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INTRODUCTION

Most strains of Escherichig coli have simple nutritional
requirements, This fact ,:Lndicateis ‘that these organisms are able
to synthesize all their requirements for eamino aclids, purines,
pyrimldines, vitamins and other substances necessary for growth
in a mixture of a few inorganic salts and glucose, Davis and
Mingioli (8), however, have isolated mutsnt strains of E. gold
that require either methionine or vitamin Bjs for growth,

Although the exact function of vitamin By, in metabolism
is not elearly understood many studies of animals and bacteria
indicate that this vitamin is related either directly or indirectly
with the biosynthesis of desoxyribosides and of hethionine. Evi-
dence for a function of vitamin By, in the production of desoxy-
ribosides is based mainly upon studies with lactic acid bacterisa,
On the other hand the results of studies concerning methionine
synthesis indicate that vitemin Bj2 is required for this process
in chicks, rats, and E. coll.

Numerous investigators have studied interrelationships of
vitemin Byo, other vitamins and sulphur~conteining amino acids,
both with enimals and bacteria, The work of McLaughlan gt al (34)
indicated that an interrelationship seemed to exist between
vitamin Bjo and thiasmine in the metabolism of & mutant strain of
E. goli developed by Davis and Mingloli, The present work is a
continuation of that study and is concerned primarily with inter-
relationships of vitamin Bj,, thiamine, pantothenic acid and
sulphur~containing amino acids in the metabolism of this mmutent

gtrain of Eo mli.



REVIEW OF LITERATURE
1. Biogynthosis of Methionine

Lampen gt gl (27) investigated the sulphur metabolism of
several mutant strains of E, goll that were unable to utilize
inorganic sulphate for growth, Some mutants grew when supplied
with either inorgsnic sulphide or a sulphur-containing amino acid;

e few grew only when the medium contained l-methionine, After
determining the variety of different sulphur compounds utilized by

each mutent, Lampen gt gl suggested that cystelne, homocysteine and
cystathionine were intermediete compounds in methionine synthesis

but the exact position of these compounds in the process was not
determined, Fling and Horowitz (13) end Teas e} gl (49) also studied
methionine syhthesis but they used irutant strains of Neurosporsa.

Teas gt gl postulated the following scheme for methionine synthesis:
L—homoserine + Iecysteine . lL-cystathionine __ .3 carbon fragment +
L-homocystein; ___+CH3 _ I~methionine, ‘
Several workers, iJ_:lcluding Simmonds (46), Gots and Koh (14), Davis

and Mingioli (8) and Kalan and Ceitheml (22) found that the inter-
mediate steps in the synthesis of l-methionine by E. goli appeered to
be identical to those postulated by Teas gt gl for Neurospora,

Davis end Mingioli (8) discovered that l-methionine was replace-
able by vitamin Bj2 in the nutritlion of some methionine-requiring
strains of E, coli. Mutants that were unable to synthesize cysteins,
cystathionine or homocysteine did not grow when the medium contained

vitamin Bjo in place of methionine whilst those mutants that were



unable to synthesize methionine from homocysteine did respond to
vitamin Bjo, Davis and Mingioll concluded that vitamin Bjp was
required for the methylation of l-homocysteine to produce methionine,
Helleiner and Woods (18) also found that vitamin By, was required

for the synthesis of methionine by cell-free extracts of a vitamin Bjo-
requiring strain of E. coli.

Kelan and Ceithaml (22) stated that "the function of vitamin Bjp
may be interpreted as being involved in methyl tramnsfer or methyl
group production which permits indirectly a more efficient utilization
of the four-carbon precursor in the formation of methionine", On
the other hand Dubnoff (9, 10) suggested a different function for
vitamin Bjo in the synthesis of methionine, Working with a mutant
strain of E, ggn he found that this organism grew anaerobicsally in
the sbsence of vitemin Bjp if homocysteine or certain reducing agents,
such as glutethione or cysteine, that could reduce homocystine were
present in the medium, He concluded that vitamin Bjo was related
either directly or indirectly with the maintenence of the reduced
forms of certain sulphydryl compounds, such as homocysteine,

In 1955, Stekol (48) reviewed the literature concerning the bio-
synthesis of methionine, He stated that “vitamin B}2 does not appear
to be involved in sny of the processes of-methionine formation with
the exception of the synthesis of the methyl group de nove from the

ol - carbon of glycine, The nature of the involvement of vitamin Bj2

appears to be indirect, since the deficiencies in either folic acid,



pyridoxine, or pantothenic acid in rats similarly affected the
extent of synthesis of the methyl group of methionine from the
o.=carbon of glycine',

Although severai workers have studied the function of vitamin
Bjo in methionine formation there is disagreement as to the function
of vitamin By, in this process, It appears, therefore, that the
exact function of vitamin By, in methionine synthesis is not yet

understood,



2, The Use of B, goli for the essay of Vitamin Bjap

Davis and Mingioli (8) found that certain of the mutant
strains of E, g¢oll that they isolated could be used for the assay
of vitamin Bjs. One of these mutent strains, designated as E. coli
113-~3, hes been widely used for the assay of vitamin Bjp; reports
of both plate assays (16, 51) and tube assays (8, 3, 5, 20) with
this organism have sppeared in the literature, Burkholder (3)
described a tube asssy with a more complex medium then that of
Davis and Mingioli (8), Chiso and Peterson (5) compared the smount
of growth of B, coli 113-~3 in the two media and found that this
organism grew equally well in either medium; therefore, they
recommended the simpler medium of Davis and Mingioli, They also
recommended that the cultures be shaken during ineubation, Other
workers (20, 34) also proposed minor modifications of Davis and
Mingiolis! tube assay for vitamin Bjo,

Sevefal factors seem to affect the extent of the growth
response of E, coli 113-3 to vitemin B]2, Chiso and Peterson (5)
found that a ratio of methionine to vitemin Bjp (on & weight basis)
greater than 50,000 invalidated the assay for vitamin Bjp, since
methionine stimulated growth, They also studied the effect of
other nutrients that might be present in vitamin Bjg-containing
materials, The growth-response was unaffected by the addition of
9 water-soluble vitamins, or of a combination of several purines
and pyrimidines or of 15 amino acids, exclusive of methionine, added
singly to the medium, Other workers (20, 34) reported, however,

that certain vitamins such as ascorbic acid and thiamine inhibited

the growth of E, coli 113-3,
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Thiamine has long been known to be concerned with the decerboxy-
lation of pyruvie acid, but its exact function in metabolism is still
unknown, Korkes et sl (26) showed that E, g¢oli required diphosphow
thiamine for the dismutation of pyruvate to acetyl phosphé'be s lactate,
and carbon dioxide., Reed (38) reported that lipothismide, which
contains both lypoic acid and thiemine, is required by & mutant strain

of E, coli s a bio-catalyst in the following reactioni-

CHy - ﬁco'é + Co-SH + DPN + Lipothiamide  Goa S—ﬁ-GHB + C0, + DPNE
0 0

CoA=-SH represents co-enzyme A and DFN represents diphospho=
pyridine nucleotide,

One suggested mechanism (40) for the biochemicsl action of
thiamine is based upon the findings of Zime and Williems (55) who
reported that thismine is subject to reversible oxidation and reduction
in physiological conditions, At a slightly alkaline reaction either
hydrogen peroxlde or oxygen, from the alir oxldizes the thiol form
of thiamine to a disulphide form of thiamine, Zima gt gl (56) found
that the disulphide (B; - S-S~Bj) is reduced by hydrogen sulphide,
glutathione or cysteine, Matsukawa and Yurugi (32) end Sshashi et al
(42) reported that the thiol and disulphide forms of thiamine react
with various sulphydryl compounds to produce mixed disulphides,
Matsukewa and Yurugl postulated thet the following reactions occur
when thiamine end cystine are dissolved in a phosphate buffer at

a slightly alkaline reaction,



Reaction A.

H
|
N=C—NH, C—S N=C—NH,  CHO
CH;—C C—CH,—N ~— CH;—C C—CH,—N SH
TR +\ — TR \
N—CH c=cC N—CH c=c
\ / \
CH;  CH,CH,OH CH;  CH,CH, OH
(1) (1
Reaction B.
N=C—NH, CHO S— CH, CHCOOH
| / | -
CH;—C C—CH,—N SH + NH,
TR N o
N—CH /c=c\ S— CH, CHCOOH
CH;  CH,CH,OH NH,
() ()
|}|—_-c|:--|~u-|2 GHo
CH;—C C— CHZ—N\ /S—S—CHZ— CH COOH +  HS—CH, CHCOOH
o | |
/

\
CH;  CH,CH,OH
(V) (V)



Reaction C.

N=C—NH,
|

CH,—C C—CH,N

T
N—CH

—
CHO
/ ~
S— + HS—CH,CHCOOH ___
\ / |
c=C NH,
/\
CH; CH, CH, OH
iy
(V1) (V)
CHO N=C —NH, CHO
/ || /
S—S—CH,CHCOOH + CHz;—C C—CH,—N SH
\ I il \ /
C=C NH, N—CH C=C
/\ /
CH4 CH, CH,OH CHy CH,CH,OH

(1V)

(11)



In reaction A, thiamine in solution at pH 7.5, forms an equilibrium
mixture of the thiazole (1) and thiol (11) forms of thismine,

In reaction B, thiol thiesmine (11) end cystine (111) react to
produce the mixed disulphide thiamine cysteine (IV) and cysteine (¥),.

In reaction C, the disulphide form of thismine (VI) reacts with
cysteine (V) to produce thiaminecysteine (IV) end the thiol form of
thiemine (II), Matsukawa and Yurugi (32) stated, however, that this
reaction is unlikely to occur in vivo since the ratio of thiamine to
cysteine is very small, Sahashi et gl (42) reported an in witro
reaction similer to that of Matsukawa and Yurugi's reaction "C*
occurring between thiemine disulphide and pantetheine and producing
a mixed disulphide of thismine and pantetheine,

Ssxens et al (43) reported that the synthesis of thismine by
Uwild" streins of E. goli was inhibited by the addition of vitamin Bjp
to the growth medium, but they did not offer any explanation for this
effect,

Lang and Chow (28) found that thiamine destroyed the micro-
biological activity of vitamin By, in solution particularly at a
reaction close to nmeutrality, Although McLaughlan et gl (34) found
that the addition of thiamine to the medium depressed the growth-response
curve with vitamin Bjo, the effect did not appeer to result from
partial destruction of vitamin Bjp, In view of the reported reactions
of thiamine (55, 32, 42) and of Dubnoff's reports (9, 10) concerning
the function of vitemin Bjo, McLaughlan et al (34) suggested a mechenism
that might explain the inhibitory action of thismine on the growth
of E, cold 113-3, In the highly serobic conditions of the shaken



assay, thiamine added to the medlum becomes oxidized to thim
disulphide, The disulphide interacts with eysteine or homocysteine
synthesized by the organism to produce a mixed disulphide and effectively
diminishes the extent of growth in media containing suboptimal amounts

of vitamin Blz.



4o Ioxiclty of Cystine for Bacterda
‘Several investigators have reported that cystine is toxie for

various bacteria (particularly when eutoclaved with media), Schuhardt
et al (44) investigated the toxicity of cystine for Brucells shortus.
They showed that cystine was not toxic when it was autoclaved at pH 1,5
or when it was sterilized by filtration and sdded to media aseptically;y
but that it was toxic when autoclaved in media at a neutrel reaction,
Schuhardt et al (44)‘ isolated elemental sulphur from autoclaved cystine
solutions, and they found that colloidal dispersions of this elemental
sulphur at concentrations as low as 0,06 ug per ml, was toxic for
certein strains of Brucella., They postulated the following scheme for
the breakdown of cystine during autoclaving of media,
(1) A heat-induced rupture of the disulphide linkage with an
essociated dismutation of a portion of the cystine to cysteine and
cysteine sulfinic acid; an intermediate unstable cysteine sulfenic
acid is probable in this dismmtation,

2 B-8-S-R + 2H,0 + Heat __\2R-SH + 2R - SOH

2 R-SOH + Heat o R-SOH + R-SH,
(2) The cyéteine is decomposéd to pyruvic acid, emmonia end hydrogen
sulphide by way of an unsteble imino acid, or by wey of glpha-amino
ecrylic zeid,

R-SH + Heat __\ HS + CHp = C - COOH or CH3 - C - COOH

| Uk L
CH3- C - COOH + HQO_ACHJ- C - CoOH + NH3

I ' I
NH 0



(3) The hydrogen sulphide reacts with excess cystine to form sulphur
and additional cysteine,
HoS + R-S-S-R_ 2R-SH + S°

Schuharét et al stated that'"this last reaction is readily
reversible, which fect might be expected to account for the esse of
neutralization of sulfur toxicity by excess SH compounds”,

Heathcote (17) suggested that cystine was somewhat toxie for
leuconostoc mesentercides P 60, which is the test orgenism used for
the microbiological assay of cystine, He did not offer an explemation
for this effect, Rose gt al (39) found that cystine autoclaved with
the medium wes toxic for Lactobecillus bifidus. The presence of a
reducing suger such as lactose, during sutoclaving prevented the
toxieity, The addition of cystéine, thioglycollie acid or thiomelie
acids to the medium after autoclaving also reversed the inhibitory
effect of autoclaved cystine, They tested colloidal sulphur but found
that relatively large amounts were necessary to produce inhibition
of growth end it appeered therefore that the cystine toxicity differed
from that reported by Schuhardt et al (44).

Woiwod (52) reported that copper sulphides inhibited the growth
of Staphylococcus sureus and several other Grame-positive orgenisms
but that it had little or no effect on several Gram-negative organisms,
He found that copper sulphide was formed during eutocleving of medie
conteining cystine and copper, The inhibition did not occur, however,
when the medium was eutoclaved in screwscapped botiles or sealed ampoules,
He suggested that possibly the decomposition of cystine on heating

is a reversible reaction end that an equilibrium is attained when the



heating is done in a closed system, Under eny given conditions of
temperesture and pressure a limited amount of hydrogen sulphide is
produced; if this amount is insufficient to exceed the solubility
product of copper sulphide the resulting solution would not be toxie
for becteria, He suggested that specific enzyme systems were being
interfered with, possibly those concerned with the utilization of
sulphydryl groups.

Konowalchuk et gl (24, 25) reported that autocleved medie con-
taining cysteine and ferric iron were toxic for Mycobacterium
imberculogis, They isolated the texle substance and found that it
appeered to be & colloldal complex of iron end sulphur, Prince and
Cleverdon (36) reported that cysteine inhibited the growth of
Flavobecteriym species in simple chemically defined media, Histidine
reversed the inhibition but seversl other amino acids were elso
pertielly effective in reversing the inhibition,

Rowley (41) collected 356 strains of E, coll that were capable
of growing in the simple medium of Davis and Mingioli (8) end found
that the growth of all strains was inhibited by certein emino acids,
Cystine inhibited the growth 'of 40 strains of E, coll; methionine
effectively reversed this inhibition with &1l strains tested, He
stated "Since all the organisms examined grew readily on medium lack-
ing emino-acids, they must all possess the enzymes necessary for the
synthesis of these amino-acids from emmonium saelts end glucose, Yet
in the case of some strains the addition of a given amino~acid prevented

or deleyed growth, The presence of the amino-acid which sbolished this
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inhibition presumebly supplies an end product of the particular
inhibited pathwey and the organism grows freely", Apparently Rowley
did not autocleve the cystine solution,

Revel and Shive (37) reported that cysteic acid, which is an
oxidation product of cysteine, inhibited the growth of E, goli.
They postulated that cysteic acid, which resembles aspartic acid,
competes with aspartic acid in the formation of the "substrate-enzyme
complex® that normelly produces 3~ slenine, The resulting inhibition
of growfh ngy be reversed by increesing sufficilently the aspertic acid -
cysteic acid ratio so thet the competition for the specific enzyme
greatly fevors the formation of the aspertic acid enzyme complex i.e,
reversel in & competitive memner, The inhibition may also be reversed
by eddition of A -alahine, the product of the aspertic acid enzyme

reaction i.e, reversal in a non-competitive manner,
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5, oAt ‘o Ac b

The steps in the biosynthesis of Coenzyme A (CoA), which is the
active form of pantothenic acid, ere reasonebly well established,

The following scheme, compiled from reports in the literature
outlines some of the probable steps in CoA synthesis,

1, Aspertic acid__ . p-alenine, (21)

2, Keto-veline ___. Ketopantoic acid _ . pantoic acid, (31)

3, /=slenine + pantoic acid __ . pantothenic acid, (30)

Lo Pentothenic acid + cysteine . pantothenylcysteine, (2)

5, Pantothenylcysteix:xe ___\_pentetheine__ | CoA, (2)

Several compounds which inhibit growth of E, coli in simple media
do so apparently because of interference with pantothenic acid synthesis,
Wright and Skeggs (54) and King and Cheldelin (23) observed that
propionic acid inhibited the growth of E. goli; the inhibition was
reversed by either B-alenine or pantothenic ecid, King and Cheldelin
concluded that propionate inhibited growth by competing with A-alanine
for a specific enzyme that united pentothenic acid moieties,

Ravel end Shive (37) end Shive and Macow (45) reported that both
cysteic acid end hydroxyespertic acid inhibited growth of E. coll;
the inhibitions were reversed competitively by aspertic acid and non-
competitively by either p-slanine or pantothenic acid, These workers
postulated that because cysteic acid and hydroxyaspertic aclid resembled
espartic acid structurally that they competitively inhibited the
decarboxylation of aspartic acid to produce A~alenine which appears

to be a precursor of pantothenic acid,
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Meae and Davis (29) found that D-serine inhibited the growth
of E, goli by interfering with the conversion of pB-alanine to
pentothenic acid, but they stated that the mechmnism of the inhibition
was obscure, Mses (30) reported that salicylates also interfere with
pentothenic acid synthesis,

Jekobovits et gl (19) studled the inhibitory effect of certain
amino acids on the utilizétion of @=-alanine by strains of Saccheromyvces
gerevisise, Methionine, glutemic acid, asparagine end «~-sglenine
perticulerly inhibited growth in medie containing suboptimel amounts
of p-alenine, but these emino acids were much less inhibitory in
the presence of pantothenic acid, These workers suggested that

o -glanine competed with g-alanine in pantothenic acid formation;
they also suggested that glutemic acid and asparagine mey inhibit
growth indirectly through increased synthesis of d ~alanine resulting
from ti‘ansa.minafion reactions,

Several compounds seem to inhibit the biosynthesis of pantothenic
acid, Hydroxyaspertic acid end cysteic acid may inhibit A-alanine
formation, whilst propionic acid end o -alanine appear to prevent
the utilizetion of B-alanine, Certain other compounds also inhibit
pantothenic acid synthesis but the mechanisms are obscure, It is
cleer, however, that several compounds edded singly to simple medie

mey inhibit growth of microorganisms due to interference with pento-

thenic acid synthesis,



METHODS

1, Assay for Vitemin Bjp Activity with E, ¢old 113-3,

In most tests the effect of various compounds on the growth
of E, goli 113=3 was eveluated in a semi-quantitastive manner by
adding the compound or compounds to e standerd solution of vitemin Bjo

and determining the apperent vitemin Bj2 activity of this "sample"

by microbiological asssay,

iop - Sufficient 25% alcohol wes
added to a suitsble quantity of cyanocobelamin reference stenderd to
make a solution containing 1 ug. of vitemin Byp per ml, This solution
was stored in a refrigerator and was used no longer than 6 months,
(b) Stendard cobalemin solution - Sufficient distilled water was
added to 1 ml, of "stenderd cobalamin stoek solution® so that the
finel solution contained 0,05 mug. of vitemin Byp per ml, for
stationary assey or 0,2 mug, of vitemin By per ml, for shaken assay,
(c) Bsgal medium stock solution - For the prepsretion of 500 ml,

ofA double strength basal medium the amounts of ingredients listed
were placed in a 600 ml, besker,

Dextrose 2
(NH§)2‘504 1

i,7H20 0
Ne~citrate, 3H20 O.
KHoPO,, 3
KoHPO,, 7
Distilled HXO 500 mi,

88338%

This is Davis and Mingiolifs medium (8),
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(d) Inoculum broth - Two ml, of "vitemin-free" casein hydrolysate
(10% solution) and 5 mug, of vitemin Bj, were added to 100 ml, of
single strength basasl medium stock solution, This inoculum broth
was dispensed in 10 ml, amounts into 50 ml, Erlemmeyer flasks; the
flasks were plugged with cotton and autoclaved for 10 minutes

(122 - 123°C,)

(e) Ager slept culture medinm - One and one half grems of agar were
added to 100 ml, of inoculum broth end the mixture was heated on a
steam bath with occasional stirring until the sgar waes in solution,
Five ml, aliquots were dispensed into 16 mm, rimless pyrex test tubes;
the tubes were plugged with cotton and autoclaved for 10 minutes
(121 - 123°C,), The agar wes cooled in a sloping position,

(£) Stock culture of E. goli 113-3 = The test orgsnism E. cold 113-3

wes subcultured twlice weekly on the agar slant culture medium, Cultures
were incubated for 8 hours at 31°C, and were then stored in a refrigerator,
(g) Inoculum .- A transfer of cells was mede using a heavy inoculum
from a fresh (24 - 72 hour) ager slant culture of E, goli 113-3 to

a flask of imoculum broth, The culture was incubated for 8 hours

at 319C,, and was then transferred aseptically to a suitable sterile
centrifuge tube and centrifuged for 5 minutes, The supernatant

medium wes decanted and the cells were resuspended in 10 ml, of

sterile single strength besal medium; this suspension wes added drop=-
wise to 10 ml, of medium until a finel transmittancy of approximately
80% (Colemsn Model 11) was obtained for the second suspension; this

suspension was used for the inoculum,
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Procedure

(a) PErepsrstion of tubes - Herd glass test-tubes, 22 x 150 mm,,

and other necessary glassware were clesned meticulously because of
the sensitivity of the test organism to minute amounts of vitamin Bjo
activity,

Into clean test tubes 0,0, 1.0, 2,0, 3.0, 4.0 and 5,0 ml,
respectively of stendard cobalemin solution wes added using 3
replicete tubes at each dosage level, Sufficient distilled water wes
added to mske 5,0 ml,

Into clean test tubes 1.0, 2,0, 3.0, 4.0 and 5,0 ml, respectively
of the sample wes added using 3 replicate tubes at each dosage level,
Sufficient distilled water was added to make 5,0 ml,

Iwo tubes were prepared, eachqcontaining 5,0 ml, of distilled
water; these were used for diluting and suspending the inoculum,

All tubes were transferred to another rack and arranged in a
random order, Five ml, of basal medium stock solution wes added to
each tube; tubes were covered with a cotton pad and heated in an
autoclave for 3 minutes at 121 - 123°C, and they were cooled eas
rapidly as practiceble,

One drop of inoculum was added esepticelly to each tube, The
cultures were incubated for 16 hours at a temperature of 31°C, ‘Those
used for sheken assays were incubated on a Yenkee Kehn Test shaker
with a speed of 275 oscillations per minute,

(b) Messurement of growth, - The tubes were chilled to arrest growth
and the contents of each tube was trensferred to optical colorimeter

tubes, Using an uninoculated tube of culture medium and a filter
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setting of 540 my the Coleman (Model 11) spectrophotometer was
adjusted to read 100% transmission of light, The percent trans-
mission values for all cultures was determined,

(c) Calculgtion of epparent vitemin Bjo activity - A standard
response curve was prepared by plotting the absorbance (2 - log G)
readings for each dose of the standard vitamin By, solution against
mpg, of vitamin By, contained in respective tubes, A ruler was
used to draw the line that appeared to best fit the plotted points,
The amount of vitamin Bjp activity for each culture was determined
by interpolation from this standard curve,

In microbiological sssays since occasional inexplicable aberrant
values are obtained in certain tubes, the series of values was in-
spected and eny which varied markedly from most of the series were
discaerded, Usually the potency of the sample was expressed as a per-
centage of the standerd response,

2., Assay for L-methionine with E., gold 113-3.

The essay for L-methionine was done in essentielly the same wey
8s the vitamin By assay (shaken) with E, goli 113-3, The standard
solution of vitamin Bjp wes replaced by a standard solution of methionine
containing 5 ug of Dl-methionine per ml, The effect of various
compounds on the growth of E, goli 113-3 with methionine was evaluated
by adding the compound(s) either to an aliquot of the standard solution
of methionine or to the medium before its addition to the tubes, and
determining the apparent methionine content of this "sample" by

microbiological assay.



3, "One dose" assay for viteamin By with E, c¢old 113-3,

Wood and Finney (53) described the one dose asssy design; this
design is only valid for essay purposes‘when the growth-~response
curves with the standard and test preparations are approximately
linear and meet at the origin when they are plotted on an arithmetic
scale, The growth-response curves for samples containing vitamin Bjs
and cystine in the shaken asssy were not linear, however, and usually
the highest dose of the sample gave the lowest apparent "potency",

The data for the one dose assey were plotted with an arithmetic
scale; the average absorbance value for the one dose of the standard
was plotted and a straight line wes draewn from it to the origin,

The sapparent "potency" of the samples was determined by interpolation
to the "standard curve" and was expressed as a percent of the standard
response,

4o The pad-plate assay for vitamin By, with E, goli 113-3,

The pad-plate assay was done as described by Williams et al (51).
In this assay filter paper discs containing vitemin Bjs are placed
upon & flat surface of agar "seeded® with E, cold 113-3. Growth of
the organism occurs around the discs and the size of the zones of
growth is dependent upon the concentration of vitamin By, in the
paper disc,
5. Direct toxicity tests with E, coli 113-3,

The apparent toxicity of various compounds wes evaeluated in the
following wey. A series of tubes was prepared containing graded
amounts of the compound being tested, In certain tests (e.g, cystine)

the compound was dissolved in N/500 HCl, The volume of the liquid



in each tube was adjusted to 5.0 ml, and then 5,0 ml, of double
strength medium were added to each tube; the medium contained
sufficient vitamin B;, or methionine for optimal growth, A control
series of tubes was also prepared containing similar graded amounts
of a "blank" solution of either water or N/500 HCl; five tubes were
used at each dosage level, In some tests the compound being tested
(and the "blank solution™) was sterilized by Seitz filtration and
was added-aseptically to the tubes of medium after these were amto-
claved, |

Tubes of media were autoclaved and inoculated as described in
Method 1, After 16 hours the turbidities of cultures were determined
and the average absorbance for the growth with each dosage level was
plotted as the ordinate against the dose of the compound as the
ebscissa,

6. The Lactobacillus leichmannii asssy for vitamin Bj,.

The L, leichmannil turbidimetric assay was done as described
by Campbell et al (4); this is a modification of the U.S.P, XIV (50)

microbiological "tube" assay for vitamin Bjg.

The thiochrome method for the assay of thiemine was done as
described in "Methods of Vitamin Assey® (35). The thiochrome method
depends upon the oxidation of the thiamine to thiochrome which
fluoresces in ultra violet light, The fluoresence .of the thiochrome

solution is determined with a photofluorometer,



Experiment I, Test to detect destruction of vitamin By, by thiamine,

This experiment was done to confirm the previous finding (34)
that thiamine does not destroy vitamin Bj2 in the E, coll sssay medium,
Samples of vitemin Bjs with end without thiamine were diluted with
E, coli 113=3 basal medium to contain either 0,001 mg, of vitamin Bjo
per ml, (sample 4) or 0,001 mg, of vitamin Bjp and 0.5 mg. of thiamine
per ml, (sample B), Duplicate 10,0 ml, aliquots or samples of each
solution were pipetted into regular sssay tubes, plugged with cotton
and heated in the autocleve for 3 minutes at 15 lbs, pressure, The
samples were shaken st 31° for 16 hours and then the potencies were
determined with the L. leichmannil sssay for vitamin Bj,. Results
of the assays are shown in Table I and are expressed as percentages
of the standard vitamin Bj2 solution,

TABIE I

THE EFFECT OF THIAMINE ON THE STABILITY OF VITAMIN B;,
IN CONDITICNS SIMILAR TO THOSE OF THE SHAKEN ASSAY,

Sample Semple contained Potency found
(percent of the stendard)

AT Vitamin By, 99
A2 Vitemin B 103
BI Vitamin By, + thiamine 104
B2 Vitemin By + thismine 101

The dats in Teble I indicate that thiamine did not destroy vitamin Bj,

in conditions similar to those of the sheken assgy for vitamin Bjp with

E. ¢old 113-3,



Experiment 2, The effect of shaking the culture medium before
inocylation and incubation,

Another test was designed to confirm the finding that thiamine

does not destroy vitemin Bjp in the conditions of the shaken assay;
this test was also designed to indicate the possible formation of
toxic products, The effect of shaking the tubes of culture medium
at 31° for 16 hours before inoculation and incubation was determined,
In order to obtain precise esseys a total of 120 cultures was used

in this experiment, Results of this test are shown in Teble II,

TABLE I1I

THE EFFECT OF SHAKING THE CULTURE MEDIUM FOR 16 HOURS BEFORE
TNOCULATION AND INCUBATION CW THE VITAMIN Blz-THIAMINE
INTERRELATIONSHIP,

Treatment of medium and Relative response

Culture medium shaken for 16 hours
before inoculation - stationary assey. 99 97

Culture medium held without shaking
for 16 hours before inoculation =
stationary assay, 95 -—

Culture medium held without shaking
for 16 hours before inoculation -
shaken assay, - 73

It is evident from Taeble II that shaking the culture medium
containing thismine end vitamin Bjs for 16 hours before inoculation
and incubation of cultures had little or no effect on the growth response

to vitemin Bjo,
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The inhibitory effect observed in experiment 2 is the usual
effect obtained with samples containing both vitemin Bjo and thiamine
in the shaken assay, This test confirmed the previous finding that
thiamine does not destroy vitamin Bjs in the conditions of the shaken
essay; from this experiment, it also appeared unlikely that a toxiec
degradation of thiemine is formed during the 16 hours incubation
period of the shaken essay,

Experiment 3, Test for the possible conversion of vitamin Bjp te
vitamin Bjop by thiemine,

This test was mede to determine if thiamine converts vitamin Bjo
to vitamin Byop since verious workers (5, 20, 34) reported that
vitamin Bjg} was only 75% es active as vitamin Bjp for E. goli 113-3
in tube asssys, McLaughlan et gl (33) found that vitemin By op produced
considerably larger zones of growth than vitamin Bjs in the E, goli
pad=-plate essay, Conversion of vitamin Bjs to vitamin Bjpp by thiamine
would be indicated by an apparent increase in potency of the sample
containing thiamine,

In this test a sample containing 1,0 mg, of thiamine and 1,0 pge.
of vitemin Bj2 was diluted with water and sdded to pads at the dosege
levels of 0,01 and 0,02 pg. of vitamin Bjp per pad., Iwenty-four pads
were used on both the standard end test preparations, Thiamine had
no effect on the size of the zones of growth and therefore the potency
obtained was nearly 100% of the standard indiceting that thiamine did
not convert vitemin Bjp to vitemin Bjop in aerobic conditions, Although
thiemine did not affect the size of the zones of growth a direct inhibitory

effect of thismine on the slight growth that occurs throughout the
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whole plate was observed, Very large faint zomes of inhibition
surrounded eech pad containing vitamin Bjs and thiamine,

Experiment 4, The effect of aseptic addition of thiamine autoclaved

Since thismine is partially destroyed by eutoclaving in solutions

at a neutral reaction (35) it eppeared that degrsdation products of
thiamine might be toxic for E, coli 113~3 in asrobic conditions, 4An
experinent was done therefore in which thiamine was added eseptically
to the autoclaved medium after the thiamine was auntoclaved separately
at an acid reaction,

A solution of thiemine was sdjusted to pH 3,1 with hydrochloric
acid and diluted to contain 20 ug., of thiamine per ml,; an eppropriate
acid solution containing no thiamine was also prepared, The thiamine
solution and the "blank" acid solution were autoclaved and 0.1 ml, of
each solution was added aseptically to each tube of the test and
steandard series respectively, A control test was elso done in which
thiamine was autoclaved with the medium,

The inhibitory effect of thiamine amounted to spproximately 37%
in the éontrol test, i.e,, thiamine emtocleved with the medium, and
35% in the test in which thiemine was autoclaved separately in an
acid solution before addition to the medium, It would appear
therefore that the inhibitory effect of thiemine in serobic conditions
is not due to the formation of toxic degrsdation products by euto-
claving thiamine with the medium,

Experiment 5, Growth of veriants of E, coli 113-3,
Dubnoff (10) reported that his culture of E, goli 113-3

contained variants that had vitamin Bjo requirements differing from
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the originel culture, Therefore the culture used in this study was
examined for the presence of similar varients, The stock culture
was plated and several isolated cultures were tested in vitemin By
assays, Only three of seven cultures tested grew with vitamin B12.
Since the stock culture of E, goli 113-3 was maintained on a medium
containing both vitamin Bjs and methionine presumably the other
isolated cultures required methionine for growth, The three cultures
that grew with vitemin By were identical to the original culture
with respect to both vitamin By, requirement end thiamine inhibition,
Several months later the culture was plated agasin and the isolates
were tested in vitemin By, assays, Two of the five cultures tested,
required considerabl& less vitamin By, for growth than the originel
strain of E, coli, The other three cultures appeared to be identical
to the original culture, Growth of the typical and atypicel cultures
was examined in the presence and sbsence of thiamine; the growth-response
curves with vitamin Bj, are given in Fig, I, The atypical culture,
designated as No, 3, had a relstively small requirement for vitemin Bjo;
thiemine depressed the growth-response curve of this varient by sbout
50%, Isolate No, 7 appeared to be identical to the original culture
with respect to both vitemin Bjs requirement end thiamine inhibition,

Experiment 6, The uptake of thiamine by E. goli 113-3,

Since reletively smell smounts of thiemine were just as effective
es much larger amounts in producing the inhibition, the effect
appeared to be directly related to the metebolism of the orgenism, It
was possible, however, that a physicel factor such as an eltered oxidation-

reduction potentiel of the medium might be responsible for the effect






Fig, 1o Growth-response curves of “variants® of E, coli 113-3
to vitamin By, with and without thiamine; the cultures
were shsken &%ring growth,
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with added thiemine, A test was done therefore to determine whether
or not E, ¢oli 113=-3 removed thiemine from the medium during growth,

Tubes of culture medium were prepared containing the bassl medium
end graded smounts of vitemin Byjo. One pg, of thiamine was added to
each tube, After 16 hours incubation the cultures were boiled for a
few minutes to disrupt the cells; the cells were then centrifuged,
The thiemine content of the cells was estimated by the thiochrome method
following e takadiastese treatment (35), The results of this test are
given in Table III,

TABLE III

UPTAKE OF THIAMINE FROM THE MEDIUM BY GROWING CELLS OF
E. COLI 113-3,

Vitemins added

Ihiamine content (ug,) Total % recovery

B2  Ihismine Of superngtent Of colls

0 1.0 0,64 o* 64,
0.2 1.0 0,41 04,27 68
0o 1.0 0427 0.39 66
0.6 1.0 o* 0.71 71
0.8 1.0 o* 0.61 61
1.0 1,0 o* 0.71 71
1.0 0 - 0.17 -

¥ Too low to estimate,
It is evident from Table III that E, goli 113-3 (original culture)
removed thiamine from the medium during growth; with relatively smell

amounts of vitamin Bj,, however, growth of the organism wes limited and
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thiamine was incompletely removed from the medium, The totel recovery
of thiemine wes low but this was probably due to the instebility of
thiemine in solution at a neutral reaction,

Experiment 7,

Although the turbidities of cultures in both theshsken and
stetionary asseys are usually determined after 16 hours of incubation,
a different phase of growth is reasched in the two asssys; growth is
essentially complete only in the stationary asssy, It appeared possible
therefore that the difference between the thismine inhibition in the
sheken and stationary esseys might be related to the length of the
incubetion period,

The thieamine inhibition was tested using a 12 hour incubation
time for the stationary sssay and & 24 hour incubation time for the

sheken essey, The date for this experiment are given in Table IV,

TABLE IV

RELATION BETWEEN THE INCUBATION TIME AND THE
THIAMINE EFFECT,

Response in presence of thiamine

€,
Incubation time (hours) 12 16 24
Shaeken esssy - 71 64
Stationary esssy 97 95% -

* Average velue for several assays.
The data indicate that thiamine produced little or no detecteble
inhibition of growth in the stetionary esssy even with a short incubation

time, The inhibitory effect of thiamine did not decreazse with a longer



incubetion time in the sheken asssy, The date indicate therefore
thet the difference in the thiasmine effect with sheken and stetionary
essays is not related to the different growth pheses reached in the
two assays when growth determinetions are made,

Experiment 8, The effect of aeration on (a) the thiamine inhibition
end (b) the growth response to vitemin Bjz,

(a) Repeated tests (34) have indicated that the thiemine inhibition-
emounted to spproximately 5% in the stationery assay and 25% in the
shaken assey with 22 mm, culture tubes, The difference between the
thiemine effect with the two assays esppeeared therefore to be related
to the oxygen tension of the medium, The oxygen tension is increased
by egitation of the medium and by increasing the ratio of the area of
the liquid-sir interface to the volume of the medium,

The results of an e:qaerimeﬁt to evaluate the megnitude of the
thiemine inhibition when culitures were grown in verious sized culture
tubes end flesks are given in Table V, Each value in Teble V represents

en essay for vitemin By, with thiamine; 133 cultures were used in this

test).
TABIE V.
RELATIONSHIP BETWEEN THE THIAMINE INHIBITION
AND OXYGEN TENSION,

Type of assay Percent inhibition

Dismeter of tubeg mm.
16 18 20 22 45%
Stationary 3 - - - 1
Sheken 2 26 25 30 -

*¥ 50 ml, Erlenmeyer flasks,



The intermediate effect observed when cultures were grown with
thiemine in 50 ml., Erlenmeyer flasks was confirmed in a sepsarate
test, The datea indicate that the extent of the thiamine irhibition
is directly related to the oxygen temnsion of the medium; within
certain limits increasing the degree of serobiosis produces en
increase in the inhibitory effect of thiamime,
(b) With relatively small emounts of vitamin Bjp, it was frequently
observed that more growth occurred within 16 hours in the semi-
enaerobic conditions of the stationary asssy than in the asrobic
conditions of the shaken asssy, Although the incubetion temperature
was the same for the sheken snd stetionary assay, different incubators
wore used, A test was done therefore in more controlled conditions
to learn whether or not semi-snaerobic conditions stimulated growth
with relatively small emounts of vitemin Bjo.

Cultures of E, goli 113-3 were grown with four concentrations
of vitamin Bjp, without shaking in 16 and 22 mm, tubes and in 50 ml,
Erlenmeyer flasks; each vessel contained 10 ml, of medium, Results
of this test are given in Fig, 2, It is evident that more growth
was obtained with smell emounts of vitemin Bjs in semi-aneerobie

than in serobic conditions,

Experiment 9,
McLenghlan et gl (34) have suggested that thismine mey react
with essentiel sulphydryl compounds, producing‘ mixed disulphides,
Cysteine and homocysteine are sulphydryl compounds that appear to be
intermediate compounds in the biosynthesis of methionine; therefore,

reactions producing mixed disulphides may compete with reactions






Fig. 2.

The effect of the degree of aerobiosis on the growth-
response of E, coli 113=3 to relatively small amounts
of vitemin B,, The degree of aeration depended upon
the diameter of the culture vessels; the cultures were
not shaken during the incubation,
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producing methionine for these essential sulphydryl compounds,
If cultures grown eercbicelly with thiamine conteined a “pool®
of inactive disulphides it seemed likely that the disulphides
would be reduced when the cultures were placed in semi-anserobic
conditions, Cultures were grown gerobically with thiamine and sub-
optimal amounts of vitemin By, for 15 hours and then the cultures
were placed in semi-aneerobic conditioﬁs and the growth of cultures
with thiamine was compared with the growth of the control cultures,
Iwenty cultures were incubated serobicelly in medis containing
0.4 mpg of vitemin By per tube (Evelyn colorimeter tubes); 10 cultures
contained also 0,5 ug, of thiemine per tube, After 15 hours the.
turbidities of all cultures were read with an Evelyn colorimeter
containing a 540 mpu filter, Five control cultures and 5 of the
cultures with thiamine were then transferred to another incubator
and grown semi-anserobically for 10 hours; the other cultures were
grown gerobically during the same period, The turbidities of ell
cultures were determined at intervels with an Evelyn Colorimeter,
The growth curves for this experiment are given in Fig, 3.
It appears that cultures containing thiamine grew more then the
control cultures during the period of semi=-asneerobic growth, but
there did not seem to be any increase in the rate of growth of
cultures containing thiemine when they were placed in semi~-anserobic -
conditions, This experiment did not appear to indicate that a "pool"
of disulphides containing essential sulphydryl compounds existed

within orgenisms grown with thiamine,
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Fig. 3.

Growth curves of E, coli 113=3 with a grovrbh-limitin§
amount of vitamin B2, with and without thiemine (By).
All cultures were sheken for the first 15 hours of the
incubation period but helf the cultures were dncubated
without shaking for the lest 10 hours,
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Fig. 4. The effect of thiamine (Bj), of I-cystine (CYST),
end of thiamine plus cystine, on the growth-response
of B, coli 113-3 to vitemin By, in the sheken assay,
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B, St Relatd Cyst ibition,

Experiment 1, Ihe thiamine-cystine interrelationship,
Matsukewa and Yurugi (32) found that cystine reacted with

the thiol form of thiamine to produce a mixed disulphide, If cystine
inhibited growth due to disulphide formetion with thiamine synthesized
by the orgenism, it appeared likely that thiamine would reverse the
cystine inhibition, In preliminery tests added thiamine seemed to
pertially reverse the cystine inhibition but only a few cystine-thiamine
ratios were tested; therefore the effect of a range of cystine-thiamine
ratios on the growth of E, ¢oli 113-3 wes studied,

In the first two tests all tubes conteined O.4wug. of vitamin B;,
per tube and asssys were done as single dose assgys with 4 replicate

tubes for each assay, The data for the lst test are given in Table VI,

TABIE VI

EFFECT OF THIAMINE AND CYSTINE ON THE RESPONSE OF
B. COLI 113-3 TO VITAMIN Bjo,
(RESPONSE EXPRESSED AS PER CENT OF STANDARD RESPONSE)

Thiamine added Cystine added (sg/tube)
(ug/tube) ) 0,2 1.0 10,0

0 100 103 100 90

0.25 78 78 76 78

0.5 ™ 76 74 4

2,0 78 76 T4 T4
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From the data it appeared that cystine was not inhibitory et
concentrations of 1 ug or less per tube, With the relatively low
concentration of vitamin By, the cystine inhibition with 10 g per
tube was less marked than the thiamine inhibition and there was no
apparent interrelationship of thiamine and cystine, The data for the

2nd test are given in Table VII,

IABLE VII,

EFFECT OF THIAMINE AND CYSTINE ON THE RESPONSE OF
B. GOLL 113-3 TO VITAMIN Bjoz.
(Response expressed as percent of standard response),

Thiemine added Cystine sdded «g/tube

(u«g/tube) 0 10 20 40
0 100 &) 76 g0
0,02 93 90 80 80
0.1 7 75 78 80
045 75 72 75 75

It seemed thet thiamine partially reversed the cystine inhibition

with cultures containing 0,02 and 10 «g of thiamline and cystine respectively,
In the 3rd test all cultures contained 0,6msg of vitamin By, per

tube and 5 replicate cultures were used for each of the 16 assays,

The results of this test are given in Teble VIII,
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TABLE VIII,

EFFECT OF THIAMINE AND CYSTINE ON THE RESPONSE OF

E. COLI 113-3 TO VITAMIN Bj,.
(Response expressed as percent of standard response),

Thiamine added _ Cystine added (ug/tube)
(pg/tubs) 0 25 50 100
0 100 40 40 36
0.1 107 55 50 €9
0.5 103 52 48 64
1.0 9% 51 46 66

In this test growth was more abundant than usual and the
thiamine inhibition wes not evident, whilst the cystine inhibition
was quite marked, Thiamine appeared to reverse partially the cystine
inhibition particularly with cultures containing 0.1 mg of thiamine
per tube, From these tests it eppeared thet thiamine only slightly

reversed the cystine inhibition,

Experiment .2, Ihe cvstine jinhibition with methionine,

Thiamine did not inhibit growth of E, goli 113-3 when the medium
contained methionine; therefore the effect of cystine was determined
with methionine replacing vitemin Bjs in the medium, Cystine was
tested at a concentration of 100 ug per tube and a series of cultures
containing 0,5 ug of thiamine was also included to test for the
possible reversal of the cystine inhibition,

The growth-response curves wlth methionine are given in Fig, 5.
It seemed that cystine was toxic when the medium contained methionine

and that thiamine slightly reversed the cystine inhibition,






Fig, 5. The effect of I~cystine (CYST) and of L~cystine plus
thiamine (Bj) on the growth-response of E. goli 113-3
to Dl~methionine in the shaken assey,
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Experiment 3, The effect of severel concentrstions of cystine on

growth with methionine,
The inhibitory effect of cystine sppeared to be greater when

the medium contained methionine in plece of vitemin Bjp, The

effects of several concentrations of cystine on the growth-response
curves with methionine were tested and the curves are given in Fig, 6,
It appeared that the inhibitory effect of cystine increased with

increasing smounts of cystine,

Experiment 4, Comparison of the cystine inhibition with vitemin Bjsp
end with methionine,

There is elweys some variation from one assay to another in

the growth-response with definite emounts of a growth-factor, aﬁd
possibly this might account for the spperent difference of the
inhibitory effect of cystine with vitamin Bjp and with methionine,
Therefore, the toxicity of cystine with vitamin By and with methionine
was tested in as nearly identicel conditions as possible, Direct
toxicity tests with cystine were done; all tubes conteined relatively
large smounts of either vitamin Bjp (0,05 pg) or DL~methionine
(100 ug).

E. coli 113-3, isolate No, 3, wes used in this experiment and
the inhibition curves ere given in Fig, 7., It eppeared that cystine
was more toxic when E, cold 113-3 was growing with methionine than

when it was growing with vitemin Bjo.

Experiment 5, The effect of cystine and homocystine in shaken
and stationary assays,

Thiemine hed only e slight inhibitory effeect in stationery

assays and therefore the effect of cystine was also studied in the

stationary assay, Homocystine, the next higher homologue of cystine






Fig, 6, The effects of several concentrations of I~cystine
on the growth-response of E, coli 113=3 to DL~-methionine
in the shsken assay,
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Fige 7« The toxicity of autoclaved I~cystine for E, coli 113-3
(isolate No, 3) with optimal emounts of vitamin Bjn or
Dl=-methionine for growth, The cultures were shaken
during the incubetion,
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was also included in this experiment,

The growth-response curves to vitemin By, with E, gcold 113-3
(isolate 3) are given in Figs, 8 and 9 for the shaken and stetionary
asseys respectively, It appeared that both cystine and homocystine
inhibited growth in the shaken assgy but it seemed that homocystine

inhibited growth whilst cystine stimulated growth in the stetionary

as88Y o

Experiment 6, Toxicity of smtoclaved cystine solutiong,
There are several reports in the litersature indicating that

cystine is toxic for verious bacteriae, particulerly when autoclaved
with media, The effect of cystine was tested, therefore, efter it
wes sterilized by Seitz filtration and added aseptically to the
medium,

A solution of cystine (200 wg/ml.) in N/50 hydrochloric ecid
was sterilized by Seitz filtration; 0,5 ml, of the cystine solution
was added aseptically to assey tubes containing only 9,5 ml, of
media after these were auto?laved as usuel, A N/50 hydrochloric
acld solution was also sterilized by Seitz filtration and 0.5 ml,
of the dilute acid wes added to each tube in the stendard (or control)
series of tubes, For compasrison e similer asssy was done in which
the cystine was sutoclaved with the medium,

The growth curves for this experiment are given in Fig, 10,

It appeared that cystine was inhibitory only when it was autoclaved

with the medium; in fact cystine seemed to stimulate growth when it
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Fig, 8, The effect of IL-cystine and of I~homocystine on the
growth-response of E, ¢oli 113-3 (isolate No, 3)
to vitamin By, in the shaken assay,
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Fig, 9° The effect of I~cystine and L-homocystine on the growth-
¢ response of E, coli 113-3 (isolate No, 3) to vitamin Bjo
in the stationary ssssy,
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Fig, 10, The effect of l~cystine, on the growth-response
of B, coli 113=3 (isolate No, 3) to vitamin B%ﬁ
when added eseptically end when autoclaved wi
the medium,
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wes added aseptically to the medium after Seitz filtration, Despite
the apparent stimulatory effect of cystine the shape of the growth-
response curve appeared to indicate that some factor other than
vitamin Bjo was limiting the amount of growth with the high dose
of vitamin Bjs,
Experiment 7, Partiel reversal of "autoclaved cystine" toxieity

It appeared possible that some cysteic acid might be produced

during autoclaving of cystine solutions since Ravel and Shive (37)
found thet thiamine pertielly reversed the cysteic ecid inhibition
with E. coli. They also found that pantothenic acid ard certsin
compounds that eppeared to be precursors of pantothenic acid
completely reversed the cysteic acid inhibition; therefore the effect
of pantothenic acid on the toxicity of autoclaved cystine wes studied,
Pantothenic acid, with and without thismine wes tested for
ability to reverse the cystine inhibition, The amounts of pantothenic
acid and thismine added per tube were 1.0 and 0.2 ug respsctively,
The growth-response curves for this experiment are given in Fig, 11;
due to the relatively large number of asssays involved only 3 replicate
cultures were used for each dosage level of vitamin Bjj. Pantothenic
acid appeared to be more effective than thiamine in reversing the
fcystine toxicity" but pentothenic acid and thiamine msy have been
more effective than pantothenic acid, Pantothenic acid also seemed

to stimulate growth with the highest dose of vitemin Bjo.
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Fig, 11, The reversing effect of thismine (Bj), of pantothenic
acid (PA) and of a mixture of thiamine and pantothenic
acid on the imhibitory effect of L-cystine (CYST) with
E. coli 113-3 (isolate No. 3).



ABSORBANCE

1.0

0.8

0.6

0.4

0.2

B ® PA
i
I @ CONTROL
i A CYST.+ PA+ B,
/U CYST. + PA
_ B
A%3/6 B'l T PA
Q @ CYST. + B,
- o= <
o
I > o ® cysT.
| | | | 1
0 0.05 0.10 0.15 0.20 0.75

VITAMIN B,, PER TUBE (mgug)



=51

Experiment 8, The effect of a mixture of glutamic acid, aspertic acid,
thenic gci hiamine on th tine inhibition

Ravel and Shive (37) found that aspartic acid end glutamic acid
which appeared to be precursors of pantothenic acid reversed the
cysteic acid inhibition with E. coli. An attempt was made, therefore,
to completely reverse the cystine inhibition by adding to the medium
several of the compounds thet Ravel and Shive found effective in
reversing the cysteic acid inhibition, The combination of compounds
added end the amounts per tube were: aspartic acid, 10 ug; glutamic
acid, 10 ug; pantothenic acid, 2 ug; and thiamine, 0,01 mg.

The growth response curves for this experiment are given in
Fig, 12, In this experiment pantothenic acid alone did not appesr
to affect the cystine inhibition, nor did it stimulate growth with
the high dose of vitamin Bjp. The combination of compounds, however,
appeared to reverse almost completely the cystine inhibition, but
the shape of the growth-response curve seemed to indicate that some
factor other then a deficiency of vitamin Bjs wes limiting the growth

to some extent,

Experiment 9, The reversing effects of pantothenic acid and
g=alonipe on the cystine inhibition with methionine.
Since the cystine inhibition sppeared to be more severe when ‘the
medium contained methionine in plece of vitamin Bjo, the.reversing

effects of pantothenic acid and of f~alanine were tested with the

methionine asssy., Relatively smell smounts of Dl-methionine were
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Fig, 12, The reversing effect of pantothenic geid (PA) and
of e mixture of pantothenic acid, glutamic acid
(GA), espartic acid (AA) and thiamine (B;) on the
inhibitory effect of Lmcystine (CYST) with E. goli
113=-3 (isolate No, 3).
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Fig, 13, The reversing effect of pantothenic acid (PA)
and of p =alanine ( A-alan) on the inhibitory
effect of L-cystine (CYST) with E, goli 113-3
(isolate No, 3), The medium conteined reletively
small amounts of DL-methionine,
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Fig, 4. The reversing effect of thiamine (By) and of
pantothenic acid (PA) on the L-cystine (cysT)
inhibition with E, coli 113=-3 (isolate No, 3).
The medium contained an optimal amount of Dl-
methionine for growth and most tubes also con-
talned vitamin 3120
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Experiment 11, IThe effec ¢ _aci th (o} fE,. ¢ -
Since the toxicity of autoclaved cystine appeared to be similar
to the toxicity for cysteic acid the inhibitory effects of cystine and
cystelc acid were compared, Direct toxicity tests with the two compouné’s
were done in as nearly identical conditions as possible; all tubes
contained 20 ug of DL-methionine per tube., The inhibition curves for
this experiment are given in Fig, 15,
It eppeared that cysteic ecid was not toxic for E. goli 113-3
with concentrations of 100 ug or less per tube, Since cysteic acid
night possibly be affected by autoclaving, the experiment was repeated
except that cysteic acid was sterilized by Seitz filtration and edded
aseptically to the tubes, OCysteic acid had no spperent effect on
growth, It appeared unlikely therefore that the toxicity of auto-
claved cystine solutions was due to the formation of small amounts of

cysteic acid during autoclseving,

Experiment 12, The effect of cysteinesulphinic acid (CSA) on the
growth of E, coli 113-3,

A preliminery toxicity test was done to evaluate the effect of
cysteinesulphinic acid (CSA) on the growth of E, goli 113-3 in a medium
containing optimel amounts of methionine for growth, CSA appeared to
inhibit growth of E, goli 113-3 quite markedly at concentrations es
low es 5ug. of CSA per tube and 10 g, seemed completely to inhibit
growth, A combination of pantothenic acid (1 pg) and aspartic acid
(20 mg) seemed to reverse this inhibition, In two other tests CSA

was added aseptically to the culture medium after Seitz filtration
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Fig, 15, The toxicity of autoclaved I~cystine snd of
L~cysteic acid for E, goli 113-3 (isolate No, 3)
with an optimal amount of Dl=methionine for
growth,
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end elthough growth wes somewhat erratic the inhibitory effect of
CSA seemed to be quite evident, There seems to be little doubt that
relatively small amounts (5 - 20 ;u.g) of CSA inhibit the growth of

E. ¢coli 113-3.



DISCUSSION

There are several possible explenations for the inhibitory
effect of thiamine on the growth of E. coli 113-3, but the studies
reported here appear to have eliminated some of the possible
mechanisms for the action of thiamine, Although Lang and Chow (28)
reported that thiemine destroyed the microbiological activity of
vitamin Byg, the first 3 experiments described in this report
indicated that the lowered growth~response in the presence of
thiamine was not due to partial destruction of vitamin By, It is
perhaps important to note that the criteria for judging destruction
were different for each experiment, In the first test the potencies
of the thiamine-vitamin B1o samples were determined with the L,
deicbhmennii assay, In the second experiment the actual assay tubes
were shaken for 16 hours before inoculation and incubation of the
E. coli assay cultures, If thiamine destroyed vitemin Bj,, particulerly
in aserobic conditions, the lowered growth-response should have been
evident whether sheken or stationary assays were done, although
the effect should have been particulerly marked with the shaken assay,
In the third experiment the size of the zones of growth in the pad-
plate assay with E, coli 113-3 was used as the criterion for destruction
of vitamin Bjg. In other tests it was noted also that the thiamine
effect differed considerably with different veriants of E, coli 113-3,
Congsidering the available evidence it seems very unlikely that the
lowered growth-response produced by thiemine in the vitamin By, asssy

results from partial destruction of vitemin Bjge.
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Thiamine is quite unstable in solution at pH 7,0, particularly
during autocleving of thiamine solutions (35), Experiments described
in this report indicated, however, that toxic degradation products
of thismine were not formed either during autoclaving of the medium
or during the period of the shaken assay, Although Berger and Lardy (1)
found that purines and pyrimidines inhibited the growth of a "biotinless"
mitent of E, goli, McLeughlan et gl (34) reported that meias-bisulphite
which splits thiamine into its component pyrimidine and thisazole
moieties abolished the inhibitory effect of thiamine on the vitemin Bjs
assay with E, cold 113-3, From the available evidence, therefore, it
does not seem that the inhibitory effect of thiamine results from
formation of a toxic degradation product of thiamine,

Since E, colj 113=3 removed thiamine from the medium snd as little
as 0,1 ug of thiamine produced the meximum inhibitory effect, it
appeared that added thiamine actually altered the metabolism of the
organism, It seemed possible that thiemine sbsorbed by E. coli 113-3
might be phosphorylated tococarhaxylase thereby increasing the energy
requirements of the organism, but tests indicated that both thiamine
and cocarboxylase produced a similar effect on growth of E, coli 113-3,
The function of thiamine in metabolism is known to be concerned with
the reactions of Keto-acids and in particular with the decarboxylation
of pyruvic acid, Pyruvic acid is an important basic chemical for
many syntheses end it eppeared possible that added thiemine might
produce excessive decarboxylation of pyruvic acid with a concomitant

reduction of the rates of synthetic processes dependent upon pyruviec acid,



The addition of sodium pyruvate to the medium, however, did not
seem to alter the inhibitory effect of thiamine, Nevertheless
sodium pyruvate is probably highly ionized at pH 7.0 so the ab-
sorption of pyruvie acid by E, coli 113-3 might be extremely limited
and the leck of a reversing action of added pyruvate may be due to
non-absorption,

McLamghlan et al (34) suggested that possibly thiesmine inhibited
eerobic growth due to mixed disulphide formation with compounds such
as cysteine and homocysteine that seem to be essential for methionine
syntheses, The eerobic conditions of the shsken assay appear
favoureble for disulphide formetion and experiments reported here
indicated that the inhibitory effect of thiamine was related to the
degree of serobiosis, Matsukawa and Yurugi (32) reported that cystine
" reacted with the thiol  thiamine to produce a mixed disulphide,
During growth added cystine might therefore reasct with thiamine
synthesized by E. cold 113-3, thereby depriving the organism of thiamine
necessary for growth; added thiasmine appeared partielly to reverse
the cystine inhibition and this finding seemed to strengthen the con-
ception that added thiamine and cystine inhibited growth due to
disulphide formation, Although thiamine seemed to reverse the inhibition
only slightly, it now appears probable that two or more different
inhibitions occur when the medium contains autoclaved cystine,

Dubnoff (9, 10) and Dubnoff and Bartrm (11, 12) have postulated
that vitamin Bjo is related either directly or indirectly to the
maintenance of the reduced forms of sulphydryl compounds such as

homocystine and enzyme proteins containing sulphydryl groups;
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glutathione alio seemed to be required for the reduction of the
oxidized sulphydryl compounds, It is possible, therefore, that
vitemin B}, reduces mixed disulphides of thiemine but presumably
this would increase the organism's requirement for vitamin Bjo,
Certain of the experimental findings appear to be compatible with
such a conception; these are (a) thiamine had no apparent effect
on the growth of E. coli 113-3 when the medium contained en optimal
concentration of vitamin By, and (b) there did not appear to be any
experimental evidence for the existence of a "pool" of inactive
disulphides within the organism,

Thiamine did not inhibit growth of E, cold 113=3 when the
medium contained either optimel or sub-optimel amounts of methionine,
Cohn gt gl (7) reported that E, coli grown in a medium with methionine
contained little or no "methionine synthase" enzyme(s); this should
spare the requirement for cysteine end homocysteine, Possibly cells
grown with methionine have sufficient amounts of sulphydryl compounds
so that thiemine~-disulphide formation is unimportant end thiamine
might therefore have no epparent effect on the growth of E, coli 113-3
when the medium contains methionine,

Neither thiemine nor cystine inhibited growth in the stationary
assay but homocystine appeared to inhibit growth of E. coli 113-3
in both the shaken and stationery asseys, Dubnoff (9, 10) reported
that in the absence of vitamin Bjg E. coli 113-3 rapidly reduced
cystine but not homocystine unless reducing agents such as cysteine
or glutathione were added to the medium; possibly the different
inhibitory effects observed with these compounds is related to the

ebility of the organism to reduce these compounds in semi-serobic

conditions,
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It is kmown (15) thet only a smell fraction of the thiamine
in solution at pH 7,0 is in the thiol form and that most is in the
thiazole form, It is only the thiol form of thiamine, however, that
is oxidized to the disulphide, so it would eppear that if thiamine
disulphides ere formed jn vivo end are reduced by vitemin Bjo and
glutathione, then thiamine functions catelytically in the oxidation

of sulphydryl compounds, This conception may be outlined as follows:

pH 7,0 (0,)
Bl&.:—-—Bl'SH \Bl-S-S-Bl R - SH
R - SH < By -S-S-R+B -8H
(Blz+G-SH) -

By -~ SH represents the thiol form of thiamine,
B} - 8 = S - By represents the disulphide form of thiamine,
R - SH represents sulphydryl compounds.

G - SH represents glutathions,

These reactions are essentially the same as those suggested by
Metsukawa and Yurugi (32) except that vitamin Bjo and glutaethione
reduce the disulphides and thiamine catalyses the oxidation of sulphydryl
compounds., The operation of this cycle in aerobic conditions should
increase the requirement for vitemin Bjo and possibly for glutathione,
Although there is little direct evidence, the only logical explanation
at present seems to be that thiamine disulphide oxidizes essential
sulphydryl compounds, The evidence for this coneeption is: (a) the

conditions that seemed most favourable for disulphide formation, et pH 7.0,
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also esppesred to produce the greatest inhibitory effect with thiamine
and (b) cystine appeared to inhibit aerobic growth and the inhibition
seemed to be partislly reversed by thiamine, Although the other ex-
perimental findings did not strengthen this idea, at least they were
compatible with this conception,

Thiamine reversed the cystine inhibition only slightly but it
appears that the main inhibitory effect of autoclaved cystine is due
to interference with pantothenic acid synthesis, Cystine, when added
aseptically to the medium, appeared to stimulate the growth of E, ggli
113-3 but inhibited growth when amtoclaved with the medium, I%
appeared therefore that a toxic product was formed when cystine was
autoclaved with the medium, Other experiments indicated that the
toxicity of autoclaved cystine was reversed to a considerable extent
by pentothenic acid and therefore the inhibition resembled Ravel and
Shive's (37) cysteic acid inhibition, Tests with cysteic acid, however,
indicated that 100 mg of cysteic acid per tube did not inhibit the
growth of E, coli 113-3, This finding appeared to eliminate the
possibility that cysteic acid is the toxic compound produced during
autoclaving of cystine solutions,

Schuhardt et gl (44) suggested thet cysteine sulphinic acid
(CSA) is formed during eutoclaving of cystine solutions, GCSA
resembles aspartic acid and might inhibit growth of E, coli 113-3
in a manner similer to Ravel and Shive's postulated mechanism for

the cysteic acid inhibition for E, coli; the postulated mechenism is

outlined sas:
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(cysteic acid)

HO3SCH ;CHNHCOOH

(espartic acid) l
HOoCCH,CHNHCOOH = 00 _. p-alanine_, pantothenic acid

|

According to Ravel and Shive, cysteic acid inhibited competitively

the decarboxylation of aspartic acid to produce g-alenine, a precursor
of pantothenic scid, They found that the inhibition was reversed
competitively by aspertic acid and non-competitively by either B~-elanine
or pentothenic acid, The formule for cysteine sulphiniec acid is
HO-SCHoCHNHoCOOH; it eppears to resemble aspertic acid more closely
than does cysteic acid and might therefore be a more efficient com-
petitive inhibitor then cysteic acid, Preliminary tests with CSA
indicated that this compound inhibited growth quite markedly at con=-
centrations as low as 5 ug per tube and the inhibition seemed to be
reversed by pantothenic acid and aspartic acid, Sin_ce Schuherdt et al
reﬁorted that CSA is probebly formed during autoclaving of cystine
solutions, it appears that the toxicity of autoclaved cystine solutions
for E, coli 113=-3 is due meinly to the formation of CSA during auto-
cleving and that CSA inhibits growth in a manner similer to the cysteic
ecid inhibition reported by Ravel and Shive,

Singer and Kearney (47) have shown that CSA is repidly metsbolized
serobically by Proteus vulgaris to pyruvic acid, NH3, end SOZ. They
found that this process required either o -ketoglutaric acid or oxalacetic
acid, They suggested that the following reactions represent the trans-

emination reaction between CSA and the keto-acids,
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TPN, - NH3

1-CSA + a-ketoglutaric ——> g=-sulphinylpyruvic + l-glutamic acid
- acid acid '

or or
oxelacetic acid l-aspartic acid
Pyruvic acid + SOZ

Cobey and Handler (6) found that cell-free extracts of E. coli also
eppeared to metabolize CSA by the same reactions, Although Singer
and Kearney designated the transamination as being reversible, Cobey
and Handler stated that the desulphination of B-sulphinyl-pyruvie
acid is en exergonic reaction end reversal of this process appears
unlikely, Singer and Kearney reported that even with crude extracts
the "turncver" in the a-ketoglutaric acid-CSA reaction exceeds the
rate of any other known trensaminatiom reection; with excess
o~ketoglutaric acid or oxalacetic acid present and Mn** to ensure
continuous removal of p=-sulphinyl-pyruvic acid the reaction goes
to completion,

The studies of the metabolism of CSA suggest esnother possible
mechanism for the apparent inhibitory effect of CSA upon the growth
of B, coli 113~-3, If the series of reactions producing pyruvic ecid,
NHj end SOZ from CSA mgy be considered as being spontaneous then most
of the aveilable sspartic acid may be involved in the aspartic escid-
oxelacetic acid cycle deaminating CSA so that insufficient espartiec

acid is available for pantothenic acid synthesis, Such an inhibition
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might be reversed by pentothenic ecid or g-alsnine or aspertic acid
or glutamic acid end experiments indicated that pantothenic acid and
espartic acid reversed the CSA inhibition,

The inhibition with autoclaved cystine did not appear to be
completely reversed by pantothenic acid or a combination of compounds
thet Ravel and Shive found effective in reversing the cysteie acid
inhibition, The shape of the growth-response curves when cystine
wes added aseptically or when the toxicity of autoclaved cystine was
reversed by pentothenic ecid and other pantothenic ecid precursors,
seemed to indicate that some other factor limited the rate of growth
at the high dose of Bjpe Although the "residuel" inhibitory effect
mey be due to colloidal sulphur or metel sulphides (24, 25, 44, 52),
thiemine sppeared to have an additive effect with pentothenic acid
in reversing the cystine inhibition, The "residual" inhibition might
therefore be due to oxidation of sulphydryl compounds or disulphide
formation with thiemine as mentioned nesr the beginning of this

discussion,
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SUMMARY

1, Thiamine decreased the amount of aerobic growth of E, coli 113-3
in Devis end Mingiolil's medium,

2. It was found that thiamine does not destroy vitamin Bjo in the
serobic conditions of the shaken asssy for vitemin By, with E, goli
113-3 and thiamine did not seem to convert vitemin Bjs to vitemin Bjope

3. It appeared that the thismine effect did not result from the
formation of toxic degrasdation products of thiemine,

Le E. gold 113-3 removed relatively large emounts of thiemine from
‘the medium during growth,

5, Several amino acids snd certain compounds that might be related
to thiamine metebolism were tested but none reversed the thiamine
inhibition,

6. It appesred that, within certain limits, the more serobic the
conditions for growth, the greater was the inhibitory effect of
thiamine,

7. It is suggested that thiemine inhibits growth as a result of oxidation,
of, or disulphide formation with, essential sulphydryl compounds,

8, Cystine, cysteine end homocystine, when autoclaved with medie
eppeared to inhibit the aerobic growth of E, coli 113-3, but cystine
seemed to stimulste growth in semi-anserobic conditions, Cystine
seemed to stimulate serobic growth also when it wes sterilized by
Seitz filtration and added aseptically to medie,

9+ It appeared that pentothenic acid or pg-alenine elmost cﬁmpletely
reversed the cystine inhibition end that thiamine elso partially

reversed the inhibition,
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10, It is suggested that cystine inhibits serobic growth, to a limited
extent, due to disulphide formation with thiamine synthesized by
the organism,

11, The cystine inhibition closely resembled the cysteic acid inhibition
reported by :.other workers:., but cysteic acid did not seem to inhibit
the growth of E, coli 113-3 in aerobic conditions,

12, Cysteine sulphinic acid appeared to inhibit growth of E, coli 113-3
merkedly and the inhibition seemed to be completely reversed by
pantothenic acid end aspartic acid, Since cysteine sulphinic acid
is probebly formed during sutoclaving of cystine solutions it
eppears that the cystine inhibition is mainly caused by cysteine
sulphinic acid formed during autoclaving of media, It is suggested
that cysteine sulphinic acid interferes with pantothenic ecid

synthesis,
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