranbs caveiul conglderablion,

The Glffioculiles Inherent in synthesising
atthentlc samples of possible Intermedlastes such
ag 5whydroxym@thylde&ﬁyuriaylie acl@, the 4125«
dihgéwomﬁnhydroxymethyl derivatlves of uracll,
deoxyuridin@ and deoxyurldylic acid and the
condengation produchs. of wragil, deoxyuridine and
deoxyuridylic acid with N«hydroxymethyltetrahydro«-
folic aeid (I, Pig. I, B) precluded the investigation
of these gompounds as intermediates on the thymidylic

acld blosynthetle pathwuay.

(vi) The offect of vitamin Bip on thymidylic acid

bloasynbhoesis,

The mutent used in these experiments,

Bsch, coli 113/3, was not wholly suited to the situdy

albtempted since tho orgenism is o methionine- or
vitemin Byo~loss mutant and, therefore, it is possible

that vitemin Byg~deficient ecells of Hsch. coll 113/5

contaln, or can synthesise, sulficlent vitamin Byo %o
effect thymidylic ancid blogynthesis while belng unable
$0 synbthesise methionine. Repotition of this work

using Lactobaeililus lelchmannil, which requires

vitamin e ov deoxynucleoslide for growbh end which,

therefove, is mowre sulbable Lor this study than is
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Boch. coll 113/5.

However, 1t was found thal the addition of
vitanln B., t0 a system conbalning deoxyuridine,
etdgmaerine and on extract of vibamin Big-deficlont

colls of Esch, coli 115/8 increesed the swount of

“14o thymidylic peid” synthesised, indicabing bhatb
vitomin Byp was involved lu the "wmeothylation”
renction. No offoct of vibamin Byn on weldine-
ribere reduobion to thymldylic ascid~dooxyrlibose was
found although Downing end Sehweigert (1956) have
shown that vitamin 313 is involved in DN4~deoxyribose

synthosis in Lectobacillus lolchmannil (Section LI, 19).

It mugt be pointed oub, howevor, that bhe
validity of these rosulits is plesced Iin doubs by the
gubseqguently discovered heterogensous nature of the

ﬂlécwthymidylia aeid¥,

de The cababolism of thymidyllc acdd.

It was observed thab & swell proportlon
of apy bthymine or bthymidine present disappeared
from incubation mixbures contalning elither washed
whole~oell suspensions or celli-~fpyee extrachs. of

Bseh, cold PA/1S in phosphate buffer. The folluve

to detect any iéﬁ*thymina in vhe DNA isolabed from
gysbens in which i4cwthymidylic acld was synthesised

ruled out the paasibility of thyunine incorpovabtion
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into the DNA of the orgonism, albhough it was found
thaet 140wthymidinaw5’mtriphoaphata we.s synthosised
in those systems, Albernatively, the thymine may

undergo an Lsch, coll-catalysed degradation by tho

pabbhways observed by Fink gt al. (1956b) nsing rab
liver slicoes.

The reduetlve pathway of thymine catabolism
was investigated by a spectrophotomelyric techniquoe.
It was found that TPNH ﬁiﬁwly disappesred from
ineubation mixtures containing thymine or thymldyilc

acld and Lsch. coll PA/LS extract in Tris huffer,

indicating that Bach. coll extracts cabalyse the

roduction of the pyrimidine 4:b-double bond o
thymine apnd thymidylic scids. Conflymation was
obtained with the isolation of small ameants of

F ~gmino=igo~butyric acld and F«umic’mﬂ.‘gﬁg-
butyric acld from among the products of thymidylic
acid catabolism. Horeover, %- amino~ilso~butyric
aecid was isolated after acld hydvolysis of the
nueleotide Traction ol the thymidyllc acld
degradation products, suggestling the presence of
43 S«dikydrothymidylic acid among thess products
(Section II; 28).

It was found thalt thymidioe &id not

uondergo reductlion in a phosphate~froe uifer,
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indicating thev the previouvsly noted cababollism of

thymidine proceeds by way of a nucleosldo

phosphorylage«catalysed hydrolysle bto thymine.

However, the obheservation theb thymidylic acid s
reduced at o rate btwlee that of thymine indicates
that the veduction of thymidyllc acld doag not
foliow a simllay hydrelysis to thymine.

1%Gwlaballad materials

The abudy of the
14 .
produced hy the catabolism of — C-bhymidylic agld

aynthesised ln sibu by Bsch. cold PA/LH ewmbracths

(Section II, 26) yislded no furbther infovmabion as
to the structures of the thymidylic acid cababolic
praducts. Tenballve identification of léawl&hellad
&1b=QAihydrothymine, F ~upeido~iso~bubyric acid and
Bmamzlncwm-hmtyria acld was made by papoy
chromatographie analysis of the reasction produchs.
Ho trace of léﬁ«&-hydraﬂymﬂkhyl o 1ﬁ6w5~cﬂrbmxylia
acid derivabives was found and thus no evidence for
the gperabtion of an oxidsbive cenbabolle pathway wes

obbeined,

4, The mechaniswe of thymldylic seld biosynthesis

and caboboliswn,.

The evidence dlscussed In Seocbtion I, 4

has clgarly duplicabed N-hydroxnywethyltobrabydrofolle
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acld as thoe lmmediato one-carbon uwnil donor
involved in the synthesis of the thymidylic acide
methyl groupe fvidenceo In corroboration of this
councluslon was oObtalned during the present study
on the blogyntheslis of thymidylie acid when the
presence of & poold of N-hydroxymethylbebtralydroe
follic acld was debtsecteld in the thymidyliec acld
blosynthosis gystem usedi{Section II, 1L). ¥o
evidence as to the nature of the primary oncw
carbon unit acceptor was obhalned. However, it
hag hseen shown thalt deoxyuridine, uridine and
deoxyuridylic acid all act sa opno-carbon unlt
accoptors in the bviosynthesis of thymldylic acid,
but ne evidaence as to whether deoxyueldine owv
deoxyuridylic acid ls tho primary one~carbon unlt
agcopbor was obtained although it was found thab
the product of the meothylabtlon reaction was a
nuclectbide derivatives

The further dotalls of the blosynthetic
mochanism wore not elucidatod. No identiflisble
intermediates were isolated and no rellabls ovidence
ag bo the procise mechanism of thymidylic acid
biocsynthesis was obtalined,

The catabolism of thymidylic acld by Esch.

coli PA/1E has been shown to proceed by way of an
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inltial reduction of the 4:id-double bond of the
pyrimidine ring. The pathway of further catabollan
of thymidylie acld was not slucidated, but the
detection of ‘g =amino-lao= butyrie aeld aand

(3 «urgldo~igo-butyric acld auong the cavabolic
producks strongly suggests that the cababolic
pathway is similar to bthat propoesed by Fink ot al.
(1956 ) for the reductive cabtabollsm of bthymine

by rat liver sllices.



Bection IV H Expeorimenbal,

le Cloaning and sterllizing glasswarg,

2. Culbture and heyvesting of wloro=-0rgonloms ..

5. fNicrobiologleal assays.

4. Froeparatlion of cell~froe extracts of Becherischis

5+ Prepavation of extracts of yabblt thymug glands.

6. Estimebtion of protein concentrabion in cell-frec
SRLTACLS .

7. Bources of mabtevrials.

8¢ Prepavablon of folic acld and some folie acld
derivatives.

9., Synthosia of 5H:6:7:8-~botyabydrofolic scld and Ne
hyQPOXymethylwﬁsﬁ=?=8aﬁatrah§drofolic 20314,

10. Preparation of glucoso-G-phosphete, fructosg-l:be
disphosphate and thymidyliec acid free of heavy mebal
ions.

1l, 8Synthesis of deoxyuridine-5'-phosphate (deoxyuridylic
aclid).

12, Synthesis of [P ~ureido-iso-bubyvie acld.

13, BSynthesiz of bH-hydroxymethyl derivetives ef uracll,
uracll nucleosldes and uracll nucleoctldes.

14, Tebimation of amnonis by Nessler's reagent.

188,
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Batination of kebo=acids Ly 2:4-dinitrophenyle
hydrazine.

Rabimablon of inorgenlc phosphate ip tho presonco
of 1labile organlc phosphabog.

Tatimation of Fovmaldehyde by chromatroplic acid
raégentﬁ

Micro~determinatlion of nucleogide phosphorylase

acbivity of Bach. colil PA/1S5.

Estimation of N~(14G~hydroxymebhyl)~5=63738—
sebrahydrofolic acid by degradabion to ¢
formaldehydo.

Laolatlion and hydrolysis of deoxyribonuclelc scld,
??eparatign and separebion of the Rid~dinibtrophenyl
derivatives of glycine and serine.

Paper chromabography .

Paper qloctrophoresis.

RDetectlion of msterials on papor chromatograms and
elecbrophoretograms.

Mboradlography of paper chromatograms and elecbro-
phoretograns.

Asaay of wedlooebivity. )

Geneyal eozymic incubation techniguos,.
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e Gleaning sand sterilizing glogswaro.

Tuhes and flasks used for microbiclogical
work were cleonoed by heabing with bolling 10% nitric
acld for ope hour, washod thoroughly with btap-watowr
and finally rinsed three times Iin glesg-disgtilled
Water. Pipoettos were steoeped overnight In o mixture
af wethanol, water ond 60% KOH (185.7r 3,5: 1) and
ringsed guccossively with waber, dilube HCL, btap~waboer
{soveral times) and glass-distilled waber (throes
bimnes ). All othor glassware used ~ cenbrifuge
bottleos for hervesting cells, centrifuge tubos,
incubailon tubes (M"QuickPit" stoppoered test-tubes),
pinoblLos otGe « Was steoeped In concentrabted chromie
acld ot least overnlipght, washed thorvoughly in tapn
wabor and Finally in glagse~dlstllled wabter (three
LAmos ). A1) glesswoars was drled in an oven ab 1000 C.

Aelucions were sbordilized in fissks or tubes
plugged with non-absorbent cotton wool. Nutrient
agay gloped Fov Lactoerial eunlivres wers sterilized by
hoating in an auboclave st 15 lba./s.in, for 16 minutes.
Solutions were sterlllizoed in the same way or by bolling.
Tubeg and plpetliss Yor microblological assays vere dry-

sterilized by heabing at 180Q ¢, for onoe hour,
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2. Gulbure end barvesting of micro-organisma.

The organisms uvsed in thls work were

(i) Bscheorilgechia coll PA/1B, a glycine«less, scrine-

loss mabant which was kindly provided by Professor

D.D. Woods; (1i) Bsch. coll OW 194, o mebhionine~less

mubent kindly supplied by Dr. Ceibtheml: (i1i) Hsch.
coll L&T~, o thymine-less wobent kindly provided by

Dr. 8.8, Gohony (iv) Bsch. coll 115/3, & methioninow

or vitamin Byg-lese mubant kindly provided by Dr.

B.D. Davis and {v) Bacillus subbilis W.C.I.B. 8059,

a wild-type organism capable of growth on a siuple
glucose~aunmoninm galt synthetle medium. The micro~
organisms were maintained on nubrlient agar slopes
{prepared from "0xoild" brand tablets, code No. (N4)
at 49 C, with monthly transfor.

The mubants of Hseh, c¢oli, when required

for an experiment, were growa on & ligquld basal mediunm
supplemented accowling o the needs of the particular
organlism. The bagal mediuwm conslsted of KHaPO4

(844 gads (NH )80, (1.2 go), Mgs0, (0.4 g.) and glucose
(12 pa) dissolved dn one litre of glass distilled water
and adjusted to pi 7.2 with Si-NacH (approx. 6.2 ml.).
Supplementary growth factors, in exeoss to that necessary

for full growih of bthe orvganlisng, wore added as follows:
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(1) Dlmgerine {(final concenbtration, 280 mg./ litre) and
Di~alenine {({inal concentrution, 170 mg./litre) for

Bach, coll PA/LS (Davig and Hess (1949) heve shown

thet Deserine exerts an inhibitory effeet on bhe growih

of Bach. coli PA/Lb,giving rise to an inltial lage

phage of up o 48 hoursi the addivion of DL~alsnine
overcomes this inhibition);
(i1) thymine {(final concentrabion, 1.8 mg./litre) for

Bache coll 1650w}

(111) Lewmeothionine {(final concentration, 50 wg./litre)

for fHgch, coll 113/3.

Haedllius subtilis was grown Iin Houx bottles

on 2 basal medium conslsblng of (NHg)g HPO, (1.0 gJ,
BCL (042 g, MgS0y (0.2 g, glucose (10 g) and agare
ager (B00 gd dissolved in one Litre of glesgss-dlstilled
waber. This organism would nobt grow in liguld bhagel
medium, oven with aeration, but grew wsell on the
surface of the semi-golld medium employed. TFor
harvesting, the clusters of cells were washed off the
surface of tho agar with a sgbtyvean of waber.

In each case, with the exception of Dseh.

coli 118/3, the hasal mediua was inoculabted froa a

slope, elther directly or from a suspension of cells
in sterile water which had been inoculated directly

from o slope. In the coese of Bach, colld 11&/% it wos
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nocessary to deplete the cells of vitemlin B,,.

The inoculum of Bech, coli 113/3 wag beken frowm

the soocomd of two serial subwcunlbures in basal
medlum supplomented with Lemethioniae (50 ug./ml).

The inoceulated medlum was incubated at

(1) 879, for Esch. cold or (ii) 30° ¢, for B
subbilis Tor 18 v 84 hours, the cell 3usp@néions

so obbtained belng harvesbed by cenbrifuging

(2,000 g) at 0% G,  The thick pasie &f colls
cellectod was washed thres times wiﬁh chilled glagge

dlsbilled waber and stored la o refrigevabor,

Se Microblologlcal Ggsays.

L-mothionine was assayed using Bsch., coll

CW3194, » mubant which ig blockod between homooystelno
and mebhionines The growth resgponse curve of this
ovganiem (Fig. IV, 1) was consbrucbed as follows?

To gach of a serieg of gberile tubes { 6" x
1" pimless "pyrex') wos added 8,5 ml. basal wedium and
1,0 ml, of a sbtorils solution of Lemethionine of
variovs koown concentrablons. A Blaonk tube, vo which
1.0 ml. sterile waber wes added, was ineluded in the
serles. Hach tube was Inoculabed with 0. ml, of &

cell-~gusponsion of fisch. coll CWl84 which had been

growa previously in besal medlum supplemented with a



Floures IV, 1 and IV, 2

Growbh response curves of (1) Hseh. ¢oll CW194 50

Lemothionine and (ii) Jseh 13 157~ {o thyming.

Asgey syabem & 8.9 ml, boagal mediuvwm + 1.0 ml. of 8

sterile solution of (i) T-melhionine or (ii) thymine
Inpenlated with 0,1 ml. of a suspension of (1) Hsch,

goll Cwipd or (43) Bagch, coli 157=. Incubstion wagy

careiad oub ab 370 ¢, Lo ﬂﬁa%ionary phage (18 to 2¢
nowes ). The cell susponsions were treated with one
arop of formalin (40% formaldshyde) and allowed %o
sband at room temporabure for one hour befove the

extlnebiong at é&@mp warg Aaobtermined.
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sub-~opbimal amount of Lemothionlne. By bhis meana,
orcors due Lo carvy-ovey of éxaass Lemsthionine in
the incaulum were avolded. The Inoculated medla
were ineubabed at 37° C. for 24 howars. When growth
was somplebe The c¢ells were killed by tho sddlbion
of one drop of formalin (40% Lormeldehydel to each
tubes  AfGer One hour tho optleal &énsity of each
call susponsion was determined in & cgpectrophoto-
mober {Unicam SP6GO) ab é%@ e

The Assay tubes'ware prepared and incube-
ated in duplicate and the grow th response curve
confirmed by repetibion. Excellent duplication of
rosults was obbeined under standard conditions.

Thymine and thymidine wore sssayed using

Boch. coll 15%-, and the growth response suvve of

thig orgendem (Flg. IV, 2) was constructed in

precisely the gsame way fs was the growbth vegponse

curve of Bgoh. coldl (WI94, using thymine In place

of Lemobhionine, Duplicetion was not achieved ag
readily in thigs case; especially abt low concentrations
of thymine (of ths order of.ﬁ.lfég U4 mpmoleaﬂnl,)m
due bto the ogeasgional bendency of the eorganism to form:
long filamenbouns colls end mndefgm clumping.

Solutions of methionine and thymine op

thymidinoe of unknown coneenbration werve.essayed in
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the geme way as the growth response curves were
congbructed, 1.0 nl, of sach sberilo test solutlon
belng added Lo the gyﬂtém in plagce of the

stondard Le-methionine or thymine solubions. Assays
were carplod oub in‘dnplicate and. & number of tubes
0 whioch wore added standard Lepethilonino or
thymine solutions were Included in each assay. The
concenbration Qf cach test solubion was adjusted
by dilubion tmzanaure that it lay on the abtralight

portion of tho growbh response. gurva.

4, Proparvation of cell-free oxbtracts af Bach, coli.

Gell=free exbracts of Hach. coll mubants

wore prapaved by a slightly medlfled version of the
mebhod described by Mellwain {1948). The
preparabion of ﬁhasﬁ exbracts was caprded out In
the cold=room (49 C.). i

The thick paste of wonshed cells, dralnoed
of exoeas waber, was wlxed lntimately with alumina
powder (Griffin and Tatlock 'Microid Polishing
Alumina! grade 3/b60-glow cutting) in a chilled agate
mortar, sufflclent slumlne being added Lo produce
a dry, crumbling powder. The mlxture was ground
with an apgate pestle with maximmmhand pressure for

30 geconds durlng which time the wixture became
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noliste The mizxture was allowed to stand for one
minute o cool, more alualna was mixed with the
pasée until a dry powdor was obtalned and the
grinding was vepeatod, The process wes ropested
four timesin all apd the pasbte oblbained was
inbroduced Into o cbhbillsd cenbrifuge tube. The
alumine wag extracted with (1) 5 ml. phosphate
bulfer (0.14, pH %.2) or (11) 5 ml. gloss-distilled
water. Yhe elumine end cell debrils wore spun down
by refrigerated centrifngation (20,000 g) for 30-
minntes and the probtein-laden supernabant wes
sranaferred o o chilled stoppered test-tube. The
preract was diluted to the regulred wvolume and
agbored Iin dce in a refrigereibor. Bxtracts propared
ond stored in thia way remained eactive for a week or

mMOYra.

5. Yropavatlioa of exbracts of vabblit thymus glands.

Young vabblts of body welght aboub 1500 g.
wore killed by cervical dlslocation. The thymus
gland wag renoved vapildly, ehllled on ice, blotted
dry with filber paper and wolghad. The glond (2.5
0 3.0 g.) was shreddod with sclssors and homogenised
in a Pobter blendor in 6 ml. Tris-~(hydroxymebhyl-)

aminomethane~i{Cl {Pris) buffer (0.1, pH 7.2). Zhe
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homogenaiia was contrifuged (H,000 g} atb 0% ¢. for
75 minntes end the supernabant removed and sbored
ab 0% .

Cofactors were removed Arom exbrachs
preparsed in thile way by passage through a ghord
coluwmn of Dowex=l-{chlovide) ion exchenge resin
ab pH 7~8. The first 19 ml. elubed from this

. R
column was ocolleacted and stored at O G,

Be Betimablon of proteln concenbration in cell-~

froe sxbtivactsg.

Probein in coll-freoe extracts was
estimated by a modificetlon of the mebhod
deseribed by Gornall, Bardewell and Duvid (1949).
The Bluvet reagenlt used consisted of Gu804.5H20
- {1.5 g.) ond sodlum potassium bvarbtrate (6.0 gl
dissolved in 500 wml. distilled water. To this
sblubion 500 wl. NeOH (10% w./v.) wes added with
stirring snd the mixbure was dlluted te one litre
with distilled wabew. The Bluret veagenh was
gbored in a pblythene eonpminar in the refrigerator,

The solution of protein (0.8 ml;) was
plpetted into a 15 ml. graduated conieal cenbrifuge
tuﬁe and mixed with.o.ﬁ ml. SMepsrchloric seld

(PCA)e The wixbure was centrifuged {5,000 g) and
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the supern@tant fluld discarded. Tha protein
reslidve was washed with 2 ml, 2N-PCA, centrifuged
(5,000 g) snd the supernstant diseerded. Blureb
roagent wag added bto The probein resgiduse to o
total volume of 8.0 ml. and the nixbuare wes
inoubated at 37° Ce Tor 30 minuvtes. The _
pxtineblon of the ehar&ﬁt@wiétia golour wag
debermined in a gpectrophotometer {Uniean SPEO0O)
at 540 mp ageinst a blank of Bluret roagent.

A galibration curve (Pig. IV, 3) was
congbtructed using sclutions of gageln as

atandards.

7 Sources of mgterials.

{1) Pyrimidines, purines and thelr dorivabilves.

Traeil, S~hydroxymetbyluraclil, thymine,
dinydrothynine, %waminewiggwﬁuﬁyriﬁ acid, uridine,
deoxyuridine, deoxyeybidine, thymidine, uriding-3!'-
phosphate, thymldine-5?-phosphate {(Co®? salt) ana
deoxyoytidine~btwphospholte wore purchaged from the
California Foundabion for Bloechemical Hesearch, Tos
Angeles, U.8.A. and were all of CpP grade (thabt is,
highegt purity with asnalysoes supplied). Adencsine-
Gtetriphogphate (orysbtalline tetrasodlum sult) wes

purchased from the Sligme Chemical Company.



Pigare IV, 3

Calibration curve for the eatimatlon of protein

conecontratlion in cell-free exitracts of IHsch. coli

by Biuret reagenb.

Standard protein solutions were preparod

by dissolving caselin in dlstilled waber.
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(11) Amino-secldg.

DlLeserine, Lemebhionine and DL-alanine
weore purchaged from British Drug Houges Ltd.
Di~gprine and Di-homecystelne wevre purchased from

Lo Ldght and Company Lbd.

(111) Qofactovs.

Pructose~li6-diphosphate, gilucogsget-
phosphate and roduced diphﬁsphﬁpyyidine
nucieobide were purchased from C.F,. Hoehringer
und Soekne GHBH, Triphosphopyridine nucleotlde
and glucose~Gw-phosphate wawe‘auppli@& by the
Sigme Chomical Company. HRoche Produchs Lid.
suppllied folice neld and the research depariment
of thig firm donated the pyridoxal phosphate uged
in theseo sbudies, Leugovorin (Ngwfermylwﬁzﬁz?aaw
ﬁaﬁr&hyﬂr@f@%ie aeld) (Gag* galt) was the gift of
Ledsrie &abﬂﬁ@teries Lbd. Cyteamen "20% (a
solution of 20 ug. vitemin Byo/ml.) was purchased

from Glazxo Imboratories itd.

{(4v) HRoedlochomlcala.

H5+4Cagorine, 1463~3arine, 2ultuelvoine

1

4
and ““G-formaldehyde were purchased from the

Kadlochemieal Centre, Amersham,
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(v} Reagents
b ~Dimethylaminobenzaldehyde, ninhydrin
and, Ezéwdinitraphanylhydrazim@‘were of Analar grade,
purchased fram.Bribish,Brug Houses L44. 1= luoro-
21d=-dinitrobenzens was supplied by L. Light and
Company Lhd.

(vi) Goneral mabewriolg,

Agar-pgar and nubrlont ager (ode Ho.
(M4} were purchased from Oxo Ltd. Grinding
alumine wag purchesed from Griffin and Tatlock
Ltd, Alumina (for chromabography), glucose,
A ~oxoglutarle aclid, salts solvents and other
reagenbe wore supplied by British Drug Houses Ltd.
Prlig»{hydroxymethyl-) aminomothens was purchased

frem L. Ligbht and Company Lid.

Be Preparabion of folle asid asnd some folic acld

derivativos.

{1) ZTho folic acid purchased was nob

chiromabographically bomogeneous bub no solvent
sysbem sulbable for vecrysielilsation of folie
acld was found, ﬁccmrdinglﬁ, the grosser
impuritles wore vemoved by dissolving the folic
acld in dilute Vadll end repreclpliabting with

dilute HCOL, The Ulocculent precipitate was
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separated Dy Lilbrabion, washed with glage-distilled
waber and drled in the sir-oven. The ulbraviolebt-
abgsorpblon spectrum of folic aclid purified in thie
way 1s shown in Fig. IV, &6la).

(11) BSolutions of Nsnformyl-ﬁzeﬁ?zauteﬁrahydro~

follc aeld (NO-formyl-FAH,) free of Cef* lons wore
H

preopaved by dissolving the CGa Tsalt of N5~formy1ﬂ

Fﬁﬁ& in o minimum volume of glosg-dlebilled water

and adding mne.qguivalemﬁ of phosphate buflfer (pH 7.8).
‘he precipitated Cag (PO,), wos vemoved by
contrifugetion {5,000 g). The wliraviolot-absorpbion
spechbrum’ of ﬁﬁmfﬂrmylwﬁéﬂé pfapar@d_ig this way is
shown in Plg. IV, 5{a).

0

{i14) it -formyifolic acid was prepared by the

mothod described by‘Flynn_ggwgé. (1959). A& nixbure
of folic acid {10 g.), 1004 formic aeld (20 ml.) and
acobic anhydride (5 ml.) was hoabed under reflux for
ana hour at 50° ¢,  Tho reactlon mixzbure was
gvaporated o dryness and the vegidue was diassolved
in dilube NaOH., Ni0-formylfolic scld was
reprecipitated with dilute HGLl, sopayated by
filtration, washed with glass-digtilled waber and
dried In air. The ulbtraviolet abgorption speetrum
of Mupormylfolic acid prepered im this way is

showa in ®dg. 1V, 8(s).
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9.  Synthesis of 5:16:7:8-totrehydrofolic acid and

H~hydroxymethyl-5:637 8-t gbrahydrofolic acid.

{4) Te hydrvogenstlon of follc acid to yield
5:63718~betrahydrofollc acld {@Aﬁ&) wag carried oub
by the mothod described by 0'Dell ot al. (1947)
with slight wedsification,
- Folic aeid (150 mg,) was dlssolved by
snéking in glaéiai acetig seid {100 wml,) ﬁdam’ﬁ
catalyeh, hydr&ﬁea platisum oxide (110 mg.), was
pddod o this solution and the hydrogoenabion was
carried out undser an abmospheore of hydrogen in the
usual'mannér. Hydrogon upbake was'smeoth and
rapld, 42 ml. (at rooﬁ temperature and 760 nm,
progsure) being absorbed by thoe sixbure in undey
throe hours. No furﬁhﬁw'upﬂaka~bf hydrogen was
observed in a furbther 18 houra. The theovetleal
uptake of hydrogen feé 110 mg. Adam's cabtalyst and
150 mg. folle secld is 43 nl,

Afber hydrogenalbion was complete the
apparatus was flushed oub with oxygen~free nitrogen
and bhe acebic aeid solutlon of WA, was'sepuratﬁd
from the reﬂuea&_caﬁalysﬁ by means of the arrangoe
mont in Fig IV, 4. This appsratus (Pig. IV, 4)
wiaes Llushed pubt wlith 2 shream of nitrogen for 15

minutes during which time the reduced catalyat



Pigure IV, 4

Apparstus used for the separation off acoble acld

golublons of 8:16:7B-~totrahydrololic seld from

ra@uesd Adam's gatalysh under anservoblce conditlons.
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setbled completoly. The tilp of tube A was dipped

bensath the surface of the ligquid sand the supernatan®

siphoned over smoothly into the second flesk. Tho
golubion was btransferred vapidly from thig flask to

a round-botbomed £lask, which had beenr flushed with

nitrogen, end loumedisbely Preeze=dried. Yhe

solubtion ylelded a pale pink, powdery solld which

wag svored undey an atmosphere of nltrogen in o sesnled

flask.

Confivmabion that the product of this
hydrogenatlon of folic celd 1s FAll, was obtalned from
the Tollowing evidence:

{a) hydrogen uphake wes in agresment with the
theoretical hydrogen uptake for the synthesis of
FAR, 3

(b} the nltvaviolet-absorption spectrum of the product
agraeed with that of FAH, published by 0'Dell gt al.
(194%) - Fig. IV, Bl{bl;

{¢) the wltraviolet-sbsorpbion spectrum of the product
after veoxldatlon by gﬂr&tien did not agree with
phat of thoe oxidabion product of 7iB-dihydvoefolie
acld (Pigs. IV, 8{e) and IV, 5(a); 0'Mell gt al.
1947 ).

{11) Nehydroxymebhyl-536:7s8-bobrahydrofolic aclid

(W=~CHoUH-FAH, ) was prepared vreadlly by the noneenzymlc



Ploure IV, &

Ultyaviolet sbsorption spectya of felie acld end

some dervivatives of folle aciﬁ.

Ultraviolset abserption spectrs of
{n) folic acid (1), W0-formylfolic acld (II)
and WO-formyl-PaH, (ITI) in 0.1 N-NaQHj
() 5:16:7:18-botrahydrofolic acld (1) syntheoslised
(1) and (1i) published by 0'ell st al.
(1947) {II) in 0,1 N-Na0H and N-hydroxymethyle
51617 :8=tobrahydrofolic acid (IXII) at pH 113
{¢) xenthopterin published by O'Dell et al. (1947)
(I} and H5:617:18~botrahydrofolic acld after
soration for 2 hours (II) in G.1 N-HaQH.,
{a) 7:8«dihydrofolic acid (I) and reoxidised 7i8-
dihydrofolic acid {II) published by 0'Well
ef_gl. (1947) abt pH 11,
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condenssabion of FAH, and formaldehydo. {(Blakley,

1968). ﬂ-cﬁgﬁﬁdﬁﬁﬁﬁ was formed when moler egquivalents
of formaldehyde mnd FAN, (in solubion in dilube alknli)
wers mixed in the coid. The produch of this
gondensabion was not isolated bult was usged in the
solubion in which it was preparsd. The ultraviolet
abgorption spoctrum of a mixbure of formaldehyde and

FAH, in eguimolar amounts s shown in Filg. IV, 5{bl.

W0.6-diphosphato and thymidyiic acid fres of hoavy:d!
6-diphoaphate and thymidyllc gcia Fros of hoeavy

mobal lons.

The harium salts of glucose«bephosphabe and
fructose«~li16=diphosphaie vwere converted to the
corregponding sodiun salts hy dissolving the barium
salbs In a minlwum volume of NGl snd adding one
equivalent of Nag30,. The precipitabted BaiQ, was
vemoved by cenbrifugation {5,000 g) and the supernabant
was adjusted to pH 7 with NaOH. Tho sodiuwm salts
were not lsolabed from solution. The oeleium sall of
thymidylic acid waa converted to the corresponding
sodium 881t by pesdage through & shert column of
Dowex=-50(Na” form) lon exchange resin {diomeber lom.:
helght Hem.) 2t Pl Y. Sodium thywidylate was izsolated

from the olunte of this column by fresze-~drying.
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‘1l. Synthesls of deoxyurldine=5'ephosphate (deoxy=~

uridylic acid).

Deoxyuridylic acld (4UMP) was synthealsed
by the deaminsation of deoxyeytidylic acid, using a
mebhod which was adapted Trom the one degscribed by
Wyatt and Cobhen (19563} for the deoaminabion of
B=hydvoxymothyleybosine,

Glacisl acetic acid (0.2 wl.) was added to
& solubion of deoxyeytildylic acid (40 mg.)} in 2M-
NaNop, (1 mle)s After being allowed bo stand for
24 hours ab 29° ¢., the miztuce was taken Lo dryness
i vacuo. The residue wag digsolved in dlstilled
wabor (1.2 ml.) and 0.2 ml. PaCl, solustlon (350 Mg e/
ml. )wag added to the solutlon, The mixbure was
chilled in ilce and the barium galt of AP was
procipitated by adding 7 nl, ethanol, The mixburs
was conbrifuged (5,000 g), the supernatant discarded
and bthe preclpitete woshoed Live times with 10 ml,
porbions of a B3l mixtuve of ebthanol and waber.
Finally the salf was washed with ebhanol and ebhar
and drled ab 37974,

Preliminary invesiigation showed thatb
BaClg, Ba(l0g)p, Ba(N0s)g end Ba®* acetate were nob
precipitated hy & 10:1 ethanol-waber mixture, Paper

chromebogeaphy {solvent, ilso-propancl-waber-FCl)
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showed. that thore was no detectable tracs of
deoxyeytidylle aecid contawinabing the product.
The ulitraviolet absorplion spoctyrs of the product
dissolved in aclid and alkall corrogponded with
thege predicted Tor AUMP (Fig. IV, 6).

The sodium salt of AUNP wes prepared by
dlsselving the barium gsalt in s minimum volume of
0, WN=1G1 and adding one equivalent of Na,80,. The
pracipltated Bas0, was removed by centrifugebion
{5,000 g) and the supernebant was edjusted to pif 7

with Wail.

12, A8yothesls of &>«uraidavisedbutyric ackd.

F-ﬁreidaﬁi§g~butyriﬁ ascid (BUIB) wasg
synthesised from 4i5-dihydrobthymine (DHP) by the
mebhod of Fiak eb al. (1956@). DHT (l.28 g.) was
dissolved in 7.5 H-NaOH (2 ml.) and the solubion
was brought Lo the beil. After coollog slowly
to roow Lemperabnre, the solubion wag ecldified with
concenbrated HG1 and refrigorated overnightb. The
precipitabed BUIB was Filtered off, wosghed wlth waier
sud redissclved Iin glass-~dlstilled water. ‘The
solubion of BUIB was stored at 0° C.

The Ry values of the BUIR prepared in this

way {0.55, using teri-bubtsnol-methylethylketong-



Pigure IV, ©

Ultravielot absorptlon spoctrae of deoxyurldylic

acld properod by the desminabion of deoxyeybidylic

onild.

AT eTrre IR

Ulbeaviclet absorpilon gpecbrum of JUNP

(1) at p 1 {T) and {31} ab pH 18 (I1).
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watar-NH4OH; 0.%0, ualng teori-butanol-methylebhyl-~
ketone-water~foric acld) agreed with the RF velues
for BUIB quoted by Fink el al. (1956a) (0.34 and
0,68, rospactively). This preparation of BULIL wag
not chromatographically homogeneous, traces of DHE
snd fgmamino«»i%»butyrﬁ.o acld (BAIB) being debtected
on paper chromatographlc separabions of the reactlon
product. However, ns the BUIB wes required only

for ecarrlery or marker naberial on paper chromabograms,
no atvempt was wmwde Lo purify the prepareation by

roerystalligation.

13. Synthesls of H-hydvoxymothyl devivatives of

drsell, uracil nucleoosides and ucacll

nueleotides.

The methods uged in attempted syntheses of
the S-hydroxymethyl derivetives of uracil, uridine,

deoxyuridine, uridylic aclid end deoxyuridylic acld

were bhased on the method described by IMink, Cline

and Pink (1956). 'Yhe published method congigts of
heabing a mizbure of the pyrdmidine (60 pmoles) and
a solubion of 37% formaeldehyde (1.3 mmoles), which

had been acldified with HCL to a final concentration

of 0.08 N-HGL, in o sealed capillary bube at 100° €,
for 24 hours. The reaction products were sepsrated

by paper chromesbogrephy as bands (solvenits, pn~butanole
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waber) and characberised by furbther paper
chrvonatography and by ultravioleb-abgsovption spectro,
The results obtalned ron the stbompied
condeusations, togoebther with a description of the
wide vavrieby of condensation conditions invesbigated,

are discussed lo Secticon I, 15.

14, Esbimebion of ammonle by Yessler's reagent.

Ammonin, In agueocus solubion as ammoniuvn
salis, was osbimabod by an adapbatlion of the metbhod
deaeribed by Johnson (1941). The Nesslew'ls roagent
used wes preparved lniltially as two geparate solutions.
Solubion & consisbed of KX {4 g.) snd Hglg (4 go)
dissolved in 25 wl. distililed wabers solution B, of
gum acacia (5.5 g.) in 780 ml. dilstilied wabor., The
two solutliong were mized and dlluted Lo one litre
with dlstilled water o form the Nesgslerts reagent.

Hossler's rea%@nt (2 mle), SN-Na0H {iml,)
and the oolubion of NH% be wo asseyed (2 ml.)} were
mixed ip v tesb~bube and allowed to stand at room
tempoeratire for 1B wminutes Y0 develop the eolour.
The extinctlon of the soiution wes debtermined using
a spectrophotomebor (Unlcam SPE00) at (1) 420 wmp in
the case of low concenbtretlons of ﬁﬁ4+ {1 to 10 P&

WHgs/ml.) or {11) 500 mp in the case of high
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cencontrablons of NH4+ (10 Lo 5O pa. Nﬁﬁ/ml.) againsh

o veagend blank., A calibration curve (Figs., IV,

7{a) and IV, 7(b) for each rungs of Nﬁé* concenbrations
was conatructed using (NHQ)QSO4 asg gbanderd,

Duplieation of results using thig mebthod was excollent.

15, Dstimavlon of keto-acids by 2i4-dipnibro-

Ehagglhgﬁrazina.

Keto~agclds were estimeted by a alight
modification of the method desgribed by Friodemann
and Maugen (1943). The 2:i4d-dinitrophenylhydrasone
reagent wasg prepared by dissolving 2id-dinitryophenyle-
hydrazine (100 mz.) in 2N-HGL (100 ml.) wibth goable
heating.

A best-tube conbalning 3 ml. of the ket
acld golution to be assayed wag allowed to stand in
g waber~bath at 25° ¢, for 10 minubes bhefore 0,5 ml.
of the R:f~-dlnitrophenyllhydrazine reagent was added.
After the mixbure had been malnbtained at 25° ¢, for &
mimites the resctlon was sbopped by the addition of
AN-NeOH (1.5 ml)e The colour was allowsd to develop
ab 259 ¢. for a furbher L0 minutes and the extinchion
of the solution wag detormined using a spectro~
photometer (Unicom SPE00) ab 436 S agalnst a reagent

blanka.



Figure IV, %

Caltibrabion curves for tho estlmeblon of ammonls

sonceniretlon.

{a) Calibratlon curve for low concenbrations of
apmonlag and
{b) calibration curve for high concentrations of

opmonis .

Assoy sysbon - 2 ml. mH@¢ solution, 2mi, Hesslevis
roagent and L ml. GN-HaOH. The oxtinetionz of tho
solublons were detormined abt (o) 420 ma for low
goncontrations and (b} 500 mp For high concenbrabions
of wamonia.

Standerd selutions were propared by dlsselving

{(BHp )p804 in distllled wabow.
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A calibration curve (Filg. IV, 8) was
conatruchbed using o ~oxoglutaric acid as sbtondarde

Duplication of vesults uslng this wethed wag good.

Loe  Hetinmabion of inorganic phosphate in the

-presence of lubille opgenlc phosphatbes.

Inorganic phosphate in the presence of
adenosine~Ht-triphosphate was sstimalted by the
method of Berenblum and Chain (1958).

The sample teo be assayed was sheken
vigorously for 10 seconds in a gepavating funnel
with a mixbure of 5% MaCGl (2nl,), LON~Ha804 (0.5 ml. ),
igo-butanol {10 ml,) and 5% Nﬁé+ molybdate (2.6 ml.).
The lower layer of this mixbure wag discarded and the
upper laver wasghed twice wilth 10 mi. portions of
N-Ho804, 7.5 nl of & aolubion of Snclg(lﬁ 2o
SnCls dissolved dn 25 ml, concs HCL and dilubed
1800 with H»HRSOQ) wasg added and the nixbture shaken
Tor one minute. The lower layer was dlscarded and
the lso~butanocl layer dlluted to 256 ml. with a 13l
mizture of i§9~b@tanol and ethancl. The extinction
of the solution was determined 1n a speetrophotometor
(Unicom 8P6O0) ot 640 A againet o resgent Hlank.

A calibration curve (Fig. IV, 9) was

conasbructed uslng KHoPOy4 os sbandard. PDuplication



Pleure IV, 8

Calibration curvs for the cabimation of kotohoids.
_ _ Sy

Angay gystom - 4 ml. ketqﬁciﬁ solubion, 0.5 mls

Si14~0initrvophenylhydrarine veagont {1 mg./ml. in
SH-HOLY ondl 1,5 ml, 4N-NaOH. The oxtinetion of
the asolubtiona was debermined ay 438 Xl

Standard solublons woere prepared by

dlesolving  L-oxo=glubaric acid in disbilled wabev.




Extinction at 435 Myt

-4

1-2

1-0

O-8

0-6

04

0-2

0-0

Conc? (ug./ml) a - oxo-glutaric acid

Filgure IV. 8

X
X
X
x/
/ 1 1 1 1 1 L X
(0] 2 4 6 8 10 12 4




figure IV, 9

Galibration cuxve for the estiwabion of inorgenic

phosphabe in the presence of lobils organic phosphiates.

Assay system = The mebthod used was that described by
Bewenblum poad Chain {1938), The extinctlon of the
s&luﬁionsfwas dotormlined at 640 mijte

Standard solubions ware preparved by

dissolving EHQPQQ in distilled wator.
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of results using this method was ressonably good.

7. Esblwmetion of femeldshyds by chromotrople

acld reagent.

The method used to estiwate Fommeldohyde
in éylution wags adapted from the method for the
esﬁi@aﬁien of mannltol dsscribed by Goveoran and
Page (1947). The chromotropic acld reegent used
wag prepared by dissolving 0.2 gJchromoetrople
acld (4:5~dibydrony-217-naphthalene~aisulphonic
acid) in @lstilled webor(d ml.) and dllubting this
gsolution to 100 ml. with 15N-Ho80,.

The chromobeople acld resgent (2 wml.)
and concentrabed Ha80, (2 wul.) were added to 2.0
nl. of tho solution to bo asgsayad. The tube wag
gtoppered firmly and shaken to mix the coubents
shoroughly. After being heabed In a wabor-babh
at 100° ¢. for 45 minutes, the mixiture was ccoled
in crushed lce and the eoxbtlanetlion of the coloue
which had doveloped was debernined in a speciro-
photometbeyr (Unicam SP6O0O} alt 570 P e

A4 ealibration curve (Pilg. IV, 10) was
conasbrucked uging aqueous formaldehyde aolmﬁiaﬂs
ag stendayds. The duplicettlon of resulvts using

this wethod was oexcellent.
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Ploure IV, 10

Calibration curve for the estimaition of formeldehyde.

Apnsay syatom = £ mi. formelidehyde solntion, 2 wi.

chromobrople acld rorgent and 2 ml. concontratoed
Hpb0ae The extinetion of the solublions was
dotormined nt B70 ngr.

Standard golutions wore preparved by

ailution of o stock 40% formaldehyde solubien,
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18, Higro~debeormination ef nucloogide phogphoryvlase

activity of Beeh. coli PA/15.

Synbthosos and degradetions catalysed by the

aucleoside phosphoprylase activity of cell-free extrrote

of Bach,., coli PA/LS were studied on & microgrem seale
.by cercvylug out bthe reactions on gpobs on chromaebography
paper-proparced for development asg papor chropabograms.
5{pl, phosphate btuffer (D.1M, pl 7.2) was dried on to
the paper as o gmell digerele gpob. The aubsbrate op
substrates fﬂ.ﬁ pmal@s) diﬂﬂ@lvad in glass-digtllled
water were dried on L0 tho spob, covering the same
area as did the buffer. The peper was piaead in an
ineubator with the spot geranged over the bottom half
of a Pobtri dish half-filled with waber. The top of
the dish was placed Lo cover the aspot and held fivmiy
in position with a heavy weight (Plg. IV, 11). Aftex
the papexr was saburabed with water-vapour by
ineubatlon at 37 ¢. for 50 mlinutes, o cell=-froo

exbract of Tseh. coll PA/1S (0.1 ml) wes placed on the

apot, the top of the Pebri dish was replaced and the
chromatogran incubated for the vequired time (1 to 2
hours) ab 379 €, if the spot ahowed any sign of

dryling out during the incubation 1t was remolstensd

with glass-distllied wator.




Pilguare TV, 13

Arroagenent fop the wee of the uuelensifo phosphorylasa

eoblvity of Bodhs coli PA/LE on a microgram soalo.




Weight Chromatography
N paper

Moist spot of
buffer,substrates

& enzyme
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After the periocd of incubabion the reaghtion
was stopped by drylng the spob with a stream of hot
air. The weaction products were sepavabed by
developing bthe chromatogram in a sulbtable solvent
sysbom and idensified by ﬁheir ﬁﬁ values and by
thelir abaorpition speobra. A gpot of snzyme
solution and buffer was inecubsted and chromatographed

in porallel with the test spob &g a control.

9. Eabimebtion Qf-E7(14G~hydraxymeﬁhyl)-5:6;7:8-

betrahydroliolic aecld by degradatlon to 140«

Formeldohydo.

1¢-10b0110d N~CH,OR-FAH , ves estimatod by
dogiradatlion Go 1%ﬂmformﬂ1dahyda by a mothod based on
the acid lablility of the N-hydvoxymethyl linkage.

1.0 mLl. of the solublon containing N-l%CH,0H«
FAll; wes plpetted dlveetldy into 10 ml, SN«HQSOQ
contained in a large tube fitbed with a bubbler. The
m%Gvarmaldahyﬁe formed by the acld depgradaition of
N»léﬁﬁgﬂﬁwﬂéﬁé wag stfam~digtillied from this mixbture
inte a second btube where 1t weg btrapped in 10 ml,., of
a solution of 2i4-dilnitrophenylhydrazine (1L mg,/ml,)
in BN~H,804. A third tube was interposed between
the roncbion tube and the trapping tube to preclude
the possliblliscy Qfda§§"mechaﬂieal c&rrynééééaéf“nomm

volabiloe lﬁ@~labellad natorial fron bhe reaction tube,
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Distllletion was continved untll about 10 ml.
alstillate had been collacted in the btrepping
tube,

The 2:4-dinitrophenylhydrazone of
formaidehyde was extracted. from the trapping tube
with bhreeo 10 wml. porblons of GCl,; in which the
dexrivative is scoluble bub the reagent only
gparingly so. The combined 001% srbracts wore
dried ovey anhydrous Na8804 and svaporabted Lo
dryness under reducaed preossura, The mixbure of
Tovueldebyde 234~-dinltrophonylhydrazone and
2i14-dinivrophenylhydresine was dissolved in 1,0 ml.
benzgone and 0.2 ml. of this solubion wag plated
on t¢ & planchotve and counted,

Por specliic activity deternlunations
corrior formaldeliyyde (100 pg) wes added %o the
mixture bhefore steam~distlillation was esrried oub.
The mizture of formeldehyde 2id-dinitrophenyl-
hydrazone and 2i4-dinitrophenylhydrazine isolated
a8 described above wag Alsgolved in 1 ml., of a
1:1 bonsene~cyclohezane mixbure and applied %o o
column of slumina (dlemetor, 1 cm.; helght L5~20cma. )
whiech had beoen washod with cyelohexane.  The
goluwnn was olubted with H ml. cyclohexane followed by

benzoneg. The frections contaiping the formeldehyde
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234 -Ainitrophenylhydrazine wre combined, ovaporatoed
o dyyness nader reduced pressure and the rosldue
was dlasolved in benzene, plated on to o plenchetibe
and counted., The ploncheitbe was elnted with
benzene (4,0 ml.) and the extinetion of the solubtion
wag detormined uglng an uvliravicolet speclrophotomoever
(Beckman) at 400 i and 450 ap

Fhe formaldehyde 2:4-dinitrophenylhydrazone
isolatved by this preocedurs ig conbaminated with an
uniabelled esrbafact. Thoe formaldehyde derivative
may be aestimsbed by diffevential spectrophotometyy
based on the differsnce in absorpbtlon spectra of the
234 ~dinibrophenylhydranone and the artefact (Fig. IV,
12). Tho concenbration of the hydrazone is given

by the relatlonship:

H - QE&Q@“E%@O
| QE#S‘@ ~€ 4oo
where ¥ = concentration of formeldehyde Bid-
dinitropbenylhydrazone (pmolos/mils

R o= & 400/ € agp ©F the arbefact; and

E 400 8nd Eim » the millimoler extinction |
coelficients of formeldehydo E:4-dinitrophenylhydreazons
b 400 mp and 450 @P rospoctively. |

The ewiount of N-tCHgOH-FAH, present in

incubation mizbures is diveetly proportional to (1) the




Plpurve IVe 12

Abgorpbion sneebrwn of (a) formeldehyde 234w

dinitraphanﬁlhydrazone.ané {b) the lnactive

arbefact of formaldehyde 2id-dinitrophonyle

hydposong in DONZono.

® =~ 9 — @ Pformaldehyde 2:4-dinitrophenylhydrazine.
0 we & o= 0 orbofact of formaldcohyde Bidedinitroe

phenylhydraning.
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nasber of couets digtilled end (1i) the speeific

sctivity of the Tormaldshyde 2:14-dinitrophsnyle

hydrazone lsolated from the inoubation mixtures.

20w lsolation and hydrolysis of deoxgribonuclelc acld.

The method used for lgolating and hydrolysing
the deozyribonucleic acild (DA} present in incubsbtion
mixbures whiech conbained cell-free oxbracts of Each.

cold PA/LE or Esch. cold L13/8 was baken From Smellls,

Thomgon and Davidson (1958),
& mixture of DYA, ribonuclelc seld and protsoln,
pregent in incubation mixburos conbeining o cell-free

oxtyact of Bach. coll PA/LS or Egch. coll 113/5, was

precipitated by the eddivtlion of one-thixd of a volume
of 2.1N=-PCA, Afber thorough wmixing the suspension
was eontrifuged (5,000 g), the supernatant dlscarded
and the procipitate waghed btwice withr 1 wl. porbtions
of O,78-PCA aﬁﬁ wibh 5 ml. portions of acebone (once),
othancl {onee}, 1:1 sthanolechloroform (once), 131
othanol-ether {twice) apd finally ether (oneej. The
rosidue wes digested with € mil., D.8N-KOH Tor 18 hours
at 3%° €. and the selution was adjusted to pH 1 with
60% PCA after beling cooled in lca. The mixture was
contirifuged (6,000 gl and the supernatant dlscarded.

The precipliate wes washed twice with 2 ml. portions
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of eold Q.60-POA and exbvacted twice at 7&06. Lor
20 minubes with 0.5 ml. portions of Q»ﬁﬂnPCA o
yleld the ONA componentsg.

Thae éﬂmbiﬂ@ﬂ-@xtracts wore dried in vacuo
and 50 pi. 726 PCA was added to the residue. This
mixture wag heated ab 10000. for one hour bto gsomplehe
the hydrolysis of the DM4 to the constibusnl free
bagses, ATber cooling in ice the solubtilon was adjustbed
to pH 7 by the addltion of KOH and ths precipitalted
KG104 romoved by centrifugation. Tho-bases of DUA
were separabed Lfrom the supernatant solubtion by paper

chromabography «

21« Propavablon and seperation of the 2id-dinitrophenyl

derivablves of glycine and sering.

The 2i4~dinitrophenyl (DNP~) derivatlves of
glycine snd serine wera prepaved snd separated by the
methods deseribed by Campbell sud Work (1952) Tox the
geparation of the constituents of o probeln hydrolysateo,.
The veactlon mixture conbalinlng glyecine and serine was
treated with l-Tluwe-2id4-dinitrobenzene and thoe mixbure
of ﬁNP*amﬂnqﬁeids wag lgolstoed in the manner described
by Cawpbell and Work (1952). The sopsration and
purification of DNP-glycine and DiP~serine was carried

oub necording to the scheme shown .ln Chexrt IV, 1,
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Columps of Type I wave prepaved from cellte buffered
with phosphete, pd 5.2; of Type 11 from celiise
buffered with phosphate, pH LH.8. The solvente

used for develeping the colwms were (1) a mixture
of chlaroforn and gabubanol {9837) satuprated with
wateor {solvent CB) and (11) dry metbylethylkebone
(solvent MEK).

The specific activities of the DNP-glycine
and DNP~sorine werve dotormined by plabting the
derivatives on 0 plancheties and counbing. The
planchettes were eluted with 4 ml. 1% NalCOz end
the gRtinction of e¢ach solublon was debermined in
an ulbraviolet spectrophotomebor (Bockman) at
400 mp and 450 wp.  The ratlo of the extinctions
al 400 mp and 450 mp was determined as a check on

the purdty of the DNP-derivabtivo.
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Misture of DNP-clveine apnd DNP-sorine

DRisgsolved in L ml. CB and applisd 1o

Celive column of Type I Blubed with OB,

I
DiP-plycine in CB

Gongentrabed In vaguo and
applled to Uelite colwan of

Type I; Bluted with CHl,

DP-plyoine in OB

Bvaporated to dryness in
yacuo, redissolved in ether
and epplisd Lo Celite coluun

of Yype I; Elubted with other.

Purey DNP=-glycine in other

Concentrated Iin vaguo, plated

AT A R ers AT e mm

on to planchetbte and counted.
Planchotte eluted with 4 ml,.
1% NaHCDz and extinction of

aciution at éﬁﬂmﬁ dotermined.

Chart LV, L.

DiiP-gorine on column

I
Biutoed with acetono

DliPwzerine in acobtone

Bvaporaved to dryness in vacuo,
redissolved in MEK and applied
to Golibte column of Types IXg
Fluted wilth MEK

DiPeserine in NEK

Gencontr&t@a.igﬂgﬁggg and
applied to Celite column of
Typo Iis Bluted with MEX

rurve DNP-sorines in MNEK

Goncentrated in vacug, plated
on Lo planchette and couwnted.
Flenchette elubed with 4 ml.
1% BeH(Oy end extinctlion of
solublon at 450 mp

determined.

Schome Tor the separation and purificatlion of

P ~glyaine and DN?.sexine by column

chrometography,
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22 Paper chromatography.

Paper chromatography was carvied o&t usiog
Whatmwan No. 1 chromatography paper, Paper chromato=
grams wore deoveloped by boith the ascending and
descending techinidlgques in sealed banks and materials
wore soparabved {i) as spots, development btaking place
in one dirvection (one-~dimensional papoer chromatograms)
or in two direchions et right angles to eagh obher
( two~dimensional. paper chromabograms) and (ii) ae
"streaks" or bends {for larger guantitios).

The composgition of the variocus solvenbs used

=t
®

3 a8 follosss

1. n-butanol-water (86:14 v./v.), ascendlng; Markhen
and Smith (1949}

2. p-bubanol-water-NH,0H (Solvent 1 with &% v./v.
1<8380 NH@OH added ), ascending; Markham ahﬂ Smith (194903

3. n=bubanolevabor-acetic acld (4:5:1 by wol.), ascending;
Partridge (1948);

4, iso-propenolewster-conc. HOL (59.4:11.2:10 by vol.),
desconding; Wyakt {1951);

He Boobone=wabor~100% formic acid {(30:15:7 by vol.)
ssconding; Burrows st al. (1958);

5. acetone~-25% w./v. trichlovoacetic acld {3:1 wdv.),

ageondings Burrvows ot al. {1958).
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7+ phonol-wator (431 we/we) with 0.880 NH40H and KON
in the tonk, ascending; adapted {rom Decker ot al.
(1951)3
8, aquoous phosphate buffor {0.1H, pH 6.9), ascending
G. aquoous 12% NaghP0, contolning 0.,8% w./v.
ethylenediamine»%etra&aatia acid (ED9A ), ascendings
Jaﬁnacke {(1955);
10 Aae~&myl nlochol«=8% we/v. aqueoous KgPO, (L1312 v./v. ),
asecondings Cavbtor (L1950}
1l. @tb&n01~ﬁd¥ﬁd acgotobe (pHD) (70330 we/ve) contain&n&
0.2% w./v. BDTA, asconding; Klenow and Liohui®£{1957)
12, othanol-M-Ni, acatata {pH 9)-No tebraborabe-EDTA
(solvent 11 with NH, scebate seturated with Ha
betraborabe ): assconding: Klenow and Lichbler{1957);
13, Q.BN-Pormic acid; ascondings Mlller and waolach{1957 )
14, Egg&wbutanﬁlumathylethylk@tenewwaterwNHQOE {40Q:30
20:10 by vol.), sscending: Pink et al. (1966b}.
16+ tert-butancl-mebhylethylketone-water-formic acld
(443441231:0.264 by vol.), ssconding; Fink et al,.{1956b).

16. n~bubenol-chloreform (1.:99 v./v.), descending on paper

and Lowther (1951);
7. nebubanol-water-ethancl (5:4:1 by wvol.), nscending;

Cavallini eb_al, (1949).
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4

2. Paper elogtrophorvesis.

Yaper clectrophovetic sepavations were
effocted on Y2 em. strips of Whatman Nos 1 filter
papers Ghe meterial was applied to the paper as
a spot aboubt 7 cn, L£rom one end of the strip which
then was soaked in eltrabe buffer (0,05M, Pl 3.5) and
allowed to drain. The strip was suspended over &
glass rod ln o cablnet and the two ends weore dipped
into troughs of eiltrate bulffer. The cabinet was
sealed Lo out down evaporabion losses and o potential
grodient of 13 volba/cm. was applied bobtwesn the ends

Tor 5 to 8 hours.

24¢. Detectlion of materials on paper chromatograms and

’@iﬁctrophﬂretﬂgrams.

(1) Maberisls which sbsorbed ultraviolet light ov
which fluoregced in ultraviolet light (pyrimidines,
purines and bthelir derivatives and folic acld and its
derivatives, respochively) were locabed by viewing the
paper chromatogram or olectrophorebtogram in ultravioleb
light ("Hanovia® ultroviolet lamp).

{11) The DNP-derivatives of uminthids and the
2i4-dinitrophenylbydrazones of ketghelds wore visible in
crdinary llght by virtue of thely yellow colour, Thig

colour was enhanced by viewlng the chrometogram in
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ulbravioleb light.

(i11) Aminghelds were located by spraying the
chromabogran or electrophorebogram with a 2% solublon
of ninhydrin in ethanol~water-glaclal acetic acid
(52420 by“vol.). In the case of coromabograms which
had been developed with atrongly aecid solvents, the
addition of pyridine (102 v./v.) to tho spray waes
nocosIary. The purple colour which doveloped by
interaction of an aminthid and npiunhydrin faded
rapidly over a period of & day or sc and therefors
the spots were made poermenent by spraying with a
solution of ZnS0, .«

(iv}) Dihydropyrimldines and BUIB weve located
by the wothod descrlbed by Flnk st al. (1958a). The
chromsbogren was sprayed with 104 KOH in ethanal-
wotor (1:1) and allowed to dry for 30 mloutes. The
spots woro doveloped by spraying with a 1% solublon of
*1~dim@thylamin@benzald@hyde in ethanol-concentratoed
ACGL (10382 Va/Val)a

(v} The precise location of redioactive materialg
on paper chromatograms oy olectrophoretograns was
detormined by the techmigua of auvtoradiography.

When materials weve elubted from & paper
chromatogram or slechbrophoretogram for further

idontlfication by ulbraviolet abscorptlon spectre, otc.,
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an appropriate biank was cub from clean papsr nosy

the spots of maberial undoy investigation.

26 Auboradiography o0f paper chromebograms and

aloctrophoreLograms «

The dried paper chromabogram or electro-
phorebogran was elipped to e sheoet of X-rway paper
(I1ford) or X~ray £iln (Kodak Industrex "0") with
mebal staples, the whole was wrapped in black paper,
presgsed betweon shegts of hardboard and kept in the
dark Sor o period of time ranging from two weoks bo
bwo monbths according ¢ bthe agctivity of the 1.
lahelled waterials on the paper. At the end of
this period the X-ray paper or film wes ssparated from
the shromabogram, develeoped for 16 minutes (Kodak

198 developer) and fixoed.

26. Aesay of radioactivity.

For the assay of rvadloactlvity by the counting
bechnique, nickel planchettes, one am. in diametor,
Ware used, For ordinary countling purposes, tho
planchottes were scrubbed with "&ja&" cloaner, washed.
wiﬁh_h@t water, glags~distllled water and absolube
alcohol, Whoen the meberial was Lo be re-elubed firom
the planchoebttes after counting, the plancheties were

serubbed with "Ajax", washed with running hot waber for
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15 minvbes, rinsed H btimes with bLap waber, & bimes wibth
glans~distilled waber and allowed Ho gband foy 30
minutes in ¥-HC1L (whon elublon wes to be carrisd out
with 0.iN-HCL) or 5% NeliG0g {whon elution was to be
garried out with 1/ Naﬁcﬂa)» The planchettes were
weshed again wlth running hobt weater for 15 minubes,
rinsed with tap water (5 times), glass-dlstilled water
{5 btimes) and ethanol (3 times).

Materials were counbed at infinite thinness
with a conventlonel mica ead-window counter or with
a windowsloss gas~flow covnter (Nuclear Chicago
Ultrascalar, model 192}, Planchebies wero elubed
with (1) 4 ml. 0,IN-HCL or (11} 4 mi. L% NelCOgz ab
372 ¢. for one hour whon bhe plated material was required

for exbtlinctinn measurements. .

27 « General enzymlc incubablon technigues.

Ensymic incubatlons were caryried oubt in
stoppered "Guleyfit" tesb-tubos, tobal capaciby 156 ml.,
ot 377C. 1o a bhormostabically-controlled water-bath
with ocecasionsl shaking. Aerobic incubations were
carvied oub under an atmosphers of alr, ansercoble
ineubabions under oxygen~fres nitrogen. Uxygen was
romoved from solubions requived for anaseroblc

incubations by e stream ¢f oxygen~free nilirogen which
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was passed befove and after the additlon of P, and
tho cell-frae exbtract (or cell Susp@nsiaﬁ) wo the
reaction mixbuvo.

Enzymle voanctlons were stopped in one of
four ways, namely (i) by cenbrifugabtion {20,000 g)
for cell suspensions; (il) by plunging the btubes inbe
2. bath of boliling water and heabing them for 10
minutesy (314) by adding 5Ne or LOU-HCL unbil the
reachbilon nmixture was normel with respect to HOL; and
(iv) by adding one-third of a volume of 2.1NW-PCA,
Moshod (iv) was used only when DNA was to be isolated
from the incubabtion mizbure. Jo cach case the
mixture wag cenvrilfuged and the precipitated proiteln
(together with DNA an& ribonuclelc acld ln the case
of methoed.: (Iv)) romoved before the supoernatent
solubion was worked up for the reactlon products,

Sampleg bakon for the igolation and
degradation of W«CHoUH-FAH, wore removed Lrom
incubeblon mixbures immedlisbely before the wveaction

was abopped by one of the above methodg..



PROCEEDINGS OF THE BIOCHEMICAL SOCIETY

The 3718t Meeting «f the Biochemical Nociety uva held in the I»partgnent of Physiology, The Medical
Sehool, Hirmingham 15, on Friday, 28 March 1958, starting at 11 a.m. when the following papers were read :

COMMUNICATIONS

Pyrimidine Biosynthesis in Escherichia coli.
U niveraity of Glasgow)

information has beenn sought, with the aid of
labelled  precursors, as the of
thymine ring biosynthesis in colls of Eachericha
eols growing exponentially i a simple symthetic
mechivim,

A study of the incorporation of "% |bicarbonate,
{ MO )formate, | 3% merine and | 29% |glyeine into
the: nucleic acids and proteins of o wild ty pe straimn.
Each cols N.C.T.C. 5828 and of a uracil-less inutant,
Esch. coli M 83 86 (kindly provided by Dr B. D,
avis), has indicated :

(m) That formate does not function as a thymine
methyl group precursor although incorporation
into positsions 2 and 8 of the purine ring occurs,
Thess findings have been confirmed by the following
degradatum studies: (i) guanine to glycine and 4-
auanidinogly oxahne {Hunter, 1836); (ii) adenine to
glycine and 4-amuno-5-glyoxaline carboxamidine
(Cavalieri, Tinker & Brown, 1949); and (iii) thy-
mmne to iodoform (Elwyn & Speinson, 1954).

(b) That [2.%C Jglycine and [ 8-'4C jserine function
aa thymine methyl group precursors.

{¢) That in the absence of extracellular supple-
menta, the thymine methyl group s quantitatively
derived from the B-carbon of serine by a pathway
which does not involve glyeine.

to e hanasm

By G. W, Urosuig. (Department of Biochemistry,

(d) That the extent of utihzation of [2-'4)-
glyeine for 1.C unit synthesis is dependent on its
extracellnlar concenteation (¢f, Koch, 1865).

(e) That the pathway of incorporation of [2-14C]-
glyeine into the thymine methyl group does not
involve serine

The incorporation of [ g-*%C perine into the DNA-
thyinine of & methionine-loss mutant of Esch. coli,
CW 194 (kindly provided by Dr J. Ceithaml), has
indicated in contirmation of the work of Green &
Cohen (1957) that the methionine methyl group 1s
not & thymine precursor.

The results of this investigation are consistent
with the role of hydroxymethyltetrahydrofolic acid
as the more immediate |.carbon donor in thymine
ring biosynthews.
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Blosynthesis of Thymidylic Acid. By .. D. Bianik and G, W. CrosBie, (Department of Biochemiastry,

{'nivermty of Glasgow)

Hlakley {1957) and Phear & Greenberg (1957) have
recently reported the synthesis by soluble mamn-
malian enzymes of thymidine from deoxyuridine
and [B.-'""Cerine and of thymidylic acid from
deoxyuridine and [“Clformaldehyde. Friedkin &
Kornberg (1858) and Flaks & Cohen (1957) have
also reported the synthesis of thymidylic acid from
deoxyuridylic acid by cell-free extracts of Escher-
fchia coli. The latter authors have, in addition,
prepared 5-hydroxymethyldeoxyceytidylie acid en-
svimically from deoxyveytidylic acd.

In the present work a cell-free extract of 4 serine-
lean mutant of Esch. coli, PA/15, was prepared by

alumina grinding followed by extraction with Tris
buffer (0-1 M, pH 7-4). The extract, which effects a
tetrahydrofolic acid-dependent serine—glycine inter-
conversion with simultaneous formation of hydr-
oxymethyltetrahydrofolic acid, was incubated
under N; with deoxyuridine (0-01wm), [8-**C]serine
(0-002M, 1 pc/ml.), MgSO, (001 M), and substrate
amounts of ATP, TPNH and tetrahydrofolic acid.
Thymidyhe acid and thymidine together with a
trace of thymine have been detected by chromato-
graphic examination of the incubation mixture.
The thymine derivatives have been isolated with
the aid of carriers and the identity of the labelled
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products confirmed by autoradiography following
extensive chromatographic and ionophoretic separ-
ations.

The structures of two labelled produets with
chromatographic properties sinular to 5-hydroxy-
methyldeoxyuridylie acid and the correspondimg
nucleoside are under investigation.

Replacement of TPNH by DPNH greatly re.
duced  the yield of thymme denvatives.  No
fnbelled pyrinndine derivatives were formed in the
presence of phosphate buffer due to the pewerful
nucleosute phosphoryviase activity of the enzyme
preparations used.

2r

BIOCHEMICAL SOCIETY

We are indebted to Dr D. D. Woods for a gift of Esch
coli PA/15. One of us (G. D. B.) wikhes to acknowledge the
receipt of a grant from the Medical Research Council
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Summary

Le The purpose of thils study was to develop =
cell~free sysbem in which the biosynthesls of
thymine, thymidine or thynldylic acld could be
studied, with pariicular reforence to the
machanlism by which the methylation of the
pyrimidine ving is achioved,

2s The organlsms chosen for this study were

Hschorigchia coll PA/LD, Bsche, colli 115/3,

Esche coll 15T and Baciliue subtilis W.C.L.B.

8059,
5« The ability of Bseh., ecoll PASLS to cabalyse

the synthesis of methionine from homocysteine
and serine, & reaction Tormaelly analagous to the
methylableon of uracil, was coniirmed,

4+ Unsuccesaful atbtempts were made o syanthesise
thymine or thymidine from uracil or deoxyuridine

using BEach, coli PA/1E end B. subtlills under the

same conditlonsg as those involved in methionlne
aynthesis, The cofacbtors folic aecid, {10
formylfolic aeid ond NP-formylbetrahydrofolic
seld hed 0o deboetable effect.

Ha Avcordingly, & fetalled csrominatlion of the

epzyme anobivities present in Hech. coli PASLS

was wnderbaken, A study of gerine-glycine




interconvergion confirmed tho présence of

serine hydroxymethylese and evidence for the

formation of Nehydroxymethyltetrahydrofellc
acid as the cne-sarbon pool complex wes
obbtained. The coaversion of serine Lo
pyruvic acid and salanlne wap also debtectod.

The presence of pucleoalde phosphorylase and

a&encsina~5**triphoaphat&se was also conflrmed

end conditions werse sstablished under which

the hydrolysis of nucleoasldes by the nuclegslde

phosphorylase and lpnorganie phosphato (produced

from ATP by adenosine=Ht-Lriphosphabasa) was

held vo0 a ninimum. Deoxyurldyllc acid

phogsphomongesteruse, thymidylie acid phosphomnono-

esterase and deoxyuridine kinage were nmong the

enzyme aotivities also found In extracts of Bgch.
e0ld . gonditionas wore astablished under which
regonerative TPNH and DPNH systems oOperabted under

the infliuence of glucose~6-phosphate and

pyridineg nuelectlde branshySrogenase activitises.

Ge A gysbem in which thymidyiic scld was

synthegisod by coll-free extraots of fsch. coll

Pa/)5 and Bach, coll 113/5 was constructed on

the basisg of ipformation derived from the above

Investbigation,
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T« A comparison of serine, formaldeohyde and
fermaﬁa ag one«carbon unit donors revealed thatb
serine was a mach move prolific source of onee~
carben wnive than either Lormaldehyde ov
formate. A similar comparison of deoxmyuridine,
deoxyuridylic acld and urldine as one~carbon
unit acceptors revesled that uridine wes a legs
efficient aceeptor than elther deoxyuridine or
deoxyuridylic acid., Ho significent difference
between dooxyuridine and deoxyuridylic acid was
dotectod.

Ba Bvidence was obtalned that thymlidine«Htw
triphosphinte was formed In sysbema In which
thymidylic acid vins syntheslsed. No evidence
for the ln vikrg synthesis of DNA~thymine waa
obtalned.

9. he effect of vitamin By, on thymidylic
acid blosynthosis was Investigated, uslng Tsch.
coli 115/3, No unequivoeal evidence for a
vitamin 312 affoct was cbiained.

10, Wo idontifiable intormedisbes on the
biogynthetlic pathway Lo thymidylic acld wers

isolased, sveon when Esch., ¢oll 157=- wag used as

the snzyme souvea. Succassful chemical

syntheses of bH~hydroxymethyluracil and S-hydroxy-




2Rde

methyldeoxyuridine were achloeved bub atbempis
to synthesis H-hydvoxymethyldeoxyuridyliec acid
wers unsuccessiul,

11, It was fouwnd thet a large proporitlon of
the Mo~thymidylic scid isolated from the
systens described above was not, in fachb,
suthentle thymidylic acid,  Abbompts bo
elucidate the struebure 0f the conbaminant
ware not successaivle

12. Evidence that thymine and tﬁymidylic acld

wdergo reduction under the influence of extracis

of Bsche coll PA/LDE was obtained. F ~AMAiNO=LgO=
bubtyric acid and g~ux’@itl0~§£gebutyrie acid wore
amory the cababolice products of thymine and

thymidylic aeid which wero tentabively ldentiiied.
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