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ABSTRACT

The biosynthesis of thiamin is investigated by the administration
of radioactively labelled compounds to yeast. Thiamin chloride hydro-
chloride is isolated from the yeast cells and degraded to determine the
distribution of activity within its thiazole nucleus. Label from [2—]4C]-
glycine, in two strains of 3. cerevisiae (ATCC 24903 and 39916 H.J. Bunker),
is located exclusively at C-2 of the thiazole moiety. Ron-random incor-

lporation of activity into the C5-unit of the thiazole nucleus from
[1,3-14C1g1ycerol, D-[1-*Cfructose, D-[u-'%c1-, o-D1-"%c1-, p-[2-'%cl-,

p-[6-1%1-, and D-[6-H,6-'"

Clglucose is observed in §. cerevisiae {ATCC
24903). A new hypothesis, consistent with the pos{tions of the label in
the above experiments, is proposed for the biosynthesis of the thiazole
unit. As the first sfep in this scheme, g]ycfﬁe and a 2-ketopentose are
suggested to form & Schiff base which is converted to the thiazole
moiety in a multistep sequence. The mode qf incorporation‘of [1,3-]4C]—

glycerol and the labelled hexoses indicates{thaf the 2-ketopentose is )
formed from glycolytic intermediates by two pathways. D-Ribulose 5-
phosphate, g-xy1u1bse 5-phosphate, or a c]ose}y‘re]ated compound is the
most likely choice for the 2-ketopentose. Radiocactivity from sodium

[14 14C]g]ycerol and the above hexoses is

CJformate, [3—]4C]serine, [1,3-
incorporated into the pyrimidine nucleus of thiamin. A new scheme is pro-
posed to account for these.fesu]ts. Radioactivity from E-[Me-]46]~
methionine, QL;[Z-]acjtyrosihe, sodium [1-]4C]acetate, sodium [3—]4C]-
pyruvate, sodium L-[U-"C]lactate, pL-[3-'*cleysteine, D-[1-*CIribose,

sodium 2-keto[5—]46]g1utarate, and [1-]4C]succinic acid is not incorporated

into thiamin. _ e
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INTRODUCTORY REMARKS

An organic substance which is required in small amounts for the
nutrition and normal growth of an organism, buf which is not formed by
that organism, has been given the term vitamin. Thirteen vitamins are
required for the well-being of man.] Traditionally, these thirteen sub-
stances have been c]éssifiéd into two groups: the water-soluble (vitamin
C and the B vitamins) and the fat-soluble (vitamins A, D, E and K) vitas
mins. Most water-soluble vitamins act as coenzymes while the fat—solub]g\
vitamins have more varied functions.

Vitamin B], as it name suggests, was the first member to be
identified in the B group of vitamins. The name thiamin chloride was
proposed by R.R. Ni]1iam52 for this substance and this, or the term thia-
mine, became accepted in North America, whereas the namé aneurin(e) was
used in Europe. These designations have been replaced by the name thia-
min® which refers to the 3-(4-amino-2-methylpyrimidin-5-yImethyl)-5-

(2-hydroxyethyl)-4-methylthiazolium ion (1).

thiz'

S S U
. H30)§N Ls OH \
1 .

—

Thiamin has been found to act as a coenzyme for Some enzymes

which catalyze carbon-carbon bond formations and cleavages. These reactions

-1 -



involved in its own biosynthesis.

However, the bigosynthesis of thiamin is not he;

blished as its function. Evidence for the formation of thiamin pyrophos- .
phate (the active form of the coenzyme) from two preformed heterocyclic -
units is presented in Chapter I to illustrate that the biosynthesis of
thiamin comprises two pomp]ete]y separate prob]em§: the biosynthesis
of the pyrimidine and thiazole units. Many investigations have been under-
taken to elucidate the basic pfecursors 0% these units and these are des-
cribed in some detail. The technique most widely used in fhese experi-
ments was'the feeding of isotopically labelled compounds to micro-organisms.
Table I summarizes the literature according to the labelled compound and
micro-organism used in each investigation. The results of these numerous
investigatioﬁs have not led to a general agreement on the basic precur-
sors of these units and are, in some cases, contradictory.

This thesis is an attempt to resolve the conflicting evidence
concerhing the biosynthesis of the thiazole moiety and to establish the
basic precursors'of this unit. Chapter II preSents a new hypothesis for
the b%osynthesis‘of the thiazole moiety and he.evidence which has been
obtained in its support.

Some information concerning the origin of‘thé_pyrimidine moiety
has also been collected and preliminary conclusions are given in Chapter
II1. However, the detailed solution of’thfs aspect of thiamin biosyn-

thesis will require a separate investigation.

—



CHAPTER I ' ; RN

- INTRODUCTION

(i) . Discovery and function of thiamin J
The origin of the term vitamin ﬁaslgééL closely associated with

the isolation ahd‘chara terization of thiamin. In 1884, the disease

beriberi was eliminated from the Japanese navy by\changing the diet.4
Eijkman6 obsérved that fqwls, when fed polished rice, developed a disease
which he called poTyneuriEis. Administration of rice polishings cured
the disgase. Eijkman sugg stéd that a toxic principle, formed from starch

. . . L. . . e :
ip“the intestine, caused the disease. Rice polishings would contain an
{

~ dntidote. Today's accepted explanation for this observation was pro-

poééa E} Grijns in 1901.7 Hé suggested that po]yneufitis was partial

starvation‘due to the absence of some essential substances. 'A few years

1atér, the substance responsible for polyneuritis was given the n

"vitamin'e"8 as it was thought to be an amine which was vital to ife.

The present term, vitamin, has been generalized to refer to the’ group

of organic compounds which are required in small amounts fof.the-wel]

being of man. . ' . \
The search for this curative substance was thus focused on rice

9

bran and a semicrystalline material was obtained in 1926. Structural

elucidation studies followed the determination of the molecular formula

. ' 10,11
of the hydrochlioride as C]2H16N4OS-2HC1-H2

obtained for material extracted from yeast. The key degradative reaction

0. Similar results were

used in the determination of the vitamin's structure was the quantitative

-3 -



cieavage of thiamin chloride hyArochloride (2) by bisulfite 12 (Figure 1).

13

The structures of the pyrimidige (4), ° and thiazole (5) 14 companents

were determined separately and the full structure of thiamin was pub-

lished in 1936 by Hi]1iams]5 and Grewe.]6 However, priority has been

credited to R.R. Wiliiams~

!

elucidation, was accompiished soon’ thereafter by three independent groups.

The chemical synthesis of thiamin, which confirmed the structural

17-19

The chemically synthesized vitamin soon became the main source of thiamin

/

because of the difficulties involved with the isolation of the vitamjn
from natural sources.

Within a year of the synthesis of thiamin, its pyrophosphate

ester (3) was isolated from yeast20

21

and shown to be the cofactor for the
decarboxylation of pyruvic acid.

In genera\;’gbiamin pyrophosphate (3) is the required cofactor
for enzymes that.c]eavé a carbon-carbon bond adjacent to a keto group.22
These reactions may be classified into fou} main categories: non-oxidative
decarboxylation of a-keto acids; ox{dative decarboxylation of a-keto acids;
formation of wu-ketols; and, formation of acetyl phosphate. The substrates
for these reactions are of two main structures, a-keto acids and 2-keto
sugar phosphates. Figure 2 outlines the transformations of an a-keto acid,
pyruvic acid (6), and Figure 3 presents the transformation of a 2-keto
sugar phosphate, fructose 6-phosphate {14).

The non-oxidative decarboxylation of pyruvic acid (§) to acet-
aldehyde (9) is catalyzed by the enzyme pyruvic acid decarboxylase, where-

as the oxidative decarboxylation yields S-acyl lipoic acid (13) which

is converted to acetyl CoA. Acetyl CoA, amona other functions, can provide
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Figure 1: Bisulfite cleavage of thiamin chloride hydrochloride.
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Figure 2: Products obtained from pyruvic acid via thiamin pyrophosphate
catalyzed enzymic reactions. (R = the pyrimidine moiety

of thiamin.)
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Figure 3. Products obtained from D-fructose 6-phosphate via thiamin
' pyrophosphate catalyzed enzymic reactions. (R = the pyrimi-

dine moiety of thiamin.)
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energy for the cell via the Krebs' Cycle.

The a-ketol, acetoin (11}, is formed by micro-organisms and plants

by two Krown mechaniSms.z3 In bacteria, the formation of a-acetolactic

acid (10) can be pictured as the condensation of a Cy

pyruvate (6) with a second molecule of pyruvate (6). A specific de-

unit derived from

carboxylase catalyzes thé formation of acetoin (11) from a-acetolactic

~
<

:cid (10). Under anaerobic conditions, acetoin is reduced to 2,3-butane-
diol. In plants and yeasts, the enzyme carboligase catalyzes the forma-
tion of acetoin from a C2 unit derived from pyruvate (6) and free acet-
aldehyde (9) formed by the action of pyruvate decarboxylase on pyruvate

(6). The chemical analogies for the formation of acetoin (11) are the
25

Acylein Condensation24 and the Benzoin Condensation.

Thiamin pyrophosphate (3) is also important as a coenzyme in
amino aéid biosynthesis.26 a-Oxoisovaleric acid (12), the precursor of
valine and leucine, is formed from «-acetolactic acid {10) by rearrange-
ment and reduction. The first step in the biosynthetic route to iso-
leucine is an analogous condensation of a C2 unit derived from pyruvate
with ac-oxobutyrate.

The enzyme transketolase cataiyzes the formation of the a-ketol .
2;xy1uiose S5-phosphate (l_) from g-fructose 6-phosphate (11) and D-
glyceraldehyde 3-phosphate (18). Acetyl phosphate (20) is formed from
Q-fructose 6-phosphate (14) in the presence of the enzyme phosphoketolase.
The second product in both of these reactions is D-erythrose 4-phosphate
(7). .

A clue to the mechanism of these transformations was given by

the observation of the catalysis of the acyloin condensation by a number

A e aalse demoAut LT



of thiazolium compounds, including thiamin.27 Thiamin was also found to

4
catalyze both the decarboxylation of pyruvate and the formation of acetoin

28

from pyruvic acid and acetaldehyde without the Hid of enzymes. These

reactions were thought to involve the acyl anion, RCO™, or some stabilized

equivalent, and a number of proposals were made to account for the stabili-

29,30

zation of this species by thiamin. However, Breslow's nuclear magnetic

resonance observation pf rapid deuterium exchange in thiazo]iﬁm sa]ts3]
led him to propose the mechanism outlined in Figure 2 for the thiamin cata-
lyzed transformation of pyruvate to aceta]dehyde32 and for the thiamin cata-
lyzed Benzoin Condensation.33 Breslow's proposal included the intermediates
(7) and (8).

a-Lactyl thiamin pyroohosphate (7) was isolated by paper chromato-

graphy from the enzymic reaction of pyruvate with pyruvate decarboxylase

from brewer's yeast.34 . *\\

However, the evidence for the a—hydroxyethy1thiamin'pyrophosphate
zwitterion (8) as an intermediate in these reactions is much stronger.
a-Hydroxyethylthiamin was chemically synthesized and, in the presence

of thiamin pyrophoéphokinase and pyruvate decarboxylase, was converted

35

to acetaldehyde. Its isolation from enzymic incubations has been des-

cribed.36 a-Hydroxyethylthiamin was also detected in higher plants and
it was thought to be present as its pyrophosphate ester.37 The pyrophos-

phate ester {protonated 8) was later synthesized® and identified in ex-

39 in the enzymic reactions of pyruvate with

wheat germ decarboxylase,39 and in a brewer's yeast decarboxylase.Bq.

tracts of Escherichia coli,

The same compound was also found in the reaction mixture of the pyruvate
dehydrogenase catalyzed conversion of pyruvic acid (6) to acetyl CoA.40’4]

Evidence for the formation of the zwitterion (8) from a-hydroxyethylthiamin
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pyrophosphate was provided by fhe observation of the rate of exchange of
the o-proton by nuclear magnetic resonance spectr‘oscopy.42

The term "“active aldehyde" was in general u3943 to describe the
stabilized acyl anion involved in these transformations. This term derives

44 that "this condensation ... can be brought

from the statement by Neuberg
abqut without any difficulty if the aldehyde which furnishes the acetyl

group is in statu nascendi ...". The intermediate anion (8) can be re-

garded as this "active aldehyde".

To explain the ketol condensation that is carried out by the enzyme
transketolase, Racker g;_gléﬁs postulated the formation of an "active gly-
colaldehyde®” which condenses with the "acceptor aldehyde" to form a keto-' '
sugar. This "active glycolaldehyde" was. assumad to be tightly bound to
the enzyme as no free glycolaldehyde was detected. Denaturation of the

14

protein liberated glycolaldehyde and when " 'C labelled glycolaldehyde was

placed in solution along with a 2-ketosugar phosphate and transketolase,

46 this indicated exchange bet-

the 2-ketosugar phosphate became labelled;
ween ffee glycolaldehyde and "active glycolaldehyde". By analogy with
“active acetaldehyde", "active glycolaldehyde" is considered as the |
zwitterion (16). The protonated form has been chemically synthesized.38 .
a,B8-Dihydroxyethyl thiamin pyrophosphate (protonated 16) has been isolated

from an incubation of [U-14C]frqctose and transketolase by ion-exchange ° ﬁ
chromatography.47 When incubated with transketolase and inactive glycol- i
aldehyde, this derivative yielded radioactive erythru]ose. An improved

method for the preparation of this derivativeqa’qg led to the isolation

50

of sufficient quantities for chemical degradation. An incubation was K

carried out with [3-]4C]hydroxypyruvate. a,B8-Dihydroxyethylthiamin pyro-

s e T RN
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b
phosphate was isolated, dephosphorylated with phosphatase and separated
by electrophoresis from thiamin. The derivative wés cleaved with bisulfite
And the a-hydroxyethylthiazole was isolated by electrophoresis and paper
chromatography. This substituted thiaio]e was treated with hydroxylamine
and an active spot with the same Rf value as glycerohydroxamic acid was
obtained on paper chromatography. The glycerohydroxamic acid was derived
from C-2 of the thiazole ring and the covalently bound glycolaldehyde.
Other than Rf'va]ue, no effort was made to characterize this compound.

The formation of sedoheptulose 7-phosphate from this iso1afed
compound and ribose 5-phosphate by transketolase was reported as addi-
tional evidence for the intermediacy of "active glycolaldehyde" {(16) in
the transketolase reaction.s1

The enzyme phosphoketolase has been isclated from the bacteria

Leuconostoc mesenteroides,52 Acetobacter xyh’nums3 and Lactobacillus
54

plantarum. In each case, thiamin pyrophdsphate is the required co-
factor and D-xylulose 5-phosphate is a substrate for all three enzymes.
Only the enzymes isolated from the first two bacteria]ISpecies, however,
could utilize Q—fructose 6-phosphate. Breslow55 suggested a mechanism in
which the “"active glycolaldehyde" intermediate (16) rearranged to give a
2-acetyl thiamin derivative which would react with inorganic phosphate

to generate acetyl phosphate (20). Model studies had shown the kinetic

56 A second possible mechanism is the

lability of such an intermediate.
addition of phosphoric acid across the double bond of the intermediate

enol. There is no experimental evidence either Po support or to contra-
dict these mecham’sms.57 However, the- zwitterion (16} is a likely inter-

mediate as u,B—dihydroxyethy]thiamin pyrophosphate, obtained from the
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action of pyruvic oxidase on [2—]4C]hydrdxypyruvate, was converted to

acetyl phosphate (20) by phosphoketo]ase.58

(i) Formation of thiamin pyrophosphate from preformed he}erocyc]ic units
The ultimate goal of a biosynthetic investigation is the detailed

description of the biosynthetic sequence leading to the desired product

from the well-known primary constituents of the celi. The biosynthésis

of thiamin from the preformed pyrimidine (4-amino-5~hydroxyﬁethy1-2—methy1-

pyrimidine (21)) and thiazole (5—(2—hydroxyetﬁy1)-4-methy1th1azo1e'(i))

5,29,59-67 this is pre-

moieties has been well investigated, and reviewed;
sented in Figure 4. Some of the enzymes invelved in this sequence of
reactions have been purified. Howevér, the pyrimidine (21) and thiazole
(5) precursors have structures which are unique to thiamin; these units
are not primary constituents of the cell and their origins from simpler
substances is not at ail well estab1ished; ‘

The ready avai]abflity of chemically synthesized thiamin and byri—

midine and thiazole derivatives led to nutritional studies which provided

tQ; first information concerning thiamin biosynthesis. Experimenis re-
68-70

vealed that the thiamin requirements of the fungus Phycomyces hlakesleeanus
- Y
and excised pea roots7] could be met with a mixture of theﬂggyim dine and

thiazole-moieties. The pyrimidine moiety was .supplied as eit

bromomethyl, 5-ethoxymethyl or the 5-aminomethyl derivatiyes/of (21).
(a .
Neither the pyrimidine nor the thiazole derivative alone could replace

the thiamin requirement,‘épd the amount of growth was limited by the
component present in the smallest amount.- This suggested that these com=

pounds were converted to thiamin before they had ény effect on the organism.

T3
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Figure 4: Biosynthesis of thiamin from preformed heterocyclic compounds.
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The synthesis of thiamin from the pyrimidine and thiazole units supplied

to pea roots was shown with the fungus Phytophthora cinnamani,72 since

the thiamin requirement of this fungus .could only be met by the intact

vitamin’and not by a mixture of the pyrimidine and thiazole moieties.

‘In Staphylococcus aureus73 and excised tomato roots74 the thiazole
(5) satisfied the thiamin requirementi’;higﬂsuggested that these organisms
have the ability to synthesize the pyr%midine portion of thiamin.

The thiamin requi?Emﬁfts of many fungi were investigated and the
results sumﬁarized.65’75 The fungi were classified into five categories
according to whethe?Athey require preformed thiamin, pyrimidine and thia-
zole moieties, pyrimidine moiety, thiazole moiety, or have no requirement.

Similar observations have been made on examination of bacteria.

77

Lactobacillus fermenti 76 and Flavobacterium aquatile ° require preformed

thiamin and these organisms, among others, have been used for the quanti-

tative assay of thianﬁw;78 The thiamin réquwrements of other bacteria

and yeasts have been summarized.79

These early nutritional studies produced the currently accepted
idea that thiamin was derived from preformed pyrimidine and thiazole units.

-
L
These investigations were taken one step further with Neurospora crassa

mutants,80 which differed /krom the wild type in on1y a single gene. One
mutant reﬁuired intact thiamin and another required the thiazole (5). The
first mutant accumulated pyrimidine and thiazole moieties gnd the second
one accumulated only the pyrimidine moiety. These results suggested that
the first mutant lacked the enzyme.necessaryﬂfqr the synthesis of thiamin

from its pyrimidine and thiazb]e precursors and that the second mutant

Alacked the ability to manufacture the thiazole precursor. When the thia-

y

Se
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zole (5) was supplied to the latter mutant, the organism fould synthesize
thiamin. From his work with the same series of N. crassa mutants, Harrisej
suggested two alternative pathways of thiamin biosynthesis. In addition
to the coupling of the pyrimidine and thiazole units to form thiamin
directly, he postulated a second route which involved an intermediate
containing a partially formed thiazole already attached to the pyrimidine
moiety. A mutant which accumulated a substance that appeared to have

the .properties of this intermediate was also described. Eberhart and
Tatum82 re-investigated this mutant and they found no evidence for the ac-
cumulation of suéh an intermediate. Instead, they suggested that the sub-
stance accumulated was a phosphorylated form of thiamin.

Harrisa1 also made a distinction between the thiazole (5) supplied
in the medium, and an endogggggi‘precursor of the thiazole moiety which is
used preferentially ta, couple with the pyrimidine unit. Perhaps the endo-
genous precursor was the thiazole phosphate (24} which would be used pre-
ferentially for _the formation of thiamin. -

Feeding experiments, using isotopically labelled compounds, gave
the first direct evidence that thiamin is synthesized from a pyrimidine
and a thiazole precursor. [14C]4-Amino-5-aminomEthy1-2—methy1pyrimidin883
and [2—]40‘]—5-(2-..hydr‘oxyethy1)—4-methylthiazo]e84 were chemically synthe-
sized and were found to be incorporated into thiamin by a number of thiamin
requiring fungi. The organisms used required either the pyrimidine or the
thiazole ﬁoiety or both for growth, but all showed incorporation of the
labelled compounds. A tracer experiment of this type does not indicate
that a compound is on the direct pathway to thiamin from simple cellular

constituents but only that it can be converted to a substance which is on
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the direct pathway.85 From current know]edge,59 4-amino—5-aminomethy1—2—.
methylpyrimidine falls inte the JTatter category.

The first indication of the coupling process between fhe thiazole
and pyrimidine moietieé came from studies of the enzyme, thiaminase, which
catalyzes the cleavage of thiamin. w0011ey86 suggested that the quaternary
nitrogen of thiamin could be forméd only with the expenditure of energy

87

~and Fujita used thiaminase to catalyze the synthesis of thiamin from

the thiazole (5), -and the pyrimidine moiety, substituted at C-7, with

pyridine. The enzyme was simply catalyzing a nitrogen exchange reaction.

Using a cell-free extract from baker's yeast, Harris and Yavit88

found th1am1n to be synthes1zed from the pyrimidine { 1) and the thiazole

(5}. In addition, they observed that the lag period of this synthesis
was eliminated if the pyrimidine phosphate (22) was used as a substrate,’
and that thiamin synthesis was inhibited by the addition of phosphatases
to the extract. These observations were confirmed by Le'der89 who found

that the synthesis of thiamin from the pyrimidine phosphate (22) and the

thiazole (5) required the parttcipation of two enzymic compounds, one of
which was stable at 55°C and the other not. Also, the presence of an

ATP generating system was required.

Nose g;_gl;,go’gl using an enzymic extract from Oriental baker's

yeast, concluded that two steps were required for the synthesis of thiamin:
{‘ —
the_ac%ﬁvat1on of the pyrimidine (21) and the thiazole (5), and the con-

densat10n of these activated units to form thiamin. Cﬁemica11y synthesized

phosphate esters of the pyrimidine and thiazole moieties were incubated

b

with the enzymic extract. The pyrimidine pyrophosphate (gg) and the thia-

zole phospnate (24) were the most active of the compounds %ried and thus
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they were suggested as the most likely activated thiamin precursors.gz

Alsoc, the enzymic synthesis of the pyrimidine pyrophosphate was suggested
as a two-step reaction.

The initial product of this coupling reaction was found to be

thiamin monophosphate ( 5),93’94

and not free thiamin (1) as had been

88 Thiamin monophosphate (25) was detected

suggested by Harris and Yavit.
because the cell-free extract had been heated to inactivate the phosphatases.

Synthetic samples of the nyrimidine pyrophosphate (23) and the thiazole

phosphate (24) eliminated the ATP requirement for thiamin synthesis. =~

94,95 i5olated the pyrimidine phosphate (22)

Camiener and Brown
and presented chromatographic evidence which indicated the presence of
the pyrimidine pyrophospnate (23), the thiazole phosphate (24), thiamin
monophosphate (25), thiamin (1) and thiamin pyrophosphate (3), in cell-
free extracts of baker's yeast. They proposed a scheme identical with

that given in Figure 4, with the route from thiamin monophosphate (25}

" to thiamin pyrophosphate (3) via free thiamin (l):

Evidence in the support of this route was obtained when the thia-

zole phosphate (24) was isolated from an enzymic extract of baker's yeast

and identified by ultraviolet spectroscopy and bioautographic methods96

" and enzymic fractions were found which converted thiamin (1), but not

thiamin monophosphate (25), to thiamin pyrophosphate (3). A phospha-
tase was assumed to be present since a purified extract gave thiamin
monophosphate (gi)uas'the only product of coupling, whereas the erude
extract produced all three forms of thiamin.

The formation of the thiazole phosphate (24) was demonstrated using
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355 labelled thiazole (5) and paper chromatography.g7 The incubation was
followed with time and it was concluded that thiamin monophosphate (25)
was formed and then converted to thiamin (1).

Evidence for the stepwise formation of the pyrimidine pyrophos-
phate (23) with the pyrimidine pﬁosphate (22) as an intermediate was ob-
tained using enzymic fractions from baker's98 and brewer'sg9 yeast. The
first phosphorylation was catalyzed by an enzyme which was stable at 55°C
and able to use the nucleoside phosphates CTP, GTP and UTP in addition to
ATP as the phosphorylating agent. The conversion of the pyrimidine phos-
phate (22) to the pyrimidine pyrophosphate (23) was catalyzed by a heat-
labile and ATP specific enzyme. HNo free pyrimidine (21) was detected in
the mixture. Unfortuna;ely, the two enzymes were found in the same puri-
fied fraction so the evidence given abéve only suggests the presence of
two separate enzymes.

The enzyme, thiamin monaphosphate pyrophosphorylase, which
catalyzes the synthesis of thiamin monophosphate (25) from the pyrimidine
(21) and thiazole (5) moteties waé purified 500-fold from baker's yeast.]00
The enzyme requires Mg++ for optimal activity and is specific for the
pyrimidine pyrophosphate (23) and the thiazole phosphate (gi). This
enzyme has been obtained in a crystalline form.]01

The synthesis of thiamin monophosphate (25) from the pyrimidine
(21) and thiazole (5) units has been dégcribed not only in yeast, but

also in the fungus Phycomyces b]akes]eeanus,w2 in p]ants]03 and in

r

Escherichia col‘i.m4 Thiamin monophosphate-pyrophdsphory]ase has been
105

purified 175-fold from E. coli, and it differs from the yeast enzyme

in some respects. The former is much smailer in molecular weight
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1071
)

(17000 vs 340000 and is inactivated at 45°C, whereas the yeast enzyme

is stable at 50°C. Both, however, are inhibited by ATP and other high-

energy phosphate comoounds.mS’106
Thiamin pyrophosphate (3) is the active form of the coenzyme

and two routes from thiamin monophosphafe (25) are ghown in Figure 4.

Thiamin monophosphate (25) can be converted to thiamin {1) and this pyro-

phosphiorylated to thiamin pyrophosphate (3), or thiamin monophosphate

(25) cdn be phosphorylated to give thiamin pyrophosphate (3) directly.

The-available evidence suggests that the first route {steps E and F)

occurs in yeast and the latter ane (step H)} in E. coli.
107 '

Weil-Malherbe obgérved the synthesis of thiamin pyrophosphate

(3) in a cell-free enzyme preparation from yeast. A longer induction period

was noted for thiamin monpphosphate (25} than for thiamin {1). He con-

cluded that thiamin monophosphate (25) was not an intermediate in the forma-

tion,of thiamin pyrophosphate (3) from thiamin (1).

The transfer of a pyrophosphate group from ATP to thiamin was shown

32 108,109 2P

in a " P labelling experiment. A sample of ATP labelled with 3

e
in the vy and 8 phosphates in the ratio of 11.5 was incubated with a 100-

fold purified thiamin pyrophosphokinase from baker's yeast.HO This

enzyme was inactive to thiamin monophosphate (25) and had a broad nucleo-
tide s‘.per:ificity.”1 Th{amin pyrophosphate (3) was isolated and degraded
to thiamin monophosphate {25) by acid hydrolysis. The distribution of
320 {n the « and 8 phosphates of thiamin pyrophosphate (3) was equaf to
the distribution in ATP.

The existence of thiamin pyrophosphokinase and phosphatase in

yeast has led to the view that thiamin monophosphate (25) must be dephos-

-

TRl LTl T
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L.
phory]gzgaﬁﬁaioré it can be converted to thiamin pyrophosphate (3), but
there is no eJ}dence for a specific phosphatase.62 There is also some
evidence for a thiamin monophosphate kinase in yeast.59 ,)
(
\

In E. coli, thiamin pyrophosphate (3) appears to be formed

directly (step H) from thiamin monophosphate (25). However, thiamin
pyrophosphokinase activity has been found in the membrane fraction of

E. coli ce115,]]2 but it has been suggested that its function is to parti-

—

cipate in the transport of thiamin across ithe rm‘-zmbrane.”2 Separate J

enzymes which catalyze the synthesis of t famin monophosphate (25) from

)113 (

thiamin {1 step G} and the synthesis Bf thiamin pyrophosphate (3)

from thiamin monophosphate ( 5)114 have Deen demonstrated in the soluble

fraction of E. coli extracts. Thiamin monophosphate kinase has been
purified 60-155 fold from crude extracts of EL_ggli.lls

The above information, obtained from experiments with cell-free
extracts or purified extracts, was confirmed with g;_ggli_mﬁtants which
required the phosphorylated forms of t!11'am1'n.116"l17 One mutant re-
quired thiamin pyrophosphate (3) and accumulated thiamin monophosphate
(25) when incubated with thiamin, which suggested a lack of thiamin ﬁono—
phosphate kinase. A second mutant required thiamin monophosphate (25) or
thiamin pyrophosphate (3) and the cells accumu]aéeg free thiamin from
the medium, which suggested a lack of thiamin kinasgf A cell-free extract
of the latter mutant was able to phosphorylate thiamin monophosphate
(25) but not thiamin (1}, whereas a cell-free extract of the first
mutant was able to phospCorylate thiamin (1) but not thiamin monophos-
phate (25).

The route(s) to thiamin pyrophosphate (3) given in Figure 4
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are quite well established. The steps indicated (A to H) have been found
in cell-free extracts and the enzymes responsible for steps 0O, F and H
‘have been purified. The origins of the pyrimidine (21) and the thiazole

(5) moieties remain as the largest unsolved problems.

(111} Origin of the thiazole moiety

Although the biosynthesis of the thiazole moiety has been in-
vestigated since shortly after the structural elucidation of thiamin,
there is no general agreement on the basic precursors of this portion
of the molecule. This is reflected in recent reviews of thiamin bio-
synthesﬁ's.sg'62

Feeding of radiocactively labelled compounds to whole organisms
‘has been the technique most widely used {n these investigations. An
experiment of this type involves the isolation and purification to con-
stant specific activity of the desired compound from the organism.

Derivatives can also be prepared to check the radiochemical purity of

the isolated compound. The location of the label is determined by

chemical degradation. Ideally, the molecule should be broken apart so

that each atom is obtained on its own. The sum of the specific acti-

vities of all the carbon atoms in the molecule should be the same as

the specific activit} of the compound degraded. If this is not so,

then either one or more of the compounds in the degradation is impure,

or the mechanism of reactions used in the degradations is not as expected.
The results of experiments of this type, undextaken fo elucidate

the biosynthesis of the thiazole moiety, are in some cases, contradictory

and in all cases incomplete. The term "incomplete" is used deliberately,



22

since only one of the six carbon atoms was isolated by chemical degrada-
tion, and the suggested hypotheses are based solely on incorporation
results. Incorporation measurements wefe used to judge the relative
importance of labelled compounds as precursors to the thiazole moiety,
but this type of comparison assumes that the compounds are taken up by
the organism and transported to the site of biosynthesis at the same rate.
Such an assumption is unwarranted even for a given organism, and when
results that have been obtained from different organisms are compared,
this assumption is clearly invalid. In fact, negative results might be
due solely to permeability prohlems. Angadditional difficulty with this
type of investigation concerns the radiochemical purity of the compound
isolated. If great care is not taken in checking the purity of the iso-
lated substance, there is always the chance of contamination by minute
amounts of very active compounds.

The general approach to thiazole biosynthesis has been the isola-
tion of thiamin and use of the bisulfite cleavage reaction (Figure 1)
to separate the pyrimidine and thiazole components. The pyrimidine sul-
fonic acid (ﬂ) is a solid and may be recrystallized to constant radio-
activity, but the thiazole (5) is an oil. Generally, the thiazole (5)
has not been converted to a solid derivative which could be purified by
crystallization and sublimation. A solution of the tﬁiazo]e (5) was
usually obtained and the concentration was measured by ultraviolet
spectroscopy. A portion of this solution was then used for radioactivity
measurements. Since a procedure of this type would neither detect nor
remove a small amount of very active contaminant, it had to be assumed
that the measured radioactivity was associated entirely with the thia-

zole (5).
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The six biogenetic schemes in Figure 5 reflect the varied and
contradictory results which have originated during the past forty years
-from investigations of the type described above. As an introduction to
the biosynthesis of the thiazole moiety and the problems associated with
its investigation, the evidence for each hypothesis will be critically
examined.

From nutritional studies with isolated pea roots, Bonner and
Buchman72 suggested that the thiazole moiety was biosynthesized from

thioformamide (26) and 5-hydroxypentan-2-one (27) (Route A, Figure 5) or

from thioformamide (26} and 3-chloro-5-hydroxypentan-2-one. This hypo-
thesis was not confirmed in the micro-organisms Phycomyces and Neurospora.
In relation to this, [353]—Y—mercapto—y—acetopropy1acetate was fed to a

number of fungi”8

but no incorporation into thiamin was obtained. Through
the use of mutants, Nakayama”9 concluded that y-aceto-y-mercaptopropanol
was not involved in the normal synthesis of the thiazole moiety in E. coli.

119-122 ysing thiamin auxotrophs of E. coli and N. crassa,

Nakayama
found that cystine and thiazolidine-4-carboxylic acid (29) could maintain
the growth of these strains and that thiamin and its thiazole moiet} were

122 4 _Methylthiazole (30)

detected in the culture hedium of Neurospora.
supported growth, but 4,5-dimethylthiazole did not. These observations
led to the suggestion that cysteine (28), along with presumably a C] unit,
wéu]a form thiazolidine-4-carboxylic acid (29), which would be converted
to 4-methylthiazole (30). An unspecified C2 unit would then be added to
gLye the g-hydroxyethyl substituent of the thiazole moiety (Route B,

Figure 5).

80

.
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The intermediacy of 4-methylthiazole (30) was tested by Korte

g}_gl;?q [2—]4C]—4—Methy]thiazole was chemically synthesized and fed to
a number of fungi but no incorporation into thiamin was obtained. Also,
in a competition experiment with [355]su]fate, 4-methylthiazote (30)

diluted the incorporation of label from [BSS}sulfate into thiamin by only

123

a small extent. In a similar experiment, thiazolidine-4-carboxylic

acid (29) was more effective in diluting the label from [3SS]su1fate.]23
‘However, the interpretation of such an experiment has to take info account
the relative rates of membrane transport for the two suggested precursors
and the possible hydrolysis of the thiazolidine ring to cysteine (28) and
formaldehyde. These observations, along with the necessity for an unlikely
reduction of a carboxylic acid to a methyl group, and tﬁe unknown origin

of the B-hydroxyethyl substituent, make this hypothesis seem improbable.

If, as Nakayama suggests, a one-carbon unit were to combine with

cysteine to form a thiazolidine ring as a first step to the thiazol

moiety, then formate might be expected as a precursor. One repoft
has suggested that formate is incorporated into the thiazole moiety, but
when a degradation was carried out to isolate C-2, the expected site of
activity, no activity was %ound. This degradation is shown in Figure 6.
Treatment of the thiazole (5), obtained by bisulfite 'cteavage of thiamin

(Figure 1), with methy]l iodide yielded the methiodide (37) which was re- °

il e Mabad o

duced to the thiazolidine derivative (38) by sodium borchydride. Hydro-

1ysis of the thiazolidine rjng in the presence of mercuric chloride yielded

formaldehyde (39) which was trapped as its dimethone derivative (40). -

This experimént may be interpreted in one of two ways. Either the activity

was associated with the remainder of the molecule (C-4,-4',-5,-6,-7) 7 ],



Figure 6:
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Degradation of the thiazole (5) to obtain C-2 as formaldehyde

dimethone (40).
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"~ the 1ikely direct donor of sulfur.

27 ,

—

.to an active impurity which was removed during the degradatiohT Had

the radioactivity of the intermediates (37) or (38) been determined and

en found to be negligible, then the latter explanatior would hold. This

seems to be the case as a later report by the same authors,125 in‘whicﬁ an

improved purification method was used, stated that inactive thiazole (5) -

was obtained from a []4C]formate feeding. It is generally accepted that

formate is not a precursor of the thiazole moiety. 207123

67

Plaut,”™ 1in a review on the biosynthesis of thiamin, propdsed

that the thiazole moiety could be formed in a‘T:Fner anégogous to the
¢

thiazolidine portion of penicillin. Cysteine (Z8) and a fivelcarbon &

amino'acid, glutamic acid (31) were suggested as the basic building btocks

-

(Route C, Figure 5). Cysteine (28) has been tested as a precursor by

128,130,131 [35 132 132

feeding [355]cysfine, Slcysteine, and [B-Igcjcysteine.

A small amount of incorporation of activity into the thiazole moiety was
= obtained when radioactively labelled sulfur was used but no incorporation

was obtained from [3—]4C]cysteine. These results suggest that cysteine

]

(28) acts only as a sulfur donor and not as a source of a C-5 unit, as

required by Route C in Figure 5. Cysteine {(28) gave only a small dilu-

tion of label in a competition experihent with [355}5u1fate in yeast;.]23
this. again suggests that cysteine is not-directly involved in the bio-

synthesis of the thiazole moiety. Cysteine (28), in a similar experiment

“

carried out in E. coli, was effective in diluting the incorporation of N

label from [355]5u1fate, and ‘the authors concluded that cysteine (28) is
r“? .
: 133

&

The question of whether or not the canjifiEE}eton of cysteine {28)

4
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was incorporated into the thiazole (5) was further probed bw/fﬁé feeding
of Iabel1ed serine, the biosynthetic precursor of cysteinéf In yeast, *
incorporation into fhe thiazole mbﬁety was reported from [U-]4C]serine

and [B-MC]serine.n4 The thiazole was degraded as shown in Figure 6,

but the formaldehyde dimethone (40) deriveqkfrom‘c-z gf the thiazole {5)
was inactive. The remainder of the molecule was not isolated. The acti=-
vity obtained in the thiazole (§3t\as in the [14C]f5r ate feeding, appears

to be due to the presence of an inactive impurity andmgg not Tocat Eﬂﬁﬁﬁxhﬁ‘

the unisolated portion of the thiazole (5). The [3—]4C]serine experiment

was repeated-by the same group and inactive thiazole (5) was iso]e} by

yd .
the revised purification pr‘oceduur‘e.]25 The nonincorporation of/serine _4 '
133 '

was_confirmed in E. coli. | ' _v///,,/

Feeding experiments with [U-ch]glutamic acid129,13?,134 have
shown very 1ift1e incorparation iﬁto thiamin. This implies that glutamic

acid (31) is not a precursor. Also, the reduction of a carboxylic acid

group to a methyl group seems to be an unlikely transformation. s
Forty years ago, Harington and Moggridge]35 suggested that the

th1azo1e moiety could arise from ammonia, aceta]dehyde (9) and meth1on1ne

(32) via the 1ntermed1ate a-amino-g-{4- methy]th1azo] 5-y1)prop1on1ﬁ?ac1d

(33) ) (Route D, Figure 5). They found that this compound was converted

136

into the thiazole mo1ety by ferment1ng yeast. Independently, Buchman

and Rmhardson]37 suggested the same intermediate and found that pea roots

were able to convert this substance to the thiazole moiety. This trans-

formation has also been shown in excised tomato roots138 but does not

139

seem to take p]ace in Phycomyces b1akes1eeanus and Staphylococcus

-

140
aureus.
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Methionine has been tested as a source of sulfur. It was found

to dilute the'incorporation of activity from [3551§g1fate in yeast]23

133 128,130,131

but not in E. coli. Also, label from [358]mephionine has

been incorporated into thiamin. In support of this scheme, it was re-

parted that label from L—[Me-]atjmethionine was incorporated into the
thiazole moiety in yeast and that the 35S/MC ratio of g-[Me-14C3355]_

methionine was maintained on incorporation into the thiazole moiety.]28’130

From this result, it was concluded that the CH3-S-'portion of the methionine

(32) molecule was incorporated into the thiazole (5) as an intact unit.
The possibility that ¥he labelled atoms could have been broken apart and
incorporated by different routes into the thiazole (5) cannot be com-
pletely ruled out. However, the efficiencies of incorporation over the
two routes would have to be the same and this would make this possibility
‘éeem rather unlikely. ‘ |

in Bacillus subtilis, [Me—]ac]methionine was incorporated into

thiaminlzg

and the position of the label, C-2 of the thiazole (5) as pre-

dicted by Route D, Figure 5, was confirmed by the degradation shown in
141,142

-

Figure 7. Thiamin chloride hydrochloride {2) was reduced to the

thiazolidine derivative (41) by sodium borohydride. The thiazolidine
derivative (41) was split by sodium bisulfite into the pyrimidinesulfonic
acid (4) and thé thiazolidine derivative (42) which was hydrolyzed to
formaldehyde (39). Again, the formaldehyde (39) was trapped as its di-

‘methone derivative (40). The specific activity of the thiazole moiety

-

was measufed either by difference or directly on a sample obtained from

+

the bisulfite cleavage of ‘thiamin. This degradation was reported in a

preliminary communication]41 in which no experimental details are given.



30

A

0
40

Degrddation of thiamin chloride hydrochloride (2) to isolate

(. c-2 of the thiazole moiety as formaldehyde dimethone (40).
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Thus, the purity and identity of the compounds involved cannot be

judged.

The incorporation of the methyl group of methionine into the

143

thiazole moiety could not be confirmed in Salmonella fyphimurium, E.

coli,]33 or ina second strain of yeast.]24’]34 Nor could the inference

that the carbon atoms of methionine (other than the carboxy group) accoun-

ted for (-5 and the B-hydrdi?ethy1 side.chain be confirmed in feedings of
[2-]4Q]methionine,143 [3,4—14(1]meth‘iom'ne,]34 and [G—ch]methiohine.133
It must be mentioned, however, that these experiments were carried out by

1

the groups which could.not reproduce the [Me- 4C]methionine incorporations.

The workers which obtained incorporation from labelled methionines did not

" try any experiments with methionine labelied with,14C in positions other

than the methyl.group. Incorporati&h was reported]29 from [3H]methionine,
and [3H,Me-14c]methionine, with a 3H/MC ratio of 1.3, yieI@ed the thiazole
moiety with a SH/1%C ratio of 0.4. The distribution of tritium in the
doubly labelled methionine was not'reported. In the absence of this infor-
mation, the 3H/MC ratio of the thiazole moiety derived from [3H,Me—]4c]-
methionine cannot be interpreted on the basis of Route D in Figure 5. With-
out knowledge of the method of préparation of the tritiated methionine, it
cannot even be assumed that the tritium was equally distributed.over the
eight non-exchangeable protons of methionine. No degradations were car-
ried out on this sample. It is, thérefore, not known whether this in-
corporation was specific or random.

Johnson g;_gl;}zg modified the Harington proposal by replacing am-
monia and acetaldehyde (9) with alanine (34). Both alanine (34) and acétate

were incorporated, but alanine (34) was considered to be the most likely

PR TR SRSV S
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precursor. Th1s route requires the Toss of C-1 of alanine {34) and

1 14C]a]amne was not incorporated into thiamin in yeast. 134 The incor-

poration of [U—] CJalanine was reported in Bacillus subt1hs]29 but [U- 14 C]-

alanine was not incorporated into thiamin by 5. txghimurium143 or yeast. 134

[ H]A]an1ne was also incorporated into the thiazole moiety and [ H, 14 c]1-

129

alanine was incorporated with the ratio of H/ C maintained. Again,

such a result cannot be interpreted unequivocally because the distribution

3 14

of both “H and in [ H C]a]anine was not reported. If alanine was in-

corporated as in Route D in Figure 5, and if the 3H was distributed equally

e was present in the

over the four non-exchangeable positions and the
three carbons in equal amounts, the 3H/MC ratio of the isolated thiazole
should have been higher than that of the [BH/]4C]a1anine that wascfed.

A number of incorporation results have been reported129 for [1,2-]4C]—
‘acetate, [1-]4C]acetate and 3H/MC doubly 1a5elled acetates. Incorporation
of acetate into the thiazole moiety in yeast was found to be low.]B4
No degradations to determine the location of label in the thiazole moiety
~ vere carried out in the above experiments and no checks on the purity of
the samples we;; made. It is difficult to interpret such experiments.

Evidence that contradiqtgd the methionine-alanine hypothesis .
emerged from radioactive-tracer experiments with glycine. It was found
by unequivocal ﬁegradation (Figure 6) of the radioactively labelled ¢hiamin
obtained from a feeding experiment in yeast with [2—14C]g1ycine that most
of the activity of the molecule was localized at C-2 of the thiazole
nuc1eus.]24 Administration of [2—14C]g1ycine in the presence of un-

125

Jabelled methionine gave an identical resuit and, in an experiment

with []SN]glycine, thiamin was isolated whose thiazole moiety (but not
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the pyrimidine unit) was enriched with ]'SN.]34 A scheme (Route E, Figure §l
that imp]icated‘E\ycine (35) in the biosynthesis of the thiazole unit was
pr0posed.12§ This scheme requires the loss of C-1 of giycine (35) and
exﬁérimehts]25’134 with [1-]4C]g1ycine indicated, after an improved puri-
fication procedure, that label from this compound is not incorporated
into the thiazole unit.

Iwashima and Nose]44 showed that the requirement for thiazole in
n E. coli mutant could be partially met by glycine {35), and that
thiamin synthesis, in washed cell suspensions provided with the pyrimidine
mojety, was stimulated by glycine (35) as well-as by the thiazole moiety
(5}. They concluded that glycine may serve as a precursor of the thiazole

. 145

unit. A feeding experiment with E. coli suggested that [U—]qc]glycine

was incorporated into the thiazole unit, but the radiocactivity of this mole-
cule was obtained by difference instead of by a direct measurement. Radio-
activity measyred in this way has an increased chance of error and such

(2 ]4C]G1yc1ne was not

143

resuits should be considered as less reliable.
incgrporated jnto the thiazole moiety by S. typhimurium.
The published data concerning the biosynthesis of the thiazole
unit were further complicated when phenylalanine was found to inhibit
th1azo]e biosynthesis in an E. coli mutant. 146 This inhibition was over-
come by tyrosine and the authors suggested that tyrosine (36) was a pre-
cursor of the thiazole moiety. This was confirmed by experiments with
radioactively 1abé11ed t_\.n"asines.]47 When either [U—]qc]tyrosine or
[2-14CJtyrosine was administered to E. coli, most of yhe activity was
Tocated at C-2 of the thiazole moiety, as determined by the degradation
124

deve1opéd by Linnett and Walker (Figure 6). [2—]4C]Tyrbsine was also

a2



34

3

il

fed to S. tgphimurium]43 and again most of the activity was fqﬁnd at

C-2 of the thiazole unit. In addition, a competition experiﬁént between
[2—]4C]tyrosine and unlabelled glycine and unlabelled methionine was
carried out, but neither the incorporation nor distribution of label in

the thiazole unit was changed. A scheme showing the involvement of tyro-

sine was then proposed (Route F, Figure 5). Tyrosine (36), in analogy

with glycine (35), might supply a C-N unit to the thiazole moiety and an

148 15,/

experiment with [TSN]tyrosine showed incorporation of °N into the

thiazole unit.

The results obtained for glycine and tyrosine are similar not
only in that each amino acid seems to contribute a C-N unit to the
thiazole moiety but that each'requires a C5 unit to complete the thia-
zo]é molecule. No suggest{ons were made in any of these investigations

-
as to the origin of the 05 unit. Experiments with DL-[2- C]mevalo]actone,134

134 125

potassium QL-[2-14C]meva1onate and Q}[1-14C]ribose did not yield

radioactively labelled thiazole. This implies that these compounds were

not involved in the origin of this C5 unit. k
Other schemes have been proposed for the b1osynthe515 of the

thiazole moiety, but there is 11tt1e ev1dence in the1r support In a

137 mention a hypothesis for the formation

149

footnote, Buchman and Richardson
of the thiazole moiety from a thiomethylpentose. Parada and Ortega,

in a study of the growth inhibition of a temperature-sensitive thiazoleless

mutant of S. typhimurium, suggested that the C5 unit is derived from a .

pentose-like compound which is formed from acetaldehyde and a C3 compound,

by means of an aldolase or transaldolase-type reaction. Calcium 2&—[1—]4C]-

g1ycerafe did not serve as a source of this three-carbon unit.]25 This

P W
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idea was based on the methionine-alanine results by Johnson et a].]ZB

and
presumably methionine was considered as a source of the C-2-S unit.

The e§per1ments described above involve many labelled compounds
and also many different types of micrc-organisms. Table 1, found at the
end of this chapter, lists organisms and the compounds fed and serves
as a summary and guide to the literature published to-date on this
seemingly complex problem. |

The above review shows that the biosynthetic origins of the .
thiazole moiety of thiamin are far from clear even though a great deal
of time and effort has been devoted to this problem. The obvious
criticism of these investigations is the lack of a degradation for the
C5 unit of the thiazole (5). Mithout such a degradation, no evaluatidn
can be made of the various sets of incorporation results in terms of a

valid biogenetic hypathesis.

(iv) Naturally occurring substances with structures similar to the

-~

" thiazole moiety

Very often, a biogenetic hypothesis can be generated through
consideration of compounds of similar structure which have been found
in nature. This approach was used very successfully by Sir Robert

Robinson 20

in the days before the availabidity of tracers. Compounds
with nitrogen and sulfur in the 1 and 3 positions of a five-membered
ring form a small class of natural products. The ring may be a thiazole,
thiazoline or a thiazolidine. These compounds, excluding thiamin, fall

into one of the following categories: penicillin, luciferin; or, a

peptide antibiotic. Their biosynthetic origins in general are not well

ey -
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understood.

The biosynthesis of penicillin has been well-investigated'®! >

and a-aminoadipic acid (43), cysteine (28) and valine (44) have been
ﬁdentified as the basic precursors. A tripeptide, 6-(g;a—am%noadipy1)-
L-cysteinyl-D-valine (45} has been identif%ed as an intermediate but the.
mechanistic details of the transformation of this tripeptide into penicillin
are not knowﬁ(’ As shown in Figure 8, the L-enantiomers of the aminc acids

are used to form the tripeptide (_§)'but the valine unit is inverted to

the D-conf%guration in this process. The tripeptide is cycliized to peni-

cillin with retention of the configuration at the cysteine asymmetric

centre. If the configuration of the xz-aminoadipyl asymmetric centre is

inverted to D, then the product is penicillin N (46), but if no inversion
occurs, then the penfcillin with the L-configuration at this centre, or
isopenicillin N (47), is obtained.

Luciferin (49) provides an example of a benzthiazole ring and
a thiazoline ring in the same molecule. Both rings are, however, thought

to be derived from cysteine. The scheme outlined in Figure 9 was pro-

153

posed by McCapra and is based on two feeding experiments. Labelled

154

p-benzoquinone (48) was folind to be incorporated into luciferin but

no degradation was carried out to show that this incorporation was non-

random. The second feeding experiment was carried out with QL;[]-]4C]-

153

cystine and the radioactively labelled luciferin.was degraded. The

Tabel was found to be localized in the carboxy group of the thiazoline
ring. The derivation of this thiazoline ring from cysteine (28) is

easily imagined to be as shown in Figure 9., A complex rearrangement was

B e T T R
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Figure 8: Biosynthesis of penicillins.
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Figure 9: Proposed biosynthesis of luciferin (49).
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proposed, however, to account for the lack of incorporation of [1—14C]-
cysteine into the‘benzthiazo1e portion of the molecule. No evidence
has been presented which incorporates cysteine into the benzthiazole
ring system. -

The third category, i.e., peptide antibiotics, contains the
largest number of members, yet the biosynthesis of these .compounds iS the
least understood. They all bear a common_structura] resemblance and
their structures may be described by the.partial structures (50)-(54) in
Figure 10. Often more than one of the units (50)-(54) is present in the
structure of these substances. THe members of this group and theif partial

155 156 | s ,

160

structures are actithiazic acid (54), althiomycin (50}(52),

157 158 bleomycin (§g);159 bottromycin (51},

162 1icrococcin P (§g),163 nosi-

166

tracin (50), berninamycin (53),

dysidenin (51),'°

164

isodysidenin (51),

165

heptide (52), siomycin A (52), ta]]ysomytin'(gg), thiostrepton

(§g)(§g),167 and zorbamycin (§Q)(§g).168 A possible biogenetic scheme
for the origin of these partial structures is also outlined in Figure 10,

The first step would be the condensation of cyéteine with an acid or an
1

aldehyde to form the five-membered ring. The reaction of cysteine with

formaldehyde proceeds readily and the equilibrium favors the thiazolidine

169

ring over the starting materials. The condensation of cysteine with

acids has been suggested to occur first by amide formation, i.e., the

formation of a peptide chain, and then cyclization to thiazolines and

170

subsequent conversien to thiazoles. The‘thiazoﬁe structure (50)

can be dehydrogenatéﬂ to give the thiazole (52). This type of dehydrb-

genation has been observed in chemical systems]Y] and does not require ?

vigorous conditions. The thiazole (51) can be derived directly from (50)

S A
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Figure 10: Biogenetic scheme of the origin of thiazolidine, thiazoline

thiazole ring systems in peptide-derived natural products.
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or from (52} depending on whether decarboxylation occurs as a first or
second step. Alkylation of the nitrogen of (52) would generate (53).

The formation of a tbiazo]idine ring followed by oxidative decarboxyla-
tion would give (54). The derivation of these structures is still specu-
Jative but the scheme presented in Figure 10 is chemiﬁa]Iy reasonable.
The thiazole structure contained in thj min.is unique, even when
compared with other natural thiazoTe structures. The unique feature is
the B—hydroxyethy1 substituent at position 5 of the thiazojé ring. - Only
penicillin and the benzthiazole ring system of luciferin have substi-
" tuents at this position and these are quite différent from @ 8-hydroxy-
ethyl group. The methy1‘group at C-4 of the thiazole moiety of‘thiamin
is a]sb unique. These differences ﬁake it very Tikely that the thiazole
moiety of thiamin is derived from precursors other than those implicated

in the origin of peniciilin, luciferin or the peptide antibiotics.

{v) Origin of the pyrimidine moiety
The biosynthesis of the pyrimidine moiety in thiamin has been
mofe extensively investigated than that of the thiazole moiety. A number

™
of degradations have been developed and used to locate the site of the

53

label in the pyrimidine unit derived from feeding exberiments'with radio-
actively labelled compauhds. In spite of these investigations, the basic
precursors are still not known with any degree of certainty. Again, no
one gfoup of investigqtors has‘managed to carry out a complete study and
to present evidence forrthe origins of all six carbon atoms in the
'pyrimidine moiety;

On the basis of) these investigations, six hypotheses have been

-
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proposed. The known biosynthetic pathwaysxfzrbthe biosynthesis of nucleic
acid pyr1m1d1nes and purines have each provided a basis for three hypo-
theses. The available evidence concerning the origin of; the pyrimidine
moiety w111 be described in terms of these hypotheses.

Unlike fhe thiazole ning, the pyrinidine ring is a very common
naturally occurring structure, as it is the basic framework for the
nucleic a¢id bases uracil (58), cytosine (60) and thymine (59). The
metny1 group located nt,C—Z; hOwever, is a structural feature which . is

unique to the pyrimidine moiety of thiamin. The first hypotheses for the

biosynthesis of the pyrimidine moiety were modelled on the biosynthetic'
172-174

-

route known for the nucleic acid pyrimidines. ~ The origin of the

pyrimidine unit of thiamin Ry this type of pathway has been well tested

by feed1ng exper1ments with r : izg]y labelled compounds. Both the

\
basic precursors, aspartic ac1d nd formic acid (61), and the postu-

lated intermediates, orotic acid (_Z) and uracil (§§), héve been fed.

127

T .
David and Estramareix modelled their hypothesis, shown as

Route A in Figure 11, on the known biosynthesis of nucleic acid pyrimi-

dines. Orotaéiac1d 57), the known precursor of the nucleic ac1d pyri-

\ e

‘midines, (s der]V&%/ﬁrom carbamoyl phosphate (55) and aspartic acid (56).

Décarquylhtdnn,y{é1ds uracil (58), which was known to be converted to
5—hyﬁroxymethy1cytos1ne (62), a nucleic acid base found in bacteriophages,
by a Cf transfer. Forma1dehyde was known as the precursor of this<C]
unit.]757 They also postulated that the methyT'group at C-2 was derived
frop. acetyl CoA via the intermediate (64) formed by a condensation of
acetyl CoA and SJhydroxymgthy1cyto§7n$ (§§). Decarboxylation of the in-

termediate (64) would yield, the pyrimidine (gl): k4
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Propoggd biogenetic schemes for the pyrimidine moiety

C Fa;gure 1:
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At that time, this scheme was -consistent with the available

data. Nakayamallé had reported that the thiamin requirements of g;_coli‘

mutants could be satisfied by a mixture of thymine (59) and uracil (58).
. -\
Formate was also known to be incorporated into the pyrimidine moiety of

126,127,176 1yt the site of labelling was not known.

177

thiamin,
~ The observation by Guthrie et al., that the pyrimidine (21)

reversed the inhibition of the growth of Bacillus subti]isbby amethopterin,

a folic acid inhibitor, was the first indication that a C] transfer was

involved in the biosynthesis of the pyrimidine moiety. This observation

126,176

was followed by a [ C]formate feeding, and the 2-methyl and 5-

hydroiymeﬁhyl substituents were suggested as the most likely sites of

labelling. ]26

127 (

For the hypofhe51s suggested by Davxd and Estramareix Route A,

Figure 11)_t0 be correct, the activity derived from [ C]formate would

have to be located in the 5-hydroxymethyl substituent (C-7). The degrada-

178

tion outlined in Fiqure 12 was used to show that []4C]formate labelled

a site ot than C-7 of the pyrimidine moiety. Thiamin ch]or1de hydro-

chloride (2) via thiamindisulfide, was converted to the 5- am1nomethy1-
pyrimiding (66) which, on treatment 'with sodium nitrite, was converted .
to the 5-hydroxymethylpyrimidine (21). Potassium permanganate oxidation
converted the hydroxymethyl derivative (21) into the carboxylic acid (67).
On’ heati Q, this acid was decarboxylated to 4-amino-2-methylpyrimidine
(68). Thg carbon dioxide liberated was trapped as bérium carbonate. A
labelled samp]e-of thiamin obtained by the incﬁbation of yeast with []4C]-
fofmaté'was degréded and almost all the ac£ivity of the pyrimidine (67)

). 179

was recovered in 4-amino-2- methy]pyr1m1d1ne (68 The carbon dioxide,
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Figurg 12:

Degradation to isolate C-7 of the pyrimidine moiety.
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derived from C-7, was inactive. Thus, the 5-hydroxymethyl substituent

did not appear to arise by a C] transfer as is the route for S5-hydroxy-
methylcytosine.

| The nucleic acid pyrimidine intermediate orotic acid (57) was

tested by feeding [2—]4C]orotic acid to E. coh']8

180

0 and by the feeding

128

of [6—]4C]orotic acid to both E. coli and to yeast. In each case,

no incorporation into thiamin was observed. Similarly, no incorporation

~ from [U-]qc]uraci] was found in E. coli. 80

The above experiments indicated that a common route to both the

nucleic acid pyrimidines and the pyrimidine moiety of thiamin was un-

-~ L

likely. " Even so, a number of feeding experiments were carried out with

;adioactive1y-1abe11ed aspartic acids (56), but the results obtained

134

are not conclusive. [U—]4C]Aspartic acid was fed to yeast and to

1.133

E. col and each £ime no incorporation into thiamin was observed.

129

In an experiment carried out with [U—]qc]aspartate in B. subtilis,
however, incorporation into the pyrimidine moiety was reported. [4-140]—

Aspartate was_incorporated one-tenth as much as [U—]4C]aspartate by

g;_coli.]so"

The incorporation of [2-14C]aspartate into thiamin by.g;_co1i

181 The

was comparable to the incorporation obtained from []4C]fonmate.
jncorporation was measured by the oxidation of thiamin to thiochrome whith
was subjected to papq;abhromatography. The chromatbgram was then scanned
to determine the amount of activity associated with each spot.

A suggestion65 that g-methylaspartic acid (65), instead of aspartic
acid (§§); was a precursor to the pyrimidine moiety (Route B, Figure 11),

was based on the incorporation.of [3H]B—methy1aspartate into thymine (§2).]82
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This hypothesis would generate a pyrimidine with a methyl group at C-5

which did not originate from a C] transfer. The methyl group would have

to be oxidized to a hydroxymethyl group at a later stage. g-Methyl- o

aspartate (65) is derived from glutamic acid (31) via the glutamate
133 129,134 di

mutase reaction, but feedings with [U—]4€]g1utamic acid

d

not show any incorporation into thiamin.
The most immediate question which had to be answered at this

point, was the site Tabelied by []4C]formate. It was not C-7, but could

it have been the methyl group at C-2 as suggested by Pine and Guthm‘e,]26

or was it another position in the pyrimidine molecule?
The pyrimidine moiety, obtained by feeding []4C]formate to yeast,

was subjected to a series of deqradations developed by Estramareix and

184

his coworkers. A preliminary degradation (Figure 13) isolated C-2

and the methyl group (C-2'). The pyrimidinesulfonic acid (4} obtained
by bisulfite cleavage (Figure 1), was hydrolyzed to the 4-hydroxypyrimi-

dinesulfonic acid {69) by reflux in hydrochloric acid. Kuhn-Roth oxida-

tion yielded acetic acid (63) from C-2,-2'. The acetic acid was 1‘nact1‘ve184

aﬁd thus formate was not incorporatéd into C-2,-2' of the pyrimidine
moiety.

A degradation (Figure 14) was developed to isolate C-4,-5,-6,-7

185

of the pyrimidine moiety. Thiamin chloride hydrochloride (2) was con-

verted to hydroxythiamin (70) by reflux in hydrochloric acid. Cleavage

d186

of the hydroxythiamin with thioé]yco]ic aci yielded the pyrimidine-

thioether (71) and reduction by sodium in ethanol gave 1,3-diamino-2-

methylpropane {72) which was trapped as its dipicrate. This compound

included C-4,-5,-6,-7 yet contained only 73% of the activity of -the pyrimidine

»
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Figure 13: Degradation to obtain €-2,-2' of the pyrimidine moiety.
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187 A result of 100% had been expected but the authors

thioether (71).
| claimed that the thiomethylpyrimidine (71) was not extensively purified
because of the sma]] amount of material available for degradation. Kuhn-
Roth degradation of the 1,3-diamino-2-methylpropane (72) yielded inactive
acetic acid:]aq’188 this implies that the radioactivity from []4C]f0rmate
js contained in either C-4 or C-6 of the‘pyrimidine_moiety.

Carbons 4 and 6 of the pyrimidine moiety were distinguished by
the following ’degradationlm’]89 (Figure 15) in which all the carbons in
the pyrimid{ne moiety were isolated. The pyrimidine thiqether (71) was
converi@d>yo 2,5-dimethyl-4-hydroxypyrimidine {73} by treatment with
Raney nické]. After quaternization of the nitrogens with methyl jodide,
the pyrimidine (74) was hydro1yzéd fn sodjum hydroxide to yield a mix-
ture of propionic (76), acetic (63) and formic (61) acid. The formic
acid derived from C-6 was oxidized to carbon dioxide and the propionic
and acetic acids were converted to their p-bromophenacyl derivatives
which were separated by silica gel chromatography. The propionic acid
was furthér degraded by a Schmidt reactioﬁ to ethylamine which was oxi-
dized to acetic acid to separate C-4 from C-5 and C-7. |

Almost all (99%) of the activity contained in the pyrimidine
(71 or 73) moiety was recovered in the propionic acid (76) or in C-4,-5,-7.
the acetic acid (C-2,-2') and the fPrmic acid (C-6) were inactive. The
acetic acid obtained from the propionic acid was also inactive, whereas
the carbon dioxide derived from C-4 which was trapped as barium carbonate,
contained 82% oflthe pyrimidine activity. A result of 100% would have
been expected but the low reéu]t can be explained: either the carbon dioxide

from the atmosphere or some other inactive acid may have been present in

2N
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Figure 15: Degradation‘of the pyri%idine moiety to propionic, acetic
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the reaction mixture.

Carbons 4, 5 and 7 are the most likely source of the nropionic
acid in the above degradation, but if the hydro]ysis'proceeds via 2-
formylpropionic acid (75), a decarfboxylation instead of a retro-aldol is

Tikely. Propanal (77) would thus derive from C-5,-6,-7. Air oxidation

could form propionic acid (76) with the orfgin of its carboxyl group C-6
and not C-4 of tﬁe.pyrimidine. [4—]4C]—2,5—Dimethy1-4-hydroxypyrimidine
(73) was chemically synthesized and subjected to the above reactions to
check the validity of the degradation in locating activity at C-4. Ap-

proximately 94% of the activity of this material was located in the pro-

pionic acid (C-4,=5,-7) and no activity was recovered in either the acetic
~— E:; :

acid (C-2,-2') or the formic acid (C—G).]SA

L
The origin of the Cz'unit (C-2,2') has also been investigated‘

in order to distinguish between the two possibilities, namely that
either‘an acetate unit is incorporated intact, or that only the methy]l
group of acetate is incorporated, as proposed by David and Estr‘amar‘eix127

180

(Route A, Figure 11). Goldstein and Brown fed [2-]4C]acetate_§o

E. coli and reported some degree of incorporation, but no degradations

were carried out. Thus, this experiment does not distinguish between

the two alternatives. A more extensive investigation, with the organism

129,190

B. subtilis was carried out by Tomlinson and his coworkers. They

degraded the pyrimidine obtained from a [2-]4C]acetate experiment by the

method of David et al. o

_(Figure 14) and found only 6% of the activity
in the 1,3-diamino-2-methylpropane (72). This suggested that the acti-
vity was located in the unrecovered two-carbon unit. ‘Since this result
jas again consistent with both proposals, a series é?“expefimeﬁts with

!
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3H/MC doubly labelled acetates was carried out. A preliminary experi-
ment with [3H]acétate gave labelled pyrimidine. [2-3H,2-]4C1Acetate

was incorporated into the pyrimidine moiety, bqt the 3H/}46'ratio dropped
from 1.0 to 0.48. VUithout confirmation of the radfochemica] purity of
this fee@ing solution, it cannot be assumed thét all of the tritium was
associated with acetic.acid.]g] IT tritiated water were present in the
feeding solution, the 3H/MC ratio of acetate would be lower than the
reported value. Thus, it cannot be assumed that [2-3H,2-]4E]acetate is
{néorporated into the pyrimidine moiety with a loss of tritium relative
4] ]4C. ‘

t Even if the [2—3H,2—]4C]acetate was pure, the observed 3H/MC

-ratio of the pyrimidine moiety was lower than predicted by either of

the hypotheses. Such a result could be explained by exchange processes,
but without knowledge of the amount of exchange, it cannot disiinguish
between tﬁe two possibilities. In an effort to resolve this prob]em;
two experiménts with [2-3H,1-14C]acetate were undeftaken. Starting with
a 3H/]éq ratio of 1 in each case, pyrimiddng moieties with 3H/MC ratios . _'
of 10.1 and 11.1, respectively, were isb]atéd. These exﬁgriments showed

a much greater incorporation df{3H relative to 14
¢ ) |

. & )
C-2 of acetate was incorporated much more extensively than C-1 of acetate.

C; this-implies that

The obvious conclusion from these results is pﬁ}t the methyl group of
the pyrimidine moiety is generated by the’decarboxylation pathway.
These results, however, do not agree with those of Kumaoka and

Brown192

who found that []-]QC]acetate was incorporated to a greater ex-
tent than [2—14C]acetate into the pyrimidine moiety. Moreover, the in-
corporation of label from [2-]4C]acétate was diluted by the presence of

inactive formate. It was concluded that acetate was not a direct precursor



/

54 . -

of the pyrmidine moiety. T
' A third explanation exists for this incorporation of acetate.
[f the acetate was utilized by the cell via the giyoxylate and Krebs®
“cycles, then the oxaloacetate and the phosphoenol pyruvate generated
would be iabe]]ed mainly by C-2 of acetate. A C2 unit derived.ffom
phosphoenol pyruvate would be labelled in bath positions by [2—1401—s .
acetate but wouTE_ESE_E;;E;;;*;;;\TEBE~ from []-14C]acetaté. This route
to the pyrimidine C-methy] un?tlcan'ea::;;_BE;E?;E?;gayghed from the
decarboxylation route by a [2—]4C]acetate feedihg,‘\The.pyrimidine would

have to be degraded to determine the activity -in thgse*two positions.

I}‘illtif the activity wage found in the methyl group, then the decar-
_/ b :

boxyTa ion route/wdﬁ?& be favoured, but if the activity was distrifuted ¢
over t?e- WO t' bgns, C-2,-2', then the incorporation of acetate via the /
glyoxylate and Krebs' cycles would be the favourgd route. On the basis

of published data, a distinction cannot be made‘%é%ween these alternatives.

129

Tomlinson et al.'’-suggested Route C in Figure 11 which includes

-
the generation of the methyl group via the decarboxylation of acetate. //:jg§

Carbonate wgs propoéed as the source of C-2 of the pyrimidine ring and (// ‘
the authors carried out a feeding experiment with [14C]carboqate. However:,
s . LAY . "

no incorporation of activity into the pyrimidine ring was observed. The

pyrimidine moiety was labelled in a-{lqc]formate experiment, but no deg-

gradations were carried out. By analogy to the results of David HE_Ei;j84,188
. / .
C-4 of the pyrmidine moiety was suggested as the location of Jabel derived

from []4C]formate.
Aspartic acid (56) was suggested as the precursor of the reT?igde}

of the pyrimidine m61ecul§;‘ Presumably, because it was accepted that the

. | TN

b
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&\‘“-:;Eggic acid pyrimidines end the thiamin p&n@midiﬁe did not share a‘common
rigin, the manner of the suggested 1ncorporatﬁon of aseartic acid (56)
into thiamin_diffeeed from that of the nucleic acid pyrimidines. []AC]—-
Aspartate was incorporated into the pyrimidine moiet}'and this was degraded
by the mrthod of David et gl_}gs (Figure 1%} to 1,3-diamino-2-methylpro-
pane {72). S1nce all of the expecEed 51tes of 1abe1 (C-5,-6, 7) were re-
covered in the degradation product (72), thws compound should have had
‘the same specific activity as the pyrimidine which had.been degradee.
Only 73% of the activity was recovered. 1 3—Diamino—2—methy]propanetizg)
_ contains four of the six carbons of the pyr1m1d1 e mo1ety A, random in-
corporat10n of [ C]aspart1c acid into the pyrimidine would 1ead to 675
of the activity be1ng recovered in the product (_g).‘ The pyr1m1d1ne could
have been contamqnated with an active 1mpur1ty and th15\1mpur1ty could
ave been-lost in the degradatiop. This ‘seemed to have been the case

£
187 -

when this degradation had been used previously. From these results,

itfcannot be stated with certainty tha£ aspartic ecid.(§§) is a precursor

to the pyrimidine moiety. A better method for the investigation of this.
_prob]eg would have been to use spécifical]y.Iabelledvaepartic acids and

degradations of the pyrimidine moiety to determine whether the incofpora—
- tion was non-random. ‘ Lo |

“The first indication of a re]atidﬁshiﬁ getween the bios&nthesis
of the pyrimidinelmoiety of ‘thiamin and ﬁucleic acid purine, biosf;Ehesis
was the observat1on of the inhibition of the biosynthesis of the pyr1m1—

193

nidine moiety by adenosine in Aerobacter aerogenes. Through the use

194

.. of Salfonella iyphimurium mutants, Newell and Tucker ™" found that

adenosine not only caused an inhibition of thiamin biosynthesis, but
e ‘
»

e ———— 7T X

-
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)

also a de—repressfon. The technique involved the .growth of the organism
‘ in the presence of adenosine and then the resuspension of the cells in

fresh minima](gggi&m?f The cells, whose syhthesfs of thiamin had been in-

hibited in the ™ Qing culture, synthesized large quantities of‘thiamin

when p]aced'in the fresh adenosine-free medium. A similarly large syn-

- ) A
- thesis of the pyrimidine moiety (21) was found jn a mutant blocked along -
. 21) was _found $n a mut
the pathway of thiazole biosynthesis.
R Newell and ducker also found that the pyrimidine (21) was syn—

thesized in large amounts from ?ntermediates on the purine pathway by

195-197

: the above mutant. Single site mutants of S. typhimurium LT2 were

used to determir the intermediates common to both the pyr1m1d1ne and

purine pathwayS.. Some of these mutants requ1red for growth both.pur1nes

n

LN :
af¥®the pyrimidine moiety of thiamin, while others had only a purine re- \

~

Aqufkéﬁént. The nutritional needs of the mutants with the dual require-

o mgﬁi could be satisfied by 5- am1no1m1dazo1e r1boT:;£gbt1de (AIR, 78)
and compounds prior to th1s on the purine pathway Intermed1ates located
beyond AIR (78) on the pur1ne pathway cou]d not satisfy these requirements.
Thuss 1t was suggested that the ear]y nart of the biosynthetic pathway
of the pyr1T1d1ne mo1ety might be common to the early part of the purine
Dbiosynthetic pathway and that AIR (78) was the-last common intérmediate.
h o ' Confirmation of this hypothgsis was obtained by the feeding‘of -

N 14C—1abeﬂed glycines, 3 known purine precursor, to the 5. typhimurium -

't;;%)_ ' mutant, which synthesized the pyrimidine (21) 3n large quantities and
‘ ' NN 195,196

—') excreted it into the medium. Radioacfiqiiy from both carbons of

~ glycine (35) was incorporated into the pyrimidi -;;}ety. In mutants which

- ‘ . 1 . . .

r‘\ . T e

\‘L o wére also auxotrophic for glycine, pyrimidine moiety biosynthesis was

|
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strictly dependent on the presence of added glycine «and label from -
the []4C]glycines was incorporated from both carbon atoms with'little
or no dilution of.specific activity.

L3

A& mutant which was able to Jée the rjbonuc1eoside‘form of AIR

(78) and which also excreted the pyriT}dine moiety into the medium was

found to convert chromatographica]1y/bure [5-]QC]AIR ribonucleoside into

the pyrimidine moiety with no dilution of specific activity;195,197

The radioactive [5-14C]AIR rfbonucleoside was obtained from therincuba—
tion of a mutant, which excretes AIR ribonucieoside into the medium,
with'[l-]4c]g1ycine. The  AIR ribonuc]eosidg was purified by chromato-
graphy but it is possible th@t all of the [1-14C]g1ycine was not removed.

This provides evidencé that AIR (78) is also an intermediate in the bio-

synthesis of the pyrimidine moiety (21), but no degradations were carried jg

out. Thus, it caniot be assumed that the label was introduced without

~
S

randomization by degradation and resynthesis.

Newell and Tucker197 proposed a scheme for the conversion of . )

AIR (78) to the pyrimidine (gll\&&oute D, Figure 16) which }nvolved the
insertion of a carbon atom into the imidazole ring to generate the pyri-.

[

mfdine ring. Two other C1 transfers were proposéﬂ for the origin of

the methyl and the Hydroxymethyl substituents. However, the authors

rejected this proposal for two reasons. They coﬁsideréd that the methyl

group should be derived frém methionine or thé one-carbon pool. They

did not find any incorporation from [Me—]4C]méthionine or-[G—]4C]-methionin§"
into the pyrimidine moiety.]gs' Secondly, formate was known as the pre-

184,188 and not the méthy]

cursor of C-4 of the pyrimidine moiety in yeast
group. Formate is known as the precursor of C-2 of AIR (78) and Route D

in Figure 16 predicts that C-2 of AIR (78) becomes C-2, not C-4, of the
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pyrimidine (21).
As an explanation for 'the incorporation of formate into:C-4

of the pyrimidine (21), Newell and Tucker197

proposed a second scheme
(Route E, Eigurewis) which involved the cleavage of the imidazole ring

of AIR (78) aiﬂ}qe same position and the combination of the intermediate
(79) with a fﬁree-carbon compound rather than three C, units. G]ycero]
(80) or a-glycerophosphate were proposed for the three-carbon compound. .
The interesting features of this ECheme are that the carbonratoms,of
glycine become C-2,-2' of the pyrim{dine (21) and that no C1:transfers

are reeuired for the formation of the methyl or the hydroxymethyl sub-
stifﬁents. ‘ 7

539’ A third possible scheme (Route F, Figure 16) has been proposed

for the conversion of AIR (78) to the pyrimidine (gl)-]ga,]gg This -
" route di'ffe@om Route E in that C-4 and C-6 of the pyrimieine

. are der1ved from glycine and also in that C-2 rather than C-4 is sug- -

| gested as the carbon derived from formate The” d1fference between

‘Route F and Route D is that in Route F, C-6 of the pyr1m1d1ne is der1ved \

" from C-2 of g1yc1ne whereds C-5 of the p§~?hxd4ne is derlgga\from C-2

.of glycine via Route D.//THESETthree routes are easily d1st1ngu1shed by
tracer exper1ments with spec1f1c 11y 1abe11ed compounds and-degradation  *.

| of the resu1t1ng pyr1m1d1ne to ermine the location of the activity.

A [ C]formate exper1men eé‘catried out in yeastl28 and the
pyrimidinesulfonic acid (4) obtained by bisulfite cleavage (Figure 1)
was degraded by permanganate oxidation ES acetic (63) and propionic (76)
acids (Route A, Figure 17). The products were identified on the basis

of their retention times in gas-liquid chromatography. The acetic acid (63)

-
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HqCCH,CO,H (2)
78

Figure 17: Degradation-of the pyrimidinesu1fqn1‘c acid (_4}_) to isolate
| C-2,-2'. /- . “:D &
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was thought to derive from C-é,-Z# of the pyrimidine and activity was )
found to be associated with the gc peak assigned to this compound. The
origin of the propionic acid from the'pyrimidine was not clear but no
activity was associated with the gc peak attributed to this compound;

In contrast to the results obtained previously in yeast,]84’]88 the

activity associated with formate was<jound not at C-4 of the pyrimidinef/”
\

moiety but at either C-2 or C-2'.

_A much more extensive degradation was carried out to determine - -«

the position of the pyrimidine moiety derived from formate in E. 6011.192

Carbgns 2 and 2! were obtained by Kuhn-Roth degradation of Ehe pyrimidine-
sulforic acid (4) (Route B, Figure 17}. Only 6 ﬁ of the activity associated
with the pyrimidine (4) was recovered in the acetfic acid (63). The acetic
acid (§§) was converted to its b&rium salt énd pyrolysis of this cam-‘

pound yielded acetone (85) and carbon dioxide; ﬁhe latter was trapped \‘(/,

as barium carbonate. Iodoform (86) was obtained by the hypoiodite oxi-

dation of acetone (85). The inéctive,iodoform_suggested,that the activity
was located in the carboxyl carbon bf acetaté or in C-26f the pyrimidine
moiety. This was confirmed as the barium carbonate thaiﬁed from‘the
pyrolysis of barium acetate was active. Since only 6?% of the activity

was obtained in C-2,-2'; the.degradation outlined in Figure 18 was used

to isolate the othér four carbons 6f the pyrﬁmidineva;iety, The;;yrimidine
(71) was obtained from thiamin as in Figures14, and ‘then converted to the ?

dimethylpypinidine (73) as outdined in Figure 15. The dimethyl derivative
(73) was partially hydrogeﬁated over Adams cata]yst'to 87 which yielded
g-aminoisobutyric acid (88) on acid hydrolysis. when this degradation

was carried out on the pyrimidine moiety derived from [14C]formate; no



CstCHzCOZH | =

. |
Figure 18: Degradation of the pyrimidine moiety to obtain C-4,-5,-6,-7

as g-aminoisobutyric acid.
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activity was recovered in the g-aminoisobutyric acid (88),

Estramareix and Lesieurlgségiggjgi‘tgphimurium supplied by Newell
~

and Tucker, to confirm the incorquifjon of formate into C-2,-2' of the

pyrimidine moiety via the.degradafion gutlined in Figure 15.‘ They

also found that C-4 of the pyrimidine moiety was derived from C-1 of gly-
cine. These resLIts ar;\??t c?nsistent with Route E in Figure 16, but
still ZE\?QQEEE/D and F. A [2—]4C]g1yc1ne experiment showed that C-6

of thE'pyr{éidine moiety, as suggested in Route F, énd not C-5 ag sug-

gested by ROUEE\E: was derived from C-2 of g]ycine:199

The incorporation of [2- Clglycine into the pyrimidine moiety-

143

by S. typhimurium was confirmed by Bellien et al., but the bosition

of the Tabel was not detexmined.
Recently, the incorporation of glycine into the pyrimidine hoiety

. by E. coli has been confirmed using ]?C, 2H and 15N labelled é]ycines.zoo

The position of the label ih\gﬂibpyrimidine moiety was determined from -

the mass specira] ;;EEEEhQii;f:%jattqrns which were as;&gggg:figm Ryri_

midines that were synthesize th labels in known positions. ™~ In coms

14

® plete agreement with the results obtained from ' 'C-Tabelled giycines and

chemical degréﬂation, C-4 and C-6 of the pyrimidine moiety were derived
15 '

from [1-]3C]- and'[2e]3c]giyciné, respectively. [ “N]Glycine was in-

corporated only into N-1 of the pyrimidin@fmoiety. Again, these results
are consistent with Route F in Figure 16. Considerable loss of deuterium

* P

was_oba?rve for the incorporation of [X; 5 glycine into the pyrimidine

moiegy. “The reverSib1e carboxylation of AIR (Z§) at 'C-4 of the imidazole
ring was offered as an explanation for this observation. This carboxy-
lation is the next step in the purine pathway and if it was reversible,

..a'
?
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any deuterium at C-4 of AIR (78) would be exchanged with the protons ~;
from the medium. ‘
™ .
Route F in Figure 16 fits all of the known results for the bio-
synthesis of the pyrimidine'moie{y except the incorporation of formate
into C-4 by yeast. However, the problem is stil1 not solved as the

4

precursors to the methyl group and\C-S and C[7 héve not.been 1dentified{
Glycolaldehyde (81) has been SUQQESt%E_ié the C2 unit which'comﬁines wiﬁh
AIR'(ZE) and Route F outlines a possible mechanism for the ring expansion.
A second possibility exists for the incorporation of glycine. Threonine,
which is synthesized in some micro-organisms from g]ycine.and acetaldehyde,
could be 1ncorp6rated into the imidazole‘%recursor. Rearrangement and
oxidation of thé methyl tb a hydroxymethyl would lead to the-pyrimidine
moiety. Alternatively, glycolaldehyde iﬁstead of acetaldehyde, could
combine wﬁ%h g]yciﬁe to .form 4-hydroxythreonine which would yield the
intermediate (82) directly. |

Four compounds which have been_proposed aS'intennediateé in the

biosynthesis of the pyrimidine portion of thiamin have been isolated

by chromatographic methods from‘N@UFéspora crassa cuItures.zm'203 They

were identified as the 5-aminomethyl-{89), 5—formy1-ng),'5-hydroxymethy1—

(21) and 5-methoxym¢thy1-(gl) derivatives of 4-amino-2-methylpyrimidine

by chemical, chromatographic and spectroscopic techm’ques.203 They were

assumed to b felated as. shown in Figure 19. The.S-aminomethyl deriva~-
tive (89), post¥lated to be formed first, was assumed to yield the 5-
formyl derivative {90) which could be reduced to the 5-hydroxymethyl-

pyrimidine (21). The 5-methoxymethyl derivative (91) was derived from
. ] .
[ 4

‘. the 5-hydroxymethylpyrimidine (21). C]Formate was incorporated into

i
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NH2 NHZ

S CH,0H Nﬁ/CHZOC%
: H3CJ\\N /I%N

21 o 91

!

THIAMIN T
1

™

Figure 19: Hypothetica% pathway for the biosynthesis of the pyrimidine

moiety based on compounds isolated from‘& crassa. -

-}
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the S-aminomethyl-(89) and the 5-hydroxymethyl-(21) derivatives, but

no evidence was given in the paper to support the proposed sequence.
It is possible, since long incubation times were used, that the 5-hydroxy-

methylpyrimidine (21) was formed first and that the other compounds are

‘derived from it. It ha& been shown that, in cell-free preparations from

yeast, these compounds are -converted to the 5-hydroxymethylpyrimidine
(gl),95’204’205 and some df the properties df the enzymes involved in
these transformations have beén measured.

The investigations described above have been.summarized in
Table ﬁ acéording to the organism and the position of the Tabel in
the compound used in the experimenf. This table is intended as a guide

to the literature of this probiem.

' 1tHough many exPegiments have been descriﬁgﬂ in the preceding
y; N .
pages, the pathway for the bidgynthesis of the pyrimidine moiety has not

been elucidated. In fact, there is no complete scheme that is supported

by unequivocal evidence. Thus, the biosynthesis of the pyrimidine mgfety

f

is also an area which requires further investigation.

4
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) CHAPTER 11 S

/
THE BIOSYNTHESIS OF THE THIAZOLE MOIETY

N l

// J
AR LE?ammatwn of Eub11shed Concepts and the Origin of C-2

~y

(gf‘ " Introduction

As described in Chapter I {Section iii), several groups of workers
have pursued the origin of the thiazole moiety with radiocactive-tracer

-experdments. The results df these experiments can be divided- into those

3

concerned with the origin of C-2 and those concerned with the other five
~—
carbon atoms of the thiazole unit.

Published results support three of the hypotheses shown in Figure 5;
&\these are reproduced in Figure 20. In support of Route D, it was reported
that L- [Me- C]meth10n1ne d?s incorporated into the thiazole moiety of

thiamin and that L- [Me-]4 35

128,130

S]meth1on1né>was 1ncorporated without a change

in the S/ C rati A strain of the yeast Saccharomyces cerevisiae

4,

(39916 H.J. %9 ér) was used for these exper1ments . From experiments carried

it was also reported that L- [Me-]4c]meth1on1ne
129

out with Bacilius subtilis,

was incorporated into the thjazole unit and on degradation almost all =

141

of the activity was located at C-2. These results were. taken to show

that methionine served as the precursor of-the fragment C-2, 5, G—S,;G,-Y
. . -
of the th1azo]e nucIeus

Evidence contrary to this hypothesis of thiazole formation emerged

from radioactive-tracer experiments carried out with a second strain of

S. cerevisiae (NCYC 1062). It was found by unequivdcal degradefion,of the
"‘“;:“"f . o ‘ ,
- 77 —J‘ . b
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radicactively labelled thiamin, obtained from a feeding experiment with

[2-]4C]g1ycine, that most of the activity of the molecule was located

124 Administration of [Z—TQC]g1ycine in the pre-

125

at C-2 of the thiazole.

. ] _ i
sence of untabelled methionine gave an identical result. A different

- .
biosynthetic route to the thiazole unit (Route E, Figure ZQ) was Broposed

to explain the involvement of g?ycjneaTzs

A similar hypothesis was proposed132 to account for the incorpora-

tion of [2-]4C]tyfosine into €-2 of the thiazole moiety by the enteric

143

bacteria Escherichia coh']47 and Salmonella typhimurium. This scheme

(Route F, Figure 20), is analogous to the glycine hypothesis and offers
no explanation for the origin\of the proposed Cg unit.

Taken at face valuye, th -results that showed-methionine, glycine
and tyrosine(éf bu

micro-organisms are

fhcompatib]e.

There are three_possiBi]ities to account for the contradictory

b

-results. Either there is more than one pathway to thiamin, or C-2 of

glycine, C-2 of tyrosine and the S-methyl group of methionine are meta-

Yo ’ ) .
bolically interconvertible, or one or more oﬁ the repofted results-is
~ , )
in error.

microbial system in which radioactive-tracers iié i%corporated into thiamin

n -

\was-required and to set up such a system became the initial objective of
. 5 .

this investigation. Once the system was functiona1; the origin of C-2
could be established and this might provide some indication of the origin

of the C5 unit.
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If methionine did serve as a precursor of C-2, then the 1'nfeerence]28’]29

that ;gg C3 chain, C-2 to C-4, of methionine gives rise to C-5,-6,-7 of

the thiazole moiety had to be tested by appropriatg feeding experiments \__
and chemical degradation to confirm the expected distribution of label

in the thiazole mofety; The notion that C-4,-4' of the thiazole unit .°
originates fromfa]anine or acetate was based solé}y on incorporation mea-

sur*emen‘ts]zs’]29

and thus would also have to be confirmed by‘degradation.
If, hoﬁever, either g]jcine or tyrqsine were fouhg”és the precursor of .
C-2, than the origin 6f the C5'unit wou]d have to be approached from first
principles. | v
This section describes the re-investigation of some reports of
incorporation of labelled compounds into thiamin and also clarifies the

origin of C-2 of the thiazole moiety in S. cerevisiae. .y

{(i9) Choice of organism and growth conditions

Although thiamin is not produced by animals, its de novo synthesis
is perFormed by both plants and micro-organisms. Micro-organisms are more
versatile than plants asg an experimental organism because they are more
easily cultured and feeding expériments are not limited to restricted ™
time periods during the year. Alsa, if the apparant contradictions are
to be resolved, similar or identical organ{sms to those used in the past

would have to be employed. .

sﬁ_; v .. 210-212
Yeast is®™generally considered to be a good source of thiamin,

aqd this high thiamin content is due to two factqfs. Yeast can synthe-
size its metabolic requirement de ndvo, but &F grown on a medium‘contaiq;pg\
thiamin.(or its two componeﬁts) it will accumulate the vitamin from this

sounr‘ce.mz"m4 Thiamin levels of 0.1-2.0 mg/g dry cell weight are readily
. . h . : .
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;supernatant after the cells had been removed by . centr1fugation

81"

r —_—

215

obtained for S. cerevyisiae and levels as high as 17 mg/g dry cell

" weight (approximately \50 mg/litre of culture) have been reported for

§_._saké._216 The accumulation of thiamin by yeast is very important for

‘nutrition, but it should be avoided in a biosynthetic experiment. Yeast

was therefore grown on a thiamin-free medium to encourage the.de novo

synthesis of -thiamin.

.The thiamin content of a nugber of yeasts has been reported as;

212,217

5-100 ug/g dry cell weight. Baker's yeast has been found to con-

~tain 9-40 ng/g dry cell weight while enriched baker's yeggt contains much

higher levels of thiamin (650-750 pg/g dry cell weight) Other investiga-

tors have found thiamin to be present in amounts of 7-27 ug/ itre of cul-

134 184

ture and 16.5 pg/g dry ceTl weight. Cons1derat1on of such values

.muéf fake into account the compos1t1on of the medfhm on whic“tffqgfganism
_Qgi grown and the 'specificity of the mgihod ot assay used.

The thiamin content of a number of bacter1a, as determined by m1cnp-

4

bio]og1ca1 assay, has been reported as 50-150 pg/11tre of cu]ture.218 N
The medium alone, used 1in these experiments, elicited a response in the
thiamin assay of as much as 30% of that of the culture. ‘4

Due to the uncertainties in the above values, the thiamjn content -
of four micro-organisms was determined by thiochrome assay 134,219 After

growth on thiamin-free medium, the cells of S. ¢

evisiae ATCC 24903, 39916

H.J. Bunker, and ATCC 413#msontained 26 + 3, 20 +3, and 26 + 3 ug/litre
| ; %

of culture, respectively. The value obtaiiif:fzﬁﬂg__cerevisiae ATCC 24903
is equivalent to 10 ug/g dry weight of cell o thiamin was feund'in the
ve

Although it has a greater ab111ty to accumulate th1 min, E cerevis1ae

T

G

.
t ‘ i -
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(ATCC 4134), also known as S. saké, produces the samé amount of thiamiﬁ
‘as §;_cerevisiée (ATCC 24903 and 39916 H.J. Bunker)rwheﬁ grown on fhiamin-
free medium. |

When S. cerevisiae (39Q16 H.J. Bunker) was grown on yeast extract
medium,‘a thiamin,content of 285 ug/litre of Eu]ture was found in the eells
and the supernatant contained thiamin at a-concentration of 7 ug/litre.
The yeast extract used for this medium c;%tained thiamin (150 ng/g). A
one-litre culture would therefore contain 30b-ug of, thiamin. Mo;t o% thei
thiamin contained in the yeast extract, within experimenégl error, was %
recovered from the yeast cells which confirmed the ability of S. cere-

. . » » . 'v - ’
visiae to accumulate thiamin from the medium. :

218

"In contrast to the published values for bacteria, the cells =

from a one-litre culture of Bacillus subtilis 19E contairied only 1.5 +

0.2 pg/litre of culture of thiamin. No thiamin was found in .the supernatant

" medium.

196

Mutants of S. typhimurium,'”® E. coli, 221

and'B_. subtilis are

knewn which manufacture excess amounts of the pyrimidihe moiety of thiamin

and exctete this compound into the medium. 'Such a system is very desirable

-

since the target compound does not have to benextfacted from the celis and

-

f*—'““‘“f’__"—")it iiaproduced in greater than normal quantities. ‘No mutant which possesses

similar properties for the thiaio]e:moiety has been reported.
o In this investigation, yeast‘was found to contain more thjamin per
- lifre of culture than B. subtilis and it seemed likely that thiamin would

be manufactured in greater quantities by the yeast. However, the amouﬁ%

a of thiamin present still required the carrier dilution technique for-its

~~ isolation from the cells in order to obtain sufficient quantities for

. . . e

-~

&
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(22916 H.J. Bunker), méthionine was reported as a precurso¥ of C-2 o

83

purification and degradation.

‘A second veason for the choice of yeast over bacteria was the

glycine-methionine contradiction. In a baking yeast, 3. cerevj T3
the thiazole unit and in a brewing yeast, §;_cerevjsiaé'(NCYC 1062) 7

glycine was réborted as-a'precursor of C-2 of the thiazole ﬁﬁiety. A _
p;iori, it did not seem very l¥kely that two different pathways for the

biosynthesis of thiamin existed in the two;stréins of yeast.

1

(i11) Radiocactive-tracer results

Radioactive-tracer experiments with [2-]4C]glycine and L-[Me-]4CJ-
methionine were performed with two strains of S. cerevisjae.(ATCC 24903

) i
and 39916 H.J. Bunker). A1l other experiments were carried out with

strain-ATCC 24903. Thiamin-free medium was used in each experiment ‘and

the tracer was added either at the Beginning of - the incubation (Expts. 1-12) -

or at the onset of- logarithmic growth (Expts. 13-15). The ce]Té'wepg col-

Técted after maximum growth had been attained. A summary of thése experi- 7

ments and the pebcentage of the activity recovered in the non-cellular

i

" . portiontof the culture are presented in Table 2. "Most of the activity,

fed in the ?orm of sodium [3:14C]pypuvate'(Expt. 5)s g—[1f1gcjribose

" (Expt. 6), QL;E3-]4C]cysteine (Expt. 9), [1-]4C]§UCC1QTC‘aCﬁd (Expt.” 10)

and _sodium 3ﬁketo[5—]4c]glutarate_(Expt. 11), was found in the non-cellular
part of the culture. ; ) R N

Thiamin was extracted froi-dhe cells and, after d.ﬂut.jon with
carr{er, was isolated by ion-exchange chromatography. The th{amin—con-‘
féining ion—excﬂanée fragtidns from eiperjments‘with Q;F]-]4C3ribo§e

(Expt. 6);'QL;[3-]4C]cysteine (Expt. 9) and sodium,z—keto[5—146]g1ut@rate
- » oo . . -

-
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(Expt. 11) were inactizi;izgzgge experiments were not continued.ég
. Thg specific actiVity of the thiamin.isolated from feedings with
\gggjum [3—]4C]pyruvate (Expt. 5) and [I-]4C]succinic acid {Expt. 10) was
too low fo make degradation feasible.
If the sample of thiamin chloride hydrochloride (g} maintained
a significant level of radivcactivity after several recrystadlizations,
it was degraded by bisulfite cleavage £o the pyrimidinesulfonic acid (4)
and to the thiazole (5) (Figure 21). The thiazoTe (5), an o0il-at/room

temperature, was converted to either its phenylurethane (92) or its

phthalimido (94) derivative for purification and assay of\radioactivity.

The results of this degradation are summarized in Tables and.4.

Similar results were obtained from\the experiments with &-[Me-1qc]—

methionine with both strains of S. cerevisiae (Expt 15) (Table 4)-

and from the experiments with QL;[2—14C]tyrosine (Expt. 4} and sodium

[1-14C]acetate (Expt. 8) (Table 3). In each cask, the phenylurethane

(92) was completely inactive. The samples of the pyrimidinesulfonic acid
(4) were either completely inactive or contained only a very smail per-
centage of the activity present in the original thiamin.

The DYrimidinesulfonic acid (4) obtained from the sodium []ch_
formate feeding (Expt. 2) retained a percentage {~ 30%) of the activity
;resent in the original thiamin (Tab]eIB). No activity was recovered imy
the thiazole portion.

| Most of ‘the activity (~ 58%) contained in the thiamin derived
from QL;[3—14C]se}ine (Expt. 12) was recovered in the thiazole phenylure-
'thaﬁe (92) (Table 3), whereas the pyrimidfnesu1fonic acid (4) contained

approximately 25% of the activity. Lack of material precluded further
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degradation. In contrast, the pyrimidinesulfoni¢ acid (4) derived from
E—[3-14C]ser1ne (Expt. 13) contained aimost all (v 90%) of the activity
of the original thiamin and the phthalimidothiazole (94) was completely
inactive.

~ The pyrimidinesulfonic acid (ﬂj and the thiazole phenylurethane
(92}, between them, appeared to contain over 300% of the activity due to
14C found in the thiamin derived from {2—3H,2—]4C]g1ycine (Expt. 1)
(Table 3). The major part {~ 275%) was associated with the thiazole deri--
vative (92). Practically no 3H was.incorporated into thiamin.

The sampies of thiamin, isolated from the [2-]4C]g]ycine feédjng
experiments (Expts. 7 and 14), were degraded to the pyrimidinesujfopfic "
acid (4) and the thiazole pheny]ure%hane (92). In each case, thg’thiazole
derivative retained more than 98% of the activity of the original thiamin.
The remaining 1-2% of activity was located in the pyrimidinesulfonic acid

(4). Each of the two samples of the thiazole phenylurethane (92) was

further degraded according to Figure 22. Kuhn-Roth oxidation gave acetic

. acid (C-4,-4') which was_assayed as its a-naphthylamide derivative (97),

and, in each case, was completely inactive. Carbon-2 was isolated by a

124

modificat{oq of the degradation used by Linnett and Walker. Methyla-

tion of the thiazole phenylurethane gave the methiodide (95) which, in

each case, retained all (99%) of the activity of the original thiamin.

Reduction with sodium borohydride and hydrolysis with mercuric chloride

gave C-2 as formaldehyde which, in each case, retained the activity {100%)}

of the original thiamin. Details of these results atg summarized in

vd
Table 4. ~
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igure 21: Bisulfite cleavage of thiamin chloride hydrochloride and the

formation of solid deFivativés of the thiazole moiety.
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Figure 22: Degradation of the thiazole phenylurethane (92) to obtain

r._
C-4,-4' as acetic acid and C-2 as formaldehyde.
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(iv) - Discussion

(a) Difficulties in the investiqation of biosynthesis by radiocactive tracers

A definitive biosynthetic investigation, which demands isolation
and purification to constant radioactivity, followed by the preparation
of derivatives and by chemical degradation to locate the site or sites
of radioactivity, requires at least 10 mg of compound {(or more, depending
on the complexity of the degradation sequence}. Since the scale of a
radioactive-tracer experiment (volume of culture, or number of plants, per
experiment) is limited by experimental facilities, it will be necessary to

3 fold with inactive carrier, to obtain

dilute the target compound 102—10
sufficient quantities of radiocactively labelled material. Thus, the success
of a biosynthetic tracer experiment is predicated on the selection of con-
ditions, such that the unweighable amount (1/10 umole or less) of target
compound produced during fhe experimental period has a specific molar
radioactivity high encugh so that after dilution by a factor of 10%-10°
the isolated product still has a significant countrate (dpm per mg above
background).

Some of the conditions required to enhance the likelihood of ob-
taining such a result are not under the control of the investigator: the
substrate to be tested as precursor may not be available at high specific

activity, and much of it may be dissipated in metabolic processes which,

from the point of view of the investigation, are irrelevant and undesirable.

R L

Alternatively, the substrate may not be metabolized because membrane im- i

permeability may prevent the transport of the substrate into the cell.

[ ., S

The amount of target material biosynthesized during the experimental period

may be less than the amount present endogenously at the start of the ex-

~
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periment. Thus, the activity of the product, even after minimal dilution
with carrier, may be at the borderline of detectability.

Another bl .A/ﬁ‘\\ht in the handli f 11 titi f

problem-Anherent in the handling of small quantities o
labelled compounds is the presence of unweighable amounts of radiocactive
impurities in the product. These may not be detectablie unless deriva-
tives are prepared, but lack of material may preclude the chemical mani-
pulation required for derivatization and degradation.

In view of these difficulties, it is understandable that many of
the tracer investigations whiifxobjective it was to identify the primary
precursors of the thiazole moiety of thiamin were not pursued to a stage
when definitive conclusions could be drawn. In some cases, the target
compound (in this case 5—(B-hydroxyethyi)-4-methy]thiazo1e) was not iso-
lated, but it was assumed that a fraction eluted from a chromatogram which
contained the desired product did not contain any othér radicactive com-

128,145

pound. Alternatively, the desired compound was isolated, but

derivatives were prepared and no degradation attempted, and it wa
that the isolated product was free of radiochemical cont 129
Results of such incomplete experiments, ta at face valué, are
often Tikely to lead to erroneous inferences.

Since it is difficult to gauge the reliability pf the experimental
data obtained in such incomplete investigations which lack internal checks,
it is well nigh impoésib]e to assess what credence should behgiven to the
interpretation of their data offered by the -investigators who report them.
The *problem is compounded by the fact that no two schools used the same

strain of micro-organism for their experiments.

One series of investigations which appears to be well-designed

as{UﬁEﬁ“‘*‘**iL

N
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and thoroughly executed is that of Linnztt and wa1ker.124’]25’]34 They
employed a strain of §;_cerevisiae (NCYC 1062) fgr tracer exﬁeriments
with [Z—IqC]g1ycine and E-{Me—]QC]methionine. It was demonstrated by
derivatization and degradation of the isolated thiamin that [Me—]ac]-
methionine did not serve as a precursor, but that [2-14C]g1ycine did,

and that the entire activity of the thiamin, derived from this substrate,
was present in the thiazole nucleus (isolated as the picrate of 5-(8-
hydroxyethyl)-4-methylthiazole) and localized at -2 (isolated as form-
aldehyde dimethonev after controlled degradation). Furthermore, heavy
nitrogen from [15ﬁ]g]ycine waé located exclusively in the thiazole moiety.

\—;
It can be concluded from these results that the methylene carbon atom of

glycine serves as the source of C-2 of the thiazole moiety of thiamin,
and it is more than likely that the C-N fragment, derived from glycine
by decarboxylation, enters the thiazole mojety as a unit.

These results and their interpretation are in direct conflict
128,130

wi%bfxie work of Johnson et al. These authors carried out feeding
exééyi\ents with [Me—]4C]methionine and [Me—]4C,355]methionine in another

strain of S. cerevisiae (39916 H.J. Bunker)}. They isclated thiamin, de-
graded it into the pyrimidine and thiazole moieties and recovered a
chromatographic fraction containing the thiazole, but did not isolate,

/
derivatize or degrade the compound. The thiazole fraction obtained in

14 14 35

the two experiments contained, respectively, C, and 'C and

S, with
a 355/14C ratio identical with that of the precursor methionine. The
authors concluded that the C-S.unit, derived from the S-methyl group of
methionine, was incorporated intact into the thiazole moiety, yielding

d59’60’65’222

the unit $-C-2. This result is widely quote and serves as
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the basis for the accepted hypothesis of thiamin biosynthesis. It is

considered to provide experimental support forn the biogapetic 1de?§iof
135 .

Sir Charles Harington.

Recent reviews of thiamin biosynthesi559’60

summarize the gtggri—
ments with yeast, as well as other investigatidns with bacteria,]43f ’

but do not attempt -a critical evaluation of the contradictory conclusions

124 128

of Linnett and Malker and of Johnson et al.

with regard to the bio-

synthesis of the thiazole nuclieus of thiamin in yeast.

(b) Re-investigation of reported precursors

As a first step in thé re-investigation of the problem, a number
of the compounds suggested previously as precursors of thiamin were in-
cubated wifh S. cerevisiae, and thiamin chloride hydrochlorideswhich con-
tained appreciable amounfslof raaioactivity after five or more recrystal-
1izations was isolated. In addition, the samples appeared to be at con-
stant specific activity. Such results impfy that tQE_radioactivity from
the tracer was incorporated into thiamin and that the compounds fed were
thus precursors of thiamin.
| Ideally, the radiochemical purity of the isolated compound should
be checked. Usually this can be carried out by the pﬁeparétion of deri-
vatives, but the bisulfite cleavage of thiamin offers an alternative and
better method. Because the,carbon atoms of thiaﬁin chloride hydrochloride
are all recovered in the pyrimidine (4) and thiazole (5) derivatives from
the cleavage reaction, the sum of the specific activities of the two com-
ponents should be identical with that of the original thiamin. Thus, the

bisulfite cleavage serves not only as a check on the radiochemical purity
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of thiamin, but also indicates the distributgbn‘of éhe label between the
ftwo moieties which.comprise'the vitamin. - '

The thiazole derivative (5) obtained from the bisulfite cleavage
of thiamin chloride hydrochloride (2) (Figure 2#7”32 an oil at room tem-
perature. Small amounts of a Tiquid are difficult to purify and to
separate from solvent and thus cannot be accurately weighed for assay of
radiogctivity. In the past, this obstacle hqs been overcome either by

128,129,143

the assay of a solution of the thiazole (5), or by the forma-

tion of a quaternary nitrogen'sa1t.]24

Both the hydrochloride and methiodide
salts of the thiazole (5) are hygroscopic and therefore cannot be accurately
weighed. The picric acid salt of §_is more suitable in this regard, but
it is highly coloured and thus unsuitable for liquid scinti]]atién counting.
Si solid derivative of the thi$zole (5) was required for
rigorous purificaiion by crysta]lizat{on aﬁd sublimation, and;the nitrogen
derivatives were unsuxtab]e der1vat1Ves of the a]coh011c fungtion were
preferred. The formation of the trityl ether and the u-naphthylurethane
derivatives was attempted. However,-a nop-crysta111ne product was obtained
for the former and the latter derivative was very 1n$o]ub1e, did. not sub-
lime and was difficult to crystallize. By treatment of the thiaiﬁ]e (5)
with phény]isocyanate, the phenylurethane (92) (Figure 21) was obtained.
This compound was colourless and easi1y purified by crysta]fization and
su?31mat1on. The phtha11m1doth1azo1e-4b4) was also found to be a su1tab]e
der1vat1ve It was formed by, treatment of the thiazole (5) with thionyl
chloride, followed by reaction of the resu]ting B- ch]oroethylthiazo1e (__)
with potassium phthalimide. (F1gure 21).

The activity associated with the iamin chloride hydrochloride
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could be due either to the incorporation of the labelled sﬁbstance 0#
</’\\\Ttiﬁ__32_ﬁbe carry-over of a radioactive impurihy. For a prpper 1nterQretation,
| a distinction has to-be made between these possibilities. It is unlikely
that -an impurity would be carried over in toto from thiamin into its two
fragments and into the derivative of one .of these fragments. The sum of

»

the specific activities of the pyriwﬁﬁinesu]fbnic acid and one or the other
. St

of the thiazole derivatives is thus a more reliable index of the specific

activity of the isolated thiamin than the specific activity of the thiamin

chloride hydrochloride itself.

One of the compounds whose involvement in thiamin biosynthesis is
well documented is sodium {]4C]formate. It is a precursor of the pyrimidine
moiety of thiamin,]26'129’192’198 a§d one report suggested that it was in-
corporated int6 the thiazo]e;moiety.n4 The incorporation of formate is gener-
ally reported to be greater than that of most other substrates. For this
reason, and to settie the question’of whether or not formate is incorporated
into the thiazole moiety, a trial incubation with sodium []4C]formate was
carried out (Expt. 2) (Table 2). Radioactive thiamin ch]oride hydrochloride
was isolated from this experiment (Table 3) and degraded as shown in
Figure 21. No activity was found in the thiazo1e‘bheny1urethane (92) and
only about 30% of the activity associated with the original thiamin was re-
covered in the pyrimidinesulfonic acid (4). Most of the radioactivity as-

sociated with the thiamin was therefore caused by small amounts qé}high]y

radioactive impurities. Further degradations to locate the exact site
of 1abéTTTR§‘were not performed on the pyrimidine derivative due to lack
of material. This experiment would have to be repeated to confirm that

/ L]
the activity found in the pyrimidinesulfonic acid (4) was due to the in-



. clusions’ of Linnett and Walker,
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corporaﬁjon of formate and not to an impurity.
fAs a further pre]iminar& step iﬂ_the re—inVestigation of the
origin of the th{ézole moiety of thiamin, the apparently contradictory
reports of incorporation of the methyl group of methionine and of the
a-carbon atom of glycine, respectively, into C-2 of the thiazole nucleus
were re-examined. .
An incubation was carried out withﬂ[é-SH,2-14C]glycine (Expt. 1)

(Table 2) and radioactivity (due to 14

C) was found to be associated with
the isolated thiamin chloride hydrochloride (Tablé 3). However, no
tritium was incorporated into the thiamin éb]ecu]e.‘ Either the tritium
was lost en route to thiamin or it was 1ncgrporated into an exchangeable
position of thiamin and lost during work up. It follows from the con-
124 that tritium on C-2 of glycine should
be incorporated into thiamin and would be Tocated at C-2 éf the thiazole

ring. However, Bres]ow31

found that the proton at this position regdily
exchanges in water and the evidence presented in Chapter I (section 1)
jndicates that this is the active site of the coenzyme, thiamin pyro-
phosphate. Thus, tritium would not be expected to be ma1n£ained at this

]4C activity of thiamin was re-

position. A small amount (v 25%) of the
covered in the pyrimidinesulfonic acid (4) after bisulfite gleavage
(Figure 21}. The thiazole phenylurethane (92) had a specific activity
almost three times that of the thiamin chloride hydrochloride (2). Under
the assumption that the thiazole derivative was pure, the thiamin chloride

hydrochloride must have been contaminated with a large.quantity of in-

active material.

There was insufficient material for further degradation, but since
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the above results suggested that.[Z-lqc]glycine might be a precursor of
the thiazole moiety, as reported by Linnett and Halker,lz4 the experiment
with glycine was repeated. l

A larger culture size and [2-]4C]giycine with a higher specific
activity were empioyed to increase the radioactivity associated with the
isolated thiamin sufficiently so as to permit compieterdegradation. Samples
of thiamin chloride hydrochloride, isolated by carrier dilution from the
cells of two strains of S. cerevisiae which had been incubated {n the
presence of [2-]4C]g1ycine (Expts. 7 and ;4) (Table 2), were crystallized
to constant radiocactivity and-gggraded {(Figures 21 and 22) to locate the
site of activity {(Table 4}. stu]fite cleavage yielded the pyrimidine-
sulfonic acid (4) which was non-radicactive and 5-{g-hydroxyethyl)-4-
methy]tﬁiazo]e (5) which was converted to the crystalline phenylurethane
(92) and the corresponding'methiodide (95), and contained all the acti-
vity of the intact vitamin. Kuhn-Roth oxidation of the phenylurethane
(92) gave acetic acid (C-4,-4' of the thiazole moiety) (isolated as the
a—naﬁhthylamide). This was not radicactive. The methiodide (95) was
reduced to yield the tetrahydro derivative {96} which was not isolated
but direct]x hydrolyzed to yield formaldehyde (C-2 of the thiazole moiety)
(isolated as the dimethone) which contained all activity of the thiazole
nucleus and of the intact vitamin. The methylene cafbon of g]ycipe thus
serves as the progenitor of C-2 of thé thiazole nucleus of.thiamin and
of no other C atom in S. cerevisiae (ATCC 24903 and 39916 H.J. Bunker).
The same results were obtained in a third strain of’S;_cerevisiae {NCYC

1062) by Linnett and walker.]zq

/
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The reported incorporation of the-methyl group of methionine
was also re-investigated. Incubation of each of the two strains of
S. cerevisiae (ATCC 24503 and 39916 H.J.Bunker) with k—[Me-]QC]methionine
(Expts. 3 and 15) (Table 2) also yielded radiocactive samples of thiamig
ch]or{de hydrochloride. Five recrystallizations were required in the
case of these samples to reach constant activity. Howqyer, when these
samples of thiamin chloride hydrochloride were‘subjected to bisulfite
cleavage (TabTe 4}, the two degradation fragments, the pyrimidinesulfonic
acid (4) and the thiazole (5) (isolated as phenylurethane. (92)), did not
contain radioactivity in either case.

Since these two fragments account for all carbon atoms of the
original thiamin ch1?ride hydrochloride, it is clear that the radio-
éctivity assogiﬁted with the samples of the vitamin, isolated from ex-
periments 3 énﬁ 15, must héve been due to contamination by traces of a
highly radioactive impurity which persisted despite the many purifica-
tion steps. This conclusion leads us to surmise that the activity found
by Johnson g;_gl;}zg to be associated with the chromatographic fraction
containing the thiazole moiety, derived from cultures of 5. cerevisijae

(39916 H.J. Bunker), incubated with [Me-''C]- and [Me-1%c,3°

S]methidnine,
was also due to the presence of traces of a highly radioactive impurity.

If this impurity were methionine itself, or a breakdown product which still

retains the —S-CH3 function, maintenance of the 35S/MC ratio of the pre-

cursof in the contaminated but non-radioactive oroduct would be explained.
The culture conditions in our own tracer experiments with
S. cerevisiae (39916 H.J. Bunker) were somewhat different from those of

12 . . . .
Johnson et al. 8 Their experiments were carried out on a medium con-
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Vity is completely lost after 3 h if growth is stopped”. Johnson gt al.
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taining yeast extract, rich in thiamin, and tracer was administered

24 h after inoculation. Ingour own experiments, a thiamin-free medium
was used, and tracer was adb%d 15. after it

As is shown in Figure 23 (curve ﬁ): the log phase is complete

¥
culation.

after approximately 20 h incubation of S. cerevisiae (39916 H.J. Bunker)

on a yeast extract medium. It is stateng that "de novo formation of

thiamin cannot be demonstrated in non-growing cell suspensions under

normal circumstances". Furthermore, {t has been noted in bacteria223

that "the enzymes for synthesizing thiamin appear to be labile and acti-
128

supplied tracer to their cultures well after logarithmic growth was com-
plete and the culture had reached the stationary phasg. It would appear
that in the experiments reported by Johnson gg_gl;}za biosynthesis of
thiamin did not take place during the timg the cells were in contact with
the tracer. In these experiments, a culture medium was employed which
contained yeast extract (2 g per g}. VYeast extract contains thiamin

(ca. 30-300 ug/g). .

| 212-216

A& mentioned earlier in this chapter, it is known that

S. cerevisiae accumulates thiamin from the medium on which it is grown.
Fur’chermore,59’]01 the level of thiamin phosphate pyrophosphorylase, the
enzyme responsible for the synthesis of thiamin monophosphate from the
phosphorylated thiazo{e,and pyrimidine moieties, present in commercial
yeast with added thiamin, is less than 15% of that found in the same yeast
produced without exogenous thiamin. The formation of the enzymes neces-

sary to join the pyrimidine and the thiazole moieties in bacteria is also

.
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inhibited when thiamin is present in the growth medium.223 [t seems

unlikely, therefore, that significant de novo biosynthesis of thjamin
takes place in yeast Ee]]s which are grown in the presence of exegenous
thiamin.

The present experiments with S. cerevisiae (39916 H.J. Bunker)
were carried out using a-thiamin-free medium. Under these conditions
(curve B, Figure 23) growth is slower and a longer lag-phase is observed
than in the presence of §;ast extract (curve C, ﬁigure 23), but approxi-
mate]y the same cell density is reached at completion of the 1og phase.
The addition of pyridoxal or nicotinic acid to thiamin-free glucose
medium had no effect on the growth of S. cerevisiae (39916 H.J. Bunker)
{curve B, Figure 24). Addition of a small amount of thiamin, however,
resulted in a marked decrease in the length of the lag phase (curve A,
Figure 24).which suggested that S. cerevisiae (39916 H.J. Bunker) when
placed in thiamin-free medium requires some time before it can start
to synthesize the vitamin. _Tfacer was added after 15.5 h of incubation,
at the onset of active growth. Conditions for thiamin biosynthésis
were thus favourable.

In summary, the resylts of Linnett and Walker!2?125:134

and the
present work establish that, in three strains of yeast (S. cerevisiae
NCYC 1062, ATCC 24903, and H.J. Bunker 39916), the methylene carbon atom
of glycine serves as the biosynthetic source of C-2 of the thiazole
nucleus of thiamin. Furthermore, it is likely, on the basis of the re-

134

sults of Linnett and Walker, that an intact C-N unit, derived from

glycine enters the thiazole nucleus.
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(c) The origin of the C-2-N unit in bacteria

Carbon-2 of the'thiazo1eQ;9iety does not appear to originate

from methionine in bﬁsigjjd(gz;?§h9u -[Me-]chmethionine has been re-

ported to be i.coﬁﬁgyated into C-2 of the) thiazole moiety in B. subtilis.
A deégradation waSgcérried out and most 4f the activity was reported to be
at C-2, but no eXperﬂmental details were given for this degradatiof.

enteric bacteria §i_tzghimurium]43 1133

1

141

were also incuba

and E. col
Ehe presence of L-[Me- 4C]methionine, but no incorporation into thigmin
was obtained. The evidence. for methionine as a precursor of thiamin in
bacteria is not strong and the roie of methionine'in fhese-systems awaits
clarification. : l . -~
Giycine was found to replace the 5—(B—hydroxyethy1)-4gme£hy]-

thiazole growth requirement of a mutant of E. ool{?lgg and [U—lqc]glycine
Was r;;;zﬁié to bé incorporated into the thiazole moiety™af thiamin in
this e 145 0 ag}ivity associated withdfhe tﬁ?ZZSHe, owever, was

not measured directly. Thevyd{;nt produced an excess of the pyri@idine"J

moiety and excreted it into the medium. The specific activities of both
thiamin and the pyrimidine moiety were determined. The specific activity

of thiamin was<higher than that of the pyrimidine moiety, and it was

Vel

assumed that the \pissing actiQ?ty‘was located'jn_the thiazole moiety.

G 14C]G1ycihe s not incorporated into thiamin by S. tzghimurium]43

e

and it has not been tested in B. subtilis. A1l other incubations per-

formed with E. coli were done on mutants which only produced the pyri-
196,198

F-]
Thus, a source other than glycine would appear to supply the

180

midine moiety or the incorporation into thiazole was .mot mentioned.

C-2-N unit of the thiazole nucleus. In E. col¥ 143

and S. typhimurium,
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the a-carbon of tfrosine appears to supply C-2 og* he thiazole unit.
Fach of these results is based on chemical deg;sﬁaiﬁon of the thiazole
unit {Figure 6) éhd on isolation of C-2 as formaldehyde. In addition,
]5N from []SN]tyrosine was incorporated into the thiazole moiety.]48
A]thoughractive thiamin chloride hydrochloride (2) (Table 3) was iso-
lated from S. cerevisiae (ATCC 24903} (Expt. 4} incubated with QL;[2-14C]-
tyrosine, only a small percentage of the radio;ctivity was recovered in

the pyrimidine (4) and thiazole (92) derivatives. Tyrosine does not serve

as a precursor in this organism.

rosine were degraded to glycine or if glycine were used to
synthesize tyrosine. However, the lack of incorporation into thiazole

of tyrosine in yeaét%og and the lack of incorporation of glycine in

S. tzghimurium]43 rule out the above possibilities. Since both the
tyrosine143’]47’]48 and giycine]za’zo9 results are reproducible in

enteric bacteria and yeast, respectively, it is unlikely that these re-
sults are in error. Thg above results lead to the conclusion that the
C-2-N unit of the thiazole moiety is supplied by glycine in yeast and ‘
‘by tyrosine in enteric bacteria. Before B. subtilis can be classified

in<this manner, the origin of C-2 of the thiazole unit would have to be

re-investigated in this organism. - -

Cih) The origin of the C. unit: a re-investigation of published concepts
J
No direct experimental data are available concerning the origin
of the Cs unit, either in bacteria or in yeast. Suggestions that have

been made are based solely on incorporation measurements, or are purely
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speculative. A number of incubations were carried out to check the
validity of these ideas in S. cerevisiae (ATCC 24903).

Acetate has been reported as a precursor of both the pyrimi-
d1‘ne]28’129’]90’]92 and the thiazole moieties.]zs‘]29 A polyketide-
type hypothesis can also be suggested for the origin qf the C5 unit..
The thiamin chloride hydrochloride isolated from S. cerevisiae (ATCC
24903) incubated with sodium [1-I4C]acetate (Expt. 8) was radiocactive
(Table 3). However, none of the radiocactivity was recovered either in
the pyrimidine (4) or in the thiazole (92} degradation products. Thus,

C-1 of acetate does not serve as a precursor of any of the carbon atoms

of thiamin.
Parada and Ortega]qg had suggested'that the C5 unit of the
thiazole moiety was formed from a pentose-like compound. In agreemé%t

125

with a previous report, Q;[1-14C]r1bose (Expt. 6) was not incorporated

into thiamin and all of the activity fed was peCovered in the non-cellular

portion of the culture (Table 2). This indi ither that the labelled

sibilities. D-Xylose is known to enter the 5. cg

evisiad cell but the \\ )
yeast cannot use thiﬁ-sugar as a substrate for grqﬁth.z24 This is due -
to the lack of a specific kinase, dehydrogenase or enzymes that make

hate pathway.225 Thus,

possible its access to the common pentose pha
ribose may have been taken into the cell but it |seems very Tikely that

i;fwas—not incorporated into the main metaboli¢ pathways. der these
.
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‘conditions, no incorporation would be expected.
Parada and Ortega]49 also suggested that this pentose-like
compound m1ght be”

AR
an a]do]ase— or trans-aldolase-type reaction. The intermediacy of

formed from acetaldehyde and a C3 unit by means of

acetaldehyde or "active acetaldehyde" was tested in the incubation of
S. cerevisiae (ATCC 24903) with their precursor sodium [3-]Qc]pyruvate
(Expt. 5). Again, most of the radioactivity was recevered_in the non-
. cellular part of the culture (Table 2), and thiamin ch1oride hydeoch1oride
with only a low specific activity was 1so1ated (Table 3). ‘

Glutamic acid, a five-carbon am1no acid, has been suggested
(Route C, Figure 5) as the precursor of Fhe Ce unit. Incubations
carried out with sodium 2-keto[5-]4C]g]utarate {Expt. 11) and the KrebS"
cycle intermediate, [1-]4C]succihic acid (Expt. 10) failed to yield
active th1am1n Approximately 70% of the activity in éﬁch experiment
. was recovered in the non-cellular portion of the~ u1ture (Table 2).

That permeab111ty of the plasma membraneiis a significant factor

influencing the metabolism of organic acyds yeast cells was first

indicated in 1926.226 Organic acids gfe known'to penetrate the yeast

yssociated forms.zm’227

cell by the diffusion of their The uptake of’
these acids would depend on the pKa of the acid and on the pH of the
medium. Thus, permeation of the membrane by pyruvate is slow in com-
parison to that of acetic and propionic acid, and di- and tricarboxylic
acids penetrate the intact yeast cell with d**ficulty if at all. In
fact, the poor penetrability of di- and tricarboxylic acids makes them
usable in the preparation of buffer solutipns. The uptake of pyrevate

by Rhodotorula glutinis is also inhibited by the presence of g]ucose.228
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It is very likely that these compounds were not taken up by the cell
in sufficient quantities to give incorporation into thiamin and the
uptake which was observed may not have been at the time of thiamin bio-
synthesisi As the incubation progresses, the pH of the medium and the
level of glucose drop and Eondifions for the uptake of these acids
become more favourable. However, thiamin biosynthesis may be complete
at this stage of the incubation.

The carbon skeieton of cysteine has been proposed as a building

block of the thiazole moiety (Routes B and C, Figure 5}. QL;[3—]4C]-

\b//" Cysteine (Expt. 9) was not taken up by S. cerevisiae {ATCC 24903) (Table

T 2). In an attempt to get around this problem, S. cerevisiae (ATCC 24903)
was tncubated with QL;[3-]4C]serine lExpt: 12), and radioactive thiamin
chloride hydrochloride was isolated (Table 3). Degradation to the pyri-
midinesulfonic acid (4) and the thiazole phenylurethane (92) Ted to a
-recovery of 113% of the activity present in the original thiamin. The
major portion (88%) of this label was contained in the thiazole portion
but insufficient material precluded further degradation. This incor-
poration of activity into the thiazole portion was encouraging, and a
second experiment with E-[B-]acjserine (Expt. 13) was carried out in
the hope of isolafing sufficient activity to allow the position of

’_“'gﬁih1abe1 to be determingd. Radioactive thiamin chloride pydrochloride
was isolated (Table 3), but a 1a;ge proportion of this activity was- lost
on crystallization with addifiona] carrier. Degradétion gave'the pyri-
midinesulfonic acid (4) which retained almost ail (v 90%) of the activity
present in the original thiamin. The ﬁhtha]imidothiazo]e derivative (94)

was'¢omp1ete1y inactive. Thus, serine was not a precursor of the thiazole
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unit and the activity found with DL-serine (Expt. 12) could have been
due to a radioactive impurity or to metabolism of 9-serine. Serine de-
hydratases which convert 9-serine'to pyruvate are knowm,zzg_232 but

the presence of this enzyme in yeast has not been described. Further-
more, the recovery of radioactivity in the non-cellular portion of the
culture (DL-serine, 48%, and L-serine, 13%) suggests that only the L-

125 that

enantiomer is taken into the cell. Also, if has been reported
Q};[3—14C]serine }s not incorporated into the thiazo{e moiety of thiamin
by S. cerevis%ae (NCYC 1062). The radioactivity associated with the
thiazole phenylurethane in Expt. 12 was probably due to the presence of
a radicactive impurity.

Exﬁeriments based on published concepts thus did not yield
results which promised to offer a lead to the origin of the C5 unit.
Some of the above experiments may not have served as true indicators
of the validity of these ideas, since in some instances the tracers
were not absorbed during the course of the incubation.

Nevertheless, new ideas, and an approach different from that

suggested by earlier investigators were evidently necessary if progress

in the investigation was to be made.

(v) Experimental

(a) Micro-organisms

Two strains of Saccharomyces cerevisiae were used in radio-

active tracer experiments.
S. cerevisiae (ATCC 24903) was obtained from Dr. J.J. Miller,
Department of Biology, McMaster University. Stock cultures were main-

tained on malt extract-yeast extract-peptone-giucose (MYPG) slants which,

>
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after incubation at 27 + 1°C for 24 hours, were stored at 4°C and sub-
cultured at periodic intervals.
S. cerevisiae (39916 H.J. Bunker) was obtained from the Common-
wealth Mycological Institute, Kew, Surrey, England. After incubation
t 27 + 1°C for 48 hours on Sabouraud agar slopes, the stock culture

wds stored at 4°C and subcultured every two weeks.

o

]
Twgy other strains of micro-orgﬁnisms were used to obtain a

r

com&arison of thiamin content.
S. cerevisiae (ATCC 4134) was obtained from The American Type
Culture Co]]ectlon Rockville, Maryland, U. S A. Stock cultures were

maintained on MYPG slants using the same cond1t1ons as for S. cerevisiae

(ATCC 24903). 7 e
A1 litre culture of Bacillus subtilis 19E was supplied by Dr.

I. Takahashi; Department of Biology, McMaster University. [t had been

!
grown for 1.5 to 2 days on a minimal medium (ingredients per litre:
(NH4)ZSO4,.2 g3 KZHPO4; 14 g; KH2P04, 6 g; sodium citrate, 1 g; M9504-7H20,
0.2 g; 50 m1 of 10% glucose added after sterilization).

(b) Media

Maintenance Media:

(i) The composition of malt extract/yeast extract/pqptone/g]ucose

233

medium (MYPG) was as follows: Difco malt extract (3 g), Difco yeast

extract (3 g), Difco peptone (5 g), E-QIUCOSQ (20 g}, KH PO4 {1 9),
Difco Bacto-agar (20 g): water (1 litre).
(i1) The composition of Sabouraud agar medium234-was: Difco neo-

peptone 0 g), D-glucose {40 g), Difco Bacto-agar (15 g), and water

(1 litre). ©
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(i) Thiamin-free glucose medium was prepared from Difco Bacto vitamin-

Ligquid culture media:

fr dast base and supp]emenfed with myo-inositol (2000 ug/litre), cal-
cium DL-pantothenate (400 ng/litre) and quiotin (2 ug/]jtre). The com-
position of Difco Bacto vita%in-freg yeast basé234 is: '(NH4)2504 (5 g),
Bacto-dextrose (10 g), L- -histidine monohydroch]or1de (10 mg), DL-methionine
(20 mg), DL~tryptophan (20 mg), boric acid (500 ug), CuSO4 (40 ug), KI .

(100 wg), FeCl, (200 wg), 4 1400 g),

KH2P04 (1 g}, MgSO4 (0.5 g), NaCi (0.1 g}, CaC]2 (0.1 g) and water (1 litre).
' 128

MnS0, (400 vg), Na, o0, (200 ug), ZnSO

(i1) Yeast extract medium ﬁga*the fo]Towing composition: Di fco

yeast extract (2 g), 2—glucose (20 g), (NH4)2 4 5

MgS0, - 7H.,0 (0.5 g), CaCl,-2H,0 (0.3 g), and water {1 Tlitre).

s0, (0.943 g), KH pb4 (0.5 g),
2

Preparation of,the cell inoculum

A %resh slant of yeast cells was prepared by inocu]atioh from a
stock culture and incubated for either 24 h t§,cerevisiae, ATCC 2&903)
or 48 h (S. cerevisiae, 39916 H.J. Bunker) at 27 + 1°C. The cells were
washed with! sterilized water (3 x 25 m1). A portion of this cell sus-
pension (0.5 ml, i.e., approx. 107 cells) was used to inoculate a .liquid

medium prepqréd by one of the following methods.
{

(c) " Growth on thiamin-free dlucose medium -

Procedure a: Difco Bacto Qitamin-free yeast base (16.7 g) was dissolved
in water {1 litre). To give the required vitamin concentration, a stock
yitamin solution (1.0 m1) (containing myo-inesitol, ZOOQhug/ml: calcium

DL-pantothenate, 400 ug/ml; D-biotin, 2 ug/ml) was adde&rand the‘medium

was sterilized in 50 ml portions by filtration through Nalgene 0.?0 l

disposable filter units. Each 50 ml portion was transferred asepti-
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cally to a sterilized 250 ml Erlenmeyer flask.

=

Procedure b: Difco Bacto vitamin-free yeast base (16.7 g) was dissolved

? in water (100 m1) and stock vitamin solution (1.0°ml) was added. The

3

entire medium was sterilized by filtration through an autoclaved membrane-
mefl Sm 16510) fitted with a membrane filter ~ -

filter holder (Sartorius.g
{Gelman GN-6, 0.45 um pore diameter; Metricel, 47 mm diameter). Portions
of the sterilized medium (5 m1) were then pransferred aseptically bg pibette
to 250 ml Erienmeyer flasks containing sterilized water (45 m1).

;‘*ﬁﬁsa{ inoculation from the cell suspension, the cultures were

incubated with shaking {100 strokes/min, i.e., maximum aeration) at 27 +

1°¢C {Warner-Chilcott Laboratories model 2156 water-bath shaker).

-After a short Iaé phase (2-3 h), S. cerevisiael(ATCC 24903)
ma1nta1ned Togarithmic growth for 19 h of incubation, when @ cell density
of approx. 8 x 107 ce]]sf;a was attained (curve A, Figure 23). A longer
lag phase (7-8 h) was observed in thg case of S. ¢erevisiae (39916 H.J.

,Bunker): Logarithmic growth of this strain was slow, continuing for
48 h of incubation. A cell density of‘approx. 4 x 107 cells/ml was

» ﬂ -
eventually attained (curve B, Figure 23).

128

(d) /// ' Growﬁh on_yeast-extract medium
The yeast extract medium was dispensed into Roux flasks (75
ask), which were then plugged'with non-absorbent cotton wool and
~ aved| at 15 1b/1‘n2 (103.5 kPa) for 25 min. One flask was chosen
tulated with a loopful ofﬁ§;_cerevisiae (39916 H.J. Bunker)
from/a Sabouraud agar sTant (grown at 27 +.1°C for 48 h) and incubated

at 27 + 1°C for 24 h. A sample of this culture (0.5 ml) was used to

S
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inoculate the remaining Roux flasks, which were incubated for 48 h at
27 + 1°C. Growth of S. cerevisiae (39916 H.J. Bunker) on yeast-extract
medium was not delayed and was rapid with the lTogarithmic phase terminating

t 20 h after inoculation {curve C, Figure 23).

Growth on thiamin-free glucose medium supplemented with either nicotinic

acid, pyrjdoxo], or thiamin

Thiamin-free glucose medium was prepared as described in procedure
b. Separate so]utiohs of nicotinic acid (20 wg/ml), pyridoxol hydrochloride
(20 ng/ml) and thiamin chloride hydrochloride (20 pg/ml1) were sterilized
by filtration through an autoclaved membrane—fiftér holder fitted with a
membrane filter (0.45 um pore diameter). Portions of these solutions
(1.0 ml, 20 ug, or 0.1 ml, 2 ug) were transferred aseptically to separate
culture flasks. After inoculation from a cell suspension of 5. cerevisiae
(39916 H.J. Bunker), the cultures were incubated at 27 1_1°C.on a water-
bath shaker. The growth of S. cerevisiae (39916 H.J. Bunker) was not stimu-

Jated by added nicotinic acid or pyridoxol at either concentration {curve

- B, Figure 24). However, thiamin at either concentration caused a marked

shortening of the lag phase (curve A, Figure 24}).

(e) Growth curve measurements

A portion of the yeast culture was removed aseptically at
varying intervals of time and was, depending on the cell density, either
diluted with water or counted directly by using an American Optical Co.

\

Brightline haemocytometer counting chamber.
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(f) Radioactive tracer experiments

Fifteen experiments with radioactive tracers were carried out
and the details are summarized in Table 2. The labelled compound was
supplied either as a solid or dissoived in aqueous ethanol. In either
case, the feeding solution was prepared directly from the commercial

sample. Feeding solutions of intermolecularly doubly labelled compounds

were prepared by mixing together solutions of the ]4c tracer and the 3H
tracer.
{g} Addition of radioactive-tracer to the culture

Procedure a (Expts. 1-12): The radioactive compound, dissolved in water,

was added to the thiamin-free glucose medium before filter steriiization.
For example, in an experiﬁent using 28 250 ml Erlenmeyer flasks, the
tracer was dissolved in distilled water (50 m1). A portion of this solu-
tion (1.8 ml) was thén added to each 50 ml portion of the thiamin-free
glucose medium before sterilization.

Procedure b (Expts. 13-15): The radioactive compdund was dissolved in

sterilized disti]]eq water (e.g., 50 m1) and the solution divided equally
among the 250 ml F%}eﬁmeyer flasks {e.g., 1.8 ml in each of 28 flasks}
containing theugr§Wing yeast cultures (50 ml/flask) at the onset of
10garith&;;‘ér6;}h, j.e., when the cell density had reached 106 cells/ml.

In the experiment with S. cerevisiae (ATCC 24903) growing on
thiamin-free glucose medium {(Expt. 13) tracer solution was added after
5.5 h of incubation and the cells were collected 43 h later.

With S. cerevisiae (39916 H.J. Bunker} growing on thiamin-free

glucose medium (Expts. 14 ana 15) tracer solution was added after 15.5 h

of incubation and the cells were collected 48 h Tater.
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The cells were harvested by centrifugation [20 min at 10°C

L

and 900 g (raV 13 cm)] when maximum growth had been attained and were i \\h

either extracted immediately or stored at -3°C until required. ﬁifbr-

tion (20 ul) of the supernatant was counted to determine the amou t of
T
radioactivity not consumed by the cells (Tablie 2).

i

(h) Extraction and isolation of ’thiamin]23’]28’]43’]84"}63

-

The cells (e.gs,gfrom a 1400 ml culture) obtained by centrifuga-

tion as described above veyg heated on a steambath for 30 min. with
20 mi of 0.] M-HC1. The mixture was centrifuged, the supernatant re-
moved and the extraction repeated. The extracts were combined and 5 ml
of 1 M-sodium acetate buffer, pH 4.7, was added. The pH was raised by
~dropwise addition of NaOH (50%, w/v) to about pH 4.7. Thiamin pf?;phos-
phate was hydrolyzed by incubating this solution at 37 + 1°C with 100 mg
of a-amylase (crude-type IV-A from Aspergillus oryzae; Sigma Chemical
Co., St. Louis, Mo., U.S.A.) overnight. An acid phosphatase contaminant

235 The pH of the mixture

is actua]ly responsibl® for the hydrolysis.
was then increased to approx. pH 6 by dropwise addition of MNaOH (509, w/v}.
The solution was.then applied to a column (1 c¢cm x 7 cm) containing 0.8 g

' of cation-exchange resin (Amberlite CG-50, type 1, H form, 100-200 mesh}).
The column was washed with water (100 m1) and eluted with about 30 ml

of 1 M=HC1 and the effluent collected. The desired product eluted within
10-15 ml.

(i) Thiochrome assay134’219

The thiamin concentration of the column eluate was determined

as follows: a portion of the eluate (1.0 mi), was mixed with cyanogen
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bromide so]u£ion (2.0 m1) (prepared by titrating a saturated_aqueous
bromine solution at 0°C with aqueous potassium cvanide (233 w/v), until
c&lour]ess)'and with aqueous sodium hydroxide (507 w/v, 1.0 ml). fhe
fluorescent product was extracted into 2-methyl-1-propanol (5.0 mi) by
vigorously shaking for 2 minutes. The Z2-methyl-l-propanol layer was
clarified by centrifugation for 30 seconds. The fluorescence of the
2-methy1-1¥pﬁopanol layer was measured with an Aminco Bowman Spectro-

photofluorometer using 1 cm Supracil cells. The exciting wavelength

used was 370 nm and fluorescence was measured at 430 nm~

standa

curve (e.g., Figure 25) was prepared for each run frgh solutions ranging
in thiamin concentration from 0.2 to 5.0 pg/ml. With this curve, the
thiamin concentration of the unknown solution was determined from its
f1uo;escence. Before the fluorescence of each sample or standard was
measured, the stability pf the instrument'was~checked using a standard.
quinine sulfate solution (0.7 pg/ml in 0.05 M-H2504) and, if necessary,

the value so obtained was used to correct the sample fluorescence.

(j) Purification of thiamin from the tracer experiments and dilution

with inactive carrier
1
Variation (i) (Expts. §-23)

pH 4.7, 5 ml) were‘added to the

Carrier thiamin (approx.p1 mg) and sodium acetate buffer (1 M,
gcid eluate from the Amberiite ion-
exchange column (see above). The pH of the solution was raised ¢ J;QL
pH 6 by dropwise addition of sodium hydroxide solution (507 w v). The
solution was applied to an ion-exchange column {Amberlite CG-30) similar
to the one described above. The co]ump was.washed with water (100 ml)

and eluted with dilute hydrochloric acid (0.005 M, 500 ml), and the eluate

=
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collected in 15 ml fractions. The thiamin-contain g/fractions (usually

fractions 12-30) were combined, additional carrier thiamin (ca. 4 mg)
was added and the solution was concentrated in vacuo.\ The/residue was
further purified by preparative layer chromatography on celiulose
(Analtech Uniplate, 20 cm x 20 cm x 0.5 mm, MN30OF cellulose Normal)
using 95% ethanol:distilled water (1:1 Q/v) as the solvent system.
The thiamin (RfﬁusuaTTy 0.8 to 0.9) was located by its gquenching of
background fluorescence when the plate was examined under ultraviolet
Tight. Thiamin was eluted from the cellulose with 957 ethanol. The
‘ethanol extract was evaporated in vacuo, and additional carrier thiamin
was added to the residue to give approximately 50 mg in total. This
product was crystallized to constant activity from methanol/2-propanol
(1:2, v/v). A

The isolation procedure described above was found to be the most

satisfactory of the five variations which were tried.

Variation (ii) {Expts. 2-4)

Only one ion-exchange column was used, i.e., the one described
under "extraction and isolation of thiamin", and the column was eluted
in succession with 0.1 M-HCT;{iQ’m1) and 0.2 M=HC1 (10 m1). The first
2 ml portion of eiuate was dis;?rded and,the next 18 ml were collected;
carrier thiamin (5 mg)} was added and the solution was evaporated in vacuo.
The residue was purified by preparative layer chromatography as described
above. After carrier dilution to 50 mg with carrier thiamin, the resi-

due was recrystallized from 95% ethanol/2-propanol to constant activity.
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Separation of the pyrimidine and thiqzo]e moieties by bisulfite cleavage

120

Varjation (iii) (Expt. 1}

1t differed from variation (ii) in that a second ion-exchange
column (identical conditions to variation (ii)) was used before prepara-

tive layer chromatography.

Variation (iv) (Expts. 5 and 6)

. The ijon-exchange column described under "extraction and isola-
tion of thiamin", was eluted with dilute HC1 (0.005 M, 500 ml) and the
eluate collected in 15 ml fractions. The desired fractions (12:2])'
were éombined, diluted with carrier thiamin and run on a preparative

plate using the procedure described in variation (i).

Variation (v} (Expt. 7)

Dilute HC1 (0.005 M) was used to elute the column described
under "extraction and isolation of thiamin". The acid eluate was

further purified by the method given in variation (i).

¢
(k) Degradation of thiamin

Additional inactive carrier was added to give a sufficient
amount of thiamin (100-350 mg) for degradation while maintaining a

reasonable level (> 50 dpm/mg) of radioactivity.

Thiamin (348 mg) was dissolved in water (6 ml) and sodium bi-
sulfite (1.70 g) was added. If necessary, the pH was adjusted to approx.
pH 4.7 with sodium hydroxide (0.5 M). After heating for a few minutes
on a steambath, the pH was checked and readjusted, if necessary. The

reaction mixture was kept overnight at room temperature. The white

d ) r——.n
R

12
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ﬁyrimidinesu1f0nic acid (4) was filtered off, and recrystallized by
dissolving in hot aqueous ammonia (17) and then acidifying with hydro-
chloric acid (3 M). The yield was 157 mg (82%).

The filtrate wa§ basified to pH 12 with sodium hydroxide (507
w/v) and extracted with chloroform (5 x 15 ml). The chloroform extracts
were dried over anhydrous sodium sulfate and evaporated in vacug to
give 5-(B-hydroxyethyl)-4-methylthiazole (5) (125 mg, 93%) as a colour-

1

less 0il. 'H nmr (CDC1,) &: 2.39 (3H, s), 3.00 (2H, t}, 3.56 (1H, s),

3)
3.82 (2H, t), 8.52 (IH, s).

(1) Solid derivatives of the thiazole moiety

5-(B8-Hydroxyethyl}-4-methylthiazole phenylurethane (92)

5-{s-Hydroxyethyl)-4-methylthiazole (125 mg) was dissolved in
benzene f5 ml} and phenylisocyanate (0.1 m]) added. The solution was
kept at room temperature overnight, the solvent was evaporated in vacuo
and the thiazole phenylurethane was recrystallized from ethyl acetate.
The yield was 195 mg (85%). A portion {30 mg) was separated from the
diphenylurea contaminant by preparative layer chromatography (silica
gel, 0.5 mm x 20 cm x 20 cm) with ether as the solvent systém. A better
separation was obtained by developing the chromatogram twice. The band
corrésponding to the thiazole phenylurethane (Rf 0.5) was eluted with
ethyl acetate and sublimation of the residue at 110°C and 2 x 10'2 mm Hg
(2.7 Pa) yielded pure product g%g): m.p. 130-131°C, T nmr (CD3C0CD3) 1
2.03 (s, 3H), 3.16 (t, 2H), 4.31 (t, 2H), 6.90-7.67 (m, SH), 8.67 (s, 1H),

8.72 (s, 1H); ms m/e: 262 (M"). Anal. calcd. for CyqHygN,0,8: € 59.52,

121205
H 5.38, N 10.68; found: C 59.71, H 5.47, N 10.54.

)
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5-{g-Chloroethyl)-4-methyithiazole (931?36’237

5-(g-Hydroxyethyl)-4-methylthiazole (5) (60 mg) was dissolved
in chloroform (2 ml) at 0°C. Thionyl chloride (0.5 ml) was added drop-
wise over a period of a few minutes with stirring, and stirring was con-
tinued for 1 h. The solution was warmed to room temperature and evaporated
to dryness in vacuo. The residde was freed from excess thionyl chloride
by adding two portions of ether and evaporation to dryness in vacuo. The
solid residue was dissolved in water (5 ml), neutralized with solid sodium
hydrogen carbonéte and extracted with ether {4 x 5 ml}). The extracts were
combined, dried over anhydrous magnesium sulfate and evaporated in vacuo
to give 60 mg (88%) of colourless o0il. Analysis by thin-layer chromato-
graphy (silica gel/ether) indicated that the product (Rf 0.45) was_free
from starting material (Rf O.ZSI:f“Jﬁ nar (CDC13) §: 2.42 (s, 3H), 3.23
(t, 2H), 3.70 (t, 2H), 8.64 (s, 1H).

A-Methy1-5-(g-phthalimidoethyl)thiazole (94)38

The above oil was dissolved in dry dimethylformamide {1 ml) and

~ potassium phthalimide (105 mg) was added. The mixture was stirred at
100-105°C: for 2 h. At this point, thin-layer chromatography (silica
gel/ether) indicated that the starting material (Rf 0.45)- had coﬁpletely
reacted and that thg major spot (Rf 0.30) was due to the desired product.
After the mixture had cooled to room temperature, water (5 mi) was added
and the product was collected by filtration. Recrystallization from

2 m Hg (2.7 Pa)

methanol-water (1:1) and sublimation at 120°C and 2 x 10°
yielded the phthalimidothiazole (94) (68 mg, 67%): m.p. 146-147°C (Lit.
143-146°¢) , 238 Ty nmr (CDC1,) 6: 2.40 (s, 3H), 3.20 (t, 2H), 3.93 (t, 2i),

7.64-7.97 (m, 4H), 8.64 (s, H); ms m/e: 272 M.
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(m) Dearadation-of the thiazole moiety
C-2 as formaldehyde d1'meth0ne]24

5-{8-Hydroxyethyl)-4-methylthiazole phenylurethane methiddide (95)

The thiazole phenylurethane (94) (69 mg) was dissolved in benzene
(4 m1), excess methyl iodide was added and the mixture was refluxed for
24 h. The product was filtered off. Recrystallization from either pro-
pan-2-01 or 95% ethanol/ethyl acetate (1:3 v/v) yielded the thiazole phenyl-
uretﬁane methiodide (95) (76 mg, 71%): m.p. 164-165°C, TH nmr (CD3OD) §:
2.52 {s, 3H), 3.34 (t, 2H), 4.13 (s, 3H), 4.40 {x, 2H), 7.00-7.53 (m, 5H}.
Anal. calcd. for Cq,Hy,IN,0,5: C 41.50, H 4.24, N 6.93; found: C 41.79,
H4.35, N 6.75.

Lt

Reductioﬁ of the thiazole phenylurethane methiodide (95)

The thiazole phenylurethane methiodide €70 mg) was suspended 1nkl
propan-2-01 (3 ml1) at 0°C. Sodium borohydride (8 mg) in propan-2-ol (\_//”:
(1 m1) was added with stirring, and stirring was continued for 2 h. During
this period, the reaction mixture was permitted to warm ub-gradua]]y'toi
room temperature. Water (10 ml) was added, the solution was extracted
with ether (5 x 5 'ml), the extract was dried (anhydrous magnesium su]fatg)
and evaporated ig_ggggQJ to yield a colourless oil (42 mg, 87%), pre-

‘sumably. compound (96).

Hydroly§ﬁs with mercuric chloride and formation of formaldehyde dimethone

The above oil (96) was/stirred overnight in water (4 ml) con-
taining mercuric chloride (52 mg). The precipitate was filtered off
and washed with water (2 x 5 ml). 5,5-Dimethylcyclohexane-1,3~dione

(dimedonef‘(SZ mg) in 95% ethanol (1 ml1) was added to the filtrate and,
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after heating on a steambath for 1 h, the product was filtered off.

Sublimation at 95°C and 2 x 10_2 mm Hg (2.7 Pa) gave pure formaldehyde

dimethone (40) (33 mg, 65%): m.p. 189-190°C (Lit. 191°C),%% ms m/e: .
202 (7). | ‘
¢-4,-4' as acetic acid _

Kuhn-Roth oxidation of the thiazole phenylurethane (92)240

The thia2ole phenylurethane (92) (46 mg) was dissolved in dilute
sulfuric acid (15 ml, 20% v/v) and chromium trioxide (2.1 g) in water
(2 m1) was added dropwise. A slow stream of ﬁittogen was passed through
the solution which was slowly distilled, while itg‘Vo1ﬁ%e was maintained
by repeated addition of 5 ml portions of water. Over a period of 5 h,
72 ml of distillate was collected: The distillate, contaiying acetic

acid, was titrated to pH 8 with sodium hydroxide (0.1 M)}/ Sodium acetate

(22 mg, 92%) was obtained by evaporation at 90°C in a drying oven.

Acetyl-o-naphthylamine (97)24]

Sodidm acetate (22 mg) was dissolved in water (1 m1) and an aqueous
solution (2 ml} éf a-naphthylamine hydrochloride (40 mg) wés added, fol-
Towed by 3-(3-diméthy1aminopropy1)—1-ethy1carb0diimide hydrochloride (100 mg).
On standingraf room temperatucre, acetyl-e-naphthylamine crystailized from

so]utign and was filter d off. Recrystallization from a benzeﬁe/cyc]o-

2

hexane mixture and sublination at 95°C and 2 x 107° mm Hg (2.7 Pa) yielded

pure acetyl-a-naphthylamine (97) (15 mg, 50%): m.p. 158-159°C (Lit. 159-

160°¢),2" ms mre: 185 (MF).

(n) Determination of radioactivity

~
N

Triplicate samples (0.5-2 mg) of each compound were counted by

liquid-scintillation counting (Mark I ligquid scintillation computer,

-+
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Mode] $860; Nuclear-Chicago Corp., Des P1a1nes, I1., U.S.A.). Samples
were d1sso1ved in either water, aqueocus. anmon1a (1%), ethy]l acetaﬁé,
methano1, chloroform, N,N-dimethylformamide or dimethylsufoxide (approx.
twg drops), and the so]utipns disperséd in a so1ufion of Aquéso] (New
gland Nuclear Corp.; Boston, Ma., q.S.A.). The effiéiency of counting

14 14

' :
(approx. 80% for '°C in samples containing only ' 'C, and approx. 50% for

]Qf\qnd approx. 20% for 34 in samples containing both 3 andj]éc) whs /de--

termined by external standardization with 133

and for background radioactivity were applied. Confidence limits shown

in Tables 3 and 4 are standard deviations from the mean.

Ba. Corrections for quenching
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PART B The Origin of the €. Unit

(i) Introduction

Carbon-2 of the thiazole moiety of thiamin was fouhd to be derived

124,125,209 143,147

from C-2 of glycine in yeast and- C-2 of tyrosine in bacteria.

The nitrogen atom of each amino acid was also incorporated into the thia-

zole unit by the respective micro—organisms134’148

and it seemed 1ikely

that the «-carbon and the nitrogen atom of these amino acids were in-
corporated as an intacf unit. However, no experiments in which activit§\2
was incorporated into the C5 portion‘of the thiazole moiety were reported

in the above investigations and no hypothesis was put forward which ex-
plained the incorporations of glycine and tyrosine and the origin of the

'C5 unit. Thus, the basic precursors of the C5 unit were unknown and a
chemical]y rational hypothesis was required for the origin of the thia-

zole portion of thiamin.

| The results of the present re-investigation of suggested pre-

) ncUYSbFS‘Of this 95 unit fall into two categories: Some compounds (e.g.,
lacefate, serfggskwere absorbed readily by the yeast while others (e.g.,
cysteine, pyrﬁvate, ribose, q-kéﬁoglufératé, succinate) did not seem to

| have Séen taken into tﬁe cell tolény gréat extent. In all of these ex-
petiments, however, no significaﬁt amount of radioactivity was incorporatea_
' intd“tﬁé'thiazo]e moiety.

\

-

Such’ results cannot be taken as proof that these compoaﬁds are

not precursors of ‘thiamin without the consideration of alternative ex-

p]anations;_-

.. A]thdudh the metabolism of some of these compounds by the yeast

was indicated, it is possible that .they were not incorporated because
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they did not reach the site of thiamin bjosynthesis at the correct time.

Alternatively; ce there wass a large concentration 6f glucose in the
growth medium, the specific ctivity of the substrate ;upplied coulﬁ
have been diluted by metabolites of glucose. If this di;?tion were large
enough, oniy marginal radioactiv;ty would be detected in the isolated
thiamin.

The,gécovery of a Jarge fraction of the radioactiv%ty fed in the
non- ce]]ulé/}part of the culture probably ?hdicated that thé substance
was not taken\>/to the cell. In fact, the presence of glucose may ///
" have inhibited the gByake of these substrates ’ '

In order to assess the role of these compounds as possible pre-
cursors in a valid fashion, conditions would have to be found under
which the yeast takes up such compounds from -the medium‘and metabolizes
them. One way around this problem is to feed substrates which are con-
verted to the des1red test compound inside the cell (e.g., serine in-
stead of cysteine). A second poss1b1e approach to thi? problem 1s to
qrow the yeést on a 1§EF1]ed carbon source and examine the distribu-
tion of activity in thiamin. An indication of the biosjnthetic orjgins

\— of the (. unit could be obtaired from such an experiment.

A11 previous incubations were carried out with glucose as'the
carbon source and most of the substances tested were amino acids and
compounds , sucﬁ as acetate, which are directly related to the Krebs'

s {~eycle, None of the.intermediates of glycolysis had been t;sted.
Since there is only a small amount of thiamin (1710 umole/1400 ml

culture) produced in these experiments, the theoretical incorporation

of a labelled carbon source (i.e., glucose} into thiamin ought to be
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calculated. For a successful experiment, sufficient radiocactivity

has to be present in this small amount of thiamin to allow for carrier
ditution. If 250 uCi of labelled glucose were added to a 1400 ml cul-
ture containing i% g of glucose, then the spécific activity of the
giucose would be 3.2 x 107 yCi/umole. If only one site of thiamin

is lTabelled from the 14

C glucose then, at best, the specific activity
of thiamin would be the same as that of glucose. Assuming no Tosses in
the isolation procedure, the total amount of activity which would be

isolated in thiamin is 3.2 x 10"4

uCi or 700 dpm. If 50 mg were used
as carrier, then the iso]a%ed thiamin wou]d"have only 14 dpm/mg. Since
this is the optimum amount of radioactivity which could be expected,
then the radiéactiﬁity of~the thiamin isolated from an actual experi-

. ment would be mar%gna1.

If the specific activity of the glucose in the incubation
medium were increased, the radioactivity of the isolated thiamin would
also be higher. The specific activity of gke glucose could be raised
either by increasing the amount of radioactivity fed, or by decreasing

the amount of glucose in the medium, or by a combination of the tvo.

In order to make degra

tion feasible, the radioac}ixity of the tﬁiamin,

as calculated above, would\have to be increésed by a factor of at/least

10. It would be impractical er Atomic Energy of Canada regqulations,
as well as unrealistic from a findpcial standpoin%?cto increase the
quantity of radioactivity by such a™arge amountgt The amount of qlu-
cose. could be decreased by a factor of 10, but the amount of growth

and the production of thiamin would be reduced under these cirfumstances.

The relationship between these variables and the amount of activity
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isolated in thiamin would not be as simple as suggested above.

A second disadvantage of labeliing the carbon source is that
all carbon compounds in the cell have to be manufactured from this
substance. Since the carbon source is present during the entire growth
phase, there is a good chance that there will be a significant amount
of random incorporation.

] The problems of the inhibition of tracer uptake by glucose,
the dilution of the specific activity of the tracer by glucose meta-
bolites, and the impractica1if} of using labelled glucose as a carbon
source, can all be overcome by growing the organism‘on a carbon source
that is quite different from glucose. The relat1ve 1mportances of

the metabolic processes in the cell would be changed and g]ucose would
have to be synthesized from the carbon source. Thus, it wou]d not be

present in large quantities and it could neither-inhibit the uptake of

tracer nor significantly dilute the radioactivity of labelled glucoses.

(i) Search for an alternative carbon source

The energy requirements of the yeast cell growing on ‘glucose
are provided mainly by the reactions of glycolysis, even under gfrobic

225 When the level of glucose drops, energy is produced

conditions.
from the series of reactions known as the Krebs' cycie. If a low
level of glucose is desired, it seems reasonable that the cell ought
to be forceq to derive the carbon skeletons needed to synthgsize its
constituents and its energy requirements from intermediates of the

Krebs' cycle.

For two reasons, a series of incubations were carried out with
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amino acids, cérbohydrates or related compounds as the sole source of
carbon. First, a carbon source other than glucose was required, and
second, if the compounds were able to support growth as ;;e sole car-
bon source, it was likely that they would be metabolized when added to
the culture as a radioactive tracer. Since most of the compounds
tested were either on or close to the enefgy producing pathways of
the cell, this was a reasonable assumption.

0f all the aﬁino acids tried as an a]ternaﬁjve carbon source,’
only L-glutamine was able to support growth (Table 11). Even when
a small amount of glucose ((_mM) was added to stimulate growth, the
yeast did not adapt to_the-oéﬁer amino acids which were tried. The
growth of S. cerevisiae (ATCC 24903) on l.-glutamine—(Figure 38) was
peculiar in tha; it had two logarithmic phases separated by a long
(~ 24 h) stationary period. A fairly high cell density was obtained
at the end of the second logarithmic phase and at this time.the cells
were pink in colour. This growth was reproducible as long as.the source
of L-glutamine was not changed. When a new bottle of L-glutamine was.'
used, §;_cerévisiae (ATCC 24903) failed to grow. UnfortunatéIy, the

first source of L-glutamine had been exhausted sb that\the identity of

this material could not be checked. The second logari hmic phase of
‘growth after a stationary phase could have been due/to the adaptation
of the yeast from one carbon source to another, or_due to rowth of
a second organism in the culture. The pink coloration whigh developed
at this stage could have been'attyibuted to a second organism or to the
large amounts of nitrogen in the cu1ture.l- |

The failure of S. cerevisiae EﬁIQC 24903) to use amino acids

)
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as a general carbon source was in agreement with a previous study242

in which S. cercvisiae was found to be thg/yé;st 1ea§§ able to adapt
to this situation. “

The irreproducible results with L-glutamine meant that some
other compound was required as a carbon source. Growth was obtained
on acetate, lactate and ethanol {Table 12). Both sodium and potassium
acetate supported a reasonable amount of growth at a 10 mM concentra-
tion (curve A, Figure 39}, but higher concehtratiohs inhibited growth.
Lactic acid supported growth at concentrations of 10 and 20 mh. Growth
was slow and at 20 mH lasted for a period of about 100 h (curve B,
Figure 39). Howevér, a rapid logarithmic rate of growth and a large
amount of total growth was obtained when ethanol was the sole source
of carbon.(Figure.40). The total amount of growth increased with the
concentration of ethanol up to about 0.5% (100 mM). Coggentrations

higher than 0.5% did not significantly increase the amount of grow

The length of the lag phase was also dependent on.the.ﬁfncentr

ethanol: higher concentrations gave longer lag phases. As a compro- //

- ~

mise between the two variables, a 0.5% concentration was chosen for o .°

the radicactive tracer experiments as this was the smallest concenffai
\\

tion of ethanol which gave the maximum amount of growth, and the.length

AY

of the lag phase was not unreasonable. \v
“~+ None of the other substances tested supported growth under

these conditions (Table 12). However, when the medium was supplemented

with g]utémic acid (1 g/litre, 5.5 mM): S. cerevisiae (ATCC 24903) was

able to utilize glycerol as a carbon source204 (curve A, Figure 41).

Initial growth was slow and, as in the case of lactic acid, growth con-
A
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of radioacﬁ}yity. The results of these degradations are presented in

132

tinued for more than 100 h. )

The optimum conditions for growing S. cerevisiae (ATCC 24903)
on a non-glucose medium appeared to be when 0.5% ethanol was used as
tha(EE}bon source. Radioactive tracers could be fed to the yeast that
was growing under these conditions in order to elucidate the origin of

the C5 unit.

(iii) Radioactive-tracer results S

A1l radioactive-tracer experiments were performed with S. cere- .
visiae {ATCC 24903) growing on thiamin-free medium wi%h either L-glutdmine
{Expts. 16 ‘and 17) or ethanol (Exptsl 18-23) as the carbon source. Radio-
active tracer was added at thé onset of Togarithmic growfh and the cells
were collected after maximum growth had been attained. The experimental
details and the percentage of the radiocactivity recovered in the non-
cellular portion of the culture are summarized in Table 5. In contrast
wita the experiments in Part A, only a small fraction (» 10%) of the
radicactivity was recovered in the supernatant froh each feeding.

The radioactive thiamin chloride hydrochTorié;, isolated by
carrier dilution, was degraded by treatment with b{sulfite to the pyrimi-
dinesulfonic acid (4) and the thiazole (5) (Figure 21). The thiazole (5)

was converted to its crystalline phthalimido derivative (94) for assay

Table 6.
The distribution of activity in the CS unit of the thiazole
moiety was determined via the degradation outlined in Figure 26. A por-

tion of the thiazole (5) was oxidized by pyridinium dichromate to 5-formyl-

N
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A-methylthiazole (98) (loss of C-7) which was purified by conversion

~

to its semicarbazone derivative (99). The remainder of the thiazole
(5) was converted via its g-chloroethyl derivative (93) to the crystal-
1ine phthalimidothiazole (94). N-Phtha1oy1—é-a1anine (100) (C-5,-6,-7)
was obtained by permanganate okidation of the phthalimido derivative
(94). Kuhn-Roth oxidation of the same derivative gave acgtic acid from
the C-methy]l group (C-4,-4'}. A portion 6f the acetic acid Qag isolated
as its a-naphthylamide (97) and the remainder was subjected to a Séhmidt
degradation. The methylamine (101) (C-4') was converted to N-methyl-
phthalimide (102) by treatment with N-carbethoxyphthalimide {Nefkens'
Reagent). S

The above degradation permits.the determination of radicactivity
at four individual carbon atoms: C-4' directly (H-methylphthalimide
(102)), C-4 by difference (acetyl-a-naphthylamine (97) minus N-methyl-

phthalimide (102)}), C-7 by difference (phthalimidothiazale (94) minus

thiazole semicarbazone (99)), and C-2 by difference (phthalimidothiazole
(2&) minus acety]-u-naphthylamine\kgz) minus N-phtha]oy]—B-a1aninel(lgg)).
The activity located af €-5,-6 cannot be determined for each individual
atom, but two difference methods (either thiazole semicarbazone (99)
minus acetyl-a-naphthylamine (97) minus C-2, or H-phtha]oy]—s-a]aaine
(109) minus €-7) can be used to determine the sum of the activities con-
tained in these two positions.

‘ The results of this degradatio;lqgg summarized in Table 7 and
are preseﬁted pictorially in Figures 27-31.

- The thiamin ch]oride hydrochloride that was isolated from a

feeding with sodium L;[U—14C]1actate (Expt. 16) had a low specific
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Figure 27: Distribution of activity (%) in the ?é;;::;;‘ﬁoiety derived
from g;[]—]qc]g1ucose' (Table 7). J
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Figure 28: Distribdtion'of activity (%) in the thiazole moiety derived

from g;[l-]ac]fructose (Table 7).
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1£3,1 2
" Figure 29: D1str1but1on of C aét1v1ty (%) in ‘the thiazole moiety derived
. from De [6—]4C 6- P}g1bcose Tab]e .
'\\‘ ’ v

{

Figure 30: .Dié{;ibutipn of activity (%) in the thiazole moiety derived

.// : ffom g;[2-14c]g1ucose (Tab]e.?). 
N
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Figure 31: Distribution of activity (%) in the thiazole moiety derived

from [1,3514C]g1ycer01 (Table 7}.
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activity (Table 6) and was not further degraded.
'
- The activity in thiamin chloride hydrochloride that was derived

from Q-[U-]4C]g1ucose (Exg&. 18) was evenly divided over the thiazole

(94) and pyrimidine (4) moieties (Table 6). Degradation of the phthal-

imidothiazole (94) yielded N—phtha]oy]-ajglan¥ne (100} (C-5,-6,-7) which

contained about one-third of the activity present in the thiazole

“nucleus (Table 7).

Incubations in the, presence of g;[ﬁ—]qc}giucose (Expt. 17) and
B 59
D-[6-H,6- “Clglucose (Expt. 21) yielded thiamin in which the radio-

activity due to 14

C was evenly distributed between the pyrimidine (4)
and fhiazo1e (gg) derivatives (Tab]e 6). Most of the activity (> 80%)
of the thiazole unit was- contained in C-5,¥6,-7 {N-phthaloyl-8-alanine
(100)) (Table 7).  Lack of material pfecluded further degrad;tion of the
g;[ﬁ—lqc]glucose-derived thiazole derivati&e; Tﬁe remaining activit;

(< 20%) in the thiazole derived from Q;[6—3H,6—14C]g]ucose was recovefed
in C-4' (N-methylphthalimide (102)). The same amount of activity was
Tocated in the thiazole semicarbazope'(gg) and thus the activity re-
covered in N-phthaloyl-g-alanine (100) was located exclusively at C-7.
These results are summarized in Figure 29.

A small portion (< 1%) of the g;[6—3H,6-]4C]giucose feeding solu-
tion was diluted with carrier glucose. One portion of this sample was
converted to g-D-glucose pentaacetate and a second part was subjectéd tp
periddate oxidation to liberate C-6.pf glucose as formaldehyde. The
formaldehyde was frapped as its dimetpone derivative and the sﬁecific

14

activity due to " 'C of this substance was identical with that of the

pentaacetate derivative (Table 8). Within the 1imits of error, the

-
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3H/MC ratios of the feediﬁg solution and the two compounds formed from
glucose were the same (Table 9). This ratio was maintained on incor-
poration into C-5,-6,-7 {N-phthaloyl-g-alanine (100)) of the thiazole

moiety, but ]4C and practically no tritium was found at C-4' (N-methyl-

phthalimide (192) or thiazole semicarbazone (99)).

imidinesulfonic acid (4) that was obtained from the clea-

vage of th{amin chloride hydrochloride which had been derived from D-
[1-]4C]g]ucose {Expt. 19) and Q—[1+]4C]fructose (Expt. 20), contained
slightly more than half of the activity present in the original thiamin,

The remajning activity was located in the phthalimidothiazole g1) (Tablé\

6). HMore than 90% of the activity of the thiazole derivativé was recoverej

in aceEy]la-naphthyIamine (37) (C-4,-4') and in N-methylp th;]imide {102)
(C-4') (Table 7, Figures 2? and 28). The missing activity was found in
N-phthaloyl-g-alanine (100) (C-5,-6,-7). Lack of rial prevented a
ﬁore complete degradation,

More activity was located in the pyrimidi esulfonic acid (4)
than in the phtha]imiddthiazo1e (94) of the.thiamin chloride hydro-
chloride<{2) which had been derived from Q—[Z-TQC]glucose (Expt. 22)
(Table 6). The Kuhn-Roth acetate (C-4,-4') obta{ned from the thiazole
derivative (94) contained most of the activity (96%) present in the
thiazole unit (Table 7, Figﬁre-BO). Approximately ha]f of the activity"
wigalocaged at C-4' (N-methy1phtﬂa]im1de (102)).

An incubation with [],3—]4C]g1ycer0] (Expt. 23) yielded thiamin
with more activity located in the pyrimidine (4) nucleus than in the

thiazole (94) nucleus (Table 6). Approximately 409 of the activfty of

the thiazole derivative (94) was recovered in the Kuhn-Roth acetate
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Table 9 3H/MC ratios of tracer and degradation products from

Q:[6f3H,6—14Cngucose feeding (Expt. 21).

3,,14

Compound — "/ 'C ratio

D-Glucose Feeding Solution - 9.09 + 0;24

B-D-Glucose Pentaacetate 8.96 + 0.24

Formaldehyde Dimethone ' | 9.ﬁ9 + 0.04

Thiamin chloride hydrochloride (2) 6.34 + 0.26

Pyrimidinesulfonic acid (4) 5.52 + 0.16

4-Methyl-5-(g-phthalimidoethyl)thiazole (94) 7.47 +0.34

. 5-Formyl-4-methylthiazole semicarbazone (99) 0.18 + 0.09
N-Methylphthalimide (102). O.30‘i_0.15

N-Phthaloyl-8-alanine (100) 9.13 + 0.19
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(C-4,-4'} (Table 7). Most of this activity (28%) was located in C-4'

(N-methylpbthalimide (102)). Pyridinium dichromate oxidation yielded

i\ the 5-% ;ﬁy1thiazo1e (98) which contained 70% of the activity present
\ \
\_7~ } . At the thiazole (94). N-Phthaloyl-g-alanine, which contained 60% of

Ctivity, was obtained from the phthalimidothiazole (94). These .

ts ﬁre summarized in Figure 31. 4
(iv) Discussion
5 ' {a) Pyruvic acid as a precursor of the thiazole moiety

The impermeability of the yeast cell membrane to pyruvate pre-
vented a definite conclusion to be drawn on the fgl;‘of pﬁ?ﬁ?ﬁt acid
in thiamin biosynthesis. One so{ution to this pfob1em is to feed sub-
staﬁces which are taken into ﬁhe cell and transformed into pyruvate.
Alanine, serine and lactic acid are known 1q some organisms to be con-
verted to pyruvate and, if these.transformations take place, the organism
should be able to utilize these compounds as a sole source of carbon,
Of these substances, only lactic acid was found to support the growth \42
of S. cerevisiae (ATCC 24903) (Tables 11 and 12). I% lactic acid was’
supplied in tracer amounts,

taken into the cell and met;Lo]ized. This was firmed in a feeding

it would seem*rgasona TE:Fpat it would be
4
experiment with L;[U—]AC]1actate (Expt. 16)." ' =
However, the thiamin ch1oride hydrochloride ig;;qfed fromlthis
experiment had only a low specific éctiyjty and was théreﬁore not de-
.graded. This résu]t can be takeﬁlas evidence that pyruvate is not a

precursor of thiamin, and-that other sources for the C5 unit of the

thiazole nucleus havé'to be considered.
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(b) Biosynthesis of the thiazole moiety from glycine and a 2-;;;;;:;::3E

s

No chemically rational hypothesis which imp}icates glycine in
the bjosynthesis of the thiazole mbiety has been previously proposéd.
Such a scheme is presented in Figure 32. It is very possible that"the
thiazole unit of thiamin is derived from one of the stereoisomers of the
Schiff base (104), which is generated by condensation of glycine (35)
with a phosphoketopentose (103). The Schiff base (104) s converted to
the thiazole phosphate (24) in a multistep sequence comprising dehydra-
tion (or elimination of phosphate) (A), dehydration and tautomerization
(B and_C) and -addition of su1fur.(D), followed by ring closure (E) and
concomitant decarboxylation and dehydration. There are a number of
variants for the sequence of these steps and these are indicated in
Figure 32. .The ihteresting features of this scheme are that no oxi-
dations or reductions are involved and that’ the immediate pfecursor

of thiamin, thiazole phosphate (28), is generated.

(c) Possible origins of the 2-ketopentose

The 2-ketopentose (lgg), postulated as a precursor of the Cy

unit, could be any one of sixtegn possible compogpds. Four stereocisomers
are possible because of the two chiral centres and twé]ve other compounds
can be generated by the substitution of the four stereoisomers, W with phos-
phate at either the 1 or the 5 position, or at both v A1l four of 'these
stereo1somers .are known natural substances and their structﬁFégoare shown
in Figure 33. However, of the twelve phosphory]ated compounds, only the

- four 5- phospho derivatives and the 1,5- d1phospho derivatives of the D -iso-
mers are- known natural compounds. A priori, it seems Tikely that one of

these ten naturally occurring compounds is involved 1Q~ﬁh1am1n biosynthesis.

.
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Figure 32: Biogenesis of the thiazole unit of thiamin, in yeast, from

glycine (35) and a phosphokéﬁopentose (103).
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The involvement of these ketgpentoses could be tested by in-
cubating the yeast in the presence of one of these labelled compounds,
but this appréach is not feasible for two main reasons. Labelled 2-
ketopentoses are not commercially available and, more importantly, they
would probably qpt be incorporated into the metabolism of the cell by_f”L
*S. cerevisiae. S. cerevisiae (ATCC 24903) did not utilize D-ribulose

or any of the other pentoses tried as the sole source of carbon (Table

12). This non-fermentation of pentoses by S. cerevisiae is weH—known243

244,245

and serves as a classification test. Thus, it appears that one -

or more of the enzymes required for the metabolism of these compounds

is not present in S. cerevisiae. ’

‘

On the other hand, the 5-phospho esters of these ketopentoses//\\\
- ‘ <:are well-known intermediates of metabolism, but it is unlikely that a
' feeding experiment with 1abe11ed&phosphoesters would be successful as
cell membranes are not usually permeable to such compounds. qIn fact,
" the §e11 prevents the diffusion of substances into the medium by phos-
phorylating them.
| However, the yeast does contain the necessary enzymes for the
metabolism of glucose and fructose, and the conversion of these hexoses

into pentoses is well-established. D-Ribulose 5-P and D-xylulose 5-P

246,247

are known intermediates of the pentose pathway and this pathwa®

is known to account for up to 27% of the catabolism of glucose when

S. cerevisiae is §rown on g]ucose.248 In faﬁt, the enzymes hexokinase,249

250 251 252 ——

fructose diphosphate aldolase, transketo1ase, )
254 -

253 6-phosphogluconate dehydrogenase,”™  and
2 . ‘ \_

g;rfbulose 5-P 3-epimerase 55 have been isolated and purified from.yeast.

phosphofructokinase,

-

. glucose 6-P dehydrogenase,
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The transformation of-D-glucose 6-P (110) to D-ribulose 5-P {113) and
D-xylulose 5-P (116) is shown in Figure 34. The predicted incorporat%on
of the carbqn atoms of glucose into the thiazole moiety via the scheme in
Figurel32 is also indicated. ‘

D-Ribulose 5-P (113).is derived from D-glucose 6-P (110) via an
oxidative decarboxylation route involving Q;gluconic acid 6-P {111
and 3-keto D-gluconic acid 6-P (112).‘ A pentose generated in this fashion
would be derived from carbons 2 to 6 of glucose and C-4"',-4,-5,-6,-7
of the thiazole moiety would be derived from carbons 2 to 6 of glucose,
respectively.

A non-oxidative route from D-glucose 6-P (110} also exists,
which, except for one enzyme, comprises the reactions of glycolysis up
to the formation of dihydroxyacetone P (115), and D-glyceraldehyde 3-P

(18). The.enzyme transketolase, which requires thiamin pyropHosphate
as a coenzyme;;transfers a C2 unit (C-1,-2) of D~fructose 6-P (14) onto
D-glyceraldehyde 3-P (18) to form Q;xy]uiose 5-P {(116). The pentose"
generated in this fashion would bé derived from c-1,-2,-4,-5,-6 of glu-
‘cose and wou{d then be incorporated iﬁ}o C-4',-4,;5,-6,—7, respectively,
of the thiqzéﬂe nucleus.

Q;ﬁdéq}ose 5-P_(ll_)‘and D-xylulose 5-P (116) are also inter-
convertible. Thus, 1£.wou1d not " be possibie to distinguish which one
of these compounds is thg:)mmediate precursor of the thiazole moiety
on the basis of feedingfexperiments with labelled glucoses.

L-Xylulose (109) can be formed directly from D-glucose (117)

via P-glucuronic acid {118) and L-gulonic acid (119) as shown in Figure

35. In this route, carbon-6 of D-glucose is oxidized and lost as carbon

/‘4 .
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dioxide and the resuItihg pentose is thus derived from carbons 17to 5

of D-glucose. Incoroorat1on of L- xy1u1ose_(1 9) into the thiazole

,,——me1ety via the schemn in F1gure 32 wou1d place C-5,-4,-3,-2, -1 of

\*\\ g]ucose at c-4',-4,-5,-6,-7 of the thiazole unit.

¢

* was located in C-5,-6,~7 (N-phthaloyl-g-alanine), i.e., in one-half

Nei ther L-ribulose (197) nor its 5-nhosnhoester is formfd direttly

from D-alucose or Q;ngQSEE;B—P, but rather via'the'above'pentoses.

(d) Hexose féeding'expefiments'

. . ) _. .

b

‘ Theéjncorporatiqn of. radioactivity from specifically labeiled

: . o _ -
hexoses into the thiazole nucleus of thiamin is thus predicted on tha_ﬂ_,ﬁﬁ_\\

basis. of the above:knowh metabolic routes to 2{ketopentoses,-and the .-
. . v N .
mode of incorporation should allow a distinction to be made between the
involvement of L- xy1u1ose (109) and D-ribulose.5-P (113) or D-xylulose
- R - \
5-P (116) '
IR 14 ' w
As a preliminary experimgnt, B-[U-""C]glucose was administered
. - A ARE . T '
to S. cerevisiae (ATCC 24903)E§;§>n0n-random incorporation of activity

into the thiazole nuc]eus was found., Only bne-third of the activity

" of the cafbon atoms. " If it is assumed that an équa] amount of activity

is located at each ofrtﬁe Six cafboﬁ étoms of D-[U-140]gluc05e and that
g1ucose enters only the C5 un1t according to the routes described above,
then the three -earbon atoms recovered by dégrad;tton would have been
expected to contain appromeate]y 60% of the act1v1t£:nnnta1ned in the
th1azo]e nuc]eus “In order to explain the 1ow recovery of act1vnty in
the {23 umt c-5, 6 -7, the‘rw{:h of ‘the yeast on ethanol must first

be examined.
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. ;
in order to synthesize fgxoses and related cell cqgsfituents,

P
The cell requires a method of transforming the C2 units of the carbon

_source, ethanol, into the intermediates of glycolysis. Ethanol is oxi-

dized by an 1nduc¢b1e a]coho] dehydrogenase256

[

and is further transformed

to acetyl CoA, wh1ch 1s 1ncorp0rated into the constituents of the cell

via the Krebs' and G1yoxy1ate cyc]es.2 7

.,lnr*’-"" —r—

quired to replenish the Krebs' cyc]e intermediates, which are removed

. The Glyoxylate cycle is re-

for synthetic purposes. The two enzymes, malate synthase and 1soc1trate
lyase, which are respons1b1e for this cycle are 1nduced under these growth

256

cond1t10ns. . The transformation of oxa]oacetate to phosphoenolpyruvate

connects these qyc1es to glycolysis. Reversal of the g]ycolytic reactions
from phosﬁhoenolpy?uvate'generates QEQTycera1dehydé 3-P, which after con- '
version to, énd combination with d{hydroxyacetone P, yie1§§ hekoses.

v The g;[U—14C]glucose results indicate that the CSKLnitlis defﬁved'

‘féom‘glucose by a route in thch soﬁe subTtances are diluted to a greater
extent than others. This inference could be validated by Kuhn-Roth de- .
gradation of the thiazole phenylurethane (94), C—4,-4'; The remainﬁng

. two-thirds of the thiazole activity would be expected in this fragment.
The incorporation of label via'the transketolase route to D-xylulose 5-P
(116) wou]d be consistent with these results s1nce the C3 unit (C~5,-6,-7)
jsolated by degradation would be derived from D- g]yceraldehyde 3- P$(18)

and C-4,-4' would be supplied fromrg;fructhe 6-P (14). Since label from .
glucose reauires-tﬁo extra steps to eﬁfér D-glyceraldehyde 3-P {18), and sin
D- g]ycera]dehyde 3-p (18) is closer than D- fructose 6-P (14) to the carbon
source on the 6{;231 tic pathway, it is reasonable to expect that the act]-

/
vity in this un1t sbou]d be d11uted to a greater extent than the acti-
vity in the

C2 unit su;\11§f directly from 0-fructose 6-P (l_).
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The indication of the invo]éement of the transketolase roﬁte
in the géneratioﬁ of a precursor of the thiazole moiety was,confirmed'
by experiments with specifically labelled hexoses: ‘
| Activity from Q;[]-]qc]g1ucose and g;[]-jqc]fructose is located
almost entirely (> 90%) in the C-methyl group (C-4') of the thiazole
unit {Figures 27 and-ZS). The remainder of the activity (< 10%) was
Jocated at -5, C-6 and/or C-7. Lack of material precluded further de-
gradation to determine the exact location of label. This distribution
of activity is as.predicted by the transketolase pathway (Figure 34),
and it immediately rules out the glucuronic-gulonic acid pathway' to
L;xy]y]ose (Figure 35).
h The incorporation of label into more than one position of the
thiazole npc1eus-caq be explained on the basis of the triosephosphate

. isbmerase/catalyzed interconversion of the triose phoéphates, D-glycer-

a]dehyde‘@:f (18) and dihydroxyacetone P (115). This interconversion

would tend to place label from C-1 and .C-6 of glucose into the same posi-

-

tions and thus the distribution of activiﬁy in Q;xylﬁ1bse defﬁved from_
D-glucose Vja the transketolase route would not be exactly as shown in
Figure 34, but would depend on the extent of the interconversion of
the trioses. It is very likely that the second sife.of Tabelling from
[1-?4C]hexoses was C-7. e _

A complementary result was obtained ﬁﬁg;\qither Q;[6-14C]—
or g;[6-3H,6-14C]g]ucose was added to the growing yeast culture (Figure
30). The label was located mainly at C-7 (> 80%), while the C-methy]
group contained the remainder of the activity due fo 14C (< 20%) in

the D-[6-H,6-1

A ]

Clglucose experiment. This distribution can be explained

o

&L

Y
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{
on the basis of the 1nterconversion of the triose phosphates, followed
by resynthesis to hexdses. Fructose 6-P aldolase can catalyze both
the synthesis and the cleavage of D-fructose 1,6-diP __5_, vihereas
the interconversion of D-fructose 6-P (14) D-fructose 1,6-diP
' (ll_) is mediated by two enzymes. Fructose 1,6-diP phosphatase is pre-’
sent only in sma11 amounts when yeast is grown on glucose, but when glu-
coneogenesis is required, this enzyme 1s_present in apprec1ab1e quan=-
‘titjes.258_ The Tatter conditions are used-in these feeoing experiments.
Label from a [6-14C]hexose-ﬁou1d thus be moved to the 1'position where
theltraneketo1ase reaction woo1d transfer it to C-1 of D-xylulose
5—P-or to C-4' of -the thiazole moiety.

. The iarger amount of randomization, compared to the [1~]4C]-
hexose feedings, can be rationalized on the bas1§ of the triose phos-
phate equilibrium. [6- C]Hexose pr1mar11y 1abe1s D- g]ycera]dehyde 3-P
(18) whil 1-14C]hexose primarily yields Tabe]led‘dihydroxyacétone P (115).
The equ; ibrium constant favours the formation of dihydroxyacegone P
and the flow- of carbon from the ethanol cgebon source is also moving in
* this direction. Thus,‘m\\_ﬁ]abe] wou]dqf“\expected to move from 0~ '

gl ceFETHEE&de 3-P to d1hydroxyacetone P than v1ce versa, and this is
a;jt is observed o - )
H/ %¢ ratio of D D-[6- H 6-14 CJglucose was maintained on in-
fcorooratiogqin C¥7 of the thiazole moiety (Tab]e 9). However, only
V¢ was rand mizeo into the C-methyl carbon. r:This result was obteined
in both the pyr1d1n1um dichrgmate ox1dat1on and the Xuhn-Roth-Schmidt
sequence, it is therefore un]1ke1y that Toss of tritium occurred by

exchange during degradation. Also, it has been reported that at least
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90% of. the tritium is retained in the Schmidt reaction. The “H/ ' °C
ratio of the phthalimidothiazole (94) is also consistent with Ve being‘

located at two positions and 3H only at one. Since the tritium is Tost,
"it must be exchanged during the conversion of the hexose to the thiazole.
In man& of thé jntermediates, the C-1 protons are a to a ketone func-
tionality and the scheme in.Figure 32 places these protons in the ex-
changeable positidﬂfﬁpf—ah\enamine. '

The transketolase pathway is consistent with all the results
discussed above. The glucuronic-gulonic acid route (Figure 35), which
is known to operate in amrna]s,z47 can be eliminated on the basis of
these résults. Label from Q;[6-14C]— and Q;[6— H,6- C]g1uco§e can *
be incorporated by both the transketo1dse and the g]dconic acid route,
but label from [1-14C]hexoses cannot be 1ncdrporatéd by the gluconic
acid pathway. However, the results of these experiments would not be
inconsistebt Jith the use of both the transketolase and the gluconic
acid route to generate pentoses This situation wou]d be best illus-
trated by a D- [2-]4C]glucose feeding exper1ment and the distribution
of activity in the th1azo1e moiety can be calculated from the [1— C]—
glucose results as shown in Table 10. The distribution of the activity

- at positions 4 and 4' would serve as an jndication of the amount of
1abef delivered to penfoses from hexoses over the two routes. When the
experiment with D~ [2 14C]gTucose was carried out, and the thiazole was
degraded the Xuhn-Roth acetate conta1ned 96% and the C-methyl (C-4')
was found to have 46% of the activity of the original thiazole. By

-/)difjggdnce, 50% of the activity was located at C-4. Presumably, the
' reméinder of the activity (4%) was at C-6, but a degradation was not

x 3
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performed to confirm this. If 54% of the label from D-glucose had been

delivered by the transketolase route, then these results are exactly

&

as predicted in Tabie 10. *

The distribution of Tabel from D-[1-'%c1=, D-[2-'%)- an
‘ 260

se in m’bose_,259 D-arabitol and wi

moiety of riboflavins~<_has also bee eérpreted on the basis of

the £ransketo1ase and'the g]dconic\acid pathways oﬁeraéﬁng concurrentiy.
The contribution from each pathway was found to depend on the manner in
which the orgéhisﬁ was grown, the;stage of growth of the culture and
tﬁe nature of the carbon source. 262

If the tr1ose phosphate which 15 utilized 12/2;;‘;;;;222331ase
reaction could be Tabelled equally in qts terminal carbon atoms, then
the three carbon atoms of the C5 unit, wﬁiqp are derived from this sub-
stancé, could be identified. Glycerol is metab ized to dihydroxyacetone
p (115) via g;a—g1yceh51‘P in yeast.263 Thereéii;j\sﬁ\eggﬂfﬁaent Was
peﬁformed with [1,3-14C}g1ycer01. On.the_basis of the hexose‘feedjngs,
equal amounts of activity would be expected at C-E'éggc-7 of the thia-

/ would also be

zole moiety, whereas C-6 would be inactive. Activit
expected 16 é¥4' as well as at C-4, since sqme syntiesis of hexoses from
the labelled triose phosphate:'would occur. The transketolase reaction
woul\\ihen p1ace act1v1ty at C-4' of the thiafhle unit and the gluconic.
acid route would account for the activity at C-4. The thiazole moiety
derived from [1,3— C]glycero] had ﬁPe predicted distribution of acti-
vity. Eqﬁa1 amounts of activity were found at C-} and C-53<6. Unfor-
tunatély, c-5 and C-6 could not be distinguished by the degradation

which was emp]oyed and it must be assumed that the label was located
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' solely at C-5. The amount of activity found at C-4' was not greatly

different from that at C-5 or C-7, but the presencehof activity at C-4
again indicates thaf A \if C-5,-6,-7 which is directly_detiveq from a
triose phosphat - '

. In summary, the results of the [ C]hexose and [1,3-]4C]glycerol
experéments are consistent with the formapion of the thiazole moiety

of tg:;§in in yeast from glycine-(35) and a 2-ketopentose (103) as

' outlined in Figure 32. It is likely that the 2-ketopentose is D-ribu-

lose 5-P (113), or D-xylulose 5-P (116), or possibly a diphosphate deri-
vative of one of these compounds. Additional experiments are requifed

to distinguish among these possibilities.

(e) Qrigin of the Cg unit in bacteria

In bacter1a the C-2-N fragment of the th1aa\1e mo1ety of thia-

min has been shown to be derived from the m—car'bon143 147

en148

and the nitro-

of tyrosine. The scheme in Figufe 32 dan be adapted to explain’

this incorppratioh.' Elimination of\th i droxybenzy]Jhoiety from the - o~
Schiff basel(lgg); formed from tyrosine and th662-ket0pentose (103),

as shown in Figure 36, wouid generate thé intermddiate (105) that

was proposed in Figure 32. The unstable quinonemethide (121), formed

by the elimination of the p- -hydroxybenzyl group, uou]d rapidly react

with water to form p-hydroxybenzyl alcohol (122). The latter compound

has been isolated roﬁ’gacteria’and its synthesis has been found to

264

parallel the produgtion ‘thiamin in this organism. Similar frag-

. mentations of Schiff bases of the. pentulose (103) with the amino acids

try ptophan (lgg), threonine (124), serine (126), histidine (125),
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-g1utamate (igg) and cysteine (127) can also be envisaged as shown in
Figure 36. In each case, the C-2-N fragment of the thiazole nucleus
is supplied by the amino acid. Feeding experiments with the above

amino acids labelled in their a-carbon have not been carriedcput in
ither bacteria or yeast. It is possible that the C-2-N fragment of

the> thiazole moiety is derived from more than one amino acid in the

" same organism, or that separate organisms emp]oy‘different amino.acids

as the source of this portion of thiamin. The‘avéilab]e evidence for

.

glycine and_tyrosiné suggests the latter.

Phenylalanine has been fouﬁg/€; inhibit the biosynthesis of
_

the thiazole unit of thiamin in E;_c011146 and this inhibition was over-

come by tyrosine. If phenylalanine, iQﬁﬁead of tyrosine were to form |
a Schiff base with a 2—ket6pentose, the further transformations of this
intermediate wou]d‘be blocked as therelis no facile method of elimina-
ting the benzyl moiety from this intermediate. Tyrosine could overcome
this inhibition by displacing pﬁeny]alanine from the Schiff base inter-
mediate.

The hypothesis (Figure 32) forrthe origin of the thiazole moiety
'1n yeast can be modified to aécount for the incorporation of tyros{ne,
but the available evidence for the C5 unit in bacteria suggests a dif-
ferent ofigin.207 g;.ggli_was grown on substances labelled with either
2H or ]3Q; and the thiazoie moiety w5;A1501aFed and analyzed by gas
chrométog> phy and mass spectrometry. Expefiments with g;[B,G'-zHZ]-,
‘ g;[5,6,6'-§;g§5, and Q;[U-13C]Eﬁucose jndicated thét the C. unit was
synthéFized from a‘C2 and a C, cofpound. ~ These results are consistent

with the transketolase route to the 2-ketopentoses. On the basis of
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the published results, the operation of thé decarboxylation route via
gluconic acid cannot be judged. Label froﬁ E:[3—2H]glycéro1 was in-
corporated into the two positions predicféd by the transketolase path-
way. Also consistent with this was the finding that the deuterium atoms
from E-[1-2H]- and [2-2H]glyéero1 were not incorporated. [2-2H3]Acetate
showed only random incorporation, but label from [3-293]pyruvate was
H?ncorporated into the C-methyl group with retention of up tP three
deuterium atoms. Resynthesis of triose phosphate by gluconeogenesis from
pyruvate accounts %or the incorporation of label into theﬁp3 derived
) fragment. _ But, this intact incornoration of a CD3-group from pyrgvate
cannof be explained on the basis of the ihcorporation of 2-ketopentoses,
as shown in Figure 32. An alternative scheme which attempts to rafiona-
lize the derivation of the C-methyl'group of the thiazole unit from

20? and is shown in Figure 37. The first

pyruvate was proposed by White
step in the pathway involved an acyloin-type condensation of #n activafed
C2 unit derived from pyruvate (6) with D-glyceraldehyde 3-P (18). It

was further suggested that the desoxy-2-ketopentose (129) that was formed

p . i
by this condensation, underwent dehydration/and tauFomerization to yield .

the diketone (130), which then combines in an manner with

/fﬂd\t:égj;sine (36) and a sulfur donor, to form the thiazole moiefy.‘
' 81

From studies with N. crassa mutants, Harris suggested two
E— N .

pathways for the biosynthesis of thiamin. One route was’postulated

to involve the condensation‘of a thiazole precursor with the pyrimidine
‘moiety to give an intermediate which is then converted to thiamin. The

p-hydrokybenzy] derivatives (131) and (132) were suggested by Nhit9207'

as these intermediates. Two points make this proposal unreasonable.
» .
The evidence on which Harris based h’vibp

roposal has been disputed by

-

-4
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and thiamin in E. coli.
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Eberhart and Tatum ~ and in addition, the C-2-M precursor of the thia-

zole unit is not known in N. crassa. It is clear that if glycine

plied these atoms in N. #rassa, then the QPstulgted-iqgggme fxtes

(ﬁgg;ty."

were not defined, .a suggestion for the incorporation of tyrosine based -
. ~ -4

on the biosynthesis and reactions of'gTucQsino1ates was proposedj?07

(131) and (132) would not be involved in thiamin biosynth
L

‘Although the series of reactions leading to the thiaz

Alternatively, a scheme_invoTving dehydrations, decarboxylatiop, and

elimination bf the p—hxgroxybenzy1'hdiety can be construcfed if an
oxidatioﬁ step is %nt]:;ed. ) _

Pyruvate cannot be a direét precursor of.the thjg;éjg nLc1ehs .
in yeast. Not onlg dié the negg;igsgr: ults obt;ined in the:expérimgnt

.with pyruvate (Exh%. 5) and lactate (Expt. 16) suggest this %pnc1usiop,
but the mode of incorporation.of ac;ivity from labelled hexoses is not
consistent.with the—giéect incorporation aof pyruvate. Thidg—methyl
group of the thiazple unit is der%ved.frop C-1 of glucose, and c-7 éf

- B -

the thiazole ¥ Yeus. i$ deriveg from C-6 of glucose. If pyruvate and

- -

D-glyceraldehyde 3-P had been the precursors,\fifi these $wo carbon

atoms would have been equally labelled in each of the expe%iments with

’
_ N . : S

Q;[l-]4c]- and g;[67]40]glucose, sinfe Q;glycera]fehyde 3-P is an in-"
termediate of the conversion of g;g1hcose m pyruvate. One_major"ajj:"
. e g S
ference between the present investigation and that carried out in

‘ E;_c011207 is the method. of administration of the labelled éompouqdé.
In the present experiments, the labelled substrate was ‘added only in d

trace amounts, whereas in the experiments4with'g;:cbli,'the'labelled

AN
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substrate was also the carbon source‘and was present in a concentratfion

of 4 g/100 mi of medium. Before a definitivé conclusion can be drawn

on the status of pyruvate in thiamin b1osynthes1s in E. c011, its in-

corporat10n should be confirmed by an experiment in wh1ch‘1abe1]ed o

pyruvate 'is added only in trace amounts.

-

The available evidende suggests that two routes to the thiazo]é

moiety of thiamin are in -operation: one in yeast and one in E. coli

and S. typhimurium. The details of these routes and their occurrence

- in other organisms are subjects for future dnvestigation.

(v) Experimental
A}] experiments were carried out with‘§;;cerevisiae {ATCC 24903)

which was maintained as described in Part A.

(a) Liquid culture. medium

A basal salts medium w5§ prépared with the same’ composition as

; the thiamin-free glucose medium except that glucose was not added. The =

inorganic. salts ((NH4)2504, 5 g,.KH2 4

2.2H20, 0.1 g) and the amino acids (L;h1st1d1ne'monohydrq- .

PO, 1 95 MgSo0, 7H2 » 0.5 g; NaCl,
0.1 g3 caCl

chloride, 10, mg; DL-methionine, 20 mg{ Qg—tryptophan, 20 mg) were weighed

" out before each experiment and dissolved in water (98 mi). A stock vita-

min solution (1 0 ml, containing _jL:JnOSTtO] 2000 ug/m], calcium _L;
pantothenate 400 ug/ml; D-biotin 2 ug/m]) and a trace element solu-

tTon‘(l.O m],_conta1n1ng boric acid, 500 ug/ml; CuSO,-5H,0, 40 ug/ml;"

4"
KI, 100 ng/ml;. Féc13, 200 ug/ml; MnS0,-H,0, 400 ug/m1 Na;Mo0,: 2H,0,
200 ug/mi; ZnSOq 7H20 400 ug/m]) were added ". .

N



)

Preparation of the “cell inoculum
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-]

A

-~

A suspension 0f-§;_cefevisiae (ATCC 24903) in sterilized water

. \ﬂii,grépareq acgordihg to the procedure described.in Part A.

L

(b) Growth on various carbon sources (Tables 11 and 12)

The R‘.af*pon source (e.g., alanine, 178 mg).was dis‘so1ved in water
(20 m1) and filter sterilized (0.45 um pore diameter membrane). A por-
tion (5 m1) was transferrgd aseptical]y by pipette to a 250 mi Erlen-
meyef.cu1§ure'fiask,%%#ted with a side-arm for?opticalhdsnsity-measure-

ments, which contained sterilized water (40 ml}. Previously, the

. filter sterilized (0.45 ym pore diameter membrane) basal salts medium

(5.0 m1) had been trahsferred aseptically to the culture flask. The
usual concentration of carbon soutce‘tested was 10 mM. In an effort to,

sfimu]ate.the yeast to adapt to the carbon source, the med i um was sup-
242

-

plemented with a small amount.of D-glucose (T;mH). After inoculation

from a cgll susﬁehsion of S. cerevisiae (ATCC 24903) the cultures were
ihtuﬁated at 27,j_1?t on a water-bath shaker.

Experiments which tested the ability of amino aéﬁds to sUpport

" growth are summarized in Table 11.‘jﬁf those testéﬁ, oﬁﬁy L;glutaming

ﬁsupported,gronth. After a lag phase of 4-6 h, 1ogarithmié growth con-

tinued for approx. 16 h followed by a stationaryfphase”of approx. 24 h

and tﬁen a sgcond 10jSj;hmic phase of approx. 20 h.(Figure 38).. The

.ce11s became pink in-colour during the second logarithmic phase and

-0

attained a cell density of approx. 6 x 107 cells/mi.
. . Le 0 ; : '
‘Table 12 summarizes the experiments in which carbohydrates and

-

related compounds were tested as carbon sources. Potassium acetate

-
’

»

—
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{(curve A, Figure 39), sodium acetate and lactic acid (curve B, Figure

e 39) supported various amounts of growth. AHhcz:if?anp1 was used as the
source of carbon, the lag phase and the amount—6f growth obtained were
’ quite dependent upon the concentration of ethanol in the culture medium
(Figure 40) but the/rate;of togarithmic growtﬂ énd %Esl;ota1 growth
were second only to glucose. Glycerol did not suppoft growth unless

the medium was supplemented with L-qlutamic acid (5.5 mM) (Figure 41).

(c) Growth on thiamin-free L;j]utamine medium - N
The basal sa]?;’medium was supplemented with nglufamine

(3.65 g/iOO ml) aﬁd‘fi1tér sterilizedi(0.45 um pore diameter membrane).

Portions of the sterilized medium (5 m1) were transferred aseptically

by pipette tq 250 m1 Erlenmeyer flasks that contained sterilized wate}

_(45 ml). After inoculation -from a cell suspension of S. cerevisiae

- (ATCC 24903} (0.5 ml1), the cuitures were jncubated at 27 + 1°C on a

water-bath shaker. ) “~ Fﬁ/}f/»——-\xf
{d) Growth on thiamié:ﬁfggﬂgzgénol med i um ‘

The ingredients of the basal salts medium were dissolved in

water (95 m1) and ethanol (95%, 5 mlijras added to bring the volume of
. the'hediqm to the standard_size (1097m1) before'%%1ter stér11izqtion

' {0.45 umdpore diameter mefbrane). Portions of the sterilized medihﬁ '
{5 ml1) were transferred asepfigai]y by pipette to 250 ml Erlenmeyer
flasks that contained sterilized water {45 m1). After inoculation
from a cell suspension of S. cerevisiae (ATCC 24903) (0.5 m}, the

cultures were incubated at 27 + 1°C on a water-bath shaker.

o
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" mined visually and m1croscop1ca11y for contamination.

O) ,f
175 e

(e) Growth on thiamin-free glutamic acid-éthanol medium

The basal salts medium which contained ethanol (95% 5 m1/100 ml)
and L-glutamic acid hydrochloride (1 g/100 ml) was prepared and f11ter .
sterilized (0.45 um porekdjameter membrane) . Portioné of the sterilized
mediumk(S mlj were transfe red'aseptical1y by pipette to 250 ml Er]en—
meyer flasks containin ilized water (45 ml1). After inoculation
from a cell suspension 6f S. cerevisiae (ATCC 24903) (0.5 ml1), Fhe cul-

tures were incubated;ét 27 + 1°C on a water-bath shaker.

(f) Gro h curve measurements

The yeast cultures for wh1ch growth was monitored by opt1ca1
density measurements were grown.1n 250 ml Er]enmeyer flasks which had

been modified to include a side-arm wh1ch fitted the Klett-Summerson

Photoelectr1c Colorimeter, Model 900 3. The co]or1meter was fitted =

w*th a blue filter {Number 42) ‘and the opt1ca] density was #bcorded

at 400-465 nm in Klett Units. A Klett Unit is related to absorbance

by the following equétion:265

. _ Klett Unit x 2
Absorbance = 1000

This procedure eliminated the need to remove a sample of the
culture and-ﬂhus lowered the chince of contamination. . At .the conclu-
sion of these experiments, the ce11 dens1ty was detenn1ned w1th an

L.\
American 0pt1ca1 Co. Bright11ne haemcytometer and the cu]ture was exa- -

»

-

(g) -~Radioactive-tracer experiments \' _ .
Eight -experiments with radioactive tnacers'were_carried out



and the details are summarizeq in Table 5. Solutions ef the ]4C tracer

and the 3H tracer were mixed to prepare a feeding solution of an inter-

molecularly doubly labelled compqund.

(h) Addition of radioactive tracer to the culture '

The commercially gupp]ied radioactive eompound was dissolved
in sterilized distilled water (e.g., 50 ml). ;%He solution was divided
equally among the 250 ml Erlenmeyer flasks (e.g., 1.8 ml in each of
28 flasks) that contained the growing }east cultures (50 m1/flask) at * ¢

i

the onset of logarithmic growth, i.e., when the cell density had reached "

ma——

e —

. ‘ approximately 106 cells/ml or 10 Kiett units. The culture as\\xam1ned
microscopically to check for contamination before the tth;t was added.
Tracer solUtion was added to §;_cerevisiae ATCC 24903) growing
(:N n thiamin-free L-glutamine medium” (Expts. 16 and 17) after 6 h of
‘ n?uset1on and the cells were collected 66 h later.
~ After approx 35 h of 1ncubat1on, tracer soTutxon wag added to
§;_cerev1s1ae (ATCC 24903) grow1ng on thiamin-free ethano] medium (Expts.
18-22) and the cells were collected 40 h later
When | -glutamic acid was added to the thiagin-free ethéno1
" medium (Exet 23), the 1ogar1thm1c ﬁrowth of S..cerevisiae (ATCC 24903)
not only started earlier in the 1ncubat10n, but proceeded at a faster
rate. Thus, the tracer solution was a&ﬁed after approx 26 h of incuba-

— tion and the cells were harvested 34 h later.

The cells were harvested by centrifugation {20 min at 10°C and

N

00 ¢ (r'av 13 cm)] when maximum Qrowth had been attained and were'either
extracted immediately or stored at -8°C until required. A port!bn',

{20 u1) of the supernatant was counted to determine the amount of radio-
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activity that had not been consumed by the cells (Table.5).

(i) Extraction and isolation of thiamin

Thiamin was extracted from the cells, isolated, purified and

diluted with carrier thiamin as describéd in Part A.

(3) Degradation of thiamin

Thiamin was degraded by bisulfite cleavage and the thiazole
unit (5) was converted to its phthalimido derivative (94) as described

in Part A.

4

. S .
(k) Degrédatibn'of.5-(sfhydr0£§é%hy1)~4-methy1thiazole (5)

¢

-

C-7 by difference

Preparation of pyridinium dichrométe266

Pyridine (4% ml, 0.5 mo]) was added gradually to a cooted solu-
tion of chromium trioxide (50 g, 0.5 mol) in water (50 m1) while the
temperature'was kept at less than 30°*. Acetoné (500 ml) was added and
the mixture was cooled to 0°C. The‘orénge crystals were filtered off
and dried to a constant weight in vacuo giving 68 g (73%): m.p. 138-140°C

(Lit. 144-146°C). 266

Ox{dation of 5-(B-hydroxyethy1)~4-methy1thiazo]e (5) with pyridinium

: G
methylene chloride (1.5.m1) was added and stirring was continued at.

N ¥
dichromatez66

Pyridinium dichromate (380 mg, 1 mmol) was suspended in methylene
chloride (1.5 m}. One drop of water (approx. 50 mg) was added and the
mixture wa¥ stirred until the‘}eagent and the water formed a homogeneous

phase. 5-(8-Hydroxyethyl)-4-methylthiazoTe (24 mg, 0.16 mmol) in

> s coneimed N

1)
M
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room temperature for 24.h. Ether (10 m1) was added and the reaction

C —

mixture was dgéanted.' The black, guﬁﬁy residue was extrécted‘with
ether (3.x 10 m1). A]] extracts were combined and filtered through
silica gel (60-200 mesh). The colourless filtrate was evaporéted to

dryness in vacuo. Sublimation at room tempefature and 2 X 10-2

mmHg
(2.7 Pa) yielded 5-formyl-4-methylthijazole (98) (11.-mg, 52%): m.p.
66-70°C (Lit. 72.5°C'35 and 75°¢1%7), TH nmr (CDC14) 63 2.79 (s, 3H), .

9.02 (s, H), 10.18 (s, 1H); ms m/e: 127 (M').
1 3 . L

5-Formyl-4-methylthiazole semicarﬁazone (99)

5-Formy1-4-methylthiazole (7 mg) was dissolved, along with
sodjum acetate (10 mg) and semicarbazide hydrochloride (8 mg), in
water (0.5 m1). A white precipitate for;ed immediately. It wa;rdis-
solved in hydrochloric acid fO.l M), and neutralization wWith ammonia'
(10% v/v) gave 5-f0rmy1-ﬁ-mgthy}thiazole semibgsg?zone (7 mg, 69%):
‘m.p. 230-241°C (LitgZ81°C)s %> T nme (CD,50C0,) 63 2.41 (s, 3H),
6.28 (<, 2H), 8.13-(s, TH), 8.96 (s, 1H), .10.26 (s, TH); ms m/e:

184 (W), - : =

(1) "Degradation of.4=methy145;(s-phtha1imigoethyijthiaZOIe‘(94)

v

c-4,-4' as acetic acid
T ow ¢
Kuhn-Roth oxidation of 4-methyl-5-{g-phthalirfidoethyl)thiazole (94)240
The Kuhn-Roth procedure described in Part A was followed. Typi-

cally, 4-methyl-5-(g-phthalimidoethyl)thiazole (57 mg) was oxidized to
| - \ : [N .
sodium acetate (26 mg) ip yields (92%) comparable to those of gns_thiazole

!

pheny]uFéthane (Qg). .
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C4' as methy]am1ne

267

Schmidt reaction on acetic acid and conversion of resulting methyl-

268

amine 1n§0 N-methylphthalimide
Sodium'acetate (18 mg) was dissolved in conc. sulfuri¢ acid |
(1 m1). Sodium azide (60 mg) was added and the mixture was heated on °
" a steambath 'in a flask attached fo a system of three gas traps. The
"carbon dioxide which evolved was passed by means of-a stream of nitroéen
intb potassium hydrox»de solution (15%, w/v). \hen gas évo]ution had
ceased (approx. &4 h}, the potassium hydrqxide'solqtions in the traps were
replaced by hydroch]oric acid ﬁ M, 1 ml per trap). The acidic reaEfan

*
mixture was cooled to near 1ts freez1ng point in a dry ice- acetone bath,

-

bas1f1ed (to pH > 12) by add1t1on of potass1um hydroxide so]utlon (162,
w/v), and was then heated 1.5 h on the steambath whm]e thedzystem was

flushed with nitrogen.

- 1

N-Carbethoxyphthalimide (32 mg) was added to the hydrochloric
acid solutions contained in the first two traps. The g;éturejwas stirred
_-abd solid sodium carbonate was added to bring the mixture to gbouthH 9

'and it was stirred at room temperd%ure for T h. The prec1p1tate was

]
/

co]]ected by filtration and then sublimed at 75°C and 2 x 10 mmHg’

Al

(2.7 Pa). Recrysta]]qzat1on from methanol y1e]ded pure N- methy]phtha]—

imide (9 mg, 42%). Thin ;;yer'ehromatography (s1]ica gel/ethyl acetate;
cyc]ohexane 1 4, v/v) was used tq monitor the presence of N- carbethoxy- -
phthalimide (R 0 15) in N-methylphthalimide (Rf 0.27). M.p. 134-135°C
(Lit. 134°C ),2‘6.9.]H e (COC1,) 83 3.7 (s, 31, 7.61-7.98 (m, 4H);

ms m/é: 161 (7). bota;sium phthali%ide_and methyl iodide were stirred.

A4
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in“dimethy1formamide for 3 h at room temperature. —N-Methy1phtha1imide S0

{ ' formed was identical to the above sampﬁ5\‘~ ’ - /’-
. _— \ - /

C-5,-6,-7 as N-phthaloyl-g-alanine (lDU), ' -

L)

0x1dat1on of 4-methyl-5- (B- Dhtha11m1doethy1)th1azole 2&) with potassium

permanganate270 o

4-Methy1-5-(g phtha11m1doethy1)th1azo1e‘(94) (21 mg) was sus-
~ pended in d11ute sulfuric acid (U 5 M, 7.5 ml) at -room temperature.
Potass1um_permanganate (80 mg) was added in portidns over al h‘period,
and the mixture was stifred for an additional 2 h. It was decolpurized.

" by, add1ng sod1um hydrogen su1f1te, and extracted with ether (4 x 5 ml).

- The ether extracts were comb1ned washed with water (1 x 5ml), .dr1ed

“over anhydrous magnesium sulfate and evaporated in vacuo to dryness,:

-2

The residue was .sublimed at 105°C and 2 ‘x 10 © mm Hg (2'7 Pa)'and re-

crysta111zed from water to y1e1d pure N phthaToy] -8- -alanine (9 mg,

27] 1

53%)' m.p. 150-151°C (L1t 150- 151°C), H nmr (CD coch ) 5: 2.74

(t, 2H), 3.98 (t, oY, 7.83 (s, 4H); ms m/e 219 (M ). -This. samp1e

272’

" was 1dent1ca1 w1£\\bne obta1ned by fus10n of‘ﬁ a]an1ne with phthalic

anhydr1de at 170°C for 15 min.

~A

-

t S '(m) Degradat%on of D-[ﬁ— H 64 C]gTucose'(Expt 21)
Carrler D g]ucose (500 mg) was added’ to.a small port1on (approx
3 uCi) of the'UZIG H 6— C]g]ucose feed1ng so]ut1on and this, m1xture :

,was d11uted to 100 ml w1th water

- . . - . -
. .

8-D-Glucose bentaaéetat3273f

-
n

A portion (apdrox.'lo ml) of the above‘g;[ﬁ—gH,6-|4C]glucose
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solution was evaporated to dryness in vacuo. Anhydrous sodium acetéte

(47 mg) and acetic anhydride {1 ml) were added to this’noncrysta1-

line residue (56 mg). The mixture was heated on 5 steambath for 2.5"h
and ice water (5 ml) was added. An oil éeparated from solution at this

point, but when it stood at 4°C for 2 days, it became crystalline. The
-

crystals were filtered off and sublimed at 120°C and 2 x 10_2 mm Hg

(2.7 Pa) to yield pure B-D-glucose pentaacefate (42 mg, 34%): m.p.
131-132°C (Lit. 131-132°¢).%73 -

O of Q—[B—BH,6—14C}g1ucose as formaldehyde dimathone’’®

A small amount (approx. 6 ml) of the above Q}[6—3H,6-]4C]-

glucose solution Wwas evaporatéd to dr¥ness in vacuo. The noncrystalline

h

residue (33 mg) was redissolved in wa

r (2 m1), sodium hydrogen car-
bonate solution {1 M, 2 m1) and sod um'metaperiodate (200 mg) in water

(2 m1) were added, and the mixture \as kept at room tempefature for 1 h.

5,5-Dimethylcyclohexane-1,3-dione (dimedone) (100 mg) in 95% ethanol

{1 m1) was added and, after 10 min at room temperature, the white pro-

duct was co]iected by filtration. Sublimation at 110°C and 2 x 10"2

mm Hg (2.7 Pa) yielded pure formaldehyde dimethone (53 mg, 98%): m.p.

+ .
" 190-192°C (Lit. 191°¢).%%9

.

\
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PART C Future Investiaations

Identification of the basic precursors is a necessary first
step towards the complete elucidation of a biosynthetic patfiwvay. The
present.work has provided a good deal of evidence about the nature of
the precursors of the thiazole unit of thiamin. However, fhe intact
incorporation of a C-N unit from glycine and the exact identity of the
pentoge precursor are two aspects of thiazole biosynthesis which require

more evidence before they can be considered proved.

124,209

The incorporation of both the methylene carbon and the

134

nitrogen atom of glycine intg the thiazole moiety suggests that these

atoms are incorporated as an intact unit. However, the cleavage of the
C-N bond of glycine and incorporation of the atoms by separate routes
cannot by ruled out by the above experiments. A feeding experiment

carried out with []SN,2-13C]91ycine would conclusively prove, or dis-

prove, the intact incorporation of the C-2-N fragment of glycine. If

13

the unit enters intact, analysis of thiamin by '~C nuclear magnetic

resonance spectroscopy would show the resonance due to C-2 of the thia-
zole ring to be a doublet due to the neighbouring ]SN atom. A comple-

15

mentary result would be seen in the ~N nuclear magnetic resonance

spectrum. The success of this experiment depends not only on a good

13

incorporation of [15N,2— Clglycine into thiamin, but also on fhe magni-

tude of the coupling. The coupling constant between the ]BC and ]SN
nuclei in these positions would have to be large enough for the doublet
signals to be resd]ved.

The scheme in Figure 32 requires the loss of.0n1y one of the

"methylene protons of g]ycin$ and it is possible that this loss is stereo-

-
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specific. It would be interesting to determine whether the proton re-

%

tained in the thiazole from glycine is the pro-R proton, i.e., the pro-
ton which correspondsyin stereochemistry to the a-proton of L;tyrosing\
In order to carry out this experiment, a system would be required which
produces only the thiazole moiety, not thiamin, because of the ready
exchange of the proton at this position in thiamin.

Additional experiments with 14

C labelled glucoses would provide

no addftiona] information, but would only confirm tﬁe origin of a 2--
ketopentose by the two pathways. In any case, Qf[3—]4C]-, Q;[4-]4C]—

and Q;[5—14C]glucose are not commercia;?; ava?lab]e and The cost (>$4000.00

]4C]glucose makes the use of this precursor

per experiment) of D-[3,4-
unattractive. The incorporation of the hydrogen atoms of glucose #to

the thiazole nucleus can be tested with tritiated glucoses and these com-
pounds are readily available. Activity frﬁm both D;[1—3H]- and Q;L5-3H]f

glucose, if exchangg does not occur, should be incorporated, but label

from Q;[3-3H]- and D-[4-"T]g e would be lost as these positioﬁg of
glucose become quaternary sites in the thiazole moiety. Label from

Q;[2—3H]g1ucose, barring exthangé, shoﬁ]d be incorporated into the thia-

Y

zole unit via the gluconic acid pathway but not the transketolase route
of 2-ketopentose formation.

Additional evidence could be obtained from a [2—]4C]g1ycer01
experiment. The results of this experiment would coﬁplement‘tbose of the
[1,3-14C]91ycer01 feeding. .

None of these feedings would prove conclusively that a 2-keto-
pehtose is a diﬁect precursor of thiamin. This could be shown by feeding

f
labelled pentoses, but these compounds are not fermented by S. cerevisiae
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due to the absence of the required kinases. Thus, if a phosphorylated
2-ketopentose is the immediate precursor of the thiazole unit, then no
inqprpqration would be expected in these experiments. There are fwo
ways around this problem: either an organism could be chosen which

ferments pentoses (e.g., Candida utilis); or, cell-free extracts of

S. cerevisiae could be used. / The use of C. utilis or a similar organism
would require preliminary experiments to determine whether the basic pfe—
cursors of the thYazole moiety are the same as in S. cerevisiae. Chemi-
cal synthesis of labelled pentoses would also be necessary, since D-
[1-]4C]ribose is the only specifically labelled pentose that js commer-
cially available. Investigations which employ a cell-free extract
would require_the éstab]ishment of such a system before feeding experi-
ments could be carried out. In addition, the preparation of specifi-
cally labelled phosphorylated pentoses may be required as the unphos-
phorylated pentoses mightlnot be metabolized.

After some preliminary development, either of these two new
approaches may yield results which extend the knowledge gained by the

present work.

e Pt J
\



CHAPTER 1II1I

PRELIMINARY CONCLUSIONS ON THE BIOSYNTHESIS OF THE PYRIMIDINE MOIETY

(i) Glycine as a precursar
The incorporation of glycine into the pyrimidine moiety of _’F\\\\\////
thiamin has beeg shown in S. xghimuriumlgs’]96’198‘]99 and E;_co11.]45’200

The results of these experiments have been consistent with Route Flin
Figure 16. Incubation of‘§;;cerevisiae (ATCC 24903 and 39916 H.J. Bunker)
with [2—14C]glycine yielded radioactive thiamin, but the activfty was
located completely (v~ 99%) in C-2 of the thiazole moiety (Table 4).

This result indicates that glycine is not a precursor of the pyrimidine

nucleus in yeast.

(i) Aspartic acid as a precursor

Aspartic acid (56) has also been suggested as a precursor of
the pyrimidine nucleus (Figﬁre 11), but the hypothesis based on the
nucleic acid pathway (Route A; Figure 11) was rejected since uracil

(§§)]80 and orotic acid 7)]28’]80 were found not to be incorporated

into thiamin. These results do not exclude the incorporation of
aspartate (56) in a manner different from its entry into the nucleic

acid pyrimidines. Such a proposal (Route C, Figure 11) was put fotth

129

by Tomlinson et al. who reported that [U-14C]a5partate was incorporated

into the pyrimidine moiety. On degradation, they recovered most of the

activity in the région of the predicted incofporation. The incorpora-

181

tion of aspartate was also reported by Nakamura et at. However,

- 185 -
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other reports have indicated that aspartate is not incorporated into
the pyrimidine unit.) 33>134,180

A third hypothes%s (Figure 42) can be proposed to account for
the incorporation of aspartic acid (56). In contrast to the nucleic
acid hypothes%s (Route A, Figure 11), C-7, rather than C-4, is ﬁre—
dicted as the position derived from C-4 of aspartate. The hypothesis
of Tomlinson gg_gl;j(Route C, Figure 11) suggested that C-6 of the
pyrimidine ring would be Tabelled 5y [4714C]aspartate. Both the
hypothesis in Figure 41 and the Tomlinson progesa] require a 02 unit,
for C-2,-2' of the pyrimidine-nucleus, and a C1 unit, such as formate,
as the precursor of C-4 of the pyrimidine ring. The latter carbon

atom has been shown to be derived from formate in yeast.]84

" The incorporation of aspartic acid (56) as indicated in Figure
42 is not without precedent. A portion of the nicotinic acid molecule
is derived from aspartic acid in such a manner.275 The relationship
ofiéhe pfoposed intermediates (133, 134, and 1§§j is based on similar
transformations found in th% biosynthesis ofuthe nucieic acid pyrimi—
dines and in nicotinic acid biosynthesis.
A feeding experiment carried out with [4-14C]aspartic acid and

. -8
S. cerevisiae (ATCC 24903) would confirm the incorporation or the non-

incorporation of aspartate. If iﬁzorporation were obtained, degrada-
tion of the labelled thiamin would disfinguish between the two alter-
native hypotheses. .

A significant incorporation of activity 1nto‘the pyrimidine

mojety was obtained when S. cerevisiae (ATCC 24903) was grown in

thiamin-free ethanol medium in the presence of []4C]hExoses or
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‘Figure 42: Biogenetic hypothesis for the origin of the pyrimidine

moiety of thiamin from aspartic acid.
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[1,3-146]g1ycer01 (Table 6). In each experiment, the incorporation

was equal to or greater than that found in the thiazole nucleus. Under
the conditions of the experiments, the activity from glucose, fructose,
or glycerol probably would have been di]yted by the carbon source,
ethanol, before it could HaQe labelled the infermediates of the Krebs'
cycle. It is very likely that aspartic acid (56), which i& synthesized
from oxaloaéetate, would not be Jabelled to the same extent as the

thiazole precursors. Thus, aspartic acid does not appear\to“be a pre-

cursor of the pyrimidine unit.

(iii) A new hypothesis based on_compounds derived from glucose

The incorporation of activity from hexoses and glycerol ixfﬁ\
both units of thiamin suggests that the precursors of these twd;units
are the same or that they are closely related. An indication as to
the identity of the pyrimidine precursors may be ¢btained by the com-
parison of the structyre of the pyrimidine moiety of thiamin to that
of pyridoxol (;35) (Figure 45). A CSN'unit is commen to both struc-
tures, but the unit which occupies positions 3, 4 and 4' is differenﬁ.
The molecules are dissected to illustrate these features. It is pos-

.

sible that the identical structural units have a 519j1ar biosynthetic

om‘gin.} . v ‘7}/ -

;

The fragmentation shown ih Figure 43 suggests that C-4 of ~the
pyrimidine ring is dérived from a C] unit, and sodium [14C]formate
has been incorporated into this position. 184 The pre11m1nary exabr1-
ment reported in Chapter IIA ( Eip; 2) 1nd1cated that formate was in-/

corporated, but the feeding 5h°U1d\b§SIeD ated to obtain sufficient

S

¥
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ment would be located mostly in C-2 of the pyrimidine nucleus. On
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activity for degradation and deterﬁination of the exact site of the
label in the pyrimidine moiety. The c&nver;ion of seriné to glycine
donates C-3 of serine to the C1 pool. The activity located in the
pyrimidine nucleus from the E—[3-T4C]serine feeding (Expt. 13) could
have been incorporated'by this route.

A new hypothesis based on the reported incorporation of formate
and the available evidence for the biosynthesis of pyridoxgl (1;@),267
is presented in Figure 44. Activity from both {]4C]g]yce<?1 and []4C]—
gducose is incorporated into the pyridoxol molecule and thelincﬁrpora-
tion of these substrates might be expected to follow a similar pattefn
in the biosynthesis of the pyrimidine moiety. Carbons 5, 5' and 6 of
pyridoxol are derived from C-4,-5,-6 of glucose, whereas the remaining
carbon atoms are more closely re]ated-to €-1,-2,-3 of g]ucose.276
On this basis, most of the activity in the pyrimidine derived from Q-
[6-]4C]glpco§e would be located in C-7 while most of the acéivity derived
from E-[]-]qc]g1ucose would be 10caped in C-2'. These results would
be consistent with D-glyceraldehyde 3-P (18) and acetyl phosphate (20)
as the basic precursors (Figure 44).

As described in Chapter I, acetyl phosphate (20) is formed from

either D-fructose 6-P (14) or D-xylulose 5-P (115) via the phospho-

ketolase reaction (Figure 3). If D-fructose 6-P (14) were the substrate

for this reaction, then the activity from the Q-[2-14C]glucose experi-

»

. the other hand, if D-xylulose 5-P (115) were the immediate precursor -

of acetyl phosphate (20), then the activity would be distributed over

(-2 and C-2' in a ratio which would reflect the relative contributions
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of the transketolase andthe gluconic acid pathways of pentose formation.
This ratio ﬁou]d be expected to be similar to that found in the thiazole
moiety from the same feeding;

The degradation of the labelled pyrimidinesulfonic acids, to
determine the exact location of the label, is required. However, this
constitutes a comb]ete sepafate investigation. The results of this
degradation will either confirm the hypothesis presenteq here or’ they
will provide e;idence for another route. In either instance, the oc-
currence of different pathways for the biosynthesis of the pyrimidine

nucleus of thiipin in yeast and bacteria will be confirmed.




CHAPTER IV

SUMMARY

. The biosynthesis of thiamin was investigated by the administra-
tion of radiocactively labelled compounds to growing yeagt cultures.
Thiamin chloride hydrochloride was extracted from the yeast celis and,
after dilution with carrier, was‘isolated by ion-exchange and prepara-
‘tive layer chromatography. The radiochem1§a1 purity of the recrystal-
1ized thiamin chioride hydrochloride was checked by the bisulfite
cleavage reaction. The formation of either the crystalfine phenylure-
thane or phthalimido derivatives of 5-(g-hydroxyethyl)-4-methylthiazole
improved the purification procedure of this compound. Consequently,
activity from the reported precursors, ([1?14C]acetate, E-[Me-]4C]-
methion%ne, and QL;[Z—]QC]tyrosinez; and from the suggested-brechggngf//
(2—ketot5-]4C]g1utarate, sodium [3-]4C]pyruvate, E-[U-]acjlactate, D- '
[J-1qc]ribose,,[1-]4C]sucé¥nic acid, and QL;[3-14C]cyste1ne) was_foundl
not to enter thiamin in S. cerecisjae (ATCC 24903).

A modified literature procedure‘was used to isolate C-2 of
the thiazole moiety as formaldehyde. Label from [2—]4C]g]ycine, in two
strains of 5. qerevisiae.(ATCC 24903 and 39916 H.J. Bunker), was located.
only at this position. In contradiction to previous results obtained ‘
qi}h §;_cerevisiéé\§39916 H.J. Bunker), E—[Me-14C]methiqnine did not
serve as a precursor of phiamin in tﬁis organism. However, the preseﬁt
results were 1n'agreement with those found in a third strain of S.

cerevisiae {NCYC 1062).

- 193 -
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A degradation procedure was developed to determine the distri-

bution of activity within the C_ unit of the thiazole moiety. Pjri—

5
dinium dithomate'oxidation of 5-(g-hydroxyethyl)-4-methylthiazole gave

5-formyl-4-methylthiazole.(C-7 by difference). Kuhn-Roth oxidation of

4-methyl-5-(g-phthalimidoethy] Jthiazole yielded acetic acid (C-4,-4'}

which was tfansformed to mefhy]amine (C-4') in a Schmidt reaction. Per-
manganate oxidation of this derivative yielded N-phthdloyl-g-alanine
(C-5,-6,-7). Thus, the activity located in €-4, C-4', C-7 and C-5,-6

coﬁ]d be determined.
| A new hypothesis was proposed for the biosynthesis of the thia- '

zole nucleus of thijamin. The ¥Brmation of a Schif% base by g1yciné and
a 2-ketopentose was suggested as the first step of this scheme. The
Séhiff base fs converted tb the thiazole precursor of thiamin in a.
muitfstép sequence which compfises dehydration (or elimination of phos-
phate);‘dehydration and tautomerizatiqp, addition of sulfur, ring closure
and concomitant decarboxylation and déhydfation. Several.yariaﬁ%s of
this route are shown in Figure 32. .

 The hypothesis was further tested by the incubation of S. cere-

visjae (ATCC 24903) in the presence of 1abe11ed substrates. Since

Vethanol, rather than D-glucose, was used as the carbon source, labelled

substrates of glycolysis could be add?d as tracers: Thus,-activiﬁy

from [1,3-T4C]g]ycerq]; Q-[I-14C]fructose, Q-[U-]4C]-, 9—[]—]4C]-,
Q—[2-14C]-, 27[6-14Cj; and 2-[6-3H,6-]4C]gluco§e was incorporated non-
randomly into the 05 portion of the thiazo]eAmolecﬁTe. The mode of in-
corporation of [1,3—14C]glyceroj and the labelled hexoses indicated that

the 2-ketopentose was formed from glycolytic intermediates by two path-
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ways: the transketolase route; and the decarboxy1ation‘route via 2-
gluconic acid. The 2- ketopentose s most Tikely D- r1bu1ose 5- phosphate,
or D -xylulose 5- -phosphate, or a compound which is c]ose]y related to

these. i // ‘u—a\\

~ A

\ .

The cobserved inqorporatjon of sodium [14C]formate,and/§;[3-14C]- -
serine into. ihe pyrimidine moiety agreed wifh previoﬁp reports, whereas
the 1ncorporat1on of [1, 3- C]g1ycero] and the }abel]ed hexoses did not
fit the existing theories. A new hypothesis for the b1osynthes1s of
the pyrimidine nucleus of thiamin was proposed to account for these in-

corporations.
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Thiamin Biosynthesis in Saccharomyces cevevisiae

73

ORIGIN OF CARBON-2 OF THE THIAZOLE MOIETY

By ROBERT L. WHITE and 1AN 3. SPENSER
Department of Chentiserv, MeMuaster University, Hamilton, Ontario, Canuda L3S 4311

t Recefved 2 October 197K)

Radioactivity from [2-1C Jglyeine enters C-

thiamin,

Although the structure of thiamin (s itamin B} has
been known for over 40 years (Williams, 1936
Grewe, 1936) and its chemical synthesis accom-
plished soon thervafter (Williams & Cline, 19360;
Andersag & Westphal, 1937; Todd & Bergel, 1937,
the biosynthetic pathway 1o thigmin (31 haw still not
been clucidated completely, 1t is well established that -
the pyrimidine (1) and thiazole (2) moictivs are
hiosynthesized independently and are then joined o
give thiamin (Scheme 1} (Leder, 1975). However,
there is no general agreement concerning the basic

NH, .
CH,
N7 OH  N--— ‘
e | w |,
H,C N g 7T OH

m :L\

NH,
. N/ | . Tl— | CH,
H,CJ\\& Y SN FOTY

h

|

Thiamin pyrophosphale

Scheme 1. The final stages of the biasyathesis of thiamin
pyrophasphare
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2 aof the thinzole motety of thiamin and no
other site, in Saccharomyces corerivioe (81 rains AL T.C.C, 24903 and 39916, KL 0. Bunker).
Radivactivity fram r-[Me-"*Clmethionine or from D[22 Cyrosine does not enter

precursors either of the pyrimidine or of the thiazole
moictics. Thus, in the case of the thiuzole moiety,
it has been reported that C-2 of the thiazole nucleus
iv derived respectively from the z-carbon atom of
tyrosine in Esefrerichiv coli tEstramareix & Therisod,
1972) wnd Sulmoncelfa tvphimrivm (Bellion er gl
1976), from the S-methyl group of methionine in
Bociliuy subreils i Torrence & Tieckelmann, 1968) and
Saceharomyees cerevisiae (Johnson ¢t al.. 19660), and
from C-2 of ghycine, also in S, eerevisive (Linnett &

Walker, 1967).

These conflicting experimental claims refleet the
several hypotheses (shown in Scheme 2) that have
been proposed 1o account for ‘the origin of the
thizzole moicty of thiamin. Thus, Harington &
Moggridge (1939) suggested thut the thiazole maoicty
could arise from  ammonia,  acctaldehyde and
methionine (4) via the intermediate g-amino-f-(4-
methylthiazol-5-yhpropionic acid €5) (Scheme 2A).
They found that this compound was converted into
the thiazole moiety by fermenting yeast {Harington &
Moggridige, 1940), In further support of this Scheme,
it was reported that radioactive label from 1-[Me-
14C methionine was incorporated into the thiazole
moicty of thiamin and that the *§:MC ruti(},af
L[ Me-14C S Imethionine was  maintained in ' the
thiazole moiety (Johnson ¢ al., 1966). From these

results it was inferred that the carbon atoms o

methionine (other than the carboxy group) accounteg
for C-5 and the fi-hydroxyethyl side chain. Activity
from [1-*C]- and [2-"*Cl-acetate and from L-
[U-"*CJalanine was also reported to be incorporated
and it was assumed that these compounds served as
precursors of the C-methyl group and C-4 of the
thiazole moicty. Degradations to locate the site of
radioactive label were not carried out, however.
Evidence contrary 1o the above view of thiamin
biosynthesis emerged from radioactive-tracer experi-
ments with glycine, 1t was found by unequivocal
degradation of the radicactively labelled thiamin

\J
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. N - b S
HO,C \ﬁ\,’.” On S 0N HOLC . C
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HCH ] //('Il_-()ll .. ..C
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o H i
0O COH
NH,

OH

Schemwe 2. Siv fivporhierical schemey aveounting for the biogeactic ovigin of the thiozole woiery of thicmin (vitamin 13,)
Route A tHarington & Moggridge, 1939; Buchman & Richardson, 1939): Route BiLinnent & Walker, 1969); Route C
(Berner & Buchman, 1938); Route ) (Bellion & Kirkley, 1977); Route E (Nakayama, 1956): Route F (Plaut, 1961),

obtained from a feeding experiment with [2-"C]-
glycine that most of the activity of the molecule was
localized at C-2 of the thiarole nucleus (Linnett
& Walker, 1967). Administration of [2-"*Clglycine
in the presence of unlabelled methionine gave an
identical result (Linnett & Walker, 1969}, and, in an
experiment with ["*Nlglycine, thiamin was isolated
whose thiazole moiety (but not the pyrimidine unit)
was enriched with "N (Linnett & Walker, 1968).
Glycine is thus implicated in the biosynthesis of the
thiazole unit (Scheme 2B).

Taken at face value the resubts showing methionine
on the one hind and glycine on the othes as building
units of the thiazole portion ol thiamin in 8, cererisiue
are clearly incompatible.

There are three possibilities to account for these
contradictory results. Either there is more than one
pathway to thiamin in S. cerevivive, or C-2 of glycine

can serve as a precursor of the S-methyl group of

methionine, or one or the other of the reported results
is inerror.

As g preliminary step in our own investigation of
the biosynthesis of the thiazole moicty of thiamin in

8. cerevisiae, the origin of C-2 had to be reinvesti-
gated. 1t is now confirmed that, in yeast, this carbon
atom is derived from the methylene group of glycine
(Linnett & Walker, 1967, 1968, 1969), and that,
contrary to previous reports (Johnson ef al., 1966),
the S-methyl group of methionine is not incorporated.
Nor does the a-carbon atom of tyrosine, reportedly a
source of C-2 of the thiazole nucleus in bacteria
(Estramarcix & Therisod, 1972; Bellion ¢f af., 1976),
enter this site.

Experimental

Meaterials

Micro-organisems. Two strains of Succharomyees
cerevisive were used inradioactive-tracer experiments.

8. cereviviue (A T.C.C. 24903) was obtained from
Dr. J. L. Miller, Department of Biology, McMaster
University. Stock cultures were maintained on malt
extract ‘yeast extract/peptone/glucose  slunts  that,
after incubation at 2741 C for 24h, were stored at
4 Cand subcultured at periodic intervals,
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THIAMIN BIOSYNTHESIS IN S, CERIEVISIAE

5. cerevisfae (H. J. Bunker, 39916) was obtained
fromthe Commonwealth Mycological Institete, Kew,
Surrey, UK. After incubation at 27+ 1 Cfor 48h on
Sabouraud agar slopes, the stock culture was stored at
4 Cand subculiured every 2 weeks.

Media. Maintenance media. (i) The composition of
malt extract;yeast extract peptone glucose medium
(Paiel & Miller, 19721 was as follows: Difco malt
extract (3g), Difeo yeast extract (3g), Difco peptone
(5g), p-glucose 120g), KH,PO, (1g), Difco Bacto-
agar (20g), water {1 litre). i) The composition of
Sabouraud agar {Difco Munual, 1953) was Difco
neopeptone (10g), n-glucose (40g), Difco Bagto-agar
(15¢), and water (1 litre),

Thiamin-free medium. A liguid medium, contain-
ing no thiamin, was used for all tracer experiments
with radioactive substances. 1t was prepared from
Difco Bacto svitamin-free yeast base and supple-
niented  with mrve-inositol (2000xe litre),  calciom
bL-pantothenate (400 litre) and  o-biotin (2
litre). The composition of Difco Bacto vitamin-free
yeast base (Difco Muanual, 19537 is: (NH)L,80, (5.
Bacto-dextrose (10g), L-histidine monohydrochloride
(10mg),  pr-methionine  20mg),  pL-iryptophan
(20mgh,. boric acid (500pg)., CuSO, (d0ug). KI
(100 eg), FeCly (200 0g), MaSO, (400 1g). Na,MoQ,
(200pg). ZnSO, (4004). KH,PO, (1g), MgSO,
(0.5g), NaC10.1 g3, CaCl, (0.1 ). and water (1 litre).

Yceast-extract mediunt (Johnson ef af., 1966). The
composition of this medium was Difco yeast extract
(2g). p-glucose (20g) ANH.),50,70.943 ), KH PO,
(0.5g), MgS0,,7H,0(0.5g), CaCl;,2H,0(0.3g), and
waler (1 litre). Difco yeast extract contains thiamin
(150 /i)

Methods

Growth on thiamin-free medium. A Tresh slant of
yeast cells was prepared by inoculation from o
stock culture and incubated for cither 24h (5.
cerevisiae, AT.C.C. 249031 of 48 (S, cercrisiae,
39916, H. J. Bunker) at 27+1 C. The cells were
washed with sterilized water (3x25ml). A portion of
this cell suspension (0.5ml, ie., approx. 107 cells)
was used to inoculate each 50ml portion of the liguid
medium, prepared as follows. Difco Bacto vitamin-
free yeast base (16,7 g) was dissolved in water (100 m))
and stock vitamin solution (1.0ml) (containing
20004 of myo-inositol/ml, 400 of calcium 11.-
pantothenute/ml, and 2pg of p-biotiniml)  was
added. The entire medium was sterilized by filtration
through an  autockived membrane-filter  holder
{Sartorius G.m.b.H. Sm 16510) fitted with & mem-
brane fiiter (Gelman GN-6, 0.45um pore diameter;
Metricel, 47mm diameter). Portions of the sterilized
medium {(5ml) were then transferred aseptically by
pipette to 250ml Erlenmeyer flasks containing
sterilized water (45mb.
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Fig. 1. Growth of 8, corveisive (AT .C.C 284903 fn thiamin-
free medivn tenrve A4) and of 8. cerevisiae VH. S Bunker,
QL6 in thianrin-free medivon (curve ) and yeastsextract
medinm (cteree )

After inoculation from the cell suspension. the
cultures were incubated with shaking (100 strokes
min, i maximum acration, at 27+ 1 C) (Warner-
Chilcott Laboratories model 2156 water-buth shaker).

After a short lug phase (2-3h), S, cereriviae
(A T.C.C, 24903) maintained loggrithmic growth for
19h of incubation, when a cell density of approx.
B« 107cells;ml was attained (Fig. I, curve A). A
longer lug phase (7-8h) was observed in the case of
S, cerevisiae (39916, H. J. Bunker). Logarithmic
growth of this strain was slow, continuing for 48h of
incubation. A cell density of approx. 4 x 107 cells;ml
wis eventually attained (Fig, |, curve B).

Grawth on yeast-extract medivm (¢f . Johnson of al.,
1966), The yeast-extruct medium was dispensed into | |
Roux flasks (75mi flask), which were then pluggcd)
with non-absorbent cottonwool and auwtoclaved a
151b/in® (103.5kPa) for 20min. One flask was chosen
and inoculated with a loopful of 8, cereriviae (39916
H. J. Bunker) from a Sabouraud agar slant {grown a
271 Clor 48h) and incubated at 27+ 1 C for 24 h,
A sample of this culture ¢0.5 ml) was used to inoculate
the remaining Roux Aasks, which were incubated for
48h at 27+1 C. Growth of 5. cerevisiae (39916,
H. J. Bunker) on yeast-extract medium was not
defayed and was rapid with the logarithmic phase
terminating at 20h after inoculation { Fig. 1, curve C).

Growth-curve measurements. A portion of the yeast
culture was removed aseptically at various times and
was, depending on cell density, either diluted with
water” or counted directly by using an American

Optical Co. Brightline haemocytometer counting

chamber,

Rudioactive-tracer experiments. Al experiments
with radioactive tracers were carried out with cultures
growing on thiamin-free medium. Details of these
experiments are summarized in Table 1. Radioactive
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tracer was added at the onset of Togurithmic growth
and cells were harvested when maximum growtl had
been attained. The radicactive compound was dis-
solved in sterilized water and the solution divided
equally among 250ml Erlenmeyer flasks containing
the growing yeast cultures (50mb ask) when the cell
density had reached approx. 10°cells ml. Radioactive
tracer sodution was added after 5.5h of incubation
and the cells collected 43N0 later in the experiments |
with S. cererisiae AAT.C.C, 24903), With S, cererisiae
(39916, H. J. Bunker), however, radicactive-tracer
solution was added after 15.50 of incubation and the
cells were Collected 481 later. The cells were collected
by centrifugation [20min at 10 C and 9Xg (r,,
13enn)]. The dilferent times were aecessary because
the growth rates of the two organisms were different.

The cells obtained from cach experiment were
cither extracted immediately or stored at =8 C until
needed. ;

Foxrraction and ixofarion of thismin (cf, Hitcheookh &
Walker, 1961 ; Joltnson ef al., 1966 David ot of., 1967
Koemaoka & Brown, 1967 Bellion et of., 1976), The
cells obtained by centrifugation as deseribed abowve
were heated on g steambath for 30min with 20ml
of 0.1m-HCL The mixture was centrifuged and the
residue re-extracted in the same way. The extracts
were combined and Sml of 1 sm-sodium acetate buffer,
pH4.7. was added. The pH was raised by dropwise
addition of NaOH (50",. w'v} to about pH4.7.
Thiamin pyrophosphate was hydrolysed by incu-
bating this solution at 37+1 C with 100mg of
a-umylase (crude-type 1V-A from Aspergitfuy orvzae;
Sigma Chemical Co.. St. Louis, MO, US.A
overnight, An acid phosphitase contaminant is ac-
tually responsible for the hydrolysis (Myrbick &
Neumiiller, 1950). The pH of the mixture was then
increased to approx. pH6 by dropwise addition of
NaOH (50", w/v). The solution was then applicd
o a column (emx Tem) containing 0.8 of cation-
exchange resin {Amberlite CG-50, type |, H* form,
100-200 mesh), The column was washed with water
(J00ml and eluted with about 30ml of 18-H{|
and the-etMuent collected, The desired product eluted
within 10-15ml.

Thiochrome assay (cf. Fujivara & Matsui, 1953
Limnrert & Walker, 1968). The thiamin concentration
of the column cluate was determined as follows. A
portion of the eluate (1.0ml} was mixed with CNBr
solution (2.0ml) [prepared by titrating a saturated
aq. Br; sohuntion at 0 C with ag, KON (20" wiv),
until colourless] and LOml of aq. NaOH (5¢8;, wiv).
The fluorescent product was extracted into 2-methyl-
propan-1-ol (5.0ml) by vigorously shaking for 2min.
The Z-methylpropan-1-o0l luyer was clarified by cen-
trifugation for 30s. The fiuorescence of the 2-methyl-
propan-1-ol layer was measured with an Aminco -
Bowman spectrophotofluorimeter in 1om Supracil
cells. The exciting wavelength was 370nm and

f
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fliorescence was measured at 430nm. A standard
curve was prepared for cach ‘run- from solutions
ranging in thiamin concentration from 0.2 to
5.0 mk With this curve, the thiamin concentration
of the unknown solution was determined from its
fluorescence. Before the fluorescence of cach sample
or standard was measured, the stability of the

instrument was checked by using a standard quinine

sulphate solution (0.7 ug mi in 0.05M-H.50,) and. if
necessary, the value so obtained was used to correct
the sample fluorescence.

Purification of thiumin from the radioactive-tracer
cexperiments amd difurion with inactive carrier, Carrier
thiamin (approx. Img) and Sml of Is-sodium
acetate butfer, pH 4.7, were added to the acid eluate
from the Amberlite ion-exchange column (see above).
The pH of the solution was increased 10 about pH6
by dropwise addition of NaOH solution (50", wiv).
The solution was applied 1o an ion-exchange column
(Amberlite CG-50) similar 1o the one described above,
The column was washed with water (100ml) and
cluted with 500ml of 0.005m-HCl, and the e¢luate
collected in 153ml fractions. The thiamin-containing
fractions (usually fractions 12-30) were combined,
additional carrier thiamin (approx. 4 mg) was added
and the solution concentrated i vacud. The residue
was further purified by preparative thin-layer chroma-
tography on cellulose (MN3I00F Normal cellulose on
Analiech Uniplate, 20em = 20em < 0.5 mm) with 95",
ethanol'water (171, v'v) as the solvent system. The
thinmin {R#, usually 0.8 0.9) was located by its
yuenching of background Nuorescence when the plate
wis examined under wy, light, Thiamin was cluted
from the celluluse with 9597 cthanol. The ethanaol
extract was evaporated Jr racre, and  additional
carrier thiamin was added to the residue to give o
total weight of approx. 50mg. This pr}:duct wis
crystallized to constant radioactivity frofm methanol!
propan-2-ol (1:2, v 'v), Co jﬁ

Determinarion of radioveriviey, Triplicate sumples
(1-2mg) of cach compound were counted by liguid-
seintillation counting (Mark 1 liguid-scintillation
computer, model 6860 Nuctear- Chicago Corp., Des
Plaines, 1L, U.S.A.). Samples were dissolved in water,
ag. NH, (1"} ethyl acetate, methanol, ¢hloroform
or NN-dimethylformamide (approx. two drops) and

the solutions dispersed in a solution of Aquasol (New

England Nuclear Corp., Boston, MA, US.A.). The
elliciency of counting {approx. 809 for '"*C) was
determined by external stundardization with '**Ba.
The wsual corrections lor quenching and for buack-
ground radioactivity were applicd. Confidence limits
shown tn the Tables are standard deviations of the
mean.

BDegradation of thigmin {(see Scheme 3), Additional
inactive carrier (100-300mg) was added 10 the
thiamin before degradation.

(i) Separation of the pyrimidine and thiazole

1979
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motetics by bisulphite cleavage (cf. Williams er al.,
1935). Thiamin (348 mg)} was dissolved in water (6ml)
and NaHSOQ, (i.70g) was added. If necessury, the
pH was adjusted to a value of about 4.7 with 0.5M-
NaOH. After heating for a few minutes on & steam
bath, the pH was checked and readjusted if necessary.
The reaction mixture was kept overnight at room
temperature (25°C). The white (4-amino-2-methyl-
pyrimidin-S-yl)methanesulphonic acid (6) was filtered
off, and recrystallized by dissolving in hot ag. am-
monia (1 %) and then acidifying with 3mM-HCI. The
yield was 157 mg (829). N

The filtrate was titrated to pH 12 with NaOH
(509, w/v) and extracted with chloroform (5 x 1 5ml).
The chloroform extracts were dried over anhydrous
MNa,50. and evaporated in vacwo to give 5-(f-
hydroxyethyl)-4-methylthiazole (2) (125mg. 93%0) as
a colourless oil. 'H n.m.r. spectroscopy gave d
{p.p.m.) ([*H]chloroform) 2.39 (3 H. s). 3.00 (2 H, 1),
3.56(1 H,s), 3.82(2 H, 1), 8.52 (1 H, s).

{ii) Phenylcarbamoyl derivative (7) ol 5-(f-hy-
droxycthyl)-4-methylthiazole {5-(f-hydroxycthyl)-4-
methylthiazole phenylurethane]. The . thiazole (2)
obtained above was dissolved in benzene (Sml) and
phenyl isocyanate {0.1ml) added. The solution was
kept at room temperature (25 C) overnight, the sol-
vent was evaporated in recnoand the thizaolephenyl-
urethane recrystallized from ethyl acetate. The yield
was 195mg (85%). A portion (30mg) was separated
from the diphenylurea contaminant by preparative
thin-layer chromatography (silica-ge! plate, 0.5mm x
20c¢m x 20cm) with diethyl ether as the solvent system,
A better separation was obtained by developing the
chromatogram twice. The band corresponding to the
thiazole phenylurcthane (R, 0.5) was eluted with
cthyl acetate and the product sublimed at 110°C and

“2%x10°?mm Hg (2.7Pa). The phenylcarbamoyl
derivative (7} of 5-(f-hydroxyethyl)-4-methylthiazole
has m.p. 130-131°C; mje 262 (M*); 6 (p.p.m.)
([*H]acetone) 2.03 (3 H, 5), 3.16 (2 H, 1), 4.31{(2 H, 1),
6.90-7.67 (5 H,m), 8.67(1 H,s), 8.72 (1 H, s} (Found.:
C, 59.71; H, 5.47; N, 10.54; C;3H,,N;0,8 requires
C, 59.52; H, 5.38; N, 10.68 %.).

Degradation of the thiazole moiety. (1) C-2 as
formaldehyde dimethone (cf. Linnett & Walker,
1967). (i) 5-(f- Hydroxyethyl) - 4 - methylthiazole
phenylurethane methiodide (8). The thiazole phenyl-
urethane (7) (69 mg) Was dissolved in benzene (4ml),
excess methyl iodide was added and the mixture was
refluxed for 24h. The thiazole phenylurethane
methiodide (8) was filtered off and recrystallized
cither from propan-2-ol or 95% ethanolfethyl
acetate {§:3, vjv) (yield 76 mg; 71 %). The methiodide
(8) had m.p. 164-165°C; § (p.p.m.} {[*H]mcthanol)
2.52(3H,s), 334 (2H, 1, 413(3H,5),440(2H, 1),
7.00-7.53 (5 H, m) (Found: C, 41.79; H, 4.35; N,
6.75; CH7IN;Q,S requires C, 41.50; H, 4.24; N, - »
6.93%).
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of total activity)
17
23

Radioactivity
remaining in medium

o/
so

(

1400
1400

Culiure
stze
{ml)

19916, H. J. Bunker

activity
(2.5)

Sp. radio-
(mCifmmol)
40.7
49.7

Total radio-
activily
(nCi)
250
250

noe
2
4

Radioactivity
remaining in medium  Expt.

(% of total activity)
litre) present in the culture medium (it is assumed in the calculation that only the L-cnantiomer is

1400
500
500

Table 1. Feeding experiments with radioactive racers
Culture
size
(ml)

A.T.C.C. 24903

46
., Boston. MA, U.S.A.

Ont., Canada.

t Calculated to allow for dilution by pL-methionine (20mg/

utilized).

Sp. radio-
activity
(mCi/mmol)
407
13.6

(1.3

Total radio-
activity
(nCi}
250
50
50

no
1
3
5

S. cerevisiae strain

Expt.

Substrate

[2-1*C]Glycine*®
* Obtained from New England Nuclear Corp

+ Oblained from Amersham/Searle, Qakville,

L-[Me-"*C]Merhionine®

pL-[2-1*C]Tyrosinet
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’

Table 2. Specific rau’mac'm'tt) of thiamin ehloride hydrochloride aﬁ'nr carrier difution and recrystallization to constant

radioactivity
8. cerevisiae strain ... AT.C.C, 24903 39916, H. J. Bunker
Sp. radioactivity . Sp. radioactivity
Substrate Expt. no. {d.p.m.fmmaol) Expt. no. (d.p.m./mmol)
[2-1*C]Glycine : 1 3.99 (+0.04)x 10* 2 . 2.05 (+0.08)x 10*
L-[Me-**C]Methionine 3 221 (20.02)yx 10* 4 3.00 (+0.30)x 10?
pL-{2-"*C]Tyrosine 5 143(+0.2yx 103 :
NH,
- _ H, C k
H
(R}
NH, l
. -
J\ SO;H . N I CH, ’
H,C “\
1 S OH .
(6} A2
- 4
HsCo N e CHs. ,
— U
O—CHNHPh S O—ﬁ-——NHPh
LS ' 0 -
(8) (M
J . \?1
. H;C.\ 2CH, ° .
. N H.0 HO,CCH,
F k .
S o_ﬁuNHPh >
HCHO - ~ '
) 0 CH
(N

Scheme 3. Chemical degradation of the thiazele moiery of thiamin

(ii) Reduction of the methiodide (8), The meth- During this period, the reaction mixture was allowed
iodide (8) (70mg) was suspended in propan-2-01(3mi) . 1o warm up gradually to room temperature (25°C).
at0°C. NaBH, (8mg) in propan-2-ol (1 ml) was added Water (10ml) was added, the solution was cxtracted
with stirring and stirring was contjoued for 2h, with dicthyl cther (5% 5ml), the extract dried with
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anhydrous MgS5O, and evaporated fn racuo to yicld a

“ colourless oil (yield 42mg, 87"%)). presumably

compound (9).

(i1i) Hydrolysis with HgCl,. The oil (9) was stirred
overnight in water (4ml) containing HgCl; (52mg).
The precipitate was filtered ofT and washed with
water (2x5ml). 5,5-Dimethylcyclohexane-1.3-dione
(dimedone) (52mg) in 959, ethanol (1 ml) was added
to the filtrate and, after heating on a steam bath for
1h, the formaldehyde dimethone was filtered ofT and
sublimed at 95 C and 2x107*mm Hg (2.7Pa). The

" yield obtained was 33 mg (65 %), with m.p. 189-140 C

[reported mi.p. 191 C{Rappoport, 1967)]and m/e 292
(M),

(b) C4" and C-4 as acctic acid, (i) Kuhn-Roth
oxidation of the thiazole phenylurethane (7) (cf. Kuhn
& Wendt, 1939), The thiazele phenylurethane (7)
{46 mg) was dissolved in 15ml of 20% (v/v) H.50,
and CrO; (2.1g) in water {2ml} was added dropwise.
A slow stream of N, was passed through thesolution,
which -was slowly distilled, while its volume was
maintained by repeated addition of 5m! portions of
water. Over a period of 5h, 72ml of distillate was
collected. The distillate, containing acetic acid, was
titrated 1o pHB with 0.1 M-NaOH. Sodium acetate
( 2mg, 929%) Was oblained by evaporation at 90 C
ina drying oven.

(i) Acetyl-a-naphthylamine (cf. Leete er al., 1965). -

The sodium acetate was dissolved in water (1 ml).and
an agueous solution {2ml) of a-naphthylamine hydro-
chloride (40mg) was added, Tollowed by 3-(3-di-
methylaminopropyl)-1-cthylcarbodi-imide (100mg).
On standing at room-temperature (25°C), acetyl-a-
naphthylamine crystallized from solution and was

" filtered off. It was then reerystallized from a benzene/

cyclohexane mixture and sublimed at 95°C and
2x107*mm Hg (2.7Pa). The yield obtained was
15mg {46 %, based on the thiazole phenylurethane (7))
with m.p. 158-159°C [reported m.p. 159-160°C
(Leete er al,, 1965)] and m/fe 185 (M*).

Results

Radioactivedtracer -experiments were carried out
with two strains of S. cerevisive (A T.C.C. 24903 and
H. J. Bunker, 39916), growing on thiamin-free
medium. Radioactive tracer was added at the onset
of Iogdrllhmlc growth and cells were collected after
‘maximum growth had becn attained. The thiamin
content of the harvested cells grown under these
conditions was similar for both strains [26+3 and
2043 (mean+s.0.) pgflitre of culture respectively,
as determined by thiochrome assay]. When grown on
yeast-cxtract medium, however, S. cerevisiae (H. J.
Bunker, 39916) contained thiamin in amounts greater
than 300 ug/litre of culture.

Radioactive- traccr experiments with [2-'*Clglycine
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and L-[Me-"*Clmethionine were performed with cach

of the two yeast strains, A Turther experiment with

DL-[2-“Cltyrosine  was carried out with strain
AT.C.C. 24903. A summary of these experiments is
presented in Table 1. Thiamin was isolated from cach
of these dultures by carrier dilution, and in each case
maintained radioactivity after several recrystaliiza-
tions {Table 2). The sample of thiamin obtained from
cach feeding experiment was degraded, by the reac-
tions shown in Scheme 3, which permitted separate
assay of radioactivity within the pyrimidine and the
thiazole moleties of thiamin, and at individual carbon
atoms of the thiazole nucleus.,

r
Experiments with L-[Me-"*Clme thivnine and pL-2-

Y Cliyrosine .

The samples of thiamin isolued from Expts. 3, 4

"and 5 were degraded by bisulphite cleavage to give the

pyrimidinesulphonic acid (6) and the thiazole de-
rivative (2) (Scheme 3). The thiazole derivative {2), an
oil at room temperature, was converted into the
crystalline phenylurethane (7). Similar results were
obtained in the experiments with  L-[Me-'*C}-
methionine with both strains of S. cerevisiae (Expis,
Jand 4)and in the experiment with pL-[2-*Cltyrosine
with 8. eerevisiae (A T.C.(3. 24903) (Expt. 5). In each
case, the phenylurethane (7) was completely inactive:
The samples of the pyrimidinesulphonic acid (6)
condained a small percentage of the activity present
in the original thiamin.

Experiments wirh)[?.-"C Jelyeine

The samples of thiamin isolated from Expts. 1 and
2 were cleaved with bisulphite to give the pyrimidine-
sulphonic- acid (6) and the thiazole derivative (2),
which was converted into the phenylurethane (7). In
each case, the thiazole derivative retained more than
989, of the activity of the original thiamin. The
remaining 1-2%, of activity was located in the
pyrimidinesulphonic acid (6), Each of the two samples
of the thiazole phenylurethane (7) was further
degraded according to Scheme 3. Kuhp“Roth oxi-
dation gave acetic acid (derived from £-4 and C-4'
of the thiazole moicty), which was fissayed as #s
a-naphthylamide derivative, and, in dach case, was
completely inactive. C-2 was isolated by a modifi-
cation of the degradation used by Linnett & Walker
(1967). Methylation of the thiazole phenylurethane
gave the methiodide (8) that, in cach case, retained

“all (99%) of the activity of the original thiamin.

Reduction with NaBH, and hydrolysis with HgCl,
gave C-2 as f'orm.xldchyd:. which was isolated as the
dimethone and in each case retained the acuvny
(100%4) of the original thia

Details of these results are summariicd in Table 3.

L
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“It may appear surprising that, at a time when
primary precursor—product relutionships are well
cstablished for most naturally occurring compounds,
and the present focus of biosynthetic investigations
of highly complex moelecules such as the porphyrins
and corrins (Cio—Cas), the steroids (Cpu-Cio) and
_diterpenes (Gyo), the Vinca (C3-Cas) and opium
alkaloids (C,-Ci0), to name but a few, lies in
establishing biosynthetic intermediates, and in eluci- -
dating the stereochemistry and probing the mechan-
ism of individual steps of the pathways, it should be
necessary 1o carry out an investigation to secure
information regarding the identity of the primary
precursors of the thiazole unit of thlamln (vitamin-

B)), a Cy compound.

There are several factors that have contributed to
the delay in establishing unequivocally, by radio-
active-tracer methods, the identity of the basic
building blocks of thiamin, and its thiazole moicty in

. particular.

The major obstacle is the small amount of thiamin
-which is present in tissues that produce it. Thus
micro-organisms contain 10-100 zg/g dry cell wt,, ie
20-200ug!litre of culture (Kutsky, 1973), and higher
plants 0.1-10 u#g/g fresh wt. (Kutsky, 1973; Robinson,
1966).. Since for a -definitive biosynthetic investi-
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Tabke 3. Distribution of 14C frug lobelled subsirates in thiamin in two strains of S. cerevisiae
For details of confidenck limits, see under *Determination of radioactivity'.
- ' . ceretisiae strain ... AT.C.C. 24903 H. J. Bunker, 39916
' 10-*x Sp. Relative'sp. 1074 x Sp. « - Relative sp,
radioactivity radioactivity, radioactivity radioactivity
- (d.p.m./mmol) VAN (d.p.m./mmol) (WA
[2-"*C]Glycine Expt. no, J . 2
i )

/\ Thiamin chloride hydrochloride (3) 3.99+0.04 100+ 1 2.05+0.08 100+ 4
Pyrimidinesulphonic acid (6) . 0.08+0.01 2+032 0.02+0.01 1+1
Thiazole phenylurethane (7) 391 £0.05 98+ 2 2.08+0.03 101 +4
Thiazole phenylurethane methiodide (B) _— —_ 2.02+0.04 9944
Kuhn-Roth acetic acid (as 0.00+ 0,02 0+1 0.00+0.02 0.1£0.1

a-naphthylamide) - R

Formaldehyde (as the dimethone) 3194+0.03 99+ 1 2.06+0.03 10i+4
L-[Me-**CiMethionine Expt. no. 3 4

Thiamin chloride hydrachloride (3) 21+02 00+1 . 0.30+0.03 100+ 10

Pyrimidinesuiphonic acid (6) 0.31 +0.01 1+0.0 —  0.01+0.01 4+4°

Thiazole phenylurethane (7) 0.03+0.02 0.1+£0.1 0,01 +0,03 2+8
pL-[2-“ClTyrosine Expt. no. . 5 .

Thiamin chloride hydrochloridx.: (3 0.34+0.02 10046

Pyrimidinesulphonic acid (6) ) 0.04+0.02 1246

Thiazole phenylurethane (7) 4 0.01 +0.02 3+6

* Thiamin chloride hydrochloride = 100 AN

N -/ '

Discussion ’ o \( gation, which demands isolation and purification to

constant radicactivity, followed by derivatization and
chemical degradation to locate the site or sites of
radioactivity, at least 10mg of compound (or more,
depending on the complexity of the degradation
sequence) is required, and since the scale of a radio-
active-tracer cxperiment (volume of culture, or
number of plants, per experiment) is limited by,
cxperimental facilities, it will be necessary to dilute
the farget compound 102-10°-fold with inactive
carricr to obtain sufficient quantities of radioactively
labelled material. Thus the success of a biosynthetic
radioactive-tracer experiment is predicated on se-
lecting conditions, such that the unweighable amount
of, target compound produced during the experi-
mental period has a specific molar rad:oactwnty high
enough so that after dilution by a factor of 10210 -
the isolated product still has a significant count Tate
(d.p.m./mg, above background) )
Some of the conditions required to enhance the
likelihood of obtaining such a result are not under
the control of the investigator. Thus the substrate to
be tested as precursor may not be available at high

,spcciﬁc activity, and much of it may be dissipated
“in leﬂbOIIC processes which, from the point of view

of the investigation, are- wrclcvam and undesirable.

- The amount of target material b:osymhcsuzca during

the experimental period may be Jess than the amount
' 1979
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present endogenously at the start of the experiment.
Thus the activity of the product, even after minimal
dilution with carrier, may be at the borderline of
detectability,

Another problem inherent in the handling of small
quantities of labelled compounds is the presence of,
unweighable amounts of radioactive impuritics in the
product. These may not be detectable unless deriva-
tives are prepared, but lack of material may preclude
the chemical manipulation required for the prepara-
tion of derivatives and for dugmd.mon

In view of these difficulties, it is understandable
that many of the radioactive-tracer investigations
whose objective it was to identify the primary
precursors of the thinzole moiety of vitamin B, were
not pursued to a stage when definitive conclusions
could be drawn. In some cases, the target compound
[in this case 5-( f-hydroxyethyl)-4-methylthiazole] was
not isolated, but it was assumed that a.chromato-
graphic fraction containing the desired product did
not contain any other radiozctive compound
(Johnson ¢f al., 1966; lwashima & Nose, 1971).
Alternatively, the desired compound was iselated,
but no derivatives were prepared and no degradation

) .ulcmptLd and it was assumed that the isolated
product was free of radiochemical contaminants
(Tomlinson cf al., 1967).

Results of such incomplete experiments, taken at
face value, arc often iikcly to lead to erroncous
inferences.

Since it is difficult to gauge the reliability of the
experimental data obtained in such incomplete in-
vestigations lacking internal checks, it is well nigh

impossible to assess what credepge should be given
to the interpretation of thétkdaja offered by the
investigators who .report thete, ) The problem s

compounded by the fact that no two schools
used the same strain of micro-organism for their
experiments.

One scries of investigations that appears to be well-
designed and thoroughly exceuted is that of Linnett &
Walker (1967, 1968, 1969). They used a strain ‘of
S. cereviviae {N.C.Y.C. 1062} for radioactive-tracer
experiments with [2-**Clglycine and r-[Me-H*C]-
methionine. It was demonstrated by preparation of
derivatives and degradation of the isolated thiamin
that [Me-Y*Cmethionine did not serve as i precursor,
but that [2-**Clglycine did, and that the entire
activity of the thiamin, derived from this substrate,
was present in the thiazole nucleus [isolated as the
picrate of 5-(f-hydroxyethyl)-4-methylthizzole] and
localized at C-2 (isolated as formaldehyde dimethone,
after controlled dq,r..tdanon) Furthermore, **N from
['*N]glycine was located exclusively in the thiazole
. f'moiety. It can be concluded from these results that
the methylene carbon atom of glycine serves as the

source of C-2 of the thiazole moicty of thiamin, and °

. it is more than likely that the C-N fragment, derived
Yol. 179 .
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from glycine by decarboxylation, enters the thiazole
moicly as a4 unit.

These results and their interpretation are in direct
"conflict with the work of Johnson er al. (1966). These
authors carried out feeding experiments with [Ah-
“Clmethionine  and  [Me-"4C2*S]methionine  in
another strain of S, cerceisive (H. J. Bunker, 39916).
They isolated thiamin, degraded itinto the pyrimidine
and thiazole moieties ‘and recovered a chromato-
+graphic fraction containing the thiazole, but did not
isolate, preparg derivates of or d‘..gl’dd(. the com-
pound. The thiazole fraction obtained in the two
experiments contained respectively '*C, and *C and
3135, with a **S/"C ratio identical with that of the™
precursor methionine. The authors concluded that
the C-§ unit, derived from the S-methyl group of
methionine, was incorporated intact into the thiazole
moiety, yielding the unit $-C-2. This result is widely
quoted (e.g. Goodwin, 1963; Luckner, 1972; Brown,
1972; Leder, 1975) and scrves as the basis of the
accepted hypothesis of thinmin biosynthesis. 1tis seen
as providing experimental support for the biogenetic
ideas of Sir Charles Harington (Haringlon &
Moggridge, 1939).

Reviews of thinmin biosynthesis {(Brown, 1972;
Leder, 1975) summatize the experiments with yeast,
as well as other investigations with bacteria
(Estramareix & Therisod, 1972; Bellion er af., 1976),
but do not attempt a critical evaluation of the
conflicting conciusions of Linnett & Walker (1967)
and of Johnson et al. (1966) concerning the biosyn-
thesis of the thiazole nucleus of vitamin By in yeast.

The present results with two strains of 8. ecrevisiae
(A.T.C.C. 24903 and H. J. Bunker, 39910) confirm
those of Linnett & Walker, Samples of thiamin
chloride hydrochloride, isolated by carrier dilution

“from the cells of two strains of S, cerevisiae that had
. been incubated in the presence of [2-*Clglycine

(Expts. | and 2) (Table 1), were crystallized to con-
stant radioactivity (Table 2) and degraded (Scheme
1) to locate the site of activity (Table 3). Bisulphite

cleavage yiclded the pyrimidinesulphonic acid (6),.

which was non-radioactive, and 5-{f-hydroxycthyl)-
J-methylthiazole (2), which was converted into the
crystalline phenylurethane (7) and the corresponding
methiodide (8), and contained all th“\k?‘_lwny of the
intact vitamin. Kuhn-Roth exidation of-the phenyl-
urethane (7) gave acetic acid {(C-4 and C-4' of the
thiazole moicty) (isolated as the e-naphthylamide).
This was not radioactive. The methiodide (8) was
reduced to yield the tetrahydro derivative {9), which
was not isolated but directly hydrolysed, yielding
formaldehyde (C-2 of the thiazole moicty) (isolated
as the dimethone), which contained all activity of the
thiazole nucleus and of the intact vitamin. The
methylene carbon atom of glycine thus serves as the
progenitor of C-2 of the thiazole nucleus of thiamin
and of no other C atom.

~
Y
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Incubatio cach of the two strains of S. cererisiae

(A T.C.724903 and H. ). Bunker, 39916) with
L-[Me-"*Clmethionine (Expts. 3 and 4, Table 1) also
yielded radioactive samples of thiamin chloride
hydrochloride (Table 2). Five recrystallizalions were
required in the case of these samples to feach con-
stant radioactivity. However, when these samples of
thizmin chloride hydrochloride were subjected 1o
bisulphite cleavage (Table 3), the two degradation
[frpgments. the pyrimidinesulphonic acid (6) and the
thiazole (2} isolated s the phenylurethane (7) did
not contdin radioactivity in either case.

Sinde these two fragments account for all carbon
utoms b(lhc original thiamin chloride hydrochloride,
it is clear that the radioactivity associated with the
samples oNhe'vitamin, isolated from Expts. 3 and 4,
must have Heen due to contamination by traces af
highly radioactive impurity, which persisted despite
the many purification steps, This conclusion leads us
to surmise that the activity found by Johnson ef af.
(1966) to be ussocinlcd)‘wilh the chromatographic
fraction containing the thiazole moicty, derived from
cultures of 8. saccharomyvees (H. J. Bunker, 19916)
incubated with [Me-"*Cl- and [Me-"C**S)-methio-
nine, was also due to the presence of traces ol a highly
radioactive impurity. If this impurity were methionine
itself, or a breakdown product that still retains the
~$-CHj; function, maintenance of the **S/4C ratio
of the precursor in the contaminated, but non-
radioactive, product would be explained.

The culture conditions in our own radivactive-
tracer experiments with S. cereviviae {(H. ). Bunker,
39916) were somewhat different from - those of
Johnson ef al. (1966), Their experiments were carried
out on a medium containing yeast extract, rich in
thiamin, and radioactive tracer was administered
24 h after inoculation. In the presént experiments, a
thiamin-free medium was used, and radioactive tracer
was added 15.5h after inoculation.

As is shown_in Fig. | (curve C), logarithmic phase
is complete after approx. 20h incubation of &,
cerceisioe (H. 1. Bunker, 39916) on a yeast-extract
medium. 1t has-been stated by Leder (1975) that
‘de nore formation of thiamin cannot bt demon-
strated in non-growing cell suspcnsim}?&:r normal
circumstances'. Johnson ¢ af, (196635upplicd radio-
active tracer to-their cultures well after logarithmic
growth was complete and the culture had reached
stationary phase.. It would seem likely that in the
experiments reported by Johnson ef af. (1966) bio-
synthesis of thiamin was not taking place during the
time the cells were in contact with the radioactive
tracer. _

In these experiments, a culture medium was em-
ployed that contained yeast extract (2g/litre). Yeast
extriact contains thiamin (approx. 30-300.g/g).

It has been shown (Suomalainen & Oura, 1971;
Sticglitz er al., 1974) that S. cerevisiae accumulates

fa
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thizmin from the medium on which it is grown.
Furthermore, the level of thiamin phosphate pyro-
phosphorylase, the enzyme responsible for the
synthesis  of thiamin monophosphate from the
phosphorylated thiazole and pyrimidine moieties,
present in commercial yeast cultivated with added
thiamin, is less than 159 of that found in the same
yeast produced without exogenous thiamin (Leder,
1970, 1975). 1t scems unlikely, therefore, that sig-
nificant biosynthesis of thiamin takes place de nore
in yeast cells that are grown in the presence of
cxogenous thiamin, v o

The present experiments with S, ecrevisiae fyere
carricd out in a‘thiamin-free medium. Undes’these
conditions (curve B, Fig. 1) growth is slower than in
the presence of thiamin {curve C, Fig. 1), but approxi-
mately the same cell density is reached at completion
of logarithmic phase. Radioactive tracer was added
after 15,5h of i’l}u\:?ulion. i.e. at the onset of active
growth. Conditiots for thiamin biosynthesis were
thus favourable.

The results of Linnett & Walker (1967, 1968, l9(1()
and thgpresent work establish that, in three strains of
yeast (8. ecreviviae N.C.Y.C. 1062, A.T.C.C. 24903,
and H. ). Bunker, 39916), the methylene carbon
atom of glycine serves as the biogynthetic source of
C-2 of the thiazole nucleus of thiamin, Furthermore,
it is likely, on the basis of the results of Linnett &
Walker (1968), that an intact C-N unit derived from
glycine enters the thinzole nucleus. }

In bacteriu, a caﬂﬁon source other than glycine
would appear to supply C-2 of the thizzole nucleus,
but conflicting results remain to be evaluated, n
E. coli (Estramareix & Therisod, 1972) and Salm.
typhimurium (Bellion er ¢f., 1976), the z-carbon atom
of tyrosine appears to supply C-2 of the thiazole unit,
This substrate does not serve as a precursor in S.
cerevisine (A T.C.C. 24903) (Expt. 5, Tables 1-3).
Radioactive label from L-[AMe-1*Clmethionine is not
incorporated into the vitamin in these two bacteria
(Bellion er ¢l., 1976 Estramareix ef of., 1977). Yet, in
B. subtilis, the S-methyl group of methionine is
reported to serve as a source of C-2 (Torrence &
Tieckelmann, 1968). Each of these results is based on
chemical degradation of the thiazole unit and on
isolation of C-2 as formaldehyde, [2-4*C]Glycine did
not serve as a thiamin precursor in Safm. ryphimurium
(Bellion er al., 1976). Iy was not tested as a substrate
in B. subrilis. Glycine was found to replace 5-(f8-
hydroxyethyl}-4-methyithiazole in promoting the
growth of a mutant of £, coli requiring this thiazole
derivative {Iwashima & WNose, 1970), and [U-"*C]-
glycine was reported to be incorporated into the
thiazole moicty of thiamin in this mutant (Iwashima
& Nose, 1971).

Thus, the source of C-2 of the thiazole nucleus of
thiamin in bacteria, and the origin of the remaining
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C, unit (C-4, C-4, C-5, C-6, und C-T) of the thiazole
moiety in yeast and in bacteria awaits clarification.
"l thank Professor John 1. Miller. Depariment of
Biology, McMaster University, for his unfailing advice
and help with yeast culturing, and for the hospitality
of his Iaboratory. We thank Professor T. W. Goodwin,
C.B.E., F.R.S., Department of Biochemistry, University
of Livcrpool. Livcrpoo]. U.K., for assistance in locating
a culture of §. cerevisiae strain H. J. Bunker, 39916. This

work was supported by the National Research Council of
Canada.
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Biosynthesis of Vitamin B in Yeast.
Origin of the Thiazole Unit
Sir:

More than forty vears after the elucidation of the structure
of vitamin B {thiamin)."- the primary precursors of its thi-
azole unit (5) are still in dispute? and a chemically rational
hypothesis of the biosynthesis of this unit has not vet been
formulated. We now advance such a hypothesis and present
some evidence which is consistent with it,

Itis our view that, in yeast, the thiazole unit of vitamin B,
is derived from one of the stereoisomers of the Schiff base 3,
which 15 penerated by condensation of glycine (1) with a
phosphoketopentose (2). The Schifl base 3 is converted into
the thiszole derivative 4% in a multistep sequence {(Scheme ])
comprising dechydration {or elimination of phosphate) (A).
dehydration and tautomerization (B and C), and addition of
sutfur (D), followed by ring closure (E) and concerted decar-
boxylation and dt.h\.dmuon Several variants of lhlf- route are
shown in Scheme |- .

[n support of this scheme. we now present cxpurimcmn!
evidence which-demonstrates the participation of a Cs unit {2),
derived from glucose in the biosynthesis of the thiazole uni

., thiamin in yeast. The incorporation of C-2 and N of gly€ine
{1} into the thiazole unit of thizmin'in yeast, in accord with
Scheme [ hits been documented,*1¢

Origin of the Cs Unit 2, Yeast (Succharomyces cerevisiae)
docs not utilize ribose or other pemosest! when these are
supplied to the culture medium. Evidence Tor Lthe participation
of 2 pentose in thiumin biosynthesis was thurdorc obtained
indirectly, by testing the mode of i INCOrporil I'glucose and
fructose. These hexoses are known to be utilizeds jcld
pentoses in vivo, In separate experiments,'? D-[1-14C]-,
[2-1%C]-. and »-[6-"*C]glucose and D-[1-4C]fruclose w
administered 10 prowing yeast culwres (S, cerecisiae A.T.C.C.
24903)'? at the onset of logarithmic growth. The cells were
collected when logarithmic growth had ceased and radigactive
thiamin was isolated® by carricr dilution. Bisuifite cleavage”
yiclded the thiazole moicty (3-(3-hydroxycthyl)-4-methyl-
thiazole) (5) as an oil, some of which was oxidized'? 1o 3-lor-
myl-4-methylthiazole!* {isoluted as the semicarbazone!s) and
some of which was converled. via the 5-(j3-chloroethyl) de-
rivative,'*7 into the 3-(-3-phthalimidocthyl) derivative, '™ This

0002-7863/79/1501-5102501.00/0 © 1979 Amcrican Chcrﬁical Society
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Scheme 1. Brozenesis of the Thizzole Umt (4 ot Vitamun B, in
veast, trom Glyeine (1) and a Phosphoketopentose (2)4
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was purified 1o constant radivactivity and was further de-
graded. Kubn-Roth oxidation!? yielded acetic acid (C-4.C-4
ol the thiazole moicty) (isolated as the a-naphthylamide™?)
which was converted into methylamine (C-47) (isolated as
N-methylphthalimide?!) by a Schmidt reaclion.’? Acid per-
manganate oxidation?? of the phthalimidoethyl derivative gave
N-phthaloyl-3-alanine (C-5.-6,-7).

The results of these experiments are shown in Table | Ac-
tivity from D-[1-"*C]glucose and rom et - 1*Cllructose is
located aimost entirely (>90%) in the C-methyl group (C-4")
of the thiazele unit (MV-methylphthalimide). The remaining
activity {<10%) was located at C-5, C-6, and/or C-7 (N-

“Table 1. Incorporation of Hexoses into the Thiazale Unit of Thiamin

~ s

phthaloyl-d-alanine). Lack of material precluded lurther
degradation to detersithe the exact location of label. ftis very
likely, however, that C-7 is the site of labeling. A comple-
mentary result was obtained when D-[6-T*Clglucose served
as substrate. The label was located mostly at C-7 (~307).
while the C-miethy) group contained the remaming activiny
(~20%00. The Tabel from p-{2-HCglucose was confined to the
Ca unit, C-40.C-47 tucetyl-eenaphtylamine, 9653, and was
aimost equally divided between ghese two carbons (C-47
methyviphthalimide, 46%; C-4, 50%. by difference).

Several phasphoketopentoses (2), all metabolically inter-
convertible without skeletal rearrangement, are derivable from
plucose in the course of metabolismin yeast. ™ Thus, D-ribulose
S.phosphate {2. 3-R. 4-R) is generated from D-glucose., via
D-glucose-6-phosphate and’ 6-phospho-p-gluconic acid. by
oxidation and decarboxylation of the latter. Generation of 2
in this way would, in accord with observation (Table 1), deliver
activity rom [6-1C]glucose into C-7 and from [2-"*Clglucose
inte C-4’ of the thiazole nucleus. but would, contrary 10 ob-
servation. lead to unlabeled thizzole from [1-1*Clglucose.
0-Xylulose S-phosphate (2, 3-S, 4-R) is produced by a trans-
ketolase reaction which transfers the Ca unit, C-1,.C-2, of

Tructose 6-phosphate (derivable from glucose or fructose) onto

glyceraldchyde 3-phasphate., which is derived. primarily. from
the Cy unit, £-4,C-5.C-6, of glucose or fructose, via fructose
1 6-diphosphate. Generation-of 2 by this routc would deliver
activity from [6-1*C]glucose into C-7. from [2-"C]glucose
into C-4, and from {1-C]glucosc and [1-"C]fructose into
C-47 of the thinzole nucleus. Neither the oxidative route via
6-phospho-t-gluconic acid by itsell nor the transketolase
pathway alone can account for the observed distribution of/>
activity, derived from labeled hexoses, within the Cs unit of the
thiazole. However, the two pathways operating concurrently=*

will lead to a pool of lubeled pentoses which, upon metabolic

interconversion.2! would show a labeling pattern corresponding,
to that observed in the Cs unit of the thiazole moiety of
thiamin, isolated in each of the four experiments.

Several other possibilities for the generation of 2. e.g.. a
contraction of the hexose chain similar to that oceurring in the
biosynthesis of streptose,?” followed by elimination ol C-3 or
C-4 of glucose, are less likely but cannot yet be ruled vut.

Glycine (1. 1t was reported in 1967 that glycine (1) is im-
phicated in the biosynthesis of the thinzole moicty of thiamin
in yeast.'® This report contradicted accepted dogma that the
thiazole unit is derived from methionine and alanine.™ We
have recently shown* that published results* concerning the
incorporation, in yeast (S. cerevisiae 39916, H. J. Bunker), of
the S-methyl group of methionine into C-2 of the thinzole unit
are in error. We also found that the a-carbon atom of tyrosing,
reportedly the source of C-2 of the thiazole unit in bacte-
rin.2? M does not serve as a precursor in yeast (S cerevisiae
A.T.C.C. 24903). We demonstratied that, in these two yeast
strains, the methylene carbon of glycine serves as the specific
precursor of C-2 of the thiazole unit of thiamin, and of no other

C atoms of

relative specific activity i

the thiazole 1-16-TC| D-12-14C) n-{1-1C] 0-]1-T°C]
pmducls' moiely glucose” glucose® plucose” fructose®
5-{3-hydroxycthyl}-4-methylthiarolet all 100 £ 2 100 £ 1 100 %3 0o %2
5-Tormyl-4-methylthizzole all except C-7 1711
acetyl-ce-naphthylamine C-4, -4 9 £ 1 923 H4 %2
N-methylphthalimide C-4' 1642 ST 93 42 91 &3
N-phthaloyl-F-alanine C-5,-6.-7 LRI ) ' 6% 5+

« The specific aetivity {disiniegrations per minutc/milimole) of the thidzole derivative 5, derived from thiamin isolated by currier dilution

ifi cach of the four experiments, is normalized 1 100. The spevific act

ivity of cach degradation product is expressed as pereent ufﬂu-\lmﬂ;xr

specific activity of the thiazole derivative from which it was obtained. * Precursar. ¢ Assayed as the pithalimidoethyl derivative,
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carbon atom.* This cvidence reinforces the Nindings of Linnett
and Walker' that, in yeast (S, cerceisiue N.C.Y.C. 1062), the
methylene group of glycine supphies C-2, and the amino ni-
trogen of glhycine supplics the nitrogen atom of the thiazole
nucleus of vitamin By. [t is very likely therelore that an intact
C-N unit, derived from glycine (1), enters the thiazole nucleus.
Scheme 1is consistent with these results..

The origin of the thiazole moicty of thiumin in bacteria
differs from that in yeast in two respects. Firstly, the upit
C-2.N is derived from tyrosine™-¥32 and not from glycine. A
simple modification*® of the present biogenctic scheme can
accommodate this difference. Sceandly, the Ce precursor s
venerated by condensation of 3-phasphoglyceraldehyde with
a C» unit derived from C-3,C-2 of pyruvate™ rather thun from
C-1.C-2 of fructose 6-phosphate. An acyloin condensation was
proposed to account for the formation of the Cs unit from these
precursors The distribution of label observed in the present
work 1s not consistent with such a proposal. :
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