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For convenience the following abbreviations and 

conventiona are need throughout this theele:

Folio acid

P-AB 

Ft

f?5-forsjyl PW40 

PtO,'3

Cobalamin

SHC

ATF

DPH 

DPRHg

CoA 

HDP

A general term for the family of 
compounds containing pteroylglutamlc acid.

p-Aminobenzoic acid* 

Pteroie acid*

Pteroyglutamic acl<§» dihydro, and 
tetrahydropteroylglutami c aoi da«

cltpovoyum factor natural or 
aynthetic ( leucovorinT*

Pteroyl- if *glutarayl- 2) -glutanqrlglutamic 
acidt pteroyltrlglutamate or teropterin.

Vitamin B^g f cyanocobalamln or <x -
dimethylbeneimldaeolyl)- cobamide cyanide 
(oobalamine or cobalamin analogues refer 
to the family of compounds related to 
cobalamin)*

A soluble extract prepared by heating a 
washed auepeneion of Slglcher^chl^r .o^|^ 
of the appropriate strain*

Adenoeine triphoaphate; AD? » Adenosine 
dlphoaphatej AMP m Adenoalne monophoaphate; 
P « inorganic phosphate*

Diphoephopyrldine nucleotide; TPIf m 
trlphoephopr^ldine nucleotide*

Reduced diphoephopyiidlne nueleotlde; 
fHfHg » reduced triphoephopyrldlne 
nueleotide*

CoenByiM A* 

Frttcto0e-lf 6~dlpho«phate.
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Although solutions of all the acidic compounds used in 

this research were neutralised before unet they will be 

referred to ae solution* of the acid concerned.

The atructuree of compounds to which frequent reference 

is made are shown in Figure 1.
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Introduction

Kc aa was the first amlao a<*ld to be dlccovered 

a direct result of an investigation into the nutritional 
requirements of a aioro«organieou A sulsStur^ontair^r^ 
ooft^und which had grrvawth f&stor activity for a Imem "' ie 
etre; ^.,,-: : ted frojs oaeeln I .^lyeates by

*»-,.->m «ye$alna auxd cgretine ai'id wac also die-cove* 
i ict by (Hake (l . Ito c .:!.o» wa0 <.. 
later by chemical i, ' ^r d Cojme* 1908} v;.r-.:' 7

with : •:--.fllert theae author© mused it taethlonine*
rkf r|(i»t.M.-r!ir«i» ae a natural, constituent nf 

-•" was '*e<l b<»yond ite isclation :' v •-.. v .--. 

tryptie •"' • J * Cftftoin (d« Vif-afteand & Mer/er, 19:

The imix^rtanot of methionine in taamaalian raetaboliem 
was '••*,<-•« -»»«r^*ft-<»* h»- ^^-^.^1% r*»rr»!erer *' ^oee (1937) who

•- - and not c; \ ' it an incite le
*; of the

T>eeplte itc cc: • •• 4-lvel^ recent uitcc^ ••.• -:•:, 

information hac accumulated concerning the role .^ aethionine 

5n llvine organienE, It it new eetcbliched et the T 
important of the enlx^ur-eontainlng aiBino fteids. In



addition to ita incorporation into proteinjtoethionine is a 

•ouroe of cystelne and eyatine in animale where it also 

playa a major role in metabolism aa an intermediate in the 

formation and transfer (via S-adenosylmethionlne) of methyl 

groups* Much work haa been done on the inter-relatlonehipa 

between the sulphur-containing amtno acids and other 

Important metabolic intermedia tea. The biosynthesis of 

these andno acids and the vitamins concerned in these 

processes have bean raich studied, as well as the many 

products formed aa a result of their catabolieau The 

biochemistry of methionine is the subject of a vast 

literature, several eoisprehenelve reviews have however 

been published (Challenger* 1951; Bach, 1958j Cantonit 1963* 

1955; Stefcolt 1956; Young * Maw, 1958).

An outline of the accepted pathway for the synthesis of 

methlonine by a number of organisms is shown in Figure 2* 

Several different approaches have been used in the derivation 

of this pathway which has been reviewed in detail by Devie 

(1956) and wijesundera (1954). Auxotrophic strains 

characterised by failure at some stage of the synthesis of 

oethionine are amongst those most frequently isolated from 

NeuTQBPora craaaa (HorowltSt 1950), Eseherlchia eo^^ 

(Lampen » Roepke & Jonest 1947), AsjGergilluG nldulana



FIG. 2

The pathway of methionine biosynthesis in micro-organisms
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(Hoekenhull, 1949) and Baeillua •Stills (Teaaf 1950). by 

irradiating with X-raya or ultraviolet light or by treating 

with eheatteal emtagenie agents aueh aa ometard gaa and 

nitrogen awatard. An examination of the nutritional require- 

menta of wild type organieaa and many different atocotrophio 

atraina haa proved to be extremely valuable in elucidating 

thia metabolic sequence of «athic-ine bioeyntheeis. Moreover 

atraina which fail to carry out a particular atage in the 

ayntheaia of a metabolite eometirres aceusmlate substancee 

in the organ!erne or growth medium and theae way be identical 

with or related to the aubatrate of the blocked peaetion. In 

particular* a mutant of Fe^roaqora, eraeaa unable to form 

homoeyateine accmulatea oyatathionine which in turn waa 

formed to support the growth of another mutant with a 

metabolic block at an earlier atage of the bioaynthetio 

pathway.

Genetic analysis of auxotrophic strains of the moulda 

blocked at several of the atepe illuatrated show that they 

are more complex* and consequently the existence of other 

intermediates, probably unstable compounds, is highly 

probable* In the conversion of homoeyateine to mathionine 

by ffeuroBDora oraaaa* Emerson (1950) considers there are at 

leaat three and probably four distinct genetic blocks 

possible,

ilore recently thia pathway haa been conf im»d by the
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use of isotopio tracer techniques with substrates and 

intermediates labelle^ with 14C and 388 and also by the 

isolation of a number of ensymee concerned in the synthesis 

of aethionine*
The main features of this biosynthetie pathway are 

common to many micro-organisms. Howeverf sa&ll differences, 

particularly in the conversion of sulphate to cysteine raay 

exist with different strains* In an auxotrphlc strain of 

Aerobaeter aerofenes ("chwBPtz & Shapirot 1964) and in sons 

yeasts tranBthioaethylatlon, the formation of methionine 

from tf -araino butyric acid and 5'-methylthio-adenosine* has 

been suggested as an alternative route for methionlne 

biosynthesis* The source of the sulphur of the nueleoside 

is however unknown.

The formation and fate of raethionlne ir xxsr animal 

metabollflm is largely dependent upon the state of nutrition 

of the animal. Many of the reactions of the sulphur* 

containing amino acids in animal tissues are similar to 

those in micro-organisms* However the predominant pathway 

of sulphttr metabolism in animals* the conversion of 

nethionine to eye tine (via homocysteine and eystathlonine) 

is essentially the reverse of its biosynthesis in mlcro- 

organisiRB* Methionlne is the source of methyl groups for the



formation of other important metabolic intermediates and 

produeta et g« eholine* ereatlne and IMaethylnieotlnsrai^e*

Such tranatnethylatirm react font are itiediated by S-» 

aaeno*yljnethi0nlne( Canton!» 1955). The methyl group can be 

derived from various soureea containing preformed ^labile 

methyl groupa" e.g. glyeine betalnet diroethylthetln and 

dimethyl- -protdothetin (Dubnoff, 1949 j Muntz, 1950)* 

However in anlr sa well ©s mlcro-organisma the methyl 

group can be formed from conspoun^e poaaeeaing one-carbon 

residues at a higher level of oxidation than the methyl group*

In thie theela the worfe described is concerned with 

th*s ftf: Mil syntheele of the csethyl group of methlonine by 

cell-free extracts of !5ficftericft|.a qojLS, and with the 

attendant relntlonehlpe with the metabollam of certain 

vitamine* It i» not intended to give a full account of the 

work in thie field; wherever possible reference will be made 

to one of the isany review on the subject. This introduction 

will be concerned mainly with work on the me thy la t Ion of 

horaocysteine by cell-free ayetetnc and, although n»ny 

important contributions to the knowledge of the reaction 

have been obtained by @iudiea ualng anlmale only those exper­ 

iments having a direct bearing on the preaent topic will be 

mentioned*
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Compounds containing prefoiwad "labile 
do not aeem to have an Important role In wathlonlne 
bloayzttheala In adero-organleme. Chollne la eaeentlsl for 

the growth of Streptopoco^ TOltHaWllft/M* an^ a wwtent of 
!<euroat>Qra sfBBlM? however adequate mixtures of ehollne and 

homocyateine would not replace methlonlne for the growth of 

a nuofaer of other organisms. Only two eaaea of the transfer 

of preformed methyl groups to homocyetelne have In fact been 

reported} one waa with a mutant of Heurflaporc orasca 

(&sareon 196X5) while Dubnoff (1953) haa olalmea that a 

oobalamln or methlonlne requiring mutant of %«eoll «ould 

grow In the presence of homooyatelne and dimethyl- r> - 

proplothetln. Thla latter finding haa not however been 

confirmed*

laotoplo tracer techniouec with Intact aninele or 

tleeuee have shown that formate» formaldehyde* the p-cartoon 

atom of aerlne and the a -earbon atom of f lyoln® are all 

preeuraora of the methyl group of raathlonlne and aliso of 

thymidlne and chollne (aee reviews by Baohf 198S3} Amateln 

1907, 1^0). It la probable that swthanol, aeetone, hiatidlne 

tryptophan» purlnea and In fact all maspounda which yield
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onc-cart»on unite (c^-units^ during their metabolism are alao 
methyl group preeureare albeit to a leaaer e*tent. It ia now 
aeoepted that a folia acid cofaotor participates in the 
tranafer of C^-unita other than the awthyl group itself (ae* 
Chapter 4). Sorne of the preetiraor and product relationahipa 
which have been del 1 but;- with animals and micro* 
organi«mr ,- v ' •& !• Figure 3 eaowc tUe nature of 
the intermediated when tatrah^iropteroylglutaraic acid 

tH^G) aervea aa the follc acid cefaotor for C^-tranafer. 

formaldehjrde and formate are the meat

of

-...— ..-...-.-.——..-.-:' - —

The greater part of our toowiedge of the fn®thylation of 
homooyatelne by ralcro-oz^aniewa ia the result of reaeareh 
oarried out in thie laboratory by Profeaeor 1>»B,Woode 
hia colleaijuee.

Waahed auapeneiona of severe 1 atraine of
convert horoooyateinc into methionine when in coated ia 

phosphate buffer in the prceenoe of glucose (Gib son A Woods, 
1960> Oiboon, 1958 af b). A nunfcer of aubatanoeat known to 
aet aa preouraora or aoureea of methyl groups in animals 

(e*g, formate, betaine, choline and glycine) failed to



Oxidation l«f»l on the or<e~c«rVo» u*dt pool

Formal d«hyf?6 ftmaft*

1««C

l«T*i or. tfe« «Dft«*e&z1>on unit pool

rlboti 
hioti-JIrie;
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inoraaae tha amount of methioniae forinedt &*rine however 

eauaed a oaaBisfc&it though variable increment. In the 

oourae of an attempt to determine the effect of COg aa a 

peeaible aeuree of the methyl group, analogeue with the 

replacement of aeriue by C08 and glyoine for the growth of 

a c ;'3Q&ta:i j€>.' ;j i iaa LaBoeix^iOt ^I'^CTJ <H WoodBf 1964}

it waa found that mathionine ayntheaie was euppresaed by C02, 

Of a nustoer of C^-nnit preeuroore tested, only aeriae over- 

eame the Inhibition eauaed by €%*
It aeerned probable that eerine, formed from the products 

of glucose and homocyeteine metaboliemf waa aerving aa the 

ultimate soui'oe of the C^-unit for mathionine formation* 

This waa confirmed by the use of two auxotpophio 6 train e f 

^. c :^i PA15 and 55/5 f which required aerine or glyoine for 

growth and presumably were unable to ayntheeiae theae amino 

aeida though the amino aeida were interconvertible, 

Methionine formation by suapanaiona of theae organiama waa 

completely dependent upon the preaen^ of aerine aa well aa 

glueoae; glyoine wao a leaa effective precursor. Strain 

PA15 had the greateat activity for a»thionine synthesis of 

all the atrainu teated,

•The aaoe authora showed that methionine formation from 

hoaoeyeteine and aerine or glycine by atrain PA18 waa 

greateet if the organiama were harveoted from a glycine~ 

eontaining raeditau However even un^er theae conditiona
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glyoine waa only half aa effective aa eerine* The other 

product of tha reaction between serine and homooyatein® waa 

glyeinet which waa foraed with methionine in appi»oatBS&tel3r 

eguimolar proportions* The*© reeulta atrongly support tha 
view that the p-earbon atom of serina ia the main source of 

the methionine methyl group in JajesJJU *&* reaction waa 

therefore represented thua

(^(BHJ.COOH + GRLaOEUCH 00 n if o 9 9

Buipenftlont of two strains of H^oqlA whiith 
vitamin B6 for growth ware dependent upon the presence of 
pyridoxal or another member af the iritansir? B^ group (exoept 
pyridoxeunine phosphate) for RjethioniBa fornwtion fjwuw »erine 
and homocyetelne when the org&niema had been grown in a 

wanner rendering them relatively deficient in thic 
(Wi^eeondere, Oroaa 4 Woods, I960}* Thir ia preeumcblr 

to pyridoxal phosphate boin£ required aa the ooenaysae for 

a^rine trttnahydrojqrmethylase (Blalrlegrt l9S8j ^binowit«f 1900) t 

It waa alao found that earine could be replaced by r-lyeina 

aa the c^HHiit donor and the latter waa particularly affective 
If the organiame had been grown In the pr^newee of ^l7cinet 

Furthermore pyridoxal waa eaeential for the ntiliaation of 

glyoine but not whan the opgaaieme ware hanreated from a



glycine-oontaining medium. It was concluded that growth on 

glyeine induces the formation of an alternative and more 

efficient mechanism of using glyeine as a Cj~donor and this 

is independent of pgrridoxal* The existence of ft pathway for 

glyeine utilisation independent of its conversion to Berlne 

was also demonstrated with r v:\er-Lt >nc of gtj&oAE lA^ 

grown) by using Isotopic techniques; the ^-*oarbon atom of 

glyoine was incorporated Into the methyl group of methionlne 

and only to a much lesser degree into eerlne (cro . :'j 

Wijeeundera, Cross A Woods, I960),

Several other coorpounrtR irolndln^ eeventeen amlno edda* 

ehollne, betalnet formete> glycolletc; xonthine, ethanol and 

a««minobutyrate were all teeted ae precursora of the 

nethionine methyl group with sofipensione of E^ool^ PA 18 

(Oibson * WoodSt it60)« Only threonine and he«ee«t*in« showed 

save effect and this was probably due to their preliminary 

conversion to glyeine. The growth requlreoent for methlonine

of atMtptQbaoteriq^ T?i\ffifltiiWi 10S could be replaced by C00*f
and homocyateinei however tracer studies shewed that no 

incorporatl m of C02 into the methyl grewp of mthlonlne 

occurred (Cpose, 1956). Isotoplcally labelled formate on 

the other hand was incorporated into the methyl group of 

•ethionine by growing culture* of this organism but not 

into serine* Only traces of fornate were incorporated into



the methyl greup of niethlonlne by suspenaione of ijS^U PA18*
It waa concluded that eerine is the taoet important 

aouroe of the C^-untt IOP aiethlonine formation in

Soluble extrantu of SafieJU atraln T^-lf* wer»e r 

from the whole organisms by grinding with sluralnat ehelcing 

with glaaa beads f ultrasonic dleintegratloa ana »«»t^<?«» 

drying (croaa* 1954, 1956>» When inetfeated with > 
honooyateinet hexoee di 'phate {^"'.Ot aAenoalne trlphosphate 

(ATI), pyridoxal phosphate t and magneaitiffi sulphate In
•^%

phosphate buffer at 37 , these axtracte catalysed the 
foliation of methiontrra, The raaet potent exta^a^tis were 

obtained by aoetone«»drylng| theae and ultraaojiio cKsttr -t-s 

have been used extenelvaly In later atudlee by Sguliaajate? 

A Wooda (I960)| Kioliu* & ^eeda (l960)| Helleiner * Wooda 
(I966)j Helleinerf Kialluk A w^eda (19S8U with dlalysed 
extracts of aeetone^Jricd organletna the preaenoe of a eouree 

of energy and reducing power (glueoae or ItDP) f ATP, 
dipiioaphopyridine nueleotide (D?n) v vg2* and phoaphate 

buffer were eaaential for optimal laethionine formation in 

addition to eerine, homocreteine, a aotiroe of folle «old 

••toctor (originally aupplled by an extract of heated g^eo^l 

and later by Ptl^o under anaerobic ewidltiona) and in certain 

eiretsmataneea eobalamin (e«uljnajeter & Woodaf l95S f 19001



Hellelner A Woode 1956 j Hellelner* Kliliofc & 
Kiallu* A '.voocis, i: : 5Qn /erlne waa the moat effective sour* 

of C^unlts for rsethlonlne ftMMtiaa *ith extracts obtained 

by aeehanical disintegration and by ace tone-drying. Olycia* 

waa 10 to 95 tier seat as active aa aerlne,and formate v/as 

virtually without activity aa a source of C^-unlts* 

spontaneous foratttlon of l f 3-tlila»aiw»«4-oeJ^o3cyllc acid from 

hoaooyatelna and formaldehyde (vrieton A Mao^nalo, 1957) 

prevented the uae of the latter aa a poaalble aourc© of the 

t^-unit in theae inveatlgatlonet Thla ueteroeyellc oon®otmd 

wae not a preeuraor of muthionins. However, In later 

the co^p^uad formed by mixing foromldehyde and Ptl-^Q- 

(CHgCMPtH^G) was found to be an effective eouroe of the 

methyl group of tnethlonlne.

luotopic technique showed that the |3 -carbon atom of 

•erlne was Incorporated Into the nethyl groxip of raethlonlne 

(niulwa jater A Woods, 1960). The In tor conversion of fierlne 

aad glyclne by extracts of acetone-drtQd ^ooi| i>A15 waa 

daaonatrated by two methods t glyclne fbna&tion from eerlne 

waa assayed microbiologically (B«tHma^eter A Woodp 

aad eerlne formation from glyclne and formaldehyde wae 

aaeayed cheedeally u -uk A Wooda, 1960). A req 

for a follc acid cofactor end pyrldoxal phosphate for aerine



ma tewonetreted when the extracts hat
been treated with Donrex-1 reein (Kialiuk * Woods, 1960). 
JtotHataaiet the latter authors also atevea that pyridoxal 
phosphate was eaaaatial for the synthesis of methionine by
Dowex-i-treated extract* whers aerlne w«» the source of the 
C^unit but not with It was therefore

•b • • -i

provisionally conclrs led that vitamin 1% frictions only in 
the aeriae tro^hydroxyiaethylaae reaction* This work alao 
suggested that the ultimate source of the methionine *sethyl 
group is probably an enayiae-t hydroxymethyl Privative 
of a folic acid oof actor.

Serine would appear to be the moat important r 3 el1 
the methyl group of taethionine in l^.qofo* However in 
Ochr<iapa§g Iffliymffffnnt8 avi^enee that glycine is the eottrce 
of the ono-»oarbon unit has been obtained} cell-free 
preparations of this organ torn incorporated the u-carbon 
atom of glycine into the methyl group of methionine (Johnson* 
Holdsworth, Porter a Kon> 195T% ,

Several reports of the £ tlon of tmthionine from 
homocyateine by extracts of animal tissues had been

prior to the eonmneeiMmt of this work* Soluble



Mtraota of plg*on liver gonat*® incorporated formate 
into laathlonine (~er£t 1353). Extracts of chicken and eheep 
liver wara also found to incorporate foi'maldahyda and tha 

p **eartion atftin of aevin* 1^to •^rtM..r>nin^ wha 
with home ^ol^ctora 
Mg3* and a folic acid r -Ljr (!•:-•'•v^p Trunncill 
1956; Doctor* Patton «• Awapara» 1557j ^akao <^ Gr«enberg



larly nutritional stwliee with rat® InUeated 
dietary requirement for choline and aethioniBe cotilcl be 
reduced by homocyntelne and certain unidentified growth 
factors which were later f n to be eobalftraln ana folic acid 
(dtx Vigneaud, Chandler, Hoyer A ?>:eppel» 1939$ 
¥e««nt««f 1946j Bennett, 198Q)* The ftaneti^n 
In the metabolism of labile met"rn ^ wae later 
In several laboratoriee (-illla ^ r-'orris, I.M 
gainer 9- fltrengthf 1949| Stekol * Welss f 1950). A n*nfr>er of 
inv«stlgatlon» twiner leotoplc teehnlqttiee and 
c^-<--.i • .in-deftalent ar. .ve ©Ince i. . 
le concerned In fl§.:1iiyyft synthesis of raethyl groups f 
formate* the a-carbon atom of glycine and the p-*ou 
atom of aerlnej eiatoalassln does not n?*peer to have a role In 
trananiethylatiin* This abject hafc been well reviewed by 
Amateln (l956f 1957, 1960)»

Ttoe role of eobelaain in the synthesis of methlonlne by 
Hlcro-organisas was first suggested by the isolation of



13

mutants of l.coli requiring r ' or oethionine for -rowthf

an-; lv /stine were inactive (Bavis 
The relative concentrationr *f "-balamin 
. indicated fcVit, rn^i^ir *• function as a 

or coenayaie in the of ! ;yeteine. lar 
autanta have aleo been ieolat b v u oh (I950)j 

i (1954) * ^---^iiaents with Clyys^mimftdg (e.g*
ifl^ and Flavobacteritaa 8|5» efm!fi3?¥ried the

relationship between Dcthi, I 
Frovasol* « Filfus, 1954; T^scellee A Crot a mpubli l). 

Methioninet but na other comp^ujiJl tested^ could replace the 

requirement for cobalarain for the £rrowth of these organiewf 

the turbidity attained with the amino acid was however eon- 

•iOerably Is&s than with the vitamin* Cobalamin woe alBO 

found to replace methionine aa an antagonist of eulphonaraidoe 

in prototrophio and oobalomin - requiring a uxo trophic strains

195Q; Alimchandanl

Conciaerable advances have been made in defining the role 
of cobalamin by Olbeon a Woods, (1988* I960) and Oibaon 
(I953a»b). The eyntheeis of r.er ne frost homocyatein* and 
serine by suspensions of several strains of
increased from two to six-fold by the addition of r
the fppeateet effect ma obtained with strain FAis, ^obalamin



w*e eaaential for aethloolne foiwetion by auepenaione of 

eobalaffiin or o&thionlne requiring atraina 

18V176 from the collection of 2r« ^*-

a&ln~deflcleat by growth on metuionixMN the increase 

In mathlonine format ion occurred independently of the €£«•& 

used (glucose, serlne* glyclne> homoaerine or threonine),

Although neoeaaar? ior optimal sjathioniae formation by 

auapenelona of E^co^i ^161 cobalarain had no effect on

•ethionlna eyntheala by soluble extracts of the arganiam 

prftr«red by taechanical disintegration or by acetone-drying 

(Croee J aoda, 1954; :* A Woode» unpubllahe 

Helleiner and Weoda (xvim; however found that when c^w^cta

** &«QQli 121/176 1 a ccbalamin or methionine requiring 

ai^cotroph (grown with methionlne) were prepared by ultrasonic 

diaruptiont addition of cobaTamin cauaed a four or flve-»fold 

increaae in methlcnine formation* Cokmlamin had no 

stimulatory effect on the vary low rate cf mathlonlne 

formation obtained with extracts of aeetone-drled powders of 

thie organism. A particular requirement for cobalamln 

»etaboliem waa aubaequently discovered with extract2 of strain 

PA15 aa well aa atrain 131/176 whan PtH^O aerved aa the 

cofaetor for C^tranafer. Thffl will be dlacuaaed later in 

Chapter 4*



r in the rowth m0di

of 
ther or not eobalamin la

also preeent (Johnson e,| ,a,l« ^...'). Olycine, serlne and to 
•em extent thraonine .atidi?ie and Isfsjeeerine showed the 
same effeot ae at ie but only in the presenee of 
eobalaraln* Furthermore, toe a-carbon atom a£ glyclne wa» 
Inoorporated into aethlonlne by extracts of the organism sm 
if it had been harvested from a c indn-»containin^ medHrtu 
Al no iireot effeot of eobalamin on thia reac could 
be obtained* a role for cooala&iR w^ii indicated* v'i^ii the 
soluble extracts prepared from animal tissues ment^ ^ed in 
Chapter 2* no requirement for eobalamin was observed, however 
no at tamp to to compare extracts from normal and eobalamin* 
deficient animals were reported*

fifflfStlon of _QojM^i*Mi^Q ^-ft ntH— -g-

Cobalamin was first isolated from liver twelve years ago 
(Piofcea ftSufll- i943| Hmith % Parker* 1948) and its s 
etnicttire was finally .^eterninert several yoaro later 
ft ml» r~r>* •"••"). It is an essential growth factor for 
animals and the anti-pemiciou® anaemia faetor in 
Many mlcro-organisma can syntheslse the vitamin from 
precursore

* A wide variety of
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different forme of cobalarain dap ig on the nature of the 

nucleotide residue an<.i other si&stltuents aave been 

raoognUed (Kon * Pawelkiewic*, I960)* Certain

have an alternative gr^wt> requirement for deoxyribosidea and 

purl nee? or cobalar as some mutants of gApQ^l require 

wethionlne or cobalatr.in ; for a number of other mi.cro-organi«Bi 

feewever, the nutritional requireaent for cobelamln 

influenced by any Vnown n»tabolite

T>ochheaa Fos,l2 f 3S). A function for cobalamin

in the metabolism of plants haa not been conclusively 

demonstrated.

Despite its recent dlif»c^ver;' eobalauiln ic the eubject of 

an enormous literature and many detailed reviews of its 

biochemical functions have been published (Harrlc eAjtV 1954j 

Lascelles A Cros&« 1955; Ford & Hutner, 1955; Heinrich, 1957; 

Ameteln 1955 t 19B7, 19^0; Smith, 1960).

Whan the research to be described in this thesis was 

*agun, the effect of cobalamin on the synthesis of methlonlna 

by extracts of K.ooll demonstrated in Oxford was the only 

example of a direct action of the vitamin using a cell-free 

preparation* During the course of the present work several 

other examples have been discovered; these and other metabolic 

proeeseee in which a role for cobalamin has bean indicated 

will be mentioned briefly here*



Ctjplift* __
;* isotopic tracer studies with animals and

animal ticene Mona have suggested that cobalamin 

functions In the synthee^ ^ the methyl groups of choline 

from a number of C--ur.lt sourcec* This could be 3ue to 

transrrethylfttl ™ *' synthesis <fo novo of methioain* 

methyl groups iArnatein T ne^iberger, 1955). Heeently hotrerer, 

tolitole extracts of i^at li«-r-.^ which catalyse the e^nthesic of 

choline from formaldehyde and aminoethanol or dimet 

a^ ^tharjol inderer" of tranemethylation have bean 

obtained (Venkataramaii ^ areenberg, 1963 j Peters ^ Greenb©rg» 

1958), ^tH^O acts ao a cofactor but no reo.uire~^nt fop 

cobalamirs haa be«n reported.

tritional and isotopic studies also indicated a role 

jui* cobalamin in nucleic acid metabolism. There ia however 

arneh conflicting evidence regarding its site of action. The 

methyl group of thyntdine rioeo not participate in trana- 

•wthylation^ it can be formed from serine or formaldehyde by 

a number of soluble preparations from animals and micro-* 

organisms (aee Chapter 4) but apparently no attempt has been 

wide to demonstrate a cobalamin requirement. Bolinder & 

Reichard (1959) have recently shown that minces of eobalamin- 

deficient chick enfcryos had a sub-normal ability to 

incorporate deoxyeytidine and daox$ttridine into the thymldine 

of deoxyribonucleic acid; addition of cobalamin had a direct
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*tory *ff»et. r ^07 ted the incorporation 

of for-!-t% v v, -v't forma I -ie? v eerine or glycine, ^^ 
thymine by suspensions rt -'-• ^r-^ <v*?irt 

defieient
ev' " c® for a role ~»f c *n In the synthesis of thymidine 

rastnyl groups was obtained with ti >wing cultures of 
fcactdbaclllus lelchmniit a^*« *^» effect of cobn^-rtn on 

the incorporation of formate 18 the greatest, ^he activity 
of h xvrrathyl-tetv ' • -^pte? ' ' "o acid deh^'drogena** 

of bone marrow and liv©r has recently been shown to be lower 

In oobalamin deficient chicks (Dinning ̂  Hoganf l'^^ s .

The soechaniBa^ of chollne and thyiaine methyl group 

formation appear to differ from methlonln© methyl group 

formation in r^qglj.* : r,ney all demonstrate an intimat« 
relationship between cobalamin f follc add and one-carbon 

metabolism, albeit at different levels of oxidation. 

Evidence has also been obtained for a function of cobd 1 a :-:in 

in deoxynuoleoside formation and in purlne synthesis by the

(T«eoellee ^ Cross, 1955),

The maintenance of tlie eulphydryl ifjroiipe In the r^nced 
state In biologloal envlronmenta appears to be controlled 
directly or indirectly by cobalaraln. The reactivation by 
eobalamln of aeveral eul -yi -containing enaymee of

of aged ^£oJUL 113/3 hae been directly related to



the activation of the in ..... .* using & cell-free

system (!>jb; a»b}» *~ -

Protein eyntsis nd aiiiin acid
Since this work was started, cobalamin was found to 

increase the incorporation of amino acids Into the protein 

of mieroaomal preparations from the livers of coba!?^^- 

deficient plga and rate supposedly by its effect on * 

fortrsatlon of aminoaGyladtnylates (Wsjfle* Mehta A *T 
1963 atb)* More active than oobalamln was Stfr-dimethylben- 

sifflidssolylcobamide coentyme (see below) for the effect on 
smlno acid incorporation but the effect on »*»1no acid 
activation was not confirmed C'ahta, *%gle A Johnson, 1939), 
However a direct fmr-t^n of cobalamin in protein synthesis 
has not been confirmed by Fraser A Holdeworth (1959), Arnstein 
41 SiflMn (1959^ with eMr???e nnd rats or by Arnateir "ite 
{" "" v% with suspense-trie of Oehro!

Hecently ooensyme forms of three cobalamin derivatives 
which are required for the interconvereion of glutamate and

(3-raei epartate (Fig.4) by soluble extracts of 
tfftiffffl^rPhM ^»v« toeen isolated by Barker, 1'elssbach A Stnyth 
(1958) and Welasbach, Toohey A Barker (19B9). these and 
several other cdbamide coensymee have subsequently been



FIG. 4

Metabolic functions of cobamide coenzymes
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A requirement for cc 1 --"1 -'-.In in :- " :••;£* > " "'liam by 

rwilnnnte was firct Invest? ^*Si b;; '.'crcton (pr*».,«~

•• ' n> and 1 rat liver hoswgenates by Smith 

<fc " '?r (l » It la now that n,n-!ir.;ethylben 5a- 

colyloobamlde ooenaimie but not cobalaraln in a coenzyaae for 

the Interoonveralor ^^ raethylisalonyl CoA and sunoinyl 

by methylmalonyl CoA IsomepBse In extracts of

a,b) ,fractlo""tfji ox liver (Stern <% 

1960^ and rat liver pre -ations (OurnanU Mietry

other le»« d«5 ' of cobi 

been repwted e»r. the conv ;.on of glycine to 

(Vohra, LantK A: Kratzert 19 8f ̂ *.nd in p-amlnobenaole acid 

nttaboliam (;>aviB f 1951; Lascellee <'• Croea, 1955)*

It is apparent that more reeearehf particularly with 

oo 11 -free eye terns* is required before the primary effects of 

eobalamln can be distinguished from that which is secondary 

and before a unify! r^ hjraetheele of eobalami?) sett on rttn be 

preeentei.

Inhibitory analogues of several vitamins have proved to 

be of ireat value in chemotherapy and in studies of vitamin
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tlie growth factor activity of
tuad of

tion In animals has 
he tero cyclic b

with the free
ounj in or can l>*

lucor; r 'U! : . - to c £ tue natural

- ^ .-,*^JL WA* I960) 
- Mve aata^oaiats /.lave b-^en ayntheaiBed in 

the . o* iOQliQ^ (JL ..

removal the

l*e. til.-j

thuy , ' . .1 ink* nubetitutedl 
oobatolin aailla dOi*Ava4*iv0a Q^ roaotia^' ^ith ^averal aijlnee. 
These compouriis were conipotltivo inlilbltors of UJB growtJi of

and rate . ^eon, Gr^jor^-, ^ . ullivan A



CHAPTSK 4

THK ^STHYUTIOK OF
IWTJfW TS/iT tf /SB* 1 Pfl1 rtVJdlnr \JJf

The biological importance of p-amlnobcmaoic acid (p-AB) 

waa firat realised aa a result of ita ability to overcome 

eompetetlvely the inhibition of bacterial growth by sulphon- 

amides (woods, 1940)* Convergent researches with micro* 

organisms and animals have since shown the presence of a 

p-AB residue in a number of other growth factors or vitamins f 

Btnfoers of the folic acid family, A few of these compounds 

are ehown in Plgtire 1.

The first indication that p-AB waa concerned in the 

methylation of horaocystelne by micro«*organisiBa was the 

observation that methionine bat not homocysteine overcame the 

Inhibition of growth of ]E«oo^ by sulphonamidee in a non- 

competitive manner (Harria & Kohn» 1941; Bliss & Long* 1941; 

Kohrif 1945). Later, methionine has frequently been shown to 

be the most important component of mixtures which replace 

p-AB either for overcoming sulphonamide Inhibition or for 

supporting the growth of organisms which require p-AB for 

growth (winkler & de Haan» 1948j Lampen* Jones A ftoepka* 1949; 

Strehlept 1950; Cutts A Rainbow, 1950; Bird & Dots, 1958)» 

In a similar manner methionine waa found essential for over­ 

coming the inhibitory effects of aminopterin on the growth of 

Torula oremorla (Broquist* 1950)* In animals the function of
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folio aeld in methyl group synthesis waa *ttff**t*6 by Bennett 

(1949, I960) and since then the vast field of one-carbon unit 

and folio aold metabolism has emerged*

Pollc acid and the Synthesis of Methlonlne

More direct evidence for a function of p-AB In the 

methylation of homo cyst* In e was obtained by Gib eon & /oods 

(1962, 1960) using washed suspensions of p~AB~deflcl®nt 

strains of K*ooli, Deficient organisms were obtained by 

harvesting a p~AB requiring auxotroph from a p-AB replacement 

medium (containing amlno ael&s* purtnee ana thymlne) ; these 

organisms would synthesise methlonlne only If p-AB was added 

to the suspension* Sulpha thlasole Inhibited the aetlon of 

p-AB. However, if the organisms were first Incubated with 

p~ABf glutamlc acid and glucope, the subsequent formation of 

siethlonlne was Insensitive to sulpha thlasole* Concurrent 

formation of folio acids (active for the growth of

easel and LeucojE^stoQ cJ.trovoruro) during

aethlonlne synthesis or during the prelncubatlon In the 

presence of p-AB waa demonstrated. Consequently It was 

concluded that p-AB functioned In methlonlne formation after 

It had been converted to a cofaotor form of follc acid* 

Pteroylglutamlc acid (PtO) and N -formyl ItH^O (leucovorin) 

would not replace p-AB for methlonlne synthesis or for the



growth of this organism j probably because they could not be 
elaborated Into the oofaotor. Bven In the presence of optimal 

concentrations of cobalaaln, p~AB was essential for methlonine 

synthesis by this strain but the synthesis of mathlonlne by 
suspensions of other strains of 8. coll (not requiring p-AB 
for growth) was not Increased by added p-AB.

The synthesis of methlonine by soluble extracts of B
PA15 was Increaaed by the addition of an extract of heated 
organismsff BHC (Cross & Woods t 1954)* The requirement for the 
KHC was greater with dlalyeed ensymio extracts and 1HC was 
essential for methionlne formation by Dow«x-l- treated extracte 
(fEulmajBter & Woods, 1908, 1960; Klslluk A Woods* I960}* 
Dlalyeed ultraeonie extracts of strain 131/176 also required 
EHC for methlonine aynthesls (Hellelner & Woods, 1966), Using 
encymlo extracts prepared from acetone-dried strain PA15» the 
1HC could not be replaced by p-AB, PtO, itJ^O, N -formyl 

PtH40 and l^-formyl PtH40. A five-fold piarlflcatlon of the 
EHC was achieved by paper chroma tography and evidence for the 

folio aold nature of the active component was obtained 
( Srolaa 3 star & Woods » I960). The 1HC could be replaced by 

CoC (see below) and to some extent by a formulated derivative 
of pteroyltrlglutamle acid (PtOs) which was purified from the 
crude CoC by bright (1958 b, 1966).

Fractlonatlon of these ensymle extracts was attempted by
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and by Hellelner but only very limited purification 
was obtained, probably due to the complexity of the reaction* 
and no evidence for any intermediate was obtained,

Tetrahydropteroylglutaraic acid (rtH40) will serve ae the 
folio acid cofactor for all the known C^-transfer reactione 
occurring in eoltfcle extracts even though ite Instability and 
low intrinsic cofactor activity make it clear that It is not 
identical with the naturally-occurring cofactors. However* 
in this eyetem for methionine eyntheeia it was inactive and 
later proved to be a potent inhibitor of the function of the 
WC (Kielluk & Woode* I960).

Re-examining the role of cobalamin In nethionine 
ayntheeie, Kieliufe a Woods (1958, i960) discovered that 
emsymlc extracts of acetone-dried powdere of RmftrtMi '-'

endowed with the ability to uae PtH^G aa the cofactor for 
C^-trenefer in the nwthylation of homocyeteine. Berln® and 
the formaldehyde derivative of PtH^G would serve ae the source 
of the methyl group under these conditions; oerlne was not an 
intermediate In the utilisation of formaldehyde. Subsequently 
the eofactor activity of PtH^O waa tested with ultrasonic 
extracts of iijaalt 121/176. It wae aetlve but only if



•obalsmin wa« nlnn r • •* *"•? t,1* tMs ^l.rrs? ccbalsmln

e . , ,.. »
At the tarn %*u. fev "- ^^'- *•" % « 4e«evlbod In thi» 

thesis, a non-diffa? 1.^1^* ^^^t.-f.^nft fi«*t-? <T> which 
pi ;.'•: of - iJl the -.--•--«« of 
I-'tii^G .)$ cx r " ' '-dried powders of strain • 
obtainc-.: I'roiu similar oxtract^ -* organism.® f*va*» <™ ™ ^ 
containing cobalar.ir "^11'^r % ^a^s. 1960^, Citb^;'" i.n 
itself w«6 inactive in r^ • ••-- , T?td f- -" - - was 
partly-purified (five to ten-fold) from ext-rv^t?: nf the 
organ! erne grown with cobalamln by treatmtmte involving 
preclpitatior with protamln® enlphste. fhe l«rrea»e in 
of met :*icn^: •••-"•' '• -^ -- 

TAi6 with A ti^C ^$ tv.e co factor for C^-tr- fer was T?i?e^ a® 
an assay durii;^ the isolation of v « KlolloEl? an^ Woode (i960) 
have presented a hjrpo the ties! r?st> •••-••-' for the ff^nth«*?l» of 
Kethionii, -..•'-.'• :\t atte * vl n ftmcti : -. -in the bafi» 
of Dieee reculte (P10.5).

3?olic acid cofactore were also requir©a for methl 
formation by soli&le pre^nratf^nft from animal swareee,

t of tho i: "i liver preparation of Berg (1963) with 
Dowex-1 roaln in^iocM - r^qulrazftant for an extract of heated 
liver or yeaat pre£:v ibly aa a eotiree of uim folic acid 
ciofactor. Soluble systems from chick and cheep liver
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the addition of 3?t&t PtH-0 or Jr-fortayl PtHJ} for njethionine
^^» TPr

formation (Bootor* l^ttois A Awap&ra, iasf > Hakao a? 0re©nbergt 
1986).

Th« ohemietry, biosynthesis* natural occurrence,
fwnss and mstabolie funettons of t*« folle ®ei4 group

of Tit&ffilms hairo b««r, erteiicive?^ pevl^wed (Vof»&« t 1960 JT 
If60| Rabinowlt«f I960} F^ti*0r

1904} Hu«ineker5fl a Otbowt* 1969; Greonberpr 
1987)* £her« are inmerfmff tecotmt© ©f tho isolation of 
monoglutanorl and pol^ltitamyl ^erlvatt^Ni of folio aai€ from 
natural aouroee (lablnoirlts* 1060; Wf»i^htt I960)} amnir of 
th»«* are probably tho degradation prodtactc of more elaborate 
oompoiaada^ which have been produced dtarlng isolation. However* 
Wright (1955 a fb| 1956} has isolated several conjugated forms 

of follc acid from a h@®tod extract of
(CoC)« Sooe of theoe coiB5>aunds were formula tsa, moet 

tuid reduced p tori line reel dues and ©everal oontained 
additional amino acids (glyc!ne or alanino) and pentoe© and 
phosphate residues. They war® all coenaymec for the inter* 
oonverelon of serine and glycine by extracts? of

Jsmve not b0e« isolated In sufficient 
to be uaed In enzymo lor leal Inveatigstlonp of one- 

oarbon unit metabollem. Mrch information has however been



34

obtained using PtH^G a0 a readily available substitute for 

the natural folie acid eoeniynee. It ia aaeeriain whether 

PtH4<J exiata in biological materials beeauae methods deaigned 

to prevent ite oxidation during isolation have not been ueed* 

Thua it way be neeerrror;/ to nidify eo«a of the theoriea 

eeaeeming the metaboliam of Cj-units when natural coenaymea 

have been examined in detail. The functions of folie acid 
in the metabolism of one-carbon unite are eaaentially the 

transfer of hydroxyuiethyl and formal groupa at the aaae level 

of oxidation, their interconnexion between theae oxlo&sion 

levels and alao their reduction to ssothyl groups. Only a 

brief and incomplete eurvey can be given here.

A« Methyl Qroiyp

The ayntheoia of oholine ai\d -._.__, _,.- — „-....

?tH40 aervea aa tha folio aoid oofaotor for the eynthaaia 
of oholine from formaldehyde and andnoethanol or dimethyl- 

aninoetiiaaol apparently via i'orraylated derivatives 

(Vankataraaan A CJr9enbergf t9S9f 9yc» 1956).

The participation of folic aeid in the formation of 

thymidine from deoxyuriUne by eoluble extraeta wae first 

toAiaated by tha iaJHHtery effect of aadia^terin on thia 
reaetion and the stimulatory effect of JJ^Wormyl < tH4o 

(J^iedlein A Roberts, 1066), Subsequently a requirement for



O haa been reported for the for at ion of thyraidine or 
thymldylic aeld from serin a or forraald/ehyde and deoxyuri 
or deoxyuridylic acid bf ft^lttole extracts of thyme glandt 
bone marrowf l^oo^ and Streptp^peeua faeo*l^.g ("hear & 
Qreenbergt 1957; Dreenberg & Humphreys, 1958 j Blakley* 1957 a;
Friedkin & Kornberg, 1957? Birnie A Croabidt 1908) MaPougall

QX __ 4k Blakleyt 1960) j AfPf % and DPURg WWP« alao r^tuired* Th»
overall reaction ia similar to homoayfitelna nathylationj it 
haa been aoeiunea that l^,K10-fl»thylene PtH a le the final

and there le evidence that* for thymidine formation 
C^-trancfer and reduction occur ^simultaneously with the 
liberation of ^l yaropteroyl^lutomic acid. The formation of 
ft^hydroxyiaethylcytidylic aold from foraaldehyde and cyti - 
aeid by extracts of pha^e-infected B-eoli alao 
PtK^O aa a oofaetor (Plaka A Cohen, 1958} *

Hydroxyaethyl PtR and Miyine bioryntheeig*

The interconveraion of aerine and glyoine was indicated 
by the 1 eolation of a mutant of ff«qop having an alternate 
requirement for one of theae audno aolda (Hoepke» Lib by ^ 
Small, 1944)* Early nutritional and i 00 topic tracer atudiea 
with anlmale and mlcro-organianw eonfirsied the exietcnc© of 
yua reaetion and alao the participation of folle acid. 
Preparations of aerine traawhydWMcyraethyleae have now been 
purified from aereral BQUTOBB; PtH^G and certain othor folio



•" •• " ~ '• rat' ' ' n nr- -" 

(Kieliuk & - 1 — I, 10-"- ^TMV^;.-

V% 19*Vix . ^Tr10 -•:,-:'• e : and glyel:'
'4*

to b© the
N- or If^ir " -I rtK G *' " • ' ••'••'? 

donors (Blakl«yt 1939).
^t* 1^ ie fo^r^c'51 either . ' ' r by 

' ...1 reaction T -1 rit" ' • "-'rv 

1957; ' ' /» 1959 f 1960} or r "* frcm the r-r:e 

actante (08bom,t Verc?»r— - m-lbert *. H^ennakenB, 1957).

r?eaetione at the .gbiml. X<efgftl... of

%̂ tiori of

Carbons 2 ar* ft -*•* -he purine ring arise from

'! with the ir- , tion of

glyrinamlde 
foriaylaee and aadno-lmldajsole carbosoimld© rlbotld® tranei-

f 1957)* The 

or T^^IT1 -metlr . ._• 

'•. 10 at a Try^e^ c •• -5" level, IB ' ' y« 

only afier •..w*>--r> ion tc one of th@ forrv •••••• rr.^poundp with
the aid of ***>, »..cl ^-fnT.^rr'? -t»»*ft iso^rae^ or

?*
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r " "moat ln-;v,.-tant formulating agents, H" • •--•" " v^" funetl". 
directly in the WW Bible foraat •:-•? ^f^nrl-;!^^^ 

aeid (Siivawaftnt Eartaataay» Koval - 0*y$a»r* 1957).

Tho oxidation of i*ienylalanHMI to form t;,Tonln-

haa boon found to require two enaiMHi ana a pteridlne oofactor 
which aro present in liver ( .aufojaiif 1959 1 •

1959) » The function of the cofactor appaara to be in linking 
the oxidation-induction reactions; "*tl^0 can replace^ thoi^ii 
it is laae aotivo than the natural aof actor - \ ap^af® to 
ba a ptaridine* Folie acl" dariirativaa alao ftonction in 
fantothenlo acid eyntheoie and tha bioayntteela of valine 
and loucine (ea« rariow by Hutnev* Nathan & Baker, 1999)* 
Thero it alao evidence for a fonr i of the vitamin in tho 
aataboliam of gl^itie (Bainidtt & Wei^to&e®* 1963 j 
8md, 1908) } andt FtH4o tea been found to sti»u-u 
phoaphoro-claetlc oleaTage of pyntrate by esctraots 
(Chin, Krwipita A Hevellif 1957).

It ia wall known from clinical observation** of anaeislaa 
that folio acid and oobalao&a hav« a close natabolio inter-



relatioMbftp, HUM te etiteaee for a f*»**fta» of felir 
in oobalamin formation and yjjse. yftfffftg examination of the 
atruotore oi oobalarain (Fig.i) retaala the preemee of many 
residue* whieh might be products of folio eoid ftmetteru 
Cobalamin it a atftifemHHtde reveMHtef faotor (Shiire* 
and it spares the p-',B roquiroment of a mutant of

1083) 9 a thermophilic baoillus (Balter» Hutfiar 
1955) and a • train of A^t^aotfir (Brown & 

IW6).

Amlnopterln and ajaethopterln (4*<icnlno Ftd and
Pto) are gmttget the meet potent antigefiiata of 

follc aoid which have bo<m syntheeieedf they are ir 
for both animala and Bdoro-organiissw and for a time they 
Bhowed promlee aa an effective treatment for clinical and 
experimental leefeeniae (iitaiviaa^ 1994)* tfeeifie inhibition 
of the bioayntheaia of purlncc* tli^nltlina* 0je nine and
;«;5-forra!yl PtH^O has been deaomitrated in a mfeer or oysteiae.

Of particular Interest ie thi f onmtiett of
from Ptci wlilcti e«!««!W In fHilrnle* baetaffift and 

free proparatlcine of both ( » 1949? Broqulet, 
8toketad & J^leeat 1951; H ' dwelfrert, 1^55) mil la 
Inhibited by the folio aoid antagonists (nichol, 1956).
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Tha •»*% important points relevant to the research to ba
described which emerge from the prwicmn vapfc are*
1) Washed atiitpensiona of many strains of 5iJ£i& can ®yntJ*ealee
TOthionins from Ho«oo7» telne j serina ia tha caost
aource of tha tnathft ffruujp and ttaing tha ap^propriata
trophic attain patuijpioattte for pWUB (folio acid),, eofcalamin
and Titamin B$ can be daaonatrated for thle reaction.

Boltfcle extracts of acetonft-dried Eft ai^^i 11-115 (a serine 
glycina ra^ttiring awwiapoph) aloo oatalysc the ro^^iiioaa 

of methlonine from homooyeteine and corine. The folio acid 
oof^ctor can be e .. ^. led by an extract of the haatad wpajtiiwi 
(rac) but oobalamin h&8 no effect on tl» aate 0f faathionina 
fonastion*
•) tha F^HC could only be replaoad by Ptl^a if tha organimaa 
had f iret been ^rown in tha preeenoe of cobala. rln; the 
addition of oobalamin to the reaction mixture had no effeet* 
A haat-labllef aon-dlffiiBible factor (x) oan ba iaolatad fro» 

which hava beam grown in tbo peg*®»enca of
and thifl ftector (X) anablaa tha utilisation of l*tH^o as a 
eofaator for tbt eynthaale of rvertbionina by axtracta of a 
dried organiamo ^rown without addad



4) 'Ifce . i^a oi1 i-, " - jy u: ' -• ^- ^ of 
ff.coli i21/17w vu cuuu-wauu.** wi3 iaetaionine requirii*^ ^oxotroph) 

IB dependent upon the addition of cjt>alas;in t 

mixture with either . or PtL^C as the cw-v-^ 

tranafer.
The object oiv tfc- t te^i-*. .,.. 

the role oi cuoalamin folic acid in the synthc 
. - -. -.-.,.. .jonic ex',, te of .K

of the work was oar out c , > the 
re»uJ.ui. .ittVw o«en divided into three fccwtiwut*.

In the fixmt place (f-«nt.i.r.n T^ f ultracoaic extract^ of 

aunaber oi p. .... c etralne of IjtSslL were 
for Uiair t.l»ilit; to D^r.t;:.e^lr'e nathioni;,e ~;r 

similar iiy -h^uc ae scribe a by Hellelner 
t Kieliul: ^ vooca Cll'U-, *,

wlic -. -. . . ~.inin c^n th© reaction 

when th« suot'oe of folic aciu cof actor was - ^ *r r -'HC; 
«4K>riiie ana io- , " ' ^donors, The other 

requirement© for methlonine eynthiL.^*^ ^cre aleo inveetigated 

in detail.

Section XI la concerned ^ ion of c in 
and inhiblto*'y anal 3 of cobalainln were <, " K! in an 
attempt to elucidate the nature of Its action* A 
independent of raethionine syntheeie, waa der«i?iped for



4$

etudyiiig the formation of factor (it) by ic eztraeta 

incubated in the $re»e«ee of c

The inteweletionohip between folio acid and eobalaadn 

ie examined in greater detail in "ection XII i» an attaint 

to define more aleafrly the mechanian of • ienlne r, ,>@ia 

and to nhed light on the rola of eobalaaln. Folio ' : 

antagonists were needf aeveral a^nthetie derivatives ^' A^ 

and Pt»3 were teeted for their eof&otor aetiiritiea n«^ 

isolation and characterisation of the folie aeid ec. 

present in the sac waa attempted.

Ifhe first chapter of each ex^ioriroental seotiyj 

with the general technigtawi and qpoial o>wrtleale used 

that and eDfbsequ^mt aeetl ma«

rrhe escperirnental reeultc of @aeh gee ll be 

dieouaeed iaaa»diately a»d finally the^r will be c i. 

la a ooneluding

This research ie a contribution to the etMy of the 

syntheals of methlonlne by .jggcJ|er.i_Qhia col^i which hae been 

in pra<»re88 for several yeara in this laboratory; some of 

the present results have been published in the Biochemical 

Journal.

Ouaet, J.R. (1959), The Relationship between Cobal oTiln and 
MethloniAe ^vyntheaia ic Sf chef, 1 jgj^ift.^oTQ li .; A 15. 
Biochem. J.
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\t. ft Jones* }. r -' 
glxjtamat© ae m f tor of Methiouine •-*

J. 22» «-^»
Guest* .T.'U, Kelleiner, C."\, CTOE-B, M.J, 4fe W©o«« f 0.D, (I960), 

Cobalamin end the o'^ntheola of Hethionine by Oltraeoriic 
of

Otxest, «r,H. (l%0)* Inhibition of Kethionlne ^ynthe»i« i
col! by Antlogoefi of Cobalamln* Blochem.

» 405.

, J.r<. & ^ood.s» D.T). 119^0). Cob«l«min ana the 
Formation of A B*etor Concerned in the Synthesis of

i« Biochetu* J, ^7, -;-':3



V

OF ^:I^HIO! TIIT^ 3Y
UI,TT?^SOITIC EXTRACTS OP Sscherichia coli



Yha usual praeaotiona nataesary in aiaiwbiola < . 
studies 991*9 obeeryefl throughout, particularly with far 
to tha purity of dhanfteala and the sleaalinaae af th . 
ware. Cha*icalB ware of tha baet guilty aval lab lej any 
apeolal dataila ^taiwwming indivitail afe^iiisala and thai^ 
praporatlon will ba glTOfi in tha appropriate section and in 
Appendix 1. Rot chromic acid ma employed aa cleaning agent, 
tha fflaaa»a*« balng rln.0€MI thofotaghljr with 
water followed by tfl4MUH4i9 tilled we tor*

Througlt^ut this work .BMftiiPlflili ffffilf haa been 
•xclu0ively for studying mathionine forwition. Uovoral 
different atraine both prototrophic and ataeDtrophic hava b9an 
axaielnad and thaaa arc llatad with their growth factor 
raquire&anta and orl^lnB in Table I.I* Da tails af tto 
organiama ii»ad in mieroblol^laal aeeaye ara givarj in 
Axqpandlx a« Stoek cultures af all orgaaieaua were 0ufeeult)u»a4 
monthly and atora^ at 3°. Ho ettocalture was ucod for longer

ana waak,



Stritira of in th* nork

Strain of Growth factor

v A* 'A « C» C." -»u • >;7'ri? j.;

121/1/6 

11J/3

or

U>fettl«fedn or

or

518 Thia



Full details of the osqpesition of mil £aodia used are 
givan in Appendix a* They wore usually stored and dispense* 
at twice the final concentration and diluted to the desired 
volume with water and teat solutions* Unless stated otherwise 

such additions were made before sterilisation by atatoelaving*
A little carbon tetrachlorlde-toluene mixture (60t: of each v/v)

* o waa added as preservative and media were stored at S .

Swept where otherwise stated the extent of growth of 
sttltures waa assessed with an HM, p*iotoelectrlo colorin»ter 

(Brans ^leotroselenium Ltd»» /laletead, 8ssexv England) in 

ten* ttt>es with a neutral density filter} the uninoculated 
lasc'tiin was tired to give the aero setting* The relationship 

between galYmomster reading and dry weight (mg»/ml») was 
determined for each strain of IftMU *&& fotmd to be linear 
HP to an B!l» reading of 39* Hie dry wt*/ml* oorrospondin^ to 
a reading of 1C iraried only from 0.31 to 0.36st^. for the 
different strains of



row Organisms and Preparation of
Jjctraet'e

The basal medium for bulk growth of strains of 

was the glucose, laetate and salts medium B^. The medium was 

supplemented with Jj^-roethionine (0.5 ag) for strains 121/176J 

113/3 and 3/68 and with glycine (10 m&) for strain PA 15. 

After addition of 3 " (w/ir) agar (BDR) and sterilisation 

(121°} 10 min. ) the medium was dispensed either in Roux 

bottles ( 100ml. ) or in enamelled trays (38cm. x 26cm. x 3em« 

sterilised at 131° for 15 rain.; 600ml.). In some experiments 

eobalamin replaced ia»thlonine as a growth factor for strain 

121/176 or was added to the complete medium for strain PA 15; 

it was added as a solution (sterilised by &eit« filtration) 

to the autoo laved medium after it had cooled to 60°.

The inoculum for a Houx bottle was about 1.6mg. dry wt* 

of organisms from a tryptie meat agar slope harvested after 

incubation for 16hr. at 37°* Each tray received about 

tag, dry wt. of organism from a 16hr. culture (37°) from the 

glucose and salts medium A supplemented with the appropriate 

growth factor. Both trays and Roux bottles were incubated 

for 44hr. at 37°. The organisms were harvested, washed twice 

with water (I40ml./tray; 45mt./roux bottle) , and finally 

suspended in O.OSH-potaeeium phoephate buffer pH 7.8. The 

yield was generally 300mg. dry wt. organisms/Houx bottle or 

1.3g. dry wt. organisms/tray.
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2&-50ml* samples of the waahed suspension* eentainiQf 

approximately Tfcqg* dry wt* organ!amis/ml, of phosphate buffer 

were subjected to ultrasonic vibration (85 Kc*/aec*» 600 watta) 

for 4ajiL in a BQzal* etainleec steel conical flank to the base 

of which the oagnetofstrietor was breeed. The exterior of the 

flask waa cooled with running tap-water so that the contents 

remained below 00° throughout, The ultraaonie generator waa 

type K7590B of Muliard Ltd** tendon* ^«C«1» After c©ntrifugriiig 

at 0° ($8*000$* 10 or 15 mln*} the aup«t*natQnt fluid waa 

dlalyeed overnight againat 0«0q|>^lioaphate buffer PR 7*8 at S0 

using 50ral*/ml. of aupemmtant fluid with two ehang<es« fhe 

dialyeed preparation waa eentrifu&ed to remore any precipitated 

protein* The ultrasonic extracts were normally need within 

two days of preparation eince that from strain 121/176 

progressively loat activity (50^ in 5 weeks) when stored at 

either 8° or -15°; the preparation from strain PA16 waa more 

stable (15^ loss in 3 weeks)*

of

The protein concentration of eietraets was 

spectrophoraetrically at 380 and 360nu according to T^a>Tie (1967)*

Residual folic aoid coenaymee were removed from dialysed 

extracts by paeeing through a short eoluain of washed Dowex-1



fesln (chloride form, xs» 100-800 «ie«sh) at 3° iaweAiateljr 
before use. Approximately loa* of coluran (diameter l»5ea») 
was used per fiOia^, of protein treated. The extract was 
washed through with water; there wan a negligible lose of 
protein although the 20Q/260nm ratio of the extract was 
slightly higher.

of heated

Washed suspensions (I70m^» dry wt./ml.) of the strain 
under test were heated 3 rain, at 100°» oooled and aentrlfuged 
(SUtOOOgj 18 rain.)* The ou»effMatant fluid, the extract of 
heated E^QQII (i^lic) which contains natural follc aeld eoensjmes 
was stored at -16° t for periods up to 3 weeks with no apparent 
loss of activity. Such preparations were standardised by 
adjusting the optical density at 260nm to 100j this gave a 
dry wt* of I4og*/ml» and the solution contained 0

stf y^fXiire and oondltioins for laethlonine gyathesls 

The solution used for testing methionine synthesis by 
ultrasonic extracts (based on the work of Hellelnert Elsliuk 4k 
Woods„ 198B) was Reaction Ml^tiye I and contained (in Sol* of 
0.13%-pho8phate buffer pli 7,0) t j^sorine, 10 ^roolee;



00

10 jiiaoleaj rtticoce, 90 maol*»J HgClgt 10 
adenosine triphoaphate (ATP) f 10 luaoleai dl$h0aph0pyrl<Hne 
nueleotide (DPf?)» 1 ixiaole; pyrldoxal phosphate, 0»S 
In ejcperliuente with the fowtiaiaeh^e derivative of 
pteroylglutanate (CBgO-^tH^O) RB the Cj~donor t r * of 
fflr^iaiaairateine waa retaead to 9 maolee and pfri^or^? '• 
waa o«ittad«

When added, Mf? waa an iMiKMint efttiiiralent to 17*»?» <5ry wt« 
of original orgmniatnr . The amoimt of ultrasonic extract taeed 
aa a routine contained IQrag, protein* Baall variation© in 
the reaction mixture were occasionally raada and will be 

in the appropriate e
The collate rametion mixture W&M inetflNitad at 37° teller 

an atawayhere of Hg» Originally, ThtmUsrg tubec were need 
but latert adapted rtKiln«r" frult-preaervin« jaro containing 
pre*heated gljroerol and fitted with eectlom; to held 
hard glaaa teat^tii>ea were foitn ̂  to be aatiafaetor^*
period of inetibation vaa & or 4hr* ana taatMonine epitheeia 
WAa atopped by heating at 100° for 3 rain, f the reaction 
mixture vaa centrifuge* to remove preeipitated protein^ and 
tha attparnatant fluid used for the aaaar of methlonlne.

Preeautiona vere talcen te axaluoe llg^it in entperiiaenta 
vith 8



flie method Ascribed by Olbemi A Woods (I0i0) was 
followed. A linear res»*oduclble growth response for the 
organism was obtained with 2k-msthionin« (10 n| to 4X10*1* 
using medium " 'arolno acids» glucose* vitaralne and salts) 

a final
.•t-^r-::^ •''•--. C war distributed In :. ' -.-.nUtiee 

in sterile hardglaat tubas (lS!J3el6«i*) aad three or four 
samplae of eaoh reaction mistui^ supernatant added with water 
to l«9ml* Duplicate standards were included In each assay 
containing £0f40»00fS0»iOO and ISO Mtfa-molee of jg^tsathloiilne# 
After autoclnvinrr (ll§°| 7 rnin») the ttfees were inoculated 
with organisms prepared from a tryptoue glucose broth (Medium 
83) culture incubated 16hr» at ^?°» Hie organlsme were 
harrested» reeuspended in water and diluted »0-foia in sterile 
pyriaojeal (4ad.O*^); to prorl^e the inoculum (0«2ml*/tcO»e)« 
The Inoculated tests were incubatad in air at 37° for 40«44 hr* 
and growth aseeeped with an OT* Coloriim»ter tislag the 
uninoculated medium to obtain the aero setting*

the speolfiolty of this organism lias been studied by 
oibson 4k Woods (i960) and Kloiluk a feeds (i960) and it has 
been fmmd to resmori* «nly to |f^iethionine» The coagxmanta 

of Reaction Mixture I had no effect on the response nf the 
organic to raethioninef nor had any of the special chemicals
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Response of Leuconostoc mesenteroides P60 to DL-methionine

DL-M«thioninc >iM
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4- 1,.

used in/ course of thlp research when tested at concentrations 

equivalent to those in the samples of the reaction mixture to 

be assayed* The over-all accuracy of the assay has been 

estimated to be - 10" but greater accuracy than this can be 

obtained in individual aasaye.

of reoulte

The L-methionlne content of reaction mixture supernatant* 

ie the average of the values determined for the eamplea by 

comparing growth responeea with those produced by known 

concentrations of methlonlne. The j^-methionine formed ie 

given throughout in terme of jjtm-moles/mg. protein of the 

ensymic extract in the time incubated; results are not riven 

per unit of time since in some cases there was a lag in 

methionlne formation during the first hour of incubation.

A control, in whieh a reaction mixture containing all 

components was heated at sere time, wae included in each 

experiment? the value obtained (about 4 nm-molee J/-methionine/ 

mg, protein) was deducted from the experimental and other 

control values*

Chemicals

Details of the more important chemicals used will be 

described in the first chapter of each Experimental Section* 

Details of other chemicals can be found in Appendix 1.
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Tetrahydropteroylglutamic acid (?tHAo)
. _ ...._.. ._._..._....._............ _ _ ._. _..__._-. .__... ______ ......._..._._ ....._._...-..... ._!m-__

Thia wae prepared by the catalytic hydrogenation of comm­ 

ercial pteroylglutamio aciu (folic acid) in glacial acetic 

acid with platinic oxide aa catalyst; the method of o'^ellt 

Vandenbelt, Bloom & Pflffnert (1947). The platinic oxxue waa 

prepared by the method of Adajns t Voorhees & Shriuer (1941)* 

Pteroylglutaraic acid (PtQ9 Ig«) wae reduced in 100ml« glacial 

acetic acid using 400mg. of catalyst. To prevent the 

reduction of the p-«minobensoyl residue the reaction was 

stopped after 80 • of the theoretical amount of !% had been 

taken up* the catalyst and unreaeted PtG were removed by 

filtration under hydrogen with a sintered disc. The PtH^O 

was precipitated in an excess of ether (peroxide-free) and 

waahed several times by centrifuging and resttspension in 

ether* The solvents were removed by standing over anhydrous 

and paraffin wax in the presence of solid KOH in vacuo ,<

after flushing the dessieator with Ng* PtH^O was stored under 

Kg in a dees ica tor at 0° in small corked tubes fitted with 

syringe needles to reduoe contact with air when opened* It 

waa dispensed from one sample tube into via IB fitted with 

rubber seals to enable the introduction of Hg and solvents so 

that solutions could be prepared under anaerobic conditions* 

When added to the reaction mixture for methionlne syn thesis » 

PtH4o was prepared as a 0*01 § solution in 1.0 M-phoephate
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buffer VR. 7.8 under Hg and dispensed with a calibrated syringe. 

PtH^Q (solid) wae stored up to & weeks with no loss of 

activity although it slowly darkened to a pale brown colour* 

The purity of the product wae assayed by three

1) Titration wilfh iodine. The reaction of PtH^O with 

excess iodine for 5 rain. (in 0.04 M-phosphate buffer pH7.5§ 

under petroleum ether) and back-titration of the residual 

iodine with standard sodium thiosulphate gave an estimated 

purity of 103 > with respect to the reducing power of the 

labile H atoms.

S) Binding of fojq^Aehyde* The method of Kisliuk (1957) 

was used; PtH4G was treated with an exees sterna Idehyde 

(standardised with dimedone) and the unreaeted formaldehyde 

was collected by passing through a column of Dowox-1 reein 

(chloride form, X8, 100-200 tnesh). Estimation of the 

formaldehyde with Nash (1953) reagent showed that 701 of the 

PtKfcG was capable of binding one molecular equivalent of 

formaldehyde.

8) a-aectrophotoftetry. Solutions of PtH^0 are unstable in 

air and rapidly lose cofactor activity for C^-transfer 

(Blakley, 1967 b). The first product of oxidation is mainly 

dihydropteroylglutamic acid (rtHgd) which is further 

degraded to a number of pterin and p tori dine oompounds (only 

ill proportion being Pto). Measurement of the abaorption



spectrum of a solution of PtH^G In 80n*-pho0phate buffer pH7.5 

with a Gary Recording ^pactrophotoraeter (Model 14M-60) after a 

50 sec. exposure to air shows a single absorption rnaximum 

A^j^fcQBH and a molecular extinction eoefficlent f 6 »38 fOOO 

cm. a/»ole» Values for 6 of 26, 000-30 » 000 have however been 

obtained with different specimens. The spectrum was not 

greatly altered by the preeanc® of 2-mercaptoethanol (30fl$) or 

by pH changes from 7 to 11 with 2-fnercaytoethanol present, 

These values agree with those recently published for . t-,4G 

using similar conditions; ^Mutf****!** £ «22f CKX), Oabornt 

Veroaiaer, Talbert 4 Huennekene (1957) a >\ «^9^t t 6«S8»40Q
flMSUC

in the presence of 2,3-dimercaptopropan-l-ol (BAL) 0*5n^f 
Blakley (1958).

Solutions of PtJ!4o (O.oac^t in 0.05JH>hoephate buffer 
pl!7.5) underwent rapid spec trophotoas trie changes in air; in
a period of 20 rain. , _. becane 880n*i and the extinctionTaBJK,

coefficient fell to 88 t of the original valu©. Similar changes 

have been reported by Oeborn A Kuermekens (1958}» the final 

spectrum being similar to that of PtKgG as reported by o'Dell 

et a,^> (1947) and »right» Andereon & Herman (1958),

It would appear that althongh there is no satisfactory 

criterion of purity for thle compound the material used here 

is similar to that prepared in other laboratories.
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Dpeotrophotometric observations showed that extensive 

degradation of PtK^G (0.04a§) could be prevented by addition 

of S-mercaptoethanol (Q,G3U) or Jl^homocysteine (0.4i^,)» 

PtH^G was normally added last to the reaction mixture for 

testing raethionine formation, immediately after girhomocysteine 

to reduce oxidative decomposition occurring before anaerobic 

conditions ware established. Whenever possible, the solution 

of PtH4G was prepared with phosphate buffer in which the 

homocysteine had been dissolved* In soane experiment© 

awrcaptoethanol waa used for stabilising the PtH^G.

This was prepared under *ig by mixing equimolar quantities 

of formaldehyde and Pti^O to give a O.OSag solution of both 

in 0,5H.-phosphate buffer pH7.a (KisliuH, 1957^. l*he ressnlting

compound which is foi^ne-1 spontaneously is believed to be 

H6,Hi0-raethylene PtH40 (KisllulCf 1987 j Blakley, 1959, I960). 

This compound had a single absorption maximum at 298 nan and 

an extinction coefficient ^f 31,000 which is similar to that 

prepared by Blakley (1958) ana to the same compound formed 

from formaldehyde and PtH^G by an enzyiae Isolated from pigeon 

liver (Osborn et al« 1957),

Judged by change® in the absorption spectrum, CHgO-PtH^ 

in O.Od^HPhosphate buffer) was unstable in air (but
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more stable than rtH4G).ii tae presence of formaldehyde (0,01|) 

however the spectrum was unchanged by exposure to air. "hoc* 

observation® suggest that formaldehyde and PtH^Cr are confined 

In a dissociable complex. Similar observations hsir® now bean 

mad© and exte .. : by " ..ley (l$OC}«

Crystalline vitamin B13 (BDH) was dissolved In water and 

estimated spec tro photometrically using th« speclflo axtlnctlon 

coefflclentc at the three wavelengths of maximal absorption 

(878, 361> 550 s*i) quoted by Brink et aj* (1949). Solutions 

were stored at «46° and precaution® were taken to shield them 

from strong light* 1*he values given for cobalamln ooneentva* 

tlonc have been corrected for the estimated purity of

The cobalamin analogue having no nucleotlde reeidue was 

provided by I>r. B» Lester Smith. Aqueous solutions wer« 

assayed spectrophotoinetrieally asetimlnf thet the leoleeular 

extinction coefficient in 0.0lf (w/v) KC£ at the absorption 

maximum (367 m*>) is the eeir« as for cobalamin tinder the 

conditions. The estimated purity was 70".

A solution of this ooenayiue waa kindly given by Br* E.A 

Barker and It waa also assayed epectrophotometrically



^oohey A Barker, 1959), Jilutions of thie 
were stored at -15° and strict precaution® were 

taken at all atajjes of its u&e to exclude light.

Aqueoue flolutionr of peeudovltamin ^^o» Factors A, D»
and the &^a»thylbenBiminaaole, 5 f 6-diohlorob«n8itnina«ole 

and 2,6^diaminopurlne analogues of cobalamin were provided by 
Dr» J.K. Ford* ?he chemical nature and biological properties 
of these meateers of the B^g group are outfirjapiced by for ?- 
Pawelkiewie* (i960).
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Survey of Strairm

Several strains of ^.ooJA were examined of their ability 

to aynthesise raethionin© as ultrasonic extracts, ^trair. ^15; 

a aerine or glyeine requiring aitcotrorfh was chosen because it 

had proved to be the most active for methionine s; '.& in 

But e-slcmst particularly after growth in the presence of 

glyeine (Oibson A Woods, 1960); and this strain has been 

much studied as aoetone-dried powder extract® (by Cross* 

ftzulmajster, Klalluie & Woods), Two auxotrophic strains 

requiring methionine or oobala&ln for growth were usedf 

121/176 and 113/3 the former was previously studied by 

Helleiner & Woods* In order to obtain enayniic preparation® 

of these organieaas (l93/l?6* 113/3) which could be expected 

to be relatively deficient in cobalamin they war* grown with 

faethionine as supplement; concentrations only juet optimal 

for growth were used since higher ones were likely to repress 

the formation of th$ enaysae systems tinder investigation 

(vijeeunciera A Woods* 1960), Another strain (5/63), examined 

during the course of the workf had a growth reqtiireiwit for 

methionine for which there was no known alternative* However 

it was not expected that ultrasonic extracts of this strain
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would ayntheaiee methionine. Finally two prototi*ophie etralna 

(w and 518) were studied.
The synthesis of znethionine waa examined under three 

aeta of conditions with regard to ttie nature of the C^-donor 

and the source of the folio acid cofactor; (a) aerine with 
extract of heated Ef qoli (sfc) § (b) aerine with tetrahydro- 

pteroylglutamic acid (Pt^O) and (0) the formaldehyde 

derivative of Pt%8 (CHgO-PtH^d) aa both donor and oof act or 

source* Conditions (a) and (e) had been studied with ultra* 

aanio extracts of p«coli 181/176 (Hellelner, Ktslitik A Woods» 

1956) and condition (b) war used for extracts of acetone- 

dried powders of E.coli PAIS (KieHtfk * Wooaef 1968)* It 

waa not possible to use free formaldehyde as a C^^donor when 

KHC supplied the folic aeid oofaetor; the formaldehyde is 

inactivated by spontaneous reaction with horaocysteine to 

form l f 3-thia«ane-4-carbox3rlic aeid (Wriaton it Maefeenzief 

1907) which ie biologically inert,

Aa expected* extracts of etrain 3/62 could not synthesis* 

methionine under any of the three conditions (fable 1*3)* 

The results obtained with other strains are also shown in 

Table 1*0* It wae later found that there waa quantitative 
variation in the activity of extracts prepared from the same 

atraint however thia did not affeot the validity of tha 
results.



extrtot* of strain*
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r* 26
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103 5 80 I* 40

30 £ 14 58

J t 3 33

odxt«r« X plua v:ltrM«do oxtracts, tf

«« «h*n of th* •train.
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a) Serlne plus extract^ of hq&ted J

served ae a source of the cofactoi» fo 

Tor all strains, "jut only in Uie 'caae of al^ruuunio extract* 

of otralaw uavi*^ «;* uiternative growth requirement for 

eobalamln or ajethlonin® (121/176; 113/3) was m»thionln« 

formation Increased by aJ.iocl oobalamin*

SWUM. nPl^i .^MB^^ffltfff^Xte^
PtH^G would not replace HHC with extraets of strain® W » *^

and PA15* However in the presfmce of cobal^ " good 

tnathionina synthesia was obtained with extracts of thee© 

stralnet as well a® with the oobalamin~aafioient extracts 

of strains 122/176 m-\ US/3.

a) ^rn^^L^e^d^S'. .^^4^%^^, .$f ?.t|{A\lf

Whan OHjgQ-'l't^O wae uaed ae the source of both th0 C^** 

unite and the folio acid oofactor the a^mthftaia of methicnlne 

by ultrasonic extracts of all strain®! albeit low is 2 

oaeea* required oobalamin.

In coneequasBae, one strain ohgaen for further atudy waa 

strain PA15 which poaaeaaed similar properties to the proto- 

trophic atraina but gave extracts of #v*at*»t activity* Of 

th© cobalainln-requlrir^; ;-^jtxotroph§t strain 122/176 was e 

because it waa more active than 113/5 and ahow@d oore 

cut reeponeee to added cobalamln under the conditlonr *^ * thete 

teete* Strain 113/3 hae however reeently be@n used with
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e if by Hatch, Ta-Teyntt* & r'
role of eobalrt^tn in " \e formation,

An r-voroll variation of .-^tivity ?i about ?- 
different preparatl""^ -*^ ^^ -: ""^^ ^sctraot wae 

may reflect the participation of a niint>@r of 
varying stability In the - - .11 reaction; the work

(1950) with mutants of *T—— • ^gya e^jggests that the 
ri najr be complex. iTltraeonic e^tr^ntc of ^ft,cj^li "A15 

were eitamlned in greatest detail l -.-o (.-., U- -ctlvlty was 

as a rule ctiblect to the least variatlont (b) the stability 
on storing wae greater than for extract® of ©train 133/176 
and (o) coffiparieon wae poselble ^'Ith parallel etudiep using 
extract© af aoetone-arled powder® of strain PA3.5 being ma<$» 
at the aame time by Dr. a*t,. Kielluk and later by r-..-.% '%"'. 
Joneo an-: Wr» 3V, ^or^tor (o?rtx»rr-: *s of 

of strain 123/176 were only weakly active for ssethlonlne 
formation; Hellelner nnritiblleheA

Oonditlone for Mathlonlne

of raethlonin© formation 
The rat* of methionine eiyntheeie with etrain PA 15 and

ae the folie acid oofactor showed an initial lag of 
about Ihr. before it beoame almoet linear up to 4hr» (Fig,7). 
The lag period waa uauftlly reduced if a iwach larger quantity



FIG. 7

The progress of methionine formation by ultragnnic extracts
of Escherichia coli PA15

=^^e~——-Q
3 4 5
Time (hr.)

8

•9 Serine C^-donor. Reaction mixture I with enzymic 
extract tstrain PA15) and PtH4G (ijimole).

-, Formaldehyde (as CHoO-PtH4G, 3.3^moles) as Ci-donor 
Reaction mixture I (without L-serine and pyridoxal 
phosphate and with DL-homocysteine reduced to 5|imoles) 
plus enzymic extract. Cobalamin (65|ijjmoles) present 
or absent (0). ^



of e-ibnlamin (ftbont In.rr-rr^s*? vrae used although the

rate of - • 'M • ••]••• :' ••-.•':•- v.-.; :..= t- necessarily increased, 
'^hen ETTC r ''.lea the folic acid cofactcr (no -. ' la^in 
required) there wae no lag period and synth&sir " r proportional 
to time for 2hr. (7ig*9>.

Similar projracr curves were obtained with extracts of 
•train 130/176 except that evaa wit*., Ic^-balamin required) 
there wae no Initial lag*

In the on© case tested (eerine and > with strain 
PA15) synthesis* of methionin© increaaea li

n of the en£3fmio extract up to the limit tested
. ppotein/ffil»t vl ;« c'' * ^ eotmi of th© nusfoer of viable 

organiemn in a typical reaction mixture before and after 
incubation* wae made by plating dilutions of the ni :';UPCO on 
the complex Medium S a It showed an average of 6 §500 organi 
to be present and twlae thie nunfcer after a 4hr, incubation* 
It can be calculated from the ittraita of crose (1906) using 
suepeneions of organ! ems, that 107 organ! erne are needed for
the forjaation of 1 ^»-«nol« t-rnethicmine under similar 
oircufflstancee; ao there le no poeeibillty of the synthesis 
being due to viable organisms*

The supernatant fluid from oentrifugation (105 f OOOr& 
for 60 inin* at 0°) of the extract ®how«d all the original 
activity for methionine synthesis, and an increase in activity 
per mg. protein of 71.



FIG. 8

Effect of concentration of enzymic 
extract on methionine synthesis

2468

ENZYMIC EXTRACT (mg protein /ml)

Reaction mixture I plus ultrasonic extract (strain PA15), 

PtH^G (ijimole) and cobalamin (eSp-M-moles). Incubated 4hr.



AerobicQIMHHIMIMHHHMIWAB"*- -

Wita && as the eourca of folic AC* a ^factor (strain 
PA15) the Initial rate of aothioniao a>ntliO£is ''••' i - *°t affected 

by aerobic i . it ion, but the maximum synthesis was * >*& 
to 704. of '-li^i obtained . , : -,i,.iu;iv>Jic ^ , ,»»/* 

For systems containing , 4 ., the presence of air • - a 
40t reduction in the rate of methlonine fonaation*

Possible explanations are that aerobic coa-aiui >aa 
decrease the reduoiag power available for o^thyl group 
formation or that hoaocyateine beooeMia pai*i>iy ux^ai.^a. The 
greater eensitivlty to air of the eystena containing " UI^G

•

nay be due to oxidation of thia compouna by the extract, beoaoae 
Pt^G ahculd be stable in homocystelne solution (Chapter i)» 
Optical methionine for.^.tion was obtained under aerobic 
condltione when a ire pensions of Intact orgaaifiias were used 

I. o" .

The optlmuo tenoperature for aaethlonine formation le 

(Fig* 10); above this there ie a rapid fall In activity 

(serlne with I * strain PA15}«

Using a range of j^osphate buffers having different 
valtien it was found that methicnine formetion increases with 

Increasing pH to pH7.6 (Table 1.3). The Initial pR of a
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Effect of aerobic incubation on methionine synthesis

80

«•• 
o

60

0
E i

0 4O

2
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u.

tu

I-
UJ

i.

12345 

TIME (hours)

Reaction mixture I pins Dowex-1-treated extract 

(strain PA15) with (0), EEC; (9), PtH4G (ijimole), 

cobalamin (65mamoles) and, (•), CHgO-Pt^G (3.3|j.moles, 

serine and pyridoxal phosphate omitted). Incubated 

in air \,- - -), and under Hg (———).
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Effect of temperature on methionine synthesis

25 30 35 40 45

TEMPERATURE (°C)

SO

Reaction mixture I plus ultrasonic extract (strain PA15) 

PtH^G (iM-mole), cobalamin (65|J.|imoles). Incubated 

2 (•), 4 («) and 6hr. (0).
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7.0 16 fc»ij

7.5 2^ 7.1

35 7.3
50 7*2

7.6 52 7.2

B*a0tloB Kiarttur* I ^lus ultrasardc esrtrwst (ttrairi ,„>}

A neutral solution in wat«r, l^rt-le >• ^~ 

Initial ffi aa shown. Incubat^l



T- *7«8 was 

p?S7,65,

1) Ultrasonic extract® of strain® of Eacherioh^ eoli not 

requiring methionine for growth (PA16 t W»S18) can ejrntheslae 

methionine from hofaoer/tstelne and e«rlne» itnder eerts?,r» 

conditionsi when a heated extract of the organism etrpplies 

the folic acl<$ coen»3W5» When Pt!?A(l IB tha folic a eld
TB

cof actor or when CE-^«*3tHAf| i@ both donor of the 0.,-tmlt and'•"- * j.
the cofaotor» cobalamin Is eesontial for methiontnc -^r-'tnoele

2) Kxtracts of raathionlne or cobatomln. rect»iirlnr ^t.?»r^^^ nf 

B«qo.3,1, (l^ly/176* 113/5) need eobalarnin for optimal r .--mine 

s^TitheeiB imder all three sets of conditions, when the 

extracts «r© pr©pared from organ!fmr, ^rrown on media cevold 

of tlw vitamin.

3) The B^nth®«lt of inethionin* b sy ultrasonic asct .a of 

strain PA IS ia directly proportional to the arnount of 

extract protein e;"" ". • " optl'r;al pr.-nthesis occura at 3?a 

when the initial pH le 7«6-7»8 and in an atmosphere of
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catalytic effect or co^aluair* In '".o ;...- •'•- IL pf 
nethionine b^ ultrasonic n.v*^^**". ^-r r^go^l *ae f «.«<••* 

observed with ©train 1521/176 ur..:.^ " •' :.;: the r^r-c-.- folio 
aold cofactor (Helleirmr ^ . 195f\ T,at@rf cobr ' n 
was cilBo touna %o prosiote a»thlonlne Eyntheeie in extracts of 
the same a train «h@B eerine and 12KC W«NI replaced by CllgO-

tH4G (Helleiner-t Klelluk A * -» 1958 U rthe»e obcervfttlona 
have now been extended to include several other c • 
»leo a third uoiiditlon of Bjmtheclt: wucrc KHD is replaced 

by ^t.H.n (Charter

In Chapter 3 it wae shown that cobalamln la essential 
for the ayntheols of rnethionine by ttltyasnnic extra cte» with 
rtH^O as the folic acid c-fn«top (fltr-- i:-.-r; PA15 ana 1S1/17C) 
and with ^HC aa the source of follc acid oofactor (strain 

t but not strain PAlC), A typical exao^le of the
nf extraete (strain 132/176) to increafiirig ^^ 

concentration in Table 1,4; eltnllar coneentr.
cau»H<! half-inaximal activation with r 

PtH4o supplying the follc acid cof actor* The concentration
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' ' - ' I ac- ' -. of methio . ' v;ita

wae the same ^^ eseu ca& .<**...'. .>^*,-» ~n
same airier aa that *:•.- _ . . -aia 131/r

The e:" V, of cobr *:<i was variable *7ith

the hiei—•*- conoentmtionc of cotealamin did not alw^ .ive 
. .... . .. j increaaes in oothionlne ayatheaia* The c...,, ...in

it ion for half-^macia»l activation varied between 
3uaJ! and 36^n^« It .red that this variability was 
by uncontrollable f>^*ore in the preparation of the extract* 
probably on tfce «;Ct 1 ; ;': ' ull. ,,o disintegration 
because extraota - "• ^-\ over periods of several month® 
would have similar relative activities* In aouse later 
extM&rimente it was por^lble to -ret ffood methlonine S5?nthe»ii•-, •*• • Til*? "•

^;;1::X- *- :r.^ : -.ig\: ' ' -aVuiii?'* (0«< ' -- -lee) 

end incubation ft>r onl^r Shi*.

iativa o
A wide variety of formr of vitamin S^g differing in the 

presence or absence of anfl the nature of the nttcleotide 
residue have been leoleted from natural ecu -
have been produced bjr g\s5^«^ ^l^yntheels (^on -• ^f,^^iv; : ,, 
I960". The ability of these compoxsnds to replace eobalaraiis 
aa a growth factor depends upon the organism in question. It
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Effect of the concentration of cobalamin on the 
synthesis of methionlne by ultrasonic extracts

of Escherichia coli PA15

10 20 30 40 50 60 70 
Cobalamin (////moles/ml.)

————> Serine as C-i-donor. Reaction mixture I with 
ultrasonic extract, PtH4G (ijimole). Incubated 4hr.

- - -, CHgO-PtH^ (3.3p,moles) as C^-donor. Reaction 
mixture I without L-serine and modified as in Chapter 1 
plus ultrasonic extract. Incubated 4hr.
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is go,. " v eg?.- •' " ^ or arc * -.je aux ' phs
" \chA ;- 11 ere "to® least - .:-*oirio **&h regard *•• the

r?<* -obalaja'*,, ^.,,.,.., /-_.ati:i "•" •• "'leir growth re^ul -. 

Host ' com; ^ -SKI •- . . . • . 3 In 

which thnt vl-; ' i was ; ^3 (^ 1*5). " ' "-a 

that J/i.-.-.:rL: ^.i? -. *:.;.-;' r-pecificity for cc '.:;• non^ «v;i"w 

significantly more active thar ^^sn^r^i-; - 1-. tVu% -nrt ^--rtmtlo 

tested* Fa^ ", ,-, ;. _ :.y iii . ", ,.-. -'- 

«: ** B (both la '•" oticle • " were almost 

inactive. •'" 2 vvut? r. -a -;itiiwir,iv'<- corr^JA*^i -•-. «rith the 

relat*.--. ^*-w v.*-pro3iw&ln^ activity ^^ thase compounds for 

^f.co^i 113/5* Hone of the compounds (G«6€p4&KGQlet) had any 

Inhibitory effect on aiethionlr.e eynthesls im the preeenoe of 

in (6E- |iM,rnole«) .

Addition of B»6-dlmethylbens5lmina«olo (itself Ir^^tlve)

with f^eter B reeulte-1 In eetl\*lty to 

SB'1 of that of cob •.".- ••••' -ij further addition of r^ hal no 

effect (Table 1.

of vl j ? active In the !r^etabollp;ffl of 
glutamate by plo§|fldlu *••*--• '3 have recently been 

described (Barkerf '-*»1^^bac^ ^ ";isyth» 1958j Weleebach, Toohey 

Barker* 1959). The B,6~ar lazolylcobamide 

coenayn» wan 2-3- timer a© active as eobalamin (ecrlne with



Kature of th* fe&*6 of the

(Factor 1-0 

(Factor B)

(factor XII)

(Factor

for

tube tests)

a
1
7
§

30

55

W
100

100

125

J&L

1

7
41

100

80

90

95

too
100

1960;

§

20

10

50

20

50

50

50

60

Enaction ndjrture X plo« ultrasonic extract (strain PA1$) 

Ftll^C (1 uwole). Ij^ub&tod 4hr* (Factor P) etc, 

trivial fiawe of the oonplet«
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Trr ysenp of

In the c- "by expo^lnr? 0,3

p ig -roltitlon in °"M for 50 mlru at 5, 6ft.

sufficient to or. ;• . '-' ^s in the r..*

of the coonzyme reported by !k -• ^h A ' (1988)« 

Irradiation h^id no effect on the activity of cob&ls1- " ' -t 

greatly reduced that -" fV-* coenzyne (Flg.lS), ^ •. -^ 

latter # the effect of lr • :;lors was arwarently i ;••..•..-" : •"•;«d 

at higher c ..n at 1 j'-n-r 5: c .. " r 

possibility that an inhibitor i£J formed*

In , ̂ of.^yi^-^tapi te%^q|qon>htp the coenayrae ie needed for
' (3-«fiieth5rla8partsite.the interconrarslon of rltitawate

The effect of Tr-t? --r^o- B -me- 
on methionin^ • r' ••'"• ' " '

epartste (0.05, 0,5 end ; 
"inod with extraetc c

TV* 1**

-;HC b

PA15. It had no ability t« ^<*plao© oobalamin with

the cof actor for C^-t/ 'ei% It *1<3 not overcome C

cobalamln does) the i" , of the activity of

PtH^O (oee Chapter 4). In addition^ p -methylacpartate had
no eignif leant effect ••*>« r»<»tM<r>-nlT»ft •f^wrmtln-n wher; rr?»ffiftft*>t,

any of the three teat eondltl<3ne for strain PAlSj it t : n :^ 

not replace aerine ae a G^ ' usethionine fomaatlon waft 

not affected by growing the organism in the re

(3 thylaapartate



PIG. 12

Comparative activity of cobalamin and cobamide coenzyme

0
0 100 300200

Cobalamin or 
5:6-dimethylbenzimidazolylcobamide

coenzyme (////moles/ml.)

0, Cobalamin (with or without irradiation). 
f, 5,6-Dimethylbenzimidazolylcobamide coenzyme, 

(———, not irradiated; — - -, irradiated).

Reaction mixture I plus PtH^G (ijimole) and Dowex-1-treated 
ultrasonic extract of strain PA15. Incubated 3hr.
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of the Organisms ^n the praeajiffT ftf

In all the experiments ao far described, enayiae 

preparations ware made from organiama grown in the absence of 

cobalamin. The rate of formation of methionina by extracta 

of organiama grown in the preaenca of cobalamin waa linear 

for 8hr. only} no initial lag waa ever observed. Treatment 

with Dowex-1 raain had no effect on the activity of auoh 

extracts.

Increasing concentrations of cobalamin in the original 

growth medium (up to about 5 ^110*0 lea/ml*) yielded extracts 

with increasing ability to eyn the else siethionine, with either 

Ptl^Q or KHC as the cof actor for C^- transfer (Table 1,7). At 

relatively low concentrations of cobalamin in the growth 

medium (lasa than 3.3 i^moles/ral.) addition of cobalamin to 

the reaction mixture still increased methionine formation* 

This effect waa significant even at a concentration of 

cobalamin in the growth medium in excess of that required 

for optimal growth of the organism (0*68 ^moles/ml.).

Strain PA15

Although this organism does not require cobalamin for 

growth* tha affect of cobalamin in the growth medium on the 

activity of the subsequent extracts (Pti^O as folic acid
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eofaotor) was similar to that observed for extracts of strain 

121/176 (Table 1.7), However, with EHC as the source of 

folio aeid eofactor the presence of cobaiamin during growth 

depressed the activity of the extracts to a small extent* A 

similar effeet was observed with extracts of acetone-dried 

powders (Kisliuk * Woods* 1960) and was presented as evidence 

in the support of there being an alternative eobalamin- 

dependent pathway for methionlnc forajatlon*

Growth on, factor p { strain; P^lff

Factor 3 was unable to replace cobaiamin for methionine 

synthesis by extracts. Extracts prepared after growth in 

the presence of faotor B (30 ^moles/ml.) had 351 of the 

activity of organisms grown with the same concentration of 

cobaiamin (aerine with Ptl^O) although normal activity was 

obtained with EHC as the c of actor*. Addition of cobaiamin 

to the reaction mixture had no stimulatory effect*

1) The concentration of cobalomin producing half-maximal 

nethionine formation in ultrasonic extracts of E.co^i varies 

between 8 and 3BnaJj[ and is of the same order for all cobaiamin- 

dependent conditions yj^f (a) ferine plus PtH40, and CHgO- 

Ptfi^G alone, for strains 181/176 and ?A15| (b) Serine plus 

EHC for strain 131/176.



ft) Cobalemln oan ba raplaead by several of ita nueleotid*

substituted analogues but not by derivatives lacking the

nuclaotida residue*

3) SfC-DlmethylbenBimidezolyloofeasiide coencyiae in 2~3

times more aetiva than cobalamin itself; JU> P -methylaspartate

hae no function in methlonlne ayntheela*

4} Growth of either strain in the presence of oobalamln

amhanoea the ability of tiltraaonlc extracts of the organlems

to methylate homocyatelne* except for strain )A15 when the

folic acid cofaetor IB provided by KH€»



FDLTC ACID IH HfflPHTO r> *

Sri donee that the extract of heated l^fffl^ PA15 

satisfied the folio aeid cofaotor requirement for znethicr-lne 

formation by dialyeed en«yraic extracts of the same organism 

waa obtained by 3aulmajater A Woode (I9d6j 1960). *Peti»a~ 

hydropteroyl&lutamlc acid (T^tH^n) would not however renlaee 

the EHC when extracts of acetone-dried strain PA 15 were 

ueed aa the source of enzymea, unless the organleme had first 

been grown in the preeence of cobalamin (Kieliufe & Wooda* 

1988, 1960). PtH^O would serve aa the cof actor with ultra- 

aonic extracts of atrain 121/176; here, cobalaroin waa an 

essential component of the reaction mixture (Helleiner» 

Kisliuk & Woode* 1968)* Details of the nature of the folio 

aeid requirement are examined more closely in this chapter 

and in Section III*

Requirement yor %HC

The formation of raethionine by dialyeed ultrasonic 

extracts of H^.CO.^ wae enhanced ccneiaerably by t!» addition 

of WC (Table 1,8). Treatment of the enzymie extract with 

Dowex-1 resin almost completely abolished the original 

activity; presumably by removing the traces of the natural



Str«dr» of
teln)

13M/176

! 121/176

80
35

7* 
35

mixture X with ultraaoide «xtr*ot»

Incubated
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folic acid cofactor which remained in the extract after 
dialysis* Dowex~treated extracts were twed routinely in 
subsequent inreati^ationB into the nature and function of 
the follc acid cofactor. ^he resporsise to inoreaelng 
concentrations of me was as shown in Figure 13. Inter­ 
changing the ensymlc and heated extracts of the two strains 
(PA16 and 101/176) showed that dlalysed and Bowex-treated 
ultrasonic extract© of strain 12V176 required cbbalamin for 
sfcthlonlne synthesis even if the SRC w»e derived from strain 
PA15, whereas similar ensyrnic extracts of strain PA15 showed 
no requirement for oobalamin if the source of l£H€ was either 
strain PA16 or strain 121/176 (Flg»l4)* £his suggests that 
the folio aeld components of the EHC of both strains are 
similar and that the EHC of strain PA15 does not contain 
cobalamln functional in raethlonlne ajmtheeie. Furthermore 
the aynthecle of methionine by entymic extracts of strain 
121/176 with ^HC prepared from the same strain, grown with a 
limiting concentration of cobalamin f was still dependent 
upon the addition of cobalamln. This sample of KHC contained 
less than 0.1 mimoles of cobalamln (assayed with ruglen^ 
g2fcflili&). Cross (1956) also found that ^HC of strain PA10 
was unable to replace cobalamln in increasing the methionine 
formation by suspensions of whole organisms.



PIG. 13

Effect of extract of heated Escherichia coli PA15

llOr

8-5 I7-O 

EHC (mg dry wt organisms /ml)

25-5

Reaction mixture I plus Dowex-treated extract

(strain PA15) and EHC as shown (0.1 ml. = 17 mg. dry wt.

organisms). Incubated 2hr.



FIG. 14

Activity of heated extracts of strains of Escherichia coli

0 1 2 3
Time (hr.)

10

1 2 3 
Time (hr.)

Progress of methionine formation by ultrasonic extracts 

of (a) strain 121/176 and (b) strain PA15. Reaction 

mixture I plus Dowex-treated enzymic extract with: 

(0), EHC of strain 121/176; (t), EHC of strain PA15, 

and cobalamin (65|i^moles) present (————); absent (— — —)



n

Recuiremertt for l3*etrfthirdi*<Qttter»nvlo'liitamlis acid

With either serine or formaldehyde as the source of 

C^-unite there was an almost absolute requirement for 

Pt%0 (Table I.9)j eobalamin did not affeot this requirement. 

The optlssal concentration of Ptl^a was O.Srag, and the 

concentration for half-maximum methlonlne formation was 

O.lttajg with serlne as the C^-donor and using extract of 

strain PA15 (Fig.15). A more satisfying demonstration of 

the catalytic function of PtK^O was made by modifying the 

reaction mixture (2ml*) 5 pl^horooeystelne. ultrasonic extract 

and oobalamin were increased to 15 n moles* SOtng. protein 

and l^tm-mole respectively. After incubating for 4hr. with 
0»S and 0.4 M-moles of Ptl^O present* t.O and 1,4 M-moles of 

|j-B3ethlonlne were formed. The effective concentration of 

PtH^O is probably only half that stated assuming that only 

one of the stereoisoraers of chemically prepared PtH^G is 

active.

of

The ability of SHC to promote synthesis of methionine 

in the absence of cobalamin was almost completely inhibited 

by PtH40 at concentrations as low as 0,1 nmole/ml. (fig. 15). 

Pt%0 also inhibits the residual activity of dlalyeed ultra-
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PIG. 15

Effect of the concentration of tetrahydro-pteroylglutamic 
acid on the synthesis of methionine by ultrasonic extracts 

of E.coli PA15 in the presence of either cobalamin or
extract of heated g,coli

0-1 0-2 0-3 0-4 
Tetrahydropteroylglutamic acid (//moles/ml.)

Reaction mixture I plus Dowex-treated ultrasonic

extract supplemented with either 65|i|j,moles cobalamin

and incubated 4hr., (•) or with EHC and incubated 2hr., (o).
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sonlo extracts. isxperlraentc to determine the type of 

inhibition did not give conclusive evidence for competitive 

or non-competitive inhibition. This is probably a 

consequence of the crude nature of the £HC» which may contain 

other compounds which enhance or Inhibit methlonine 

formation*

The inhibition is overcome by adding cobalaralru and 

u&der such conditions PtH^G eileo acte as a coffccu>r. For 

this reasont the inhibition cannot be observed with extracts 

of strain iai/176 (cobalamln is essential in all conditions 

of methionine synthesis) • nor can the Inhibition be demon­ 

strated with enmymlc extracts of organisms grown In the 

presence of cobalamln. This Inhibition was first studied 

with extracts of acetone-dried organisms of strain ^A15 by 

Klellnk A Woods (i960)} here, cobalamln added to the reaction 

adxture did not overcome the Inhibition*

Interconverglon of Berine and Qlyclne

The liberation of Cj-unite from sarine is presumably 

due to the action of serlne transhydroxyoMithylase* This 

enayme has been studied with extracts of acetone-irleA 

powders of strain ?A15, (Kielluk A Woods* I960) by following 

tfee degradation and the synthesis of serlne* Using the

techniques as these authors» the synthesis of serine by



77

ultrasonic extfsftte of »tw»lr» 191/176 from 

added glycine was examined under conditions similar to thoae 

for methionln© synthesis except that Hg replaced air aa the 

gas-phase. There wae an active aerine transhydroxyaaethylase 

present j equilibrium waa reached in leas than 10 mti% so it 

la not possible for th'.r o izyrae to limit the relativ 4

alow rate of methionlne formation. PtV> ?»n't ->rr^.l -:-•;,'*•9
phosphate were eaaentlal for optimal activity, alvau^ii the 

absence of pyridoxal phosphate only produced a 65 f reduction 

in activity; oobalamin had no effect*

From a consideration of the requirements for methionlne 

ayn thesis with aerine or formaldehyde aa the aource of C^~ 

unlta It is evident that PtH4G haa a dual role with the 

former: aa cofactor for serine transhydroxymethylaee and 

In the «ubeeQuont no thy la t ion of homoeyetelne* Cobalemln 

would appear to function at the aeeond stage only.

1) Either heated extract of ^ac^erlq^^ coll or tetrahydro- 

pteroyl&lutamlc aeld plus cobalamin can supply the follc 

acid cofactor required for methlonine synthesis by ultra-* 

aonlc extracts of g«ooll.

8) With extracts of strain 131/176 eobalamin la always 

required* even when the MO is prepared from strain ?A1B,



8) Tetrahyaropteroylc <mic acid inhibits aethionine 

sjretfeesis when me i& the cofactor (strain PA1S). The 

inhibition is overcos* by tho preeance of cobalamln which 

also allowa PtJ^G to act as a cofactor* 

4) Ultraeonlc extracts contain an active swine trans— 

hydroxymcthylase which requires , a^-x , VTS .. "-• ' ^,,..,^;



BEL .. .
;4SBrHlpKIHK FORMATION

The components of the reaction mixture normally used 

were baaed on the results of Croee 4 Woods (1954)* Hellelner 

& Wooda (1956) and Klaliu* <*: Woods (i960). Detailed Inveetl- 

gat Ions of the requirement for the various constituents have 

been made using Dowex-t rested ultrasonic extracts of strain 

PA15. That all components are necessary for beat synthesis 

la shown In Table 1. 10. Bimilar extracts of organ i awe grown 

In the presence of cobalemin had the same requirements when 

tested in the aerlne plus PtH^O aye tern.

Source of arbon Ignite

Omleeion of eerine or CBgO^PtH^ reduced the syntheala 

of methlonlne to low values under all conditions (Table I. 10), 

The concentration of eerine which gave half-aaxlaial activity 

(PtH4G system) was i.5in& (Fig. 16). With O%0-PtH4a half- 

maximal synthesis occurred on addition of 1*0 i^moles to the 

reaction mixture, optimal synthesis was obtained with 3,5)* 

moles but higher concentrations reduced the activity probably 

due to Interaction between formaldehyde and homocystelne*

Several compounds were tested for Cx-donor activity with 

both Kite and PtH^G as the follc acid cofactor* Compared with
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FIG. 16

Effect of glucose, ATP + Mg and L-serine 
on the synthesis of methionine

2-5 S-O 7-5 

CONCENTRATION (m M)

IO-O

Reaction mixture I with appropriate omission plus 

Dowex-treated ultrasonic extract (strain PA 15) with 

PtH4fl (luraole), cobalamin (65^moles) and glucose (o) 

ATP + ^ (0),and L-serine (.) as shown . Inoubated \
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the same concentration of serin© their activities aa 
percentages were, glycine (12), forsaate (4), N-forcoylglyoine(4), 
formliain^-glycine (5), glycine + formate (16). None of the 
compounds were active with ?tH40 as cofaetor unless oobalamin 
was added*

no

Methionine formation was almost completely abolished by 

the ondssion of p^homooysteine ana half-maximal activity was 

obtained at a concentration of about 3wg, (Table 1. 10, Fig. 17). 

Optimal synthesis occurred over a restricted range of 

concentrations particularly when CHgO-PtH^Qt w®8 **** source of 

C^-unlts; the optimal homocystelne concentration for CHoO- 

Ptll^G was half that required for serin®. The lowered activity 

at high concentrations of homoeysteine may be due to 

inhibition of serlne tranBhydroxymethylaee (Kisliuk & "oodB» 

1960) or to an increased competition for C^tmits for the 

formation also of i»3-thlasane~4-carboxyllc acid*

S-^denoeyl-L-hornocyBtelno replaced pl/^homocystelne 

using serine and either EHC or ?tK4G as the eofaetor for C^- 

transfer (2-mer cap toe thane 1 was added to give the sane 

sulphydryl group concentration In all test reactions)* At 

low concentrations (less than 0*5i^| of L-sterssoi easier) , 

S-adenoeyl-J^-homocycteine was BOl more active than homooy&teine*



PIG. 17

Effect of PL-homocysteine on the synthesis of 
methionine by ultrasonic extracts of 3.coll PA15

lOOr

2-5 5-0 7-5 IO-O 12-5 

DL-HOMOCYSTEINE (ir»M)

I5-O

Reaction mixture I (DL-homocysteine as shown) with Dowex- 
treated enzymic extract and EHC, PtH^G (liimole), CHoO-Ptf^G 
(3.3|imoles, L-serine and pyridoxal phosphate omitted) and 
cobalamin (65U|iraoles) when added.

0, Serine, EHC. Incubated 2hr.

3, Serine, Ptl^G and cobalamin. Incubated 4hr.

•, CH20-PtH4G and cobalamin. Incubated 4hr.



However, the maximum «yntheaie obtainable (at la^) waa 

about 80 ̂ of that for homocysteine (at 3.5n^ J^stereoiaomer), 

The preaence of ^-?-. •/l-tph". : . t alter the 

requirement for ado,,. .,.„,, ̂  nu^^tldo ~w*'ivativea (serine plus

t!T4a, Table I.ll). similar results were obtained with 

extracta prepared from organiaiaa grown in the preaence of 

cobala&in.

Glucose

The requirement for glucose was greatest with T^T^PT aa 

the eofactor for C^-tranafer (Table I. 10) 5 the SKC probably 

oontalne aubetanoee capable of replacing glucoee. The 

concentration which ,pv v/- f -maximal aotlvlty waa 0 

(serine plus PtR^0t Pig* 16).

These were also neeeaaary for optltnal methionine 

half-maximal aotivity wa« obtained with a concentration of 

laj| (Table 1,10, Fie, 16). Adanosine dipho©|3iate (Anr) waa 

85 ' ae active a§ ATT but the inonophosphate (AlfP), adeno@ine 

and adenlne were without activity under condition® uulng 

•erlne plus
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p i Dho e tfrftpyjp;! dl ne nu<? 1 e ot|<jj|

The requirement lor £!"!? which wae clear with the other 

teet systeast could not be shown with BHC present; the SHC 

preeu^oly contains sufficient for activity (Table 1,10), 

lialf-raaxiraal activation was obtained with 0.25oll ~. . 

Trlphoephopyridlne nucleotide ( ; did not replace DFTr and 

wae somewhat Inhibitory when SKC was the eource of the : olio 

aclci coensyroe (Table 1.10^.

DHT wae replaced by ̂ ^g and with higher concentrations 

of the latter both glucose and DPI! could be replaced by the 

single addition of DtNHg; furthermore, eyntheale of methlonlne 

reached about half the maximum even when ATT was omitted as 

well (Table 1.12).

Oalcslon of pyrido.xal phosphate resulted In a variable 

reduction (10-*30^) with the serlne plus PtH^O ay stem only 

(Table I«10). The absence of a clearly defined requirement 

nay be due to the greater activity of serin* transhyiroxy* 

methylaee compared with niethionlne formation In the extracts! 

a trace of pyridoxal phosphate refmlnlng in the extracts 

might be sufficient to rier-ait the formation of C.-tmite ffnsm 

serine* 1>HC probably contains this coensyme. ::>i vio •: ^':- 

PtlijQ system there was no pyrldoxal phosphate requirementf in 

fact its addition generally inhibited mathionlne fonaatlon
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Si

(Table 1. 10), Msgeatimr that the formaldehyde cafboa 10 not

converted to the (3-carbon of serlne before its conversion 

to the o»thyl group of methlonlne.

Phosphate

A requirement for phosphate waa demonetrated by the fact 

that neither "TOIS^nar imldaaole buffers could be substituted 

for phoBphate. Addition of phosphate restored activity but 

in the presence of these other buffere maximum ayatheaie waa 

never obtained*

r

ecovery

(0. E (imoles added as gJ^Hraethionlne) waa 

quantitatively recovered after Incifcation in a complete 

reaction mixture minus eerlne*

Sffeot of methionin,® .on, r^ethl onlne cynthe^^ff

Addition of up to 2 iimolee of DL-raethlonine to a complete 

reaction mixture resulted in a 10 * fall in ntethionine 

feraation; this le barely aigniflcant becauae of th4 

inaccuracy in aeaaylng ewatl differences in cone0ntrated 

aaaplee. Stevene «% ^alomi (1959) however, have recently found 

the preeence of tnethionlne in the reaction mixture increaaea 

the methlonlne forw.tion using extracta of pig liver.
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A Woode (l953 t 2,960) obaenred that growth in 

the presence of the araino ©eld nmriBaAly deewmee?! its 

•ubaequent gyntheela from horaoeystc by 

euepeneione of © nurrber of etrelne of F^CLO,!!* Increasing 

concentrations of methionlne In the growth medium aleo 

reeulted in a simllnr reduction In the activity of thr nltra- 

eonlc extracts (^ab , ., » pa w;eT2j»

A source of C^-unlts, homocyat»lne» glucose, 
and %^" are easentiel for optimal ajm thesis of raethlonine 
by ultrasonic extracte of .^40,14 PA 15 in phosphate buffer. 
9) Serine or CH^O~PtH4C! can eerre as C -donQriu 01ycine le 
only 12 ' aa active aa serlne and formate le almost inactive*
3) Homocysteine can be replaced by 8-adenoayl-^somocy8tein
4) The requlreiaeot for glucose and Bl^r can be replaced by 
high concent rat lone of DfTOg,
5) A requirement for pyrldoxal phosphate ean only be shown 
when aerine serves aa source of C^-tjnlte*
6) Growth of the organiam with methlonine present repreeeea 
til* atfeoequent activity of extracts for its eyntheaia,



D: or
Te gelationrM^ between Cobalamln and

A requlreinent for cobalamln In the synthesis of methlonlne 
from aerlne and homocystelne could be demonstrated with ultra-* 
aonlc extracts of eobaiarnln-reQuiriag strains of F f ooll .when 
the organisms were grown with aiethlonlne and when an extract 
of the heated organisms was the source of folic acid cofaetor. 
Cobalamln had no effect on methlonlne formation by the other 
strains tested when ?HC was the cofactor. This was not 
expected because the synthesis of methionime by aur :nr ? me 
of strains not requiring cQbalar*^ for growth was increased 
two to six-fold by the addition of cobalamln (Olbson A Woods* 
I960), i^ethionine synthesis by s melons of oobal^mln- 
requiring auxotrophs was completely dependent upon the 
presence of cobalamin. Wo significant effect of cob^**nin 
was found using «n«ymlc extracts prepared from aee tone-dried 
powders of all the strains of g^.c

By contrast , when PtH^C replaced SHC as the »QU -~ ~? 
folic acid cof actor or when Its formaldehyde derivative 
replaced both ©erine and SHC» cobalamln was essential for 
the synthesis of raethlonlne by ultrasonic extracts of all 
strains of ^«coll« nzymlc extracts prepared from acetone- 
dried powders of strain PA15 were however Incapable of using



a* a folic acid cofe< , ereft with cobalamin a46ed to 

the reaction mixtore, unlecn the organisms were firet grown 

in the preeence of cobalamin (Kieliuk «fc Woo da, 1958, 1960), 

It is probable that traatiw^t w^th acetone destroy*? f^ms 

en»yme system* present in u- ,-alc extract^ required for 

the further metabolism of eobalamln.

Comparison of the cobalamin requirements for methionlne 

synthesis when the cobp^mln IB e.rtflftfl to the reactirn mivstttire 

or to the growth medium with enssymle extracts of etrt / 

176 (KHC system) and strain PA15 ('-tH^o syste«) shows an 

essential similarity between the two systems* It might be 

•uggested that cobalamin functi^ne in the conversion of 

simpler reduced forms of folic acid to a coemsyme form or 

that the EHC of strain PA18 contains cobalamin. However, the 

heated extract of strain 131/176 must contain an effective 

form of folic acid beemiee it was active for siethlonine 

formation by enayralc extracts of strain PA18 in the absence 

of added cobalaroln. Also* heated extracts of strain PA 15 

were inactive for toethlonine formation by ensymic extracts 

of strain 131/176 tmtasp cobalnmfn was added* Tt le also 

unlikely that cobalemln functions in the conversion of ^tH^O 

to a coenayrae form similar to that from natural sourees 

unless the conversion were complete because the oofactor 

present in I5HC is strongly inhibited by PtH^Q. Thus it is
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concluded provisionally that the role ^f eobalamin (if there 

IB one) In the formation of a i acid roeaayme cannot be 

the pole function of the vitamin In the overall raethylatlon 

of hoinocyetelne* Thle and other theories concern ir.'- the 

function of eobalamin will be dleeueeed In later sections,

Several nueleotlde substituted analogues of eobalamin
had activity equal tn or approaching that of cobelrn**^? it 

hae not yet been determined whether they have intH^rtc 

activity or whether they are flret converted to one functional 

form by enzyraes present in the extract* It can be Inferred 

from the greater activity of extracts of cobalftmfn— f 

organic me that eome further m<"*,?;? m of cobalemfrs 

place* Factor B replaced eobalamin to a significant extent 

only if Sf6-Ktin»th3rlbetu5lminaEole was also present, Thle 

suggestp that the ultrasonic* ertr^ct po»»»e»e« en«3?mee capable 

of eyntheelelng a complete form of the vitamin* T?naymle 

extract© of o train PA IB grown in the pr»eeence of factor B 

a leo had characteristic* aimilar to those of cobalamin-^rown 

organ! erne.

The significant^ hicher activity (compared with 

eobalamin) of 6 f €-^lmcthy!ben«lralda8olyleobamlde coenzytne 

adds welftht to the view that eobalamin muat be transformed to
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a more elaborate <*nr --r»r it *mm factional 

in isolated eiusyme *;:•'-"*-•• . of - - --is coenzymes 

Isolated by Barker et f 1. * the one tested here was? the !*<*at 

active for the interoonverrton of glutaoaete and (3 -methylas- 

par tat e; benaimidazolylcobamide coensyme was sixty times more 

active than the §»6-dl . ylbensslmldafcole derivative*

p-ISethylaspartate had no activity in the formation of 

Bttthionine by ;
Towards the end of thle work the exlsterce of a 

cobal&oln-cont&iniag enzyme, forming part of the c ,'^x of 

enzymes catalysing the transfer of the °~ carbon atom of 

serlne to hemocyetelne by ultrasonic extracts of gf coll 112/5 

(grown in the presence of cobalamln) was reported (l!atch> 

Takeyama 4 Bucharian, 1959} • , was used as cofactor, but 

with this strain* the particular relationship between cobelamin 

and PtH4Q would not be observed, nor the inhibitory activity 

of the latter*

FQlicL Acid

The use of Dowex-l-treated en«ynsic extracts enabled a 

more conclusive demonstration of the requirenient for a folic 

acid cofaetor for raethionlne formation by ^eo^> ""tH^ is 

an essential cofactor fbr tnethlonine synthesis with extracts 

of sio«ep and pig liver (Nakao & Greenberg, 1958} Stevens &
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, 1959) and Pt3 enhances the 5 of the 

(3~carbon atom of eerlne and formaldehyde Into rnethic by 

chicken liver extracts (Doctor* Fatten & Awaparat 1967} * ^o
cobfllamfn requirement like that w***- ^>coll waa de^^^ea* 

though cobalamln e^flelc ••••t organisms were not ueed. r 

can replace natural coeneytnea for ell the t\ ' ' s of folle 

acid studied except metMonine eyntheeiig by r^jppj;^ Further­ 

more thle ayetem ueing fitrain FA16 IB the only one In which 

FtH^G can be attributed with the characteristic* of an 

inhibitor. It ie pc le that i t!?4G acte ao an inhibitory 

analogue of the folic acid coenssyraeB and that ID the rreuenee 

of oobalamir it can alec act as a oofacto^poeelbly by a 

different meohanlsnu Alternatively the Inhibition mar be due 

to the unnatural iootner present ir chemically prepared 

PtJ^C. In a »y«%em containing WC and Ptl!4G it vae not 
poBCible to deterralr^ whether the addition of oobRiarain 

overcua» the Inhibition or whether it simply enabled i \ ^ 

to be Ui ed as a oof act or.

Other

The exact function of AfP 1ft not known j it a»y reeet 

with homocyetelne f * S-^denoBylhomocysteine or homo- 

cystelne adenylate; either caul! be the acceptor ^ **\e C 

unit in plaoe of free homocyetelne.
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will T . „. .t it does not ressove the 
rfccr "t for ' ' ' inr ff ' ••" f • ~- -i 
with OMsaallan preparations ern ' *-«\* evidence for its 
function aa an intermediate (rtevena it "-^fr.i f 1959: **->—-. *•

•4 f* *»^pr»V«t*rrr>l» ft^* *"* ••tfifoitl'? All ^TT* 1^**.. , •. il, v»» v,-.-'- i ..".••• T.- ! /,! . ~"..MSSMV« .4. J»W ... . «

k „ _, f » --.-, ^ t^c .. rf>r of , .^n0 ^g i-j^^jj

In pig liver er' r - (Stevene f- ">*;ml f 19S9) and 

»ore recently in extreetr of ^fpJJl, 113/5 (ffateh* Cathou fr 

I^arrabee, I960) although it hae etill to b<* eorreiateA with 

methionine fonaation*

ATP n»y also be required for estivation of PtH40 or the 

other folic acid cofactora (Whiteleyf Oaborn a ffuennekens» 

1958)* In thia o^eter, with ^co^« ATP ia almost certainly 

alao required for the utn n of glucose by glyrolyeie,

A requirement for BPW in the overall reaction showed op 

clearly in the teat pyeterns not containing extract of heated 

organiefiaej the latter preetsMnbljr contained this factor* Both 

glucose and DP?t could be replaced by DP37% at aubatrate 

concentrations| the main function of glucose la probably the 

generation of DPNH3. The reduced ooenzyrne waa not however 

used aa a routine since the enaymic extra eta had a etswig 

BH^Hg oxidase activity.

TPH was more effective than DP"' for the synthesis of 

methionlne by ensyiao ay at emu derived from animal tiaeuee
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& Orient)erf, I9fl? • ''•••- • -i ft ^r'-r/ri, -—.-,». 

requirements include-* **"•* snrt "r8*. ""^ was inactive with 

ultrasonic extract© of i^fiol^ PA 15 ana wa* even inhibit*-*** 

when BHC was the r " ' folie said, r ? rer "•''- 

were obtained with esctractf! of $ - ~iew*rle<? organ!snt by 

Kifiliu;c and Woods (i960). !!atch» ^n'ce^ms and Buehanan (1980) 

report an absolute requlwient for ^1" 1**Hg and ATP,nr--i in a 

later oo«rminlcation a re^uirerwsnt for flavin immo- or cii*» 

nuoleotide was also de -tratefl using fractionated enaymie 

extract® of ^cpjy. 113/S (Hatch» Takeyiamaf Cathou» l^rrabee 

A Buehanan* 1959). T * «ae suggested that the flavin comr»onent 

of the Ryetem is the final hy^rorren donor for methiyl group 

bloeynthesie and that 3 served to keep this reduced. Ho 

re$uirem©nt for flavin has however been found in the system 

studied herej although flavin eoensym* are ^resent in KHC ana 

nsy be retained in sufficient Quantities by the extracts 

even after treatment with Bowex-l resin*
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, SECTIOTT II

THE PTjrCTIOTT OF COB AT. ^^1^ ITT THB
SYNTHESIS OF MilTHIOriNE



of th^ cr " ' • - • ,t for t! ~*~ 

of metMonine by extractP of ^p.^1 have been '~! 

first part of the experts? ' ne? .* This aspect of 

raethi ' a »$•• * ?, more oxterolvely Ft ' •-•*-.

aid of tever&l inhibitor*" c 1 " of e^r^---i- •/ r" 

growing cultures anfl en«ymlc extract® of y^oj^i* Co, v on 

of ultrasonic extract© and extPftcte of aeetone«drlcd

PA15 ravct."3 ea the rtbilitj- of nl*;v(.r-.:.nlc extraotB (in th© 

presence ;..>f cobalaiai*;* i • fern i\ £:^;;.^eln-like i'^ci 'j 

which wae eeeentlal fc-r- ^«*h0eie of * ^thlonine by 

extracte of t*. ..*ied c,-._ :,leme when 

of the necessary folic acid cofactor* Th^ i^^-cM't'.Ci: ;f this 

factor LA', :-.p,d its fo:*:•;..,. -icn were also i;.



•The techniques uc^d were e«»entit^-, v *
>rr T 8 3e will only be made '»

retha. r ard p tLii: ia;d later t

have not already been r»ibed»
c whiolJ

Extracts of ac«tonii«*driod

Large aciala production of acetone-dried j^^^ PAIR 
waa carried out by the ctnir of the v.icrobf 
-etabliehfiient, ^InlEtr^r of Bi^p54-t ton *^Hr; f .i*i.i.f ueing 
the inethoda deaerlbtd by K ssuliaa^et^r A Wooda (i960). For a 
few axperlment^t the organism wae rr^wn In the presence of 
cobalamin; in this ceee the vitamin (l3um-?nolep^ war 
with the inoculum to the surface of eaeh traj. i A 
500ml» of eolidlfled ssedlum B^ (auppletaeisted with 
glycine) *

The eoetone-idried organiams were eurtracted by 
with water (10ml*/g»powder) 1» a Potter-Blvehjem 
After centrifu&ing (25»OOCj^» 4© min») at 0° the supernatant 
fluid was dialysed for 18hr. at 3° against 0«0&M*phoephate 
buffer pl!7#8 (750ml»/g. of dried orgoniam) i ih • ^y *« 
fluid wa* changed eoaa« **»^ ..^^^uuw waa the
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dried organisms normally uaed* In some experiments the 
procedure was modified by subjecting the homogenized material 
to ultrasonic vibration (2,5 rain, at 600 watte as described 
for preparation of ultrasonic extract©} before centrlfuglng 
and dlalyalng. Ouch ultrasonic-treated extracts of acetone- 
dried organisms were only used with organisms grown without 
cobalamln. These acetone-extracts could be stored at -15° 
for up to 4 weeks with no appreciable lost of activity.

fforfrat^oq of the Factor (X)

Ultrasonic extracts of organisms were incubated with 
oobftlamln in Heftotion ^ixture II which waa a modification of 
Reaetlon Mixture I and contained (per ml«)t~ glucose9 
15 M-moles; AT?, 7,5 nmolesj DPN. 0*75 jiraolee; %Clg, 7*5 iiraoles; 
potassium phosphate buffer pH 7.8, 167 jimolee. The concentra­ 
tion of ultrasonic extract used was equivalent to 7.5 mg. 
protein/ral. and the reaction was carried out In a final

&\volume of 8*7 or 6.0 ml* under an atmosphere of Hg at 37 « 
In early experiments the concentration of cobalamin wae 
60 wimolee/nil. and the inctibation was for 5-4hr, Later the 
concentration of the vitamin was increased to 0.5 ura-molee/ml. 
and the time of incubation decreased to 45 mln. The reaction 
was stopped by cooling the mixture to 0 *
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Determination of the content of X in the material 
obtained from the previous reaction depended on Its ability 
to promote methlonlne synthesis by extract® of aoetone-drled 
organisms (cultured without cobalanda) in a system containing 
^V&4p aft source of the folio acid coenjByaie. During the early 
work the method of assay used was based on that of Klslluk £ 
Woods (i960), A modified method was developed during the 

later work and will be described In a later chapter %

The samples of material containing X were generally 
equivalent to 6mg» of the protein of the ultrasonic extract 
used for X production* Reaction fixture 1^,* used to follow 

the synthesis of methlonlne contained (in 0»&nl« final volume)* 
£JrhoroocyBtelne f 10 jimoleej 2reerlnef i0 *«&oleBj fructose- 

It 6-di phosphate ( i 15 wnolesj ATO, 10 iwlesj Mg 
10 nwoles; DPIT, 3, fAmolei pyrldoxal pJiosphate, 1 nmole; 
1 ^iroole and potassium phosphate buffer pH 7*S» 250 pinoles* 
The en«yrae system (dlalysed extract of acetone-dried 
organisms) was added In an amount equivalent to lOmg, protein 
(normal extraet) or QOmg. protein (ultrasonic-treated)* 
Incubation was for 3hr» at 37° In an atmosphere of HQ. After 
heating to 100° for 3 rain, to stop the reaettont the 

precipitated protein was removed by centrifuging, and the 
supernatant fluid assayed for methlonine using Leuconostoe
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P60 (see Section I, Chapter l). fte MUM 

reaction mixture and condition* of incubation were used 

for the atudy of the direct syntheala of methlonlne by 

extracts of acetone-dried gpeol^ PA15.

In each assay there were controls in which the ensyrae 
waa incubated with and without cobalamln (66 jj^moles) in 

reaction mixture III in the absence of a sample containing X; 

the values for methlonine obtained were deducted from the 

experimental valuer. Controls in which the samples containing 

X were incubated in reaction mixture ttl without the extract 

of acetone-dried organisms were also carried out as a routine*

o results
The activity of the enzyrole extract used for assaying X 

varied slightly from batch to batch and the conditions for 

the assay were not completely reproducible j it was not 

possible therefore to define an absolute unit for X* Each 
complete experiment included a sample of X formed under 

standard conditions and this was titrated for Its effect on 

raethionine synthesis; the tltration of other samples was 

compared with this* The arbitrary unit of activity of X 

chosen was that amount which caused the synthesis of 0*1 

i-methlonlne in a particular aeeay. In eorae experiments the 

results are however recorded simply as the total amount of 

methionine formed
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for
growth of
its analogues. Juliet

l««0 Wit:

a, 1;

the

f In&l wlutae being : 
analogues were aterilf
the jaedim which had -

wolutiooa ol u Its
- '"$it£~filtration and a^ti^^

lavsd at ' for *•- -^i--.
inuouluoi was prepared ^rom at ic raeat agar slope

culture ot th» organ! cr^ «.*... .vested u*w4;r incubation for
o *ulir» at 37 * The organ!.— .— . .aehdd once v^th 10ml,

water and eaca tube of tha test waa inoculated 
3*£H£* <^^ ^t* orgarUcrus (in O.-Uai*/. Xi&oubation wa@ for 34 
or 48hr. at 37 with the tuboa sloped 5° from horizontal to 
increase aeration,

The extent of growth was raaasurod with an -- photo- 
electric colorimeter (eee section I f Chapter 1). .. . ' "-.-r-r 
high concentration^ *^ —ibalainln analogn©sf the value for an 
uninoculated control wa© te^Tif*ted fr^m the
experimental values* tfh« results are exprcaaed in * : of 
ng* dry wt» orgaaieiaa/ml. of culture* ^110 inhibition index 
for half-maximal growth and complete inhibition of growth is 
defined aa the ratio; concentration of inhibitory analogue/ 
concentration of cobalarain*



The method used was modified from that of Hutner e^ al» 

(1949); the assay organism was jluglenq ffrs^i^ii Tar,

The flwlate, glutamate plus salts medium D (8ml, final volusss 

in 185xl6inmt tubes) was autoelaved 10 isin, at 118° after 

addition cf cobalamir or experimental camples. Standards 

covering the range 0 to 4 ?j tm-molee eobalaain/ml, were 

included in each aesa^* The inoculum wes fieri ved frr •-. r? 

seven day eultore on the earr.s medium containing 0*8 wu*» 

moles cobalairiin/ml, mhc organisms were washed twice with 

8ml» of 0.9^ (w/v) FaCl and finally re-suspended its saline 

(5ml*); 0»06ml. of this suepeneion was added to each assay 

tube. Incubation was for to days at 30° ana 36em* distant 

from two 60 wett tungsten filament lamps* The growth response 

was assessed in an **^T pho*^"*eetrie colorimeter using a 

neutral density filter (FSE«ie). Test samples were also 

assayed in th© presence of cobalamin to ensure tho cbrencs 

of growth inhibitors in th© material.

The awthylamide, ethylarolde and anilide of the nmo- 

carboxylic acids of oyanocobalamin (Omith, Parker & 0ant§ 

1956) were provided by Pr» B. Lester Smithj they will be 

referred to as the methylamidet ethylamide and anillde
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were die solved in water 

In visible fl-vS 

' intlcal with cr*

had a : ' -•"• abc.y:*

the presence of ^>n® ad 'It/ 

The molecular oxtin^tlin r»c 

1 an.;; the of maxiinaTi 

assumed to be ths cam® a a t

~ ' 3pectrophotometrically

ht» *?he spectra were

ie
^-.,. — •• •* • to 

bsnaene ring In the - ^ -* 

at the thrae wave 

. ;v;;,.: , -.'ere

for assaying solutione. MV-^ ^rt T*iee giver ^r* *. , 

tion of the analogues have been corrected for t

which v :."•% : ; ;.:jithy" @ f 821; ethylaioidet

itra­

"!.anllide, 83 

filtration. 

the medium for

Sterile solutiorie were ter -eit«-

preeence cobalataln an«? lt« analogues in

concentre—

to there of samples used in experiment a 

with these oompov • ~ ' l no effect on the response of the 

organism to added mathionine.
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Inhibition a ..

The L ieaia of m&tl, aa from bot&ocyateine by ultra­ 

sonic oxu ? or IjfAjjU haa been atudied under three 

eonliti ,-^ouioii i;; v fc • •.: , . >\- ^^-^dgoor and

— ...^ ^olic aci cofaetor, (b) ^.^-PHIjp aa both the 

and cofactor for C^«transfer, and (o) aerine ae the 

C^-donor and extract of heated .^oJtJL (:^rc) aa aource of 

folio acid cofaetor. With ultraaonio axtract* of atrain 181/ 

176 v oobolamin is required in every eaaet but for a train FA 15* 

eobalamin i@ only eeaontial when is the oofactor for 

G-~tranafe*».

Several analoguea of cobalAJSin» the mathylamide, 

ethylamide and anilide of the monocarbox^llc acidB of 

eobalamin designed aa antimetabolitea of eobalamin (tt 

,t% MV 3.^56} *•»« teated for their ability to inhibit 

action of cobalnmin in methionine cynthesic. Factor B which 

was unable to replace eobalomin in tnethionlne synthesis waa 

also teated for inhibitory activity at ooncentraticna hi (-her 

than teated previously (section I, Cliapter
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relatively ai«>.i

however, '

t . -3 of t! ' " .1 and re 

eel s of rmtM ; ' -• to the v:il... :•

' : " -Qu-i.X;- activity in *:.;-;;

ferjtor ^ <C ethylamid® <^ anilide 

II, l). "ti,; ? tvro extreme c.,:.i:e:-: of the analogue 

activiticB are llluei. Figure 1;>. The effect of th© 

anllldu ujnaloi.:u^ 03- hlrnl^.e c^ntheaij; with atraiius ->*15

.^i/-^ was Vt32,y cisailar. %ctor ', an inactive cobalamin 

... ' tmknown ctructure but lacking the nucleotide 
•:, was " 'tec! here and found to Inhibit in the 

ntaimer ae ffeotof , bet .;iui&t/..j .,, .^v . , ...,...,

ti,-.. is dl ''- : * 
for each cn?.,^ > it ie not possible to escprean th*::... 
cepacitie0 for inhibition in precice quantitative term®* The 
anllfde analogue was chonen for more detailed studies because 
it poriblTjee hifrh inM.bltorjr activity with a weak ability to 

repla m the vi tamlr* ( * 19) .
Tree : 't of the cnt; f extract with Bowex-X rerin had 

no effect on the inhibitory action of the anillde analogue* 
In order to determine the typ« of inhlbitlor, the rate 

of aethionlne formation was aataaured over a range of cobalamin
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concentrations (0~0. -—• •»

>f the anil.. 

). The results were

CO. v 1.73 an* 1.

;v the method of
itw.-; ^ .. ,) that the anllide 

analogue la a cc^w^^** i^.Uit.^ ^x gabalamln. ' second 
experiment of the aame type using different concent^ti ns of 
the anllide (0.29 and 2.9 *Am-ttolea/ml.) confirmed t : 
conclusion.

Two concentrations of analogue only were uaed for 
teatlng their activity when aerine and rtii^Q were replaced 
by CHgO-PtH^O. These were those giving half and maximum 
inhibition with serin* and PttL • ^he results were
eaeentially the uajae as those for &i*v i.ie aid ^tsV' f both in 
replacing cobal&min «ma in inhibiting the actic .r 
cobalairdn (Table

Serine plug extract of heated

The eyntheala of methlonlne by ultrasonle extract? of 
•train PA3.5 with EHC aa source of folio acid coenzytr.e wa© 
not inhibited b> the analogues whether or not cobalaoiin wae 
adde^ (Table II.3). On the ether band with en*ff?rte ^Ttrjae-tS 
of etrain 1)81/176, -:?-t.MoniiH occurred 
eobalamln was added an<5 here the ©nlllde analogue was 
inhibitory! the degree of inhibition wae the same whether the
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Effect of the anilide analogue on the rate of 
formation of methionine by ultrasonic extracts

of strain PA15

0-15 r

0-10

W
-1

0-05

0 0-02 0-04 006 008

Reaction mixture I plus PtH4G (ijimole). S, cobalamin 

concentration (wamoles/ml.); V, rate of methionine 

formation (jim-moles L-methionine/mg. protein/4hr.). 

Anilide analogue 0, nil; 0> 0.73|jim-moles/ml; 

t, 1.45M-m-moles/ml.
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Strain of Q&liOfia
>.ooll hakur* (ucf*s&l*e/al. ) ,gq

{ o
Methylwitde ) 3*0

( 30.0

i o
1.C

30.0

t »»>.

Aniiide > 0*5
i 9Q fiV WMT.V

0
Factor J» 1.7

3^*5

121/176 AiAua« 0
OtS

29.0

(JaBwaaittfl
jjjjiiflilfl *****

5^
59
57

^
57
60

67
71
70

%>
58
56

$
7

to

/$g« protein;
rt f:rtMk]tfif4^ 1PMRp •••••^^^^^^•^^^^^^^^^^^^

.

»

-

*

*

*

70
Tl
*

€0
58
5«

37
18
10

Bfcaetion nature I plus BowtaMreated ultrasonic extract

ffiC cC tfc*
tfcr. (strain FA1 5) | U*r. 121/176).



I'-'*

or " " ret the 

br c- ?e cr,tr.tcts of et- * * '*".5
with *w <v»r«vr* ^ strain l21..Ar>r was not affectec * 

in the i\ & or abr of 

the anilide ar '7 in r 

which cobalamin I 
however i^^^t-^f; 

of etreln iai/176 when t! . '.-.,,'•: ,ct v^s derived from 

•train PAID. s • evl'r-nne - ' with that . 

the interohangeability of the heated extracts of strain , ;'.I5 
and i«.iA7* (Prtrtinr *, ^^*^r 4) eupporte the . ^--t 

eobalamin has no function in the Bjmtheeie of met .e by 

ertraets of In P.AIS when natural folie aeiS coenzyme la 
uaed fbr the trenefer of <%~

in the

Under the first condition (eerine plus Ptl?"" 5 f 6-*rimethyl- 
ben«imida«olyloobaaiide ooenoyme was 2-»S timer* mere active than 

in promotiBi? the B^iithecle of methionin^ tion I t 
5). *'^ch hifrher c- -trotions of the 

analogue were requircc. T,G inhibit the action of the 
than those effective with *** equliaolar eop/»«^t7»r.tir, 

cobalnm5n (Tig. 91). In * to determine the typ* 
inhibition, two conter'tratl-ne of r -y»e f one three times
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Inhibition by tt"- °n<nde analog"'' 
oFcobalamin and 5.6-

coenzyme

0-029 0-29 2-9 
Anilide analogue (/mvmoles/ml.)

Reaction mixture I plus Dowex-treated ultrasonic 
extract of strain PA15 and PtH4G (ijimole). 
Incubated 4hr. in the dark.

0, No addition.

0, Gobalamin (32|4imoles/ml.).



higher than the ot.h 

series of

of the c

coensyns cor
thcreiore ^t- -j/- .' • 

type over the rar^;©

1 the

n of the c

The Inhibi

t of a

vag

of of tv
"rations '*

The Anlide extracts of

When oebalaain (4 MMolM/cil«) ir nd^ed to the - 

medium jror Btrein PA15» the ability of ultrasonic 

to eyntheeise inethlonlne (eerlne with r 

cobalamln beooaee jaet llrnltlnc (Action I, Charter ?>'•. Tinder 

these conditions the ar^ilide analogue even at 29 urn-walee/ml. » 

had no inaibitw^ action. Doweac-1 treatment of auch extracts 

or the preeence of <-obalarain had no effect on this result. 

If the anilide was addled instead to the growth medium 

together with -ob^la in (4 * ^0/ml.) t the activity of the 

ultrasonic extract obtained wae reduced

activity however* wne «?»«»ffe i «Ttraets of organ! erne harvested 

after growth in the • of aniline only. The synthesis 

of methionine by extracts of organises grown in the prer?ence

of cobalamin was not affected by addition of o T r^o-i n

to th* . However, for*



tfljj T nfi

Anllifie

0

0.87

7*$3

(Jf) Of tti« notion of
vRSsra in methicailn* 

«ynth««i» with

0

20 (27) 

40 (82)

70

*»

0

0

(27)
36 (02)

73

vcLjcturc I plus ultrwwmlc «sttrtysst of » train

ETC the ratio* of th« ticna of
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The effect of growing Escherichia coll PA15 in the
presence of the anilide analogue on the ability of

ultrasonic extracts to synthesise methionine

70

g 60
Q_

50

40

30

20
co

10

0 3-1 9-4 310

Anilide analogue (//m-moles/ml. of growth medium)

Reaction mixture I plus Ptl^G (ip-mole) and ultrasonic 

extract of organisms cultured with cobalamin 

(4M4imoles/ml. growth medium), ¥23, absent; 

I I , present. Incubated Ihr. 40min.
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of organ in me gr^wn «r •--•^•nr<? cf the anllide
only, e...-.-- •;• jalamin i. . of me'

not whc. T e analogue c " was greater than

3.1 wtf-wjLvq/ad* ^diua*. When J r-ource of follc

acid coeneyaae it , extracte of organ! erne derived *
media contt 4 tl alogtat with or wit d

iw 
ooba1 had the same activity/^met

tlon of - f eth^oniae r.yn^||efl|.§ in
a o

The synthesis of methionine by extracts of aee* 

dried organisms has been etu^it- .tenuively bj- ;~i£liu 

fc'ftftS*, (i960). xtracts were prepared from organisms grown 

in the presence of cobalanain as described in r-ection II» 

Chapter It and teetti for methifciiine synthesis with reaction 

mixture III in the presence and absence of both •cobalemin 

enfl Itis en&lcruee* The methyla»t4e» eth^lanide and arilide 

analogues had no effect on -v thi 

at the highest concentrations need with ultrasonic extracts* 

Kowever f with factor !<• (? •-;uoles) added to the reaction 

mixture a 16 c * fall in activity was produce* »Meh c 

be overcome by cobalarnin (6*5 jim-molee).

The anllide analogue was not degraded by extracts of 

cobalamin-grown organisr.ifc. After Inc^ibation of the



With an &-rtr*r strain

-.d

pyr 'etc were

or

aonic extract

when

1) Under condition® where etibftiamln 10 esoentlal for the 
•yn thesis of awuaianlne bj ult^afionic ext of § trains of

co^i . its action waff inhibited by the methylainid6»

•thylaaide and anlli To of the monoccrbox^lie acide

and by factor B.

8) The mnilidc anal gue Inhibited eoopetitlvelF both th»

action of cobalamin and of 5,f-dim«thylbenKlmldaKolylcrtbanide
eoemirMe» but wae les: active against the letter*
S) x tracts of oi^enlErrie ^rown in the presence of cobalamin
did not require edded co* "' • ::ln for rnethionlne r-$r:.*~ 'a and 

the anilide analogue te^ f- ™* ^V^ltory unless adde" ^•»*h 

eobelamin to the growth me.'

4) •••['••' --dne f.-iTir. i by extracts of acel >ie^ strain 

" U6 grown In the presence of ' " wae not Inhibited by 

the anilide analu^u^, and the analogue retained ite full 

Inhibitory capacity after incubation with theae extracts,
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CHAPMi •

EHS ANILIDg A"AIQftPS AHD OpQWTH OF

The mono-substituted cobalamin-emide analogues have been 

found to inhibit the growth of ^qherlchia coll 113/3 

(Cuthbertson* Gregory* 0'Sullivan & Pegler* 1966). Halng the 

cup-plate method for growth of the organisms with graded 

levels of both cob*lamIn and the analogues they estimated the 

inhibition indices for the methylamlde and anilide analogues 

as 160 and 8000-3000 respectively.

The effect of the anilide analogue on the growth of 

strains used for the study of methlonine synthesis was 

examined in order to compare its effect on the growth of 

cobalamln-dependent and cobalamin-independent strains and,to 

compare its action on growth with it© inhibitory action on the 

synthesis of methlonine by cell-free preparations. Liquid 

culture technique wae used throughout (see Chapter l),

growth in, the absence of cofralapiln

Over the range of concentrations tested* the anilide 

analogue did not support the growth of strains requiring 

oobalamln or methlonine» nor did it inhibit growth when an 

optimal concentration of methlonlne was present (Table 11,5). 

The anilide analogue had little effect on the growth of strain 

PA15 and Strain W.
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The concentrations of eobalarnin which are 3uet optimal 

for the growth of g. eo^| 121/176 and 115/5 are about Q.86 

and 1,3 ^molaa/ml. respectively, ^hen cobalamin (0.66 w 

mo lea/ml. 1} was added to the basal medium in the absence of 

methionine, the anillde analogue inhibited the growth of 

atrains 181/176 and 113/3 (Table 11,6), The inhibition 

indices for 50;' and 100^ inhibition of growth are similar for 

the two etraina over the range of cobalamin concentration* 

teated (Table 11.7)*

For strains PA15 and W» which do not depend on added 

eobalamln for growth, addition of the vitamin increased the 

early growth (compare Tablee 09 6). With strain FA15 thla 

effect was more pronounced after 16hr. but was atlll 

apparent after S4hr. The anlli!e analogue (at concentretlona 

which inhibited the growth of strains 181/176 and 113/3) alao 

inhibited thie inereaae in early growth* but it had no effect

on the extent of growth at 48hr.
mr -, 

It* p -methylaepartate (icT ~10~^|) waa unable to replace

cobalamin or roethionlne aa a growth factor for S.coli 181/176, 

nor would it increase the growth obtained with limiting 

concentrations of cobalamin or methlonine. It has been 

reported recently however that the cobamide eoensymea are 

equally ae active aa cobalamin for the growth of B 

113/3 (Barker et a^. 196Qa fb).
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The anilide analogue of oobalaaiin inhibit® the growth 

of atraina requiring oobalamin or methionine for growth 

whan oobalamin ia tha growth factor, but not whan raethionine 

la pupplled. It docs not inhibit tha growth of atraina 

which do not require cobalamln for growth*
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TET -?'/T'.VPIC 1*0"~ '

Jf^fllfl

, 
A FACTOH (X) CO jLFfi '8YKTHS3I8""""

A heat-labile, non-diffueible factor (X) was partially- 

purified from acetone-dried powders of £«coli PA1S cultured 

in the preaenee of cobalamin. Thia material (X) enabled 

PtH^O to be uaed ae the cofactor for C^-transfer in methionine 

synthesis by extracts of acetone powders of the sane organism 

grown In the absence of cobalamin (Woodst 1960; Kleliuic & 

Woods* i960)* It was immediately realised that the ultrasonic 

extracts were probably capable of forming this factor (X) in 

the presence of cobalamin under the reaction conditions* 

Treatment of the organism with acetone apparently caused the 

destruction of an en*yme or ensymee required for the formation 

of X* Indirect evidence for the formation of X by ultrasonic 

extracts was alao obtained using the inhibitory analogues of 

cobalamin (Chapter 8)*

jgyfrAen.ee. for tftc

Trial experiments showed that If ultrasonic extracts 

(strain PA16) were first incubated (60-100 min*) with cobalamin 

in the presence of glucose, ATPf &!g t DH? and phosphate, then 

the initial rate of synthesis of methionine on the subsequent
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addition of homocyateine* eerlne and PtH^O vaa double that 

attained when cobalaraln waa omitted from the first Incubation 

but wae preeent during t.he eecond, Thia suggested that 

metabolism of cobalamin led directly or indirectly to the 

production of Material which wau more Imeaiately active than 

eobalainin itaelf^ln promoting the utilisation of tetrahydro- 

pteroylgluta«ate as oof actor* However » the maximum activity 

for raethionine synthesis obtained after pre-lncubation of the 

ultrasonic extract waa never greater than that obtained 

without any pre-lncnbatlon^ suggesting that partial inactlvation 

of aorne enzymes concerned in methionlne 8 yn thesis had occurred 

under theae conditions. Consequently this approach to the 

function of cobalamin waa discarded an being not entirely 

satisfactory.

The addition of small amounts of ultrasonic extract and 

cobalamin to complete reaction mixtures containing extracts 

of acetone-dried strain PA 10 and PtH^O enabled methlonine to 

be syntheeieed. This syntheala waa often 6-8 tlroee greater 

than that with the ultrasonic extract aa cole source of ensymee. 

The synerglam auggeated that X wae being produced by the ultra* 

acnie extract and then used In the eynthesle of methlonine by 

the acetone-powder extract.

Synthesis of X by Ultrasonic

The assay of X depends on its ability to promote ayntheeia
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of methionine by extracts of acetone-dried organisms when 

PtH^O is the folio acid co fact or; fi»ee cobalamin is not 

active (see Chapter l). In order to obviate the possibility 

of X being formed dtnrtnr the assay procedure it was neceeff^ry 

to separate the X formed by the ultrasonic extract* at far as 

possible, from both the ensymea concerned in its formation 

and from free cobalaminj it was also desirable to remove 

other enzymes which participate in the conveys! r>n of shrine 

and hcmocyateine to methlcnine. Acetone treatment of the 

incubated reaction mixture I (complete reaction for 

methionine synthesis) was not very satisfactory} the apparent 

recovery of X activity was low and considerable activity for 

formation of X remained in acetone-treated reaction mixtures 

from which cobalamin was omitted* A good separation was 

however achieved by treatment of the reaction mixture with 

protamine sulphate. Reaction mixture II (which contains no 

serine» homooysteine, pyridoxal phosphate or PtH^G) was 

developed for studying the synthesis of X and the procedure 

used most frequently for separating X was as follows. 

Protamine eulphate (S*j 0»6fnl. per 6*Oml* of reaction mixture 

II) was stirred in after incubation and the mixture stood 

for 20 min, at 0° before centrifuging at 3§*QOQ£ for 5 min. 

The residue (first protamine precipitatet Pi) was normally 

discarded and the supernatant fluid dlalysed against 0.05& 

phosphate buffer pH 7.8 for 18hr. at 3° (iSQml. buffer/ml.
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original reaction mixture); the dialysis fluid was changed 

twice* During the dialysis a fine white precipitate formed 

(second protarnIne precipitate, ?2)* After ceatrlfuging 

(l5000£t 10 mliu) P8 was suspended in half the original 
reaction volume of 0.3JJ phosphate buffer* pliT.d (3ml*) using 
a Fotter~ilvehjem homogeniser,

with relatively small samples of the partly purified X 
(P3) synthesis of methlonine in the assay system showed a 
linear relationship to the si*s of the sample (Fig.23), 
though with larger aaraplee a proportionate increase was not 

obtained; possibly come other factor or e&syae becoiaes rate- 

limiting, A satisfactory assay of X was obtained using the 

range over which the response was linear* Samples used for 

the determination of the content of X in PS were generally 

equivalent to 4*5 or 6*Qsag* of the protein of tae ultrasonic 

extract used to produce X; these by themselves caused the 

synthesis of less than SO j-iawaoles 1-methioninc.

The addition of free cobalamin to the assay system had 

no significant effect (^ig.33)* There was a email but 
significant formation of methionine in the control in which 

cobalamin had been oalttod from the system for synthesis of X 

but added to the assay system (Fig,23); thia amounted to about 
161 of the value obtained with cobalamin also added to the 

synthesis system* but wae mad* smaller (8 '} in the initial



FIG. 23

The function in methionine synthesis of the
factor (X) formed by ultrasonic extracts of

Escherichia coli PA15

1-6,

UNITS OF FACTOR ( 
5 10 15 20 25

3 6 9 12 
Material added in terms of mg. protein of original 

ultrasonic extract

IS

Reaction mixture II with cobalamin (50p.|j,moles/ml.) 
present (————) or absent (- - -), incubated 4hr.

The reaction mixtures were then treated to obtain the 
second protamine precipitates (P2) and the latter 
assayed for X using reaction mixture III with normal 
extract of acetone-dried organisms equivalent to 10 mg, 
protein and with cobalamin (65|j.(imoles) present (•) or 
absent (0); incubated 3hr. (Units of factor activity 
were deduced from the curve 0———0).
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experiments using a complete reaction mixture I for X 

synthesis. The validity of the assay wae not affected by 

this since free oobalamln In the samples would have bean 

largelf removed by dialysis in the course of their 

preparation. It Is probable that the treatment with 

protamlne did not completely remove the ensymes concerned 

In the for nation of X and that this proceeds slowly during 

the aaeay If sufficient fre-> oobalamln ie present* The 

partly-purified samples of x did not cause the synthesis of 

any methlonlne in the aeoay system If the enzyme Reparation 

(extract of acetone-dried organisms) was omitted, "hat 

there was no synthesis of X during its separation frows the 

reaction mixture was shown by adding cobalamln, immediately 

after incubation* to a control reaction mixture not containing 

the vitamin and then Isolating the PS fraction; it had less 

tfean fit of the activity of a similar fraction leoletad 

incubation with cobalamiru

The first protamine precipitate PI and the supernatant 

fluid remaining after removing P8 had no X activity, nor did 

they affect the activity of P2* Furthermore* the activity 

of P8 was apparently the sejae as that of an equivalent 

quantity of the reaction mixture which had simply been 

It is probable therefore that all of the X is
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preeipitated with the rs fraction. When the suspension of P8 

in 0»2£ phosphate buffer pHT.S waa centrifuge**, all the 

activity waa recovered in the supernatant fluid; thia final 

step waa generally omit tea. An twwall purification of X of 

4 to 5-fold waa achieved •.,'*. , n; thia waa shown 

by dry weight determinations after exhaustive dialyeie of the 

fractions against water,

It waa concluded that inctfcation of the ultraaonic 

extract with cobalamin in a suitable reaetion mixture leada 

to the production of material with similar biological 

activity to that extracted from acetone powders of organisms 
grown in the presence of cobalamin* It ie riea* that 

cobalamin function >a in the intermediate formation of -X which 

ie necessary for the overall eyntheei* of methionine by 

ultrasonic extracts; and a metho 1 of aaaay for this property 

of the extract, independent of taethionine fonaetion i« now 

available*

of the Faotr

These teats were carried out with the partly-purified PS 

fraction* The oobalamin content as measured with ^.gglenfl

waa 7 ̂  of the total cQsalamin added to the original

reaction mixture* For a sample of the sise used for assay 

(equivalent to 6rag. original ultrasonic protein) thia
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corresponds to only abont 2 ^noles cobalamin eosqpared with 

the 65 pinoles added to the assay system in the conji^-1^ of 

the experiments of Pig* 23$ it follows that methioniae 

synthesis ia not simply due to the presence of cobalamin. 

The cobalamin content of similar sample© of B3 prepared ; .:i 

the reaction mixture for X synthesis in which the cobalamin 

waa not added until after incubation and, in which no 

cobalamin was added were 0*27 an3 0.02 miiaales respectively. 

Considering that the fractions had been extensively dialyseA 

it appears that cobalamin ia bo rod during incubation. 

However it in not known whether there is any direct correlation 

between the bound eobalamin and X activity*

The activity of X was not reduced by dialysis for 43hr, 

against 0*Q5£- potassium phosphate buffer p:I7,8 f nor was it 

significantly altered by atoring 6 weeks at -14 * It was 

heat labile; 70 ' activity was loet after S min* at 50° and 

100 after 5 nain* at 60 , The preparation ;, , ^ j* 

unstable at pH valuec below 5 and above B*5 (Table Il«8)» 

The small residual activity for synthesis of X by P^ 

fractions prepared in the absence of cobalamin was no lean 

stable to heat and pH so such treatments were of no value 

in the further isolation of uncontaminated x» ?ha 

properties suggest that X is a protein or at least closely 

associated with a protein antf is similar to the material
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separated from acetone-dried powders of oobalaain-grown 
organisms,

A heat-labile* non-dif fusible rrr al has been partly* 

purified from the products of the ircubation of ult a 

extracts of %• eo^fr PA 15 with a medium containing cobalamin* 

This factor (x) io esssntief f^r the synthesis of raethlontne 

by extracte of acetone-dried organieme of the eaua© strain, 

when PtH^G ie the aouros of the neoensary folio acid 

cofactor. The factor had properties similar to material 

with the same biological activity isolated from the came 

organ! aa grown in the presence of cobalamin* The role of 

cobalamin in the overall process of methionine formation by 

ultrasonic extracts (serins with Ft* '* is almost certainly 

in the formation of this functional factor; and an 

independent assay for this activity has been developed*



Several analogues of oobalamin have baan found to 1 
tha aotion of oobalamln in tha synthesis of oethionine by 
ultrasonic exfcrcwte of j^^ll PA1£ (ear^^^^*m^***a^^^

However growth of tha organism on cobalarnin 

Bttbeaquant extra eta immma to inhibition by tha 

analogue| t:^ :ugh mct.aanine syntheeie waa reduced if 

analogue waa addaa with oot»&laiain to tha grcwtu oswuivaw 

(Chapter 3)* From a conaidaretion of the primary role of 

oobalamin in the synthesie of the factor (x) whieh fuiictiona 

in raethloalno gynthetle, the reaulte auggeat tl^u the 

analagmaa aajr interfere with the formation of x, but not 

with ite activity once formed (viz: luring growth). How that 

X can be formed in a cell-free ayetc ;, independent of 

methlonine 8yntheaie» and elnce an assay for the fon&atlon of 

X baa been developed, direct Investigation of the site of 

action of thoae inhibitor^' analogues ie poaeiblet 

atrain PA16 waa uaed throughout*

Tha anilide of the monooarboxyllc aaida of oobalaroln



had no effect on the activity of the partly^purifle^ (P8) 
preparation of X derived from the ^atl n of cobalarain 
with ultraaoaic ©attract v-'»'••*'•" ~t»£)» A ®or® extended ©eriee 
of teats waa carried ^ ^ f ^ crude preparation of X 
derived from aottone-dried ~«00.34 TAIS grown 1* «*»« r^senee 
of cobalamin* The amount of this extract uaed catalysed the 
formation of negligible quantities of methionlne and con 
leas than 19 ^imoles of cobalamin. The anilide analogue 
again had to effect on the activity of x (fsbls i^»n> 
waa alao the eaae with the methylamiil® ar — ; v. v 
analogues. Factor B did huw^v^r inhibit about 40 " &t 
relatively high concentrations; the inhibition (by 70 
waa not relieved by oobalamin (up to 6#5 jU^-fflete*!. r 
High concentratione of cobalamin itself (6»8 and 65 
had no effect on tha activity of X* In controls ' * v ? 
waa omitted the analogues end cobalamin did not them««lv®e 

the aynthecic of r^ ; in the asoay

All the analogues tested inhibited the formation of X 
aewpletely if sufficiently high ooncentr&tioite were used 
(Table XX«1Q}» rhe ratios of the concentration of cobalamin 
to analogue resulting in 50 * inhibition were similar to 
thoee found for the inhibition of the activity of c imin 
in ssethionine synthecis (Chapter 3). The analoguee then^elvea
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when incubated with 'e extraeta did not five riae to 

eignif f; X activity (Table 11,10). Only in the case of 

Fact \u it possible that owwjr-over of the test 

Bubsta,,,. into the final aaaay eyatetn could vitiate the 

reaults b; inhibiting the ftr n of X itself; it ie unt 

however that Inhibitory co ^rati-ma would rataain after 

the treatment with protamlne sulphate and dialyaie used in 

preparing the aaraplaa for aaaay*

The eonelttaion that the aniline anslo'-nie inhibited the 

form i of xf th not its at&aeojient act * 

aupported by the «periment of Table II#X1» -^obr." ^n waa 

required for the synthesis of methionine by ultraaonlc 

c?rfc?*acte with PtH^ci a«i the nnl^ soxtroee of folio acid 

cofactor and such B^T * e wae completely inhibits! by the 

anlllde analoijue* A prepara' " of x replaced cofcaloniru 

but in thio caee the anilide analogue waa 2101 inhibitory. 
For thir s«nf»3*i-^ent *i ir»«f» purified n^eparation of % wan nr- 

derived from acetone-driai orrn-niaaa grown with cobalamin 

(»• A, Poster & ?'.t-.Jonee f unpubliehed work in thio laboratory) 

it had a higher ratio of apecific activity to cobalomln 

content than the aerial Pi preparation ae t*»at a negligible 

aoount of free cobalamin wa© added with the aaople of X0

Ho evidence con'M be obtained for the production of an 

inhibitory analogue of X when the an Hide analogue waa 

incubated with ultraaonic extract under the ean* conditions
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aa led to the production of x f^xi .-oVxrtu^lr.. A second 

protamine precipitate waa iaolatea from this roa ~ A mixture 

(anilicle analogue ajS jim-mo lea/ml.); when added to the aeeay 

ayatem at five tinee the concentration of & similar 

preparation of X (£r^u ^ i<-icv ... xture XI containing 

cobalamin 50 mxmolea/ml*; it die not in dbit the methionine 

production caused by the lattef. Thus the inhibitory effeat 

doea not appear to be the renult of a lethal ayathesle tjrp® 

of raechaniem (Jfiarkha » 1 .

The above resulte euggeeted a more convenient raethod 

for the coeay of X in which it *?cmld not be neceeeary to 

separate it (&0 the P3 fr&ction) from the reaction products 

of the first inetibaticn* Addition ©f the anilide analogue 

to the reaction mixture (III) for the aesay r- ul r v nt, 

during the asaayt the fortnation of K from ccbalusiin carried 

over with the eainple andt provided that the cobaXamin 

concentration waa not too great» dialyeia alone should reduce 

the concentration sufficiently.

Ultrasonic extract war incubated with cobal^rnln la the 

ueu&l reaction oilxtr c (XX)« C/ii^ portion of the mixture 

after incubation was * Imply dislyeed against 0.0555, potaeeiuw



in

phosphate buffer . •• at 3° (UKtal* buffer/ml.
reaction mixture) j the dialysis f was changed twice* 
"*";3 other portion was treated with :>:\,^.i;;e ruliA,ute au£ a 

:• fraction obtained a 8 3*- ^.apter 4* Itofo iyi>e*,> • '' ! lo 
were a&eayed for X cetiv5.tr i« the test c; ..
; the ar " - - . t, : . *v>la 
in which cobalemin wee on^ttc^, from the react i-: -a . 3 for
factor synthesis and other® in which eobalaain (66 ulee) 

tU-
was added ty^rerv » mi3tt«re for nfsajr> w©r« a Too ..".or--./.^ 7he
activity of the two t _• ' . ^ were si '^ 11*13} 
v. . •:• •: .. . :v* "M r«» ;v:r.^.- ;;—.• ^aa 'fMt»eacnt or a»ii in ice aaaajr

ith sanqplee of the control in which cobalamin waa 
from the oyntheeie eyetem» but was preeent in the aaaay 
a higher value was obtained with the simply 

satnple than with the protarrd- •.»- treated ^^;T>le. "hie 
v activity wae greatly reduced by the addition of t'..e anlllde 
snal«,r!f«e to the aef?a^ cjratem (liable 11*12} *

.. ._ , . of t • .., for aaaay of X wae 
that when the extract l@d organiamt waa omitted 
from the ao^ay system there waa a email oyntheais of methionine 
due to the preneiice of a email quantity of all th<* «^^yiaee 
of the ultrasonic extract (carric er with the sample).
Under the conditions • ' ' ' ;:/ uaed ' • wae e<^u .-^ra to

t^s 
S-<5 units oi; «vt ana this v&lue^not significantly it d by
the anilide analogue since X had been already formed in the
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first incubatl ::. ?o overcome thla difficulty several
wer® investigated.

l) Growth of the l*qoll strain PAIB In the presence of 
mcthlonine IB known to repress the activity of ultrasonic 
extracts for the synthesis of thie amino aeld (Section It 
Chapter 8)» However, the pretence of methionlne during growth 
wae also founa to reduce the synthesis of X (Table TT,t3)« 

3) Ultraconie extracts of IJXEftJA strain 3/62 are unable to 
aynthesiae methionlnc. However, tinder the some conditions* 

the activity of strain 3/63 for the synthesis of X was only 

10-80-' of that of strain PA4B* This was too small for 

studying the synthesis of X* On the other hand* tha synthesis 

of X during growth in the presence of eobalnrain waft almost 

10CK of that of strain PAID.
8) Several methods for the fractionation of the ultrasonic 
ejrlsmct were esejained in an attempt to separate the two 

activities* via* synthesis of X and rasthlonlne formation. 
These Included} heat treatment, l&o-eleotrle precipitatlont 
asmonlm sulphate, protamlne sulphate and acetone tre^t^ent. 

However, no satisfactory separation could be found. 

4) The problem was finally solved (a) by ensuring that all 
systems for assay of X contained the emae aaounte of protein 

of similar origin and (b) by Increasing the amount of the 

•ain setup os of enzymes (extract of acetone-dried organisiss) 

so that Its concentration could not be rate-Uniting.
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The final preoaAura for this alternative assay of X 

(w loh waa adopted for neat of . still to be described) 

waa to dialyee the pr to of the firat reaction against 

Q.OQi, phosphate buffer pH7*af and to aaaay aamplee In reaction 

mixture XU in the presence of the anilide analogue (S3 or 46 

umpfoolea) and with toe „ asonic-treated extract of acetone- 

dried organisms increased to tha equivalent of 3Qmg* protein* 

Tha curve relating ai£« Q* sajqple to «uaeuui, yf mathionine 

a^nthaeieed was similar to that of Fig. 13 for the original 

method of ae&ay axoapt that tha linear range waa slightly 

reduced. Additi^. w* cuaalmain (0*1 »Am-»olea) to Uv^ ,,. ^ay 

L^c«a. jJLa uot i!K.r-y*^«i the metMonine produced bar eiti^r 

axperlsiental or control eamplag of the reaction mixture for 

tha synthesis of X*

Apart from being saore convenient thia new asaay for A 

enabled the formation of X to be studied when changes were 

made In tha synthesis system* either b^ purification of the 

ultrasonic extract or by ^IL i:L.> the composition of tha 

reaction mixture II> which made protasa&na treatiaant no 

longer practicable*

Menoaubstltuted cobalaBiD-«miao analogues inhibit tha 

formation of the factor (X) by ultrasonic extracts but have
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no effect upon ite function in nethionine cyntheeia* Factor 

B partially inhibits both the formation ana the 1 -i of

2) A more convenient method of aa«a»iag the forwetiuii u* 

X L^ vaaonie extracts has been <J eve loped j it niakee use of 

the inhibitory properties of the aniliuss analogue of 
cobalamin,
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PHOP7 I JOE: THE

Details of the synthesis of /: by ultrasonic extract® of 

strain PA 15 were examined in an attempt to elucidate 

the nature of th© I,. * „ Jied ae@ay system 

incorporating the anilide analogue of oobalamin was iise.1 

wherever

An optimal eynthesie of X during the firat hoar of 

incubation was obtained with 0*5 Ma-moles cobalamin/ml« (Fig. 

synthesis was proportional to time up to 45 mln. With higher 

concentrations of cobalamirt, although the initial rate was 

increased, synthesis of X stopped after a short period; the 

reaeon for this la not known* In subsequent experiments a 

cobalamin concentration of 0*5 jinv-molcs/ml. and 45 min* 

incubation was used as a routine. The cobalamin content of 

the resultant dialysed samples used for asuay of X was 

estimated with Bfo&lenft ggaqllia. as 0*1 urn-moles, and this 

aaount of cobalamin was added to the controls during the 

assay of X* The anilide analogue added to the assay system 

was increased to 46 ^co-moles to ensure complete Inhibition of 

X formation (during the assay) promoted by cobalamin carried 

over*



FIG. 24

The effect of cobalamin concentration on the 
synthesis of the factor (X) by ultrasonic extracts

I4r

O-25 0-5

COBALAMIN (^jm-molcs / ml)

Synthesis of factor. Reaction mixture II plus Dowex- 
treated ultrasonic extract and cobalamin; incubated lhr.(0) 
or 3hr. (•). Dialysed samples equivalent to 6mg. protein 
of the original ultrasonic extract were used for the 
assay.

Assay,^of factor. Reaction mixture III plus extract of 
acetone-dried organisms (20 rag. protein; and anilide 
analogue (46j-im-moles); incubated 3hr.
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/» "»*•«C ..7w«

Thle coen«yme form of oobalamln waa previously found to 

be 8-3 times more active thar cobalamin in the eynthecls of 

methlonlne by ultrasonic extracts (Section l t Chapter 5)* and 

leea sensitive to inhibition by the anillde analogue of
»

cobalamin (oectlon II, Chapter 3).

The coenzyme (5 p-uraolea/ml. to 1 nm-mole/ml*) did not 

replace X in promoting the synthesis of methionlne by 

extracts of acetone-dried organism* In the presence of 

FtH4G* At the same concentrations, the coenzya* also had 

no elfect on the activity of a purified! sample of X. However 

the coeneyme did replace cobalamin for the for* nation of 

material with the activity of X (Table 11*14). This 

material was similar in many respects to X prepared with 

cobalamin except that its ©yntheala was only 80 * inhibited 

by a concentration of the anlllle analogue which completely 

prevented the synthesis of X in the presence of cobalamin* 

Precautions to exclude light during all manipulations and 

Incubations of the coenayme and eoenayme-contalning materials 

were takenj the X activity of r. "^ fraction prepared from a 

reaction mixture containing the coenayisa waa however 

completely stable to eondltloaa of irradiation which 

Inactivated aqueous eolut?.-^r: of the coenayrae (Section I» 

Chapter 5), The requirements) for formation of X in the
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presence of the eobamlfte-coenzyme were similar to
eobr" in (Tables IT.15), The t of the <r - •

functt i Li Cloet:- . - ^ trffttinflBflnrtllsT jS-methylaspartatef
had no activity for replacing X In methlonlne

Ooieslon of any of the constituents of reaction 
II reduced the rate of formation of X3 the effect of AT? and 
of glucose being the most pronounced (Table Il«15). The 
absence of DPK reduced synthesis by about 40 C» Increasing 
concentrations of ATT* would not replace the srlueoee require­ 
ment but reduced t»P?T replaced both r-P-* an# glucose and at 
higher concentrations it also eliminated the requirement for 
A?^« Glucose could also be replaced by he3toe0-l§0-M21phosphate 
sad ATP by ADP but rot by A^P. Additf^ of t!>e other 
substrates and eofaetors for the siynthe- <•• of tB®thio?5ln« 
itself (2L-homocystelne, 7* ft Mtmoles/ml j |^serlnet 7,8 M^molea/ml 
PtH^a, 0»7§ wsoles/ml«) singly or in all possible cont>lnatlons f 
had no eiff'rtlf leant effect on the synthesis of X,

extract
The synthesis of X increased linearly with the 

concentration of ultrasonic extract up to the limit tested 
(ll«g* protein/mi.). Different batches of the extract varied
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in activity by an c twa» but there was 

generally no lof;r of activity on age for up to 6 weeks at 

-14 , in most experiments the extract was treated with 

Dowex-l reein which produced a variable reduction in activity 

(usually b: cbout 1G-1P, '\ The activity coula be rest red 

r- . es r • " •.. heated extrr ct 
of the organlem (••---*,

In order to Isolate and define wore clearly the system 

cauflrlnr the syntheelr of v t fractionation of the ultrasonic 

extract by several .•••'' T> vr.e attempted (cf. Chapter B)« Of 

the methOvis tested or^: traatoant with protaraine sulphate and 

ajanoniuci sulphate resulted in a significant purification, 

tinder certain conditions a fraction containing 80 the

infil activity with a S-fol^l increase in specific activity 

was obtained* However, the specific activity for tnethloalne 

synthesis wae similarly increased. The extract lost 90'* of 

its activity on heating to 45° for 3 rain, and was completely 

inactivated by incubation at 50° for 3 min. The fractional-

tione were however d-— ff0 ,-c i 4 -^ fotmfi that rednced 

could replace glucose and ts?*r f ana at higher concentrationst 

A"* also.

nitrasonlr? r ct» of Sj^goJU 1S1/176 also catalysed the 

synthesis of x f and their activity was the earae as those of 

strain FA18, nslng Alalyeed samples or F3 fractions in the



aaeay astern containing extract of acetone-dried strain PA15. 

The synthesis of X by extracts of strain 3/63 was only 10-30t 

of that of atralns PA15 and 121/176.

roper tfre^ ,p.£JL' ffeteffi . TflfflftPR %ctor

The presence of eubatancee potaibly required for protein 

aynthesia e,g» mixture® of amino aclda (aoid-hydrolyaed 

caeeln supplemented with eyeteine ard tryptophan}* mixtures of 

a&ino aclde, purlneet pyrlmldlnea and B*-gronp vitamins 

(Medium C) f did not Increase the synthesis of X. Aleo f the 

eyntheeia wee not affected by anelo&uea of a number of araino 

aclda and purlnes: 4-methsrltryptophan (l«K)» p-fluorophenyl- 

alanlne (irrg,) and 8-aeagtaanlne (200jA£)» Chloram|*ienieol 

(140I4J) Inhibited by SO"* only* but could not be tested at 

higher con c on t rations because it would have Inhibited the 

growth of the organism used In the a SB ay of inethlonine,

Feduclng egentf?, glutathione and accorbic acid (each 

0o||} oaueed a aiaall and variable (calQt) Increase in X 

formation* Homocyeteine often produced a similar increase*

Formation of X waa decreaeed 80-30 C under aerobic or 

eemi-aerobic conditions compared with the anaerobic 

emidltlona nornally ueed«

Cyanide (O.lg) almoat con^pletely inhibited the aynthaeie 

of X and the activity of X wa* destroyed by treatment with
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cyanide (0,0l|)at pH7.8 and 16° for 15 min,

1) Cobalamlnt glucose* D »?*, Afp and Mf are neeeaeary 

for optimal ayntheaia of factor (x) by ultrasonic extraeta 

°f BattUL PA 15. DPNHg can replace glucose and D*>N and* at 

higher concentrations* AT? also*

coenayrae has no

activity aa the factor but replaces cobalamln for its 
for ration; the requirements for synthesis of X with the 
eobamide ooaosyxaa are the same as with cobalamin*
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OK OF TPHtt: 9g> _ II

The Formation of ^o^or_. (^^.^nj its . .Rolt 
in Met hi or In e Synthesis

Biological a,ptiv4ty anft .nartur.e of ,t^e Iftqtor

The difference in behaviour of extracts of acetone--dried 

organlnme end ultrasonic extracts appears to lie in the 

ability of the latter to utilia* free cobalaadn in the 

formation of factor (X) which is required for the formation 

of methionine by soluble extracts of fcfipjlfl PA15 when PtH^O 

10 provided as the cofactor for C^-transfer. Treatment with 

acetone appeara to destroy almost completely the capacity of 

the organ!em to form X* though acetone doe« not affect X 

once formed* Extract a of nuch acetone-dried org»nleme 

eannot eyntheelae t^thionine with PtH^G ae the source of 

folic acid cofaotor» end do eo only ve#y feebly on the 

addition of fr^e cobalamin. Kxtracta of aoetone-drled 

organ!etue zm$ therefore be uced for the aeeay of the X which 

is formed either by growing the organierse in the presence of 

cobal&min (Ki&liuk & Woods* 1960) or* ae in the present work* 

incubating cobnlemin with the ultrasonic extract. The 

formation of the factor (X) and its aaaay are shown 

dia^r&ruoiatlcally in Figure 86. The biological activities of 

X derived frora both Rourcei- are identical; purified staples 

of X derived from acetone-dried organisms can also replace 

the cobalamin requirement for methionine synthesis bjr ultra-



FIG. 25

Cobalamin and the synthesis of methionlne in
Escherichia coli PA15
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eonlo extracts. &i encl chemical properties of X 
from a^tli : 3*a are aleo a:* ' ^ euggeet i*^ u.,. 

factor la a iii-utci^ or iirouy aeaoeiated with a yi-uv^A*** 
Altho-irh the material contains cabalamin it cannot L. 

at the , .••>2 { ,jnt low degree of purifier .«§r thie is 
adventitious or whethe: contain?- & "ain peeiaue, :-.e 
faetor has now u««n purified 100-150 tiiaea Iro. . tx «?.:-•• 
•fgtWfi-n*:? by M. A. Footer and thia material haa a higt* ^-^t ,„ 
of cofcalaatin per mg. protein. The fact that one ae of 
oobalamin (Factor B) at relatively high concentrations 
partially inhibits the activity of X» even relatively pure

«

aempleo, aleo suggcete that the latter may have a cobalamin 

re 3 at ite active ce: , . a..u of :i 

*ver inhibit.

Of the ce*p0nente of the reaction mixture for methlonlne 

formation, only cobalamifc, glucose* » ^g and 

phosphate buffer were required for the synthesis of the 

factor (X) by Dowex-l-treated ultrasonic extracts* Glucose* 

&PR and ATP could be replaced by high concert t rat lone of 

< y. The forumtion ol ee not th^i^rore appear to be a 

eimplo activation of a protein by cobalwiin but a more 

complex proceet»; no other evidence for the dissociation of X 

into a coen«yo» and an apoenzyme was obtained during this work.
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Although It waa not proved that X is not a product of da novo 

protein synthesis, it i» more likely to result from the 

modification of a pre-existing protein; the formation of X 

waa not increased by mixtures of amino aoiae* purlnes and 

pyrimidlnea and it was not inhibited by analogues of these 

substances which wouia be expeeted to inhibit protein 

synthesis* Attempts to fractionate the extract were made 

before it was discovered that glucose and 0PK could be 

replaced by DP!mg which would reduce the number of enaymes 

required for X formation. Further attempts to fractionate 

the extract in the light of this finding may therefore be 

more successful and information regarding the mechanism of 

the synthesis of X may be obtained.

The synthesis of X by other strains of ^scherlqfyla coll

Ultrasonic extracte of strain 121/176 are able to form 

X when incubated with cobalamln under the same conditions as 

used for strain PA15. Cobalamln is required for methlonine 

formation by ultrasonic extracts of strain 121/176 when EHC 

supplies the follc acid cofactor for C^-transfer as well as 

when PtHgQ is used* It is therefore reasonable to suggest 

that the function of X In methionine synthesis is not confined 

to the utilisation of PtR^G in thle organism*
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reported by Hatch, Takeyama and Buohanan (1969). More 

recently eobalamin was defined ae the prosthetic group of 

thie enayme and the apo-enzyme was purified 30-fold from 

extracts of thle organ!em after growth with methionine 

(Takeyaaa <§: Buohanan f 1960). The holo-eneyme was prepared by 

incubating the apo-ensyme with cobalamln* PtK4G» flavin 

adenine dinucleotide and a sulphydryl compound. This material 

say be the same aa X el though the requirements for the 

formation of X by crude ultrasonic extracts of gff colfr PA15 

are very different*

Theories concerning the possible functions of eobalamin 

and X In methionine synthesis will be discussed in a later 

section.

Inhibitory Analogues of Cobalamin

The use of factor B and the methylamlde» ethylamide and 

anllide derivatives of the monooarboxylie aei#e of eobalamin 

has made a significant contribution to the study of the role 

of eobalamin in the synthesis of rnethionine.

The synthesis of methionine was inhibited by the analogues 

of cobalamin wherever eobalamin was required for such synthesis 

and, the sensitivity to the anlliae analogue was the earns
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that the HHC of strain PA15 does not contain any eobalarain 

having functional activity,

itivitjr of cobalaoiin Antimetabolites in other

The cobalamin-containing en*yme of Hatch, Tafceyama 

Buchanan (1959) was inhibited competitively by an analogue of 

eobalarain. It ia also apparent that this analogue prevented 

the combination of free cob* Terr, in with the apo-enayise in 

their system (Takeyaiaa & Buchanan* 1960) *

The anilide analogue of cobalemin inhibited the poeeible 

function of cobalasiin in amino acid activation and incorporation 

into proteins in cell-free preparations of the liver of 

cobalamin-deficient rats ( vagle» "ehta ^ Johnponf 1959a,b; 

Introduction),

Cobalamin analoguee and the growth.of^

The inhibitory effect of the aniline analogue on the 

growth of c ob n la en in dependent strains is in agreeiaent with 

the findings of Cuthberteon* et el> (1956)«

Since this work was completed many other ar.timctabolites 

of cobalamin have been examined for inhibitory effects on 

the growth of cobalamin~re<|uiring micro-organisms* Substituted 

bensiminasoles and some other heterocylcic compounds have been 

used by Scott 9 Hogers & Hose (I958) t Funk & Kathan (1959),
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Blight alr.o o^plain why the order of inhibitory activity of 

the three analogues for methionine formation by extracts of

is the reverse of the oner of inhibitory activity for

the growth of cobalandr>-r^quiring strains of ^ coll*

Much higher concentrations of the anilide analogue were 

required to inhibit the activity of the cobamide coenaysie 

than cobel&min in the formation of methionine by ultrasonic 

extracts of E«co^ ^A 15. The coenz^ine had no abilitj to 

replace X; this has also been confirmed by Kislluk (19CC). 

The coenjEyme could however replace cobelamin for the synthesis 

of X and although it waa not tested direct lyf it appeared 

that it was more active than cobalamln and that greater 

concentrations of the anilide analogue were required to 

inhibit ite activity in the formation of X# The factor (X) 

fortned with the cobamide coensyaie had eisdlar properties to 

that formed with cobelamin and the require • --nts for It* 

synthesie were also the came.

Becauue the cc-bamlde coenej*me ie i»ore active than 

cobalaniin in the ^yr.therie of methiorinet it ie conceivable 

that cobaliuTdn ie first converted to the eoen*yme before 

participating in the formation of Xf the coensyme r^y even be 

present in the factor (X), Alternatively it is still possible
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The requirement for a folio acid oofaetor in the 

synthesis of methionine by ultrasonic extracts of

PAlft oan be supplied by a heated extract of the organ! em 

(8HC) or by PtH40 if eobaUmin or the factor (X) ie also 

present (Sect lone I & II) *

With HHC ae the source of folic aoid oof act or (cobaletnin 

abeent) the ayntheaie of methionine is inhibited by PtH40 

(Section It Chapter 4). Furthermore* the two sources of folic 

acid co factor (EliC and PtH4G) have widely differing 

atabllltiee in the presence of air*

In thie aeetion the function of folic aoid in the 

ayntheeie of methionine waa examined chiefly by two methode. 

In the first eereral derivative* of folio acid were 

ayntheaiaed and tested for their ability to replace SHC or 

PtH.G and alao for their effect on the activity of H:HC.4

Secondly f the isolation and identification of the active 

eowponenta of the SHC waa attempted*
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CHA

METHODS 

Microbiological Aeaay of Folio Acide

The specificity of certain micro-organisms for members 
of the folio acid group has contributed significantly to 
their Isolation and to concepts of the chemical nature of the 
vitamin. The use of these organisms for the assay of follc 
acids has been extensively reviewed (Stok&tad* 1954; Jukes* 
1955)* The three organisms most commonly employed are: 
Streptococci^ faeoa lie R* Lqfltobapllli^ . easel and Pediococcus 
qereylsl^e ( freuconostoc cl tr ovorum) • They differ In response 
to the reduced and oxidised states of the pterldlne ring and 
to the number of glutamic acid residues In the molecule* 

Lflerevlelae Is unique In Its requirement for reduced forms 
of the vitamin* the other organisms respond to both oxidised 
and reduced follc acids* Unless special precautions are 

taken during the assay* the tetrahydropteroylglutamlc acid 
derivatives are decomposed (except for the ?• -formylated 
reduced compounds). No such precautions were taken here 

because the follc adds under Investigation were stable. The 
growth responses of the mlcro-organlorne with several forms of 
stable follc acids are shown In Table XI I.I (compiled from 
Stoketad* 1964 j Hablnowlte* 1960. For definition of the
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abbreviations eee page l), i uly- Y -glutaroyl derivatives of 

folic acid have not been tested rigorously because pure 

compounds are not available, f .faeaalic will respond to 

derivatives of pteroic acid and to pteroyl mono- and 

diglutamic acids; JPtGg and PtG7 will not supply the growth 

requirement. There are however conflicting reports about 

the activity of N5~forffljrl PtH^Gg for this organism? Bolindert 

Wiaoff * RpicBon (1953) and Wacker, Fbert & Kelm (1563) 

reported that it was active, but Silveratan & -right (l966)» 

Eakala & ^elch (1987) and tJadln (1959) have found it to be 

inactive. For IvcereviBfaf the growth factor activity of 

K5-formyl PtH405 waa found to have leea than 1CK of the

activity of H5-fornyl PtH4o (Silveraaan A Wright, 19S6) but 
Wacker et al. (1968) have reported the triglutaiaate aa the 
•OB t active folic aoid derivative for «?upporting the growth 
of thia organism. The growth requlreoent for Lffjeftge| can be 
supplied by oiono-, dl- and triglutamyl derivatlvee of pteroie 
acid* Only the protozoan Tetrafrmena geleii v can use 
pteroylheptaglutamic acid (PtOy) ae growth factor (Kidder 4 
Dewey, 1949)*

Aeeay of fblic aeidg with gt faeea^|g B, l^sm^L >n^ £>c^eyj
ra«pj_ji_ U...JM .*. jrin-Miini n mi r -| mi i «niin i •«•• m n in ---irTninmnnlrrr- TmriiiVrr "i "i ^iimirlrurr nlr'"'ii"rTTii'-"ri'i '""i. mn.Tiir. n jtnrTBrpiBzffBiPTBn

A e ingle procedure for measuring the growth response of 

the three bacteria was used; it waa developed in collaboration 

with Dr. K«M. Jones and was based on the method of toenniest 

Frank & Gallant (1968).
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The inoculum derelapaent medium (5®"U) constated of 

medium E (3.5ml,) i lamented with pteroylglutamic acid 

(Q.3nafi$ or leuoovorln (O.Sudfflfi). Organlsma were harvested 

from a tryptoae glucose broth culture (medium 8$) after 

growth at 37° for I6hr. end waahed once with 0.9 > ©aline. 

An amount equivalent to O.img. dr# wt, organ!r^; V&L 

Incubated In the Inoculum development medium for 5 or 6hr at 

37 . The Inoculum for the assay wae prepared from this log 

phase culture by waahlng once with saline and diluting ten 
times.

Several eamplee of eae '" ~Tutlon with medium 1 

(3.6ml.) and water added to give a final volume of 4.9ml. 

were sterilised by heating to 130° and allowing to cool 

(total time above 100° waa Smln*) In ISCmaux 16mm. tubes. 

Standards containing FtO or rto3 (0*05 to 0*4^ai|0 or &5- 

formyl PtH^o (0.1 to l«Qjt^||) were Included In each aa&ay* 

The inoculum (O.lml.) waa added and Incubation waa for 22hr. 

at 37°t upright In air. Growth waa aaeaneed In 16mm, tubee 

with a Snekker Photoeleetrlc Ab©orptlom0ter fitted with a 

neutral filter (H.50B) and ualng the unlnoculeted medium for 

eoKjparleon with teat cultures. Typical standard re&pon&ea 

are shown In Figure 26*

C on 1 ncna BA tfftAA

Enzymee which hydrolyee conjugated forms of follc acid to



FIG. 26

Response of three micro-organisms to various forms
of folic acid

O-2 O-3 O-4 O-5 O-6 

CONCENTRATION of FOLIC ACID DERIVATIVE (>jmM)

3, S.faecalis. R, pteroylglutamic acid.

, L. casej, pteroylglutamic acid. 

% 9 L. casei, pteroyltriglutamic acid.

0, P- ^erevisiae, N5-formyltetrahydropteroyl- 
glutamic acid.



monoglutaagrl and the lower polyglutaaiyl derlvatlree are 

preaent in many tlreuee. Preparetione of the encyme are 

nada chiefly from chicken panereaa (taafeowaklt ¥lm & Bar*

1945) and hog kidney (Bird, Hebblna, Vendenbelt & Pflffner,

1946), These two preparation have different properties; 

with the latter dlgeatlon waa found to be the moat e®n$>lete» 

the producte being largely oonoglutaatlc aeld (Stoketad* 1954). 

Coaplete degradation of the higher conjugates however requlrea 

the action of both source* of conjugaee (Sreenlvaean, Harper 

A Slvehjem, 1949)*

Hog-kidney conjugaee, which cause a 7ft € degradation of 

PtCKy to PtG waa used here for the eaMMtnatlon of the folle 

aelda In the heated extract (RHC). Seaqplea of 8KC (0»lml«) 

end of the fractionated : rr ' ' 1,0ml.) were actuated to pi!4»6 

and treated with oon^ugaee uelng the methods for preparation 

and for incubation ddtacrlbed by the Aaeociatlon of Vitamin 

Chemlats I no, (1951), rrhe efficiency of oonjugase action 

was oneefted In each Incvfeatlon by a control containing a 

known quantity of Ptd^, The amotsnt of follc acid in the 

aeajttgaae preparation waa alao determined and deducted fron 

the teat values. The growth response of L»caael waa ellghtly 

different for PtG and Ptftg (Fig.86)* The response to Pta3 

waa normally ueed ae the standard for the aeaay of natural 

follc aeld&» but after conjugaae treatment the growth respcmae 

to PtG waa uaed*
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This organism was used to confirm the presence of 

conjugated forms of folic add in the fraction® of ^KC having 

eofactor activity but having no growth factor activity when 

tested with the throe folic acid requiring bacteria* ? 

method wae baaed on that used for ^etgflhypffna praleii W by 

Ki cider & D«wey (1949), 1*eet samples and samples of W 

(final concentration 0*3 to S.Oun) were added to medium F

with water to 1.9ml. in I50om» . tubes and eterilised 

(115° for 10 rnin*)* For the inoculum T^voraac was harvested 

from a elope culture on medium 8^ which had been inetfeated 

for 72hr. at 30°* The offftftissii were depleted of folic acid 

by passaging twice in tmeupplamented medium F for TShr. at 

$0° and then washed with -.9 * ealine and finally ear 34 In

•terlle pyri^oxal phosphate (9^1) to an "SBL value of 8» A

•••pie of this suBpension (O.iral.) was used ae the inoculum. 

Incubation was for 48hr, at 50° with the tubes sloped at 8° 

to the horizontal to increase aeration* Growth was assessed 

with an m colorimeter and although the growth obtained with 

no added folic acid was 30-40 ' of the maximum growth it waa 

possible to assay the concentration of the vitamin in the 

test samples.
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Chromatography eoupled with bioautography and the use of 
conjugaae have played an important part in the ieolation and 
identification of natural folio acids.

The two stoat useful solvent ayata&a proved to bet (i) 
Solvent ^ Q«l|| Sodium pfooephate buffer pH7,Q» saturated with 

iao-amyl alcohol at 35° (Safeami '& ftnowlee, 1958) ar% (8) 
Solvent B 51 Gitrio aci^l and ammonia to pH9«Ot eaturated with 
iao-asgrl alcohol at £5° (^1 el and, Hutehinga A Williamat 1952), 
Whatman t?o»l and Wo. 3 paper a and descending chromatography 
were employed. The eoltitiont of folic ©old were neutralised 
with a dilute solution of • •*» »"" 40*100^tg of the 
•aterial wa« apottea on the paper* After development of the 
chromatogramc the folic acl^p were identified by eaEamlnatl-»n 
in ultraviolet li^ht or by t: :'. ^:ra|shy» In the latter 
case ouch emaller arrounta of folic acid were chromatographed. 
The chromatographic behaviour of several folic acid 
derivatives ia ahown in Table TTT,S* with whm^ian Ko^l paper 

the Rf value* were slightly lower. The presence of a fortnyl 
group or additional glutamie aeia reslduee Increased the Hf 
valuer unier the conditions ueed.
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e ftellulose

The method used vac baaed on the work of Babinowitx (1959) 
and Usdln (1959). Cooastrcial diethylarainoethyl (D3A3-0 
eelluloae and trie thy laminoethyl (TSA«-0 celluloae were 
graded by sedimentation; the fine particles were discarded* 
The exchanger was washed ~1 tn 1 NaOH and then with water to 
neutrality. Coltsans were alwaye Ieo*xl7cm«, packed under 
moderate hydrostatic pressure, with an initial flow-rate of 
10ml. /hr. Tbe final flow-rate wa« fCMMEtail./hr. at $ with a 
35-4Qem« pressure head psrovi^ed by the device for gradient 
elution. Samples cortai in ^-4 ^aaolee of folic acid 
derivatives or the equivalent of 6 or 6ml* of a<»tone-trsated 
3HC were placed on the column which was then washed with 
water to displace unadeostoed material* -he folio aoida were 
elutad by a gradient of _rro»p&ate bu fer pH6*l> 0 to 0*% in 
550ml. of effluent collected in 5ffil. fractions* Gmdi^at 
elution was by a method based on thoae described by Alm» 
iViliiams * Tiselius (1953) and v,- -r» 'latter* Vyekoff & 
Peterson (1966) using a -losed system in flow equilibrium. 
The concentration of phoephate was measured by direct 
estimation of the elment by the method of Fieke 4 Subbarrov 
(1925)* The observed gradient was alnost always identical 
with the theoretioal gradient calculated by using the equation 
of Gherkin • Martinea A Dunn (1953). SWTercaptoethan 1

was addert to the developing fluids when the reduced



( , 4o and I'tH^O^ *<">re chromatographed* 5*T«etra- 

photometric (38Qsp) ana. bit oal investigation of the 

fractions enabled the ' recovery of the chrozaatograptied 

material to be determined* The befcaviour of several follc 

acid compounde is shown in Table III.16 t page 187; these 

compound© were identified apeetrophotosnetrlcally and 

biologically by their cofaotor or rowth factor activities*

several derivatives of folio acid were prepared and a 

nts&er of cv-.'^rr; rr ;r-^ obtained as gifts (see Appendix 3)»

The pteroylpolyglutaoatio aeids used here were derived 

from (a) a eassiple ©f synthetic pteroyl- a -^lutaasyli. 

acid (rtc*af Mowat eft, fljj,. 1940) which contains an a 

link not foun<1 in natural compounds and (b) two eaiaples of 

pteroyl- > -*glutaasyl- ^ -glutaasylglutaiaio aoid ( ̂ 0^) • one 

being synthetic (Sent* ftfe aj,» 1949) and the other » fomentation

factor which was isolated from the

culture fluid of an unidentified CormypfraQforfriffit vy *,ut • ' . 

et al. (1948), l^teroylhept&glutamic aoid was not available! 

the material isolated from yeast by Pfiffner e,t ^1> (1946) 

has since been reported to have deooaposed (i ;flfftiert personal 

•eawnnioation)*
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Paper chroma togvefhy of the synthetic PtOj revealed 
four fluorescent Impurities. Purified specimens containing 

only minute traces of fluorescent Impurity were obtained by 
eelluloee colranm ehw^rctography and paper chroma tography 
(solvent A). The eluted material was precipitated several 
times from acid solution enfl recovered by lyopfoilisatlon. 
Samples were assayed spectrophotossetrieally In 0.1|£ phosphate 
buffer pH 7,0 by assuming the extinction coefficients at the 

absorption maximum {SflOrru) to be the same as for Ptd 
(Bablnowits* I960); the high purity Of the PtO^ was confirmed. 

Purified PtO was pre^^ared similarly details are described In 

Section ITT, Chapter 8.
The folic acids ueed throTjghout contain the Jrr 

of glutamlc add In all oases.

Fbriny at oli

eamplec lOOms.) of purified Pto and Pt% were dissolved 

in 08 ̂  formic acid (4inl.) and stood in the dark for 48hr. 

(BlaVift^t 1969)* The excess formic acid was removed by 

lyophillsatlon. tn the case of FtOf the product, fr*° 

FtO, was Identified apectrophotometrlcally anfi chromato- 

graphically? only traces of rttJ remained. Fl°-formyl 

was extracted from the free«e-dried material by repreciplta- 

tion from acid solution and dried once more. It was epeetro-
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ffcotometrloelly identical with F10-fewgrl Ft& and paper 

chromatography (aolvent B) showed the presence of a little 

flttoreaeent impurity but only a trace of FtG3 suggesting that 

a high yield of the formylated derivative had been achieved,

Dihydpopteroylglutamlc acid

Thla compound waa prepared by the method of Pttttermen 

(1957). The dried product waa atored and dlepenaed in the 

aarae way aa PtH40 (Section I. Chapter l). The abaorptlon 

epeotnim in Q.08& phosphate buffer pfi 7,8 showed a maximum at 

B8Smu with a molecular extinction coefficient 

which agreea with the data of Ofr»ell et al« (1947) and 

Andercon A Herman* (1958), Thla material is either 5*8- 

dihydro* or 7t6-dihydropteroylglutf*mle acid and moat probably 

the latter (Sabinowitis, 1960^* It ha» no asysimetric centrei 

a fact which la confirmed by lt» biological activity (O'Dell 

et al. 1947; Osbom & Huennekene f 1958 and Petera * Oreenberg, 

1963) ,

derlv t ivea

Tetrahydropteroylglutamic acid and the other 5,6,7,8- 

tetrahydropteridine derivativea ere racematea by virtue of the 

preaence of an aaymmetrio carbon atom at position 6 of the 

pteridine nucleua. Thiaa chemically prepared Ptf%0 and H6- 

formyl I tH4G have been shown to react to the extent of 50€ in
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irarioue entyssatie ayetema (Hatefl» Oibornt Key A HuermtlHBW» 

1957 j Fetera & Oreenberg, 1957 j Blmkleyt 1958). Preeunably 

reduced folio acids isolated from natural soureea contain 

only one atereolsomer.

of fcu.c ftgiflg m * mil, egfll*.
A aiodiflcatlon of the method of Croae (1986) wan used 

for the preparation of the tetrahydropterldlne derlvatlvea

of FtO» K10*foriayl Pt(l» H^^etbyl Pt0, l^, Pt0 and

A neutral solution of the folle aold {iml. | 16 
In ifiaH ptioaphate buffer pH 7.0 wae placed in the aide arm 
of a '"arburg flaek. The pletinlc oxide catalyst (6mg,) and 
2#2ml. of SSsjl phoephate buffer $$ T»0 were placed In the 
main veeeel, fhe apparatus was flushed with f% after which 
the hydrogenatlon of the oatalyet at 3T0 wae followed 
manomet ri colly. The follc acl«! was then hy£!*ogenatefl, *ha 
flaek being covered by a black eloth to exclude light* The 
theoretical Hg uptake (two molecular equivalents) was 
generally obtained in 50*40 »in« The solution of reduced 
follc acid waa quickly freed from the catalyst using a 
plugged Paateur pipette and It wao either used laimedtately 
or atored at ~14° under Hg in a Thtmberg tube.
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K -formyltetrahydropte^oyltrlrTtitagde acid (^g>fortny1 ^H4Q3

A hie compound waa prepared by a modification of the 

method uaed for the e^ntUeeis of leucovorin (H5-forrayl I tH40) 

by Mttivc ^M 04* (iy&ij) and .^ieron (1953)* Imnediately after 

preparationf 8~meroaptoethanol (final concentration 0«4|i) wae 

•Mod to &1 -formyl l-til^Gg. The solution waa freed from the 

oatalyetf adjusted to pli 3*3 and autoolaved at 120° for Ihr. 

After cooling and neutralisation thie eolation contained 

K -formal MH4G3 with an expected yield of 20-404

i or ill ed iformyl ^'tK4G3 waa obtained by chromatography 
uaing TbAK-KselluloBe and developsient with a gradient of 
phosphate buffer pH 6*1* Speetropho tome trie analysis of the 
eluate at 280a*i revealed the presence of two main components* 
Vest of the folic acid c of actor activity wae in the largest 
of these (elated at G»26j£ phosphate buffer). This procedure 
should separate F^-fowsyl PtH4os from all other possible 
contaminants except Ni0-fortayl Pt0g which ic eluted at 0*3§|£ 
phosphate buffer; however this latter compound had no folic 
acid co factor activity. The fraction containing the most 
l^-formyl Ptn^p^ had a spectrum similar to that of K8-fowayl 
PtR40 a slow increase in absorption at 350ran was observed 
when the solution was adjusted to pH 1.0 characteristic of the 
formation of an H& tHi0«*methenyl derivative from the !l5-fonaylated 
tetrahydropteroyltriglutamate (Rablnowit2» I960)* The effect
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of acid waa analogous to that demonstrated by Weight (1966) 

using CoC type I iaolated from ploatridiuro cylifldyoEPorua 

and found to be an N5-formyl PtlG containing glycine. The

increaae in abaorption at 36Go*A ? produced by ImldaaoliniuiG 

ring formation between the H5 and H10 position* involving

the formyl group, wae ueed aa an aesay for the i- 

*ta4tfj content of the purified material by assuming an
O ^ r

extinction coefficient of 82iOOO eoa.^mole * aa for Wf 

nethenyl PtH4G (Greenbergf Jaenicke a Bilvenaant 1966) , The 

abeorption at 350a|A before aeidifioation and the total 

abeorption at 280n»i indicated the preaenoe of I* Wormy!

to the extent of 40 * of the total f olic acid in the 

purified material*



_ crivm OP r.
QUO ACID

Oneoarbon Uni Lonr oto

Early attempts to replace the requirement for the 

extract of heated &• eolj In the synthesis of jaethionine by 

cell-free preparations or this organism by leucovorint 

pteroylglutamic aci3 an anhydroleucovorin as well ae by 

FtH^a were unsunceneful (Croes A Wood«» 1954 j Helleinerf 

unpublished). his was before the role of oobalamin in the 

utilisation of Ptn^o had been discovered. By way of 

confirmation, the monoglutamyl derivatives of pteroio acid 

listed In 'fable II 1. 3 were all inactive as oof actors for the 

transfer of the ~e :jjn of serine to the methyl group of 

methionine by ultrasonic extracts of B>co^l strain x^io in 

the absence of coba! rain. However, if cobalaaiin was added to 

the reacti m mixture» dihydropleroylglutamic acid ( r-tiigd) and 

the three fonaylated derivatives of Ptii^a* were active like 

JPti^ itael? (Table III. 3, ccliuan l>* one of the corapounda 

containing an unreduced pteridine residue were active. It is 

probable that PtHgO was first converted to PtH^a (see Chapter 3), 

The foray la ted derivatives may be active in their own right 

although, liberation of ^t^o nay also account for their
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B**cstlon mixture I plu* ro«wtr*at*d ultrasonic •ictract (fttraln PA15) 
with ocfralaraln (0.6j|J»-«ol««) «o& folic «old a«qriT«itiY* (l^iaolo) when

to 17 ng» Aty wt* org«alaiM» locubaUa air.
• &«gr«t*ft Pttf^Ci WM prepared b^ 2Uir. csposur* of solution In 

buffer pK 7*6.

not
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activity, if this Is the case, a small fraction of the 

methionine formed may be due to the uee of formyl grGUpa for 

methyl synthesis. In particular, the formyl groups of 

N* -ff»i*mrl ntH^(T and ftnhvdraleiieov^rln were used for methyl 

group forajation when tested at aubat-nite levels in the 

abeenee of aerine (7able III, 4). I vorin fin-", fo^n-3t« 

itself were almost inactive aa donors of the C-tmit probably

because the ultraamie extracts are deficient in the 

H - yt " ^ laoieeraee and PtH^Ci for^lase which 

reepectively the reactions

N5-f ormyl PtH40 * ATr — ) W^t fr*°-B*ethenyl PtH40 or

PtH4C* * 4TP * HCOOH ^

•» r\ 
H -metiiyl A was not active aa a folic acid co factor

or as a donor of the one-oarbQa unit and ie thi*i*Qj,oi*@ no& an 

intermediate in metoionine formation| this observation also 

suggests that the ped«<rti<» of U^-unita to the methyl level 

of oxidation occurs after reaction with nomocyateina. ; . !he 

forrnuldeiiyde derivative of * -tngu < uigO~i v%3) prepared by 

mixing e<iuimolsr quantities of formaldehyde and PtKgO at 

pII7»8 was only a poor C^-donor. However the dissociation 

oonatant for the interaction of these two compounds ia about 

100 times larger than that for formaldehyde and
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(Blakley, 1959). It IB therefore ! , .ly probable that formal* 

dehyde ia removed by spontaneous reaction with homoc^etelne 

to for- l»5~thia&ajia~4"carboxylic acid*

Inhi b i tl on

The synthesis of methionine by ultraaonie extracts of 

K>coli PA15 when extract of heated organisms swroliee the 

folio acid cofaetor for C^-tranafer la Inhibited b?? "t-*x 

(Section It Chapter 4). The possibility that thia was due to 

some Impurity in the PtH4O was not however excluded*

Parser ehrofaatograTJhv of eoramerclal t>teroylfrlutamlc acid

showed the presence of three or four fluorescent 

Impuritlea (solvent A^. Purified PtOt containing very little 

fluorescent material was obtained by extraction with Bareo- 

G60 «t pR7»0 followed by reorjistalllsatlon from acid 

solution. Highly purified PtO was obtained by colutran 

chrornato^raphy on eellulose powder (Whatman Standard Orade§ 

aolvent A) followed by filtration through acid-washed Daroo- 

060 and reorystallisation (Bakami & Knowlee, 1959). However, 

the PtH^Q prepared from these purified samples of it - hai 

exactly the same activity aa the PtH40 prepared from 

commercial PtO for both cofactor (cobalamln present) and 

inhibitor (serine with HHC and no eobalamin) activities In



methionine Bynth*ai». *** concentration of PtH^G for half- 
naxiraal inhibition waa 8Qu& *n all ea«*fi (conditions aa in

<\

Fig.15).

Several comi ; • .own to be formed during the oxidative 

decomposition of PtH4o ^.g. the 6-methyl and 6-aldehyd* 

derivatives of 2«-aadno f 4-hydrox5Tter>i'Hne} had no inhibitory 

effect on met • '..e s; • le i;i*5* column 2), It 

waa also found that the inhibitory ana cofactor activities of 

a solution of PtR^ft dieeppeared simultaneously on exposure to 

air for up to 34hz% >re recently* PtH^Q itself wa0 

purified by anionic-exchsn^e chromatography on -cellule** 

under reducing conditir t**r l); freehly isolated 

material elated as a aingle band f and identified by epeetro- 

photometry atlll re ed ita inhibitory effect on meth :• 

cyntheclB, Thus it waa concluded that the inhibition waa in 

fact cu.u**d by rtH^O and u;;t by an iapurity or *.. ition 

product.

Of the other fclic acid derivatlvee ?df only thoe* 

which were acti\*e aa C^-c actore in the preeere* 

of uuuulamin oould &ct ae inhibitors of ^ethicaiine oyntheaie 

(Table Tr *','N column 3) ; the extent of Inhibition waa related 

directly to their c iency ae f • cofactors. 

aa in the case of cofactor activity, the inhibitory ac 

could 'oe e::;^t * -ad by the conversion of theee comj ^8 to



Ft ^ , The formaldehyde derivative of PtH4& also inhibits* 

the synthesis of methionins when the folic acid cofactor fop 

Cj-transfer wao :upplied by ihs . :,ero the half-maximal 

inhibition was obtain-- *lth a coxu^uwut^.u of 80^ which 

is four tlffics gpaater than for PtH^O alon0 f again etLTgcoting 

that it ie free ?t ^ or redticed ptcridine derivativea with 

unsubstituted :r5 and or "^ at;:nr which are responsible for 

the inhibition* In all these examples* ill® inhibit*w*i «aa 

relieved by addition of eobsLr-^ir to the reaction mixture 

(Table 111*3, coltamn 3),
tAAddition of NiJ- 1 i^tH^O caused a 30 : Hihibitiion of 

natM•'""*/'»? synthesis -^ <-^ '—r ••••-rV.* partly overcome by 

cobalamin. It would have been interesting to have found a 

compoun i» capable of c 7 iiiiilbiting the activity of 

^iiw in metiiionine eynthesis out; inactive as a cofactor in 

the presence of cobelarnin. The effect of cabalamin on th« 

inhibited system in ouch a case would probably have indicated 

whether cobalamin act© i , relieving the i ,1 of 

&ILV function or whether normally i:s effect ie to permit the 

use of PtH^O as the follc acid cof actor, or whether both 

T^roeeeees orciir almi^.tnneoTialy, At the present state of this 

research no such dec n can be mads*



l) Several reduced pteroylmonopclutamie acid derlvatlvea 

were active aa C^-donors and cofactors for the ayntheelo of 

methlonine but f like PtH^, only if oobalaraln wae also 

present*

8) In the absence of cobalamin the Inhibition of methionine 

formation by PtH4O (aerlne plue BHC system) was probably 

caused by this compound and not by an impurity or by any of 

Its degradation products.

3) The sams reduced ntaroylmono^lutamie acid derivatives 

which served as C^-donore or oof actors in the presence of 

cobalamin also Inhibited methionlne formation in the absence 

of cobolamln when EHC supplied the folic acid cof actor.



Introftnc1^o|fr

In the previous chapter dihydropteroylglutamic acid

was found to replace tetrahydropteroylglutamic acid 

(PtH^Q) both as a cofactor for C^-tranefer in the synthesis 

of methionine by extracts of Rscheriohia coll strain PA16 

(eobalamin present) and as an inhibitor of methionine 

formation in the absence of eobalamin and with £HC as the 

source of folio acid.

The ensyoatic reduction of PtHgO by reduced pyrldine 

nucleotides has been described In a number of avian and 

mannalian systems* Reduced triphoephopyridine nucleotide

was required by preparations of dihydropteroyl~ 

glutamic acid reductase purified from chicken liver 

(Zakrsewskl & Nlchol, 1968; Osborn & Hueiuiekens* 1968) 

although Futtertaan (1967) had found that DPNKg as well as 

TPNKjj was active for this enzyme. The pyrldine nucieotide 

requirement for PtKgO reduction with an ensyme frost sheep 

liver was dependent upon the pH used for the reaction 

(Peters & Greenberg» IU58). If this enayme is present in 

the eneymlo extracts of K^epJA the activity of PtHgCr could 

be explained by its conversion to PtH4G; particular^ in
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the reducing enviroment offered by the eeaiitioae used for
Hie*.M->--.ine ejntheei : . It war ' ed that this reaction 

could be demonstrated with the aid of aminopterin and 
amethopterlr which are *rm~00wf*»titive inMMt-.'-re of chicle 

liver di tero^l/ " 1c acid dehydrr 9 
/>eernan A ITuen -n, S.9r>7} .

T " the eyntheeie o* «,u% -idylie ecia from deoxyurir'ylic 

acid end form?»7<!«h^e b^r ertr^ntp nf rat thyrmje; rr^ an'" , 1 1 ha« 

been sv- ;^ ?:•!-- r.'-.- J . t^y-t ' • as a carrier ::' ^
.ii.

the G^-unit but also fxirctionc in the rednctJ--~ of the 
hydroxytnethyl group to the methyl lev*^ - f oxidat
( TTurm>hreytt A 0-reenberr% •" ' . ^vl'lence wa* obtained for

the pr m of one ' - * v - oxl''U'" of a

molecule of .I'tu^t/ to »'tiigv> ^^-^ thr.t rerjener.^ tion of

can be mediated by "* « ipport * >r» this 
methyl synthesis hae a' tained by ^rle

a e- of the name rear ' f trltiated tetrahydro**
••••' •••/•my!; 'lutamic acid ana an ensynie fr--'- j Z».^:liS the 

thymidylic acid foi*^* was labelled with tritium, Such a 
mechanism may elao ot>erate for the aynthesle of methionine 

methyl .^ro^r^e f " •• or the P-corbon of eerlne. 
"""•'. e effect of rerVieM ^.T*ldlp.e ^^c^ooti'-e '»••••''?.•-•'? ;- "• ^ or 

formed by glycolyeif> would be mediated entirely by dihydro- 
pteroylp-lute^i r ncifl rft^netaee in a c^clicsl regeneration of 

jI *4G :P:Pom tht PtHgG which had been formed during the final*
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*f the CL -unit. T)ue t* *he active T -oxldaee<•> "~

of the extr, »ect exa; n of the stolchi vv of 
nethionine To. -nation with respect to ETKHg and J" wae not 
feasible; It wet oowever hop^d tnat the use oi' the 
Inhibitors of dlhydropteroylglutamlo acid reductaae would 
reveal whether or not this enayme wae of irtipor 
methl o-raethyl f

p 
I

cld anl'
nhib fiL IQJI of

Acl<

The concentration of FtHgG for half-raar.lmal activation 

of foethlonlne ayntheele under normal reaction conditions 

(76ni) wae exactly half the concentration required In the 

eaae of ?tH4Q (iSOuM^ presumably because the D-stereoleomer 

of chemically prepar • r ^ Is Inactive, llalf-flmxlmal 

Inhibition of methionlne ayntheele by i^tHgQ (eerlne plua 

SHC ayetero) occurred at a concentration (15^M) rather more 

than half the value for rtK40 (SOMH)f furthermor©* the 

maximum Inhibition with TtK^n was never aa great ae that 

obtained with PtH^. This would be expected If Pt%O had 

first to be converted to PtH^O because asethlcnlne formation 

would proceed normally until an Inhibitory concentration of 

FtH4o waa formed*



Weither aminoptorin 

the n^nthegip ^ methionine

ijy&tt
pterin hr." ^ effect on 

> ^tracts of *!•
ot::-'i.J:i \15 when cither ^T or 

cofactor for* C^-trunefer ' 

cofactor, both folic " " "

l supplied the folic acid
.5)* ' *

Ists inhibited
."imiler renults ??ere obtained with

me w?iere cobfj^amin wae replaced by
factor X (Table ITI.9» \ne 71), """ ^ nee of higher
concentrations of i?.r:lr< aB»»thopterin was not 
posflible becatiee of their effect on the growt'

P60 in the a^Day of met;
In the of

which require a folie acid cci&cT.arf eerine
methylase an*, the transfer ^^ t^« >iv*r^*rtr

•\yBteine. One or both of these etagee may re

1959) found that

serlne ^
w^ul: activate cri;

but It; ^e«s

preparations of the enasyme after ptxrl float Ion fr 
liver.

it

It will ue rtjseajbered that the formaldehyde derivative 
of PtHgG was almost conjplaetely inactive in methlcnina 
synthesiSt probably due to its low bl ,T carwicitr for
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formaldehyde which allows epc -is formation of 

thlaaane~4-carboxyllc acid in th« *u»eeence of homocystelne

(Chapter :3). It was th«**efore rot > tble to study the 

e pterln c n An this part of the

reaction. It r ~ " •.- seem unlikely that -• _ acts 

a. ^ cofaotor ?~ the transfer ~^ the ^-unlt to homocyeteine,

Indirect enrlAerre • •• •"n^rtt^Ti of ^Ihydrr •?.-

tase In the utli. .on t

formaldehyde war? obtained In an ezp-' :, uei

tubes fitted with t%w «3ide«eru^ v *^ie i.:i»6)»

incttoatlon " ^t1^ .-ntior. mixture

a c •.:;:••;•>•, and (probably ' -.-. _,. '" ...... . ., .to

serve ae the ©ouros of the 0^-unit; the effect was
< /* f 4 * # • ,.,. .. , r ,

incubation but not at a later : -r-.

Ar ... that t;-.e f?-Mc acid antlmetabt ' /e

" "-ibiting dih^flropterovlglutErnic acid reaucti. " " '
• *^»* -tt* - ~. ^,,«,r^*«^ to PtlLG before it cam — »

Cftor activity. IB being eo f it ie probable 
that the cerlne trans1 '^xyw "'a©e end the ^ubso.. 
transfer of the 0--unlt to hotnce;"eteine are^ both 1 , '":*

llethlonine formation uelng CHgO-PtH^O ae source oi 
C-~tm1t &n r"t roffietor for It® transfer wafi not affected by 

aminopterin (Table XTl»r ; , t»a).
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is® plays no in the

the ra?. inm for the formation of t' ic acid
*- rve ae the final

tent of tl ynleee there ie an

"*
in ineensltlve pathway for the reg; ..-. of 

*he reeultc are sufficiently cleer-eut to c: 'c 
the i-v-c-eibili ^ .. the resyntheelc of PtR^C frotn two molecules 
of J3 eiren if such a dieomtetion reaction were to exiet,
Furthermore if . '. • power for ir -'up : i 
could be obiGinea iTca ' • :.'"r- •.. r .::iciation of ; . to

v , nethiottine ej-ntheeis would etill be blocked b$ the neeA 

: . - in the serine tranchydroxymethylaee reaction. It 

ie therefore it the final red of .:;;-

" 'pe f^r «•:. thionlr^^ ;^- .••": n is not i:)ed.!,;tv;J oy

Q- but possibly by direct action of reduced pyridine 

nuclectidee or by a reduced flaTin etwapoun^ a« 

by httci. e.t a?,* (1969).
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SSffegt of
on the ' infill tion or

by re.dqc.ec. ic

The inhibition by PtH4C? of the ayntheeis of aethlonine 

by ultrasonic extracts of R«co.fci, PA15 with SHC afi the 

cof actor wae not affected by amlnopterln or amethopterin 

(Table XII.S)j the inhibition oftoeed by PtH^O waa however 

greatly reduced by both antlmetabolltee. Biadlar rw^mtTts 

were obtained with extract!? of acetene-^Pied organ 1nme 
(Table IIU9)» fi'heae reeulte provide further evidence lor 

believing that PtHgO la inactive In thla aye tew until it- ta 

reduced to ^tK4G» If thla ie so, the reaulta alao support 
the s*9«a*nt that it la PtH4a itaelf and not an impurity of 
the chemically prepared material which causes the inhibition 

of methionine formation*

The existence of dihy re f ' luu 
in the extracts of g«Qo3JL has been aaetaaed from t 
obtal^^^ with the folia acid antlnetabolite-o. ^"he 

of an c . . y active • M\^ In the e . - extracts

^evented the direct ion of a r~~~~ . oxidation t ^ 

to the reuuctioii of " AT? * In a ay»tem eimllar to th*~ A * • 

Oeborn & Huennekene (1958) for th« aesay of dlhj^ropteroyl- 

acid reduetaae* ^ven with the aid of anaerobic
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l) Aminoptorin and aiaethopterin Inhibited the folio aeid 

eofsetor activity of PtUgd In the eyntheeiB of methlonlne t 

but not that of FtH^O or SMC> preeuiaabljr by Inactivating 

dihydropteroylglutamlc aeid reduetaee*
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The effect of aminopterin on dihydropteroylRlutamic
acid reductase

l'2r

< 
yi- 
o.
O 0-6

04

PtHtG 
±AMINOPTERIN

10 2O 3O 4O 
TIME (mln)

SO 60

Reaction mixture contained (in 3.8 ml. final volume): 
ultrasonic extract of strain PA15 (2 mg. protein); 
phosphate buffer pH 7.4 (l50|Jimoles) and 2-mercapto- 
ethanol (40jamoles) with PtH2G (0.3|imoles) ; TPNH2 
(0.4|imoles) and aminopterin (0.05, 0.5 or 5|J.M) when 
added. The reaction was followed by change Tn optical 
density at 340mu in a Unicam SP500 spectrophotometer.
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2) *>ift inhibition by ?t!l * -uetMonina ayntheeis promoted
by F w^s ove „ „ i"»lc ncV* nrstlffletnbsMtes bnt 

inhibition cs'iee . ' 4^ v/uc x:.. I, 

5) Ptn^O iocs • " ar to serve as the fln:,l roauct. 

the C^unit for the for^^ ^ af the raetlv- ^^up in 

OK nine synthesis but ?*•».!7 r»s t^e ^ofactor foi* ^'--tr 

4) Direct and

ac'I " -ce i:i or*jav^ic extracts of
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M*teQ> • * "few*** •

The ©unity of several conjugated forma of folio acid to

as cof actors foi» C^-tPanef^i* in th« ssmthftaia of 
K • ilonlno wa» lny«sti atai for a mmibeff of reason©.

In the first plac© it was apparent that th@ concentration 
of PtH^d needed to activate (th® eynUiQeis of xaothionine muet

in «^^«8f? of tha amount of folio aoid added ae a 
o 1C having equivalent activity,

f?eoondXy» a high rtepoenta^e of naturally ooourrinrt folic 
acid is in the fora of ptero,ylpolyi?lutamic acid derivativee 
ot* conjt^ated forms which can have twof three • «ix or seven 
and even ten OT* eleven T-l inked ultstamic acid reel 
per molecule { Introduction Chapter 4), These 
aoraetimea posooea hi^i biological activity in cell-free 
pvflt*r»8. Wri^it (1966) has ptirified from heated p 
£1 '^"•'>|9-BttDli ••WM'al ptarorlpolyirlutaiaates and the«« were 
10CM300 tiaws more active t for the conversion of 
aerine to glycine yy onsymic extracts of C ̂ ofltr Id liara
A crude mixture of these was active in the eyntheaia of 
nethionine by E.qoli (Szulmajster ^fe Wooda* 1960). More 
recently an oxygen-labile folio aoid coenzyme has been isolated



frorr.- 7 ;d «t 

1050}. It wae 1
«.1,,f .-..,., 1.. -y
gi-..,L , .. . 5i ^— y

* t.V-r. ~tH,0 f'

alt

for tr*cj lor tet

C' -4). In two rna.—.. 

actlvit, " ' *"'-•; r:-;r! 

15 "-:.'?* '""'alrleyt *,,«'t>^ *^

t;-;x ' , ..- <;t for- histi ; :

A third reason lor c

cofactor for 

detailed study of n

reaction : ar.

re or cobalsrnir •"-

tiints more

•.act!

were t

acid

.0* aleo ha^ 

thylaee of
^ *

t
^^*s-

; ..:./. - ..ver , " -'-

he search for a folic acid
t,~: i*TSS'b1l? R

;e time to avoid the 

which accompanies th»

: . . ,;ld e- 

fc -3 and after tree

average values are ev 

variation between -M.-F -

\t of the heated extract was measured

'^able The overall

the in



«f fdie add

1*2 

0*9

40

10

22

h«atod

in OitptiK- 1 u»ing Epical »«^X«« of

etredit ?A15. Carries cut In cdlsfcorfctlon with
Dr.



176

different assay* was t , „ J - ation of the 

growth respinsea of the different organisms show that many 

typsa of follc add are present and that conjugate* ^rivativea 

form a large percentage of the total. However nalnf auch an 

assay It Is impossible to leflne the types of folio acM In 

quantitative terms because the growth response to different 

growth-promoting forme of follc acid varies greatly even for 

individual a^say organisms. Taking the maximum and minimum 

value* for the concentration of folic aclde In 5HC aa 70 and 

SQuH then the concentration of folic acid causing half- 

maximal activation of methionine formation (aerine plua ^HC) 

la O.C to 2*%i£* Thle proves that eooe form of follc acid 

poaaaaalng high cofactor activity compared with PtK^G 

(concentration for ha If -maximal activation, ISO^M) ie present 

In the heated extract.

donors Ttn^ ^sof actors for the syntthea 

Conjugated follc aclda aa oof actors for C^-. transfer
'•MttMMMMMVBMW*nMIMHMV^flMHMMMMIH*MtMlM^aMa^M»MflMM>**M*^*MPM4*MMMMto^

Unlike the monoglutamic acid derivatives of folic acid 

several trlglutamlc acid compoundo p^u»e»»ed C^-cofactor 

activity for the ayntheele of raethlonlne by ultrasonic 

extracts of f«ooll PA15 in the absence of adde<! cobalamin 

(Table Ill«iif coluwi 1). In thie respect ^tH^G^* Hi0-foraiyl 
and ^toimyl PtH4a5 eschibited directly the properties
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FIG.

The cofactor activity of tetrahydropteroyltriglutamic 
acid and tetrahydropteroylmonoglutamic acid in the

synthesis of methionine

_ — - o- - - - -,- - - - -a-
O-l O-2 O-3 O-4 O-5

or

Reaction mixture I plus Dowex-treated ultrasonic 

extract strain PA15 with:

(0), PtH4G; (•), PtH4G3 and cobalamin (0.65|am-moles), 

present (———); absent (— — —)* Incubated 2hr.
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by 0«89£ phosphate buffer and identified apectraphotometricfillyj 

it atill retained ite cofactor activity.

With extracts of acetone-dri^ *Vcoli FA15 resulta 

analogous to tho»e with ultrasonic extract* were obtained? 

PtH4Oa replaced the heated extract for the activation of 

aethionine syntnssie whether or not the organism* had firat 

been grown in the presence of cobalamln,

Cobalamin was etlll neeeaaary for optimal juethionine 

formation by ultrasonic extracts of ^coli strain 121/176 

(a B^g-requlrlng auxotroph) even with PtffyG^ aa the f 

acid cof actor (Fig* 29); the rani?e of concentrations of 

cobalamia required wa© identical with that needed with

Conjugated yolio aclde ae dor^oy^ oj^ tjie
f or ~t hi one e ??n t ne@ g

The formaldehyde derivative of ^tff^Gg was prei)ftred by 

alxing equiraolar quantities of ^tH^O^ and formaldehyde in 

phoaphate buffer pH 7*0 for ihr, uniier hydrogen, Thia oompoimd 

and the V 9 and ^-fowayl derivatives of PtH^ were only 

weakly active ae ftufeatratee for the ayntheula of methionine 

(aerine absent) and then only in the presence of cobatatpln 

(Table III. 12). The formal \* derlvatl\»e of Ft" ^ 

the most active*
Evidence for the costolnation of formaldehyde with 

to form an H6 or H^-h^roxymethyl derivative or K5 ,w:lo«methylene



PIG. 29

Tetrahydropteroyltriglutamic acid as a cofactor for 
the synthesis of methionine by ultrasonic extracts

of Escherichia coll 181/176

TIME (hr)

Reaction mixture I plus Dowex-treated ultrasonic
extract (10 mg. protein, strain 121/176).
Cobalamin (0.65M.m-moles) ————, present; - - -, absent,

(0), EHC equivalent to 17 mg. dry wt. organisms. 

(9), PtH4G (ijimole). 

(•), PtH4Gs (O.Sumoles).
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a^ was obtained by estimating the formaldehyde boit"* by 
0a (Cection I, Chapter l) j ' :>f the ?t ^ ^ wan c 

of binding one molecular equivalent of formaldehyde, " 
the dissociation of this complex may atill be too high to 
prevent epontaneoua formation of It3-thiazane~4~earboxy!1e 
acid in the presence of homocyetelne.

of nethn stag by
ac^ d deryativei 

o contaed
Of the pteroylpolj^i^taroic acids tested only t^tl^G^ had 

any inhibitory effect on the syntheeie of methionlne with SHC 
ma the eourc® of cofactor (Table 111,11, colirm S)« Cobalamin 
had no effect on thle inhibition which may reflect the 
inactivity of Ptl^Og to serve aa a follc acid cofactor. If 
the moda of inhibition is elmilar to that imposed by FtH^Q it 
might be arjftied that the effect of cobalemin in the caae of 
PtH40 ia simply to enable it to setfve ae a eof actor and not 
relieve the inhibition bj any other nreans,

The unreduced derivatives had no Inhibitory effect on 
oathionine formation and the triglutamlo acid derivatives 
poaaesolng cofactor activity even increaeed the rate of 
synthesis to the maximum.



l?.|f ecjfc. ojT ,te.tpiihydpjOi)t$royl/!lutaj8ljc. acid

PtH4<3 inhibited methionine Bjmtheeia when ?t ^ 0 § 

K -forn^rl Ft'%^ or Ks-forrryl ^t!!^ were the source of the 

folic acid cofactor for (^-transfer just as It inhibited the 

activity of me (Table Trr.i»>j in all eases cobalamin 

restored th: .^tlvlty. ?c. ' .-srrent of the SHC by ?tH4G5 

allowed the inveatigatlon of the nature of this inhibition in 

a ayatem free from the complexities caused by the use of a 

crale aource of cofactor (Table III.14). The percentage 

inhibition of the rate of methionine formation waa conetant

for a constant ratio of PtH^C^ to ftlfJO sucgeating that the 

inhibition is of the competitive type over the admittedly 

narrow range of concentrations tested*

f r-ip.i-R.on. of the follc eeld cofactor
aotivlties of Pteroyltrijglutejn: o acid

and the heated

The conjugated fonaa of follc acid posaeialng C^-cofactop 

activity were similar tc the active eonetltuente of MC both 

In their independence of any requirement for cobalamln (strain 

PA15) and in their sensitivity to inhibition by PtH4o. The 

concentrations required for haIf-maximal activstlon of 

Mthionlne ayntheaie were rrmch a§ai31er than for PtK^Q (cobalamln 

present; Teble IIZ»16)« PtH403 and K10-formyl PtH4c»5 were
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l) Tetrahydropteroyltriglutamlc acid (PtHGt)* IT1 -f ormyl
03 and N -fonayl FtH40^ served as folic acid co factors 

for the synthesis of methionine by enaymio extracts of 
Escherichia coli PA15 and no cobalamin was required. 
8) The co factor activity of these conjugated folic acids 
was inhibited by PtK4o and in the case of PtH4a3 the 
inhibition was of the competitive type, 
S) With ultrasonic extracts of strain 121/176 cobalaaiin 
was still required when FtH40g was the source of the folic 
aeld cof actor*

4) CKO~?tHa» N10~forfflyl PtHo and H5~forayl
were only weakly active as sources of the C^-unit for
nethionine formation and then only in the presence of added
cobalamin,

8) From a comparison of the stabilities and the relative
fL

activities as co factors only N -formyl PtH4o qualified as 
• possible active component of the extract of heated 
lecheri chia coll
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In conjunction with the aeareh for synthetic follc acid 
derivatives possessing one-carbon cofactor activity similar 
to that of the active component a of the heated extract ( >HC) 9 
attempts were also made to isolate and identify the forais of 
folic acid present in the heated extract* In order to 
determine the stability and thus the range of techniques 
available for purification of the SHC> several of its 
physical and chemical properties were first examined* Of 
the methods which have been used for Isolating folic acids 
from natural sources, paper chroma tography and more recently 
anion~exehange cellulose chroma tography have been th« moat 
successful* These techniques corrtoined with bi cartography 
have been used here in a preliminary examination of 

components of the heated extract which are folic acids.

Physical and Chemical Properties of.ca
3^|

The heated extract could be stored up to 8 weeks at 

•14° in air with no apparent loss of activity*
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ion
Treatment of the *!?C at p*? 1*0 or pH 10,0 for Ihr. at 0° 

destroyed 50*? of the oof actor activity. By comparison the 

crude mixture of follc nrld <*oett«v»e« (CoC) of Wrlght (l965a) 

were destroyed by acid but stable to boiling in Q.Q5W

Bffeot of oxi 'lein^f agents

In addition to being stable in ai*t the cofaotor activity 

of the extract was unaffected by shading in a at ream of 

oxygen for 4hr* at 86°. To teat whether extensive oxidative 

degradation might have taken place during the original 

preparation of the extract, samples were prepared in SMnereapto- 

ethanol (1M) and in potaeaium ascorbate (26mM) and were 

found to be no more active than the noraal IHC*

The cof actor activity wae however reduced by 60 - when 

the extract waa treated with hydrogen peroxide {4 volumes 

final concentration) at 25° for Ihr.

vle.b1e and

A temple of &HC waa placed in a ell lea tube d5cra. 

distant from the contained radiation of a 50 watt tungsten 

lamp and a 7 watt ultraviolet lamp for Ihr, at 25°. Ivo 

change in activity waa observed, thua providing more evidence 

that a cobamide eoensyaie Is not a functional component of the
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extract, ^elthar cobalamln noz» 5,6-dimathybenaimida^olyl- 
cobamide coenjsyoae had any effect on the SHC before or ^ 
irradiation*

Cobalamin content

The eobalamin concentration of a heated extract of 
E.coll etraln FA 15* grown in the absence of added c 
wee 16wtH when assayed with Eqglena^ frracilif• For a he 
extract of strain 121/176 grown with a limiting concentration 
of eobalamin the value wae 10^s||. It Is clear therefore that 
the SBC of Ptrain PA16 does not supply eobalamin for the 
synthesis of methionlne beoattse the eobalamin requirement for 
methionine eyntheele with strain IS1/176 or for strain ^A15 
in the preeenee of FtH^O is of the order of 5Q*i«£. The 
heated extract of neither strain could supply this concen­ 
tration under the conditions normally ueed«

fia>if leaf Ion of thejeated Street (Fie)

Follc acids represent only a email proportion of the 
total solid material in the £H€ (approximately 6 uumolee 
folic acid per gram dry wt. of ^Hr>. !?o increase in folic 
acid cofactor concentration was achieved by adding pteroyl- 
glutaroic acid (10*%) to the growth medium from which the 
oifaniemc were originally harvested. The use of raethodc which
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did not give full recovery of the folic acids was prevented 

by the possibility that the relative concentrations of the 

components would be altered. For this reason, adsorption on 

charcoal was not u®ed» Material suitable for chromatographic 

examination waa obtained by tree : the axtract with an 

equal voluaa of acetone at 0°. After centrifv-* the 

mixture (3»GOGx£ for 15 rnln. at 0°) the precipitate was 

discards* and aeeton* removed froirs the supernatant fhil£ by 

lyophilleatlon. The follc acid cofactor activity was 

recovered without lose and a two-fold purification was 

obtained*

The chrcmatography of follc acid and Ite derivatives on 

DSAK-celluloee and 7i2AE*cellulose has recently been described 

by Tier'In <% Porath (1957), rstfln (l959> and ftablnowlte (1959). 

Theaa adaorbents offer rreat advantages over o 

exchange reetne such as Dowex-1 because it is possible to 

eluta the folic acids with very mild agents ©uch as neutral 

phosphate buffers*

TEAS-callulose was preferred to T -cellulose because 

although higher con cam trat lone of phosphate buffer were 

required for the elution of the follc acide, a greater 

resolution of the ooaspon*^"**15 was possible, A typical 

fractlonation of a eample of SHC by gradient elution on



TEAB-eelluloee ia ehown ^ Figure 30* Approximately 65 1 of 
the oofactor activity and 76t of the adaorbanoy at 38Qan 
were recovered* The existence of several coflpoaenta having 
oofaotor activity waa confirmed. There may however be 
other folic aeide having no activity in the ayntheeie of 
«ethionlne but theae were not investigated, The chief 
coaponenta having oofactor activity were eluted by A» 0.9$g; 
B, 0.34JJj C, 0.8Q£ and !>» 0«42|| Potaaaium phosphate buffer 
pJIG.i. Cottponent A waa well separated fro® the other 
component* and accounted for approximately 20-3fl * of the 
total eluted activity. The fractions retained their activity 
for 4 weeka at pH7.8 and 0° in air; the active components of

are therefore still resistant to oxidation when 
isolated from the crude extract,

Several synthetic folic acid derivatives were aleo 
ehromatogrephed under exactly the ea&e conditions? the 
eeneentratione of phosphate buffer required for their 
elution are ahown in Tal>le 111,16, Th@«e valuta differ from 
tfeoee quoted by Uedin (1959); email variations in the 
technique and in the TiSAS-cellulose eiaployed probably 
account for this. Comparing the chroiasitography of synthetic 
and natural folic acids it i® apparent that coaponent A and 
N6-forBiyl 3PtH4a3 have siudllar properties. It will alao be 
raaMn&ered that ?T8-formyl PtH40 waa the oftly synthetic
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Chromatography of the heated extract of Escnerichia_coJJ.
strain PA15 on TEAB-cellulose

B C D
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Fractionation of the equivalent of 5.5 ml. EHC 
after treatment with acetone.

, Optical density at 280mji. 

' Phosphate buffer pH 6.1 (u) .

•9 Folic acid cofactor activity for 
methionine formation expressed as 
a percentage of the original activity 
in the fraction.
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derivative ao far pi wMr* Md both stability and 
cofaotor aetfvity comparable <?lth of the 1W* fcfcft^ter 4).

Microbioloical .og
te ,_ jV : c 1 1> nfttefl' ex't r c

The peak fraction of components A t B, C and 1) were 
diluted fro® 10 to 4" <** end aeeayed for f*!1^ *#»!« 
growth factor activity ur5^r four ml ero-organl erne (Table III. 
17). .':;« ea?ne fractions were aleo treated with pig kidney 
eonjttgtee before areay. Before treating with conjiigaae the
relative growth factor actlTit^ for different

a component A was elunilar to that of ^T -formyl
determined by Sllverman & ^ight (1956), Hakala *. '."eleh (1987) 
and 0§dln (1959)* The abaence of growth factor activity for 

an<1 the activity for L, cap el, suggest that it
be a trlglutamyl derivative sn^? because it 1« also active for 
F^cerevlsiae it muat be a conjugated form of cltrovoruai 
faetor having no more than three flutamic acid reeidtaea 
(Table Ill*l# page 146).

Of the other components B, c an£ D, C and D had growth 
promoting activity for Tf trahfmaar vorax but not for the 
other micro~organl0ms «tig#reitiRf that they muet be higher 
conjugatea of folie acid. This was confirmed by conjugase 
treatment after which ©11 the components (C and 0 and aleo B) 
exhibited growth faetor activity for the three bacteria
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Folic «cid oone«ntration
with

«* d*t«rnd»«d

»-ntreats fraction*
of cn»yonaftt« fraction of coapon«;it«
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(Table ITI.17}. The relative eonr J itlcme of folle eeld 
ineasui r n each i? r - : ? -^ r t that component? B. C and D 
consist largely of conjugated forms of cltrovomm factor 
(K -foraqrl PtF^8)» Their chromato.rraphie properties also 
suggest that they contain more then three glutamlc acid 
residues,

The concentration of component A required for hsTf- 
laaximal activation of niethlontne eyntheris 
1. was of the same order found for H^-fomsyl P 

assuming only one isomer IE active)*

&ncl ioautFrathy of
extract

Samples of the acetone-treated *FHC were ehromatopraphed 

on stripe of Vhatiuan Fo*3 paper; the strips were cut into 

sect ions a»<** assayed both for folic acid cof actor activity 

by direct incubation in the complete reaction mixture for 

sisthionlne formation. Smaller sanples were examined for their 

growth factor activity for jycaaejl, and PP eereyj. 1s^ftej by direct 

incubation in the growth medium. *ith solvent A (pai?e 151) 

all the oofactor activity was recovered as one band having 

®t 0.85 - l.Oj most of the growth factor activity was 

located here. Thess are the properties expected of conjugated 

and/or fonuylated follc acids and possibly compounds 

containing additional polar groups (Table 111*8, page 151).



Solvent B partially resolved tha eof actor activity of tha 
-"C into two regions, tf-0.8 and Hf»0.98 (ffi%3±Al- 0*ly 
tha former had growth factor activity for T,ft e^aei ana 
P.cerevlaiae suggesting that thia contains tha aaoa material 
aa tha component A obtained from tha anlon-exeliange celluloaa 
fraetionatlon. ""-raawfely tha other region (~f»*o»9S^ i.a 
coaposad of mare highly eonju^teo f^rm of ftolir ,;. "d which 
alao have cofftctor activity*

1%a eruia praparation of F%-fdra^l Ftll^ (chaptar 4) 
waa ch?on»tographed in a similar awiner (Fig*8lB). Tro 
banda with bits® fluoreacenoa wara obaarvadf Hf«0*6 and 
Hf»0*8 and thaaa ooincldad with tha regions of oofactor 
activity* Growth factor activity for L*QH^ waa ppeaant in 
both ragicma Wharaaa tha activity for P^pavl^iq^i waa largely 
at Hf«o#8. After imrificationt the ^T5-" ^ peeaaaaa* 
growth factor activity for both organisms at ^f«Q»8 only 
(Fig,310)« Baeatiae of tha high concentration of phosphate 
buffer in tha purified material it waa not ipaaaibla to 
chroiaatograpii a large enough sample to Identify tha expound 
using lia activity in methioaine tyntheele aa tha aeeay* 
However it ia almost certain that moat of tha cofactor 
activity would now ba found at Hf»0*8t l*htia I? -fowarl FtH^ 
haa tha aaine if aa tha nrtcrobiologioally active e«»aponent of 
tha HID which provides further avirienca for ita p»aaanaa in 
tha



FIG. 31A

Paper chromatograph.v of the heated extract
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FIG. 31B

Paper chromatography of N -formy!PtH4G3 (crude)

Cofactor activity in methion: 
synthesis

n

ne

02 O-4 O6 0-8 I-O

Growth factor activity 
(P.cerevisiae)

J
I-OO-2 O-4 p O-6

0-2 O-4 p O-6

0-8

Growth factor activity 
(L. casei)

J^
s h ,

0-8 1-0



FIG. 31C

Paper chromatography of
N5-formylPtH4G3 (purified)
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(P.cerevisiae)
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Cofactor and growth factor activities are represented 

as a linear and arbitrary scale after determination by 

direct incubation in the reaction mixture for 

methioninc synthesis or in the growth medium for the 

two assay organisms and comparison with standard 

responses.
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In oonclusionf there in a considerable amount of 
evidence whloh qualifiee » -f ormyl ^ or a close
relative aa a constituent of the KCi (a) Ita specific 
activity aa a eof actor for raethionine e^nthesia ia ai 
to that of 1HC and to that of the component A isolatad froa 
the by ?'-:;u>cellulos© chr&aatograghy* (b) It ia eluted 
from TSAS-celluloeo by the aame eoneentratlon of phonphate 
buffer aa ooatponent A and ltd resistance to heating in air 
ia the aame ad the me. (c) W*~fowayl 3*tH^>s !)aa the eame 
mlcrobtolO';ical growth aotlvitlee aa the oosiponent A* (d) 
In paper chroma tography it behave* similarly to tha 
oonetituent of the Ti"C with theee came growth factor 
activities* Final proof of the identity of the eooponent A 
and w*'-fom$-l t' r4a mu«t however await the isolation of 
sufficient of the purified oocqwrnd* from both tr. > ui 
the crude synthetic raaterial to allow a rigoroua eempariaon 
of their ehessicalf phyileal and biological properties.

1) The effect of pH f oxldlcini? a^ente «n« vl«ib1« «nd 
ultraviolet radlatloa on the stability of r/ r — 
investigated.
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*) A method for the fractionation of tha active folie aold 
cofactora of HHC me dare loped and one component waa 
tentatively Identified aa W^fonnyl Pt%0g by comparing ita 
cofactor and microbiological activities and Ita behaviour 
in chroraatogrephy with the aaoie properties of synthetic
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OTTON in
... . , , . ' ty of tE)ft. Hecu________ 

A Folic acid Cofaetor in Methlonine Synthesis

The compounds having follc acid cofaetor activity fall 

into two distinct groups, the reduced pteroylmonotflutwnlc 

acids and the reduced pteroyltriglutamic acids. In order to 

exert their cofaetor functions* the former were * aperient 

upon the presence of added cobalamin. The latter grours like 

the cofactor of the £KC, were active and no requirement for 

the simultaneous metabolism of cobalamin waa observed If 

lUeoli PA15 was the source of the ultrasonic extract ueed fo* 

examining the synthesis of methlonine* With ultrasonic 

extracts of the cobalamin auxotroph (strain 121/176) cobalamin 

was essential for the utilisation of both groups of cofactors. 

This suggests that the metabolic block in strain 130/176 is 

at some stage in the direct pathway of methionine synthesis 

and not in the formation of a competent folic acid coenzyme.

Only reluced forme of follc ©eld cerved as cofactors for 

methionlne synthesis* There was aleo strong evidence t: it 

PtH2& was activated bjr conversion to PtH^Q, Tetrahydro- 

pteridine derivatives ere In fact the only forms of follc acid 

which serve as coenaymes for all the purified enzymes of
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C^-unit metaboliem BO far isolated (Sabinowits, 1960). 
tozjraaic reduction of PtCI and f^H^o t« TtH^G in probably 
reaponaible for the numerous observations with crude eiusywe 
systems in which the more oxidieed forma are active (e.g* 
Doctorf Patton & Awmparap 1957) *

It ia also possible that the formulated derivative*
possessing cofactor activity were also converted to . in*w
methlonlne synthesis by extracts of g.ooli and also in the 
animal syotem of Nakao a Oreenberg (1986) * *w<j •*&».*;,&,;* are 
available for ouch a conversion

(hydyoaqfaethyl level) 
II *f-forrayl l^to — ̂  P%HO * crenidoe (formyl level)

Btudiea on the cyntheole of methlonine in the absence of 
serlne 0nr0e»t that the former mechfiniaia (I) may occur with
10 ? K -f ornorl PtlLtC} and K

doee not readily serve as a donor of f^-unlte poseibly 
beeatiae it is at a lower energy level*

It haa previously been aasumad that folic aeidn with 
unsubatitutecl II and I* poaitiona are required for hydroxy- 
methyl group traaafer. If however the JT9 and ?"10-forw3rlate4 
derivatives of PtHUO have eofaetor activity without *>rior 

conversion to Ptil40 thi» aaeiwption will have to be modified 

(aee below)* The work of Kialiuk (W&t) and Blmkley (1909,1960)
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conflrma that only pterlrUr.ofi r>on«e«eina? onatibetituted N 

and TT1 stone readily form complexes * : , ! . for 2. 

However the conditions " in .ants will 

certainly *lffr~ ^-~>- t.hoee at the active centre of an enzyme•

Pteroyltrlgluternlc acida

Two of the aeven component© of CoG which served aa 

cofactore for aerlne transhylroatymethyTase In the Byeteon of 

wrlght (I960) were oxidleed derivatives (Pt08 and ^10-formyl 

PtQ3). Only the reduced derivatives were active for 

methionlne eyntheele with extracts of 5.coll,. The asoat 

potent cofactor prepared wa« H5-formyl PtH4Gg and this waa 

isolated from the WfC and also* in combination with glycine, 

from CoC toy Wright. The intrinaic activity of the trigluta-

tnatee waa ouch greater than for the monoglutamatea though it
« 

la aurprlaing that the TT°-formylat©d derivative of PtH^Q^

had the gr^ateat activity whereafi the !^-formylat»d

derivative of was the weakeet cofactor form of PtluG.~j "
Kven more unuaual ie the fact that the formaldehyde derivative 

of PtH^G^ would only aerve aa a donor of C^-unite when 

cobalamin was present (and then only weakly)* Thie eugjreete 

that the K^»Hi0<-methylene derivative ie not a normal irter- 

medlete with polyglutarr^yl forme of cofactor. It ie poc-Bible 

that with the formaldehyde derivative of Ptl^Gs as Cj-donor 

a different Bieehaniem of 03^-tranafer and reduction la adopted
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and thio may be elmilar to the me«hftrti em need with mono- 
glutasgrl cofaetor© and wit ,:: ic extracts of strain 1 
cobalamln being essential.

extract of heated
Analyeie of the IHC allowed that the follc acid eofactore 

present were mainly conjugated forme of
factor (n^-formyl PtRjp). the extract was very

etable and its activity wae not tn«f»ft«tt*d nierififtftntljf by 
preparation under anaerobic ec :' 3 ti one, which eonf! •• • '~e 
preacno© of a high percentage of relatively stab7,e forme* 

One eosponent of the fractionated 1HC wae tentatively
identified ae !T^-fowayl Pt^t0«. flie preeence of con^ts^tud

• if
C|

forme of N -formyl ng the trlglutaisyl derivative
Tf>

has been demonstrated in a wide variety of biological tcrials 
• plant* (Xwait Yoshlda A Kon6o* 19S4)| yeaat and liver 

T» * Connh, 19^3 j ^Inaten A »lren, I9»o) f blood (n8aint 

. ae (Krlccont n^off a Banhldl, 1953) ana bacteria 
(Kalcala A Welch » 1957) « The enzyaiic conversion of PtO^ to 
If «-f ormyl 1*^4^5 hac aleo been demon et rated with finc.ft.llqn 
Bi±>tilig and gtjeyttii.toeocctiB fl^iej^ip (Hakala A Welch » 1957 1 
Zalcrsewekl & " ' 3» 195^"* " ^ese regarding the^e 
coa^otmd® has bean limited by the zneth available for their 
l«olationi the uae of anionlc-exchange oellw^^«« promisee to 
accelerate research In this field,
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Formation
Upteroylglutamio acid

The function of natural folic acid cofaetors and 

pteroyltriglutamic acid cofactors v&s Inhibited by PtH^O and 

thon« other monoglutamyl derivatives which were tfietniw*iv<!*e 

potential cofactors in tho presence of cobalamin. 

possible reason Is that *, having a strong affinity for 

hydroxymethyl residues, may compete with the other cofactors 

and eo remove the C^-units derived from serlne or divert 

them Into other metabolic channels. In the case of t 'i- t
*3T O

the inhibition by PtH^o is of the eonipetitive type.

In the presence of ccbalamlr! or factor (x), PtK^O is 

utilised as a cofaotor although relatively high fton^entret 

are required. The possible conversion of PtH^o into a 

coeasyme form mediated by X has been mentioned previously* 

Following Incubatlont typical reaction mixtures containing 

PtH4G and cobalejBln or X have in fact been tested for the 

presence of a folio acid coensyme before and after chrosaeto- 

graphic removal of residual PtH^i no evidence for such a 

conversion was obtained* Spectrophotore®trie investigations 

and experiments In which various combinations of the 

requirements for methionlne synthesis were preinc^ated 

before completion of the reaction mixture also failed to 

yield conclusive evidence regarding the Interrelationship 

between eobalamln and PtH4tt. In addition, the eobalamln
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requirement for Tiethionine synthesis using ultrasonic extracts 

of strain I A15 and I'tH4G as the cof actor for (^-transfer is 

similar to that fcr extracts of strain 121/176 with all 

sources of fclic acid cofactor. Aleo, the extract ox heated 

F.f cp.Mr 121/176, obtained after growing the organise on a 

limiting concentration of cobalaaiin, contained over 600 tlmas 

•ore cobalamin than a elmilar extract of etraln ~3 (grown 

in the absence cf the vitamin). It ie therefore probable 

that cobalamin acte by providing an alternative pathway fop 

the tram and reduction of the hydroxyniethy?. ?;r: rr >. *:t 

watabolic laeion of the cobalajnin or methionine mutants of 

would then be at a a tap in the normal pathway of

methionine synthesis and not in the synthesle of cobalamin 

or a folio acid coensyme.

.* ethlonlne
jlrour?, Forraa •t i on,

ga^iuctlon of th& fc ••.yj^etjiyl grp^p,

The effect of ar ' tarin and ataathopterin oa the 

synthesis of roethlonine with either PtK40 or WC ae the 

eofaotor for C^-tranefer (cobalamin present or absent) 

suggests that reduction of the hyciroxymethyl group is not 

coupled to the oxidation of the folic acid cofactor as it 

appears to be in dft novo synthesis of the methyl groupe of
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chcline or
w • w -

t •_"•• -.•:• , Greenberj;» " * The flier" ... - ° ; " ; < of 

acid synthesis hae eince been confirmed with enaysaie extract* 

of r »raecalifli the reaction wee inhibited by amlnoptcrin 

when limiting concent mt.irsrsf? r»f Pttf.jp were used .. 11 A 

Blakle;, 19CO). The absence of a etoiehlometrlc relationship 

between methionine format! " available reducing power 

prevented confirmation of th. p«^te obtain*^ with the folle 

acia antagonlBte in tnethlc , eala. However, the 

validity of the conclusion was supported by the finding that 

tue Gihydropteroylglutaialc acid reduetate of .g^pol^ waa 

pyridlne nucleotide-linked and amlnopterln 8en8ltlvef unlike 

the folic acid reductaae of [;If>atrld^um s11 okland^.l ('right 

A Andaraon* 1958), Mechanic® B (Flg»3&) in therefore 

preferred to aechaniem A, wi^n i^lWig or reduced flavin 

nucleotidea atipplyinc: the reducing power for stethlonine 

methyl group formation*

A difference In methyl group formation in the oaaea of 

raethionine and t:--: -^le oc;'d r^nthealB in R»ooli TA15 la 

alBo indicated by the ability of PtH^G to aew$ u« cofactor 

for the incorporation the p -carbon atom of aarlne Into 

thyi^Ldylic aeid by extracts of this organlaa prepared by 

grinding with alumina (Birnie & Croabie, 1958) j no requirement 

for cobalaiBia or inhibition by PtH^G waa reported, I th the 

pathway of choline and thymldlne methyl group bloayntheele
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Mechanism of methyl group formation

HOMOCYSTEINE GLYCINE

METHIONINE

CH2O-PtH4G

SERINE

PtH2G PtH4 G

B

HOMOCYSTEINE+XH2x CH2O-PtH4G GLYCINE

METHIONINE4X PtH4G SERINE
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In aniaala and Lactab^cllli 

tinning &• a .„;, I95*a»b) and the possible cite of action of 
cobalamin therefore er/pear to differ fporr. methionlne methyl 
group eyntheeic in Tl

The folic acid cofactop and C^-tranefer

N5-forrayl PtH4aj5 and PtH4G wepe the mo«t active 

tpi.'lutarnyl and monof/lutamyl fopme of cof actor. Ing 

that ^efopmylation and intramolecular rearrangement of the 
fopmyl grvur do not OCCUP* it is neoeseapy to postulate a 

pechsniem of eof actor action which is applicable to folic 

*cicte with eithep one OP both of the H and N10 positions 

free fop the acceptance of the C^-unit by the action of 

aepine tpanphydpoxymethylaae and donation to homo eye t el ne
for methionine formation* In the eaae of K -fopmyl tH.Q-* o0*

thi«s wotild mean that K -fopmyl* ?/10-hydPoxyffi«thyl P
le the final

For FtHA0 it has been proposed that the H®**!1 -methyl ene
Tar

bpldjf* co«potmd 10 the product of eepine tpanehydroxymethyla 
activity and ia aleo the final Cj-donop (Flg.5, pege 38). 
The bond to t!*e H5 OP K1Q atom would then be puptursd luring 

the reaction with hoaocysteine. Assuming that complete 

tranefep and reduction of the hydroxymethyl gpoup follows 

the reaction with homocyetelnd (aa ahown in Figure 5) it now
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would appear that the ^ T "10-hydroxymethyl derivatives
and the T^TT^-hit , • TKV rryethyl derivative may aerve aa the 
ultimate substrates. There ie probably an ^ Ilibrium 
between the N5 ,!*1^ &9 V ~ , ^5~hydroxyraethyl f « 1CW xy~

tt ^i yMk

methyl and * *"fiu-bi8hydro3cyaiethyl derivativea and between

theae and free formaldehyde and reduced folio aci^> the 

relative proportions of each depending on phyaico-c. .cal 

factors. At the active centre of the ensywe concer 

interaction with the protein could stabilise any one of 

these structures for participation in mathionine aynthesis. 

AH the three foraylated derivativea of . . - function in~~w

transformylation, and the same may be true at tue hydroxy- 

methyl level*

Cobalamiu or factor (:•:}, when required almost certainly 

function in the reductive transfer of the C^«»\mit but the 

nature of its interrelationship with the raonoglutorayl 

derivativea of folic aold is
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ov thesis ui

action of cobalamin in methionine synthesis 

almost certainly mediated by the factor (A) which appear© to 

be * protein (possibly an ensyme) and may contain coba lamia 

or a derivative of oooalainim 1*he metabolic lesion of 

asutanta of ^poll responding to either cobal&rain or 

methlonlne hae been sesumed to be a block in the e ryntheeia 

of cobalarain, The work presented in this thesis? however, 

suggests that the lesion ie primarily flue to a block in the 

bioeyntheeia of methionine.

Ho positive evidence for the exact function of cobalamin 

or factor (X) ha« been obtained. Dtjrinf the course of this 

workt »everal working hypotheaee have been formulated and it 

le proposed to tflecwe these and also to conslier the role 

of eob*l*»min in methionine tyntheele with respect to the 

other known functions of the vitamin.

rnethlonie .

The «Roat plausible hypothesiftt in agreement with »11 

the exr>eriment?al results* postulates the existence of two 

pathways for the transfer and reduction of the C-^unlt in 

the formation of methlonin© (Flg*53), One of these is 

independent of cobalarain and presumably operates in pro to
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at ' •« «n£ r>n??aihljr in h *•*••*?* pTem*-r« rrhis

*-. c > t it is /oited

"*. la bl atoc Lo aV is having a
^.it for cobu" • >r ^etiu- - "'- e-,;:d

f •

16 •._. '... ; . cob*-' in'-iK.--. _ . .• 3 of 
p —rjabl^ 1.?: orp:aniane w!iich " been grown in 

the presence cr" j'-bal*nxln i~~" thereforvi contain tiie • .ur- 
^ v^. In tJtie »yste^ f rt!!^G as well ac the conjugated forw 
of f " acid can eerve ae the co factor for C^-trani^ft-r. 
"he second pathway * • • ~ * ' T i be Impowkl xjpon extracts of 
prcto trophic otralne wher. the flret is blocked bjr the 
T»reeenro of PtH^ft.**B

In r^ '-ttlon to the ev" OB prer ' rt in this theeie* 

this h:;rot!":er;:lr li: r- rtod by ' ••v»ltcheu ob8ezrvati' ; of 

J)p. r ."f* Helleiner (In this laboratory) ^*o iecl^ted a 

fraction from extract & of ©train TA15 and strain 518 (with a 

6-fold r^rlf* option) which restored this ability to synthesize 

lOBthi onlr.e to ultraEcnic extrects of ctrein 121/176 which 

were relatively inactive due to lyophiHaatloa of the 

organism* No retmf remf:nt for cobala®in was found with these 

mixed extract** nor could the presence of cobalamin be detected 

in the purified fraction* It would -v: rear therefore that 

thla fraction contained the ensyme present ir the prototropha 

but Biieeing from the eobalaiBin requiring auxotroph*
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Strain 3/6£, which responds only to raethionlne* formed 

factor (X) during growth (Dr. K.K. Jonee, unpublished

Observations) or by incubation of the ultrasonic ,; 'act 

with cobalamin. "t would eeea that this organism is clocked 

at some other react! >, in the conversion of hoarccyeteine to 

nethionine (Tig.'53;. Investigation of other nnitentE blocked 

at the raethylation of cysteine would probably yield

further uu urination concerning the tequencee of reactIore
a. 

in the biosynthetic pathway and it «?ay alec provide\useful

assay for epeciric ensj-iaee concerned therein.

It is conceivable tViat cobelamin may function in 

Mthionin* formation (via factor X) by the protctrci-hic 

strains mcs well ae the auxotrophs an* that sufficient of the 

vitamin la normally s^nthesieed by the organism to satisfy 

this requirement, Tf this is eo t an ensyrae concerned ir the 

function of cobalamin nuct be modified in the mutants so 

that more cobalamin and more of the enayme protein are 

required to promote the synthesis of an adequate supply of 

aethionine. However, the cobalemin content of etrain PA15 

waa eactremely aoall and, there IE no evidenoe for the 

pretence of the faetor (X) in prototrophic atrainB, The 

chief disadvantage to this view is to erplain how PtH^O can
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an inhibitor and a co fact or ^ the caa» inaction 
mechaniemj some other function of cobalasiin in the 
•»taboli©m of Ptir^G w:uld have to be postulated,

^he formation of a folio acid coenfiype
Some of the evidence obtained atucrgested that oobalamin 

(or X) function* in the formation of folic acid coenaymee 
131/176 and that it promoter the conversion of

Into a eoensyme form with extracts of strain PA15.
the resulta of a considerable nuraber of experiments eur^eet
that this ia not the case.
a) Preparations of HHC from straine PA16 and 121/176 
(eobalamin or methionine-grown) were equivalent with respect 
to their proi>ertlee as folic acid oof actors for methionina
•yattesla when tee ted with the ensymie extracts from either
•train. Furthermore, the addition of the anlllde enalogue 
of eobalamin to the teat eysteT.s had no effect. 1 1 i» 
concluded that the T5! TC of all e trains (even cobalamln- 
deficient strains) contain competent folic acid coenayniat*
b) Conjugated forme of folic acid isolated from the Sir or
•yntheeieed 0hemically> an^ therefore free from contamination 
by cobalaniin f were active cofactors for the synthesis of
•ethionine by extracts of strain PAlS and no eobalamin was 
required. The earae compounds were inactive with extracts of
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•train 121/176 unlese eobalamin waa also addtod,

e} ^he activity of a coenssyme form of folic acid eynthaeisad
from PtH4G woula be inhibited by reel dual FtH^f* unices the

conversion were ccnrVlftte n-» nrj^rnp ^hs e^enr^mef unlike the

natural compou » • „. - ';-. 'i to the inhibition.
d"1 direct attempts to dr -trate or isolate a coenayrae as
th© product of the Interaction of cobalamln (or >0 and ^

were un£?wceef:f«l»

Com
Mot

nariec.fi of the
lionine Bsntheeis wi^n tno oi,ner nowa

______of 

Protein
It ic possible that cobalaiain promotes the synthesis or 

modification of a protein (factor X) which is epeclfieclly 

required for the utilisation of PtSLO. This would probably 

mean that the factor (Tl is not itself a cobelamin derivative. 

The conditions in which the factor (T) ean be formed t though 

crude, would not appear to be optimal for protein eyntheeie.

ftold ft ctition
Cobalamin coul<? be concerned with the activation of homo-

e to form homocyeteine adenylate which mi^ht be the 

actual acceptor of the C^-unit. However the cobalamin
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requirement is particulars- r* L»i~ter! to the utlllaatioa of 

PtH40 (with strain PAiS) so homocysteine metabolism could 

not be the only function of cobalasdn. The interrelationship 

between cooulamin and homocyetelne could not be studied 

•atlefaotorlly because homocyeteiae in the absence of Itll^G 

(but not in ite presence} Inhibited the subsequent synthesis 

of methlonine when It was preincubated with the •n&ymlc 

extracts*

pro bftml de— c ojHftgffipe, j* unclt 1

The molecular rearrangement of methylmaloayl Co A 

fortnatlon of auccinyl CoA (ate Fig. 4, page 24) occurs by
*

transcarboxylatlon with the participation of a molecule of 

propionyl Co A* It has been euggeated that glutamlc acid 

could be converted to p -xethylaapartlc aei€ by transfer of 

m glycine reeldue to propionic acid In a Pirdlar manner » tha 

latter being regenerated at each transfer (^.T.^mitJh, private 

•oasronicatlon). It wee then suggested that the labile 

proplonamlde aide chains of .eobslamin (ee© Flg.l, page 2) 

or cobamide eoenssyrae® could function as intermediate carriers 

in thete reactions. That tM rwpt active antlBwtabo^ites of 

cobalaaain have eubEtlttited propionasiide aide-chains also 

Adda weight to euch en hypothesis. Cobalamln derivmtivee may 

therefore function in the tranafer of a one-carbon residue 

from a folic acid cofactor to homocyetelne in eome similar
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manner; it ie hoi? ever *< r^~u1t to envisage the preeia* 

Mechanism by which this could be accomplished*

Alternatively t el&tlonehip between cobal&mln and 

glutaioic acid oetai>c.- ' . , tnat cobalaodn ffiay be

concerned In the replacement ~., -^ glutaaiyl residues of 

folic acid col&c tore by (B-methylaipartyl reieiauee. 

Bxperi .ally the presence ; j3-fljetl-*ylaspa.rtic acid during 

growUi or in U*® reaction mixture XQI uu^nine eynthesia 

had no effect on the requirement- for cobalamln,

The atructural similarity between oobalamln and the 

talloporphyrlne hae guggeetec? a role In oxldation-redtictlon 

reactions. The cobandde coenzymee probably contain a 

divalent cobalt atom compared with the trivalent cobalt of 

cobalamln (Smith* private communication^ awelklewlez* 

Bartosinekl A Walery>v -, i960)4 It nmy be aignlfleant that 

power was easesitlal for the format ion of X from 

* Alternatively a f eln- 1 derivative of 

cobalamln having a divalent cobalt mtam van&lagoua to e 

reduced cytochrocie) might transfer electron© from : '- ?2 or 

reduced flavin ntieleotidea to the hypothetical complex of 

homocyateine and hy^rxx;'et 1 ; 1~ t^G (Fig»5t page 5S) and ao 

bring about a reductive cleavage liberating metaionine and

Thia raeehaniaiB might be used by strain 121/176 anfl by
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Thus It cftti be f*eer. there «rf» m»r»^ **^$lble wave i« 
which cob«l&mir c function and more s«iy b® 41 .
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mathylatiaa of hoiaooyatalf*® in Sgo^/^q^a.noil
v t\e -o.'ralt of & complex fc©sr*lefi of refitctlo^P, The

with crud® enssj^ilo extraotfi hae firmly 
e*tebli0h0d the r^qulresaent foi* a follc 0cld oofe- .1

- - In clrcuEii!"' ,-tc oi^ tlic la.tfiMolljcc; of 
c- "" ' iin# Ho izxtenaeui&te cierivs'&ivos of hoaocyetelna hove 
been ^ound» ^t^v^i fir»«?«> f^g etaggeatod that ^*^h^ r»^xynjethy 
h :.M./c v rsteine Is a^ intt-. , ^tlon of the came 
emap- ' jyistelne arid ' ^ojgma&thyl 0 has also 
bse.-i pvstainted by ;-3Qct€?x*» ratten and Awapiii-e (1967). r 
u^_.ipts to prepc*** this coinpouad have been m&&® In this 
laboratory but the^e were tm: .1 because at r ul pH 
It undevi^Hia apontaneone crcli ration to fom 1»3-th la sane-4- 
oarbo>^lic &cld a»4 at ellr*••'/;;- :,cic pK it condc.i: ei- rith 
another molecule of homocyeteine to forct

for ^HR^C . -.© (i ..

. m*K" nium 
*urit 1069} ee lnteitmecllatee ht>\re .jeer, rt'fccntec. 

TJL 4 !* poe^ible that the B-hT^rox^ethsrl deplvetive of homo**
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The sources of acme of the important special chemicals 
not given in the text were aa follows*

TH? and * sodium tetrahydrate salts?
90-100 1 pure, (Bigma Chemical Corp*)*

*» (Hoehs Products X^td*}*
- aoditim trihydrate aaltei 98-^100^ pure*

(Eigma Chemical Corp*}* 
DL-Hotnocyetcirie - (Nutritional Biochemical Corp* and Maim

Research Tjaboratorlets* Ine*), Solutions were 
iainedlately b«foi»e ti«e«

- gift from I>f% W.

** dibariun aalt (Brltiah Drug H 
X«td*)« The aodlum aalt waa prepared in solution by the 
addition of an equivalent amount of ITagCO^ to precipitate 

all the barium aa Ba804»
- gift from Br* H.A, Barker*

~ gift from Dr* J* Laecellee. 
nd fortniniiiiO'Hgli^ine ** wara prepared

Wr*

jata - from herring roe* (L* Light & Co., Ltd*)*



ii

»f ftelie Aeid

ftfltffl B qlc^ {PtO^ - (British Drug fiouses§ Ltd.)« 
- gift from ^ E.L.H* Stoltatad,

Pt!T40) and

thenyl Ftll4a) * were gifts from Dr. T.H. Jukea

(Ladarle laboratories),

rin* As»thoDterlJi, T'taroyl*

Fergtentatjon ^pasei factor - (I^aderla Laboratories

DiTieion of the American Cyanamid Co#)*

Ft (rhigoptarin) - (Merck and Co..

jB«4ildehyde - gifte of Professor A. Albert.

owex«-l - Analytical Orade 1-6X,

chloride fora. (Bio-l?ad laboratories).

^ce^^osa - capacity 0*6 mequlvalentB/?. (r:erva 

Research laboratories).



• • M
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Cruje

* 
.

Medium Sj. - tryptle meat agar

Tryptie meat broth* SQQml* 
Agar (BDH) dOg*
later 800ml* 
pi adjusted to 7.6

Procedures agar melted by steaming with the water* the 

tryptlc meat broth also heated and mixed with the agar* 

Distributed, autoelavad IS Ib.ee.ln./lO ®in« and eloped*

Medium £g - tryptose glucoee agar

Bee to tryptose (Difco) lOg*
aiucoee lOg
KgHPC4 2g
CaCOjt 3g.
Baits solution (mixture B) 5ml*
16 liver extract (Oxold) 10ml.
Agar (BPH) 18g«
later to 1000ml*

Procedure! dieeolved by e teaming, mi^ed and distributed* 

Autcclaved 15 lb,BQ«ln./10 mln* Bolidifled. ntabe.

Medium f,3 - tryptose glucose broth
>i » • ill ii Hi ill • iiT

As medium 8g t with omifeion of CaCO^ and ager, the 

pH being adjusted from pH 6*7 to 6*9.

* Composite solutions f see page xi.



Medium ^ - solid medium for elime-fliQulds and protozoa

(Raper, 1951)

Peptone (Ivans) l.Og.
Yeast extract (Pifco) l»0g.
Glncono 2,5g*
Water BOOrnl,
Agar (BDH) 7.5ml.

Procedure: dissolved by steaming* mixed* distributed and 

autoclaved 15 Xb.sq«ln*/10 mln, and sloped*



Meditim A - mlnisnal medium for %f_qfll^ (Bavla A Hingloli, 1950). 

600ml. double strength (pH 7.0) contains*

•gRP04 7.0fc.
3. Of.

)4 l.Og. 

Sodium citrate.2HgO 0.5g.

alucoee 2 

Procedure! dieeolved In 600ml • water and pH cheelted.

Bediuin B •• glucose and lactate containing medium for

of Crcrr (1966). ; t« doiible etrength (pH 7.0) eontalna t 

KSRP04 9

Glucoae S
Lactic acid (BDH. 88t reagent) 9.0ml.
Iron citrate (0.004g)* 1.0ml.
B«0i! (40>i eoln.) 10.0ml.

Procedures diaeolved in water to 500ml. and pK adjusted.

Medium Bg - Modification of medlxam Bx after C.W»Helloiner 

contains all const! tuente at twice the concentration.



VI

Medium C •* for the assay of J£»fflr ine using

P6Q* modified from Steele fjyft^* (1949). 

600ml* of double strength medium contains,

500«g.

acid

Jr-cyateine.HCl 
g^-glutamlc acid 
Glyclne

Dl^leucine

gj>-phenylalanlne

Dj^tyrosine

Glucose 
Sodium

chloride

Adenlne
Quanlne 
Xanthlne
Urecil 
Salte B* 
Hiboflavin 
Hicotinio acid 
Calcium pentothonate

SOOmg

iTOtng

SOOmg

840mg»

6CX)mg«

iOmg,

10ml.

l.Offlg.



Tii

Pyr idoxine. HC1 1, Omg. 
Blotln 1 Jig*

acid

Procedures amlno-acl de diceolvad In 30ml* a^fiaOH and pH 

adjusted to C-7 with 3£-IICl* Water added to 250ml* and 

other Ingredients except vitamim: dissolved by warming. 

Volume brought to about 500ml. with water and adjusts to 

pli 6*8* Medium brought to boll and simmered for 5 mln. 

After cooling the medium waa filtered through 

paper and the vltamine added*



Vlii

~ ?*** *to® aseajr of cobalnralm nslng

(Laec*ll*f$ f Quoted by Kieliul; "• '^o;, 1960). f-Xrnl. double 

(pH 4,5} contains
0,

M|:S04. THgO O.Sg,

aeid rnonogollnm s«tt 3«7g«
Malic acid 2.7g.
Thlaml»e»HCl l.Onig. 
!'rlootlnlc acid
Blot In 10
Iron oitrat© (O.OCKD* l
Acid hydro lyeed caeeln (10 •'}* »«1.

dl^oolver1 in le«e ttien 600ml. water , adjusted 

to pH 4*5 and brought to 60Qnl.



Jt - for tlie assay of follc acids using 
. Leneonaatojft, cltrovorim* and Stret>tococcafl faeoal^p ° 

Modified f*a;a 'x'oeanleti* ./ .; ..:.. ^lant (195S). 7,. 
medium containo,

Tryptio digest of eaeein11 SOOml.

Olucoee SOg 
Adenlne

Xan thine 10mg »

8altft B* 8ml. 
Aeo orb Ic acid

Hiootinlc aoid 0«5nig* 
Calcium pantothenate 0, 5c^r. 
Th iamlne* HCl 0» Bag. 
Pyridoxaoine.HCl
Biotin 10 
a~^minobonaoic aoid O.lmr>.

,-ccedtircj all ingredients except vltanlne 
adjusted to pK 6*6 and brought to boiling poir*L, 
2-5 min* and cooled. Vitamin® added and made to 
with w^ter, pi- cheeked and medium filtered through 
No. 50 paper*



tedium y - for the assay of folle acldft with

» o»di urn of - a s c - 1 1 es ( 1957) oml 1 1 Ing pter oy Ig Iut8 l

thioctic acidf 500nil» double strength oontalnst 

Acid Hydrolyeed eaeeln (10 0* a»0ml.

Gluooee 3«6g

71^0

Adenlne 
Gtsanlne
Or«cll ICmg 
Tween 80 Q 
Siboflavin 0 

Flcetlnle acid l 
Calcium p&ntatUenate l 
Thi amlne . HC1 1 .

Biotln 1,0 

Procedure! all ingrediente except the viteunlne dleeolved 

with acid h^drolysed casein in 400ml* water by heating at 

pil 6.3* Boiled momentarily, cooled ancl filtered. Vitamins 

added and made to 500ml* with water*

* Composite E$olution»» see page xi.



•xl

brot^ Bullocks* hearts wcu'c defattesit ji

weighed and 1.1 tia»a their weight of hot tap water 
The mixture waa brought to 80° and aaaintained at tMr. 
teapcrature and at pK 3 for 30 min. After cooling to 45° 
pancreatic extract was added (O.I voluiae of wator »;3<sd: ••.- 
the mixture ttirred for 4 hr, at thi» tewperattr^, *»*>* 
waa then adjusted to 6 and temperature raised to 95°. 
Jo How ing ihr* et earning in an autoclave, the mixture waa 
filtered through »u*lia and Oreea's FP904* while sti^l hotf 
then cooled and pH adjusted to 7*6* Storage waa at room 
temperature in the dark over

( 10 ̂ ) « VI tami n free
according to the method of One 11 4% lannefeld (1945),

t 1951), 

;in free casein waa su»p«nded *venl^ in 1400®!. O.e

bicarbonate £olutlon f which had been warmed to 40°. 

A a UB pension of Ig. Oifco trypsln in SOml* water and 5ml. 

toluene were added. The mixture waa shaken, and then 

Incufcated at 37° for 1 *ar» with occaaiorial ahaking.

The mixture waa eteai&ed in an autoclave tor 40 min. 

to remove toluene, and cooled. The $H waa brought to 6.6 

with 4.4ml. glacial acetic aeld and the unaigeeted eaeein



oentrir ' **he 'ant was than br<m?>t!t to 
pH 5»8 with 54ml. of aeetie acid ar*<* 40r. of w ?Torlte* added

freqaent chaking for SO mln» The suspension wae filtered 
Qtrtckly aa poaalMe t -s*i two layers* of Whatman ??o,54 

paper with auction, fhe r«?«icliM on the paper wee warhed 
twice with SOml. water. 80g. **Korlte** wa«5 e<l«5ed to t^ 
filtrate and the mixture thafcen freguentl^* Agafr «fter 80 
min. the etu: ion wae filtered ae Qiiiclrly a» poceible 
throurh a Ford's? flttrlwnt Vc«V«9 filter ?aat« ^5.r, ^ 
was added and 4Qg. Had!. The pH wae adjusted to 6.8, end 

voltsme of the af f»«»t w«u «iade up to Sl# with

b*

KaCl Ig.
?»

Diaeolired in 300ml* water e^ntaining 0»5ml« coao* 
HC1 aa« Volufne made up to 500ml.

citrate (0.004JD

citrate« 2!i00 708tng. 
Water 500ml.



fscherichia
Tilt growth factor reor»lrem*nts ana sources of the 

•trains used in tbie work are - n in Table I.it page 45, 
All strains were ralntalned on slope cultures of me?i um - 
incubated 18hr. at S7°.

«• tmed in Mievcibleiloirioal Aasafte

Lactofracillur ofteei (helYet^cug) « A.T.C.c, Ho, 7469 , obtained

fro® Dr. B. Fright. 
Leuconosto giMeteroidea

A.T.C.C.

/encnpgt.or. tror Tcr -Brev) * A . T. r. c.

ptreptococcue, ffiecalie p » A»T.r.r. ^r.^RO^?!* the Rogers strain*

The above four strains were maintained as stab cultures 

in Medium Sg, incubated 18hr, at 37°.

Fuirlere f rec? .llg ver fiBeillarls* from Dr. J, T-«soel1es.

Maintained on a moist elope of Medium 84, incubated 72hr 

at 80 » $6enu distent from two 60 ^ tungsten fil« 

* Stored at room temper® ture in day light.

a. yorex. strair vs f fror Dr. v.

Maintained on molet slopes of Medium 84, incubated 73hr. 

at 30° and stored at room ten^erature*
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ABSTRACT



1M

Nutritional and laotoplo tracer studies with both 

animals and micro-organIsms have shown that vitamin B^g and 

folic acid are concerned In the biosynthesis of methionine 

from homocysteine and a source of C^-unlts (e.g. eerlne or 

formaldehyde)«

Using washed suspensions of $:«co1£ serlne has been 

found to be the moat Important C^-donor and requirements 

for p-sjainobensolc eci<? and cob©!*i-nin were also demonstrated 

with the corresponding a^ixotrophlc strains.

Soluble extractt of acetone-dried ^.eoll PA16 (a serlne 

or glyclne requiring etraln) catalysed the formation of 

methionlne from serlne and homocyeteine when an extract of 

the heated organ!ere (EHC) served a» the source of folio acid 

cofactor; no requirement for cobalamln wae obeerved. 

However replaceraent of the SHC by tetx^hydropteroylRlutamlc 

acid (itll^G) waa not poeeible tmlees the enzymic extract 

wac prepared from acetone-dried powders of organiesae which 

had first been grown ir t^e presence of a^ded eobalamin. A 

heat-labile, non-dlffuelble factor (X) was partially^ 

purified fro® the extract of cobalecnin-grown organisms and 

this factor (X) wee essential for the utilisation of 

Ftl^O as a cofactor for the synthesis of methionine by 

extracts of acetone-dried organisms grown without added 

cobalsmln.



The synthesis of methionine by ultrasonie extracts of 

aVcolj. 121/176 (a cobalamin or methionine requiring strain* 

grown with isethionine} was on the other hand dependent upon 

the presence of cobslamin in the reaction mixture with 

either $BQ or FtH^O aa the cofactor for (^-transfer.

The object of this work wsa to investigate fwther the 

complexities of the mcthylatlon of honiocyeteine by 

ultrasonic extract® of yecfcefflchia, ...pflfli with particular 

regard to the factions of folic aoid and eobalansin*

IL

Section I The .tfonthe&ie. of Metli-[onine,.by
tf! .traEonic extracts of

co:.

A preliminary survey of methionlne formation by 

extracts of eeveral strains of Et.fi^.^,, was siaie using three 

teet systems: (1) eorine as tue -^-ci^nor and iHC aa the 

source of the folic acid cofaotor, (11) serins &$ ,^-donor 

and PtH4G as the cofacior for Cj-transjfer and (III) the 

formaldehyde derivative of ;:-tH4c> (CHsO«PtH4a) as both the 

donor and cofaotor for the transfer of C^-units, Cobalamin 

was neceeaary for optimal synthesis of methionine under all 

conditions when extraets of eobal^ffiin or asetMonlne 

requiring strains (^eoli m/3.76, 113/3) were u©ed» With 

strains having no nutritional reguirenient for cobalamin or



mthionine (^cqli PAIR, *% M.a> eobalatnin was essential 

under conditions II and TIT i.e. only with PtH^O or 

OBgO~PtH4a present.

Quantitatively the requirement for oobalamln was 

similar for all cobalamln-dependent eruditions with extracts 

of attain P 15 and 731/176* CobaTamln could be replaced by 

several of its nucleotlde-fwbistltiitcd analogues but not by 

derivatives lacking the nucleotide residue. Hone of these 

eenmetxrtde was eignlfics^tiv «are active than cobalamln 

itaelf though i>»6~d.lmethy!benziri^s?ol^leot e caen^ne 

w«s 2 to 3 times wore active than eobalamln for promoting 

the synthesis of methionine. Growth in the .rreeence of 

cobal -min enhanced the nMlity to fom wethionine of 

ultrasonic extracts of strain 3.S1/176 and FA18 and the 

requirement for cobelamin in the reaction mixture (strain 

121/176* system I and II; strain ?&!$• system II) was 

eliminated if Bufflci^fK" hlrh concentrations were present 

in the growth medium.

In addition to the inability of PtH^O to replace BHC 

in the absence of cobalamin (strain PA15}» PtH^p aleo 

Inhibited methionlne aynthesis when ISffC supplied the 

cofactor for w^-transfer. This inhibition was overcome by 

cobalamin which also permit*? the PtH^O to function as a 

cofactor.

The synthesis of methlonine by ultrasonic extracts of



A15 waa proport '. l to the assount of extract preaent,
Optimal ayntheele occurred at 37° in phoaphate buffer with 
an initial pH of 7.6 to 7.8 under anaerobic condition** 
Olueoae, DP!*, ATP and %8* were also eaeentla! for optimal 
awthlonine format ton >*•"/ ..h .rrltxcose and Dl-r could be 
replaced by DT?«Pg. 0^denoayl-l<~b' cyeteine replaced 
hosiooyetelne btit ATI war. srtlll required, ferine and

^ 4^ were the mo^t active C^-donore and with the 
former a requirement for pyridoieal phosphate waa demonstrated* 
Thia waa preawaably for the intermediate functioning of 
aerlne transhydroacymethylaae in m^thionlne ajmthesis. More 
direct evidence for *** presence of thia eniyme in ultra- 
aonic extracts waa also obtained. Growth of organ! etna in 
the presence of increaalng concentrations of methionine 
progreaeively repreaaed their ability to form methionine in 
cell-free

Section II giMi.... Function of C.ob.a lamin. In.
of Me.thionlna

Ififiib i tpry,. ̂ naloguear of...
Under conditions where cobelan^in wac ee-eential for the 

•yntliaala of methionlne (etraln 121/176, eyeteme I t II 
atraln PAl5 f eyatetaa II * III) it« action wac inhibited by 
the methylamlle, ethylamide and anllide of the mono- 
carboxyllc acida of cobalamin and by Factor B. Further«or«



the anllide analogue inhibited competitively botfe the action 

of cobalaraln and the cobamide eoen»ysie but was leas effective 

agalnat the latter.

the anillde analogic did not inhibit the growth of 

prototrophic strain® of ^.oqlj. and only Inhibited the growth 

Of eobal&min or metMonine requiring auxotrophe %hen 

eofealamin wan the growth factor. If extracts were prepared 

from organism© (atrain PAlB) which were firat grown in the 

presence of eobalamir, 9 the'aniline analogue inhibited 

methionine formation only if It wms added to the growth 

nedioai together with cob a 1 ami ru

/nftfffie,!® o.y j^otor. (.^X-^.y -^t^lM^^^--^^^^
A eomparieon of the different activities of tiltraeonlc

and extracts of ^c^t.-Ji^-^ried $ft$$]H ; ''A16 

auggest&d that in the p?**^^nre of cobalamln the ultrasonle 

ejrtract was capable of effecting the formation (in vitro) 

of t^e factor (X^ wMch had ^revioncly been purified from 

cobalaaslB-grown organ!aras and waa required for the 

utilisation of PtH^O as a e?ftoctor for the eyntheele of 

nethionine by extract® of acetone^ried organisms (Kielink 

4 Woods)* Thie syate-n for the formation of X waa preBumably 

destroyed by treatment with acetone.

A method using protamlne sulphate waa devised for the 

isolation of factor (X) from the product® of incubating



ultrasonic extracts of ;;*• c^J^ A15 with cobalaojln sna the 
Material was assayed by its ability to promote the synthesis 
of aiethionine by extracts of acetone-*drie:i organisms 
incapable of utilising PtK4Q as a cofactor. The isolated 
factor (X) was heat-labile, non-diffusible, unst«&ie in 
acidic and alkaline environaiente end reeei&let! closely the 
•a-tena-l defined by Klslluk , v s,

The mono-substituted cobalurr.ia~aaldv analogues inhibited 
the foraiation of X by ultrasonic extracts out had no effect 
on its function in nethionine r*mthesis* Factor B however 
inhibited both the formation and function of X.

A more convenient rr.otho-5 for assaying the formation of
X was developed using the anilide analogue of c ba rn\in*

S-*Cobalamin* gluco&e* D?N» ATP end 1% were necessary for the 
optimal formation of :< t 3 would replace glucose and 
DP#I the requirements for A formation were unchanged if 
cobalamin was replaced by the cobemide eoeney^e* The 
preparation of X forced with the cob ami do coensyw had the 
saas propertied as that foneed with cobalamin by strain PA15» 
The tnatcrial formed by incubating eobalmrin ^ith ultrasonic 
extr&cto of the cobalasiir, auxotroph g>.c.9^.^ 1S1/176 also had 
similar properties*



Section m *The Ptinctioi^ <^f FQ||J
; ynthasla of teethloaine

Several reduced pteroylmonoglutaalo acid derivatives 
were active as C^^donore and cofactors tot the synthesis of 
aethlonine but as with ^ ^?cmin wa© an essential 
component of the reaction nirture. 7he same reduced 
pteroyl&onoglutainic acia£» -.."r.o 11 «© rt*i^a, inhibited the 
syntheele of aisthion^** ^ W .4V- ^^jetice of cobalaisir wher 
SHC supplied the follc acid cof actor (strain FAIS).

The presence of an andnopter in-sensitive difeydro- 
pteroylglutaiaio acid reductase In ultrasonic extracts of 

PA16 was demonstrated, ^'he cofaetor activity of
dihydropteroylglutamlc acid (Ft%>) in a»thloniiie synthesis 
was inhibited by aainopterin and aaaethopterin whereas the 
activity of PtH^p and feltc were unaffected by these anti- 
metabolite e* Thie suggested tftfit t>.e activity of T»tKgG 
dopen >B on its converelon to PtP^O. Furtherworet aminopterln 
and aaiethopterio prevented the inhibitory effect of

f but not of ItTT-O, on saethionlns- fortnation in the
^p

of added cobelarf.lr. ^,."C present, strain ^1^). 
Even In the presence of concentration® of smlnopterin which 
cesipletely inhibited the function of aihydropteroylglutaiale
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acid reductaee, PtH^O behave* as a catalyst for the
forssatton of uethionlne. ^hi§ a«t&este that PtK40 doee not 
aerve as the final nt for asethlonlne rcethyt group 
formation (by its co v ^ ; f to ;• t " r a mechanism which 
has been postulated far the synthesis of the methyl groups 
of thymidyllc acid,

forma o., ol l c aci
Several derivatives of tetrahydropteroyltriglutamle 

aoid (i-'t^Og) r«aeM>led SHC in their ability t 

co fact ore for the synt^erie of njethionine by 

extracts of K^co^ i A15 in the absence of added eobalamln* 

^ith ultrasonic extract© of ^teolrl 1S1/176 cobalamln was 

however still required when PtH^Qg vae used as the aof actor 

for C^-tranefer. From a consideration of stability and the 
cofactor activity per rt?olectsle of folle acidt on© of the

et
conjugated folic acldc# ** -fontiyl rt^Ogt qualified as a 
poesfble active eoarrer.-r>t of the *rv\ T !t^40 Inhibited the 
cofactor activity of ^e derivatives of ?tH4a^ in the 
Manner as It Inhibited t^ r.ctlvitv of i ;•? (strain

Finally the active folic acid components of the KHC 
were fractionated by chroma tog!*s*#r on trlethylaminoethyl- 
cellulose and one component was tentatively Identified as 
H6-fortnyl PtH403 by cotsparing Its cofactor activity, mlcro 
biologleal growth factor activity and Its chroma tographie 
behaviour with a sample of synthetic ?* -formyl
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The most satisfactory explanation of the reeults so 
far obtained is the postulation of two mechanisms for the
ev asic of metMrmlne in %B.chgrj,.cfoia_.jjpJIA» one betner 
complete ! t. ^eve n the es of csobr.' " the 
other being less de* t or in^c^n^ent of the metaboll 
of cobalemln. It le rugg»f?ted that th® second pathwu. ir 
blocked in cobalcmlr-^^qulrln^ atiacotropfee whereas other 

strains can use both , *aya» rnlike most other r^tr:^ 
reactionSf TtH^G does not serve as a folic acid cofactor for 
tte synthesis of n»thionine (unless cobalatnin wae present). 
Furthermore FtH^O appeared to he an inhibitory analogue of 
the natural folic acid cofactor® of the SHC and of ^tH^Og 
and its derivatives, Heverthele&e i-tM^O was an active 
cofactor for methionlne formation in the presence of 
cobalamln, precumnblv b^ the me-phenim nermall^ ot^eratlng 
in the cobalamin auxotrophs*

It would Beern that the mechanism of c^-transfer in the 

formation of msthlonine IB more complex than other C^- 

reactions whi<*h hcve bee?^. erarrlned; no specific requiresisfit 

for either a conjugated folic acid cofactor ox :, ; lea 

participation of ciba -i has previously been deacrl *••?'!.



10

It eeerae certain that the fur^rm of coba7«ffllr> ie 

mediated by a protein-like factor (x) which may eortein 
cobalamin or a c^bar 5 v> coenayme* The exact function of 

cobalamin wae not "efinel; it may however participate in 
either the transfer*»mv* *f C^-iin-ftp *»f» their pft^rtrt**>*!• 

Ho other inlern-ed • ...:.v. . • r : :. ;.. -itlor •-e-.--'.r 

isolated and it would appear that further elucidation of 

the fflechuHiem of thlr reacti.^ n^ 11 dej-end on the 
fra^t.i-mst:!'-^ of th^ *»r«v"-<<» extv$ fk +-r of several strains 
of :-'gc


