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Chapter 1 

Vitamin 3& 

Existcnoe in a number of foraa

In the years immediately following it» discovery» 

vitamin B^ waa identified with pyridoxine (2-methyl-3- 

hydroxy~4i>-bi8(hydroxymethyl)pyridine). Then in 1942, 

the natural occurrence of more than one chemical compound 

with vitamin 3g activity was deduced from a discrepancy 

between the values for the vitamin Bg contents of various 

natural materials as assayed by the growth response of 

Streptococcus* faeoalia and by the chemical or rat and yeast 

biological methods of pyridoxin© as way (Snell, Quirard and 

Williamsi 1942). The incredibly hifch figures obtained 

with Strepf faecalia could only toe explained by assuming 

the presence in natural materials of a *paeudopyridoxine* 

more active than pyridoxine itself in supporting the growth 

of this organise, 'Pseudopyriaoxine* proved to be not a 

single suostance, out two., vi2. t pyridoxal and pyridoxamine f 

readily interctmvertifele both uiolo^ically and chemically 

and differing from pyricioxine only in the nature oi their 

4-aubstituent groups (Fig. 1) (Snell, 1944).

tione of these compounds la the functional form 

of the vitamin in cell metabolism. In all instances except 

one t vitasain Bg-dependent eaayaieg have bee^ found to utilise
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only pyridcxml-5'-phosphate as ooensyme (Heyl et al,»

1951 )  e«g.» amino acid decarboxylas*es (Baddiley and Gale,
and Cohen 

1945* LichateW 1945), and transaainaoe preparation a

(Lichstein, Ounsalus and U»brelt t 19451 Green, Leloir 

and ISocito, 1945* Jtritfciaann and Saaarina, 1946* O'Kane 

and Qunaalus, 1947). Only in the case of an animal 

traneaminase ha* pyridoxaftine-5'-phosphate been shown to 

replace the pyridoxal ester (Meister* Sober and Peteraon, 

1952). Pyridoxaraine-^'^phoa^hate may be the biological 

'storage* form of the vitamin (Hablnowits and Snell, 1947).

Any natural material might therefore contain 

three uneeterified compounds with vitamin Bg activity (the 

degree of activity depending on the test organism), as 

well as the 5'-phosphate esters of pyridoxal and pyridox~ 

aiaine (Fig. 1), and perhaps other tia^ue-bound for&s (Scudi, 

1942i Scudi» Suhs and Hood* 19421 Jones end Morris, 1930). 

this multiplicity cf naturally occurring forma of the 

vitamin presents a major problem when total vitamin B^ is 

to be assayed* The various derivatives must be converted 

either to a single fora, or to a mixture of forsa which 

elicit equal response in the assay procedure*

Extraction

As the vitamin Sg content of natural materials 

is often predominantly present in the form of 'protein 

bound 9 phosphates which are unreactive in several methods



of vitamin B6 assay* the free forms must be 'liberated 1 

by preliminary hydrolysis. This la usually carried out 

at an acid pH since all these compounds are at their most 

stable at low pH. Sot unexpectedly, it appears that the 

conditions necessary for optimal extraction vary with the 

nature of the material treated. A large variety of 

methods has been suggested employing either elevated 

temperature or suitable enaymeSf e.g., peysia or papain 

(for review, see Sebrell and, Harris, 1954). ^he most 

reliable of these procedures use & pH of 1.6 to 2,0, quite 

large volumes of extraotant, and prolonged autoolaving 

(15 to 20 lb.sq.in. for 1 to 5 hr,} (Baoinowit® and 3nell» 

194?§ Eubin, acheiner and Hirschberg, 1947).

Aaeay

To estimate the total vitamin Bg content of a 

digested sample a method must ..be used in which pyridoxine,
i

pyridoxal and pyridexamine show equal activity.

The possible physical methoda, e*g«, u.v. absorp­ 

tion or polarography, are relatively insensitive and, 

unless vitamin 3^-free extract is available as a blank, 

are applicaole only to pure solutions.

Available chemical methods consist of oolorimetric 

reactions which were devi&ed when pyridoxine was the only 

compound known to possess vitamin £g activity, different
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degrees of reactivity and differently coloured products 

are obtained with pyridoxal and pyridoxai&ine. Although 

the methods are sensitive and quantitative when applied 

to pure solutions of the individual compounds» they are 

so unspeoific that very tedious preliminary purification 

procedures must be carried out to remove interfering 

substances from natural extract.**.

Biological assay depends on the production of a, 

vitamin lg~defieiency state in higher animals j both 

prophylactic and curative methods have been adopted. 

Although no preliminary extraction procedures are here 

necessary to f liberate' assayable vitandn* the methods 

are very tedious and relatively insensitive. Similar 

objection can be taken to the use of the growth response 

of the rice moth larva (Sanaa, 1943} 1944).

Microbiological assay is the method of choice. 

It is sensitive t rapid and accurate, though few organisms 

respond equally well to each of the free form® of the 

vitamin (table 11-1). Of these, Sacoh^romyces oarlsberfl- 

ensis 4226 ha@ given the most reliable results.

Biochemical 1unot ions

Acquaintance with the functions of vitaain 3^ 

and the consequences of its lack, is necessary in the 

present context only as an aid to the preparation of growth
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•adla designed either (a) to enhance the vlta&ln 36 

requirement of an organism, or (b) so to diminish their 

vitamin requirement as to support the growth of organisms 

deficient In the ritaodn.

tfyrldoxal-5 1 -phosphate Is the coensyme of a 

great variety of enaymes acting upon aoino acid®. The 

reactions Include (Ucarboxylation, tranaasilnatlon, 

racemlsatlon, dehydration and desulphydration besides a 

variety of miscellaneous transformations, So numerous 

are the possible reactions In fact, that vita&ln B^ can 

be considered as being obligatory for the non-oxidative 

metabolism of amlno acids (Snell, 1932 $ 1955). The 

vltaaln Is thus also concerned with the biosynthesis of 

other essential cell constituents such as purlnes and 

pyrlaldlnes (via glyclne, aspartlc acid, etc.), or other 

vltaolns, e*g« kynurenlnao* In mamnallan nicotinic acid 

synthesis and aspartlc decarisoxylaije In pajitothenle acid 

formation.

Nutritional evidence points to a function for 

vltat&ln 3g In fat oetabollsm (Sinclair, 19>1), In particular 

in the synthesis of unsaturated fatty acids. It may have 

even more functions: pyridoacal-!>'-phosphate was recently 

reported as an Integral part of the enzyme auscle phos- 

phorylase (Baranowski, Illlngworth, Brown and Cori, 1957).

In all organiaaa showing a vitamin 3^ deficiency,
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the eniymio reactions whose malfunction IB primarily 

responsible for the deficiency symptoms vary aooording to 

the nutritional state of the organise. 'The aanif estatlons 

of vitamin Bg deficiency are determined as much by the 

manner in which this is produced as by it® aasayable 

extent (see #ood® t 1933* concerning preferential utilisa­ 

tion of metabolites).

There is no truly catholic vitamin Bg anti- 

metabolite. Accurate assessment of the worth and mode 

ef action of any one aatimet a oolite is hampered by the 

fact that ita efficacy varies with the teat enzyme 

preparation or organism employed* This la well illustrated 

by the action of various vltaaln B^ analogues on the 

growth of Strep, faeoalia H (Olivard and Snell, 19^5). 

The ef f eeta of co^fiethylpyrldoxal ranged from efficient 

substitution for pyridoxal to good competitive ant i EC tain- 

oil te activity depending on the nature of the limiting 

aaino acid in the growth medium (and hence on the nature 

of the limiting vitamin B^-re^ulriag enzyme),

In the course of the present studies » it was 

necessary to use,

(a) a vitamin Bg antimetakolit* capable of inhibiting the 

growth of mloro-orgaftiaoia able to synthesis* their
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normal requirements of the vitamin;

(b) a vitamin B6 antimetabolite capable of selectively

inhibiting the growth of those organism* unable to 

synthesis* their requirements of the vitamin, being 

thus dependent on an exogenous supply of pyridoxine,

Isoniaaid was chosen a@ a compound fulfilling the criteria

of (a), and 4-deoxypyridoxiae, those of (b).

Isoaiaaid - isonicotinoyl hydra&ide (INH)

High concentrations of isonlasid inhibit the 

growth of many Micro-organisms, the inhibition being 

relieved ooapetitively by vitamin Bg (Boone and Woodward, 

1953). Administration of isoniaaid to humans caused the 

excretion of excessive amounts of vitamin Bg in the urine 

(Biehl and Vilter, 1952} as well as a peripheral neuritis 

which was counteracted by vitamin Bg administration.

Again in comparatively high concentrations, 

isoniattid interferes with the functioning of many pyridoxal 

phosphate-dependent enaymes (Meister and Bowney 9 1956j 

Toneda» Eato and Okajiaa, 19j2; Yoneda and Asano, 19i?3) 

and prevents reactivation of certain apoenzy&es by 

pyridoxal-5 1 -phosphate (Fried and Lardy, 1932} Lichstein, 

1955).

Although it is certain that isoniasid can act as 

a vitamin B£ antimetabolite, its aode of action is uncertain. 

Studying the kinetics of -L'U inhibition of cysteine



sulphinic acid deoarooxylase, Daviaon (1956) showed that 

the reaction possesses a high energy of activation, of the 

aame order as that found for the chemical reaction of 

iaoniaaid with pyridoxal phosphate. He concluded that 

chemical interaction with hydraaone formation was the 

cause of the inhibition. Liohstein (1955), on the other 

hand, believed that isoniaaid competes with pyridoxal 

phosphate for the apoenzyme*

Whilst hydrasone formation with pyridoxal probably 

accounts for many of the anti-vitamin Bg actions of 

isoniaaid, it cannot explain all (Umbreit, 1955)t and 
certainly does not account for its specific activity 

against ayoobacteria*

fr-ipeoxypyridoxine

This inhibits the growth of some micro-organisms 

which are strictly dependent upon an exogenous supply of 

vitamin Bg (Safoharomyces carlsfterffensis 4228 and Heurospora

399) whilst it has no action on others equally

incapable of synthesising the vitamin (Lactobacillus easel 

and Strep, faecalis)• It might be incorrect t therefore, 

to asoume that vitamin Bg-synthesiaing organisms are iaicaune 

to its action merely because they are independent of an 

external vitamin supply. The growth inhibition is overcome 

by all free forms of vitamin 3&> and it iai^ht in fact be



significant that 4~deoxypyridoxin« affects only those 

organise that can utilise pyridoxine (Kabinowit* and

aaell, 1953).
4~Beoxypyridoxine oight inhibit the uptake of 

vitamin Bg by susceptible organisms. If itt inhibitory 

action is exerted subsequently, then the reactions 

accomplishing the utilisation of externally supplied vitamin 

must differ significantly from those concerned in the 

normal biosynthesis of pyridoxal~5'-phosphate.

While 4-deoxypyridoxine«-3 l -phosphate will not 

displace pyridoxal phosphate from holoenayines when the 

latter has been firmly attached, it may ooapete with the 

natural coenzyiae, as for example , for tyrosine apodecarb- 

oxylase (Umbreit and Waddell» 1949)* Phoaphorylation of 

the analogue and adsorption onto the apoensy&e only occur 

when the pyridoxal or pyridoxal phosphate concentrations 

are very low.

Again the mechanise of action of this antizaetab- 

olite is uncertain, perhaps changing with changed conditions 

of test*

Chemical synthesis of pyridoxine

Two aajor synthetic and one degradative procedure 

are now used for the chemical preparation of pyridoxine*

In the present context, interest in these chesaical
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prooedures stems from the possibility that they could 

suggest likely biological precursors. The degradative 

method t therefore» (Kuhn, Westphalf ™endt and -estphal, 

1939* Ichiba and Michi, 1939) which subjects a suitably 

substituted iaoquinoline derivative to controlled oxidation, 

is of little interest* as the starting material already 

contains the pyridine ring,

the first successful synthesis of pyridoxine 

from aliphatic precursors (Harris and Folkera, 1939i $orii 

and Makino 9 1939) vras based on an initial pyridone 

condensation of ethoxyacetylacetonc with cyanoacetamide. 

f he product , 3-cya^o-4--ethoxymethyl-6«2a«thyl-2-|>yrldone , 

was convertible by usual pyridine ring reactions to 

pyridoxine (Fig. 2a).

cohen, Eaworth and Hughes (1952) based their 

method on a hypothetical derivation of pyridoxine from 

unite of alanine» formaldehyde and a C4 compound (fig. 2b}« 

For convenience the actual condensation was carried out 

between an alanine derivative

propionate} and a C^ derivative already carrying the foray I 

group ( dimethyl-a-f or^yl succinate), the product is 

easily converted to pyridoxine, and the method has been 

much used for the introduction of substituents in the 

2-position.
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* faecalla H, which normally requires 

vitamin Bg for growth y grows in the abaence of added 

vitamin in an otherwise complete amlno acid medium when 

gL-alanine ia provided in sufficiently high concentration 

(Snail and Guirard, 1943, Snail, 1945). 3neU at first 

au&geated that glpalanine might be a precursor of vitamin 

Bg, perhaps being directly incorporated into the pyridine 

ring i but then found that when the organism was grown on 

a full raplaoement mixture including gL-alanine, only a 

very small amount of vitamin Bg waa ayntheaiaed (Holden, 

Funaan and Snell v 1949)* B-alanine alone was effective, 

the Ifisomer being without activity* and it now seemed 

probable that B-alauine was essential for the growth of 

the organism f its synthesis proceeding norssally via the 

Iplsomer by the action of a vitamin Bg-dependent raceiaose. 

According to this theory, in the presence of an otherwise 

complete vitamin Bg-replacement medium, the omission of 

g-alanine would stake provision of vitamin Bg eaaential for 

growth* Conversely, growth could occur in the presence of 

g-alanine even though the organism remains unable to 

synthesis® the vitamin. Confirmation came from the demon­ 

stration of the posaeaaioii by the organism of a ^yridoxal 

phosphate-requiring alanine raceisase (Wood and Gunsalus, 

1951) and from the asalgamcnt to l~alanine of an eesential
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function - in particular as a structural component of the 
cell wall (Saell, Had in and Ifcawa, 1955). Growth of Strea. 
faecalis K could be made dependent upon the provision of 
other single azslno acids. In the presence of the otherwise 
complete replacement mixture (now containing excess 
g-alanine), the organise when provided with a-oxo igooaproio 
aoid would grow only if either leuoine or pyridoxal were 
supplied. This was again not indicative of a vitaa4& Bg~ 
precursor function of leuoint* but was an expression of 
the pyridoxal phosphate requirement of the ketoleucine- 
leuoine apotransaminase (Olivard and Snell, 1933)*

A strain of brewer's yeast required both thiandne 
and vitamin Bg for optimal growth 9 and it was suggested 
that these vitamins might be interconvertible via a conunoa 
pyriaiidine precursor which is but poorly dyntheaiaeci by 
this organise (Moses and Joalyn, 1953). -,. Ihere 
undoubtedly exists a relationship between these vitamins 
in the metabolism of naay micro-organisms , but the situation 
is very complex. The pyrimidine portion of the thia&ine 
moleoule, i.e., « toxopyrlmidine f , can act as a vitamin Bg
anti&etabolite (Abderhalden t 1954 , Makino, ^inoahita,

Makino , 
Sasaki and ;>hioi, 1954 j /kinoehita» Araoaki and Shintani«
1954 , Makino and Koike, 1954 ), while t^iauuine itself 
causes an inhibition of growth of a strain of Saccharooayoes 
oarj.aberfen»ia 42 ?8 which is overcome noncompetitively by
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pyridoxine (Schultz et al., 1947 i Habinowita and Siicll, 

1951). There is evidence that vitamin 3fi may play an 

important role in thiaalne biosynthesis in Neurospora 

aitppfrila 299 (Stokes, Foster and Woodward, 19431 Stokes, 

larsen, Woodward and Foater, 1943)t though with other 

pyridoxine-lesa fleurosporm mutants Harris (1952} suggested 

that pyridoxine inhibited thiamine biosynthesis, while 

thiamine prevented degradation of vitamin B^*

These findings suggest that the observations of 

Moses and Joelyn could be interpreted without assuming the 

common origin of thiamine and pyridoxine. Vitamin B^ 

biosynthesis by their yeast was actually increased during 

thiamine deficiency, whilst pyridoxine deficiency oaused 

a decreased thlanine synthesis. Thus, whilst vitamin !§ 

could be concerned in thiaodne synthesis, thiamine odght 

exert a sparing effect on vitamin Sg formation.

So further theories as to the route of vitamin 

3 biosynthesis have been forthco&iag.
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Chapter 2 

The Biogenesis of the ffyridine

f he biosynthesis of vitamin B^ may be only & 

facet of the more comprehensive problem of pyridine ring 

biogenesis• A oommon precursor of pyridine derivatives 

my exist in nature, by analogy with the origin of the 

aromatic amino acids from shikimic acid,

It is possible that most if not all of the ring 

substituents of the vitamin 3^ molecule form part of the 

immediate precuraor(s) which undergo oyclisation. The ring 

closure reaction thus assumes particular importance, as 

the structure of plausible precursors could conceivably be 

extrapolated £ro& the nature of the side chains and the 

type of reactive groupings probably required for cydilation.

HISS CL03URB

This might be the result of (a) an intramolecular 

reaction, or (b) a hetero-sioleoular interaction.

Given suitable end groups, there is a tendeney 

for aliphatic compounds of certain chain len&thg to undergo 

intramolecular cyclisation. tni^ tendency is particularly 

marked when 5~ or 6-aembered cyclic coapounds would result, 

as these are particularly stable structures*

When the ring confound is a product of the fusion



cf two or more aolseules* at least two reactions swot

. Were the reactions to fall into a definite 

! tUe last would necessarily represent an intra­ 

molecular cyclisation of an intermediate* In many instances 

however* it is not possible to decide which reaction takes 

precedence, e.g*, in porphobilinogea biosynthe&if* from 

6-attino-laevulic acid (Fi£. 3b). Group (t>) provides for 

just such cases as these.

with the H-heterocyelic co^ouuua, one of the 

reactions Always concerns the introduction of the nitrogen 

atom.

Chegdcai synthesis

The C-H link can be produced by an addition 

reaction i out thi:; is comparatively rare, e.g, » the Bobner- 

vou Miller and the Skraup qu incline eyntheees.

The condensation of a ketoue, or potentially 

ketonic group with a primary amino group is, however , by 

far the siapleat and aost frequently used method of 

syntheais of the C-S bond.

Use is inade of such a condensation reaction in the Knorr 

pyrrole synthesis, the Hantzsch pyridine synthesis, and 

the ftriedlander quinoline synthesis « It also occura in
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both main methods of pyridoxlne synthesis (Harris and 

?oXfcers, 1939* Cohen, Haworth and Hugfrea, 1952). By an 

extension of the method, a 2C»il-C£ **•»* *• obtained by the

condenaative insinuation of KH* between two ketonic (or 

enollo) groups 9 e.g., in the Tschitsichibabln pyridlne 

synthesis.
Apparent condensation between two primary suaine 

groups, with the liberation of ammonia, can be utilised, 

though dea&inatlon might precede oyolisation with the 

formation of a ketonie intermediate* A simple example 

of suoh a reaction ie the oyolisation of glutamine to 

pyrrolidone carboaylic acid. Aa this occurs on heating in 

aqueous solution, prior deamlnatlon 10 very likely, 

Condensation of amine with Imine, oould be an alternative 

mechanism,

~.

The secondary amine which is a co-product with primary 

amine of the catalytic reduction of a nitrlle, is said to 

arise by such a reaction proceeding between the primary 

amine and the intermediate aldlmlne (Hodd, 1951).

Biochemical aecha<ais%8

formation of the C-N bond is a very common 

metabolic reaction, e.g. , amidatioa aa in glutamlne 

formation, formylation of an as&ino group as in for^ylglycinamide
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ribotide synthesis* Most commonly of all f it occurs in the 

synthesis of amino acids from their ketonic precursors and 

in peptide fonsntion$ incidentally, the formation of a 

cyclic polypeptide by carbonyl-amine condensation, mi^it 

thus be considered as an example of ft-heterocyolic bio­ 

synthesis* Most of these, and related react ions, e*&*» 

dihydro~orotio acid formation by ring closure of 

oarbaay 1-aepartate, are endergonic and proceed only at the 

expense of AT?.
It seems though that the €-B ring closing bonds 

formed in the biosynthesis of pyrrole and pyridine 

derivatives niight be the result of spontaneous condensa­ 

tions between ketonic and primary amino groupings* Thus 

in proline biosynthesis (see fig* 3a), glutamic aemialdehyde 

undergoes spontaneous ring closure to give the pyrroline 

oarboxylic acid. In confirmation of the spontaneity of 

the cyclisation f the product obtained by treatment of 

a~keto-&H-benaylojeyoarbonyl valeric acid with Hir, 

elemental analyses consistent with its being A'- 

2-oarooxylic acid, yielded prcline on hydrogenation, and 

yet possessed properties characteristic of an a-keto acid 

('leiater, 1954), suggest ing that the ooapound waa in fact 

a mixture of tautomeric forms including the enol form of 

the normal aliphatic compound, and the A'-cyclic form* 

The same compound was isolated iron* the culture filtrate
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of a proline auxotroph of S« ooli toy Vogel and Davls (1952), 

These authors too supposed the ring closure to be spontan­ 

eous though followed by an enaymically catalysed reduction. 

They stated that "it also seema possible that the 

biosynthesis of other heterocyclic coabounds may involve 

similar reactions between amino and aldehyde groups*1 .

The most thoroughly investigated reaction of 

this nature 9 is that responsible for the biosynthesis of 

porphobilino&en (PBG) from 6-aminolaevulic acid (ALA). 

The &~asiinolaewlic dehydraae (AMD) which brings about 

this synthesis t has been studied (Oibaon, 1953). The 

ensy&e catalyses an intermolecular cyclisation though it 

is not known whether only one or both of the reactions 

concerned in ring closure are in fact ensymically catalysed. 

Under suitable conditions ALA will condense with itself to 

form some PEG without ensymic Intervention, but at neutral 

or alicaline pH's and room temperature, dihydropyrasine* 

2 *3~dipropioaic acid is predominantly and spontaneously 

formed, 8ome evidence was obtained for the participation 

at neutral pH of an intermediate which is probably a linear 

dimer formed from two ALA molecules (Gibson, 1955) (see 

Fig* 3b). Only C-S bonds are formed in the predominant 

spontaneous reaction, and it is possible that only the new 

C~C bond in PBG is the result of ensyaic action.
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When all examples are closely examined, it seems 

that prior destination of one of the azalno groups precedes 

ring closur* so that this is again a spontaneous keto- 

amine condensation, e.g., pyrrolidine ring formation from 

ornithine (Lecte, 1955i Bewey, Byerrum and Sail, 1953). 

The enayme isolated from ffseudomonas ep. Tr. 7 

forming kynurenic aoid from kynurenine, was found to be a 

kynureaine transaminase f the formation of 2-aainob«naoyl- 

pyruvic aoid from kyaurenine beiru; followed by spontaneous 

ring closure (Fig* 4a}. A similar situation exists in the 

biosynthesis of pipeoolio aoid from lysine. Thus* pipe*- 

colic aoid is formed by the hydrogenatiou of the product 

formed by the action on jplysine, of either L-diaiaino 

aoid oxidase of turkey liver (Boulanger and Gateaux, 1932) t 

or the Jpa&ino aoid oxidase of Heurospora (Sohweet, Holden 

and Lowy, 1954). Meister (19^»4) proposed that in the 

biosynthesis of the aoid, oxidation or transaaination of 

lysine, giving rise to a-oxo £-amino-oaproic acid, might 

be the first step. Spontaneous eyeItsation to A'-dehydro- 

pipeaoliG aoid would be followed by optically specific 

enaymic reduction to £(~}pipecolic acid. ??hen a-oxo 

£N-benzyloxycarbonyl oaproio acid was treated with KBr, 

the product gave the elemental analyses for either a~oxo
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e-aminooaproio acid, or A'-piperidene-2-carboxylio aoid 

monohydrate, and otherwise reacted as a mixture of open 

chain and cyclic coaspounda. This oxo-analogue of lysine 

was identified with the product of action of Neurospora 

L-amino aoid oxidase on J-lysias (Sehweet et sJU, 1954) 

and waa stated to exist mainly in the eyelised form. The 

^C-labelled oxo aoid wan converted by Haurospora both to 

pipeoolic aoid and back to lysine (Schweet, Holden and 

Lowy, 19^4}. By 15S-labellin^ , Hothatein and Hiller (19^4 

obtained incontrovertible evidence of the initial lose of 

the o-amino group when rate converted lysine to urinary 

pipecolic aoid (fig. 4b).

the necessity for prior destination of one of 

the two aiaine groups hae led to a euepicion that amlne 

oxidases might play eosae role in alkaloid biosyntheaia , 

diamines and diaatine oxidaaee coining in for greatest study 

(Spath and Berger» 1930j Tabor » 1951J Blasohko, 1952 | 

Mann and Smithies, 19?!?). whether ring compound formation 

will follow aalne oxidase action upon aliphatic dlamines 9 

depends on the chain length of the substrate. Thus, the 

product of oxidation of l:10-diomijiodecane does not 

undergo ring closure (Mann and Smithies, 1955).

As a result of the keto-amine condensation 

reaction only one double bond is introduced into the ring.
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Reduction to the fully saturated derivatives can occur. 

Pipeoolic acid is formed from lysine in this way (see 

above, and Orobbelaar and Steward f 1953i Lowy, 1953)! 

similarly jXLysine is the precursor of ooniine~2~propyl~ 

piperidine (Leete, 195Sb).

Discussion of the piperidine derivatives merely 

as if they are reduced pyrldine compound® might b« very 

misleading, for the chemistry of these two groups differs 

widely! pyrldine is related to piperidine as bensene is 

to cyclohexane* fas chemistry of pyrldine is dominated 

by its aromatic character, that of piperidine is essentially 

that of a secondary asdne. Inoidentally , there is a 

striking similarity between the substitution reactions of 

pyrldine and ^-nitrobenzene, a resemblance which assumes 

Importance in the assessment of the mode of action of 

pyridoxal.

The possibility of pyrrolidine and piperidine 

ring formation by the cyclisation of aliphatic dia&ines 

(ornithine and lysine respectively}, need not, therefore,

suggest a similar precursor for pyridine ring formation,
^*

though both lysine and 4-hydroxylyaine have been considered 

as plausible precursors of the pyridine rinse of nicotine 

sad anabasine. But 2- ^C-lysine was not incorporated into 

the nicotine of tobacco plants growing in hydroponic 

culture (Leete, 1955c), whilst S-^C-lyalne and £-^C- 

hydroacylysine were only insignificantly converted to
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anabaaine (*ronoff» 1956). Aronoff (1956), however, inter­ 

preted his observation that photosynthesising excised 

leaves of JUeotiana glauca supplied with UC02 synthesised 

uniformly labelled anabasine, as showing that both the 

pyridine and piperidlne rings were of simultaneous origin*

PYHIDIKl HING FOHHAYIOS

to obtain the aromatic pyridine ring* the produot 

of spontaneous Jteto-aaine oondensation would have to be 

subjected to two further oxidation reactions unless the 

precursor was unsaturated or potentially un&aturated, e.g., 

capable of a keto-enol tautotterisa, as in Jtynurenic aoid 

synthesis* It is not itnown whether sueh oxidation of a 

tetrahydropyridine to a pyridine cwa be accomplished,

Virtually all knowledge concerning the biogenesis 

of the pyridine ring has come from the study of the route 

of formation of niootinio acid,

Kiootinio acid (pyridine-2-oarboxylic acid)

nutritional studies with mammals (Krehl, feply,
K

Sanaa and Klvaajea, 1943) exposed a relationship between 

^-tryptophan and nieotinic aoid* Results obtained with 

imaaelltin tissues together with observations made with 

niootinio aoid*S9itants of Heurospora P showed that in these 
organism* at least, nieotinic acid is a produot of
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3-hydroxyanthranUio aoid aetaboliem. This in turn ia 

derived from tryptophan via kynurenine and 3-hydro*y- 

fcynuranina (Bonner and YanofsJ^r, X9§X| SaferaXX and Harris, 

X954t MahXer, 1955, YanofsJcy, 1955). The operation of 

tha same pathway has baan notad in othar fungi 9 a.g* 

Triohophyton aouinum (Gaorg 9 1949), Fhyoomyoas feUkasXaaanus 

(Sohopfar and Boas, 1949) and in at Xaaat one bacterium, 

vi», t lanthoffionaa prun^. (Bavia t Handaraon and PowtlX, 1951). 

Howavar, alternative routes of niootinio aoid biosynthasia 

aaaet exist. The poaaibXa absanoe of a tryptophan-nicotinic 

aoid raXationahip in cartain plant tissues (Tarroina 9 

1948| Crane 9 1954) and in tha protosoon Tetratoaena (Kidder
& «A

and Paway,|X9493 has been remarked upon* Pontecorvo (1953) 

concluded that two pathways of nieotinio acid biosynthesis 

must oparate in fpaef^illua nidulans. Both proceed via 

3-hydroxyanthranilio aoid so that tha dupXioity is in tha 

origin of this compound. One biosynthatio route seams 

identical with tha tryptophan pathway described in fleuro- 

aoora* in tha other* anthraniXio aoid appears to be 

oonvartad to ita 3~hydroxy derivative either directly or 

via unknown intermediates.

Marnay (1951) concluded on tha basis of growth 

inhibition studies with indole-3-acrylic acid that tha 

path of niootinio acid biosynthesis in iaohariouia coli is 

tha same as that in jjaurosaora* the mathod and conclusions
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14- 
were oritioised by Yaaofsky, who, feeding overall C-

labelled Indole and tryptophan to suitable tryptophan 

auxotrophs of E. ooll and jLsubtllls, demonstrated that 

the nlootlnlo aoid then formed was unlabelled (Yanofsky, 

1954a & b). These results confirmed earlier observations 

wlth S. ooll (tllinger and Abdel-Kadar, 1949a & b) Voioanl 

and SneU, 1948)* A strain of K« coll (presumably wild- 

type), directly hydroxylated anthranllle aoid In the 

3-position by an en&ymatlc reaction requiring a £-aaiino- 

bensolc aoid derivative as oofactor, and proceeding at a 

rate compatible with Its being the major route of nlootinlo 

acid synthesis by the organism (MoCullough, 1957)* The 

occurrence of this reaction could explain the observations 

of both Pontecorvo and Yanofsky. Yet a few questions would 

remain, Xf the direct anthranillc to 3-hydroxyaathranilic 

acid * shunt* Is the only way of forming nleotlnlc acid In 

these organisms, mutants aight be obtainable requiring 

either anthranillc acid or tryptophan plus nlootlnlc acid. 

These have not been described. If there is an alternative 

route of synthesis available, this cannot proceed via 

Indole and tryptophan else some C would In all probability 

have been Incorporated Into the niootlnlc acid synthesiaed 

during Yanofsfcy's experiments.

The suggestion waa made that the first step In 

the transformation of 3~hydroxya&thranilic acid to nicotlnic



aoid might be the oxidative cleavage of the benaene ring 

between C-3 and 0-4, followed by spontaneous ring closure 

of the newly formed aldehyde group with the free aaino 

group {Henderson and Hirsch, 1949). Hvideace in support 

of this idea was obtained by the uae of tryptophan labelled 

with **H in the pyrrolidiae ring and with B in the Oenaene 

ring (Schayer and Henderson, 1952),

Only once has an enaynio synthesis of nicottoic 

acid frofi 3-hydroxyaiithraailic acid been described (MaJuno 

et al. t 19511 criticised by Euadley, 1954). 3*4~£ihydroxy~ 

anthranilic acid (fig. 5) was here reported to be as 

effective a substrate as the monohydro*y acid. Ho inter* 

aediary role for the dihydroxy compound oould later be 

shown with lanthomonaa orunl, growing rats and rat liver 

slices (Henderson et al. t 1951 )t or with a nieotinic acid 

auxotroph of ^euroajpora craeea (Hellmann and Wiss f 1952)*

Hicotinic acid is not the only product of 

metabolism of 3~hydroxyanthranilic acid* Quinolinic and 

pioolinic acids may also be formed* Thus mammalian tissue 

slices converted 3-hydroxyaathraaiiic acid to quinolinic 

acid (Sohweigert, 19491 Schweigert ,and I^arquette. 194*), 

via an intermediate with a characteristic absorption 

maximum at 360 BM (Bokman and Sohweigert^ 1951| liyake, 

Bokaan and Schweigert, 1954). Mehler (1956) showed that 

only the formation of this intermediate was en ay me catalysed,
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the subsequent production of qulnolinic acid being a 

spontaneous reaction (Fig. 3). the intermediate might be 

either the orthoquinone of 3 U-dihyoroayanthranilic acid 

or the open chain dioarboxylio acid amino aldehyde! ita 

ohamioal properties were consistent with ita being 1-araino- 

4-for^l-buta-l53-diene dioarooxyllc acid (Mss, Si^er and 

Peters, 1956), 4 competing enaymio reaction is capable of 

converting this same intermediate to picolinlc acid (Vehler, 

19>6»=fc=b). With UC-lab«&lled >hydroxyanthranlllc acid» 

it was confirmed that this is the carcoxy1 group cleaved by 

picolinic oarboxylase (it is of course retained in the 

synthesis of nieotinic acid). Most endogenously produced 

3-hydroxyanthraniliQ acid (in rats) aeei&8 to be oxidised 

and decarboxylated in this faahlon. Quinolinlc acid is not 

decarboxyl&ted, and ita formation in vivo is perhaps a 

reflection of the spontaneous cyclisation of the inter­ 

mediate in the presence of a non-^hyaiological excess of 

substrate.

Recently, soae evidence has been obtained for 

the possible utilisation of q-aminomethy1-trfffi- :Qie-»uoonic 

acid for nieotinic acid biosynthesis by ^anthoaonaa ^runi 

(Harris and Binas f 1957) (Fig. 5).

In the formation of nieotinic acid, it is possible 

that the placing of the amino group in a position suitable 

for subsequent condensation might be favoured or compelled
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durlag decarboxylation, so that ring formation and 

decarboxylation might appear as simultaneous reactions 

effectively catalysed by the one enayme. Bio such enzyme 

has as yet been isolated. Perhaps free nlcotlnio acid ia 

not first formed and aaidation and/or ribotidation actually 

precede ring closure.

Besides forming quinolinlc and yioolinlo acids 

(together with the latter1 a derivatives, i.e., its methyl 

be tain e hooarine found in marine organisms , and the 

3-hydroxypicolinic acid of etamycin), 3-hydroxyanthranilio 

acid .suet be considered as the precursor of products of the 

further utllieation of nieotinic acid in which the pyridine 
ring ia retained, these include the detoxication products 

excreted by higher animals, e.g., H'ftethylnicctiaamide, 

H'~methyl-6~pyrldone-3~earboxamide and nlootlnurlo acid, 

and the pyridlne ring in the nicotine alkaloids (Bawson et 

al., 1936)* But while a very rapid conversion of nicotinlc 
acid to the alkaloid trigonelZine was carried out by excised

1Apea stems, no label was incorporated from *<XLabelled 

3-hydrozyanthranilic acid (Aronoff ,

EIPICOUBIC ACI.P (pyridlne-2i4Hlicarb0agrllc acid)

Sooae case has been £uade out for the possible

formation of this pyridine derivative by direct cycliaation

of an aliphatic precursor, fhe study of its biosynthesis
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wae facilitated by tha fact that its calcium salt IB 

excreted in large amount by geminating sports of both 

and Cloatridium species (Poweli, 1953 i Bewail

and Strange,

Parry and Foster (1959) pointad out that, apart 

froia tha uneaturatad nature ol the product, a similar 

relationship could ba envisaged between 2 sS-dianinopiaelic 

aoid and dipicolinic acid as had been shown to exist 

between lysine and pipeoolic acid.

suspension® of endotropliically @porulating

3aoillus caraua var o^ycoidae were suppliad with totally 
14C-»labelled diaiai&opiaalio acid (U41M- of biological 

origin and containing sa^ep and ^1 isomers). A relatively 

saall consumption of tha exogenous DAi'll was obtained, and 

froa the de&ree of *C incorporation it was calculated 

that only about 4,* of tha dipicolinic acid synthesized 

could have arioan from tha axoganous DAPM. Tha authors 

vary properly pointed out that tha data do not discriminate 

between prior breakdown cf the supplied DAJSt with utilisa­ 

tion of all or part of the fragments, or direct ring 

closure without previous rupture* The *^C was preferentially 

incorporated into dipioolinio acid relative to somts doaen 

or 00 amino acids isolated (including iyeinft). fhia cannot 

bs used as an indication of specificity of conversion » for 

dipicolinic acid i» vary likely the major product of
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eyntheeisj during sporogeneaie.

Powell and Strange (1956) failed to show DAPM 

conversion to diploollnic acid even witli disintegrated 

spore preparations. Ho inoreaee In NH* production or Og 

uptake accompanied incubation of intact or disintegrated 

organiama and scores of B. oereua with synthetic DA/S,

the small conversion of exogenous DAP& to endo- 

genoualy synthesized dipicolinate obtained in Perry and 

Poster'8 experiments, need not invalidate their hypothesis 

of direct conversion. It has been shown that exogenous 

DAflt is not incorporated into the endogenous B&l^ of wild- 

type K. coll due preaumably to the eaciatence of p 

barriers (Eoberts ®t al. v I^^i). Ihe behaviour of 

auxotropha of g ?_ oo-li which show a relative requirement for 

lyeine in addition to their absolute requirement for DABS 

has thua been explained by concluding tfaA since "added 

DAPS doer- not get into the wild*-type cell fast enough to 

compete effectively witli endogenous DABI, it is not 

surprieing thfit added I-nVil does not get into the mutant 

cell fact enough to support rapid growth* (Davis, 1955). 

A similar situmtion might exiet in 3« oereus t though the 

negative results obtained with disintegrated preparations 

would suggest that impermeability to the substrate 

not oe the sole o-tuse of the small utilisation.
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eynthesig during sporogenesis.
Powell and Strange (1956) failed to show DAPS 

conversion to dipicolinic acid even with disintegrated 

spore preparations. No increase in NH^ production or Og 
uptake accompanied incubation of intact or disintegrated 
organism* and spores of B. oereus with synthetic DA 'i,.

the soall conversion of exogenous DAPM to ®ado- 

genously synthesisad dipicolinate obtained in Perry and 
Foster's experiments, need not invalidate their hypothesis 

of direct conversion. It has been shown that exogenous

is not incorporated into the endogenous DAi*** of wild- 

&* coli due presumably to the existence of permeability 
barrier® ( toberts @t al. 9 1955). the behaviour of r>4l?t£ 

auxotropha of g. cali wMoh show & relative requirement for 
lysine ia addition to their absolute requirement for lAPM 
has thua been explained by concluding th;..t since "added 
rAxtc does not get into the wild-type cell fast enough to 

compete effectively with endogenous BAB!, it is not 

surprising that added DABI does not get into the mutant 

cell fast enough to support ra^id growth** (Davis, 1955). 

A similar situ ition might exist in 1. oereus. though the 

negative results obtained with disintegrated preparations 

would pu&gest that impermeability to the substrate 

not de the sole o-tuoe of the small utilisation.
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1. Incorporation of the H atos Into N-heteroeyclic
compounds is achieved by spontaneous condensation of 

a free or potential ketonio group with a free amino 

groupt and any precursor of vitaaain B^ might carry 

these reactive groups*

2. The singly unsaturated ring compounds so formed, can 
be reduced enaymioally to the fully saturated homo- 

loguea but there is no known instance of their further 
oxidation.

3. Such evidence as is available concerning the possible 
oyolisation of DABI followed by its subsequent 
oxidation to diploolinio acid is inconclusive.

4. Ths only bio synthetic routes to pyridine ring formation 
known at present, have aa starting material, the 
already aromatic bsn&ene ring, e.g., niootinic, 
quinolinic and pieolinie aoids from J^hydroxyanthrataii 
acid.

Ring-opening by oxidation is followed by the 
expected keto-aadne condensative ring closure. Since the 
aliphatic intermediate ha@ retained its unsaturated 
character, no further oxidation of the product la necessary.





TH3 USI Of illCOOOBOAfllSitS.lll THE STTOY Of 

mA$I» 3I03YTOIBSZI'C

fhe B~group vitamina are as essential to simpler 
forme of life as to the more highly organised, and the 
employment of microorganism in a study of their biosynthesis 
has several advantages. It is assumed that the formation 
of any one vitamin is likely to proceed from the same 
ultimate precursor and through the same intermediates in 
very different organisaa* Happily, divorgcnoes from a 
common route of biosynthesis are rare, though they have 
been described; niootinic acid synthesis by certain moulds 
and bacteria, for example, proceeds by a rout® differing 
froa that oouuaon to other microorganisms and maamals 
(lanofsky, 1954).

The several experimental approaches which are 
available are summarised below* Most of these have been 
employed ia the present study, and a critical evaluation 
is left until their actual use is described (see 'Ta 
mental Section 9 and f Discussion 1 }.
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kllCROOHSAHXSMS

A. uai og

1, For the biosynthesis of large quantities of vita. du

t

Microorganism capable of sunthesising a 

particular vitaain sometimes produce it in excess of their 

needs. The free vitamin u*ay be liberated by subsequent 

autolysis, but ofteu the excess is directly excreted Into 

the oulture oediua (Thomson, 1942), The- overproduction 

of vitamin ia in mos$t instances not great, but the occas­ 

ional org&nia is fouad whicli by some quirk of its 

metaoolieu produeen astonishingly large a^ounta«

Once a chemically-defined medium has seen 

developed whicii will support growth of the selected 

0rganiaa t different substrates aad suspected precursors 

may b® provided , coaditions of incubation varied, plausible 

atetaboiic inhibitors tested in an attempt to influenoe the 

vitamiu production while laaintaiiiin^ uoraal rate and extent 

of growth.

Although to pejtfonu euoh experiments one is not 

dependent upon organisms «y»toe»i«ing large amounts of 

vitamin, their use has one i8u>ortant a3 vantage. Vitamins 

are noriaaUy eyathesised in such saall amounts as coapared 

with the aajor cell constituents (amino acids, purines and 

pyrimidines, etc.) that there is some reason to believe
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that the provision of a precursor alight not unduly enhance 

their snail but adequate production, the compound merely 

being used for other cell functions of greater quantita­ 

tive significance. fhen, however, the vitamin is produced 

in large amount, then ita biosynthesis oust represent a 

major metabolic pathway and is more likely to reflect the 

presence of supplied precursors.

2.

there are at least three methods available by

which isotopes may be employed in biosynthetic studies.

a* An unlabelled aain carbon source is used together with 

labelled suspected precursors, when specific incor­ 

poration of labelling ittto the isolated product may 

take place*

b. the decrease in the degree of labelling of the product 

is determined when unlabelled suspected precursors 

are added to a medium containing an indiscriminately 

labelled, mala carbon e euro a, i.e., the isotope 

dilution technique.

c. A specifically labelled main carbon source is used,

the position of the isotope in the product determined 

and an attempt made to correlate this pattern of 

incorporation with the utilisation of intermediates 

produced by recognised aetabolio routes.
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the Isolation of an aaaayable sample of 

chemically pure product even when rauioactively labelled 

is frequently difficult when the ooii^ound in question is 

normally forced in only small aiaouat, Here a&ain it is, 

therefore t desirable to use an organism capable of 

synthesis ing large quantities of the desired substance.

3, gse o| ant imst afe

(a) In the invest X^ut ion of rou ea bioeynthea a

A compound I 9 capable of interfering specific­ 

ally with step B — * C in the route of conversion of 

substrate A to vitamin V f «rh«n added in sufficient concen­ 

tration would inhibit th« growth of the organism (unlsss 

there is available an alternative route of synthesis

which do<i8 not proceed via B — * C).
X

A -* a 4* c *-* B — ~+ v

The inhibition might be overcome by the addition of V, 

or of other compounds subsequent to th« blocked reaction, 

i.e., C f D.

The most useful of antlmetaoolites (Woolley, 

1952) are compounds so closely related structurally to 

the nonaal substrates as to be able to compete with them 

for enaymic sites and yet be sufficiently different as to 

unable to undergo the required eaay&e-catalyaed



reactions. Theoretically the inhibition brought about by 

any concentration of antimetabolite car, consequently be 

overcome by the addition of a proportionately increased 

concentration of noraal substrate* Thus :/ should overcome 

the inhibitory action of X combatitively, whilfc V and all 

meabera of the reaction sequence subsequent to the locua 

of inhibition would act noncompetitively.

(b) To achieve ingreaaed vitamin synthesis

The accumulation of the suoatrate of a blocked 

reaction is frequently accompanied by its excretion into 

the culture medium, Where the antiaetabolite acts on an 

enzyme for which endogenous vitamin itself is substrate 

(responsible for its conversion into coenayme, or its 

degradation} t the vitaiaia might thus "pile up".

It ia evident fro& tlie concept of antimeta®olite 

action outlined above» that a sufficiently increased 

concentration of normal substrate (B) could compete with 

the inhibitor and so overcome its action. The organise 

now grows ia an otherwise inhibitory concentration of anti- 

metabolite, i.e., it has developed a drug resistance 

(although this la ay no jaeans the only mechanism uy w&ich 

a drug resistance may be developed)* There ia, of course, 

a limit to the increased synthe^i^ aod therefore to the 

degree of resistance attained, but there say exist a &any~ 

fold difference between the amounts of vitamin produced by



r •slat *nt and parent strain® »

A compensatory enhanced vitamin synthesis 

leading to drug resistance Is also possible when the drug 

aota not as an antiiaetabolite (in the sense described 

above), but by chemical combination with the vitamin or 

coenayme, resulting in its effective loss to the organise*

B. gSB OF WASHED, ...gttSJ?TO$Xgi^ Of ORQAiriS.AS

Inoubatioa of washed suspensions of organiasis in 

a cheadcaXIy defined medium designed to evoke maximum 

synthesis of the desired oompound has the advantage that a 

greater density of organism^ siay be used than is ever 

encountered during growth, with the result that a given 

amount of product is formed in a correspondingly shorter 

time. Usually little or no reproduction occurs and the 

overall conditions are jsuch better defined than at any 

time during growth*

It may be neceasary to use organises with a 

subnormal vitamin content if its subsequent synthesis is 

to be observed (Laacellee anu foods,

There is a limit to the utility of intact organ- 

set by their impermeability to certain substrates.

It is not to be expected , though it soaetiaes 

happens, that disorganised extracts will be able to carry
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out aynthaaea requiring the proper functioning of a number 

of interdependent react ions, the/ stay be uaed with prof it f 

however i in the confirmation of suspected reaction 

aequencea 9 the reaponaible enaymea being iaolated and 

purified - ao enabling the detaila of their mode of action 

and oof actor requirements to be better studied* It would 

be euapioious were it oomaiatently impossible to demonstrate 

the preaenoe in the organiam of an ensyme postulated to 

be a member of the euppoaed aynthetie pathway.

A. 0S£ Of

(1) With natural

Some naturally occurring microorganiama showing 

a growth requirement for a particular vitamin are alter­ 

natively able to utilise one or acre of it a precursors, 

and examples of natural symbiosis are aometimea encountered 

amongst organisms ao differing in their aoility to 

ayntheaiae one vitamin. If a number of auch organisms ia 

available t it ia occasionally poaaible to arrange their 

requirements in a sequence (usually of increasing complexity), 

from which emerges a poaelble route of vitamin bioayntheaia .

(2) With induced auxotropha

It ia preferable to obtain all reaulta where



possible with a single species 9 and mutant strains of 
early proved of great value, fhe number of

genetically dissimilar mutants requiring the saae factor 
indicated the minimum number of steps in its synthesis, 
and the frequent accumulation of substrates of blocked 
reactions facilitated the identification of intermediates.

Auxotrophs of 35 • coll are now readily isolated 
by the penicillin^penicillinase technique (2*ederberg and 
fttnder, 1948 f Bavis, 1948$ Adelberg and My era, 1953) and 
although genetic analysis of most strain® Is a?> yet 
impossible there are many instances of their great value 
in biosynthetio studies when they are subjected to nutrilite- 
replacement and cross-feeding analysis*

fhe relative concentrations of suspected 
precursor and product needed to support optimal growth of 
the mutant organism are of importance* If the precursor 
is utilised solely for the one biosynthesis, then (questions 
of permeability and degradation aside), it® required 
concentration should be of the same order of magnitude as 
the active concentration of the product, fhe comparison 
often helps in distinguishing precursors of vitamins and 
product & of their function.

3. £ O. WASHES SUSPENSIONS OJP..A03K)THOiiHS

When fully competent prototrophs are used in 
suspension to investigate the whole or part of a synthetic
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sequence , the effeot of adding a suspected precursor is 

often ooaplioated by major alternative utilisation t 

degradation i or dilution by endogenously formed precursor* 

fhese difficulties can often be circumvented by the 

Judicious uss of mutant strains,

Organisms deficient in various factors are 

readily obtained by growth of suitable mutants on media 

containing suboptimal concentrations of the factor, and 

the effect determined of these deficiencies on the synthesis 

under examination*

Selected portions of a synthetic sequence may be 

* isolated 1 and studied with suspensions of whole organisms 

by using a mutant blocked immediately before the precursor 

and immediately after the product of the reaction*

A *B —»C-

C. 3£ 0? CSJHPREE

Confirmation of an otherwise diagnosed metabolic 

lesion is obtained when it can be shown that the suspect 

ensymio activity, though detectable in cell-tree extracts 

of the parent organism, is absent from similar preparations 

of the mutant strain*
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Caution necessary in the interpretation of results obtained 

with mutant

Since artificially-produced mutant strains figure 

large in the work to be reported, it must be stressed at 

the outset that the behaviour of such organisms may be 

extremely complex and the results obtained by their use 

consequently very difficult to interpret*

fhe assumption is commonly made that, as a 

consequence of a single gene mutation* the complete failure 

of a single ensymic reaction always results, evidenced by 

the development of a nutritional requirement for a single 

compound addition of which to the culture medium restores
•

wild-type characteristics. In fact, so many and various 

are the possible effects of a single imitation that it is 

very probable that no mutant is ever completely restored 

to the parental biochemical state simply by supplying a 

growth requirement. There may exist a variety of differ­ 

ences between parent wild-type organism and a mutant formed 

therefrom as a result of a single irradiation of which the 

nutritional requirement say appear to be the most 

significant merely because it is the most obvious (Mitehell 9 

1953).
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The ueual precautions necessary In microbiological 

studies were observed throughout» especially with regard 

to the purity of the chemicals and the cleanliness of the 

glassware used. Hot chromic acid was the main cleaning 

agent employed, the glassware being thereafter thoroughly 

washed with resln~delonlsed water followed by glass 

distilled water. Cheaioale were of the beat quality 

available. Any special details concerning Individual 

chemicals are given In * Appendix 1*.

Detail* regarding the origins and chief character­ 

istics of these are given In * Appendix 3*. Stock cultures 

were subeultured monthly and stored at 2°. Ho subculture 

was employed for longer than one week.

Full details of the composition of all media 

used are given In '* Appendix 2 1 . they were usually stored 

and dispensed at twice the final concentration, being 

diluted to the desired volume with water and teat solutions. 

To most, a little carbon tetrachlorlde-toluene mixture 

(50£ of each 9 v/v) was added as preservative, storage 

being at 2°.
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Conditions of incubation

1. Houtine growth teats

(a) Static culture

i. Semi-aerobic i- 2 al* volumes in 5 x 0.625 in* 

hard glass tubes, or 5 ml. volumes in 6 x 0.75 in. standing

tubes.
ii. Aerobic t- same tubes held in wire baskets

sloped at 5° to the horizontal.

(b) Shaken culture

Fire ml. volumes of medium contained in optically- 

aatched 6 x 6 x 0.62> in. IL-ehaped tubes (Monod, Cohen-Bazire 

and Cohn, 1951) were clamped to a rocking device (similar 

to that of van Heynin^en and Gladstone, 1953) and shaken 

in a thermostatically-controlled water bath at 36 oscilla­ 

tions per minute t the excursion bein& 4 in.

2. Growth of larger quantities of 

(a)

four hundred ml. volumes incubated in static 

culture in 1 litre Ehrlenmeyer flasks.

(b) Aerobic
i. Shaken, (a) Fifty ml. culture incubated in 

large ^-shaped tube (horizontal limb diaensions 7 x 1.25 

in.). (b) Fire hundred ml. volume incubated in 1 litre 

Khrlenmeyer flasks shaken with a circular motion at 220
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rotationa per ain« of radius 0.75 in.
ii. Static. One hundred ml. volume incubated 

in shallow layer in a Houx bottle.

Inooula

Where at all unuaual f the procedure for the 

preparation of the inoculum is described in full. With 

the majority of organisms used, a suspension was made in 

sterile water of organism® taken from a 24 hr* culture 

on solid aediuffl. The density was determined photometric­ 

ally and serial dilutions ia sterile water made until the 

desired density was achieved. Small inocula were used 

routinely to minimise the danger of contamination by 

associated nutrients. In the case of all the IL. ...oojljl 

mutantB, the inoculum sifts was adjusted to give approxi­ 

mately $ x 10* orgaaiems per ml. of final medium.

Assessment of growth

the extent of growth was measured with an KEL 

photoelectric colorimeter (Evans Bleotroselcniua Co., 

Harlow, Bssex), using a neutral density filter» the 

uninoculated medium was used to give the zero setting. 

The cross arms of the 0.62$ in. 0.-tubes were constructed 

to fit the instrument; saaples of other cultures were 

assessed in the 0.25 in. tubes supplied. A calibration
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ourve relating the readings in the two types of tubes 

was constructed, and the growth achieved by the B T ooli 

mutants under all conditions of incubation expressed in 

terms of the SBL readings which would have been obtained 

in 1-tubes. The relation between f ZEL reading* and dry 

weight was determined for each organism used and waa 

found to be linear up to a reading of 35 to 40.

flashed suspensions

Organisms were harvested after optimal growth 

on defined media (unless otherwise stated) and washed 

twice with 0.1 | phosphate buffer containing 4 x 10~* | 

MgSO-.THgO before final suspension in the same buffer 

supplemented with test substrates. Incubation was with 

rocking for not more than 8 hr. in i-tubes of 0.75 in. 

diameter holding 10 ml, of suspension, at 37°*

When prior 'starvation 1 of the organisms was 

desirable, after harvesting and washing, a 5 tag. per ml. 

suspension in 50 ml. of 0.1 | phosphate and ICg4"* buffer 

was rocked in a large ir'tao* at 37° for 2 to 3 hr. before 

re-harvesting and washing.

Sterilisation by filtration

Seitz-filtration under reduced pressure was 

used for volumes above 5 ml* Smaller volumes were 

sterilised by filtration through Hemmins filters oeatrifuged
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at 1500 r.p.m. for 30 min. 

Ultrasonic disintegration

Washed organissm were suspended in 0.5 | phosphate 

buffer (pH 7 to 7.4) to a density of appro** 25 mg. per 

ml. Samples (10 ml*) were subjected to ultrasonic 

vibration in a 50 ml. stainless steel conical flask* The 

vibrations (25 kc./aec.) were generated by a sagneto~ 

stricter brazed to the base of the flask. The exterior 

of the flask was cooled with running water so that its 

contents remained at <20° throughout,

Preparation of boiled extract of or^anieaa

One g* dry wt. of freshly harvested and well- 

washed organisms were suspended in 6 s*l* of water and 

placed in a boiling water bath for 3 ain. After cooling, 

the residue was spun off at 24,000 g. for 10 tain, at 0°. 

The opalescent supernatant wan stored at -15°»

Ultra-violet aoaorptioa spectra

These were determined using 1 cm. silica cuvettes 

in the Unicaa Model SP 500 apeotrophotometer (Unicasi 

Instruments, Cambridge)*

js>H measurements

fhe PTE Universal pH Meter and 4illivoltmeter
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wae ueed (PTE * Co., Ltd., Cambridge),

fmberlite IH.50 ~ this weak cationic ( earboiylic ) 

reein was used in rough mesh H*~form prepared by prior 

treatment with g-HCl and washing with glass distilled 

water until the eluate was neutral, this resin is a 

particularly effective acceptor of divalent cations, and 

waa used to aolubiliae barium and oalciua salts of 

phosphate esters.

Dowex 50 ~ A strong cationio (eulphonic) resin 

used in H*~form. The resin was dispersed in water and 

lightly packed into a 10 x 0.75 o», column, After 

settling, 2 8-HaCl was passed through until free salt 

could be detected emerging. Washing was carried out with 

two column volumes of distilled water and 2 g-HCl passed 

through until the effluent was of pH 1 to 2. Washing was 

now continued with glass distilled water until the effluent 

tested with indicator paper waa neutral* the column was 

kept under water until required.

jl - A strong anionic (quaternary ammonium)

resin* this was obtained as its hydrochloride of 200-400 

mesh. Each batch was prepared as close to use as possible. 

A thick slurry was made in 10 ml. water, 20 to 30 ml. of 

2 g-SaOH added, and the mixture allowed to stand for 10
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to 15 Din. with occasional shaking. It was exhaustively 

washed with glass distilled water by alternate suspension 

and oentrifugation until the supernate was of neutral pH.

(1) Carbohydrate derivatives

Descending ohroaatography with a-butanol Jglacial 

acetic acid:water 4*1*5 mixture (organic phase), or with 

&-butanol containing 1$ N8*.

Spray reagents

(a) Aismonlaoal silver nitrate

After dryingt papers were sprayed with a 0.1 M 

solution of A^03 in 5 g-HH^OH and heated at 100° for 5 

to 30 min. Addition of 2 |-HaQH to the mixture was made 

when greatest sensitivity (to sugar alcohols, etc.) was 

required* Alternatively, papers were dipped in an 

acetone solution of AgHO^ (0.1 al. satd. Ag^O^ aqt. in 40 

•!• acetone), allowed to dry, and dipped ia a 0.5 H 

solution of NaOH in ethanol. Background colour was 

removed with 6 |-HH^OH and the paper wall washed in 

distilled water before final drying.

Brown-black spots are given with most reducing 

compounds and the reagent is amongst the most sensitive 

for these. Althoutfbi unspeolfio, it is valuable because
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almost every compound on the ehromatcgram either produces 

a stain or inhibits background colour*

(b) 3t4*dlnitrobea»oio acid

Used aa a 3# solution in ethanolic 2 {J~Sa2C03* 

fhis reagent reacts more quickly with ketoses than with 

aidoses to produce a blue colour indicative of reduction 

to 2~nitrcM~carboxylic^ph0ttylhydroxafflijae.

(o) Alkaline triphenyltetrazolium ohloriae (TtC)

Papers were sprayed with a freshly-made solution 

of 2^ WC (w/v) in g-JfaOH and exposed for 20 zain. to a 

water-saturated atmosphere at 40°, The remaining excess 

TTC was carefully washed out with water.

Red spot© are obtained by reduction to triphenyl 
formasan.

(d) Aniline Irthalate

Used in Zf (w/v) solution in moiat &~butanol* 
Brownish-red spots obtained with aldoses.

(2) Aaino acids

Two main solvent mixtures were used for 

descending development i- phenol iHik -.water - SO g. phenol 

plus 0,3 sal. of 0.88 NH^ dissolved in 20 ml. water} 
f£»butaaol tacetic aoidtwater - the organic phase from 

4*1:5 mixt. In two~dimensional chrofflatography the 
solvent was used first.

3pr&y reaugent - A 0.25> (w/v) solution of
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ninhydrin in |£»butanol. After spraying , th4 papers were 

heated 5 min, at 80 to 100° • and the purple spots preserved 

by dipping in a solution containing 2 ml. satd. Cu(AO^)2 

aq., 0.4 ml. 1C* (v/v) nitric acid, and acetone to 100 ml.

(3) Carboxyiic acids

The method of Pen is on and Pharee (1952) was used 

with the ether Jacetic acidxwater mixture (13*3:1). Before 

spraying with the alcoholic solution of bromocresol green* 

the papers were steamed for 10 min. and warm air blown over 

them from a hair dryer for another 10 min. (temp, kept* <40°) 

to remove swamping acetic acid.

(4) Plait ropheayl hydrsaonee

(a) of oxo-car boxyljc acidff - as c endin& develop­ 

ment using the solvent mixture of Dagley and fewster (1952.) 

nrbutanoliethanol:(HH4 )2C03 buffer (40illsl9).

(b) of neutral aldehydes and ketones - descending 

development using the two-phase solvent system of Heigh 

(1952) in which heptane wa$ the mobile, and methanol the 

stationary phase*

The yellow spots were easily located visually, 

but were further characterised by spraying with 2 N-HaOH 

when colours ranging from brown to blue were obtainable.
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Bioautography of vitamin B^

The method of winstein and Kigen (1948) was employed.
*

Mixtures containing the three free foraa of the vitamin were 

developed ia the dark (descending) with a-frutwaoVwater or 

a-toutaaol/ac«tio acid/water, and wall dried. Fetri di»he» 

containing $l«dius A solidified with 3> washed agar (aae 

•Appendix 2*) and thiokly seeded (to Bia 0.5) with a washed 

suepenaioa of Safo|iaroiRyoea carlab«r^enel3 4228c were 

prepared and dried at 37° for 3 hr. Stripe of the ehromato~ 

gram (0.2 in. width) taken from the line of flow of the 

sample were laid on the surface of the medium and the plate a 

incubated overnight at 30°.

The sensitivity of the method could be reduced by 

incorporation of 4-deoxypyridoxine into the basal medium 

(see « Chapter 31 *).

Assay of tro sine

This was carried aaaometrically by the method of 

Qunealus, Bellamy and Umbreit (1944), uain^ washed auspen- 

sions and acetone-dried preparations of Streptococcus 

faecal is H deficient ia vit

Ijethod of uerXora^a^ yiablft count g

Serial dilutions of the culture ia sterile water
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were prepared and drops of standard size delivered onto 

the surface of plates of nutrient saediua, the plates were 

incubated overnight at 30° to li*ait the siae of the colonies 

and so facilitate their subsequent counting. Pour drop® of 

each dilution giving between 5 and 35 colonies per drop 

were counted and the mean computed. Faoteur pipettes 

delivering a standard 0.03 al. drop were used, and steril­ 

ised by inversion in boiling water before and after use. 

The nutrient plates were dried at 37 to 45° before use t 

so that drops placed on their surface would be absorbed 

within 30 lain.

Production of mutant a of |0yher^.ch|.a coli fry ultra** violet 

Irradiation

The method used wae oased on the Aaelberg and 

Myers (1953) modification of the original -avis (1948) and 

Lederberg and binder (1946) penicillin selection technique.

At least three selection plates were prepared 

on each occasion. Selection oi the autants took 9 days, 

their characterisation another ^ or 6,

To produce 'log phase* organisms for irradiation, 

a suspension (£LL 7) was made in sterile water of I.

51fi taken iroa a 24 hr. elope culture on Medium C, . Medium
A

G^ (20 al.} ecntained in a 500 ml. conical flaak was 

inoculated with 0*4 al. of this suspension ana incubated
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( standing} at 37° for 14 hr. At the end of this time, the 

culture (now ESL 12) was removed from the incubator and 

5.5 ml. of a 1»500 dilution transferred to a sterile 

7x1 in* quartz tube. The quarts tube waa fitted into a 

shaking device run at a speed sufficient ©o to agitate the 

tube as to spread its contents around the walls in a thin, 

uniform film* the tube and it® contents was exposed to the 

standard beam of u.v* light - 14 in. froaa the source for 

3*5 lain, (conditions found to result in the killing of 

99*95£ of the organisms)* The poet-irradiated suspension 

was immediately placed in ice-water in the dark* Subsequent 

operations were carried out in dim light to minimise photo- 

reactivation* fhe final * selective* layer consisted of 

minimal a&ar fortified with that compound provision of 

which waa to be obligatory for the growth of the required 

mutant organisms* Thus, when vitamin 3^ auxotrophs were 

required 6 x 10"* pyridoxine was incorporated into this

layer* when glyoolaldehyde auxotrophs were desired, 

3 x 10" 3 | was used*

Potential auxotropas were isolated and screen* 1 

on plates of defined media followed by test® in liquid media. 

When large numbers of isolates were to be tested , inocula 

were prepared in drops of sterile water arranged on the 

surface of sterile paraffin wax plates* Each plate 

accommodated 30 to 40 drops*

In the preparation of the tubes of minimal agar



used throughout the above procedure» waahed agar was used 

(•Appendix 2 f ) - best sterilised by separate autoclaving 

in 0.01 M phosphate buffer pa 7. The glucose was autoclaved 

separately in solution in glass distilled water and 

aseptioally added after the separate sterilisation of the 

regaining components of the medium*

ghemical estimations

(a) glycolaldehyde - the colorimetric method of 

Disohe and Borenfreund (1947) was used. Trichloracetic 

and glacial acetic acids (AH grade) were employed and the 

diphanylamina recrystallised twice from 1O£ (v/v) ethanol 

before immediate use. The colour developed was accurately 

measured by reading optical densities at 660 and $80 mn.

According to the original author@ 9 this method 

allows of the determination of glycolaldahyda in the 

presence of a fifty-fold excess of trioses and other 

aldehydes and sugars. In the present work, no aldehyde or 

other chemically related compound tested at concentrations 

within this range was found to interfere appreciably with 

the assay of glycolaldehyde.

A standard curve relating Dgfo^58o *° 

aldehyde concentration over the range 2 x 10** to 

was constructed in each assay. Excellent straight line 

response was always obtained (Fig, 21b).
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^oaphata - Tha method of fiafea and SubbaBow 

(1925) was ua«d.

Microbiological assay of vitaoin 3^

Tha atudiaa leading to tha eventual adoption of 

this method are reported in 'Chapter Al f . Tha final 

details are fciven here.

Organise* - this was a sub-strain of

4228 designated 4220o* It raapondad

approximately equally wall to tha three free forma of tha 

vitamin produced by previous hydrolytio extraction.

Extraction - f ha material containing usually 

1 to 10 04* moles vitamin Bg waa dilutad to 40 ml. in a 

7 x 1.2$ in. hard glass tube, acidified with 5 si. of 0.5 

and autoolaved 3 hr. at 20 Ib. par sq.in. Alter­ 

natively, 10 ml. seuaplee plus l.2§ ml. 0.5 i~H2S04 could 

ba autoolaved in 6 * 0.75 in. tuba a with no loaa of 

accuracy.

After extraction, a eanple waa brought to pE 5 

with a oaaaurad volune of W-^aOH (bromocraaol graan as 

external indicator). If naoaeaary tiiia extract was 

clarified by cent rifugat ion.

Whan uaiag heavily buffarad samples (a.g. f of 

growth «*41a)» it waa necoaeary to add somewhat more acid 

to bring tha pH down to the required range of 1.6 to 2.0. 

With most of tha growth madia used, 40 al, auplas raquirad



the addition of approx. 8 ml. of 0.5 g-HgSO^.

Basal medium - Medium A (• Appendix 2') was modi­ 

fied from that of Atkin, Schulta, Williams and Frey (1943) 

in that it contained nicotinic acid (2.5 m&./litre) and a 

reduced concentration of acid-hydrolyped casein (the 

equivalent of 2 §. casein/litre)*

Assay procedure * The samples or appropriate 

dilution8 9 at four different concentrations within the 

assay range, were added in 0.1 to 0.8 ml. quantities to 

6 x 0*75 in* tubes containing 1 ml. double strength 

Medium A. Standards containing 3, 10, 20, 3-S 40 and 50 

It^moles pyridoxine were included in each complete assay, 

After dilution to 1.9 al« and autoclaving, the tubes were 

inoculated with 0.1 ml. of a suspension containing about 

4 t*g. dry wt./ml. of the yeast. This was prepared by 

suspending organisms harvested from a 24 hr. culture on 

Medium S~ in 0.2i saline, centrlfuging and resuspending 

to the required density. Incubation was for 24 hr. at 37° 

with the tubes sloped at 5° to the horizontal. Growth was 

assessed immediately the cultures were taken from the 

incubator.

The useful range of the assay was > to 40 i^moles 

pyridoxine corresponding to growth of from 0.2 to 1.3 mg. 

dry weight of yeast per ml. All tubes were @et up in 

duplicate. When pyridoxine was added to samples of the type 

assayed the recovery was 10Q£ with an overall accuracy of
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fHB ASSAY Of -mAHIS 3$ 

WITH oaooharoay cee carlafrerff eneia 4226

All vitamin 3^ assay methods using this organism 

are baaed on the original findings of Atkin, Schult*, 

Williams and Frey (1943)* These authors described a thiamine- 

containing, chemically defined medium (pH 5) on which their 

strain of S • car Is bar gens Is 4228 would grow only slowly in 

the absence of added vitamin Bg, then incubated in shaken 

culture at 30° for 18 hr. , excellent growth proportional to
«*8 vitamin Bg concentrations below 2 x 10 w M was obtained.

Growth of the organism was still proceeding rapidly at the 

end of incubation* i.e., the rate of growth and not its 

final extent , was dependent upon the vitamin concentration. 

The vitamin Bg requirement of the organism was examined 

(Rablnowits and Sneli, 1951) and found to be induced by 

the presence of thiastine. Hot all strains of §« car la be r$- 

ensis 4228 are as vitamin Independent as that used by 

Atfcin et al. (1941)| growth of the Frohberg strain was 

only slightly stimulated by pyridoxine (Hopkins and 

feanington, 1947).

Although S . cayls ber^ena is 4228 responds
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approximately equally well to eaoh of the free forms of 

vitamin BS , it cannot utilise the phosphorylated forms. 

Henoe the need for hydrolytic extraction of natural materials 

Utfcta et al., 1943)* Occasionally» pyridoxamine shows 

less activity than the other two forms, e.g., 70 to 9<¥ of 

pyridoxine (Eabinowit* and Snell, 1948). this was confirmed 

by Jones and Morris (19 CX>), who found, however, that if the 

medium waa supplemented with bL-tryptophan (0.1 mg./ml.), 

pyridcxamine became equivalent in activity to pyridoxine 

and pyridoxal,
Hopkins and Pennington (1947) found that addition 

of nicotinie acid accelerated the growth of the organism in 

the presence of pyridoxine. They also reported that 

addition of a rather high concentration of (HH^JgHPO^ 

decreased the growth without vitamin 3^ while slightly 

increasing readings at high pyridoxine levels. Adequate, 

uniform and continuous agitation was found to be essential 

to the success of the assay* This view is seemingly shared 

by most users of the method, though Snail pointed out that 

the assay could be carried out without shaking with only a 

•light decrease in the uniformity of the results. To 

maintain good aerobic conditions he suggested the sloping 

of the standing culture tubes (Snail, 19^0).

The organism has always been grown at 30°, ana 

the need to maintain rigid uniformity of temperature of 

an assay tubes at the ti&e of incubation and thereafter
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has often been emphasised . Various devices have been 

employed to ensure that growth does not continue whilst 

its extent is being measured, e.g., steaming, refrigerating, 

adding chlorothymol or thoral.
Since the basal medium is of a slightly acid 

there is lees danger of light destruction of vitamin 

though precautions are still recommended.

Organism

Three cultures, all reputed to have been derived 

from the same original strain were obtained from Dr, 

Rainbow (a)| Distillers Company, Ltd. (b)| and the Brewing 

Industry He search foundation (c). When tested on arrival, 

all three were found to possess different nutritional 

properties. Variant (o) was selected for use, as it was 

found (Hughes, 1954) to be absolutely dependent on vitamin 

Bg for rapid growth under all conditions tested.

Poas.lble use in stationary culture

As a first step towards simplifying the assay 

procedure, the effect was examined of reduction of the 

culture volume and of incubation in stationary, sloped 

tubes | 2 ml. amounts of the basal medium described by
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FIG. 6

Increasing time of incubation

2x10
-9

HOhr. 
84 hr.

6Ohr.

48 hr.

36 hr. 

24 hr.

IO
-8

PYRIDOXINE (M)

1.9 nil. volumes of basal medium of Atkin et al. (1943), 

supplemented with pyridoxine as shown, were inoculated 

with 0.1 ml. of a 1:100 EEL 10 suspension of 

Saccharomyces carlsbergensis 4228c and incubated in 

sloped tubes at



Atkin et al. (1943) and incubation for the rather arbitrary 

time of 40 hr. at 30° were first used.

0nder these conditions excellent agreement bet­ 

ween triplicate tubes could be obtained (Table 4-»l). This 

was despite the fact that the organise settled out 

oo&pletely during growth.

Time of incubation

Photometric determination of the extent of growth 

was so rapid that no measures were necessary to prevent 

continued growth other than immediate reading on withdrawal 

from the incubator.

The effect of increasing times of incubation on 

the growth response of S •.... carlaoeraenais 4228c in static 

culture, to concentrations of pyridoxine less than 10~® & 

was determined (Fig. 6). fh« extent of growth obtained at 

any one concentration of vitamin increased with increasing 

titae of incubation, fairly good growth of the organism in 

the absence of added vitamin Bg was obtained by incubation 

for 100 hr. or longer.

To obtain reproducible standard dose-re?;onae 

curves strict adherence to a selected time of incubation 

was essential* Even so, certain unavoidable fluctuations 

in the response curve were produced which made imperative 

the construction of a new standard curve in the couree of

each assay.



PIS.

Effect of increasing aeration

PYRIDOXINE CONC. (M)

r.—-o = 20;v increased surface• -= vertical tubes,

— » = normal slope (5 ). x—x = conical flasks.

Key:

1«9 ml. volumes of basal medium of Atliin et al. (1942 \ supplemented witli i-yridoxine as rliov^i, \vere inoculate:; vith C.I re 1 , of a 1:100 T:L T 10 suspension of S. carls berg- ens is 4228c (once washed in 0.2^ sterile salineT, and incubated at 30C for 40 hr. in variously sloped tubes or conical flasks.
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De|cree of aeration

Good aeration is essential for the rapid growth 
of the organism Utkin et al,, 19431 Snell, 1950} and 
moat rapid growth was indeed achieved by constant agitation 
of the oulture (compare Tables A-l and A-2).

If the increased rate of growth under these 
conditions was a function only of the increased aeration 
and was not due to the dispersal of the organisms, then it 
was to £>e expected that relatively small changes in the 
degree of aeration might oe reflected in the growth response 
curve. When the a@aay was carried out in sloped tubes, 
such changes would result from alteration in the degree of 
sloping of the tubes (fig. 7).

An Identical decree of sloping on each occasion 
of assay was ensured by employing standard wire baskets 
sloped at !?° to the horiaontal.

Temerature

S . carls bergeoa is 4228c was found to grow aauch 
more rapidly at 37° than at 30°, and incubation for 24 hr. 
at the higher temperature gave a steeper and more linear 
response over the range of >yridoxine concentrations used 

. 8a).

Further work was carried out at 37° though
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relatively snail change B in incubation time now had a 

marked effect on the ahape of the standard curve (fig*

Maintenance of a uniform incubation temperature 

was particularly important when the assay was carried out 

at 37° for temperatures only slightly higher than thia 

were markedly inhibitory to the growth of the organism 

(ttulder, 1958). the results here reported were obtained 

using an incubator whose temperature fluctuated between 

36.4 and 37°.

Preparation of inoculum

From the outset, to diminish the transference of 

vitamin Bg from the complex medium on which the inoculum 

was grown, a smaller inoculum size waa used than had ever 

previously been recommended*

The organisms were taken from 24 hr* 30° alope 

cultures on Medium S^. Cuch organisms behaved no differ­ 

ently during subsequent incubation in asaay medium A, from 

those harveated after 24 hr. growth at 37° on Medium A 

supplemented with 1<T* | pyridoxine, i.e., inoculum dev­ 

elopment,

¥o reduce contamination atill further, the 

harveated organisms were w siheu by centrifugation from 

0.2,o sterile saline (isotoaic - Ingram, 19^), before 

suspension in fresh saline to a final concentration of
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about 4 ng. dry wt./ml. This concentration was chosen aa 

it represented a dilution of 1*100 of that giving a reading 

of 10 on a standardised ERL photoelectric colorimeter.

This suspension (0.1 ml.) was used to inoculate 

1.9 ml. of medium plus supplements, v'ith this reduced 

inoculum ai«e» no growth was obtained in the absence of 

added vitamin Bg under the conditions of incubation used.

Variation in inoculum sise caused a variation in 

the growth level attained in the standard incubation period 

upon a particular concentration of pyridoxine - yet another 

consequence of its being a rate assay. The inoculum size 

was another factory therefore, which was kept strictly 

standardised to ensure reproducible results.

Modifications o^ the basal medium

The better growth of strain 4228c in a medium 

containing less casein hjrdrolysate than recommended by 

Atkin et al. (1943) (Hughes, 1934} was confirmed, and 

thereafter an amount equivalent to 2 g. casein per litre 

of medium wan used,

The addition of (NH^JgHPO^ in the concentration 

(4 mg./ml.) recommended by Hopkins and Penningtori (1947) 

upset the buffering of the medium, the pfi rising from 5 to 

6.7 with consequent oaramelisation on autoolaving.

Niootinic acid slightly stimulated the growth of 

the organism (Fig. 9) sud was incorporated into the basal



FIG. 9

Effect o^ nicotjxic acia and thia-iine on the response 
of o. c-rlsb ergen si s 4228c to pyridoxine

5Or

5x10
,-9

Key: 9—* = 
o—o =
X——B.MB V -^ 

^L "^

IO"8 1.5x10

PYRIDOXINE CONC.

minus ._______
7.5 x 10 7 % thiamine (usual Medium A)
5.0 x '"v~5

2xlOr8

M thiamine 
minus nicotinic acid

1.9 ml. volumes o-: Medium A minus thia^iiie and nicotinic acid were supplemented with these vitamins and pyridoxine as shown, and inoculated with 0.1 ml. of a washed suspension (4 ng.dry wt./nil. ) of S. carlsbergensis 4228c. Incubation was at 37 for 24 hr. in sloped tubes.
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medium in relatively high concentration (2 x 10~5 |). 

Effect of thiamine

fcabinowitz and Snell (1948) reported that growth 

of their strain of S, oarlsber^enaii 4228 was not dependent 

upon added vitamin Bg in the absence of added thiamine. In 

very small concentrations, thiamine caused a growth inhibi­ 

tion which was overcome non-coapetitively but in a strictly 

quantitative fashion, by pyridoxine* ^hen the inoculum was 

grown in a thiazaine~rioh medium* sufficient was carried 

over endogenously to necessitate the provision of vitamin 

Bg if growth were to be obtained even in a thiamine~free 

medium. Use of the organism for the assay of vitamin 3^ 

was therefore only possible in the concurrent presence of 

thiasiine*

Strain 422Sc showed an entirely different 

thiamine-vitamin 3^ relationship*

In the absence of both vitamins, or of vitamin 

Ig only, no growth of the yeast was obtained in 24 hr. 

incubation at 37° (Fig* 9). Xa the absence of added 

thiamine, ten timeo the concentration of pyridoxine was 

required to support maximal growth than when the normal 

basal medium recommended by Atkin et al* (1943) wa& used 

(containing 7.5 x KT* M thiamine). Increasing the 

concentration mich above this value had little stimulatory
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"7T ̂
.2 lor 10

Response oi 422oc to various forms

of vitamin

-7 
IO Phosphate

O 2.5 xlO 9 2.5 x Id"8

VITAMIN B6 CONC.
Free Form*

Key: €>—« = pyridoxine 
s—o = pyridoxal 
o—o = pyridexamine 
x—x = pyridoxal-5 1 -

1.9 ml. volumes of Medium A supplemented after autoclaving 
with Seitz-filtered solutions of the compounds shown, were 
inoculated witk 0.1 iJ.. of a washed suspension (4 pg. dry 
wt /ml.) of S. carlsbergensis 4228c and incubated in 
sloped tubes at 37° i'or nr



effect (fig. 9), so that the presence of even considerable 

concentrations of tiil&mine in natural extracts will not 

invalidate the assay. ii^ilar result « were obtained when

the yeast wa© incubated at 30° as in the experiments of
^

Eabinowita and Sue 11 (194B),

to various forme of vitamin

fyridoxal was just an effective as pyridoxlne in 

promoting the growth of strain 4228c on Medium A. Pyrid- 

oxamine appeared to INI somewhat leoe active but it i® 

uncertain to what extent this wae merely due to decomposition 

of the available ©ample of pyridoxaidne (Fig. 10 and fable 

Al-3). the addition of g^-tryptophan at a final concentra­ 

tion of C.I mg. per ml. had no effect on the response of 

the organism to pyridoxamiae itself or to an extract of 

natural material C|fanoo|j. 318} known from bioautography 

to contain ;jyridoxa%ine.

*hen cufficiest material was available» 45 ml. 

of extractant wms used, af* recommended by Hughe* (1954). 

Whan neceaeary, 12 &1. volumes were similarly extracted 

with apparently no lo»e of accuracy. After autoclavin*;, 

the extract wae brought to pK 5 with a measured volume of 
N~HaOH t centrifuged to olarify and ueually assayed
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imaediately. If kept at 2° for any length of time before 

assay, the extracts were exposed as little as possible to 

light.

Hydrolysis of samples of pyridoxal phosphate and 

pyridoxaaine phosphate was complete after 2 hr. autoclaving 

in 45 fill, volumes of 0.055 JI-H^SO^ at 20 lb.sq.in. (Fig, 

11)* With all samples of bacteria and growth media used, 

aaxi&al extraction was always achieved by 2 to 3 hr. 

autoolavingt and 3 hr. at 20 lb.sq.in. was used routinely.

Assay of bacterial extracts

To discover whether any constituent of prepared 

extracts of various bacterial cultures would interfere 

with the assay of vitamin Bg by stimulating or inhibiting 

growth of strain 4228c, experiments wero performed to aee 

whether the doae-response curves relating concentration of 

extract and resultant growth of the yeaat were superimposable 

upon the standard curve obtained with pure solutions of 

pyridoxine. Similarly» the response curves obtained when 

a known concentration of pyridoxine was added to various 

concentrations of extract f arid conversely when a small 

amount of extract war added to each of the standard tubes 

containing known concentrations of pyridoxine * were 

determined! and percentage recovery of the added rmterial 

(in terms of pyridoxine content), oalculatecU Optimally,
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Assay of vitamin r in extracts of A. *™t.«u a morganii 231 
2—————————— •?. E. coli B166

IUac

ui
Ul

so

40

3O

X 20

Oft 
o

10

O-2

PYRIDOXINE 

IO8 I-5XIO 2xl68

O-4 O-6 

EXTRACT (ml.)

IO

O-2

-8 -8 -8
IO I SxlO 2xlO

O-4 O-6 

EX TRACT (ml.)

Key: «—© = 
x—x =
&— A = 
o—o =

standard curve
extract

—Q 
extract plus 4 x 10 ^ M pyridoxine

^jrid^xine plus aliquot of extract

Usual assay procedure followed with S. carlsber^- 

, : sis 4228c, i.e., with Medium A and incubation

for 24 hr. at 37 .
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such oontrol experiments should be carried out with each 

extract to toe assayed.

fig. 12 shows the results obtained with extracts 

of (a) a culture of Proteus aor^anii 231, and (b) a culture 

°f £• coli B166. On no occasion when such a recovery 

experiment was performed were erroneous results obtained. 

The extract assay curves were always approximately auper- 

imposaole upon the standard curve.

Accuracy

The assay procedure developed as a result of all 

these observations is described in 'General Techniques*.

The recovery of pyridoxine added to extracts
i 

was 100;*, with an overall accuracy of -10/i.

When the results obtained by this method, but in 

another laboratory* were subjected to statistical analysis, 

the o.L. was found to be 8.2/« (Bowell, 1938).

Conclusions

1* the strain of Sac char otuvces carlBberfcensis 4228 used, 

differed from that of RaGinowita and Snell (1946) in 

requiring thia&ine for rapid growth in the presence 

of low concentrations of vitamin B^ 9 i.e., thiamine 

seemed to have a sparing effect on vitamin 3^ require­ 

ment | it was therefore added in excess to the basal

medium.
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2. A very reproducible growth response to vitamin B6
«.Qconcentrations in the convenient ran&e of 2 x 10 ^

«»fl to 2 x 10 A was obtainable in static culture.

3» y. carlaoerieeaais 4228o grew faster at 37 than at 30°.

4* The method finally used was a 'rate aeeay*, and great 

care waa exercised in maintaining standard time of 

incubation 9 temperature, degree of aeration and 

inoculum siste.

5. As a corollary to (4} 9 within limits, the sensitivity 

of the assay could be adjusted by varying the time of 

incubation.

6. 'Bound* vitaoin Bg was best released (from bacteria) by 

autoelaving in 45 ol. 0.055 l-ftg^ ** 2° lb.aq.in. 

for 3 hr.

7. 3o evidence was obtained of interference by any tested 

extract with the response of the assay organise to 

vitamin B£ .
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3ECYIOH & 

SYNTHESIS Off VITAMIN B6 BY^COmPETBliT________

ghapter 1

>'carch for microorfapisnis ^cagable of synthesisjung 

large amounts of vitamin

Routine examination of identified organisms

There have been made surprisingly few quantitative 

determinations of vitamin B£ biosynthesis by microorganisms 

and many of these employed methods whose validity would be 

questioned now that the existence of store than one form of 

the vitamin has been established, All published figures 

for vitamin 3^ synthesis by moulds, yeants and bacteria, 

are disappointingly small (e.g., fable Bl-l).

In conjunction with other studies, the amouat of 

vitamin Bg synthesized by certain bacteria was estimated. 

To a large extent, choice of bacteria to be examined was 

made at random. Two criteria were used, via*, capability 

of growth, (a) in the absence of added vitamin B^, and (b) 

on a chemicalizedef ined medium. The media used were made 

as simple as was combat!Die with good growth, on the 

assuaption that the presence of unnecessary supplements 

euch as amino acids aii^ht possibly spare vitasain synthesis.
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Amu&t of B& cyntheslsed _b,y various

Aerooacter aero&enes 
(aerobic)

Awrofoacter

aarcescens

i'roteus vul&arlei

(as
B6 synthesis ed 

dr wt, oella

40

106

65

33
40

36

2f«i*iia

118

<3C

13>

41C

56

l^C

1**
106*146

200

U3

96

136

were &ro^a OA a &luco£e-c^neiii--tt&lt& 
lneu)»ated for 24 br. at 33°.

._.„,. _Q vme erfcractsd by taka4i&Bta0e and ,__,_. 
treatment at ^H 4.7 (^4 hr. &t 37° ) t then assayed 
8ttcroGiolot,ieally with ^f*"1————— ~———..^-~ ^
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Speoial attention was given to certain soil 

bacteria of the genera A^robacteriuia. Krwinia, Agotobacter, 

gaeudoaonaa« as these had been implicated in the synthesis 

of vitamin B^ in the rhissosphere (Shavlovskii, 1954). 

Also examined were the aerobic spore-forming Bacilli noted 

for their ability to syntheeise dipicolinic acid, the 

other bacteria listed were examined as they became avail­ 

able (Table 31-2),

fhe organise were grown oa simple chemically- 

defined media under approximately optimal conditions of 

temperature, pH 9 aeration, until maximal growth was 

obtained. The extent of growth was measured» the organisms 

harvested and washed, arid a sample, together with a 

quantity of the residual culture medium, extracted with 

acid and assayed for vitamin 3^. Although it was not 

necessary that organisms ana residual medium be assayed 

separately, it waa of some interest to do so, since 

Thompson (1942) had postulated that the vitaain 3.. contentso

of all organiaffis are very nearly identical. Thus, any 

gross variation in vitaaiin B^ synthenie should b© manifested 

by an increased excretion of the vitaain into the growth

•edium.
Table Bl-2 lists the results obtained with souie 

of the organises examined. To facilitate comparison, the 

amount of vitamin is expressed in terms of stoles of
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pyridoxine per g» dry wt. of organism.

The amount o£ vitamin 3^ synthesized by all these 

bacteria was uuiforasly small. Very few bettered the 

synthesis! obtained during growth of wild-type 5. col^ on 

Medium fr^. Of these, Proteus moraanli was outstanding, 

but even this gave oaly a 4- to 3-fold better synthesis

ratio of vitamin B present in the

organism and in its culture medium varied with the organism
*•

and with the age of the culture, though there seemed to be 

& tendency towards excretion as growth entered ir>on its 

stationary phase.

Comparatively low values have been obtained for 

vitamin Bg synthesis by all yeast strains tested in this 

laboratory (Hughes, 19^4| aulder, 1958). A variety of 

fungi both identified and unidentified have also only 

synthesised the vita&in in disappointingly low yield when 

grown on cheaiically -defined aedia (^uider,

Isolation from soil of orgaais ::.s synthesiaing vitamin

A crose-feedin^ technique was developed to 

facilitate the screening of microorganisms with respect 

to their vitamin B, synthetic abilities, and the possible 

isolation of an organism capable of syntheeising the 

vitamin in large amount. Three basal miniaal media and 

two vitamin Bg-r«quiring organise (which would respond



f ABl*X Bl-3

for plat*

4228c A (pi 5.Q)

7.4)
ooli wp

ori (It plod
ajad Kiixture V)

% {pH 7.0} 

or,
pluft mixture r)
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to the vita&ln in any of its free forma) were selected 

for this purpose (Table Bl-3).

Double strength basal aedia (10 ml. amounts) 

were diluted with equal volumes of water, 2.j w/v washed 

agar added, and sterilised by autoclaving at 10 lo.sq.in./ 

7 tain. If basal media of pH 7 contained glucose, this waa 

autoclaved separately in aqueous solution and added 

aaeptieally. The autoclaved media were cooled to 4:?° and 

a washed suspension of indicator organism added to give a 

final density of EEL O.S before plating and drying at 37° 

for 3 hr.

f o test the vitamin Bg synthetic ability of a 

particular organism X, it was streaked on the surface of 

such a plate which was then incubated at a suitable 

temperature• The appearance of opalescent haloes around 

colonies of >' represented the utilisation o, satellite 

colonies of the indicator organise of free forjaa of vitamin 

B^ excreted during the growth of 2. The radius of 

satellite growth was proportional to the amount ol the 

vitamin excreted and hence approximately to the total 

quantity synthesised by >'.

^ones of satellite growth also developed around 

surface colonies resulting from the incubation of ; i iu.ilar 

plates streaked with suitable dilutions of soil washings. 

Incubation was for several days at 251 30 or 37°. Skiny 

soil saoaplee froia very varied localities were examined
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and a large number of organism® isolated which cross-fed 

the indicator organism®. The pH 5 basal tedium a, 

especially at lower temperatures, supported the growth of 

yea«ts and moulds in large numbers besides the bacteria 

which also developed in abundance on the other media. To 

ieolate selected surface colonies, they were transferred 

to slopes of the basal medium lacking vitamin B^ and 

incubated at their optimal growth temperature. Single 

colonies were then selected after streaking on plates of 

alniaal medium solidified with washed agar.

All isolated organisms when subsequently grown 

in liquid culture in Houx bottles at their optissal growth 

temperatures synthesiser less than 500 u&moles vitamin Bg 

per g. dry wt. of organise.

It was demonstrated bv Habinowita and 3nell 

(19^3)i and confirmed in the present study, that 4-deoxy- 

pyridoxine competitively inhibits the growth of some 

organisms which are dependent on added vitamin B^, but does 

not affect those that can synthesis® their own requirements
•

of the vitamin. It was thought that judicious incorpora­ 

tion of 4~deoxypyridoxine into the basal media of the 

selection plates adght decrease the sensitivity of the 

assayt i.e.i a higher concentration of vitamin Bg would 

now be required to support the same growth of the indicator 

organism. Within certain liaaitR the degree of sensitivity
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of the response could be adjusted by selecting the 
concentration of antizaataoolite to oe ut$ed. This wae 
found to work well when pure solution of pyridoxine were 
assayed by the oup-plate method. The background growth 
which normally appeared after incubation of the 3. carls ber^
eneis 42?6c plates for longer than 40 hr, was concurrently

«*5 —4 depressed. However , when 10 ' to 10 * M 4-deoxypyridaxine
was used, i,e,» sufficient to inhibit the satellite growth 
around colonies of organ i 3 ̂B synthesis Ing about !>OC 
vitamin 3^/g. dry wt, t no colony developing after 
samples of soil wa^hin&@ y ever gave indication of signifi­ 
cant vitamin B^ excretion.

Thus i no orga&iam was isolated from aoil which 
was better aole than Escheric.'ua coli to synthesise vita- 
sin B^.

Attempts to enhance the vitamin 85 biosynthesis of
competent

(1) iteoniaaid

If hi|$h concentrations of ieoniaaia were 
bacteriostatio in consequence of, its aoility to combine 
with pyridoxal and so render it unavailable to the 
('Introductions Chapter l) f then one means by which 
isoniaaiu resistance could be developed would be oy



Bl-4 

of

coll. a&d its reversal by pyridcxine

(a) gotfe i|iibtion toy

lecmiaaici Growth 
ooiic* () (IH^ reading)

0 26

4 x
6 x 10

10 ni isoniaaid used tlirou<jhout.

Fyridoxine Growth 
cone. (I)

0 Trace
Trace

. 2
3 x 10*^ U
10-4 23

3 x 10~* 26

waa added auepticaiiy as a 3eita*f ilt«red

5 ml, aswunts of Medium @2 0uppl®m«ntea as ahovm
inoculated with gf Lj>pM ^id incubated in sloped tubes 
36 hr. at 37°.
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enhanced synthesis of the vitamin*

In confirmation of the findings of Boone and 

Woodward (1953) growth of wild-type K» coli 518 in Medium 

02 was progressively inhibited by increasing isanlazid 
concentrations above 10""^ g. This inhibition ?as countered 

by the concurrent addition of relatively high concentrations 
of pyridoxine (Table 31-4).

On prolonged incubation of E... coli 518 in the
*»2 presence of 10 | isoniaaid and the absence of vitamin Bg

good growth was eventually obtained. The organism was
*} 

passaged six times through Medium G^ containing 10 M

isoniasid. The delay in the onset of growth decreased on
each subcultivation until eventually growth commenced

o 
after only 16 hr. incubation at 37 . A single colony of
this isoniaaid-redistant strain was isolated by streaking 
on a plate of solidified vitamin 3&-free medium supplemented 

with 10~2 if isoniaaid.
9v

The amount of vitamin B^ synthesized by this
»\ 

resistant strain when grown in the presence of 10 M

isoniaaid waa double that of the parent non-resistant 

strain i and of the same straiu when grown in the absence 
of the antimetabolite (Table Bl-5).

The enhancement of vitamin B^ biosynthesis so 
obtained was considered too small to justify the further 
use of this method, since objection could be taken to the



Bl-5

Hrteistaat
strain of Kool^ricliia coll

Parent wild-type
I ool 516

of
1. aoli 518

Growth
Medium (E&u

&2 40

at a2 38

Ojr plus 34 
10* if HfB

88

Vltttwi n
( 4BA ISOl^i

C»XXs 1 

165

185
130

B^ synthesis 
*/£. dry wt f )
Uqium Total,

290 455
325 510
945 1075

Organia»a grown in shaken culture 36 hr. at 37°,

Pyridoxtne recovery i'ro^ medium originally oontaiaing 
M ieoniftaid was 10(;,,.



uae of an antimetabolite , on the ground that it might 

otherwise Interfere with the metabolism of the organism 

Especially might objection be taken to isoni&sid whose 

ttode of action is after all unknown ('Introduction*! 

Chapter 1),
••2Addition of 10 | isoniaaid caused virtually 

no increase in the extent of vitamin 3^ synthesis from 

glucose i>Iu® &H^* toy aerobic, washed suspensions of 

Proteuo mor&anjil 231.

PffiA ( ethylenediaminetetra acetic acid, tetraa odium 

salt).

As pyridoxal phosphate probably chela tes with a 

mrtal ion to form the active substrate-metal ion^coeazyiLe 

eoapleac, it was thought that addition of a strong metal- 

ohelatin^ agent alght effectively inactivate the pyridoxal 

phosphate complex by competing either with the pyridoxal 

phosphate for the metal ion, or with the substrate for the 

pyridoxal pho0phate*metal ion complex. The decrease in 

available active co en ay me oii^ht then lead to compensatory 

enhanced vitamin Bg synthesis by the organism*

EDTA was chosen as the chelatlng agent and the 

experiment conducted with washed suspensions of organisms, 

as growth would not occur in the presence of effective 

concentrations of the ohelator. Washed suspensions of 

Proteus taor^anii 231 In phosphate buffer pH 7.4 f synthe^ised



no more vitamin Bg from glucose and HH^ 4 , in the absence

of added Jig** and preaenoe of 0.04,4 IDEA than when an excess

of Hg** was supplied.

Conclusions

1. No tested microorganism which was capable of growth in 

a vitamin 3g~free chemically defined medium, wa« found 

to syntheaiae large amounts of vitamin 3^. The beat 

synthesis waa given by Proteus jaorganii but even this 

was only 4 to 5 times that of S. ooli.

2. Ho microorganism was isolated from soil capable of 

better vitamin 3^ synthesis in chemically-defined 

media than K«. coif.

3. A cross-feeding technique was developed using 3» carIsber^- 

ftasis 4228o and £. ooli M2 as indicator organisms and 

adjusting the sensitivity of response by incorporating 

4~deojgrpyridoxine into the vitamin Bg~free basal media.

4. An iaoniasid-reaistant substrain of ^ cqli 518 aynthesised

twice as much vitamin B^ when grown in the presence of
f\ 

10 | isoniasid aa it did when ^rown in the absence

of this antimetabolite* 

. Isonia*id (10"2 H) and ££TA (0.04^) did not affectso

vitamin 3,^ biosynthesis by aerobic washed suspensionsv
of Proteus morganii 231.
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Chapter 

Biosynthesis of Vitamin 85 by Competent Bacteria

1. Escherichia ooli

This organism grows well on a simple glucose- 
ammonium - yalta medium at 37° f concurrently synthesising 
vitamin Bg. The amount of the vitamin formed compares very 
favourably with the quantities similarly produced by other 
bacteria (Table 21-2).

The total amount of vitamin Bg synthesised 
increased com&enaurately with growth cf the organism and 
did not significantly decrease thereafter 9 though the 
relative distribution of vitamin between organism and its 
culture medium changed* The concentration of vitamin B^ 
present in the organisms rose steeply during the logarithmic 
phase of growth and then fell away remarkably quickly at 
the onset of the stationary phase. The vitamin 3g content 
cf the medium increased steadily and more slowly (Fig. 13). 
The decrease in endogenous vitamin Bg after the cessation 
of growth could be accounted for by its appearance in the 

culture medium*
It is very obvious that in a comparison of 

vitamin Bg synthetic abilities, it is insufficient to 

assay only the cell content of vltaa*in 9 for this will vary



TABLE 82-1 

of vitamin Bg by wcuhed

suspensions of S. eoli B

35 synthesis

t!u+ 9
i;?Hj 0

Glucoee 12$Olucose + KH + (aerobic) 310Oluooae + SH> (anaerobic) 125

Glucose * casein faydrolyaate 200

oruania4iia were ^ro\tn ia shak^i culture in 
(21 lir* *t 37°}* ^ftahed suspenaioas (l.> incubated in 0*1 M piio,cr:hLate Duffer pU 7 with 0,01^. M^a04.7H20 and oilier substrates as Ten al, volumee of sua^ension wert rocked in 1-tubeo for 6 hr* at 370, Jfor anaerobic incubation, tlie tube was evacuated severaJ. tluieo aa<i filled with a H2 8C02 mixture 

(Vv).



FIG. I

The distribution of synthesised between
organisms and culture medium during growth, of 

E. coli 518 on Medium G0

2O- - IOO

z
o
<
UJ
or
_i
UJ 
Ul

IO--5O

20 IOO

Key: x
o-
«•
c-

—x = growth 

o vitamin B^ in organisms 
vitamin B6 in growth medium 
total vitamin B synthesis

Incubation was at 37° in static culture 
(5CC ml. in a 1 li*re conical flask).
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maritedly with the a&e of the culture.

The aerobic growth of £• ooli B at 37° was 

improved by the supplementation of »!edius» G2 with casein 

feydrolysate , but the vitamin B^ synthesis was virtually 

unchanged (if expressed in terms of aaolarity). Similarly 

little enhancement of vitamin B^ synthesis was obtained by 

supplementation of Medium a? with purinea and pyrimidines 

(Mixture 3?P} and vitamins (Mixture V).

Wild-type 1^ oc»li synthesised vitaaain Bg from 

glucose plus HHt when washed suspensions were incubated

aerobioally at 37° with these substrates in phosphate 

buffer pH 7*0 (fable 32-1). Ho endogenous synthesis of 

the vitamin was obtained when the suspensions were incubated 

in un supplemented ouf fer. Glutao&ine could re j dace both 

glucose and SH^* but synthesis was better with glucose 

also present. With casein hydroiysate replacing (NH^)gSO^ 

as sole nitrogen source , vitamin B^ synthesis was decreased 

as it was too when the suspensions were incubated anaerob- 

ioally (fable B2-1). Synthesis of the vitasdn was not 

enhanced by the provision of several compounds of interest » 

««£*» 3-hydroxyanthranilic acid.

Suitably vitaain-deficient orgaxiisms were used 

to investigate the vitamin dependence of vitamin B6



32-2 
Sf f ot of itainaef loieaoifes oa rltia

biosynthesis i>j . 0-lucose

of c saut&nte

U) iNicotinxc acid - with I. coli 9/8

Vitamin B$ 
(100 cone.

initial^
Afttr Incubation :- 

minus nicotinic acid , 
plua nieotinic acid (IcT5 |)

(b) £hiamiaf ~ frith Jf^.col^- a/57

Initially
After incubation s~ 

sti&uG thi@jiino « 
plus thiaaine (10**7 M)

ffip

f*n ®1« washed au»p®nsion (1,$ mg. dr.y w 
phosphate buffer ^H J t aappiea*nted with

lpl*t<3»

12

24 
48

12

40 
60

O.Oi^' 

iaated,

D»fioi<Mat 
6

I*5 
48

10

14 
60

) In 0.1 | 
M&304«7H2<

•
lac ibat*d with rotfcia* in i- tubes for 6 hr. at 37 *
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blosynthesis from glucoee and HH^. For reason?* which 
will latar be apparent, nlootlnlo acid and thiamine were 
of especial Interest.

giootlalo aoid

£. 0034 9/8 required 1C*6 | aleotlalo acid for 
optical growth on Medium 02 » 2 x 10"' g allowing of some- 
what lass than half maximal growth after 15 hr, incubation 
at 37°. two batches of cells were grown aerobioally,
differing i& their final content of niootlnio acid and 
its producte t (a) replete, grown on 2 x 1C**6 | niootlnio 
acid, a&d (fc) deficient, grown on 2 x 10""' g nicotlnic 
acid. When the synthesis of vitamin 36 fro^ glucose and 
WL* by washed suspensions of these organisms was examined, 
it was evident th t maxlmuffi sjnathesis was dependent upon 
the provision of opti^ ̂  amounts of nlcotinic acid (Table

K. coll 2/>7 required 2 x 1C"8 thiaiaiiie for
optical growth | 2 x 1C* K aupportad just over 

•axioal growth In 15 hr. at 37°.

fhlamine replete and deficient cells w^re grown 
on Medium &2 supplemented ith these two concent rations of 
the vitamin and were examined as to their ability to



Blooyntheaia of vltaaia B$ during growth of

of i rotaug

Total vitamin B$

1900232 aaoo8168 a?5C 
235 4000

All itralna were grovm in 100 ml. Tolumea of Medium £ In Roux bottles incubatoid at 37° for 36 hr. Inoculum (per 100 ml. :a«diua) 'tan 0.2 ml. 1:10 ££L 10 tokec tro... a 24 hr* slope on Mediux S.



synthesiee vitamin B* from glucose and SH,* in washed 

suspension in the presence or absence of added thlaaiine. 

Subnormal synthesis only of vitamin 8$ was obtainable in 

thiamine deficiency (fable B2-»2).

2. Proteus

Although strain 231 was? used routinely, when 

they became available, three other strains were examined 

with reepeat to their synthesis of vitasiin Bg when growing 

on Medium 1. Strain 23$ was found to synthesise most 

vitamin Bg under these conditions (Table B2-3) t and thus 

demonstrates the best vitamin Bg synthetic ability of any 

organism tested.

In preliminary experiments, it was found that 

best growth on Medium K was achieved by incubation for 24 

hr« at 37° under highly aerobic conditions, i.e., either

100 ml. volumes in a Houx bottle or 500 ol. in a 1 litre 

oonicaJi flask kept constantly shaken. These were also the 

best conditions for vitamin Bg biosynthesis.

Although Medium £ i@ much aiore complex than the 

ttinimai Medium 02 sufficing for £ f eoli. it was found that 

harvested organisms ol Proteus aorganijl could again 

syntheeise vitasain Bg froa glucose and Hfl^*. The synthesis, 

obtained with these washed suspensions proceeded best at 

pH 7.0 to 7.5 and was complete in 6 hr. Very little



32*4

Synthaeic of vltagjp Be by washed guspen8ioc.g

of Proteua aorgamli

Vitamin Eg synthesis 
.tor wt«)

nil - 
„,"*** 10Glucose 155 

Glucose * HH4* (aerobic) 750 
Glucose •*• l*H* + (anaerobic) 2§0 
Casein bjrdroljraate 
Olucose 4 casein hydrolysate

0 
Glucose + £84* 905
Glucose * gluta&iiie 1370
lactate + m^ }2Q
Lactate * glutceine 32Q

(all final aono*)*
glwtamine 1C"2 | laotate 2

(neutral) (^4)2^4 0.05>| casein 
purine raid pjrlisiaiaib i:,ixture PP In IslO dilution; 
- 95i5£ (vA)* ^ae organises nvere «rown aerobicallf 
on Medium ^ (15 ar. 37s ). Harvested, wicked and

in 0.1 M jphospnate buffer pH 7 supplemented 
1^04,7%- ana other substrata^ as s&own, 
with rochin^ in 1 tubes at 37° for 6 hr*
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synthesis occurred when casein hydrolyaate was provided 

as sole souroe of carbon and nitrogen, but when glucose 

was also given , quite good vitamin Bg production resulted 

(Table B2-4). A comprehensive purlne and pyrimidi&e 

mixture (P?) somewhat inhibited vitamin Bg synthesis, as 

also did the addition of several compounds of possible 

relevance » e.g., £AB, anthranilio acid, BL-tryptonhan and 

shikimic acid (all at 1<T3 |). |-glutaiaine (iO~2 |) was 

a better souroe of nitrogen than free sm^* ions (fable 

B2-4). Little or no synthesis of vitaain B^ was obtained 

when several compounds at equivalent concentrations were 

used in place of glucose, e.g., acetate, pyruvate, 

glyoeraldehyde , xylo®e» With lactate as sole carbon 

source, vitamin B^ synthesis was only about half that 

found with glucose. Anaerobic incubation also diminished 

the yield of vitamin.

As Proteus taor^anii shows an absolute growth 

requirement for both nlcotlnic and pantothenic acida, the 

effect of these vitamins on vitamin 3^ synthesis by this 

organism could be investigated.

acid

Organises deficient in nicotinic acid were 

obtained by harvesting the liiited growth developed on 

% x 1<T® | niootlnic acid. Vitamin B6 biosynthesis by
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washed suspensions of these organises was compared with 

that obtained by the use if organisms which had been grown 

in the presence of an excess (10"* |) of aicotinic acid. 

The deficiency was reflected in poor synthesis of vitamin 

B^ f this being restored to near nonaal levels by the 

addition of 10*" 5 | nicotinic acid (fable 12-5).

Pa^tothenic acid

Vitamin 3^ biosynthesis from glucose plus 

by washed suspensions of froteus ^or^anii 231 grown on 

Medlua E, was compared with that obtained when pantothenlc 

acid-deficient organi$&& w*re used (prepared by aerobic

growth at 37° for 15 hr. in the pre&enoe of 1C* M panto-
thenate). The effect of supplementing the suspensions

••l with 10 ^ | pantothenata was examined. Vitamin 3^ synthesis
was scarcely affected by pantotha&ic acid deficiency (fable

g«LL"FRK.Fv gXTRACf S.

Thick suspensions of Pro t eu 3 oior ̂ aaii 231 were 

easily disrupted by ultra-sonic treatment. Organisms 

grown overnight at 37° in 300 ml. shaken batches of Medium 
K v were harvested, washed and suspended to a density 

corresponding to KKL >00 in 0.5 ^ phosphate buffer jft 7.4. 

s (10 ail.) of this suspension were subjected to
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ultra-eonio treatment for increasing lengths of time of up 

to 8 Bin., the oell debria spun off at 24,000 g. for 10 

min. at 0°, and the supernatant (suitably diluted) assayed 

for its protein co&tent.

Ultra-sonic treatment for 3 ada. gave maximum 

protein liberation. The extract so obtained (with u.v. 

absorption ratio 260/230 » 0.51) was rieh in nuoleic acid 

and had a ^rotein oontent of about 17 ag./al.

There waa no * endogenous* synthesis of vitamin 

Bg when the cell-free extract was incubated in the presence 

of 0.01 M Hg304 at 37° for 6 hr. Slight vitamin S6 

synthesis (265 a^moles pyridoxine/g. protein) took place 

when a boiled extract of Proteus morsaa^i was added. This 

was not further enhanced by the addition singly , or in 

combination! of a number of plausible cofactors and 

substrates in relatively high concentrations, including t- 

ATP, DPH and Gicotinaaide, m^ and ^glutamine, |gpaerine, 

glucoee, gluoose-6-phosphatei ribose-^-phospnate and 

3-phoephoglyoerie acid* Sodium fluoride (0.01 ^) was 

without effect.

Hot surprisingly f it appears that the profitable 

use of cell-free extracts must await the discovery of some 

intermediate^) on the route of vitamin Bg biosynthesis by 

these organisms.
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Conclusions

1. Wild-type £. eoli syntheslsed vitamin Bg la fair yield 

when grown on Medium Gg. Bering later stages of 

growth* the vitamin was to be found predominantly in 

the growth medium. This synthesis waa not enhanced 

by the addition of casein hydrolyaate, mixtures of 

purlnes, pyrlaidines and vitamins, or other substrates, 

*•£•§ 3-4aydroxyaathranilic acid.

2. fashed *?uapeneions of i^ j ,cpli 518 ayuthesiaed vitamin 

B when incubated at 37° in phosphate buffer pH 7
**supplemented with Sag! glucose and BH^. L-glutaiaine 

was a somewhat better nitrogen source than tfhV*.

3. Use of nicotinic acid and thiamine auxotrophe of i:. coll 

revealed a requirement for these vitamins in vitamin 

Bg biosynthesis from glucose and BH^^.

4* Although leroteua mot-ganii required for growth a more 

complex medium than did A, coli« it was again able 

to synthesi8e t in suspension, vitamin Bg from glucose 

and KB*** Maxisum synthesis was obtained t with the 

light suepenaions used (1 to 2 ra^./su,), in 6 hr. 

inoubation at 37° and pii 7 to 7.3. Lactate was less 

good than glucose, glutamine again somewhat better 

than NH^^« There waa very little synthesis when 

oaaein hydroiyaate served as sole caroon and nitrogen 

source. Ho enhancement of synthesis was obtained by



the addition of any tested supplement*

5. Proteus iaorganii 235 gave the beat yield of vitasin 

of any organism tested • both during growth and in 

washed suspension.

6. Nicotinic acid-deficient suspensions of gro^eus

231 gave poor synthesis of vltsjain B^ from glucose and 

KB^*, The synthesis was restored to normal levels by 

provision of excess nicotinlc acid. On the other hand, 

vitamin Bg synthesis from the same substrates was 

little affected by pan tot hen ic acid deficiency. 

7* An ultra~$onioally produced extract of Proteua

231 was capable of very slight vitamin Bg synthesis , 

and then only when provided with a crude boiled cell 

extract. This could not be enhanced by the further 

addition of a number of oof actors and substrates.



Chapter 1 

Properties of Vitamin B$ Auxotrophe

oherichia ooli

Very few vitamin 3^-raqulring mutant organisms 

have been described (table Cl-1). Mutants of Bscherlohia 

coli which show a vitamin Bg requirement are rare , and all 

of thoee available at the outset of this study could under 

certain conditions £row in the absence of added vitamin* 

Of these mutants, three were reported to grow at 37° in 

the presence of vitamin B^ or either JJ^-eerino or glycine, 

l.e,i ssutants B166, 316? and 22/99* Ho vitamin Bg require­ 

ment could be demonstrated with cultures of 1154/59I* 

(tested immediately on reception) and Bl?0 (after 

suboultivation for two months ), probably due to their 

having reverted to strains with prototroph-like characters* 

The regaining mutant, SW, whilst showing an absolute 

requirement for vitamin B^ at 37°, was able to grow at 2>° 

in the absence of added vitamin if a mixture of amino acids 

was provided (Table Cl-1).

Attempted production of vitamin B auxotropha

Although interest was mainly fceussed on those 

mitants which demonstrated an apparently alternative aaino



TABLE <-l-l 

Described vitamin 3fe auxotro^hs

i uiun riui'erencea

Neurocpora 
orasoa
37803 A

44602

Absolute requirement for vitasatn 
oveu at an elevated temperature.

2. Uro/73 in abaenoe of vitasaia 3g 
if relatively hi^b, er*nc. of
free SHj present,

3. 6! .;h«ri ^-rown in absence of added

»ynth«aii<?H oril.y ff^- of 
amount of vit-i^lA 35 i^ads by 
parent wild t.vpft. ? Greater 
destruction i "D^ by t-iia aoitaat.

sensiti'/i- - as for 442

Houlehwi et

Straues (1951)

aitoyuila
1. A^SH,; r organism for Bg.
2. ui-owtL stitiBiiatioa tty
3. At pH 5.6 and in th* presence of 

liH^*, vit.Bg ayftth«ai« 
tliat o.

effeot of

Stokes, Foster
& .o.^viv-. 
(1943;

Stokes, Larseii 
Woodward A 
Foster (1943)

aidulane
3 .^utaiits reqair 
for full growth,

IMttlt.

Pyro atuttttion

only p
imiltlple

on

ionteoorvo 
(1953)

1. Qrowa in absence of Sg at 30 .
-J.ch.:teln v( r^*.(/ it oa caaeajs 

at 30°. Growth then
W«J,K j.C—2',- thw,t :U;U'ui 

in presence of Bg. otated tnat 
aerobic condltio:^ e459^11 tlal for 
growth ia absence oi the 
Utiittlticg or.gfusiffHw were 
defioient. Metaler and Saell 
grew it on a complex medium

pontaining amino aeids, pariaes,
« RJIo vit*ttiaa (without 

and with >ut aeration). Qrgan- 
i rs were thea deficient in B(, 
.uJ had reduced ^-aerine dehydraee 
activity. a

2. B-alaniue did not replace 3.

Liohstein(1955!

Snail (1952)

SI
(a 8Ut»atrain 
of

1. -Cro-.v,-- on caaslr.. aitdia c-r ai«dia 
oontaxiunt a co^prei-eiisive aaino 
acid adxture, in absenoe of Bg 
ortiy at .0°.

2. Sho^s absolute requirement for
S6 at 37". 

J. Uaeii to prepare B$
or^aniams.

3.1?, "a vie and 
E.

, Hoare 
work (1955)

B166, 3167
and B170 i— feoa ence of added 

at 37° if r-lr»8erine or glycine 
present . "

Srowa i:* absaace ci1 vit. 3^, if 
or glycine present.

J. dots

B.C.



acid/vitamin Bg requirement, srttsapts wore laade to 
an auxotroph of |> ooli showing an absolute requircoeat for 

the vitamin undsr all oonditions of growth. It was thought 

that indirect evidence could concurrently be obtained as to 

the possible existence in this organism of a common route 

of pyridine ring biosynthesis > for, if a coupon precursor 

existed i it t&ight prove possible to produce mutants requiring 

both aiootinic acid and vitamin Bg for growth, or even some 

auxotroph showing a requirement for yet another pyridine 

derivative of as yet unknown aetabolic function,

Wild-type £ f poll !?18 was subjected to u.v. 

irradiation and passed through the penieillin-penioillinase 

plate screening procedure of Adelberg and iyers (1933)* 

Selective final layers were poured containing one of the 

following sterile mixtures; (a) pyridoxine 9 (b) pyridoxine 

plus nicotinic acid y (c) pyridoxine plus aiootinio acid 

plus yeaat extract (giving 10*^ | final COHCB % of vitamins 

and 0,005/» yeast extract). Many irradiations were carried 

o«t and a large number of mutants produced. Over 1,000 of 

these were isolated and their growth requirements studied. 

The majority were a&lno acid auxotrophs while a few, 

obtained from plates carrying supplement (o), showed 

requirements for adenlne, guanine, thiamine and pantothenic

acid.
Q*Oy one vitamin B$ mutant f designated S, coli M

*5»



was isolated, from a plate carrying a pyriaoxine selective 

layer. Single colonies were isolated after twice streaking 

on plates of nutrient agar. One of these was taaiataiaed as 

the parent stock culture, and frees® dried. S- coll Hg 

showed an absolute requirement for vitamin Bg under all

conditions of growth tested, and gave rapid and maximal
—6 growth on Medium Q2 in the presence of 10 ° | pyridoxine.

Over thirty nicotinic acid mutants were isolated 

but no auxotroph waes found which required &oth nicotinic 

acid and vitaain 8^, or these two vitamins together with a 

suboptiaal concentration of yeaat extract,

So eviUe&oe has in fact been obtained in support 

of a coissaon route of origin of nicotinic »oid and vitaain

. If ooth these pyridine derivatives arose

fro& a ooamon precursor , a sparing eXfeot of vitamin Bg on 

the vitamin requirement of some nicotinic acid auxotroph, 

and vice versa might toe found. In fact, there waa no 

sparing effect of pyridoxine or pyridoxal (1C*6 M) an the 

niootinic acid requirement® of Ifeo jregs vulf arj.a H growing 

on Medium 1 or of gif . coll 9/Q on Medium

nicotinic acid (ICT? to 1C"*4 |) had no eflect on the 

pyridoxine requirements of S>: ..yoj^ B166 and & 

growing on Medium G^,



Concluaioae

1« Four vitamin Bg out ante of S. ooli were available* Hot 

one showed an abaoiute requirement for the vitamin 

under all conditions of growth* three were said to 

grow in the absence of added vitamin Bg if provided 

with g^-serina or glycine.

2 » ftt Q9*l It? was produced by u.v. irradiation of £. ooli 

518. This mutant showed an absolute requirement for 

vitamin Sg.

3. Although many nicotinle aoid auxotrophs were produced

by u»v« irradiation of £. col^ 5l8 f no multiple mutanta 

requiring both nicotinio aoid and vitamin Bg (with or 

without yeast extract) were obtained.

4. No evidence of awtual sparing actions of nicotinio aoid 

and vitamin Bg could be obtained with the niootinio 

acid-requiring organ!ems Proteus vul^aris H and £• coli 

9/8 and with the vitamin Bg auxotrophs yt ool^. B166 

and ff» ooli M0 *



Chapter C2 

Growth of gt._f L ooli B166 on Minimal ?4

One explanation for the ability of saany of the 

available vitamin 3^ mutants of ggchericnia coli to grow 

alternatively on gL-aerine or glycine, is that these aaino 

acids are direct or indirect precursors of the vitamin and 

that the auxotrophs are capable only of suboptiaai synthesis 

of theBe a&ino acids. It was of interest to attempt the 

identification of the metaDOlie lesion in these strains* 

For this purpose y it was necessary to examine in detail 

the growth characteristic® of at least on® of the isutaat 

organisms, £. coli B166 waa selected for this detailed

study.
For reasons explained later* the amino acids were 

generally used as an equicaolar J.>.ture of gL-serine and 

glycine, the stol^r concentration being given in terms of 

the total asiiflo-nitrogen. Serine and ^lycine are known to 

be metabolically very cloaely related in S. coli (Cutinelli 

*t al. f 19^1| Abelson, 1954* ^einhart and Siaaonds, 1955), 

and as they were essentially interchangeable in the present 

study, their use in admixture introduces no difficulties

of interpretation*
Vitaaia 3* will be uaed hereafter in general



PIG. 14

Growth of I. coli B166 on Medium Gr-
supplemented with serine-glycine b\n pyridoxine

X E.coli B

Key: S-G - serine-^lycine (1C""3 M) 
Bg - pyrido:.i-e (10 K)
E. coli B - orototrophic pa_^nt strain growing 

unsupplemented medium. 5 ml. cultures in 
1-tubes were rocked at 37 .



reference to the group of compounds whose Individual 
aembera will be specifically naaed,

C omparigpn of gZucong and last^t eT ag? main c^roon source 

fhe reaponue of 3166 to pyridoxiiie (10"*° ^;,
aerlne-glyaine (I0~ |) and i&ixtures, wae tasted on the 
simple gluoose containing medium J,A, and the ao&onl%u& 
laotate medium L (?igs. 14 anci 15). The aain o^irdon source 
was added to each of the aedia before autoolaviog.

A notable uifferexioe was that 3erine~glyelne did 
not aupport growth ^ the dictate medium. In j -.ith aedia, 
however » .."Jjt rapiu .^.,1 &xteii*ive growth ooourred with 
p/ridoiiiie ^iu^ aeriiie-glyolu®, tua rate theja 
that of the parent sitraia ^.
ffith ^/ridoxi^ie alone growth waa ae^v ea i^ botu media but 
the fiou- aa8« was 80 to 90/' of tlu*t obtained *»ith the 
iiiiiture. xii all oaaea where growth ooourred on laotate 
aedium, it wa« alight If delayed, out finally 10 to *0 *> 
greater than with th.e aa^« auppleaezit in the gluooae medium.

In gluooae medium suppletaerited only with aerine- 
g^Olne, growth waa delayed les^ thaa wit^ . yndoxine alone t 
but the final s*as» was oiuy 30 to 60^ of that found with 

both



S C2-1

Supplement

Pjrridoxal 
Jyridoxamimt

-»5 '-phosphate

hat ©

Bas&l siedlur.
si i v

h.a ep on 8$ of £• col

viiriouis ioivu ol v

Cono. (i/,)

, ,-6
U. '-

3 x lp~7
ICT7

3 x 10"^
10~d
10^6
io-6

i io-6
«* j***w*D> 10 °

i 3166 to

'j* Vt^iduLXA ^j>

c

Nil CMaditlon

11
10.5

4
••"V

a
12

6

5

0

i.r OxA autoclaved. at 10 lb.«3o.in,/7 
iiXtcs ) su^l'-Mi^itftd as a,;jQv«, wer«» i* 
3166 i^ad Incubated in sloped tub^.^

'^(lo^rf)
1C
18
10

6
0

17
14

-

«

at 37°. 
jated for

30 hr, cmly f th*« remainder for 80 hr.
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Response to vitamin

the five forma of vitamin Bg tested on 

Medium a^A (Table C2-1) growth wad most rapid with 

pyridoxinej the concentration for half aaxioal growth
*.7wad 2 x 10 f M, Pyridoxal was intrinsically more active

•»*7
(10 H gave half-aaxli&al response) tmt growth was delayed

a further 12 hr. Similar result a were ootained on Medium 

1* pyridoxine was subsequently used routinely.

tilth aerine-glycine also present (Table 02-1) 

the amount of pyridoxine required was reduced to about 

one- third (6 x 1C"8 | for half aaaxiaal growth)} in these 
eiperii&entd results were read at 30 hr« since on longer 

iaoubation there was growth In the absence of added 

pyridoxine.

to serine* yoii^®., a£td relted .QQ.u>oounds

The concentration of derine-glyci^e required on 

Mediuia J^A (jaa adaed ^yridoxine ) was 10""^ and 2,5 x 10** 

jg for optimal and half -optimal growth respectively (taole 

C2-2). Similar concent rat ions were required for the other 

effect of serlne-glyci^e, i.e., ts promote earlier growth 

when pyridoxine was preaent.

Olycine and 1^-serino ^rere each individually 

active in both the aoove senses out tiie mixture ^ave 

somewhat aore rapid and iieavier growth* In addition,



TABLE C2-2

oag t%tlaa8 of

for 7 hr.

!..?;,> x 10"4

dlyeia* 3 x 10"4

yrowtfa of fA,,jggj^ B166 

ia th* absence or u-u3td vitas&ln 3;--,

ttrxvth 
Amiao acid

IU1 - 0
4 x 10"^

9 
x 10"4 6

0

aitar 11- r,r.

10 
frto-/ft t ««P« inocu37°
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reaulta ware erratic with auboptiaal concentrations of the 

aaparate amino aeida. This appeared to be due to partial 

reversion of tha mutant to prototroph-lifce character. 

Random individual tubes grew heavily after 48 hr. incubation 

and sub-cultures frosi each tubes into basal medium gave 

growth (though leas rapidly than the parent atrain) v/ithout 

tha addition of either pyridoxine or serine-glycine. The 

properties of these sub-strains have not been further pursued. 

These ehaageo were leas frequent with i&irtures of ^iycine 

and aarina at auboptiaal concentration and did not occur

whan tha concentration -;£ the individual amino aoida
«*4 exceeded 4 x 10 M."Ot>

In experiments with serine alone (at optimal 

concentration) only the L.isomer was active, either in the 

presence or absence of pyridoxine.

fhere is evidence th-*t "« coli can form glycine 

frosi both threonine and hoaoserina (tibson, 1952} Abalaon, 

1954), DL-threoaine at hi^h concentration supported
SKA

dateotable growth of B166 in the abaaace of pyridoxine on 

Medium G-jA, but gk-hoaoserine was inactive (fable C2-2). 

Other amino acids or subatanoea ^etaboiioally 

related to serine and glycine and found to be inactive 

(over a range of conce. froa 10* to :> x IC~3 |;} were;- 

formiainoglycine, glycollic, glyoxylic, pyruvic, 
p-hydroxypyruvic and 6-a&inolaevulio acida, ethanolaaiina,



j>argintae f DI/-aapara^ine , gb-aspartic acid, 

acid, gL-isoieucine , DL~leucine , 

, IL-phenylalaaino , ^-try^tophan, ^

and E
3K3B

Conclusions

1. S«rin**»£lyeino aeesis to have two apparently distinct

effects on the growth of g^coll 3166, 

(a) supporting growth in tr*e absence of

but only on ^Iuco2-js-containlng mediumj 

(Q) oa both glueoae and lactate aaedia ani with

pyrido^iiiie present the/ reduce tl;^ delay in

the on.-iet of growth oy 2") to 25 hr. a^J .'lightly

increase the final cell .iensity.

2. Althou&i ^-nerine ?md glycine were individual ly active, 

they '-er^ bettor uaed ia admixture.

3. Other a^ino acid® and a .imi.ber of cl-ie^ically-related 

co^ouada including glyo*ylic and p-hyaroxypyruvic 

acids were unable to replace glyciae and serin*.
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Chapter C3

4a elf act of Autoco-av^d Glucose

the fact that seriae-glycine supported growth of 

ISecherichia poll 3166 in the absence of pyridoxine, but 

only on the gluooae-containing medium, au, , ested that the 

activity of the aalno acid a was dependent on the concurrent 

presence of sosae substance formed as a result either of 

glucose metabolism by the organism or of the heat- 

sterilisation of the medium.

In the above experiments , the glucose was added 

to the other con« t i tuenta of the medium before autoclaving, 

When the glucose was separately sterilised by oeitss- 

filtration, and then aseptically added to the remainder 

of the »edium (which had been autoclaved as usual), 

serine-^lycine no longer ''^.pported growth. T iia waa also 

the case when the glucose was separately sterilised by

autoclaving in aqueous solution (in glas?> distilled water•
when pil waa 5.4) (Fig. 16)* Autoclaving in 0.04 £ 

phosphate buffers of various pi values saowed that only 

at about pH 7 and above was a solution of glucose obtained 

which permitted growth or. 8erin©~<glycine (?i cj . 16).

For present ...urpofle« t the term 'activated 1 

glucose will be uaed ia reference to glucose solutions 

which permit growth of the cr^onlss. on serine-glycine



FIG, 17

Inhibition of growth of E. "oli B166 by glucose solutions

subjected to varying <: of autoelavin^

oz

Ooe 
O

10 20 3O 4O SO 

TIME (hr.)

IO 2O 3O 4O 5O 55

TIME (hr.)

Key: —— = inactive glucose.
A - increasing pH of autoclavi ig at 10 lb.sq.in./7 min.

B - increasing severity of autoclaving at ^n 7.4, 
e.g., 10/15 = 10 lb.sq.in./15 min.

The glucose solutions (10 mg./ml.) were autoclaved as 

shown in 0.04 M phosphate buffers.

5 ml. volumes oi Medium G^ supplemented witn pyridoxine 

(IO"6 M) serine-glycine (IO" 3 M) ;-.nd test sample (to 

glucose cone. 1 mg.M.), were inoculated with 3. coli 

B166 *aa incubated in sloped tubes at 37°.



without added pyridoxiae. 'laaotive 1 glucose will be ueed

in the opposite sense. Untreated ^luoo^e was inactive, 

and remained so after sterilisation oy Seitz-filtration or 

by autoclavt&fifr at pH 6.^ and below*

Conditions for the Jtori&atlon of

aiucose (1C fflg./u.l.) was autaciaved at various 

combinations of pressure and tixe, at j.t values ranging 

from 6 tj 5, After aeutrali^i^,, t(,$ solution was added 

to previously sterilised basal medium supplemented only 

vith serine^glyeiae. A selection of the results fire shown 

in Fi^, 1^«

Best activatiou oco'^rred wiien autociaviii^ was 

carried out at 10 io.acj.iii,/? min. at pH 7.4. At lii^her 

pa or with more severe autoc.Lavixi>, there -//as oovious 

carameli.aation aau a Ueorea^a i;i activity - probably due 

rather to the concurrent production of inhibitory auoatanoes 

than to decreu^eu foroiatioja of the. active factor. Ojuet 

of growth in the preaenoe of oer-uie-^ivcine ^lus pyridoxine 

was delayed 10, 10 and 30 hr. respectively if the glucose 

was treated at pH 7.8 (10 ib.sa-in ^or 7 aiin.) or at pH 7.4 

for 15 min. at 10 and 15 lb.sfc.in. (see also ?i£. 17).



'Titration' of
FIG. 18

le 01' activated glucose

15-p

Q 
< 
id <r

£io

O
QC

8 10

mg. ACTIVATED GLUCOSE

The sample of activated glucose was prepared by autoclavin 
a elucose solution (20 mg./ml.) in 0.04 M phosphate buffer 
pH 7.4 at TO lb.sq_.in./7 uin.
5 ml. volumes of Medium G--, (containing inactive glucose in 
sufficient amount to brin^ tli- total glucose cone, in eacn 
tube to 2 rng./iul,), we^e supplemented with serine-glycine 
(10""^ M) and inoculated with E. coli B166. L-cub^tion was 
in sloped tubes f:>r 85 hr. at 37°.



Other effecta of activated ^luooae

Both serine-glyoijie and activated glucose were 

required for ^rov/ta in the aosence oi ^y laoxine. Experi­ 

ments with mixtures or inactive and activated glucose 

showed that the ffiaxi;aum effect *as obtained it at ieaat 

30/i of the glucose in the medium was proviaeci ia the 

activated for^ (**i^« lw).

When ^yridoxine was present (either writh or 

without 3eri>ie-^lycine), activated glucose was not required, 

aor did it increase the rate or final extent oi growth 

(ilio* 19 )• ^he only eXfect wa^ a slight delay in the 

onset of growtii, ^.ossibly atlaia due to the ^.r^.-eace o* 

inhibitory aubstoncea. Activated &luooae was therefore 

net required for th© deion^tration of t^e seoond action of 

aerine-gJ^clne (i.e., decreasing trie lag when ;y -id^xine 

is present) aut only for tiie total replaoeaent of py idoxine

fh® activation of glucose mi^ht si.s^ly have been 

due to the aevelopmaat ;>! non-specific reduoin^ conditions 

in the autoclaved mixtures.

One powerful reduci/;^ agent known to be i'ormed 

when alkaline solutioae of glucose are heated, ia L^-icoae 

reductone (eftOltartronaldehyde) (Pigi^ann ^ci Joepp, 1948). 

compound (1C*10 to l^ J) did not replace activated



TABU C3-1

£« coli B166 on

Aaeorbio ocid

01*16088 reduotone 
Activated gluooa**

Cone.

4 x 1( 
6 x

4

5 *

Orowth (£EL

0
0

0
0

10

plug vitamin B6

15
0

(15)
15 

(15)
15

( ) eigaif ie» growth delayed by 10 hr. compared with oo&trol. •Control in which gluooae wad added to basal 'tedium before
The reducing agents were sterilised by 8aits-ziltration and added aseptioally 9O8t auto Glaring, ^hen preae

vitaain B (pyridoxihe
fire ml. volumes of Medium <h euppleaemted ae showa, were inoculated with B. ooli B165 Mid iacuo^ted in oloj>84 tubes 
for 64 hr. at 3'



:&. 19
Comparison of effects o:? (a) inactive 3 and (b) activated

glucose on growth of 5, coli B166 
on Medium "i supplemented with pyridoxine

4O

30
O
z

UJ
o:

2O
UJ

O
(T 
O

IO

S-G+ B.

10 2O 3O 4O 5O 
TIME

6O 7O

Key: —— = inactive glucose 
—— = activated glucose 
S-G = serine-glycine (10"" 
B = pyridoxine (10"" M)

M)

5 ml, volumes rocked in 1-Lubes at 37
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gluoose far growth of 3166 on Medium 6, supplemented with 

aerine-glyciue | at concentrations a^ove 10~^ M it partly 

inhibited growth in the controls ('iaole C3-1). It ^ be 

partially responsiole for the alight delay in growth 

obtained whan activated glucose was present in the medium 

also Moadolfo and Konnie, 1948).

Ascoroic acid //as chosen aa A reducing a&ent of 

bydrate-like nature taougl^ one which is »iot forced 

glucose oa autoolaving* It too, failed to replace 

activatea glucose at the couae*itratioae tested ^10" to 

> x 1C~- H) and was inhiuitory at tne higher levels (Table

Activated glucose w^,* ai^u neceasary for growth 

on eeriae-glycine uaader anaerobic conditions (Table C7-D*

The weight of evidence ia therefore taat the 

activation of glucose is ^ue to the for;ntioa of some 

specific oo^ijjouna which togetlie* with serine-glycine 

permits growth of ^.v..c^li 3166 i*i the abeence of added 

vitamin B^.

Concluaiona

1. Glucose-containing aediu would only aupnort growth of 

S. ooli B166 on eerice-glyoine if the glucos e had 

been previously 'activated*. 
2, The ^owth-promoting action of serine-glyoine in a
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vitamin B^-containinu medium was not dependent upon 

the concurrent ^.reaence of activated ^.uoo.'e,

3. Autoclavintf at yi 7.4 and at ^ / lu.a^.in./Y ~iii. x-esulted 

in aaxiuial activation of a 10 z^./ui* glucose solution. 

SSore strenuous autoclaving produced ^ro^ii-i^ii^xtor/ 

aubatancea«

4» Activated ^ucose aaaples v ire so dlati.^ai^^d uot by 

virtue of their poasessior, of a lowered redjv: poten­ 

tial, but by their content >jT some specific chemical 

co;LA>ound formed during the activation procedure.



-100-

Chapter C4

the Active

Autoc«Ui.ve4

ough moderately stable at an aciu pli, ^lucoee 
is profoundly affected by the action of alkalies under even 
very mild conditions ( Svans , 1942} Pi/jmaan and Goepp, 
1948). TVie _oeaible reactions and consequent iroduct^ are 
numerous. Two types of reaction are concerned :-
(a) i9oa*erisation f chiefly taking place at C-l and C-?j
(b) fra^aontation, givin r riee to products each containing

less than r>ix carbon atoms.
The simplest isomerisation reactions are of the Lobry de 
3ruyn~van Sckenstein type (Pigiaann and Goepp, 1948). 
Amongst other products, mannose and fructose -ii^ht vo be 
forced when ^luco:je is treated -*lt ,'i dilute alkalies at 
POO;* te^pe-a.tur*. The r*f,actio£ ^roba^l./ ^roeeeds via the 
formation of an intermediate feue-aiolj there is good 
evidence for the existence of smah c abound • ia alkaline 
3olutiori« of aldoaes. More drastic r*arrange*entK result 
in the generation of acidic materials including branched 
chain saccharinic acids (Scheibler, 1880* *CUia^, 1882).

^5any acre co^ound* are produced by the fragment­ 
ation of the glucose aolecule. Cleavage of the oarbon 
skeleton a»y give rise to formaldehyde and aldopentosea,



fiycolaldehyde and aidotetroses, or dihydroxyaoetone and 

glyo«rald«hyde. lu var.* each of these ^roauct.** may 

isoiaeri^e t!irou&& the eue-aiols to the corresponding

keto^en «M^ thence ts the various •aechitririio acids (Pigaann 
and Goepp, IMS).

Ctoe of the principal products of molecular 

cleavage see^ to oc# ^L-^actic acid. 3o^e other identified 

^roduct^ are dihydro^/uut/r^.^ acid, fflet^yi^lyoxaJL, Hvjetol, 

diacetyl, glucose redu^toae, -or:U.c and acetic acids 

l^ie^aann and Coe^ f 1348) f reductol and dihydroxyacrylic 

acid ('frnica, 1951).

Several approaches were avaiiaole ±-> atte;^'ting 

identificaticui 01 t.ic Idiotically iiCtive co.*j?oa_:d;

(a) tii'sctf i. conce^tratioa a.*J isolation r

ii. t«3tiafc 01 kaown products of ^iuoysn 

alkalis ̂ d egrad at i ou.

(b) Indirect| examination of a number of .sugars and their 

derivatives to *:••«« w.iicL could oe activated iii a 

L.iar*acr similar to ;-;luooa« ay autoclaviu^ at a ^lightly 

aUialiue ,H. A structural cos :o^ denoiainator for 

potential acti/atio-i could e^er^t fro:> tais survey. 

3taole autoatituted glucose derivative/ sue , as the 

O-methylglucoses ^ifiht be eaploytd.

Ul three a^^roachea were X-.-xOweu si^uitaiieoualy. The 

criterion of activity used throughout was the ability of 

Seit»-filtered waiaples to replace activated ^xucose ia



FIG, 20

Ultra-violet absorption spectra of mixtures formed by
y.Tar ^ucose solutions (?0 jjig./ml. ) in, 

(a) Ql^s3-distilled water, pH 5 .j , 
(!D) phos-hc-te buffer (0.02 M), pH 7.4

0-7

O-6

0-5

O4

UJ

O3

02

0-1

2IO 22O 23O 24O 2 SO 26O 27O 28O 29O 
WAVELENGTH (mji)

3OO

Auitoclaving wac at 10 lb.sq.in. for 7 inin.
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sup^ortiag growth of £. co|^ B166 on ^e<2iu& ag supplemented 

with eerine-£lycinei inactive glucose «.••»? routinr.y present 

an the aai.n carbon and energy source. To prevent enhance­ 

ment of growth due merely to non-er.ecific ir.crr-^,e ~u the 

concentration of carbon source, the amount of inactive 

glucose added was increased iro^ the " a^;.Ai. previously 

ured (Medium G ) to the optimal 10 a^./sa. ^.resent in

activity when assayed sJLcro biologically 

net be a measure of increased concentration of active 

factor but may result fron* the re« ov-i of growth inhibitory 

cor- pounds (as are known to be £>rerei.t i& acti/^tea 

Thie was c!iec';ed where nece-?ary oy Iivertic.atin& the 

effect o:. c'ro-vth in the .-rerence of seri;ko--:lyc*ne and 

pyridoxine.

(1) Atteaj?te4 oon^e^t^atiou ago ^u

mixture obtained by :.xutoclavini; a ^ 

solution (2 f ' "i?./Bl.) in O.o? v ^horpa-te buffer «H 7.4 at 

lb«sq.in./7 rain., was faint yellow i.i colour and 

sessed a distinctive abaorption tan-i in the ultra­ 

violet (rmx. about 283 m, ) (Fi,«:. ?C). A product sho-^in<g 

no fibsor^tiori i^.aK at 285 SSM but wit 1 , a ?.;;.aii peak r,t 230 

was roduced when -tin aqueous n^l



•/&!.» pH 5»4) wn.fi similarly autoclaved. vstigneey 

a&d Sikiforova (1950) studied the u.v. aoaorv,tio:i spectra 

of glucose solutions boiled for loci, periods ^t various

initial prt'r ana coi^nenteci on the a^petir^ae of absorption 

iu\i !:..-», in the region of 230 or*«j 28C ^ . The;; Ji»cri-;:inated

two absorption maxiaa it, the letter region, (») at 

^ to 28C repretenti£ic i-l^co^e with a frte carbonyl group, 

and (b) at 26-\^ du© to ^->^dro^y?netii^lfurfural (t % n waa 

act forsicd v.t pH 1 © higher than 4.> to 5.0).

The abeoivtion at 2t'5 »^ in activated iluc^o* 

eolutionc mit>it be due to elucore r ecu c tone ?';ich shown a 

very str-.nr absorpti: a at ?87 m»» ia alkaline -solution. 

Bu f. £»luco e roductuufe wa^ cori^l-t^ly inactive '"^ie C3-1) .

u. Conoeotratioa
la tha ^rei>aration of activated ^iucoye, the 

phosphate buffer conceritratioA coula &e reduced to 0«00> 

| without ai'iecti#& the resultant ui&lo^icai activity. A 

more active preparation was ootaiaed by autoclavine. dilate 

(20 ng./al.) solutioii» oi' ^uco^e ii: O.C05 ?J phoepiiate 

bui'fer and then concentratirij these 20-fol4, than by 

autoclaviag a 400 «i^./-i. soiutioa iA 0.1 g buffer when 

more eawuaelisation , wit^i its attendant growth iJLiiii

products* occurred.
Concentration v̂ as first carried out by
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dlstillaticn at room temperature under a reduced ^>rensure 
of nitrogei , but It wriB aub^onue.-tiv round thr;t there was 
no appreciable IORB In activity- during vucuuir* dintill*tioa 
at <40°.

It :^ooi: becu:.,t rpparci'.t that the active factor 
war. stable at r^utral pK at roo,~ temperature, a.,J at all

w:.-s rnnev/>iat r.p;-s rtptve t.t acid ti.^n at 
alkaline^values.

c. Atte|aptea pur^lcatloii
Activity WL> michatt^eci uy i>asBc»5t ci' concentrated 

activated &j.ucose tliroUfcJi a coluaaa oi' I>owe3t *>c (H'*' Iora\), 
but disappeareu i^ien tue effluent was then batcL-treateii 
with I'owex 1 (C»ii"" lor:,*}, fio active fraction could 
suoBequeut-j be oiutea 1'rois tlie Dowex 1 uy treatment /ith 
aqueous HC1 of increaain^ strea^tL (u^ to o.> g). Ike 
2d5 ai^-aosorbija^ iaater^:._ ulao ^as. ed i^cUinueu throu^- 
the luv.ux >c coluaai but coulv. not be detect^c after Tuwo;, 
1 treatment. riBapi/ear^jiCu of ; u;tivi"l«j en tre,..t^eiit .^i 
towex 1 coula oe the result of roiae che^ico^. reaction ou 
tiie eurface of the r«*o.u. :jther than strai^tforwarci 
exciiaa^e, e.c>.f alaaliae de^THaat^on or io 
(of, Phillips and ko^laru, -^9>3)*

Soiae obvious ^ur^rication of the 
concentrate v??;.r, acixieved by batch treyt^ei.



norite* Activity rtouaizied undiiuijuisbed in the now 

oolourleafi filtrate.

Attempted extraction witii ether ana ethy~ 

acetate over periods of 6 to 12 hr. at ,-pH 2 or 7.4 t o 

disappointing resulta. Very little activity passed Into 

the organic solvent ^ha«e though «ven unchanged ^.uco^e 

was extracted. It was conc~ou:ea tu^t the active factor 

was iiiiiAly hydro^hilic.

»'aper Ciii'o^atoc;rv^i!-sy (uoaoendin^ buta^iul:water 

or outaiioliacetic' acid;water; j>roved valueless* lue to 

tlie preponderance of ^iueos© and the ver^ lar,;e nuciber of 

reduciiv. oojn^ounda present ±u ;til ofyi<pleB exaiaineci, ;>llc,ht 

resolution of any was ^o&sible* Mo diatiactive acia 

ooa^ouails could oe detected (U&JULX^ the aethod of I-et*icon 

and ihares, 1952).

ChroLiatOe>ranuj <>r activated glucose concentrates 

developed with a variety of solvent &ixture& and dried, 

were out into bands, ana these eluted with aistilled water. 

Ho eluate possessed appreciable activity. Bioauto^aphy 

of euch ciiTO-Uitograms on plates of Medium $2 with eerine- 

glycine eolidified with wc^lied a^ar, Uicorporatinfi 

tetraaoliua tetrachloride to enhance sensitivity, and 

seeded with ffr ooH B166 wae also unsuccessful - peruapa 

due to dilution during



TABLE C4~l

Abiity o varlotigl trt&tad and
to rooli^ot aotai»d

Activation « • Ho activation « -

Compound

?ruetos**
Sorboss

Xylona
Rlbcse
Mannitol
Sorbltol
terturltol

gluooea

3*lt*~
e

Ae.ua0ttft sol.
5. 4-5 > 6)

Medium K)A buffer
7,4)

* Activated fructoee w&a somewtot InJiibitor^ (delayed growth).
tarlon of activity wae growth of K, coll B165 oa Meaiu

•upplamented wlto aarlii«-«lyaltt* pl^tS t*at ooapouad. 
AU c^oun<58 UBiSer t«at were used at a final cone, of 
4 aff*/iiL and autociar«d aa stated at a ooao. of 20 
(i.«. t at 10



(2) Mfect .^_r.^^G^y^^.o^,.9^^^.^^uro fy&d derivatives

Besides glucose, ^entonea and other hexo-es were 

able to foria active material whan autoclaved at slightly 

alkaline pH.

Solutions (20 aife,/ial.) were (a) Seita-filtered, 

(b) autoolaved at the existing u!l ($>.4 to !?.?), (c) auto- 

claved in 0.04 4 phos hat® buffer r-H 7.4 and (d) -idded to 

the supplemanted basal mediu ;/i (^H 7) foefora autoolavin^. 

fha treated aolutiona were tee/ted at a final concentration 

of 4 mg«/ a. The aciditioaul carbo^ydrata did not affect 

tha rate or extant of growth iiA control aedia gupp 

with pyridoxine (« aarina*glyoiAa)«

Kone of the sugars peradtted growth wit>i 

glycine unless they had first bean autoclaved at :H 7 or 

7.4 (fable C4-1). the three au^ar aloohols &od B-^-^^thyl- 

glucose remained in;tctive ©vea aft or such treatment. 

Fruotoae gave rise more easily than any to inhibitory 

aubstancaa, and tha growth which did occur oa serir.e- 

glyoina with autoolaved A re^mration^ of fructose was delayed
*

24 to 48 hr. oos*parad with the other sugars.

A number of the carbMiydraten are fer-aented by 

k. ooli and could replace ^luco«a *o the ^-iin carbon 

source for growth of tha inutant in the praaence of -.yridoxina, 

la th€»i'e oaaaa, development of activity v;*n also



TABLE C4-2

growth of 1» cp^ B166 in the |.reseace of

)U9iy treated eui^rs

Growth Ho growth * -

Sugar etc. 

Galaetos*

fructose* 
Aratoinose

Mfuanitol

4q^ueou3 fsoli*, 
(pH 5,4*5,6)

ia
i-Oi iiuffer 

d>H 7>4)

All the abov« substrates supported growth in the prts^noe 
of pjrridoxine.
*lcttrated fr&ete«e was «o&ewh&t inhibitory (delated 
growth even in the presence of pyridoxi&e ) «

3a«el me^lvua vma as for Medium C^ but with coiapaund 
specif ie£ replaeine glaoose. Seriae-e^oi -e also added 
at usual (10*3 M) concentration, All autoolaving was 
at 10 io.siiw? mia* ^ive •!• values of the rrapple-
nent«d medium were Inoculated with B> oli 3166 » then 
incubated at 37° is sloped tubes



by adding the carbohydrate to the medium (i.e., G2 minus 

glucose) as the cole carbon oource, either before auto* 

clavia& or as a 3eita~filtared solution after autoclaving. 

The sugar alcohol mannitol was inactive in both cases, the 

sugars as before, were active only after autoelaving (Table 

C4-2 J .

The active substance was thus for&ed £ro& both 

hexose* and pentoses. Even witii the relatively soiai! 

number of carbohydrates tested, it would appear that the 

substance was formed only if there were an actual or 

potential aldehyde group at C-i and an uaeubstituted 

hydroxyl group on C-3.

) e-aiour o sy .eradat ion >ruct a of glucose

with the above experiments, a number 

ol Co,,;, ouads reported to be a^ongat the products cf alkaline 

degradation o^ glucose , were assayed for activity, These 

were added in 3eit£~£iltereti solution over a range of 

concentrations (10~^ to > x 10*"3 |)» to Medium G2 contain­ 

ing aerine-glycine.

No growth was obtained with the iollowJU^; 

lactic, -yruvioi acetio, formic and tartronic acids, 

methyl^lyoxal , dihydro^acetone , r^-glyceraldehyde and 

formaldehyde. Also tested unt! found to be inactive was 

5~hydroxyaethylfurfurai (which in any event is predominantly



FIG. 2 la

Absorption si-ectra of colours given in Dische and Borenfreund
assa;/ ID,/ (a) fel.ycolaldeh.yae

("b) activated glucose

O-8 r

ui

4OO 5OO 55O 6OO 65O 

WAVELENGTH

7OO

Similarly treated inactive glucose sa^,le as blank.
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a product of acidio Jeeradatio^ of glucose).

Glycolaldehycte (i> x 10~^ to 10"^ M) supported
st

good iprorth o* 3166 in th« ..rosenoe of a«rine-glyc i-ie and 

absence of added pyridoxine, Both a recrystallised 

commercial specimen, and isaterial prepared fro:; 4 tlihyuroxy 

fuoaric acid and recryataxliaed to M.L*. 94.5 to 95° were 

q,uantitativel/ a- active an th- coouLeroial product used 

in all subsequent &y^cri-

Apparent flyoolalueixyue 0011 tent pf activated

A glucose solution of strength and pH identical 

with that of Medium GgA (10 ir^./ml.i pH 7.0) was auto- 

o laved under the standard conditions of 7 oin./lO lb«sq..in« 

-and the glyoolaldehyde esti&ated colorimetricall^ ^y the 

method of Lisohe and Borenfreund (1949). About 2 x 10"*4 M 

was found to be present (using an unautoclaved solution as 

blank; Fi£, 2 la). The dose-response curve with increasing 

concentrations of activated glucose could oe su^ari.-vooed 

upon the standard curve (in&. 21b). Glycolaldshyds 

formation under other conditions of autoelaving was also 

dstermiasd (Fig. 16). Increasing ability to support growth 

on ssrine-glycine was seesiing^y matched by increinag 

glycolAldehyde content. Condition® which decreased 

biological activity (greater heat or alkalinity) still 

produced the isaxiisuai glycolaldehyde concentration } this 

may be a further indication that the diminished activity



FIG.

Disclie and Borenfreund assay - su^eriiuposition of ass 
curve obtained with activated glucose upon the 

glycolaldel-yde standard curve
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was due to concurrent formation of inhibitory substances.

0offelusiona

1. For ffiaxlmal growth of B. coli, 3166 1 the concentration 

of inactive glucose in the basal &adiu& should oe 

increased to 10 sag./ml«

2. Activated glucose solutions showed a broad u.v. absorp­ 

tion peak at about 23!> m>~.

3. Tne active factor was quite stable at neutral pH ^jod 

room temperature, but became more labile as the pH 

was raised,

4. Activated glucose was best prepared by autoclaving (10 

lb.sq.in. for 7 -in.) a 20 mg./sal, solution in 0.005 

| phosphate buffer (pH 7*4) and then concentrating by 

vacuum distillation at <40"«

>. Although activated glucose concentrates could be

decolorized without loss of activity by treatment 

with norite at room temperature, further attempts at 

purification were unsuccessful.

6. From its behaviour wit ft Uowex 50 and organic solvents, 

it was concluded tJrj&t the active factor war, non-basic 

and highly hydro uhilic,

7. Iroii the ability of a limited number of Ue^oses and 

pentoses ana the inability of su&ar aloohola and

.,c to ue activated by autoclaving at
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pH 7 to 7.4, it waa deduced that a potential aldehyde 

group at C-l and an uiuiutoetituted hydroxyi group at 

0*3 were necessary attributes of any ooapound liable 

to activation.

S. Approaches (5) and (7) were discontinued when it was

found that glyeolaldehycie in reasonable concentrations 

(5 x 10~5 to 1CT-5 |) could subetitute for activated 

glucose. It alone of many degradation product, of 

glucoae tested, oliowed auch activity.

9* Thfet the active factor present in activated glucose is 

in all probability glycolaldehyde is compatible with 

the conclusions reached in (7) above. Using a colori- 

metric aesay f it was found that an activated glucose 

sample contained sufficient glycolaldehyde to account 

for it % biological activity. No glycolaldehyde waa 

formed when glucose solutions were autoclaved at ^H 

6.5 and formation of a co;;r»ouad assaying as ^lycol- 

aldehyde paralleled the development of activity in 

glucose solutions.



FIG, 22

Growth of g^j^M B166 on Medium G2 supplemented v/lth serinn- 
^lycine (1C""- K) and various concentrations of glycolal^ liyrle
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Chapter C 

Olyoolnldehyde anu the Growth of F.^coli B166

. Qn_ ^ucose~cm1ffiii|^ media

The ability of glycolaldehyde to au^ort growth 
ft. ooXi 3166 on Medium $2 supplemented with rerine-

, *ra® studied in aerobic f shaken culture (Fig* 22).
Delayed and sub optimal growth was obtained with a

««5 —4 glyoolaldehycie concentration of 10 ' £f 2 z 10 &
•tlpporfc^most rapid, and 5- x 10""* ^ f greatest gro'^th. 
Above these concentr-,tiari^ t r^ogreesive retardation and 
diminution of growth v/as noteu, until at 5 x 10""^ M it 
was oojapletely inhibited (^ven ir* the presence of pyrid- 
oxine). Glycolaldehyde (5 y. 10""4" M) was more effective 

than activated gluoooe in sui>portir*g growth on eerine~ 
glyoine (fig. 22, compare ini*. 14), the delay in growth 
being greatly reduced, i.e., fror. 3r> to 15 hr. The presence 
of glyoolaldehyde » however, had no effect on growth of the 
organism in the presence o£ ^yridoxine, altering neither 

the log period nor the final :>ield of organiems (Fig. 23,

compare fig. 19)-
Although final growth wan better in shaken than

in stationary culture under all conditions, the effect of 
amU^i was relatively ^eat*r for ^owth on a erine- 
glyoine. thus ta© final ma^a ou •erii;e-glyoine and



of S 0113166

in t&a jajposenqe oJC

Growth

12
Tina A*-aa 7 
Plus ^L*threoalii« 8

24
7

pyrldoxine *

In 
dilution. _

AA * PP + Tr ftffllao aoida, plus ;nu*ln*£i y pyritaidlnen axid 
v it AIT. In a us«<i In 1*10 dilution.

with UUt W« -* incutoated In
tuiie;? for 84 hr* at 37°.



K
t

M o £ DJ P c
f

CD P
J H
- P 4 O 0 K CD P
J 'V c
f

£ cr CD CO P c
f

U
>

-0
0

»

<<
; O 0
 

||
H P

 
^

H
 

<<
!

p
j 

h
j

CD
 

»-
•

P
1 

&
«<

 
0

 
P

J 
W

i^^
j 

t^s
 

CD
 

H
-

$
"-

x
 

<t>
VJ

1
«—

 -^
X

 
H O

H
 

1
o

 
cr

-H
IS

^i
r^

 
^

v. 
*

W hi CD CO CD P c
f

c
f

1 —
 >

t— , O /-> *j Cf
'i HT
*

f 
> 0 £ c
f

cp II CO CD hi H
-

w-
 

K
: 1 C H << O H
-

P CD
\*

~
^

H O
J u

iiS
^

H
^
i

•

H i m

10 O U) O (II xj o

G
R

O
W

TH
 (

E
E

L 
R

E
A

D
IN

G
)

Z
 

w
 

O
 

O

CD P
,

H
-

u> O
U

) ui

CD D)
 

CD ts O
 

CD g r 
J

to CD
 

P
 

O
 

CD H
- 

p
, 

O X
 

H P CD

CD
 

O
 

c
f

H C c
i O
 

O
 

H P CD £" p
, 

CD C.
 4 o s? o H ltd o (•> , -j » 

•

hd
 

M C
i cr> o »-» K

-

L
o



-112-

glycolaldehyde in shaken tubes was 65-70£ of that with 

pyridoxine also present but only $0-55$ in stationary tubes 

(froa data of J*i£. 23 and fable C5-1).

fhe optical glycolaldehyde requirement for growth

in stationary culture was somewhat higher (10~^ M) than ina
culture.

E^ coli B166 did not respond to serine-glycine 

alone in Medium 1 (i'i£. 15). Addition of activated glucose 

permitted limited growth| the concentration of activated 

gluccoe required being approximately the same as with the 

wholly glucose-containing ua£?ai medium. Olycolaldehyde 

(i? x 10^ M) a^aia replaced activated glucose, allowing
5»

sutooptimal growth to occur with no greater delay than when 

pyridoxine wai also present (Fig. 24). Xhe final growth 

was not improved by increasing the concentration of 

glycolalciehyde j indeed, this was somewhat toxic at a 

concentration (ICT-* g) which gave good growth on Medium Gg,

The response in lactate medium to pyridoxine 

alone, or together wit;, cerine-glycine, was ^ct affected 

by glycoIcJ-aelsyde (^i«>. 24, compare Fi^. IS).

Whilst 5 x 10""* ? giyoolaldehyde bettered the 

action of activated glucose in Medium Ugf it eeesied leee 

effective in Medium L (Pi^. 24). However, when inactive



fX3LB 
rquirement of Sl&S ***

at ,ftP' 1

Pyri4o£3Uiarf ,i,j %
OQJ2Q * I m ) *ssr

ao-6
3 x 10~7

io-7
3 s 10"*^

10~8

Nil

''i.vi'twf! *?luoo a«r oy ^Xyoolaldel d0

. --.. . . .- **^t. ^**.^» ^B»W __m_^H^WCS*" 4k T^VJ^P^ if(fcw*i^ jf ._

Hil
fM£$it^Og

18
15.5

5
u
0
0

with
Activated

f?tUOOf>

16
14

7
(2)
(2)
0

G iyco lald€toxl*(icr3 |)

17. :>
12
7.5

(5)
(2)
0

( } signifies cl^lay in growth*
Activat*<l giUscoie waa u:-tc in 10 rn^./cil* cone.

were inoculated with r^ ooli B166 SR^ incubate in 
tu&«® at 37°



'IS. 24
_ fi
Effect of glycolaldehyde (5 x 10"° ! ^) on the growth 

£. coli B166 in ammonium lactate basal medium

4Or

IO

S-G +B,

- - AGI * S-G

Supplements: AG1 
S-G 
B/-

activated glucose, 
serine-glycirie (10"^M).

- pyriuoxine (10~ M).

5 ml. volumes of Medium L supplemented as shown an-J 
inoculated with E. coli B166 rocked in 1-tubes at 37°.
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gluooae (10 »*,/ml.) wae added with the glycolaldefcyde, 

where** there was no effect an the ultimate mas achieved

i:i the presence of ijridoxine, the suooptiaal growth obtained 

in the abaenee of added vitamin was doubled (M^. 25, 

ooispare Fl^. 24). Oalactose, ^luconate and fructore 

substituted for gluco: e f but other posaible carbon eourcea, 

e»g. i arabinose, ribose, pyruvate, glyceraldehyde and 

acetate i w$re inactive or «uc;i less active.

3* Other

Addition of glycolaldehyde alone to f-edia Gp or 

L did not allow of L^^h of V,fTn CQll B166 or reduce its 

pjrridoxine requirement (Table C5-2),

Fro» the growth response to a range of glycol- 

aldehyde concentrations i^ t:,- presence of aer iiie-gly cine ,

activated «uuco*e (10 ag./sal./ isrould eeem to contain about
&. 1 to 4 x 10 * g gljcolaldehyde (when due allowance was

Biade for concurrent Inhibitory effect - of the mixture in 

Mediu^ (L*) (^i^* 14 1 cozapare ?!&* 22). Vhia value is in 

good agreement with the result a obtained by ooloriaetrio 

estimation.

on o£ th^ aerxne^lyc^e

Using gljoolaldehyde, it was possible to investi 

gate the quantitative requireatents of the mutant for 

serine-glycine in a chemically defined medium. These were
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FIG. 25

Growth of E.^cplj B166 Qn Median L supplemented with gly col- 
aldehyde (5 A 10°*" l ;_:} ariu inactive glucose (10 mg./u.l.)

40 r

03O
Z

Ul 
t£

^^ QJ 2O

O
(T 
O

10

O S-G

B

IO 2O 3O 4O SO
TIME

6O

Details as in Pig. 24.



when 10* -> M glyool»ld«hyde was used In place of

activated

ido:Uiir. (Tafcle Cj-3).
*•*

jr

:.*&,•/ uaer^o

n giving firtJt glyojlilo acid and then glyoxylic 

acid fror.; -^iiich ^I/aiae *jtiy be forced ('>Vei^ --oach and

However,

195 3 »

of

^J not reduce tlie

or 

of

" 315G

in tl^.ce of aotivatoJ jluco -.*, Of all l,:.io oonjounda again 

teate-i, " a^-t.ir-3 ̂ aiaft alotic alio/r^d a»i^ .vjlivity, 3u^^oz*tiag 

eubo^timil jro-vt*» after a delay of gome 6r; lu% (T^.u!^ C>-1)

he ;re :©.'i of

ooucentrationa or

or ^lyoine, growth beoauo 7v»iv erir-ttl'? ?*fter 4'* hr.

u^e of tUe u.*d^o acid^ l:i ad^iiiture alwayn

the frequency of the.-;0 f.i,-vr,or,:iu..xti"r. ..;:it did not 

alto- />tii*r ^r^v^ionte tiier, (Ta,/lo U>-3>.

/^: ootainc-.i ,- 5 r>» a culture > :'U^ ortin^.

ll:' hei'-vy ^rowth cui a ouboptirml co,, cent r:-ti -j^ of

t>y

with the i*o.l".t,i,>'i of ni,i.;Lp

n^: on n

r.ll -.rev on

Gro-tV. ^vao, ;,



f ABJ.I 05-4

of & •rti&XIy ...smr rfea
of CPU B166

JUys- etc., iau*x ot

o o

at

29
22

29

29

JL o
pyridoxine

«10

fro;i the ouitura 
in fafel* 0^-3.

Five col. vol-acies of ^ocliuu ugt mi^X«HMittt«d ib® 
inocul&t«a with the Isolated eubstrais of

S^ ooli ^I in »Iop«d at 37



more rapid la the presence of pyridoxlne or glycolaldehyda, 

and most rapid with serine-&lyoina, Only 'partial* 

reversion had occurred* the properties of these sub-ssraina 

were not further examined.

Other affllno acids

The response of ^ aoJ4 B1&6 to amino acid 

airture ; was investigated at various temperatures since 

B, ooli £* waa kno^m t© grow la the abs«n«e of added 

vitamin Bg if provided with a comprehensive mixture of 

amino acids at 25° (Wij©sunders, 1924). When incubated at 

both 25 and 37°» growth of B166 took place on Medium G? 

supplemented with casein ^drolyaate oiOy when glycolaldehyde 

(10**^ H) wsue aloo added. With a mixture of amlno acids 

not including ©erlne ana glycine (AA-*S0), growth. In the 

presence of glyooXaldehyde wae le^a thun when serine-glycine 

waa present (Table C5-1). fhe growth obtained in the 

absence of serlae-glycine was due entirely to the g|p 

threonine content of the aalno aoid mixture*

The specificity of the response to @erine*»glyeine 

was further emphasised by the finding that in the presence 

of addad pyridoxln® i growth In a ooiaplex mixture of amino 

acids, purlaen f pyriisidinew and other vitamins, was leas 

good than oa »eriae-glycine (fable 05-1). foe concurrent

of the amino acid mixture without serlne-glyclne 

reduced the pyridoxlne requirement of thie mutant



onljr very alightly* 

Concluaione

1* Glycolaldehyde (5 at 1Q~* g) supported suboptiaal growth

on Medium G with aerine-gly cine > in

rooked aerobic culture. Concentrations aoove

were increasingly growth inhibitory* 

2. On Medium L with serlne-gl^cine , 3 * 1Q""4 |

aldehyde appeared to be leas active than pH 7.4

autoclaved glucose. However , concurrent addition of

inactive glucose doubled the growth response* 

3* Gl^colaldehjrde did act appreciably reduce the vitamin

Bg or 8eri&e~&tyci&e requirements of E^coli 3166.

Nor did it affect the serine-glyolne requirements of

gft coli PU5 .

4. The requirement for erlne-^lycijae remained specific in 

the presence of &lycolaldehytie , but there was a laarked 

tendency towards reversion at euboptimal concentra­ 

tions of thet'0 aaxino acids,

5. At no tested temperature was g« calx B166 able to grow 

on a comprehensive a^juao acid mixture in the absence 

of added vitamin B^ or glycolaldehyde - in contra- 

distinction to gj|
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Chapter 06

The Gpeqificity of the Requirement Xoy ffyee 

aldehyde allows uy K^^ u^x^ l>j.6G

the Abaenoe ol Added Vitaaiii 3$

Some early study wae taade of glycolaldehyde as 

a possible metabolite (Hayer, 19031 Fincke, 1914* Lob, 

1914) following the observation that it could be chemically 

transformed into a hexoae (Fenton, 3-897 ̂ . Interest In the 

biooheaioal potentialities of the compound has recently 

been revived by the discovery of tranaketolaae* This 

enayiae, concerned in the f pentose oxidative cycle* catalyses 

the transference of a C2-£ragsi«nt (currently regarded as 

9 active glyoolaldehyde' or glycolaldehyde-thiamiae 

pyrophosphate ) , from one of a series of poesible 'active 

glycolaldehya* donors* to one of a number of 4 oaaible 

•acceptors* (see dunsalus, Horecker and Wood 9 1935); the 

actual structure of the C? compound has not been determined.

4 number of substances either related structur­ 

ally to glycolaldehydet or known to function under other 

Circumstances as donors or acceptor® of 'active 

glyoolaldehyde* (Horeoker and Mehler, 1955) did not 

replace glycolaldehyde in promoting growth of £. ooli 3166 

on serine-glycine. fhe compounds so tested over a range 

of concentrations (1<T6 to 2 * 1C*3 |) in Seit ̂ -filtered
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aolution, included i ethaaolamine , ethylene glyool, 

glyoollic, glyoxylic and oxalic acids, glycolaldehyde-2- 

phosphate, g-e«ytaroae«4-phoaphate , ^*xylttlo«e-5-paoaphate , 
eedioheptuloae-7-phoephate and ^-ery thrulose . 2-Kibulosa- 
1 s<MULphoephate was also tested and found to be without 

activity. It is possible that the phosphate esters do not 
permeate the organism.

Dihydroxyfumaric acid and p~hydroxypyruvic acid*
were active (fable C6-l)$ since the required concentration 
was about 10 times that of free glycolaldehyde , this 
activity night have been due to spontaneous or metabolic 
conversion to glyeolaldehyde.

A solution of dihydroxyfumaric acid kept at 60° 
for JO min. before use, asaayed with £.• ooli 3166 as if it 
had been converted to its molar equivalent of free 
aldehyde. Some difficulty wa@ encountered with the 
colorimtric aseay for glyoolaldehyde when solutions of

yi c acid were tested , but maxiisum and

values ior free glycolaldehyde in a 5 x 10"*^ | solution of 
this acid were 5 x 10 and 3 x lO""4^ M respectively (oee 

also Milhaud, lenaon and Calvia, 1956).
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Conclusion

aoiiity to promote growth of g« ooli B166 in 

the absence of aSded vitamin B^ ana presence of serlne- 

glycine appears to be a specific attribute of free 

glycolaldehyde .



TABLT, CT-1

Bf fct oT. ^^

nil

ploas 
gluooao

GlycolaldeJoyde

g + cog
37°

3

.
11

SKI

37

13

10.5
11
1*0

Air
5° 37°

0*

9

8.9

10. !> 
13

•Some growth on incubation*

acrtivat«d fiiuoos« 10
aud pyridoxine l<r6 |.
Five al. yolumea of Iddium Oa t supplemented aa ahown,
were ia<Hiul»te«l wixii 0.1 sal. oi* ft ItlOO KKL 10

of Sf ^166 and incubated for 8n hr. at
ana

in air - elop«d tubes,
Ha i> wOa - fttanding ttitoea is modified Kilner jar 

containing Sg/COg mixture 95/5/* (v/v). 
pH 6.5 basal medium was used, thin was Medium 

to pH 6.5 with | HC1.



Chapter 07

Growth of gn« poll BI66 

under Changed Cultural Condition*

Under the usual conditions of aerobic culture 

at 37° and pH 7 f there is an evident difference in the 

response of the organiaia to vitaain Bg and to glycololdehyde 

plus aariae-t&iycine (fig, 23). It was of intereet to see 

whether oo^non changes in cultural coaaitions coma 

accentuate or eradicate this difference.

(a) a&erobic

Although anaerobic growth wan overall less good 

than that obtained aerobically t the response of K»

3166 to the ooiapounde of interest, remained relatively 

unchanged, the superiority of 10~^ M glycolaldehyde to 

activated glucose ia Medium 0g showed «p a little better 

under the.** conditions (Table C7-1).

(b) Inoubatioii at 2§°

Growth in the rr^sence of added pyrldoxlne alone 

was extremely delayed (llr hr.) f but the decrease 

incubation tet^erature h ;.d only a slight effect 

growth in the absence of added vitaain 36 (Taule C7-1).



TABLS C?*3

tar

I. coll B166

plus plus

4
8.5
7.5
7.5
8.5

11

0
0
7

12.5
16
16

0
0
0

(7)
10
12.5

( ) »i*KUi*ft d*l*jr*d growth*

til* was

Mi
Si.

•lop*d tubes for 80 hr. a

in
eolation,

I aad pjridoxine 
edlua &i supplemented 

with S. ooli B166 and incubated in7°.
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(c) pH of medium lowered to 6.3

Again , growth in the presence of .pyridoxine was 

more adversely affected than that obtained on serine-glycine 

plus glycolaldehyde (Sable C7-1).

(d) ^

j£«. coli B166 was most sensitive to inhibition 

4~deoxypyridoxijae when growing in the presence of pyridoxine* 

Addition of serine-glycine decreased the sensitivity, while 

growth in the absence of vitamin Bg was least affected 

(fable 07-2).

(e)

Again i the organia . was most sensitive to 

inhibition when growing or* vitamin 3g (Table C7-3).

?he addition of ®erine~glyoin& to the pyridoxiae- 

containing medium decreased sensitivity to the farthest 

extent. Growth on serine-glycin* and glycolaldehyde showed 

an intermediate degree of resistance to inhibition.

Conclusion

The growth response of 3166 to (a) vitamin Bg 

and (b) serine-glyoine and glycolaldehyde » was affected 

differently by various changes in other cultural conditions



TJLBJLE Dl-1 

Growth of £. coll 1167 oa Medium

Hil

Pyridoxlne

wl% various autJfcleaiente

Growth

16 hr.
0

moos* 0
no 0
8* +
gluooa« 0
Aft +
hyde fr» 
lde 0

0

#> h3Pf
0
0
0

If

0
fy.

0
0
0

++m

0
t£

i?li
64 hr.

0
0
0

t?
tt
0
tt

SiJ&ft
68 h

0
<3.
0

10

11.
0

12

Cono. of

tt

10

Medium
5! coll B167
^B(MBMWPSI^^^^^^^^^^

«to., »ignifjf increasing growth.

S*ria*-«lyol»* 10^ M> activate
10 J

IMI »howa, w»» inoculated with 
lmmbftt*i in »Xop«d tul^« »t 370.



p

Th» Growth Characteristics of Other Vitaiain

Auaeotroha of ylohla coll

1. Muants ehofrija & g<;r.n-lQine,, effect

(a) £• ooli B167

this mutant closely resembled B166 under ail 
conditions tested, i.e., ju: its ability to ^ror/ i.i tho 

absence of added vitaruin B^ only if serine-glycine and 

glycolaldehyde were provided f and iu the enhGmoeaent and 
etiolation of it? growth on ^yridoxiae by aeriae-glyoine, 

There f?a» no growth on Media 02 or L with seriiie-glycijae or

aol® supplements (Table Dl-1)*

(b) g f ooll 22/99

This differed from the other two members of this 

group in being able to |prow on aerloe-glycine alone, and 

, though Qi-ly slightly, when glyoolaldehyde was
tht «ole «uppl«aieat to Hedlun G^. Growth on pyrido^iae 
was at;ain fotand to be belated and subopti:« 1» beat growth 
being observed with a sdxture of eerine-glycine plus either 

pyridoxine or glyoolaldehyde (Fig. 26).



TABLE BX-2 

Growth of J£. coli Df at 25° on eupplemented Medium

Supplement

9U
Pyridoxine 
Caeein hjrdrolyaate
Aaino moid aiixtur* 

(AA)
Amlno moid 

(AA - 30)
Alanine plus

Growth 
reading)

0
17.5
16

17

20

( ) «ignif !•» »oa*what d*2jgr*d growth.

Coao«atrfttlon .of gup^lw^ata t p/rldoxia* ID"*6 M| aaino 
moid mixtur»e u**d in 1»10 dilution to giv» final aoino 
acid conoo. of 5 i 10^ X (eAoh)| B£-alanin« 10*3x ~

foy 86 lir. *t

TOlumes of M«dittia 02 »uppl«m«nt0d as shown, ware 
I* ooli DW and inoubattKl in alopad tubes
»
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2* Mutant p fr&Ofj no serine-Kl^oine effect

(a) |. ooll

Vita*;iii 36 was required by this orgaai -j for

growth at 37°. At this temperature, it grew well with only
-»6short delay on Medium Gg supplemented v/ith 10 !£ pyri-

doxine. The final extent of growth wan increased by the 

concurrent addition of & co^reheiiaive aaino-aoid mixture 

(Mixture AA) but ia this seria© aad glycine played no

special role, ^lyooialdebyue (I/"-* M) alone, or 

admixture *ith serine-^ycine (10 !J) was coiupl< 

without effect.

At 25° growth v;a possible iii the absence of 

added vitaain B^ if an acid-hydrolysate of casein, or a 

comprehensive aaxino acid mixture (fixture AA) was supplied 

(Wijesuadera* 1954). Serinc and glycine seeaed to liave no 

part in thio replaceci^nt action; the one amino acid whose 

presence was found to be essential for thi^ c:iect v ar, in 

fact r-alanine. Fairly good 0'rov/tL of y. coli 1$ was 

obtained by incubating at 25° in Medium 02 euppleaeiited 

with pl-alanine i>lu« gL-methionine (5 x 1(T4 |) (Tablesa3* ^^

Glycolaldehydo (at concentrationa below 1C"3 g)

had no o^aerv-.iole effect on the ^rowth of this ;::ut,-t at 

in the presence o* absence of added vitu~in 36 .



fABIE Dl«3 

Th« pyridoxiae requirement of

and glyc laidthyde 

Growth (%SL reading)
with

Pyridoxiao 911 Stria*- Qlyool- K«rine-glyolne 
cone, (|) addition iQjrola* ald^hyd* >uycolaldehyd

2 X

27
27

(22)
0

27
27

(22)
0

27
27
(8)
0

27
27

(<D
0

( ) ftigBifift* d«lay«d growth.

______,t (ttriae-slyoine 1Q~3 || glyool*ld«hjrdt X<T3 |*
flTO alT^YOlitft*s of Medium G2» «ttppl«fi»at«d *8 ahotm, 
fr«r« inoculated with K a ooli ttg and incubated in 
tubea for 42 to, at
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(b) yogll M2

On Media Cg and L, thie mutant showed an absolute 

requirement for vitamin Bg over a temperature range of 25 

to 37°. Excellent and rapid growth was obtained with 1(T7 

| pvridoxine (Fig. 27). Rarely t heavy growth appeared in 

one of several tubes containing a casein hydrolysate 

supplement, but whenever this took place , examination 

proved that reversion had occurred. La the usual saedia 

the organism was completely stable even at very miboptimal 

concentrations of pyridoxine. Serint-glycine (icr** g) 

had no observable effeot either alone , or in admixture with 

1<T3 H glyeolaldehyde (Table ~l-3>.

When growth was limited by the use of sub-optimal 

concent rat ion a of pyridoxine, the organisms clumped 

together pr >dueiag an abnormal appearance in shaken

culture, Poor growth (H1L 4) was obtained by incubating
—8

In Medium Gg supplemented vith 4 x lO^' | pyridozine in

shaken culture at 37° for 16 hr. The culture medium was 

found to contain abnormally high concentrations of keto 

acids (detected aa their dinitroph«Bjrl hydraaones } .

rlhe finding^ are ^u^uari&;ed xn fable 1-4 • It 

is intarestiu^ ^hat an observable ei'feot oi1 glyoolaxdehyde 

is coitfitted to tlio^e aoitaats showing an alternative serine-

glyclae requirement.



TABLE ia-4
characterlatlcs 

of vitattin B6 outanta of £. coli

Striat-
Striat- glyeiat

Pyri- glyciat ft * glyeol- 3trine- Gl/ool* 
Kutaat addition doxiat pyridoxiat aldttoydt

B166
B167
22/99
I)W

1«

0
0
0
0
0

-«- •». A- A J.

*** w
-*- -A A. A^t*^* ty
•>• •••
^ 0

4>^4 0

0

0
(*+)

0
0

0
0<*>
0
0

Ktyi growth rtspomtt iadloattd Igr
( ) d«nott0 mpprtoifttolt d*X*jr btf or« ooameaotatat of growth.10-3

1C"" »
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Qhaater 1 

Concernin the oe of Actioa o S

iSffeot on other

The vitamin B^ requirement » of Sue oharoisy ces 

4228o were unchanged in the presence of

eerine-glycine and glyeolald«hyd« (10"*^ M each, in Medium 

A). Nor would these compounds substitute for vitamin B^ 

in supporting the growth of vitamin 3^ auxotrophe of

nidulane.

Attempted production of ^lycolaldehyde mtants of

Several attempts were made to produee glycol- 

aldehyde or serin e-glyeine :?lua glycolaldehyde auxotrophs 

of ggcherictiia Qoli« ?« O.ffXi- 51& was subjected t: u.v. 

irradiation followed by selection by the penicillin plate 

technique using elective layers containing glycolaldehyde 

(5 x 10*"* 1 fjbaal) alone , or together with eerine-glycine 

(10**^ H). ^o glyoolaldtayde auxotroph was obtained.

Ninhydrin^poaitiva cotapoundg excreted by Si^opli B166 and M2

While i^ i<jaoraaoe of the poasible structure of 

any vitamin 3,t precursor, it was thought tliav



-itt-

obtained by incubation of washed suspensions of £.«.

2166 and |L*_£2ii M£ ?/ith glucose, glyoine and glycolaldehyde 

mi^ht be examined for their content of ninhydrIn-positive 

ooapounds* these couiu ye of ^oieutiai i^ortaacc as it 

is possiyl* that the pyridine ring could arise by the ring 

closure of an aliphatic compound carrying a free a;i»lno 

group ('Introduction!, Chapter 2). At the same time, it 

was of &fuaeral interest to see whether the pattern of araino 

acid excretion was at all different iu the vitamin B^ 

auxotrophs as compared with the parent prototropna. A 

changed pattern ooulu reflect a reorientated ^etaoolisa 

of the mutant organise.

Accordingly! organisms harvested after optical 

aerobic growth on Medium i»2 (supplemented when necessary 

with 1C | pyrldoxine) were well washed, and suspensions 

(10 »g,/sil. dry wt.) made in 0.04 H phos^liate buffer pH 7 

containing glucose J-JU** aad M^^*, The^e were incubated 

aerobically with shaking for 3 hr, at 37° > the organiams 

removed by centrifu^ation i aiid saaaples of the supernatant* 

ehro&atograp&eti on v^mtiaan l^o« 3 paper with a descending 

solvent mixture of phenoV^H^/water. After drying, the 

paper wae treated with nlnhydri^ iii the uauul oanner,

fhree main aialiydrin-poBitive cota^onents were 

detected iii td ouperaatant^, identified b^ cubse^uaat 

two-ditiensional .^er oliro^to^aphy in tiic presence of



Nlnhydrln-reaotlve subatan^es f 9rasd toy washed suspensions 

of vitamin B auxotrohs of » ooll

Washed suspensions of organisms (10 «g./i«l. dry wt.) were 
Incubated for 3 &r« at 37° in 0.04 M phosphate buffer pi 7 
supplemented with 0.01* KfS^.THgO* l£ gluooee and where 
shown 0.# (SH^JaSOi, lO** | filycolaldehyd. and 10-* | 
Cl/oine. 0*1$ inl* samples of ths resulting supernatea were 
ohromatographed (desoending deTslopMHit with phenol/NHj/water) 
and spray ed f aftsr drying t with nlnhydrtn.

(a) Incubated with gluooae and

Organism Rf values of ninhydrin 4>Ye spots
0.24 | 0.62 | 0.77
Olg4 | 0.62 | 0.77
Of | 0.62 | 0.77
0.24 § 0.62 § 0.77

as for (a), except for the additional appear­ 
sual Xone if 0ance of residual gXyolne (if. 0.43).

Identification of the amlno aolda

chromatographjr of 0.15 ffil« samples on
Whatman Ho. 1 paper - with markers.

iorooaeat Nil addition
(If7^ Martcar Phm,/m$ But./A0.

0,24
0.62
0,77

aiutaaio
Alanine
Talias

0.2J 
0.50 
0.76 
0.80

0.12
0.14
0.26
0.40

fflus aarker
But»Ao»

0.24 0.14
0.37 0.16
0.75 0.28

The fourth spot was rather weak - probabljr leuolne or 
isoleuolne.



•markers' as glutamlo acid, alaaine and valine. A fourth 
end weaker component beeaoe evident only in two-dimensional 

chroB&atography of large sample a - this was tentatively 

identified as leucine or ieolcuoine.

g« coH B166, but not %, excreted ma unusually^^••••••••vMMMvnnMv j^t

high concentration of glutamic acid under there conditions. 

Apart from the presence of residual giycino, exactly the 

aacse ninhydrin-reactive suD®tajscei2 were identified when
pthe isuapenaione were incubated with glyoolaldehyde (10"" 

and filyoine (KT2 |) also present (Table Sl-1).

Inability of glycolaldehjrde to »u!»gtitute. directly..,.for

Glyoxylic acid has been shown to substitute 

direetly for Titaoain B^ in certain in Tlt.ro pyridoxal- 
catalyaed reactions (Metaler, Olivard and Snell, 195'}. 
It was of interest to see whether glycolaldehyde or its 

phosphate could reactivate a pyrl&oxal phosphate-dependent

It wa® 1'ouiid timt glyoolHl'.iei^yue and

-2—phosphate were unable to replace pyridoxal 

and pyrldO3teJU-5*»phcieibate in reactiTatln^ * v e tyrosixie
\

deoarboxylase of washed organism® or eua acetone-dried 

preparation respectively of Streptococcus faeoala>a R 

which had been grown on a medium devoid of vitamin Bg« 
These Qomyo\md& at the concentrations tested diu aot affect



f ABXiS Kl-2 
Inhibition of growth of %• ooli ?A15

<U?ool*16«hjd* Growth 
ooao, (g) (£21

0 
3 x 10~3 0

i4 
BU 24

( ) tig&ifi«» 6«;Ugr*& growth.

illS*
fir* aX* yolua«« of•ad with 10-2 I gL-«0rin*, wer* ino<jul*t»d with PA15 madTaoubated in «lop«d tubes for 40



TABL1S ZI-

518 by high concentrations of aerine~&lyoina

Qlyco
OOPO* (1)

4 x 10-3
3 x 
2 x
an

Growth
i

111 addition

0
0

jj f%tk \
t jK ^} J

at
2$

0
0

(28)
29
30

( )
ftTt «I« vol»m*ii of 

inoculated with I.
for 64 to. n

id growth.
»uppl*m«nt*d as shown w*r* 

518 tad iaoubat«d in »lop«d



-Ha­

reactivation of the apoenayme by the vlta&in 

derivative®,

Possible _actioa of

concentration exceeding 10" g, glycclald*l*jrd*
was inhibitory to the growth of both |l f 21

BIGG. If free ^i del^e could act as a specific 
inhibitor of serine-*£lycizse! biosyiitheRi* (which uight 
•xpli-ir, so-e of the observatioii* - see'J&isounsion 1 )» ite 
i&uibitory aetiou might 00 avei-cu^ by algh conceatratioae 
of eeriae-gly cii-e . However , glyoolaj,deliyae proved 
ialiibltory in the presence of optimal ooaeeatratio,u of 
&eri»e~£l:rciae to the growth of •.., coli FAl§ wiiicii is jaot 
able to cyuthesise th6te m;niao aciae: (Table KX-2). Xl-jtt« f 
glyoolaldeti^de does not eatercise its inhibit ̂ ry 
eolely, if »t allt via the inhibition of =ierl^e- 
8yatheai®» TUia ooiiclusiOB is eo3f±ra€NS o/ the observa­ 
tion tlu*t relatively iiig^ iioaceatrations of serl 
had ao effect OB the IiVuiuitlou of growtli of T: y _c.3lJ.

1. Ari l- no «>" 'act upon
of

i-3 P- nussb— of of



Aeper^lllus nidul^ns.

2 * Ho glycolaldehyde or serine-glycine plus glyoolaldehyde 

auxotroph could be isolated after u*v. irradiation of 

£. ooll 510.

3* Ho novel ninhydrin-poeitive compound was accumulated by 

washed suspensions of £, ooli B166 and Iy ooli M? 

incubated with glucose, glycolaldehyde and gXycixie. 

g> ooli B166 excreted significantly greater amounts 

of glutaade acid than did K> ooli B (Its parent) when 

both were incubated in suspension with glucose and M***

4« Olycolaldehyde did not substitute for pyridoxal in

reactivating the tyrosine apodecarooxylane of vitamin 

B^defloient Strep. faeoalia K, nor did glycolaldehyde 

-2-phosphate compete with pyridoxal-5-phosphate for 

the tyroaine apodeoarboatylase of acetone-dried 

preparations of the aaste orgariiam,

5. The growth inhibition brought about by high concentra­ 

tions of glyoolaldehyde is not due to interference 

with eerine-glyoine biosynthesis*



TABLZ 32-1
3->xaldhyde od e

of vltaaiiQ B$ fry c ^etmt organisaa

Tltaaia 
(mvtmoles pyridoxine 

> dry wt«)

g* eoli 518 §t 454
plus adrine-glycint 495

plus g^yCT/>) rt4*tiyi+ 570
yr poll B It 450

I* flu* glucoo* 449 
L plu»

452
X> plus jfijlUOOflHl 9i 04kVlliOiM*

600

1 1840
plus
and glyoolald«ixyd« 1930

Krtj ml* volum«a of auppl«a«it*d madia w*r« inooulat*d 
with 0*1 *!• of ItlO lA 10 »u«p6naion« of tilt
tak«n froa 24 lur. 37° »lop«« on M«dl«ui 8t . and iaoubat«d 
with rockin in larg« l-tub«» at 37° until full growth



Chater

,an4n . QlycoilalAefryde. 1^ relation to 

Titamin 3 Bioaynthesir

A pos??ifcle explanation for the growth of :: 

B166 on c»erine~gJkyoine »n<I glyaolal&ehyde , would be that 

trittse ooapouads are, iii tai^ org<^;ia:,i t Jii-eot or indirect 

precursor a of vitaaiija Bg. The a»anner in whieh provision 

of strine-glyoiae ana gl^coiciaaenya© aif«*ct*> vit&iajja B^ 

bioa/ntheaiB was exa*jtiri*a ooth during growth f a^id with

9 of several

. Wi th

(a)
and

) cither alone or in au^i:>;ture t i'iati littlt* effect on tllft

win B synth«sis©4 during growth of

or g* coll S on lufiium 02 , or of &Qt.iiu» &or*:aq|i 231 

on M«dium E (Table i:2-l)*

then the aerin«-gl^cin@ mutant

was grown on growth-iiaitinfi conoaatration© of gljrcine, the 

amount of vitamin B^ syntheaiaed (txpresaed in terms of 

aaount/g. dry wt. organism) was greater than when optimal 

growth ma achieved in the preaenoe of an exoeas of the 

amino aoid (fable >2-



38»t

3ynth«aia of yitatain

aiyoina
cone. (|) (

5 x 1ST2

^F ** <^fc-*'

2 x ltf*3
^fc jtf^^ %

5 x Itf*4

(b) Uatn« f pr

Growth 
ESLL raadin^)

66
60
35
15.5

6 
3

cone. (BJ) ia
I©*4

1,1 x icr6
1.1 x ICT^
5*5 x llT?
a»8 x UT*
1.4 x 10^7

SDena4ons

» '••ip •* •••*> • *• >

M£iolea/g. dry wt.
500
565

1100
1550
1870 
1870

Oluooae plusi 
dlucoee plua 
GluooD« plus

and «lycin«
a glyoolaldahyda

Gluaooa plus HH. A glyolii«
and &lycolald«hyda

Titaain uyntheeis 
. dr

0
800
720
800

960

5 ml, voluoea of Sadium 02 "upplamanted with 
aa ahowiij wara inooulstad with B. ooli PA15 and

with rooking in 1-tubaa at |fi jfii 
growth waa attainad*

latad* i2sa» Orfaoiftaia wara haryested aftar
^^.,_ ,._ _ P-w W* I Ar^lM (a growth-limiting 
oonotntrfttiroi)« waahad in 0.1 I phoaphata buff ar pR 7 and 
raauapandad in tha saoa atraa^th t>uffar eupplaaantad with 
O.Oljt Mgfif>i.t7M2° "^^ othar aubatratao ahown, Inoubation 
(aarobio in rookad J^tubaa) waa for 6 hr. at 37°.



f ABX«B £2-3 
mi lcolftldehda mad vi t amin

frr I, and

Aaiao acid aixtur* 
(AA-SC)

Aaiac MI4 mixture
(AA-SG) a 8«rto*-giycia« 
it «lycoOjad«iiyd«

22

23

21

33

28

73

180

424

AA-SG ims ua*& at 1*10 dilution 
cone. p«r wftino mold of 5 x 10-4 g| 

]| | and giycolaldeiiyde 10*3 g.
fifty «1* volumte of Msdiua 0£ suppl«aeiittt<i as shown, wtre 

inoculated with 0.1 al, of a 1*10 »tt»p«ii8ion of orgaaiea 
tafcea froa a 24 hr. 37° elo^« on M«dium S^ and iacubatad 
la larg« l-tub«» with rooking at the t«ap«ratur« indicated 
until irmTT-**"* growth was aohitrad*

S«rln««-glycine
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(b) In euapenaion
c erine-glyeine and £lyooialdehyde (ICT3 | of 

eaoh), did not enhance the 'baaai* s>-*rtae8ie of vitr^ia 

obtained when suspensions of B* ooli B or Proteus

231 were incubated with glucose and $H^ Preliioinary 

* adaptation 1 to the use of iieriao-ilycii-e nad #lycol- 

aldehyde by growth in the presence of tae®^ couwou^ds t had 

no obaervabl^ effect on *ut sequent vitiyaia 3^ biosynthe»i» 

Yitautin 3^ synthesis frou, glucose and HH** by tvaahed 

euepensions of glycin^-depleted g«. coll PA15 was not 

increased by further addition of glycine (iacie -2).

2 . yitami^ 3$ ajrnthesia • by a * leaky *py rid o xie au.y o t r oph

which deaionstrat ga^ u^7_§Tera.2ie-"gil^ciriB . ei

lu,_ coll I;W was grown a^robicallj at 25 in 

auppleaeated with (0 an amino acid mixture not

seriiifc cai^ ^l^cijae <AA^a), and (o) the same

acid mixture but with 10"^ each of serine^glyoine
ana glycolaj.dehyafe. l^ore vita^iiA B^ was formed during 

growth in the ^reB«aee of aerlae-^iyaiiie and glyoolaldehyde 

(fable ^2



£2-4 
Bio0ynth0oii» of vitamin B$ during growth of prototrophic

2-coXi B a&d aaxotroBhic 1* coll B166

f itmia 1$ 0/nth03la
dry

Profcotruoh (B) Auxoltroph (B166)
»il 465 No growth

and
«ltt0000 400 2$$

and
470 420

5 Amount of vitamin Bg within th* organiems waa about 
of the whole, but Tari«d with the a&0 of th« cultur0.

M{
gluoo00 10 mg. gluoo00/iBl*

900 28l* roluat«9 of M04iuia % suppl«ia0at0d as shown w0r0



-132-

3» Vitmain Bg Pioayntheais fry those yyridoxine auxotroph*

1* eoli which r«f?ron3 alters at ivel*? to serine-glycine' ' ''""' '

(a) In

B166 -

The ability of mutant B156 to synthesis* vitaaia

Bg whan ^rowin/* on serine-glycine and glyoolaldfchyfie (or 

activated gluoos«) was t@®ted, and compared with that of 

the ^rototroph g> eoljt 3 (Table l£~4). T!\* reeulte given, 

in terr. 5 of th« total vitaiair- B^ conttnt of thf culture 

.*iis-ss and oi*dium} at full growth. 'ynthc^ia of 

vitamia B6 fey the nsutant under the^e conditioiiR wa^ of th* 

«ame order of ir,agnitttd« as that of the parent strain on 

immtppleme&ted b!?,8al medium*
B166 was groua on Medium G oontainiag

seriae-glycine aad glycol«J.dehyd0 , the distribution of 

vitamin B^ between orgamisraa and culture fluid varied fdth 

the age of the culture in a siUilar fashion to th« behaviour 

already noted with J. coll 1318.
There was no change in the f.uiount cf vitar-oa 3g 

syntJiefised ifhen tedium C2 plus scrinc-glyoine and glycol- 

aldehyde was further impplemented with oasein hydrolysmte, 

a fiirture of puriae? ejnd * yrirsidines and vitamins other than 
Titaaiia Bfi * In particular, the syntlieiiis miQ unaffected
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by addition to the acdius of tliia-iie (10""' ;s) or adanina
ax

plus niootiriie acid 

(b) la

Although after growth 0* t. ooli B166 in the
«•»& 

presence of 10"" £ pyridoxine, about 50;$ only was recovered

«*? assayable vitamin B^, there we? HO/ recovery when a 

ed suspension of 3156 was incubated aerobically with 

j; pyridoxine for » hr. at 37°. Jt ^^©-ned, th«?r«fore f 

that possible de.r;raiati->a of syath«8l rt ed vitami-.: 3^ would 

not be Sttffiaisatl,' grerit to interfere ^vith the study of 

Its yioa^ataesis by washed suspensions.

W@ll-»waahed suspensions of ^ eojLjL 3166 harvested 

from pjridoxiae-oont&inin^ -ledia, synthesized little 

vitamin B^ when subsequently incubated in phosphate buffer 

containing M&** f ^j** glucose, serine-glyoine and glycol- 

aldehyde. Crganiss^ grown in the absence of auded vitamin 

were able to ^y^tiieaiwe the vitLialn i,-i '^:uch better yield*rD
The ac f.u«l nia^itude of the ?/nth^i$ v^.ri^d fro.» experiment 

tu aitpcriment ^'/en thou^ii ^eat c.\r^ war. tf-ke.n to grow, 

harvest and treat each antch of organisms identically, 

With such ^uBhed suspensions, some degree of synthesis of 

vitamin B- war, alwave obtainable with glucc ie and HH.* t 

but thi® wac invariably enhanced by the addition of 

gl^oolaldahyde* #ith serins-glyoine and glycolaldehydt



of Titaain B b **•&*& auaenaioaa of

B166 grown on ««dium 82

(») Pcod directly &£tojr

Jill
glyoola

pltte

o Pluo 
911 aO 
Soriao-glyoia*

Soriao-glycino and 
gl/colaldoh/do

addition 
Gluco0« -f KH4 
Gluooao + glgrcol

01iioo«o *
@laoo*o • eorino-glyciae and
glycolaldehydo 

Glueoao • RH4* and
and glyoolaldehyd*

* glycolaldehyde

glucoe*

Vitaain B£ biooynthesia
(100

wt.

10*3

l*i
0

21

33
-

n

0i
2
2
<M»

3i
-
•»

m
0

9
2

-

31

0
0
0
0
10

14
«»
<•»

ill
0

5
6

1?
10

0
0
0
0
18

22

3?«*

&

0
0
0
0
14

12

21
4

e«riito~

Or£ani«i» w*r« grown on Mediuaj Gj with a«rln«-frLjrcine and 
Sl/oolftldohy do , and washed in O.I | phoaphata buTfor pH 7. 
•Pro-daplation 1 "^ ̂  furthor Incubation in thia buffer 
for J br.



20-

«/> «J- *
UJ ^

I- «*»Z "•**

CO

IO

2 O 2O

IO

NORMAL

\\
PRE-DEPLETED

u>
Z
UJ

UJ

Q. 
Q.

Z 
O

o 
o

UJ
ou

O

S
>

+ S
UJ >

5S

O 
U

O

I

Z
E
UJ

o >•

Synthesis of vitamirLJ^ by washed suspensions of E.coli B166

For f^.rtlier details see Table E2-5.
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&« sole substrates, «o-ae vitazaija 3^ ^mr? forced, though not

as (such as *hen slucost* ,?aa e^currcMtly preaeat (/i&* 28 

anl Taole **?-5}.

It was thoui^xt th-it the 'bnsal 1 sjntl.c-sis 

obtained on glucose and TfH^* si^ht be due to the carry-over 

of ooae precursor(a) formed by the orga isrns during their 

growth or* strtae-glycin© and ..lycolaldeh^ae - the substrates 

whose effect on vit&aiio r^ biojjnthesis it wac iesircd to 

test. An attempt was isade to re-tove the 'precur^ora' and 

so (2eer*^a^e the olank ayatheai:?, bjr starvation ;f the 

or^aiiisma prior to u f;e. Ai'tor harvest ijag froai the aerlne- 

glyciiie ^iun glyoolaldeliyde medium, the cells wert washed 

t^ice with 0.1 M phosphate bx^rer ^H 7. ^uspcaaioiia 

(5 otf./ial.; i-i vhoopluite buffer of the ;->a±e strength and 

joH f contain!; ;k 0,"1;'" M£;i0..7H^.^ were rockeu aorobioully 

at 37° for ? to 3 ar. nr^iaiomu ac> treated were termed 

•depleted 1 o.- t,M:iis:ii'j. They sriere wiiolly miat;lci to ayntheaise 

ii B from glucose and SH* but were able to do ao

whan glycqlaldehyde (K~ M) WHU Turtlier added, Serine-

glycine enlianoed tlio eyntueflia (Fig. 28 on£ Table r;2- 

The actual yield of vitamin B^ a^ai^; varied 

batch to batch of depleted cell^ uefttf. All showed an 

absolute rr-uir^ni^^t for glycoiald^wj© fc>r any ayntheaie 

of tht: vitasiin, *»^ eynthenio in the fc r«?»enoe of glyool- 

aldehyde and/or »erine-^lycin«. , »7&» &uch increased by the



f ABLJE £2*6

of vita»ln B& lay pre~depleted y washed 

suspensions of B« ooXi 22/99

Vitamin 36 synthesis 
(100 at fwalas pyridoxine 

dry wt.)

IU 00
Glucose and §84+ 7.5 0
IHL* * glyoolaldehyde 0 0
Glucose • »H4^ ^ glyoolaid»hjd« 13.5 0
Qluooaa 4 ••ria*-gljroin« 6 0

•»• gi^oolalddlajrdt 0 ?
Oluoos* * aerine-glyoine

4 toiyeolald«hyd« 18 18

olftas 4 - grows oa M«diua 0^ *&*& ••ria«-*gOjroin«. 
B - growa on H»dlua G with »vTia«<*»gljr«iiia

gljroolaldeb/dt.
M|

* 5 K
was grown on th» eadia Indicated, In 500 ml. 

rolUB«e »hak«n at 37° until aayimua growth was attained, 
harw0t*d, washed and pr«-d»pl«t«d by aerobic incubation 
in 0.1 | $2M»*£ktat* buffer pH 7 f or 3 hr. at 37°. Tho 
rwharvaatad organiwoa ware ew*p«nd«d in the sane oonc. of 
phosphate fcaffer ooatainiag 0.01^. ifgSOj*7Bt° P^8 tna 
•uppleoeats ehown, and inoubated aerobioaily with rocking
at 37° for 6 hr«
Samples were aoid-extraoted and asssyed for vitaain B6 at 

0 and after incubation.



addition of glucose. This ad£ht serve aotk as aa en^r^ 

supply an£ an the source of another carbon fra^ent wloich 

would otherwise have to be rrcvlded by endogenous

I« ooli 22/99 - This •vitamin B^ auxotroph* ^row

on seriue-^lyoine and glyeolaldehyde and lees well on

a trine-sly cine ( ?ig. 26). More Yitsuiin B^ was

when it was grown on glycolaldehyde |?luc serin

than when it ^na growa on aerine-glyclue only (Taole "22-3 ).

Since good growth waa obtaiaablo on Medium ^ 

plu^ »«rine-glyciae , it win thought that euspenaioAn of 

organises so grown slight not show an obligatory requirement 

for glyoolalUehyde for vitiuain 3^ syatheelo. This proved 

to be correct, for mtspensiona of '% cojji 22/99 which had 

been $rown on serin e-glyoiLie aad depleted by aerobic 

incubation in plioaphato buffer, were capable of Ryntlieai&in 

vi-ariir. 3<- to soittw c-jtt&ut iro~. ^luco** aiid HH-*. Synthesis 

was still enhi^ced by the £urt&*r provision of ,^1^ col-

aldehyde.
Conversely t suepeiisivaa ^btuintd by 'depleting* 

organisms frown on aerlno-£.T;/ciae plus glycolaldthyde » 

would synthesize vit-^iin 3^ on.Iy «.-fh^tt provided -vitli uoth 

glycolaldahyae su»d sarii:ts-4!l^ cine (Taole 72-*6).



1« Vitamin B^ synthesis oy the competent organises tested , 

both during growth and in suspension, was not enhanced

by the addition of nerln*~glyci£i<* ana ^Xyeolald 

2. Vitaain B£ synthesis by v. r ccu^ 2W ^rowi** 1̂ 01* an 

acid mixture at 25° war; increased uj the i'urther

additioa of iserine-glyciue .^^ ^l^colalaehyde. 

3» Ih-re was no Barked dirrertiice between the ,u.:>u^t., of

the.. »

mutant strain B166 when ^ro'.via^ a;* !-*€diu^ 

niented wit** ©erln«-0lycino niid ^lycolaldciv^o.

4. oxi9£«nsion3 of ": fv ooli 31C6 harvested and washed after 

l^owth an v.odiUit G^ supplement ed with 9«rliie-^iyoine 

plus gly colald«hyde , ,rouM synthesise vitasiin B^ froa 

gluoo^t; and HH-** The syn thesis wan ^uch iaiprov«d ^jr 

the yrovi«ioa of glycolaldefayde.

5. Ii tae orga^io.r/;: used were fir;-:t depleted by incubating 

2 to "- hr. in aerobic suspend i<x; at 37° in phoo^aate 

'ouJTfer plus S^^t -hen no vit;.-,'..i.. B^ nynthesle was 

ODtal-..ed when thr cell:-, wer© aiiisequei.tl^ IncuL^ted 

^?ith ^luco-r.-e uad HH<1 '*', -ynthecis of the vit&^in was 

thea wholly dependent u^on fel^coi'-ldehyae, i'ui-t 

ioj. of sc-rine-glyoine somewhat improved the
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6. Suspensions c»r 1, colir 22/99 harvested after growth ou 

Berlne-glyeir.fe, >na •demisted' ju-ior to use, ",ere 

rtill Volo to 3y.aUie«ise vit«.tnla 2^ frou g-luco^e and 

^H.*. Thf 0yr:th*ir.i^i was ft.jula enhaiiced by aerin^- 

glyoine and glycol,^ld«hyd«.

?• Suapensiojfis o! S^ ooli. 22/99 grown on s erine-glycine 

plus glycoLaldehyd© and • depleted* o«fore use, vver« 

unaDle to synthtsise vitaur-i;; 3,- unlers both ssriae- 

ne and glycolaidehyd® were o^^dled.



DISCUSSION
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the course of this study, all bat one of 

the possible approaches discussed above (pp. 31 to 40), 

were followed. The exception was that employing isotopes. 

Application of the isotope-dilution technique to the 

identification of possible intermediates, and incorporation 

studies with labelled precursors, were held up fey the non­ 

availability of an organism producing sufficiently large 

quantities of vitamin Bg* Methods would first have to be 

developed to obtain optimal extraction of the comparatively 

small amounts of the vitamin synthesized by the available 

organisms* Instead, attention was directed towards the 

vitamin Bg auxotrophic organisms* The growth of 1» coli 

B166 in the absence of vitamin Bg in a glucose-containing 

aediuffi supplemented with serine-glyciae, but not in a 

lactate aediua containing the same amino acids, was 

particularly intriguing, mad was studied in detail. The 

resulting discovery of the essential role of glycolaldehyde 

was encouraging, particularly in view of the current 

interest in *active glycolaldehyde 1 metabolism. When it 

was further found that the amount of vitamin Bg synthesiaed 

by £. coli B166 grown on serine-glycine and glycolaldehyde 

was not significantly less than that amount normally 

eyntheeised oy the prototroph 1^ oolf B, it was thought



posaibl0 that a study of the glycolaldehyde requirement of 

this organism might lead to the identification of a more 

closely related vitamin B6 precursor. This explain* why 

00 much attention is here devoted to an appraisal of the 

growth characteristics of B» ooli B166.

WIf

Work with these organisms waa handicapped by 

their limited synthesis of vitamin Bg, Thus, no oonolusion 

may oe drawn from the observation that production of the 

vitamin by Baohfriohia ooli was not enhanced by addition 

to the minimal madia of any plausible supplement, for it 

i0 posaible that the adequate de aovo synthesis from 

glucose plus TSHj* oould not be surpassed. Even the vitamin 

Bg 0ynth«0is of the most productive organism used, i.e. ff 

Proteus morganii 23$ at 4 nmole/g. dry wt. f is much too 

small to represent anything but a minor commitmant of the 

main carbon source* More immediate precursors might be 

diverted under such circumstances along alternative 

metabolic routes.
The inability of casein hydrolyo»te, purinee, 

pyrinidines and other supplement n such as ohileimio and 

3-^ydroxyanthranilio acids, to enhance the f banal1 synthesis 

of vitamin Bg from glu«o00 pl«« SH4* by wild-type £. ooli 

and iM^«ie morganii. «ia^t indioata a pr0eur0or role for
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diraot products of carbohydrate metabolism, as in shikimic 
aoid biosynthesis. Were formation of such a carbofaydrate- 
derived precursor, tha rate-limiting step in tha biosynthesis, 
proriaion of a aaoond fragment, e,g,, in tha form of an 
aaino aoid, naad not raault in incraaaad vitamin Bg formation.

Aerobic incubation favoured vitamin Bg synthesis 
from glucose plus NH4*. that niootinio aoid might ba 
raquiradf was to ba ax$sotadf tha naad for thiamin* mi^ht 
ba mort significant - this yitamin plays an important role 
in tha transfcetolaae reactions of gluooae oxidative 
oataboliSK*

Tha inability to obtain Titamin Bg synthesis 
from simple pracmraora in store than slight yield with 
call-free extract preparations, and to enhance even that 
little which was obtained by addition of a number of 
plauaible substrates and oof act ore, was again to ba 
expected, since tha proper functioning of a multitude of 
sequential reactions was demanded. Cell-free extracts 
are of greatest value whan one or two-step transformations 
only are studied,

wira masus B& AUXOTROPHS
It appears that vitamin B6 autanta of 

are difficult to produoa, and oonaaojiantly rather rare. 
Perhaps taa diffioalty is raatriotad to this organiam for
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#yridoxiae auxotropha have appeared frequently amongst the 

J*rodacta cf irradiation of Aepergillue nidulaaa and

(Ponteeorvo, 1953). Vitamin B6 mutants of 

might die off very rapidly in media unsupplemented

with the vitamin (of* Ponteeorvo, 19531 Bauman and Davis, 

1957).

So evidence for a coaaon route of biosynthesis of niootiaio 

acid and vitamin S6

Ho multiple awtants of lf eo|jL requiring both 

nicotinio aold and pyridoxlne were obtained* and no sparing 

effect was demonstrable of one vitamin on the requirement 

shown for the other by any auxotroph.

It mi^it yet be found that the apparently novel 

route of niootinio acid bloeyntheele In g« opll. Baoillue 

au^til^y (Yanofeky, 19H)t and Aspergillue aidulana 

(Pontecorvo, 1953) la due to no more than the existence In 

these organisms of a mechanism for the direct hydroxylation 

cf anthranilio acid (McCullough, 1957).

3-Hydro3qranthranilic acid, anthranllic acid and 

•hikiioio aold did not increase vitamin B6 production by 

1, coil, nor, on the other hand, did ecrtne-glyeine and 

glyoolaldehyde have any apparent effect upon the 

tumntitatlve requirement* of a variety of indole, tpyptophaa 

and niootinio acid mutants of ?t



SBHmB~GI*YCIffg O

Glyoolaldehyde was able to reproduce in every 
particular the biological activity of activated glucose 
with these outsat a* an optimal concentration consistently 
improved upon these actions. Ivon the observation that 
glyoolaldehydo could at no concentration satisfactorily 
substitute for activated glucoae in Medium L, was fully 
explained by the concurrent action of unchanged glucose. 
although absolute reliance may not be placed upon a 
colorimetrio reaction as unspecifio aa the diphenylaaine 
reaction used in the Bisohe-Borenfreund method, the assay 
of the glycolaldehyde content of activated glucose samples 
by this means is sufficiently aeourate for it to be 
concluded that,

(a) sufficient glyoclaldehyde is probably present to
account for the biological activity of the samples j

(b) the glycolaldehyde is formed only during the
specific autcclaving procedure necessary for the 
production of activated glucose.

Olycolaldehyde , too, would poasesa those chemical properties 
attributed to the active factor aa a consequence of its 
behaviour during attempted extraction, e.g., a highly
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hydrophilic character with a tendency towarda instability 
in alkaline eolation.

Any formation of gly colaldehyde from glucose 
during alkaline autoolaving would probably proceed by way 
of aaiaaion of the Is2~eaediol intermediate into C2 and 04 
fragments (fig. 29, after Wolfram and Scbumacher, 1355). 
This aooords with the fiading that the sugar aloohola 
oould not be activated by autoelaving, for these compounds 
would be unable to form the enadiolata ion. then again, 
aaiaaion at this position apparently demand* the migration 
of the hydrogen atom from the C-3 hydroaqrl group* This 
oould not ooour in 3-Q~methylgluooee» which was signifi­ 
cantly unable to fora 'active factor*.

All the findings therefore support the hypothesis 
that the activation of glucose solutions by autoclaviag at 
a slightly alkaline pfi, is a function of the concurrent 
formation of glyoolaldehyde.

Several oases are known of the development of 
biologioal activity during heat-steriliaation of gluooee~ 
containing madia (Orla-Jensen, 19331 £iyson and Peternon, 
19491 Cheldelin, 1954; Haohiauka, Xato» Aaano and Kuno t 
1955; Ramaey and Lankford, 19561 field and Liohetein, 
19^71 Sergeant, JLankford and Trailer, 1957). Whan the 
medium contains amino acids, Maillard-type, or other f 
interactions between these and the hexose have been
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daaorifead, For example, IMJ-glucooylglyoine has bean found 
to possess tha aaaa growth stimulating aotiYity for 
Laotobaoillua guvonii aa m*dium-autoclaved gluaoaa (Rogera, 
King and Cheldelin, 1953). Sole01 on products have 
occasionally feaan held responsible for tha growth stimulatory 
or inhibitory affaota of autoolavad glucose* pyruvate 
replaced autoolaved gluooaa for Stre^tooooqua aalivariug 
And Laotobacillua buLUariouq (Sailey, Riven and Shen&an, 
19431 Snail, Kitay and Hoff-Jorgensen, 1948), while 
reduotone waa a baotarioidal oo»ponant of gluoose caraiaele 
(see also Hondo If o a&d Honnie, 1948). The present study 
appears to be tha first to implicate free glyoolaldehyda 
aa a component of alkaline autoolavad gluoose of poaeible 
biological aignifioanoe.

Baoheriohia ooli B166

fhia ia not a trua vitamin Bg auxotroph, for no 
concentration of any known form of vitamin Bg could 
reproduce wild-type growth characteristics $ instead, only 
euboptiaial growth occurred after long delay* It ia obvioua 
that the leeion ia tha organism ia not confined to inter­ 
ference with vitamin Bg bioeyntheais} aoma other bioeynthetio 
pathway ia manifestly affect ad. It aaaaa that this might 
lie tha feioeyathaaia of *erine-glyoino, for whan thaaa asino



aoida wore present with pyridoxine, then rapid and good 

growth resulted. The organism 10 therefore multiply bloeked 

- being at least, a serine-glyoine plua Tltamln Bg auxotroph, 

Even 00, the growth attained on supplemented simple media 

neTer equalled that achieved by the wild-type parent 

organism on the unauppleaeated madia. Another peculiarity 

10 that the vitamin Bg requirement of thia strain was some 

ten tines that of B. coll If^ which showed an absolute 

requirement for the vitamin*

Aooeleration and enhancement of growth by serine- 

glyolne la the preeeaee of pyrldoxine, could conceivably 

be a reeult of conversion of the vitamin into an even more 

aotlve form, or of increased permeability of the organism 

to the vitamin* This 10 hardly likely though, since even 

very high concentrations of all known forme of the vitamin 

could not improve growth of the organism la the absence 

of the aalno acids* Altoraatively, there Bight exist a 

growth-limiting state of serine-glycine, or other, defioi- 

enoy during growth on the vitamin.

Serino-glyoine nust serve a double function, for, 

besides the growth-enhancement effect, together with 

glyoolaldehyde theae aadno acids ef f eet a vitamin B^ 

replacement. fhe aalno acids aust be eonoeraed with 

glyoolaldehyde la this second function, else glyoolaldehyde 

alone would be expected to evoke at least the suboptiaal 

growth achieved on vitamin



contrast to eeriae-glycine , glyoolaldehyda 

aeeas to have no specific aotion on the organism other 

than in its role in vitamin Bg replacement* under no 

oiroumstanoe did glyoolaldehyde exercise any sffeot in 

the presence of pyridoxine. If this is the aasa, then y 

as free glyoolaldehyde *** required at a concentration 

some 500 times that optimal for vitamin Bg» either it issust 

be very rapidly metabolised and destroyed by the organism y 

or it aots only indirectly.

As growth of the organism was possible on 

certain supplements in the absenoe of added vitamin 36 , the 

first question to be answered was whether the supplements 

reduoe the vitamin Bg requirement of the organism t or 

partake in its synthesis.

Oonoerning the vitamiaa . B$~sparing abilities of serine«» 

glyoins and

Serine-glyciae and giyoolaldehyde could replace 

vitamin Bg for this organism if they were the sole products 

of flmetion of the vitamin when growth was taking plaoe 

on an otherwise minimal medium. What is known of the mode 

of aotion of the vitamin (see 'Introduction* t Chapter 1) 9 

is evidence enough that this is impossible.

the alternative remains that the mutant is 

partially able to synthesise the vitamin, i.e, f it is a



* leaky* vitamin Bg outant and the amount formed la 

aufflolont to aatiefy all Ita functions except thoaa of 

ayntheeiaing tha essential metabolite* aerine-glycine and 

glycolaldehyde (fig* 30). Provision of thaae would allow 

of growth of bacteria with a auaoptlaal content of vitamin.

There or* ao»e indications that eertae-glyeine 

aigat In faot have aoma 0pajring eff0ot on tha vitamin Bg 

r0<4Uir«Bente of this organiam, a«g*» tha raduoad pjrrldoadna 

ra^ulramant for growth» and tha Inoraaoad resistance to 

inhibition by 4~d«oxypyridoxlne and 10onla«id In tha 

presence of serine-giyoine (fablea C2-l f C7-2 and C7-3). 

This agraaa with tha known function of vitaain B^ In tha 

ayntheeia of theae, aa of all other amlno aolda.

The activity of aerlne-glyolne waa not «olely» 

If at all, a function of Ita vitamin Bg-eparing ability, 

for it would be luapoaalbla 00 to explain Ita marked growth 

promoting effect In the presence of excess pyridoxine. 

Be01d00» oven If only tha vitamin Bg replacement action 

10 considered, the possibility that it was due to a reduced 

rao.uirei&ent for tha vitamin isuat be rejected for)-

(a) growth In the presence of atriae-glyoine and glycol- 

aldehyde occurred with «uoh 1000 delay than with an 

6x0000 of any fora of vitamin Bg|

(b) glyoolaldehyde alone had no pyridoxine-sparing effect j
(c) cerine-glyoino and/or glycolaldenyde, had no aarkad
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pyridoxine-eparing action with Sr ooli Kg or jE. ooli
DW at 17° | 

(d) serine-giycine aad/or glycolaldehyde, had no beneficial

offsot on tho alaniae plus asthionine supported

growth of 1. ooli DW at 25° 4 

(4) whan the witant was grown on serine-glycine and

glyoolaldahyde ths amount of vitanln Bg eyntheei88d

waa praotioallj idantioal with that producod by tha

parant wild^t/po organi8B growing on un8t»ppl«t«nt8d

modlum.

Thi8 last ob88rration alont would ««em to exoludo tho 

hjrpoth88i8 of sparing action, for, in case? of 

Titaain*8paring action, ajmthoaia of tho vitamin 10 

gonarally obviously auteor«al« Ktim^roufl example 

b8 givan, but thoao moat rolovant to tht pr«»«nt study aro 

tha behaviour of Str+otococwe f asoalia H and I. 

Strop* fasealis R was grown on a full

•odira containing g^alantnft, ths synth«»ia of vitamin Bg 

was vox? saall and ths organisaa oon«eq,u«ntly strikingly 

dafioisnt in pyridoxal phosphate (Boldon and Snell, 1949). 

1. coli PW grown on a mixture of amino acid ft at 25° show** 

dlminiehed vitamin Bg-onsy»e activity, restored by 

sappls&sntation with a suitable form of tho vitamin 

(Wijeeundera, If54| Dsntauttt Hoars amd Work, 1355).
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whoa growing at 25° on %HO0Ma« pint gk-nathioaiaa f
•Hi ••

aynthaeie of vitaain B6 by the organiaa was markedly

*titoptiaal.

It 10 anftUfted of coure* that tha aubetanc« which

*** aea0gred by Saooharoaycaa oarlabargansla 42?8o f in

*xtr*ot0 of B166, was actually vitamin Bg and not a 

precursor aa of footiva ae th« Titaain in supporting growth 

of tha yeast. Oonfldanoe In tha asaay wao partially 

Jttatif i«4 by tha finding that *00*y« of B166 axtraota 

gava approxi»»taly tha «am» raaults wham parforaad (rather 

Ie0 « accurately ) with I* ooli »2 .

Poaalble fmsotiofl^njg of .,.a0jffiAfe.^^JLy..cijAto ftB^.. JuLyjQOlaJLflahjfdo 

ae reouraore in vitamin Bfe Jbioanthaaia £ ool BI66

fho eridonco by direot aaaay of noraal vitamin 

0ynth0ai0 during growth of £lf ooli B166 on aerine-glyolne 

and glyoolaldohydOt whilst being the most powerful argument 

againat tha functioning of theee eub0trates by vitaoin Bg- 

0pmrin# ability f 10 tha «o0t 0ugg0ative of a prooureor rolo 

for thoao ooftpounde in vltaaln Bg bioeynthesls. The great 

increac0 in reaietanoe of tha orgaaium to 4-deoxypyridoxine , 

wham growing on 0erino~glyoine and gly oolaldehyde , if 

interpreted *loag tha lineu aufoge«ted by the observation 

of Rabinowita and 3nell (1953)t would aupport this view. 

However, it aeon* that thio 10 not oonoluaivo evidence,
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for a vitaain~aparing action would aleo be expected to 

deereaae eeneitivity to the antiaetaboUte. To aaaeaa the 

contribution Made by eerlne-glyolne and glycolaldehyde to 

any eyatheaie of vitamin Bg» they are beat conaidered 

individually.

(a) 8 •rlyi e-»gly o i n »

fha position with regard to these amino acids, 

ia oomplioatud by their playing more than one metabolic 

role. ¥h*y art aeaantial wtabolitaa 9 and baaidaa any 

propoaad function in vitamin Bg synth«si», ttight to soa* 

•riant ba abla to raduo* the raquiraaant for thia vitamin .

?t*oa oloe« *xa»ination of tha growth propertiaa 

of Sf eo^ B166, tha ooncluaion eeess inca capable that 

aarina-glycina proriaion ia aaaantial for tha syathaaia of 

vitaain B« by this organ i am. This need not necaaearily 

maau the direct incorporation of either of theae amino 

aoida into the vitamin Bg aoleculei the seehaniam of 

action could be indirect and peculiar to theae auxotropha

(vide infra).
The inability of aeriae-glyoiae to influence 

vitamin Sg ajratiieala by those competent organieaa tested, 

aight, as eu**eeted earlier » be only a consequence of the 

aaall and apparently restricted ayntheeia obtainable and 

cannot be regarded aa excluding their functioning aa
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precursors of tha vitamin. Hor ia view of their relative 

quantitative requireaeats, can any certain coaolusion be 

drawn froa tha finding that vitamin Bg synthesis by £*_&£& 

PA15 ia growth aad suspension was unaffected by (assumed) 

serine-glycine deficiency.

With washed suspension* of £• ooli 3166 (even 

those depleted of precursors by preincubatioa), KH^4* could 

adequately substitute for serine-giyoine ia vitamin Bg 

biosynthesis, though for maximal ayatheaie* both aeriaa- 

glyoiae aad KH * were required. Perhaps with the major 

quantitative requirement for the amino aoids already 

aatiafiadf tha organism ia capable of sufficient ae novo 

3erine-glyoine synthesis to furnish the requirement for

vitamin B£ formation. More probable ia tha existence of «j
aa eadogeaous pool of seriae-glycine developed duriag 

growth oa tha amino aoids aad more than aaequ? te to meet 

tha deaanda of a very aaall vitamia Bg syatheeis. It ia 

therefore somewhat surprising, if gratifying, to have beea 

able to demonstrate aa absolute requirement for seriae- 

glyoiaa ia tha ayathesiB of vitamia Bg by pra*Hiepletad 

auapaaaioae of ^ r eoll 22/99 grown oa tha amiao acids plus 

glyoolaldehyde.

(b)

All tha evidence suggests a function for



tfljroolaldehjrde in the Biosynthesis of vitamin B$ bj Sf ocli 

B166.

It was unfortunately impossible to produce 

suspension* of the organism harvested after growth in the 

absence of glyoolaldchyde which were able to synthesize a 

significant amount of vitamin Bg. It ia therefore probable 

that the sore limited vitamin Bg synthesis from glucose 

and HH^* was made possible by the participation of endo­ 

genous intermediates formed from glyoolaldehyde during 

growth. Even so, addition of free glycolaldehyde invariably 

increased the yield of Titamin. By 'starvation 1 after 

harvest ing, suspensions of organisms were obtained which 

were incapable of syathesising vitamin Bg from glucose and 

$&4*l gljrcolaldehyde had become an obligatory requirement. 

Although use of pre-depleted organisms could be deplored on 

the grounds that an unknown amount of irreparable harm 

might concurrently have been done them t normal synthesis 

of the vitamin was obtainable on provision of glyoolaldeh/de, 

and the meat acceptable explanation is that during the pre- 

incubation in phosphate buffer, utilisation with consequent 

depletion of endogenous supplies of glyoolaldehyde or/and 

its metabolic products had been achieved.

Results with washed euspensions of £» ooli 22/99

support these findings. Here, glycolaldehyde was even 
required for optical vitamin B6 synthesis by suspensions
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of organisms which had been grown with serine-giyeine * and 

which, it must be assumed, were capable of limited synthesis 

of glyoolaldchyde products. Synthesis of vitamin B, during 

the growth of this mutant wast greater with eerine-glyeine 

plua glyoolaldehyde than with seriae-glyeine alone, (under 

which conditions it must be regarded as »g2ycolaiaehydc~

deficient*)*

As with s*rlne~glycine, the inability of 

glycolaldehyde to increase the amount of vitamin Bg formed 

by competent microorganisms does not exclude the possibility 

that it may participate in its synthesis.

It was interesting to find that supplementation 

of the medium with aerlne-glyoine and glyeolaldehyde 

enhanced the suboptimal synthesis of vitamin Bg by £. ccl| 

BW at 25° but had no apparent effect on the growth of the 

organism at 37°» at which temperature the block In vitamin 

3£ formation seems to be complete. Again* there was no
Q

detectable action of these compounds on l«..c.qll M2§ SaQCharo- 

Hycea og^sbergenels 4228c and Asperglllus nldulana bl 

It ia reasonable to assume that the lesicn In vitamin Bg 

synthesis is in these organisms subsequent to the point of 

action of serine-glycinc and glycolaldehyde.

la auauaax^f the evidence for the participation 

of glycolmldehyde in vitamin B6 biosynthesis is somewhat 

stronger than that supporting a similar role for eerlae- 

glyclne. However, it appear* that these attiao acids must
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be eonoeroed in the synthesis, ±z ^nly indirectly

Possible jgportaaoe of a third factor

ihe aa^ttltuae o* the growth response of 
1X66 to Birautv-tflycittft ana tfiy-colaldefayde was dependent 
upon the eaeal joediuid u**id. Xt sepias that some further 
eubstance ia aonoeme4 with these oon^oundfi in the nutrition 
of the organism, and in particular, ia the vitamin B^ 
replaoement aotion* 2his suDataaoe is more readily arail- 
a&le when gluoo^e rather than lac t ate is the mala carbon 
source. Perhaps, could the factor be provided ^reformed, 
growth on serine-^lyoijae ^lus gl^oolaldeh^de vrould at 
lea«t attain the level found with aerine^glycine plus 
pyrldoxine, whilst iprowth under both conditions slight 
achieve that a»3ti«ttm reached oy the ^rototroj^h (i.e., 
assUttUMi that the factor ^oaae^ea i^ortaat functions 
besides its role iu vitaain 2^ oioajrutheBie ) *

Alternatively § the nature of the carbon source 
otherwise afftet the ^ropertie*} of the

HAfDKi Of THB ICBfABOUO LSSIOH IN fa C^li. B166

Assuming that, as the prodxiot sf a single
%. ooll B166 sufers rom a snge muta 

change, the lesion wist induce a number of metabolic 
defect*, for the organic possesses,



U) a block la vitamin B6 biosynthesis which may be ovs*- 

com* by supplying the organism with scrine-glyoine 

and glycolaiaehyds (and another faotor?)|

(b) a partial block In asrlne-glyoime synthesis. Partial,

because the organism can grow la the absence of
—6added serine~glyoine * to consider pyridoxine (10^* |)

as a precursor of the required concentrations of 

serine-glyoins (1(T3 M), or as the sole product of 

utilisation of the amlao acida, la absurd. Indirect 

evidence suggesting the existence of a partial blockage 

only In the synthesis of these aalno acids» coiacs 

from the finding that the sorine-glyoine requirements 

°* Bf QQJ4, B166 are lese than one-tenth those of 

B. coll *»A15|

(c) a defect in the synthesis of glycolaldehyde, and of 

the hypothetical third factor* if these are normal 

metabolites. If the utilisation of these substrates 

is an abnormal (artificial) process» then it is the 

inferred natural metabolite t i.e., the product of 

their assimttlation ff whose Biosynthesis is obstructed, 

fhia metabolite need not function solely in vitamin 

Bg bloayathssla.
How, there are several possible methods whereby a single

metabolic lesion mirffct Injuriously affect more than one

routs of biosynthesis -
(1) by cross-inhibition whereby an accumulated precursor



could Inhibit the utilisation of other metabolites | 

( 2 ) by the functioning in each bioeynthetio route of a

roactiou-3p*oUie catalyst (enayme or ooen*y*e) whoee

provision or activity is curtailed ; 

(3) aa a consequence of the existence of a common procure or.

!• Crooe inhibition

poaeible mechanics of cross inhibit ion in 

this mutant may be divided into two aain typed: (a) where 

a precursor in vitamin Bg ayntheaie interferes with aerine- 

glyoine bioaynthettia | and (b), where an accumulated 

eerine~glyoin« precursor completely prevents vitamin B^ 

toioeyntixesie (fig« 31)* dlycolaldehyde might under these 

circumstances be considered as acting by circumvent ing or 

overcoming the inhibition. It obvioualy does not function 

by circumvention, i.®«, by feeding into the stream of 

reactions after the blocked step, for thir would mean that 

in case (a) vitasdn Sg would be an obligatory requirement, 

and in case (b) that growth should occur equivalent to 

that obtained with pyridoxina alone when glyoolaldehyde ie 

the sole supplement.
Alternatively, glycolaldehyde might act as an 

antiaetabolite (pe**hap» removing metabolic restriction by 

combining with the inhibitory precursor I , and so rendering 

it laeff««tual). She marked growth-iahibitoxy properties
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of concentrations of glycolaldehyde little greater than 

those optimal for the observed biological activity, and an 

inhibitor/ action of glyeolaldshjrds-2-phosplimts on the 

growth of Keisf?erla ^onorrhpeae and j>« protsus (Raoker, 

1954}, might seem to support suoh a hypotheeie. That 

glycolaldshyds is anting onljr by this mechanism ie impossible, 

for in case (a) no growth oould occur in the abaenoe of 

vitaaiin B& . In oasn (b), removal by this Mohaninm of 

tho inhibition to ritanin B^ biosynthesis would oertainly 

oe at the expense of introducing an absolute serine-glyoiae 

requirement, but no growth should be possible on pyridoxine 

pitta glyoolaldehyde.

It 1® not obvious, therefore f how the beharioitr 

of 3166 oould be explained on the basis of any cross 

inhibition mechanism and only one possibility rsaains (if 

an aatimetabolite effect of glyoolaldshyds is postulated) 

whiUi will take account of the concurrent requirement for 

serins-glycine; this is to suppose a common precursor for 

vitaiain B. and aerlne-giycine and a specific aatimstaboUts 

action of glysolslAshyds in inhibiting the bioeynthesie of

mino »oid« (^^« >2 >* A P**1*1*1 Hoa*M« of the

of coamoB precursor A should have to be assumed, 

together with preferential synthesis of serine-glyoins from 

the snail amount of A formed thereby. Olyoolaldshyms f 

prerentin^ ths synthesis of ssrine-glyoins f would



dirsot the available mtppliss of A to ritsain B6 formation, 

tout only at ths expense of ths imposition of an absolute 

ssrine-glyoiae requirement. This scheme can be discounted 

on ths oasis of:

(a) ths grsat disparity in the quantitative requirements 

for vitamin and anino aelds respectively?

(b) the fact that ths osrine-^lycine requirement is not 

increased (e.g., to ths level optimal for E. coli 

PA15) by ths addition of glyeolaldshyds |

(c) glycolaldehrde-indttced inhibition of growth of ?• coli 

518 ie not overcome by high concentrations of serins- 

glyoinej

(d) glycolaldahyds is equally inhibitory to ths growth of 

ff. coli 518 ( on Msdixua 0? ) and B. coli PA15 (on 

Msdium G2 with 10""2 | ssrine-glycins)»

2. gepsn^dsnos upon a ooaBaou oatalyat

This sxpl«oaation proposes the sxistsncs of a 

catalyst el reactiori-cpecificity only and which is comaon 

to all ths otherwise indspsndsnt routss of biosyathssis 9 

e.g.t »» i» tne »traasai8inass Eiutants 1 . If ths formation 

of the e&talyet ^y the organism ie totally prsvsntsd, thsn 

ths affected refection? rsprsssnt its sols fractions under 

ths conditicns of growth ueed. If ths witant ie »lsaky» 

and only partially dsficisnt in ths satalyst, thsn ths 

required a*pplt«*a*s srs produsts of rsaotions which are
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preferentially afflicted by the deficiency) sparing effects 
by other products of function of the catalyst might be 
demonstrable.

There is no evidence in the behaviour of E- ooli 
B166 to suggest the existence of this form of interrelation.

An extreme example is the case where the common 
catalyst possesses strict substrate specif ieity, i.e., all 
affected products arise from the same precursor.

3. Orlafo from a common , recurs or

This remains as the most probable explanation of 
the properties of E. coj^i B166, Bven so there appear to 
be insuperable objections to any explanation based on the 
assumption of a precursor common to serine-glyeine and 
glyeolaldehyde only t with vitamin Bg arising from the 
utilisation of one or both of these product s, e.g., fig. 
33a * b. To account for growth being obtainable with 
vitamin Bg alone, it is necessary to postulate an ability 
to synthesis* some eerine~glyoiae , and it is then not 
obvious why the organism should be incapable of growth on 
glyeolaldehyde alone, or alternatively on eerlne~glyciae 
alone. Perhaps viable counts would show that some 
reproduction does occur under these conditions though it 
is insufficient to produce visible growth.



PIG. 34

Key: A = common precursor 
S-G = serine-glycine 
G^.A = glycolaldehyde 
X = unknown factor 
~S> C = vitamin B,-

S-G CELL 
FUNCTIONS 'S-G CELL 

FUNCTIONS

B,

•*• X
CELL 

FUNCTIONS

Case (a), when insufficient 
A is formed to satisfy the 
S-G requirements of the

organism 
Then with,
1. S-G only, no growth for 

A—» GkA and no X avail­ 
able.

2. S-G & GkA, growth, for 
A —> Xi Should equal 
growth found on S-G 
plus Bg.

3. Bg, suboptimal growth 
Tor S-G suboptimal.

4. S-G plus Bg, optimal 

growth.
5. GkA, no £rovrth, for no 

X available.

Case (b), when sufficient A is 
formed to fully satisfy the S-G 
requirements of the organism

Now with,
1. S-G only, no growth, for A—> : 

but no G^A available.
?, S-G plus Gv.A, growth, for A—>

not as good as on S-G plus B^
6 for Bg spares X.

3. Bg, suboptimal growth due to 
^deficiency.

4. S-G plus Bg, optical growth.
5. GkA, no growth, for no 7

available.
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to account for all the vagaries t it aecaa that 

the scheme auot be made even more complex toy the supposed 

participation of another product (I) arising from tha 

common precursor. A situation similar to those represented 

in Fig. 34a * b would result.

Serine-glyoinc could be directly concerned in 

the synthesis of the vitamin. On the other hand, presence 

of the amino acids might merely allow diversion of what A 

is ayathesiaed to the formation of I, and thence in the 

presence of glycolaldehyde to vitamin Bg. If organisms 

grown on pyridoxine alone were seriae-glycine deficient, 

then the likelihood ia that the only function of X is in 

vitamin Bg synthesis| on the other hand, if sufficient A 

waa being formed to satisfy the serine-glyoine requirements 

of the organism, then the suboptimal growth on vitamin Bg 

alone* must be the result of X-defioiency. The former 

situation would be represented by fig. 34a, and the latter

by Fig. 34b.
Assuming that vitamin Bg ayntheaia is optimal

whan the organism is growing on aerine-glyoine and 

glycolaldehyde, then it ia difficult to explain the leas 

good growth of 3166 under these conditions as compared 

with that obtained on aorine-glycino and pyridoxiae, by 

any other means than by asauming a deficiency of another 

factor, X- Pyridoxine *i#rt reduce the requirement for

this factor.
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tith £. ooli 22/99 the earn* difficulty does not 
arise t for growth on eerine-glyoine and glycolaldehyde is 
quite as good as on serine-glyoine and pyridoxine. It 
appears that the lesion in serlne-glyoine synthesis is 
quite as severe in this mutant as in B166, for growth on 
pyridoxine ia suboptimalf 22/99 10 seemingly bettor able, 
however, to syntheaiee I and glyoolaldshyd* 9 so that 
growth ia now possible (though slow) on serine-glycine 
alone, Suboptioal and long delayed growth on glyoolaldehyde 
alone ia possibly duo to the ability of this strain to 
synthesise X rather than serine-glycine.

In sumaiary, it mat be stated that although the 
aoet likely hypothesis ia one which proposes the origin 
of the critical coapounds froaa a comaon precursor, the 
interrelationship ie at present too confused for any 
metabolic scheme to be assigned it with certainty. 
Especially is this the case whan there is evidence to 
suggest the participation of another as yet unidentified 
compound.

OF ACTION

(a)

It has been suggested that , while in £. ooli B 
serine can be converted to glyoine, the reverse reaction 
does not normally occur (Roberts at al. f 199$), though the



exietenee of auxotrophlo strains of £. ooli responsive to 

serins or glycine ia proof that aerine may at laaat he 

formed fro* high concentrations of glycine (Meiahart and 

Simmonds, 1999). Ths existence of aueh mutants migfrt 

euppoee the functioning of only one route of glycine 

biosynthesis, yet in some strains at least one-third of the 

glycine arising from glucose was not formed via J^serine 

(Xeinhart and Sioaonds, 1999)* Serine can arise directly 

from products of gluooae metabolism, probably at the C* 

level (Araateia and Keglevio, 1996), fhe suggestion haa 

recently been made that in animal tissues triose phosphate 

aay be convertible to p-hydroxypyruvate phosphate and 

thence to aerine phosphate (Ichihara and Greenberg, 19591 

1997)* In 1> ooli grown under certain conditions, 

glyozylic acid may be formed by an active laooitritaaa 

(Smith and Gunealus, 1994) and be convertible to hydroxy- 

pyruvate (Krakow and Barkulie, 1956).

Boll (1994a It b) haa described a synsrgistic 

action of glycine and pyridoxine upon the growth of 

excised toaato roots. It appeared that this was the 

result of vitamin-sparing action, as many other unrelated 

aaino acids possessed similar activity to glycine| 

ethanolamine and eholiae were even more active.

In fftfii«*i tissues, a direct relation may exist 
between aerine, glyoolaldehyde and glycine, i.e..
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aeriae —* sthaaolamiae —* glyoolaldehyde —* giycollic aoid 

—> «l/03yrlio aoid —* glyoine (Weisabaoh aad Sprinaon, 

1953). There haa been ao raport of tha operation of thia 

raaotioa ee^uenoe ia bacteria; apart from Nord (1919), 

no-one haa reported bacterial ethaaolaadae fonatioa by 

serine decarboxylation. There ia certainly ao mi^aatioa 

that aueh raaotioaa ara operative ia S, ooli B166| thua 

ethaaolamine did not substitute for glyoolaldehyde, aor 

glyoxylie aoid for glyoine. If a couoaon precursor for 

88ria+~glyeine aad glyoolald^yda need ba poatulated, it 

might oe a C* coapound oloaely related to triosa aad 

perhape to hydroxyp/ruvate. Whilst poaaaaaiag aome 

g^ycolaldehyde-like activity, hydroxypyruvate was laaa 

aotire than free glycolaldehyde, aad would aot substitute 

for aeriae-glyoiae. there ia ao strong reason, however, 

to believe that free hydroxypyruvate ia in e^uilibriUtt 

with the carbohydrate-derived precursor a of serine-glyoine 

aad glyoolaldehyde.

Trom the mare faot of their being aaiao aoids, 

any participation of eerine-glyoine ia the biosyathesia of 

vitamin Bg oarries with it the euggeetion that one of these 

ia tha vehicle for the introduction of the pyridine 

aitrogen atom, but ao evidence of this haa been obtaiaed. 

If ^C-labelled aoiao aoid is found to be iaoorporatad 

into tha vitamin fig molecule, then 5N-labelling oust be
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uaed to confirm the simultaneous origin of the nitrogen 
atom,

Zt has been pointed oat above that the serine- 
glyoine requirements of E> ooli B166 are rather leaa than 
one-tenth those of I. coll PA15. Rapid degradation haa 

been held to account for the abnormally high serine~glyoine 
requirements of such mutants as the latter, together with 
the quantitative importance of these amino aoida in & 
metabolism and purine and porphyrin bioayntheaia (leinhart 

and Sinaonde, 195$). Perhaps tha rate of thia destruction 
ia for some reason reduced in B166, or more probably, thia 
strain ia capable of aynthaalaing part of ita own require- 
aenta.

With indirect evidence for a function of 
£-amlnobenaoic acid in vitamin Bg bioayntheaia by yeaat 
(moulder and Wooda - unpublished), the possible hydroxy- 
methylation or methylation of either an aliphatic precursor 

or, leaa likely, the ^yridine ring, must ba considered* 

Serine could met aa the C^ unit donor in aueh a reaction, 
but thia would not explain why vitamin Bg synthesis should 

be preferentially affected by ita deficiency, indeed, 
good aynthaaia of vitamin Bg could be carried out by 

serine-glycine depleted &_ aoli PA15.
Ho explanation is offered for the enhanced rate 

of reversion of B166 when growing on suboptioal serine or 

glyoine concentrations - nor consequently, for the



aooawhat lower rate whan th* amino acids ware used la 
adalxture. This behaviour 10 not unique to B166, othar 
examples having aaan raportad of increased reversion rataa 
on attboptiaal concentrations of required aetabolite or, 
alternatively, decreased reversion rate In the praaanoa of 
optimal oonoantratlona of th* nutrlllta (Hjran and Sohnaldar v 
1948).

Thara la nothing known of glyoolaldahyde to 
suggest Ita fanotionijoj; aa a praouraor of vltaala B^» Aa 
dasorlbad aarllar (Chapter 06) the activated Gg fragaant 
transferred In transketolase-oatalysed reactions, has 
tentatively been identified with *actIre glyeolaldahyde' 
or glycolaldabjrda**thlamlne pyrophosphate, thou^i the actual 
evidence for this la slight (Horeoker, Smyrniotis and

t 1953).
Olyoogenio aotivlty of free gljroolaldahyda la 

(Majrar, 1903) aad the appearance of fraa glyool- 
aldahyde la the products of yeaat fermentationa (Haubarg 
and Eoaanthal, 1914) wera early raportad, A speoies of 
fusarluii produced glycolaldahyda whan metabolising paatoaaa 
(Vlrth aad Nord, 1942), aa did alao Aoetobaoter aceti^enum 
whan «rown on athjrlaaa glyool, B-xylose or J-arablnose 
(Kaushal, Jowett aad WaUter, 1951)i aiailarly, glyoolaldehyde
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phosphate was a product of pentose phosphate metabolism by 

haemolyaed human erythrocytes (Dieehe, 193d), The reverse 

reaction, i*e*, the utilisation of free glyoolaldehyde or 

its phosphate for the biosynthesis of pentose phosphate 

has been reported on many occasions (Forrest, Hough and 

Jones, 1951* Marour and Sehlenk, 1951* HoOeown and 

Ifalpress, 1954).

Sable (1952) was unable to show glyeolaldehyde 

production during the action of several cell-fro extracts 

(e»g«, of yeast} upon ribose-iH^hosphate* Se showed, 

however* an oxidation of reduces EPN or ffff in the presence 

of added glycolaldehyde, which he attributed to the 

occurrence of a disamtatioja reaction catalysed by alcohol 

and aldehyde dehydrogenasss.

The formation of glyoolaldehyde has bsen 

suggested as the first step in ethanolamine swtabolisa in 

animal tissues - to give eventually glyoine (Weissbach 

and Sprinson, 1953 )• or acetate (Sprinson and w<jliky, 1954). 

Going 2-14C-lat)elled glyoolaldehyde, it was shown that free 

glyoolaldehyde injected intraperitoneally into rata was 

very rapidly aetaboli&ed to glyoine, with minor conversions 

to formate and carbon dioxide | soae 13£ was excreted in 

the urine as an unidentified derivative (Priedmann, Levin 

and tfeiuhouse, 1956). Kun, Beohary and Pitot (1934) 

demonstrated the oxidation of glyoolaldehyde to glyoollie 

and glyoxylic acids in rat liver, while Buyze (195$)



obtained indirect evidsnoe of its reduction to ethylene 

glycol by certain Laytob&Qllli. frse glyoolaldehyde has 

*«an reported to participate in two further aetabolio 

reactions, (a) as substrate with trios a phosphate of 

aldolane, giving a festopentose phosphate (Glook, 1952), 

identified as D-xyluloae-l-pho^ hate (Byrue and Lardy, 

1954)t and (b), as an •active glycolaldehyde 1 acceptor 

giving riss presumably to er/thrulose (Horeoker and 

Mehler, 1995). Whether free glyoolaldehyde oan enter into 

equilibrium with the 'active glyoolaldehyde 1 fragment is 

not known. The isotopic data of tfriedmann et al. (1956) 

suggest that in aniaal tissues it cannot.

In the light of these metabolic transformations» 

it is significant that ethaaolamin*, ethylene glyool, 

glycollic and glyoxylic aoids had no glyoolaldehyde-like 

activity for Sf ooli B166, Eor was any of the 'active 

glycolaldshyde donors 9 tsstsd capable of subetitutin^ for 

free glycolaldehyde. lost of these were phosphate estsrs 

which it is conceivable were unavailable to intact 

organism (though see Hacker, 1954). Dihydroxyrurnaric sad 

P-hydroxypyruvic acids probably possessed activity as a 

result of spontaneous or metabolio conversion to glyool- 

aldshyds (Heuberg and Sohweok, 1915i Powers, Tabakoglu

and 3abls» 1956| Uehara, Kuramatsu and Mori, 19531 

Milhaud, Banson and Calviii, 1935)• Perhaps ths moat



aignifioant result of all waa the inactivity of frea 
Jperythruloae.

It has been concluded from the high oytiaal 
ooaeantration of glyoolaldehyde (3 x 1Q*4 to 1C""3 M) that 
if ita aole action ia in vitamin B^ fcioayntheaia, it acts 
indirectly (aven by a mass action effect?), or alaa that 
it ia vary rapidly daatroyed by the organism, fraa glyool- 
aldehyde in tha presence of gliiaaea ia isetaooliaad 
axtanaivaly and rapidly in growth, and in auapanaion toy 
£> coli 1166 (luldar - u/iyubliahad).

There ia no avidanaa that giycolaldahyda itaalf 
ia a natural aatabolita in Eechsriohla coll. or, avan if 
it war*, that it aharaa a oouisioa pracureor with aari&a~ 

giyoiiie. fha finding that tha rata of reversion of I« ooli 
JPA15 in antooptimal ooncantrationa of sarina was ^artioularly 
Mtf* whan glycolaldehyda was alao praaant might aerve aa 
aridanoa for some relationship between thaaa compounda, 
Ho glyoolaldahyda uiutant of K ft ooli 90S wab found, but 
this ia of course no evidence that they oaunot exiut,

It waa to be expected that glycolaldebyde would 
not directly auoatituta for pyridozal, or ita 2-phoaphata 
for pyridoxal-5-phoephata, in raactlTsting tyroaina 
apodaoarboatylaao, On pura^y ohamioal coneiaeratiouB, avan 

though ga/oaylio aoid oan aonlata pyriaosal in certain of 
ita 'nodal 1 raaetiona, glycolaldahyda should ba xmable to
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substitute for either. Although it possesses the necessary 

free aldehyde group » it does not oarrj an opposed electro* 

phllic grouping - supplied in glyoxylic acid by the oarbonyl

Theoretical chemistry

Although there is no evidence for the participa-
;/ !

tioa of alanine in vitamin B£ biosynthesis t the scheme of
.•/ /

three-fra^aetxt eyathesi* envisaged originally by Snell andi i
Ouirard (1943)i and uaed •hemioally with great succeoe by 

Cohen, Haworth and Hughea (1952), remains an attractive

hypotheaia if only because the postulated C* fragmenti —
(giving riat to 0*4 and 0*3 of the pyridine ring with their 

aydroxyaethyl subetituents ) could resemble a possible direct 

product of carbohydrate and sore particularly glyoolaldehyde

A for^yl aubatituent on the predestined

would be strategically placed for spontaneous ring cloaure
.!>

with a free amino group which might be supplied by glycine.i 1 '
All that would now be required would bs methjrlation at the

/• . 
C-2 position and dehydrogenation (compare Fig. 2b).

• /

/ / In the present state of knowledge , speculation/• i?/
of tW« nature, though fascinating, is of no value except 

as a guide to future experimentation. At present it must 

not Warn bs assumed that pyridoxine is the first product 
of fynthesis from which all other forms of the vitamin



arise. The 5~hydroxymethyl group might be phoaphorylated 

prior to ring oloeure even though a potent pyridoxalfrinaae 

ie known to exist (Hurwita, 1955). The i'-eubetitucnt might 

be a hydrozarmethy 1 , aldehyde or aminooethyl group. Although 

there ia no evidence of ribotidation of the vitamin , the 

preouraor might be ay&theaiaed ae a N'ribotide with the 

amino group arising not after all from an amino acid, but 

from phosphoribosylamine.

ASP

We are little nearer to the solution of the 

problem of vitamin Bg biosynthesis. Yet it seems that 

the foundations may now have been laid for a more rapid 

and successful aaeault on the problem, i*e« 9 with the 

discovery of a possible preouraor role for a glyeolaldahyde 

metabolite , at leaat in aeleet mutants of Esoheriohia coli. 

together with aome implication of aerine and/or glyoine. 

It ia poaaible that the production of vitamin Bg from 

glyeolaldehyde* aerine^glyoine and glucose , ia an alter­ 

native to the normal route of biosynthesis which ia 

available to these mutanta t but by use of theae compounds 

suitably **C-labelled , some intermediates along the bio-

synthetic route, might yet be identified even in the
i

continued absence of an organism which ayntheaiaea the 

vitamin in large amount.
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CHBKICALS

XUhydroxyfuaario acid - prepared from tartaric acid toy 

the method of Powers, Tabakoglu and aole (195 r3) and the 

hydrate reeryatallised from aqueous methanol.

ffortaaaidiae - prepared from thiourea by the method of Brown 

(1932). Hydroohloride tf.i>. (uncorr.) 78°.

- from f onsasddine and glyclne by the

method of von JPrita, Micheel and Flitsoh (1952), Re- 

crystallised frooa aloohol-ether-water mixture, ^.u. 

(unoorr, ) 217°.

GXuoooe roductone ( enoltartronaldehyde :hydroxyoialonic 

aldehyde) - isolated from product® of action of alkali 

on glucose (von Kul«r and Martius, 1933)* Hecry3talli3ed 

from dry ethyl acetate and then three tia«a froru 

water* Creaa- coloured needles ootainedj solution 

showed pronounced u.v. absorption caaxii&a at 267 

2) or 267 m* (pH 10).

Giycolaldehyae - based on the laetaou oX Powers, T

and Sable (19!^ ). fifty g. of recrystalliaed dihydroxy-

fumaric acid were added to 100 ml. of ^yridine and

heated in a water bath at 50-55° with stirring. Evolution



pf gas occurred and stirring and warming were continued 

until a clear solution was obtained. The solution was 

transferred to a 200 ml. flask, and the pyridinc 

removed under reduced pressure at 35°. The distillation 

was continued until the temperature of the distillate 

rose to 25-27°, indicating that most of the pyridine 

had been removed. An oil bath was substituted for the 

water bath and the distillation continued with the 

receiver packed in ice and the o th temperature raised 

to 160°. The distillate obtained at a temperature of 

about 90° was glycolaldehyde. The syrupy distillate

was placed in a vacuum desiccator over cone. ^SO, , and 

HaOH pellets. Crystallisation started spontaneously. 

When complete 9 the product waa dispersed in a small 

volume of acetone , filtered and air dried, rue product, 

(m.p« 68°) was replaced in the a ea 0.0 oat or.

To recryataliiy e , 500 iag. of the crude product 

waa heated under reflux with 30 ml. acetone until 

solution was complete. It was filtered and the filtrate 

allowed to stand over silica ^el ia a desiccator at 2°. 

After a aojatht crystal a of glycolaidehyde (^.i-. 94. r?~ 

were deposited.

- frois sucrose, oy the method

of Hawortn and Jones (1944). In the final

at 110-11^° (bath temp.), and G,?~G.6 mm. H^ pressure,
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2-(hydroxyaeetyl)furaa sublimed over (Miller and Cantor, 

1952). At 145° , a yellowish, mobile oil was obtained. 

When kept overnight at 2°, this solidified. Onsueoess- 

ful attempts were made to reoryatailise this manifestly 

impure product from an ether/petroleum ether mixture* 

Aqueous solutions showed a u.v. absorption peak at 

225 AM, and another much stronger peak at 280 mi». 

Molarlty of the stock solutions was determined assuming 

a molar extinction coefficient of 16,200.

acid - by controlled alkaline hydrolysis

of 0-bro&opyruvic acid (Sprinson and Chargaff , 1946)* 

^-Bromopyruvie aoid was reorystalliaed twice from hot 

chloroform, when a white, crystalline solid of aup. 59° 

was obtained* 833 «ag* of i3-bromopyruvle acid was 

weighed into a 250 ml* beaker and dissolved in 3 nl. 

of water. The resulting solution wae now titrated 

against 0.107 g-NaOH. for complete neutralisation, and 

hydrolysis 93. 5 •!• would be required. The pH was 

followed throughout with a &Iuan electrode. The firet 

portion of 60 mi. was added quite quicKly, the J\\ 

remaining below 7 throughout. The reimant liad to be 

added very slowly (1 ml. every 15 mln.), so that the 

pH at no tiue exceeded 8*3* The final molarity of the 

solution waa calculated from the amount of standard 

alkali consumed. The (3-hydroxypyruvlc acid was used 

as produced , i.e.* in solution containing aa equi&olar
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concentration of JfaBr,

- this was produced in solution from dihydroxy-

acetone (Umbreit, Burr is and Stauffer, 1945} and assayed 

by the method of Friedisann (1927).

Hi boa e~>~ahoe jh&t e - prepared in solution with adenine and 

phosphate 9 by the controlled acia hydrolysis of ATP. 

A 0.03 | solution of AT* was made 0.01 ff with respect 

to HC1, and kept in a boiling water bath for 1 hr. 

After cooling, the solution was neutralised with NaOH 

and diluted.

30OTC|3 0? OTHJK .SPSCIAL CHMICALS

5 -aminolaevulic acid - gift from Prof . A. Heuberger.

AT P - as the di a odium, trihydrate salt crystalline » from

muscle. Signa Chemical Corp, Kept at -15° over silica

gel. 

- ooaymase 'Tli 1 of the Sigjaa Chemical Corp. Neutral­

ised solution used. Stored at -15°.

j.-de o?orpy rid oxine - (Nutritional Biochesaioals Corj>.). 
3eita-fiitered stock solution (10""1 &) at 2°.

0

- prepared oy Dr. li.a. Tucker by the

partial oxidation of glycerol with A oe to pact or 

621.

- a specimen of the cyclohexylamine

salt of the acetal, was donated by Dr. Clinton S. Ballou.



4 solution of free g-erythroae-4— phosphate was 

obtained from it by the method of Ballou, Pischer and 

MaoDonald (1955), i.e., a solution of 10 nig, of the 

salt in 5 al« of water was swirled for a minute with 

2 ml. of Dowex 30 (H* forsaj 0.2 ffi.eq./ml.). The resin 

was centrifuged off and the superstate kept in a tightly 

stoppered container at 40° for 18 hr. The 0.1^ 

solution of the free ester was neutralised before use,

1,-erythrulose - a sample in the fore, of its o-nitrophenyl- 

hydrasine was given by Dr. 3.1. Eorecker. A solution 

of free L~erythruloae waa prepared according to the 

method of Mtlller, Montigel and Helchstein (1937), 

modified for use on a micro scale.

Ulucose- 6-- phosphate - a sample of the barium salt was given 

by Mr* R.W. lakelin* The free phosphate eater was 

liberated by quantitative precipitation of the barium

with HoSO*. The stock solution was neutralised and c, 4
Seita-filtered*

Qlyoolaldehyde - (Light and Co., Ltd* j and Fluka, A.G.).

- a apeciiaon of the barium salt

was njivea by Dr. K. Hacker. The aolubl® sodium salt

waa prepared by batch treatment with Aaberlite IE 50
+ 

in the Na form. 1?he siolarity of th® solutiona used

was checked ay coloriaetric estimation of phoaphate 

liberated ay perchloric acid digest i on , by the method



of Fiske and Subbarow (1925). 

leoniaaid - (aoohe Products. Ltd.). Stock (ICT1 M) solutioni^^^^^^^^^^^^^^^^mam W jjj

was Seita-filtered and stored at 2°. 

Penicillin - crystalline penicillin G (Glaxo Labs.). 1650

unlts/iag. ; weighed out into sterile water , and used

immediately, 

Penicilllnase - standard preparation supplied by Distillers

Co. as either (a) sterile solution, kept at 2°, or

(b) freeze-dried material kept at -15° and made up in

sterile water 4u«*t before uae. 

l~Fh08phogIyoerlo acid - a 10 1| solution of the a odium

salt given by Dr. &«M. Jones.

and

- samples of the barium salts ware given by Dr. B,L. 

Horecker. The sodium salts were prepared in solution 

by batch treatment with Amberlito IH 30 (in the 

fora).

aoid - (Merck and Co. f Inc.).

jCy lulo.a »*5-^h08 phat g - a specimen ol the barium salt was 

donated iy Tr. 3..L. Horecker, the sodium salt was 

prepared in solution by batch treatment -*ith Auib«rlite 

II? 50.

VITAMIM

Bl2 - dilutions were made from a standard 2 ag./oil. solution
^^*H!S^
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physiological saline, stored at 2° ( 'Anacobin 1 » 

B.iD.H., Ltd.).

PtG - pteroyltfluteuaic acid (Lederle Laboratories Division 

of t&e American CyanasO.de Co.)* Dilutions made in 

sterile water Jfroj* a stock (1CT-* M) sterile solution 

kept at -1^°.

gyridoaajaine~;iw^ and caloiuia salts of

ay r idoxal-^-p hospim t e atid >.y r i a oxauLxner^phosphat e - (Merck
and Co., Xno.}. 

^yridO3tal^S*>gaoa^iiate aau yridoxine-rtGl - ( Koche Products f
Ltd.).
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Hutrient broths

- try,ptic seat broth.

Bullocks' hearts were defatted, minced and 

wei£hed f then 1.1 ti.ue.; their weight of hot tap water 

added. Tlie mixture was or ought to 30° and maintained at 

this temperature and at pH 8 for 30 mln. After cooling to 

4>°t pancreatic extract was added (0*1 volume of water 

used)* After 4 hr. cozmtant stirring at pH 8 and 45°, the 

pH was brought to 6 and the temperature raised to

following 1 hr. steaming in an autoclave, the mixture was
1/2

filtered through oualin and Green f s F*f904'*/ while still 

hot, then cooled and its pH adjusted to 7*6. Storage way 

at rooa temp, in the dark over CH&U, 

- tryptose glucose broth

Bacto-tryptojse (Bifeo) .* 10 g* 
Glucose .. .. . . .* .. 10 g*
tr *t r-f\ " &
J\2 • - A •* ** ** •* •* >£>•

teast extract (Bifco) .. ., 2 g.
Salts solution (mixture B).. 5 ml.
16^ liver extract (Oxoid) , . 10 aJL.
Final volume to .. .. .. 1000 ;>il. , pH 6.8
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Procedure: warmed to dissolve, made up to volume with 
water, boiled and filtered through Green 1 s FF9041//2 . 
pH adjusted to 6.8.

Solid

- several grades, via*, 

BDH - used for solidifying non-defined media« 

Difco - used when fairly high degree of purity required. 
Washed agar - used when growth-fact or-free a$ar required. 

To preyare - Difco agar (100 g,) was placed in 
a 5 litre glass jar and washed thoroughly with 4 litre 
glass distilled water* The agar was allowed to settle and 
the supernatant carefully decanted. This procedure was 
repeated 10 times. The wet agar waa sucked dry on a Buohner 
funnel and further washed with two 4 litre volumes of 
rediatilled aaeo-alcohol, again filtered on a Buchner 
funnel (4 hr.) and then placed In a vacuum oven at 38° over 
anhydrous OuJl^ for two days. 

Hutrient a&ar

(a) Oxoid nutrient agar - 23 g. of ^vaults in 1 litre 
water, pH 7.2. Sterilised oy ttutoclavin^ 10 lb.sq.in./20 mln,
(b) J'_ii>eiii"*iuiirv^ite agar1 -•

2ryptio digest ox casein •• 65
Parasite solution .... 2 ml.
agar .. .. .. .. .. 5

water .. .. ., .. .. 200
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The aMunalte and casein hydrolyeate were dissolved in 100 

ml. water y the agar melted by steaming in the other 100 ail. 

and both mixed when hot. Auto. 10 lb.aq.in for 20 aln. 

Medium l>i - tryptio meat agar.

Cryptic meat broth .. .. 500 ial. 
agar , . .. .. »* 20 g.

Procedure; agar melted u;/ stearins with the water, the 

T$B also heated and thoroughly idxed with the a&ar. 

Distributed, autoolaved 13 Ib.sq.in./lO min. a,id sloped. 

Medium 3a - tryptose glucose a^ar.

Baoto tryptose (Tifco) .. 10 g. 
Gluoose ,. . , . . .. .. 10 g.

.* *.
. * • . • • • . ».n 

Salts aoin. (mixture 3) .. 5 ^
liver extract (Oxoid).. 10 ml. 

Agar (3DH) .. .. .. .. 13 g.
Water to .. .. .. . . .. 1000 ml.

Procedures disaolved oy ateat:iin^« Jiixed and distributed. 

Autoolaved 15 Ib.sq.in./lC ain. Solidified, otaoa. 

Medium 33 * tryptio oaaein agar.

Tryptio oaaein digest . . 330 ml.
Agar (B£H) . . .. .... 20 g.
tVater . . .. .. .... 670 n.l .

Procedures agar otelted in water by at easing, then casein 

digest added hot. Mixed t distributed, autoolaved 1^ 

lb.e<i.in./10 min. Sloped.
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Medium 84 - glyoerol yeast agar.

Glycerol .. .. ,. .. .. 40 ad.
Yearit extract (lifco) .. .. & £•
Agar (BJDH) .. .. .. .„ 14 g.
Water to .. . . .. . . .. 1000 ml., pH 6.0

Procedure: agar melted in 500 ml* water by at earning , the 

remaining water (460 iol.) added to the yeast extract ana 

glyoerol and heated. The pH was adjusted to 6.0. 

Distributed* autoolaved 15.1b.sq.in./15 min. Sloped. 

Medium S* * mould medium agar.

Malt extract ,. 22.3 g. KK^BO^ . . .. 1.0 
Ammonium tartrate >.0 ^. M^O.TO .. 0.5

extract HaCl . . .. . . 0.1 g.
CDifeo) .. .. 5.0 g. CaCl2 (anhyd.) 0.05 g

suoroae .... 5.0 g. „ K0 ^ ^ ^ ̂
l^e** as iron K J

citrate . . 2 x 10"p M

Agar 20 g. and water to 1000 ®L. pH 5.^>. 

Autoclaved 10 Ib.eq.in./lO inia. Sloped.

defined and aeai-defjjfoed media 

Medium A - for the aoaay of vitaoin Bg with oaccliuromyces 

garlabergenaia 4228o. 500 ml. of double strength medium 

contains t

aiuoose .. .. .. 50.0 g.

Ca012 (anfeyd.) .. ..100
KC1 .. .. .. .. 425 mg.
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.. .. ..
J) .. .. .. 2.5 ag.

Citric acid .. .. .. 1.0 g.
Sodium citrate.JH^O .. 5.0 g.
Aoid-nydrolysed

casein (10^) .. 20.0 ml.
*eCl» ,. .. .. ., 2.5 iag.

Vitamins:
Biotin .. .. .. .. 3.0
Laoaitol .. .. .. 25*0
Calcium pantothenat* 2.5 
Thiamine .. .. .* 0.25
Hicotinic acid .. ». 2.?

Procedure: all except vitamins added to about 400 ml. 

wateri brought to boil, eimmered 3 &in. t cooled and 

filtered if necessary. Vitamins added to filtrate and 

sufficient |-HC1 (about 1 ml.) to bring pH to 5-5.2. 

Volume made up to 500 ml*

Hfdium B - for growth of vitamin 3g-deficlent 

faooalia H. 1,000 ml. final volume contains,

Glucose .. .. .. .. .. 10*0 g.
rrrl Jjrt fl A <»
Ailp*^j *• • • *• •* •• O.v g.

DL-alanine .. .. •• .. 200 ag.
L—cy3tal*io.HCl .. «. .. 130 og,
PL-tryptophaa .. .. .. 100 mg.
Acetic acid (glacial) .. 0.35
TMoglycollie acid (redist.) 0.03 ml.
ACid-hydrolyaed casein (10/0 !>o.O uil.
Salts solution (mixture B) 5.0 ml. 
Adenine St guanine (1 oig./ml.) 1.0 ^i.
Uracil (10 mg./a.) .. .. 0.5 ml.
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Vitamins $

Kieotinio acid . . . . . . .. 11.0 mg.
Hiboflavine .. , . . . „ . . . 1.0 mg.
Caloium pantothanate , . . . 1.0 mg.
Biotin . . .. .. . . . . .. 1.0 ng.

Procedure; solids (exoept vitamins) dissolved in 350 ml.
water . All solutions now added and pH adjusted to 7.2

with 40^ NaOH (w/v). Boiled* simmered 10 rnin., oooled,

filtered if necessary 9 vitamins added and volume made up

to 800 ml.

Mediua C - for growth of Agotobaoter. V300 ml, double

strength.

Mannitol .. .. . . .. . . 15.0 g.

.. 0.2 g. 
CaCl2 (anhyd.) .. .. .« ^.02 g*
FeCl^.ag. (10^) .. .. .. 0.05 ml.
kolybdate (Na+ or K+ ) .. . . Trace

Procedure * dissolved in 500 ml. water and pH checked (7.2). 

Medium ac * Medium C solidified with 15 g./lltre (final)

Medium G - as for Medium C but with 0.02>»

Medium D - for Pseudoaiona8i fluorescena . 500 ml. double 

strength, pH 7.0, oontains -

dluoose *. .. •• .. . . 2.5 g.
•• •• .. r« *• J..O |^.

.. .. .. .. .. 1.0 £%
.. ., .. .. 0.!) g.
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Prooedures dissolved in $00 al. water, pH Drought to 7.0,

boiled, eiamered 3 min., and filtered hot, pH checked on

cooling.

Medium £ - for £»teu3 morffltnj4« 500 ml. double strength

(pH 7*4)

PC^ .. .. .. *. .. ,. 4*5 g.
HaQH (40> w/v) ,. .. .. .. 2.4ml.
Acld-hydrolyaed caseiii (I0,t) 30
|poysteiae«HCl .. .. .. .. 20
Glucose . . «• . . «. . . , . 10

Vitamins t
Calcium pantothenate .. .. to 10~° 
^icotinic acid «. .. .. .. to 10""* g

Procedure: salts and casein hydrolyoate dissolved in 

ml* water by boiling| cooled and vitamins added, then 

volume aade up to 500 ,ui. and pB checked. In the present 

work, the glucose and L-cysteine.HCI were added in sterile 

solution after autoclaving.

Med^uia I ~ for Baclllua app. ^00 .a. double strength 

(Dri 7«O) oontains •^ M^"* • W " / ^^ — ——— -w ̂ ^P^^^i^rww y

Glucoae .« ., .. ., .* 30.0 g.
1 ?5 x, *•»> &•• • * • «

• * « • • * T »
. . .. 0.5 g.

• * • • . • .. "O

•* •• •• .. 40.0

Ammonium molybdate .. .. 2.0 mg.
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salts dissolved in 300 ml. water , boiled, 
simmered for 3 oia, and filtered hot ( Vfcataan do. 50), 
ttt the present work, the glucoae was added JUA sterile 

solution after &utoclavio£, 

Media (5 - gluco3e~coataiain& minimal media for FLV colj..
Medium &i - 500 al. double strea&th 1

T'' (•? *• -^2a V4 •* " "
ya V0ia. si f\ ~ -J « • • • « 4 •

Sodium c it rate. 3H2 -
Mg30; .7H20 .. ..
Glucose . . , . ««

• • * n 
* • » * 
• • • •
, • • .
* * * ,
• » • *

l^a 7.0}
7.0 &.

1.0 g.
0.5 «•

0.1 g.
2.0 g.

Procedure: salts disaolved in 370 ua. water aad p

checked* The gluoo^e i^i added in iit@ril« aolutioxi

filtered, or autoolaved in uolutioa in ^i.-tas-dia

water, ^'i >>*4)i ^.tter rdi^a^uutir of tli^ ^oai,^ has been

autoclaved,
Medium ulA - as for 4ediu.a G, , but ^lucoae (idded oefore

Medium fr * as for ,«ediu^ G, out wita glucose cone.

increased Iro^ 2 to 10 g./Iitre final volume.

Medium (yA - -^9 ^or »iadima u* out gluco .?e adciect oefore

Medium H - for w Uj^orell^ py r enoi u on a . 50-:? ;;J.. aoucle 

medium (pH G.>) contains,
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Glucose . . . . . . . . . . . . 96.0 £.
Urea .. .. .. .. .. .. 6.8 *.

1.28 g... .. .. .
KH2I-o4 .. .. .. .. .. .. 1.8 g.
thyleiiediamuie-tetraacetic acid 1.0 g.

CaCl2 (aahyd.) .. .. .. .. 50
Fe,04 .7H20 .. .. .. .. .. 110

O .. .. .. .. .. 226. .
O .. . . . . . . .. 11 sig.

Procedure: constituents dissolved in 300 ml. water, boiled, 

filtered, cooled and i-'l checked.

o* 1 - for oarclaa lutea. As described by Brown and

Binkley

J - for Cornebacteriuis ertliro^enes A1062. for

500 ail. double strength medium,

casein (10/0 .. 200 ml.
.. . . .. .. .. 1.0 &.

buffer (,>;{ 7) .. .. 300 ml. of 0.165
Glucose .. .. . . .. .* .. 2g.

Procedure; the glucose was added after autoclaving. 
Medium .K - for xihod ops eudomonaa capaulatua (Oxford). 
300 ml. of double strength medium contains,

3 odium oalate . . .. «. .. . . 3.25 g*
Sodium ttlutaaate.^O . . . . . . 3/30 g.
(HH4 )2iU>04 .. .. .. .. .. 730

K2HP04 .. .. .. .. .. .. 450
.. .. .. .. .. 430

.. .. .. .. 36
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Thiamine . . . . . . . . .. 1
Nicotinic acid . . . . . . I
riiotin . . . . . . . . . . 10

The organism requires vitamin Bj^t out commercial sodium 

&lutautate was sufficiently contaminated with 3^ to render 

its separate audition unnecessary.

Medium K and caaein - contains 40 &1, /litre acid-hycirolysed 

casein (10/» w/v).

Medium L - aouaoniuia lactate minimal medium for £. ooli. 

ail. double stren^tu aiediuiii (pH 7*4) contains,

o*U* . . «. . . •*

.. .. .. 8.0 g.
2.> g.

.. 50.0
Iron citrate (0.004 |) .. 1.0 ml.
Lactic acid .. .. .. 8.0

.. 4 . 0

..

.. .. .. ••

Procedure: after dissolving salts and lactic acid in 

about 450 ml. of water , NaO.i added and the ^H adjusted to 

7.4. ^ater was then added to bring volume to 300 sal. 

Medium L D!UP nicotinic acid - for Proteus vul^ar^a.
£

Contains 10* jj final cone, of nicotinic acid. 

tedium L plug aaparagine - contains 0.3,i w/v asparagine. 

Medium M - for Ag^er^illua xiidulans. 500 ml. double 

strength medium (pH 6.5) contains,



.. .. .„ .. .„ ^.0 g.
•• •• •• •• •• 0 . 52 jg •

0 .. .... 0.52 tf*

and 2n .. .. .. Traces
aiuooae .. .. .. , 0 10 g.

Procedure; salts dissolved in 500 ad. water and pH 

brought to 6.5 with g-JiaOH. The glucose was added after

Kedjua MI - for toiotin auxotrophs of Aaperffillua niciulana. 

Contains 10 av*g./ml, final biotin in Medium M. 

Medium SM - Medium 4 supplemented with, per litre final 

volume ,

Biotin .. «. .. .. .. 10
Pyridoxine.HCl .. .. .. 100
Agar (Difco) .. .. € . 25- «.

Procedure; steamed to dissolve a&ar, then vitaains added. 

Solutions

"»hy dr oly a ed casein . Vitandn-f ree , prepared according 

to the method of onell ,uriu Hannefeld (1943). 

AiaiJ^g ac id mi 3st are ._( M J > Contained the following 

acids, all at 5 x 10*-* | except serine and glycine at
1<T2

^-alanin

acid, glycine, JDL-hiatidine, L-hydroxypyroline 

JL-isoleucine, I)L-leucine, DL-lysine.aiHCl, ^j^e
•£• *_^u



IL-phenylalanine, ll/-£roline t ri/-serine f rL-threonine ,
VvW ••* •*** SBp*W* jB«3E

X){f»tryptophaa » gL-tyroaine * LL-vaiine.

vhen required, j^aminobensoic and £-hydroxyoenaoic acids
«»£;

were added to give 10 J M each.
38

4a*ino acid mixture ^inua aerin^*^lycine (AA-3G). As for

AA but without the serine and glycine*

Purinea and pyrjUidinea mixture ( PP). Contained 2 x 10*4
«»AI adenine, and 10 * | each of guanine» uracil, thymine and 

hypoxanthine. Addition of a little H-HC1 facilitatesss

solution (later neutralised), 

Vitamin airture (V)

loofiavin (0*3 m^.^. . . .. . ,
Thiamine (1*0 rn&.^l.) . . . . .. 3
Calcium pantothenate (1 mg,/£al.} , . 3 ;
Niootinic acid (!> L^./,,^.) . . .. i
J lot in x l Ko-/-^») •• •* •• •• 5
j^Aiainobenaoic acid (10"^ ^)«. *. O.^
Vitamin B^ (^ ^g./^.) . . . . .« >.0
later to .. .* .. .. . . . . '30.0 ml.

When vitamin Bg required, then 5 ag* pyridoxine.HCi added. 

Salts mixture B
'* r.. "£* f** *TW f\ Of^N rr

Mnno4 .41120 .. .. .. .. .. .. 1 g.
KaCl .. .. .. .. .. .. .. 1 g«

in 200 iiil. water containing Q.i tol. co^e 

aq. Volume made up to 500 ml.
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Iroa citrate (0.004 M).

0 .. .. .. 504
Sodium citrate.JHgO .. .. .. 708 ag
Watar .. .. .
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Organ! a taa

Aoetobaoter a u boxy dans 62*1. A.T.C.C. 621. Maintained on 

slopes of Medium £4. Grown at 30°.

Aerobacter ^ero^enea 64 - Strain C.74. N.C.l.B. 8264; 

3.C.T.C. 8173. 71 - Strain C*75. N.C.I.B. 8271- ^.C.T.C. 

8197. Maintained on slopes oi Medium ^, Grown at 30°. 

AKTObacteriugi radiuftaoter. Strain 36. N.C.I.B. 8149. 

A,T,C.C. 6466. Maintained on slopes of Medium S^, Grown 

at 25°.

Aiyobacterium tumefaoiens. Strain A^ 9 H.c.1.3. 81^0. 

A.T.C.C. 4720. Maintained on slopes of Medium S^» Grown 

at 25°.

Aloali^enee faeoalis. Strain 16. N.U.l.B. 8l>6. A.T.C.C. 

8730* Maintained on slopes of Medium S^. Grown at 37°. 

^aotobacter. ^T - isolated from soil by Ir. E.G. Tucker. 

Vinelandii - N.C.I.B. 8004: A.T.C.C. 91O4. Maintained on 

slopes of Medium SC. Grown at 30°.

aidulaiio - pyridoxi&e auxotrophs t obtained from

Prof. Pontecorvo. Bi Pyro^ - isolated after X-irradiation.

Bi pyro^g - isolated after u.v. irradiation.

wn ACH oi pyroa , ft - isolated after u.v. irradiation.



i.e.» pyro^ represent additional mutation in an already

mutant strain bi (an X-ray mutant requiring biotin).

wn AQK bi pyrOy A 10 represent additional mutation in a

complex strain differing froa wild-type in colour of conidia

(wn - white instead of green ), biotin requirement, and

aeriflavine resistance

pyrog t pyro* and pyroe are allelic , hence presumably

representing one block. The others had not been tested.

Maintained on slopes of Medium 3&. Grown at 37° • Sufe-

cmltured six-monthly,

Bacillus megatherium - N.C.I.B. 8508$ H.H.E.L. B-938.

This strain is known to produce vitamin B^2 and ribof lavln

in quite ui<Ji yield. Maintained OJQ slopes of Medium S, .

Grown at 37°.

Bacillus eubtllis ItT - isolated from soil by !>r. ,.G. Tucker.

"" from Minl8tjp3r of supply. Fortoa.

6346 - Strain 3.243. fl.C.X.B. 6346s H.C.T.C. 6346. 

Maintained on slopes of Medium 3^, Grown at 37°*

- obtained froia Dr. L.A. ariffiths.

Maintained on slopes of Medium SB. Grown on the light at
30°.

Corynebaoterium erythro^enes - A. 1062 - laboratory stock

culture. Maintained on slopes of Medium 8^. Grown at

Brwinia oarotovora - ft.C.1.3, 8037s A.T.C.C. 495.

Maintained on slopes of Medium S t Grown at 23°.
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^hlei - Strain Qrottin. tf.C.I.B. 8573.

Maintained on slope® of Medium S^. Grown at 37°. 

Proteus mirabilis - It.C.I.B. 5887* N.C.T.C. 5887. 

Maintained on slopes of Medium S^. Grown at 37°. 

ProteuB &orffaaxi 23x - lao oratory stock culture. 

232 - Strain Spencer. l-i.C.1.3. 232: N.O.T.C. 232. 

235 - Strain 33^. 3.C.X.3. ^3> ji.C.T.c. 233. 

8168 - Strain 21. N.C.I.B. 8168s A.T.C.C. 8019. 

Maintained on slopes of ^ediua 8. Grown at 37°.

Proteus vul^aris :a*j - Strain Xi9 (positive v

K.C.T.O. 67- N.C.I.B. 67.

H - laboratory stock culture. Maintained on slopes of

Medium 31 . Grown at 37°.

Pseud omonaa -;c/30 - isolated by Dr. R.3. Niano*Suith.

fluorescena 950 - Strain 0.45. a.C.l.B. 950s B.C.T.C. 950.

6751 - Strain Hadlett. X.C.I. 3. 6751s li.C.T.C. 6751.

Maintained on slopes of Medium U.« Grown at 23*30°.

capaulatus . Strain Oxford. Isolated by

Dr. H. Cooper. Maintained on stay culture in !3ediuza S. 

Grown at 30°.

gacgharomyoea Qarlaber^eiiaia. Strain 422d t sub-strain c. 

N.C.Y.C. 355. Maintained on slopes of Medium ^. Grown 

at 30-37°.

lutea. Strain PCI ,1001. J.C.I.3. 6553- A.T.C.C. 

9341. Maintained on slopes of Medium 3. Grown at 25-30°.
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Streatoooccug faeoaXia H - Strain Holers, sub-strain 

SLH(CJ). Obtained froo* Zi -. I.e. Gunsalus. Maintained in 

stab oulture in Meu~um S2 « Grown at 30 . 

Vibrio. 0^ - 31.C.I.3. 3230. Obtained rraia Prof. ?.0. 

Harold. Haintaiiied on olopee of Medium 31 . Grown at 30 .



-xxiv-

Parent wi^i-typc atraina

B - from Dr. li.G. Tue&tor.
518 - Strain li> N.C.i.B. 6U4$ A.f.C.U. 9723. ^*o* £*••
Hoblin.

PA.I> - requires L-serine or ^lycine, From Dr. B. • ritJht.

2/57 - requires thxarau^. Proaucea in taiw laboratory by

u.v,-irradiation of strain 15.

9/3 - requires niootinlo acid. Produced in this laboratory

by u.v. irradiation of Strain 15.

Yita&in 3/5 auxotropha

3166 - froai JDr. Joae^h Gots.

B167 - frou Dr. Joae^h Ciots.

22/99 - fro© Prof. B.I). Davis.

DW - a aufcstrain of oAitar-t M.154-59^ of B.I. Davls provided

by Ir. Klisabeth ^ork (Benaan 9 Hoare and tfor*;, lcj!>5).

h^ - produo^d by u.v.-irraiiation of Strain 15.

All wary maintained on alopea of !4®dium 3*, and grown at 37°.
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Culture Collections

B.C.I.3. - National Collection of Industrial Bacteria. 

Chemical Research Laboratory, Teddin&t a, Middlesex. 

N.C.T.O. * National Collection of Type Cultures. Central 

Public Health laboratory, Qolindale Avenue, London, fcV •j. 

N.C.Y.C. - National Collection of Yeast Cultures. Brewing 

Industry Research Found vtion, "tutfield, Surrey.

A.T.C.C. - American f 'ype Culture Collection. «ashla£ton,
i». si
I>.w.
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ABSTRACT





Although much atteatioa has been paid to the 

group of closely related compounds making up 'vitamin Bg» 

as a consequence of the great importance of this Yitamla 

la amiao acid metabolism, nothing is known of its biogenesis 

py competent organisms. That D-alanlne might be incorpor­ 

ated into the pyridiae riag of pyridoxiae in Streptococcus 

faeoalla. was disproved by the discovery that in fact 

g~alaaiae merely showed a vitamin Bg-»epariag action la aa 

otherwise complete replacement medium. Although the 

suggestioa has seen made that la a certain strain of yeast t 

thiamine aad pyridoxine were interconvertible via a common 

pyrimidipe precursory the supporting evidence was aot 

convincing.

A survey of the known routes of syathesis of 

N-heterocyclic compounds aureate that incorporation of the 

N atom Is achieved by spontaneous condensation of ketone 

with amlne groups so that the immediate aliphatic precursor 

of vitamin Bg might be expected to carry these two 

reactive groupiags. At present, the only known route of 

pyridiae ring fciogeaesis has as startiag material the 

already aromatic *ea»cae ring, i.e., origin of nicotlnic,



quinolinio and pioolinio acids from 3~hydroxyanthranilic 

aoid* There is no evidence, however, to suggest a eo&zaon 

origin of nicotinic aoid and vitamin B$f though it is true 

that in eoae microorganisms ths pathway of nicotinic aoid 

formation is still unknown, appraisal of ths possible 

asthods available for ths use of aieroorganisms in a study 

of growth factor biosynthesis, suggests that ths first 

objective should bs ths isolation of an organism capable 

of forming largs amounts of vitamin 3g« failing this, 

attsntion should bs directed to an examination of selected 

vitamin Bg auxotrophs.

Experimental

A modification of the reported assay of Titsain 

Bg using 3acoharomycea carlsbergensis 4238 allowed smaller 

volumes to be used in static culture, As a direct 

consequence of its being a 'rate assay* (where rats of 

growth rather than its final possibls extent is propor­ 

tional to ths concentration of growth factor), it was 

essential to Maintain a standard time and steady temperature 

of incubation* and a constant degree of aeration and 

inoculua sine, though it had the advantage that ths 

sensitivity of ths method could (within limits) bs varied

by adjusting ths time of incubation. With ths strain of
3 • carlsbergensiia 4228 ussd t thiaaine * spared* vitamin 8*

o



at low concentrations of the latter* and waa added In 
excess to the oultvire medium.

Using this method of assay* It waa discovered 
that mil of a number of various bacteria grown In ehemieally- 
defined media syntheaised uniformly email amounts of 
vitamin Bg. The beat synthesis obtained was with a strain 
of Proteus mor^/^nil whose production of 4nmol* vitamin

. drjr wt. of organism was only about ten times greater 
than average.

4 cross-feeding, plate technique was devised, 
using 3. carlsbergeaaia 4228o and the vitamin Bg auxotroph 
JS. poll ttg ** Indicator organisms, the sensitivity of 
response being adjusted by Incorporating 4-deoxypyridoxine 
Into the vitamin B^-free basal medium. Sven when using 
this method of rapid screening, no organism was isolated 
from soil waehings capable of appreciably better vitamin 
Bg synthesis than I* ooli 518. An isoniaaid-reaistant 
•train of Bf ooli 518 was Isolated, but this only synthesised 
twiee as much vitamin Bg when grown In the presence of

A

laoala&id (IQ |) as In Its abaenoe. The amount of 
vitamin Bg produced by wild-type S. ooli 513 and B t oould 
not 96 appreciably Increased by addition to the growth 
medium of casein hydrolyaate* and mixtures of purlnes, 
pyriaidinee, growth factors or selected compounds such as 
3-4\ydrojgranthranilic acid. Washed suspensions of £. ooli



and Proteus ^ff^fltf f^ synthesiaed vitaain Bg from glucose 

plus n^ f the amount produced not being further increased 

by any supplement tested. Only very slight synthesis of 

Vitamin Bg waa obtained with an ultra-sonically produced 

extiraot of froteus aorgaftl^. and that only in the presence 

of a boiled extract of organisms.

Of four vitamin Bg matants of £. ooli available, 

not one showed an absolute requirement fox1 the vitamin 

under all conditions of growth* However, one such auxotroph, 

|> ooli 1U« wae produoect by u.v,-irradiation of % T ooli 

$18* Unsuccessful attempts were oonourrently nade to 

isolate •Multiple' mutants requiring both vitamin Bg and 

niootloio aaid| no evidenoe of stutuai aparing aotiojae of 

these two vitamin® could be obtained with the niootinio 

aaid-requiring ft?;oteus Yu^^aurjLs and B> ooli 9/8, and the 

vit&ain Bg sMtanta lft eoli B166 and Kg*

A detailed study waa aade of the properties of 

£. ooli B166 which waa reported to respond alternatively 

to vitaiiin Bg or sarine» or glyoine, Ho other aaino aoid 

(apart from £^-threonine) or other compound of related 

structure including glyosylio and p-bydroxypyi-uvic aoida, 

oouia replace L-serine and glyoine which were individually 

active bat better ueed in admixture* Serine-gOorci&« 

affeotad 1> ooli B166 in two diatinot ways; (a) on both



gluooae and laetate media with addad pyridoxine, it reduced 

tha delay in tha onaat of growth by 20-25 hr. and inereaeed 

tha final cell maasj (b) it aupported auboptizsal growth 

in tha abaanoa of pyridoxine - bat only in a medium 

containing 'activated 1 gluooae. Solutions of glucose of 

pH <6.5 (3eita*filtered or autoclaved) ware inactive* 

Autoelaving of a gluooaa solution (10 ag./»l. ) at pH 7.4 

and at 10 Ib.aq.in./T »in» raaultad in aayiatal aotiration, 

tha produot being 00 diatingaiahad by ita content of some 

apeoifio ohamioal compound formed during tha activation 

procedure. Attempts to effaet purification and isolation 

of the •active factor' were ended when, alone of & number 

of produeta of alkaline degradation of glucose teated, 

glyoolaldehyde (5 x 10~5 to 10*^ M) was diaoovarad to 

poaaaae activity.

Glyeolaldahyda (5 x 1C"*4 M) bettered tha aotion 

of activated gluooaa in aupporting tha growth of >

3166 on an inactive glucoae medium with aerine-glyoine t

though oonoantratione above 10"^ | were growth inhibitory. 

On the laotate~oontaining medium, tha same concentration 

of glyoolaldehyde at firat appeared to be leas active 

than pH 7.4-eutoclaved gluooae, but addition of inactive 

gluooaa togathar with the glycolaldehyde doubled the 

raaponse. In every other reepect, glyoolaldehyda behaved 

aiailarly to activated gluooaa t having no apparent effect



on growth in the preeenoe of pyridoxine with or without 
s«rin»~gly oin*. Of a number of chemically related compouada 
and 'active glyoolaidehyde* donors and acceptors tested, 
only dihydroxyfumario and p-hydroxypyruvio aoilia possessed 
glyoolaldehyde-lik« activity, and thla to a lesaer degree 
•uggeative of conversion to free glyoolaldehy*!*. Colori- 
avetrio estimation showed the biological activity of saaplea 
of activated glucose to be paralleled by their content of 
glyoolaldehyde*

the remaining vitamin B^ mitaata fell into two 
groups distinguished by their response to fjerlne-glycine 
and glycolaldehyde. ff» ooli B167 and 22/99, like BI66, 
grew in the abaenoe of added vitamin B^ iJT supplied with 
aerine~glyeine and glyoolaldehyde. B167 behaved einilarly 
in all respects to B166» Optimal growth of 22/99 waa 
obtained on seriae-glycine with either pyridoxine (10*6 |) 
or glycolaldehyde (5 x 20*** M), suboptlmaJ. growth after 
delay waa achieved with either serlne-gljoine or vitaain 
Bgi only very slight growth after prolonged delay being 
obtained on glyoolaldehyde alone, Strains £W and %2 did 
not reapond to aerine-glyeine and glycolaldehyde. M2 
ahowed an absolute requireaent for vitamin B6 (to which 
it reaponded rapidly and maximally), at all teaperaturea 
and under all conditions tested, rw, on the other hand, 
grew in the absence of vitaain If when provided with



plus gjpmethionine at 25° (dug probably to a 

vitamin B^-sparing action of these amino aftids), tout showed 

an absolute requirement for the vitamin at 37°.

Although ssrine-glycine and glycolaldehyde did 

not markedly enhance vitamin 3g synthesis in growth, or in 

washed suspensions (with glucose plus BB^*), of wild-type 

1» coli and Proteua aor^aail • the amount of Titamin Bg 

formed at 25° ^y I* ooli DW was soa*what increased in 

their preseaoe. S. ooli B166 harveeted from growth on 

serizie-glyoine and glycolaldehyde, ayntheaiaed about a* 

rnuoh vitawuiii Bg as did ite parent £- coli B f while B. ooli 

22/99 produced more vitamin Bg when grown in the presence 

of glycolaldehyde than in its atosenoe*

Unfortunately t significant vitamin Bg synthesis 

toy washed suspensions of ff« ool^ B166 waa only obtainable 

after growth of the organism in the absence of added 

vitamin. The formation of vitamin Bg from glucose plus 

KK** toy freshly harvested suspensions could therefore have 

been due to their possession of endogenous reserves of 

serine-glyoine and gtycolaldehyds (and/or their metabolic
»

products). £ven so, further addition of glyoolaldehyde 

invariably enhanced the synthesis. When the organisms 

were •depleted 1 by preliminary aerobic incubation in 

phosphate buff«r t ^o vitamin Bg synthesis was obtained in 

the absence of added giyoelmldehjrde | good synthesis toeing



£rox& glue®** plus m^ pltt* 
Sjrath*«i« beeataft aa^X^al only wb*n serine-glycine ims alao 
project, With *s>r«^puUt*d f »tt*p*a*ic**is oJf S. 0034 2 
grows <>ja eerins-glyoine pltt» glycolal<i*h^tie , theee aaaiao 
acids, as w*ll a« glycolAla^hyd*, w«r« 

for Yitsualu B biosynthesia .

evidftac® to® been obtained to suggest the 
origin of the two pyridin* 3-*Titaa£in a »

attft&tiim XB h«rc a«TOt«4 to an 
of tlis proi^rties of j-evtral vitaaal^ B^ ouxotropiws oi' 
£. ooli, in particular mutant 3166 e thia

It is mottd that although 
oft«i be«ta rtporl^Nl to p 

properties for
i^.,aicated as a coaiponent oi : 

biolo&ioal aotitrity*

to bcaup & partial

vitauifi B^ formation. It is uno«rtaitt vdiothsr
ic a Aorzaal «^t»^olit«r in Bl66 t but i 

laust fiiv« ris« to a oom^uad whoae *yatUcai« is



liaitiag la tfcin orgaaleu, $her* are eaver&l 
sa«€ifeaxiift£ia wh*r*|»y th« ^wnoastrattd *«<iuire:iiiei*t* could 

arise fro* a »ia&l* n&taticm. fh« possibility th&t s

of th« vitamin, so r*ctaotutf th© orgauiaa^ r*<i-Air<»i^*t for 
this to a level whieh soa^ be pro4ucsd % a/ntliaaia, 1:; 
rejected in f&rour of t&« vi«iaf tiii^t tli&s» oo^>ound3 ^.yr ba 
ooncern«a (p«tfeA£* to«»thsr with a third srafe&taa&<» >- ) ia
vitardii Bfi bioajratluisis, Ail tbeee oo&powiafj arej*

arising from a common pr»aui'Bor who«e synthosis in 
ia tkis or^a&lett whi4^ 2&*$t co^^equa^t 

tolae a 'le^fe^r* mutant* 
to^iiavioar of ,jv\ col^ 22/99 way siow oe

it to oe oetfc3*- a^l« th^m ^j.06 to

ia
oottldl c* aubif^uaat to t&« poi^t ojf actio.) of t^ra c -pounds.

tlaat %ke i*ro«iv»oticii of

is aa alternative to th* 
wnich ia atvailebi* to

A atuoy cu t&e rout® oi' ix»ccr^oratic^ of

precursor more ue&riy r*l»t«Hi to



TABLE C4-1 

of variously treated atjgars

to replae activated

Activ&tioa » + Ho activation * -

Seitm- Aqueowa eol. Medium K)4 buffer 
filtered ifffH 5,4^5,6} (pH 7) _(ftji 7.4)

Galactose 
Mmnnose

Sorboae 
irabinoee 
Xyloee 
Hibose 
Maaaitol 
Sorbltel

gluooee

*lctiTated fructose w&a somewimt inJiibitor^ Uelayed growth).

CrlUrion of activity was growth of g, ooll B166 or; Medlua 
tupplemented with «e*lae~«lyelne pitt» tlw teet ooapouad. 
AU con pounds u»der test were used at & final cone, of

? og./ml, ana autociaved a* afcated at a oouc. of 20 ag»/ml. 
i.e., at 10


