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INTRODUCTION




thapter 1
Vitauin Bﬁ
Existence in @ number of forme

In the years immedlately following ite discovery,
vitamin B, was identified with pyridoxine (2-methyl-3~
hydroxy-4 :5-bia({ hydroxymethyl)pyridine'. Then in 1942,
the naturel ocourrence of uore than one chemical compound
with vitamin BG activity was deduced from a discrepancy
between the values for tiie vitanin BG contents of various
natural materials as assayed by the growth response of
Streptococcus faegalis and by the cheumical or rat and yeast
biological methods of pyridoxine assay (Snell, Guirard and
Williams, 1942)., The ineredioviy high [igures obtained
with Strep, faeealis could only be explzined by assuming
the presence in natural materials of a 'pseudopyridoxine’
more active than pyridoxine itself in supporting the growth
of this organis., ‘Pseudopyridoxine' yroved to be not a
singlie suostance, but two,, viz,, pyridoxal and pyridoxamine,
readily intercouvertivlie both viovloyically and chemically
and differing from pyridoxine cnly in the nature of their
4-substituent groups (Fig., 1) (“nell, 1944).

one of these compounds is the functional fornm
of the vitamin in cell metabolisu, In all instances except

one, vitaain Bﬁ-dapendent enzyxes have bee: found to utilise



.b‘I G.‘ i.

Naturelly occurring forms of vitamin B6

CH,OH CHO CH2NH2
HO / cﬂaon HO / CH, OH HO / CI-I20H
H CHa N CH\N
N N N
ryridoxine ryridoxel .yridoxairine

CHO
OH
7
OH
STARN
N

syridoxal-5'~phosphate

(b) Vitawmin B6 antimet-bolites

CH3
HO CHon
CH3 \\

N

f=Jeoxypyridoxine

CHNH, .
_OH
Hor”” \\cH 0.PZ0
2" “on
CH3 \\
N

ryridoxumine-5'-phosphatc

O.NH.NH2

7

N\

Isoninzig



-2-

only pyridoxsl-5'~phosphate as coenzyme (Heyl et al.,
1951), ©.g., amino acid decardoxylases (Baddiley and Gale,
19453 Lichatoi§§i£§¥g§t and transaminase preparations
(Lichstein, Gunsalus and Umbreit, 1945; Green, leloir
and Nooito, 1945; Kritzmann and Jazarina, 1946; O‘'Kane
and Gunsalus, 1947). Only in the case of an aniual
transazinase has pyridoxamine-5'-phosphate been shown to
replace the pyridoxal ester (Meister, Sober and Peterson,
1952), Pyridoxamine-5'-phosyhate may be the biological
'storage’ fora of the vitamin (4abinowits and Snell, 1947).
Any natural material might therefore contain
three unesterified compounds with vitaszin By activity (the
degree of activity depending on the test organism), as
well as the 5'=phosphate esters of pyridoxal and pyridox-
amine (Pig. 1), and perhaps other tiasue-~bound forus (Scudi,
1942; Soudi, Buhs and Hood, 1942; Jones and dorris, 1950).
This multiplicity of naturally ocourring forms of the
vitasin presents a major problem when total vitanin 36 ia
to be mssayed. The various derivatives must be converted

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

elicit equal response in the assay progedure,

Extraction

As the vitaanin 36 content of natural materials
49 often predoazinantly present in the foram of 'protein

bound® phosphates which are uareactive in several methods
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of vitaain B, assay, the free forms aust be ‘liberated’

by preliminery hydrolysis. This is usually carried out
at an aocid pi since all these compounds are at their most
stable at low pH, HNot unexpectedly, it appears that the
conditions necessary for optimal exiraction vary with the
pature of the material treated. A large variety of
methods has been suggested employing either elevated
temperature or suitable enzymes, e,g., persin or papain
(for review, see Sebreil and Harris, 1954). The most
reliable of these procedures use a pH of 1.6 to 2,0, quite
large volumes of eitraatant. and prolonged autoclaving

(15 to 20 1b,8q.in. for 1 to 5 hr.) (Rabvinowitz and 3nell,
1947; Rubin, Joheiner and Hirschberg, 1947).

Asoay

To estimate the total vitamin B, content of a
digested sample a method muat?be used in wileh pyridoxine,
pyridoxal and pyridoxamine ahéw equal activity.

The possible physical methods, €.g., U.v. absory-
fion or polarography, are relatively insensitive and,
unless vitamnin Bsnfroa extract is available as a blank,
are applicaocle only to pure solutions,

Available chemical methods consiat of colorimetric
reactions which were devised when pyridoxine was the only

coapound known to possess vitamin B, aotivity. Lifferent
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degrees of reactivity and differently coloured products
are obtained with pyridoxal and pyridoxamine. Although
the methods are seneitive and quantitative when applied
to pure solutions of the imdividual compounds, they are
so unspecific that very tedious preliiminary purification
procedures must be carried out to remove interfering
substances from natural extracts,

Biological assay depends on the production of a
vitauin Bg-deficiency state in higher animals; both
prophylactic and curative methods have been adopted.
Although no preliminary extraction procedures are here
necessary 1o 'liberate’ assayable vitauauin, the methods
are very tedious and relatively insensitive., Similar
objection can be taken to the use of the growth responae
of the rice moth larva (“arma, 1943; 1944).

dioroviologioal assay is the method of cholce,
It is sensitive, rapid and accurate, though few organisms
respond equally well to each of the free forzs of the

vitamin (Table Il-l), Of these, Sacoharomyces carlsberg-
ensis 4228 has given the most reliable results,

Biochewical functions
Asquaintance with the functions of vitaain 3¢

and the consequences of itse lack, is necessary in the
present context only as an aid to the preparation of growth
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media designed either (a) to enhance the vitauin 3
requirenent of an organisa, or (b) so to diminish their
vitaain requirement as to supjport the growth of organisas
deficient in the vitazin,

Pyridoxal-5'-phosyhate i8 the coenazyme of a
great variety of enaymes acting upon amino acids. The
reactions inelude decarboxylation, transaaination,
racemisation, dehydration and desulphydration besides a
variety of miscellaneous transforsations. Po numerous
are the poessible reactions in fact, that vitauin BG can
be considered as being obligatory for the non~oxidative
metabolisx of amino acids (Snell, 1952; 1955). The
vitazin is thus alsc concerned with the biocsynthesis of
other essential cell constituents such as purines and
pyrimidines (via glycine, aspartic acid, etc,), or other
vitamins, ®.§. kyanroninage in maamsalien nicotinic acid
synthesis and aspartic decarboxylase in pantothenic acid
forsation,

RButritional evidence points toc a function for
vitamin 3, in fat metabolism (Sinclair, 1952), in particular
in the synthesis of uansaturated fatty acids, It may have
even more functions: pyridoxal-)‘'-~phosphate was recentliy
reported as an integral part of the enzyme guscle phos-
phorylase (Baraanowski, Illingworth, Brown and Cori, 1957).

In all organisms showing s vitanin BG deficiency,



the ensymic reactions whose malfunction is prizarily
responsible for the deficiency symptozs vary aceording to
the nutritional state of the organism; The manifestations
of vitaain 36 deficiency are detersined as much by the
manner in which this is produced as by its assayable
extent (see ¥oods, 1953, conceraing preferential utilisa-

tion of metabolites),

There is no truly oatholic vitamin Jg aati-~
zetabolite. Acourate assesament of the worth and mode
of action of any one antimetavolite is hampered by the
fact that ite efficacy varies with the test eniyne
preparation or organism eaployed. This is well illustrated
by the action of various vitanin 36 analogues on the
growth of Strep, faecaljs R (Olivard and Snell, 1955).
The effects of w-methylpyridoxal ranged froa efficient
subatitution for pyridoxal to good competitive antimetab-
olite activity dependiang on the nature of the liaiting
amino acid in the growth medium (and heace on the nature
of the limiting vitazin Bg-requiring enzyue),

1o the course of the present studies, it was
necessary to use,
(a) a vitawin By antimetabolite capable of inhibiting the

growth of wioro-organisus able to synthealse their
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norsal requirements of the vitamin;

(b) & vitanin B, antimetabolite capable of selectively
inhibiting the growth of those organisms unable t0
synthesise their requirements of the vitawmin, being
thus dependent on an exogenous supply of pyridoxine,

lsoniazid was chocen as a compound fulfilling the criteria

of (a), and 4-~deoxypyridoxine, those of (b).

Isoniaszid - isonicotinoyl hydraside (INH)
riigh concentrations of isoniasid inhibit the

growth of many micro-organisms, the inhibition being
relieved competitively by vitawmin 36 (Boone and Woodward,
1953). Administration of isoniasid to humans caused the
excretion of excessive -wounts of vitamin B, in the urine
(Biehl and Vilter, 1952) an well as a peripheral neuritis
which was counteracted by vitaain 36 administration,

~ Again ia comparatively high concentrations,
isoniaszid interferes with the functioning of many pyridoxal
phosphate~dependent enzymes (#eister and Downey, 1956;
Yoneda, Kato and Okajima, 1952; Yoneda and Asano, 1953)
and preveants reactivation of certain apoenzymes by
pyridoxal-5‘'-phosphate (Fried and lardy, 1955; Lichstein,
1955),

Although it is certain that isoniagzid can act as
& vitaamin 36 antxmctgbolite. ite mode of maction is uncertain,
Studying the kinetice of lid inhibition of cysteine



sulphinic acid decarboxylase, Davison (1356) showed that
the reaction possesses a high energy of activation, of the
same order as that found for the chemical reaction of
isoniasid with pyridoxal phosphate. He concluded that
chenical interaction with hydrazone formation was the
cause of the inhibition., Lichstein (1955), on the other
hand, believed that isoniazid competes with pyridoxal
phosphate for the apoenzyme,

whilst hydrasone formation with pyridoxal probably
accounts for many of the anti-vitamin BG actions of
isoniazid, it cannot explain all (Umbreit, 1955), and
certainly does not account for its specific activity
agalnst aycobacteria,

Dao yridoxine
This inhibita the growth of some micro-organisms

which are strictly dependent upon an exogenous supply of

vitazin B, (3agcharomyces carlsbgrgensis 4228 and Neurospora
gitophila 299) whilet it has no sction on others egually
inocapable of synthesising the vitaumin (lactobacillus casei
and Strep, faecalis), It might be incorrect, therefore,

t0 assume that vitamin Bsaaynthesiaing organiams are immune
to its action merely because they are independent of an
external vitamin supply. The growth inhibition is overcome
by all free forus of vitamin B., and it ui ht in fact be
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significant that 4-deoxypyridoxine affects only those
organisus that oan utilise pyridoxine (Rabinowitz and
Snell, 1933).

4-Deoxypyridoxine wight inhibit the uptake of
vitamin BG by susceptible organisuc. If ite inhibitory
action is exerted subsequently, then the reactions
accomplishing the utilisation of externally supplied vitawmin
must differ significantly frou those comcerned in the
nornal biosynthesis of pyridoxale5'-phosphate,

While 4-deoxypyridoxine-’'-phoephate will not
displece pyridoxal phoesphate frow holoensymes when the
latter has been firmly attached, it may compete with the
natural ooéhzyme. as for example, for tyrosine apodecarb-
oxylese (Umbreit and waddell, 1949). Phosphorylation of
the analogue and adsorption onte the apoenszyme only ocour
when the pyridoxal or pyridoxal phosphate concentratione

are very low,

Again the wechanisw of action of this antimetab-

olite is uncertain, perhaps changing with changed conditions
of test,

Two major syathetic and one degradative proocedure

are now used for the chewical preparatio: of pyridoxine,

In the present context, interest in these chemical
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procedures stems from the possibility that they could
suggest likely biological precursors, The degradative
method, therefore, (Kuhn, Westphal, Tendt and Westphal,
1939; Ichiba and ¥ichi, 1933) whioch subjects a suitably
substituted isoquinoline derivative tc controlled oxidation,
{6 of little interest, as the starting material already
contains the pyridine ring.

The first auccessful synthesis of pyridoxine
fros aliphatic precursors (Harries and Polkers, 1939; dorii
and Makino, 1539) was based on an initial pyridone
condensation of ethoxyacetylacetone with cyanoagetamide,
The product, 3I-cyauo=-4i~ethoxymethyl-b-methyl-2-pyridone,
was convertible by usual pyridine ring reactions %o
pyridoxine (Pig. 2a).

Cohen, Haworth and Hughes (1952) based their
method on a hypothetical derivation of pyridoxine frox
units of alanine, formaldehyde and a C, ocoampound (Fig. 2b).
Por convenience the actual condeansation was carried out
betwesn an alanine derivative (methyl-Dla-bensylamino
propionate) and a C, derivative already carrying the formyl
group (dimethyl-o~formyl succinate), The product is
easlly converted to pyridoxine, and the method has bLeen
much used for the introduct.on of substituents in the
Z-position.



Biogenesis

Stre; ) s R, which normally requires
vitamin 36 for growth, grows in the absence of added
vitasin in an otherwise complete amino scid medium when
Dl~slanine is provided in sufficiently high concentration
(Snell and Guirard, 1943; Spell, 1945). Snell at first
suggested that Di~alanine might be a precursor of vitamin
36' perhaps being directly incorporated into the pyridine
ring, but then found that when the organism was grown on
@ full replacement mixture including li~alanine, only a
very small amount of vitaxin B was synthesised (Holden,
Purman and Snell, 1949). D-alanine alone was effective,
the l~isomer being without activity, and it now seemed
probable that D-alanine was essential for the growth of
the organism, its synthesis . roceeding normally via the
i~isomer by the action of a vitazin 36~dop¢ndant racemase,
According to this theory, in the presence of an otherwise
complete vitamin Bg-replacement medium, the omission of
D-elanine would make provision of vitamin B‘ eagsential for
growth, Conversely, growth could occur in the preseance of
P-alanine even though the organiss remains unable to
synthesise the vitanin, Confirmation came froxm the demon-
stration of the yossession by the organisz of a pyridoxal
phosphate-requiring alanine raceumase (¥ood and Gunsalus,
1951) and from the assignment to D-alanine of an essential



function - in particular as a structural eomponent of the
cell wall (Snell, Radin snd Ikawa, 195%). Growth of Strep.
faecnlis % could be made dependent upon the provision of
other single auino acids., In the presence of the otherwise
complete replacement mixture (now containing excess
D-alanine), the organisu when provided with a-oxo isgcaproic
acid would grow only if either leucine or pyridoxal were
supplied., 7This was again not indicative of a vitauic BS’
preoursor funotion of leuoine, but was an expression of

the pyridcxal phosphate requirement of the ketoleucine-
leucine apotransazinase (Olivard and Snell, 1955).

A strain of brewer's yeast regquired both thiamine
and vitaxin 35 for optital growth, and it was sugzested
that these vitamins might be interconvertible via a common
pyrimidine precursor whieh is but poorly synthesised by
this organisc (Moses and Joslym, 1953). ... There
undoubtedly exista a relationshi;, botween these vitamins
in the astabolism of many micro-organisms, but the situation
is very complex. The pyrimidine ortion of the thiauine
moleoule, i.e,, 'toxopyrimidine', can act as a vitazin 36
antimetabolite (kbd’rﬁﬁig;25,195¢i Makino, ninoshita,
Sasaki and Shioi, 1954; /Kinoshits, Aramaki and Shintani,
19%54; MKaekino and Koike, 1954), while thiswine itself
causes an inhibition of growth of a strain of Sacgharomyces
garisbergensis 4228 which ie overcome noncompetitively by
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pyridoxine (Schultz et al., 1947} Rabinowitz and Sneldl,
1951). There is evidence that vitamin 3. may play a&n
important role in thiamine blosynthesis in Neurosporg
aitophila 299 (Stokes, Foster and Woodward, 1943; Stokes,
Larsen, Woodward and Foster, 1943), though with otler
pyridoxine~less Neurosporg mutants Harris (1952) suggested
that pyridoxine inhibited thiauine biosynthesis, while
thienine prevented degradation of vitamin BG’

These findings suggest that the observations of
Koges and Joslyn could be interpreted without assuming the
commor origin of thiamine and pyridoxine., Vitamin 86
vicsynthesis by their yeast was actually increased during
thiamine deficiency, whilst pyridoxine deficiency caused
a decreased thiamine synthesis. Thus, whilst vitazin 36
could be concerned in thiaamine aynthesis, thiamine aight
exert a sparinyg effect oun vitaain BG formation,

Ro further theories as to the route of vitaamin
36 biosynthesis have been forthecomiag.
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Chapter ¢
The Biogenesis of the ryridine Ring

The blosynthesis of vitanin Bé uay be only a
facet of the wore comprehensive problex of pyridine ring
biogenesis. A ocoumon precursor of pyridine derivatives
may exist in nature, by asnalogy with the origin of the
aromatic smino acids from shikimic acid,

It i8 poesible that most if not all of the ring
substituents of the vitaain B, moleeule form part of the
ionmediate precursor(s) which undergo cyclisation, The ring
closurs resction thus assume: particular importance, as
the structure of plausible precursors could coaceivably be
extrapolated frox the nature of the side chains and the
type of reactive groupihge probably regquired Ior cyclisation,

RING CIO3URE

This might be the result of (a) an intrasoclecular
reaction, or (b) a hetero-wmolecular interaction.

Given suitable end groups, there is a tendency
for aliphatic compounds of certain chain leangthe to undergo
intramoiecular cyclisation, Tuis tendency is particulurly
marked when 5~ or 6-membered cyclic compounds would result,
ag these are partiocularly stabvle structures,

®hen the ring compound is a product of the fusion
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of two or more molecules, at lemst two reactions must
participate. Were the reactions to fall into a definite
sequence, tlie last would necessarily represent an intre-
moleocular cyclisation of an intermeliate. In many inotances
however, it ic not possible to decide which reaction takes
precedence, ©.8., 1In porphobilinogen biosynthesis from
t-amino-laevulic acid (Fig. 3b). GOroup (b) provides for
Just such cares as these,

with the N-heterocyclic coupoucis, one of the
reactions always concerns the introduction of the nitrogen

atou.

Chemical synthesias

The C-N link can be produced by an addition
reaction, vut thi: is comparatively rere, e.g., the Dbbner-
von iiller and the Skraup quinoline syntheses.

-NH, + HyCuCil> ~.iHCH o~ CH

The condensation of a ketone, or potentially
ketonic group with a primery auino group is, however, by
for the simplest and 108t frequently used method of
aynthesis of the C-R bond.

SCul  + Holw —=> sl
or, SC=-0H « Hollw = —CeNH-

Use is made of such a condensation reaction iu the Knorr
pyrrole synthesis, the Hantzsch pyridine syntheais, and
the Friedlander quinoline synthesis, It also ocours in
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both main methods of pyridoxine synthesis (Harrie and
Polkers, 1939; Cohen, Haworth and Hughes, 1952). By an
extension of the method, a }CaN-C> link is obtained by the
condensative insinuation of lﬂB between two ketonic (or
enolic) groups, €.g., in the Tschitschibabin pyridine
synthesis,

Apparent condensation between two primary amnine
groups, with the liberation of ammonia, can be utilised,
though deamination might precede cyclisation with the
formation of a ketonic intermediate. A siample example
of such a reaction is the cyclieation of glutamine to
pyrrolidone carvoxylic acid., As this ocours on heating in
aqueous solution, prior deamination ie very likely.
Condensation of amine with imine, could be an alternative
mechanisn,

K-Kﬂz + HiaCH,R' «» R, NaCH, R' o Iﬂiz.
The secondary amine which is a co-product with primary
anine of the catalytic reduction of a nitrile, is said to
arise by such a reaction proceeding between the primary
amine and the intermedinte aldimine (Rodd, 1951).

Formation of the C~N bond is a very common
metabolic reaction, e.g., anidation as in glutamine
formation, formylation of an amzino group as in formylglycinamide



ribotide synthesis, Most commonly of all, it ocours in the
synthesis of amino acids from their ketonic precursors and
in peptide formation; incidentally, the formation of a
eyclic polypeptide by caurbonyl-amine condensation, might
thus be considered as an exanple of H-heterocyclic bio-
synthesie, Most of these, and related reactions, €.g.,
dihydro=orotic acid formation by ring closure of
carvemyl-aspartate, are endergonic and proceed only at the
expense of ATP,

It seems though that the C-3 ring closing bonds
formed in the blosynthesis of pyrrole and pyridine
derivatives aight be the result of spontaneous condensa~
tions between ketonic and primary amino groupings. Thus
in proline biosyntheeis (see Pig. 3a), glutazmic seuialdehyde
undergoes spontaneous ring closure $¢ give the pyrroline
carboxylic acid, In confirmation of the spontaneity of
the cyclisation, the product obtained by treatment of
o~iketo=ili-bensyloxycarbonyl valeric acid with HBr, gave
elenental analyses consistent with its being A'-pyrroline-
2-carboxylic acid, yielded proline on hydrogenation, and
yet possessed . roperties characteristic of an a~-ketoc acid
(‘iedister, 19%4), suggesting that the ocompound was in faot
& aixture of tautomeric forme including the enol form of
the normal aliphatic compound, and the A'~¢yolic form,

The same compound was isolated irom the culture filtrate
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(a) Ring closure in the biosynthesis oI proline
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of a proline auxotroph of %, goli by Vogel and Davis (1952).
These authors too supposed the ring closure to be spontan-
eous though followed by an ensymically catalysed reduction,
They stated that "it also seems ;ossible that the
biosynthesie of other heterocyclic coupounds may involve
similar reactions between amino and aldehyde groups”.

The most thoroughly investigated reaction of
this nature, is that responsible for the biosyntheais of
porphobilinogen (PBG) from S-aminolaevulic acid (AlA).
The S~sminclaevulic dehydrase (ALAD) whioch brings about
this syantheeis, has been studied (Gibson, 1955). The
ensyme catalyse® an intermolecular cyclisation though it
is not known whether only one or both of the reactions
concerned in ring closure are in fact engymically catalysed.
‘Under suitable conditions ALA will condense with itself to
form some PBG without ensymic intervention, but at neutral
or alkaline pH's and room temperature, dihydropyrazine-
2:ij=dipropionic acid is predominantly and spontaneously
formed, Qome evidence was obtained for the participation
at neutral pH of an intermediate which is probably a linear
dimer forwed from two ALA molecules (Gibson, 1955) (see
Pig. 3b). Only C-K bonds are formed in the predominant
spontanecus reaction, and it is possible that only the new

C~C bond in PBG is the result of ensymic action.



When all examples are closely examined, it seems
that prior deamination of one of the amino groups precedes
ring closure sc that this is agaio & epontaneous keto-
amine condensation, e.g., pyrrolidice ring formation from
ornitbine (Leste, 1955; Dewey, Byerrum and Ball, 19%5).
| The ensyme isolated from Pseudomonas sp. Tr. 7
forming kynurenic acid from kynurenine, was found t0 be &
kynurenine transaminase, the formation of 2eaminobenmsoyl-
pyruvic acid from kynurenine beiny followed by spyomntaneous
ring olosure (Fig. 4a). A similar situation exists in the
biosynthesis of pipecolic acid from lyeine. Thus, pipe-
colic acid is formed by the hydrogenation of the product
formed by the action on }~lysine, of either yndiamiao
acid oxitase of turkey liver (Boulanger and Csteaux, 1952),
or the l~auino acid oxidase of Neurospora (Schweet, Holden
and Lowy, 1954), Meister (1954) proposed that in the
biosynthesis of the acid, oxidation or transamination of
lysine, giving rise to u-oxo f-amino~-caproic acid, night
be the first step. Spontaneous cyclisation to A'~dehydro-
pipecolic acid would be followed by optically specific
onaymic reduction to &(-)piyoeolic acid. "hen a-0x0
EN-benzyloxycarvonyl caproic acid was treated with HBr,
the product gave the elemental analyses for either c~oxo
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c-aminooaproio scid, or A'-piperidene-2-carboxylic acid
monohydrate, and otherwise reacted as s mixture of open
chain and oyelic compounds, This oxo-analogue of lysine
was identified with the product of action of Neurospors
I-amino acid oxidase on l~lyeine (Schweet et al., 1354)
and was stated to exist mainly in the coyclised form. The
1‘0—1.».11.4 oxo acid was converted by Neurospora both to
pipecolic acid and back to lysine (Schweet, Holden and
Lowy, 1954). By 1’E-labelling, Rothstein and Miller (1954)
obtained incontrovertible evidence of the initial loss of
the o=amino group when rats converted lysine to urinary
pipecolic acid (Pig. 4b).

The necessity for prior deaamination of one of
the two anine groups hae led to a suspicion that amine
oxidsses might play some role in alkaloid biosynthesis,
dianines and diamine oxidases éoming in for greatest study
(Spath and Berger, 1930; Tabor, 1951; Blaschko, 19%2;
Mann and Smithies, 1955), Whether ring compound formation
will follow amine oxiiase action upon aliphatic diamines,
depends on the chain length of the substrate., Thus, the
product of oxidation of 1l:10«~djiaminodecane does not
undergo ring closure (dann and Smltﬁius, 1955),

IPERIDINE RINC HESLS

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,
Pipecolic acid is formed froa lysine in this way (see
above, and Grobbelaar and “teward, 1953; Lowy, 1953)j
sizilarly l-lysine is the precursor of coniine=2«propyi-
piperidine (Leete, 1955b).

Discuseion of the piperidine derivatives merely
as if they are reduced pyridine coumounds aight be very
misleading, for the chemistry of these two groups differs
widely; pyridine is related to piperidine as bdensene is
%0 cyoclohexane, The cheamistry of pyridine is dominated
by ite aromatic character, that of piperidine is essentially
that of a secondary amine, Incidentally, there is a
strikin; similarity between the substitution reactions of
pyridine and p~aitrobenzene, a resesblance which assunes
inportance in the assessment of the mode of action of
pyridoxal,

The possibility of pyrrolidine and piperidine
ring formation by the cyclisation of aliphetic diauines
(ornithine and lysine respectively), need not, therefore,
suggest a simllar precursor for pyridine ring formation,
though both lysine and 4-hyé;axy1yaino have been considered
&8s plausible precursors of the yyridine rings of nicotine
and snabasine., But 2-}4C-lysine was not incorporated into
the nicotine of tobacco plants growing in hydroponic
culture (Leete, 1955¢), whilst 2-14C-1ysine ana c-14c-
hydroxylysine were only insignificantly converted to
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anabasine (Aronoff, 1956). Aronoff (1956), however, inter-
preted his observation that photosynthesising excised
leaves of Nicotiana glauca supplied with l4002 synthesised
uniforaly labelled enabasine, as showing that both the
pyridine and piperidine rings were of simultaneous origin.

PYRIDINE RIRG FORMATIOR

To obtain the aromatic pyridine ring, the product
of spoataneous keto-amine condensation would have to Dbe
subjeocted to two further oxidation reactions unleas the
precursor was unsaturated or potentially unsaturated, e.g.,
eapable of a keto-enol tautomerism, as in kynurenic aoid
synthesis, It is not known whether such oxidation of a
tetrahydropyridiine t0 a pyridine can be acgoamplished,

Virtually all knowledge concermning the blogenesis
of the pyridiné ring has come from the study of the route
of formation of nicotinic acid,

Nicotinic acid (pyridine~2-carboxylic acid)

Nutritional studies with mammals (Krehl, Teply,
Sarma and Elvehjem, 1945) exposed a relationship between
J~tryptophan and nicotinic acid. Results obtained with
nazmelian tissues together with observations made with

nicotinic acid-mutents of Hewrospors, showed that in these
organisms at least, nicotinic acid is a product of
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3-hydroxysnthranilic acid metabolisa, This in turn is
derived from tryptophan via kynurenine and J-hydroxy-
kyourenine (Boaner snd Yanofsky, 1951} Sebrell and Harris.
'19544 Kehler, 1955; Yanofsuy, 1955). The operation of
the same pathway has been noted in other fungli, e.&.

Trighophyton eguinum (Georg, 1949), Ehycomyces blakesleeanus

(Schopfer and Boss, 1349) and in at least one bacterium,
vis., Xagthomopas pruni (Davie, Henderson and Powell, 1951).
However, slternative routes of nicotinic acid biosynthesls
aust exist., The possible absence of a tryptophan-micotinic
acid relationship in certain plant tissues (Terroine,

1948; Crane, 1954) and in the protozoon Tetrahymena (Kidder
and DauOffri949) has been remarked upon, Pontecorvo (13953)
conoluded that two pathwaye of nicotinic acid bioayanthesis
must operate in Apsergill Both proceed via

3-hydroxyanthranilic acid so that the duplicity is in the

origin of this compound. One biosynthetic route seems
identical with the tryptophan pathway deacribed in Heuro-
spore, in the other, anthranilic acid appears %o De
converted to ite lY~hydroxy derivative either directly or
vie unknown intermediates,

darnay (1951) concluded on the basis of growth
inhibition studies with indole~3-acrylic acid that the
path of nicotinic acid biosynthesis in Lscherichia goli is
the same as that in Heurospora. The method and conclusions



were criticised by Yanofsky, who, feeding overall 143-
labelled indole and tryptophan to suitable tryptophan
auxotrophs of E, ¢oli and B, subtilis, demonstrated thal
the nicotinic aocid then formed was unlabelled (Yanofsky,
19%4a & b)., These results confirmed earlier observations
with X, coli (REllinger and Abdel-iadar, 1949a & bj Volcani
and Snell, 1948), A strain of %, goli (presumably wild-
type), directly hydroxylated anthranilic acid in the
J=position by an ensymatic reaction requiring a p-amino-
bensoic acid derivative as cofactor, and proceeding at a
rate compatible with its bein; the major route of nicotinic
acid synthesis by the organism (McOullough, 1957). The
occurrence of this reaction could explain the observations
of both Pontecorvo and Yanofsky., Yet a few questions would
- remain, If the direct anthranilic to 3J«hydroxyanthranilic
acid ‘'shunt' is the oaly way of forming nicotinio acid in
these organisas, mutants might be obtainable requiring
either anthranilic acid or tryptophan plus niocotinic acid.
These have not beean described, If there is an alternative
route of synthesis avalilable, this cannot sroceed via
indole and tryptophan else some 1‘0 would in all probability
have been incorporated into the nicotinic acid synthesised
during Yanofsky's experiments,

The suggestion was made that the first step in
the transformation of 3l-hydroxyanthranilic aecid to nicotinio
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acid might be the oxidative cleavage of the bensene ring
between C-3 and (=4, followed by spontaneocus ring closure
of the newly formed aldehyde group with the free amino
group (Henderson and Hirsch, 1949). Evidence in support

of this idea was obtained by the use o? tryptophan labelled
with 398 in the pyrrolidine ring and with D in the benzene
ring (Schayer and Henderson, 1952).

Only once has an ensymic synthesis of nicotinic
aoid fros 3-hydroxyaathranilic acid been described {Makino
et al., 1951; oriticised by Huadley, 1954). 31:4~-Tihydroxy-
anthranilic acid (Pig. 5) was here reported to be as
effective a substrate as the monohydroxy acid. Ho inter-
mediary role for the dihydroxy compound could later be
shown with Xsnthomonas pruai, growing rats and rat liver
slices (Henderson et al,, 1951), or with a nicotinic acid
auxotroph of Heurospora crasss (Hellmenn and Wiss, 1952).

Nicotinic acid is not the only producet of
metabolisz of l-hydroxyanthranilic acid, <Quirnolinic and
picolinic acids may also be formed. Thus mammalian tissue
slices converted 3-~hydroxyanthranilic acid t$o quinolinic
acid (Schweigert, 1949; Schweigert,and Marquette, 194f),
via an intermediate with a characteristic absorption
maxizum at 360 m: (Bokmen and Schweigert, 1951; ¥iyake,
Bokman and Schweigert, 1954). Nehler (1956) showed that
only the formation of this interuediate was ensyme catulysed,
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(a) Ring closure in nicotiuic acid bics;nti.esis
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the subaequent production of quinolinic acid belng a
spontaneous reaction (Pig. 5). The intermediate might be
either the orthoquinone of 3i4-dihydroxyanthranilic acid
or the open chain dicarvoxylic acid anino aldehyde; 1ts
chemical properties were con:istent with its being l-auino-
s-formyl-bute~l:l=diene diearooxylic gcid (7iss, Siumer and
Peters, 1956). A competing ensymic reaction is capable of
converting this same intermediate to picolinic acid (¥ehler,
1956a—8-2). With }#C-labelled }-hydroxyanthranilic acid,
i1t was confirmed that this is the carvoxyl group cleaved by
plcolinic oarboxylase (it is of course retained in the
synthesis of nicotinic acid)., Host endogenously produced
3-hydroxyanthranilic acid (in rats) seeus to be oxiiised
and decarboxylated in this fashion. Quinolinic acid is not
decarpoxylated, and its formation in_yivo is perhaps a
reflection of the spontanecus cyclisation of the inter-
mediate in the presence of a non=-yhysiological excess of
subastrate, |
Hecently, soze evidence has been obtained for
the possible utilisation of a-aminowethyl~irans:gis-muconic
acid for nicotinic acid biosynthesis by Jlanthomone
(Harris and Binas, 1957) (Fig. 5).

Iz the formation of anicotinic acid, it is ;058sible
that the ;lacing of the amino group in a position suitable

for subsequent condensation might be favoured or compelled
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during decarboxylation, so that ring formation and
decarboxylation might appear as simultaneous reactions
effectively catalysed by the one enayme. NO such enzyume
has a= yet been isol&ted. Perhaps free nicotinic acid is
not first formed and sridation and/or ribotidation actually
precede ring closure,

Besides foruing quinolinic and picolinic acids
(together with the latter's derivatives, i,e., its methyl
betaine homarine found in warine organjsms, and the
J~-hydroxypicolinic acid of etamycin), 3-hydroxyanthranilic
acid must be considered as the precursor of products of the
further utilisation of nicotinic acil in which the pyridine
ring is retained. These inciude the detoxication products
excreted by higher animals, e.g., 8'methylnicctisamide,
N'-nethyl-6-pyridone-3-carvoxanide and aicotinuric acid,
and the pyridine ring in the nicotine alkaloids (Dawson et
al., 1956), But while 2 very rapid conversion of nicotinic
acid to the alkaloid trigonelline was carried out by excised
pea stexs, no label w:s incorporated froa 14C~1aballed
3=hydroxyanthranilic acid (Aronoff, 19%6).

PIPICOLINIC ACIL (pyridine~2i16-dicarboxylic acid)

Some case has been made out for the poseible
formation of this pyridine derivative by direct cyclisation
of an aliphatic precursor. The study of its biosynthesis
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was facilitated by the faot that its calcium salt is
excreted in lerge amount by germinating spores of both
Bagillus and Clostridjum species (Powsll, 1953; Powell
and Strange, 1956).

Perry and Poster (ig59) pointed out that, apart
£rom the unsaturated nature of the product, a siniler
relationshiy could be envisaged between 2:6~diaminopimelic
acid and dipicolinic acid as had been shown 10 exist
between lysine and pipecolic acid,

Yashed suspensions of endotrophically sporulating
Bagillus gereus var mycoides were aupplied with totally
1‘0-1&bollad diaminopimelic aoid (ZaPH- of bilological
origin and containing mesg and gg:isomers). A relatively
small consumption of the oxogonoha AV was obtained, and
from the degree of 146 incorporation it was calculated
that onliy about 4. of the dipicolinic acid synthesised
could have arisen from the exogenous DAPE, The authors
very properly pointed out that the data do not discriminate
batwoca prior breakkdown of the supplied TAPE with utilisa~
tion of all or part of the fragments, or direat ring
c¢losure without previous rupture, The 140 was prererantially.
inoorporated into dipicolinic acid relative to sons dosen
or aoc samino acida isolated (including lyeine)., This cannot
be used as an indiocation of specifioity of coaversion, for

dipicolinic acid is very iikely the major produet of
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synthesis during sporogenesis.

powsll and Strenge (1996) failed to show DAPH
conversion to dipicolinic acid even witl disintegrated
spore preparations. Ko inorease in ﬁ“3 production or O,
uptake agcompanied incubation of intaot or disintegrated
organisme and syores of B, gereus with syathetic DA,

The amall conversion of exogeanous DAYk to endo~-
genoualy synthesaiosed dipicolinate obtained in Perry and
Foster's experiments, need not invalidate their hypothesis
of direct conversion, It has been shown that exdgendus
DAPE is not incor orated into the endogsnous DAV4 of wild-
type E, coli due presumably to the existence of permezdility
barriers (foberts et al., 1353). The behaviour 0of DAY

auxotrophs of 2, coli which show a relative regquire.scut for

ey

lysine in addition to their absolute requirement for DAPL
has thus been exylained by conciudin; th=nt since "added
SLe does not get into the wild-type cell fast enough to
conpete effectively witi endugenocus DAPM, it is not
surprising that added Ii¥f does aot get into tuc wutant
cell fast enough to support rapid growth® (Davis, 1955).
A sizilar situation =might exist in B, cereus, though the

negative results obtained with disintegrated preparations
would suggest that impermeability to the substrate uight

not be the sole ::wse of the small utilisation,
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not ve the sole cwoe of the small utilisatio,



Copglusjons

1. Incorporation of the K atom into H~heterocyclic
coumpounds is achieved by spontaneous condensation of
a free or potential ketonic group with a free amino
group, and any precursor of vitaain 36 might carry
these reactive groups,

2. The singly unsaturated ring coupounds so formed, can
be reduced ensymically to the fully saturated homo~
logues but there is no known instance of their further
oxidation,

3. Such evidence as is available conoerning the possible
oyclisation of DAPM¥ followed by its subsequent
oxidation to dipicolinic acid is inconclusive,

4. The only biosynthetic routes to pyridine ring formation
known at present, have as starting material, the
already aromatic benzene ring, e.g., niocotiniec,
quinolinie and picollnic acids from 3J~-hydroxyantihrauilic
acid,

Ring=-opening by oxidation is followed by the
expected keto-amine condensative ring closure. Since the
aliphatic intermediate hes retained its unsaturated

oharscter, no further oxication of the product is necessary,
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YITARIN BINSYATHESIO

The B-group vitamins are as essential to simpler
forms of 1ife as to the more highly organised, and the
employment of mioroorganis.: in a study of their biosynthesia
has several advantages, It is assumed that the forusation
of any one vitamin is likely to proceed from the saue
ultizate precursor and through the same intermediates in
very different organlsms, Happily, divergences froa a
common route of biosyntheais are rare, though they have
been described; nicotinic acid synthesis by certain moulds
and bacteria, for exaiaple, proceeds by a route differing
from that common $0 other wicroorganisce and marmmals
(Yanofsky, 1954).

The several experimental approaches which are
available are summarised below, Host of these have been
employed in the present study, and a eritical evaluation
is left until their actual use is described (see 'Exparie

mental 3ection' and 'Discussion'),
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4. For the 5§stg§hoa;a of large yuantities of vitasudn

Bicroorganieons cqunla of synthesieing a
particular vitauin sowetimes produce it in excess oi their
needs, The free vitauin uay Ve liberated by subsequent
autolysis, but ofteu the excess is directly excreted into
the culture wediwu (Thompson, 1l942)., The overproduction
of vitawin is in most instances not great, but the occas-
ional organis: is fouad which by some quirk of its
metavolisn produces astonishiagly large amounts.

On¢e a chemically-defined medium has been
deveioped whicii will su_ port growth of the selected
organism, differest substrates and suspected precursors
may be provided, comditions of incubation varied, plausible
wetabolic inhibitors tested in an attempt to infiuence the
vitawii production while maintaining uoraal rate and extent
of growth,

Although to perform such experiments one is not
dependent upon organiszs syntaesising large amounts of
titamin, their use has one important edvantage, Vita:nins
are norsally synthesised in such smell amounts se compared
with the asjor 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 might not unduly enhance
their small but adequate production, the compound merely
being used for other cell funoctions of greater quantita-
tive significance, #hen, however, the vitamin is produced
in large amount, then its biosynthesis must representi a
wajor wetabolic pathway and is mors likely ito reflect the

presence of supplied precursors.

2, Isotope-labelling

There are at least three methods available by
which isotopes may be employed in biocaynthetic studies,
a. An unlabelled main carbon source is used together with

labelled suspected precursors, when specific incor-
porstion of labelling into the isolated product may
take place,

b, The decrease in the degree of labeliing of the product
is deteruined when unlabelled suspected precursors
are added to a medium containing an indiscriminately
labelled, main carbon scurce, i.e., the isotope
dilution technique.

¢. A specifically labelled main carbon source is used,
the position of the isotope in the product determined
and an atteupt made to correlate this pattern of
incorporation with the utilisatién of interwediates
produced by rooogniicd metavolic routes,



-34=

The isolation of an assayable sample of
chenmically pure product even when radioactively labelled
is frequently difficult when the oou_ ound in question is
normally formed in only small amouat, Here again it 1is,
therefore, desirable to use an organisa capable of

synthesiaing large quantities of the desired substance,

. Use of antimetabolitesn

(a) In _the investigution of routes of biosynthesis

A compound X, capable of interfering specific-
ally with step B =+ C in the route of conversion of
subatrate A to vitamin V, when added in sufficient concen~
tration would inhibit the growth of the organism (unless
there is available an alternstive route of syathesis

which does not proceed via B —» C),
X
A=>BdpC adD «esp ¥

The inhibition might be overcome by the addition of V,
or of other compounds subsequent to the blocked reaction,
i.,e,, C, D,

The most useful of antimetanoiites (Woolley,
1952) are coupounds so closely related structurally to
the norual substrates as to be able to compete with theun
for ensymic sites and yet bve sufficiently different as to

be unable to undergo the required ensyme-catalysed
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peagtions. Theoretically the inhibition brought about by
any concentration of antimetabolite cau consequently be
overcome by the addition of a proporticnately inoreased
conceatration of normal substrate. Thus 1 should overcoue
the inhibitory metion of X competitively, while V and all
mexbers of the reaction sequence subsequent to the locus

of inhibition would act noncompetitively,

(b) To _achieve increased vitamin synthesis

The acousulation of the substrate of a blocked
reaction is freguently accompasnied by its excretion into
the culture medium, Where the antimetabolite acts on an
enzyne for which endogenous vitamin itseif is substrate
(responsible for its conversion into coeasyme, or its
degradation), the vitaain might thus "pile up”,

It is evident froam the coacept of antimetavolite
action outlined above, that a sufficlently increased
concentration of normal substrate (B) could compete witn
the inhibitor and so overcome its action, The organisa
now grows in an otherwise inhibitory concentration of anti-
metabolite, 1.0., it has developed a drug resistance
(although this is uy a0 weans the only mechanisem uy which
a drug resistance may be developed). There is, of course,
e limit to the increased synthesi: and therefore to the
degree of resistance attained, but there zay exist a many-

fold difference between the amounts of vitamin produced by
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resistant and pareat strains,

A coapensatory enhanced vitamin synthesis
leading to drug resistance is also possible when the drug
aots not a8 au antimetabolite (in the sense described
above), but by chemical combination with the vitamin or
coensyme, resulting in its effective loss to the organisa,

Incubation of washed suspensions of organisms in
a chemically defined medium designed to evoke maximum
synthesis of the desired conpound has the advantage ﬁhat a
greater density of organisms uay be used than is over
encountered during growth, with the result that a given
amount of product is formed in a correspondingly shorter
tize, Usually little or no reproduction cccurs and the
overall conditions are much better defined than at any
time during growth,

It may be necessary %o use organisms with a
subnornal vitgain content if 1its subsequent synthesis ia
to be observed (Lascelles and Woods, 1952).

C. USE DF CELL~PREE PHEPA

There is a 1imit to the utility of intact organ-
isms, set by their impermeability to certain substirates,

It 4ie not to be expected, though it sometimes
happens, that disorganised extracts will be able to carry



out syntheses requiring the proper functioning of a number
of interdependent reactions. ZThey way be used with profis,
however, in the confirmation of suspected reaction
sequences, the responsible ensymes being teolated and
purified - so enabling the details of their mode of action
and cofactor requiremeats to be batter studied, It would
be suspicious were it consistently iampossible to demonstrate
the presence in the organism of an enzyme postulated to

be a member of the supposed synthetic pathway.

YAy

bk

VITAY 1N=DEPENDENT 1CROORGAN

Some naturally oosurring microorganisms showing
a growth requirewent for a particular vitasin are alter-
natively able to utilise one or more of its precursors,
and examples of natural syambiosis are sometimes encountered
saongst organisms so differing in their avility to
syathesise one vitamin, If a number of such organisas is
available, it is occasionally poseible to arrange their
requiresents in a sequence (usually of increasing complexity),
frou which emerzes a possible route of vitamin blosynthesis.

(2) #1%h_induged suxotrophe

It is preferable to obtain all results where
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possible with a single epecies, and mutant strains of
Neurospors early proved of great value. The number of
genetically dissizilar mutants requiring the same factor
‘indioatod the minimum number of steps in its synthesis,
and the fregqueat accumulation of subatrates of blocked
reactions facilitated the identification of intermediates.

Auxotrophs of E, e¢oli are now readily izolated
by the pcnicillinapenzeillinasé technique (lLederberg and
Zinder, 1948; Davie, 1948; Adelberg and ¥yers, 1953) and
although genetic analysis of most strains 13 az yet
impossible there are many instances pf their great value
in bioceynthetic studies when they are subjected to nutrilite-
replacexnent and cross-feeding analysis,

The relative oconcentrations of suapected
prmeurnor and product needed to support optimal growth of
the mutant organism are of importance, If the precursor
is utilised solely for the one iicsynihnaiﬁ. then (questions
of permeability and degradation aside), its required
concentration should be of the same order of magnitude as
the active concentration of the precduct. The comparison
often helps in distinguishing precursors of wvitamins and
products of their function. o

B, USE OF WASHEL SUSEENSIONS 0F AUXOTROIHS

When fully competent prototrophs are used in |
suspension to investigate the whole or part of a éynthetio
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sequence, the effect of adding & suspected precursor is
often complicated by major alternative utilisstion,
degradation, or dilution by endogencualy formed preoursor,
These difficulties can often be circumvented by the
judioious use of mutant strains,

Organisms deficient ia various factors are
readily obtained by growth of suitable mutants on medis
containing suboptimal concentrations of the factor, and
the offect determined of these deficiencies on the synthesis
under examination,

Seleocted portions of a synthetic sequence uay be
"isolated’ and studied with suspensions of whole organisus
by using & mutant blocked immediately before the precursor
and immediately after the product of the reaction,

A ﬁar?‘-avg wtp D v V

Confirmation of an otherwise diagnosed metabolio
lesion is obtained when it can be shown that the suspect
ensymio activity, though detectable in cell-iree extracta
of the parent organism, is absent from similar preparations
of the mutant strain,
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Caution necessary in the interpretation of recsults obtained
wi tant or Sme

3ince artificially-produced mutsut strains figure
large in the work to be reported, it must ve stressed at
the outset that the behaviour of such organisms may be
extremely complex and the resulis obtained by their use
consequently very difficult to interpret.

The aseumption is commonly made that, as a
conssquence of & single gene wutation, the complete failure
of & single ensymic reaction always results, evidenced by
the development of & nutritional requirement for a single
compound addition of which to the culture medium restores
wlld—fyps characteristics, Iao fact, 80 many and various
are the possible effeots of a single mutation that it is
very probable that no mutant is ever completely restored
0o the parental biochemical state simpyly by supplying a
growth requirexzent. There may exist a variety of differ-
ences betwees parent wild-type organism and a mutant formed
therefrou as a result of a single irradiation of which the
nutritional requirement aay appear to be the most
significant wmerely because it is the most obvious (kiitchell,
1953).
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The usual precautions necessary in microbiological
gtudies were observed throughout, eespecially with regard
t0 the purity of the chemicals and the cleanliness of the
glassware used, Hot ohromic acid was the main cleaning
agent employed, the glassware belng thereafter thoroughly
washed with resin-deionised water followed Dy glass
distilled water. Chemicals were of the best quality
available. Any special details concerning individual
chemicals are given in ‘Appendix 1°,

Detaile regarding the origins and chief character-
istics of these are given in ‘Appendix 3', Stock cultures
were subcultured monthly and stored at 2°, No subculture

was employed for lomger than one week,
eds

Pull details of the composition of all media
used are given in 'Appendix 2', They were usually stored
and dispensed at twice the final concentration, being
diluted to the desired volume with water and test solutions,
fo moest, a little carbon tetrachloride~toluene mixture

(504 of each, v/v) was added as preservative, storage
being at 2°,



1. Rout wth tests

(a) Static culture
i. Semi-aerobici~ 2 ml, volumes in 5 x 0,625 inm,

hard glass tubes, or 5 ml, volumes in 6 x 0,75 in. standing
tubes.

ii. Aerobici~ same tubes held in wire basketls
sloped at 5% %o the horizontal,

(b) Shaken culture

Pive n»l, volumes of medium ocontained in optically-
matched 6 x 6 x 0,625 in, l-shaped tubes (Monod, Cohen~Bazire
and Cohn, 1951) were olamped to a rocking device (similar
to that of van Heyningen and Gladstone, 195)) and shaken
in a thermostatically-controlled water bath at 36 oseilla-
tions per minute, the excursion being 4 in,

(a) Semi-asrobig
Pour hundred ml, volumes incubated in static

culture in 1 litre Ebrlenmeyer flasks,

(b) Aerobjc

1. Shaken., (a) Pifty ml, culture incubdbated in
large }-shaped tube (horisontal limb dimensions 7 x 1,25
in.). (b) Five hundred ml. volume incubated in 1 litre
Ehrlenmeyer flaske shaken with a ciroular motion at 220
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rotations per min, of radius 0,75 in,
414. Static. One hundred ml., volume incubated

in shallow layer in & Houx bottle,

Ingguls

Yhere at all unusual, the procedure for the
preparation of the inoculum is desoribed in full, With
the majority of organisme used, a suspension was uade in
sterile water of organisme taken from & 24 hr, culture
on 8olid medium, The density wae determined photometric
ally and serial dilutions iu 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 E, colil
mutants, the inoculum size was adjusted to give approxi-
mately 5 x 10° organisas per ml, of final mediua.

Asses * of aro

The extent of growth was measured with an EEL
photoslectric colorimeter (Lvans Electroseleniuz Co.,
Harlow, Essex), using a neutral density filter; the
uninoculated medium was used to give the zeroc setting.
The croes arms of the 0,625 in, l-tudbes were constructed
to £it the inetrument; 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 oconstructed, and the growth achieved by the E, goll
mutants under all conditions of incubation expressed in
terms of the EEL readings which would have been obtained
in l-tubes. The relation between 'IEL reading' and dry
weight was determined for each organism used and was
found to be linear up to a reading of 35 to 40,

Organisus were harveated after optimal growth
on defined media (unless otherwise stated) and washed
twice with 0.1 ¥ phosphate buffer containing 4 x 10™*
'ugso¢.7uzo before final suspension in the same buffer
supplemsnted with test substrates. Incubation was with
rocking for not more than 8 hr, in l-tubes of 0,75 in.
diameter holding 10 ml, of suspension, at 37°,

When prior ‘starvation' of the organisms was
desirable, after harvesting and washing, a 5 mg. per mi,
suspension in 50 ml. of 0,1 ¥ phosphate and Mg'* buffer
was rocked in a large l-tube at 37° for 2 %o 3 hr. before
re~harvesting and washing.

8¢ sation b tio

Seitz~filtration under reduced pressure was
used for volumes above 5 ml, Smaller volumes were

sterilised by filtration through Hemmins filters centrifuged
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at 1500 r.p.n. for 30 min,
Ultrasonic disintesrat

¥ashed organisus were suspended in 0,5 & phoephate
watfer (pH 7 %o 7.4) to a density of approx, 25 ag. per
ml. Samples (10 ml,) were subjected %o ultrasonic
vibration in a 50 ml, stainless ateel conical flask, The
vibratione (25 kc./sec,) were generated by a magneto-
strictor braszed to the base of the flask, The exterior
of the flask was ¢ooled with runﬁing water so that its
contents remained at <20° throughout,

Preparation of boile

One g, dry wt, of freshly harvested and well-
washed organisms were suspended in 6 wl, of water and
placed in a bolling water bath for 3 min. After cooling,
the residue was spun off at 24,000 g. for 10 min. at 0%,

The opalescent supernatant was stored at -15°,

Ultra-violet sosorptjon spectra

These were determined using 1l cm. silica cuvettes
in the Unicasn Model SP 57C spectrophotometer (Unicanm
Instrumsnts, Cambridge).

2H_messurements

The PYE Universal pH Meter and #illivoltmeter
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was used (PYE & Co,, Ltd,, Cambridge).

ON=QXCL r 8

Amberlite IR,50 - This weak cationic (carbvoxylic)
resin was used in rough wesh H*-form prepared by prior
treatment with H-HC1l and washing with glass distilled
water until the eluate was neutral, This resin is a
particularly effective acceptor of divalent cations, and
was used %0 solubilize barium and calcium salts of
phosphate eaters,

Dowex 50 ~ A strong cationio (sulphonic) resin
used in H'~form. The resin was dispersed in water and
lightly packed into a 10 x 0,75 oz, column, After
settling, 2 E~AaCl was passed through until free salt
sould be detected emerging. Vashing was carried out with
two column volumes of distilled water and 2 N-HCl passed
through until the effluent was of pH 1 t0 2, WWashing was
now continued with glass distilled water until the effluent
tested with indicator paper was noutral, The column was
kept under water until required,

Dowex 1 ~ A strong anionic (quaternary ammonium)
resin, This was obtained as its hydrochloride of 200-400
mesh, ZIach batoh was prepared as close to use a:z possible.
A thick slurry was made in 10 ml, water, 20 to 30 =1, of
2 f-NaOH added, and the mixture allowed to stand for 10
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%0 15 min. with occasional shaking. It was exhaustively
washed with glass distilled water by alternate suspension
end centrifugation until the supernate was of neutral pH.

Desoending chromatography with p-butanol:glacial
acetic acid:water 4:1:5 mixture (organic phase), or with

grhntgnol containing 1% NH,,

Spray reagents

(a) Ammoniagal silver nitrate
After drying, papers were sprayed with a 0.1 K

solution of AgNO, in 5 §-NH,OH and heated at 100° for 5
to 30 min., Addition of 2 E-NaOH to the mixture was made
when greatest sensitivity (to sugar alcohols, etc.) was
required,. Alternatively, papers were dipped in an
acetone solution of AEHOB (0.1 ml, satd. AgNOB ag. in 40
ml, acetone), allowed to dry, and dipped in a 0,5 }
solution of NaOH in ethancl. Background colour was
removed with 6 gpnﬂ‘ﬁﬂ and the paper well washed in
distilled water before final drying.

Brow-black spots are given with most reducing
compounds and the reagent is auongst the mwost sensitive

for these. Although unspecific, it is valuable because
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alaocst every compound on the chromatogram either produces
o stain or inhibite background colour,

(b) 3:4-dinitrobensoic acid

Used as a 1% solution in ethanolioc 2 g«nazcos.
This reagent reacts more quickly with ketoses than with
aldoses to produce a blue colour indicative of reduction
t0 2-nitro=4~garboxylic-phenylhydroxamine,

(o) !

Papers were sprayed with a freshly-made solution
of 2% TTC (w/¥) in H-NaOH and exposed for 20 min. to a
water-saturated atmosphere at 40°, The remaining excess

TIC was carefully washed out with water,

Red spots are obtained by reduction to triphenyl-
fornazan,

(4) Aniline chthalste

Used in 25 (w/v) solusion in moist p-butancl,
Brownish-red spots obtained with aldoses,

(2) Amino acids

Two main solvent mixtures were used for
descending development - phanolzxﬂ3=water ~ 80 g. phenol
plus 0,3 ml, of 0,88 HH3 dissolved in 20 wl, water;
D-butanoliacetic acidiwater - the organic phase from
4:1:5 mixt, In two~dizmensional chromatography the phenol/ﬂﬂ3

solvent was used first,

Spray reagent - A 0.25% (w/v) solution of



ninhydrin in p-butanol. After spraying, th4 papers wers
heated 5 min., at 80 to 1000. and the purple spots preserved
by dipping in a solution containing 2 ml, satd, Cu(803)2
aq., 0.4 ml, 10% (v/v) nitric acid, and acetone to 100 al,

(3) Carboxylic aocjds

The method of Denison and Phares (1352) was used
with the ether:acetic acid:water mixture (13:3:1)., Before
spraying with the alcoholic solution of bromocresol green,
the papers were steamed for 10 min, and warm alr blown over
them from & hair dryer for another 10 min. (temp. kept, <40°)

%0 remove swamping acetic acid.

(4) Dinitrophenyl hydragones

(a) of oxo-carboxylic acids - ascendin; develop-
ment using the solvent mixture of Dagley and Pewater (1952)
grhutanol:othanols(NH‘)ZOOB buffer (40:111:19).

(b) of peutral sldehydes and ketones - descendiny
development using the two-phase solvent systeam of Meigh

(1952) in which heptane was the mobile, and methanol the
stationary phase,

The yellow spots were easily located visually,
but were further characterised by spraying with 2 guﬂaOH

when colours ranging from brown 1o blue were obtainable,
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Bioautography of vitamin 36

The method of Winstein and Figen (1948) was employed.
¥ixtures gontaining the three free forms of the vitamin were
developed in the dark (descending) with p-butanol/water or
n-butancl/acetic acid/water, and well dried. FPetri dishes
containing Medium A solidified with 3, washed agar (see
*Appendix 2') and thickly seeded (to EEL 0.,5) with a washed
suspension of Sagcharomyces carlsbergensis 4228¢ were
prepared and dried at 37° for 3 hr, Strips of the chromato-
gran (0.2 in, width) taken from the line of flow of the
sample were lald on the surface of the medium and the ;lates
incubated overnight at 30°,

The sensitivity of the method could be reduced by

incorporation of 4-deoxypyridoxine into the basal medium
(see *Chapter 31 '),

xvluse activity

This was carried manometirically by the method of
Gunsalus, Bellauy and Umbreit (1944), using washed suspen-
sions and acetons-dried preparations of Streptococcus
faecalie R deficient ian vitaazin Bg.

Serial dilutions of the culture in sterile water



were prepared and drops of standard size delivered onto

the surface of ;lates of nutrieant mediuz, The jplates were

incubated overnight at 30° to liait the size of the colonies

and 20 facilitate their subsequent counting, Four drops of
each dilution giving between 5 and 315 colonies per drop

were counted and the mean computed. Pasteur pipettes
delivering s standard 2,03 =1, drop were used, and steril-
ised by immersion in boiling water before and after use.
The nutrient plates were dried at 37 to 45° before use,

80 that drops placed ou their suriace would be absorved

within 30 ain,

Prcduction of mutsntas of Eagh&rgcgég coli by ultra-violet
irreadiation

The method used wac dased on the Adelberg and
Byers (1953) modification of the original Javis (1348) and
Lederberg and zinder (194¢) penicillin selection technique,

At least three selection plates were prepared
on each ocoasion., Selectios ol the autants took 9 days,
their characterisation another % or 6.

To produce ‘log phase' organisams for irradiation,
& suepension (EEL 7) was made in sterile water of E, golld
518 taken frouw a 24 hr, slope culture on Hedium Spe  Nedium
@, (20 =1.) contained ia a 500 ml, conical flask was
inoculated with 0.4 ml, of this suspension and incubated
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(standing) at 37° for 14 hr. At the end of this time, the
culture (now Eil 12) was removed from the inocubator and

5.5 ml, of & 131500 dilution transferred to a aterile

7 x 1 in, quarts tube. The quartz tube was fitted into a
shaking device run at a speed sufficieat so to agitate the
tube as to spread its contentes around the walls in a thin,
uniform f£ilm, The tube and its contents was exposed to the
standard beam of u.v. light - 14 in, froo the source for
3.5 min., (conditions found to result in the killing of
99.95% of the organismes), The poste-irradiated suspension
was izmediately placed in ice-water in the dark., S3ubsegquent
‘ operations were oarried out in dim light to winimise photo-
reactivation, The final ‘'smelective' layer concisted of
minimal agar fortified with that compound provision of
which was to be obligatory for the growth of the required
sutant organieme. Thus, when vitamin 36 auxotrophs were
required 6 x 10~6 ¥ pyridoxine was incorporated into this
layer; when glycolaldehyde auxotrophs were desired,

3 x 1073 ¥ was used,

Potential auxotrophs were isclated and soreens )
on plates of defined media followed by tests in liquid media,
%hen large numbers of isolates were to be tested, inoculs
were prepared in drops of sterile water arranged on the
surface of sterile paraffin wax plates. Zach plate
accomnmodated 30 to 40 drops.

In the preparation of the tubes of ainimal agar
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used throughout the above procedure, washed agar was used
('Appendix 2') - best sterilised vy separate autoclaving

in 0,01 ¥ phosphate buffer pH 7. The glucose was autoclaved
separately in solution in glass distilled water and
aseptically added after the separate sterilisation of the
reaaining components of the medium,

(a) Glycolmldehyde ~ The colorimetric method of
Dische and Borenfreund (1947) was used, Trichloracetic

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

diphenylamine recrystallised twice from 707 (v/v) ethanol

before immediate use, The colour developed wus accurately
measured by reading optical densities at 660 and 580 mp.,

According to the original authors, this method
allows of the determination of glycolaldehyde in the
preszence of a fifty~-fold excees of trioses and other
aldehydes and sugars, In the preseat work, no sldehyde 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 3660'3580 to glycol-
aldehyde concentration over the range 2 x 10™4 to 10™3 ¥
was constructed in each assay, Excellent straight line
response was always obtained (Pig., 21b).
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(b) Phosphate - The method of Fiske and Subbafow
(1925) was used,

Miorobiological assay of vitaumin 36

L

The studies lsading to the eventual adoption of
thie method are reported inm ‘Chapter Al’, The final
details are given here,

Organisn -~ This was a sub-strain of Sagoharouyces
garlsbergensis 4228 designated 42280, It responded
ayproximately equally well to the three free forams of the
vitamin produced by previous hydrolytic extraction.

Extragtion ~ The material containing usually
1 to 10 up moles vitamin Bg was diluted to 40 ml. in a
7 x 1.25 in, hard glass tube, mcidified with 5 wl, of 0,5
gpaeso‘ and autoclaved 3 hr, at 20 1ld, per sg.in. Alter-
natively, 10 ml, samples plus 1,25 ml. 0, §-32304 oould
be autoclaved in 6 x 0,75 in., tubes with no loess of
agouracy.,

After oxtraction, a sample was brought to pH 5
with & measured volune of N-NaOH (bromocresol green as
external indicator). If necessary thisz extract was
clarified by ceatrifugation.

When using heavily buffered samples (e.g., of
growth media), it was necessary to add somewhat more acid
to bring the piH down to the required range of 1,6 to 2,0,
With most of the growth media used, 40 ml, samples required
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the addition of approx. 8 ml., of 0,5 N-H,30,.

Basal medium - Medium A (*Appendix 2') was modi-
fied from that of Atkin, Schults, ¥illiams and Frey (1943)
in that it contained nicotinic acid (2.5 mg./litre) and a
reduced concentration of acid-hydrolysed casein (the
equivalent of 2 g. casein/litre).

Assay progedure - The saamples or appropriate
dilutions, 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 %, 10, 20, 12, 40 and 50
upmoles pyridoxine were included in each complete assay.
After dilution to 1.9 ml, and autoclaving, the tubes were
inoculated with 0,1 ml. of a suspeansion containing avout
4 pg. dry wt./ml, of the yeast. This was prepared by
suspending organisms harvested from a 24 hr, oulture on
Mediunm 55 in 0.°% saline, centrifuging and resuspending
to the required density. Incubation was for 24 hr. at 37°
with the tubes sloped at 5° to the horizontal., Growth was
assesnsd immediately the cultures were taken from the
incubator,

The useful range of the aseay was 5 t0 40 pumoles
pyridoxine corresponding to growth of from 0.2 to 1.5 myg.
dry weight of yeast per ml, All tubes were set up in
duplicate. When pyridoxine was added to samples of the type

assayed the recovery was 100% with an overall accuracy of
+ .
=104,
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SECTION A
THE A5SSAY OF VITAWIN 3g

VITH Seccharomyces garlsbergeneis 4228

All vitazin B, assay methods using this organism
are based on the original findings of Atkin, Schults,
Williams and Prey (1943)., These authors described a thiamine-
containing, chemically defined wmedium (pH 5) on which their
strain of 3, carlsbergensie 4228 would grow only slowly in
the absence of added vitamin Bs. When incubated in shaken
culture at 30° for 18 hr., excellent growth proportional to
vitanin 36 eoncentrations below 2 x 10‘"8 ii was obtained,
Growth of the organism wae still prooeeding 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 36 requirement of the organism was examined
(Rabinowitz and Smell, 1951) and found to be induced by
the presence of thiamine. HNot all strains of S, carlsberi—
gn8is 4228 are as vitanin B-dependent as that used by
Atkin et al, (1943); growth of the Prohberg strain was
only slightly stizulated by pyridoxine (Hopkins and
Peanington, 1947).

Although S, carlsbergensis 4228 responds
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approxisately equally well to each of the free forms of
vitamin Bg, it cannot utilize the phosphorylated forums.

Henoe the need for hydrolytic extraction of natural materials
(Atkin et al., 1943). Occasionally, pyridoxaaine shows

less activity than the other two forms, e.g., 70 %o 90% of
pyridoxine (iiabinowits and Snell, 1948)., This was coonfiraed
by Jonee and Morris (1950), who found, however, that if the
medium was supplemented with Di~tryptophan (0.1 mg./ml.),
pyridoxamine beocame equivalent in activity to pyridoxine

and pyridoxal,

Hopkins and Pennington (1947) found that addition
of nicotinic acid accelerated the growth of the organism in
the presence of pyridoxine, They also reported that
addition of a rather high concentration of (Hﬂ4)QHPO4
decreased the growth without vitaain 35 while slightly
increasing readings at high pyridoxine levela, Adeguate,
uwnifors and continuous agitation was found to be essential
to the succese of the assay. This view is sesmingly shared
by most users of the method, though Snell pointed out that
the assay could be carried out without shaking with only a
slight decrease in the uniformity of the results. To
asintain good aerobic conditions he suzgested the sloping
of the standing culture tubes (3nell, 19%0),

The organism has always been grown at 30°, and
the need to maintain rigid uaiformity of temperature of
all assay tubes at the time of inoubution and thereafter
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has often been emphasised. Various devices have been
employed to ensure that growth does not continue whilst
1ts extent is being wmeasured, e.g., &tesaming, refrigerating,
adding chlorothymol or thoral.

Since the basal medium is of a slightly acid pH
there is less danger of light destruction of vitaain Bs,
though pregautions are still recomaended.

Organiss

Three cultures, all reputed to have been derived
froa the same original etrain were obtained froa Ir,
Rainbow (a)j; Iistillers Company, Ltd, (b); and the Brewing
Industry Researoh Poundation (c). When tested on arrival,
all three were found %0 possess different nutritional
properties, Variant (c) was selected for use, as it was
found (Hughes, 1954) to be absoclutely dependent on vitamin
BG for rapid growth under all conditions tested,

Pogsible use in stationary culture

As a firest step towards simplifying the assay
proocedure, the effect wus examined of reduction of the
cuiture volume and of incubation in statiomary, sloped
tubesj 2 ml. amounta of the basal medium described by



TAILE Alml
joates when anppy carried

out in stptic gulture
Sy e growth
fiagixgggt? (%) in triplicate tubes
- \""E*J‘ ra@dw_____‘
il o . 0
2 x 10”3 4.5 3'25 g.g
) X 10‘ 9.U o : o)
" 707 14.0 145 1405
d.0 X 10 ¢ 2U o5 9.3 cd o
2 x 1078 2520 26.0 26.0

2 ml, brneal mediun of Atkin et al. (1942) in 6 » 0,75 in,
tubes supplemented wit:. pyridoxine, autoclaved 1 lb.sq.in.
/7 nin., cooled, inoculated with 0.4 pg. (dry wt.) of

3 bergen i 4¢28c¢, anu incubated at 300 1oy 40 hAr,

T A E II Al-«?
Rapid growth of =. curisy
in gheien culiure

P'yridoxine
final cone. (mpi) Duplicates Mean
Nil 0 0 0

1 {"'n 605 B.Eb

§ igog 12.0 12.0

. 170P. 17 7

5 28,0 28,0 23105

] 3642 38,0 37.25

5 zi. busal mediuwm cf Atiin et al, (1943) in 0,625 1in,
diasater ;rtubeo, suy plecented with ﬁyridvmxnw, autocliaved,

Agcculuted wilii 4 g, oIy W, g, gorlsbergennis 4220
rocked 16 hr. as 308, 4220¢ ond
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1.9 wl, volumes of basal medium of Atkin et al, (1943),
sagplemented with pyridoxine as shown, were inoculated
with 0.1 wl., of a 1:100 EEL 10 suspension of

Saccharomyces carlsbergensis 4228c and incubated in

sloped tubes at 3C°,
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Atkin et al. (1943) and incubation for the rather arbitrary
time of 40 hr, at 30° were first used.

Under these conditions excellent aypreement bet-
ween triplicate tubes could be obtained (Table A-1l). Thise
was despite the fact that the organiszs settled out
completely during growth,

Time © cubation

Photometric determination of the extent of growth
was 80 rapid that no measures were necessary to preveantl
continued growth other than immediate readins on withdrawal

from the incubator,
The effect of increasing times of incubation on

the growth response of 3, carlsbergensis 4228¢ in static
culture, to concentratione of nyridoxinc less than 10‘8 s
was determined (Fig. 6). The extent of growth obtained at
any one concentration of vitauin increased with inocremsing
tice of incubation, PFairly good growth of the orgaanism in
the absence of added vitamin 36 was obtained by incubation
for 100 hr. or longer,

To obtain reproducible standard dose-res;onse
curves strict adherence to a selected time of incubation
was essential. Fven 8o, certain unavoidable fluctuations
in the response curve were yroduced which made iamperative

the construction of a new standard curve in the cource of

each assay.
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2.9 m*. volumes of basal medium of Atzin et al, (1912),
supplemented witl: yryridoxine as chiowis, were iuocuiate:
.“th C.l ', of a l.lOh TLT 1C suspens1on of S. carlcberg-
ensis 4228c¢c (once waunbd in O,ﬁp sterile saline , and
incu cted at 200 for 42 hr. in variously slcped tu“eQ or
25 ml, cenical Jlasks,
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De e tio

Good aeration is essential for the rapid growth
of the organism (Atkin et al., 1943; Snell, 1950) and
most rapid growth wae indeed achieved by eonstant agitation
of the oculture (compare Tables A-1 and A-2).

If the increaced rate of growth under these
conditions was a function only of the inereased aeration
and was not due to the dispersal of the organisun, then it
was t0 be expected that relatively small changec in the
degree cof aeration wight ve reflected in the growth response
curve. ‘hen the assay was carried out in sloped tubes,
such changee woulc result from alteration in the degree of
sloping of the tubes (Fig. 7).

An identical deyree of sloping on each occasion
of assay was ensured oy employing standard wire baskets
sloped at 5° to the horimontal.

Zeuperature of incubation
S garlsbergensis 4228¢c was found to Erow much

more rapidly at 37° than at 30°, and incubation for 24 hr,
&t the higher temperature geve a steeper and more linear
response over the range of syridoxine concentrations used
(#ig. Ba),

Further work was carried out at 37° though
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relatively small changes in incubation time now had a
marked effect on the shape of the stendard ourve (Fig. 8b),
Maintenance of a uaiform inocubation temperature
was particularly isportant when the aseay was carried out
at 37° for teaperatures only slightly higher than this
were markedly inhibitory to the growth of the organiem
(#ulder, 1358). The results here reported were obtained

ueing san incubator whose temperature fluctuated between

36.4 and 3700

Preparation of inoculusm

From the ocutset, to diminish the transference of
vitaain B, from the complex wediuam on which the inoculum
was grown, a smaller inocculum size was uced than had ever
previocusly been recommended,

The organisss were taken from 24 hr. 30° slope
cultures on Hediuz 35. fuch organisms bdharad no differ-
ently during subsequent incubation in assay medium A, froa
those harvested atter 24 hr, growth at 37° on Medium A
supplemented with 10‘7 ¥ pyridoxine, i.,e., inooculua dev-
elopment,

To reduce contamination still further, the
harvested orgeniems were w shed by centrifugation from
0.2/ sterile saline (isotonic - Ingram, 1355), before

suspension in fresh saline to a final concentration of



about 4 ug. ary wt./ml., This concentration was chosen as
it represented a dilution of 1:100 of that giving a reading
of 10 on a standardised FFL photoslectric colorimeter,

This suspension (0,1 ml.) was used to inoculate
1.9 ml., of medium plus supplements. Tith this reduced
inooulum size, no arowth was obtained in the absence of
edded vitamin B under the conditions of incubation used,

Variation in inoculum size 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 factor, therefore, which was kept strictly

standardised to ensure reproducible results,

h

The better growth of strain 4228c in a mediuam
containing less casein hydrolysate than recommended by
Atkin et al. (1943) (Hughes, 1954 ) was confirmed, and
thereaftoer an amount equivalent to 2 g, casein per litre
of medium was used.

The addition of (NH, ) HPO, in the concentration
(4 mg./ml.) recommended by Hopkins and Pennington (1947)
upset the buffering of the medium, the pH rising from 5 to
6.7 with consequent caramelisation on autoclaving.

Nicotinic acid slightly stimulated the growth of
the organism (Pig, 9) and was incorporated into the basal
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Effect o. nicotir.c acii =ad tuiasine on the response
of S, ~-rlsbergensis 4228c¢c to pyridoxine
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1.9 ml. volumes o: Medium 4 minus thisiie and nicotinic
acid were supplemented wit.. these vitauins and pyridoxine
as shown, zad inocul:xted withi 0.1 ml, of s washed
suspension (4 ug.dry wt./ml,) of S, carisbergensis 4728¢,
Incubation was at 37° for 24 hr, in sloped tubes,




medium in relatively high concentration (2 x 10”3 ¥).

Effect of thiamine

Ravinowitz and Snell (1948) reported that growth
of their strain of S, ocarlsbergensis 4228 was not dependent
upon added vitamin 36 in the absence of added thiamine, In

very small concentrations, thiamine caused a growth inhibi-
tion which was overcome non-competitively but in a strictly
quantitative farhion, by pyridoxine, Yhen the inoculum was
grown in a thiamine-rich medium, sufficient was carried
over endogenously to necessitate the provision of vitamin
B, if growth were %0 be obtained even in a thiamine-~free
medium, Use of the organism for the assay of vitanin Be
wae therefore only possible in the conourrent presence of
thianine,

Strain 4228c showed an entirely different
thiamine-vitamin B, relationship,

In the absence of both vitamins, or of vitamin
36 only, no growth of the yeast was obtained in 24 hr.
incubation at 37° (Pig. 9). In the absence of added
thiamine, ten times the concentration of pyridoxine was
required to support maxiual growth than whea the normal
basal medium recommended by Atkin et al, (1943) was used
(containing 7.5 x 20~7 ¥ thiamine). Increasing the

concentration much above this value had 1little stiumulatory
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e—e¢ = pyridoxine
3—o = yyridoxal
0—0 = pyridoxamine

x--x = oyridoxal-5'-phos_ iate

1.9 ml, volumes of Medium A supplemented after autoclaving
with Seitz-filtered solutions of the co.upounds shown, were
inoculated witi. 0.1 wl, of a washed suspension (4 ug. dry

wt./ml.) <f S. carlsbergeusis 4228c and incubated in
sloped tubes at 370 tor 4 hr,



effect (Fig. 9), so that the presence of even considerable
concentrations of thiamine in matural extracts will not
invalidate the assay, ~“iwilar results were obtained when
the yeast was incudbated at 30° as in the experiucnts of
Rabinowits and Snell (1945).

response 10 various forms of vitamin Bg

Pyridoxal was just as effective as pyridoxine in
promoting the growth of strain 4228c¢ on Yedium A, Pyrid-
oxamine appeared to be somewhat less active but it is
uncertain to what extent this wae merely due to decomposition
of the available cample of pyridoxamine (Pig., 10 and Table
Al-}). The addition of Dl-tryptophan at a final conceatra-
tion of C,1 mg. per ml, hai no effect on the response of
the organism to pyridoxamine itself or to an extract of
natural material (E, coli 518) known from biosutography
to contain .yridoxamine,

shen sufficient material was available, 45 ml,
of extractant was used, ar recommended by Hughes (1954).
#hen necessary, 12 ml, volumes were similarly extracted
with apparently no lose of accuracy. After autoclaving,

the extract wae brought to »H 5 with a measured volume of
N-RaOH, centrifuged to clarify and usually assayed
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Hydreiysis of phosphates of ,yridozal and . :ldoXawnlue€
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The coopounds were dissolved in 4C ml, water and 5 ml,.

of 0.5 §-H,SO, added (final conc. of phosphutes about

4 X 1070 M). After autoclaving for the times shown,

the extragts were cooled, brought to [H 5 and iluwediately
assayed wi*h . c. .lsbergensis 4223¢c, The sawyle of

pyridox=usise phosphate used was obviously iu ure,
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inmediately. If kept at 2° for any length of time before
assay, the extracts were exposed as little as possible to
light,

Rydrolysis of samples of pyridoxal vhosshate and
pyridoxamine phosphate waz complete after 2 hr, autoclaving
in 45 al. volumes of 0.055 N-H,30, at 20 1b.sq.in. (Fig.
11). With all samples of bacteria and growth media used,
maximal extraction was always achieved by 2 to 3 hr,
autoclaving, and 3 hr. at 20 1lb,sq.in, was used routinely.

4B of bacte xir B

To discover whether any constitueat of prepared
extracts of various bacterial cultures would interfere
with the assay of vitamin 36 by stimulating or inhibiting
growth of strain 4228c, experiments werc performed to see
whether the dose-response curves relating concentration of
extract and resultant growth of the yeast were superimposable
upon the standard curve obtailned with pure solutions of
pyridoxine. Similarly, the response curves obtained when
a known concentration of pyridoxine was added to various
concentrations of extract, and conversely when a small
amount of extract waz added to each of the standard tubes
containing known concentrations of pyridoxine, were
determined, and percentage recovery of the added raterial

(in terms of pyridoxine conteat), oslculated. Optimally,
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such control experiments should be carried out with each
extract to be assayed,

Pig. 12 shows the results obtained with extracts
of (a) & culture of Proteus morganii 231, and (b) a culture
of E, coli Bl66., On no occasion when such a recovery

experiment was performed were erroneous results obtained.

The extract assay curves were always approximately super-

imposable upon the standard curve.

Ageuracy

The assay .rocedure developed as a result of all
these observations is described in 'General Technigues',

The recovery of pyridoxine added to extracts
was 1004, withlan overall accuracy of 2104,

¥hen the resulte obtained by thies method, but in
another laboratory, were subjected to statistical analysis,

the 5,0, was fouad to be 8,24 (Powell, 1958).

QQQGL“B;O!IB

1. The strain of Saccharouyces carlsbergensis 4228 used,
differed from that of Revinowitz and Snell (1948) in

requiring thiazine for rapid growth in the presence
of low concentratione of vitamin 36, i.e,, thiamine
seemed to have a sparing effect on vitamin 36 require-

ment; it was therefore added in excess to the basal

medium,



2. A very reproducible growth response to vitamin BG
concentrations in the convenient range of 2 x 10"'9

t0 2 x 10°8 & was obtainable in Btatic culture,

3. S, _carispergensis 4228c grew faster at 37 than at 30°,
4, The method finally used was a 'rate azsay', and great
care was exercised in maintaining standard time of

incubation, temperature, degres of aeration and

inoculua sige,

5. A8 a corollary to (4), witain limits, the sensitivity
of the assay could be adjusted by varying the time of
incubation,

6. 'Bound* vitanmin 56 was best released (from dacteriad by
sutoclaving in 45 wml. 0,055 §-H,50, at 20 1lb.sq.in.
for 3 hr.

7. X0 evidence was obtained of interference by any teated
extract with the response of the assay orgaanisa to
vitaczin 36.




SECTION B

THE SYNTHESIS OF VITAMIN Bg BY COMPETENT ORGANISKS

Chapter 1

Zearch for microorganismus ‘capabic of synthesising

&ggge amounts of vitamin 3@

Hou e examination of identified or,anisms

There have been made aurprisiggly few quantitative
determinations of witauin Bg biosynthesis by microorganisms
and sany of these employed methods whose validity would be
questioned now that the existence of wore than one form of
the vitamin has been established, All published fijgures
for vitamin 36 syathesis by moulds, yeasts and bacteria,
are disappointingly small {e.g., Table Bl-1),

In conjunction with other studies, the awouat of
vitazin 36 synthesised by certain bacteris was estimuted.
To a large exteant, cholce of bacteria to be exaumined was
made at randow. Two criteria were used, viz,, capablliity
of growth, (a) in the avsence of added vituuin B¢, and (o)
on & cheumically-~defined medium. The nedin used were made
as simple as was compatible with good yrowth, on the
assumption that the presence of unnecessary supplements

such as amino acids might possibly spere vitamin synthesis,



TABLE Bl-d
hnount of vit.uin Bg synthesised by various

yoson (1942)

~” 1.
&

G iy : — iy
vacteria fro.

Vitasin B6 synthesised
Orgenisu (as_mpuoles/g, dry wh, cells)

Cells dediun Total
Aerovacter aerogenes
(aerciic; - 4C 118 158
Aerobacter aerogenes
(snaerocbic) 106 <30 106~146
Serratis marcesceuns 65 135 200
vseudowonas fluoresceas 33 4iC 443
Proteus vulgaris 40 56 96
Clostriciui butylicuu 36 g 136

All organisms were growu 0L o baucose=grtelu-sadlls wedium
incubsted for <24 hr. at 339,

Vitaniia Bg ane extracted by takadisstase aud papein
treatcent at LB 4.7 (24 hr. &t 379), then assayed
microciologically with laccharouyces gerevisine ¥,
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Special attention was given to certain soil
baocteria of the genera Agrobagterium, Xrwinia, Azotobacter,
Pseudomonas, as these had been implicated in the synthesis
of vitazin B& in the rhizosphere (Shavlovskii, 15%4).

Also examined were the neroulic spore-forming Bacilll noted
for their ability to synthesise dipicolinic acid. The
other bacteria listed were examined aa they becare avail-
able (Table Bl-2),

The organisms were grown on six.le chemically-
defined medie under approximutely optimal conditions of
tomporature, pH, aeration, untii maxisal zrowth was
obtained. The exteat of growth was measured, the organisas
harvested and washed, and a sauple, together with a
quantity of the residual culture aedium, extractsd with
acid and assayed for vitasin 36‘ Although it was not
necessary that organisms anc residual medium be assayed
eeparately, it was of some interest 10 do s0, since
Thompson (1942) had postulated that the vitazmin 3, contents
of all organisms are very nearly identical. Thus, aay
gross viriation in vitaasin 36 aynthecis should be manifested
by an increasmed excretion of the vitauin into the ygrowth
mediua,

Table Bl-2 lists the results obtained with aome
of the orgauisams examined. 7o facilitate comparison, the

anount of vitanin 18 expressced in terme of mpmoles of
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Vite.an B¢ syntheeis  3asal  Growth

ST Slradin phes/ K, dry wh,) gediun _tesp,
;:_1"5.1;8 wed g IERTN
Aercvaoter aerogenes 64 T 12 2l 32 372
71 176 gr 2ok G, 37
hcetobaoter su. yydions
621 44 200 244
Agrovacteriu. o
radiocbacter 36 53 200 253 G.. 25
sgrovacte; ru.. - o
tumefaciens A 73 150 223 G~ 25
rlealigenes + { L ;ius ; o
faecalis 16 128 506 634( asparagine) 37
AZOLouitor BPe HY 16% 270 430 ¢ + HH 30°
Azotobacter 4 130 174 C + GH} 30°
vineiandii 165 C
Bacillus N o
nietbheriva 8 877 B F 37O
jaciilus HT 440 486 gz0 ¥ EY 4
subtiliu Pape 232 3Py 67 ¥ kYi
Porton 54 510 G2d P 370
G346 85 394 475 P 37
Corynebacteriu.. ) ‘ o
orytii genes ALOE2 169 36 LT dJ 25
riiade _ ( Ty pius ; o
caroctovoras 166 74 34 luspurogane) 25
Lycobacteriun ( o plus o
PhGL Lrottis.  T: 135 207% 2 @ g 25
Proteus (asparagine
airaviils T x 370
Proteus o
wargenid 231 277 L7000 1977 z 37
Proteus ] é I plus 3 o
vuligaris R 345 164 509 nlgat%nato 7
plus
9 275 37¢ 643 aicotinate 37°
rgeud o . nang 20 ;2us °
8. 50/30 ii4 303 417 asparagine 30
Paeudozonas ., L plas °
f£luorescens 6251 289 28 317 asparagine 30°
950 25 290 115 L D 30
JENwS § - .
125 226 351 na saragine s
ihodopseudakonas — - « Anserovig
capsulatus Oxford 404 700 1104 K dnlight

3.5 557 462 BL7 K plus _...eroble
caseln %;n*lggnt

. 30
Sarcines

lutea FUL.1001 150 65 215 I 30°
Yibrio sp, 0, 105 170 275 L 30°
Chlorells Asrobioc in

pyrenoidosa 48 40 a8 H  light 259




pyridoxine per g. dry wt. of organisu,

The awount of vitaain 36 syathesised bty all these
bacteria was uniformly swall, Very few bettered the
synthesis obtained during growth of wild-type Z, eoli on
Mediun 02. Cf these, ‘roteus morganil was outstanding,
but even this gave only a 4~ to 5~fold vetter synthesis
than 5, coli, The ratio of vitamin BG present in the
organism and in its culture medium varied with the organism
and with the age of the culture, thou;h there aeemed to be
a tendency towards excretion as growth entered uson its
stationary _phase.

Comparatively low values have been obtained for
vitaain 36 synthesis by all yeast strains tested in this
laboratory (Hughe:, 1954; .ulder, 1958). A variety of
fungl both identified and unidentified have alaso ouly
synthesised the vitamin in disappointingly iow yield when
grown on chemically-defined media (.ulder, 1358),

Isolation from soil of orgeuis:s synthesising vitaamin Bg

A s A

A oroass-feeding technique was Jeveloped to
facilitate the screening of microorganisms with respect
to their vitamin B aynthetic abilities, and the possible
isolation of an organism capable of synthesising the
vitamin in large amount. Three basal minimal media and

two vitamin Bgerequiring organisas (whicl. would respond



TABLE Bl-}

Indjcator orgeanisus and basal medie used
for plate ‘soreening’

Saqcharonyaes
carisbergensis
4228¢ A (p8 5.0)
Eschericihia L (pH 7.4)
00di u,

or, (I plus acid-hydrolysed
casein and wixture V)

or, (G fiua acid=hydrolysed
cafein plus mixture V;
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to the vitamin in any of its free forms) were selected
for this purpose (Table Bl~3).

Double strength basal media (10 ml, amounts)
were diluted with equal volumes of water, 2.5 w/v washed
agar added, and eterilised by autoclaving at 10 lo.sq.in./
7 win., If basal media of H T contained glucose, tihls was
autoclaved sepurately in agueous solution and added
aseptically. The autoclaved media were cooled to 45° and
a washed suspension of indicator organisa added tc give a
final density of REL 0.5 before plating and drying at 37°
for 3} hr,

To test the vitemin BG synthetic acvility of a
partioular orgaaisz X, it was streaked on the surface of
such a ;late which was then inocubated at a suitable
temperature., The appearance of opalescent haices around
colonies of ¥ represented the utilisation b; satellite

,colonies of the indicator orgasnisu of free forms of vitamin
36 excreted during the growth of 7, 7The radius of
satellite xrowtn was proportional to the a.cunt of the
vitamin excreted and hence a, roximately 1o the total
qQuantity synthesised by X.

sonea of satellite growth also developed around
surface colonies resulting f{rom the incubation of «iuilar
plates atreaked with suitavle dilutions of =so0il washings,
Incubation was for several days at 25, 30 or 37°. Many

soil samples from very varied localities were examined



and & large number of organisme isolated which cross-fed
the indicator organiswe, The pH 5 basal wediuw .,
especially at iower temperatures, suy,orted the yrowth of
yeasts and moulds in large numbers besides the bacteric
which also developed in abundance on the other wedin, To
isolate selected surface colonies, they were transferred
to siopes of the basal mediuw lacking vitaain 36 and
incubated at their optimal growth temperature., 3ingle
colonies were then seleoted after streaking on plates of
alninal medium solidified with washed agar.

All isolated organisms when subsequently grown
in liquid culture in Roux bottles at their optimal growth
teaperatures synthesised less than 500 wipumoles vitanin 36
per g. dry wt. of organisa,

It waz demonstrated by Rabinowitz and 3nell
(1953), and confirmed in the present study, that 4-deoxy-
pyridoxine competitively inhibits the growth of soue
organisms which are dependent o: adced vitamin 36’ but does
not affect those that can synthesise their own requireusents
of tha vitamin., It was thousht thet judicious incoryora-
tion of 4-~deoxypyridoxine into the basal media of the
selection plates might Zecrease the sensitivity of the
u888y, L.8., 8 higher conceantration of vitaamin Bg would
now be required to support the same growth of the indicator

organiss, Within certain limits the degree of sensitivity
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of the response could be adjusted by selecting the
concentration of antimetabolite t0 ve used., This was
found to work well when pure solutions of pyridoxine were
assayed by the cup-plate method. The background growth
whioh normslly appeared after inoubation of the 5. carlsberg-
sneis 4228c plates for longer than 40 hr, was concurrently
depressed. However, when 10™° to 104 ¢ 4=deoxypyridorine
was used, i,e,, sufficient to inhiuit the satellite zrowth
around colonies of organiasuzs synthesising about 500 mpmoles
vitazin B./g. dry wt., no colony developing after streakiny
samples of soil wachings, ever gave indication of signifi-
cant vitamin 36 excretion.

Thus, no orgauism was isolated from soil which
was better adle than Escherichia coli to synthesise vitu-
min BG'

Attempts to enhance the vitamin Bg biosynthesis of

competlent microorganisws

(1) Isoniazig

If high concentrations of isoniazii were
bacteriostatic in ¢onsequence of its acility to combine
with pyridoxal and so render it unavailaple to the organism
('Introduction', Chapter 1), then one means by which

isoniazid reeistance could be developed would be oy



TABLE Blwd
- Isopiesid iuhibitiop of growth of wild-type

%, coli, and its reversal by pyridcxine

(a) Growth inhibition by isonipaid
lsoniasid Growth
sone, (i) {BEL reeding)

6_3 26
iC 3 26
4 x 1023 ‘ 24
6 x %0 16
1.0~ Trace
(o) Revsrsal of | , ,
10™¢ § isoniasid used throughout.
Pyridoxine Growth
conc. (i) EE.
o Trace
10 irace
10 -5 2
3 x 10 11
20-4 _, 23
3 x10 26

Isonianid wae added asepptically as a Seitz-filtered
solution,

5 ml, awounts of Nediusm G supplemented as shown and
inoculated with E, goii 5i8 incubated in sloped tubes
36 hr. at 379, |
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enhanced synthesis of the vitaain,

In confirmation of the findings of Boone and
Woodward (1953) growth of wild-type E, coli 518 in ¥edium
02 wag progressively inhibited by inoreasing isoniazid
concentrations above 1073 ¥, This iahibition wms countered
by the conourrent addition of relatively high conceatrations
of pyridoxine (Table Bl-4),

On prolonged incubation of ¥, coii 518 in the
presence of 10“2 # ieoniazid and the absence of vitanmin 36
good growth was eventually obtained. The organiss was
passaged six times through Medius G, coantaining 10™2 ¥
isoniazid. The delay in the onset of growth decreased on
each subcultivatioa until eventually growth commenced
after only i6 hr. incubation at 370. A single colony of
this isoniazid~-resistant strain was isclated by =treaking
on a plate of solidified vitamin Bg=free mediuz supplemented
with 10~ ¥ isoniasid.

The amount of vitasin B, synthesired by this
resistant strain when grown in the presence of 10‘2 ]
isoniazid was double that of the parent non-resiatant
strain, and of the same straiu when grown in the absence
of the sntimetabolite (Tavle Bl-5),

The enhancement of vitauin 36 biosynthesis so
obtained was considered too small to jumtify the further
use of this method, since objection could be taken to the



Growth Vi‘taa;;} n B

Orgapien Mediww (KL

Parent wild-type

E,. 901} 518 Go 40 165
Isoniasid-resistant G, 38 185
auba;ra;gaof
E, @oli 39 plus 34 130
1 pgg INH

Organisms grown in shaken culture 36 hr, at 37°,

945

Pyr%ggzino recovery irou mediun originally containing

ﬁ isoniagid was 10CH,
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use of an antimetabolite, on the grounds that it wight
otherwise interfere with the metabolism of the organisa.
Especially might objection be talken to isoniasid whose
mode of motion is after all unknown (‘Introduction’,
Chapter 1).

Addition of 10”2 % isoniazid caused vittually
no increaee in the extent of vitamin 36 synthesis froa

glucose ,lus HH4* by aerobic, washed suspensions of

Proteus morganii 231,

(2) EDTA (ethylenediaminetetra acetic acid, tetrasodium
salt).

As pyridoxal phosphate probably chelates with a
metal ion to form the active substrate-metal ion~coenzy:ue
coaplex, it was thought that addition of a strong metal-
chelating agent might effectively inactivate the pyridoxal
phosphate complex by competing either with the pyridoxal
phosphate for the metal ion, or with the substrate for the
pyridoxal phosphate-setal ion complex. The decrease in
available active coenzyme migzht then lead to cowpensatory
enhanced vitamin Bé syntheais by the organism,

EDTA was chosen as the chelating agent and the
experiment conducted with washed suspensions of organisums,
as growth would not occur in the presence of effective

concentrations of the chelator. vwashed suspeasions of

Proteus gorpanii 231 in phos hate buffer pi 7.4, synthesised
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no more vitamin By from glucose and NH4’, in the avsence
of added Mg®* and presence of 0.047 EDTA than when an excess
of %g'* was supplied.

gonglusions

1, No teated umicroorganism which was capable of growth in
s vitamin Bs-froo chexically defined mediuw, was found
to synthesise large amounts of vitamin Bé. The best
synthesis was given by Proteus morganil but even this
was only 4 to 5 times that of I, coli.

2., No microorganisa was isolated from soil capable of
better vitamin By synthesis in chemically~defined
media than », coli.

3. A crose~feeding technique was developed using 3, carlisoverg-
ensis 4228c and Es coli M, as indicator organiems and
adjusting the sensitivity of response by incorporating
4~deoxypyridoxine into the vitamin Bg-fres basal media.

4. An isoniazid-resistant substrain of E, coli 518 synthesised
twice as much vitamin 36 when grown in the presence of
10'2 # isoniesid as 1t did when grown in the absence
of this antimetabolite.

5, Isoniasid (102 j) and EDTA (0.04#) did not affeot
vitamin 3. biosynthesis by aerobic washed suspensions

of Proteus morganii 23l.



Biosynthesis of Vitamin Bg by Competent Bacteria

I'EO h oli

This organism grows well on a simple glucose-
ammonium - salts medium at 37°, conourreantly synthesising
vitaazin 36‘ The amount of the vitauin formed compares very
favourably with the quantitiee similarly produced by other
bacteria (Table Bl-2),

The total amount of vitamin 36 aynthesaised
increased commensurately with growth of the organisa and
did not significantly decrease thereafter, though the
relative distribution of vitawin between organiem and its
oulture medium changed. 7The concentration of vitanin 36
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 vitanin 36 content
of the medium increased steadily and more slowly (:ig. 13).
The decrease in endogenous vitamin 36 after the cessation

of growth could be accounted for by its appearance in the

culture amedium,

It 18 very obvious that in a comparison of

vitemin By synthetic abilities, it is insufficient to
assay only the cell content of vitasin, for this will vary



TABLE B2-1
synthesis of vitamin Bg by washed

suspensions of %, coli B

vitamin Bg synthesis
d

Supplement (m LU

Kil 0

GH, 5

cludose 125

Glucose « Bil, (asrobic) 310
Gluocose + KH,+ (anaerobic) 125
Giutadine 310
Glucose + glutamine 400
Glucone + casein hydrolysate 290

Supolement cogu: Glucose 1s; (74 )280, 0,757,

~glutanine 102 £; “oasein
aydrolysate 0,054,

The organisas were grown iu shsien culture in »odium Go
(21 hr, at 379), Weshed suspensions (1.5 mg./ml.) were
incubated in 0,1 ¥ phosghate vuffer ;1 7 wupplemented
with 0,015 KgSO4.TH20 and other substrates as shown,

Ten wl, volumes of suspension were rocked in l-tudbes for
6 hr., at 379, For anserobic inoubation, the tube was
evacuated several tiues and filled with & iy 300, tixture

- §5:5% (v/v).



The distribution of syntnesised vitouin B, between

organisws and culture medium during growtn of

7.

E, coli 518 on MNedium G,
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markedly with the age of the culture,

The aerobic growth of E, coli B at 37° was
iaproved by the supplementation of lediuu G, with casein
hydrolysate, but the vitamin 36 gynthesis was virtuaily
unchanged (1f expressed in terms of molarity). Similarly
littlie snhanceuzent of vitamin Bﬁ synthesis was obtained by
sup;lementation of lHediun G? with purines and pyrimidines
(#ixture PP and vitamins (¥ixture V),

¥ild~type L. coll synthesised vitaxuin B from
glucose jlus NH,®, when washed suspensions were incubated
aerobically at 37° with these substrates in phosphate
buffer pH 7.0 (Table B2-1). No endogenous synthesis of
the vitaain was obtained when the suspensions were incubated
in unsupplemented vuffer. (lutazine could replace both
glucose and ﬁﬁ4’ but synthesis wae better with glucose
also present. W¥ith casein hydrolysate replacing (NH4)2SO4
as sole nitrogen socurce, vitauin 36 synthesl: was decreased
as it was too when the suspensions were incubated anaerob-
ically (Table B2-1l). Synthesis of the vitaxin was not

enhanced by the provision of several comyounds of interest,

e.8., 3~hydroxyanthranilic acid.

!,L &m Xeg g;rememw

Suitably vitanin-deficient organisus were used

t0 investigate the vitaumin dependence of vitauin B,



TABL”® B2=2
Effect of vitanin deficiencies ou vitaiin 3¢
biuuz&thuaia fro.n glucoee aud WH i hg
washed suspensions of 1_3-‘-'. % mutinta

(s) Nacotinic moid - with E, goll 9/8

Vits 86 content
(1 cong, %)

3eplete Deficlent

Initially 12 6
After incubation:-
sinue nicotinic sodd . 24 Ted
plus nicotinic acid (1077 H) 48 48

(v) Thigmine - with B, coli 2/57

Initially 12 10

After incudbationi-
zinus thianine -7 40 14
plus thiemine (107' ¥) 60 60

Ten ml. washed suspension (1.5 mg. dry wt./ml.) in 0,1 ¥
hos hate buffer gﬁ , supplemssnted with (,0lp Mgs04,THR0
fﬁ woose and 0,7, ing*O and as indicated,

Incabated with reckins i~tubes for 6 nr. at 37°,
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biosynthesis from glucose and HH,*. For reason» which
will later be mapparent, nicotinic acid and thiaxine were
of especial interest,

Rlootinie acid

E, e0li 9/8 required 2076 ¥ nicotinic acid for
optival growth on wedium 62. 2 x 10'7 4 allowing of some-
what less than half maximal growth after 15 hr, incubation
at 37°. Two batohes of cells were grown aerobically,
differing iu their finul coutent of niocotinic scid and
i%ts producte, (a) replete, grown on 2 x 10”6 & nicotiniloc
ac1d, and (b) deficient, grown on 2 x 1077 Y nicotinie
agid. When the synthesiz of witamin BG froz glucose and
lﬂ‘* by washed suspensions of thesze organisms was examiéad,
it war evident th.t maxiuux synthesi:s was dependent upon
the provision of optix. amounta of nicotinic acid (. able

B2-2),

Ihisajine

Es_golf 2/97 required 2 x 1078 M thiawmine for
optizal growth; 2 x 1077 i supported just over half-
saximal growth im 15 hr, at 37°.

Thiamine replete snd deficient cells were grown
on kedium G, suppleuented ~4th these two concentrations of

the vitanin end were examined as to their ability to



TiBLE B2=-}
Biceyntheais of vitemin B¢ during growth of

- Foteus porganii
Potal vitamin Bg synthesis
o n Ppisode pyricoxiries/z. dry wt,
23L 13900
2je 2200
816¢ 275C
235 . 4000

All strains were grown in 100 ml, volumes of Medium E
iz Roux Gottles incubated at 37¢ for 36 hr,
Incoulum (per 100 ml, medium) was 0.2 ml, 1:10 EEL 10
suspension taken fro. m 24 hr, slope on Nediunm 51'
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synthesise vitaain B, from glucose and NH4* in washed
suspension in the presence or avsence of added thiamine.
Subnormal synthesis ounly of vitamin 36 was obtainable in
thiamine deficienoy (Table B2-2),

2. Proteus morgenii

Although strain 231 wae used routinely, when
they became available, three other strains were examined
with respeat to their synthesis of vitaain 56 when growing
on ¥ediua £, OStrain 235 was found to syntheaise most
vitamin 35 under these conditions (Table B2-3}), and thus
demonstrates the best vitezin B synthetic ability of any
organism tested,

In prelisinary experiments, it was found that
best growth on Medium * was achieved by incubation for 24
hr, at 37° under highly aserobic conditions, i.e., either
100 ml. volumes in a Roux bottle or 500 anl, in a 1 litre
conical flask kept constantly shaken. These were alsc the
best conditions for vitawin Bé biosynthesis,

Although HMedium £ is much more complex than the
minimal Medium G, sufficing for E, ogoli, 1t was found that
harvested organisms of Proteus morganii could agaia
synthesise vitaain B from glucose and RH4’. The aynthesis,
obtained with these washed suspensjions proceeded best at

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



TABLE B2«4
Synthesisc of viteminp Bg by washed suspensions

of Iro

teus
et ot v e

Vitaanin 35 aynthssia

Su n cleg,/
i1 o
iHg* 10
iucose 156
Glucose + NH," {anrobie) 130
Giucose + LH,* (anasrobic) <BC
Casein hydrolysate 156
Gluoose + casein hydrolysate 6925
Glucose + HH4* and wixture PF 645
Expt, ¢

Nili 0
Glucose + KHy? 985
Glucose + glutancine 137¢C
lactate + RHg* 220
lactate + glutamine Hed

3uppleuents (ell final cong.):

Gluoose 10'1 g; glutanine 10" -2 ¥; lactate 2 x 10'1 g

(neutral) (NHy4)2804 0.054; casein hydroiysate 0:.05}
purine aid pyriuidine cixture TP irn 1510 dilution: 002
- 95155 (v/v). The or ganisms wers grown aerobi

on Xediuz T (1% hr. 379). Harvesisd, washed and
resuspended in 0.1 i phosyhata ouffer pH 7 supylewented
with 0,01, RghCy .74 . and othe:r subsirats: as shown,
Inouhntad with roc?inL in 1 tubes at 37° for 6 hr.
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synthesis ocourred when casein hydrolysate was provided
as sole source of carbon and nitrogen, but when glucose
was also given, gquite good vitamin Be production resulted
(Table B2-4), A comprehensive purine and pyrimidine
mixture (PP) somewhat inhibited vitamin B; synthesls, as
aleo did the addition of several compounds of possible
relevance, e.g4,, pAB, anthranilic acid, Dl~tryptophan and
shikizic acid (all at 1073 §). IL-glutamine (1072 ¥) was
a better source of nitrogen than free NH4* ions (Table
B2-4), Llittle or no eynthesis of vitaain By was obtained
when several compounds at equivalent concentrations were
used in place of glucose, e.g., acetate, pyruvate,
glyoceraldehyde, xylose, With lactate as sole carbon
source, vitanin 35 synthesis w8 only about half that
found with glucose., Anaerobic incubation also diminished
the yield of vitazin,

As Proteus morganii shows an absolute growth
requirenent for both nicotinic and pantothenic acids, the
offect of these vitamins on vitauin I, synthesis by this
organism cculd be investigated.

Niootinic soid

Organisms deficient in nicotinic acid were
obtained by harvesting the linited growth developed on
% x 10‘8 ¥ nloosinic acid. Vitamin 36 bioaynthesis by



TABLE D2-5

b)) aieotinic

acid deficliencies on the agntheaia:2§ vitasin Bg {rom

glucose and NH4® by washed suspensions of sorganii 231
7
Organisng 8id _gddition Mﬂ;z..?m 8jgotinate
(1077 &) (1077 &)
Hormel 1030 1030 1030
Pantothenic acid
deficient 722 832 —-—
Ricotinic acid
deficient 105 - 735

The organtisme were harvested after growth as deeeribed
ia the text. .
The washed sunpensions (C,75 mg./ml.) were incubated
in 0.1 & phosphate buffer p4 7.4 contalning ©.0d%
NgS04 . TR0, 0,50 (KWHg )o®04 4 3+ giveose, and the
supplements shown. o
Incubation was for 6 hr, with rockiag in j~tubes at 37,
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washed suspensions of these organisms was compared with
that obtained by the use f organisus which had been grown
in the presence of an excCess (210'"6 §) of nicotinic acid.
The deficiency was reflected in poor synthesis of vitanin
36’ this being reatored to near normal levels by the
addition of 107 ¥ nicotinic acid (Table B2-5),

Paptothenic acid

Vitauin Bg biosynthesis from glucose plus HH,”
by washed suspensions of Proteus worganii 231 grown on
‘Nedium E, was coupared with that obtained whea pantothenic
acid-deficient organisas were used (prepared by aerobic
growth at 37° for 15 hr. in the presence of 10"'8 ¥ panto-
thenate). The effect of supylementing the suspensions
with 2072 3 pantothenate was examined. Vitauin Bg synthesis
was scarcely affected by pantotheaic acid deficiency (Table
B2=5).

CRLL-FRFE EXTRACTZ

Thick suspensions of Proteus morzanii 231 were
easlly disrupted by ultra-sonic treatment, Organisms
grown overnight at 37° in 500 ml,. shaken vatches of Hedium
E, were harvested, washed and suspended to a uensity
corresponding to :LiL 500 in 0.5 ; phosphate buffer M 7.4,
Samples (10 ml.) of this suspension were subjected to



ultra-sonic treatment for inoreasing langths of time of up
to 8 min., the cell debris spun off at 24,000 g, for 10
min, at 0°, and the supernatant (suitably diluted) assayed
for ites protein couteat,

Ultra~sonic treatzent for 3 min, gave maximum
protein liberation., The extract 0 obtained (with u.v,
absorption ratic 260/280 = 0,51) was rioh in aucleic acid
and had a protein content of about 17 mg./zl.

Thore'waa no 'endogenocus' synthesis of vitauin
BG when the cell-free extract was incubated in the presence
of 0,01 ¥ Mgs0, st 37° for 6 hr. Slight vitamin B
synthesis (265 mumoles pyridoxine/g. protein) took place
when a boiied extract of Proteus worg was andded. This
was not further euhanced by the addition singly, or in
coabination, of a number of plausivle cofactors and
substrates in relatively high councentratioans, includiangi-
ATP, DPFR and nicotinamide, 334* and L-glutamine, [l-serine,
glucose, glucose-b-phosphate, riboss-S-phos hate and
J~phosphoglycerie acid., Sodium fluoride (0,01 &) was
without effect.

ot surprisingly, it appears that the profitable
use of cell-free extracte zust await the discovery of some
intermediate(e) on the route of vitaxin Bg blosyntiesis by

these organisca,



Co aions

1. Wild-type E, ©0lji synthesised vitamin B¢ in fair yield
when grown on liedium G,. Duriag later stases of
growth, the vitamin was to be found predominantly in
the growth wmwedium, This synthesis was not enhanced’
by the addition of casein hydrolysate, mixtures of
purines, pyrimidines and vitamins, or other subatrates,
6.8.» J-hydroxyanthranilic acid.

2, Washed guspensions of ., coli 518 syuthesised vitamin
Bg when inoubated at 37° in phosphate buffer pii 7
supplemented with kg'*, glucose and ﬁﬁa’. §~slntaélne
was a éomawhat better nitrogen source than NH4*.

3. Use of nicotinic acid and thiamine auxotrophs of 2, coli
revealed a requirement for these vitamins in vitasin
’6 biosynthesies from glucose and ﬁﬁ4+.

4. Although rFroteus woirganii required for growth a more
cowplex medium than did -, coii, it was again able
to synthesise, in suepension, vitamin 36 from glucose
and HH‘*. Maxisune synthesis was obtained, with the
1ight suepensions used (1 to 2 wg./ml.), in 6 hr,
inoubation at 37° and pi T to 7.5. Lactate was less
good than glucose, glutaumine again souewhat better
than NH4*. There wus very little synthesis when
ocasein hydrolysate served as sole caroon and nitrogen

source, No eanhancemnent of synthesis was obtained by



the addition of any tested supplement,
5. Proteus morganii 235 gave the best yield of vitauin Bg
of any organisu tested, both during growth and in

washed suspension,

6. Nicotinic acid-deficient suspensions of Proteus morganii
231 gave pbcr eynthesis of witamin Bﬁ from glucose and
KH,". The synthesis was restored to normal levels by
provision of excess nicotinic acid, On the other hand,
vitanin Bs synthesis from the same substrates was
little affected by pantothenic acid deficiency,

7. An ultra-sonically produced extract of Proteus morganii
231 was capable of very slight vitanin 36 eynthesis,
and then only when provided with a crude boiled cell
extract. This could not be enhanced by the further

addition of a number of cofactors and substrates.
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Chapter 4

Properties of Vitamin Bg Auxotrophs

of Escherichia goll

Very' few vitamin strcquirins sutant organisas
have been described (Tabdble Cl-l), Mutants of Escherichia
goli which show a vitauzin B, requiremeat are rare, and all

of those available at the outset of this study could under
certain conditions grow in the abzence of added vitamin,

0f these mutants, three were reported to grow at 37° 1in

the presence of vitamin 3. or either Pl-gerine or glycine,
i.e,, outants B166, BL67 and 22/99. Ko viiasmin Bg require-
aent could be demonstrated with cultures of ¥154/59L
(tented imumedimtely on reception) and B170 (after
subcultivation for two months), probably due to their
having reverted to strains with prototroph-like characters,
The reumaining mutant, D¥, whilst showing an absolute
requiresent for vitaain B at 37°, was able to grow at 25°
in the absence of added vitamin if a mixture of amino acids

was provided (Table Cl-1l).

Attempted production of vitaxin Bg auxotrophs

Although interest was malnly focussed on those
sutants which demonstrated an apparently aslternative amino



Qrganism

Neurospors
QA8 08

37803 A
44701

44602

Reurospors
1a

sitoplile

Aspergillua
aidulans

byra

o)
(2 substrain
of ™154-359L1)

B166, B1&7
and Bly7

2ey 99

TABLE . i-1
Lescribed vitamin Bﬁr&uxétrogﬂﬁ

Ledeoi e L ELLLLI0QH

Abzolute requirement for vitemin 36
evis abt an elevated teaperature.

1.
.

o eepneitive,
Jroas iu absence of vitamin 3,
if relatively high crnc, of
free i3 presaent,
“hew srown in absence of added
pyridoxine, it apparentl
synthesiscq 2aly OOF of +
asount of vitunia B 2ads by the
t wild tvre, ? Greater
aestruction i Ig

3.

5 by tuls matant.

aensitive - as for 44:°4,

Arsnr organism for Bg,

« woowii. stianlatioa oy toiamine,
3. At oH 5,6 and ix the presence of
NH4*, vit.Bg ayathesiz squals
that ~f the ;rrent wild-type
orgaaiss,

4, Ko effeot of ggnalnnine.

8 walaats requir aoaly pyridoxine
for full growth.ingany mnitiple
asataats including a vit.Bg require-
ment.

Pyro mutntinn superimnosed on n
ploti auxvtrogh,

l, Grows in absence of Bg at 30°,
Jlehcteln grew 4% on casein
medium at 30°, Growth then
obtained was - =-d. that fou:d
in presence of Bg., stated that
aeroblic conditions essentinl for
growth in abseace of she vitamia,
Resulticg organisma were Ig-
deficient, xetsler and Snell
grew it on & complex medium

gontaining amino acids, purines,
pyrinidines o vitamine {(without
By and witiiut aeration), Organ~
1 s were then deficient in B¢

~ud had reduced :-uerine dehydrase
activity.

D-alanine did not replace 36‘

Crovr on caselr wmedir or xedia
gontaiiiil & Gouprei.easive aaino
acid mixture, in absence of Bg
uniy at «,0,

Shows abzolute requirement for
36 &'t 37” -

1., Used %5 prepare Bg-daficisent
organisms,

Axd w i. ewvsence of added Bg
8t 372 if Tleserinsz or glycine
present, 7

Grows i absente i vit, Iy if
Ll-zerine or glycine sresent,

Ref 8

Strauss(1951)

Houlahsn et
al,(1949)

Strauss(1951)

Straues (1951)

Stokes
& YR
(1943

Stokes, larsen
Woodward &
Poster (1943)

y Foater

PR

roategorvo
{1953)

Lichstein(1955,

etzler &
snell (19%2)

3.0, Tuviz and

E. sorsg

¥ijesunder:

(19.4)

Tenman, Hoare &
#ork (1955)

J. Gots

B.D. Davis
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acid/vitamin By requiresent, atteapts wore nmade %o produce

an suxoiroph of E, ¢oli showing an absolute requirement for
the vitamin under all conditions of growth, It was thought
that indirect evidence could concurrently be obtained as to
the possible existence in this organisam of a common route

of pyridine ring biocaynthesis, for, if a common preoursor
existed, it aight prove possidble to produce zutants requiring
both nicotinic acid and vitemin 36 for growth, or sven some
suxotroph showing a requirement for yet another pyridine
derivative of as yet unknown metabolic funoction,

Wild-type E, 00ii 518 was sudjected to u.v,
irradiation and pussed through the penicillin-penicillinase
plate screening procedure of Adelderg and Hyers (1953),
‘Beleoctive finsl layers were poured containing one of the
following sterile mixtures: (a) pyridoxine, (b) pyridoxine
pius nicotinic aoid, (c) pyridoxine pilus anicotinie agid
plus yeast extract {giving 10'6 B final concs, of viteamins
and 0,005% yeast extract). Many irradiations were carried
out and a large number of mutents produced, Over 1,000 of
these were isolated and their growih requiremente studied,
The majority were acino acid auxotrophs while a few,
obtained from plates oarrying supplement (c), showed
requirsnents for adeaine, guanine, thiamine and pantothenic

acid,
Only one vitamin B, mutant, desiguated E, goli Mo,
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was isolated, from a plate carrying a pyridoxine selective
layer. 3ingle colonies were isolated after twice atreaking
on plates of nutrient agar. One of these was maintained as
the parsut stock culture, and freeze dried. I, coli M,
ehowed an absolute requirement for vitamin B under all
sonditions of growth tested, and gave rapid and maximal
growth on Medium U, in the presence of 107° ¥ pyridoxine.

Over thirty nicotinic acid autants were isolated
but no suxotroph was found which required both nicotinic
acid end vitaain BG' or these two vitamins together with a
suboptimal concentration of yeast extract,

No evidesnce has in faoct been obtained in support
of a coamon route of origin of unicotinic wcid and vitanin
’6 in T, coii. If boilh these pyridine derivatives arose
froms a coumon pregursor, & sparing elfect of vitauin 36 on
the vitaain requirement of some nicotinic acid auxotroph,
and vice versa migh% be found, In fact, there was no
sparing effect of pyridoxine or pyridoxal (10"6 §) on the
alootinic acid requirements ol proteus vulgaris i growing
on dedium L or of X, coli 9/8 on Medium Gya, Siallarly,
nicotinic acid (10™7 to 10™* 1) had no effect on the
pyridoxine requirements of X, coli 2166 and T, goli M,
growing on Hedium Gz.
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Sopelusions

1. Four vitazin B, mutants of E, goli were availabdle, Xot
one showed an absolute requirement for the vitamin
under all conditions of growth. Three were said %o
grow in the absence of added vitaxin BG if provided
with gg-aorxno or élycinc.

2, B, @01} ¥, was produced by u.v, irradiation of E, ¢oli
518, This mutant showed an absolute requirement for
vitamin B,

3. Although many nicotinic acid auxotrophs were produced
by u.v. irradiation of E, ¢oli 518, no multiple mutants
requiring both nicotinic acid and vitamin Bg (with or
without yeast extract) were obtained.

4. No evidence of sutual sparing actions of nicotinic acid
and vitamin Bs could be obtained with the nicotinic
acid~requiring organisms Proteus vulparis R and E, coli
9/8 and with the vitamin B, auxotrophs E, goli B166

and E, coli ,.
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Chapter C2

Growth of EE coll Bl66 on “Yinimal ‘jedim

One explanation for the ability of wany of the
available vitamin 3, mutants of Escherighia coli to grow
alternatively on g&-aarine or glycine, is that these amino
acids are diregt or indireot precursorse of the vitauwin and
that the auxotrophs are capable only of suboptiunl synthesis
of thesre axino acids. It was of interest to attempt the
identification of the metabolic lesion in these strains,
For thie purpose, it was necessary to exasine in detall
the growth characterisiics of at least one of the autant
organisus, E, ¢oll B166 was selected for this detailed
study.

for reasons explained later, the amino acids were
generally used as an equimolar .irture of Dl-serine and
glycine, the mol~r concentration being given in terms of
the total amino-nitrogen. 3Serine and giycine are inown %0
be metabolically very closely related in Z, coll (Cutinelli
et al., 1951; Abelson, 1954; Meinhart and Sinzonds, 1955),
and ae they were essentially interchangeable 1. the jresent

study, their use in admixturs introduces ng difficulties

of interpretation.
Vitaxin 36 will be u2zed hereafter in seneral
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Growti of 7, coli Bl66 on Medium G A
supplemented with serine-glycine and/orié}ridoxine
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Key:  S-G - serine-glycine 5310"3 M)
Bg - pyrido:i.e (1077 )

E, coli B - @rototrophic sa-ent strain growing -n
unsupplemented mediui., 5 ml. cultures in

1-tubes were rocked at 370.
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reference to the group of compounds whose individual
nembers will be specifiocally named,

LComparison of glucore and lactate as main carson asurce

The response of 3166 to pyridoxine (J.f.)"'6 £l
serine~glycine (107> ¥) and @ixtures, waes tested on the
siaple giucose contalning weliius GiA, and the anuonium
lactate wedium L (Pigs. 14 and 15). The main curoon source
was added to each of the wedia before autoclaving.,

A notavle Jifference was that serine~glycine did
ot support growth ou the lactate wediwa, In u.tha Redia,
however, .ost rapid -ud extensive growth oocurred with
pyridoxiue ,ius serine-glyciase, tie rate then a.proacning
that of the parent straia growiag uu wasuppleuented aedium,
ith pyridoxine alose growth was deia;ed ia vot. media but
the fina. uass was 80 to 907 of thut ovtmined with the
alxture. .u ail cases where growtih ococurred oo lactate
sediuwam, it was slightly Jdeiayed, out finally 10 to 20.-
greater than with the sane suppleasnt in the glucose medium,

In giucose mediuw suppleucnted only with serine-
8lyciase, growth was deiayed leas than witl. _yridoxine alone,
but the final wase was oniy 50 to 60k of that found with

both sup.lements,
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hesponse of E i 3166 to

yarious lor.s of vitewia 3§

Growtl {:2L reading)
with

Serine- oine

Supplement Cono. (i) Nil addition ﬁi:m- )
Pyriioxise 10™8 14 18
3 x 1077 10,5 18
w 4 10
3 x 107 o 6
10™9 0 0
Pyridoxsl 2076 12 17
Pyridoxamine 1070 6 14
Yyrigoonl -5
~5'~ghosphate 30 5 -
Pyridoxamine -5
=5 'wnhoschate 10 ¢ -

Basal mediur wen O34 autoclavec at 10 1b,a0.in,./7 mla,
Five ml. volumnes, supylowcated as au0ve, wWere lasculated
with T, onli 21686 and incubsted in sloped tuh::- at 37°,
Those fubes coutaining serine-glycine were iacabated for
30 hr. only, the remsinder for 80 hr.



FIG. 15

Growthh of £, ccli Blo6 on ammonium lactate wedium
S re———

supplemented with serine-glycine and/or ;yridoxine

401
%

30
P
O
Z
a
<«
w
a
3
()
o o
-
>
9]
a
O

10

| Y, £ WA WPl S el N-=j-——nN--0 $-G
o) 20 30 40 50 60 70
TIME (hr.)

Key: S-G = serine-glycine (610"3 M)
B, = pyridoxine (107" M)
Basal medium = Medium L, 5 ml. volumes in

thubes rocked at 370.
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Response to vitauin Bg

#ith the five forus of vitaumin B, tested on
Wedium G,A (Table C2-1) growth was most rapid with
pyridoxinej the coacentration for half maximal growth
was 2 X 10“7 M., FPyridoxal was intrinsically more active
(3.0"7 # gave half-maximal response) but growth was delayed
a further 12 hr., 3imilar results wers ocbtained on Medium
L. ZFyridoxiane was subsequently used routinely.

¥ith aserine-glycine also present {Taovle {2~1)
the amcuut of pyridoxine required was reduced to about
one~third (6 x 10‘8 i for half maximal growth); in these
experiwents results were read at 30 hr, since on longer
{noubation there was growth ia the absence of added
pyridoxine.

lesnonse to serine, glycine and related c¢ous ounds

The concentration of serine-glyciue required on
Medium 3,4 (0o adued ,yridoxine) was 1077 and 2.5 x 1074
i for optimai and half-optimal growth respectively (Table
C2-2), Sizilar concentrations were required for the other
effect of serine-glyci.e, d.e., {7 promote earlier growth

when pyridoxine was present.

Glyoine and |l i-serine were ¢ach iandividually
agtive in botl the avove senses out Tie aixture  ave

souewhat more rapid and heavier growth., In addition,



Congentrations of aminy geids required t. <. -ort
growth of E, ooli D166

&n the absence of uuded vitaamin 3

tirseta

Amino acid vone, (&) Thi readi
Hil - O
Ll-serine-gslycise 4 x 2073 12
173 i
SRR (e 3
2.5 x 10~4 6
1,25 x 10™% 4
G425 w1077 ¢e9
épaarine 4 X A«wﬁ 7
D-serine 5 x 1074 0
Glyecine 5 x 10”7t T..
Li~iouoserice 13'3 e
Pl-threnuine 173 *Trace,

$aondeved L § aiter al Tooy dacubatiosn,

Basal medium was ;4 autoclaved at 19 lb.8Q.i-./T min,
Pive ..l. volumes, suprlevsated g¢= sLlve, ware inoculated
with ?, ¢oli BL66 ani lucubuted i slopel tuves at 379
for 7C Lr,
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results were erratic with suboptimal concentrations of the
separate amino acids, This appeared to be due to partial
reversion of the mutant to prototroph-like character.

Randomn individual tubes grew heavily after 48 hr., incubation
and sub-cultures {roz such tubes into basal medium gave
growth (though lese rapidly than the parent strain) without
the addition of either pyridoxine or =erine-glycine. The
properties of these sub-strains have not been further pursued,
These changen were lees frequent with mixtures of ;lycine
and serine at suboptimal concentration and did not occur
when the concentration - the individual amino aoids
exceaded 4 x 1074 M,

In experiments with serine alone (at optimal
eoncentration) only the l.isomer was active, either in the
presence or absence of ;yridoxine.

There ia evidence th:t ¥, coli can form glycine
froz both threonine and homoserine (®ibson, 1352; Abelson,
1954). Dl~threouine at nhigh concentration supported
deteotable . rowth of B166 in the absence of pyridoxine on
Medium G, A, but Dl~homoseriic was inactive (Tavle C2-2),

Cther mmino acids or substances uetaboiically
related to serine and gliocise and found to be inactive
(over a range of concs, {rou 10"6 to D) x 1@“3 E}) Were .-
formininoglycine, glycollic, glyoxylic, pyruvic,
p=hydroxypyruvic and d-azinoclaevulic acids, ethanolamine,



Dl—alanine, l-arginine, Dl~asparagine, Ll~aspartic acid,
Dl~glutamic acid, Dl—~isoleucine, Jl-leucine, _lL-lysine,
Dl=~methionine, l-phenylalaainc, Il-try.tophan, __~tyrosine

. Y
and ;g»V&line.

Conclusions

1, Serine-~glyci:: zeeus to have two apparently distincet
effects on the growth of I, coli Bl66, viz,:-

(a) suvporting growth in t:ic absence of _yriioxise -
but only on glucozsz-containing medium;

(o) oa both glucose and lactate medis wnl with
pyridoxine pre;cnit the; reduce i+ delay in
the nz2et of Lrowth oy 27 t6 2% 1, anid -iightly
increaze the finni cell Jjensity,

2, Altncug.. feserine and glycine were individually active,
thes -cre vetter used ia admixiure.

j, Other a-iso acids and & auirber of chedically-related
eaq.ouads including glyoxylic and f=-hyiroxypyruvic

acids were unable to replace glycine and serine,
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The fact that serine~-glycine susported growth of

Escherichia coli 3166 in the absence of pyridoxine, sut

only on the glucose-containing medium, su;.ested that the
activity of the amino acids was dependent on the concurrent
presence of some substance formed ae a result either of
glucose metabolisxz by the organimm or of the heat-
sterilization of the medium,

1n the above experiuments, the glucose wus added
to the other conelituents of the medium before autoclaving.
when the glucose was separately sterilised by Jecitze
filtration, and then aseptically added to the remainder
of the medium (which had been autoclaved as usual),
rerine-ilycine no longer ?uppbrted growth, Tais waa also
the case when the glucose was separateiy sterilised by
asutoclaving in gqueoua solution (in glass distillod‘wnter
when ;i1 was 5.4) (Pig. 16). Autoclaving in 0.04 if
phosphate Lutiers of various pn values suowed that only
at about pH 7 and above was & solution of glucose obtained
which persitted growth on serine~glyecine (®i., 16).

For present  urposes, the term ‘activated!
glucose will be used in reierence to glucose solutions

which permit growth of ihe organis:i on serine-glycine



GROWTH (EEL READING)

Key:

FIG, 17

Inhibition of growth of E, co0li B166 by glucose solutions

subjected to varying «  e=8 of avtaclaving
a0r —A- 20¢ l
pH 7-0 10./7.
pH7-4
10-/18.
ISP Ist /
pH?7-8
Iop 1o
18/15.
s o s e
? 1 _J 1 1 1
o 10 20 30 40 L Te) o 1o 20 30 40 50 S5
TIME (hr) TIME (hr)

——— = inactive glucose.
A - increasing pH of azutoclaviig at 10 1b.sq.in./7 miun,

B - increasing severity of autoclaving at . 7.4,
e.8., 10/15 = 10 1b.sq.in./15 min,

The glucose solutions (10 mg./ml,) were autoclaved as
showsn in 0,04 M phosphate buffers.

5 ml. volumes or Medium G supplemented witla pyridoxine
(10—6 M) serine-glycine (10-3 M) a2 test sample (to
glucos; conc. 1 mg./ul.), were inoculated with E. coli
B166 -ni incubated in sloped tubes at 37°.
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without added pyridoxine, ‘'Inactive’ glucose will be ueed
in the opposite sense, Untreated glucose was inactive,
and remained so after sterilisativu .y Seitz-filtration or

by eutoclaving at pH 6., and velow,

Conditions for the formation of activated glucose

slucose (10 mg./ul.) was sutoc.aved at various
cozbinations of yrescure and tize, at »d values rangiag
from 6 t: %, After meutruliisis. , l.s 2clution was added
to previcusly sterilised basal mediuc supylemented only
vith serine-~glyeine. A se:xsction of the results are shown
in Plg, 10,

Be:t activation os¢curred wihen autociavian: was
carried out st 10 iu.83.in./ 7 min, at pd 7.4, At higher
vi or ¥ith more favere autoc.aving, thers wus Quvious
carameliation and a decresse Lu acbivity - robauly due
ratzer to the concurrent yroduction of i.uibltory suostances
than 10 decre..ceu form&fiou of thz active faotor, Ouuet
of growth in the presence of cerias-iirclie olds nyridoxine
was delayed 10, 10 and 3. hr, respactively if 4he glucose
waa treated at pH 7.8 (10 lb.sq.in for 7 ain.! or at pH T.4
for 15 min. at 10 and 15 1b.sq.ia.(see also *iz. 17).



FIG. 18

‘Titration' of . ca. le oo activated glucose
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mg. ACTIVATED GLUCOSE

The sample of activated glucoce was prepared vy autoclaving
a .lucose solution (20 mg./ml.) in 0,04 I phocphate buffer
pH 7.4 at 20 1lb.sq.in,/7 win,.

5 ml., volumes of Mediuw Gy (containing inactive glucose in
sufficient awmount to bring ti:- total glucose conc. in eacu
tube to Z mg./ml,), were supplemented with serine-glycine
(10"3 M) and incculated with E, coli B166, Trcubztion was
in sloged tubes f-: 85 hr, at 17°,
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Other effects of actiyated giucose

Both serine~glycine and activated sluco:se were
required for zrowt. in the aovsence »iI py - ldoxine, IExperi-
ments with awixtures ol lnactive and activated glucose
showed that the maxisum effect wvas obtained il at Jeast
Sur of the glucose in the medium wss proviszed in the
activated for. (Fig. i),

When _yridoxine was preasnt (either with or
without serine-glycine), activated glucoss was not required,
aor d4id it increase the rate or final extent oif growth
(#is. 13). The only eifect was a 8light dela; in the
onset of growti, _o=sibly agala due to the _rs-ence o7
iahibitory substancesa, Activated glucose wus tuecefore
act required for the dexcastration of tlc secoad action of
serine-glycine (i.e., decreasing tie lag when >y idoxine

is pre~eut) but only for tie tot:l replacement of py-idoxine,

“educing agents

The activation of glucose mi it siiply have been
due ta‘the develcopment . non~specifie reducin conultlions
iz the autoclaved mixtures.

One powerful reduci:; agent inown %o be formed
when alkaline solutions of gluco-e are heated, 1is . .uicose
reductone (Mtartz'saal&eﬁyde) (Piguann aad Goepp, 1948).

Thie compound (lG‘IG to iﬁ"i ﬁ) did not replace activated



By ggg Bl66 on serine-glycine

grewth (Ifl resding)

Supplement Cone. (¥) o, clue 235?5&“55
Ral — 15
Ascorbic acid 2 x 10™3 0 0
4 x 1074 a (15)
8 x 10~ 0 15
Gluaose reduatone 10‘, 0 (1%)
Activated glucose® 5 > 107° 10 15

) signifies growth deiayed by 10 hr, compared witli control.
#Control in which glucose was added to basal medium bafore
!%MOQI‘W:

The refucing agents were sterilised by Seits-filtration

and added asep tioeﬂ.}y gost autoclaving. “hen present, 'nf ...
serine-glyoine (10~ i), and vitamin Bg (pyridexihe 207 ° H).

Five ml, volumes of Mediun gl supplesented as shown, were
inoculated with 1};_‘_39,;; 8166 and lncubatec iu sioped tubes
for 64 hr, at 370,



216, 19

Comparizon of effects o’ (a) inactive, and (b) activated
glucose on grovth of B. coli B166
on Medium 7] supplemented witi pyridoxine
40

w
o

GROWTH (EEL READING)
N
o

o

Key: — = inactive glucocse
--- = activated glucose

-

S-G = serine-glycine (107~ M)
\
i/

Bg = pyridoxine (107° u

0
3 ~ L - Y
5 1l., volumes roched in l-'uoes at 37°.



glucose for growth of 3166 on Medium G; supplemented with
serine-glycine; at conceatrations asove 10'5 g it partly
inhivited growt.: ia the coatrols (iaole C3-1), It uuy De
partially responsiole for ihe slight Jdelay in growth
obtained when activated glucose waa present iu the aedium
(see aleo Mondolfo and Honnie, 1948),

AsCornic acid was choszen a3 a reducing ageat of
caroobydrate-like nature thougl. zne whigh 1s ot forued
frox glucose oa autoclaviag. it too, failed to replace
activateu glucose at the conseatlrations tezted (10’5 to
2 X 16”3 @) and was inniuvitory at tae higher levels (Table
“3=1).

Activate. giucose was ulisu aneceasary for growth
on serine-glycine under wnaerobic coaditions (Tuble CT=1),

The weight of evidence is thecrefore taut the
activation of glucoze is .uec to the fLorintion of some
specific coupouna wiiich togetlier with serine-glycine
peraits growth of =, c:li B1l66 ... the absence of added

vitazin 3.

Conglusions
1. Glucoze-containing medin would only suvcort growth of
R, ¢oli Bl66 on serine-glyoine if the gluco:re had

been previously ractivated’,
2, The growth-proumoting action of serine-glycliie in a
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vitamin Bs-oontainina wedium was not dependent upon
the concurreat _.resence of aotiveted ,.uco-e,

3. Autoclaving at _i 7.4 and at . luv.sQ.is.// =iu, cesulted
in saxiwal activation of a 10 xg./ul. glucose solution,
Siore strenuous autoclaving produced . roviu-is.ii..tory
substances,

4, Activated glucose sasples w:re s> disti..-sii:s.ed .ot by
virtue of their posseszic. of s lowered redi.i poten~-
tial, uvat by their content -f some spegifi: cheuwical

cerugound formed during the activation rocedurse,
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Chapter C4

Although moderately stable at an acii pi, glucose
is profoundly affected by the action of alkalies under even
very mild oonditions (Zvans, 1942; 7'i;mann and Goepp,
1948). Tie soseible reactions and consequent -roducts are
nunercis, Iwo types of reactisn are concerned:-

(a) isomerisation, chiefly tuking slace at C-1 and C-7;
(b} fragnentation, givin: rise to products each contaiping
leas than six carboan atoms.
The siuplest lsomerisatizn reactions are of the Lobry de
Sruyn-vasn Fekenstein type (Pigmann and Goepp, 1948).
Anongst other products, munnose and fructome .l kit o Dbe
forczed when riucose 1s treated +it: dilute alkalies at
rovs teusesature, The reactior _rouvauvl; .roceeds via the
forration of an intermediate s«une-diol; there is good
evidence for the existeace of such ccoyounds in alkaline
solutions of aldoses, HMore drastic rearrangewent: result
in the generation of acidlc materials including branched
chain saccharinic ncids (Scheibler, 1880; Kiliw.i, 1882),

Many core CULyGiunis are rroduced by the fragment-

ation of the glucoce mclecule, ~.leavage of the carbon

skeleton may give rise to formaldehyde and aldopentoses,
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giycolaldehyde aund aidotetroses, or dihydroxyacetone and

glyceraldehyde., Il wur. each of these _ruaucts way

isomeriae tlirough the eue-iiols 1o Llue corres onding
ketoues al. taence L. tls various sacchuariaie acids (2igmann

and Goepp, 1948).

One of the principal -»roducts of moleculiar
cleavage sceels 1o oo gg—;actic acid, OJc4ue other identified
roduct: are dihydrvayvutyrie scid, metay._lvoxad, =uvetol,
diacetyi, glucose reductore, sor.ic wnl ucetic acids
(iignann and Joeyn, 1948), reductol and dihydroxyacrylic
acid ("rnka, 1951).

Several approaches were availacle 1w atten ting
identification of tac Vilologicaily active corpousd:

(a) Tizsct, 1, conceutratioa a.l Lsolation;

ii, testing oif knowa Lroducts of giucuse
alkalir- degradatioa,

(b Indirect; examination of a auaber of :ugars and their
derivatives to :=ee w.icl. could se activated ia a
sasacr sizmilar to lucose by autoclaviug it a sliightly
alkaliue .H. A structural coz:os Jenocminator for
potenti.i activatic: ocould eaxer.c fro: ihis survey.
Staole substituted glucose derivative= suc. as the
O-methylglucoses .izht oe employed.

All three &, rocaches were f...ove. si.ullaseously. The

criterion of activity used throu houl was the abliiit; of

Seits-filtered vamples to replace activated ..ucose ia



FIG, 20

Ultic-violet absorption spectra of mixtures formed by

auroclo.ias “ucose solutions (70 ug./ml,.) in,
(a) _iu.ss-distilled water, vH 5.,
(b) phos;li-te buffer (0.02 M), pH 7.4
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04+

O-2F

0 6 __0 »

" 1 1 A A 1 1 1 |

210 220 230 240 250 260 270 280 290 300
WAVELENGTH (mp)

T 3 o vw""ﬂ.
Autoclaving wao at 10 Zb.sq.in. for T miin.
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sup_orting srowth of L, coli Bl66 on Yediuu 62 supplewented
with eerine-g.ycine; insctive giucoze =.c routine.y present

as the wmaln carvon and energy source, T¢ prevent enhance-

concentration of curvon source, the amount of inuctive
slucore added was iocressed 1ro. the ” my., i, previousliy
ured (¥edium G;) to the c tiznel 10 my,./sl, .resent in
Yediun GE.

Tahanced activity when agsayed -icroliologically
uay nct be = messure of increased concentration of active
factor but rmay resuit fro: the rei ovei of growth iahibitory
corpounds {ns are known to be _rerert in activated .lucore),
This was checiel where nece=cary cy iavertipating the
effect o. srowth in the -rerence of ser:iic--lyc.ue and

pyridoziae,

(1) gttemgﬁgﬂ goncentr-tiy: anc urllieaivdol

T*he miyture citained oy cutoclavin. a lucose
solution (27 =re/ml,) in 0,77 ¥ ghorpicte buffer ~H 7,4 at
1" lb.snl.in./T »in,, was faint yellow .. colour and
poscessed a distinctive absorption tani in the ultrq-
violet (rax. about 225 m.) (Fix, 2C). A ;rocuct showing
no sbsor_ tic:n ral at 285 my but wit'. g snall peak ot 230

¥ er oY oy PO " )
@m,. wag rroduced when nn aqrenis salutio:n o0 glucose
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‘(30 Bge/0ley PR 5.4) wns sizilarly autuocliaved, “vetigneev
and Nikiforova (135C) stuiied the u.v. avsor.tic. spectra
of glucose golution: uYoiled f[or lor: Leriods =t various

tnitial '~ and conienteds on tlhe aypecrunce of abssruticn

20 L, They discritinated

N

Lirinn in the region of 230 any
between 'wo absor.tion mazima i. the latter region, (a) at
275 to 28C reprerentic, slucooc with = free carbonyl group,
and (b) at 287,) due to s-Lydroxymethylfurfurai (t“i> was
not forued «t pH's Li.her than 4.7 to 5.0).

The absor;tion at 275 mi in activate! .lucose
gsolutions mi; "t be Gue to eglucoze recuctone 7 .ich =hows a
very strong absorpti-. at 287 wy i: alkslire 3¢lutioa,

But g uco. e reductoue war cor_lotaly Lasctive 7Thoie CG3=1),

o, Concentraticn

In the .reparati.a of activeated glucoue, the
phosihate buffer coaceatration could ve reduced to 0,00,
H without aflecting the resultant viclogical activity., A
more active preparatic.. was ooiained o, autoelavin, diiate
(20 mg./xzl.) solutions -1 j.ucc:e i: 0,007 % phosphate
Buffer and then concentratin. these 20=-fold, than by .
autoclaving a 400 wg./d, Soiution ia 0,1 I buffer whaa
more caraxelisation, wit: 1its atteudant growth luhicitory

products, occurred.
Concentration was first carried out by
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distillation at room temperature under a reduced sreasure
of nitroge:, but it wan subcecue.tly found it ‘here was
Ao agprecinble loms in activity auring voouun distillstion
at <40°,

It 004 beecone sprarveat thot the active Tactor
witth 8%able at zecutral K at roo. termperature, #.J at all
tea.eratures wia couechat roa rtolle ot acid tizn at

PH
alkaline(valnee.

C. sbtempirec

Aotivity wir unchsanged vy passas¢ ¢i cuoacentrated
activated g ucose through = column of iLowex %C (HY foru),
but disappearec when t:e effluent was then balcl.-treatec
with Jowex L (OH forw). Yo metive fraction could
suosequent.y ve ciuted trow the Dowex 1 oy trentuent with
aqueous HCl of increasing :strengzi. (u, to .- 8/. “he
235 mp—~avsorbving mater.:. wiuo a8 ed uuC.un ed throug.
the “ovex U column but coull not be detect .. after Tuwe:n
1l trestuent., Uisappesroncee of «wbtivii; o tre.tient +ith
Lowex 2 ¢oulc ve the reru.t of rowe che..ica. reactic. ou
tie surface of the resi. sther than stralgntfosward icu
eXCLARLE, .. .y alhaliue degradation or io-jzcrisatica
(cf, ‘nillipe and koiluce, 19.3).

Some obviouu purilication ¢l the yeiiow

ooncentrate .o acihiieved by vaten trestisnt Wil weld-vasned
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norite, Activity reuained undiwiuished ia the now
colourless filtrate.

Attempted extraction witl, ether ana ethy.
acetate over perioda of © $0 iZ2 hr, at uH 2 or 7.4, . uve
disappointing results, Very little activi*; nssed into
the organic sodvent phasc though ¢ven unchan, ed ..uocose
was extracted. It was conc.uued tiuit the active factor
was hignhly hydrophilic,

saper carounto ranly (descending butanol :water

or butauol:acetic acid:water, . roved vaiuel.ess, .ue t0o

the preyonderance of clucoce and the ver; Lar ;e number of
reducisi, couyounds present .o il stuples exanined, sid ht
resolution ~»f any was _ossiovle., Ko distinctive aciu
compounds couli be detected (usiu, the metind of lewison
and ihares, 1352),

Chronatograms i activated glucose concentrates
developed with a variety of solvent mixtures and dried,
were cut into banda, and these eluted with aistilled wate:,
Ro eluate pouressed appreciabie activity. 3Iloautosraphy
of such curo.utograms oa nlates of Medium U, with serine-
glycine solidified with SJANLOU GEAT, Lucorporating

tetrazolium tetrachloride to exhance senaitivity, and
seeded with E, g0oli Divh was also unsuccessiul - periaps
due to dilution auring chromatography.



TABLE C4-l
Ability of variously treated suzars and their

Activation = ¢ Ko activation = -~
Seits~ Agqueous sol Medium PO4 buffer

valactose - - S .
Hannoae - - * *
Pructose* - - + +
Sorbose - - * +

Arabincse - - + +*
Xylose - - + +
X4bose - - v +
Kannitol - - - -
Sorbitol - - - -
ol A Z - , ;

glagose

#ictivated fructose was somewhat inhibitory (delayed growth),

Criterion of activity was growth of E, golf 3i65 on Medium Gp
plenented with serine-~giyoine pIﬁt f%% teat coupound,
All compounde under test were used at a final cono, of
J/al, and sutociaved as stated at a conc. of 20 umg./aml.

Bge/
?i.e., at 10 1b.83.4n./7 =in,).
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(2) zZifect of autpciaviig con other sugars and der.vi:tives

Beaides glucose, jentomes and other hexosrcs were
able to fora active materiai when nutoclaved at alightly
alkaiine pH,

Soiutions (20 wy./wl.) were (a) Seitz-filtered,
(b) autoclaved at the existing uH (5.1 to 5.7), (c) autoe
clavdd in 0,04 4 phos hnte buffer (H 7.4 and (d4) ndded to
the supslemented basal wmedius (UH 7) before autoclaving.
The treated solutions were tezted at a final concentration
of 4 mg,/:l. The additionnl curbohydrate did not affect
the rate or aextent of growti ir control medin suprlemeated
with uyridoxine (2 serine-glycine),

Hone of the sugars permitted growth with serine-
glycine unless they had firast been autoclaved at H 7 or
T.4 (Table C4-1), The three su;~r alcohols and J="—-aethyli-
&lucose remained in:ctive even aftor such treatment,
Fruotone gave rise more easily than any to inhibitory
substances, and the growth whichi did occur on serine-
glycine with autoclaved  reparation~ of fructose was delayed
24 t2> 43 hr. cﬂm@aéad with the other sugars,

A numoer »f %til.e carbvirlydrate: are feranented by
Le 00li and could replace gsiuncove as the aﬁén caroon
source for growth of the autant i the presence of .yridoxine,

In these canes, develo nent of activity wun also assay«l



TABLE C4-2

drowth of E, goli 8166 in the preseace of serine-

Growth = + Ro growth = -

ato
3eitz- Agquecus sclu, dedium  F04 uffer

Sugar ese, filtvered (pH 5,4-5,6) (R T7)

Galactose - . + S
¥snnoze - - . .
Pructose® - - - .
Arabinose - - ' .
Iylosce - - » »
Hannitold - - - -

All the sbtove substrates supported growth in the presence
of pyridoxine,
*jotivated fructose was somewhat inhibitory (delayed
growth even in the presence of pyridoxine).

Dassl mediux was as for ledium Gy but with compound
specified r0,§neing glucoze, 3Serine~glyoise 2130 added
at usual (1 ) concentration, A4ll eutooclaving was
at 10 lb.sq.in./7 mia, PFive wl, volumes of the susplew
pented medium were inoculated with §&ﬂgg;;,3166, then
inocubated at IT7° iz sloped itudes Lor TC hr,
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by adding the carbohydrate to the mediua (i.e., G, minus
glucose) as the sole carvon source, either before auto-
claving or as & Jeitz-filtared solution after autoclaving.
The sugar alcohol mannitol was inactive in both cases, the
sugars as before, were active only after autoclaving (Table
C4=2),

The active substance wase thue formed frow both
hexoses and pentoses, fHven witi the relatively susll
nuaber of carbohydratez tecuted, it would appenr that the
substance was formed only if there were an actual or
poteatial aldenyde group at U-i and an unsubstituted
hydroxyl group on C=3,

{3) Behaviour ¢ radation products of glucose

Conourrsntly with the above experiments, a number
of cou,.ounds reported to be amongst the products of slkaline

degradation of gaucose, were assayed for activity, These

congentrations (10"6 to 3 % 10™3 i), to Mesdium G, contain-
ing serine-~-glycine,

No growtl was obtained with the followiun.:
lactic, ,yruvic, acetic, foruic and lartronic acids,
zsethylgiyozal, dihydroxyacetoae, sl~glyceraldehyde and
formaidehyde., Also tesied =nd found to be inactive was

Sehydroxymethylfurfural (which in any event is redozinantly



FIG., 21a

Absorption srectra of colours given in Dische arnd Borenfreund
assa’y by (a) glycolaldehyie
(b) activated glucose

1 1 A

400 450 500 550 600 650 700
WAVELENGTH (mp.)

Similarly treated inactive glucose sau;le as blank,
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a yroduct of aclidic lgyradation of gluocore),
Glycolaldehyce (Y x 20~2 to 10™3 ¥) supported
g00d growth oi Bl66 in the .resence of serine-~glycize and
absence of added pyridoxine. 3oth a recrystallised
commercial specircsn, and material prepared fro: dihydroxy-
fumaric acid aud recrystuiiised to Y., 94.5 to 95° were
quantltatively a- active am tl- coumzercial produot used

in all subsequent =zx)cr . .ents,

Apparent glyoolaldelhyde ocontent of metivated glucose

A glucose solution of strength and pH identical
with that of Medium G,yi (1€ wo./ml.j pH 7.0) was aut -
claved under the standard conditioms of 7 min./10 lb.sq,.in,
‘and the glycolaldehyde estimated coloriwetrically oy the
method of Lische and Doreafreund (1949), About 2 x 10™4 M
was found to be present (using an unautoclmaved solution as
blapk: Fig. 21a). The dose~response curve with increasing
concentrations of activated glucose could ve suguriig.oned
upon the standard curve (iis. 21b). Glyecolaldehyde
formation under other conditions of autoclaving was also
determined (Pig. 16). Incremsing ability to support growth
on serins-glycine was seemingly matched by imcre~ring
glycolaldehyde content. Conditions which decreased
biological activity (sreater heatl or alkalinity) still
produced the maxizum glycolaldehyde concentration; this
may be a further indication that the diminished activity



FIG. Z1b

Dische and Borenfreund assay - sujeriw_osition of ass -

curve obtained with activated glucose upon the
glycolajldel .yde standard curve
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o—0 = glycolaldehyde
x—x = activated glucose
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was due 10 conourrent formation of inhibitory substances.

Conclusionsa

1.

3.

4,

Te

For maximal growth of [, coli 3166, the concentration
of inactive glucose in the basal wediuw should De
increased to 10 wg./ml, |

Activated glucose sclutions showed a broad u.v, absorp-
tion peak at about 285 ..

The active factor was quite stable at neutral pH :nd
room temperature, but Lecame more labile as the pH
waz raised,

Activated glucose was best yrepared by autoclaving (10
lb,.8q.in. for 7 =in.) a 20 mg./wl, solution in 0,005
% phosphate buffer (pH 7.4) and then concentrating by
vaouum distillatiou at <40°,

Although activated glucose conceatrates could be
decolorised without loss of activity by treatament
with norite at roos temperature, further attemptas at
purification were unsuccessful,

From its Dehaviour witi Dowex 50 and organic solvents,
1t was concluded trat the active factor was non-basic
and highly nydroyhilic,

frow the ability of a liulted nuamber of iexozes and
pentoses anu the inability of sugar aloohole and

3=~O=methylglucose to be sctivated by autoclaving at



PR 7 to 7.4, it was deduced that a potential aldehyde
group at C-1 and an unsubstituted hydroxyl group at
C=3 were necessary attributes of any compound liable
%o activation,

8. ap-romches (5) and (7) were discontinued when it was
found that glycolaldelyde in reascnabie conceantrations
(5 x 1072 to 10~ #) could subetitute for activated
giucose., It alone of many degradation productc of
glucose tested, ushowed such activity,

g, ket the mctive factor prezent in activated glucose e
in all probavility glycolmldéehyde is compatible with
the conciusiops reached 1n (7) above; Using a colori-
metric agsay, it was found that an activated giucose
saqaple contained sufficient glycolaldehyde to account
for its biological activity. No glycolaldehyde was
formed when ;_ucose ¢oluticns were autoclaved at il
6.5 and formation of a connound assaying a8 glycolw
aldehyde paralleled the development of activity in

glucose solutions.




FIG., 22

Growth of Z, c¢c.7: B166 on ledium Go supplementel with serine-

g erm——.

clycine (1C7- ) and various concentrations of glycol:ll “yde
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Chapter C5

g}yeolnldchydo anu the Growth of I, coli Bl66

d. Co_glucose=-c

The ability of zlycolaldehyde to su;_ort growth
of E, ¢oii 5160 on ihedium G, supplemented witi -erine-
glycine, was studied in aerobic, shaken culture (Pig. 22).
Delayed and suboptimal  rowvt. was obtained with a
&lycolaldehyde concentration of 1072 iy 2 x o™t %
supportd mest rapid, and & x 10"4 £y createst growth,

Above these concentrtici:z, nrogressive retardation zad
diminution of growth wis noted, until at 5 x 1073 i 1%
was completely inhibited (even in the presence of pyrid-
oxine). Glycolaldehyde (5 > 10"4 g) ﬁna more effective
than activated glucose 1. supporting growth on serine-
glyoine (Fig. 22, compare ii.. 14), the delay in growth
being greatly reduced, i.e., from 30 %o 1 hr. The presence
of glycolaldehyde, however, had no eflect om crowih of the
organisw in the preeence ol pyridoxine, n.tering neither
the 1z period nor the final yield of organisams (Fig. 23,
compare 7ig. 19).

Although finul growti was better in shake:s than
in statiouary vuiture under all conditions, the effect of
aeratio: was relutively .rester Ior ,~owth on &c<rine-

glyoine, 7Thus tae final mesd ou seriie~glycine and



TABLE C5-1

Growth of I, coli 3166

&3 %ho presence of wmino agids
~ Growth
(7L reading)
ilus serine-glyoine 12
Tiug AA=iG 7
Flus Zi~-threonine 8
i ioxine 21
Pl serine-giycine 24
Flus AL » PP + ¥ 22

Supplenents : glyce%aldehyde 2073 u; doxine 2078 ¥;
serine~-glyoine 10~ thr'oninu 10”7
AA~SG amino scid mixture ﬂithaut o*ine—glycine used in
1310 dilution.

th 4 PP 4 U gming geids, »lus ~urines, pyrimidinec and

vitamina usad 1n lsxﬁ dilution.
""J.Va tub. Wil Jan e L LS'&, sup lﬁmted aJ ;‘jhm'
were 1noaulatod with.gﬁ_u%&§v 66 and incubated in
sioped tuben for 84 hr



T4, 23

T S, 3 3
Zifect 1 [ iycolaldehyie on _rowts or E. e27 . B1566 on

Tr . . ‘o B -
Mediux G2 in resence and alsence of pyridoxine

3S
$-G + B

30| e
”~N
O
£
(o]
o
1_20 -
-J
w
w
./
X
-
o
OQio}
O

1 N 1 1 Il [l B |
o 10 20 30 40 SO 60 70

TIME (hr.)

-G = serin.-ylycine (1073 ).

B, = pyridoxine (107° M),

Glycolaldehyde (5 x 10”% i) present throughout.
Incubated in rocked l-tubes at 37°,
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glycolaldehyde in shaken tubes was 65-TO0% of that with
pyridoxine also present but only 5C-55% in stationary tubes
(from date of Pig. 23 and Tavle C5-1),

The optimal glycolaldehyde requirement for growth
in stutlionary culture wus scuewhat higher (lt::’:"'3 §) than in

shaken culilture,
2. On_ammonium laotate uediun

Ya.coll Bl6o did not respond to serine-glycine
alone in Medium I (¥im, 10). Addition of activated ;lucose
permitted limuited growth; <the concentration of activated
Zlucooe required beiny aprrorimately the same as with the
wholly glucose-containing ureal medium, Glycolaldehyde
(5 x 104 ¥) again replaced ectivated glucose, allowing
suboptimml growth to occur with no greater delay than when
pyridoxine wn= also present (Fig. 24). <he final growth
was nct improved by increasing the concentration of
glycoleldehyde; indeed, this was sowewhat toxic at a
concentration (10"3 g) which gave good growth on Xedium 02.

The response in lactate medium to pyridoxine
alone, or together wit. cerine-glycine, was Lot affected
by glycoiciuehyde (iig. 24, coupare Fig, 17,

whilet & x 1077 ¥ giycolaldehyde bettered the
action of activated glucore in Medium U,, it eeecmed less

effective in Mediuw L (Fig. 24). ilowever, whean inactive



TABLE C5=2
Pyridpxine raquirecent of %, goldl i 3166 in the presence

of activated giucose or g

Pizggox%gg Agtivatod Glycolaldeliyde
0, (M aﬁm.a —Alugose (07K
106 18 16 17.5
3 x 1077 15,5 14 12
10~7 5 7 1.5
3z 2070 : (2) (5)
10~8 0 (2) (2)
N1l 0 0 0

( ) signifies delay i: growth,
Aotivated glucoce wan usced in 10 nmg./ml, conc,

Five nl, volunes of &adxum G2, supplenented as shown,
were inooulated with T, coll ﬁlﬁﬁ an¢ jncubsted in
eloped tubee at 379 tar



TIG. 24

A
Effect of glycolaldehyde (5 x 107 ' &) ou the growth oI

E, coli Bl66 in ammonium lactate basal medium
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TIME (hr.)

activated glucose.
serine-glycine (10"'3 g).

pyridoxine (ZLO"6 %).

5 ml, volumes of Medium L supplemented as shown zu.
jnoculated with E. coli B166 rocked in l-tubes at 37°,

70
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givcose (10 mg./ml,) was added with the glycolaldehyde,
whereas there was no effect on the ultimate maas achieved

i: the jresence of ;yridoxine, the suboptimal srowth obtained
in the absence of added vitaxin was doudled (ii., 25,

coxpare Fi;, 24), Galactose, zluconate mnd fructosc
subatituted for gluco:e, but other rosaible earboun gources,
€.8.y arabinose, ribose, pyruvate, glyceraidehyde and

acetate, were inactive or ..uch less active.

3. Other efiects

Addition of glycolaldehyde alone t9 iedia 02 or
L did not allow of ,rowth of >, coli Bi66 or reduce its
pyridoxine requirement (Table (5-2),

From the growth response to a range of islycol-
aldelyce coucentrations i: ti- presence of serine-glycine,
activated s:ucore (10 mg./ml.,; would seez 1. ocontuizn about
l to 4 x 10™4 1 glycolaldehyde (when due allowance was
made for concurrent inhibitory eifect~ of the .ixture in
Mediun Gg) (PFig. 18, compare ri., 22)., “his value is in

&o08 agreeuwent with the resuits obtained by coliorimetyio

estimation.

Using glycolaldehyde, it was pnossible to investi-
gate the quantitative requirements of the mutant for

serine-glycine in a chemically defined medium, These were



TABLE CS5a2

Titration of L-serine and/or glyeins requirements
-.‘.‘-MMMWW

of g. goli Blgéfin the yresence of
5 x 107 g glycolaldehyd

Amino acid

%raerine

Olycine

g-serine plus

giyciue

e

Cono, (@)

10™3

2.5 2 10“?

{ ) signifies reversion.

Pive zl. volwaes of Mediux G2 with § x
and other sup
3156 and incudated in l-tubes rocked at 37°,

Growth (FEEI readigg)

ad

u
40 bhr,
14.5 14,5
4.9 3.5
¢ 4
Tr. Ty,
e 21
3 3
i 0.5
TZ’."‘ ?r.“
22 22
) 3¢9
A i
P, Ty,

84 bx,
16 17
(28) (29)
10 (42)
2 (26)
25 23
3 {30)

3 (30)*
Ty, {9)

22 22

5 (41)

3 3

3 3

10”4 ¥ giyoolaldenyae

$8 shown, were inooculated with £, coli



FIG. 25

Growth of E. coli 3}66 on Mediuw L supplemented with glycol-
aldehyde (5 x 2077 1

) wad inactive glucose (10 mg./wl.)
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unchanged when 10”5 B glyoolaldehyde was used in ylace of
activated glucose i. Hedduw 4, vith or wdliodl adued
pyridozia- (Tacle Co=3),

taogamnalian tissueg, lycodaldehyde -y uadergo
oxiintion giving firat glyonilic acid and then glyoxylic

wcid fro. whien -lvoine =ur de forued (~veis :pach aad

Sprinson, 1993, friediman, Sovi. and Jeiziivaze, 19.8).

However, s lscolildasyds (17 3 ;} +oi not reduce the glycine
re; ;ui-cuent of tas serine or oyolas wmi.wat T, ¢uli PAL,

Trwe anscificity of <. 2 seriac-glyeine rejuire.ent

- .

U - -+ -y ’ e - 2R B Ve 3 EN s a B i - :“ I3 e - LR &) r : e !
of . cH_.i 3150 wazr wnochan . ol vhen (ionlaldenydae @nue dced

L

]

in tlace of activeateld iuco 2, O all 1t~ edrpounis agein
Yested, _i-tarasaliae adoas sloosd auy aolivity, sugporting
suboptimil _rooth alter a deley of gome &7 hiv, (Tiwle CH=1)

T3 the recence ol ol 2ptinsl concentrtioca of

glycolaliiehny e =@ auooptinsl couacenirations of Ji~cerine

or ;lyciie, growtl: beoaur vorr ercutin Wf8ter 49 L,
incuoation. T use of the «ulno aecide L adsizlure always
decrae..rad the Irequency of the.e oonoraac.ties 1t d12 not
alto, ntiier ere, dienta then (Paule Gh=1),

trains ostainer T a culture sun opting
abnnrelly hewvy Sromth 0a suboptiaal coLcentr ti o of

glycine, wiu woolnted oy suuces sive [ inting on sutrieat

e A r\';'~ 3
.

agar withi the rszol-Tisn 90 Dol

o
h

# ¢olonier, £ll res on

b

unrunplenented dediu: & (Favle S5=1). Grotl wus, lowever,
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o1y B166

Key i= +y t¥y ¢+, 840,y index of inoreasing growth,

3urclexnsnt

Kil
Serine-glycine
wdycodaldenyde
Jerine—-glyeine ylus

glyeo ehyde
idyridoxine
Sexrine-~glyoine pius

pyridoxine

Congsa, of supplements: Jeserine-giyoin
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parked * in Table (5-3,

Pive i, voluacs of reliuw G2, supgplewented ws
were inoculated with the 1solate
E, goli 5160 mu incuocted i sloped tubes at 3
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more rapid in the sresence of pyridoxine or glycolaldehyde,
and most rapid with serine-glyoine., Only ‘partial’
reversion had cccurred, The rojperties «f these sub-girains

were not Durther examined.

Other

The rezponse of =, eoli Bl66 to amino acid
mixture: was lavesti.rted at various teiperatures since
E, 00li 77 was known to grow la the absence of added

vitamnin 36 if provided with a comprehensive mixture of

amino acids at 25° (Wijesundera, 1954), When incubated at
both 25 and 37°, growth of B166 took place cn Medium 0,
supplemented with casein hydrolysate only when glycolaldehyde
(1073 ¥) wee also added. With a mixture of amino acids

not including serine and glycine (AA=-SG), growt: &n the
presence of glycolaldehyde wan less then when serine-glycine
was precent (Table C5~1). The growth obtained in the
absence of serine-glycine was due entirely to the Dl-
threonine content of the amino acid nixture,

The specificity of the reaponse to serine-glycine
was further emphasised by the finding that in the presence
of added pyridoxine, growih in a complex mixture of anmino
acids, purines, pyrimidines and other vitamins, was lese
g00d than on serine-glycine (Table C5-1). The concurrent
provision of the amino ascid mixture without serine-glycine
(AA=SG) reduced the pyridoxine requirement of this mutant
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only very slightly.
Songlusions

1, Glyecolaldehyde (5 x 10™4 &) supported suboptimal growth
of [a.goll BL66 on Hedium G, with serine-glycine, in
rocked aercbic culture. Concentrations above 1073 ¥
were inoreasingly growth ianhibitory,

2. On Medium L with serine-glycine, 5 x 10™* ;i glycol-
aldehyde appsared to be less active than pH 7.4
autoclaved glucose, However, coacurreat aldition of
inactive gluocose doubled the growth response,

3. Glycolaldehyde 4id uot appreciably reduce the vitamin
BG or serine-glycine requiresents of >, ccli 3166,
Nor 444 it affect the serine~glyoine requirements of
£, 00l1% PAlS.

4, The requirsment for cerine-glycine reczained specific in
the presence of glycolaldehyde, bul there was a narked
tendency towards reversion at suboptiamal concenira-
tions of theve arino acids,

5., At no tested temperature was 7, coli B166 avle to grow
on a comprehensive auino acid wixture in the absence
of added vitawin Bé or glycolaldehyde - in contra-

e 2N 4 hati} ) 4
"n \(‘

distinctiocn to g goid &
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ia the Abaenge of Added Vitamin 3¢

Jome early atudy wae uwade of glycolaldehyde as
a possible metavolite (Mayer, 1503; Pincke, 15143 Lob,
1914 ) following the observation that it could be chemically
transformed intoc a hexose (Penton, 1837). Interest in the
biochemical potentialities of the compound has recently
been revived by the discovery of transketolase, This
ensyne , cdneerned in the *pento:e oxidative cycle' catalyses
the transference of a C,~fragment (currently regarded as
‘active glycolaldehyde' or glycolaldehyde~thiamine
pyrophosphate), from one of & series of possible ‘active
glycolaldehyde donors' to one of a number of ossible
‘acceptors' (see Gunsalus, Horecker and Jood, 1955); the
actual structure of the {, compound has not been determined.

A number of subostances either related struoctur-
ally to glycolaldehyde, or known t0 function under other
circumatances as donors or accepltore of ‘active
glycolaldehyde' (Horecker and Kehler, 1955) did not
replace glycolaldehyde in promoting growth of £, coli Bl66
on serine-glyocine. The compounds soc teated over a range

of concentrations (10”6 to 2 x 1073 M) in Seitz-filtered



TABLE CO~]

flzna p-~lydroxy-

4 x 1073 9 _—

10™3 14 12 12

5 x 10™¢ 13.5 10 8.5

2 x 207 u (5) (5)

5 x 2077 9 0 0
102 (7) 0 0
102 o 0 0

( ) signifias delayed growth,
All gompounds were adided fdeplically in Seivs~filtered
?olutian.
Five wl, voluwes of Sedium G2 plus serine-glycine
IO*BWE} end eupplementad .o above, were igggﬁlated
. , © and incubated in sloped tubes Lor
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solution, imcluded: ethanolamine, ethylene glycol,
glycollic, glyoxylic and oxalic acids, glycolaldehyde-2-
phosphate, Desrythrose-~4-phosphate, L~xylulose-5-phosphate,
sedoheptulose-T-phosphate and ierythrulose. J-iipulose=
1i5-diphosphate was also tested and found to be without
activity. It is possible that the phos hate esters ¢o not
permeste the organisn,

. Dihydroxyfumaric acid and (~hydroxypyruvic acid
wore active (Table C6-1); since the required concentration
was about 10 times that of free glycoialdehyde, this
activity might have been due to spontanecus or metabolio
conversion to glycolaldehyde,

A solution of dihydroxyfumaric acid kept at 60°
for )0 min. before use, asaayed with E, ooli 3166 as if it
had been converted to its wmolar equivalent of free .l col-
aldehyde. Some difficulty w@a eacountered with the
colorimetric assay for glyoclaldehyde when solutions of
pehydroxypyruvic acid were tested, but maximun and minimum
valuee ior free glycclaldehyde in a 5 Xx 10™3 ¥ solution of
this acid were 5 x 10~4 ana 3 x 1074 E respeotively (see
also 'ilheud, Benson and Calvis, 1956),
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Conclusicn

The apsility to promote growth of I, goli B166 in

the absence of added wvitain 36 and preaaence of serine-
glycine appears to be a specific atiribute of free
glycolaldehyde,




TADLT CTed

Pyridoxine 3 13 o 8.5
Serine-giycine pluss
Lotivated glucose 2.5 10.5%
Glycolmldehyde 4.5 1 9 10,5
Jyridoxine 1l 20 15 15

#Some growth on prolonged imcubation.

IR : 5 ;ifé—serine-—glycine 10"3' l&;
motivated giucoss 30 mg./al.} #lycolsldehyde 107 K;
and pyridoxzine 107V £,
Pive nl. volumes of fediua G2, supplemented as shown,
were inocvuiuted witu O,1 wml. ol s 13i00 EEL 10
suspension of %, coli 3166 end incudated for 30 hr. at
the tewmps, anu in tue atuosyheres shownj)

in air -~ sloped tubes,

in By + CO2 - standing tubes in modified kilner Jjar

containing Np/COp mixture 95/5% (v/v).

When 6.5 basal medium was used, this was Redium Gp
brought to pH 6.5 with H HCL,
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Chaptexr CF
g?owth of &! goé; Bl66
under Changed Cul ;

Under the usual conditions of aerovic culture
at 37° and pH 7, there is an evilent difference in the
reaponse of the orgealsa to vitaain 36 and to glycolaldehyde
plus serine-glycine (ig, 23). It was of intereet to aee
whether c¢oxzmon changes in cultural coaditions coudd

acceatuate or eradicate this difference,

Although ansercbic growth wacs overall less good
than that obtained merobicalily, the resjonse of X, coli
B166 to the compounde of interecst, remained reletively
unchanged. The superiority of 10~3 M glycolaldehyde to
activated glucose in Medium @, showed up a little better

under the-e coniitions (Table CT»1),

(v) Incubation at 25°

cprowtn in the rresence of alded pyridoxine alone
was extremelv deleyac (110 hr.), bub the docreass in
{incubatinn temperature n:l oaly a 8li:ht effect upnn

growth in the absence of added vitanin 36 (Table C7=-1),



4=Deoxy~ Serine~glyoine $.r1n.~¢1yeiuo

pyrido 1us
‘aono. (X) ahveolaldenyae _prbidorine  Erridmige
1072 4 0 0
10”3 8.5 0 0
10~4 1.5 7 0
20" 7.5 12,5 (1)
10" 8.5 16 10
Bl 11 16 12,5

{ ) signifies dslayed growth,
The 4-deoxypyridoxine was added nseytieally in Seits~

111 sred solution, Q‘h.riO” tnu::: wor: u;itn.- cine

9 P d0 e 1 .
rlvc ii ::{un.a of g diun 61 8 lcwagiod as above, i
were iaooulnt-d with nl and inocubated in

sloped tubes for 80 hr,



oone, (g ) W m W
10™2 0 (11) 0
6 x 2073 o | (13.5) 0
4 x 1073 (6) " 0
2 x 10‘3 9 20 0
103 13 22 (14)
3 x 1074 13 24 20
2074 15 24 21
N1l 16 24 21

( ) signifies delayed
The isoniasid was adde mpti.oau: in Seita~filtered -3
solation, Other supplements were, serine-giyoine 10~ |
;{rxdonm 10~ §; and glycolaldehyde 10~ J (asepsi s
ve nl, volumes ot Mediun Gr supplemented shown, were
inooulsated with B166, and ueahtod in sloped

tubes for 84 hr, & .
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(c) pH of medium lowered %0 6.5

Agaln, growth in the presence of yridoxine was
more adversely affected than that obtained on serine-glycine
piue glycolamldehyde (Tavle C7-1),

(d) 4-Deoxypyridoxine

E, ¢oli Bl66 was most sensitive to inhibition by
4~deoxypyridoxine when growing in the ;resence of pyridoxine,
Addition of serine~glycine decreased the sensitivity, while
growth in the absence of vitauin Bs was least affected
(Table C7-2),

(o) Isopissid

Again, the organis: was most seunusitive to
inhibition when growing on vitamin 3¢ (Tanle C7-3).

The addition of smerine-glycine 1o the pyridoxine-~
eontalning medium dccréased sensitivity to the farthest
extent, Growth on serine-glycine and glycolaldehyde showed
an intermediate degree of resistance to inhibition.

onncl on

The growth response of 3166 to (a) vitamin Bg

and (b) serine-glycine and glycolaldehyde, was affected
differently by various changes in other cultural conditions.




TABLE Dl~-1
Orowth of E, coli Bl67 on Medium G

with various suppiements

EEL reading

Supplemsnt 16 hr, 40 hr, 48 hr, 64 hr, 88 hr,

Ril 0 0 0 0 0
Activated glucose 0 0 0 0 <1l
Serine-~glycine 0 o 0 0 0
y muﬁ’og%ou 0 1°4 ¥ 4 10
Se cine +

glyeo shyde r. te + +* al,.’
Glyocolaldehyde 0 0 0 0 0
Pyridoxine 0 Ir. +4 + a2
Serine~glycine ¢

pyridoxine +e S +1+ *2e 20

Keys ¢ =y ¥, ++, oto., signify increasing growth,

Serine—-glyoine 10™3 a; activated
gyeolaldenyde 1073 f; pyridoxine

Go supplemented as shown, was inoculated with
s 6‘7”31&6 inoubated in liopod tudbes at 379,
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The Growth Characteristics of Other Vitawin Bg

Auxotrophs of _ccharichin coli

1. Butants showing a serine- .ycine effect
(a) Ec goli 8162

This wutant closeiy resembled Bl66 under =1l

conditions tested, i.e,, i. its abilit; to ;o040 ia tho
absence of added vitamin 36 oaly if serine-glycine and
glycolaldehyde were :»rovided, and ia the exhancezment and
stimuiation of it growth on jyridoxine by serine-glycine,
There we® no growth on Xedia Gz or L with serine-glycine or

glycolaldehyde as sole zurplements (Table Il-l),

(v) E, eoli 22/99

This differed from ths other two members of this
group in being able to grow on serice-glycine alone, and
eventually, though ounly slightly, whea glycolaldehyde was
the sole suprplement fo Mediuw G,, Growli on pyridorine
was again found to be beinted and subopilicl, best growth
being observed with & mlxture of serine-~glyocine plus either
pyridoxine or glysolaldehyde (Fig. 26).



PABLE Dl-2
Growth of B, coli DW at 25° on supplemented Mediua G2

Growth

Supplement 37 -

Ril 0
Pyridoxine 17.%
Casein hydrolysate 16
Anino agld mixture

(AA) 17
Arino acid mixturs

(AA - 3G) 20
Di~Alanine plus
"gk-ntmamm (15)
W (<1)
g;.-u.mm. 0

( ) signifies somewhat delayed growth,
sonceptration of yolementss  pyridoxime 107 6 Mj aaino

n of supi.
eold mixtures used in }:10 dilution to give final axino
aeid conos, of 5 x 10~ X (each)j DL-alanine 10-3 N;
msthionine 5 x 10 ~ M.
. volumes of Medium G2 supplemented as shown, were
taoouisted with §ocoli D¥ and incubsted in sloped tubes
for 86 hr, at 259,
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eine effect

Vitanin 36 wad rejuired by this orgaai-. Ior
arowth at 37°. At tils temperuture, 1t grew well with only

short delay on Hedium G, supplemented with 10"6

i pyri-
doxine, The final extent of growth was increazed by the
concurrent addition of « couprenensive aaino-acid mzixture
(Cixture AA) but in this serine and glycine played no
special role. slycolaldehy.s (ld“3 g) alone, or iu
admixture with serine-glycine (10-3‘3) we3 Cowpletely
without eflect,

At 25° growth va: ;ossible iu the absernce of
added vitauin Bﬁ if an acid-hydrolyszate of casein, or a
comprehensive axino acid zixture (liixture a4) was supnlied
(Wi jesunders, 1954), Serine and glycine seemed to have no
part in this replaceuert actionj the one amino acld whose

precence was found 1o ve eagential for this cliect wac 4in

fact D-alanine, Foirly good srowtl of %, coli TV was
o

s

obtained by incubat ngs at &5 1n Medium G, supplemented

with DL-alanine .ius Zl~methiounine (5 x 10~ #) (Tavle
Dl"z)o

Glveolaldelyde (::t concentrations “elouw lff"'3 5)
had no obg&r'tgz;{)le effect %) 4 the D‘I'()‘ﬂth of this .ut. 2t at

259 4n the precence of absence oI added vit ..in 3.,



TABLE Dle3
The pyridoxine requirement of s 8011 M2 in the presence
gf _serine-giycine end glycclaldehyde

| Growth (ZEL reading)

Pyridoxine il Serine~ @lyeol- Serine-glyoine «
cono, (¥) addition glyoine gldehyde ola
2076 27 21 27 27
20~7 27 27 27 27
s x 10™8 (22)  (22) (8) (<3)
2 x 107 0 0 0 0

{( ) signifies delayed growth,

Supplenents: serine~glycine 1073 5 mﬂﬂmﬂmi 10.3 X
Five nl, volumes of Medium Gg. nted as shown,
ware inoculated with la inocubated in nlaptd

tubes for 42 hr. at ¥



Fig. 27

To co:are growth of E, coli M2 ainl drototro ok E. coli 18

[ M2
—X
//////’x 518
SOF
N
O
2 40
o
<
w
o
-J
w 30}k
w
N’
x
-
o
a 20}
O
X
10
X
1 44(.2/ 1 1 ]
o 5 10 1S 20 26
TIME (hr.)

Basal medium was Medium G,, supplemented with 10~7 A

pyridoxine for Stooai Mo,
] ] A0
Incubated in rocked l-tubes at 27".
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(b) Z. cold M2

On Medin 02 and L, this mutant showed an absolute
requirenent for vitauin B, over a teuperaturc range of 25
to 37°. Zxcellent and repid growth was obtained with 10~ '
¥ pyridoxine (Pig. 27). GHarely, heavy growth appeared in
one of several tubes containing a casein hydrolysate
suprlexent, but whenever this took place, examin~tion
proved that reverzion had oocurred., In thc usual media
the organism was completely stable even at very suboptimal
concentrations of pyridoxine. Serine-glycine (1.0"'3 g)
had no observable effect either alone, or in adaixture with
1073 ¥ glycolaldehyde (Table T1-3).

7hen growth was limited uy the use of sub-optimal
concentrstions of pyridoxine, the organisus cluped
togather pr:ducing an abnormal appearance in shaien
culture. Poor growth (EEL 4) was obtained by incubating
in Yediunm 62 supplewented with 4 x 10"8 # pyridoxine in
shaken culture at 37° for 16 hr, The culture wedium was
found to contain abnoraally high concentrations of keto
acids (detegted as their dinitrophenyl hydrasones).

Conglusions

the findings are suiuarised in Tmole . i-i. It
is interestis. ‘hat an observavie elledt of glycolaldehyde
is coufined to thoue autante showing au alternative serine-

glycine requirement.



of vitasmin Be mutantis of E, coli

Serine~
Serine~ ‘glyeine
Ril Fyri- glycine & & glyecol- Serine- Glycolw
Butant addition doxine pyridoxine ’ glycine ajldehyde
B166 4] (+e) e 4 0 0
3167 o (oe) PN + 0 0
22/99 0 {+e) POV o (+e) ()
Dw 0 *+ * 0 0 0
‘2 0 +¥e >4 0 0 0
Key: growth response indicated Wy ++4, +¢, ¢y, etc,
( ) denotes appreciadle delay before commencement of orh.
mepts: serine-giyoine 10~3 ¥;j glycolaldehyde 0=J M

Supplements
w&m. p !o
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SECTION ©

Ghapter 1

Concernin; the Hode of Action of Uerine-Cl i ci.e
aad Glycolaldehyde

Effeot on other Bg-requiring ®iCroorganisns

The vitanin B, requirements of Saccharomyces
carlesbergensis 42280 were unchanged in the presence of
serine~glycine and glycolaldenhyde (10”3 # each, in Hedium

A). Nor would these compounds substitute for vitamin Bg
in supporting the growth of vitamin B, auxotrophe of
Aspergilius niduians,

Attempted production of glycclaldehyde wmtants of §§m3g%£

Several attennts were made to produce glycol-
aldehyde or scrine-glycine ;lus glycolaldehyde auxotrophs
of Escherichin goli, I. ©01i 518 was subjected t- u.v.
{rracistion followed by selection by the penicillin niate
technique using elective layers containing glycolialdehyde
(5 x 1074 N finsl) elone, or together with serine-glycine
(16'3 g). No glyoolaldehyde auxotroph was obtained.

Ninhydrin-positive compounde excreted by 7, coli Bl66 and M2

while in ignoraace of the poscible atructure of

any vitauin 36 precursor, it was thought thal cupernatants
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obtained by incubation of washed suspensions of E, colj}
8166 and £, 9oli M, witu glucoze, glycine and glycolaldehyde
might be examined for their coantent of ninhydrin-positive
oompounds. These cooulu ve of [oileatiai isportanc. as it

is possiuvle thatl the pyridine riag could arise by the ring
cloaure of an aliphatic compound ¢arrying a free a:ino
group ('Introductiocd, Chapter 2), At the same tine, it

was 0f general interext L s=« whether the pattern of smino
acid excretion was at all differeat i. the vitaumin B¢
auxotrophs as compared wit:. the paresnt prototrophns, A
changed patterm could reflect a reorientated .:=tscolisn

of the zutant organis.,

Accordingly, organisms harvested after optimal
aerobio growth on Mediua G, (supplemented when necessary
with 107°
(10 mg./ul. dry wt.) made in 0.04 ¥ phos uate buffer pH 7

B pyridoxine) were well washed, and suspensions

containing glucose ﬁﬁ4’ and ¥x'*. These were incubated
asrobically with shaking for 3 hr. at 37°, the organisms
removed by centrilugation, au.’ samples of il supernatants
chrouatographed on Vhatuwan Ho. 3 paper with a descending
solvent amixture of phenol/ﬂﬁj/water. After drying, the
paper was treated with ninhydri. iu the usuul zanner,
Three wain ninhydrin-positive cow oneuts were
detected in ull supernatants, Ldeatified b, suusequent

two-diriensional puper cliroastography in tue presence of



of vitamin Bg gggotrophs of E, Soli

Washed sus ions of or

ganisms (10 mg./ml, dry wt.) were
incubated for ) hr, at 379 in 0,04 ¥ phosphate buffer pH 7
supplensnted with 0,01% MgS04.7H20, 1% glucose and where
shown 0,1% (NH4)2804, 10~ § glyoolaldehyde and 10~° j
glycine, 0,15 =ml, sazples of the resulting supernates wers
chromwatographed (descending development with phencl/RH3/water)
and aprayed, after drying, with ninhydrin.

(a) Incubated with glucose and Ngﬁ’.

E: values of g&aﬁgﬁr&n +¥e Bpots

0.24 3} 0,62 3 0,717
0 $ 0.62 § 0,77
24 § 0,62 § 0,77
0.24 ; 0,62 ; 0,77
4 _with glugose, glyeine and glycolaldehyde

Exactly as for (a), except for the additional appear-
ance of residual glyoine (Rf. 0,43).

Identificat

Two~dimensional chromatography of 0,19 al. samples on
Yaatuan No., 1 paper -~ with markers,

¢ % Nil addition Plus marker
2§3 Marker Phen,/NHy But./Ac. Phen./NH; 3But./Ae.
0,2 Glutamioc .2 0.12 0,24 0.14
9'62  Alaninme 0.58 0.14 .57 0.16
Yaline . . o .
0«3" o.go 0,40

The fourth spot was rather weak - probably leucine or
iscleucine,
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‘markers' as glutamiec acid, alanine and valine., A fourth
and weaker component became evident only in two-~dimensional
chromatography of large sauples - this was tentutively
identified as leucine or isoleucine.

£, 0033 B1l66, but not ¥,, excreted an unusually
high concentration of glutamic acid under thesc cocnditions,
Apart from the presence of residual glyoine, exactly the
sane ninhydrin-reactive substances were identified when
the suapensione were incubsted with glycolaldehyde (3.(3'"2 g)
and glycine (19’2‘§) also present (Table :l1~1).

Inability of gzlycolaldehyde to substitute directly Ifor
Rrridoxal '

Glyoxylic acid has been shcwn to subsntitute
direotliy for vitacin 36 in certain in vitro pyridoxal-
ocatalysed reactions (Ketzler, Clivard and Snell, 1354).

It waz of interest %o see whetlier glycolaldehyde or its
vhosphate could reactivate = pyridoxal phosphate-dependent
apoenzyue. It was found that glyen.wlicehyue =mnd
glycolaldehyde=2=phosphate were unable t» replace pyridoxal
and pyridoxal=5-phos: hite in reactivating **¢ tyrosine

decarvoxylase of wushed organisme or cn acctone-dried

preparation respectively of &t
which had been grown on & medium devoid of vaitanin BG'
These coupounds at the concentrations tested diu aot alfeet



TABIE El-2

Inhibition of growth of Z. ga%i CAlS by q}ng}aldehyae

alzano. (i?,ﬂ‘ (zzz“ﬁﬁ!ﬁ?ag)
102 0
5 x 10™3 0
2 x 103 (22)
10~3 24
j T4} 24

( ) signifies delayed growth.
colaldehyde was g;: usual) added assptioslly in

Seita~filtered solution,
Five al, vo of Nedium Gg suppleasnted as shown
and wish 10~< M rine, wers inoculated with

3;315 and incubated in sloped tubes for 40
® ‘ *



TABLE El-}

Apability to overcome glycolaldehyde inhibition of growth
of E. goll $18 by high concentrations of serine-glycine

Srowth '%F;I: reading)
Glycolaldehyde

oonag, ggz Nil addition Serine~-glycine
5 x 30© 3 0 0
4 x 1073 0 0
3 x 2073 (28) (28)
2 x 303 29 29

N1l 29 30

( )s 108 delayed .

Five al, volunes Hediun supplenented as shown wers
inooulated with 3;,_‘% 518 and inoubated in sloped
tubes for 64 hr. a .
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the reactivation of the apoenayme by the vitamin B,

derivativen,

Dossible anddrotal 11%te action of glueolalldehyde

In concentrations exceedinz l@"j %, elycclialdehyde
was inhibltory to tie growih of bolh I, epli -id =l J, goli
Libt, If free glycolicllielyie could med wa o gpecifio
inhibitor of serine~glycine bisnynthenis (widch ..dght
expli.ir. so.ie of the observatiouns - ses'liscussion'), ite
ixiivitory action might ve overcoue by blgh conceanirations
of seriane-glyciue, However, glycolaldelhyde .roved
inhivitory in the presence of optival conceatraticus of
serine~;lycine to the growth of 5, ¢oll PALS whicih is aot
able to oynthesise there 2:1ind ecide (Table Li-2,. Tlwe,
glyeclaldehyde does not exercise 1ts inhioit.ry o.lects
solely, if at all, vix the dmhiovitlon of serime-g lycine
eyntheais, Tlis coaclusian :8 coanfirwed oy the observa-
tion that relatively Ligr eoncentrations of serinc-giycine
had .o effect ou the iuiliuition of growth of 7, coii 918
by glycolaldehyde (Taule YLi-1),

Q @0;‘“8 ions

1, Serine—gl atue il gilycolaldehyle had no o ‘3¢t upon

]

t,“’“ vite;ﬁin Bﬁ I‘Q’inir~mi‘f‘.‘2 “.}f Bgﬁchﬂrﬁ”ﬂicﬁq c&"law"‘

ansis 4777%c, anl e onumbor of . muxotrophs of
e
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gidlus ul

2. No glyecolaldehyde or serine-glycine plus glycolaldehyde
auxotroph could be isolated after u,v. irradiation of
E, gol} 518,

3. Ho novel ninhydrin~-positive compound was accumilated by
washed suspensions of I, coli Bl66 and E, ooli M,
inoubated with glucose, glycolaldehyde and glycine,

E, coli Bl66 excreted significantly greater amounts
of glutazic acid than did £, 0oli B (its parent) when
both were incubated in suspension with glucose snd NH*.

4, Glycolaldehyde did not substitute for pyridoxal in
reactivating the tyrosine apodecarboxylase of vitamin
nsndetioient Strep, fasecalis R, nor did glycolaldehyde
=2«phospyhate compete with pyridoxeleS-phosphate for
the tyrosine apodeocarboxylase of acetone-dried
preparstions of the asame organism,

5. The growth inhibition brought about by high concentra-
tions of glyocolaldehyde is not due to interference
with serine-glyocine biosynthesie,




Vitamin B¢ synthesis
(mpmoles pyridoxine

Nediug e Be 8Ty W)
B, coli 518 99 454
G, plus serine-glycine 495
G, plus serine~glycine
2 "plus glycolaldehyde 570
229001 B L 450
1L plue glucone 449
L plus serine~glyoine
’: alyaomeﬁ;ac 452
L plus glnooas & serine~
glyeine & glyeclaldehyde 600
Prot % X 1840
morzapii 231 p g1y serine-glyocine
and glyoolaldehyds 1930

serine-glyoine 1073 §j glysolaldehyde 1073 );

s ) * .
Pifty ml, volumes of supplemented media were inoculated
with 0,1 al, of 1110 10 suspensions of the organisme
taken from 24 hr, 379 slopes on Medium 33, and incubated
with nmx in large 1l-tubes at 37° until full growth
was achlieved.
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Serine-Glyeine and Glycolaldehyde ii: relcticn tu
Vitamin By Diosynthesirc

A possible explanation for the growth of ., coli
Bl66 on cverine-glycine snd glycolaldehyde, would be that
thnese coujpounds are, in tiis orgaiisay Jiceet or indirect
precursors of vitamin Bg. "ie xmanner in which provision
of serine-glycine and glycolaldenyde alfects vitamin 36
blosynthesis was examined uoth during growth, and with

washeq suspeasions, of sevaral organlsus,

1, ¥ith coumpetent Oorgenisis

(a) Luring growtl

Glycoleldehyde (10”3 g) ané serine-~giycine {16“3

¥) either alone or im winixture, ad 1ittle eflect on the
amount of vite.in Dy synthesised during growt: of Z, goli
518 or %, colji T on Xedium G,, or of Proteus ucrganii 231
on Medium E (Table 12-1).

vhen the serine-glycine .utant 5, eoli :'AlD
was grown on growth=limiting concentrations of glycine, the

amount of vitamin B, synthesised (expressed in teras of
amount/g. dry wt, organism) was greater ¢than when optimal
growth was aochioved in the presence of an excess of the

amino scid (Table ¥2-2).



PABLE X2-2
Synthesis of vitamin Bg by E, gol4 PALS

(a) During growth

Yitanin 3§ nzgthnsin
Glycine Growth '
conc, (¥) (EEL reading) conc. (M) wymoles/g. dry wt,

5 x 1072 66 10~6 500
10-2 60 1.1 x 106 565
5 x 10™3 35 1.1 x 10~6 1100
2 x 3075 15.5 5.5 x 10™7 1550
10™3 6 2.8 x 20™7 1870
5 x 104 k| 1.4 x 10”7 1870

(b) Using 'pre-depleted’ suspensions

Vt.tlmia Bs ﬁynthoe 13

0
Glugose pius 334* 800
Glucose plua Nﬂ4 and glyoine 720
Glucone plus XH & glyoolaldehyde 800
Gluaove plus lH glyeine
ﬁlyaohmwd. 960
5 wl, volumes of Medium mglmnd with
oine as shown, were inooulat i PAlS and
bam uﬂh rockina in j-tubes ut ) Baxinus

growth was ttained,

snsi ons ams were harvested after
pius 10™ ; glyoine (a growth~limiting

mﬁuﬁtm), mhod in 0.1 ¥ phosphate buffer pH 7 and
resuspended in the same st h buffer supplemented with
0,01% Mgs04.TH20 and othar substrates shown. Inocudation

(ssrobic in rocked )-tubes) was for 6 hr. at 37°,



TABLE F2-3
Serine-glycine and giyeolaldehyde and vitamin Bg

m}nah h! g, ¢oli TW and ¥, aalg 22/33
: Total vit.Bg synthesis
Bupylmutl $3: : (numoles pyridoxine
’ /€. dry wt,)
h) E..coM b (259) e oseeae s —
%a&u | 26 33
Q mid mixture
22 28
Aminc utd alxture
(AA-8G) & serins-glycine
& glycolaldehyde 23 73
(v) X, ool 22/99
Serine~-glyeine 21 180
s.m-- ecine and |
yycoﬁiﬁohyde 28.5 424

sono:  AA-BG was used at J310 dilution giviug a
. per amino acid of 5 x 10~4 ¥} serine-glycine

10-' ¥; and glyocolaldehyde 103 E.

Mty ml, volumee of Nedium Gp supplemented as shown, were
nomm with 0,2 nl. of a 1110 suspension of orgsnieas
Saken from a 24 hr, 37° slope on Medium 53 and incubated

e l-tubes with rocking at the temperature indicated
g:tﬁrgni'-a growth was achieved,
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(b) Iz suspension

Cerine-glycine and glycolaldehyde (10'3 5 of
each), did not enhance the 'basal’ syitnesis of vitu.ia Bg
obtained when suspeasions of X, ¢oli B or rProteus morganii
231 were incubated witl glugo:e and iH,", Preliuinary
Yadaptation' t. the uce of serinv-glycine and glycol-
aldehyde by growti im thie procence of these cowcwnds, had
no cobservable «fiect on -uissjuent vitamin 36 biosynthesis,
Vitauln 3¢ synthesis frow glucose and §H4 by washed
suspensions of glycine-depleted Z, coli PAl> was not
increased by further addition of glyeine (‘wcle .2=2),

2. Vitawi: 36 synthesls oy e 'leaky' pyridoxins auwroteoph

woich dexsastratcs po ser-ue—-glycine eifeev

N

¥, coii W was grown aerobically at 25 in
Kediua v, suppiemented with (.+; an amino acid wixture not
inoluding serine wmiu giycine (AA=3G), and (o) the same
sainc acid wixture but with 107 3 & each of serine~glycine
sua glycolaidehyde, iiore vitu.iu 3, was formed uuring
growth in ihe presence ol aerine~glycxne and g&ycglaldehydo

(Table L2-3).



PASLE ¥2-4
Biosyuthenin nf vitamin Bg during growth of prototrophic
B and auxotrophic coli B166

?ttmm Bg qmtmua

Supplemvents "

Nil 465 Ko growth
Serine~glyoine and

sotivated glucoss 400 25%
Sexf lyeine and |

&ycolaldshyde 470 420

ng; Aacunt of vitamin Bg within the organisms wase about
of the whole, but varied with the age of the culture,

Supplements: serine-glycine 1073 i glyoolaldehyde 107 jj
aoctivated glucose i0 mg. glucose/ml,
900 =l., wvolumeas of Hediuu &2 agzlamted a3 shown were
inoculated with 0.1 nl, of an ion of organienm
Saken from & 21 hr. 175 slope on Medium 81 e84 incutated
with constant rotary shaking at 37° for
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3. Vitanmin Bg biosynthesis by those pyridoxine auxotrophs

of EE goli which recspond alternativel:r to serine~glycine
plus glycolaldehyie

£, coli B166 -
(a) In_growth

The ability of mutant Bl66 to synthesise vitaain
B when srowins on serine-glycine and glycolaldehyde (or
activated glueose) was tested, and coxpared with that of
the ;rototrorh E, 6oli 0 (Trble Flw4), The reculte given,
are in ter - of the total vitaanic B*f) content of the culture
(or;=nizsz and medium) at full growth, ‘ynthe~is of
vitamin B, by the mutant under these conditions was of the
same order of ragnitude as that of the rarent strain on
unsupplemented busal medium,

Fhen ¥, coli Bl66 was grown on ¥ediuz G, containing
serine-glycire and glycolaldehyde, the distribution of
vitamin 36 between organizus and culture fluic varied with
the age of the culture ir & sisilor ferhion to the sehaviour
already noted with =, coli ©18.

mLere was no chan o 1z the saount of viterin Bs
syntherised when vedium G, plus serine-glycine and glycol-
aldehyde was further supplemented with casein hydrolysate,

a mirture of purines and cyrimidines and vitemins other than
'1t°’1n.36‘ In particular, the synt.esis was uaaliected
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by addition to the xzediur of thia iie (10'5 i) or adenine

plus nisotisie acid (ZL!{)""4 2.

(o) 1n suspension

Although after growth of {, goli Bl66 i: the
presence of ].C»"6 " pyridoxine, about 507 only was rocovered
g agsayable vita: in 36’ there weos 170Y recovery when a
warned suspgenaion of 11456 was incubated aerobically with
lﬁ's'g pyridoxine for £ hr, at 37%., It =cened, therefore,
thet o38lble deyrsdiatiy. of synthesi~ed vitani: 36 would
not be sufficienti’ grr2t to interfere with ths study of
its viosynthecis by washed suspensions,

Wallewashed suspensions of E, coli 3166 harvested
from pyridoxine-~containing iedia, syntheni-ed iittle
vitamin 36 when subsequently inocubsted i. phosphate buffer
containing ¥g**, EH¢*, Zlucose, serine-glyocine and glycol=
aldehyde. Organisuc grown in the nbsence of auded vitamin
B6 Were abie to syubueslise the vitumin is such betier yleld,
The wctusl aagnitude of the eyuthesis voricd fron experiment
to experiment wven thouzl. sreat crre wan texern to grow,
harvest and treat each owtcii of organisxs ldentically,
w4t} euch w=shod sus_ envions, some degree of synthesis of
vitoulsn Bg was alwaye obtainable with glucote end Nﬂ4’,
but this weco invariab.y enhanced b,y the addition of

glycolaldehyde., %ith serine-glycine and giycolaldehyde



TABLE X2-5

Synthesis of vitamin B¢ by washed suspensions of E, coll

Bl166 grown on Hedium G2

(100 x ymoles

Hil eddition | 0
Glucose + KHy i
Glucose + glycolaldehyde r'd
Glucose + serine~glycine 2
Glucose ¢ NHs4* & glyoolaldehyde -
Glucose ¢ serine~glycine and
&lycolaldehyde 32
Glucose ¢ NHg* and serine~glycine
and giy shyde
Serine~glycine ¢ gilycolaldehyde

g 56060
=+ & ¥Xoooo

'

it
e
-3

me, ! glucose 1%; (NHg)2804 5 x 10”2 ¥; serine-
. 1) glyocolaldehyde 10™J X,
re grown on Medium G2 with serine-glycine and
i Poolaldehyde, and washed in 0.f ¥ phosphate buffer pH 7.
"Pre-depletion' was by further incibation in this buffer

for 3 hr.
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a8 80le aubstraten, 8s1ne vitaoin 35 wa3 forued, though not

as much as wshen 5lucose wyua esacurreatly present (siz. 28

3}

ant Taole “2=6),

It wus thought ti:t the 'Susal' syniliezis
obtaiced on glucose nn’ WK4* might be due 10 the carry=-over
of some precursor(s) formed by the orgz.iexs during their
growth on serine-zlycine and . lycolaldenyde - the substrales
anose elfect on vitauls S blosynthesls 1t wag Zesircd %0
test., An attexzpt was made to rewove the ‘'precursors' and
s0 decroaze the olank synthesis, by starvatics >f the
oriaanisna rrior to uce., Altor harveating froa thce serine-
glycine Dlue glycolaldeiyde medium, tlie cells were wazahed
t-dce with 7,1 U phoaphate buller i 7. suspcasions
(5 mg. wl..  ii hosphatle buffer of the snze sirength and
pR, containing N, 10 S’Ig;'éﬁ‘.ﬂibf) were rocked wolebicully
at 37O for 2 to 3 hr. ODrgasiem: ac trented were termed
‘deplet-d' »nisus, They were waolly uuat.c to synthesise
vitanin 3, frow glucosc and %, " but were able to do so
when glycolaldehyde (l«’?"3 #) was furtuer aedded. Serine-

<%

&lycine enhanced tuc syalienis (Pige 22 «nl Tavle 12=5),
The actual yleld of vitazin B agaii varied from
pateh to batclh of depleted cell~ urced, All showed an
abaslute re-iivenest for glycninldehy e for any asynthesis
of the vitamin. %he synthesis in the _r«sence of &lycole

aldenyde and/or gerine~glycine, 88 wuch lacreased by the



TABLE £2-6

Synthesis of vitamin Bg by pre-deyleted, washed

suspensions of E. ocoll 22/99

Vitasin Bg synthesis

s (100 x pmoles pmaomt
- -
Nil 0 0
Glucose and RR{ 7.5 0
BE,* + glyeclaldenyde 0 0
Glucose « NH,* & glycolaldenyde 13.5 0
Glucose & serine~glycine 6 0
Serine<glycine + glycolaldshyde 0 7
Glucose ¢ serine~glyocine
& glyocolaldehyde 18 i8

Key: organisms A - grown on Medium G2 with serine~glyocine,
B ~ grown on Medium Gy with serine-glycine
| and glyeolaldehyde.

Supplenent conc, * G}mon %3 serine-glyocins 20™3 X
glycolaldehyds 107~ N; RH,* -~ 5 x 107¢ ¥ (m4)zsa4.
The organisz was grown on She media indicated, in 500 ml,
volumes shaken at 379 until maximum growth was attained,
harvested, washed and ] epleted by asrobic inoubation
in 0,1 ¥ phosphate buffer pH 7 for 3 hr. at 37°. The
reharvested organisme were suspended in the same conc., of
phosphate duffer containing 0.0 moi.mzo plus the
supplenments shown, and inocubated serobically with rocking

at 37° for 6 hr, |
Sanples were acid-extracted and assayed for vitaain 36 at

tize O and after inecubation,
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addition of glucoze, This mlght serve sulh B8 &a encry)
Mu;rly an? oo the source of another carbgne frugnent wiaich
would otherwise have to be _rovided by enicgencus

natabolisn:,

E, colil 22/99 - This ‘vitanin 36 suxotropn' grows optimally
on serine~glyeins and glycolaldehyde z:nd iess well o:x
serine-glycine (7ig. 26), More vitsuin 36 was synihesised
when it was grown on glycolaldehyde rluc serine-.lj cine
than when it wus grown on serine-glyclue only (Tasle 2-3),
Jince good pravih waa obtalinsbie on Medium Gz
pluy serine-;iycine, it win thought that suspensions of
organisuss 80 grown might not show an obligatory requirement
for glycolaldehyde for vituain 36 aynthesic, Tiis proved
to be correéct, for suspensions of ", coli 22/99 which had
been grown on serine-—iglyci.- and depleted by aerobic
incubation in phosjphate ouffer, were capable of syntl.csising
vitaain 36 €0 souwe atent Lrou glucose and BH‘*. Synthesis
was still enbh:.mced by tie Lurtuer grovision of ..
aldehyde,
Conversely, suspensisie nbtuined by 'depleting'
organisma grown on serin —-glicine plueg glycolaldehyde,
would synthesise vitamin 36 oniy viren provided vitli uoth

glycolaldehyie and serisc—glicine (Tacle 2=§6),
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Conciurione

i,

3.

-~

Vitanin 36 synthesis oy the competent organisas tested,

both during growth and in suspension, waus 0t enhanced
by the addition of cerizne—glycine and glycolaldehyde,

Vitaamin B* ?yntﬂﬁﬁlﬂ by I, coll D% growiag uun an waino

acid asixture at 25° was increaved uy the lurther
addition of gerine=glyciue .n. _i,codzlueryde,

LERE ]
1t

Thire was nio merzed .o ercice vetween e sivuat. of

4

vitanin 36 By..thesiced of sili-t,pe [, ¢uili 2 wad the
matant straisn BlGO when . rowis. oo Yediuw GZ SUy . lew=
weated wit.. serine—_iycinc 2ud glycolelideljae,
Juazensions of J, egoll 7106 harvested and washed «lter
growth oa odida 62 supplenentcd witii serine-giyocine
plus glycolaldehyde, .ouli synthesisc vitanin Bg from
glucoa: and §H4+. Tre aynthesis wao such iaproved by

the .rovisioan of glycolaldehyde.

&, 11 tas orgauiss: used were fir:t depleted Ly lucuvating

2 ts - hr. in aerctic suspensiss at 377 in rhou_uauate
oul fer plus Eg’*, then no vitoni. 36 synthesis was
optat ed when tiv celll were Buisequentl, luculoted
with __ueo-e cud BH, T, Cysthecis of the vitauin was
then snolly devendext u o0n xi,colinlienyde, .urlher
aiuitic:. of gerine-glyoine gsomewhat inproved tle

synthesie,
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6. Susrencions of ¥, coli 72/93 harvested after growil ou
serine-glycine, 'nl 'dejlcted' solor $0 use, were
~t11l able 9 asyathceise vitamdn o frow glucose sad

. * . . Uy ne -
NH, . The gynthesig was erein ecolionced by serine-

4
glyoine and giycolaldehyde.

7. Suspensions of 5, coli 22/99 growa ou = erine-glycine
plua glyeolaldehyde and ‘'depleted' vefore use, were
unable to asynthesise vitaui: 3& urlers oosth zorice=

&lyoiie and glycolaldehyde were u.a_lied,




DISCUSSION




During the ocourse of this etudy, all but one of
the possible approaches discussed above (pp. 31 %o 40),
were followed, The cxccptian'wun that employing isotopes.
Application of the isotope-dilution technique to the
fdentification of possible intermediates, and incorporation
studies with labelled pregursoxrs, were held up by the nom~
availability of an organism producing suffiociently large
quantities of vitamin B., Methods would first have %o be
developed $0 obtain optimal extraction of the comparatively
saall anocunts of the vitamin synthesised by the available
organisms, Instead, attention was directed towards the
vitaain,Be auxotrophic organisms, The growth of E, goli
B166 in the absence of vitamin B in a glucose-containing
nedium supplemented with serine-glycihe, but not in a
lactate mediunm containing the same aminoc acids, was
partiocularly intriguing, and was studied in detail, The
resulting discovery of the essential role of glycolaldehyde
was encouraging, particulsrly in view of the current
interest in 'active glycolaldehyde' metabolism, When i%
was further found that the amount of vitamin Bg synthesised
by B, coli B166 grown on serine-glycine and glycolaldehyde
was not signifiocantly less than that amount normally
synthesised by the prototroph E, goli B, it was thought



possible that a study of the glycolaldehyde requirement of
this organisa aight lead to the identification of a more
olosely related vitamin B; precursor, This explains why
80 much attention is here devoted to an appraisal of the
growth eharacteristios of E, goli B166.

Work with these organisms was handicapped by
fheir limited synthesis of vitawmin 36‘ Thus, no eonclusion
may be drawn from the observation that produotion of the
vitamin by Esgherichia c¢oli was not enhanced by addition
%0 the minimal media of any plausidble supplement, for it
is possible that the adequate de novo synthesis from
glucose plus un‘* oould not be surpassed. Even the vitamin
Bg synthesis of the most productive organiem used, i,e,,

aid 235 at 4 pmole/g. dry wt., is much too
small to represent anything but a minor comsitment of the
main carbon source, MNore immediate precursors might be

diverted under such circumstances along alternative
astadbolic routes,

The inability of casein hydrolysate, purines,
pyrinidines and other supplements suoh as shikimic and
j-hydroxysnthranilic acids, to enhance the ‘basal’' synthesis
of vitamin Bg from glucoss plus NH, by wild-type E, coli

nii, might indicate a precursor rols for
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direos products of carbohydrate metabolism, as in shikimic
&old blosynthesis. Were formation of such a carbohydrate-
derived precursor, the rate-limiting step in the bdiosynthesis,
provision of & second fragment, e.g., in the form of an
anino acid, need no% result in increased vitamin Bs Lormation.
Aerobioc incubation favoured vitamin Bg synthesis
fron glucose plus NH,*. That nicotinic aoid might be
required, was to be expected; the need for thiamine might
be more significant - this vitamin plays an important role
in the transketolase reactions of glugose oxidative
eatabolisxm,
The inability to obtain visamin B¢ aynthesis
from simple precursors in more than slight yield with
cell-free extract preparations, and to enhance even that
dittle which was odtained by addition of & number of
plausible substrates and gofactors, was again %$o be
expected, since the proper funotioning of a miltituds of
sequential reaoctions was demanded. Cell-free extracts
are of greatest value when one or two-step transformations

ow are studied,

RESULTS OBTAINED WITH VITAMIN Bg AUXOTROPHS
e

It appears that vitaanin Bc mutants of Ea 9034
are diffioult to produce, and conssquently rather rare,
Perhaps tue difficulty is restricted to this organiem fop
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Pyridoxine auxotrophs have appeared frequeatly amongst the
produats ol irradiation of pspergiliue nidulens snd
Beurgsporp (Pontecorvo, 1953). Vitamin By mutants of

Ey coli might die off very rapidly in media unsupplemented

with the vitanin (of, Pontecorvo, 1953} Bauman and Davis,
1957).

Bo evidence for s common route of biosynthesis of nicotinig
acid and vitamin B6

Ko multiple mutants of E, coli requiring both
nicotinic acid and pyridoxine were obtained, and no sparing
effect was demonstrable of one vitamin on the requirement
shown for the other by any auxotroph.

It might yet be found that the apparently novel
route of nicotinic acid biosyntheeie in E, eoli, Bagcillus
subtilis (Yanofeky, 1954), and Aspergillus nidulans
(Pontecorvo, 1953) is due to no more than the exietence in
these organicms of & mechanism for the direot hydroxylation
of anthranilic mcid (MeCullough, 1957).

j-Hydroxysnthranilic acid, anthranilic acid and
shikimic s0id did not inorease vitamin 36 production by
B, coli, nor, on the other hand, did serine~glyeine and
glycolaldehyde have any apparent effect upon the
quantitative requirements of a variety of indole, tryptophan

and nicotinic acid sutants of E, o0oli,



Glycolaldehyde was able to reproduce in every
partiocular the biological activity of activated glucose
with these mutants; an optimal concentration counsistentiy
improved upon these actions. Even the observation that

glycolaldehyds could at no concentrasion satisfactorily
substitute for aotivated glucose in Mediuam L, was fully
explained by the concurrent action of unchanged glucgose,
Although absolute reliance may not be placed upon a '
colorimetric reaction as unspecific as the diphenylanine
reaction used in the Dische-Borenfreund method, the aseay
of the glycolaldehyde content of activated glucose sanples
by this means is sufficiently accurate for it to be
concluded that,
(a) sutficient glyocolaldehyde is probably present to
acoount for the biologioal activity of the sauples j
(b) the glycolaldehyde is formed only during the
specific autoolaving procedure necessary for the
production of activated glucose,

Glyeolaldehyde, too, would possess tl.ose chemical properties
attributed to the active factor as a consequence of its

behaviour during attempted extraction, e.g., a highly
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hydrophilic character with o tendency towards instability
in alkaline solution,

Any formation of glysolaldehyde from glucose
during alkaline autoclaving would probably proceed by way
of seission of the li12-enediol intermediate into C, and C,
freguents (Pig. 29, after Wolfram and Sghumacher, 1955).
This acoords with the finding that the sugar aloohols
oould not be activated by autoslaving, for these compounds
would be unable to form the enediolate ion. Then again,
so0ission at this pesition apparently demands the migration
of the hydrogen atom from the C=3 hydroxyl group. This
oould not occur in J=O-methylglucose, which was signifi-
cantly unable to form ‘active factor',

All the findings therefore support the hypothesis
$hat the activation of glucose solutions by autoclaving at
a slightly alkeline pH, is a funotion of the concurrent
formation of glyeolaldehyds.

Several cases are known cf the development of
biological motivity during heat-sterilisation of glucose~
containing media (Orla~Jensea, 1933; Dysou and Peterson,
1949; Cheldelin, 1954 Hachisuka, Kato, Asano and Xuno,
1955; Ramsey and Lankford, 1956; FPield and lichstein,
1957; Sergeaat, Lankford and Traxler, 1957). When the
medium contains amino seids, Maillard-type, or other,
interzotions between these and the hexose have been
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descrided. For exampls, N-D-glucosylglycine has been found
%0 possess the same growth stimulating sotivity for
2a0v0D0014lus gayonii as medium-autoclaved glucose (Rogers,
King and Cheldelin, 1953). Soission produota have
ogeasionally been held responsible for the growth stimulatory
or inhibitory effects of autoclaved glucose; pyruvate
replaced autoolaved gluocose for 34 googous salivapi
acillus bulgerious (Smiley, Niven and Sherman,
1943; Snell, Xitay and Hoff-Jorgensen, 1948), while
reductone was a bactericidal component of glucose carsmels
(see also Hondolfo and Hounie, 1948). The present study
appears to be the first to impliocate free glycolaldehyde
as a component of alkaline autoolaved glucose of possible
blologieal eignifioance.

soli Bl66

This 1is not a true vitamin ,8 suxotroph, for no
concentration of any known form of vitamin 36 gould
reproduce wild-type growth characteristics; instead, only
suboptimal growth occurred after long delay. It is obvious
that the lesion in the organism is not confined to inter-
ference with vitamin Bg biosynthesisj some other biosynthetie
pathway is manifestly affected. It seems that thie might
be the bicsynthesis of serine-glyoine, for when these amino
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a0ids were present with pyridoxine, then rapid and good
growth resulted. The organisa is therefore multiply blooked
= being at least, a serine~glycine plus vitemin Bg auxotroph.
Even s0, the growth attained on supplemented simple medis
never equalled that achieved by the wild-type parent
organism on the unsupplemsnted media. Another peculiarity
is that the vitamin Bg requirement of this strain was some
ten times that of E, coli M, which showed an absolute
requirement for ths vitamin,

Acceleration and enhancement of growth by serine-
glycine in the presence of pyridoxine, could conceivably
be a ressult of conversion of the vitamin into an even more
aotive form, or of incressed permeability of the organiesm
40 the vitamin. This is hardly likely though, since even
very high concentrations of all known forms of the vitamin
could not improve growth of the organism in the absence
of the amino acids. Altematively, there might exist a
growth-limiting state of serine~glycine, or other, defioi-
ency during growth on the vitamin,

Serine-glycine must serve a double function, for,
besides the growth-enhancement effect, together with
glycolaldehyde these azmino acids effect a vitamin Bg
replacement, The amino acids must be ooncerned with
glycolsldehyde in this second function, else glycolaldehyde
alone would be expected %0 evoke at least the suboptimal

growth achieved on vitamin Bg.
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Ia contrast to serine-glycine, glyoolaldehyde
Beems to0 have no speoifio action on the organism other
Shan in its role in vitamin Bg replacement: under no
ciroumetance did glycolaldehyde exercise any effect in
the presence of pyridoxine. If this is the oase, thea,
as free glycolaldehyde was required at a concentration
soae 500 times that optimal for vitaamin Bgs edther 4L aust
be very rapidly metabolised and destroyed by the organiem,
or it acts only indirectly.

As growth of the organism was possible on
certain supplements in the absence of added vitamin Bgs the
firast question to be answered was whether the supplemants
reduce the vitemin 36 reguirement of the organisa, or
partake in ite synthesis.

Gongerning the vitamin Bg-sparing abilities of serine-

and glyeo 4 de

Serine-~glycine and gliycolaldehyde could replace
vita:iu.ts for this organism if they were the sole products
of function of the vitamin when growth was taking place
on an otherwise minimal mediuam, What is known of the mode
of action of the vitamin (see 'Introduotion’, Chapter 1),
is evidence emough that thie is iampossibdle,

The alternative reamains that the sutant is
partially able to synthesise the vitamin, i.e., it Ls o
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'leaky’ vitawin By mitant and the amount formed is
sufficieat to satisfy all its functions except those of
synthesising the essential metabolites serine-glycine and
glycolaldehyde (Fig., 30)., Provision of these would allow
of growth of bacteria with a suboptimal coatent of vitawmin,

There are asome indications that serine~giycine
might in fact have some sparing effect on the vitamin B¢
requirements of this organism, e.g., the reduced pyridoxine
requireasnt for growth, and the inoreased resistance to
ighibition by 4-deoxypyridoxine and isoniazid in the
presence of serine-glycine (Tables C2«1, CT-2 and C7-3),
This agrees with the known funotion of vitaxin 25 in the
aynthesis of these, as of all other amino acids,

The activity of serine-~glyoine was not solely,
if at all, = function of its vitamin Be-sparing ability,
for it would be impossible so to explain its marked growth
promoting effect in the presence of excess pyridoxine,
Besides, even if only the vitamin B, replacemeat aotion
is considered, the possibility that it was due to a reduced
requirenent for the vitanin must be rejected fori-

(a) growth in the presence of serine-glyoine and glydol-
sldehyde ocourred with much lees delay than with an
excess of any form of vitamin Bgj

(v) glycolaldehyde alone had no pyridoxine-sparing effect;
(¢) serine~glyocine and/or glycolaldehyde, had no marked
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pyridoxine-sparing action with E, cold M, or E, goli
D at 37%

(d) serine-glycine and/or glyeolaldehyde, had no benefiocial
effe0t on the alanine plus methionine supported
growth of E, gold DW at 259

(4) when the matant was grown on serine-glycine and
glycclaldehyde the amount of vitamin B, synthesised
was practically identiocal with that produced by the
parent wild-type organism growing on unsupplemented
medium,

This last observation alone would sesam to exolude the

hypothesis of sparing action, for, in cases of genuine

vitanin-sparing action, synthesis of the vitamin i=
generally obviously subnormal, Numerous examples uight
be given, but those most relevant to the present study are
the behaviour of Streptocogous fascalis R and ¥, coli DW,

When Strep, faecalis R was grown on a2 full replacement

medium containing D-alanine, the synthesis of vitanin Bg

was very small and the organisas consequently atrikingly

.dcfioiont in pyridoxal phosphate (Holden and Snell, 1549).

B, 90l4 DV grown on & mixture of saino aoids at 25° showed

diminished vitamin Be-easyme activity, restored by

supplementation with & suitable fors of the vitaxzin

(wijesundera, 1954} Denmen, Hoare and Work, 1355). Tven
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when growing at 25° on Dl~alanine plus Dl-aethionine,
synthesis of vitamin By by the erganism was markedly

sudoptinel.
It is assumed of course that the subestance which

was assayed by Saccharomyces carisbergensis 4228c, in
extracts of Bl66, was astually vitamin B, and not a
precursor as effective as the vitamin in supporting growth
of the yeast. Confidence in the assay was partially
Justified by the finding that asssays of Bl66 extracts

gave approximately the same results when performed (rather
less asscurately) with E, soli M.

The esvidence by direot assay of norsal vitamin
Bg synthesis during &rowth of E, coli Bl66 on serine~giyocine
and glyecolaldehyde, whilet being the most powerful argument
against the functioning of these substrates by vitamin 36‘

sparing ability, is the most suggestive of a precursor role
for these gompounds in vitamin 36 blosynthesis, The great
inorease in resistance of the organism to 4-~deoxypyridoxine,
when growing on serine-giycine and glyoolaidehyds, if
interpreted along the lines suggested by the observations
of Rabinowits and 3nell (1953), would support this view,

However, it seems that this i» not conclusive evideace,
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Sor a vitamin-sparing action would also be expected to
deorecase sensitivity to the antimetabolite. To assesa the
contribution made by serime~glyoine and glyecolaldehyde $o

any synthesis of vitamin Bgy they are best considered
individually,

(e) Serine-giyoine

The position with regard to these amino acids,
is ocomplicated by their playing more than one metabolie
role. They are essential metabolites, and besides any
proposed funciion in vitamin B; synthesis, might to some
extent be able to reducs the requirement for taias vitamin,

From close examination of the growth properties
of E, eoly B166, the conclusion ssems ineacapable that
serine-glycine provision is essential for the synthesis of
vitaain ’6 by shis organism. Thie need not necesesarily
mean the direct incorporation of either of theee amino
aoids into the vitamin B, moleculej the mechanisn of
aotion could be indirect and peculiar %0 these auxoirophs
(vide infra).

| The inabilisy of serine-glyocine to influence
vitamin Bg aynthesis by those compolent organisme tested,

night, as suggested earlier, be only & consequence of the
small and apparently restricted synthesis obtainable and
cannot be regarded as excluding their funotioning as
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Precursors of the vitamin, HNor in view of their relative
qQuantitative requirements, can any certain conolusion be
drawn from the finding that vitamin Bg synthesis by E, coli
PALS in growth and suspension was unaffeoted by (assumed)
serine-glycine deficienoy.

With washed suspensions of E, goli B166 (even
those depleted of precursors by preincubation), RH‘* oould
adequately substitute for serine-giycine in vitamin Bg
biosynthesis, though for maximal synthesis, both serine-
glyoine and FH,* were required, Perhaps with the major
quantitative requirement for the amino acids already
satiafied, the organism is capable of sufficient de novo
serine~glycine synthesis to furnish the requirement for
vitaain 35 formation, lore probable is the existence of
an endogenous pool of serine~glyoine developed during
growth on the armino agids and more than adequute 0 meet
the demands of a very amall vitamin BG synthesis. It is
therefore somewhat surprising, if gratifying, to have been
able to demonstrate an absolute reguirement {or serine-~
glycine in the synthesis of vitaain Bg by pre-depleted
suspensions of L, 0oli 22/99 grown on the amino acids plus

glyoolaldohydc.

(v) @iycolsldehyde
All the evidence suggests a funotion for
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&lycolaldehyde in the biosynthesis of vitamin 36 by E, ooli
Bl166,

It was unfortunately imposaible to produce
suspensions of the organism harvested after growth in the
absence of glycolaldehyde which were able to synthesise a
significant amount of vitamin Bg. It is therefore probable
that the more limited vitamin BG synthesis from glucose
and m‘* was made j0ssidle by the participation of endo-
genous intermediates formed from glycolaldebyde during
growth, Even so, addition of free glycolaldehyde invariably
inoreased the yield of vitamin., By ‘starvation’ aftor'
harveatlng, suspensions of organisms were obtained which
were incapable of synthesieing vitamin 36 from glucose and
BE4+4 glycolaldehyde 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 conourrently have been done them, normal synthesis
of the vitanin was odtainable on provisiocn of glycolaldehyds,
and the most acceptable explanation is that during the pre-~
inoubation in phosphate buffer, utilisation with consequent
depletion of endogenous supplies of glyeolaldehyde or/and
its metabolic products had been achieved,

Results with washed suspensions of B, coli 22/99

support these findings. Here, glycolaldehyde was even
required for optical vitauin B, synthesis by suspensions
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of organisms which had been grown with serine-glycine, and
which, it zust be assumed, were capable of limited synthesis
of glyoolaldehyde products. Synthesis of vitaain By during
She growth of this mutant was greater with serine-glyoine
plus glycolaldehyde than with serine-glycine alone, (under
which conditions it must be regarded as 'glycolaldehydeo~
deficient').

A8 with serine-glycine, the inadility of
glycolaldehyde to increase the amount of vitsuin B; formed
by ccmpetent microorganisms does not exclude the posaibility
that it may participate in its synthesis,.

It was interesting to find that aupglcmantatiﬂn
of the medium with serine-glycine snd glycolaldehyde
enhanced the suboptimal synthesis of vitemin B by I. godl
DV at 25° but had no apperent effect on the growth of the
organisn at 37°. at which temperature the block in vitaain
Bg foruation seems to be complete. Again, there was no
detectadle action of these compounds on E, coli 4,, Saccharo-
nyces carlebergensis 4228c and égngggi&&ggngggglﬁgg,bi.pyrol.
It is reasonable to assume that the lesion in vitanmin Bg
synthesis is in these orgenisms subsequent to the point of
action of serine-glycine and glycolaldehyde.

In summary, the evidenmce for the participation
of glycolaldehyde in vitamin B, biosynthesis is somewhat
stronger than that supporting a similar role for serine-

glycine. However, it appears that these amino acids must
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be concermed in the synthesis, if ealy iudirectly.

Possible importance of a thira factor

ihe maguituue o the growth recpomse of E, ¢old
Blod ¥0 serime~glyciue and giycolaldehyde was dependent
upon the basai mediuwm uscd, It sesus that some Jurther
substance is concerued wath these couwpyounis in the nutritionm
of the organisas, and ia particular, in the vitamin BS
replacenent motion. Thiz substancve is more readily avalle
able when gluvose rather thaa lactate ic the main carbon
source, Rerhaps, could the factor be provided preformed,
growth on serine-~glycine plus glycolaldseayde would at
deast attain the level found wlth serine-glycine plus
pyridoxine, wihilst growth under bolh conditiocne might
Aachieve that maximuu reacidd oy the ,colotroph (i.e,,
assuming that the factor possesued isportant Luactions
besides i3 role ia vitamin 8¢ viosynthesis).

Alternaitively, the nature of the carbou source

migat otnerwise aifegt the properties of the orgsuisu,

NATURE OF THE METABOLIC LESION IN E, Coli Bl66

Asswaing that, as the product of a single
irradiation, B, ooli B166 suffers from a single mutational
ehange, the lesion must induce & nunber of metabolic

defects, for the organisn poasesses, -
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(a) & block in vitamin Bg biosynthesis which may be over-
come by supplying the organism with serine-glycine
and glycolaldehyde (and another faotor?)j}

(b) a partial dlook in serine-glycine synthesis., Partial,
because the organism can grow in the absence of
added serine-glycine; %o consider pyridoxine (10‘8 %)
a8 a precursor of the required concantrations of
serine~glycine (10'3 W), or as the sole product of
utilisation of the amino acidas, is absurd, Indirect
evidence suggesting the existence of a partisl bloockage
only in the synthesis of these amino aoids, comes
froa the finding that the serine-glydine requirements
of E, 00li Bl66 are less than one-tenth those of
B, coli PAl3;

(c) a defect in the synthesis of glycolaldehyde, and of
the hypothetical third factor, if these are normal
netabolites, I1If the utilisation of these aubstirates
is an abnormal (artificial) process, thea it is the
inferred nstural metabolite, i.6., the product of
their assimulation, whose bliosynthesis is obstructed,
Thie mesabolite need not funotion solely in vitamin
36 biosynthesis,

Now, there are seversl possible methods whersby a single

metabolic lesion might injuriously affect more than one

route of biosyathesis -
(1) by oross-inhibition whereby an accumulated precursor
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could inhidbit the utilisation of other metabolites;

(2) by the funoctioning in each biosynthetic route of &
reaction~specific catalyst (enzyme or coensymes) whose
provision or agtivity is curtailed;

(3) as a consequence of the existence of a common pPreacursor.

The possidle mechanicsas of oross inhibition in
this mutant may be divided into two mmin types: (a) where
& precursor in vitamin Bg synthesis interferes with serine-
glyocine bdioaynthesis; and (b), where an accumulated
serine~glyoine preoursor completely prevents vitamsin ’6
biosynthesis (Fig. 31). OGlycolaldehyde might under these
eircumstances be conaidered as acting by circumventing or
overcoming the ifnhibiticn, It obviously does not function
by circumvention, i1.s.,, by feeding into the stream of
reactions after the blocked step, for this would mean that
in case (a) vitauin Bg would be an obligatory requiremeat,
and in case (b) that growth should ocour equivalent to
that obtained with pyridoxine alone when glysolaldehyde is
the sole suppleament,

‘ Alternatively, glycolaldehyde might aot as an
antimetabolite (perhaps removing metabolic reetriction by
combining with the inhibitory yrecurser I, and so remdering
4% ineffectual). The marked growth-inhibitory properties
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of concentrations of glycolaldehyde little greater than
those optimel for the observed biological activity, and an
inhibitory sction of glycolaldehyde-2-phosphate on the
growth of Reisreria gonorrhoese and B, proseys (Racker,
1954), might seem to support such a hypothesis. That
&lycolaldehyde is aoting only by this mechanisa is impoesible,
for in case (a) no growth could oecour in the absence of
vitamin B.. In casas (b), removal by this mechanism of

the inhibition %o vitanmin 35 biosynthesis would certainly
be at the expense of introducing an absolute serine-glyeine
roquirciant, but no growth should be possible on pyridoxine
plus glyeolmldehyde.

It 1s not nbvious, therefore, how the behaviour
of B166 could be explained on the basis of any cross
{inhibition mechanism and only one possidility remains (if
an antimetabolite effect of glycolaldehyde is postulated)
which will toke gccount of the concurrent requirement for
serine-glycine; this ls %o suppose a common precursor for
vitaszin B6 and serine-glycine and a specific antimetadolite
action of glyeolaldehyde in inhibiting the bdlosynthesis of
the amino acide (Figz, 32). A partial blookage of the
synthesis of coaaoL precursor A should have to be assumed,
together with preferential synthesis of serine-glycine from
the small amount of A formed Shereby., Glyocolaldehyde, by
preventing the synthesis of serine-glycine, would effectively
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direct the available supprlies of A t0 vitamin 36 formation,

bt oaly at the expense of the imposition of an absolute

serine~glyoine requirement. This scheme can be discounted

on the basis of:

(a) the great disparisy in the quantitative requirements
for vitanmin and amino acide respectively;

(b) the fact that the serine-glycine requirement is not
increased (e.g.,, t0 the level optimal for E, ecoli
PAl15) by the addition of glycolaldehyde;

(¢) glycolaldenhyde~-induced inmhibition of growth of ¥, ecoli

518 i8 not overcome by high concentrations of serine-

glyoine;
(4) glycolaldehyde is equally inhibitory to the growth of
F, 01} 518 ( on Medium G,) and E, coli PALS (on

Mediua G, with 107° ¥ serine-glycine).

2. Dependence upon a commoun catulyst

Thie explanation proposes the existence of a
catalyst of reaction-specificity only and which is common
to all the otherwise independent routes of biosynthesis,
e.g., 48 in the 'transaninase mtants'. If the formation
of the catalyst by the organism ie totally prevented, thea
the sffected resctions represent ite sole functions under
the conditicns of growth ueed, If the smutent is 'leaky*
and only partislly deficient in the catalyst, then the
required supplements are products of resctions 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, colj
B166 to suggeat the existence of this form of interrelation.

An extreme example is the case where the common
catalyst possesses strict substrate specificity, i.e., all
affected products arise from the saue precursor,

3. Origin from a common . recursor

This remsins as the most probable explanation of
She properties of E, goli B166, Even so there appear %o
be insuperable objections $0 any explanation based on the
assumption of a preocursor common to serine-glycine and
glyoolaldehyde only, with vitaain 36 arising froa the
utilisation of one or both of these products, e.g., Pig.
33a & b. To account for growth being obtainable with
vitanin Bg alone, it is necessary to postulate an abilisy
10 synthesise some serine-glycine, and it is then not
obvious why the organisa should be incapable of growth on
&lycolaldehyde alone, or alternatively on serine-glyoine
alone. Perhaps viable counta would show that some
reproduction does occur under these oconditions though 14
is insufficient to produce visible growth,
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To account for all the vagaries, it seems that
She scheme must be made even more complex by the supposed
participation of another product (X) arising from the
gommon precursor. A situation siailar to those represented
in Fig. 34a & b would result.

Serine-glycine could be directly concerned in
the synthesis of the vitamin. On the other hand, presence
of the amino scide might merely allow diversion of what A
is synthesised to the formation of X, and thence in the
presence of glycolaldehyde to vitaumin 36. It organisms
grown on pyridoxine alone were sexrine~giycine deficient,
then the likelihood is that the oanly funotion of X is in
vitazin 36 synthesisj on the other hand, if sufficient A
was being formed to satisfy the serine~glyoine requirements
of the organisa, then the suboptimal growti. on vitamin 36
alone, muest be the result of X-deficiency. The former
situation would be represented by Fig. 34a, and the latter
by Fig. 340,

Assuning that vitamin 36 eynthesis is optimal
when the organism is growing on serine-glyocine and
glycolaldehyds, then it is difficult to explain the less
good growth of B166 under these conditions as compared

with that obtained on serine-glycine and pyridoxine, by

any other means than by assuming a defiociency of another

factor, X. Pyridoxine might reduce the requirement for

this factor,
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With E, gold 22/99 the same difficulty does not
arise, for growth on serine-glycine and &lycolaldehyds is
quite as good as on serine-glyoine and pyridoxine. It
appears that the lesion in serine-glycine synthesis is
qQuite as severe in this mutant as in B166, for growth on
pyridoxine is suboptimal; 22/99 is seemingly better able,
however, to synthesise X and glycolaldehyde, 8o that
growth is now possible (though slow) on serine-glycine
alone, Suboptimal and long delayed &rowth on glycolaldehyde
alone is possibly due to the ability of this strain to
synthesise X rather than serine-glycine.

In sumnary, it aust be stated that although the
most likely hypothesis is one which proposes the origin
of the oritioal compounds from a common pregursor, the
interrelationship is at present too confused for any
metabolic scheme to be assigned it with certainty,
Especially is this the case when there is evidence to
suggest the participation of another as yet unidentified
compound,

POSSIBLE ¥ODE O ACTICN
(a) Serine-giygine

It has been suggested that, while in £, Coli B
serine can be oonverted to glyocine, the reverse reaction
doss not normally ocour (Roberts et al., 1955), though the
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existence of suxzotrophic strains of E, goli responsive to
serine or glycine is proof that serine may at least be
formed from high conceatrations of glycine (Keinhart and
Simmonds, 1955). The existence of such mutants might
suppose the functioning of only one route of glycine
biosynthesis, yet in soxme strains at least one-third of the
glyeine arisinafrroﬁ glucose was not formed via L-serine
(Meinhart and Simsonds, 1955). Serine can arise directly
from products ;: &lucoase metabolism, probably at the 03
level (Arastein and Keglevia, 1956), The suggestion has
recently been made that in animal tissues triose phosphate
Bay be convertible to f~-hydroxypyruvate phosphate and
thence to serine phosphate (Iohihara and Greenberg, 1955;
1957). In E, opli grown under certain conditions,
glyoxylic acid may be formed by an active isooitritase
(Smith and Gunealus, 1954) and be convertible to hydroxy-
pyruvate (Krakow and Barkulis, 1956).

Boll (1954a & b) has described a synergistic
action of glyeine and pyridoxine upon the growth of
sxoised tomato roots, It appeared that this was the
result of vitanin-sparing action, as many other unrelated
anino acids possessed similar activity to glycine;
ethanolamine and choline were eyen more active.

In anizal tissues, a direot relation may exist
between serine, glycolaldehyde and glycine, i.e,,
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serins ~» gthanolamine —» glycolaldehyde —» glycollic acid
~> glyoxylic aoid —» glyoine (Weissbaoh and Sprinson,
1953). There has been no report of the operation of this
reaction sequence in bacteria; apart from Nord (1919),
no-one has reported bacterial ethanolamine formation by
serine decarbdoxylation. There is cerdainly no suggesetion
that such reactions are operative in B, coli Bl66; +thus
ethanolamine did not substitute for glycolaldehyde, nor
glyoxylic acid for glyeine, If s common precursor for
serine~glyeine and glycolaldehyde need be postulated, it
might be a 03 compound olosely related to triose and
perhaps to hydroxypyruvate, Whilst possessing aome
glycolaldehyde~like activity, hydroxyppruvate was less
active than free glyeolaldehyde, and would not substitute
for serine-~glyoine, There is no strong reason, however,
40 believe that free hydroxypyruvate is in equilibrium
with the ¢carbohydrate-derived precursors of serine-~glycine
and glycolaldehyde.

From the mere fact of their being amino acids,
say participation of serine-glyoine in the biosynthesis of
vitanin 35 carries with it the suzgestion that one of these
is ths vehicle for the introduction of the pyridine
nitrogen atom, but no evidence of this has been obtained,
If 4o 1abelled amino acid is found 0 be incorporated
into the vitanin 36 molecule, then lsu-labolling must be
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Wsed %0 confirm the similtaneous origin of the nitrogen
atom,

I% has been pointed out above that the serine-
glycine requiremeats of E, golj Bl66 are rather less than
one~tenth those of %, coli PAl5. Rapid degradation has
been held to account for the abnoranlly high serine-glyocine
requireasents of such mutante as the latter, together with
the quantitative importance of these amino actds 1nvcl
metabolism and pwrine and porphyrin biosynthesis (Meinhart
and Simmonds, 1955). Perhaps the rate of this destruction
is for some reason reduced in B166, or more probably, this
strain is capable of synthesising part of its own require-
aants,

With indirect evidence for a funotion of
p-aaminobensolc acid in vitanmin Be biosynthesis by yeast
(Moulder and Woods - unpublished), the possible hydroxy-
methylation or methylation of either an aliphatic precursor
or, less likely, the pyridine ring, muat be considered,
Serine could act as the C; unit donor in sueh & reaction,
but this would not explain why vitamin 36 synthesis should
be preferentially afiected by its deficiency; indeed,
§ood synthesis of vitamin Bg could be ocarried out by

serine-glycine depleted E, coli PAlS5,
No explanation is offered for the enhanced rate

of reversion of Bl66 when growing on sudboptimel serine or

glyoine concentrations -~ nor consequently, for the
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Somewhat lower rate when the amino acids were used in
admixture, This behaviour is not unique to 3166, other
exanples having been reported of inorsased reversion rates
on suboptimal concentrations of required metabolite or,
alternatively, decreased reversion rate in the presence of
optimal concentrations of the nutrilite (Ryan and Schneider,
1948).

(b) Giygolsldehyde

There is mothing known of glycolaldehyde to
suggest 4ts funotioning ee a precursor of vitamin 35. As
desoribed earlier (Chapter C6) the activated O, fragment
transferred in transketolase-eatalysed reasctions, has
tentatively been identified with ‘active glycolaldehyde*
or glycolaldehyde~thianmine pyrophosphate, though the astual
evidence for this is slight (Horecker, Smyrniotis and
Klanow, 1953). |

Glyoogenio activity of free glyocolaldehyde in
anizals (Mayer, 1303) and the appearance of free glycol~
aldehyde in the products of yeast fermentations (Neuberg
and Rosenthal, 1914) were early reported. A species of
Fucarium produced glycolaldehyde when metabolising pentoses
(Wirth and Nord, 1942), as did also
when grown on ethyleas glyeol, D-xylose or L~arabinose
(Xaushal, Jowet$ and Walker, 1951); sisilarly, glyeolaldehyde
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phosphate wae & product of pentose phosphate metabolism by
haemolysed human erythrooytes (Dische, 1938)., The revexrse
reaction, 1.e., the utilisation of free glycolaldehyde or
i%s phosphate for the biosynthesis of pentose phosphate
has been reported on many oocasions (Porrest, Hough and
Jones, 1951; Marmur and 3chlenk, 1951; HNcGeown and
Malpress, 1954).

Sable (1952) was unable to show glycolaldehyde
production during the aetion of aeveral cell-free extracts
(8.8.y 0f yeast) upon ribose~3-phosyhate, He showed,
however, an oxidation of reducedi LPR or TPR in the presence
of added glycolaldehyde, which he attributed to the
ococurrence of a diesutatics reaction catalysed by alcohol
and aldehyde dehydrogenases,

The forzation of glyocolaldehyds hss been
suggested as the first step in ethanolamine metabolisa in
animal tissues - to give eventually glycine (Weissbach
end Sprinson, 1953), or acetate (3prinson and Weliky, 1954).
Using 2-34C-lavelled glycolaldehyde, it was shown thot free
glycolaldehyde injected intraperitoneally into rats was
very rapidly metaboliced %0 glyoine, with minor conversions
t$0 formate and curbon dioxidej; some 13}% was excreted in
the urine as an unidentified derivative (Friedmann, Levin
and Weinhouse, 1956). Kun, Dechary and Pitot (1954)
demonstrated the oxidation of glyoolaldehyde to giyocollie
and glyoxylic acids in rat liver, while Buyze (195%)
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obtained indireot evidence of ita reduction to ethylene
g§lycol by certain Lagtobagilii. Free glycolaldehyde Las
been reported to partioipate in two further metabolic
reactions, (a) as substrate with triose phnosphate of
aldolase, giving a ketopentose phosphate (Glook, 1352),
Adentified as Dexylulose-l-phosyhate (Byrne and lardy,
1954), and (b), as an ‘active glycolaldehyde' acceptor
giving rise presumably to eryshruloss (Horeoker and
Mehler, 1955). Whether free glycolaldehyde can enter into
equilibrium with the ’'active glyocolaldehyde' fragment 1is
not known. The isctopie data of Friedmann et al. (1956)
suggest that in animal tissues it cannot,

In the light of these metabolic transformations,
it is significent that ethanclamine, ethylene glycol,
glycollic and glyoxylic acids had no glyococlaldshyde~like
sotivity for B, eoli Bl66. Hor was any of the 'active
glyocolaldehyde donors’ tested capable of substituting for
free glycolaldehyde, MNost of these were phoephate ssters
which it is conceivable were unavailable to intact
organisms (though see Hacker, 1954). Dihydroxyfumaric and
f-hydroxypyruvioc acide probably possessed activiily as a
result of spontaneous or metabolic oonversion to glycol-
alaehyde (Neuberg and Schwenk, 1915) Powers, Tabakoglu

and Sable, 1956; Ushara, Muramatou and Mori, 1953;
¥ilhaud, Benson and Calvin, 1936). Perhaps the most
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significant result of all was the inactivity of free
L-erythruloss.

It has beea concluded from the high optimal
oongentration of glycolaldehyde (5 x 1074 to 1073 K) that
if its Qolo action is iu vitamia Bg bloaynthesis, it acts
indirectly (even by a mase actiocan effect?), or else that
it ie very rapidly destroyed by the organisam. Free glyeol-
aldehyde in the presence of glucose is wetabolised
extensively and rapidly in growth and in suspension by
E, ¢c0li B166 (iulder - unpublished).

There is no evidenee that glycoclaldehyde itself
is a natural metabolite in Escherjiohis coli, or, even if
it were, that i% shares a common pregursor with serine-
glyeine, The finding that the rate of reversion of I, goli
PAl5 in suboptimal ooncentrations of serine was partioularly
high when glycolaldehyde was also present might serve as
evidence for some relationship between these compounds,

Ro glycolaldehydes mutant of E, @oli 918 was found, but
thia ie of course no evidence that they caunot exist,

It was to be expected that glycolaldehyde would
not directly substitute for pyridoxal, or ita 2-phosphate
for pyridoxal-S—phosphate, in reactivating tyrosine
apodecarboxylase, On purely chemical consideratious, even
though glyoxylie acid omn emulate pyridoxal in certain of
its 'model’ reactions, glycolaldehyde should be uuable o
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substitute for either. Although it possesses the necessary
free aldehyde group, it does not carry an opposed elegtro~-
philie grouping -~ supplied in glyoxylic acid by the carbonyl
group,

T ret 8

Althoush there is no evidence for the partiocipa-
tion of ulln;na in vitanin B, biosyntheais, the scheme of
throo-trngnnnt'ayuxhpais envisaged originally by Snell and
Guirard (1943), and used ehemically with great success by
Cohen, Haworth and Rughes (195%2), remains an attractive
hypothnstnﬁii only because the postulated c‘ fragment
(giving rt;i to C~4 and C~5 of the pyridine ring with their
hydroxymethyl substituents) could resemble a possible dirsct
product of ' carbohydrate end more particularly glycolaldehyde
metaboliss. A formyl substituent on the predestined C-5
would be btrnmocioally placed for spontanecus ring closure
with & !too anino group which might be supplied by glycine.
Al thuv would now be required would be methylation at the
Ce2 pqaition and dehydrogenation (compare Fig. 2b).

| kﬁ, In the present state of knowledge, speculation
of this nature, though fasoinating, is of no value except
a8 gf‘nido to future experimentation., A%t present it must

not 6v¢n be assumed that pyridoxine is the first product
of %’ntholit from which all other forme of the vitamin

o
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arise., The S5-hydroxymethyl group might be phosphorylated
prior %o ring closure even though a potent pyridoxalkinase
is known to exist (Hurwits, 1955). The 4'-substituent might
be a hydroxymethyl, aldehyde or aminomethyl group., Although
there is no evideance of ribotidation of the vitamin, the
precursor might Le synthesised as a N'ribotide with the
anino group arising not after all from an amino acid, but
from phosphoribosylauine,

Y CONCLUSIONRS

We are little nearer to the solution of the
problem of vitaain B¢ biosynthesis. Yet it seems that
the foundations may now have been laid for a more rapid
and successful assault on the problea, i.,e., with the
discovery of a possible precursor roles for a glyocolaldehyde
metabolite, at least in select mutants of Escherichim coli,
together with some izplication of serine and/or glyoine.
It is possible that the production of vitamin 36 from
glycolaldehyde, serine-glycine and glucoss, is an alter-
native to the normal route of biosynthesis which is
available to these mutants, but by use of these compounds
suitably Y4c-labelled, some intermediates along the bio-
synthetic route, might yet be identified even in the
coniinuod absence of an organism which synthesises the

/
vitamin in large amouat,

[
{

!
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Dihydroxyfumaric acid - prepared from tartaric acid by
the method of Powers, Tabakoglu and Sable (195%) and the
hydrate recrystallised from agqueous methanol,

Porcamidine ~ prepared frozm thisurea by the method of Brown
(1952). Hydrochloride i#,~, (uncorr.) 78°,

Formiminogliyecige - from formamidine and glycine oy the
method of von Frits, Micheel and Plitsch (1952). Re-

crystallised froz alcohol-ether-water mixture, V.o,
(uncorr.) 217°.

Giugose reductone (enoltartronaldehyde:hydroxymalonic
aldehyde) - isolated froz products of action of alkaili
on glucose (voa Puler and Hartius, 1933). Kecryatallised
froum dry ethyl acetate and then three timzes fro- boiling
water., reas~coloured needles ootained; solution
showed proaounced u.v, absor.tion maxima at 267 mp (i
2) or 287 ms (pH 14),

Giycolaldehyde - based on the metiiou of Fowers, Tavaioglu
and Sable (1955)., PRifty g. of recrystallised dihydroxy-
fumaric acid were added to 170 wl, of _yridine and
heated in a water bath at 50~55° with stirring., Evolution



of gas occurred and stirring and waraing were continued
until a c¢lear solution was obtained. The solutica was
transferred to a 200 ml, flask, and the pyridine
removed under reduged pressure at 35°, The distillation
was continued until the teamperature of the distillate
rose to 25-27°, indicating that most of the pyridine
had been removed. An o0il bath was substituted for the
water bath and the distillation continued with the
receiver packed in ice and the v-th temperature raised
to 160°, The distillate obtained :t a temperature of
about 90° was glycolaldehyde. The syrupy distillate
wag placed in a vacuum desiccator over conc, H2304. and
NaOH pellets, Cryatallisation etarted spontaneously,
“hen complete, the sroduct was dispersed in a small
volume of acetone, filtered mad air dried, iue product,
(m.p. 88°) was re.laceu im the desiccator.

To recryataliise, 50" mg. of the crude product
was heated under refliux with 30 wl, acetone uatil
solution waos complete, It was filtered and the filtrate
allowed to atand over siliocn el ia a desiccator at 29,
After a wmoath, crystals of glycolaldehyde (..p . 94,5-
95%) were deposited.

2;2&9£2§1§2&§1&£2££!£§§QQQIQQ - frou sucrose, by the method
of Haworti and Jounes (1344). Ia the final cistiiiation
at 110-115° (ovath temp.), and 0,5=-C,6 mm, Hg pressure,



2-(hydroxyacetyl )furan sublimed over (Miller and Cantor,
1952)., At 145°, a yellowish, mobile oil was obtained.
When kept overnight at 2°, this solidified. Unsuccess-
ful attempte were made to reorystallise this manifestly
impure product from an sther/petroleum ether mixture.
Aqueous solutions showed a u.v. absorption peak at
225 mu, and another much stronger peak at 280 mu,
#olarity of the stock solutions was determined assuming
a molar extinction coefficient of 16,200,
g=hydroxypyruvic acid - by controlled alkaline hydrolysis
of (=-bromopyruvic acid (Sprinson and Chargaff, 1946).
~=Bromopyruvic acid waz recrystallised twice froam hot
chloroforn, when a white, crystalline solid of m,p. 59
was obtained. 835 mg, of p-bromopyruvic acid was
weighed into e 250 ml, beaker and dissolved in 3 ml.
of water. The resulting solution was now iitrated
egainst 0,107 H-NaOH. Por complete neutralisation, and
hydrolysis 93.9 ml., would be required. The 'l was
followed throughout with a siusc electrode, The first
portion of 60 ml., was added quite yuickly, the LH
remaining below 7 throughout, The remnant had to be
added very slowly (1 ml, every 15 min.), so that the
pH at no time exceeded 8.5. The final molarit; of the
solution was calculated from the amount of standard
alkalli consumed. The p-hydroxypyruvic acid was used

a8 produced, i.e., in solutiou contaiuing aa equiuolar
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concentration of NaBr,

Methylglyoxal - this was produced in solution from dihydroxy-
acetone (Umbreit, Burris and Stauffer, 1945) and assayed
by the method of Friedmann (1927).

Hibose~->-phosphate ~ prepared in solution with adenine and
phosphate, by the controlled acid hydrolysis of ATP,
A 0,05 i solution of ATP was made 0,01 § with respect
to HCl, and kept in a boiling water bath for 3 hr,
After cooling, the solution was neutralised with NaOH
and diluted.

3OURCES OF OTHER SPECIAL CHEIICALS

$ =aminolaevuli¢ acid - gift from Prof. A, Neuberger,
AT? - as the disodium, trihydrate salt crystalline, froa

muscle. Sigma Chemical Corp, Kept at «15° over eilica
gel.,

2 - noayﬁa&e '75' of the Sigma Chemical Corp., HNeutral-
ised solution used. Stored at -159.

-dsoxyoyridoxiage - (Nutritional 3Jiochemicals Cors.).

Seita-filtered stock solution (10“1 %) at 29,

Dihydroxyacetone - prepared oy IJr, ..U, Tucker by the
partial oxidation of glycerol wxith Agetobacter

guboxydans 621.
rose=4-i:hioapliate - a spegimen of the cyclohexylamine

salt of the amcetal, was donated by Dr, Clinton E, Ballou,



A solution of free Pwerythrose-4-phosphate was

obtained f£rom it by the method of Ballou, Pischer and

MaoDonald (199%5), i.e., a solution of 10 mz, of the

salt in 5 wl, of water was swirled for a minute with

2 ml, of Dowex 50 (H* form; 0.2 m.eq./ml.). The resin

was centrifuged off and the supernate kept in a tightly

stoppered container at 40° for 18 hr, The 0.1%

solution of the free ester was neutralised before use,
i~eorythrulose -~ a sample in the form of its o-nitrophenyl-

hydrasine was givean by Dr, B,.L. Horecker. A solution

of free L-erythrulose was prepared according to the
method of i@ller, Montigel and Reichstein (1937),
modified for use on a miocro scale.

Glucose=-6-phoaphate - a sample of the barium salt was given
by Mr, R.W., Wakelin. The free phosphate eater was

liberated by quantitative precipitation of the barium
with 82804. The stock solution was neutralised and
Seita~-filtered.
Glycolaldehyde - (Light and Co., Ltd.; and Fluka, A.G.).
g&ycolaldegxga—2eyhoaghaxe ~ a specimen of the barium salt

was g lven by Dr. E. Racker. The soluble sodium salt
was prepared by batch treatment with inverlite IR 50O
in the Néﬁform. The wmolarity of the solutions used
was checked oy colorimeiric estiaation of viwwsphate

liberated by perchloric acid digesiion, by the method



of Piske and Subbarow (1925).
Isoniasid ~ (Roohe Products, Ltd.). Stock (1071 1) solution
was Seitz-filtered and stored at 29,

Eenicillin - crystulline penicillin G (Glaxo labs.). 1650
units/mg.; weighed out into sterile water, and used
immediately.

Penicillinase - standard preparation supplied by Iistillers
Co. as either (a) sterile solution, kept at 2%, or
(b) freeze-dried material kept at -15° and made up in
aterile water Jjust before use.

3-thosphozlyceric acid - a 103 E solution of the asodium
aalt given by Dr. K,M. Jones,

Ribulose-l :j-diphoshate and sedoheptulose~T-phosphate

- samples of the barium salts were given by Dr. B,L.
Horecker. The sodiuam salts were prepared in solution
by batch treatment.with Amberlite IR 50 (in the Na®
forn).

Shikinic acid - (¥erck and Co., Ine.).
Yylulose-5-ghosphate — & specimen ol the barium 3alt was
donated o5 “r. 3.l. Horecker, The sodium salt was

prepared in =molution by batch treatment with Auwberlite

I 5C,

VITAHINS
B)2 - dilutions were made from a standard 2 my,/nl. solution



in physiologicai saline, stored at 2° ('Anacobin’,
B.D.H., Ltd,).

EXG - pteroylglutamic acid (Lederle Lavoratories Division
of the Ameriocan Cyanamide Co.). Dilutions made in
sterile water fro. a stock (.1.0""‘3 i) sterile solution
kept at =15°,

Yyridoxal-HCl, pyridoxamine-ii.. aud culcium salts of

Ryridoxal-s5-~phosphate and .yriuoxauane-j=-phoschate = (Merck
and Co,, Ino.;.

Eyridoxalej=phosyhate wiu yridoxine-HCl - (Roche Products,
Ltd.).




-¥idi~

AVPERDIX ¢
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gutriggx broths

w3 - trystic meal broth.

Bullocks' hearts were cefatted, minced and
weighed, then 1.1 tiues their weight of hot tap water
acded. The alxture was orought to 30° and maintained at
this temperature and at pH § for 30 min. After cooling %o
430. pancreatic extract was added (0.1 volume of water
used). After 4 hr. constant stirring at pH 8 and 45, the
pH was brought to 6 aas the teuperature raised to 35°.
Following i hr, steaming in an autooclave, the umixture was
filtered through musli.u and Green's FEQO4LX2 while stili
hot, then cooled and its pH adjusted to 7.6, Storage was
at roox temp., in the dark over CKGI3.
1GB ~ tryptose glucose broth

Bacto~tryptose (Difco) .o 10 g.

Glucoﬂe [ X } L X ] [ 3N ) ® % * 0 10 6.
Kzt*-:‘ .o s . . .0 X :‘ e
Yeast extract (Difce) .. .. 2 g
salte solution (mixture B).. 5 mla

16/ liver extract (Oxoid) .. 10 1.
-E"inal vo:-ume tO .o . .o {:}{;C; ;Hl' , ?H 6.8
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Procedure: warmed to dissolve, nade up to volume with
water, boiled and filtered through Green's F9904l/2.
pH adjusted to 6.8,

Solid medim

AgRYr -~ severel grades, viz.,
BDH ~ used for solidifying non—-defined media.

Difco - used when fairly high degree of Jurity required.
Washed agar - used when growth-factor-free agar required,
To prepare - Difco agar (100 g.) was placed in
8 5 litre glass jar and washed thoroughly with 4 litre
glass distilled water. The agar was allowed to settie and

the supernatant carefully decanted. This _rocedure was
repeated 10 times. The wet agar was sucked dry on a Buchner
funnel and further washed with two 4 litre volumes of
redistillied azeo—-alcohol, agaisn filtered on s 3uchner

funnel (4 hr.) and then placed ii a vacuum ove:n at 38° over
anhydrous Cu.l, for two days,

Hutrient agar

(a) Oxoid nutrieat agar - 23 g, of .rumnioes in 1 litre

water, ! 7.2, IUterilised 5’ autoclaving 1" 1%,.sq.in./20 min.
(b) -aseln-.urcite agar -

“ryptic digeet ol casein .. 66 wl,
104 'armite solution .. .. 2 ml,
BOH agar .. .. «¢ <o s 5 Ee
Water ee es os se e 2GO0 n1,



The marmite and casein hydrolysate were dissolved in 100
ml, water, the agar welted by steaming in the other 100 ml.
end both mixea when hot. Auto. 10 ib.sq.in for 2O ain,
Hedium L - tryptic meat agar,

Tryptic meat broth .. .. 500 ml.
Suod agar P .o .o se £ e

e W S

W&ter o a2 e ) s s N Lile

Procedure: agar anelted o steasing with the water, the
T3 also heated and thoroughly zuixed with the agar.
Distributed, «utoclaved 15 lb.8qQ.40./10 min. =2ad sloped.

dediua 52 - tryptose glucose agar.
Aacto tryptose (Cfifco) .. 10 3.
GlUuoon® o oo o5 se oo 10 g.
xzﬂPo4 o e [ [ X [ 2 go
C‘co3 e e e . s s 3 60
Saltes sola, (mixture 3) .. 5 wle
16% liver extract (Oxoid).. 10 ml,
Agar (BDH) es os ss s 15 g.
W&tﬁr t0 P P s PR P 1000 mlo

Frocedure: dissolved oy steaning, mixed and distributed.
Autoclaved 15 10.8Q.in./10 win, Solidified. J3tabs,
llediunm S}_- tryptic casein agar,

Tryptic casein digest .. 330 aul.
Agar (Eﬁﬁ) e e e o0 20 e
v?at‘l‘ o »e s soe oo 670 il .

Procedure: egar melted in water by steaming, thea casein
digest added hot. HMixed, distributed, autoclaved 15
1b.8q.in./10 min., Sloped.



Medium 84 -~ glycerol yeast agar.

Glycerol .. .. .¢ oo oo 40 ml,

Yeast extruct (Lifco) o .. 9 Ee

Agar (BDH) ce ee  ee  we 14 g.

Wiater t0 .. .. e« oo oo 1000 wl,, pH 6,0

Procedure: agar melted in 500 aml, water by steaming, the
remaining water (460 ml.) added to the yeast extract and
glycerol and heated. The pH was adjusted to 6.0,
Distributed, autoclaved 15.1b.sq.in./l15 min, 3loped,
Medium S5 - mould medium agar.

Malt extract oo 22,5 g, K32P04 ee se A0 g
Ammonium tartrate 5,0 g. ﬂ3504.7H20 oo 0.5 g.
Yeast extract NaCl «n s oo ol g

(PLLCO) ve ow 9.0 &. Caﬁlz (anhyd. ) 0,05 g.

S“OI‘O“Q ¢s oo 2.0 &. R, HO ee oo 1.0 g
Fe*t as iron 3

oitrate .. 2 x 10-5'5
Agar 20 g, and water %o 1000 ml. pH 5.5.

Autoclaved 10 1b.sq.in./20 min. 3Sloped.

Medium A - for the assay of vitawin 3, with Saccharomyces
garlsbergensis 42280. 500 aml, of double strength medium

containg ’

@Glucose se ee e 9,0 e
bmaPO4 e .0 %e e 55[3 mg.
CaCl, (anpyd.) .. .. 100 g,
KCl LA LR e e 425 mﬁn



Xl

23304.7320 A VS T
MnSO‘.4320 ee e e 2.5 g,
Citric acid .. .. .. 1.0 g.
Sodium oitrate,.3H,0 .. 5.0 g
Ag¢ld-hydrolysed
casein (10%6) .. 20.0 ml,
r.c13 s se wve e 2.9 ng.
Vitamins:
3iotin .. e ee oo 8.0 F&e
Inositol ce ae ee 22.0 mg.
Caleium pantothenate 2,5 mg.
Thiamine es es e 0.25 mg.
Nigotinic acid .. .. 2.5 ug.
Procedurs: all except vitamins added to about 400 ml,

water, brought to boil, simmered 3 min,, cooled and
filtered if necessary., Vitamins added to filtrate and
sufficient H-HCl (about 1 ml,) to bring pH to 5«5.2.
Volume made up to 500 al,

Mediun B ~ for growth of vitauin Bg-deficient Strep,

faecalis i, 1,000 ml. final volume contains,
GlUCOSe .. +¢ oo oo s 20,0 g,
KH2P04 ee os se se s 8.0 g
Pl~alunine .. .0 a0 e 270 ag.
§~cyataine.HCl ee «s oo 130 ng.
DL-tryptophan .. .. .. 100 mg.
Acetic acid (glacial) .o 0,85 wl,
vnioglycollic acid (redist,) 0,08 al,

 Acid-hydrolyased caseia (105) 0.0 u1,

Salts solution (mixture 3) 5.0 ml,
Adenine & guanine (1 mg./al.) 1.C wi.
Uracil (10 mge/5l.) oo s 0.5 nl,



Vitanins:

Ricotinic acid .0 .. oo oo 11.0 mg.
Riboflavine ., .. .. ¢ oe 1.7 nmg.
Calcium pantothenate ee oo 1.0 mg.
Bio%in .. ee c6 ae se e 1.0 pg.

Procedure: solids (except vitamins) dissolved in 350 ml,
water. All solutions now added and H adjusted to 7.2
with 405 NaOH (w/v). Boiled, simmered 10 min,, cooled,
filtered if necessary, vitamins added and volume made up
to 800 ml, |

Medjum C ~ for growth of Azotobagter. 500 ml. double
strength,

Mannitol .. s +¢ oo <. 15.0 g,
Kzﬂﬁo‘ 6 oo se wa es 0.2 g
Mgso4.7520 o se se se 0,2 g.
CaCl, (anhyd.) e se oe 1,02 g.
PeCl,.aq. (209) .. +¢ oo 0,05 ml,
Kolybdate (Fa® or X*) .. .. ‘race

Procedure: dissolved in 500 ml., water and pH checked (7.2).
Medium S.C - Medium C solidified with 15 g./litre (final)
agar.

Medium C3 - as for ledium C but with 0,02 NH,§0,.,

Medjum D -~ for Pseudomonas fluorescens, 500 ml, double
strength, pi 7.0, contains -

@lucose . s ae ;o .o 205 »so

K.Kz.PO‘ se s () & ) :1-00 e

HH4H03 *0 s -e . o 1.0 Eoe
M8804.7H20 e e s ee 0,5 o
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Procedure: dissolved in 500 ml. water, pH brought to 7.0,
boiled, simmered 3} min., and filtered hot, pH ohecked on

cooling.
iledium E ~ for Iroteus worganii. 9500 ml. double strength
(pH 7.4) ocontains,
;\H:ZJOQ ¥ s e Y os o0 4‘05 X
NaOH (‘Oﬂ W/V) ae .e »e e .4 ml,
Acid-hydrolysed caseia (10°) 33 ad,
I-cysteine,iC1 .. .. oo .o 20 g

Glucase .o s e oe oo e L 10 g'

Vitamins:

52

Calcium pantothenate e .. to 2070y
sicotinic 804d e¢ e ee oo 1O 10~ ;

Procedure: salts and e¢acein hydrolysate dimsolved in 400
ml, water by boiling; cooled and vitawmins added, then

ey |

13

.

voluse made up to 507 wi, and pH checked, In the present
work, the glucose and L-cysteine.HCl were added in sterile

golution after autoclaving.

sediun ¥ - for Bacillus 8pp. 500 ul, double strength
(pt 7.C) contains,

Glucose .. o e .o o0 30 o0 )
Fﬁ!lzf’:}4 | e LR e L LR loj 8.
(Jd‘)2ﬂh’04 . e .s se 7-0 e
3‘43304.7!!.;’“ e .o o5 se DD Se
C‘clzgmzo ' X) s es e Q.3 5o
.'3‘1»304;4“20 ae o oe o 40.0 g .
Peflf‘c¢.7}129 oe ’s . s 205 NG
Ammoniuz molybdate .. .. 2.0 mg.



Procedure: salts diesolved in 500 ml, water, hoiled,
simnered for 3 min, and filtered hot (7haiman :o. 50).
In the preseat work, the glucose was added iu sterile
solution after sutoclaviang.

Media G - giucose-containing zinizal media for £, coli,

dediuw Gi - 500 2i. double streagth (.d 7.0) coatains,

kzdsc‘ ce ca se es an TeD s
K32?04 se se se  aw  se 3T K
(880,89, .. . .. .. 104,
Sodium citrate.Jﬁzw ve oo 049 g
L £ L T T A
GlUCOS® o4s s s0 s oo 249 g

Procedure: salts dissolved iz 70 wi, water and pH
checked, The glucose is added in sterile solution (Seitz-
filtered, 0- zutoglaved in €0lutioa in silivds-distilled
water, pi J.4), alter resa.nder of tiae wedliu has veen
autoclaved.

Vedium 31A - a9 for fediua G, DUt gluccae added uefore

autoclaviag,
Hedium Gg - a9 for sediuw Gl, out wita glucose conc.
increased froa 2 to 10 g./iitre finsl volume.

Medium G4 - 29 for lediuw Uy, DUl gluco:e added vefore

autoclaving.
dediuw H - Loxr A

atrengts mediuw (pH 5.5) coatains,

500 Li. anucle




Glucose ,. .. e¢ s se . 96,0 4,
Um ) o oo X °e s e 608 o
?6!3.304.7}120 P s e .0 ) s 1.28 Se
K-sz”}4 [ N [ N ] e - e [ N ] ae 108 é;.
~thyleaediamine-tetraacetic acida 1.0 g.

CaCl, (anhyd.) .. o ¢ oo 50 mg.
P0404.7H20 se ee <o s ee 110 nmg.
w04 e THO o0 e o0 o0 o0 226 me.
Cu504.5H20 €e e+ es ee e 1l ag.
Na,#00, . 2H,0 cr ee e ee 2 mg.

Procedure: constituents disaclved in 570 ml, water, boiled,
filtered, cooled and ;{1 checked,

siediuw 1 - for Sarcina lutea. As described by Brown and
Binkley (1934).

dediua J - for vorynebacterium erytaroqenes Al062., For

500 ml, double strength mediua,

Acid~hydrolysed casein (105) .., 270 ml,
%5504.7H20 e ee e es  es 1.0 5.
fhosphate buffer (i 7) e es 300 ml., of 0,165
Glucose e s es ese ea  ee 2 £

Procedure: the glucose was added after autoclaving.

Medium K - for ithodopseudomonas capsulatus (Dxford),
500 ml, of double strength medius contains,

Jodiua malate oo v e o v o0 3025 Eoe
Jodiua glutamate.H,0 ., .. .. 3.50 g.

(NH4 )2ju-’04 s oo PRPY s e e 730 18«
ﬁ&304 'mzo o s LK ] s s e ;”‘: ms.
Kzﬂ};’04 oo 'y o Y P oe 4-50 HT A
’“{21")04 o *o o e P 18 dig o

Gac“‘z (anl’LVd.) .o X se ) 36 ilded o

]+



Th.imine s 0 *w e L ) L) l mﬁ.
aicothlc ‘cid (N e en 1 mg‘
dio0tin oo P ve ') o s 10 &l

The organism requires vitamin 312, but commercial sodium
glutanate was sufficiently contaminated with 312 to render
its separate auidition unnecessary. |
Hedium K and gusein - contains 40 ul,./litre acid-hydrolysed
casein (10, w/v). |

Medium L - ammonium lactate minimal mediuu for L, eoli.

500 ml, double strenst:i medium (pH 7.4) contains,

KHQFO4 ee ss es se s 2.0 g.
NaQHPO4.l2H20 ce ss es 8.0 .
(NH,).830, <o o0 o0 oo 249 &
ﬁHACl ee oss se s se 2.9 &
Mgi0, oTH,0  we 00 oo oo 50.0 mg.
Iron oitrate (0.004 &) .. 1.0 ml,
Lactio acid ce oo oe 8,0 ml,
RaOH vo o8 ses es  ee 4.0 &

Procedure: after dissolving salts and lactic acid in
about 450 ml, of water, Lalil added and the !l adjusted to
7.4. %Water wuss then added to bring volume to 310 ml,
cotinic acid - for Proteus wvulzatis.
Contains 10~° ¥ final conc. of nicotinic acid.

degium L plus asparagine - contains 0.5% w/v asparagiue,
Medium ¥ - for Aspergildus nidulans, 300 ml. double
strengti medium (pil 6.5) contains,
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Naﬂo3 ¢ LN e [ ] L) boo 8'
KCJ. e e [ ) LN ] LI ) 0052 8.';‘

£g-0, ¢ TH,O ce se oo 0,52 g
KH, 10, s s es e Led2 .
Fe** and 2n** .. .. .. Traces
Glucosge ee e e e LU g

Procedure: salte dissolved ia 500 ml. water and pH
brought to 6.5 witn g-HQOH. The giucose was added after
autoclaving,

Kediua X1 - for biotin auxotropha of Aspergillus nidulans,
Gontains 10 mug./ml, final biotin in Medium .

¥edium Si - Medium * supylemented with, per litre final

voluse,

3iotin P e o o0 ') 10 BeE.
l’yl‘idoxine.HCI se s e PP 100 He
Am (Dich) .s o0 ee 253.

Procedure: steamed to dissolve agar, then vitamins added,

Solutions

\cid-hydrolysed casein. Vitamin-free, prepared according
to the metnod of Jnell und Rannefeld (1945),

Amino acid mixture (As). Contained the following awinc
acids, all at 9 x 1075 8 except serine and glyciae at

5 x 10~° it 3
Dl~alanine, l-arginine, Dl~aspartic acid, I~cysteine, HC1,
gg-glutamic acid, glycine, Lil~histidine, i~hydroxypyroline,
g&-iaolaucine, Qg-leueino, gg—lysine.diHCl, si~uetilonine,
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gy-phenylalanino, simproline, Li~serine, gg__ﬁthreonine,
Ll~tryptophan, Dl~tyrosine, _i-vaiine.

“hen required, p-auinobenzoic and grhydroxybenaoic acids
were added to give 10™° i each.

puino acid wixture winus seripe-giycine (AA-5G). As for
AA but without the serine and glycine.

Purines and pyrimzidines mixture (PP)., Coatained 2 x 10~ =4
4 adenine, and 10“4 i sach of guanine, uracil, thymine and

hypoxanthine, Addition of a little §~HCI facilitates

solution (later neutralised).

Vitawin mirture (V)
«iboflavin (0.5 mg./5le) se oo oo 5 al,
Tmmiﬂﬁ (1,9 mﬁo/;é‘iln) P oo .e 3 ml.
Caleium pantothenate (1 mg./cl.) .. 3 ml,
Siootinic acid (95 mige/ie) ce o i ol
Siotin il iia-/;’if&io) o *e oo o 5 ml.
p~Aminobengoic acid (103 ¥) oo .. 0., ml.

Vitanin By, (L pgo/mle) o0 o o 5.0 ml,
fater to o0 e .o oe o e 5000 mlc

dhen vitauin 36 required, then 5 ag. pyridoxine HCli added.
Salts mixture B

:*rgEOA' .7“20 e .e .o es . PP 20 &
:‘u‘fn:304 .4”20 o oo X oe e oo 1 Be
laCl P~ o e .e s ae o l £e
FOSO4¢7H20 o0 o0 ') ce se o0 1 e

Dissolved in 200 wl, water containing O.> ml, co..c, HC1
aq. Volume made upy to 500 ml,
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Iron citrate (0,004 ¥),

(NH4 )2F°(~;C’4)206}120 oo X ) 504 A& .
Sodiua citrate,3H,0 .. .. .. 708 mg.
W&t‘r e e e .o Yy s e LK SG," fiek .



APPENDIX 3
Organisms

fcetobagter suboxydans 621. 4.T.C.C. 621. Maintained on

slopes of ilediun &4. Grown at 30°.

Aerobacter ueroienes 64 - Strain C,74, N.C.I.B. 8264:
N.C.,T.C., 8173. 71 - Strain C,75. N,.C.I,B, 8271. u.C.T.C,
8137. Maintained on slopes of Medium -;. Grown at 30°.

Agrobacterium radivvacter. Strein 36. H.C.I.B, ©idy.
A.T.C.C. 6466. Maintained on slopes of iedium 5,. Grown
at 25°,

terium cieps., Strain 4. K.C.1.3. 8150,

A.T.C.C. 4720, Haintained on slopes of iedium 31. Grown
at 25°,

Alcaligenes faeocalis, Strain 16, K.C.I1.3. 8156. A.T.C.C.
8750, Haintained on slopes of Medium 81. Grown at 37°.
Azotobacter. T - isolated frou soil by Tr. R,.G. Tucker.
Vinelandii - N.C.I.3. 8004: A,7.C.C, 9104, ¥aintained on
slopes of Medium SC. Grown at 30°,

Aspergillus nidulans - pyridoxine auxotrophs, obtained frow

Prof. Pontecorvo, Bi PYTOy 3 - isolated after :-irradiation.
Bi pyros_g = isolated after u,v, irradiation.
wn ACR bi yyrog_lo ~ isolated after u,v., irradiation.



1.0, Pyro;_g represent additional mutation in an already
mutant strain bi (an X-ray mutant requiring biotin).

wn ACiH bi PYXo5 & 30 represent additional mutation in a
complex strain differing from wild-type in colour of conidia
(wn - white inetead of green), biotin requirement, and
acriflavine resistance (AlL).

Pyrog, pyro, and pyrog are allelic, hence presumably
representing one block. The others had not been tested.
Maintained on alopes of ¥eauium 3N, Growu at 37°. Sub=
cultured six-—ponthiy.

Bacillus gegatherium - N.C.I,B. 8508: N.R.R.L. B=-338.

This strain is known to produce vitauin 812 and rivoflavin
in quite high yield. Malntained on slopes of Medium 3,,
Growa at 37°.

Bagiliue subtilis RT -~ isolated frow soil by . :.G. Tucker,

Porton
Pope

6346 - Strain 5.243, N.C.I.B. 6346: K,.C.7.C. 6346,
Maintained on slopes of Kedium 5;. Grown at 37°.
Chlorelle pyrenoidosa ~ obtained fruw Dr. L.A. Griffiths,
Maintained on slopes of Medium S8H. Grown on the light at
30°,

Corynebacterium eryihrogenes - A.1062 - laboratory stock

culture. Maintained on slopes of Mediwu S;. Grown at 259,

Erwinias carotovors - §.C.I.3. 8057: A T.C.C. 495,

daintained on slopes of lNedium 5,. Grom at 25°.

; ~ from Ministry of Supply. Porton.
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Mycobacteriuw phlei - Strain Crottin, N.C.I,3. 8573.
Kaintained on slopes of Medium S;. Grown at 37°.

groteus miravilis - i.C,1,B, 5887: N.C,T.C, 5887.
#aintained on slopes of iMedium 31. Grown at 37°.

Proteus morgenii 23. - lavoratory stocs culture.

232 - Strain Spencer., .i.C.I.3. 232: L.0.T.C. 232,

235 = Strain 334, N.C.I.3. 235 Jd.3.T.C,. 235,

8168 - Strain 21. N.C,I,3, 8168: A.0.C.C, 8019,
Haintained on slopeg of .edium Sl. Grown at 370.

Proteus vulgaris XiJ - 3train fi9Y (poaitive 'eil-Felix),
N.C,TeC, 6T R, C,I,B. 67,

H - laborator; stock culture. Maintained on slopes of
Medium 3,. Grown at 37°.

Pseudomonas :¢/30 - isolated by Dr. H,3, Nimmo-Suith.
fiuorescens 950 - Strain 2,45, d,C.1.B. 930: NK.C.T.C. 990,
6751 - Strain Radlett, N.C,1.3, 6751: H,C.T.C, 6751,
Maintained on slopes of Medium iy, Grown at 25-30°,
iihodopseudomonas capsulatus. Straia Oxford. Isclated by

Dr., i. Cooper. Haintainei on atau culture in lledium S,
Grown at 30°,

Saccharomyces_carlsbergensis. Strain 4223, sub-strain c,
N.C.Y.C. 355. Maintained on slopes of Nedium g Grown
at 30-37°.

Sargina liutea. Strain PC1,1001, &,C,I1.3, 8593: A.T.C.C.
9341, Maintained on slopes of Medium 3,, Grown at 25-30°.
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ot occus £ 1is K - Strain Hogers, sub-strain
SIR(C). Obtalged frow [:», [,C. Gunsalus. Maintained in
stab culture in Heu.uw 35,, Grow at 30°,

Vigrio., 0; = H.C.I.3. 3257, Obtained frou Prof, r.C.
Happold. Hainteined on slopes of Medium 3, Grown at 30°.
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fareat wiid-type strains

B - from Ir. .6, Tucsker,

518 - Strain 15 N,.C.1.,B, 6114: A.T.C.u, 9723, Froa Dr,
Roblin.

Auxotroohs

PA.l, ~ requires l~serine or glycine. Frow Dr, B. -right.
2/57 - requares tuianinc. FProduced in this iamboratory by
U,V,~irradiation of strain 25,

9/8 - requires nicotinice amcid, Produoced in this laboratory
DY W V. drradiztion of Strain 15,

Vitanin Bﬁ suxotrcphs

3166 -~ from Dr, Joseph Uois,

B167 - fro.. Dr, Jose i Gots,

22/99 -~ from Prof, B.DI. Davis,

DW - & substrain of mutant ¥.154=-59L of 8.0, Davis urovidea
by lr. Elizabeth York (Denwan, ‘loare and Worw, 14%3).

My = produced dy u.v.-irraiintion of Stradin 15,

All were maintained on slopes ¢of Mediunm 31 and grown at 37°

*



Culture collections

R.C.1,B8, - National Colleoction of Industrial Bacteria.
Chemicali desearch Laboratory, Teddingt: n, Middlesex,
N.C.T.C, -~ Rational Collection of Type Cultures, Central
Public Health Laboratory, Colindale Avenue, ioudouny Nelies.
N. .¥.,C, = Jutionali Collection of Yeast Cultures, rewing
Industry Research PFound .tiou, Nutfield, lurrey.

A.T.C.C, ~ American "'ype vulture Collection. dashington,

L.Ce
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ABSTRACT







INTRODUCTION

Although much attention has been paid to the
group of clesely related compounds making up ‘vitamin Bg'
a8 & consequence of the great importance of this vitamin
in amino acid metabolism, nothing is known of its biogenesis
by competent organisms., That D-alanine might be incorpor-
ated into the pyridine ring of pyridoxine in Streptococcus

is, was disproved by the discovery that in fact
D~alanine merely showed a vitamin 35~opnrin¢ sction in an
otherwise complete replacement medium, Although the
suggestion has been made that in a certain strain of yeast,
thianine and pyridoxine were interconvertible vis a common
pyrimidine precursor, the supporting evidence was not
convincing.

A survey of the known routes of synthesis of
N-heterooyclic compounds suggestas that incorporation of the
N atom is achieved by spontaneous condensation of ketone
with amine groups 80 that the immediate aliphatic precursor
of vitaain Bs night be expected to carry these two
reactive groupings. At present, the only known route of
pyridine ring biogenesis has as starting material the
already aromatic bensens ring, i.e,, origin of nicotinio,



quinolinie snd picolinic acids from 3-hydroxyanthranilic
acid., There is no evidence, however, to suggest a common
origin of nicotinic acid and vitamin Bg, though it is true
that in some miorcorganisms the pathway of nicotinic acid
formation is still unknown. Appraisal of the possible
methods available for the use of microorganisms in a study
of growth faotor biosynthesis, suggests that the first
objective should be the isolation of an organism capable
of foraming large amounts of vitawmin 35. Failing this,
attention should be directed to an examination of selected
vitamin Bé auxotrophs,

Ex tal

A modification of the reported assay of vitamin
s pais 4228 allowed smaller
volumes to be used in static culturs, As a direct

consequence of its being a 'rate assay' (where rate of
growth rether than its final possible extent is propor-
tional to the concentration of growth factor), it was
esssntial to maintain a standard time and steady temperature
of incubation, and & constant degree of aeration and
inocuium sise, though it had the advantage that the
sensitivity of the method could (within limits) be varied

by adjusting the time of ineubation. With the strain of
S, carlsbergensis 4228 used, thiamine ‘spared’ vitamin Bg
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at low concentratione of the latter, and was added in
excess to the cultvire medium,

Using this method of assay, it was disoovered
Shat all of a nuamber of various bacteria grown in chemieally-
defined medis synthesised uniforaly small amounts of
vitanin 35. The best synthesis obtained was with a strain
of Proteus morganii whose production of 4umole vitamin
Ba/g. dry wt, of organism was only about ten times greater
than average.

A oross~feeding, plate technique was devised,
using S, garisbergensis 42280 and the vitamin Bg auxotroph
B, o0li #, as indicator organisms, the sensitivity of
response besing adjusted by incorporating 4-deoxypyridoxine
into the vitaamin Bg-troe basal medium. ZXven when using
this method of rapid screening, no organisam was isolated
from soll washings ocapable of appreciably better vitamin
Bg synthesis than I, ¢oll 518. An isoniasid-resistant
strain of B, goli 518 was imolated, but this only synthesised
twice a3 much vitamin Be when grown in the presence of
isoniazid (10”2 M) as in its absence. The amcunt of
vitamin Bg produced by wild-type E, goli 518 and B, could
not be appreciably increased by addition to the growth
medium of casein hydrolysate, and mixturees of purines,
pyriaidines, growth factors or seleotsd compounds such as
3~hydroxyanthranilic aoid. Washed suspensions of E, g0l
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3 _morganil synthesised vitanin Bg froa glucose
plus lﬂf. the amount produced not being further increased
by any supplement tested., Only very slight synthesis of
vitaain Bg was obtained with an ultra-sonically produced
extpact of Proteus morganil, and that only in the presence
of a boiled extract of organisms,

0f four vitamin By matants of I, 0ol} available,
not one showed an absoclute regquirement for the vitamin
under all conditiona of growth., However, one such auxotroph,
2. 01l %y, was produced by u.v.-irradiation of E, godl
518. Unsuccessful attempts were conocurrently made to
isolate 'multiple’ mutants requiring both vitauin 36 and
nicotinio acid; =no evidenge of mutual sparing actions of
these two vitamins could be obtained with the nicotinic
acid-requiring Proteus yulgeris and E, coli 9/8, and the
vitasin B; sutents 3, goli Bi66 and M.

A detailed study was made of the properties of
E, coli B166 which was reported to respond alternatively
to vitaidn 36 or serine, or glycine, KHo other anino acid
(apart from Dl~-threcnine) or other gompound of related
structure inecluding glyoxyliec and p~hydroxypyruvic acids,
could replace L-serine and glyocine which were individually
active but better used in adaixture. Serine-glycine
affeoted E, 00li B166 in two distinot ways: (a) on both



glucose and lactate media with added pyridoxine, it reduced
the delay in the onset of growth by 20-25 hr. and increased
the final cell mass; (b) it supported suboptizal growth
in the absence of pyridoxine - dut oaly in a medium
containing 'activated' gluoose, Solutions of glucose of
pH <6,5 (Seits~-filtered or autoclaved) were insotive.
Autoclaving of a glucose solution (10 mg./ml.,) at pH T.4
end at 10 lb.sq.in./7 min. resulted in maximal activation,
the produat being so distinguished by its content of some
specific chemical compound formed during the activation
procedure, Attempts to effect purification and isolation
of the 'active factor' were ended when, alone of a number
of products of alkaline degradation of glucocse tested,
glycolaldenhyde (5 x 10~2 to 1073 i) was discovered to
possess activity.

Glyoolaldehyde (5 x 107 M) bettered the action
of activated glucose in supporting the growth of >, coli
Bl66 on an inactive gluocose medium with serine-glycine,

though concentrations above 1073 N were growth inhibitory.
On the lactate—~containing medium, the same concentration
of glyocolaldehyde at first appeared %o be leas active
than pH 7.4-autoclaved glucose, but addition of inactive
¢1uopao together with the glycolaldehyde doubled the
response, In every other respect, glycolaldehyde behaved
similarly $o activated gluocose, having no apparent effect
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on growth in the presence of pyridoxine with or without
serine-glyoine. Of a number of chemically related compounds
and ‘active glycolaldedyde' donors and acoeptorz tected,
only dihydroxyfumarie and (-hydroxypyruvie acids possessed
glycolaldehyde~like sctivity, and this to a lesser degree
suggestive of conversion to free glycolaldehyie., Colori-
metric estimation showed the diological activity of samples
of activated glucose $0 be paralleled dy their content of
glycolaldehyde.

The remaining vitanin Bg mutants fell into two
&roups distinguished by their response to nerine-glycine
and glycolaldehyde. E, coli Bl67 and 22/99, like Bl166,
grew in the absence of added vitemin B if supplied with
serine-glyoines and glycolaldehyde. Bl67 behaved similarly
in all respects to B1l66. Optimal growth of 22/99 was
obtained on serine-glycine with either pyridoxine (1076 y)
or glycolaldehyds (5 x 10™* M), suboptimel growth after
delay was achieved with either serine-glyoine or vitamin
Bg» only very slight growth after prolonged delay being
obtained on glyocolaldehyde alone, Strains IW and K, did
not respond to serine-glyoine and glycolaldehyde, X,
showed an absolute requirement for vitamin B, (%o which
1t responded repidly and maximally), at all temperatures
and under all conditions tested. IW, on the other hand,
grew in the absencs of vitamin Bg when provided with
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Di~alanine plua g&-uthionino at 25° (due probdebly to &
vitamin Bg-sparing action of these amino aéids;, but showed
an absolute regquirement for the vitamin at 37°.

Although serine-glycine snd glyeolaldehyde did
not markedly enhance vitamin 36 synthesis in growth, or in
washed suspensions (with glucose plus Rﬂ"), of wild-type
B, coli and Proteus morgmuii, the amount of vitamin Bg
forued at 25° by E, goli DW was somewbat increased in
their presence. X, golji B166 harvested from growth on
serine-glycine and glycolaldehyde, synthesised about as
much vitawin Be as did its parent E, _goli B, while E, coll
22/99 produced more vitamin Bg when grown in the presence
of glycolaldehyde than in ite abesence,

Unfortuaately, significant vitemin 35 synthesis
by washed suspensions of E, 0014 B166 waa only obtainable
after growsth of the organism in the absence of added
vitamin, The formation of vitamin By from glucose plus
NH 4" by freshly harvested suspensions could therefore have
been due to their possession of endogenous reserves of
gerine-glycine and glycolaldehyde (and/or their metabolic
products). Even so, further addition of glyoolaldehyde
invariably enhanced the syathesis. When the organiems
were 'depleted' by prelimimary aercblc incubation in
phosphate buffer, no vitemin B synthesis was obtained in
4he absence of added glycolaldehyde; good synthesis being



achieved from glucose plus ﬁﬂg* plus glycolaldehyde,
Bynthenis becaus maximel only when serine~giyoine wae also
prevent. With ‘pre-depleted’ suspemsions of 3, coli 22/99
§rvwn on serine~glyoine plus glycolaldehyde, these amino

aclds, =s well ue glycolaldehyde, were obligatory regquire-
meats for vitauin Bﬁ biosynthesis,

Pisqussion

B0 evidence has been cbteined to aggest the
oomadn origin of the two pyridins Bevitaxing, visasin B
&nd nlootinic aoiq,

liozt atteation is hare devoled %0 an anaiyris
of the propsrties of seversl vitamin Bg auxotrophs of
E, g0dd, iz particulsr mutant B166, this bedng cousidured
a8 the zost rewarding outoome of the atudy,

It 1z noted that although wedive-autociaved
gluecse has often been reported to possess grcwiih~atinalatory
properties for many mloroorganiens, sever before hes
glycolaldehydo been iu,llicated as & componment of roltential
biologionl activity,

E. ookl B166 appeurs to bear & partis. blockage
in serine-glycine biosynthesisz as well ae o lesioa in
vitanin B, formation. It is uncertain whether free
gdycolaldabyde is a normal metabdolite in BL66, bub ils
metabolism mist give rise tu a oompeund whoae syntheais is
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limiting in this organion, There are several pLsLLULe
wechanisne wheredy the demousireated requirewernts cowld
erise from a singie sutasion, The possibility +that surine-
glycine end glycolaldehyis met as products i the funotion
of the vitemin, so reducing the orgsuian's requiren.nt fopr
this %o a level which may ve produced Ly ayathesis, i:
rejeoted in favour of the view that theuse gomoounds nay be
congerned (peFhaps sogether with & third substeace ¥) sa
vitanin 36 bicsynthssis, All these compounds are ragarded
8B ardstés from & cozmon precuraor whose syatheosis is
suboptimal in this organism which amust consequastiy te
considered ns being & ‘leaky’ autant.

The bebaviour of %, _oold 24/99 may acw ne
explained by supposiag it to ve wetisy asle thaa 5100 te
syathesise the glycolaldehyde and Gomxpound X comsenents,
wailst the metabodic lesion in 3, coli i¥ aud %, coli M,
could te subsequent 10 the polat of aetion of $hare cosmpounds,

THe possivliity recaius that tue sroductica of
vitamin 35 Irocs gilycoialdehyde, seriae-ziyains anl gilucose,
is an altermativs %0 the normal route of vicaynthuails
which is availeble $o0 L. godil 2186,

A study oi vhe reoute of incorporstion of
glyvolaldehyde might lead to the identiflicetica of =

precursoy more nearly elsted $6 vitamin 3g.




TABLE C4-1
Abilisy of variously treated suzars and their

ML AYVH
Activation = « No agctivation = «
Seita~ Agqueous sol Hedium POs4 buffer
Coppound filtered (pi i,g;i,ﬁ! (p8_TJ (P T.4)
Galactose - - + .
Hannose - - * *
Fructose* - - + .
Sorbose - - * +
Arabinose - - * +
Xylose - - * +
Ribcse - - v .
Kannitol - - - -
Serbitol - - - -
hr::;i - - - -
glucose

#jotivated fructose was somewhat inhibitory (delayed growth),

Criterion of activity was growth of Ea_go%§ 8166 ¢ Medium Gp
plenented with serine-~gliyoine p test compound.
All compounds under test were used ai a final conc. of
? ng./ml, snd sutociaved as stated at a qouc, of 20 mg./ml.

i.e., at 10 1b,8q.4n./7 =min. ).



