LIAM ROBERT BUTLAND-MANN

TRITIUM INCORPORATION FROM TRITIUM WATER
AS AN

INDEX OF METABOLISM

Submitted for the degree of
Master of Science

in Chemistry at Victoria
University of Wellington
1964.



This thesis describes the application of tritium incorporation

from tritium water (THO) in two separate problems :

PART A deals with the problem of why seeds do not germinate

at temperatures near OOC.

PART B is a preliminary investigation of the metabolism

of dry seeds, fungus spores and pollen.
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PART A

THE METLBOLISI OF IMBIBLD SILD3 AT SUB-GLERLINATICK

TEMPERATULES,



INTRODUCTION

THE PROBLzM

In otrt A of this thesis, the aim hes been to answer the
question: ".hy do secds not germinete at low temperatures?®

More fully, the question could be fremed "What metabolic
aberration(s) prevents seeds from cermineting under conditions
which sre suitable for germination except that the temperature
is too low?"

Chemists are all familier with the rule of thumb that reaction
rates halve for every 10° drop in temperature, Seed germination
is en extreme exception to that rule, BSeeds will germinate in a
few days at 20° but at O  or 50 most species fail to germinate
even efter many weeks,

Two plausible types of explanation might be hazarded:-

(a) one or more specific reactions, essentizl for ger-
mination, fail to begin. (This could be owing to exception-
ally high energy of activation, or to inactivation of enzymes

2

by low temperatures, a not unknown phenomenon, )
(b) ell essential reactions begin, but "get out of step",

i.,e. run at relative rates which sre unsuitable,

Of these, (b) mey seem more likely to many chemists, It is
very easy to imagine that some reactions would be slowed more than
others over a given temperature ranze {about 200), s postulated

in (b)., It seems less likely that one or more would be stopped.



Importance of the Problem

75% of the food eeten directly by men, on & dry weizht
basis, is seeds? Aside from that and other plant products eaten
directly, we depend of course on plants as the indirect source of
meat and fish, Auny work which might extend further north end
south the cultivation of plants is therefore potentially impor-
tent in our hunger-stricken world, It was conceivable that this
thesis might point to means of germinating seeds in perts of the
world where the cold hed hitherto prevented germination,

The mein reason for the work was, however, the intrinsic bio-
chemical interest of the problem stated above. t was considered
worthwhile to examine whether (a ) or (b) or some other explesnation
applied to the phenomenon of seeds' not germineting at low temper-

atures,

What Is a 3eed?

It would be inappropriate to give here a detailed discussion
on the botany of seeds, On the other hand, some chemists may not
know what a seed is, i.e, what is its place in the life history
of a plant,

The seed, which is really an embryonic olant, is the diag-
nostic merk of the phylum Spermatophyta, which may roughly be said
to consist of the coniferous plants (gymnosperms) and the flowering,
fruit-beering plents (engiosperms), The embryonic plant is pro-
duced by fusion of thc male and femele gametes, both of which are

haploid (i.e. their nuclei contain only n chromosomes, n being a
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c;hstant fof a given species); The zygote produced by this fusion
i; d&bloid (chromosome number = 2n) and divides and differen-
£iaté§ tolgive the seed, which when shed by the parent ﬁlant»con-
~tains, iﬁkmost kinds of séed-plant,the fudiments of a root and stem,
‘as well =s one or more special tissues containing storéd food.
0il, stafch and protein éerve as the main‘foods‘stbred in
diffé?ent species, The chemical contents of seeds will not be re-
viewed here, because that subject has been reviewed elsewhere
(e.g. refs. 1, 16) and it provides very little help in the prob-
lem under considerstion here, A seed, like an adult plant, con-
tains very many compounds: so many that e catalogue of them willr
not suggest confident predictions as to which reactions will occur

in early germinetion,

Terminology in the subject of Germination

8

The most useful definifion of the word "germination" is:
l""l:l'xa'r.'group of processes which causes the sudden transformation
of the dry seed into the young seedling",

Evenari, leader of an active group in germination research,
defines the word in this rather similar wai: "Germination is
those processes, starting with imbibition and ending with pro-
trusion of;the root, which take place inside the seed and pre-
pére the embryo for normel growth.,"™ Evenari's group has worked
meinly on lettuce seeds, from which radicles protrude 15-18 hr,
after the seed is wetted, at 20—250. He dividesgtheir germination

into five phases:-
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‘I. imbibiti°n 0-3 hry As the.neme;impliesa‘iﬁjthis"PhaSeythe
seed imbibes water (and usually st e

II Activation 5 13 hr, Apart from its Hlece between phases I

" and III this phase isg poorly defxned It is described as sebxlna
~-the trlgger for growth : This vague wordlng would not, one feels,
'satlsfy many biochemists as a déflnltlon. The term 'activation'
‘hab been used in connectlon m1th germlnatlon of fungus sﬁoresio
refenrlng only to. the inlt;al Stage§j°f germlnatlon, whlch break
dormancy.

III Mitosis 13-15 hr, This phdse is the start of rapid.cell
divisiog, a process which of coursé extends into leter phaees..

- IV Protrusion 15-18 hr,

V Growth 18 hr, onwards, (Reference to Evenari's definition
of germination shows that, on that definition, phese V is not part

of germinstion at all,)

PREVIOUS WORK

On the gquestion posed above,bvery little work hes'been re-
ported. 1In oats, barley and rye, the higher the sucrose content
of fhe grain the grester the resulting seedling's vigour and the
lower the minimum temperatu}e for_germihation. SimiLe?ly, cold
hardiness of three varieties of_winﬂer‘dheat was positively cor-
related with 4-aminobutyric acid content of the grein, Addition
of - 4-eminobutyric acid to the.germination medium greetly increased

theé germination % age of wheat at low temperatures, but did not



lower the minimum temperature below which no grains would germin-
ate? Swollen corn seeds kept at Oa for 12 deys conducted pro-
teolysisZ-as judged by the decrease during that period of the ratio
‘protein N/non;protein N from 3.5 to 1,2 in the germ, end from 2,6
to 1,4 in the endosperm, The concentration of emino N nearly
doubled during the 12 days st 0°, Cucumber and spinech seeds formed
more riboflavin during germination slowed by low temperature than
they did in nofmal germination a2t room tempereture,

Stumpf1520aked peas in water et 2° for 12 hr, end then homo-
genised them in ecetone at 0° for 10 min. The resulting powder

contained water-soluble enzymes capable of converting fructose

diphosphate to aceteldehyde,

On the subject of the chemistry of seed germinafion et normal
temperatures, the writer hes reasd, in abstrsact and/or original,
hundreds of papers, It is proposed to mention here only those which
seem relevent to the problem deslt with in pert A of this thesis,
For one or more of the reasons which will be given immediestely,

a Qery high proportion of the 1iteratﬁré on seed germination is
irrelevant to this problem,

Firstly, the writer accepts the definitions of germination
quoted above, and therefore rejected, as irrelevant to the prés-
ent purpose, those papers in which the first meesurement reported
on the seeds was after protrusion., An example typical of meny wes

11 ; v
Teng's paper, entitled "Tempersture characteristics for the pro-
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~ duction of~c§fbon dioxide by germinating seeds of Bufiﬁus albus

and Zez mazs.' Despite this promising title, the work begen by
11 :

" germinating the seeds until the radicles end hypocotyls were showing,

The measurements then made onAproduction of caerbon dioxide, what-
ever their value otherwise, were clearly Egﬁ on germinating seeds
(bﬁt on young seedlings), Dozens of papers, some by well-known
biochemists, purport to be en germinating sgeds but, like Tang}s,
ere; irrelevant for the presen£ ourpose,

Agein many workers have analysed seeds at intervals.during
gerﬁination, avoiding the criticism just mede, but heve used the
time-scale 1, 2, 4,... days. Now the results of the writer,
presented later in thisﬂthesis; show thet mustard séeds wet at O°
ere conducting fewer reactions after sevéral.months than they are
after 2-4 hr;‘at room temperature, Therefore experiments in which
the first measurement is ohe aay efter wetting the seeds give re-
sults for & much more advenced stage of germinstion then this
thesis desls with, It is, edmittedly, possible that‘g result
after:one or two days of gerhination might giva-information on the

much earlier stages. This is very unlikely, however, Furthermore,

"... there is ebsolutely no way of telling whether & result geined

after 24 or 48 hr, of germination would heve been gained after
3=4 hr. Many scores of papers on germination are thus of very.
uncertain relevence to‘this thesis,

The literature on seed germinetion will be reviewed heré,

.3

.classified eccording to the experimental approach., Under each kiﬁd



of experiment will be discussed (2) those papers of likely relev-
ance to the present problem QE) a few of the pepers which;<for

one or other of the sbove reasons, are most probably irrelevént.

1 Nutrition studles on germinating embryos

It is the embryo (often a small fraction of & seed's bulk)
which grows into an adult plant. Therefore several experimenté
‘have studied the nutritional requirements of excised embryos, This
method of studying germination has not proved to be well suited to
discovering the reactions which are importent early in germination.
Conclusions are of the form "Substance X is/is not (strike out
whichever does not apply) required for growth of excised embryos
" of species Y"., It can be seen, therefore, that information on
the early reactions of germination is unlikely to accrue from this
method, because, since growth or.non-growth is what is observed,
the eerly stages of germination sre not being directly studied;
and existence or ebsence of a requirement for substance X will not -
usually tell us much ebout intermediary metabolism, A further
drawback is the slight possibility of seriously pérturbing the em-
bryo by excising it.

It is hardly surprising, then, that this method hes pro?ided
no. papers of apparent relevance to the present problem:

1(a) No pepers

L&El Mature rice embryos were excised snd grown on agar to
which had been sdded a particular sugar, The embryos grew well

on sucrose, D-glucose, D-fructose, and maltose; but D-mennose .
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and D-gelactose were little or no use, Very immature barley em-
bryos matured normally if supplied with, as well =5 sugar and
mincerels, a vitemin-free hydrolysate of casein, This was inter-
preted as showing that amino-scids are importznt in early germination,
Although strictly it may belong in a cctegory of its own, we
mention here the fact that seeds with low vitamin » content ger-

14
minete poorly,

2. leesurements of concentrations of metabolites at successive

Fa)

w
pas
0
I
w
o
s

cermination,

=

his has been one of the most widely epplied methods., It
suffers from these disadvantsges:-
(i) it hes usually proved too insensitive to detect the very
early reactions in germination,
(ii) A necstive result is inconclusive, Thi
9
realised by some workers, For instence, Uvenari found that let-

s has not been

tuce secds have & hizh =t content but this is "untouched" in

gerrination, =s tre the 14 free cmino-tcids present in these

1

seeds, The conclusion that the whole @nmino-scid metzbolism was

dormant until efter protrusion was bassd on the experimental re-

sult thet the concentrations of the free zmino-scids were

Vi

b}
Jd
prs
™
(.}
s

@D
Q

on:
until sfier protrusion. t secems to hzve been overlooked by

A

wvenari thet constant concentretion of & metobolite does not nrove
that it is not being metabolised; the zlternative and often more

(=1

likely explenetion is that the metabolite is teiny formed and used
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1

up a2t the seme rate, A&n smino-ccid wizht well be supplied by
oroteolysis and convertec to, say, the corresponding d-oxo-acid,

the two reactions proceeding &t the same rote. On the other hand,

w

if the concentrztion (on e drv weight bosis) of & metsbolite

[3¢]

changes during germinction, the unembiguous conclusion is reached

e

thet this met-bolite has undergone chemical re=ction,

2(a)

9

The =venari group measured the concentrations of fa

o+

s free
emino-ccids 2nd sucrosc in lettuce s-eds perwineting et 28°,
They concluded thet sucrose wes the sole resoiratory energy source.,
The smbiguity of the resulis on et &nd 2mino-ccids has been dis-
cusscd in the lest psrugranh,
The concentration of 4=-cuiinobutyric ccid in Fhaseolus rediatus
12

seeds rose in the first six hours of germinstion,

16
In their well-=known book, Crocker and Barton collete .ony

experiments on chences ol chemical composition of germinzting seeds,
but the time scales azrc slways far too coarse for the present pur-

poses, €.,g, the first msasurement is afier one or two days, Doz~

ens more of this kind of experiment heve been reportecd in the lit-

]

erature since thet book. ilany are reviewed in a more recent book
152

on germination of seeds, A few exemnl.s will be ziven here to

show the sort of results :jained alter & day or two of germination.

Riboflavin concentretion incressed greatly in esch of sever-

2l species; nicotinic acid increessed in some; biotin rose in
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some but fell in others; and aneurin showed no significent change,
imbryos from berley which had been socked overnigzht showed

(very faint) zbsorption bands attributcble to cytochromes a, b

and ¢ (ref. 157).
tuch malic scid is synthesized during the sprouting of cereals

169
and legumes,
After 24 hr, on wet send, barley grains no longer contain

reffinose or sucrose, both of which hzd been present in the dry

Sucrose, but not raffinose, reappears after socking for

grain,
170

lonzer periods,

5+ wseasurements of enzyme activities at successive stages of

gerimination,
This metnod suffers froxn the drewbacks inherent in all en-
These disadvantages are

studics on cell-free extracts,

zymatic
iscussed ¢lsewhere in this introduction, in the explzin-

briefly d s
etion of the adventeges of the method used in this thesis,

The other drawbsck is thet this method hes not proved sensi-

znouch to detect the very early reactions in cerminetion,
g Y 2

tive

5(2)
A thorough study of glycolytic enzymes in an agqueous ex-

154
traet of powdered peas showed that the Eubden-lieyerhof p

171

vas the sole pathway of glucose phosphate breakdown,
Lettuce sseds were extracted with phosphate buffer at 2°,

o

@

'he supernatent after centrifugation w

metiods involving incubations of 30 min, or more, to contein

cwey
.

g found, by conventional
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liADP-dependent glucose &-phosphate dehydrogenasse, and IIAD-depen-
dent alcohol dehydrogensse,
172

During the first 12 hr, of germinction of sesds, peptidase
activity remained at a very low fipgure in the hull snd endosperm,
but increased greatly in the embryo and scutellum,

173

The first 24 hr, of germination of immeture soybeans saw
an increese in the activity of a higher fatty zcid dehydrogenase,
acting on 9 comuon fatty acids and usinz either of ITAD or LIADP.

\
5(b)

This is & large cetegory., 24 hr, or longer after wetting,
various seeds have been found to contain very many different en-
zymes, Just & few will be mentioned here,

CoA-containing mitochondrial prepzrations from soybeans in an
advanced stage of germination condensed oxaloacetate and acetate

174
to give citrate. Also, malate or oxaloacetate gave citrate from
pyruvete, ihen oxidising a member of the iirebs cycle in the pre=
sence of one of the three amino-zcids slanine, aspartic acid and
glutemic acid, the mitochondria produced the other two of thet trio,
L-zminobutyric acid was formed from glutamic acid.
Transemination has been observed after 24 hr, or longer in
175-7
several species, 178
In wheat germinated 24 hr., dehydrogenases of citrcte and

mzlete were found to be very active in the germ; and of succinate

and zlutamate, in the endosperm,.
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Strong evidence for the glyoxylate cycle has resulted from
179-182
several workers but in 2ll cases the seeds used had protruded

rootlets i.e. germination was really complete.

4, Action of inhibitors

Inhibitors heve been exceedingly useful in clecssical work on
enzymes in cell-free extracts., Formulation of many metabolic
pathways has re:ted largely on the detection of intermediate com-

n

pounds when they "pile up" owing to the specific inhibition of

enzymes,

4]

For the study of the esrly resctions in seed grerminstion,

however, inhibitors have been of little use. PFirstly, there is
1
an embiguity about negrtive results., 3pedding found 211 the nor-

o

mel early reactions in musterd seeds zserminsting in 10 I azide.

Une possible explanation is thet a substance so foreign as azide

would not be even apprecicbly =bsorbed into the cells of a whole

organism., (This ambiguity does not =iply, of course, in the in-

terpretation of experiments with inhibitors in cell-free extreocts.)
Secondly, thers is the serious drewback, already mentioned under
method 1, that when growth or non-growth is the observed result,
deductions about the esrly reactions of zerminetion will probebly

not be possible.

4(b)

The embryos from wheet which hzd been sosked for 24 hr,
187

yielded cytochrome oxidese, which was inhibited by cyanide, ni-
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trate and cerbon monoxide, all of which elso inhibit the res-

154
Cerbon dioxide inhibits germination of secds of nine,
185 186
Dressica glba, and 10 other species, “'hen the partial pressure

of oxygen is as in air, high pertial pressures (20-307) of COsp
186
are needed to inhibit germination.,

Cress and musterd secsds moistened with dilute solutions of

salts of lead, copper, zinc, beryllium or thallium germinate slowly
187 138

or not at all, Jeeds germinate 0;: in soil containins 10 ppm
2, L-dichlorophenoxyecetete,

Lettuce seeds can geriinete, though only slowly, in an at-
mosphere 207 Iy, 15% COp, 5% 0, (ref. 129), 13 comron species
cen geruinete in pertiel pressures of O, below 5: (ref. 100).

1c0

In one of these species, : ermination rate incressed to neer

normal on addition of ATP, OSome s eds even germinate under pure
101

-

nitrogen or srgon!

5. ileasurements of Respiretory Quotient (R. Q.)

1

This method hes the virtue of studying the whole, unpesrturbed
orzanism. A value of 1,0 for the R.4. of & tissue is usually teken
to mean thst complete oxidation of carbohydrate is the sole cause

of oxygen upteke and cerbon dioxide outnut., Ilowever, the value

@
)
]

1,0 for the R.4, of a seed could conceivably aris a "weighted

everagze" of other types of metcbolism, some of which would, if

=

proceeding alonc, give & value below 1.0, but others of which would
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give a value above 1,0, If these proceceded ot eppropriste rates
they could "balonce out" to & net value d... = 1.0,

The main drawback of R,3. for the present purvoses is that

1o}

even if one could conclude from it that, say, glucose wes bein

oxidised to cerbon dioxide, one could not tell by what pathway
the oxidstion was being effected.
"_‘(a
R.4. values have been measurec within ¢ few hours of wetting
195-7 ’

seeds, The conclusions heve bzen limitcd by the consicer  tions

mentioned immediestely =tove,

2(b)

few velues exist of R.L. Z“or seeds in very advenced steges

&
sy

of germination (e,g. ref., 193).

e e

6., Use of Isotoues

Lxoeriments with isotones hsve grest potentizl for providing
the sensitivity in early zerminstion wihich most other methods

lack. In view of thzt potential, it is surprising how few re-

a1

levent results sre in the litersture., One prospective diirficulty

is introducing the avpropriete leabelled substance into the cells

of th. wholc seud,

6(a)
Possibly the most importent peper in the litersture on ths
1
cerly recctions of secd germinstion (overlooked by Spedding in

112
his review of the subject) is by Haber and Tolbert., 'They intro-
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i pes int uce secds under conditions whic ead to
duced isotog to lettuce d d t hich lead t
protrusion of the radicles 15-18 hr, after the seeds were moistened,
The sim wes to study metebolic resctions in the first three of

Zvensri's five stzues (see the stert of this introluction), Im-

bitition, Eveneri's stage I, wes complete in 4 hr,, or if the seeds
were punctured, 15-20 min., From HlAJGZ, 1l‘LC was incorporated into
soluble compounds within en hour (unpunctured seeds). After 90
min., compounds labelled wers alanine, glycine, glutemic =acid,
glutamine, aspartic =cid, esparazine, serinej; melic, citric, suc-
cinic, fumeric snd glyceric ecids. By the end of imbibition, 1/3
. 14 . " i P -
of the total fixed C wes in malic ecid. From n2 - POA, whole
, 2
sceds incorporated “ P into only ethanol l-phosphate, up to pro-
trusion; &end that result was considered by the authors to be
probably an eartifect crested in .xtraction., From protrusion on-
ward, many phosphates became lebelled, 2s in 2dult olents, Punc-
tured seecds, however, lubelled phospholipids and vhosvhorylcholine
: T o w it B : s . s :
with “7P within 3 hr. of moistening. BRefore protrusion, intact
55
S

sceds incorpor:ted no from cerrier-free labelled sulph:te;

N

but vunctured s-cds incorporetcd 723 within 2 hr, into many com-

pounds, e.g. cysteine gnd methionine. The difference Dbetween
whole snd punctured seeds wss thought to be due to poor perme-
ability of the se.d cozts to phosphate and sulphete, If that ex-
planation is correct, which seems highly likely, it constitutes

1

an exemple of the difficulty mentioned in the previous paragraph,
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No such difficulty cen arise in the use of this thesis?
method to study germinstion, if the sssumption is granted thet
there is no serious discrimination against the absorption of
7HOMH molecules during imbibition of THO, The highly important
results of Speddinglon germinating musterd seeds lead to con-
clusions in accord with those of Heber and Tolbert, nemely, trans-
aminations end reections of the Krebs cycle seem importent very
early in germinetion, In sunmmery, Spedding found that metabolism
of the amino-ecids 4-eminobutyric 2cid, aspartic zcid, slanine
end glutamic scid occurred within 10 min, of wetting musterd
geeds with THO at room temporeture, UWithin 70 unin, of wetting,
the seeds were elso metebolising citric, malic and succinic acids,
Soon: these were joined by fructose and what were tentetively re-

1
ported as phosphetes but heve since (Speddin:, pers. comn,)
proved to bc amiro-acids, Lipids were being meteboliscd within
5 hr.
Other unidentified lebelled compounds aspeared leter in the

serminetion process,

6(b
195
In the first 72 hr, of geruination, Phaseolus radistus seeds
metaboliseu exozenous, uniformly-lesbelled glutsmete -143 mainly to

14

302. Probably this was =chieved by passing zlutemate into the
Krebs cycle as A~-oxogluterate, OSimilar exseriments with labelled

glucose gave labelled zspartete and zlutesmats

v

Radiozctive wheet seeds, obtzined by injectincs acetate 1

b

into the stems of the perent plents, were gzormineted and the fate
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194

of the 140 was observed, Unfortunstely, the time scale 1, 2,

\N

9.+ days wos used, so McConnell cen haerdly be said to heve studied
"the onset of germinstion", cs he claimed, luch of the 1uC ap-
peared as 14002. Several results "indicated thet glutemic ecid

was reutilized, after re-entry into the Krebs cycle, for the bio-
synthesis of seedling protein.," [cConnell's method is one answer

to the difficulty of getting isotopes into se=ds,
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PRINCIPLES OF THE METHOD USED IN THIS PROJECT

Tritium water (THO) is introduced into a living organism,
It is confidently expected to penetrate into all cells, After
a suitable period of time, the organism is killed and analysed to
find which compounds, if any, have become labelled with tritium,
Three kinds of label can result:

1. Instantly exchangeable ("labile") labels, Hydrogen

atoms of -~CH, =SH, -NI-I2 and -COZH groups are ionizable and
equilibrate with the hydrogen of intracellular THO within a
small fraction of a second, to give =CT, =ST, -N.l'2 and -002T
respectively.

2, Slowly exchangeable ("semi-labile") labels, Tritium

bonded to a carbon atom adjacent to an enolisable carbonyl group

is slowly exchangeable with the hydrogen of water,

(slow) (fast) R'w

R"-(I;H-?-R R‘-CH:?-R CH:(':-R

- 0 or OH

3. Non-exchangeable S"stable"! labels, These are C-T

labels not of type 2,

The bracketed nomenclature seems inferior in the opinion
of some, because the term "stable tritium atom" is objected to.
Labels of types 1 and 2 are removed in the extraction and

subsequent treatment of the killed organism. DMore precisely, one



should say that labels of types 1 and 2 are reduced to specific
activities far below the detectable minimum, This is achieved
by exchange with relatively huge excesses of instantly exchangeable
hydrogen in the form of non-tritiated solvents, e.g. ordinary water,
ethanol etc. (see "Methods", below, for experimental details).

Now the crux of the method is that non-exchangeable
incorporation of tritium from THO can occur solely as a result
of metabolic activity. Any compounds still tritiated after
removal of labels of types 1 and 2 must have become labelled in
metabolic reactions,

In many biochemical reactions hydrogen from water becomes
non-exchangeably attached to carbon atoms of metabolites. Thus
tritium incorporation can be used as an index of metabolism,

The writer has surveyed the biochemical literature-0?227%!
and listed most known biochemical reactions in these categories:
A, Reactions in which non-exchangeable incorporation

of tritium from THO is expected to occur.

B. Reactions which are not expected to entail non-
exchangeable incorporation of tritium,

C. Reactions of which the mechanisms are not well enough
known for a confident prediction to be mede as to whether tritium
would be non-exchangeably incorporated. In most of these cases,
conducting the reaction in THO would probably be a valuable means

of gaining information on the mechanism,
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The lists of reactions appear below, Meantime, suffice
it to say that non-exchangeable labelling of metabolites is
expected in the Embden-Meyerhof sequence, the Krebs cycle, the
hexose monophosphate shunt, the fatty acid spiral, mevalonic
acid biosynthesis, pyrimidine biosynthesis, transamination, and

many other important metabolic pathways.

Advanteges of this Method

1. Metabolism is studied in vivo

Biochemists have become so used to inferring biochemical
pathways from enzymological studies on cell-free extracts that
many of them would now regard almost suspiciously any studies of
intermediary metabolism not performed on purified enzyme
preparations,

However, it should be remembered that the goal in
studying intermediary metabolism is, by definition, the discovery
of the reaction pathways in the living cell, It does not seem too
extreme, therefore, to say that studies on cell-free extracts are
in a sense makeshift, indirect ways of inferring what reactions
occur in living cells., Such indirect approaches are open to
dangers. For instance, consider the astonishingly high catalase

activity of many cell-free extracts. Does it not seem incredible
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that living cells decompose hydrogen peroxide at anything like
corresponding rates? Some plant extracts show polyphenol
oxidase activit39 J far beyond credible figures for the intact
cells, Liver, kidney, moulds and bacteria have yielded active
D-amino-acid oxidases'’; yet it seems very doubtful whether
oxidation of D-amino-acids occurs naturally in liver or kidney,
mainly because these organs probably never contain any D-amino
acids! It seems relevant to quote some remarks on sporeswz

"In our studies with fungus spores, we have found
the intact, viable spores to possess fairly high enzymatic activity -
the enzymes we have worked with being invertase, an atypical
ascorbic acid oxidase, and a sulfhydryl oxidase., The activity of
these enzymes is much higher than could possibly be necessary for
metabolic requirements of the cell, Furthermore, we can
completely inactivate these enzymes without impairing the metabolic
activity of the cell, Thus, it is quite possible that there are
enzymatically ective proteins in spores and possibly vegetative
cells too, that have no particular catalytic function essential
to the metabolism of the cell, The enzymes I have mentioned are
apparently localized on the external surface of the plasma membrane
of the spore., Their primary function may thus be as structural
proteins in the membrane",

Further, it may be pointed out that the very making of a

cell-free extract destroys to a large extent the spatial
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organisation, which is important for the metabolism in vivo.
Chemicals are mixed which had been kept separate in the living
cell,

The writer does not desire, let alone undertake, to
demolish the whole concept of using cell-free extracts in
metabolic studies, It is, however, insisted that whenever
possible the living cell (or even better, the whole living
organism) should be studied. Historically, the use of other
less direct and less conclusive approaches arose largely through
necessity. The advent of isotopic tracers provided & most
welcome means for studying metabolism in vivo. Isotopes have
been used to discover "new" pathways, such as the path of carbon

19

in photosynthesis ”, and to reinforce previous knowledge (e.g.

on the existence in vivo of the Krebs cyele?),

2, It is applicable to some biochemical problems on which other

methods have not made (and probably could not make) much progress.

For instance, if one is asking "What reactions occur in

spores or seeds within 10 minutes of wetting them?" it is of little
use to begin by extracting these propagules with aqueous solutions

and then test the extracts for enzymic activities, However, these

problems have been attacked with marked success1’2 by the method

used in this thesis,
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Similarly, questions on the metabolism (if any) of resting
seeds, spores and pollen seem hard to tackle because one is
precluded from wetting these propagules (for they would then be
no longer resting but geminating), Part B of this thesis
describes an encouraging preliminary study of a new method in
this field.,

3. Ihe experiments are essentially cheap and simple
A great deal of information on the metabolic pathways in

& hitherto unexamined species should be available for a

relatively low outlay of money and man-hours,

4., Being a radiochemical method it is fairly sensitive

At the start of part B is presented, with comments, a
set of assumptions on which to calculate the sensitivity of the
method. The conclusion is that only 10-9 mole of a metabolite
would have to react before it became labelled to an extent
detectable by the method (described under "Methods", in part A).

This figure of 10-9

mole has an uncertainty of several orders
either way, depending on the validity of the assumptions. The

reader is referred to the start of part B for details on this,
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Forerunners of the Method used in this thesis

Quite soon after deuterium was discovered, Schoenheimer5 7 fed
Dzo to mice and discovered that hydrogen from body water is
incorporated into fats., Also he concluded that steroid bio-
synthesis began from small molecules,

Over a period of 13 days, mice injected with a total of
1.2 millicuries of THO bound orgenically 0.5=1% of the tritium.

The biological half-life was as brief as one da; 8.

Phaseolus vulgaris (red kidney bean) plants of which the
nutrient solution contained THO (100 /ucnries/ml.) showed a plateau in
decrease of tritium activity in the ;1utrient solution, after ¢, 12 hr,
Bound tritium took ¢. 60 hr, to reach equilibriums 9.

THO vapour was supplied to soybean leaves and shown to be in
relatively rapid equilibrium with the non-exchangeable hydrogen
fixed on photosynthesised suga.rsso.

Liver slices incox'porated61 tritium into fatty acids, mainly

at odd-numbered carbon atoms, from a solution of KHCO, and glucose

3
in THO,

The first applications of writium incorporation as a means of
surveying most of an organism's metabolism at once were by Spedding1
and Ed.wardsz. On the germination of seeds and fungus spores they

made many discoveries, particularly important in that measurements

were able to be made very early in germination - within a few minutes
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of wetting the dry seeds or spores, Few previous methods had
afforded results so early in the germination process. Neither
worker, however, made a systematic survey of known metabolic
reactions and pathways for the purpose of predicting which
metabolites would, would not, and might become labelled, Their
surveys were not extensive, and contained several mistakes. For
instance, Spedding predicted that oxidative deamination of amino=-
acids would not give rise to labelled metabolites; and Edwards
concluded that pyruvate would become labelled in the glycolytic
sequence (whereas it most likely would not be found to be labelled
by the methods used, owing to keto-enol tautomerism, which will
exchange out the hydrogens of the methyl group)., It is too

much to hope that the survey presented here is quite free from
errors or omissions, However, it does represent the first
exhaustive survey of this kind, and can be fairly claimed to be
a considerable advance,

Apart from experiments using D,0 or THO for in vivo experiments,
isotopic hydrogen has been useful in studying the mechanisms of
enzymetic reactions in vitro, A complete review is not required
here, but only a mention of some results relevant to this thesis,
The mechanisms of several reactions in the citric acid cycle,
glycolytic (Embden-Meyerhof) sequence, hexose monophosphate shunt,
squalene biosynthesis via mevalonate, and some other pathways,

have been illuminated by experiments with isotopic hydrogen,
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These are described in the discussions of pathways, immediately
after the lists of enzymatic reactions, A common type of application
has been the determination of the proximal source of bound hydrogen,
Water, NAD(P)H,, and intramolecular hydrogen shifts have all in
different cases proved to be the source of hydrogen newly bound

to carbon, Some fascinating stereochemical aspects of enzymes

(0.g. aldolase, fussrate hydrataseZ®

, etc,) have been revealed.
Measurements of isotope effects have not yet been much use; in
those cases (e.g. refs. 49, 62) where measurements have been made,

few deductions about mechanisms have been possible,

The Isotope Effect

Spedding1 stated, without much supporting evidence, the
opinion that isotope effects were very important in the interpretation
of tritium incorporation from THO. That was in his introduction.
He never a.gain1 mentioned isotope effects, Edwazﬂaz concluded
from several papers that the isotope effect "may be considerable",
but that it will not cause any drastic changes in mechanism,

She expected the germination of spores in THO would be "the same"
as in ordinary water,.

The following literature review, while perhaps not exhaustive,
is more extensive than those by Spedding and Edwards., It points
to a conclusion which is contradictory to Spedding's but similar

to Edwards', though rather more cautiously framed than hers,
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The isotopes of hydrogen differ more widely in atomic
weight than those of any other element, A key assumption in the
use of THO in this thesis is that the path of tritium can be used
to infer the path of protium, At worst, isotope effects could
conceivably invalidate this assumption. The literature on
hydrogen isotope effects in vivo gives little ground for fear,
however, Most experiments have used deuterium; often as almost
pure D,0. In several such cases (see below) important isotope
effects have occurred. However, in the THO added to organisms
for this thesis, only about one in 300 of the hydrogen atoms is
a tritium atom, (This was calculated from the specific activity,
5 C/ml, Thanks are due to R. J. Furkert for an independent
celculation giving the same result, 0.3 atom % tritium), For
comparison, the hydrogen in naturel water is 0,02 atom % cleu‘l:er‘.i.|m63 %

A basgis for the theoretical explanation and prediction of

deuterium isotope effectaa"

is the difference in zero-point energy
between & bond to deuterium and the corresponding bond to protium,
However, theory is not yet adequate to predict values of isotope

65 to

effects for enzymatic reactions in general, It is useful
distinguish between the primary and secondary isotope effects. In
the latter, the isotope is not involved at the reaction site., An
example would be the decarboxylation, in ordinary water, of

phenylalanine labelled with tritium at the para position of the
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benzene ring., Secondary isotope effects are most unlikely to

be of magnitudes appreciable for our present purpose, On the
other hand, primary isotope effects could be, with the hydrogen
isotopes especially, of considerable magnitude, For instance,

a theoretical limit at 298°K predicted for the isotope effect

in breaking 0-H bonds, 136“ kh/kb = 10,6 (where k = specific rate).
Tritium primary isotope effects could conceivably, on some
theoretical pnadictiona65 , be as serious as kH/kT = 100,

In the absence, however, of any adequate theory predicting
tritium isotope effects in vivo, we must turn to experimental
values, G. N, Lewis66 discovered that tobacco seeds germinated
only slowly in 50% D,0, and not at all in 1005 D,0. Germination
of wheat67 was greatly delayed in 1004 D,0, but did at length occur.
Seeds soaked in 25% or L0k D,0 for 25 hr. germinated but slowly.

The effect was more marked with 40% D,0, but in neither case was
any lasting effect on structure or engyme activity observedés.
Two varieties of Pisum sativum seeds germinated in D

2
4Ok, but above 50% D0 not at 31169. A possible slight inhibition

0 up to

of germination of Lupinus seeds in 1:2000 deuterium solution was

alleged’®, D,0 id not stimulate seed germination at low Pe——_
Nutrient solutions for two cultures, (a) and (b) of a mould,

Aspergillus sp,, were made up with (a) double-distilled water,

(v) 0.47 mole % D,0. At harvest after equal times, the felts of

colony (a) weighed 16 times those of colony (b)71. However, 0.46%
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D,0 had the same effect as distilled water (i.e. 0.02% D20) on

2
the growth of Aspergillus niger, the percentage germination of

Erysiphe graminis tritici (e powdery mildew) conidia, the growth

of wheat roots and the respiration rate of wheat seedl:l.nsa“03 .
Male mice supplied with 30% D,0 become incapable of effecting
fertile matingswl". A possible explanation is based on alteration
of properties of DNA, Similar conclusions have been pointed to by
other work1°5 ’106. Possibly the hydrogen bonding in the DNA
macromolecules is significantly different from normel when a high
percentage of isotopic hydrogen is present. We may confidently
expect no such aberrations when only 0,3% of the hydrogen atoms
are tritium,

Pollen of Narcissus papyraceus gemminated well in 18% or
5%% D,07°

Algae growing rapidly in a medium containing 23,5 mole % D20

and 1 mC/ml, THO, and no other hydrogen source than water,
incorporated deuterium at half the rate for protium, and tritium
at 90% the rate for deuterimu. This agreed well with the
theoretical prediction of Eyring and Sherman’* that the maximal
deuterium isotope effect (kD/kHﬁi), at ordinary temperatures, would
be 5. More isotope effect occurred’” in the biosynthesis of lipid
than of protein, nucleic acid or starch,

The body water of nursing rats was la.bellet.i.s3 with 2,5k D20

and 1 puC/ml, THO, Similarly labelled drinking water was supplied
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for two weeks., The mothers and pups were then killed and analysed,
revealing that the ratio of atoms T/D in the fats of the memmary
gland was 80% of the T/D ratio in the body water. However, other
75

workers =~ found no significant isotope effect in the body water,

liver, pelt or residual carcass of rats which had drunk water

™ atom % of T) THO,

containing 98,5 mole % D20 and 0,50 mC (i.e. 2 x 10
The rats had been fed this water for five weeks but ordinary water
after that for 60 days until killing, The T/D ratio remained
constant in all tissues after incorporation.

Pseudomonas sp. (a2 unicellular marine animal) gives off
hydrogen gas, containing only about % the deuterium concentration
(atom %) of the water it lives in76. Hydrogen-adapted Scenedesmus
shows an isotope effect (kl-r/k'l‘) of 0.6 in incorporating hydrogen
from molecular hydrogen gas62.

The maximum rate (initial rate with high substrate concentration)
of the condensation reaction which feeds acetyl groups into the citric
acid cycle is 1.4 for acetyl-CoA compared with 1,0 for acetyl-CoA
deuterated in the acetyl group82. For the conversion of L-tyrosine
to tyramine-1-d, in D,0 kH/kD = 2,0 (ref. 102),

In the enzymatic reaction (h.2.99.2 in the List) O=phospho-
homoserine + H,0 = threonine + phosphate, kH/kD = 6,7 and kﬂ/k,l, = 40,
Sl'hesel"9 are very high compared with the few other recorded values

for hydrogen isotope effects in enzymatic reactions.
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Succinate in which the hydrogen on carbons 2 and 3 was
77 atom % deuterium was oxidised at 4Of of the normal rete by
a succinic oxidase system&".

Greater retention of C=T than of C-H bonds oc::cu::'::'et:ls5 in
the utilisation of the methyl group of methanol for the biosynthesis
of labile methyl (choline, creating).

The literature on hydrogen isotope effects in living

organisms indicates, then, with a few possible exceptions, that THO
in which only 0,3 atom % of the hydrogen is tritium will not cause
gross metebolic aberrations through the kinetic iscotope effect. We
may expect, however, that specific rates for tritium will differ
somewhat from those for the corresponding reactions of ordinary
hydrogen, Branching ratios will almost certainly be abnormal;
i.e., the molar ratio of products B and D when a compound A breaks
down will be different in THO than in ordinary water. We reiterate
here the much greater magnitude of primary isotope effects compared
with secondary ones. Also we bear in mind that only qualitative
(and not quantitative) conclusions will be sought,

The assumption then seems fairly well justified that the

path of tritium in vivo will not be qualitatively different from

the path of ordinary hydrogen.
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Hadiation Damage

The experiments for this thesis involved introducing THO of
specific activity 5 C/ml. ianto living organisms., Some dilution
is expected from inactive water and other exchangeable hydrogen
already present in the orgenisms, but this dilution would probably
not reduce the specific activity even one order of magnitude.

Black musterd seeds (Brassice nigre, 6 extremely closely re-
lated to the species used ﬂi; this thesis) are exceedingly res-
istant to radiastion demege, compared with other seeds, At room
temperature, they germinated well despite heavy irradiation from
€Oco at 700 kr./hr. (r.=Roentgen), the dose beginning when the
seeds had been imbibing weter for six hr., The dose to prevent
germination of half a large sample was 8,95 x 106 r., an exception-
ally high figure for seeds., This unusual resistance to radiation
demage might well be shown, in some degree at least, by the seeds
used for this thesis.

Nevertheless the possibility of radiation damage had to be
carefully looked into.

Most measurements of radistion damege have been with X-rays
or gemme reys, The P-rays of tritium, mean energy 5.69 keV (i.e.

7
5.69 x 107 electron volts) are among the weakest known, Their

107
range is only 0.7 nmg, cm'a. It was conceivable they might have
an anomalous relative biological cffectiveness (RBE); that is to

say, a given dose of radiation from tritium, measured as production
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of ion pairs in air, might do less damage to an organism than the

57

same dose from a much more energetic radiation., In bean roots and
at least some mammalS? however, experiments showed that the RBE
of intracellular THO was not abnormal, Damage per unit dose (i.e.
per r,) was as expected on experience with much more energetic X
and P rays,

140,000 r. had no measurable effect on cytochrome oxidase or
succinate oxidase of Bacillus subtilis cells or lysates bombarded

108
with electrons. Dry, powdered ribonuclease end adenylpyrophos-

phatase required respectively 3.4 x 107 end BeD X 106 r, of gamma
109
rays to insctivate them, 35oft X-reys were used to irradiate thin

films of enzymes at the rate of 102 r./min, 37% of the enzyme ac-
tivity remained after %0 min, of that irradiatioz}o

The radiastion level et which healthy seeds retain 20-40% of
their germinetion ability was measured, in pot testi}lby edding
appropriate amounts of liell, 52?04. The critical dose was as low
as 450 microcuries for "Express" peas, 300 for two tomato varieties
and one carrot variety, and 150 for another carrot variety. Onion
seeds were almost all killed by 50 microcuries., No control ex-

periments were reported, which may account for the great radiation

sensitivity implied, One-day-old scedlings of Cicer arietinum

113
were treated with 450 r, at 30 r.min."l from an X-ray theraoy source,

a nd then kept at 24£1° for one hour, OSome vaguely-described

chromatography then indiceted that the radiation had caused a marked
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increase in alanine concentration, Glutamate and threonine were
not separated from each other, Their combined concentration had
risen merkedly. The concentration of 4-aminobutyrate had doubled.

The median lethal radiation dose from THO drunk by rats over two

114
months at 57-77 rep/day was an accumulated dosage of 3000-3700

115
rep. Algae were grown in verious levels of THO, J2p, g -90y

or 25, and then sub-cultured in non-radioactive inorganic nutrient
solutions., Growth rates decreased as radiation dosage rose, and
the reduced growth continued in the sub-culture., 5-40 mC/ml, THO
(1600-17,000 rep/dey) gave no eppreciable inhibition in one day

but thereafter growth rete slowed with incressed szccumulated dose,
There wes & marked slowing of growth after 72 hr, =t the highest
dose razte,

Sometimes stimulztion by low doses of radiation has been
117 118

noted. The beta and gamma reys from uranium snd potassium stimu-

lated the germination of some species, &t very low dose levels,
119
Radon in the air speeded sprouting and growth of oats, %5ca ac-
120
celerated sprouting of osats at 12° but not at higher temperatures,

Of'ten, heavy doses of radiation do not inhibit enzymes in
116
vivo, and may even activate them, Doses up to 5000 r, on rats
116
did not inhibit seven important enzymes, nor oxidative phosphory-

lation in liver mitochondria, However, 50 r. merkedly depressed

the oxidative phosphorylation in spleen mitochondria, in similar
116
experiments, Among livin: organisms, seeds are relatively radio-
116
resistent, especially when dry, It seems thet insctivation of en-
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zymes is not involved in death from rasdistion. The primery lesion
in radistion demage remeins a mystery; et the rate of 25 eV to
break one C-H bond, even & dose of 2 X 106 r, could result in

breaking of only 0.00%% of such bonds in an orgenism, It has been

121
suggested, though, that 32 eV could be sufficient to break from 40

to 90 bonds, in small molecules, owing to chain reactions,
122
Doses of 2 x 106 rep are needed to sterilize food, The giant
126
unicellular alga Acetabularia mediterrenea cen recover from a dose

of 500,000 r,

Increased water contents in barley seeds decreased radio-
sensitivity in the range of water contents between normsl snd 207,
but soeking increesed the sensitivity so that LD5g at 20% water

7
content was fifteen times that at 40% water conteﬁifj (LD5O is
the dose to kill 50% of = stetistically significant population.)
Wheat seeds given 8 X 100 r, of 6056 gam ma radistion before mois-
tening germinated to give small seedlings without cell division
or DA synthesis, but fixing carbon from carbon dioxide into sugar

124
phosphates, sucrose, amino-acids and aliphatic acids, 180 kV

X-reys vere used to irradiate wheé%? 1000 r, on sir-dry seeds or
12 hr, efter wetting had no effect on growth; but this dose

given after 24 hr, had some inhibitory effect, and if given 43 hr,
after wetting its effect was markedly adverse., Doses as large as
36,000 r, inhibited but did not kill the germinating wheat, no
metter when the dose was given, 400 r,/day for five days had about

the seme effect as 1000 r, in one dose after two deys, The same
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worker reported thet 40,000 r, did not demage the leaflets of a
moss., X and gamma rays had no effects on the chlamydospores of
four species of rust fungus at dose levels below 1 X 105 Y., the
germination percentage remaining at the control figure of 97%.

Two species germinated 60% after doses of 2 x 102 r, but two others
germinated 0° (ref. 127). Maize seeds irradiated at 1000 r,/min,
still germinated 20% after 15,000 r., (control germinetion 100%??
Soybean plants in which the specific activity of 14C was 0,4-1,2
millicuries/g. carbon grew and flowered normelly, but set inviable
seég? Opiun poppy seeds in which the l4g specific activity was
L45 microcuries/g, carbon germinated slowly snd later stopped
gr0wi%§? but these adverse effects were less marked if the seeds
were kept at 7° for four deys before germination. Rice seeds re-
quiregomore than 1.6 x 106 rep to prevent germination, when bom-
barded with 1 leV cathode rays, or €0go ¢auma rays, before wetting,
102 rep caused only a slight decrease in germination percentage,
and negligible loss of thiamine or riboflavin,

Speddiné soaked 10 mustard seeds, as used in the present work,
in THO (5 curies/ml,) for 60 min., after which ordinary water was
added, They germinested 90%, which was compsrable with the control
test, 920 germination in & 100-seecd sample, For his model from
which to calculate the dose, Spedding assumed a mustard seed to
be a sphere of radius 2 mm, surrounded by e layer of 5 microliters

1
of THO., On this model it was calculated that the seed received
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36,000 rep (per day - Spedding, pers. comm.) The effect of this
dose would probably be genetical rather than physiological, it
was sai;; That conclusion, based on no quoted evidence, could
scarcely be held with confidence in the light of the above 1lit-
erature survey, but it could be true, Another model seemed more
appropriate for the present work, namely a seed which had fully
imbibed 0.1 C. of TO (5 curies/ml.) This represents more truly
the state of «ffairs when 2 seed is treated with 1/50 ml, THOC

and then kept at C° for many deys. Assuming complete absorption

of the beta rays, an approximate formula for the radiation dose

171

is:

D= AL
v

where D = the dose rate (r./day)
E = Eygy of the betas, in eV (18 X 100 eV for tritium,ref,107)
A = the activity in the system, in curies,
Vv = the volume (ml,) of the systenm.

Teking A4 = 0.1 curie and v = 0.1 ml., D = % x 10”7 r,/day, which is
one order more than Spedding's result based on the water's being
all on the surface of the seed, The actual situation is of course
between the two extremes., Although the dose rate is high enough
to maeke physiological aberrations seem likely, the experiment
quoted above indicetss otherwise,

The writer is grateful for kind permission to quote here un-

published results of W, J, H., Bazillie, Batches of dry sceds, of
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the species (3inapis alba) used in this thesis, were irradiated
s . 60

for about two days at various measured distances from a = Co
source, so as to expose each batch of seeds to a known radiation
dose, The seeds were then moistened end kept 25 days under condi-
tions which normally lead to germinetion in two days., Radiation
doses were measurcd in rads, For the present purpose the rad
may be taken as equivalent to the roentgen, nearly enouph, because
there is in any case considerable uncerteinty in epplying these
results to seeds wst st 0° with THO, i.e. the conditions of ir-
radiation in the work for this thesis, After doses of 0.2, 0.5
end 1.0 megarad, batches of seeds germinated 99%, 99% and 98,
respectively, After 2,0 megarad the germinztion wes 207%, and after
5.0 or 10 megarad, 0%,

The above survey shows that expsriments on seeds using the
"THO method" will probebly not entail significant radiation demage
below dose levels around 106 r. On the estimate calculated above
of the dose rate in the experiments for this thesis, namely 3 x 102
r./day, it seems, then, thet results will be of somewhat limited

value in experiments where the seeds were imbibed with THO for

longer than 3 days, Fortunately, this limitation has little impact

‘on the formulation of conclusions, because, as will be seen, most

of the importent conclusions are based on results from experiments
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Interpretation

Care is needed in forming conclusions from the experimental
results of the THO method, If THO is introduced into a living
organism and tritium is incorporated into citric, isocitric, malic
and succinic acids, one can conclude with certainty that these
compounds are involved in metabolic changes; but one may only
suggest that the citric acid (i.e. Krebs) cycle is operating.

On the other hand, if none of these acids becomes labelled it
will probably be a waste of time to embark on a conventional
engymological search for the enzymes of the Krebs cycle in that
organism,

This example shows how a simple preliminary experiment with
THO could be very appropriate as a prelude and guide to much more
protracted experiments.

The position of the label in a tritiated molecule may
help in deducing what reaction caused the labelling. For instance,
alanine will be labelled at the « -carbon by the reverse of
oxidative deamination, but at the @-ca.rbon by the (3-deca.rboxylation
of aspartic acid:

co T
(';H:H in THO ('mz
H-(- NH, H -G - i -
(IJOZH (':OZH

2
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Some metabolism may not be detected by the THO method
because it does not entail the formation of any C-T bonds.
Hydrolyses of peptide or glycosidic links are examples. Thus
even if an experiment with the THO method yields only one
tritiated metabolite, it need not be true that this compound
is the sole one involved in metabolic activity,

The true role of tritium incorporation as an index of
metabolism is supplementary to that of other methods. The
THO method by no means supersedes others, but forms a

valuable adjunct to them,

CLASSIFICATION OF KNOWN ENZYMATIC REACTIONS

For each type of reaction (redox, group transfer, isomerisation,
etc), individual reactions will be listed in the three classes defined

above, For convenience, the definitions are reiterated:

A. Reactions in which non-exchangeable incorporation of
tritium from THO is expected to occur,

B. Reactions which are not expected to entail non-exchangeable
incorporation of tritium,

L. Reactions of which the mechanisms are not well enough
known for a confident prediction to be made as to whether tritium

would be noneexchangeably incorporated.
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In a few cases, reactions have been moved from one category
to another because of experiments which have given results different
from those expected.

Where applicable, the numbering of the Commission on Enzymeszo
is given,

Reversibility is generally assumed. By and large, experimental
evidence on this is lacking, and the assumption may well be false
in some cases, However, the purpose here is to list all those
metabolites which could become labelled. Therefore, in the
absence of evidence that the assumption is false, it is the
most appropriate one to adopt here. The THO method could be used
as a test for irreversibility in vivo.

Metabolites expected to become non-exchangeably labelled
are marked with an asterisk, A question mark next to an asterisk
denotes doubt as to whether the compound, when isolated, would be
non-exchangeably labelled, The reasons, in different cases, for
this doubt are:

1. The position of equilibrium in carbonyl —— enol
tautomerism, and the rate of interconversion of the tautomers,
both vary immensely between different caaeszs. It is found28
that the specific rate k of enolisation is roughly proportional
to the equilibrium constant K = [enol form] + [carbonyl form],

In some cases, hydrogen which can be exchanged out of a compound
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by washing with water is not in practice removed at any

considerable rate, What was very likely 4,5-dideutero-crotic acidjo "
when purified from 956 D,0 contained 1,50 atoms of deuterium per
molecule, decreasing to only 1.44 on recrystellising., It aeemedjo
that this was a case of enolisation so slow that enolisable

hydrogen was still present to a large extent, unexchanged, in

the washed compound,

0
(I,':
S
H—N~  CHD
| CI: D
’// \N/ N
0 Cco
i o

Again, gluccse 6-phosphate labelled at carbon 2 with isotopic
hydrogen does not repidly lose this lta.'l:oel3 2. In general, no
confident prediction is possible about the rate of enolisation,

i.e. about the survival of the label, Toppe:.} £ converted glucocse
6-phosphate to fructose 6-phosphate by incubation for 15 hr. at

26° with glucosephosphate isomerase (5.3.1.9) in neutrel 95-99.5%
D20. The osazone of the product contained no deuterium, Treatment
after incubation had not been such as to exchange out the deuterium
which was found to be on C-1 of fructose 6-phosphate., These results

can be :'Ln‘l;erpre'l:ecl60 as proving that, under the conditions of
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Topper's experiment at least, the hexoses contain 7 non-exchangeable
hydrogen atoms.
b3

2, There are many well-authenticated cases” of enzymatic
reactions at meso carbon atoms, GXZYZ , Wwhich distinguish between
the two chemically identical groups X. A famous example is the
ethanol dehydrogenation C in which the two o-hydrogens of ethanol
are discriminated between, Some discussion of this appears below
in the comments in lists of enzymatic reactions. Meantime, it is
useful, for the present purpose of predicting tritium incorporation
from THO, to distinguish between two types of enzymatic reaction

at meso carbon atoms,

(a) Reactions leading to a new centre of asymmetry

e.g. 4-aminobutyrate + CO, = L-glutamate
Where such reactions produce only one enantiomorph, it seems that
in the conversion of the meso centre CX2YZ to a new centre of asymmetry,
the two groups X must have been discriminated between., Otherwise,

it is very hard to imagine how only one enantiomorph could result.

(b) Reactions not leading to a new centre of asymmetry

8o Z-CH20H - 2, H = Z=CHO
Although in some cases which have been examined®' there is
discrimination between the two chemically identical groups X on
CX,YZ, there seems, in contrast to the position in category (a), to be

no compelling reason why all reactions in this category (b) should
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involve such discrimination, Thus, there is doubt as to which
compounds will become labelled, depending on whether or not there
is discrimination, and this latter is not usually known, the

appropriate experiments not having been done yet,

3. In some known enzymatic reactions, the mechanism is not
known, The non-reductive, non-hydrolytic cleavage of
arginosuccinate (4.3.2.1) is one of many such. Whether or not
fumarate and arginosuccinate become labelled if this reaction
proceeds in THO depends on whether there is exchange of the
relevant protons with the THO, This cannot be confidently predicted
so a question mark is appended to the asterisks on these compounds,
Obviously, tritium incorporation could be applied as an excellent
means of studying the mechanisms of such reactions,

Reactions on which only NADH, or I\IADPH2 is labelled are
classed in B,

Most biochemists would, presumably, support the assumption that,
when a metabolite is being reduced by NADH2 or NADPHz in a living
organism, the hydrogen being newly attached to the metabolite comes
ultimately from water, Certeinly this is, in the absence of any
evidence to the contrary, the most reasonable assumption, It has been
adopted here., This is so notwithstanding the demonstration by

22,80

Vennesland , for alcohol dehydrogenation and its reverse, of

direct hydrogen transfer from ethanol to NAD and from NADH2 onto
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acetaldehyde, Many experiments since then (ref. 81, p.268) have
given similar results, for a wide range of hydroéen transfers to
NAD(P) and from NAD(P)H,. Despite these experiments on NAD(P),
at the next step in the hydrogen transfer chain in vivo, i.e.
flavoproteins, the hydrogen atoms being transferred are exchanged
with water (ref. 81, p.272). Also, widely-favoured theories of
cytochromes' functions present a scheme of hydrogen and electron

trensport essentially (e.g. ref. 44,p.371) so:

>/°°’<“z:*:m« Ve VeV
\ cytochrome, / | cytochrome / s d B
( N C S R

o - ) H.O

2

The number and order of cytochromes is irrelevant; the
essential assertion of any such scheme is, for our present purpose,
that hydrogen removed from metabolites is released as Eotons.
Therefore, given reversibility of hydrogen transport, tritium from
THO will be incorporated by the metabolite which is being oxidised
or reduced, In fact schemes of this type are not universally
believed (ref. 81, p.263). Experiments in vivo with THO in a
functioning cytochrome system might provide useful evidence, In
this connection, see section 1.9.3 of the List,

In addition to hydrogen exchange with THO at the flavoproteins,

and possibly at the cytochromes, some substrate : NAD(P) oxidoreductase
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reactions may be expected to label metabolites. NAD(P)!‘]2 is,

in neutral solution (ref, 81, p.367), NAD(F)H + H'. The experiments
referred to two paragraphs above proved that it is the hydrogen
bound covalently to NAD(P)H', and not the proton, which is

transferred to or from carbon of alcohols, However, in reactions

of the type

|
H=-C=-H [cn

H-C~-H ?H

+ 2H

if the stoichiometry quoted in the Enzyme Liatzo is correct, only
one NAD(P)H2 "molecule" is involved, meaning that of the two
hydrogen atoms added to the double bond, one is a proton, i.e. in
equilibrium with THO,

When a metabolite is being oxidised and there is a (net )
movement of hydrogen out of it, experiment is in most cases needed
to tell whether enough hydrogen (tritium) moves in the other
direction to label the metabolite,

A comment on 1.,1.,1.1 and 1.1.1.2, relevant to several other reactions

also

There is no doubt that the alcohols will be labelled (at the
«=carbon), It appears eminently reasonable to predict that the
aldehyde will therefore also be labelled. However, unequivocal

experiments have shown concluSivelyzz that in at least some enzymatic
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dehydrogenations of alcohols, this is not so, Many chemists find
trouble in believing that the two similar groups X on a "meso carbon
atom" CXZYZ, i.e. in this case the two o ~hydrogen atoms of a primary
alcohol, can be distinguished, However, the "3-point contact" theory

of Ogston25

provides a plausible explanation, Briefly, it rests on
the fact that while (say) ethanol is a symmetrical molecule, the
enzyme for its dehydrogenation may well not be, Discrimination
between the ol{=hydrogens of ethanol becomes possible if the ethanol

molecule is "held" on the enzyme by specific "active sites" for methyl,

hydroxyl and hydrogen, in a particular steric order, The diagram shows

this for the general case.

X

///__»l enzyme
2 surface
Y, | >z,

/

/ Xy

The letters x, y, z denote active sites specific for the groups X,Y,Z

respectively,
It may be too much to extrapolate and assert that all alcohol
dehydrogenase reactions are stereospecific in this way. Therefore

*
the aldehyde is marked ?

in 1.1.1.1,2.

It is appropriate to point out that reactions of symmetrical
compounds to give only one enantiomorph of an unsymmetrical product
are explicable at present by ™3-point contact" and no other theory, as

far as the author is aware., This is important in making predictions

about labelling of metabolites in THO, e.g. see 4.1.1.15.
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1 REDOX REACTIONS

1.1 Acting on the CH-OH group of H donors

1.1.1 With NAD or NADP as acceptor

Telelel
1.1.1.8
1.1.1,2
16113
Telolels
1.1.1.6
1el1e1.7
1.1.1.0

1.4.148

101149

1e1e149

1:1:1410
1etete1d
1.101011
1511612
18113
5P P T
1elel1e1l
11115
tulat 18

1.1.1.15

*
Alcohol® + NAD = aldehyde ' or ketone + NADH}

?

*
Allyl alcohol* + NADP = acrolein ° + NADPH%®

2
Aloohol* + NADP = aldehyde | + NADPHY

L-homoserine + NAD(P) = L-aspartate (3 -semialdehyde* + NAD(P)HY
2,3 butyleneglycol® + NAD = acetoin + NADH;

Glycerol* + NAD = dihydroxyacetone + NADH;

1,2-propanediol 1-phosphate* + NAD = acetol phosphate + NADH;
1,2-propanediol* + NADP = L-lactaldehyde ' + NADFH

L-glycerol 3-phosphate* + NAD = dihydroxyacetone
phosphate + NADH§

Xylitol* + NAD

D-xylulose + NADHE

Ribitol* + NAD

D=ribulose + NADH§
Xylitol* + NADP = Le-xylulose + NADPH;

D=arabitol* 4+ NAD = D=xylulose + NADH¥®

2
D-fructose + NADH;

D-mennitol®* + NAD

L-arabitol* + NAD = L-xylulose + NADH¥®

2

L-ribulose + NADHE

L-arabitol*® + NAD

L-iditol* + NAD = L-sorbose + NADHE

D-glucitol®* + NAD = D-fructose + NADH;
D-iditol* + NAD = D-sorbose + NADHE

Xylitol® + NAD = Lexylulose + NADH;
L-glucitol® + NAD = L-fructose + NADH§



110616
1.101.17
1.1.1.4

1.1.1.2

1.1:1.,18
111619
1.1.1.20

1.1.1421

1422
1.141423
1.1.1.24
1514125
174326
Y1126

1.1.1.27

1:1+1.28
1.1.1.30

1e1.1.31
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Galactitol® + NAD = D-tagatose + NADHE

D-mannitol 1-phosphate®* + NAD = D-fructose 6-phosphate + NADH;

®9
D=fructuronate

D-mannonate* + NAD = - NADHE
#
D-altronate* + NAD = D-tagaturonate ! + NADHE
myo-inositol* + NAD = 2-oxo-myo-inositol + NADH;
*
L-gulonate* + NADP = D-glucuronate @ + NADFi}

*
L-gulono-Zf -lactone* + NADP = D-glucurono- § -=lactone L + NADPHE

P
Polyol* + NADP = aldose ?+ NADPH;

We do not know whether the stereospecificity will be as in 1.1.1.1.

UDP glucose* + 2NAD + *H20 = UDP glucuronate + ZNADHE

L-histidinol* + 2NAD = L-histidine + 2NADH§

Quinate®* + NAD = 5-dehydroquinate + NADHE

Shikimate* + NADP = 5~dehydroshikimate + NADPHE
*
Glycollate* + NAD = glyoxylate * + NADH§ See comment on 1,1.1.21.,

D-glycerate®* + NAD = hydroxypyruvate + NADHE

L-2-hydroxymonocarboxylate* (e.g. L-lactate) + NAD
= 2-oxomonocarboxylate (e.g. pyruvate) + NADH

D-lactate® + NAD = pyruvate + NADH;

D=3=hydroxybutyrate* + NAD = acetoacetate + NADH:,S

?+NA.DH"‘

*
3-hydroxyisobutyrate* + NAD = methylmalonate semialdehyde 5

*
1.1.1.32,33 Mevalonate* + NAD(P) = mevaldate ¥ NAD(P)H;

11130
1.1.1.35
1Tele1e36

1e1e1.37

Mevalonate* + CoA + 2NADP = 3-hydroxy-3-methylglutaryl-CoA+ ZNADH-IE

L-3-hydroxyacyl-CoA* + NAD = 3-oxo-acyl-CoA + NADH;

D=3=hydroxyacyl-CoA* + NADP = 3-oxo-acyl-CoA + NADPH;

L-malate* + NAD = oxaloacetate + NADH;
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1.1.1.38,39,40 L-malate* + NAD(P) = pyruvate + co, + NAD(P)H;
10101 el1,42 Lsaiaocitrate‘ + NAD(P) = 2-oxoglutarate + Co, + NAD(P)H;

11143 6-phospho-D=gluconate* + NAD = 6-phospho-2-oxo-D-gluconate

- NADH‘
16t etk 6-phospho-D=gluconate* 4+ NADP = D-nbulose-S-phosphate o

+ NADPH® + CO

2 2
L
1.1.1.45 L-gulonate* + NAD = L-xylulose & + NADHS + CO,
1e1e1.46 L-arabinoge* + NAD = L-a.rabono-x -lactone + NADH;
1.1.1.47 8 -D-glucose* + NAD(P) = D-glucono—é ~lactone + NAD(P)H%
141148 D-galactose® + NAD = D-galactono- ¥ -lactone + NADHE
1.1:1.49 D-glucose-6-phosphate® + NADP = D-glucono-é -lactone
6-phosphate + NADFHY

1141450 3~ =hydroxysteroid* + NAD(P) = 3-oxosteroid + NA.D(P)HE
1.1.1.51 3(or 17)=- ¢ -hydroxysteroid* + NAD(P) = 3(or 17)-oxosteroid

+ NAD(P)H;
116153 20-dihydrocortisone* + NADP = cortisone + NADPH§

»
IS I % 3-hydroxypropionate* + NAD = malonate semialdehyde : + NADHE
»
1el1e1.8 D-glycerate* + NAD(P) = tartronate semialdehyde ? + NAD(P)H%
-
RER 4-hydroxybutyrate* + NAD = succinic semialdehyde : + NADHS
Tloled Oestradiol* + NAD = oestrone + NADHE
RER Pestosterone® + NAD = P-androstene~3,17-dione + NADHS
1.1..k Testosterone* + NADP = A”-androstene=3,17-dione + NADPHS
L]

1.1.1.1 Pyridoxin® + NADP = pyridoxal @ + NADPHS
1elelem 10-hydroxydecanoate®* + NAD = {10-oxodecanoate + NADH®

2
B 1.1.1.5 Acetoin + NAD = diacetyl + NADIg
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1010261

1 .1 .2.2
1.1.2.3

1e1.2,4

1e1e301
1.1.3.8
1.1.34
1s1.30C
1.1.362
Tele3els
141:303
141346

141991
1.1.99.2

1.1.99.2

1 01 09903
1.1.99.4
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1.1.2 H accepted by a cytochrome

L-glycerol 3-phosphate*® + ox;g%zed cyto.c = dihydroxyacetone
phosphate + reduced cyto c. See comment on 1.9.3.1.

2
D-mannitol* + cyto, (ox,) = D-fructose + cyto. (red.)

i 4
pyruvate + cyto, ¢ (red,)

D-2-hydroxyacid* (e.g. D-lactate) + cyto, ¢ (ox,)
= 2-oxoacid (e.g. pyruvate) + cyto, ¢ (red.) ?

L-lactate® + cyto.c (ox.)

1.1.3 H accepted by 02

x
Glycollate* + 02 = glyoxylate : + H.0

2 2
*
Anaromatic 1° alcohol® + 0, = an aromatic aldehyde & + H,0,
L-gulono- ¥=lactone* + 0, = L-xylohexulonolactone + H,0,
E
D-galactose* + 0, = D-galacto-hexodialdose & + H,0,
L-lactate* + 02 = acetate + CO2 + H202
@ -D-glucose* + 0, = D-glucono-é-lactone + H,0,
»2 *?
L-malate ~ + O, = oxaloacetate + (?)

* *
Cholesterol @ + 0, = A*-cholestene=3-one + (?) ?

1.1.99 Artificial acceptors (indophenol, pyocyanine etc.)
Choline* + acceptor = betaine aldehyde + reduced acceptor
D-2-hydroxyacid* + acceptor (ox.) = D=2-oxoacid + acceptor (red.)

L-2=hydroxyglutarate* + acceptor = 2-oxoglutarate + reduced
acceptor

D-gluconate* + acceptor = 2-oxo-D-gluconate + reduced acceptor

2-oxo=D=gluconate* + acceptor = 2,5-dioxo=-D-gluconate +
reduced acceptor
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1,2 Acting on carbonyl group of H donor

1.2,1 NAD(P) as acceptor
1.2,1.1 Formaldehyde* + NAD + H30 = formate T 4 NADHY
Malonate semialdehyde* + NAD(P) = malonate + NAD(P)H§
1624369 D-glyceraldehyde 3-phosphate* + NADP + H;O
= D=3-phosphoglycerate + NADPHE
1.2.1.0 Succinate semialdehyde* + NAD(P) = succinate + I\ULD(P)I'I’EI
1.2.1.10 Aldehyde* + CoA + NAD = acyl-CoA + NADH§
1.2.1.c Glyoxylate* + CoA + NADP = oxalyl-CoA + NADPHE
121511 L-aspartate (J -semialdehyde* + phosphate + NADP
= L= -aspartylphosphate + NADPH;
1.2.1.12,13 D=-glyceraldehyde 3-phosphate* + phosphate + NAD(P)
= D=1,3-diphosphoglycerate + NA.D(P)HE
1.2:,1:1% IMP* + NAD + HZO = xanthosine 5'-phosphate + NADH;
1.2.1.0 4~aminobutyraldehyde* + NAD = 4-aminobutyrate + NADH§
1.2.1.fF Glutarate semialdehyde* + NAD = glutarate + NADH’E
1.2.1.4 Malonate semialdehyde © + CoA + NAD(P) = acetyl-CoA '
+ CO, + NAD(P)H‘E
1.2.2 H accepted by a cytochrome
122 Formate* + cyto. b, (oxidized) = CO, + cyto. b, (reduced)
142,242 Pyruvate + cyto. (ox.) = acetate + CO, + cyto. (red.)'?
1.2,3 H accepted by 02
1.2.3.1 Aldehyde* + H20 & 02 = acid + H202
122342 Xanthine* + H0 + 02 = urate + H202
1a2+F63 Pyruvate + phosphate + 0, = acetylphosphate + CO, + 3202
o (B, T Oxalate + O2 = 200, + H.O

2 2°2
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1.2.4 H accepted by lipoate

P 8 Pyruvate + oxidized lipoate = 6-S-acetylhydrolipoate + CO,
1.2.4.,2 2-oxoglutarate + oxidized lipoate = 6-S-succinylhydrolipoate
+ CO
2

1.2,99 Artificial acceptors

»
1¢2,99.1 Uracil ? + methylene blue = barbiturate + leuco-methylene blue

1,3 Acting on the CH-CH group of donors

1.3.1 H accepted by NAD or NADP

: P T O u,s—dihydro-uracil'? + NAD(P) = uracil + NAD(P)HE
1.3.1.8 4 ,5= =dihydrocortisone* + NADP = cortisone*? + NADPH;
1.3.1.b 3,5-cyclohexadiens=1,2-3101% + NADP = catechol ' + NADPHS
To3uled 4,5-( -dihydrocortisone* + NADP = cortisone : + NADPH;

1.3.2 H accepted by a cytochrome

W »
103e241,2  Acyl-CoA* + cyto.c (ox.) = 2,3-dehydroacyl-CoA L cyto.c (red.) %
1.36243 L-galactono= ) =lactone* + cyto.c (ox.) = L-ascorbate + cybz.c ),,?

red,

1.3.3 H accepted by 0,

1.30301 4 ,5-L-dihydro-orotate* + 02 = orotate‘? - I-1202 (?) (ref.30)

1.3.,99 Artificial acceptors

] %*
1.3.99.1 Succinate . + phenazine alkylsulphate (ox.) = fumarate ¥

+ phenazine alkylsulphate (red.)

1.3.99.8 A 3-ketosteroid* + acceptor (ox.)
+ acceptor (red.)

1 &g
a /,\ -3=ketosteroid

?

A
1.3.99.b A 3-ketosteroid* + acceptor (ox.) = a A¥-3-ketosteroid

+ acceptor (red.)
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Toal6 S5-aminovelerate* + NAD = D-proline
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1 Act on the CH-NH_. gro of donors

1.4.1 H accepted by NAD or NADP

1odpe1=5 An L-« -aminoacid* + H,0 + NAD(P) = a 2-oxo-acid + NH, + NAD(P)H,

3

‘?+NADH2

1.4.3 H accepted by O

2
1ebe3e1 D-agpartate® + Hzo + 02 = oxaloacetate + NH3 + 1‘1202
132 An L-aminoacid* + Hy0 + 0, =a 2-ox0=acid + NH3 + H202
1ebede3 A D-aminoacid* + Hy0 + O2 = a 2-oxo=-acid + I\TH3 + I-I202
y [T, 19 % A monoamine* + H20 + 02 = an aldehyd.e‘? + NH3 + H202
1ehe345 Pyridoxamine* + Hy0 + 0, = pyridoxal ® + NH; + K0,
Yoo 346 A diamine* + }{20 + 02 = an aminoaldehydet? + NH3 + H202
1.5 Acting on the C-NH group of donors
1.5.,1 H accepted by NAD or NADP
1050141 L-proline* + NAD(P) = A -pyrroline-2-carboxylate + NAD(P)H,
1:5:11 L-pipecolate* + NAD(P) = N -piperidine-2-carboxylate + NAD(P)H2
1.5.1.3 5,6,7,8-tetrahydrofolete* + NAD(P) = 7,8-dihydrofolate
+ NAD(P)H§
1,501 7,8-dihydrofolete® + NADP = folate © + NADPHY
150145 5,410-methylenetetrahydrofclate® + I;.l + NADP
=5 10-methenyltetrahydrofolate + H20 + NADPH"
1.5.53 H accepted by 0,
154363 Spermine* + H,0 + 0, SN (CH2) .CH.(CH ) cno
+ HN, (CH NH2 + H

?

*
1.5.3.1,2  An Nemethyl-I-eminoacid ' + Hy0 + 0, = an L-aminoecid ¥

+ HCHO ? + H202
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1.6 Acting on NADH, or NADPH, as donor

1.6.1 H accepted by NAD or NADP

164141

NADPH; + NAD = NADP + NADH;

1.6.2 H accepted by a cytochrome

1664241 ,2

1.64243

o

NADHS + a cyto. (oxe) = NAD + a cyto. (red.)

NADPH% + cyto. ¢ (ox.) = NADP + cyto. ¢ (red.

*2
3 )

1.6.4 H accepted by a disulphide

1.6el01
1.6e442
1e60ke3

NADH§ + L-cystine = NAD + 2 L-cysteine

NAD(P)H; + glutathione (ox.) = NAD(P) + glutathione (red.)

NADH; + lipoamide = NAD + dihydro-lipoamide

1.6.5 H accepted by a quinone or related compound

1664501
1464542
1664543
10645 ol

NAD(P)HE + a quinone = NAD(P) + a diphenol

NAD(P)H; + a naphthoquinone = NAD(P) + a naphthohydroquinone

NAD(P)HE + ubiquinone = NAD(P) + dihydro-ubiquinone

NAD(P)H‘§ + ascorbate (ox.) = NAD(P) + ascorbate

1.6.6 H accepted by a nitrogenous group

1.6.602

1464641,2,3 NAD(P)H; + nitrate = NAD(P) + nitrite + H

164644
1.6.6.5
1.6.6.6
1.6.6.7

NADEH; + GMP = NADP + IMP* + NH3

20

ZCH + H20

NAD(P)H§ + 2 nitrite = NAD(P) + 2NO + 2H,0

2NAD(P)H5 + nitrite = 2NAD(P) + NH

2

NADH; + hyponitrite = NAD + NH,CH

2

NADPH% + dimethylaminoazobenzene = NADP + dimethyl-p-
phegylenediamine + aniline
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1.6.99 Other acceptors

NADPH§ + nmethylene blue = NADP + leuco-methylene blue

1.7 Acting on other nitrogenous groups as donors
1e7.3. H accepted by 0,

17341
1476342

1076363

1.7.99.2
1.7499 .1
1.7¢99.2

.3
o CH§CHO + HN02 + H202

N-acetylisatin + (?)

CHBCHZI\IO; + H20 +0

N-acetylindoxyl + 02

*? *2
Urate =+ 02 = unidentified products

1.7.99 Other acceptors
ANO + 2H,0 + acceptor (ox.) = 2 nitrite + acceptor (red.)
NH, + acceptor = NH,OH + acceptor (red.)

N, + acceptor = 2NO + acceptor (red.)

1.8 Acting on sulphur groups of donors

1 .8 0101

1.84142

180301
186342

1e8eke1

1.8.1 H accepted by NAD or NADP

Cysteamine + NAD + H,O = cystemine disulphoxide + NADH§

2
st + 3NADP + 3H20 = sulphite + NADPHE

1.8.3 H accepted by 0,

Sulphite + 02 + H20 = sulphate + H202

LR:CR'.SH + 02 = 2R:CR'.S.S.CR':R + 2!-120

1.8.4 H accepted by a disulphide

2 glutathione (red.) + homocystine = glutathione (ox.)
+ 2 homecysteine
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1.8.6 H accepted by a nitrogenous group

1.8.6.1 2 glutathione + polyolnitrate = glutathione (ox.) +
nitrite + unidentified product.

1.9 Acting on haem groups of donors
1.9.3 H accepted by O

2

*?
1.9+3.2 4 eyto. C, or Cg (red.) "+ 0, = 4 cyto. (ox.) + 2H,0

1+9:341 4 cyto. ¢ (red.)*? + 0, = L4 cyto. ¢ (ox.) + 2H,0

1.9.6 H accepted by a nitrogenous group
*
1.9.6.1 A cyto. (red.) ? , nitrate = cyto. (ox.) + nitrite

The nature of reduced cytochromes is not settled81 N

1,10 Acting on diphenols and relaeted substances as donors

1.10.3 H accepted by 0,
110301 2 o-diphenol + 0, = 2 o-quinone + 2ZH,0

1 0100302 2 B-diphenOI + 0

o 2 p-quinone + 2!'120

1¢10.363 2 L=sscorbate + 02 = 2 dehydroascorbate + 2H,0

2

1.11__Acting on H292 as acceptor
*®
Te11e163 Palmitic acid* + 2H,0, = 1-pentadecanol ¥ + 002 + 3H20

2 2

Tel1et01 NA%#Hzoz =NAD+&120
1114142 NADPH5 + H202 = NATP + 21:.{20
1¢11.1.8 Todide + H0, = iodine + 2H,0
1.11.1.a 2 glutathione (red.) + H,0, = glutathione (ox.) + 2,0
1140146 2{202 = 02 - 2H20

=2
111445 2 cytoec (red.) * + H0, = 2 cyto.c (ox.) + 2H,0

22 2
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1.11.1.4  L-tryptophan + H,0, = (unknown) + 2,0
fedtalaT (a great variety of donors) + H,0, pero:__gidase

+ 2H20

donor (ox.)

1.98 H, used as a reductant

1.98.1.1 Primary reaction not yet known

1.99 Other reactions using 02 as oxidant
1.99.1 Hydroxylase reactions (not yet fully understood)

o
Tae __ o ]
1.99.1.12  R.0H,.0.G¢H, R RCHO © + HO.CgH, .R
*2
1.99.141  AraH,  MADFHp, varoxylated product
H#
1.99.1¢2 Lephenylalsnine ° JNADER . 1 tvrosine

*
1.99.13 Nicotine b 6=hydroxynicotinate

*
1.99.1 4 L-tryptophan ? 6=hydroxytryptophan

* T
1499145 L=kynurenine = MLP?L 3=hydroxykynurenine

*

14994146 Steroid L 11=«A =hydroxysteroid
*

1.99.1.7 Steroid e 11=@ =hydroxysteroid

*
1.99.1.8 Steroid ¥ s 6-(3 =hydroxysteroid

*?  NADPHp

1.99.1.9 Steroid ~_1 7=A =hydroxysteroid

*
1.99.1.10 11=deoxycorticosterone IS 19 =hydroxy=-11=-deoxycorticosterone

*
1.99.4.11 Steroia ¢ NAFH . o4 hydrcxysteroids

NADPHo .

*9 *9
199113 Squalene lanosterol

P»
1¢99.1.14 p-hydroxyphenylpyruvate LI homogentisate + CO2
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1.99.2 Oxygenase reactions (not yet fully understood)

%*
1¢994241 Unsaturated fat ¥ + 02 = peroxide of the unsaturated fat

__....'Q

*
1.99.2.2  Catechol @ + 0, = cis-gis-mconate

%
1.99.2.3 Protocatechuate L 0, = 3-carboxy-cis-cis-muccnate

?

*
1.99.2.2 Catechol + 0, = 2=hydroxy-muconate semialdehyde

e

1.99.2.b 3=hydroxyenthranilate + 02 = 2=amino=3-carboxy=-muconate
semialdehyde®?

*

1.99.2.c L-tryptophan + 0, = formyl-kynurenine ¥
*

1994244 Gentisate % + 02 = 3-maleylpyruvate

L ]
1.994245 Homogentisate g +0, = L-maleylacetoacetate

*
1.99.2.6  myo-inositol ¥ 0, = D-glucurcnate

2 GROUP TRANSFER REACTIONS

2,1 Transferring one-carbon groups
2.1+1 Methyl transfers

In a double labelling experiment using methionine labelled with
1% end 3 in the methyl group, it was found”> that in the trans-
methylation providing C=-24 of ergosterol, 86-91% of the tritium
stayed on the radiocarbon. There is no telling what degree of
exchange would occur in the methyl group during other transmethylations,

however,

E 3
C 2414101 S-adenosylmethionine . + nicotinamide = S-adenosylhomo-
cysteine + N-methylnicotinemide™®?

*
2¢1 0142 S=adenosylmethionine ’ + Euanidjnoacetate = S-adenosyl=-
homocysteine + creatine*?

%
2e1e143 Dimethylthetin # + L-homocysteine = S-methylthioglycollate
+ L-methionine*?
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2:14160
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2.14108

2616201
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214242
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*
S-adenosylmethionine & + N-acetylserotonin = S-adenosyl=
homocysteine + N-acetyl-E-methoxytryptamine*?

* *
Betaine i + L-homocysteine = dimethylglycine + L-methionine L

*
S-adenosylmethionine g + catechol = S-adenosylhomocysteine
+ guiacol*?

L ]
S-adenosylmethionine i + nicotinate = S-adenosylhomocysteine
+ Nemethylnicotinate*?

*
S~adenosylmethionine E + histamine = S-adenosylhomocysteine
+ l-methylhistamine*?

#
S~adenosylmethionine % + a thiol = S~adenosylhomocysteine
+ a thioether*?

*
S~adenosylmethionine L + L-homocysteine = S=-adenosylhomo-
cysteine + methionine*?

2.1.2 Hydroxymethyl, formyl and related trensfers
Tritium might exchange onto the hydroxymethyl group during

trensfer.,

*9Q *
L-serine = + tetrahydrofolate = glycine + 10=hydroxymethyl-
tetrahydrofolate” ?

N-formiminoglycine + tetrahydrofolate = glycine + 5=formimino-
tetrahydrofolate

N-formimino=L-glutamate + tetrahydrofolate = L-glutamate +
S5=formiminotetrahydrofolate

5'=phosphoribosyl-N=-formylglycineamide + tetrahydrofolate
= 5'-phosphoribosylglycineamide + 5,10-methenyltetrahydro-
folate + H20
*
N-formyl=L=-glutamate T + tetrahydrofolate = L-glutamate +
5=-formyltetrahydrofolate®?

5'-phosphoribosyl-5~formamido=4~imidazole-carboxamide +
tetrahydrofolate = 5'=phosphoribosyl=5-amino=4~imidazole=
carboxamide + 5,10-methenyltetrahydrofolate + H20
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2¢1+3 Carboxyl and carbamoyl transfers

*
2416301 2=methylmalonyl=CoA % + pyruvate = propionyl-CoA*
+ oxaloacetate
2e14362 Carbamoylphosphate + L-aspartate = orthophosphate

+ N-carbamoyl=L-aspartate

2e1e3e3 Carbamoylphosphate + L-ormithine

orthophosphate + Le-citrullire

2.2 Treansferring aldehydic or ketonic residues

224101 Transketolase-catalysed reactions, e.ge. D=sedoheptulose=-
7-phosphate®? + D-glycerg%dehyde 3-phosphate* %
= D=xylulose 5=-phosphate ‘ + D-ribose 5-phosphate

* *
2424142 D-sedoheptulose 7=-phosphate ' + D=glyceraldehyde 3-phosghate ¥
= D-erythrose L4-phosphate*? + D-fructose 6-phosphate*?

2¢3e1 Acyl trensfers
2e3e101 Acetyl-CoA + an L-aminoacid = CoA + N=acetylaminoacid
2030162 Acetyl-CoA + imidazole = CoA + N=-acetylimidazole

2e3e1e3 Acetyl=CoA + 2-amino=-2-deoxy-D=glucose = CoA + 2-acetylamino=-
2=deoxy=-D=glucose

2e3e1 ek Acetyl-CoA + 2-amino=-2-deoxy-D-glucose 6-phosphate = CoA +
2-acetylamino-2=deoxy-D-glucose 6-phosphate

i Wy Acetyl-CoA + arylamine = CoA + N-acetylarylamine
23146 Acetyl-CoA + choline = CoA + O=-acetylcholine

2e361e7 Acetyl=CoA + carnitine = CoA + O-acetylcarnitine
243.148 Acetyl=CoA + orthophosphate = CoA + acetylphosphate
2.3 02 Acetyl-CoA + L-aspartate = CoA + N-acetyl-L-aspartate

2.3.140 Acetyl-CoA + a (3 -D-galactoside = CoA + a 6-acetyl-(3-D-
galactoside

2.3410C Butyryl-CoA + orthophosphate = CoA + butyrylphosphate

2¢3410d Acyl=CoA + a 1,2=diglyceride = CoA + a triglyceride
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2¢3¢1410 Acetyl-CoA + HZS = CoA + thioacetate

2¢3¢1411 Acetyl-CoA + thiocethanolamine = CoA + S-acetyl=thioethanol-
amine

2.3.1612 Acetyl-CoA + dihydrolipoate = CoA + S-6-acetylhydrolipoate
2e3e1013 Acyl=CoA + glycine = CoA + N-acylglycine

20361014 Phenylacetyl=CoA + L-glutamine = CoA + «-N-phenylacetyl-L-
glutamine

2341415 Acyl<CoA + L=glycerol 3-phosphate = CoA + monoglyceride
phosphate

*
24341416 Acyl=CoA ¥ + acetyl-CoA = CoA + 3=oxo=-acyl-CoA

*
2e¢3e1617 2 acetyl=CoA ? = CoA + acetoacetyl-CoA

2.3.2 Aminoacyl transfers
255241 L(or D)=glutamine 4 D-glutamyl-R = NHy + 5=-glutamyl=D-
glutamyl=-R

2.4 Glycosyl transfers

2e4¢1 Hexosyl transfers

2t ( «x =1 ,4=glucosyl) + orthophosphate = (K =1,4=glucosyl )n- g ¢
K =D=glucose 1-%twsphate

akste? (X =1 L.,-glucosyl)n + (o= ,6-g1ucosy1)m = (A -1 ,4=-glucosyl )n_ 3
+ (&1 ,6--glucos;sr1).m +

2ehel 3 (ox =1 sh=glucosyl) + D-glucose = (X =1 ,l-p--gll.xcosyl)n_1 +maltose

24016k (oc =1 ,h-glucosyl)n + D=fructose = (o< =1 ,h—glucosyl)n_1 +
sucrose

2.e165 (& =1,6=glucosyl )n + D=fructose = (X -1 ,6—gluc<>syl)n__1 +
sucrose

24146 Maltose + D=-glucose = D=-glucose + X=1,3=-glucosyl=-glucose
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A=D=glucosyl=i-R + HO-R' = A=D-glucosyl=-i-R' + HO-R
(ROH snd R'OH represent various ketoses, L-arabinose,
phosphate or arsenate)

Maltose + orthophosphate = (@-D-glucose 1-phosphate
+ D=-glucose

(3= ,2-fructosy1)n + D-glucose = (@ -1 ,2-f‘ructosy1)n_1
+ sucrose

(e -2 ,6-fructosy1)n + D-glucose = ( -2,6-fructosyl) -
+ sucrose

Amylose = amylopectin

1,4=glucan = cyclic dextrin

242 Pentosyl transfers

Purine nucleoside + orthophosphate =
+ purine

K =D=-ribose 1-phosphate

Adenosine + orthophosphate = adenine + D=-ribose 1=-phosphate
Uridine + orthophosphate = uracil + D-ribose 1-phosphate

Thymidine + orthophosphate = thymine + 2=-deoxy=-D-ribose
1-phosphate

D-ribosyl-base + base' = D-ribosyl-base' + base

2-deoxy-D=ribosyl-base + base' = 2-deoxy-D-ribosyl=base’
+ base

AMP + pyrophosphate
pyrophosphate

adenine + 5 phospho=X -=D-ribosyl-

IVP + pyrophosphate
pyrophosphate

hypoxanthine + 5=-phospho={X -D-ribosyl-

UMP + pyrophosphate
pyrophosphate

uracil + 5=phospho= X =D-ribosyl-
Orotidine-5-phosphate + pyrophosphate = orotate +
5=phospho= X =D=ribosyl-pyrophosphate

Nicotinateribonucleotide + pyrophosphate = nicotinate +
5=-phospho~ X =D-ribosyl=-pyrophosphate
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202612 Nicotinamideribonucleotide + pyrophosphate = nicotinamide
+ 5-phospho=« =D=ribosyl=-pyrophosphate

202613 ATP + L-methionine + H20= orthophosphate + pyrophosphate
+ S-adenosylmethionine

2.442414  5-phospho=@ =D-ribosylamine + pyrophosphate + L-glutamate =
L-glutamine + 5=-phospho= X=D-ribosyl-pyrophosphate

25 Alkyl (or related transfers

* *
254101 Dimethylallylpyrophosphate ' + isoPentenzlpyrophosphate .
= pyrophosphate + geranylpyrophosphate ?

A lengthy discussion of measurements on this reaction and
related ones leads to a postulated mecha.nismy" which would, in THO,
label isopentenylpyrophosphate at C-2,

2:50142 Thiamine + pyridine = heteropyrithiamine + thiazole
2¢5e1ea 2-methyl=4-amino-5~hydroxymethylpyrimidine pyrophosphate +

4emethyl=5-(2' =phospho~-ethyl )-thiazole = pyrophosphate +
thiamine monophosphate

2.5414b S-adenosyl-methionine = 5'=(methylthio)-adenosine + 2-amino-
§ =butyrolactone
2.5410C Galactose 6-sulphate residue of porphyran - sulphate =

3,6=anhydrogalactose residue

2.6 Transfers of nitrogenous groups

2.6.,1 Amino transfers

Transamination entails exchange of the X ~hydrogen of the

amino=-acids with hydrogen of water35’5 6. The rate of exchange of

the A=hydrogen of aspartate is much greater than the actual rate
of transamination between aspartate and o(-oxoglutarate37. However,

36

as expected, no exchange occurs without the appropriate enzyme” ,
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This means that amino-acids which become tritiated in
enzymatic transaminations will retain the label after
killing and extraction of the organism by the methods used
for this thesis (see "Methods", below).

Plausible mechanisms for transamination have been c:ompased.3 8,3 9.
These involve formation of a Schiff's base between the aldehyde group
of the obligatory coenzyme pyridoxal phosphate and the « -amino group
of the amino-acid. Exchange of the A~hydrogen is explained by
these mechanisms. The later discovery)"o that exchange of @‘ -hydrogen

is also important does notl'r| necessitate any revision. However,

a degradation product of a transaminase included pyridoxal phosphate

42

bound by its aldehyde group . If this is the case in vivo, then

of course that aldehyde group will not be available for Schiff's

base formation with amino-acids in transamination. The mechanism

of enzymatic trensamination is, then, still in doubt. There is no

doubt, however, about the experimental labelling of amino-acids in

the presence of transaminases,

2464101 L-aspartate* + 2-oxoglutarate = oxaloacetate + L-glutamate*

2.64142 L-alanine* + 2-oxoglutarate = pyruvate + L-glutamate*

2.6.143 L-cysteine* + 2-oxoglutarate = mercaptopyruvate +
L-glutamate*

246,14k Glycine* + 2-oxoglutarate = glyoxylate + L-glutamate*

2.641:5 L-tyrosine* + 2-oxoglutarate = p-hydroxyphenylpyruvate +
L-glutemate*

2.6.1.6 I~leucine* + 2-oxoglutarate = 2-oxoisocaproate + L-glutamate*
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L-kynurenine* + 2-oxoglutarate = o-aminobenzoylpyruvate
+ L-glutemate*®

2,5=diaminovalerate* + 2-oxoglutarate = 2-oxo-5-aminovalerate
+ L-glutamate*

L-histidinolphosphate* + 2-oxoglutarate = imidazoleacetol-
phosphate + Le=glutamate*

L-phenylalanine* + 2-oxoglutarate = phenylpyruvate +
L-glutamate*

D-aspartate* + 2-oxoglutarate = oxaloacetate + D-glutamate*
D-aspartate* + pyruvate = oxaloacetate + D=-alanine*

A N-acetyl=-L-ornithine* + 2-oxoglutarate = N-acetyl-L-
glutamate ¥-semialdehyde + L-glutemate*

L-alenine* + a 2-oxoacid = pyruvate + an L-aminocacid*

L-ornithine* + a 2-oxoacid = Le-glutamate ¥=-semialdehyde
+ an L-aminoacid*

N-succinyl-L-diaminopimelate* + 2-oxoglutarate = N-succinyl-2-
amino~6=-oxo-L~pimelate + L-glutamate*

L-alanine* + malonate semialdehyde = pyruvate + ﬁ-alanine*

Y-aminobutyrate* + 2-oxoglutarate = succinate semialdehyde
+ L-glutamate*,

L-asparagine* + a 2=oxoacid = 2-oxosuccinamate + an aminoacid*
L-gluteamine* + a 2-oxoacid = 2-oxoglutaramate + an aminoacid*

*
L-glutamine + D-fructose 6-phosphate L 2-amino=2-deoxy=
D-glucose 6-phosphate®? 4+ L-glutamate

2.6.2 Amidino transfers

2464241

L-arginine + glycine = L-ormithine + guanidinoacetate
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2,6,3 Oximino trensfers

26,34 Pyruvateoxime ; acetone
or + or
D-glucoseoxime) acetaldehyde)
pyruvate g acetoxime ;
=  or + or
D-glucose) acetaldoxime)

2.7 Transfers of phosphorus-containing groups
2.7+1+ Phosphate transferred to an alcohol

2.7e1e1=42 All these kinase-catalysed reactions fall in B. General
reaction: Z phosphate (usually ATP) + Y-OH
= Z + Y-O=-phosphate

24742 Phosphate transferred to carboxyl
2476241 ATP + acetate = ADP + acetylphosphate
2:76242 ATP + NH3 + CO2 = ADP + carbamoylphosphate

270203 ATP + D=3=-phosphoglycerate = ADP + D-1,3-diphosphoglyceric
acid

267026k ATP + L-aspartate = ADP + 4=-phospho-L-aspartate

2.7.3 Phosphate transferred onto nitrogen
27361 ATP + guanidinoacetate = ADP + phosphoguanidino-acetate
2.7e342 ATP 4 creatine = ADP + phosphocreatine

2.7.33 ATP + L-argine

ATP + Le-phosphoarginine

2+7+4 Phosphate transferred onto a phospho=-group

2.7 eke1 ATP + (phosphate) = ADP + (pl-m,pm.u;e)n+1

2e7eke2 ATP + 5-phosphomevalonate = ADP + 5-pyrophosphomevalonate
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ATP + AMP = ADP + ADP

ATP + a nucleoside monophosphate = ADP + a nucleoside
diphosphate

ATP + deoxyCMP = ADP + deoxyCDP
ATP + CMP = ADP + CDP

ATP + a nucleoside diphosphate = ADP + a nucleoside
triphosphate

2.7.5 Phospho-transfers with regeneration of donors (apparently
catalysing intramoleculer transfers)

D-glucose 1,6-diphosphate + D-glucose 1-phosphate =
D-glucose 6-phosphate + D-glucose 1,6~phosphate

2-acetylamino-2-deoxy-D-glucose 1,6-diphosphate + 2=acetylamino-
2-deoxy-D-glucose 1sphosphate = 2-acetylamino=2-deoxy=D-
glucose 6-phosphate + 2-acetylamino-2-deoxy-D-glucose
1,6=-diphosphate

D-2,3-diphosphoglycerate + D=2=-phosphoglycerate = D=3=-phospho=-
glycerate + D=-2,3=diphosphoglycerate

D-1,3=-diphosphoglyceric acid + D=3-phosphoglycerate
= D=3=-phosphoglycerate + D=2,3-diphosphoglycerate

2.7.6. Pyrophospho=transfers

ATP + D-ribose 5=-phosphate = AMP + 5=phospho= X =D=ribosyl=-
pyrophosphate

ATP + thiamine = AMP + thiamine pyrophosphate

2¢7.7 Nucleotidyl transfers
ATP + NMN = pyrophosphate + NAD
ATP + FMN = pyrophosphate + FAD

ATP + pantetheine 4'=-phosphate = pyrophosphate + dephospho=CoA
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ATP + sulphate = pyrophosphate + adenylylsulphate
ADP + sulphate = orthophosphate + adenylylsulphate
4 nucleoside triphosphates + 1'\'1\11&1 = 4 pyrophosphate + m“‘n-o-h.

4 deoxynucleoside triphosphates + IINAn = 4 pyrophosphate +
INA
n+l

A nucleoside diphosphate + RN.%1 = orthophosphate + H\TAn+ 1
UTP + X =D=-glucose 1=-phosphate = pyrophosphate + UDPglucose

UTP + K -D=galactose 1-phosphate = pyrophosphate + UDP-
galactose

UTP + K =D=xylose 1-phosphate = pyrophosphate + UDPxylose

UDPglucose + K =D-galactose 1=phosphate =
1=-phosphate + UDPgalactose

K=D=-glucose

GTP + «-D-mannose 1-phosphate = pyrophosphate + GDPmannose
CTP + ethanolamine phosphate = pyrophosphate + CDPethanolamine
CTP + choline phosphate = pyrophosphate + CDPcholine

The ribonuclease reaction : transfer of the 3'-phosphate

of a pyrimidine nucleotide residue of a polynucleotide from
the 5'-position of the adjoining nucleotide to the 2'=-
position of the pyrimidine nucleotide itself, forming a

cyclic nucleotide. The pancreatic enzyme (but not the leaf
enzyme) also catalyses the transfer of the phosphate group
from the 2'-position in the cyclic nucleotide to water; the

overall reaction brings about the depolymerisation of RNA

2.,7.8 Transfers of other substituted phospho=-groups

B 2.7.841
l
|
J

2.7.8.2

CDPethenolamine + 1,2=diglyceride = CMP + a phosphatidyl=-
ethanolamine

CDPcholine + 1,2=-diglyceride = CMP + a phosphatidylcholine
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2.8 Trensfers of sulphur-containing groups
2.,8.1. Sulphur transfers

2.84141

208.1 .2

Thiosulphate + cyanide = sulphite + thiocyanate

3-mercaptopyruvate + cyanide = pyruvate + thiocyanate

2.8.2 Sulphate transfers

2484241

2.8.2,2

3! -phosphoadenylylsulphate + a phenol = adenosine
3',5'~diphosphate + an arylsulphate

3! -phosphoadenylylsulphate + a 3= @-hydroxysteroid
= adenosine 3',5'-diphosphate + a steroid 3-(3-sulphate

2.8.3 CoA transfers

2.84301 Acetyl-CoA + propionate = acetate + propionyl-CoA

2,8.3.2 Acetyl-CoA + oxalate = acetate + oxalyl-CoA

2.8.343 Acetyl=CoA + malonate = acetate + malonyl-=CoA

2.8¢3.4 Acetyl-CoA + butyrate = acetate + butyryl-CoA

2+8.3¢5 Succinyl-Co A + a 3-oxo=-acid = succinate + a 3=-oxo-acyl=CoA
2.8.3.6 Succinyl-CoA + 3-oxo=-adipate = succinate + 3-oxo=-adipyl=CoA
3 HYDROLYSES

301 Acting on ester bonds
3e1e1 Carboxylic ester hydrolyses

3 .1 01 "20

All hydrolyses of carboxylic esters and lactones fall in B.

3¢1e2 Thioester hydrolyses

3.1 0201 -9

All these reactions fall in B.
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3.1¢3 Phosphoric monoester hydrolyses

3.1 0301-17 All f&ll in Bo

3e1e4 Phosphoric diester hydrolyses

301 01}01-8 All fall in B.

315 Triphosphoric moncester hydrolyses

31541 (Deoxy=)GTP + Hy0 = (deoxy=-)guanosine + triphosphate

3.1.6 Sulphuric ester hydrolyses
3 01 06 01 -5

3.2 Acting on glycosyl compounds
3.2.1 Glycoside hydrolyses

3.2.1 01-31

3.2.2 Hydrolyses of N-glycosyl compounds

34242416

34243 Hydrolyses of S-glycosyl compounds

3424301 Merosinigrin + H20 = allylisothiocyanate + D=glucose

3¢5 Acting on ether bonds
3¢3e1 Thicether hydrolyses

3630101 S=adenosyl=L=homocysteine + H20

3.4 Acting on mtide bonds

All 33 reactions in this section fall in B.

adenosine + L-homocysteine
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3e5 Acting on C-N bonds other than peptide bonds

305 e! In linear amides

505 01 .1-12

3:5¢2 In cyclic amides
3¢5 e2e1=6

3e5e3 In linear amidines

3e543e1=6

3e5e4 In cyclic amidines
3.5e4+1=10 A possible exception is 3.5.4.8
?

* L
35448 L-aminoimidazole ~ + H,0 = unidentified product L NH

2 3

3.5¢99 In other compounds
3654991 Riboflavin + H20 = lumichrome + ribitol*

3¢549962 Thiemine + H,0 = 2-methyl-4k-amino-5-hydroxymethylpyrimidine
+ Le=methyl=5-(2'hydroxyethyl)=thiazole

3.6 Acting on acid anhydride bonds

3+6.1 In phosphoryl-containing anhydrides

3.6.1.1=10 (Most are analogous to ATP + H,0 =@ + ADP)
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3¢7 Acting on C-C bonds
3.7¢1 In ketonic compounds

A 3,711 Oxaloacetate + H20 = oxalate + acetate*
3076162 L-fumarylacetoacetate¥* + }120 = acetoacetate* + fumarate
Acetyl-CoA enolises very slow1y78; it is assumed

that acetoacetyl=ColA will too.

3.8 Acting on halide bonds

3.8.1 In C-=halide compounds

?

*
g 30801 o1 CHZBIC]. + H,0 = HCHO + HBr + HC1l

2

3.8.2 In P-halide compounds

B 3.8.2.1 Di-isopropylphosphofluoridate + H20 = di=-isopropylphosphate
+ HF

3.2 Acting on P-N bonds
B 3.9.1.1 Phosphocreatine + H20 = creatine + orthophosphate

4 LYASE REACTIONS (i.e. non-hydrolytic removal of groups, leaving
double bonds)

Lel C=C lvase reactions

L4.1.1 Carboxy=-lyase reactions

A L1 A 2-oxo-acid = an aldehyde* + CO,
Lelels2 Oxalate = formate* + CO,
%
| Lao1e1.6 cig-aconitate ? itaconate* + CO,

Letlele7 Benzoylformate = benzaldehyde* + 002

bhelole8 Oxalyl-CoA + H,O0 = formic acid* + CoA + CO

2 2
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Le1.149 ¥alenyl-CoA* = acetyl-Coh* + CO,

*
L4e1.1.10 Aminomalonate L glycine* + CO,

*
Leletold L-aspartate ¥ = @ -alanine* + CO,

Lo1e1412 L-aspartate* = L-alanine* + CO,
&
Lele1e13 L-carbamoylaspartate s carbamoyl-( -alenine* + o,

%
LAdlelh  Ievaline © = 4sobutylamine® + co,

Lele1415 L-glutamate*? = 4-aminobutyrate* + 002

The decarboxylation of L-glutamate tc 4-asminobutyrate will

tritiate the product at a "meso carbon atom":

W g

i i

Hy = e + 00,
H=- ? - NH2 H=-C - NH2

COH 1
L-glutamate L-sminobutyrate

It appears that, if the reverse reaction is to give only L-glutemate
(and no D-glutamate) then it must be specifically that hydrogen
atom which was newly attached in the forward reaction, i.e. the
tritium atom, which is removed in the carboxylation. L-glutamate
enzymatically decarboxylated by glutamate KA -decarboxylase29, in
D20 , gave L4-aminobutyrate with only one deuterium atom incorporated,
on what was the K -carbon of glutamate. This product, when
incubated in 1H20 with the enzyme, lost its deuterium. The authors
concluded that only one enantiomorph of monodeutero-4-aminobutyrate
had formed. They also prepared the other enantiomorph. Configuration
102

is retained in the reaction =~ , the entering deuterium atom

positionally replacing the carboxyl group.
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Lo1.1.16
Lo1e1e17
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*
L-methylene~L=glutamate L 2-methylene-4-aminobutyrate*
+ CO
2
™
L=3=hydroxyglutamate ¥ = 3=hydroxy=4=sminobutyrate* + 002

L-omithine*? = putrescine* + CO2
L-lysine*? = cadaverine* + 002

L-arginine*? = agmatine* + C02
M-Zﬁ-diaminc:pimelate*? = L=lysine* + CO,

5'-phosphoribosyl=5-amino=-4~imidazclecaerboxylate =
5' -phosphoribosyl=-5-eminoimidazole* + Co,

L-histidine*?- = histamine* + co,

p(or o)-aminobenzoate = eniline* + CO,
Orotidine 5'=-phosphate = UMP* + co,
I-tyrosine @ = tyramine® + co,

*
3 4=dihydroxy=-L-phenylalenine
+ 002

L dihydroxyphenylethylamine*

*
L_-tryptophan ¥ = tryptamine* + 002

5-hydro:qr-L-trypt0phan*? = S=hydroxytryptamine* + 002

¥
L-cysteinesulphinate ¥ e hypotaurine* + co,

*
N~(L-pantothenoyl)=L=-cysteine ¥ & pentetheine* + CO,

L' ;?ho;pho;li\;;(E-paxcagethenoyl)-l'.,-cysteine = pentetheine
-phosphate* + CO,

Uroporphyrinogen=III* = coproporphyrinogen* + I.GO2

ATP + 5-pyrophosphcmevalonate* = ADP 4 orthophosphate + CO,
+ isopentenylpyrophosphate*

3=oxo=L=gulonate = L=xylulose* + 002

UDPglucuronate = UDPxylose* + 002

2 3=-phospho-D=-glycerate* = D-ribulose 1,5=-diphosphate* + 002
+ H,0
2



Lelele3 Oxaloacetate = pyruvate + 002

— |

Geolelol Acetoacetate = acetone + 002

heleteD (+)=2-acetolactate = (=)-acetoin + co,

E
C Lete1e31 Orthophosphate + oxaloacetate = HZO + phospho=enolpyruvate .
| + CO
2 2

Lelelee Pyrophosphate + oxaloacetate = orthophosphate + Co, +
phosphoenolpyruvate ?

%*
Lele1.32 GTP + oxaloacetate = GDP + phospho=-enclpyruvate ? + 002

Le1e2 Aldehyde~lyase reactions

Confident predictions should perhaps not be offered about
labelling in aldolase-catalysed reactions. It is probably necessary
to resort to experiment. The aldolase=-catalysed step in the

Embden=-Meyerhof glycolytic sequence has been studied using a

purified enzyme preparation in THOI“3 « The reaction isM:
o0 @ 3 oH,0(®
B = ? ‘ (|: =8 D-glyceraldehyde
HO -(l;‘ -H = CH20H 3=-phosphate
+
B (,: =Sk dihydroxyacetone 4 H - (lJ =0
H - ? phosphate 5H - C]! - OH
CH,0(® 6 CH20@
D-fructose 1,6-
diphosphate

(continued on next page)

A L.1.2.2 2-oxo-pasntoate = 2-oxo-isovalerate* + formaldehyde
]

Le1.2,b Fructose 1,6-diphosphate = dihydroxyacetone phosphate*
+ D=glyceraldehyde 3-phosphate

Lele262 Erythrulose 1-phosphate = dihydroxyacetone phosphate*
+ formaldehyde
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When the two product compounds, free of
tritium, were incubated in THO with no enzyme, and
then isoclated and washed, neither wes tritiated.
However, the aldolase-catalysed breakdown of fructose
1,6=-diphosphate entailed incorporation of one atom
of hydrogen from water onto C-1 of dihydroxyacetone
3-phosphate, Only a very small degree of incorporation
into fructose diphosphate occurred, and this was

attributed to traces of triose phosphate isomerasehB.

Labelling in other aldolase-catalysed
reactions is predicted on the basis of that result;

but experiment might show them to be different.

Incidentally, the isolatioﬁhB of

dihydroxyacetone 3-phosphate stably labelled at C-1
is another example of an enolisable hydrogen which
is exchanged out at only a very slow rate, Pyruvate
has, however, been assumed in 4.1.2.1 and elsewhere

to have no non-exchangeable hydrogen,
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Lele3ea
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Ribose 5-phosphate = erythrulose 1-phosphate* + formaldehyde
L-threonine = glycine* + acetaldehyde
L=-allothreonine = glycine* + acetaldehyde

A ketose 1-phosphate = dihydroxyacetone phosphate*
+ an aldehyde

Indole 3-glycerolphosphate = indole + D-glyceraldehyde
3=~phosphate*

D=xylulose 5-phosphate + orthophosphate = acetylphosphate*
+ D-glyceraldehyde 3-phosphate

2=oxo=4=hydroxybutyrate = pyruvate + formeldehyde

6~phospho=-2-0x0-3-deoxy-D-gluconate = pyruvate +
D-glyceraldehyde 3=phosphate

2-deoxy=-D-ribose 5-phosphate = D=glyceraldehyde 3-phosphate
+ acetaldehyde

7-phospho-2-oxo-3-deoxy;-D-arabinoheptonate + orthophosphate
= phosphoenolpyruvate 75 D~-erythrose L4=phosphate + HZO

8-phospho=2-ox0-3~-3deoxy-D-octonate + orthophosphate
= phosphoenolpyruvate®? + D-arabinose 5-phosphate + H20
]
p-hydroxymandelonitrile = p-hydroxybenzaldehyde 4 + HCN
*
ATP + citrate + CoA = ADP + orthophosphate + acetyl-CoA ¥
+ oxaloacetate

* *9
Mandelonitrile Ly benzaldehyde ~ + HCN

L.1+3 Ketoacid-lyase reactions

11-01 o}.l}
Lel1e365

W 4
Lele3e7

3=hydroxy=3-methylglutaryl-CoA* = acetyl-CoA* + acetoacetate

3=hydroxy=3=-methylglutaryl-CoA* + CoA = acetyl-CoA* + H
+ acetoacetyl-CoA

20

Citrate* = acetate* + oxaloacetate

Citrate* + CoA = acetyl-CoA* + H20 + oxaloacetate
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C Lele3e1 I.u’3 - isocitrate ° = succinate = + glyoxylate
f
* * *
Lele362 L-malate . + CoA = acetyl-CoA . + H20 + glyoxylete 5
* *
Lele3e3 N-acetylneuraminate s = 2-acetylamino=2-deoxy=D-mannose ?

+ pyruvate

42 C-0 lyase reactions

4.2.1 Hydro-lyase reactions

The stereospecificity, with regard to "indistinguishable"
groups, of these enzymatic reactions, is discussed under the
citric acid cycle, below,.

A Le24162 L-malate* = fumarate + H.O

; 2

| he241.3,4 Citrate* = gis-aconitate + H,0

l

| 4e2.143 Isocitrate*® = cis-aconitate + H,0

|

| o261 eD D-arabonate* = 2-oxo~3=-deoxy=-D-arabonate + H20

| he2.1.6 D-galactonate* = 2-oxo-3-deoxy-D-galactonate + H,0
- I Wy | D-altronate* = 2-oxo=3-deoxy-D=-altronate + H20
Le2.148 D-mennoate* = 2-oxo=-3-deoxy=-D-mennoate + H20
Le2.10a L-arabonate* = 2=oxo=-3-deoxy=L-arabonate* + H20

L.2.1.D 2-amino=-2-deoxy~D-gluconate* + H,0 = 2=0x0-3=deoxy=D=-

gluconate*? + NH3 + H20

Le2.149 2,3-dihydroxyisovalerate* = 2-oxoisovalerate + H,0

Le2.1.10 5=-dehydroquinate = 5-dehydroshikimate* + H,0

2
phospho=-enolpyruvate + H20

Le2e1412 D-6=-phosphogluconate* = 2-oxo=3-deoxy=-6-phospho-D-gluconate

+H20

pyruvate + NI-I3 + H20

| 4.2.1411  D-2-phosphoglycerate
s
|
|

Le2e1413 L-serine* + H20

Le2e14 D-gerine* + H20 pyruvate + NH3 + H20
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L4e2.1.15 L-homoserine* + H,0 = 2-oxobutyrate* + NH3 + Hy0

he21416 L-threonine* + H,0 = 2-oxobutyrate + l\IH3 + H;0

bis261s17 An L-3-hydroxyacyl-CoA* = a 2,3-trans-enoyl-CoA* + H20

2T  du Te3ehydroxyaoyl-Ook'? = & %,k-tpuna=enoyl-Col + H,0

L.2.1.18 B-éwdfgxy-j-methylglutu'yl-cm* = trans-3-methylgutaconyl-
oA" ¥ + H20

L.2.1.19 D-erythro-imidazoleglycerol phosphate* = imidazoleacetol
phosphate + 520

4.2.1.20  Leserine* + indole* = L-tryptophan ' + H,0
On the face-of it, inter- or intramolecular dehydration
is possible in this reaction. In fact the A -hydrogen of serine
is exchanged with water during the rea.ct.:lc:nl"5 which is strong
evidence for the intramolecular mechanism.

Le2.1.24 2 S5-aminolaevulinate = porphobilinogen + 2H,0

Le2.1.C Malonate semialdehyde = acetylene monocarboxylate + H20
Le2.141 H2003 = 002 + H20

3 2
Le241.24 L-serine = + L-homocysteine = cystathionine  + H20

Le2,1.22 L—serine*? + HZS = L-eysteine*? + H20
Le?241e23 L-serine*? + CHBSH = S-methylcysteine*? + H20
4.2,99 Other C-0 lyase reactions
44249942 O-phosphohomoserine* + 10 = threonine* + phosphate
Conducting this enzymatic reaction in DZO’ and in THO,

L9

showed™ that the newly-formed threonine molecule has incorporated
exactly 2 hydrogen atoms from water; one of these being on the

X =-carbon. Residual O-phosphohomoserine was heavily labelled,
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L4e2.99.1 Hyaluronate = n 3( @ -D-gluco=3 J4-en-urono )=2=-
acetylamino-2-deoxy=-D=glucose

L,3 C-N lyase reactions

4L.3.1 Ammonia-lyase reactions

Le3e1e1 L-aspartate* = fumarate + NH

This reaction h,zausz+6

2
similar stereospecificity to the

"fumarase" reaction in the citric acid cycle. The result is
no labelling of fumarate,
Le3ete2 L-threo-3-methylaspartate* = mesaconate + NH3
Le3ele3 L-=histidine* = urocanate + NH3
Le3elen L-phenylalanine* = trans-cinnamate + NH3
If the stereospecificity of the enzyme is as for the
"aspartase" reaction (4.3.1.1) then trans-cinnamate will not
become labelled in this reactione.

*
he3e1.b @ -alanyl-CoA* = acrylyl-CoA ¥ NH,

4L.3¢2 Amidine-lyase reactions
*

Le3.261

Le3e262

"
L-arginosuccinate 4 = fumerate L + L-arginine
*9 *

Adenylosuccinate ° = fumarate £ + AMP

As pointed out above, conducting these reactions (preferably

with the pure enzymes) in THO should provide valuable information

on their mechanism. This is true of many other reactions listed, too.
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4,4 C=-S lyase reactions

A Ll
l".)".1.2
holied o3
bodied ok

B Lebeles

L-cysteine* + H20 = pyruvate + NH3 + st

L-homocysteine* + H20 = 2-oxobutyrate* + NH, + H_S

3 2
7
S-dimethyl—@ -propiothetin* = acrylate ¥ + dimethylsulphide

An S-alkyl=L-cysteinesulphoxide* = 2-aminocacrylate +
an alkylsulphenate

S-lactoyl-glutathione = glutathione + methylglyoxal

4e5 C-halide lyase reactions

IQ

LeSeled

*
1,1,1=trichloro-2,2-bis(p-chlorophenyl)-ethane ¥ 1,1=
dichloro-2,2-bis=(p-chlorophenyl )-ethylene + HC1

In vitro, with no enzyme, and ethoxide added, this
47

reaction gives no labelling '+ It is Jjust possible, however,

that in vivo another (E1 CB) mechanism might apply; in which case

there would be labelling of the DDT.

5 ISOMERISATIONS

2.1 Racemase and epimerase reactions

5.1¢1 Acting on aminoacids and their derivatives

Enzymatic racemisation of L-glutamste in THO gives

tritiated glutamateha.

I

5¢11.1
S5.141.2
S5e1e1e3
Selelel

501 o1ea

L-alanine* = D=-alanine*
L-methionine* = D-methionine*
L-glutamate* = D-glutamate*
L-proline* = D=proline*

L-hydroxyproline* = D-allohydroxyproline*
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541145 L=lysine* = D=lysine*
L L-threonine* = D=-threonine*

Selutel 2,6-LL-dieminopimelate* = meso-diaminopimelate*

5.1¢2 Acting on hydroxyacids
Hele2e2 L-mandelate* = D-mandelate*
G+16241 L-lactate* = D-lactate*

5e1243 L=3=hydroxybutyryl=CoA* = D=3~hydroxybutyryl-CoA

5.1¢3 Acting on carbohydrates and derivatives
L D-ribulose 5-phosphate* = D=xylulose 5-phosphate* (ref. 89)
5¢16342 UDPglucose* = UDPgalactose*
5e1e3e3 K =aldose* = @ -aldose
5¢1¢300 L-ribulose 5-phosphate = D=xylulose 5=-phosphate,
This enzymatic reaction reached equilibrium in THO
without any T having been incorporated89.
5¢1434b UDP=L=-arabinose = UDP-D=xylulose
This reaction is classed in B on the strength of the
similar 4-epimerisation 5.1.3.2 which entails no incorporation.
5e1e3eC UDP=D=glucuronate = UDP=D-galacturonate
Again by analogy with 5.1.3.2, no labelling is expected.
Experiment might, of course, prove otherwise,

5.1¢364 UDP=2=-acetylamino=2-deoxy=D=glucose = UDP=-2-acetylamino-2-
deoxy=D-galactose

Once again, the evidence quoted under 5.1.3.a is relied
on; but not very confidently, as these sugars are obviously

different from ketopentose 5-phosphates!
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A 5.1.99.a D-methylmalonyl=-CoA* = L-methylmalonyl-CoA*

loe}

—————iQ

— 1

The hydrogen atom on the asymmetric centre exchanged with

90

tritium when the reaction was carried out in THO., It would

presunshly be slowly exchangeable in 'H,0 after isolatiam,
reasoning from the lability of the K =hydrogens of malonate,

which allows preparation of the well-known sodio derivative.

5+2 Cis=itrans isomerase reactions
562:102 3-maleylpyruvate = 3-fumarylpyruvate

This belongs in B because experiments in D20 gave,

surprisingly, no incorporation92.

%9 *P
5e2:1 s Maleate = fumarate

i
5 e2ieloZ L-maleylacetoacetate ? = 4=fumarylacetoacetate

* *
5¢2¢143 All-trans-retinene . 11=cis-retinene <
5.3 Intramolecular redox reactions
5e3+s1 Aldose ~— ketose
5e3e101 D-glyceraldehyde 3-phosphate = dihydroxyacetone phosphate*

Dihydroxyacetone phosphate was incubated with triose phosphate

:i.sc:lnera.se5 @ in THO. Almost one hydrogen from water was stably

bound per molecule of equilibrium product, which is 96%
dihydroxyacetone phosphate5 L .

5e3e1412 D-glucuronate* = D-fructuronate

5e3e1e2 D=-erythrose* = D=erythrulose*
5e3ele3 D=arabinose* = D-ribulose*
5e3e1 6kt L-arabinose* = L-ribulose*
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5e3e102 D-arabinose 5-phosphate* = D-ribulose 5-phosphate*
Bedeled D-xylose* = D-xylulose*

534160 L-rhamnose* = L-rhamnulose*

5e3¢146 D-ribose 5-phosphate* = D-ribulose 5-phosphate*
5e3e1e7 D-mannose* = D=fructose*

5¢3¢148 D-mannose 6-phosphate* = D-fructose 6-phosphate*

5636149 D=glucose 6-phosphate*
See ref. 91

D-fructose 6-phosphate*

+ H;0
50341410  2-amino-2-deoxy-D-glucose 6-phosphate*, § D-fructose
6~phosphate® + I\IH3

5301411 2-acetylamino-2-deoxy-D-glucose 6-phosphate* + 2H,0

2

= D=fructose 6-phosphate* + NH3 + acetate
5¢3+.2 Keto= ~—— enol=-
5¢3.201 Keto-phenylpyruvate = enol-phenylpyruvate

5¢3+3 Transposing C=C bonds
563632 Dimethylallyl pyrophosphate* = isopentenyl pyrophosphate*
Mevalonic a.cid-2-“"C-5 ,5-d2 was converted to squalene with
s whorosmsl preparstion® T, The Libelling dn the resyitant
squalene strongly suggested that in the reaction 5.3.3.2 there
had not been the expected indiscriminate exchange of protons with
the solvent. This could be expla:l.ned.34 by shielding of the protons
from water during intramolecular proton transfer.
5:%3s3 Vinylacetyl=CoA* = crotonyl-CoA¥
He3e3e1 As-j-ketosteroids = Al"-j-ketosteroids

The enzymatic conversion of 5-androsten-3,17-dione to

L-androsten~3,17-dione in D20 labelled neither compouz:md!sl'|~
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Intramolecular hydride shifts is a possible explanation. It
would be rather difficult to discriminate experimentally that
postulated mechanism from the other, namely transfer of protons

shielded from water so that no exchange can occur.

Se4 Intramolecular transfers
5.4¢1 Transferring acyl groups

B Skt 2-lysolecithin = 3=lysolecithin
5.4.2 Transferring phosphoryl groups
B 5.4.2.1 2~phospho=D=glycerate = 3-phospho-D=glycerate
54499 Transferring other groups
A 5444991 L-threo=3-methylaspartate* = L-glutamate*
|
| 5449902 2-methylmalonyl-CoA* = succinyl-CoA¥*
|
De5 Intramolecular lyase reactions
A

554101 (+)=lb=c srbomethyl—&-hydroxy-is ocrotonolactone*
= cis-cis-muconate ?
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6 LIGASE REACTICNS

6.1 Forming C-0 bonds

6.1.1 Aminoacid-RNA ligase reactions

6e1e1e1=11 ATP 4+ Z=COH (an eminoacid) + sRNA = AMP + pyrophosphate
+ A=CO-gRNA

6,2 Forming C-S bonds
6.2.1 Acid-thiol ligase reactions

6.2.141=7 NucleosideTP + acid + Col = NucleosideMP + pyrophosphate
+ acyl=CcA

6.3 Forming C-N bonds

6.3+1 Acid-ammonia ligase reactions

6e3e101 ATP + L-aspartate + NH, = ADP + orthophosphate + L-asparagine

3
6¢3e142 ATP + L-glutemate + NH3 = ADP + orthophosphate + IL=glutamine

6+3e163 ATP + glycine + 5'-phosphoribosylamine = ADP + orthophosphate
+ 5'=-phosphoribosyl-glycineamide

6e3e4e5 ATP + L-citrulline + L-aspartete = AMP + pyrophosphate
+ Le-arginosuccinate

6.3.5 C-N ligases (glutamine as donor)

6e3e5e2 ATP + xanthosine 5'-~phosphate + L-glutamine = AMP +
pyrophosphate + GMP + L-glutamate

6034541 ATP + deamido-NAD + L-glutemine = AMP + pyrophosphate + NAD
+ L=-glutamate

6e3+543 ATP + 5'=-phosphoribosyl-formylglycineamide + L=-glutamine
= 5'-phosphoribosyl=formylglycineamidine 4+ L=-glutamate



89

6e3es Other C-N ligase reactions

B 6.3kt ATP + xanthosine 5'-phosphate + I\IH3 = AMP + pyrophosphate
+ GMP

6e3elie2 ATP + UTP + NH, = ADP + orthophosphate + CTP

3

6e3ekie3 ATP + formate + tetrahydrofolate = ADP + orthophosphate
+ 10=formyltetrahydrofolate

6. GTP + IMP + L-aspartate = GDP + orthophosphe
adenoylsuccinate ) ¢
6+3.2 Acid-aminoacid ligase reactions (pept theses)

ATP + L-pantoate + @ -alanine = AMP + pyr:h
L-pantothenate

60 001 Osphate +

i

[ 6e30242 ATP + L-glutamate + L-cysteine = ADP + orthophosphate +
¥ =L=-glutamyl=-L=-cysteine

| 643.2.3 ATP + Y-L-glutamyl-L-cysteine + glycine = ADP +
i orthophosphate + reduced glutathione

60302k ATP + D-alanine + D-alanine = ADP + orthophosphate
+ D=alenyl=D=alanine

- 6.3.2.6 ATP + 5'-phosphoribosyl=4=carboxy~5 amino-imidazole
L=(N=-succinocarboxamide )=5=-aminoimidazole

6e3e2.2 ATP + L-histidine +(3 -alanine = AMP + pyrophosphate
+ carnosine

69327 ATP + UDP=-muramyl=-L=-alanyl-D-glutamate + L-lysine
= ADP + orthophosphate + UDP=-miramyl-L-alanyl=D-
glutamyl=L=lysine

1Q

products of CTP breakdown + L'=phospho=L-pantothenoyl-
L-cysteine

6.3.3 Cyclo-ligase reactions

o

636301 ATP + 5'=phosphoribosyl-formyl=-glycineamide = ADP +
orthophosphate + 5'=phosphoribosyl=5~aminoimidazole

+ L-aspartate = ADP 4 orthophosphate + 5'=phosphoribosyl=-
P P P

6034245 CTP + 4'-phospho-L-pantothenate + L-cysteine = unidentified



6.4 Forming C~C bonds

A 6dlel ATP 4+ 3-methylcrotonoyl-CoA* + 002 = ADP + orthophosphate
+ 3-methylglutaconoyl-CoA*

B 6uketel ATP + pyruvate + 002 = ADP + orthophosphate + oxaloacetate
6oliele2 ATP + acetyl-CoA + CO, = AP + orthophosphate + malonyl-CoA

6elele3 ATP + propionyl-CoA + CO, = ADP + orthophosphate
+ methylmalonyl-CoA
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LABELLING EXPECTED IN METABOLIC PATHWAYS

As has been shown immediately above, many metabolites will
become labelled by incorporation of tritium from THO during
reactions, It remains to consider a further means of lebelling,
namely the carrying of tritium from one compound to another along
a metabolic pathway, even in the absence of further reactions
enteiling incorporation of tritium from THO. If a compound A is
being converted to E by the metabolic pathway A-~B —C —~D —~E,
and the first step entails tritium incorporation, say A + THO —*B.,
then the tritium may be carried along with the carbon, acting as
a conventional tracer comparable to isotopic carbon, However,
the label may also be lost between B and E, depending on the
nature of those steps along the pathway, We must therefore
consider each pathway in detail, It will not surprise us if we
are unable to make confident predictions in every case, because
too little is at present known about the mechanism of many
biochemical reactions - witness the number of reactions which had
to be placed in category C in the list of known enzymatic reactions.
The reader is again reminded that in such cases of doubt experiments
using THO will very likely increase our knowledge of the mechanisms,

There are some pathways which cannot here be considered.

Tracer experiments have often revealed that a certsin amino-acid
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is a precursor of & certain alkaloid, Date of that kind are
obviously insufficient for our purpose now, The survey of pathways
given here will be confined to those of which the steps are known
in some deteil’2*®!,

One point to be observed is with regard to exchangeable
hydrogen, It might be said that some molecules, e.g. pyruvate
and oxaloacetate, have not a single non-exchangeable hydrogen.
This might be an appropriate statement when we are considering
in which compounds tritium could be detected after killing an
organism, extracting compounds from it, and fractionating the
extracts (although the rate of loss of label is the crucieal
factor, and not always easily predictable)., But in the living
organism, while metabolism is proceeding in THO, such molecules
will, of course, not lose their exchangeable tritium, That means
they could pass that tritium along a pathway to a non-exchanging
position in another compound. An example of this possibility is
the condensation reaction whereby acetate is taken into the citric

acid cycle (enzymatic reaction no. 4.1.3.7):

Cii. CO. Coh
CH, . COCH
+ Hy0 |
=  C(OH).COCH
C0.COCH

|
+  CH,.COOH CH, .COCH
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Even if labelled from previous reactions, or merely from enolisation,
acetyl-CoA and oxaloacetate would probably not be detected as
labelled, by the method used for this thesis (see "Methods", below),
owing to loss of tritium by enolisation during the extraction and
chromatography. The point being made here is, however, that if
pyruvate or oxaloacetate contained tritium bonded to carbon at the
moment of condensation to citrate in THO, this tritium might well
be fixed at a non-exchanging position in citrate.

Lack, possibility and confident expectancy of labelling
will be indicated in the pathway maps by no asterisk, an asterisk
plus a question mark, and an asterisk, respectively, placed on
each hydrogen atom. Note that these refer to labelling detected
in the extracted, chromatographed compounds., For each pathway, the
steps will be considered in turn, with reference where appropriate
to the list of enzymatic reactions, Then the possibility of "passing
along" of tritium (discussed above) will be examined, Finally,
possible loss of labels in the extraction and chromatography will
be considered, leading at last to the assignment of asterisks with
the meaning defined in the present parsgraph (which is also their
meaning in the list of enzymatic reactions).

Instantly exchangeable labels (e.g. H on 0, S and N) will be

ignored unless otherwise specified.
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Reversibility will be usually assumed. As previously
remarked, this is not an assertion of universal reversibility,
but is merely the best working hypothesis in the absence of
contrary evidence, The THO method could give informetion on

whether reactions in vivo were reversible or not,

I. The Embden-Meyerhof Glycolytic uence

(Note: a vertical stick represents a hydroxyl group)

Reaction ia (2.7.1.1) No labelling,
i  (2.4.1.1) No labelling,
ii  (2.7.5.1) The mechanism is interesting (ref. 4k, p.462)
but not expected to cause labelling,
iii  (5.3.1.9) Toppe::}2 carried out this enzymatic reection

by incubation of glucose 6-phosphate with the purified enzyme in D,0

2
for 15 hr, at 26°, When isolated, fructose 6-phosphate was labelled
at C-1 and glucose 6-phosphate was lebelled at C-2, This result,
incidentally, constitutes a case of enolisation so slow that the
enolisable hydrogen is not lost during isclation., Later work
confirmed Topper's result and showed’! that fructose 6-phosphate
tritiated at C-1 is converted by the enzyme to glucose é-phosphate
labelled at C-2, Thus, while incorporation occurs, there is also
transfer of tritium from C-1 to C-2 of the same molecule. At low

temperatures the transfer is much more rapid than the incorporatiom,
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iv (2,7.1.11) No labelling.

v This reaction is catalysed by aldolase (4.1.2,b). When ‘
incubated in THO with no enzyme, dihydroxyacetone phosphate and |
D-glyceraldehyde 3-phosphate incorporated no tritium, but the
enzymatic splitting of fructose 1,6-diphosphate in THO to produce
these two compounds entailed the incorporation of one tritium
atom onto C-1 (i.e. the carbon having no phosphate attached) of
- dihydroxyacetone pl'n:oaphai:el’3 o Only a very little labelling of
fructose 1,6-diphosphate occurred in that experiment, and was
attributed to traces of contaminating triosephosphate isomerase,

vi (5.3.1.1) Specifically the hydrogen on C-1 of
dihydroxyacetone (3-)phosphate other than that labilised by
aldolese is exchanged in the interconversion of the triosephosphates
by triosephosphate isomera.se5o o

vii (1.2.1.12) A1l reactions from vii onwards must be multiplied
by two, because all triosephosphate is reacted via glyceraldehyde

phosphate, Reaction vii is believed (ref. 81, p.569) to proceed:

CH 0.(P) CH,0, ®
H(I:OH +NAD = mlzon + NADH;
(l:HO clzo
+ HS-enzyme L. enzyme
CH,0.(® CH,0. ®
Hclson + H,PO, = HICOH
co €0.0,® + HS-enzyme
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Clearly the reverse of the first of these steps will label

glyceraldehyde phosphate at the aldehyde carbon,

viii (2,7.2.3) No lebelling,
ix (2.7.5.3) The mechanism is analogous to that of step ii.
No labelling,
X (4.2.1.11) The reverse reaction labels 2-phospho-D-glycerate
at C-2,

xi (2,7.1.40) Pyruvate becomes labelled in the methyl group.

Reversibility throughout seems an acceptable assumption,

New labelling occurs at steps iii, v, vi, vii, x and xi, as has
Just been described in detail, Which compounds will be tritiated
after extraction, washing and chromatogrephy, depends then on:

(a) the extent to which labels will be carried back "ageinst
the current", i,e. in the direction pyruvate — —glucose, This
cannot be predicted without data on the rate constants and throughput
rates of each reaction, If there were little or no throughput of
carbon from glucose to pyruvate, as might happen in a shortage of
glucose or if the pathway(s) removing pyruvate went slow, then
tritium would probably find its way back very quickly. But if the
throughput were fast, at each step backwards there would be an
appreciable dilution of the specific activity of the label being

passed back.
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It is convenient in this pathway to begin discussion of
labelling at the last step, Pyruvate is labelled in the methyl
group by reaction xi, and also probably by keto-enol tautomerism
anyway. This label could be passed right back to the start of the
sequence (but see the previous paragraph). Usually it would
probably not get further back than step v, as step iv is almost
irreversible (ref. 44, p.461). Therefore an asterisk is to be
placed on this label back past step iv; and, to stress the point
of the previous paragraph, it might not go that far back,

2-phospho-D-glycerate is labelled in step x. Similar remarks
to those just made are applicable,

Step vi exchanges one of the hydrogens on what has been
defined here as C-1 of dihydroxyacetone phosphate, and step v
exchanges the other, Therefore glyceraldehyde phosphate will be
labelled on the aldehyde carbon, That also is the result of step vii,
When step vi occurs with its enzyme only, glyceraldehyde phosphate
does not become labelled, owing to the enzyme's atereospecificitfo s
but when the whole pathway is operating in vivo, glyceraldehyde
3=-phosphate will become labelled at C-1 and C-2, This is because
both the hydrogens on what we are calling C-1 of dihydroxyacetone
phosphate will be tritium, by the operation concurrently of the
stereospecific enzymes of steps v and vi. Fructose 1,6-diphosphate
will therefore be labelled at C-3 and C=4, Steps iii labels fructose
6-phosphate at C-1 and glucose 6-phosphate at C-2, These labels will

carry forward and possibly back,



9

(b) Finally we consider what labels will be lost during the
analysis of the killed organism. Probably pyruvate will enolise
fast enough to lose its tritium, Contrary to what might be
expected, hydrogen on C-2 of fructose 6-phosphate and on C-1
of glucose 6-phosphate exchanges out relatively slowly, as was
mentioned above under step iii, If, however, the extract
containing these labelled compounds was, for some reason, alkaline,
the enolisation would of course be accelerated.

The pathway chart shows which hydrogens will be tritium in
the isolated samples of each compound, The question marks are the
unavoidable result of uncertainty in the matters of rates of
enolisation and back=-carrying of labels,

Some reactions which can be undergone by the pyruvate produced
by the glycolytic sequence are 1.1.1.27 (giving labelled lactate),
L.1.1.1 (giving labelled acetaldehyde), 4elels1 + 1.1.1.1 (giving
labelled ethenol), or to feed the pyruvate into the citric acid

(Krebs) cycle, conversion to acetyl-CoA by 1.2.4.1 and 2,3,1.12,

II, The Citric Acid Cycle (Krebs cycle)

This metabolic pathway is bel:ieved?3 to act in all respiring
tissues of all animals, from protozoa to mammals, Also there 1393
strong evidence that this cycle is active in many respiring plants.,

It is essentially & means for oxidising acetyl-CoA which may arise
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from any or all of three big classes of metabolites: carbohydrates,
fats and proteins, If the source of acetyl-CoA is the glycolytic
sequence, it will be tritiated in the acetyl group on arrival,
because pyruvate is tritiated in that sequence, This tritium

will not be lost from pyruvate in vivo, the cellular water being

of course THO, Acetyl-CoA supplied from the "fatty acid spiral”
will also be tritiated in the acetyl group, because the step

which splits out the acetyl group from the fatty acid is (2.3.1.16):

cuj(cﬂz)y.cocn C0.SCoA + CoA.SH

2
= cHy(CH,) C0.5CoA + GH;CO.SCOA

On the other hand, pyruvate obtained by deamination of alanine
will probably not be labelled in the methyl, so the acetyl group
might not in that case carry tritium into the citric acid cycle.,

By contrast, transamination of alanine, which also is a possible
means of supplying acetyl units, entails exchange of the @-hydrogen
of alanine with ml‘l:erl*0 and will therefore supply labelled acetyl
groups.

A gignificant aspect of the Krebs cycle is that the equilibrium
in the oxidative decarboxylation of «=oxoglutarate is so fer in the
direction of succinate as to meke the operation of the cycle
essentially unidirectional (ref. 44, p.509). The introduction of

new acetyl units also is highly exergonic (ref. 44, p.506).
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204 XI. CARBON DIOXIDE FORMATION IN THE CITRATE CYCLE

The net reaction for the breakdown of acetyl-CoA can be written as follows:
0
Y _
CH;—C~SCoA 3 3H,0 = 2CO, + 8[H] + HSCoA

No oxygen is taken up in this oxidation; instead, water is added and dehydro-

He- c~s CoA

@ Acetyl - CoA
HC—C=0

v COOH COOH
¥ M = | Oxaloacetic acid ¥ 4 Qb X
HoC— c—oH H2? —.C —CHp
COOH COOH COOH COOH COOH
@ Malic acid NADH, Citric acid
NAD
+ H20 |/ —H20 +H0 \\-H20 @
X ¥
’ *HCc— COOH HoC— C == C|‘H
‘ HOOC— CH* COOH COOH COOH
1 Fumaric acid cis -Aconitic acid
I FADH;
< -0 ||+ (2)
- * D * HX  H*
H2C —— CHp' HyC — C — cl— OH
COOH COOH 1P = COOH COOH COOH
6l - CoA NADP
Succinic acid +H Isocifric acid
0 P + @
Q ° v YRO
. NADH,
Hgf—CHg NAD H2C|_C—C 0
+HS-CoA
COOH CO—SCoA COOH COOH COOH
Succinyl-Co A Oxalosuccinic acid

|
@ COOH COOH @
o - Ketoglutaric acid

COo2 ' Cco2
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Only new labels incorporated at each step will be shown in
the consideration of each individual step; then "passing along"
of labels will be considered, Finally loss of labels in the

extract will be examined,

Reaction 1 (4.1.3.7) As explained immediately sbove, the acetyl-CoA

may be supplied tritiated or not, depending on its source, Usually

it will be, and this is taken as the basis for the present treatment,
The condensing enzyme was shown fairly conclus.:i.vely77 not to

catalyse enolisation of acetyl-CoA in D20. Better experiments78,

in THO, confirmed this., As mentioned above, tritiated acetyl-CoA

will be assumed,

»
G!%CO.COA COoQH
| *
+ CH
H.,0 + | <
([)OCH —_— HO(')COOH

& fo
i

COCH

Little or no enolisation of oxaloacetate occurs in this

rsa.<:t:l.ox:s77 1 00.

2 (4e2.1.3) The enzyme distinguishes between the two
"indistinguishable" ends of the citrate molecule, The proof of
this makes a fascinating steryg3 »25 ’%. It is so far beyond doubt
that it will not be given here, but its conclusion merely quoted.

The consequence is that a specific hydrogen on a specific methylene
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group of citrate is exchanged with water,

(|200H

(8,
HO, C.CO0H
L
o
COOH

COOH

| @ 'Huo
= C. COOH #
1
HC.COCH

Cis-aconitate is not labelled in this reaction” .

3 (4e2.1.3)

(|300H
l.‘HI-IO + (|H'12
ﬁ .COOH

HC,COOH

(|20CH

CH2
|

‘H(l). COCH

H(I:.OH Lg-isocitmte

CcotH

Cis-aconitate is not labelled by this raactimzs .

L (1.1.1.42)

(lJOCH
CH

| 2
HC,COOH
‘ *HC,O0H

|
COCH

5 (1.1.1.42)
COCH

|
C
o
| HC. COOH
?o
| COCH
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6 (1.2.4.2) + (2.3.1.12)?

(I,‘Odl ‘COOH

('IH2 (Iniz + 2H*
(1:H2 + CoA,SH = (la‘d'l2 + 002
(I:O C0,SCoA

COOH

No new labelling,

7 (6.2.1.4)
CH,,COOH
éﬂz + GDP - clzuzcooﬁ + GTP
c':o scos * H}PolF CH,, COOH + CoASH

No new labelling,

§ (1 0309901)

» »
ﬁ:rxzcoon _ o HOOC.ﬁH
CH$COCH *HC.COCH

9 (4.2.1.2)

HOOC. CH v 5,0 GOOH
HC.COOH HOGH
HCH*
COCH
95,96

Treans addition of water occurs ¢ 40 D20 no deuterium

is incorporated into fumarate, and only one atom of deuterium

into malateze. Only the one enantiomorph of malate is produced.
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10 (1.4.1.37)

CoOH CO0H
HOCH* co
ol = + 2H*
| 2 2

COCH COCH

The hydrogen removed in the several oxidation reactions was
shown, in the introductory remarks before the list of enzymatic

reactions, to be in steedy-state equilibrium with THO,

"Passing along" of labels

Owing to their supposed near-irreversibility, steps 1 and 7
will be taken as effectively preventing the passage backwards of
labels.

Since the two methylene groups of succinate are both labelled
(step 7), the methylene group of oxaloacetate will be labelled,
so that when tritiated acetyl-CoA reacts in step 1, the product
will be citrate in which all the non-exchangeable hydrogen is
label., The stereospecificity of steps 2 and 3 will not, therefore,
prevent the labelling of cis-aconitate in vivo, and in fact all
members of the cycle will receive tritium passed along from the
methylene groups of citrate, The result of that fact, and the
labelling which occurs in steps 3,4,5,8 and 9, is that in vivo

every intermediate of the cycle will be labelled,
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Loss of labels after extraction

Oxaloacetate, oxalosuccinate, succinyl-CoA and o -oxoglutarate

will probably lose by enolisation the label on carbon adjacent to
an oxo-group, It must also be considered that in practice
s =-oxo-acids can decompose (e.g. in chromatogmphy101).
Decarboxylation of o =oxo-acids will lay open to slow exchange

any label on what had been the @-carbon of the «=-oxo=-acid,

The types of reasoning used in predicting which metabolites
will become tritiated, and on which carbon atoms, have been set
out rather fully in the analyses of the glycolytic sequence and
the Krebs cycle. For the subsequent pathways the reasoning will
not be written down here so fully; mostly just its results will

be given,

ITII. The Glyoxylate By=-pass

This "modified Krebs cycle" occurs in plants and micro=-
organisms, It is a means for converting two acetyl groups into
a Ch acid, Seeds rich in fatty acids might degrade them to
acetyl-CoA, convert that to succinate, and then via oxaloacetate
and phosphoenolpyruvate obtain any of the metabolites of the
Embden-Meyerhof sequence (ref, 81, p.557). Tritiated acetyl
groups are assumed (see the discussion of this point, under the

Krebs cycle, above).
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L-malate Gii; CO-Col
»* H.O
H, COCH GH,,COGH * %
]
Hoow (144.37) o .
CocH CooH (4.1.3.7) T~ CH,COH
\ o HO.C.COCH citrate
’ acetate cu;coai
N o 1
A be241e3
| (het3.2) N f )
cn;co-CoA tlmzcocﬁ
(':H"‘O ﬁ. COCH cis-aconitate
%
- HC. COOH
glyoxylate
(4e24143)
" (4e1.3.1) Y,
?HZCOOH . .clznzcooa
CH$COCH HC.COCH Lg-isocitrete
succinate HO - (}.COOH
H*

Note: randomisation occurs at succinate, all four o=hydrogens
of which are indistinguishable by any means imaginable (provided all
the succinate is not held locked on a stereospecific enzyme site).
The effect of that randomisation traced back to citrate means
all non-exchangeable hydrogen on isocitrate, aconitate and citrate
is label, regardless of the stereospecificity of "aconitase" (4.2.1.3).
This is made doubly sure by the fact that all hydrogen on carbon

which goes to make citrate in the condensation is, in vivo, label,
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Iv. PFatty acid breakdown ("the spiral"

R R 51.5.2.2; R R
Lt (6.21.2) L+ (1.9.3. b (020107) 2

[ 5 [ | w1,
CH CH CH*?
o, fo o R
2 . : .
CoA Cod CoA
1 (1.1.1.35)
. (2.3.1.16)

RCOCoA  +  CHy - CO- Coh > R = CO - CH,=~ CO - CoA

The question marks express doubt about rates of enolisation

in the extract,

V. Fatty acid synthesis

Schoenheimer et a157 showed that unsaturated and saturated
fatty acids, the former more than the latter, incorporated
deuterium from labelled water, during their biosynthesis in

whole mice, This was «':m'xfirmecls1

in liver slices with THO, when

more tritium was found on odd- than even-numbered carbons of the

fatty acids, contrary to expectations97. The detailed mechanisms

of fatty acid biosynthesis cannot at present be written, in the

opinion of Kosmrex}l'L « Malonyl-CoA is the starting compound, gained €-.g.
by carboxylation of acetyl-CoA, The enzymes of thevlater steps behave
as one particle”. No reaction scheme will be presented here as the

matter is in some doubt. A discussion of this and one possible

pathway is given in ref, 81, p.558.
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VI. The Hexose Monophosphate Shunt

CH2°9 (1.1.1.49) CH, 0P (3.1.1.17) skl

|
0 <« 0 - ~  *HCOH
* F |
> @-’h ,l(**% ° HOCH ¢ phospho-
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002 /_/"//( i | 01 .1 .M)
5 g
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Owing to lack of knowledge on the mechanisms of reactions
(24241.1) and (2¢2+1.2) there is uncertainty about where some
compounds will be tritiated. The positions of some labels shown
are based on the questionable assumption that (2.2.1.1) and
(2.2.1.2) entail similar hydrogen shifts to (4.1.2.b), the
mechanism of which is well hmwn”, as 120 that of (5e3.11)

In summary, the exact pattern of labelling in this pathway
cannot be predicted, but the following compounds are confidently

expected to be labelled:

D-glucose 6-phosphate
D-glucano=- 9 ~lactane 6-phosphate
6-phospho-D-gluconate
D-ribulose 5-phosphate
D=-xylulose 5=-phosphate

D-ribose 5-phosphate
dihydroxyacetone phosphate
D-fructose 1,6-phosphate

D=-sedoheptulose 7=-phosphate
The following might be labelled:

D-erythrose L-phosphate

D-glyceraldehyde 3-phosphate
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VII., A hydrogen-transport pathwey

In certain plants over 50% of the respiration is by this

98. A1{2 represents various subatra.tes98. Whether or not

system
glyoxylate becomes labelled depends on the stereospecificity of
the enzymes reducing and oxidising it,

Glyoxylate and glycollate might be wholly or partly lost

by evaporation from extracts,

COOH
AH, NAD P CoH 0
2. / i \ -~ D
v | H*
} {1414%+26) K11a31)
: J COOH /

AN A o ) N
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VIII. Synthesis of Isoprenoids

a0 0 OH
CH COCHZCO-COA. * | »
3 < GH;G-CH,C0-Coh
y %
acetoscetyl-Cok () | 5 o ‘:5“2
+ CH;C0-Cok . coa R
=hydroxy-3-methylglu =
acetyl-CoA . CoA (one enantiomorph)
(1 1ol 03“‘) mmz
2NADP
C02 + ?Om 0&3011
#®
;;opentenyl %}{E (l'..1 ol .33) ?HE (20701036) CI{‘ é 2 Cod
e S . CRENE +C.0H
S b i O %) B
?Ha 2 l
CH3OP CHEOEOE CH0H
\\\ 5-pyrophospho- mevalonate
(5.3.3.2) \_ . mevalonate
N e % »
CH®.C.CHE ——— N (2.5.1.1) CH;.C.CH
3003 A\ * ® %0 73
CHS0B0P) S .
CH, (2.5.1.1) CH.C
dimethylallyl FP Cize Cae
v | 2 |
CH,.C
3 @ (I:H5
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3050D Ot
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Divergent, imperfectly known pathways now lead to

(a) many terpenes

(b) ubiquinone, rubber, phytol, tocopherol, vitamin K
and carotenoids

(c) by tail-tail linking, all-trans squalene,

These pathways could be studied by the "THO method"., They
include some unusual reaction types. Particularly baffling
is the enzyme (1.99.1.13) cyclising squalene which of course
has in the chemist's view no functional groups for the enzyme
to "grasp", to a highly stereospecific product, lanosterol,.
How the several asymmetric centres of lanostercl are uniquely
determined in configuration is a question which tritium

incorporation might help to answer,

IX. The Uree Cycle

Only one reaction in this pathway locks like a candidate for
causing labelling, viz, the cleavage of arginosuccinate (4.3.2.1).
As that reaction's mechanism is unknown and not readily predicteble,
it cannot be said whether the urea cycle will entail tritium

incorporation,
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X, Purine Nucleotide Synthesis

The D-ribose 5-phosphate will presumebly come from the
hexosemonophosphate shunt or the photosynthesis cycle. In
either case it will be labelled, and will retain that label
right through to actual nucleotide formation, As for possible
labelling in the purine moiety, this will occur if the two carbons
donated by the folic acid pool bring tritium with them, as they
might; but this is uncertain, Impossible to predict, then, is

the extent of labelling of intermediates along the pathway,

XI. Pyrimidine Nucleotide Synthesis

COCH (}:OCH
|
T . 12 (2.1.3.2) 2
HCNH,, (!:0 - H(l:-l‘IHCONH2
COCH (3] COOH
L-aspartate carbamoyl N=-carbamoyl-L-aspartate
phosphate 1
1(5.5.2.3)
v
0C- NH (1.3.3.1) 0C—NH
o% | ' w | |
HC Co UPS———— H(':H (l:o
i
¢ NH *HG—NH + By
éom COOH
orotate Ll ,5=-dihydro-orotate
5=-phospho- 2.4.2 ( il 30)
-D-ribosyl —~ (2.k.2,0)
. pyrophosphate 0C —NH 0C- NH
{ | (10-01-1023) x !
s PRPP ?"‘Hﬁ ?0 - H‘f‘ 90 UMP
C —N *HC —N_
Hooc B® R-®
+ FP + CO
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~ E ADP 1N T
A fl HFog CO;
+ : ]
o TPN : CHo
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02C-C-OH P ACID
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."-,.‘ ..-' = /4
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XII. Photosynthesis of Sucrose

The overall equation is:

12C0

> + 11H.O0 = (:12H22011 + 1202

2

One would deduce from the equation that THO will provide all the
hydrogen attached to carbon in this process., In fact the proximal
hydrogen donor is in relatively rapid equilibrium with water, as
was shown by introducing THO vapour into soybean 1eave36°.

? a reductive sugar phosphate

The main pathway of carbon :13‘l
cycle strikingly similar to the hexose monophosphate shunt, and
involving very similer enzymes, For that reason alone, & precise
prediction of which intermediates will be labelled at which carbon
atoms cannot be essayed., The matter is under experimental study6o.
On the other hand, as in the hexose monophosphate shunt, some of
the mechanisms are well known, Without making risky predictions
about positions or extents of labelling, we can confidently expect
to become labelled:

D-glyceraldehyde-3P)

dihydmxyacetone@

D-fructose 1,6-di ®

D-fructose-&p)

D-xylulose-5P

D-ribulose=-5¢) .

D-glucose~&P

D-ribose=-5¢)

Sucrose
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D-sedoheptulose-@
D-erythrose-i@
D-sedoheptulose 1,7-dif
D-ribulose 1,5-di@
3<PD-glycerate
1,3=-diP-D=glycerate
UDP=-glucose

fructose

D-glucose=1f)

In short, every intermediate of the cycle will very
likely be labelled.

Some important pathways have been omitted from this account.
But several have been analysed for the first time; and those
which have been re-examined have, for the first time, been loocked
into thoroughly. It would be tedious to specify here the errors
and omissions in this task of previous 'riters1 ’2. Future
analyses of the kind will, it is suggested, prevent most mistakes

by using the modes of reasoning described here,
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MATERIALS

Seeds: White mustard (Sinapis alba) seeds were bought soon after
harvest and kept in a desiccator containing silica gel. Germination
tests, initially and every few months, gave at least 170 of 200 seeds
sprouting in two days at room temperature (i.e.89% germination) on

set filter paper in Petri dishes,

Fern spores: A pinna of Cyathea medullaris (the giant tree fern

or mameku), showing ripe sori, was laid on a sheet of paper overnight.
Dehisced sporangia were separated from spores by "surface sifting":

it was found that agitating the mixture on a sloping sheet of
unfilled writing paper caused the sporangia to separate, travelling
more quickly down the slope. The spores were inspected under a

microscope and no contaminants could be observed.

Sapwood: A Pinus radiata tree, trunk diameter ¢. %z m., was laid open
with an axe to the third annual ring from the outside. From a large
chip of the sapwood thus removed was cut with a scalpel, immediately

before use, a piece roughly cubic, of side 2 mm,
Sperm: Bull semen was kindly supplied, frozen, by Dr D, Fielden,
Awahuri,

THO: The Radiochemical Centre, Amersham, supplied phials of 5 ml,
(25 curies).

Ethanol: Technical abs, EtOH was kept in a polythene wash bottle.
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Deionized water: Distilled water was passed slowly (3 ml./min.)
down a column of Biodemineralit, a mixed resin exchanging H for
cations and OH  for anions. The product was kept in a polythene
wash bottle,

Chromato er: The sole type used was Whatman no, 4, which is
similar to Whatman no,1 but was found to give doubly fast development,
and is known to give improved separation of some compounds13 2.

Metal ions such as Ca'" are present in this paper and cause
tailing or even origin sticking of sugar phosphates132. These metals
therefore had to be chelated to prevent this trouble, The sheets of
paper were set up as for descending chromatography, about ten sheets
hanging from each side of the trough. About -1 1, of %% oxalic
acid (B.D.H,) was allowed to descend, followed by 20-40 1, of deionized
water, After drying, the paper was cut to size,

This acid washing incidentally further increases considerably

the speed of development of chromatograms.

Chromatography solvents:
(1) Phenol (redistilled, collecting fraction b.p, 180-182°)

100 g : deionized water 39 g. Kept at 4° (ref. 19).
(2) (&) 3750 ml n-butanol (B,D.H.)
253 ml deionized water,
(b) 1760 ml propionic acid (B.D.H.)

2240 ml deionized water,
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Immediately before use, solvent (2) was made up by mixing equal
volumes of (a) and (b)“5 2. More (b) was added dropwise if necessary
for production of a one-phase system,
(3) Acetone (technical) 4 v.
distilled water 1 v. (Ref, 134)

(&) n-butanol (B.D.H.) 3v.

pyridine (B.D.H.) 2 v,
distilled water 1 ¥,
Kept at 4°. (refs. 135,136)

(5) i-propanol (B.D.H.) 80 v,
.880 emmonia 5 v.
deionized water 15 v, (ref. 2)

(6) n-propanol (B.D.H.) 50 v,

cineole (B.D.H. 50 v.
98 formic acid 20 v,
(B.D.H.)
deionized water to saturation (ref, 2)

Chromatogram Sprays: For amino acids, 0,3 ninhydrin in ethanol
(aerosol can, Sigma Biochemical Corp,) was most convenient, The

51 was

ninhydrin /copper/ s-collidine spray of Moffat and Lytle1
found to be much more specific in its colour reactions, even
discriminating leucine from isoleucine; but was much less convenient

and rarely needed,
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For organic acids, (1) 0.1% mercurochrome in etha.nolﬂs,

or (2) 2,6 dichlorophenolindophenol 0,1% in

abs, EtCH (ref, 2).

For sugars (1) 0.5 ml saturated aq. AgNO; was added to 50 ml
acetone, Any precipitate was redissolved by adding the minimum amount
of water, The chromatogram was sprayed lightly with this solution,
and then with a second, made by making 2.5 ml of 40% aq, NaOH up to
50 ml with abs, EtOH, When the spots have appeared, a 5% aq. 1\119,28203
spray is applied to lighten the background. This is the method of
Trevelyan ot 81'77 as modified by Anet and Reynolds'*C, and by Bailey .
This spray was less convenient to use than the other one described below;
also the silver nitrate solution did not keep well., The worst detraction,
however, was the positive reaction with residual phenol from chromatography
solvent no.1.

(2) 0.9 g aniline + 1.66 g phthalic acid in 100 ml

water-saturated n-BuOH (Merck, in aerosol cans),

Scintillator for autography: Technical toluene was purified by running

slowly (1 ml./min,) down 2 5 x 30 cm column packed by the slurry method
with chromatographic alumina (in the lower 20 cm) and finely powdered
silica gel1. This purification is needed to remove sulphur compounds
which quench fluorescence,

To 2% 1, of purified toluene was added 6 g p-diphenylbenzene
(B.D.H.). The concentration is not critical, as fluorescence efficiency

does not vary sharply with concentration of phosphor“’z.
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Scintillator for counting: 5.0 g p-diphenylbenzene was dissolved in

1.0 1, sulfur-free toluene (B.D.H,) and 0,010 g. 9,10 diphenylanthracene
added (a "wavelength shifter", to make the wavelength of the

fluorescence match more closely the response curve of the photomultiplier),

Photographic films: Kodak "Blue Brand" 14 x 17 in, screen-type
X-ray film was used, as directed by ‘o?:i.l:;on“"5 , but gave way during
the work to its successively faster modifications, "FE=-101" and

"Royal Blue",
Amino acids: "Shandon" 0,01 M solutions in 10% i-propanol were used.,

Sugars: 1% solutions in 10% i-propanol were made up,
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METHODS AND RESULTS

Outline of Procedure

In this paragraph is given a brief outline of the experimental
procedure on mustard seeds, which is described in full below. In each
experiment, mustard seeds were kept at 0° wet with a film of THO for
the desired time, after which they were killed by homogenising in
ethanol, This also extracted some metabolites. A water extract
was then made., The separate extracts were fractionated by two-
dimensional paper chromatography. Tritiated spots on the chromatograms
were detected by scintillation autography, and identified by

co=chromatography with authentic known compounds,

Treatment of Seeds

When seeds were to be wet for more than 24 hr,, they were used
unmodified; but for shorter runs than 24 hr., a very small area of
each seed's testa was removed with a sca&pell| to allow freer ingress
of THO, For the longer runs, it was decided that risk of fungal
invasion would outweigh any slight improvement in rate of imbibition
resulting from removal of part of the testa,

Even after the longest run, where seeds were wet for 26 weeks,
a seed showed no fungal mycelium on dissection and examination under
a binocular microscope.

Five seeds were used for each run, The finding of Sped.ding1

was confirmed, that this number of seeds gives a suitable concentration
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of metabolites in the extracts. On the other hand, the criticism
might be levelled that the statistics of such experiments are poor.
This is not, however, an important fault; and in the several cases
where more than one run was done for the same time interval, the
results were identical,

In a 10 ml, conical centrifuge tube with rubber stopper,
the seeds were thermally equilibrated for 3 hr, before addition
of THO, Within four hours of wetting with THO at 2)...° , mustard seeds
are conducting many metabolic reactions (results of Sped.ding1 "
confirmed by the writer). Runs for four hours at 13°, 10°, 5° and
0° revealed that metabolism at 0° is much slower but by no means
"frozen", O0° was therefore fixed on for all later experiments,
as metabolic aberrations due to the cold were thought more likely
to reveal themselves at 0° than at higher temperatures, but 0°
was not so cold as to inhibit all metabolism, Thermostatting was
achieved by placing the tubes in a Dewar flask full of crushed,
wet ice. For runs of over 24 hr,, a very large (6 1.) Dewar was
used, fitted with a 1id and kept in a cold room (2-4°). The ice
was renewed before it had all melted, i.e. within three weeks, In
the six-month runs, the ice was inadvertently allowed to melt, and
the temperature of the water in the Dewar rose to 2° for about a week
before new ice was added, Temperatures above 0° were maintained in

a thermostat with mercury-toluene thermoregulator, accurate to t 0.2%
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Hax%of THO

Health hazards can be eliminated with simple precautions in

the handling of tritium, which is among the least hazardous of all
x'a,d.:i.oisotopes13 1. Its radiation is extremely soft, it is diluted

with many kilograms of protium if ingested, and its mean effective
life in the body is very low, viz. 10 days **, The maximum permissible
levels‘“"l*"”"5 are very high compared with those of other redioisotopes:
they are 10’*/ae in the whole body, 10° 416 deposition daily in the body,
and 0.4 /,ue/ml. in drinking water,

(:)n the other hand, geneticists believe that there is no
threshold for mutations from irradiating rapidly dividing cel].s“"l*’“"s.
Also, despite the low "biological half-life" quoted above, there may
possibly be some pools of hydrogen in the body which turn over much
less quickly., Again, contamination of benches or other egquipment
might impair future work with them, and would be impossible to detect
with conventional Geiger or scintillation monitors.

Therefore all manip;zlations of THO and tritiated seed extracts
were done on a tray in a special fume cupboard with exhaust fan and
running water installed for immediate washing-down in case of mishaps,
Rubber gloves were worn, THO was transferred in disposable micropipettes
attached to all-glass syringes. From the main stock of 5 ml, THO,
working stocks of about 1 ml, were removed to small tubes with greased

ground-glass stoppers, each in a test-tube lined with cotton wool and

fitted with a rubber bung,.
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From a micropipette, two drops of THO were added to the
pre-cooled seeds in their centrifuge tube, which was then stoppered

and shaken gently if necessary to wet all seeds with a film of THO,

Oxygen Supply

The stopper of each tube was removed, every week or so, for
a few minutes to replenish the oxygen supply in case that were

necessary for oxidative metabolism,

Extraction

When the desired period of time had elapsed, the seeds were
ground with ¢, 5 ml, ethanol for 4-5 min, in an all-glass Potter-
Elvehjem tissue homogeniser. This was very confidently assumed to
kill them, It was not judged necessary to resort to boiling ethanol,

1 merely crushed the seeds as finely as possible with

Spedding
a glass rod, under ethanol, Some duplicate runs using that method
were tried, and found to give very incomplete extraction of tritiated
metabolites.

5 min, centrifugation at ¢, 3000 x g. afforded a clear
supernatant, which was decanted into a pear-shaped flask of c, 20 ml,
capacity and having a B14 socket., The residue was again extracted,
as above,

Two water extracts were then made by the same method as the two

ethanol extracts, Sometimes all four extracts were processed separately,

with a view to possible elimination of the second extraction with either
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solvent, It was always found, however, that all four extracts
contained detectable amounts of tritiated compounds.

Throughout this project, ethanol and water extracts have
been chromatographed separately, whereas Speddi;xg usually combined
them. The newer procedure has the disadvantage of doubling the
number of chromatograms which have to be run, and the attendant
processing of films and co-chromatography, However, the following

advantages are claimed for:

1. If the water extracts are poured in with the ethanol
extracts, a creamy suspension appears, of closely similar density
to the solution and incompletely removed even by centrifuging at
20,000 x g for 20 min, This suspension would have a huge surface
areea and is expected to adsorb from solution at least some of the
compounds which are intended to be chromatographed. A well-known
case of such adsorption misled Gaffron's group into stating that
the first product of carbon dioxide incorporation in photosynthesis
is of very high moleculer weight; only after a long altercation
with Calvin's group was it discovered that radioactive phosphoglyceric
acid had been adsorbed onto precipitated protein, That such an
effect occurred in the present work was easily shown by centrifuging
down a small sample of the creamy suspension, washing by re-suspension
in 10 ml, ethanol and re-centrifuging, followed by similar washing
with water. The residue, smeared on filter paper and exposed to

film (see below) was intensely redioactive.
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The nature of this suspension seems unimportant at present., One
may surmise that it is a protein or polysaccharide thrown out of
aqueous solution by the ethanol, Ca,jola“ﬂ found mustard seeds to be
20% hydrophilic mucilage., But whatever its identity, its precipitation
is to be avoided; and this is the first advantage of separate
processing of ethanol and water extracts.,

2, In the case of water extracts, salting-out in solvent
(1) usually ruins the chromatogram if more than c, '116 or %- of the
extract is loaded onto one chromatogram, The result is bad tailing
pack To Uie origin, or even sticking or most compounds on the origin,
A chrometogram of the water extract of a L-week run, is shown in
Plate VII as an example of incipient salting-out, Solvent (2) is
less prone to salting-out, but cannot be run first (see below,

" chromatogrephy").

This fault is much less prominent with ethanol extracts;

c. % of the ethanol extract of five seeds can be run satisfactorily
on one chromatogram, and the load-limiting factor usually turns out
to be the merging of spots into each other; spot area is known to
irreass with e Tog oF welsht of ecaponnd o tha spuk ™,

Thus if' ethanol extracts are treated separately, it is
relatively easy to get good chromatograms of them, having well-

separated and non-streaked spots.
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3. Keeping the two extracts separate constitutes a preliminary
fractionation which might well be useful; two compounds running to
almost the same area, which might not be separated on a combined
chromatogram, could conceivably be extracted seperately, one in
ethanol and the other in water, Also, to know (e.g.) that a compound
is water-soluble but ethanol-insoluble is useful, and revealed by

this method but not the previously-used one.

Each extract, in its flask, was connected onto a B14 cone on
one arm of an inverted-Y-shaped yoke on a vacuum line, The extract
and a receiver flask on the other free arm of the yoke having been
frozen in liquid air, the pressure in the system was lowered to 5-15 u Hg
with a two-stage rotary oil pump, The yoke was then isolated from {he
vacuum line and the liquid air removed from around the extract., The
solvent, and possibly other volatile compounds, sublimed over to the
receiver, This freeze-drying was slow but automatic, needing no
attention,

Freeze-dried extracts not immediately required were stoppered

and stored at -20°,

CHROMATOGRAFPHY
To load chrometograms, a drop of the appropriate solvent was
introduced and the flask tilted to wet the walls thoroughly, This

solution was taken up in a Pyrex capillary and spotted onto the



132

origins of chromatograms, using an air blower to keep the spot small
(2-5 mm diameter). Hot air was never used, It would have allowed
faster loading, but heating of extracts was thought likely to

encourage decomposition and origin-sticking132.

Graded loading

Of each extract a series of chromatograms was prepared, loaded
to various extents., One benefit of this is seen in Plate VIII, Two
of the graded range of chromatograms of the ethanol extract of a
10-week run are shown, In the one which was loaded only 5 times,
and 1L, are seen to be separate; in the 20-load example,

3 &

113 and U'lo- are not obviously separate, but spots M and 112 show up.

Another illustration is given in Plate VII, which shows two chromatograms

spots I

of the ethanol extract from a 2,5-week run, The more lightly-loaded
one shows that the two spots Ala and GABA are in fact only two in
number; the more heavily loaded chromatogram fails to show that
clearly, but reveals the spots ‘112 and fructose, In general, compounds
of low concentration show up only on the heavily-loaded chromatograms;
compounds of higher concentration, which tend to merge if of similar

R

: 3
chromatograms., There is, in other words, no single "correct"

's, are often revealed as separate spots on the lightly loaded

loading, and maximum information is gained only by the system of
graded loading.
Another advantage is that several samples of each tritiated

compound are usually gained; thus if the first guess in co-chromatography
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proves wrong, one still has other samples available for further

attempts,

Plate VI shows a chrometogrem of the water extract from an 8-hour
run which would lead one to think that there were two tritiated spots
in the area marked "(isocitric". The other chromatograms of the
same extract, though less suitable for reproduction here, proved that
this double spot was merely a curious anomaly., They showed that
there was definitely one tritiated campound in this area of the
chromatogram, end one only.

Perhaps the greatest benefit from the system of graded loading
was thaet it virtually guaranteed the production of one good
chromatogrem; that is certainly not the case otherwise,

It will be seen that the system of chromatography standardised
on this project involved many times more work than the simple system
of combining ethanol and water extracts onto a single chromatogram,
The author is, however, convinced that the extra work is worthwhile,

Descending chromatography was always used, in the interest of
speed (the project involved at least 600 chrometograms in all),

In the boxes available was room for a descent of c¢. 15 cm., This took
only ¢, 2 hr, for solvent (1). These unusually small chromatograms
showed satisfactory separation of spots; the benefits of running
solvents further are largely offset by the larger spots resulting

from the greater time available for diffusion,



135

Solvents (1) and (2) (see "Materials") were used to
chromatograph seed extracts. Solvent (1) is of neutral pH and
gives a very useful "group" separation - acids and bases travel
with low R,'s, neutral compounds (amino-acids and sugers, in
this case) with Ry's arcund .5, and lipids at the solvent front,
i.es Ry 1+ Solvent (2) suppresses the icnization of acids such
as citric and malic, so that they travel above the "neutral line"
(see Plate IX). Solvent (1) always preceded solvent (2) because
if solvent (2) were used first, traces of acid remaining on the
paper would make solvent (1) behave like an acid (and not a
neutral) solvent.

Pre-equilibration and thermostatting, reported as advantagecm51 Je
when using solvent (1) were used for some dozens of chromatograms,
but no detectable improvement resulted and so these precautions
were discontinued.

After development in solvent (1) and drying overnight in a
fume cupboard with exhaust fan, the chromatograms were developed
in the second direction using solvent (2). This took c.1 hr.
Pre-equilibration was known to be disastrous for this develo;pment1 52
and so was not even tried. Another overnight drying was then given.

The dry chromatograms were stapled onto a used X-ray film
and scanned under a UV lamp in a dark room. The solvent fronts were

thus revealed and marked with pencil, as were any fluorescent or

absorbent spots. If any such spots had then been found to be
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tritiated, the fact of UV fluorescence or absorption would have
been helpful in identifying them. The R, (1,1) area, i.e. the
corner diagonally opposite the origin, was cut off and dealt with

separately.

DETECTION OF TRITIATED SPOTS

This was by the method of Wilson, which has been published'*’
but will be briefly described here owing to its prime importance
in this thesis,

Small pieces of filter paper bearing some tritium (e.g.
solid residues) were stapled near two or three comers of the
backing sheet to which the chromatograms had been stapled, which
was then, in a shallow airtight tray, exposed to a very fast
(screen~type X-ray) film, soaking all the while in an organic
scintillator so as to convert the beta-radiation of tritium into
light. After an exposure of 6 hr. - 6 wk., depending on the
expected activity of the tritiated spots on the chromatogram, the
film was swabbed free of phosphor and processed in the makers' developer
and fixer. The film, when dried, was aligned with the chromatogrems
by plecing the markers and their images in coincidence. Dark spots
on the film then corresponded with tritiated compounds on the
chromatograms., Very faint spots were seen more easily by oscillating

the film slightly and viewing it at a low angle,
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The process is, then, that of radio-autography as used for
4o, 3% ete; but the very soft radiation of tritium is detected
much more efficiently by this "scintillation autography".

The sensitivity is lmovwn“"3 to permit detection of 0.1/uC
on a spot 1 om2 with an exposure of 50 hr. Longer exposure up
to 6 weeks was found to give continued improvement, but at a
seriously decreasing rate, owing to reciprocity failure, which is
inherent in the photographic p:::'ocess1 49.

The exposure standerdised in this work was one week,
representing a compromise between sensitivity and speed of production.

One emulsion known, from long astronomical exposures, to give
increased reciprocity, is Ilford Zenith Astro. Some plates of this
were found to give much worse sensitivity in a 50 hr. exposure than
the screen-type X-ray film used. Even worse were Kodak Tri-X, and
Kodirex no-screen film. What is needed is an extremely fast film,
sensitive to the blue and UV fluorescence but not, for preference,
to the safelight which it is desirable to use during development;
and giving increased reciprocity. Screen-type X-ray film fulfils
all these requirements except the last.

Wavelength shifter, e.g. diphenyl hexatriene or
9,10-diphenylanthracene, was omitted except when an exposure of
several weeks had failed to detect the tritium on a co-chromatogram.
It gives an improvement of only 30% in sensitivity (Wilson, p. comm,)

A similar improvement can be gained by using a sheet of
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aluminium foil as a reflecting backing sheet for the
chromatograms, instead of used film. This refinement was not

resorted to.

Detection of tritiated lipids

Hydrophobic compounds such as triglycerides, fatty acids
132

and sterols are known to run as an unresolved mass at Rf 1 in
solvents (1) and (2). Such compounds might well be soluble in the
toluene used for scintillation autography. If they were, and
scintillation autography were attempted, it would probably fail

to detect them, as they would quite likely diffuse out of the
paper and instead of showing up as a darkened area on the film over
the "lipid comer" of the chromatogram, they would merely cause a
general fogging of that film and all others using the same exposure
tray thereafter. Therefore the lipid comer of each chromatogram
was cut off before scintillation autography.

Quantitative results were not required, so the extraction
procedure adopted was simply to place the piece of paper in a flat-
bottomed glass bottle suitable for fitting into the scintillation

head, and submerge it in 5.0 ml. of scintillating liquid. After
occasional shaking for a day, the paper was discarded and the bottle
counted in a non-refrigerated single=channel liquid scintillation
counter without anti-coincidence circuit. The efficiency for 3I'I

was 4=Th. Count rates many standard deviations ( ') above background

were obtained from ethanol extracts of seeds wet with THO for 12 hr.
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or longer. The background count in each case was from the
corresponding water extract. In no case did this fall more than
30 outside the count rate from 5.0 ml. of scintillator,

Quantitative results were not aimed at, because the question
was "After what period of time do lipids become labelled?" 1In
practice this question was easy to decide on, as count rates were
either within 30 of background (i.e. 100-200 counts/min.) or
many thousands of counts/min. In any case, the "1lipid cormer" is
only vaguely defined, and an arbitrarily large piece of paper is
removed.

Despite its unsophisticated nature compared with better liquid
scintillation counters, the counter used was estimated to be several
orders more sensitive than scintillation autographye.

The negative results (viz. "lipids do not become labelled
up to 12 hr.") are unambiguous, with the proviso that volatile
compounds such as propionic acid would have been lost in the freeze=-
drying.

It must be added that if the lipid corner was subjected to
scintillation autography in repeat runs of experiments which had
given positive results in scintillation counting, in many cases the
lipid cormer showed dark on the film, An example is seen in Plate VIII,
on the chromatogram of the ethanol extract of a 26-week run. This
image, though only vaguely delineated in the direction of; the origin,

was sharply bounded by the solvent fronts.
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Identification of Tritiated Compounds

In solvents (1) and (2), classes of compounds run to areas
as shown in Plate IX.

Even more useful in identification is a "standard map"
of positions to which common biochemical metabolites run in these

50

solrents., That of BaLs'.sha.m1 was supplemented by running other

compounds. A very complete standard map was discovered 1ater19.

The confidence shown by some workers in Rf values as a means
of identification (e.g. ref. 113) was not borne out in the present
work. R, values were found to vary greatly, e.g. 55 = «65 for
L-aminobutyric acid in solvent (1). Therefore, to add another
compound to a standard map one must run it with several others
already on the map, on the same chromatogram.

Even the relative position of compounds is not invariant.
For instance, alanine sometimes ran ahead of 4-aminobutyric acid
in solvent (1), as in the chromatogram of the ethanol extract of a
2-hr. run (Plate V), but in other cases ran behind it (Plate VII,
ethanol extract of 2.5 week run).

The variations in Rf values necessitated the method of

jidentification used here.

Co-chromatogra;
Unless the activity was low, in which case all the activity
would be needed on the co-chromatogram, the whole spot was not cut

out, but only the middle. This minimises the risk of including
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overlapping spots, and leaves a sample of the radiocactive spot for
spraying with, say, ninhydrin in attempt to gain a clue to the
nature of the radiocactive spot. On account of the possibility of
reaction by overlapping spots, however, not much faith could be
put in any positive results from such spraying.

A typical identification proceeded as follows: a tritiated
spot from an 8-hr. experiment, ethanol extract, ran to approximately
where alanine appears on the standard map. It was ninhydrin-positive,
and the fact that it had been extracted by ethanol confirmed that
alanine was a likely guess for the compound's identity. Also
alanine had been identified in extracts from 2-hr. and 4-hr.
experiments. A detectable amount (2-5 Jle .01 M) of alanine was
added to the excised piece of paper. The elution technique of
Wilson and Calvin‘| 55 was used to transfer the tritiated unknown
end the unlabelled alanine onto the origin of a new piece of
chromatography paper. The two-dimensional development was then
carried out, as described above for seed extracts, using solvents (1)
and (2)e The tritium was located by scintillation autography, and
the authentic alanine by spraying with ninhydrin. The two spots
coincided in every respect, including irregularities of outline,
This was weighty evidence for saying that the tritiated compound
was alanine.

In the case of Krebs cycle acids, unwashed paper was used, as
residual oxalic acid on washed paper raises the background in the

spray test. These acids were very well resolved by solvents (1) and
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(2), but co-chromatograms of them had to be dried for several days

in a forced draught, or else the spray for acids would show a
positive reacticn with residuel propionic acid all over the paper.
The more sensitive 2,6 dichlorophenolindophenol spray was

especially prone to this. A further difficulty was that even this
more sensitive spray is an order or so less sensitive than

ninhydrin is for amino-acids. This made it necessary to use 20-50/4 1.
of 01 M solution of the appropriate acid for each co=-chromatogram.
Such an amount gave quite a large spot on the developed chromatogram.
These acids were relatively weakly labelled in seed extracts; and
spreading a small amount of activity over a large spot of'ten made

it very hard to detect on the co-chromatogram. This is why citric
end malic acids have been identified in relatively few cases.
Solvents (5) and (6) were sometimes used.

It will be seen from table I that the identity of some spots
has been only inferred, and not positively cmfi:med. The inference
is often fairly confident, however; for instence, aspartic acid
was labelled in very meny experiments and so the spot labelled "Asp?"
in the chromatogram of the 16-week run (Plate VIII), being in sn area
where aspertic acid is known to run, is quite likely to be that
compound.

Spedding1 used repeated co-chrometography in the seme solvents
to increase the level of confidence in identifications. The author

thought it an improvement to use, in addition, solvents greatly



TABLE I: COMPOUNDS NON-EXCHANGEABLY TRITIATED BY MUSTARD SEEDS IN THO FOR VARIOUS TIMES, AT 0°

. (iso) _ e . e solid » -

TIME ;extract| GABA | Ala | Asp sibrdo Glu M U3 Uh ‘ fructose | 1lipids st i Rf s of other spots
10min) EtOH +
20min) and +
30min) Ho0 +
1.0hr. EtOH 2,1

Ho0 1,1 &
2,0hr, EtCH 2 2

Ho0 1 inf, inf, -
4.0 hr EtCH 1 1

Ho0 1 1 1 1 1 +
8.0hr, EtOH | 2

Hy0 o % | 1,2 1 1,1 1 1 -

L
12hr., EtOH 2,1 1,1 Hv.fa:‘mt) = L3
24hr, Ho0 2A 1,1 | 1,1 1 1,1 1 % (.26; .42) - glyceric? 1
doubtful co-chromatogram

48hr, EtOH 1,1 | 1,1 + + +
1.0wk, EtOH 251 57

Hp0 1 1 inf, 1 inf, 1 +
2,5wk, EtOH 2 1 + + 1 + U, - (.81, .63)
4 .Owk. EtOH 2,51 1 + + glucose - 1 doubtful co=-

Ho0 2 inf,| inf, inf, inf, inf, + chromatogram
10wk, EtOH 2 1 + + + +

Ho0 1 1 Iinf, inf. 1 +
16wk, EtOH 1,1 1 + + - +

H20 1 i 1 inf. inf, inf,

(v.faint)|(v.faint) (v.faint) +

26 wk, BtOH | 1,1 | 1 . ¥ 1,1 + Us (.40, .52)

Hy0 1,1 1 1 1 inf', inf, + (.35, .48) - glyceric?

(v.faint)

Explanatory note: A + sign indicates that a compound was tritiated, "inf," indicates that the identity of a compound was inferred from
1ts position on the chromatogram. U designates a compound as yet unidentified. The numeral at the LHS of a column indicates the

number of identifications by co-chromatography in solvents (1) and (2); at the RHS, in solvents (3) end (4). Abbreviations: see page 203
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different from (1) and (2). This constitutes & much more strenucus
test of the identity of a tritiated compound. Therefore amino-
acids and sugars were, in meny cases, also co-chromatographed in

solvents (3) and (4). Pre-equilibration is essential with (3).

RESULTS

Selected scintillation autograms are shown in plates V-VIII,
The complete scheme of tritiated compounds is shown in table I.
Citric and isocitric acids camnot be separated by the methods used
here, so the tritiated compound which co-chromatographed with citric
acid may be citric or isocitric or both. It is therefore called
"(iso)citric".

The large, diffuse, very highly tritiated origin spots
reported by Spedding1 never occurred in this work, probably because
the bottle for solvent (1) was alweys washed and dried by the
method which he found to prevent that trouble.

The first compound labelled is L4-aminobutyric acid. That
experiment (i.e. a 1.,0-hr. run) has been done three times, always
with the same result; and the sole tritiated compound has been
co-chramatographed thrice in solvents (1) and (2), and twice in
solvents (3) and (4). It is very unusual end perhaps unique for
a radiochemical experiment on a whole organism to give only one
labelled product.s By and large, compounds became labelled at

ce § the rate fomnd' at normal temperatures.
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PLATE V

MUSTARD SEEDS AT O°
IN THO FOR 10 hr.
EtOH extract
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MUSTARD SEEDS AT O
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EtOH extract
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-,

1
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|

—()— 0

MUSTARD SEEDS AT O°
IN THO FOR 40 hr
EtOH extract

"l.!kh

MUSTARD SEEDS AT O°
IN THO FOR  10hr
H,0 extract

NeaBa

t
?

— e

MUSTARD SEEDS AT O°
IN THO FOR 20 hr
H,0 extract

J’mm\
-

L ﬁ‘-iigﬂkk?
 Asp?

t
(f)
(1) ;

MUSTARD SEEDS ATC
IN THO FOR 40 hr
H,0 extract
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E
Ala .
Glu PN (swcfnc
Asp

%)

—(—0
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PLATE VI

- MUSTARD SEEDS AT ©°

MUSTARD SEEDS AT 0O°

IN THO FOR
EtOH extract

IN THO FOR
EtOH extract

80 hr

t
2
I

«—1— 0

MUSTARD SEEDS AT O°

IN THO FOR 12hr

EtOH extract

’GABA

v.
1
2
|

+«—1— 0

4

48 hr.

o —n—>

-— | —

MUSTARD o°
IN THO FOR ™80 hr
HO extract
‘GABA
~» -
Ala Gf '(:so)cnnc
Asp 1
(2)
«—()— i)

MUSTARD SEEDS AT o°

IN THO FOR 24 hr.
HO extract
GABA = ‘g/lyceric?
mali
Ala W ; el
(Isdcitric
Glu Ag
t
2
I
«—1— 0

MUSTARD SEEDS AT O°
IN THO FOR 50 hr,
H,0 & EtOH extracts
e
- e dl
-

.

& i

<—1—- ®
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PLATE VI

MUSTARD SEEDS AT 0°
IN THO FOR 10 wk.

H,O extract
GABA # malic
ax - » d
(isalcitric
Glu? 3 e
Ksp?
t
2
|
—1— 9
.“' i ‘M'
IS5 - “ -
BA
) .
fructose ke
@glucose? ) glucose ?

MUSTARD SEEDS AT O° Tz MUSTARD SEEDS AT ©O°  }
N THO FOR 25wk . | THO FOR 25wk _ |
EtOH extract : 5 loads EtOH extract; 20 loads ' °

MUSTARD SEEDS AT Q°
IN THO FOR 40wk

o H,0 extract
“ABA GABA
. Wmatic?
» Ala Ala? o (isdgtric?
Gl?

“ Asp?

MUSTARD SEEDS AT 0°
IN THO FOR 40wk —i— 31
EtOH extract : - ‘

o —N—>
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PLATE VI
L
GABA P GABA
Ala &, i -"ee
4 . ~u, 0

MUSTARD SEEDS AT O° ,  MUSTARD SEEDS AT O° t
IN THO FOR 10 wk. f INTHO FOR 10wk |
EtOHextract , 5 loads < ' ° EtOH extract , 20 loads =

MUSTARD SEEDS AT 0©°

» N THO FOR 16 wk
-~ HO extract
GABA W% GABA
Ala Ala & ‘malic?
U’ 14_ s sacitric?
MUSTARD SEEDS AT O° : | Sl T
IN THO FOR 16 wk. f ;
EtOH extract =0 . l

- €— decomposed

lipids ? ) MUSTARD SEEDS AT O
Py IN THO FOR 26 wk.
. HO extract
GABA ‘ U5 — o /glyc:nri::(:?
A * o - (iso)m'ic?
¥ fructose GW? - Asp

MUSTARD SEEDS AT O° g |
N THO FOR 26 wk ] -

EtOH extract
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The Solid Residue
Spedding1 did several experiments on the solid residue left
after extracting, once with ethanol and once with water, five seeds
which had been wet with THO for 1.0 hr. at room temperature. By
scintillation counting, he found that an absolute ethanol extract
of this so0lid residue was definitely tritiated. This is scarcely
surprising in the light of the present writer's finding that
chromatography of each of two ethanol and two water extracts showed
appreciable amounts of tritiated compounds in all four extracts,
as detected by the usual method (scintillation autography).
Spedding's single ethanol and water extracts had not been made
with the benefit of a tissue homogeniser, but only by the method
of crushing the seeds with a glass rod. Therefore it is very
likely that his solid residue contained significant remnants of
the same tritiated compounds as had appeared in the two extracts.
However, Spedding also evaporated at 100° the ethanol extract
of his solid residue. On re-dissolving the evaporated extract,
he found its activity to have decreased considerably (but not to zero).
He suggested that some THO might have been removed in this evaporation.
Hydrolysis of his solid residue with papeain afforded Spedding
some weakly labelled compounds which he chromatographed. One was
identified as 4=-aminobutyric acid; this and others were probably
portions of the amino-acid content which had not been removed by

the single extractions with alcohol and water. Also two other
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tritiated compounds appeared, one at the origin and the other
at Rf 1 in both solvents. These were not further investigated.

To test the hypothesis of non-metabolic incorporation of
tritium into the solid residue, the present writer killed three
batches of five seeds by these respective methods:

(a) storage in a desiccator over technical 98% sulphuric
acid for four weeks

(b) heating, dry, at 110° for 4 hr.

(c¢c) as (b), but preceded by autoclaving for an hour
at 15 lb./ing, the seeds being open to the steam.

The batches of seeds were then treated with THO under the
following respective conditions (2ll known to give tritiated
metebolites in live seeds):

(a) ©0° 4 hr.

(b) 18°, 2 hr.

(e) ©°, 3 asys

The usual extraction, chromatography and scintillaticn
autography revealed in each batch no tritiated metabolites; but
in each case the solid residue was very radioactive. This indicated
that a good deal of the incorporation of tritium into the solid
residue in the experiments on live seeds wes non-metabolic.

Another highly important conclusion from these experiments
was that non-metabolic labelling of those compounds which were
extracted and chromatographed had not occurred. It had been

thought possible that slow enolisation or perhaps some previously
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unknown phenomenon akin to the Wilzbach synthes:ls151 might cause
non-metabolic incorporation of tritium. Heat-killed seeds imbibe

15¢

water well ©~, Swollen beans and pumpkin seeds in D,0 exchanged

2
a good deal of protium for deuterium, even in deeper layers of
the seeds, within an hour. Killed seeds exchanged even better155.
These experiments with killed seeds exposed metabolites, many
of which would have survived the heating, to THO for quite long
periods. But in no case was any non-exchangeable or very slowly-
exchangeable label formed. In similar experiments, Edvardsz killed
some fungus spores with ethanol, evaporated the ethanol and then
added THO. In 45 min. no incorporation of tritium occurred (no
compounds became labelled). Again, treating with THO for 2 days
at 20° portions, suitable for chramatography, of compounds such
as glutamic acid and alanine which often become labelled in vivo,
gave nc detectable label in any of them after the usuel washing and
chromatography.

A similar conclusion was indicated by consideration of the
fact that 10, 20, and 30 min. runs on live seeds, reported in
table I, gave no detectably tritiated metabolites in ethanol or
water extracts, but did give tritiated solid residues. It would
require a very strange type of intermediary metabolism to give
such results as those.

On the other hand, the incorporation of tritium into the

solid residue did not seem to be entirely non-metabolic fixation
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of tritium. The solid residues from two 16-week runs were hydrolysed
with 10 ml. of 6 M 'Analar' hydrochloric acid in a sealed tube at
110-120° for 48 hr. To remove all the hydrochloric acid, which would
have caused salting=-out in chromatography, the mixture was then
freeze-dried, and washed with de-ionized water several times,
.freeze-drying again between washings. The caramelised solid thus
gained was extracted with ethanol and then with water. Chromatograms
of these extracts are seen in Plate IX. The spots are much more
highly tritiated than those which had been extracted from those same
seeds immediately after killing (Plate VIII). Their Bf values

do not seem to correspond with those of any metabolites met with

in the rest of this thesis.,

The solid remaining after that hydrolysis was only very weakly
tritiated, and further hydrolysis under the same conditions for
one week, followed by treatment as after the first hydrolysis, gave
no tritiated spots on the resulting chrometograms. This proved that
the first hydrolysis had been essentially as complete as possible
with the reagent and temperature used.

It seemed possible that the activity of the solid residue
might be, in part at least, owing to extremely small amounts of
adsorbed metabolites having very high specific activities.

An analogy was seen to a beaker contaminated with carrier-free 5 21'-’-
phosphate, which is very hard to remove with water only, but can
be exchanged off with a large excess of inactive phosphate. Therefore

ten mustard seeds were germinated in H,O for two hr. at 0°, and

2
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PLATE IX
MUSTARD SEEDS AT Q° MUSTARD SEEDS AT 0O°
IN THO FOR 16 wk. IN THO FOR 16 wk.
EtQH extract of hydrolysed HO extract of hydrolysed
solid residue solid residue

AREA MAP, SOLVENTS 182

T lipids
NN neutral line
(
\\ sugars and

amino acids

nic
ac1
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extracted in the usual way. The solid residue from five mustard
seeds which had been treated with THO for 2 hr. at 0° was stirred
several times over % hr. in the alcohol extract of the ten non-
tritiated seeds. The solid was then centrifuged down and washed
similarly with the water extract of the non-tritiated seeds. The
solid was again centrifuged down and subjected to scintillation
autography alongside a sample of the original residue which had not
been washed with the "carrier" solutions. No diffeerence was detected
between the activities of the two samples. The method of comparison
was admittedly crude, but since the two samples were exposed side
by side to the same film, it was estimated that the method would
have been capable of detecting a halving in specific activity on
washing the solid with the "carrier" solutions.

That experime.;nt indicated that the postulated adsorption of
metabolites was of, at most, minor importance in the labelling of

the s0lid residue after two hr. at 0° in THO.

Spot "M" (see Plates VI-VIII)

This tritiated spot appeared in all runs of 48 hr. or longer,
It was not reported by Spedding, despite the fact that his results
up to 24 hr, of germination in THO at room temperature showed, in
his longer runs, more tritiated spots than were ever found in this
project at any stage up to 26 wk. at 0%

There was no proof that all spots called "M" were the same

compound, but that seemed the likeliest and simplest working
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hypothesis; and if it were wrong, that fact would emerge as
investigations advanced.

Since "M" was not reported from Spedding's work on normal
germination, and since it occurred regularly in this work, its
identification was considered likely to help in answering the
question of why seeds do not germinate at low temperatures. "M"
stands for the name "mystery spot", earmed through its resistance
to identification,

M was always extracted wholly by ethanol - it never appeared
in water extractse.

Co-chromatography with proline, phenylalanine, leucine,
methionine and methionine sulphoxide proved that M was stable during
the elution and re-chromatography, and that it was definitely none
of those amino-acids.

Its R, values in solvents (1) and (2) (see Plate IX)
indicate that M is neither strongly acidic nor basic; that it is
not a sugar phosphate, lipid or oligosaccharide; and that it is
not highly polar.

A sample of M was eluted as for co-chromatography but
collecting the eluate overnight in a text=tube. The UV and visible
absorption spectrum of this ethanolic solution was run on a Unicam
SP700 double=~beam recording spectrophotometer. The sole band was
centred on 278 nya « The ethanol was then evaporated at room
temperature a.nd the solid left, which was just visible to the

naked eye, hydrolysed, washed and re-chromatographed as for the
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solid residues (see previous section). The result was two tritiated
spots. This%yndicate. that M was tritiated at two positionmns,
neither of which was labilised by the hydrolysis. Table Il records
data on the chromatograms of the hydrolysate. The whole

experiment was duplicated, with no significantly different result.

Table II Products of Hydrolysis of Tritiated "M"

Spot no. Rf's Tritiated? UV fluorescence
07)+, (2 Yyes nil
2 08, .26 yes nil
3 08, <23 no green

Spot no. 1 could possibly be unchanged M.

As the Introduction made clear, the "THO method" is well

suited to the discovery of "new" metabolites. "M" may be one.

Position of Labelling of Amino-acids

The position of the tritium in an amino=-acid molecule can
help in inferring by what reaction it became labelled. For instance,
transamination or deamination will give tritium on the &<C of

aspartic acid; but in the "aspartase" reaction, 4.3.1.1 in the List,

2 i
HCH* HC - COH

JIOZH

the tritium will become attached to the (3-0.

co
H -(J:HZH < T . noc-cH
ZN l + NH

3
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Spedding used repeated spraying with ninhydrin, alternated

with scintillation autography, to examine the position of labelling
of 4-aminobutyric acid, alanine, aspartic acid and glutemic acid.
He found that after three separate sprayings with ninhydrin, these
amino acids, which had become tritiated in mustard seed germination
for 60 min. at room temperature, lost their activity.

The same compounds appeared on a chromatogram of the water
extract from a 4-hr. run at 0°. This was sprayed with ninhydrin
five times; between each two sprayings it was allowed to dry
and another scintillation antogram made of it. Each exposure was
of 7 days duration. Development was not precisely standardised but
was by inspection till the citric acid spot's image reached an
arbitrarily-decided density. This spot, being unaffected by
ninhydrin, acted as an "internal standard". The result was a
marked decrease (but not to zero) of the activity of each tritiated

amino acid.
TREATMENT COF SEMEN

About % ml. of bull semen, which had been stored frozen, was
thawed at 0° and stirred with one drop of THO. After a further hour
at 0° to allow diffusion of THO into the sperm cells, the semen
was allowed to stand at roam temperature for two hours. Minute samples
were removed from microscopic examination at the start and end of this
2 hr, period, and revealed that at the start a very high proportion of

the spermatozoa was motile, and at the end most were still motile.
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The sperm were centrifuged down. Both the pellet and the
supernatant were then processed as described above for seeds,
but omitting the homogenising in the case of the supernatant.

No tritiated metabolites were detected on the chromatograms;
but the solid residue was active,

These and the following negative results are recorded so that
future workers mey devise appropriately improved experiments. In
the case of semen, it might be thought that, say, mannitol should have
been added with the THO for maintenance of approximate isotonicity;
but the high motility of the sperm after addition of pure THO seems

to rule out osmotic damage as an explanation of the negative result.

TREATMENT OF FERN SPORES

To a few mg. of spores in the bottom of a centrifuge tube
was admixed one drop of THO. Killing and subsequent procedures
were as described for seeds. Even after 30 days at room temperature
no tritiated metabolites were detected on the chromatograms.

The solid residue was active.

M. Lever (pers. camm,) has since followed the germination of
several species of flern spores, including the same one used by
the writer, by the method just described. He reports that Cyathea

spores are not extracted by the usual method.
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TREATMENT OF SAPWOOD

The freshly excised sample (see "materials", above) was
treated with one drop of THO at room temperature for 30 min.
Extraction, etc., was as for seeds. No tritiated metabolites
were detected on the chromatograms; but the solid residue was
tritiated.

Quite likely the THO had not permeated to all the living
cells in the sample; and the number of these in the cube of
side c. 2 mm might well be too few to give detectable amounts
of tritiated metabolites. Also the use of pure THO may have

caused osmotic damage to the cells,
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DISCUS5IOL
The results condensed in Tsble I (p.l43) allow, auong others,
the following conclusionss
(1) tustard seeds, which do not germinete at 0°, metabolise
L-aminobutyric acid and elenine within two hr, of wetting with THO
at 0°,
(2) Metebolism of aspertic and glutemic acids, and also
malic end (iso) citric zcids, is procesding within four hr.
(3) At leest one anomalcus compound, the "mystery spot',
1
is beins metsbolised within 48 hr, It wezs not reported in germin-
B 1 . 1 o
ation &t normel tempsersturcs but becomes heecvily lebelled at O,
(4) Buccinic =cid, labelled feirly eerly in normal cermine-
1 o
tion, never becomes labelled at O,
(5) The order of luabellings is, on the whole, similar to that
1
in normal geriuinetion, but lebelling is about eizht times slower.
(6) Lipids become involved in metebolism within 12 hr, (7o
correct to the sensitivity of detection of tritium in other tynes
of compound, we should probsbly plsce the onset of detectable lipid
labellin: et 24 or 48 ar,)

153,154

(7) 1In contrast to results on metebolism early in germina-

tion of other seceds, musterd sceds et 0° never (within months)
inaugurate the mbden-iieyerhof glycolytic sequence, This result,

which is of course to be resd in conjunction with the sensitivity

of the £nalysis (see strrt of pert 3 of this thesis) wes elso found

1
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in normal germination, The ebsence of detectably tritiated phos=-
ohates also rules out the hexose monophosvhate shunt,

(8) Metabolism of a freec suger, fructose, occurs after wecks,

(9) The solid residue remeining efter extraction of mcteb-
olites in ethenol and water is elways tritiated but at least a
good deel of this is non-metzabolic,

(10) These secds wet et 0” inaugurcte fewer metubolic re-

cctions in months than they do in ebout four hours at 24 ,

General Intervretative Remerks

+het genersl scheme of the sceds' metabolism can we draw
up from this survey? The most remarkable fecature is the very
narrovw scope oif the mctazbolic activity. -ven given almost unlim-
ited time, the seeds at sub-germination tempersture insugurete
very few metabolic pathweys indeed, Two reservetions ere needed
to that statement., Firstly, other psthways could be lebellin~
metebolites but below the detectsble minimum, Secondly, cs was
pointed out in the Introduction, some met:bolism cznnot be detec-

&S

ted by this method; e.g. hydrolysis of peptide or glycosidic links,

Lebelling of amino and "Krebs" ecids

In what reactions did the amino-zcids become lsbelled? Sped-

o

w
r——
e

33 ‘ s - °
ding found the same ones tritiestzd =t 24

o

=ve been reported
herc, namely A-aminobutyric ccid, aspsrtic @nd glutemic scids end
alenine, He concluded from the loss of tritium on repeated trest-

ment with ninhydrin thet the tritiws must hsve been on the «-carbon
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of the amino-scids, This reasoning is false, The type of
mechanism for the ninhydrin reaction favoured by meny, e.,g. ref.
126, involves exchange of the «-hydrogen with protons of the sol-

vent during that resction. Spedding stated, on ths contrary,

G

hat the «-hydrogen would not exchange during the ninhydrin re-
sction but, having become the hydrozen in the =0HO group of the
aldehyde produced, was now slowly cxchangeable by keto-enol
tautomerism, The fact is, however, that the hydrogzen of the -CHO
group will not be exchanged in enolisation, but the hydrogen ad-
jocent to it will be (if & double bond cen form between whet were
the & and p carbons of the amino-szcid). The correct znalysis thus
shows that both the F cnd the o hydrogens of an amino-acid are
laid open for exchange with zxchangeable hydrozen, when the amino
acid is degraded by ninhydrin, For instence if aspartic zcid were

lcbelled at the « and P caerbons, all the lebel could exchange out:

gogn GOOH COOH coo
Gt 2 Ci% hijo ¢H 0 CHy

*HOHfl > HC et LR
GoOH 8 H 3

(+ co o*1Hz)
To show that all the tritium is removed from aspertic =acid by
the ninhydrin reaction proves, then, nothing et all s2bout where
the tritium wes in the aspartic =2cid molecule, The same is true
for slanine, In the case of glutemic scid, = complete lzck of
tritium in the oroduct shows that the tritium hod not been on C-4

of glutamic ecid, If 4-eminobutyric =cid's =zcivity is rzduced to
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zero, then the tritium cennot have been on C-2 of theat compound,
but must have been on C-4 or C-3, llon-zero radioactivity after
treatment of a tritisted amino-acid with ninhydrin is ambiguous:
either the tritium wes in & position not leid open to exchange,

or it was lsid open ("lebilised") but the rate of exchenge out

was too slow for the activity to drop below the detection mini-
mum under the conditions used, In fact both interprctations could
conceivably epply et once, Thus the result in this thesis (see
"Hesults") that repeated sprayins with ninhydrin, followed bv dry-
ing each time, did not remove all the tritium, is of less use
then had been thought.

The limitations in usefulness of the ninhydrin degradation
were not seen until the practical work for this thesis had finished.
It will be nossible, however, to use some more informative degrada-

144
tion schemes,

As far as it wes meaningful, the degradation by ninhydrin
indiceted thot L-eminobutyric scid waes tritiated at C-3 or C-4,
Also 4-zminobutyric acid, the first compound labelled, wes labelled

1

relatively more heavily than it
1
room tempereture, Furthermore, glutamic acid wss labelled from

ned been in the experiments at

four hours onwerds, It seemed a plausible hypothesis that seeds
night store K=-amino-zcids rather than the corresponding <=-oxo-
scids, because the latter would be prone to decarboxylation during

prolonged storage. The ‘-oxo-acids of the Krebs cycle could be
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supplied in germination by deemination and transaminstion of
«=-2mino=-acids, Production of o-oxo-acids by these reactions would
lebel the amino-acids, This hypothesis finds supporting evi-
dence in the fact that all the amino-ccids which beceme lebelled
(Table I) were closely related to «-oxo-ccids of the Krebs cycle:
by transemination or deamination, elanine, aspertic #cid end glu-
tamic acid give respectively pyruvic acid, oxaloacetic azcid and
d-oxo-glutaric acid, 21l intermediates in the Krebs cycle. As
for 4-sminobutyric acid, an enzyme is known (2.6.1lc) to convert
this cowpound to succinic semisldehyde, which mignht then enter the
Krebs cycle by the valuably exergonic oxidation to succinate, Al-
so, the most informative work before Spedding's on ezrly reactions
in sced germinztion pointed strongly to trenseminations, carbox-
112
ylations and at least some reections of the Krebs cycle, Op-
eration of the Krebs cycle is at leest a pleusible supposition even
in the absence of expsriments, because seed germination involves
meny endergonic reactions, e.g., protein synthesis, and since no
cnlorophyll is presen%, exergonic reactions in the seed will be
needed., The Krebs cycle is highly exergonic when coupled to the
Ll
production of ATP by oxidative phosphorylation., Berley sozaked
157
overnight was found to contain in the embryo cytochromes a, b
and ¢, identified by their absorption bands, These compounds, are

of course, implicated in oxidative phosphorylation,
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The Krebs cycle did not, however, appear to operate fully,

Succinic acid, which must become labelled in the operestion of the
1
complete cycle, wes identified by Spedding among compounds tri-

tizted within 24 hr. (and, with some doubt, within 90 wmin,) of
normal germination, But in the present work succinic acid was

19

never lasbelled. It runs, in solvents (1) end (2), well clear of

any of the compounds in Teble I, so it would definitely have been
143
noticed had its activity ever re-ched the detection minimum, 0,1

FC' Other acids of the Krebs cycle which would become labelled

during the operation of that pathway in THO were not found either
1

et normal or sub-germinetion temperatures. This might be owing

<

to very low stesdy-state concentrations, It is not possible at
present, then, to conclude finally that the whole or partisl Krebs
cycle exis$s in imbibed mustard seeds at sub-germinetion temp-
erstures. The evidence certeainly points that way, though. Also
further investirations are sugzzested (sec end of thesis).

Supposing thst an importent metabolic aberration in the im-
bibed seeds et 0° was curteilment of some Krebs cycle resctions,
how could that be expleined? One postulete centred on the "meta-
bolic orphan" L-aminobutyric escid. A plant would be considered

158
odd if free of L-aminobutyric escid, yet m tabolic roles of this

compound ere lergely unknown, Assumin: it is of little use to a
plant, we now notice thet is lebelled first of all exiractable

compounds in the "attempted" germinetion st 0°, and it soon be-

comes heavily labelled., At lesst some of its label is shown by
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the ninhydrin degradation to be on O-4 or C-% and may therefore
heve been incorporated in the « -decarboxylstion of glutamete,

one of the very few known metebolic reactions in which 4-amino-
butyrete is involved, It has scemed likely (see immedistely sbove)
that a fragmentery Krebs cycle exists in the imbibed seeds at C°,
and *-oxo-glutarate is probebly supplied to that cycle from glu-
tamete, Now if thc postul=ted decarboxylation of glutamate to
L-gninobutyrate was slowed less in the temperature drop 2L’ -0°
than the reaction supplyin:z A&-oxo-zluterate from what is assumed
to be the same pool of glutemsate, then the Krebs cycls may be cur-
tailed owing to shortaze of «x-oxo-glutarzte. It is highly prob-
able thzt the rate-limiting step in the Krebs cycle is the oxi-

159

detive decarboxylstion to succinete of &-oxo-glutarcte. A short-

age of

e

supply of -oxo-glutsrszte, owing to the "westing eway" of
glutemete to the less importent compound 4-eminobutyric =cid, is
therefore a possible explanation for the anomslous non-lzbelling
of succinic =cid,

This hypothesis is not presented as a confident conclusion.
In fact it is baesed on several assunptions each one of which could
be false, The hypothesis hes, howsver, the great virtue of being
experimentelly felsifisble, It would predict that imbibed seceds
at 0° might gernincte if supplied with exogenous zlutamate., It
wes found thet 200 mustard secds kept wet with distilled weter at

® for six months not only failed to cerminete at 0%, but also

ermineted 0% when raised to 20° st the end. No mould was visible

0183
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to the naked eye, This exveriment is consistent with the idea
thet the sceds at 0° become critically depleted of glutemate,
though it does not, of course, prove that,

As & test of the hypothesis, 200 mustard sezds were kept wet
et 0° for 3 months snd then set st room tempereture on filter
paper wet with saturated acueous ;lutamic ecid (i.e. c.1% w/v et

4

that tempercture). & control bateh of 200 seeds wes trestod ex-
actly similerly cxcept for the use of distilled w=ster instead of
glutamic acid solution, The result was, with no significant dif-
ference between the secds supplied with glutemic acid and the
control, 70% zermination., There wes not time to carry out the ob-

. . . o .
vious next experiment, nemely keeping the seeds at O for six

160

months before sttewpting to germinete them, It is known that

5
exogenous zlutemic ecid is sbsorbed and metzbolised by germineting
Phaseolus sceds; though thet work involved e 72-hr, germination
period, so glutamic ecid might conceivably not be absorbsd in
other circumstences or species, This is of course an example of
the perennisl permezbility problem which crises in experiments
where one is sttemplting to introduce en exozenous compound into &
wnole orgenism, o such problem is expected in the introduction

of THO, though,

Lebelling of lipids

Since the tritiated lipids were not fractionzted by the meth-

of used, few detailed conclusions are possible aboul the rezctions
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in which they incorporasted tritium, The degradetion and syn-
thesis of fetty a2cids in THC will tritiate lipids, &s shown in
the Introduction, p.l08. Also synthesis of steroids is known
from:.experiment,-dnd very confidently expected from theory, to
give tritisted lipids (p.113). The curious result (pl39) that =t
lcast some of the tritisted meteriel in the "lipid corner" of
long-time experiments did not diffuse away into toluene solution
requires some comment, especially es all "lipid corner" tritieted
meterial was extracted from the seeds by ethanol., It is possible
thet some of the tritiested "lipid" material is tritist=c¢ car-
bonydrate bonded to non-tritiated lipid, e.g. tritisted galactose
161
in & galactolipid., This could break down on the chromatogram,
resulting in come toluene-insoluble tritisted meterizl (e.g., zalee-

tose) in the "lipid corner" of the chromstogram,

Lebelling of fructose

Several recctions in the list of known enzymetic reactions
are expected to incorporzie tritium into fructose, Llso pessing-
along of lsbel, so often seen cduring the discussion of metobolic
pathweys in the introduction to thi: thesis, is possible, It
would be desirable to know where the tritium is in the fructose
molecule, The first experiment should be removal of the hydrogen

162
on C-1, Prolonged treatment with dilute alkali exchenzes out

)

thet hydrogen, end zives an equilibrium mixture of fructose, glu-
cose end mennose, which could be identified to give further con-

=

firmetion of the identity of the labelled fructose, Another way
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to labilise the hydrogen on C-1 would be oxidation of fructose

to gluconic acid. The informstion from these experiments would

tell whether the tritium in the tritiated fructose wszs on C-1 or

60

elsewnere in the molecule, It may be assumed that information on
32
#

the exchange of hydrogen between fructose S-phosphate and water

shows that the hexoses have 7 nonexchangeable hydrogens,

Some interestins speculations sre possible to explsin label-
led fructose, For instence, = resction like 4,1,le could 1lcbel
fructose by decerboxylating the corresponding 37 ecid, Another
possibility, apart from the obvious ones, is a reaction like 4,1,1.b,
lio decision will be possible between these speculations until the
vosition(s) of the tritium in the fructose is (are) loceted.

144
Aronoff gives useful degration schenes,

Labelling of the 50lid Hesidues

The results on this include evidence for non-metsbolic label-

163
ling. Some models of cellulose in vivo include bound weter, Hys-
164
teresis in the hygroscopic ecuilibrium of rough rice could be
165

interpreted in such terms. Conclusive evidence wes provided by an

infra-red study of exchenge of hydrogen between 99,77 200 and cel-

lulose or viscose, Zach material failed to re-hydrogenate fully

when kept in liquid 1H20 after 4 hr, in liquid DZO' Chenges in

the percentege crystallinity were advenced as 2 means of binding
166

water in cellulose, THO vapour exchanged irreversibly with amylo-

pectin, emylose, wood pulp, bacterial and =lgel cellulose, and
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regenerated cellulose, Jried samples of these substences which
had been exposed to THO vapour retained tritium for weeks when
exposed to the water vapour of the zir, Retention of tritium
even after thorough washing in such cases is explained &s follows:
during drying, TEO and/or T atoms on hydroxyl groups are trapped
in crystalline regions of the polymers, In washing, not all the
same regions "open up" for exchenge so thet a very large number
of wetting and dryin_ cycles will be needed to remove the tri-
165,166
tium., There is thus cood precedent for,the conclusion from the
results herein, thst some of the labelling of solid r=sidues is
non-netsbolic,

Lebelling of solid residues by adsorbed smell molecules of
high specific activity was shown to ve of, 2t most, minor impor-
tance (pJdo2).

The hydrolys=tes of tritisted solid residues (plete IX) are
at present uninterpreted, oand are the masin reason for not alto-
gether subtracting lebelling of the solid residue from the meta-
bolic scheme being proposed for the seeds,

The most important taesk in this discussion is to enswer the
cuestion posed at the very start of the introduction - how is the
metabolism of imbibed seeds a2t O° cdifferent from normal?

Firstly, we may conclude that the metsbolism of the szeds
et 0° is not hugely different from normal, lost of thc resctions
detected by the "IHC method" et 24 are detected also at 0°,

though they are much slover,
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However, there zre noticeable cualitative differences, Suc-
3t 2 - 0 . o e
cinic scid, lebelled at 24 , is not labelled at O, This could

be owing to = block in the Krebs cycle, discussed =hove, Also,

n 2 00

occurrence of the labelled "mystery spot"™ &t 0° is a difference
from normal, Unfortunately it has not been identified =nd so is
et present of little help in answoring the principal question,
The " THO method" has, then, been of considersble use in the
probleri, But its limitetions have, as expected, prevented it
from solving the problem "single-handed". Once again we see that
this new biochemical wmethod, for &ll its power and utility, is
not to bs thought of as replacing other methods, Iather is it

corplementary to others,
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PART B

A PRELIVINARY 3TUDY OF TRITIUM INCORPORATICK BY DR

3ZLD3, SPOR_.3 AlTD POLLLIT,



175

GENoRAL INTRCDUCTION

Seeds, spores ond pollen exhibit the baffling ohenomnenon of
"suspended animetion®", Thet is, they can be stored for very long
periods (often many yesrs - sec refs, below) needin: no food and
apoarently metsbolising exceedingly slowly if ot all, Then on
wetting they grow in & very short period (e few hours or deys)
into ravidly met:bolising tissues.,

Conspicuously little prosress hes b:zen reported in the lit-

crature in clucideting the nethweys of int-rmedisry metebolism of

sceds, spores or pollen resting ia this curious state of suspended

animation, Two ressons =re obvious for the leck of success of

v

clessical biochemical methods here, irstly, the resctions in

o

question proceced et rstes meany orders slower than those usually

mezsured in biochemistry. Secondly, meny classicel methods zre
1112

just not applicable to the problem, The sp ed with which s=zeds,

2 1

spores and pollen gerninzte (in the chemiczl, moleculsr sense) on

wetting meens thet if it is desired to study restin: metzbolism

one is debarr.d from the conventionzl method of msking eaqueous ex-

trects and screcnin

these for enzymetic sctivities, Very mony

o
investigstors have not realised this, =2nd have claimed to have ex-
tracted enzymes from restin: sesds, using procedures which, wve

now know, began by sermineting the seeds to sn advenced stage!

‘o study unambiguously restin: metzbolism, then, was needed

a method of analysis suited to following exceedingly slow reactions;
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4

and it was also rcquirsd thet the orgunisms not germincte (in the
moleculer sense),

The principle of the method devised for this thesis was to
expose the resting orgenisms to & fixed relative humidity of tri-
tium water vepour, It was expectsd that THO would ecuilibrate with
the orgenisms, the resting metsbolism of which would then produce
tritiated metsbolites, in & wey precisely comparcble to their pro=-
duction in germination experiments (sce pert A of this thesis).

It wes expectod thst the reactions in resting organisms might
be so very slow a2s to corresvond to & deily turnover of, say, ¢
fraction of & micromole of ezch metabolite, Therefore the sensi-
tivity of detection of a metabolic reaction by tritium incorpor-
etion was calculetzd,

The =ssumptions on which the calculestion wes based will now
be given with relevent comments on each,

1 The reaction of 1 molecule of metabolite enteils incorpor-
ation of 1 hydrogen stom from water,

This seems a conservetive sssumption, representin- the low-
est possible rate of incorporation (where any occurs).

2 Tritium is incorporeted et the seme rete es protium,

This essumption could be wrong by as wuch as 3 orders either

way. Oee the discussion on the isotope effect in part 4,
> The specific activity of THO in the cells is thet of the THO
i.e. dilution by 1H20 already in the cells is

supplied, 5C/

g9

negligible,



175

The specific esctivity of the THO will in fact be lowered by
the unavoideble presence of 1H20 and exchangeable protium in the
resting orgenisms before exposure to THO vapour. However, except
in the case of seeds, the actual experimental quantities of THO
end 1520 (see "methods", below) justified this essumption., Also
there is involved here the postulete of complecte equilibration be-
tveen THO vapour an that cellular water from which metsbolites
incorporate hydrogen,

4 To be deteccted ss tritiasted, e given mstzbolite will have to
contain st least O.yuC of tritium,

143

This is .ilson's fi-ure for the sensitivity of scintillstion

W

autography, which will be used to detect tritistion of metabolites,
5 Activity (rether than specific ecctivity) of metebolites is
the qusntity governin: the sensitivity of the method,
The threshold of 0.1uC (see sssumption 4 above) was for a
2 - . . \ O 1
chromatogram spot 1 cm., Spot srca rises with the