OXALIC ACID SYNTHESIS IN OXALIS PES-CAPRAR (L)

J. R‘ E. W‘ELLS

A thesis submitted for admission to the degree of
Dooctor of Philosophy

Department of Agricultural Chemlsiry,
Waite Agricultural Research Institute,
University of Adelaide, Australis,

March 1963

12 1 bz

Por—— ot



(1)

Declaration

I hereby declare that the work presented in this thesis
has been carrisd out by myself, and that it has not been submitted

in any previous application for a degree.



(111)

Abbreviations
Amino Acids
Ala Alanine
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NADH
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GENERAL _INTRODUCTION

Oxalis pes-caprae (Sourscb) is among those plants which
contain notable amounts of axalic acid. Indigenous to South
Africa (Salter, 1944), Oxalis was introduced into South Australia
as an ornmamental plent in 1839, So rapid and effective was its
spread ,that by 1879 it was recognised as a weed in oultivated
areas (Schomburgk, 1879). The present distribution of Oxalis
pes-caprae in the cultivated arems of Scuth Australia has been
reviewed by Michael (1959).

Agriculturally Oxalis presents a problem, not only because
of its widespread distribution end successful competition with more
favoured pasture species but also because of its high oxalic acid
content which causes a chronic nephritis in sheep depastured on
Oxalis dominant areas, In simple stomached animels, a hypo-
caloaemic syndrome has been associated with excessive axalic acid
ingestion. Experiments with sheep (Dodson, 1959) heve shown that
oxalic soid poisoning in these animals is associated with physical
rupture of the kidney tubules due to crystallisation of oxalio
acid, rether than hypoocalcsemia, Losses as high as 10% as a result
of Oxalis-induced nephritis have been reported in some flocks of
sheep. The tolerance of sheep to axalic acid is dependant upon
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the presence in the rumen of certain bacteria capeble of de~-
carbaxylating oxalic acid., These bacteria are asscciated with
Oxalis stands in the field, They are only found in the rumen of
the sheep ingesting Oxalis at the time of the year when sourscb is
flourishing (Dodson, 1959). The severity of axalic acid poison-
ing depends on the initial inoculum of these degradative bacteris
present in the rumen when sheep greze on Oxalis, Animals reared
in areas in whioch Oxalls is not prevaleni are very susceptible to
nephritis when brought into pastures infested with this weed.

¥easures employed to control the growth and spread of
Oxalis have proved inadequate, Cultivation has never been entirely
effective, although repeated cultivation at the stage when the
buldb from which the plant grows is nearly exhausted exerts a
temporary setback to Oxalis, Not only can broken portions of the
plant regenerate, but newly formed bulbs, pulled down into the soil
by a contractile root as far as eighteen inches, are well clear of
the effects of cultivation,

A wide range of weedicides has been applied to mature
Oxalis plents, but none has been effective in controlling growth,
No epproach has been made to & selsctive attack on the plant, The
experiments described here have been deslgned to elucidate the
mechanism of axalic acid synthesis in Oxalis. If this biosynthesis
is obligatorily coupled with the growth of the plant, then selective
inhibition of an ensyme (or enzymes) essential to this synthesis
may result in control of the plant, Although all plants probably

contain some oaxalic acid (Bemmet-Clark, 1933), an excessive amount
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of this acid is found in only & small mmber of plants (see
Michael, 1959), so that inhibition of formation of this major
product of metebolism in Oxalis provides a possible avemue for
selective control,

The white emergent shoots of bulbs of Oxalis pes-caprae
rapidly synthesise axaslic aecid end contain as much as 16% of oxalic
acid on & dry weight basis. The shoots Lave been used throughout
this study since they represent the starting point of the growth
of the plant, and therefore the logical stage for selective control,
¥oreover, the bilosynthesis of oxalic acid oould be studied in white
Oxalis shoots without the added complications of photosynthetio

reactions,
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PART I, OXALIC ACID SYNTHESIS IN VIVO

A, INTRODUCTION

1. ZIhe biosynthesls of axslic acid

(a) Synthesis of axalic acid in animals,

The synthesis of axalic acid in enimals has been
associated with glycollic acid, glyoxylic acid and glycine, In
the rat, only glyoxylic acid was converted to oxalic acld to a
significant extent (Weinhouse & Friedman, 1951). Although it
seemed likely that glycollic acld was metabolised vie glyoxylic
acid, in vivo, the yield of oxalic soid from glycollic acid was
small, Glyoxylic acid also contributed to glyoine synthesis in
the rat, but there was no significent converaion of glycine to
glyoxylic acid or to cxalic acid, Coryell, O'Rear and Hall (1961)
have found that, in the rat, glyoxylic acid was converted more
readily to oxalic acid then was glycollic acid, However, relatively
greater amounts of glycollic acid are converted to oxalic acid in
the pyridexine~deficient rat,

Studies in vitro have confirmed that glyaxylic acid may
be axidised enzymically to oxalic acid in animal tissues (Ratner,
Nooito & Green, 194); Nakada & Weirhouse, 1953; Crawhall & Watts,
1962) . The wide distribution of glysine oxidase in animal tissues
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(Retner, Nocito & Green, 1944) suggested that glycine was a likely
precursor for glyoxylic acid and oxalic acid in animals, Studies
in vivo in the rat have substantiated this proposal (Archer, Dormer
& Scowen, 1958; Calhoun, Jennings & Bradley, 4959; Gershoff &

Faragella, 1959).

(v) Synthesis of oxalic acid in plants.

Studies on the biosynthesis of oxalic acid in plants
received a stimulus from the discovery of an ensyme, glycollate : 02
oxidoreductase (glycollate oxidase, EC1.1.3.1, formerly known as,
glycollic acid axidase), first in barley leaves (Kolesnikov, 1918)
and subsequently in & wide range of green plants (Clagett, Tolbert
& Burris, 1949). Although this flavoprotein enzyme was considered
to be incapable of axidising glymylic acid (Zeliteh & Ochoa, 1953;
Frigerio & Harbury, 1958), Kenton & Mamn (1952) and Richardson &
Tolbert (1961a) have shown oxalic acid to be the end product of
glyoxylioc acid oxidstion by this enzyme. The apparent disorepancy
in these findings can probebly be explained by two factors.

The oxidation of glycollic acid to glyaxylic acid, oata-
lysed by glycollate oxidase,is acoompanied by the production of
hydrogen peroxide (Kenten & Mann, 1952; Zelitoh & Ochoa, 1953).
The subsequent fate of glyoxylie acid so formed depends on the
presence of catalase, In the absence of catalase, the oxidation of
glycollic acid by molecular cxygen catalysed by glycollate oxidase
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results in the production of formic acid, carbon dioxide and water
acoording to the equations :~

Glycollie soid + 0, Glycellate oxidass oy exylic acid + H,0,

Glyaxylic deid + 3202 Non-enzymic s> Formic acid + 602 + }120

In the absence of catalase, thenm, axalic acid would not
be identified as the end product of glycollic acid exidation via
glyoxylic acid,

The enzymlic oxidation of glyoxylic acid to cxalio by
glycollate oxidase is strongly inhibited by axalic acid itself
(Tolbert, Glagett & Burris, 19493 Richardson & Tolbert, 1961a).
Thus, in crude ensyme preparations the axidation of glyaxylic acid
to oxalic acid may be difficult to demonstrate, but the purified
ensyme, although more active with glycollic aoid, nonetheless will
catalyse the oxidation of glyoxylie acid to oxalic scid,

The incorporation of G from glycollic acid into exalio
acid has been demonstrated in vive in tobacco leaves (Zbinovsky &
Burris, 1952; Vickery & Palmer, 1956), However, the formation of
oxalic acid appeared to be a side reaction; oitric acid was clearly
established as the main product of metabolism, The accumulation of
citric acid in wvivo is probably due to the inhibition of oitrate
(isocitrate) hydrolyase (aconitate hydratase, EC 4.2.1,3, formerly
known as aconitase) by glyexylio acid (Ruffo, Adinolfi, Budillon &



Te

Capobianco, 1962) s the oxidation product of glycollic acid, The
administration of [ 14c] glyoollic acid to spinach leaves (Richsrdson
& Tolbert, 1961a) and to white Oxalis shoots (this thesis, Table 4
Pe 80; see also, ¥illerd, Morton & Wells, 1963 ), both of which
contain high conecentrations of axalic acid, resulted in the incor-
poration of 'MC into oxalic acid in vive.

(c) Synthesis of oxalic acid in microorganisms

In contrast with the small mmber of direct precursors
postulated for axelic acid synthesis in animals end plents, studies
with mloroorganisms have suggested that & large mmber of compounds
may be involved in this synthesis, Glycollic acld and glyoxylic aseid
have been associated with axalic acid production, but a number of
other compounds have also been considered as direet precursors of
oxalio acid in certain fungi, The mti;iation of acetic acid via
glycollic acid and glyoxylie aecid to oxalioc acid was suggested by
Challenger, Subramsnian & Waiker (1927) and Nord and Vitueei (1947).
However, the direct oxidation of acetic acid to oxalic acid does not
ocour (Lewis & Weinhouse, 1951b; Bomstein & Johnson, 1952; Cleland &
Johnson, 1956), Similarly, the proposed coupling of two molecules
of formic scid {Chreassez & Zakomorny, 1933) or the hydrolysis of
oxalosuceinic acid (Lynen & Lynen, 1948) do not appear to be
operative in the biosynthesis of axalic acid (Lewis & Weinhouse,
19518)
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It is diffioult to present a precise mechanism for the
synthesis of oxalic scid in microorganisms as many different pathe
ways have been proposed, These metabolic pethways may be separated
into three groups.

(i) The axidation of glycollic acid via glyoxylic meid

to exalic acid,

Although it was not possible to demonstrate the axidation
of glycollic acld via glyaxylic acid to exulic zcid in gll strains
of sspergillus niger, Franke & de Boer (1959) reported that A. niger,
strain 315 was capable of an almost gquantitative conversion of
glycollic acid to axalic acid. In other strains, o dissutation
reaction ocourred resulting in the synthesis of glycollic acid and
of axalic acid from glyexylie acid. The reduction of MNAD in the
presence of glyexylic acid end Col by a partisliy purified erzyme
from Pgeudomonas oxalaticus has also Leen desoribed {Cuayle, Keech

& Taylor, 1961).
(11) The produsction of axalic aeid from axeloacetic acid,

The biosynthesis of oxalic acid from oxaloacetic scil is
well documented (Raistrieck & Clark, 1919.; Nord & Viiucei, 19473
Lynen & Lynen, 194,8; Lewis & Weinhouse, 1951b; Cleland & Johnson,
1956) . One molecule of waloagetic acid is hydrolytically cleaved
to one molecule of axalic acid and one molecule of acetic ecid
(Hayaishi, Shimazono, Katagiri & Saito, 1956) or oxidatively split
to two molecules of oxalic acid (Cleland & Johnson, 1956), Cleland
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& Johnson (1956) conclude, that in A, niger, strain 72-4, axsloacetic
acid lis normally present in higher concentrations than acetyl=-CoA;
axaloacetic acid not involved in the synthesis of oltric acid is
therefore converted to oxalic acid, Evidentally, there is a close
relationship between the synthesis of citric acid and of oxalic acid
in A. niger. Lewls & Weinhouse (1951a) established that '%C from
[“"U] socetic acid was incorporated into citric acid and into axalie
a0id and that exaloacetic acid was probably assoeciated with both of
these syntheses, Cleland & Johnson (1956) were able to control the
production of citric acid or oxalic ecid in A, niger, strain 72-1,
simply by changing the pH of the oulture mediumm. At low pH velues
citric acid was formed and at neutral pH values, axalic acid synthesis

was favoured,

(411) The production of axalic acid from sugars and related

compounds,

The oxidetion of hexoses or pentoses to 2-keto acids and the
subsequent splitting off of axslic aeid was proposed by Allsepp (1937).
More recently, Cleland & Johnson (1956) have shomn thut s wide range
of sugars and suger alcohols ere converted to oxalic acid in A. niger,
strain 72-}4, at neutral pH velues, The pathways involved in this
synthesls were insensitive to fluoride and fluoroscetic scid and thus
did not appear to involve tricarboxylic acid cycle intermediates or
glycolysis_intemediates beyond the triose level, The suggested
scheme for the fermentation of sugars to oxalic acid at neutral pH
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values required transkeioclase, transaldolase, pentose and tetrose
isomerases and glycolytic enzymes for the conversion of hexoses to
trioses.,

The net reaction may be summarised as follows:w
2 Ribose ——=—p § Glycclaldehyde.

Glycolaldehyde thus produced was presumed to be oxidised via

glycollic acid and glywxylic acid to ocxalic acid, This theory of
oxalic acid formation required a complete conversion of sugar carbon
to axelic meid (except in the case of glusose or glucomate); such
yields were sometimes approcched with [2-1%0] glvcose or with [6-""0]
glucose (Cleland & Johnson ,1956). At low pH values, this metabolic
pathway was apparently inactive, and A. niger, strain 72-4 accumulated
citric acid, but at neutral pH these reactions appeared to be of major
importanse in the production of axalic acid by this fungus.

2, Sources of C-2 units for exelio scid synthesis

It is apparent that in different tissues, there may be
e number of pathways involved in the biosynthesis of oxelic acid,
The fect that & wide range of compounds contribute to axalic acid
synthesis indicates that the immediate precursors for this synthesis
mey arise from a pool through which these compounds are metabolised,
Intermediates of the tricarboxylic acid cycle would fulfil this
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requirement; in particular oxaloscetic acid end citric acid have
been associated with axalic acid synthesis (Cleland & Johnson, 1956).
In plants and in snimals glycollic acid and glyoxylio
acid are considered to be the immedlate precursors of oxalic acid,
The proposal that glycolaldehyde, a product of the pentose phos-
phate cycle, acts as the source of glycollic acid (Cleland & Johnsonm,
1956) is only onme of & mmber of possibilities for the synthesis of
glycollic acid or glyoxylic acid., Since these two acids appear to
be intimately involved in oxalic acid biosynthesis, particularly in
plants, some of the reactions concerned with their formation are

considered here,

() The precursors of glycollic acid

(1) 6Glyeollic acid ss a product of photosynthetio carbon
dioxide fixation.

It is well sstablished that glyocollic acid 1s one of the
early products of carbon diexide fixation during photosynthesis in
green algae or higher plants (Benson & Calvin, 1950; Tolbert & Zill,

1 2(30

19563 Tolbert, 1958). Alternating exposure with ''C0, and with
confirmed that the glycollic acid synthesised was derived from
intermediates of the photosynthetic carbon reduction cycle (Tolbert &
7311, 1956). Glycollic acid has been considered as the initial product

of carbon dioxide assimilation during photosynthesis (Warburg &



Krippehl, 1960; Tanner, Brown, Eyster & Treharne, 1960), but
studies on '*C incorporation from '*C0, inte the products of photo-
synthesis have shown that glycollic acid becomes labelled too
slowly to justify this claim (Sechou, Benson, Basshem & Calvin, 1950;
Calvin and co-workers, 1951a),

Bradbeer and Racker (1951) have demonmstrated the formation
of glycollic acid from fructose-6-phosphate, catalysed by crystalline
D=sedoheptulose-7=phosphate : D-glyceraldehyde~3=-phosphate glycolw
aldehyde transferase (transketolase, BC 2.2.1.1.), in the presence
of ferricyanide, This synthesis wae also demonstrated with a
mixture of xyulose-S5-phosphate, ribose-5-phosphate and ribulose=j-
phosphate, It was concluded that the "active glycolaldehyde~transge
ketolase complex" could be cxidised in the presence of ferricyanide,
resulting in the formation of glycollic acid, The transient
formation of glycolaldehyde from intermediates of the pentose phos~
phate cycle hags also been suggested by the results of & mmber of
investigations into the origin of glycollic acid (Cleland & Johnson,
1956; Boloato, de Bernard & Leggiero, 1957; Boleato & Leggiero, 1959),
and is supported by the demonstration of & glycolaldehyde dehydro-
genase isolated from pea mitochondrin (Davies, 1960)., However,
Bradbeer & Racksr (1961) showed that glycollic acid was formed from
fructose~b~phosphate, in the sbsence of ferricyanide, either in
intact chloroplaats or extracts fyom chloroplasts containing trans-
ketolase, The reaction was stimulated by light,:

The isolation of phosphoglycollic acid ss an early product
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of photosynthetic caxrbon diexide fixation in vive (Calvin and co-
workers, 195ib; Benson and co-workers, 1952) and in isolated
chloroplasts (Kearney & Tolbert, 1962) established this compound as
the likely immediate precursor of glycollic acid, It is evident

that a large number of suvgars Ior sugar phosphates which can enter
the pentose phosphate cycle may contribute to the synthesis of
glycollic aoid. In particuler, G from '“C labelled fructose-é-
phosphate (Bradbeer & Racker, 1961), ribose (Griffith & Byerrum,
1959) , from ribose-5~-phosphate (Wilson & Calvin, 1955; Weissbach

& Horrecker, 1955) or from ribulose-diphosphate (Pritehard, Griffin
& Whittinghem, 1962) have been shown to be incorporated directly into
glyoollic acid or into glycine, The pattern of incorporation of “’C
into glycine from specifically labelled pentose phosphate cycle
intermediates during photosynthesis was consistent with the prier
formation of glycollio acid from C~1 and C-2 carbom atoms of pentose
phosphates,

Glycollic acid synthesis during photosynthetie fixation
of carbon dioxide is maximal at low concentrations of cerbon dioxide
(Benson & Calvin, 1950; Tolbert, 1958; Pritohard, Griffin &
Whittingham, 1962), This observation initisted the proposal that
the primary carbon dioxide acceptor, ribulose-diphesphate, present
in excess at low carbon diaxide concentrations, was split to &

C-, phosphate and a tricse phosphate (Tolbert, 1958; Pritohard,
Griffin & Whittinghem, 1962). The C, moiety was oxidised to

phosphoglycollic and subsequently converted te glycollic acid by
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a specific phosphatase (Richardson & Tolbert, 1961b). As the carbon
dioxide concentration increased, the excess of ribulose-diphosphate
decreased and comsequently less glycollic acid was synthesised,

Although there has been a report of rapid incorporetion of
carbon diexide into glycollic aéid in the dark in bean roots (Kursanov,
Kryskova & Vyskrebentsera, 1953), other evidence suggests that this
synthesis was essentially associated with photosynthetic resctions
in the light (Griffith & Byerrum, 1959; Tolbert, 1955).

Glycollic ascid is chiefly metabolised to glyexylic acid
and oxalic acid, and to lesser extent to glyeine and serine in non~
photosynthetic Oxalis shoots (this thesis, Table 4, p. 68). Ian
photosynthetic tissues, glycollic acid is associated with a mumber
of metabolic conversions., Glyecine and serine were reported as the
chief products of glycollic acid in vive (Tolbert & Cohan, 1953b) o
Subsequently, Rabsor, Tolbert & Kearney (1962) have proposed a
"glycollate pathway" in which glveollic acid arising from photo-
synthetic intermedlates is metabolised via glyoxylic acid, glycine,
serine and glyceric acid to suorose. This pathway has been confiimed
by the administration of specifically labelled serins and glycollic
acid to wheat leaves and soybeen leaves (Jiminez, Beldwin, Tolbert
& Woods, 1962). The significance of this pathway in green plants

will be discussed subsequently,
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(i1) Glycollic acid as a product of glyceric scid
metabolism,

The possibility of glycollic acid synthesis being
aagociated with glyceric acid metebollism arose from the findings of
J¥ilheud, Benson & Calvin (1956) thet considerable '“C fyom [ ‘'c]
hydrexypyruvic acid was incorporated into glycollic acid in
Scenedesmus, Stafford, Megaldi & Vemnesland (1954) have isolated
D-glycerate : NAD oxidoreductase (glycerate dehydrogenase, EC 41.1.1.29)
from green leaves which catalyses the reduction of hydraxypyruvie
acld to D-glyceric acid, acecording to the following.equation -

cl'uan CooH

C=0 4 MDH2 mmemmonmeeode - CHOH 4+ NAD

GHZOH GHZOH
Bydroxypyruvic Glycerio

acid scid

This enzyme is not active with pyruvic ecid (c.f. Ballou & Hesse, 1956),
but is probably similer to glycollate : NAD oxidoreductase (glyoxylate
reductese, EC 1.1.1.26) isolated from green plants (Zelitoh, 1953),
The equilibrium of this reasction lies strongly in favour of hydroxy-
pyruvic acid reduction; it is, therefore, unlikely that this enzyme
is of physlological significance in the synthesis of hydroxypyruvie
acid (or glycollic scid) from D-glyceric acid,

A mmber of keto acids inecluding hydrexypyruvie acid are
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substrates for memmalian I-lactate dehydrogenase, Willis & Sallach
(1962) have partislly purified D-glycerate dshydrogensse active
with NAD or NADP; the production of hydroxypyruvic acid from
glyceric acid could be demonstrated in this system. A Deg~hydroxy
acid oxidase, apparently requiring no coenzyme, has been isolated
from rabbit mitochondris (Tubbs, 1960a, b; Tubbs & Creville, 1961).
This enzy~e, which catalyses the oxidation of D-lactic acid at &
greater rate than for lL-lactic acid, also calalyses the oxidation
of D-glyceric scid to hydroxypyruvic acid, The sigznificance of
hydroxypyruvic acid in mammalian tissue is probably in relation to
serine production (Sallach, 1955; Hedrick & Sallach, 1960), rather
than in the production of glycollic acid,

Tt was proposed by Dickens & Williemson (1956) that
yeast L-lactate : cybochrome b2 axidoreductase (lactate dehydro-
gensse, EC 1.4.2.3) would oxidise L-glyceric acid to hydroxypyruvie
scid, However, Morton, Ammatrong & Appleby (41961) have shown that
this engyme is inactive towards both hydroxypyriviec acid and I-glyeric
acid, The claim of Dickens & Williamson (1956) was based on studies
with partially purified ensyme from yeast prepared according to
Boeri, Cutolo, Iuzzati & Tosi (1955), and suggests that yeast
contains e separate ensyme capable of utilising hydraxypyruvic acid.
and I=glyceric acid as substrates, No connection has been shown
between hydroxypyruvie acid metsboliasm and glycolliec acid synthesis

in yeast,
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(i1i) Glyocollic acid procduction from glyoxylic acid.

Observations of the effect of catelytic amounts of glycollic
acid and of glyoxylic acid on the stimulation of axygen upteke by
homogenates of spinach leaves led to the discovery of & specific
NADH,-linked glyoxylate reductese {Zelitol, 1953; 4955)s This

ensyme, catalyses the reduction of glyoxylic acid to glycollic acid,

CHo GH20!Z
| + NapH, > | + HAD
COOH COOH

Glyoxylie acid Glycollie acid

This ensyme system, coupled with the flavoprotein enzyme glycollate
oxidase can irensfer hydrogen from KABHQ to oxygen through a seriles
of reactions which constitute a glycollate axidation cyecle (Zeliteh,
1953; Zeliteh & Ochoa, 1953). Although orude preparations of
glyxylate reductase react with KADKQ and NADPH2, the rate of axidation
of NADHz is appraximately five times greatsr; the crystalline enszyme
from tobacco leaves (Zeliteh, 1955) and an enzyme of similar specific
activity from spinach leaves (Holser & Holldorf, 1957) do not axidise
:mz in the presence of glyoxylic acid.

The glyoxylate reductase isolated from castor been seedlings
(Kornberg & Beevers, 1957) showed a low level of activity towards the
axidstion of NADKz but was active in the presence of Mﬂiz. The
"new" glyoxylate reductase specific for NADPHz has been partially
purified from tobacco and spinach leaves (Zelitch & Gotto, 1962).
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Glyaxylate reductase activity has also been reported in memmals
(Nakada & Weinhouse, 1953) and in microorganisms (Hullin & Hessall,
1960, 1962; Katagiri & Tochikura, 1960s).

The significence of glyoxylate reductase in mieroorganisms
is obscure, It may be coupled with the oxidetion of other substrates
such as malic acid, isocitric acid or glucose-6-phosphate (Hullin &
Hessall, 1962), The low level of glycollate oxidase activity in
bacterial extracts (Katagiri & Tochikura, 1960b; Hullin & Hassall,
1962) renders it unlikely that glyoxylate reductese is of quantitetive
importance in a glycollate cxidation cycle, The presence of glyomxylate
reductase and of Iss-:!.soeitra.te glyxylate lyase (isocitrate lyase,

EC Lel.3.1., formerly known as isooitritese) adequately explain the
oocurrence of glycollic scid in baoterial systems when acetic acid

is the sole source of carbon for growth (4j1, 1952; Boloato, de
Bernard & Leggiero, 1957). Thus, the evidence for the direct axidation
of acetic scid to glycollic acid and subsequent oxidation of glyeollio
acid via glyoxylic acid to formic acid and carbon dioxide (Bolcato,
1959; Boleato, Scevole & Tiselli, 1958) is largely invalidated.

In green plants, the two glyoxylate reductasesappear to be
linked with oxidative enzymes within the chloroplasts or mitochondria
(Zelitch & Gotto, 1962), A similar function for glyaxylate reductase
has been proposed for the transport of hydrogen from mnﬁa in the
oytoplasm through the mitochondrial membrane of liver tissue (Schiifer
& Lamprecht, 1961). In photosynthetic tissue, glyoxylic acid is
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reduced to glycollic acid only in the light. Kearney & Tolbert

(1962) have concluded that glyoxylate reductase sctivity (particularly thet of
the NADPH,-linked ensyme (Zelitch & Gotto, 1961)) is dependent upon

the supply of reduced nicotinamide mucleotide coenzymes derived from
photosynthesis,

In non-photosynthetic tissues the reduction of glymxylic
aold to glycollic acid alse occours, but is not dependent upon light
Por activity (Kornberg & Besvers, 1957; ses also, this thesis, Table
4y Pe68 & p.123). Both the castor bean and Oxalis are tissues with
a rather unigue type of metabolism, In the former case 02 units from
fatty storage tissue are rapidly incorporated into carbohydrate through
the operation of the glyoxylate cycle (Kornmberg & Beevers, 195a), and
in the latter case there is rapid synthesis of 02 units for the
production of oxalic acid, The production of glycollic acid involving
isocitrate lyase, L -isccitrate : NADP axidoreductase (isocitrate
dehydrogenase, EC 1.1.1.42) and glyoxylate reductese is indicated
below,

Isocitrate lyase
Isoeitric acid P Glyexylic + Suocinioe
ngclz s GSH acid acid

Isocitric + NADP Isocitrate dehydrogenase a=Oxoglutariec + NADH&Z + 002
acid 5 acid

Glyoxylic + HADIHQ Glyoxylate reductase Glyeollic + NADP
acid ' —2n acid
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Overall, the resctions may be summarised as follows :-

2 Isocitric acid . » a~Oxogluteric + Succinic + Glycollic + 002
acid aoid acid

In non-photosynthetic tissues containing isocitrate lyase, the action
of isocitrate dehydrogenase provides NADHiZ for the reduction of
glyaxylic acid. In photosynthetic plants it is likely that the reduced
coenzyme is derived from photosynthetic reactions. Light is also
necessary for the production of glycollic acid from pentose phosphate
intermediates, This glycollic acid pool is the precursor of glyuxylic
acid in such tissues. The reduction of glyoxylic scid to glycollie
acid oompletes one turn of the glycollate axidation cycle.

(b) The precursors of glyoxylio aoid

(1) Glymylic acid formation from glycollie acid

¢lyoollate axidase is of wideapread occurrence in green
plents (Clagett, Tolbert & Burris, 1949). This enuyme, which
catalyses the axidation of glycollic acid to glyexylic acid, was
identified as a flavoprotein ensyme with riboflavin phosphate as the
prosthetic group (Zelitch & Ochoa, 1953). A similar enzyme has been
partially purified from rat liver (Kun,Dechary & Pitot, 1954;
Robinson, Keay, Molinari & Sizer, 1962) and from extracts of
Pseudomonas ovalis (Chester) (Kornberg & Gotto, 1959) . As previously
discussed (p.5), it hes now been shown that the purified enzyme
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is capable of cxidising glycollic acid to glymxylic acid and glyoxylio
acid to oxalic acid {Richardson & Tolbert, 1961a),

Clagett, Tolbert & Burris. (1949) and Tolbert & Burris
(1950) found that glycollate axidase aoctivity was sbsent from etlolated
plants and embryos. By exposing such plants to light the activity
of this ensyme was readily demonsirated. Although this "activation"
was thought to be associated directly with the light, Tolbert & Cohan
(1953a) were able to obtain s similar response of glycollate axidase
sotivity in etiolated plants in the dark, by the administration of
the substrate, glycolliec acid, They proposed that the response in
enzyme activity was due to glycollic acid; in the light glyoollie
acid itself was produced from the intermediates of photosynthetic

carbon assimilation,

(1) Glyaxylic ecid formation frem glycine.

A flavin-adenire- dimieleotide enzyme, glycine axidase,
{viz; sarcosine : 0, oxidorednctase, EC 1e505.1) was found in a wide
range of animal liver and kidnsy homogenates (Retner, Nocito & Green,
194,). This enzyme catalyses the oxidative deamination of glycins or
the demethylamination of sarcosine acscording to the following equations,

cn2m2 CHO
1 v
| + 39 - | s T,
COOH COCH
Glycine Glyoxylie
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‘Hzm.cﬁs , CHO
I *+3 % =
COOH COCH + MH_CH
273
Sarcosine Glyoxylie
acid

Although Ratner, Nocito & Green, (1944) olaimed that glycine oxidase
was distinot from D-amino acid : 0, axidoreductase (D-amino acid
axidase, BC 1.4.3.3), Neims & Hellerman (1962) have concluded that
D-amingécid oxidase is also responsible for the axidative deamination
of glyoine. The interconversion of glyoine end glyoxylic acid in
animal tissues is well documented (Weinhouse & Friedman, 1951, 19523
Nekada & Weinhouse, 1953; Weinhouse, 1955; Meister, 1956, 1957).
Excessive tlssue breakdown in the rat, following thiamine deficiency,
leads to the conversion of congiderable quantities of glycine to
glyexylic acid (Liang, 196%). In microorganisms, the formation of
glyoxylic acid from glycine has either been demonstrated directly
(Janke & Teyenthel, 1937; Cempbell, 1955), or inferred from labelling
atudies with [ %] glyoine (Degley, Trudgill & Cellely, 1961).

In plants, the conversion of glycine to glyaxylic acid does
occur (Krupks & Towers, 1958) but the reverse reaction of glycine
synthesis from glyaxylie acid seems 4o be of greater physiological
significance (Tolbert & Cohan, 1953b}. Since glycine and serine are
inter-convertible (Wilkinson & Davies, 1958; Heusohild, 1959) serine
oould be metabolised via glycine to glyoxylic acid. However, in vive
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glycine is readily econverted to serine but serine synthesis from
glycine is slow (Wang & Burris, 1962).

(114) Glyoxylic scid formation from Y-hydrexyglutemic mcid,

Inveatigations with rat liver slices showed that
Y-hydroxyglutamic acid was & product of hydroxyproline metabolism
(Wolf & Berger, 19568). Adams end Goldstone (1960a,b) demonmstrated that
the initial enzymic reections in memslian catabolism of hydraxyproline
were first, the axidation of Lehydraxyproline to A l-pyrroline-3-
hydroxye5-carboxylic acid and secondly, exidation of the latter
compound o Y-hydraxyglutamic acid. Subsequently, Maitra & Dekker (1961)
postulated a stepwise conversion of Y-hydroxyglutamic acid to
glycxylic scid and elanine, A partially purified extract from rat
liver requiring catalytic guantities of glutamis acid and pyridexal
phosphate catalyses this overall resction (Dekker & Maitra, 1962),
Glyoxylic aoid synthesised from Y-hydraxyglutamic acid may be further
metsbolised to glyoine (Bouthillier, Binette & Pouliot, 1961).

(iv) Glyuxylic acid formation from isocitric scid,

The enzyme isocitrate lyase satalyses the cleavage of one
malenule%socitric acid to one molecule each of glyoxylic acid and

sugcinie acid as shown below,
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CH (OH) COOH CHD CH,,COOH
[ Isocitrate lyase 1 + |
CH.COOH -> COOH (:HacOOH
1
CHQCOOH
Isocitric acid Glyoxylic Suecinic
acid acid

Initially, Campbell, Smith & Eagles (1953) compsidered citric soid

to be the substrate for this reaction, but subsequently isoccitrie

acid was shown to be the true substrate for isocitrate lyase (Saz, 1954) .
The presence of this enszyme was soon demonstrated in a number of
microorganisme (Olsen, 1954; Smith & Cunsalus, 1954; Sasz & Hillery,
1956; Kormberg & Krebs, 1957). The requirement of Mg>' ions and

GSH or cysteine for isocitrate lyase activity was reported by Smith &
Gunsalus (1955) and later confirmed by Olsen (1959).

The first demonstration of isoccitrate lyase sotivity in
extracts other than those from miocroorganisms was reported by Kornberg
& Beevers (1957a,b). Extracts from the fatty endosperm of germinating
sastor beans seedlings (Ricoinus communis) catalysed the cleavage of
isocitric acid to glyuxylic acid and succinic acid., The disappearance
of fat was equivalent to the appearsnce of carbohydrate inm such
seedlings and isocitrate lyase was operative only during this active
conversion (Carpenter & Beevers, 1959). The metabolism of plants
converting fat to carbohyidrate and of microorganisms growing on acetic
scid as sole carbon source is essentially similar, In such cases, the
combined action of isocitrate lyase and of I-malate glymxylate-lyase
(malate synthetese, EC 4.1.3.2.) oan replace the cxidative steps of the



25,

tricarboxylic acid cycle leading from isocitric escid to malic

acid (Kornberg & Krebs, 1557), and account for the nett synthesis

of (’Jle units from 02 units, The enzyme malate synthetase was first
discovered in exiracts from Eacherichia coli, strain k=26, grown

on acetic acid as sole oarbon source (Wong & Ajl, 4956e). In the
presence of isocitrate lysse (to provide glyoxylic acid) the stepwise

synthesis of malic acid from acetic acid mey be represented thus ;3

Acetic
acid

ATP =wmweetn  Roetyl-phosphate + ADP

Acetyl-phosphate + Cap ITNS20STYIASe 4.0y con 4 Pi

¥alic + CoA

Malate synthetase goid

Although the production of glyoxylic acid from malic geid has been

Acetyl-Cold + Glyoxylic
acid

reported in tomsto slices (link, Klein & Barron, 1952) and in
Rhodoseudomonas spheroides (Tubei & Kikuchi, 1962), the equilibiium
of malate synthetase is strongly in favour of malic acid syntheasis,
The "short circuit" of the tricarboxylic acid cycle in
the presence of isocitrate lyase and malate synthetase has been
designated the "glyoxylate by-pass" or "glyexylate cycle" (Kornberg &
Krebs, 1957; Kornberg & Madsen, 1957). The overall effect of one
turn of the glyoxylate cycle is the formation of onme molecule of GL‘_
dicarboxylic acid from two molecules of acetic scid. This, tegether
with acetic acid, can serve as the precursor of many cell constituents.

Certainly, this function appesrs to be of paramount importance in the
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growth of microorganisms from asetic acid and in the nett converaion
of fat to carbohydrate in plants. However, isocitrate lyase and
malate synthetase do not always ocour together, nor is their

function always clearly defined., Thus, isocitrate lyase is appar-
ently sbsent in animal tissues (Madsen, 4958; Olsen, 1959; Leven-
brook, 1961) although malate synthetase sctivity has been demonsirated
in enimels (Genguli & Chekraverty, 1961). In addition, isocitrate
lyase activity is not necessarily associated with the utilisation

of C, units alone as proposed by Kornberg & Beevers, (1957b) and
Callely, Dagley & Hodgson (1958). This enszyme has been found in the

protozoan, Tetrahymens pyriformis, during growth on a complex medium
(Reeves, Papa, Seaman & AJl, 1961) .

3. Altermate metebolie pathways for compounds considered as

precursors of axalic acid
(a) Alternate metabolism by microorganisms of compounds

considered as precursors of axalic acid,

Although this section does not consider oxalic acid
synthesis directly, it is concerned with precursors of oxalic acid at
the C 1 and 02 level, and their contribution to pathways other than
oxelic acid biosynthesis, Furthermore, there is evidence for an
axidative breakdown of oxalic acid in plants (Zelitch & Ochoa, 1953;
Giovanelli & Tobin, 1961), The intermediates involved in the
catabolism of oxalic acid are also concerned in the growth of organisms
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on § 4 and 62 units as sole carbon source,

(1) Growth on C 4 units as sole carbon source.

Isotopic experiments on Pseudomomas axalaticus (OXI) grown

on formic acid as sole carbon and energy source (Quayle & Keech, 1958,
1959a) indicated thet this organism contained a carbon diaxide
fixation eycle similar to that in photosynthetic tissue (Bassham and
co-workers, 1954) and autotrophic bacteris (Santer & Vishnisc, 1955;
Trudinger, 1955). These indications were confirmed by the isolation
of ATP : Deribulose-5-phosphate 1-phosphotransfersse (phosphoribulokinase,
EC 2.7.1.19) and carboxydismutase, ensymes essential for the working
of such & cycle, from these microorganisms (Quayle & Keech, 1959b),
Both bicarbonate and formic acid were rapidly incorporated into
S-phosphoglyceric acid in the presence of ribulose 1:5-diphosphate

or ribose-5-phosphate plus ATP. The incorporation of formic acid is
preceded by an oxidation of formic acid to carbon dioxide. The earbon
dicxide mey be incorporated into pentose phosphate {from which
glycollic acid is derived in photosynthetic tissues) s Or into malic
acid in the presence of pyruvic acid, or into axalacetic acid in the

presence of phosphopyruvic acid,
(44) Growth on C, units as sole carbon source,

Vhen microorganisms grow on acetic acid as sole carbon source,

the reactions of tricerboxylie acid cycle can provide the necessary
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energy for growth and concomitant action of the glyoxylate eycle
can replenish the supply of intermediates required for growth (Kermberg
& Krebs, 1957). However, this combination of reactions csnnot
account for the growth of microorganisms from 02 compoundes whioch are
more highly exidised than acetic acid, such ss glyocollic aecid,

The mechanism by which the energy requirement for growth
on glycollic acid as sole carbon sourse is satisfied has been eluci~-
dated by Kornberg & Sadler (1960). A mutant of E. goli, although
devoid of the condensing enzyme (Gilvarg & Davis, 1957) and hence
unsble ¥ utilise acetic acld for the synthesis of citrie acid, wes
nonetheless capeble of synthesising the necessary intermedistes for
growth from glycollic acid alone, To account for this situation,
Kornmberg & Sadler (1960). proposed that glycollie acid could be oxidised
via a dice.rﬁaxylie acid cyole, the essential features of which are
shown below, Such e mechanism obviates the necessity for the reduotion
of glyaxylic acid to the oxidative level of ascstic amcid prier to
its catabolism,

Glycollic acid

2
(1)
Glyoxylic acid
(49)
Acetyl-Col : Malio acid
2H
v) Cok =
(302 (114)

Mm\—/&a(loaeetie ecid
co

(iv) .
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The steps involved in the proposed dicarbaxylic acld cycle are as
follows:
(i) The oxidation of glycollio acid to glyoxylic aecid (Kém—
berg & Gotto, 1959).
(11) Condensation of glyexylic acid with acetyl-CoA to form
malic scid (Wong & AJL, 1956b).
(44i) Oxidation of malic acid to cxaloscetic zoid (Mehler,
Kornberg, Grissolia & Ochoa, 1948).
(iv) Decarboxylation of oxalosscetic acid to pyruvic acid
and oarbon diaride, possibly via phosphopyruvate (Utter
& Kurahashi, 1954) .
(v) The regeneration of acetyl-CoA from pyruvie acid by
oxidative decarboxylation invelving the pyruvate oxidase
systen (Korkes, 1955).
in a single turn of the tricarboxylic acid cycle, one
molecule of acetyl-CoA is completely oxidised with the obligatory
participation of a keto acid which is regenerated. One turn of the
dicarboxylic acid oycle results in the complete axidation of one
moleoule of keto acid with the obligatory participation of acetyl-CoA,
In addition to energy reguirements, the growth of micro-
organisms on 62 compounds requires the net synthesis of € 3 end C L
compounds necessary for the formation of carbohiydrates and amino acid
skeletons, Cellular constituents are synthesised from intermediates
of the tricarbaxylic and dicarbaxylic acid cycles (Roberts, Abelson,

Cowie, Bolton & Britten, 1955; Davis, 1955; Ehrensvird, 1955;
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Kornberg, 1959) . Growth necessarily involves the removal of such
intermediates from these cycles, and cammot teke place unless
reactions ocour to effect the net formation of these compounds from
the 02 source, The key initial compound in such syntheses is
glyexylic scid, Thus, growth on oxalic acid requires an initial
reductive step , probebly via axalyl-CoA (Quayle, Keech & Taylor,
1961) , growth on glycollic acid an axidative conversion (Kormberg &
Gotto, 1961) and growth on glycine involves the initial desmination
of glyecine to glyexylic acid (Caellely & Dagley, 1959).

The sequence of reactions leading to the net synthesis
of cell constituents from C, compounds more highly oxidised than
acetic acid have been demonstrated in Pseudomonas grown on glycollie
acid as sole carbon source (Kormberg & Gotto, 1961). This scheme is

presented below:

2 Glyooliie ~sie 2 Glyoxylie —{y Taptronte + CO

acid 2H aclid gemizldehyde 2
/—' mz
\ (141)
1 HAD
Other ocell Dicarbexylic and Glyceric acid
conatituezrba tricarbcmylic ecid oycles
Gr o

ﬁa.lio acii'l + CoA Pyruvic acid

(vi)
Glycollie -----a— tlyoxylie
aoid apid

Acetyl - CoA
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The oxidetion of glycollic acid to glyexylic acid (i) end
the condensation of glyoxylic acid and scetyl-CoA to form malic acid
(vi) have been discussed previously (p. 28). The other reactions

involved in the above sequence are briefly discussed here,

(a) The condensation of two molecules of glyoxylic scid to one
molacule of tartronic semialdehyde (41),
This condensation resction was discovered in E. coli by
Erekow & Barkulis (1956). The 03 compound formed was originally
considered to be hydroxypyruvic acid, although it was realised that
this ocompound would be in equilibrium with its isomer, tartronic semi-

aldehyde,
2 CHo CH_OH CHO
i Glyoxylate carboligase , ! 2 |
ngt’ Thiamine (: = 0 (‘l:h.OH + 002
pyrophosphate COOH & v CUoH
Glyoxylie Hydroxypyruvic Tartronic
acid asid semisldehyds

The enzyme oatalysing the above reaction has been designated,
glyoxylate carboligase (Krakow, Hayaishi & Barkulis, 1959), It is now
congidered that the enzymic product of the reaction is tartronic semi-
aldehyde (Krakow, Barkulis & Hayaishi, 1961; Kormberg & Gotto, 1961)
particularly in the llght of the isolation of tertronic semialdehyde
reductase from glysollic ecid grown microorganisms (Kornberg & Gotto,
1964) .
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(b) Reduction of tartronic semialdshyde to glyoeric acid ( $11)

‘iﬁ" Tartronic semialdehyde ?Hz‘m

CH.OH + NADH, reductese CH.OH + NAD

1 . 1

COOH g COOH
Tartronic Glyceric acid

semialdehyde

Partronic seminldehyde reductase catalyses the reaction
shown sbove, This enzyme, which has been crystallised from P, ovalis
(Chester) by Gotto & Korrberg (1961a), is different from D-glycerate
dehydrogenase isolated from plant tissues (Stafford, Magaldd &
Vemneslend, 1954; Holser & Holldorf, 1957). Hydroxypyruvic acid is
reduced at only 3¢ of the rate observed with equimolar concentrations
of tartronic semialdehyde by tartronic semisldebyde reductase (Gotto
& Kornberg, 1961b). Tertronic semisldehyde is not reduced by glycerate
dehydrogenass,

(¢) Conversion of glyceric acid to pyruvic acid (iv)

Glyeeric acid is phosphorylated to phosphoglyceric acid
end the subsequent formation of pyruvie acid is explained by the well~
established reactions of the Embden-Meyerhof scheme,

(d) Completion of the biosynthetic cycle to form malic acid (v), (vi).

Pyruvic acid is oxidatively decarboxylated to acetyl-CoA

(Korkes, 1955). This C, moiety condenses with glyaxylic acld (from

2
glycollic acid, (i)) catalysed by malate synthetase (vi) with the re-

generation of CoA. Malic acid thus formed can then enter the dicarbo-
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xylic or tricarboxyliec acid cycles which supply the necessary inter-
mediates for grewth,

(b) Alternate metabolisr by plants of compounds considered as

precursors of oxalic ecid,

Glycollic acid has been associated in green plants with
the synthesis of glycine and serime (Tolbert & Cokan, 1$5%) and with
axalic acid synthesis in photosynthetic (Richardson & Tolbert, 1961a)
and non-photosynthetic tissues (see this thesis, Table 4, p.68 ). It
is clear that glycollic acid synthesised frem intermediates of the
photosynthetic eycle is involved in & mmber of other reactions,
Tolbert & Zill (1956) reported that phosphoglycollic acid was rapidly
excreted from the chloroplast in which it is formed, inte the cyto-
plasm, where it was hydrolised to glycollic acid., Although glycollic
acid itself would not re~enter the chloroplast, its cxidation product,
glyexylic acid would (Rabson, Tolbert & Kearney, 1962). This oyolic
process provides for the transport of carbon products and assimilatory
power of photosynthesis between the chloroplasts and the cytoplssm,

In green tissue, both [1¥c] glycollic acid itself and
labelled glycollic acid arising from 4‘1'002 gave rise to labelled serine
and glyceric acid; [ 0] serine was also comverted to [W5d glycerie
acid (Rabeson, Tolbert & Kearney, 1962)., Xortimer (1961) and Rebson and
co~workers, {1962) have concluded that a pathway exists for the
assimilation of ecarbon dioxide vias glycollic acid into glyceric acid
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through a series of reactions not involving phosphoglyceric acid,
Studies with specifically labelled compounds (Rabson, Kearney & Telbert,
1962) indicated that this pathway did not involve glyoxylate ocarbo-
ligase and tartronic semialdehyde reductsse as proposed for micro-
organisms {see p., 32), but rather a sequence involving the sonversion
of serine to hydraxypyruvic acid and reduction of this latter
compound to glyceric acid, thus :
2 glycollic == 2 glyaxylig =ee=p 2 glycine ———=s serine
ecid acid
serine —-» hydroxypyruvic == glyceric acid
aold

Short term experiments (20 sec.) with %602 confirmed thet
phosphoglyoeric acid formed directly from the photosynthetic cycle
did contribute to the synthesis of glyceric acid, and to the synthesis
of serine via phosphoserine (Ichihara & Greenterg, 1957). -Similarly
serine derived from glycollie acid, may be converted to phosphoglyceric
acid via phosphoserine and phosphohydroxypyruvie scid (Henford & Davies,
1958) +

The significance of the 'glycollate pathwey® of glycerie
acid synthesis may be that it provides & glyceric ecid pool in the
cytoplasm (since glycollic acid is excreted from chloroplasts) as
distinet from the pool derived from phosphoglyceric acid within the
chloroplest. Jiminez, Baldwin, Tolbert & Wood (1962) have established
the existence of a glycollste pathway from the early carben products

of photosynthesis to uniformly labelled sucrose. This synthesis ocours
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with little participation of phosphoglyceric acid or sugar phosphates
(Rebson, Tolbert & Kearney, 1962), In contrast, sucrose synthesis
from the glyceric acid pool within the chloroplasts is intimately
associated with the prior formation of phosphoglyceric acid and sugar
phosphates,

L. Investigations into the synthesis of oxalie acid in Gxal.i..g

It is apparent from the foregoing dlscussion that a mmber
of compounds have been implicated as precursors of axalic acid. The
problem of this synthesis ir Oxalis was initially approached by
administering a mmber of such compounds lsbelled with '“*c to non-
pvhotosynthetic shoots in vivo, Examination of the subssquent fate of
“"C in specific compounds indicated that glycollio acid and glyexylic acid
were intimately involved in exalic acid syntheais,

Investigations were then directed towards the origin of
glyeollic acid end of glymxylic aoid in Oxalis shoots, It was apparent
from the administration of 'C lsbelled glyoxylio seid that this acid
contributed significantly to glycollis acid produotion, This result
indicated that, in Oxalls, there may be a2 pathway for the synthesis of
glyoxylic acid other than the oxidation of glycollic acid, It has now
been shown that, in Ozelis, glyoxylic acid is formed from isoeitric
acid catalysed by isocitrate lyase.
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In conformation of the pathways for oxalic aoid synthesis
indicated by in vive studies, the reactions involved in the production
of glymxylie scid, both from glycollic scid and isocitric acid, and
its subsequent axidetion to oxalic acid have been characterised with

call-free extracts from Oxalis shoots.

B, MATERIALS
1. Plants

Bulbs of Oxslis pes-caprae were harvested from the field
and stored in a cold room at 2° to prevent germination until required,
The bulbs were germinated in the dark at room temp. (15° = 20°) in
trays containing moistened vermiculite, Bulbs harvested in February
and March were used from March to October, but those atored longer
than this period usually falled to germinate, The white shoots which
emerged were kept moist and were allowed to grow in the dark for 7 to
10 days until approx. 3 cm long., The axalie acid content of such shoots
was usually about 167 of the dry weight,

2, Chemicals

(a) T 1ane110a compounds

The following "‘C compounds were obtained from the Radio~
chemiocal Centre, Amersham, Bucksi= D»[“‘EGI Fructose, specific activity
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19.4¢ curies/mg.; D-[“‘Cs] glucose, specific activity 29.7y curies/mg.;
p [2-Yg] glucose, specific ectivity 13.1p curies/mg.; [”*02] glyoine,
specific activity 7.6x curies/mg.; [1402] glyoxylic ecid monohydrate,
specific activity 32.6u curies/mg,; 5:“‘132] cxalic acid, specific
sctivity 45.5u curies/mg.; p-[1-¢] rivose s specific aotivity 13.0u
curies/mg. ; I:-[""c:s] serine, specific activity 27.8u curies/mg.;
soaium [t4c 1] bicarbonate, specific activity 270.3p curies/mg.; and
sodium [1-1%0] glycollate, specific sotivity 19.44 curies/ng. Caloium
[3-145] glycerate, specific sctivity L.Op curies/mg. wes obtained fram
Research Specialities Co., California end DL (4+) alle [1,5-“‘02]
igocitric acid lactone, specific activity 3L4.6u curies/mg. from the
California Corporation for Blochemical Research,

(b) Compounds used in estimetion of '¥C activity

The followling chemicals were used for liguid scintillation
counting : p -dicxane, nsphthlene,toluene (A.R.; British Drug Houses
Ltd.), 2,5-diphenylaxazole and P -bis-2,5-phenylaxasylbensene (a.E,
seintillation grade; Nuclear Enterprises (G.B.) Itd., Scotland).

(o) General chemiocals

Fhenol, 3-methyl-propan-i-ol, pyridine, chloroform and
formic acid (British Drug Houses Ltd.) were A.R. grade. Butan-i-ol
(Colonial Sugar Refineries Ltd,) and propionic scid (British Drug

Houses Ltd.), both L.R. grede were re-distilled before use.
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Sodium glyoxylate monohydrate, Dl~igsccitric acid, tri-
sodium salt (Sigms Chemical Co.); L-malic acid (California
Corporation for Biochemical Research), oitric acid (Univar,) end
tartaric acid (British Drug Houses Ltd.) were AR, grade, Glycollie
scid, L.R. grade (British Drug Houses Lid,) was re-orystellised.
Mallinckrodt silicic acid, 100 mesh (A.R., ¥allinorodt Chemioal Works)
wos suspended in distilled water snd fine particies removed by suotion

btefore use,

C. METHODS

1. Treatment of shoots with radicactive compounds

(8) Administration of '“C-labelled compounds by injection.

In the first series of in vivo experiments the following
g 1abelled compounds were administered to Oxalis shoots : [1%6]
glucose, {1&0‘2} glyoxylic acid, sodium [4-14¢]) glycollate, [“'02]
axalic acid, sodiwm | 14¢ 1] bicarbonate, [“"CZ] glycine and [“‘33] serine,
Solutions used (final vol., 0.2 ml.) contained 100j curdies of 14T
labelled compound except that the solution of [ﬂ‘cz} glyoxylic acid
contained 30u curies, Glucose was dissolved in K-sodium acetate
buffer, pH 5.,0; acidic compounds were adjusted to pH 5,0 with 0,05 g—
NaOH and sodium bicarbonate was usod as supplied., With anm "Aglar®
microsyringe (Burroughs, Welcome Ltd.), portions (0,01 ml.) of the
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appropriate solution were injeoted into each of twenty shoots attached
to the Oxalis bulbs. The bulbs were maintained at room temp, for 1 hr.;
the shoots were then detached and extracted immediately as desoribed
below., In this series of experiments, this procedure waes used
throughout, except that ten of the shoots injected with glucose were
detached and extracted after 1 hr, and the remaining ten after 2 hr.
Although no conclusive evidence is available, preliminary studies

with dyes suggest that the injected compounds are rapidly transported
throughout the shoot tissue,

(b) Administration of '¥C-labelled compounds to grooves cut
in shoots.

Difficulties were experienced in ensuring uniform application
of “"C compounds to the shoot material by injection, In additionm,
the time required to inject twenty shoots was considerable. To overcome
these difficulties, & narrow groove was cut lengthwise along each
shoot (apprax. 1 mm. x 4 mm,) with a scalpel, the slice of tissue
removed, and the appropriate volume (0,02 - 0.025 ml.} of ‘4 labelled
materiel introduced into the groove with & mioro-pipette., Preliminary
experiments in which [u‘EG] fructose and calcium [‘"‘C}} glycerate were
applied to grooves out in M shoots end the products after extraction
examined by paper chromatography and radiocautography,indicated that
this technique was satisfactory., Not only did more uniform applicaticn

of radioisotope allow & valid comparison of the contribution of different



40,

"“C labelled ocompounds to oxalic acid synthesis in vivo, but also
by this technigue it was possible to assess the total recovery of
e as & percentage of e aaministered to Oxalis shoots.

In qualitative experiments, 25y curies of ['4c ] frustose
end 254 curies of caleimm [3- U] glycerate were dissolved in 0,05 ml,
woter and 0,01 ml, portions of the appropriate solution applied to
grooves cut in each of five shoots for each experiment, Examination
of extracts from these shoots showed that the organie fraction
contained excessive amounts of oxalie acid which streaked on chromee
tography. Thus, in & further series of gquantitative experiments in vivo
only two shoots were used for esch experiment, The four Thg compounds
in the quentitative experiments were applied in the following manner,
p-[2- g &lucose (50u curies) was dissolved in 0,3 ml, water and 0,02
ml, was spplied to each sheot, De[4= '*C] Ribose (50 curies) was
dissolved in 0,19 ml. water and 0,02 ml, was applisd to each shoot,
Sodium [1-40] glycollate (100 curies) was dlssolved in 1.0 ml, water;
0.025 ml, was applied to each shoot, Potassiwm DL(4+) allo [1,5—-"’02]
isocitrate (0,21 ml, conteining apprax. 20 curies) was administered
immediastely following hydrolysis of the lactone; 0,025 ml, was
applied to each shoot, Hydrolysis wes effected by adding three
equivalents of KOH to the lactone and the solution (final vol,, 0,21 ml,)
was painbained on a steam bai_;h for 415 min, and then cooled, The finsl

pH of the solution was 5-6 (cf. Kornberg & Beevers, 1957).
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2, Pre-treatment of shoots with malonic acld

In experiments with [2-%¢] glucose and with [1,5—1h02}
isocitric mscid, shoots were pre~treated with malonic acid, Malonic
acid, 0.1F, was adjusted to pH 4.5 with 3-FaCH {Laties, 1949) and
0,05 ml, portions applied to grooves cut in Uzxalis shoots. Control
shoots were pretreated with 0,05 ml, water. These shoois were placed
in the dark at room temp, for 1 hr. before the administration of the

appropriate 1“0 compound to the grooves.

3. Extraction, separation and identification of compounds containing
radioisotope -

Shoots were treated with redioisotope for 41 hr., 6 hr, or
21, hr, After treatment, the shoots were extracted by dispersing in a
Potter-Elvehjem homogeniser in 5-10 ml, ethenol at room temp. It was
assumed that this tre#tmept prevented any further enzymic changes since
the final pH of the brei wac 4~-2, The suspension was centrifuged and
the precipitate extracted with successive portions of water (510 m1,)
until no radioactivity wes detected in the supermatant. In the first
series of experiments in which 1AC compounds were administered by
injection, the final volume of the combined extract was approx. 40 ml.,
in the second series the finel vol, was apprax. 20 ml.

For each experiment, the combined extract was applied to

e column (1 cme x 1 om.) of Dowex=50 (H'form), the effluent of which
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flowed directly onto & column (2 om. x 1 om.) of Dowex-2 (carbonate
form)., The columns were washed with 2 x 5 ml, of water, The material
which passed through both columns contained non-ionic compounds

{mainly sugers). The amino scide were then eluted from the column

of Dowex-50 with either 30 ml, of 0,5 Aﬁ-kaH (first series of
experiments) or 10-15 ml, of 4 - ‘IHLOH (second series) and organie acids
were eluted from the column of Dowex-2 with 50 ml 0.5 g-HCl or 10-15 ml,
4 N-HC1, Elution was continued until no further redicsctivity oould

be detected in the eluate. Each of the three fractions so obtained

was made up to a standard volume and the relative distribution of “‘C
between them obtained by plating 2 known volume (0,02 - 0,05 ml,) of
the appropriate solution in an infinitely thin £ilm on copper planch-
ettes, drying under an infra-red lamp and the radioactivity determined
with a Geiger-Miiller end-window tube, Individval compounds containing

““C were ldentified by paper chromatography and radicautography.

4. Paper chromatography snd radicautography

(a) Preparation of peper for chromatography.

Initially, Whatman No. 1 paper (46 cm. x 57 om,) was washed
with 0.1 g—HCl in ethanol and subsequently with glass distilled water
until the pH of the eluate was no longer acid, In the second series
of experiments, in which “‘c oompounds were counted on the paper,

‘the complete washing procedure of Connell, Dixon & Hanes (1955), except

for the wash with calcium acetate, was used,
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(b) Preparation of extracts for paper chromatography.

For qualitative studies on the products which became
labelled after the application of “"G compounds to Oxslis shoots,
extracts of amino scids and of organic acids were reduced in volume
by & stream of air at room temp. IZxitracts containing a low level
of radioactivity were reduced to a volume such that G, to C.2
curies could be spotted on chromatograms in a volume of 0,2 ml, to
0.5 ml, ¥here pessible approx. 1 p curie was applied to the
chromatogranm,

In the second series of in vivo experiments gquantitative
estimations of the “’C content of specif'ic compounds were made by
direct counting of such compounds located on chromatograms., For
these experiments, extracts were evaporated to dryness at 30°
{external tomp,) on & rotary £ilm eveporator cormecied to en oil
vecuun pump. The residues were dissolved in 1.0 ml, of 20% (v/v)
ethanol, For amino acid exi;.racts, 0.2 ml, portions were applied to
chromatograms and for organie acids, C,05 ml. portions of the

extract were used,

(o) Solvents used for paper chromatography.
{i) Ceneral separation of amino acids and organic acids,
¥ixtures of amino acids and of orgenic acids were separated
by two dimensionel descending paper chromatography using phenol
saturated with water at 240 in one dimension and butan-{-ol-propionic

acid - water {47 : 22 : 31 by vol.) in the other as described by Benson
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and co-workers {(1950). Although losses of some compounds have been
reported in this system (see Kabson, Tolbert & Eearney, 1962) , never-
theless, it has been widely used and therefore the relative positions
of a large mmber of compounds separated by these solvents is well
documented.,

In the first series of in vive experiments paper chrematos
graphy and radicautography were used as qualitative indicators of those
compounds which contained radioisotope. A mixture of glyexylic soid,
glycollic acid, malic acid, citric ecid, isocitric ecid and tertaric
scid (0,01 ml, of a mixture 0.4 ’I‘.T in respect of each 20id) was co=
chromatographed with the organic acid extracts. This enabled those
acids to be more easily detected on chromatograms with indicator
sprays. Chromatograms were dried in a stream of warm air and placed
in contact with Kodirex X-ray film (Kodak, Lustralasia Ltd,) and
developed at suitable intervals., Where it was required to locate
compounds on the chromatograms, 0,57 {w/v) ninhydrin in butan-i-ol
was used to develop amino acids,and orgenic acids were located with
aqe 105 (w/v) potassium ferrocyanide, 0.5% (w/v) ferric ammonitm
sulphate in 709 (v/v) ethanol (Mertin, 1955).

(1) Separstion of glycine and serine by paper chromatography.

Glyeine and serine were not sepsrated satisfactorily for
quantitative purposes in the system described above. The mixture of
these two amino acids wes located by radioautography, eluted from two-

dimensional chromatograms with water, and the eluate concentrated
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in vacuo. The two compounds were then separated by ascending paper
chromatography with pyridine-water (80 : 20, v/v).

(33i) Separation of citric scid and isocitric acid by
peper chromatography.
Citric acid and isocitric acid mixtures were eluted from
two-dimensional chromatograms with water, concentrated in vacvo, and
the two acids separated by double development of paper chromatograms with
a solvent describded by Ladd & Nossal (195L4), modified to contein butan-
4=0l, 3-methyl-propan-i-ol, water, pyridine and 98-1007 formic acid

{3:6:7:4:1 by vol,) (E, Holdsworth, personsl communication),

5, Quantitative separation of amino acids and organic seids from
extracts of Oxelis shoots

In the first series of in vivo experiments in which & number
of “"C compounds were injected into Oxslis shoots, paper chromatography
and radioautography was used oniy as a qualitative guide to the
distribution of “’C amongst various compounds. For a guantitative
determination of this distribution, individual aemino aclids and organiec

acid were seperated by column chromatography.

{a) Separation and estimation of acidic and neutrsl amino acids,

The separation of acidic and neutral amino acids from extraocts

of Oxelis shoots was ocarried out essentially as described by Koore,
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Spackman & Stein (1958)., Glass columns of internal dismeter 1,5 cm,
and having & surrounding water jacket, were packed with Dowex-50 resin
(x-8, H* form), which had been previously graded into particules of
35«70 p as described by Hamilton (1958). The resin bed was 150 cm. x
1.5 om, Vater from a constant temperature bath at 50° was cirpulated
around the columns during chromstography. Pertions (2.0 ml,) of
extracts containing amino acids were applied to the appropriate column
and elution was carried out with 0,2 gasodm citrate buffers at pH
3.25 (apprax. 340 ml,) snd pH 4.25 (approx. 260 ml,) as described by
Koore, Spackman & Stein (1958). The volume of the two buffers
required varied; that at pH 3.25 was ﬁsad until alenine had been
eluted from the column and theresfter, sodium citrate pH 4.25 was

the eluting solvent. The buffers were always boiled and then cooled
before use to prevent bubbles forming in the resin, For reproducible
results it was alsc necessary to ensure intimate mixing of the resin
and sodium citrate buffer pH 3.25 and even packing of the resin bed
before the start of an elution procedure,

The effluent from the columns passed through apprex. 1 m,
of fine FVC tubing of 1-2 mm, internsl dismeter (in which negligible
mixing occurs) into a fraction collector adjusted to deliver 2 ml,
samples, Az ocarbon diexide is evolved in the ninhydrin reaction and
would therefore constitute a possible loss of u"COz, only even nmumbered
fractions were assayed to determine the positions of the amino acids
eluted from the columns., The ninhydrin reagent of Mocre & Stein (1954),
consisting of ninhydrin (20 g.) and hydrindentin (3 g.) dissolved in
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750 nl, redistilled methyl cellosolve and mede up to 1 1, with sodium
acetate buffer, pH 5.5, was used for the assay of amino acids, To

the 2 ml, fractions, 1 ml, of ninhydrin reagent waes added, the mixture was
placed in a boiling water bath for 20 min, and then 5 ml. of 50% (v/v)
ethanol added, After vigorous shaking the optical density of each
fraction was read in & 1 om, cuvette at 570 myu, The assay of the even
mumbered fractions located the position of the individual amino acids

as they were eluted. The odd numbered fractions in each peak were

bulked and stored at -15° before being assayed for ‘u"C asctivity.

(b) Separation and estimation of organic acids,

The fraction of the shoot extraot containing organic scids

was neutralised with 0,5 L&-MOH and then evsporated to dryneas in a
stream of cold air. The residue was dissolved in 0,5 g—nzsah (1.5 ml.)
and the orgenic aclds separated by chromatography on a survey column
(15 cme x 1 om,) of silicic scid gel. Glyoxylic acid (sodium salt),
glycollic acid, malic acid, citric acid, isccitric acid (tri-sodiwm
salt) and tarteric acid (2 mg. of each compound in 0,25 ml, of 0.5 _r_mzsoh)
were co-chromatographed with 0,5 ml, portions of the acids from the
plant extrast., Organic acids were eluted from the columns with
increasing concentrations of butan-1-ol in chloroform (water washed) in
the series 5%, 15%, 25%, 35% and 50% (v/v). The procedurs used was
essentially as described by Bulen, Varner & Burrell (1952), except

that no nitrogen pressure was exerted on the column, Fractions of I ml,

were oollected,
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The organic ecids in fractions collected from the eolumn
eluate were estimated by titration with 0,01 %N&OH af'ter the addition of
5-10 ml, of water to each sample, The end-point was taken as
permanence of a pink colour in the presence a drop of 0,1% phenol red
for at least 5 sec, Vigorous agitation during titration of each sample
was esgential, The appropriately combined fractions for each acid
were evaporated to dryness on a steam bath and the residue dlssolved
and made up 0 a volume of 5 ml, with water., Semples (0.1 ml,) were
used for the determination of radiocactivity,

Glycollic acid and oxalic acid do not separate on the silicic
acid column under the conditions used, Oxalic acid was therefore
separated from mixtures of these two acids as its caloium salt. The
precipltate obtained by the addition of an excess of oaleium chloride
was collected by centrifyging and wes washed three times with dilute
acetic acid previously adjusted to pH 5.5 with 0,5 g—ﬂaﬂﬂ. Glyoollie
acid in the supernatant and washings was then estimated as described
for the other organic acids., The precipitate of caleium oxalate was
dissolved in 0,5 B-HC1 (2.0 ml.) and portions (0.02 ml,) were assayed
for “‘C aotivity.

If the elution was oarried out with 157 butan-1-ol in
chloroform (300 ml,) it was found that e mixture of glyoxylic acid,
glycollic acid and oxalic acid could be adegquately separested by siliecic
acid gel ochromatography. This cbviated the isolation of axalic acid
as itz caleium salt from mixtures of glycollic acid and oxalic acid,
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In the second series of experiments in vivo, gquantitative
determinations of the distribution of "UC in individual emino scids
and in individual organic acids was also made, However, these ocompounds
were separated by paper chromatography and the “’C activity in them
was deternmined on the paper., This latter method was less time consuming
and also ensured that the compounds being assayed for radiocactive

content were free from contamination,

6. Tegh_gi_ggag used for the determination of rediosotivity

(s) End-window counting at infinite thimmess,

This method of counting 'V activity was used extensively in
the earlier experiments with radioisotopes., A known volume (0,02 ml.
to 0.1 ml,) of each solution containing radiosctivity was pleted 4in
an infinitely thin £ilm on copper planchettes, After drying under an
infra~red lamp, the radioamctivity was determined with a Geiger-iffller
end-window tube, type E.W. 3H (20th Century Electronics, Ltd., England)
opereting at 600 volts. Under these conditions a counting efficiency
of 1~5% was obtained, A minimm of 1000 counts was recordsd for each
sample and duplicate samples were counted three times, The plating
and counting procedure was repeated when more than 3% variation in

duplicate samples was recarded,
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This method of counting has seversl disadventages. The
relatively low efficiency requires more “*C activity in each
experiment, otherwise the counting procedure mey be very time consuming
for those samples conteining small emounts of radiocisotope, Secondly,
the plating technique 1s subject to relatively large errors, parti-
cularly when volumes of the order of 0,02 ml, are epplied to plan-
chettes. In liquid scintillation procedures, volumes of 0.2 nl, to
0.25 ml. are counted, thus minimising volume errors. Thirdly,
considerable losses of volatile compounds may be encountered in drying
samples under infra-red lamps., Nevertheless, end-window counting is
2 simple and convenient procedure. The count rate is not affected
by the constituents in the solution to be counted; for example,
organic acids eluted from silica gel columns contained phenol red
indicator which would have interferred with liguid scintillation
counting,

(b) Liquid seintillation counting of radiosctive solutions,

The most obvious advantage of liquid scintillation counting
of p particles over end-window counting, is the increase in efficiency
that can be obtained; a ten-fold increase in counting efficiency
is possible. This advantage is off-set to some degree by the sensiti-~
vity of liguid scintillators to changes in the composition of solutions
to be counted. In particular, either high or low pH values of solutions

have a profound effect on the count rate observed, Even with one
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particular sample, the count rate observed mey vary within e
short time period; these samples often decrease to a constant
counting rate on standing for apprax. 20 min. Since scintillator
solutions commonly eonsist of a phosphor (or phosphors) dissolved in
an organic solvent (such as toluene) and solutions to be ceunted
are frequently aqueous samples, only a limited amount of the sample
is compatible with the sointillator. FExcessive smounts (over 57,
v/%¥) of the semple in the scintillator results in "cloudiness" and
spurious count rates,

The quenching effect of aqueous samples or constituents
in solutions to be counted may be greatly reduced by the incorporation
of maphthalene in the scintillator solution (Furst, Kallmen & Brown,
1955). For amino acid samples eluted from Dowex-50(H' form) columns
with 0,2 }~sodium oitrate, the liquid scintillation technigue of
Butler (1961) was used, The scintillator solution consisted of
raphthalene (120 g.), 2,5-diphenyloxyazole (4.0 g.) and p ~bis-2,5«
phenyloxasylbenzene (0.5 g.) dissolved in 4 1. p-dioxane. Using 5 ml.
of the seintillator, a counting efficiency of 67% was obtained with

.of

0.2 ml, /earrier-free 'O, The presence of 0.2 ml. of 0,2 k-sodium

e
citrate buffer resulted in a reduction of counting efficlency to a
value of 367%. The U content of 0.2 ml. portions of amino acid
elustes was determined in 5.0 ml, of scintillator using a type

EM 795445 photomultiplier tube (Ecko Electronics Ltd.) operating at

1,200 volts,
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(¢) Liquid scintillation counting of '*C on paper.

The assay of radiosctivity directly from paper chromato-
grams has recently been developed by Wang & Jones (1959), who
observed that commercially available filter papers did not seatter
or absord a significantly large mmber of photons, Since the
scintillator sclution permeates the paper, self-adsorption effects
were small resulting in apprax, 557 counting efficiency for Mg
compounds which were insoluble in the scintillator solution and 85%
efficiency for those compounds which were eluted from the paper, The
same high veltage and window widths as for solution liquid scintilla-
tion counting were employed. The absorption effect due to the paper
was approx. 307 of the sbsolute efficiency and independant of the type
of compound being assayed provided no umsual buffers, proteins or
other interfering compounds were present to produce quenching effects,

Geiger & Wright (1960) studied the effect of the orienta~
tion of the paper to the counting window of the photomultiplier tube.
Their results indicated a variastion of 57 or less in total counte
for several classes of compounds over a wide counting range and they
concluded that it waes umnecessary for the paper to be held in a fixed
orientation relative to the photomultiplier tube window, Loftfield
(1960) preferred to form the paper into a cylinder completely lining
the counting vial, This resulted in a 207 loss in counting
efficiency compared with a paper aquare, but the reported reproducib-
113ty was increased, Davidson (1961) preferred to count spots on
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circular discs pleced flat on the surface of the counting vial.
The average variation in repetitive countc reported was 1.5% whereas
with vertical squares the average veriation was 7.1%. The count rate
using this technigue was independant of the seintillator volume between
5 ml. 4o 45 ml. (Davidson, 1961) and also independant of the area over
‘which the spot was spread (Munez & Jacquemin, 1961), Bousguet &
Christisn (1960) and Rapkin & Gibbs (1962) have demonstrated a linear
reletionship between the radiocactivity applied and the count rate
recorded,

Measurements of the ““G centent of compounds separated by

paper chromatography and locasted by radioasuntography were made at

room temp, with type N66LA scintillation counters comnected to type
N530F scalers (Ecko Electronics Ltd,). The seintillation counters
were equipped with EM 195148 photomultiplier tubes. Unit No, 1
operated at 1,200 volts (high voltage) and 10 volts (disaiminator
biss). Unit No., 2 operated at 1,450 volts (high voltage) and 15 volts
(diseriminator bias) ; both units were set with en emplifier gain x 100,
The sointillator solution consisted of 2,5~diphenylaxyazole (3 g.) ond

p ~bis-2,5-diphanylexyesylbonzens (0.2 g.) dissolved in 1 1. of toluene.
Compounds containing “'C were counted on paper by placing discs of
paper face down on the window of the counting pots (50 ml, Quickfit
pots painted with white ensmel, with ground glass tops, 4.5 cm. diam,)
in 5,0 ml. of seintillator., Optical contact of the base of the pot with
the top of the photomultiplier tube was made with silicome oil (100
CSTKS, Swift & Co., Sydney, N.8.¥.). The efficiency of each unit was
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determined by pipetting standard oarrier-free sodium [1-14]
carbonate onto paper discs, drying and counting as descoribed sbove,
The efficiency of unit No. 1 was 58% and of unit No. 2 was 5.%,

These figures compare favourably with the 557 efficiency recorded

by Wang & Jones (1959) Por 'ig compounds which were insoluble in
toluene, A standard spot was counted at reguler intervals to ensure
that the observed count rates from both units was striotly comparable
(stiteh, 1959), A known volume (0,01 ml.) of each extract, as applied
to chromatograms, was counted on paper discs so that the observed
counts in specific compounds from chromatograms could be expressed
a8 a percentage of the total “’C activity applied,

The technique of counting ﬂ"C asctivity directly from paper
chromatograms has the grest advantage of obviating sample preparation
as 1s necessary with other methoda, 1In addition, if the compounds being
assayed are insoluble in toluene, samples may be removed from the
counting pots after counting and the next disc counted in the same
sointillator. Since the count rate is independant of the size of
the spot being assayed, this technique is perfectly suited to the
counting of compounds separated on paper by chramatography or elsctro-

phoresis,
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D, RESULTS AND DISCUSSION

1. The distribution of "M sctivity from 4C-lsbelled compounds

injeoted into Oxalis shoots,

(a) The digtribution of isotope between sugars, amino acids
and organic acids,

The following compounds were injected into white shoots
of Oxalis buibs : [”‘Us] glucose, [““02] giyexylic acid, sodium
[1-"6] glyoollic meia, [*c,] axalic acia, (0] bicerbonste, ['ic,]
glyeine and [‘“’033 serine, After 1 hr. (and alsc after 2 hr, with
glucose) , the shoots were detached from the bulbs and extracted with
ethanol and then with water (see Methods, p. 41). After separation
of each extract into non-ionic compounds (meinly sugars), amino acids
and organic acids, the three fractions were made up to a known volume
(40-50 ml.) and portions (0.1 ml.) plated and counted. In Table 1,
the relative distribution of radiocsctivily in each fraction is
expressed as a percentage of the total activity in the three fractions,

(b) Quelitative distribution of 15C between specific amino acids

and organic aclids separated by paper chromatogrephy.

Extracts containing amino scids and organic acids were
reduced in volume in air and portions (0.2 ml. to 0.5 ml.) applied
to paper chromstograms as described previously (p. 43 ). After two-

dimensional chromatography, chromatograms were placed in contact with



Table 1, Distribution of “‘c asetivity in sugars, amino
acids and organic acids from “’O-label,led
compounds injeoted into Oxalis shoots,

White shoots of Oxalis bulbs were injected with various
g-1sbelled compounds. After 4 hr. (and also sfter 24 hr. with
glucose) the shoots were detached and extracted with ethanol and
then with water. The compounds in the extracts were fractionated
into sugars, amino acids and organic acids and the 11"0 activity
of each was determined, The radicactivity in each fraotion is
expressed as a percentage of the total activity of the three
fractions,
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TABLE 14

Compound injeoted Distribution (%) of ‘Mo activity
in shoot extracts

Sugars Amino acids Organic

aclds

("] glucoses 771 5.7 17.2
[””CSJ glucose ¥ 17.3 2.2 80.5
{11'02} glyaxylioc acid - 13.14 86.9
[1-“'0] glycollic acid - 5,0 95.0
[Ye,] exalie scta - 0.9 95,14
[Yag 1] bicarbonate - 40.7 59.3
[Y40,] slycine = 98.7 1.3
[*e,] serine - 99.7 0.3

# Af'ter { hr,

T After 2, hr.
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X-ray films end these were developed et suitable intervals. Amino
acids and organic acids were located on chromatograms with appropriate
sprays and the asmount of 1"0 in specifis compounds assessed visually

by comparing the degree of exposure of portions of the X-ray film
corresponding to individuel compounds. These gualitative results
(Table 2) provided essential information for a quantitative study
of the distribution of radioisotope among the sompounds detected by

radioautography.

() Quantitative distribution of ‘U among specific amino acids
from extracts of Oxalis shoots,

Portions (2,0 ml,) of amino asoid extracts which had
previously been evaporated to dryness and made up to 5,0 ml. in water
were applied to columns of Dowex~50 (X-8, H form) and individual
amino acids eluted with sodium citrate buffers as previously described
(pes5). A typical elution pattern of the amino acids from Oxalis
extracts is shown in Fig, 1. Chromatograephy of such extracts clearly
showed that glutemic acld was present in far greater concentrations

than any other amino acid,



Table 2. Qualitative examination of the distribution of
“‘C in specific amino acids and organic acids in
extracts after injection of '“C-labelled compounds into

Uxalis shoots,

White ahoots of Ozalia bulbs were injected with various Vg
labelled compounds, After 1 hr. (and also after 24 hr, with glucose)
the shoots were detached and extracted as described in the text and
Table 1, Lsballed compounds in such extracts were separated by paper
chromatography and detected by radioasutography and classified visuslly
as in group A (oomidamble incorporation) or in group B (slight
incorporation of label).



Compound injected

[1h06] glucose*

[1“06] glucose ¥

{"’U ] glyoxylic
acid

[1-1&0] glyoollic
aodd

[1k32] oaxalic acid

[V 4] vicarbon-
ate

[*c,] e1yeine

[%5] serine
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TABLE 2

4 compounds located in Oxalis extraots

Group &

( Malic, citric, isocitric

Asp, Blu.

( Oxalic, glycollio
Glu,

e T ¥

Glyoxylic, oxalic,
glycollie

Gly, Ser,

Glycollic, oxalie,
glyoxylio

Gly, Ser,
Cxalic, glycollie

Glu, Asp.

%
é
(
(
2
é
( ¥alic
é
(
i Gly, Ser.
i Ser, Gly.

# After 1 hr,

t After 25 hr,

Group B

(61yoollic, exalic and
( unidentified acids.

(Ala, Val, Leu, Ileu,

(6lyoxylic, oitric, malio

4Asp, Ser, ila, Val,
Leu, Ileu,

{Malio
(

{ s
(-

(
gAsp, Glu.
{Glyoxyiic

Glu, Asp, Ser, Gly, Als

Citric, isocitrio
Ser, Ala, Val.
(

Glyuxylic, malioc,
glycollie, oxalie

(ASP ? Als,

Glycollic, glyoxylio,
axelic, malic, citric
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Pigs 1. Elution pattern of acidic and neutral
amino acids of Oxalis extracts from Dowex-50 resin,

Portions (2,0 ml.) of extracts from Oxalis shoots
containing amino acids were applied to columns of Dowex~50
(¥-8, H* form) and individusl amino scids eluted with sodium
citrate buffers as desoribed in the text, ZEven mumbered
fractions (2,0 ml,} were assayed with ninhydrin reagent and
extinotions (1 em.) recorded st 570 mp,
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The total 1“‘0 activity applied to each column was
caloulated by counting portions (0,2 ml.) of the extract by the
liquid zcintillation technigue of Butler (1961). The efficiency
of counting by this method was 677 (see p. 52), whereas the
efficiency of counting the eluted amino scid samples was 367 due
to the quenching effect of sodium citrate buffer. The total
counts recorded for 0,2 ml, portions loaded onto Dowex«50 columns
were multiplied by ten to allow for the difference in volumes (as
applied o the columns) and adjusted by a faotor of 36 /67 to allow
for the difference in counting efficiency. The radiolsotope in
individual amino acids was expressed initially as a percentage of
the total "'C activity lcaded ontc the appropriate column, However,
to enable a compsrison of the “"C activity in individual amino
scids and organic scids derived from e particular “-‘C labelled
compound, the amount of radioisotope in any compound was sxpressed
as a percentage of the total g aotivity recovered from Oxalis shoots.
An example of the caloulations involved is given below,

(1} For [“‘06] glucose (1 hr,), the total 1y sctivity at 67%
counting efficiency in 0,2 ml, semple as loaded onto Dowex-50
column = 9,691 x 10° sounts/100 sec.

(ii) Since 2 ml, portions were loaded onto Dowex-50 columns, and
the "G content of individuel amino acids were estimated at 367
efficiency, the totel 140 aetivity loaded onto columns at 36%
counting efficiency = 9,691 x 10°x2 x %
0.2

= 54352 x 10"‘ countgzmo 860,
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(4i1) The tctal vclume of the aspartic acid peak derived from
[“'ce] glucose (1 hr,) wes 20 ml, One half of this was used
in detecting this sompound with ninhydrin (see p. 46) and
0.2 ml, portions of the remaining 10 ml. were assayed for
radioactivity., The g activity in 0.2 ml, samples (aspartic
acid) was recorded as 1,919 x 10° counts/100 sec.,

i.e. ““C setivity in totel aspsrtic acid sample =

14919 % 10° x 10 x 2 counts/100 sec.
0.2

= 14919 x 10‘" counts/100 sec.

(iv) The s ontent as a percentage of the total redioactivity

applied to Dowex~50 columns = 1,919 x 10’“ x 100
5,352 x 10%

= 35,8505

(v) TFrom the results presented in Table 1 (p. 56) it is apparent
that the amino acid fraction from [“"36] glucose (1 hr.)
represented only 5.7% of the total- “‘c activity recovered from
the shoots in this experiment. Thus, the by content of
aspartio acid derived from {“"66] glucose (1 hr,) as &
percentage of the total g recovered from Oxalis shoots is 1=

35,85 x 5,70
700
= Eo;ﬁ
mhe 0 comtent of each amino seid eluted from Dowex-50

columns was caloulated in this mammer end the resulis are presented in
Table 3,



Table 3, The distribution of u‘C’ activity among specific
amino acids from extracts of Oxalis shoots,
after injestion of '4C-lsbelled compounds,

A nmwmber of “*C-labelled compounds were injected inte
Oxalis shoots and extracts were prepared as desoribed in the text
and Table 1. The amino mcids in shoot extracts were fractionated
on & colunn of Dowex-50 (X-8, H' form) snd the smount of radio-
activity in each fraction wes estimated as described in the text,
The results are expressed as s percentage of the total “‘E activity

recovered from Oxelis shoots,.



["’c 5} glucose t

[”"G ] glucose

{"'C o) Elyoxylie
acid
{ﬂ‘.. ] glycollic
1 acid
{ 021 axalic
scid

[“‘c,t} bicarbonate 0,57

f“‘Uz] glycine
{“'03] serine

agtivity in specific amino scids separated by column chromatosrephy

g M o
Cys Tau* Asp Ser Glu Gly Ala
0022 h 2965 0:‘{-7 1 052 - Ua 314-
0,39 - 0.21 6‘12 0061 0'02‘. 0018
0.12 0,03 0,21 7.32 0,05 3,85 0,09
0.50 0,34, 0,53 2,41 0,27 0.68 0,03
- - 0,20 0,11 0,22 {0,22) %+
138 15,10 1,38 17.42 0,16 1,55
030 €,20 4,24 20,73 0,10 59,71 1.58
- 0,10 0,10 81,95 0,10 2,10 0,0

* Tontatively identified
t after 1 br.
1 After 21 br,

#% These two amino acids did not separate satisfactorily

Val

0,22 0.25 0,13

0.219 0.12 Go11 0,07

- - -

0008 G ""
0,07 - -

0.86 . -
0,10 = -

0.0 - -

Ileu leu Phe

[Mp] 1oaded
onte column and

Ure
iden~
ti~

fied recovered as
specific anino acid

0.17 Yol

- 92,6

- 89.6

- 9647

- 90.5

- Sheis N
6,30 88.7
0.30 86.0
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(d) Quantitative distribution of ey smong specific organic
acids from extracts of Oxalis shoots

In assessing the suitability of silica gel chromatography
for the separation of organio scids from extracts of Oxslis shoots,
organic acid extracts were prepared from shoots exactly as described
for experiments involving g 1avelled compounds (p. 41). Portions
(0.5 ml,) of such extracts (in 0.5 g-ﬂzsek) were applied to silicie
acid gel columns and elution carried out as described by Bulen,

Verner & Burrell (1952). The smount of organic acid extract applied
was epproximately the same as that used for the separation of acids
from extracts conteining “"C.

The elution pattern obtained after chromatography is shown
in Fig. 2. A single pesk corresponding in position to axalic acid
was found,

In this chromatogrephic procedure, axalic acld and glyoollie
acid do not separate distinctly (Bulen, Varner & Burrell, 1952), so
the fractions from the peak corresponding to oxalic acid were bulked
and examined for the presence of glycollic acid., The aqueous layer
containing the sodium salt (or salts) of the acid (or acids) wes
evaporated on a stesm bath to approx, 40 ml, and (i%a.(JGJ3 (507 excess
based on titration figures) added. The mixture was made slightly
acld with 0,5 E HZSO&_ and stirred in a boiling water bath for 30 min,
The white precipitate of calcium axalate was removed by centrifugation,
washed twice with water (2.0 ml.) at 70° and the supernatants evaporated
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to dryness. The residue was dissolved in 0,5 g_mzsok (4 m1,) and
applied to a silicic acid gel column, The column was eluted with
20% (v/v) butan-1-ol in chloroform (250 ml,) and fractions collected
and titrated with 0,01 g—NaOH a8 previously described, A single peak,
corresponding in position to glycollic acid, wes found (Pig, 2, inset).
It was apparent from these preliminary experiments that,
in extracts from Oxalis shoots containing orgeanic acids, only oxalic
acid and glycollic acid were detectable by silicic acid gel chroma~
tography. Thus, for the separation of individual organic acids from
extracts containing “*c, ocarrier organic acids were co-chromato-
graphed with such extracts, Glyoxylic scid (sodium salt), glycollic
acid, malic acid, citric acid, isocitric ascid (tri-sodium salt) and
tartaric acid (2 mg, of each compound in 0,25 ml, of 0.5 g—nzsoh were
added to portions (0.5 ml,) of extracts containing e, a typical
elution pattern after development of silicic acid gel columns is
shown in Fig. 3. Oxalic acid was separated from the mixture of oxalic
acid and glycollic acid as its calcium salt, Celeium oxalate was
dissolved in 0.5 N-HC1 (2.0 wl.) and portions (0,02 ml,) assayed for
'”‘c activity, The radiosctivity in all other acids was determined
with O.1 ml. portions of such acids as previously described (p. l..7) .
The smount of’“‘c activity applied to each silicic acid
gel columns was determined by plating and eounting a known volume of
each extract. Semples (0.1 ml,) of each acid eluted were alsoc plated
and oounted and the radio-isotope present in individual organic acids
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Fig. 2, Silieic acid gel chromatography of an organic

acid extract from Oxalis shoots.

Shoots were extracted with ethanol and with water.
Orgenic acids were eluted from a column of Dowex-2 (carbonate
form) as desoribed for in vivo experiments with 45 compounds.
After neutralising, extracts were evaporated to dryness, the
residues dissolved in 0.5 K - 3230 and applied to silicic acid
gel columns, The slution schenme 'is indiceted by the arrows and
figures showing an incresse of butan-{-ol chloroform from 5%
(v/¥) up to 50% (v/v). Titration of the eluate showed one peak,
which after treatment with Cacos to remove exalic acid, was re-
chromatographed on silicic acid gel using 20 (v/v) butan-1-ol
chloroform, The inset figure shows the peak obtained after
such re-chromatography corresponding in elution pattern to

glycollic acid,
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Pig. 3. Siliocic acid gel chromatography of extracts of organic
acids from Oxalis shoots after injection of 11‘0

compounds, co-chrometographed with carrier acids,

Extracts from Ozalis containing organic acids were prepared
after the spplication of a numbsr of 1"’0 compounds to shoots,
Portions (0.5 ml,) were applied to silicic scid gel columns with
e mixture of glyaxylie acid, glycollic acid, malic acid, citric
acid, isocitric acid end tartaric acid (totel vel. 0,25 ml.) as
previously described, Samples (4,0 ml,) eluted from columns were
titrated with C,01 a&NaGH and organic scids thus separated were
assayed for ”‘c activity,

The elution scheme is indicated by the arrows and figures
showing an inoresse of butan-i-ol in chloroform from 5% (v/v) up to

50% (v/v).
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was expressed initislly as a percentage of the total activity
loaded onto the appropriate column. As was the case in calculating
the radioisotope present in individusl amino acids (Table 3), the
Yy content of organic acids was expressed as a percentsge of the total
e setivity recovered from Oxalis shoots. i.e. For [“’06] glucose
(4 nr.), the amount of radioisotepe present in oxalic acid as a
percentage of the total g applied to the appropriate silicic acid
gel colwmn wes 6,5,%. The results in Table 4 show that in 1 hr,
the percentage of '“C in the organic scid fraction derived from ["’86]
glucese was 17.2%. Thus, the e sontent in axslic ecid as &
percentage of the total radiocactivity recovered from Oxalis shootls
is 6.5, x 3-11"6% %y Leee 1,12%

The percentage of g in individual organic acids derived
from "0 compounds injected into Oxalis shoots is shown in Tsble 4.



Table 4 The distribution of 'U¢ activity emong specific
organic acids from extracts of Oxalis shoots safter

injecticn of 1¥C-labelled compounds.

A mmber of 4G labelled compounds were injected into
Oxalis shoots and extracts were prepered as desoribed in the text
and Table 1. The organic acids in shoot extracts were fractionated
on & silicic acid gel column and the amount of radicectivity in each
acid was estimated as described in the text. The results are

expressed as a percentage of the total 1“‘0 activity recovered from
Oxalis shoots.



% i activity in speoific organic acids separated by silicic ecid gel

chromatography
Compound injected Glyexylie Glyeollic Oxelis Malis Citric Isocitris Tartaric % (%) loaded
acid acid acid aedd acid aocid acid onto column
and recoverad
as specific
acida
[ ] giucass » 1,08 1.07 1,12 2,08 2,13 1.86 1426 61.6
(o] slucose T 11,33 13.52 201 403 3.8 5.55 3otl 81.7
{"'02] glym:glie 26,85 21,03 21,12 6,78 1465 1,30 1,48 93,3
&ar
[13%] glyeollate 10,16 55,10 12,92 0.66  1.14 1,04 9,76 86.1
[1"021 oxalic acid 1,29 5485 81,46  1.78 1,68 0,99 1,19 9.8
[*c,] vicarbonate 1,78 0.57 0,88 42,81 7.1 3.26 . 95,5
[*c,] glyoine 0.62 011 041 0.27 0,07 0,07 0,01 97.7
[“‘c53 serine 0.05 0.10 0.05 0.05  0.04 0,02 " 97.3
* Af'ter 4 hrc

¥ After 24 hr,

*89
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GENERAL DISCUSSION

It is evident that emergent white dhoots of Oxalis
pes~capras utilise carbohydrate from the starch-filled bulb for
formation of cxalic acid which rapidly accumulates in the shoots.
The presence of oxalic acid in shoots formed within two days of
germination has been established during this work, confirming
and extending earlier observations by Michael (1959). With the
exception of the bulb, it appears likely that oxalic acid is e
compulsory end-product of the metebolism of growing tissues of
this plant,

That carbohydrate from the buld is utilised in the pro-
duction of axalic aeld is supported by the observation that within
1 hr., 17% of the activity of injeoted [“‘06] glucoze was recovered
in the organic acid fraction and within 2), hr. about 807 was
recovered in this pool (Table 1). As shown qualitatively by Table 2
and quantitatively in Table ), using [“‘CG] glucose and & one hour
exposure, there was greater incorporation of label inte each of the
acids of the tricarboxylic acid cycle (about 2% in each) than into
glyoollic seid, glyoxylic acid or axalic acid,each of which contained
approx. 1% of the recovered sctivity., Within 2 hr, acids of the
tricarboxylic acid cyele contained 4=5% of the radioactivity, where-
as glycollic acid, glymxylic acid and axelic acid had increased
markedly in their redioisotope content cortaining, respectively,
13.5%, 1he3% and 24,57 of the recovered M activity.
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From the results obtained with [1%6] glucose it appeared
likely that both glycollic acid and glyaxylie acid were intimately
involved in axalic acid synthesis ir Oxalis, With {1""‘(',2] glyoxylio
acid, in 1 hr, about 307 of the recovered activity remained in the
glyoxylic acid,and glycollic acid and oxalic acid both contained
about 21%. These results are consistent with a dismutation resction
as reported for extracts of A, niger by Framks & de Boer (1959).
With [4=1%0] glycollioc acid, 55% of G activity remained in the
original compound end 10.Z% and 42.9%%206%:'36. in glyexylic acid
and oxalic aoid respeotively (Table 4). The relationship between
these three organic acids in Oxalis wes further demonstrated by
injeoting [ 'C,] oxalic scid into shoots. Although most of the
recovered activity remained in oxalic acid, glycollic acid contained
5.97% of the activiiy and glyaxylic acid 1.37.Lesser, tut detectable
amounts of radioisoiope were found in the isolated acids of the
tricarboxylic soid cycle (Table L) indicating that axalic acid was
not completely metabolically imert in Oxalis.

In confirmation of the gualitative findings (Table 2) the
results in Table 3 show that from glvaxylic acid and from glycollic
acid, "“C wes incorporated inmto both glycine and serine. When [”’02]
glyomxylic acid and [1-“"‘0] glycollic acid were administered to shoots,
the radioisotope found in glycine was 3,95 and 0,77 in each case
whereas the radioisotope in serine derived from the same acids was
7.45% and 2,1% respectively., Similarly, when [“'02] glycine was

injected into Oxalis shoots & large percentage of the recovered "*c
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activity (20,7%) was located in serine. Serine itself was compara-
tively inert metabolically (Tables 1, 2 and 3) and this probably
accounted for the relative distribution of isotope in glycine and
serine derived from glyoxylic acid and glycollic acid, The relative-
1y low incorporation of label from L“‘*GZ] glyoxylic acid into glycine,
(3.85%) , whioh is umusual in plants (of, Tolbert & Cohan, 1553b) was
pro‘baﬁly also a consequence of the relatively rapid synthesis of
glyuailie acid (21,09 and alic acid (21,1%) from glyoxylic ecid

in Oxalis.

After the administration of ['“*01] bicarbonate, the total
radioactivity recovered from the shoots was only ebout 1% of that
obtained with most other compounds used, Clearly very little “‘C
was incorporated into plant constituents; any excess [ 1*g]
bicarbonste would be lost as 'YC0, when the shoots were extracted
owing to the acid (pH 1-2) nature of the sap. The '“C which was
incorporated was distributed among the amino acids (40.7%) and organie
acids (59.3/4 respectively (Table 1). The pattern of labelling of
the amino acids from bicarbonate (Table 3) shows preferentisl
labelling of glutamic acid (17.4%) and sspartic scid (15.1%). A
similar pattern wes obtained after administration of [““66] glucose
and such incorporation can be ascounted for by the well-established
reactions involving transemination of a-oxoglutaric acid and exaloe
acetic acid, Among the orgenic acids (Tebls 4) bicarbonate
contributed most significantly to malic acid (42.84), citric acid
(7.45) end isoeitrie acid (3.3%), Howsever, there was no evidence
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for rapid incorporation of label from bicarbonate inte glycollic
acid as ocours in photosynthetic tissue (Schou, Benson, Bassham &
Calvin, 1950; Keerney & Tolbert, 1961, 1962). Furthermors,these
results render it most unlikely thet glycollic acid is synthesised
directly from malic scid in Oxalls as has heen claimed to ocour in
tomato slices (Link, Klein & Barron, 1952).

Under the experimental conditions desoribed, the amount
of radioasstivity detected in s particular compound canrot provide
precize answerg on the sequence of reactions leading to the bio-
gynthesis of oxalic acid. The level of isotope in a given compound
will depend upon the rate of synthesis and breskdown of such a
compound, the emount of it present (the "pool size") and slso the ease
with whichk the precursor compound can be transported to the site of
synthesis.J No attempt has been made here to assess sveh factors,
However, Oxalis contains a high concentration of oxalic acid which
is not repidly metabolised, In the studiss described hers, “‘C
which becaue incorporated into oxalic acid remeined reasonably stable.
Such an in yive system can be used with edvantage in an examination
of possible biosynthetic pathweys.

Although all % compounds injected into Oxalis shoots
gave rise to szome radioisotope in axalic acid, the contributions
frem bicarbonate, glyoine and serine were so small that it was
unlikely that any of these compounds was of physiological signifiocance
in this synthesis, The results indicated that glycollic acid and
glyoxylic acid were intimately involved in axalio 20id synthesis and
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that the carbon for this synthesis was derived from the sugar pool,
This series of experiments did not astablish the origin of giycollie
acid or of glymxylic acid, However, the pattern of labelling of
isocitric acid (3.%3), glymylic acid (1.8 glycollic acid {(0.6%)
and oxalic scid (0.9%) frem [1"‘01] bicarbonate was consistent with
the cleavage of isocitrio acid to glyoxylic aoid and suceinic asid
catalysed by isooitrate lyase,

2. Application of 1"'6-1a.halled fructose and glyceric acid to Oxalis

shoots.

The observation (Bradbeer & Racker, 1961) that fructose-6-
phosphate was cleaved to glycollic acid by chloroplast preparstions
suggested thet this transketolese-type reaction may be responsible
Tor the formation of glycollic acid in Oxalis,

Another possible mechenism for synthesis of glycollio
acid is the decarboxylation of hydrexypyruvic seid as described in
suspensions of Scenedesmus by Milhand, Benson & Calvin (1956). In
Oxelis shoots, serine did not give rise to levels of hydroxypyruvic acid
detectable by radiosutogrephy. It is unlikely, then, that such shoots
contain hydroxypyruvate-alanine transaminase active in the production
of hydroxypyruvic acid from serine, Glycerie ecid can also give rise
to hydraxypyruvic acid, in a resction catalysed by glycerate dehydro-
genase, and this possibility was examined in Oxslis using “*C glycerie
acid,
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Portions (0,01 ml.) of either [l 6)‘ fructosze or caleium
[5—“‘\')} glycerate were epplied to each of five shoots. The radio-
active solutions were applied to grooves cut in the shoots and approx,
5p curies wes applied to each shoot, The shoots were kept in the
dark for 1 hr. at room temp. and then extracted es previcusly
deseribed. Por each experiment, the axtracts were fractiomated into
sugars, amino acids end orgenic scids by column chromatography (p.)2 ),
samples from each were plated and nounted apd the activity in each was
expressod &s & percentage ¢f the total 1"0 reoovered from the shoots,

These figures are presented below,

DMistribution () of U sctivity

Compound applied in shoot extracts
Sugars Amino secids Orgunio acids
[1%6} fructose Gle1 0.8 51
[3-"%] glyverate 1,56 Gu6h 97.8

It is apparent that fructose has not been ropidly
ingorporated into the organic acid poeol. After the administration
of glycerio acid, the great majority of redicactivity remained in
the organic acid pool,

For sach experiment, portions of the orgasnic acid fraction
were applied to paper chrematograms which were run in two dimensions,
éried and put in contset with X=ray £ilm,

Of the organic acids derived from [“‘06] fructose, glyoerie
acid appeared to contain most radiocisctope, lesser amounts were

detected in mulic soid and citric acid and isotope in glycollic aeid
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and oxalic acld was barely detected by radioautography,

The orgenic acid extract from [3-14¢) glyceric acid
contained enough [u"C] oxalie acid for this acid to be easily
detecteble by radicautography, However, acids of the triocarbaxylic
acid cycle such &s malic acid, citric acid, isocitric and g~cxo~-
glutaric acid contained more isotope than either glycollic acid
or oxalic acid,

Portions of each of the organic acid extracts from [“‘CG]
fructose and from |3~ 1] glycerate were treated with an excess of
Ca612 and oxalic soid separated gquantitatively as its caleium salt.
After dissolving the caleiun oxalste in B-IC1l (2.0 ml.), portions
(0,02 ml,) were plated and counted and the emocunt of radioisotope
in such samples expressed as a percentage of the total “*c aectivity
recovered from the shoots, For {1%6] fructose, the smount of isotope
in oxalic acid was 0,14%. Oxalic acid derived from | 3—“’0] glycerio
soid contained 2.26% of the total 'M¢ sotivity.

These sxperiments suggest that in Oxalis, glycollic acid
and hence oxalic acid are not derived directly from either fructose
or from glycerioc acid via hydroxypyruvic ecid, The qualitative
results obtained by radioautography are consistent with the synthesis
of axalic acid from a tricarboxylic acid cyocle intermediate (or
intermedistes) .
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3. The precursors of glysollic acid and giyoxylic scid :
Application of hoo1sbelred compounds to grooves in

Oxalis shoots.

(a) Choice of Tt 10bell1ed compounds to detect the precursors

of glycollic ecid and of glyoxylic acid,

In this series of experiments the following 1“3-1abelled
compounds wers opplied to grooves in Oxalis shoots : [2-140] slucose,
L1-1hC] ribose, L1,5—1h02] isocitric acid and {1-1&01 glycollic acid.
Cleland & Johnson (41956) showed that either (2-140] glucose or
{6—1hﬁ] glucose were efficiently converted to [1ht] oxalic acid by
A. niger. If a similer pathwey existed in Oxalis, the specifiecally
lebelled glucose would provide better evidence of such a pathway than
the generally labelled ocompound. In tobacco leaves, |4-'C] ribose
was converted to glycollic aeid (Griffith & Byerrum, 1959), and it
was possible that the same situation applied to Cxalis shoots.

The application of [1-1AC] glycollic acid to Oxalis shoots
showed that this compound was rapidly converted to both glymxylic
acid and oxalic acid (Table )). However, it was also apparent that
glycollioc aseid itself might be derived entirsly from glyoxylic acid
(see results, Table I for [1462] glyoxylic acid). If this occurred,
the focal point of interest would be an immediate precursor of
glyaxylic acid other than glycollic acid. A possible mechanism was

the cleavage of isocitric acid to glyoxylic acid and suceinic acid,
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and hence [1,5—“"02] isocitric acid was administered to QOxalis,

If in Oxalis, glyaxylic ecid was formed from isocitrie
ecid as well as from glycollic ecid, it would be significant to
essess the relative contribution of the two pathways. To obtain
an indication of the relative efficiency of icocitric aecid and of
glycollic acid as & source of glyaxylic ecid (and hence oxalic acid),
U-““C] glycollic acid was administered to shoots under the
experimental conditions used for [1,5—”‘*02} isoeitric aocid, {1-—“"0]
ribose and [2—“*0] glucose,

(v) The effect of pre-treaiment of shoots with malonie acid.

In experiments in which [2-7%C] glucose and [1,5—-1)‘02]
isocitric acid were administered to Oxalis, some of the shoots were
pretreated with malonic acid for 4 hr.(see p.41). If glyaxylic acid
was & product of isocitric acid metabolism, it was hoped that the
specific inhibition of succinate dehydrogenase may tend to channel
more “’C from isocitric acid into glyoxylic acid and oxalie seid,
Halenic acid was applied to shoots 41 hr, before the appropriate
““C—labelled compound; water was applied to control tissue,

Shoots were extracted 4 hr., 6 hr. and 2 hr. after the
administration of [2—“"0] glucose and 1 hr. and 6 hr, after
administration of [1,5-14C,Jisocitric ecid, The 1 hr, experiment
with 5_1,5-“*02} isocitric acid was not pre-treeted with malonic acid.

Compounds containing isotope were separated by paper chromeatography
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and detected by radiosutography., The ““C content of individual
compounds was determined on peper by & liguid secintillation
technique (p. 59 .

As shown in Table 5, the effect of pre-ireatment with
melonic acid was reflected to & small degree in the Increase of “‘c
recovered in suocinic ecid and in oxalic acid compared with control
experiments., The overall effect of this irhibition of suceinate
dehydrogenase was not great enough to warrent a comperison.sf the
“‘C content of all smino acids and organic acids from coantrol and
nmalonate-treated shoots, Neither the distribution of label between
the sugars, emino acids or organic acids nor the radioisotope
content of individual compounds between treated and non-treated Uxalis
shoots showed signifiecant differences. The effect of malonic acid
on the “’U content of succinic acid and of oxalic acid only are shown
in Table 5, The values are expressed as a percentage of the total

“‘U recovered from Oxalis shoots,

(¢) Method of expressing results of in vivo experiments

4n advantage of applying solutions of ““C—labelled compounds
_ to grooves in Oxelis shoots was that the smount of radioisotope which
was administered could be accurately assessed, When the injection
technique was used, a drop of liquid formed on the tissue when the
needle had besen removed; how much of this drop was sap and how much

was radioactive solution could not be assessed. In ocentrast, lsotopie



Table 5. The effect of pre-ireatment of Oxalls shoots with
malonic acid on the Ty, content of suceinic acid
and of oxalic eoid derived from[2- %] glucose end
from [1,5-'%] isocitric acid,

Shoots of Oxalis were pretreated with malonic acid
1 hr, before the spplication of [2—1hU] glucose or [1,5—1L02]
isocitric acid. Control shoots were pre-~treated with an equal
volume (0.05 ml,) of water, After 4 hr., 6 hr. and 2 hr, for
glucose and after 6 hr, for isocitric acid, extracts were
prepared from the shoots and compounds containing 1“0 separated
by paper chromatography and detected by radioautography. The 1“0
content of individusl compounds was determined on paper by &
liquid scintillation technique, The results presented here
show the effect of malonic acid on the incorperation of radio-

isotope into succinic acid and axalic acid.
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% Yag 4p specific organic acids

Compound applied Time Suceinic acid Ozalic acid
(br.) Control Malonate Control Malonate

L2-“‘C} glucose 1 0,18 0,16 0.0 0,04
é 0.25 0.38 0.78 1.02
21 0.23 0.89 12.48 10,30

11,5-"c,] 1s0- 6 WY bo51 110 435

eitric acid
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solutions administered to grooves were rapidly taken up and there
was no visible wastage.

¥With the mioro-pipette used for the application of “'C
solutions to the shoots, a sample (0,02-0,025 ml.) of each The
solution was made up to & standerd volume (50 ml.). A portion cf
this sclution was assayed for radiocactivity, ani the total radio-
activity applied to the shoots was cslculated, It was possiltle,
therefore,in this szeries of experiments to caleulate resulta on
the besis of either the total T administared to. Oxalis or the total
e recovered from the shoots., For all incubations r;af 4 hr, or of
6 hr. there was little difference between the total J+C administered
in each experiment and the total W recovered (see Table 6), so that
all results presented here are expressed on the basis of {the total
e recoverea from Oxalis shoots. The method of calculating these

results was the same as previously described (p. 60 £1).

(d) The distribution of isotope between sugers, amino acids

and organic acids from Oxalis extracts,

White shoots of Oxalis were inocubated in the dark at roem
temp, for 1 hr, and for 6 hr, with the following compounds :
{2-14¢] glucose, [1-'4C] rivose, |1 ,5—“‘32} isocitric acid end
[1-—“‘0] g€lycollic acid, Two shoots were used for each experiment and
"‘C—labelled compounds were applied to narrow grooves cut in the shoots,
After extraction of the plant materisl with ethanol and with water,
samples of each extract were pleted and courted for e content and
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were then fractionated into sugars, amino acids and organic acids

by column shromatogrephy as previously described {p.y2). Samples

of each of these fractions were also plated and the amount of iso-
tope in each determined, The results in Table 6 show the amount of
11*'0 recovered in easgh initial extract (before fraetionation) g8 a
percentage of the totel ''C administered to the shoots, the
distribution o: this sctivity between sugars, amino acids and organic
acids, and the percentage recovery of extracts after fractionation

into the three classes of compounds,

(e} TEffect of long term (24 hr,) incubation of e 1abe11ea

compounds with Oxalis shoots,

48 stated previously, the total M5 administored to shoots
end the total “’C rocovered in extracts were appraximately the same
when isotopes were administered for either 1 hr, or for 6 br, In
experiments with [2-14¢] glucose and with H-“‘C] ribose, incubations
of 24 hr, were also carried ocut. The figures presented in Table 7
indicate the loss of “"‘C over this time period, These large losses
(Table 7) could be due to loss of respiratory "’002 or the formation
of insoluble products which were not extractable with ethanol or
with water,

As shown by paper chromatograshy and radiosutography, the
general pattern of labelling of compounds for the 2) hr, period for



Table 6, Distribution ot g eotivity in sugers, amino acids
and organic acids from “*C-labellaa compounds applied to

grooves in Oxalis shoots,

White shoots of Uxalis were treated with a mumber of g
labelled compounds and extracts prepared after 1 hr, and after 6 hr,
as described in the text. The radiocactivity recovered in each
extract 1s expressed as a percentage of the total “"G activity
administered to the shoots, The compounds in the extracts were
fractionated into sugars, amino acids and organic acids by column
chromatography and the "‘c activity of each fraction determined.

The radiosctivity in each fraction is expressed as a percentage of

the total “"C recovered from the shoots.



Compound
applied

[2-"4)
glucose
[1-*4e]
ribose

[1,5- "4, ]
isocitrate

L1-"4c)

glycollate

Time
(br,)

o -
— —— — —

1hﬁ activity
recovered in
shoot extract

99.1
88.7
99.4
93
100.6

97.9

100.3 -

5.4

TABLE 6

Distribtion (%) of T activity in
shoot extracts

Sugars Amino acids Organic acids
9345 0.6 2,8
74,8 5.8 8.0
97.1 0.5 1.6
8L.9 33 Sely

- 2,6 86.3
= 5.7 - 80,3
- 343 90.4
- 10,3 T7e3

4 1AC sotivity
recoversed from
columns

97.8
96.5
99.9
99.3
88,4
38,0

ely
91.8

N 39
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[2-145] glucose and for [1-'4C] rivese was similar to that observed
in the shorter time periods. For this reason and because of the
large percentages of iaﬁ not accounted for, the result obtained for
2l hr, incubations did not provide any additional information than

had already been obtained for 4 hr. and for 6 kr, periods.

(£) Ouantitetive distribution of Ty among specific smino

aclds from extracts of Oxalis shoots,

The appropriate 12‘0-1&%33113& compounds were applied bo
Oxalis shoots and extracts prepared after 1 hr, and after & hr, The
portions of each extract contalning amino acids were evaporated to
dryness and then dissolved in 1.0 ml, of 20% (v/v} ethanol, Portions
(0,01 ml.) of such extracts were counted on paper discs and further
portions (0.2 ml,) were spplied to paper chromatograms. After two
dimensional chromatography in phenol saturated with water and butan-
1=0l, propicnic acid, water, amino acids containing “"G ware dotected
by radiocautography. &reas on chromatogrems containing “"C-labelleﬁ
compounds were identified and cut out for gquentitative estimation of
iéotope by a ligquid scintillation technique as previously described
(».52).

The radioactivity in specific amino acids was expressed
initially as a percentage of the “‘c activity appllied te the appropriate
chromatogram and finally as a percentage of the total “‘U activity

recovered in extracts from Oxalis shootz., These figures were obtained



Table 7, Losses of g activity from Oxalis shoots following

long incubation periods (2l hr.).

A number of “‘E-labelled compounds were applied to grooves
in Oxalis shoots as described in the text and in Tadle 6, For
[2-1%C] glucose and for [1-1%] ribose, incubations of 24 hr. were
carried out in addition to the 1 hr, and 6 hr, time periods (see
Table 6). The results presented here show the loss of “’C aoctivity
over the 2) hr. time period.



Compound applied

{2V | glucose

11-“‘31 ribose

Time
{(hr.)

2k

2l

8y

TABLE 7.

“‘C afministersd
counts/400 sec,

5.372 x 10°

2,980 x 10°

“‘C recovarsd
in extract
counts/100 sec,

&
2,162 x 10°

L+657 x 106

% Loss
of 1o

59.8

4.6



after application of the appropriate factor for the percentage of
e 45 each of the amino acid fractions {Table €).

In the two dimensional system described glyeine and serine
did not separate sufficiently well for determination of the redio-
activity in each compound., The “*C content of the mixture of the
two was assessed, after which the compounds were eluted from the
appropriate chromatograms with water and concentrated, Portions
were chromatographed on paper with a solvent of pyridins-water
(80 : 20, v/v) and a good seperation was obtained (see Fig, 1),
Glycine and serine were located by radioautography and the smount
of radiocasctivity in each was determined, The ratio of “‘B activity
of the two compounds was related to the total “‘G activity
originally recorded for the mixture before elution,

The “"C content of individval amino acids is shown in Table
8.

(g) Quantitative distribution of “‘C among specific organic

acids from extracts of Oxalis shoots,

Extracts were prepared from Oxalis shoots 1 hr, and 6 hr,
after the application of a mmber of “‘E-labelled compounds, The
fractions of these extracts containing organic acids were evaporated
ané made up 1 ml. in 20% (v/v) ethanol, Subsequent procedures were
carried out exactly as for paper chromatography of amino acid extracts

(p. 83 ) except that 0,05 ml, portions were spplied to chromatograms.
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Pig. 4o OJeparation of glycine and serine by paper

chromatography,

Mixtures of glycine and serine were eluted from paper
chrometograms used for the separation of mixtures of amino acids
from Oxalis extracts. After concentration in yscuo the mixtures
of glycine and serine were separated by ascending paper

chromatography in pyridine : water (80 : 20 v/v).
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Teble 8, The distribution of ﬁhﬁ among specific amino acids
from extracts of Oxalis after spplication of

1hﬁ-labelled compounds to grooves in shoots.

Compounds were administered to shoots and extracts pre-
pared after 1 hr. end after 6 hr, as described in the text. The
amino scids in thee extracts were separsted by paper chromatography
and the amount of radicactivity in each compound was sstimated on
paper by & liguid scintilletion technique. The results are expressed
as a peroentage of the total 146 activity recovered fvrom Oxslis
shoots,

Where the radicactivity in a compound wes noi detected, the
entry is shown thus " ~':; the lower limit of detection was approx.
twlice the background count corresponding to approx. 0.004% of the 1hﬁ

activity applied,



Coempound Time
applied (hr,)

[2-c]
éluoosc;
[1-%c]
ribose
[1,5-",]
isocitrate
[1-14c]
glycollate

TABLE 8.

4 “"C activity in specific amino acids separated by paper chromatography

»
Ori- Asp Glu Ser Gly Asp Glu Thr Ala £-Ala Tyr Pro Phe Val Pep- Unid- % ﬂrc

gin (mz) (Iﬁz) Hiles enti- TO0OV-
from
ohrome
atograms
0,003 0,47 0.20 0,03 0,01 - 001 = 045 - = = = 005 - - 92,4
0,08 0.73 1.50 0,40 0,10 = 0,28 0,04 0,61 = 0,02 0,06 - 0.65 - 0,69  8B.4
0001 0-07 0009 6:05 0001 - 0011 - 0.25 - e o= - - - - 89.2;
0,43 0,72 0,87 0,16 0,07 =~ 0,06 0.13 0,68 = 0,22 - 0,19 = - 0,06 98,7
0‘51 6051 0'68 - - - 0.@8 - " o - - - 0‘1Q o 0‘51 9}.2
0,06 1,34 2,32 0,00 ~ - 048 0,02 0,10 0,06 010 =~ = 033 - 0,68 971
0.02 0,00 0,47 1,55 081 = 003 = 005 = = = = 005 0,08 0.18 91.8
0.03 0.1!‘. 1;02 6.1.5_0 1. 3 0'07 0.23 ) 0.10 - - - = 0005 e017 Qo°7 96.1

#iaterial remaining at origin after development
of ohi'omatcms.

*ls
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Originally 0,2 ml, portions were epplied but excessive amounts of
oxalic acid present in these sxtracts caused stresking on chromato-
grams, Compounds containing 1“0 were located by radioautography,
identified and counted.

Areas on chromatograms containing a mixture of citric aeid
and isocitric acid were eluted with water, concentrated, and the
two acids separated on paper by double develomment with a solvent
consisting of butan-1=-ol, 3-methyl-propan-i-ol, water, pyridine and
formiec acid {3 : 6 : 7 : 4 : 1 by vol. - see p. 45). Separation of
these two acids is shown in Fig, 5.

The 1hC content of organic acids was calculeted in the
same manner as for aminc acids (p. 61 ); the results (Teble 9) are
expressed 28 a percentage of the total Y recovered from Oxalis
shoots,

The quentitative results of the previous series of in vive
experiments (Tehbles 1 to L) indicated thei the carbon for mxalic aecid
synthesis in Oxelis shoots was derived from the sugar pool, or
derivatives thereof, and thet glycollic acid and glyoxylic acid were
intimately associated with the bilosynthesis of oxalic acid, The
second series of experiments described here (Tables 6 %o 9) have
extended the previous findings and have supplied infcrmation concern-

ing the precursors o glycollic acid and of glyoxylie acid,
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Fige 5. Separation of eitric acid and isocitric acid by

paper chrcnatography.

Areas on chromatograms {used in the general separation
of organic acids) containing a mixture of citric acid and isow
citric acid were eluted with water, After concentration, these
extracts were applied to paper for chromatography and mixtures of
citric acid and isocitric acid were separated by double develop~
ment with & solvent consisting of butan-i=ol, 3-methyl-propuanei-ol
water, pyridine, formic acid {3 : € ;7 ¢+ L : 1 by vol.}.

.Citric acid is identified as the faster moving component,



FIG.5




Table 9, The distribution of ﬂ"(t emong specific organic acids
from extracts of (xalis sfter application of “‘T}-labelled

compounds to grooves ir shoots,

Compounds were adminisiered to shools and extracts pre-
pared efter 1 hr, and after 6 hr, as described in ‘the text. The
orgenic acids iu these extracts were separated by paper chromatography
and the amount of redioactivity in ecach compound was estimatzd on
paper by a liquid secintillation technique, The results are expressed
as a percentage of the totai g activity recovered from {xalis
shoots,

Where the radioactivity in a coupound was not detected,
the entry is shown thus ¥ === "; the lower limit of detection was
spprox. twice the background count corresponding to approx, C. 0015 of
the M0 activity applied.



Compound Time

applied (hr.)

[2-Yg] 4
glucose 6
[1-Yc] 4
ribose 6
[1,5- Mg, ] 4
isocitrate 6
[+=Yc] 4
glycollate 6

— = Y

TABLE

% g activity in specific organic acids separated by paper chromatography

Orie" Phos- Gly- Citric Iso~ o~Oxo- Succinie Malic Fumarie *Phospho- Gly-
acid acid glycollic collic axylic acid

gin phate ceric acid citric glutarie

0.1
0.40
0,06
0.29
1.29
1.93
L,.88
1.86

esters

0.76
1.83
0,27
0.52

acid

0.52
1.75
0,08
0.39

# Haterial remaining at origin after development of chromatograms.

O.11
0,86
0.03
0.2}
5.05
34,03
0,34
1019

acid

0,05
0.40
0.0
0.13
Shobk
15.19
0.20
0.82

acid

0.23

12,52
6.58
0.5,
Co5h

t Tentatively identified

acid

0,18
0.25
Ga 0L
6.39
boli2

0.93

0.16
0,55
0.03
0.35
1.12
0.81
0.85

0,08

-~

0.5,

acid

0.63
C.93

% g

Gly- Oxalie Un- recove

aeid acid
0.0 - 0,04
0.08 - 0.78
0,02 =~ 0.01
0,03 =~ Oelt
0,78 0,35 2.16
0.96 Ou8 4.10
60,21 1,99 2,98
30,77 L4.56 20,03

iden~ ered

ti-
fied

from
chrona-

tograms

0.29
0.2
0.74
2,61
0.69
157
1,08
0.85

82.8
93.4
86.9
91.8
96,9
89.0
8145
82,6

36
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GENERAL DISCUSSION

A comparison of the distribution of the isotope from
“‘C-le.‘belle& compounds administered to grooves in Oxalls shoots
showed that thsre was a greater incorporation of radiocactivity inte
amino acids and into organis acids from [2-“’0] glucose then from
[1—“‘0] ribose (Table €), This difference was more evident after
exposure for & hr. The application of |1 ,5~1AEE} isocitric acid
for 4 hr. resulted in a grester incorporation of isotope into the
amino acid pool than from incubation for 1 hr. with {2t ] glucose.
sfter 6 hr,, the incorporation was the ssme (5.87 and 5.7%, respec-
tively, Table 6.)

It is evident that glycolliec scid contribhuted significantly
to the emino acid pool, Yhen [4-1hg ] glycollic acid was administered
to Oxalis shoots, 3.3% of the e setivity epplied was located in the
amino acid fraction within 4 hr.; 10.37 of the activity wes present
in the amiro acid pool after 6 hr, (Table 6}, These figures
represent the largest incorporation into amino scids Irom any of the
s 1abelied compounds administered,

As shown in Table 6, 99-100 of the'™ activity administered
to (xalis shoots was recovered after incubations for 1 hr, Hecoveries
from the series in which shoots were exiracted 6 hr, sfter the
applicetion of isotope varied from 88,75 to 97.%. The separation of
extrsots into sugsrs, smino acids and organic acids by column chrome-

togrephy resulted in negligible losses of '4¢ for [2-'40] glucose and
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for [ 1-“*0] ribose (which were not adsorbed by cationic or anionie
columns) whereas recoveries from |1 ,5-“*02] isocitric acid end H-“"U]
glycollic acid were lower (88.07 to 93.1%) .

After administration of [2-#“‘13] glucose for 4 hr, andé for
6 hr, most radioisotope in the umino acid fraction wes locuted in
glutamic acid, aspartic acid and alanine (Teble 8), The same pattern

‘1!4.,‘3]

of incorporation was evident in these amino acids from L 1= ritose,
except thet in 1 hr, there was greater incorporation of isotope into
alanine than into glutamic acid or aspertic acid (Teble 8). Such
incorporation can be accounted for by transamination of e~oxoglutarie
acid, oxaloacetic acid and pyruvic acid,

48 shown in Teble 9, the incorporation of e into organic
acids from |2- *C] glucose and from [1-1401 ribose was somewhat
similar. Initially, phosphate esters conieined most “*C; subsequently
glyoceric acid and acide of the tricarbexylic scid cycle became labelled,
The relatively greater incorporetion of “‘TJ into glyceric acid from
[2-140] glucose (0.52% and 1.757) rather thun from [1~140] rivose
(0,087 and 0,395%) was reflected in generally higher levels of g 50
tricarboxylic aycle acids derived from [2-1%5] glucose. The level of
isotope in oxelic acid derived from LQ-“"G] glucose was also higher
{0,04% and 0,787 when compared with that derived from {1-“‘8] ribose
(0.01% and 0.44°) ., The biosynthesis of oxalic acid from {2—“"(2] glucose
or from {1-“‘3] ribose does not appear to involve glycollic acid, in
which ?here. wos & low level of radiomctivity. The formation of glycollie

acid from ribose, demonstrated in photosynthetic tissue (Griffith &
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Byerrum, 1959) does not appear to be a significant pathway in none
photosynthetic Uxalis shoots. In tioe longer time period, more 1hC
from both {2—1k3} glucose and from L1~1kﬂ] ribose was incorporated
into oxalic acid and acids of tricarboxylic acid cycle, particularly
into citric acild, isocitris scid and malic acid (Table 9). These
results suggested that one or more of those acids may be involved in
oxalic acid synthesis., fxperiments with | ] bicarbonate heve
already shown (this thesis, Teble J p. 68; see alao, Killerd, Morton
& Wells, 1965 ) that, in Oxalis, maiic ameid did not contrivute to
axalic acid production,

Glutamic acid and aepartic acid contained most of the 1“0
aotivity in the amino acid Traction in 4 hr, and in & hr, after the
application of L1,5~1k02] isocitric acid (Table &), These results
infer that Oxalis shools contsin isocitrate dehydrogenase and I~
glutemate:NAD axidoreductase {glutamate dehydrogerase, EC %.q.1.2),
activity., Certainly there was consideruble radioisotope located in
a~oxoglutaric acid after the administration of {1,5-1§%2] isocitric
acid (Teble 9). The activity found in aspartic acid in this experiment
could be a result of transaminetion of axaloacetic acid. However, no
Yy gotivity was detected in melic acid (Table 9) or alanine (Table 8)
after the administration of [1,5—1h02} isocitric acid for 1 hr., It
is possible therefore, thal within 1 hr., very little of the 1
administered hed passed right through the tricarboxylic acid cycle.
However, if the concentration of endogenous glutemic acid is high,

oxnloacetic acid would be rapidly removed, in turn stimulating the
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oxidation of malio acld; it is possible therefore, to go through
the cycle without significant amounts of malic acid being detected.
The oxidation of glutamic acid to aspartic acid proposed by Krebs &
Bellamy (1960) is supported by some experimental evidence (Jones &
Gutfreund, 1961). Alternatively, oxaloacetic aoid may have been
formed by reversal of citrate oxaloacetate-lyase (citrate synthase,
EC 414347, formerly known as citrate condensing enzyme) since within
1 hr., citric acid contained 57 of the total '“C frem [1,5—“‘1!2]
isocitric acid (Table 9).

The distribution of '4C smong organic acids derived from
14,5-"6,] 1sccitric soid (Table 9) shows that, within 1 hr. some
12,5% of the recovered '*C activity had been incorporated into
a~axoglutaric acid and 6.4% of such activity into suceinie acid,

From this experiment it was not possible %o assess whether all the 12.0
activity in succinic acid was derived fram a~oxoglutaric acid or

partly from isocitric acid by the action of isocitrate lyase. Since
considerable radioisotope was found in axalic acid (2.2%) and glycollic
acid (0,87 it seems likely that at least some isocitric goid was split
into glyoxylic acid and suceinic acid, The relatively low level of
isotope in glyoxylic acid (Table 9), was probably due to its instability
during the preparation of extracts for chromatography and more parti-
cularly the instsbility of this scid during paper chromatography in
butan-1-0l, propionic acid, water (Kearney & Tolbert, 1962),

The percentage incorporation of g into amine acids (Tuble 8)
and into organic acids (Table 9) after treatment of Oxalis shoots with
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[1,5-40,] isocitric acid for 6 hr. showed trends sinilar to those
observed after 1 hr. The decrease of isotope in a~oxoglutaric acid
after 6 hr, was associlated with an incresse in the g activity in
glutamic acid (Teble 8), Similarly a decreamse in the e 1evel of
succinio scid and en increase in MG in melic acid and fumeric acid
( 6 nr.) indiceted a wider distribution of isotope through tri-
carboxylie acid cyele intermediates in the longer time period,

In the organic acid fraction (Table 9), the most striking
change in the distribution of %G frem [1,5-M0,] 1secitric scid in
the 6 hr, period was the conversion of isocitric ascid to citrie acid,
rather than contimued production of a~axoglutarie acid or glymxylio
acid from isocitric acid.

That the incorporation of isotope from [1 ,5—""02] isocitrie
aoid into oxalic acid was only doubled between the 1 hr, and the 6 hr,
incubation periods (Table 9) may be due to & mmber of factors:~

(1) Since the isocitric acid employed was not uniformly
labelled, redistribution of the carbon atoms of this acid during the
operation of the tricarboxylic acid oyele would decrease the freguency
of "4 being incorporated into glyoxylic acid and axalic soid.

(11) Isocitrate lyase purified from yeast (Olsen, 1959) exhibited
a marked decrease in mctivity with DL(+) allo-isocitric acid compared
with L -isocitric acid, With DL{+) allo~isocitric acid at four times
the concentration of the L -isomer the enzyme had only 207 of the
activity, Thus, the use of DL(+) allo [1,5-'%G,] iscoitris acid in
these experiments may have resulted in partial inhibition of isocitrate
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lyase of 0.:;___:_3;13_ shoots. Inhibition of this enzyme may also be effected
by tricarbexylic acid cyele intermediates, particularly suceinic scld
(Rornberg, Gotto & Lund, 1958; Kornberg, Collins & Bigley, 1960),

(113) Glyoxylic acid itself has been associated with inhibition
of the tricarboxylic acid cycle, In particular, glyoxylic acid is
irhibitory to the decarbaxylation of pyruvic acid (Liang, 1962b) and
to oxygen upteke of inteot rateliver mitochondria in the preserce of
Leglutamic aoid, a~axoglutaric acid or pyruvic acid (Ruffo, Adinolfi,
Budillon & Capobianco, 1962a,b). The inhibitory effect of glyoxylic acid
on oitric acid oxidation (D'Abramo, Romano & Ruffe, 1958) was shown
in yitro to be due to the interaction of glyoxylio asid with exalo-
aoetic acid to form & C, oompound (Ruffo, Romano &Adinolfi, 4959).
Chromatographic evidence (Ruffo, Romano, Adinolfi & Verga, 1960),
indicated that the new compound was probably a C 6 tricarboxylic acid,
It has been isclated and identified as o~hydroxy-f~oxalosuceinic acid
(oxalomalio acid). Glyexylie acid and oxeloscetic acid combine non-
enzymically at pH 7.k or more alkaline pH values and the resulting
compound is strongly inhibitory to citrate (isocitrate) hydro-lyase,
(aconitate hydratase EC 4.2.1.3, formerly known ss aconitase), This
inhibition causes an accumulation of oitric acid (Bade, 1962; Ruffo,
Testa, Adinolfi & Pelizza, 1962). It is likely that glyoxylic acid
formed from isocitric acid in Oxalis would cause inhibition of citrie
acid oridation since it would be near the aective slte of asonitate
hydratase in the mitechondriaz, The failure to observe similar
inhibition by glyoxyliec acid derived from glycollic acid may be due
to the removal of this compound {by oxidetion) before the formation of
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suffioient cxalomalic acid at the site of sotion of aconitate
hydratese,

To compare the contribution of glycollie acid and of iso~
citric acid to axalio acid biosynthesis, [1-17C] glycollic acid was
edministered to Oxalis shoots,

Within 1 hr, the only amino acids to contain a significant
amount of isotope were glycine and serine (Table 8) ., Amongst the
orgenic acids (Table 9), glyoxylic acid contained 2,0% and cxalic
acid 3,07 of the recovered aoctivity, Tricarbaxylic acids contained
a lesser amount of radioisotope. After trestment of the shoots with
[1-15c] glycollic acid for 6 hr, most 'MC in the amino acid fracotion
wes again located in glycine (1.6%) and serins (6.4%). CGlutemio scid
(1.,0%) was the only other emino acid which contained a signifiocant
level of 4G, The most notable feature of the U distribution in
the organic acids (Table 9) was the large incorporation of isotope
into oxalic acid (20,0%). Thus, in 1 hr, the percentage incorporation
of M into axalic soid from [1,5-'4C,] isooitric acid and from
[4=141] glyoollic acid was comparable (2.27 and 3,07 respectively).
However, after 6 hr, there was a much greater incorporation from
[1-Y40] glycollic mcid into oxalic acid. The lower recovery of U
from orgenic acid chromatogrems from the experiment using (1Y)
glycollic mcid (Teble 9) was probably due to sublimation of glycollic
scid from the paper to the X-ray film (Kearney & Tolbert, 1962). The
significance of glycollic acid in serine biosynthesis has been noted
previously by Rabson, Tolbert & Kearney (1962), In white Oxalis shoots,
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; 1
after the administration of [1- #G] glycollic acid for 6 hr,., serine
contained more “‘c then any other compound derived from glysollic

acid with the exception of oxelic acid,
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B. CONCLUSIONS

The experiments in this section describe studles to
determine the precursers of oxalic acid in non-photosynthetie
shoots from the starchy bulbs of Oxalis pes-caprse. The
applicstion of a mmber of “’C compounds to shoots has indicated
that glycollic acid and glyoxyliec ecid are intimately associated
with this synthesis,

In photoaynthetic tissues, both bicarbonate and ribose
contribute to the synthesis of glycollic acid whereas, in none
photosynthetic Oxalis shoots neither of these compounds appesred
to be of significance in the formation of glycollic acid. In vive,
glyoxylic acid servel as an efficient precursor of glycollie acid.

Oxalic acid synthesis appears to be associated with
the axidation of glyoxylic acid which may arise either from the
oxidetion of glyeollic acid or from the cleavage of isoecitric acid,
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PART 2, OXALIC ACID SYNTHESIS IN VITRO

A, INTRODUCTION

The application of U1 abelied compounds to Oxalis
shoots and examination of the subsequent distribution of radio-
isotope among specific compounds, (Part 1), indicated a number
of metabolic respgtions associated with oxalic acid metabolism,

The experiments in vivo with [ 6] glucose showed that both
glyeollic acid and glyoxvlic acid were intimately involved in
oxelic acid syntheais, Application of glyoxylic acid end of
glycollic scid lebelled with G confirmed that Oxalis shoots
contained an oxidative mechanism for the comversion of glycollle
acid via glyoxylic acid to oxalic acid. The oxidation of glycollie
acid and of glyaxylic acid catalysed by glycollate oxidese purified
from photosynthetic tissue has been described (Richardson & Tolbert
19612) . Clagett, Tolbert & Burris (1949), found glycecllste axidase
sctivity in & wide range of photosynthetic tissues but reported
that it wes not present in embryos or etiolated plants.

Following the administretion of ['0,] glymxylic actd to
Oxelis shoots, W was repidly incorporated not only into oxalic acid,
but also into glycollic acid (see Table L, p.68), suggesting that
glyoxylie acid was also readily reduced te glycollic acid, An
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Nﬁﬁﬁzulinked glyaxylate reductase isclated from green leaves has
been associated with glycollate oxidase in & glycollate axidation
oycle (Zelitch, 1953; Zelitch & Ochoa, 1953). More recently
(Zeliteh & Gotto, 1962), en NADPH,-1linked glyoxylate r eductase has
also been found in photosynthetic tissue,

The incorporation of e prom [1h02] oxalic acid into
glyexylic asid and into glycollic acid (Teble L, p. 68) indicated
that oxalic acid wes not completely metaboliocally inert in Oxalils.
The reduction of oxalic acid via cxalyl-Col has been described in
extracts of P, gxelsticus (Quayle, Keech & Taylor, 1961).

In photosynthetic tissues, carbon dicxide and a number of
hexoses or pentoses associated with the photosynthetic carbon
reduction oycle, have been considered as precursors of glycollie
acid (see Part 1, p. 11). In white Oxalis shoots however, neither
[1AC} bicarbonate, [1506] fructose or [4-14C] ribose contributed
significantly to glycollic acid synthesis in vivo. It is apparent
that, in these shoots, the reduction of glymxylic acid represented
the major pathway for the synthesis of glycollic acid. Clearly
then, it was necessary to postulate a source for the synthesis of
glyoxylic acid other than the axidation of glycollic acid,

The application of [’“cz] glyoine to Oxalis resulted in
very small incorporation of radioisotope into glyoxylic acid or
axalic acid, However, the patiern of distribution of by from

labelled glucose, carbon diaxide and isocitric acid was consistent
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with & cleavage of isocitric seid to glyaxylic acid and sucoinic acid,
This reaction, catalysed by isocitrate lyase, has been congidered to
be confined strictly to those plant tissues actively converting fat
to carbohydrate (Carpenter & Beevers, 1959). Although this condition
does not apply to Oxalis such shoots would be active in the synthesis
of C=2 units (glyoxylic acid) for the production of oxalic acid,.

The experiments reported in this Section concern in vitro
studies of reactions involved in the metabolism of oxalic acid and
related compounds in Oxalis. The enzymic system involved in the
axidation of glyeollic ecid and of glyoxylic soid has been character-
ized, A preliminary examination of the reactions involved in the
utilisation of oxalic scid has been made, In addition, the
demonstration of isocitrate lymse activiity in cell-free extrasts of
Oxalis shoots has established the significance of this pathway in the

production of oxalic acid in Oxalis,

B, MATERIALS

1. Plents

Bulbs of Oxalis pes-caprae were harvested from the field and
germinated on trays containing moistened vermiculite. The shoots
which emerged were kept well watered and allowed to grow in the dark

for 1 4o 5 months, The shoots grew vigorously for at least six
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months although they received water only and were kept in complete
darkness, 4 photograph of the plant material, approximately four

months after germination is shown in Plate 1.

2., Chemicals

All inorganic reagents used were of A.R, grade, DL{+) alle
isooitric acid (tri-sodium salt, 42% D form), GSH, sodium glyoxylate
monohydrate and g~aoxoglutarie acid were AR, grade (Sigme Chemiocal
Co.)., CoA, ferricytochrome ¢ (horse-heart, type II, 65%), riboflavin
phosphate (M) and adenosine triphosphate (ATP) were also products
of Sigma Chemical Co. Catelase (besef liver; orude) was obtained
from Mutritional Biochemicals Corporation, Semicarbazide - HC1,
23 )~dinitrophenylhydrazine (British drug Houses Ltd.) and potassium
axalate (Judex Chemical & Pharmaceutical Co,) were AR, grade.
Glycollic soid (re-orystallised before use), succinic acid (British
Drug Houses Ltd.) oysteine-HCl (2. Merck & Co.) and trichloracetic

acid (May & Baker) were L.R. grade.

D-Isocitric acid. This was prepared from the lactone
(AR, 3 allo-free, from Sigma Chemioal Cn.) as described by Kornberg
& Beevers (1957).

Norite SX-2. This charcoal (Harrington Bros, Ltd.) was
washed three times with G'E.F-HCJ. and subsequently with weter until no
chloride was detectable in the washings.
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2:6 « Dighlorophenolindophenocl., hpprox, 2 g. of dye
(British Drug Houses Ltd,) was dissolved in 80 ml, of g ~ HC1, shaken

well with 20 ml, of diethyl ether and filtered through sintered
glass, The ether layer was washed with water (2 x 50 ml,) and
extracted with 4100 ml, of 2¥ sodium bicarbonate., The blue aqueous
layer was separated and 30 g, of NeCl was added to it, The pre-
cipitate was collected and washed with 30 ml, of 30% NaCl,

'_m__l_)_!!i_z. This was prepared from NAD (C. P, Boehringer

& Soshne) by reduction with ethanol and alophol : NAD oxidoreductase
(aloohol dehydrogenase, EC 1e4.1.4) as described by Rafter & Colowick,
(1955) . On completion of the reaction, the mixture was placed in a
boiling water bath for 3 min,, cooled rapidly in an ice bath and
denatured protein was removed by centrifuging. The supernatant

containing NADH, was stored st -15°,

HADPH,. This was prepared from NADP (C. F. Boehringer
& Soehne) by reduction with sodium isocitrate and isocsitrate
dehydrogenase (Yvans & Nason, 1953). On completion of the reaction,
the pH of the solution was adjusted to 9.0 - 9.5 with N - NaOH,
placed in & boiling water bath from 3 min., cooled and centrifuged.

The supernstent contsining NADPH, was stored at -15°,

Phosphate buffors. All phosphate buffers were prepared
from di-sodium hydrogen orthophosphate (A.R. British Drug Houses Ltd.)
and adjusted to the required pH with 2&;-1&81.
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Yeast aloohol dehydrogenase. The crystalline suspension
of the ensyme was obtained from C. ¥, Boebringer & loehne,

Isocitrate dshydrogenase, This was prepared from pig
heart and purified to the end of step 2 as described by Ochos (1955).

Succipate dehvdrogenase (Succinate : (oytochrome o)
oxidorsductase, BC 1.3.99.1) . A mitochondrial preparation ocon-
taining suceinate dehydrogenase activity was isolated from rat heart

musele as deseribed by Keilin & Hariree (1940).

C. METHODS

1, Isolation of ensymicelly active proteins from Oxalis
: =

{a) Ammonivm sulphate fractionation of soluble proteins from

Oxalis shoots.

Shoots (25-50 :g.) were detaghed from the bulbs. All
subsequent procedures were carried out at 2%, 'The shoots were ocut
into small pieces (2-3 cm,) and ground in a pre-chilled glass mortar
in 3 volumes of 0.2 ¥ - phosphate buffer, pH 8,3, The brei was
centrifuged at 36,000 g. for 10 min, and the supernatant volume
neasured. The supernatant was brought to 704 seturation with seolid
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anmonium sulphate., The required amount of ammonium sulphate was
added slowly over & period of apprax, 30 min, and the mixture was
kept slowly stirred with & glass rod. Stirring was continued untii
approx, 15 min, after the added salt had all dissolved.

The mixture was centrifuged at 20,000 g. for 15 min,., the
supernatant discarded and the brown precipitate was dlasoclved in
0,02 - phosphate buffer, pi 7.8 (usually 10 ml.) The protein solution
was dialysed against epprox. 200 volumes of 4072 M phosphate buffer
pl 7.8 for 1 to 2 hr, Denatured protein was removed by centrifugation
(10,000 g., 10 min,) and portions (1 to 2 ml,) of the soluble protein
ware used for the manometric aasay of cxygen uptake in the presence

of either glycollic acid or glyoxylic acid,

(b) Preparation of acetone powders of the particulate fraction
of Oxalis shoots,

Shoots of QOxalis which had been grown in the dark were
detached from their bulbs, All subsequent steps were carried out at
2%, Por these preparations approx, 200 g, of shoots were used;
however, extraction in 3 volumes of 0.2 }: phosphate buffer pil 3.3
was carried out in stages so that 30-35 g, of shoots were extracted
in aspprox, 100 ml, of buffer, Under these conditions the brei was
kept just above pH 7.0 but a check was always made that the pH did
not fall below this level due to excess oxalic acid released from

the shoots,
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The green-brown brei was screened through two layers of
cheese cloth and centrifuged at 36,000 g, for 10 min, at 2° in a
Veou-Fuge model VA-2 refrigerated centrifuge (Lourdes Instrument
Corporation, New York). The supernatent was discarded and the
grey-brown precipitate homogenised for 4 5 sec. in 40 ml, of cold
ascetone at - 15° in & gless-teilon (Potter Elvehjem type) homogeniser
pre-chilled to -150. The suspension was oentrifuged at 2,000 &g for
5 mir, and the yellow supernatant disoarded. The grey pellet was
re-homogenised twice in 10 ml. of acetone at -15° and the clear
supernatants discarded, The finel white pellet wes spreed over &
large aree of a glass centrifuge tube which was placed in a vacumm
dessicator containing P205 and paraffin shavings. Excess acetone
wes removed in vacuo.

The yleld of fine white powder obtained was apprax. 1 mg./
g. of fresh weight of shoots. The powder was extracted immediately
before use with 0.1 K~phosphate at pH 7 to 8, depending on the
required pH of the reaction being studied. In general, approx.
200 mg. of powder were extracted at 5% with 8-10 ml, of phosphate
buffer by slow stirring for 15 min, The precipitate was removed
by centrifuging at 2,000 g. for 5 min, and the clear supermatant
containing approx,. 1 mg. of protein/ml. waz used for ensymie studies,
It was found that the addition of PN (50 ;ﬂi final concentration) to
the 0,2 ¥-phosphate buffer (pH 8.3) used in the initisl extrection

of Oxalis shoots, and to the O.1 };;E - phosphate buffer used in the
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extraction of the acetone powder resulted in extracts with
increased activity in the oxidation of glyccllic seid and glyaxylio

acid,

2, General assay procedures

{(a) YXenometrie estimation of axygen consuspiion,

Oxygen consumption was determined at 50° using the
standard Warburg technique (Umbreit, Burris & Stauffer, 1957).
A1l resctions were carried out in duplicate flasks (15 ml. capacity);

the total wolume of reactants wes 2,2 ml,

(v) Spectrophotometric measurements,

Extinctions were nessured either in an Optics CFel
spectrophotometer or a Beckwan K-2 recording spectrophotometer.
Wherever the asssy of an enzymic system involved a decrease in
extinetion at a given wave-length, the Beckman spectrophotometer
was preferred so that the co-enzyme or the dye used in the assay
could be sdded to both the control and assay cuvettes, All spectro-
photometric assays were oarried out at 23° in silica cells of 1 om,

1light path.

(e) Estimation of soluble protein,

The protein content of enzymic extracts was determined
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Plate 1, Uxalis shoots used for the preparation

of cell=free extracts for enzymic assays.

Bulbs of Qxalis pes-caprae were hervested from the field
and germinated on trays containing moistened vermiculite, Theae
shoots were kept in complete darkness and contimed to grow vigoure-
ously for periods of up to six months. This picture was taken

spproximately four months sfter the germination of the shoots.
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spectrophotometrically by mweasuring extinctions of such extracts
at 260 mp and 280 mp (Warburg & Christian, 1941).

D, - RESULTS AND DISCUSSION

1. Oxidation of glycollic scid and of glyexylic scid by cell-
free extracts of Oxalis shoots,

(2) ¥enometric assays of the oxidation of glyeollic acid

and of glyoxylic acid by extracts of QOxalis shoots,

(1) Comparison of the rstes of oxygen uptake in the
presence of glycollic acid with scluble
protein from white Oxalis shoots and from

green leaves of Oxalis,

Glycollate oxidase of green plants is associsted with

the soluble protein fraction of these tissues (Zeliteh, 1953).
Extracts of soluble protein were therefore prepared from white
Oxalis shoots (sce p.105) and portions assayed for their ability
to eatalyse the oxidation of glycollic acid, A mmber of pre-
parations from sihoot tissue showed a very low level of axygen
congsumption in the presence of glycollie acid, These results
indicated that either the oxidative mechanism was not partioularly



111.

active in these tissues or that the extrection procedure used
destroyed most of the ensymic activity. In order to examine the
second possibility, soluble protein was prepared from 25 g, of
Oxalis shoots and from 25 g. of Uxelis leaves harvested from the
fisld, The fingl volume of each protein solution was 10 ml, The
axygen consumption consequent upon the oxidation of glycollic
acid catalysed by the extract from non-photosynthetic shoots

and by the extract from green Oxalis leaves is shown in Fig. 6,
These results cleerly show that the soluble protein from photo-
synthetic tissue of Oxelis is very active in catalysing the
oxidation of glycollic acid, This =2ctivity is probebly due to
the presence of giycollate oxidase vhich is widely distributed in
green plants, The soluble protein from non-photosynthetic Oxelils
shoots szhowed a low level of activity towards the oxidation of
glycollic acid (see Fig, 6).

(11) Effect of FMN on rate of cxygen uptake by soluble
protein from Oxalis sheots in the presence

of glycollic acid and of glyoxylic acid,

The rate of axygen uptake by soluble proteir extracis
from white Oxalis shoots in the presence of glycollic acid was
very low (Fig, 6). In an attempt to increase this sctivity, RN
(final concentration 50 HI;{.) was added to incubation mixtures.

The rate of oxygen uptake by these extracts is shown in

Fig, 7« It is apparent that added F¥MN increased the rate of axygen



112,

Fig, 6. Oxidation of glycollioc scid by soluble protein extraets

from Oxalis shoots and from green Oxalis leaves,

Soluble protein extracts were prepared from white Oxalis
shoots and from green Oxalis leaves as described in the text,
Resction vessels contained Oxalis extract (1.8 ml. in 0,02i~phosphate
PH 7.8}, catalase (approx. 20 pg.) and water or glycollic acid
(40 ymoles, pH 7.5), The final volume was 2,2 ml, Values plotted

were corrected for axygen conmsumption in the absence of substrate,

A, Oxygen uptake with extract from green
leaves,

B, Oxygen upitake with extract from white
shoots,
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consumption by soluble Oxalis extracis both for glycollic acid and
glyoxylie acid, In this respect, the extrasts are siniler to
glycollate oxidase. In the presence of added FEN, the soluble
Oxalis protein catalysed the oxidation of glycollic acid at
approximately five times the rate of glyuxylic acid (Fig. 7 4, C.).
¢lycollate oxidase from photosynthetic tissues is also more active
towsrds the axidation of glycollic scid (Richardson & Telbert, 1961a).
In the absence of added FiN, no oxygen upitake was observed with
glyaxylic acid as substrate (Fig, 7, D.).

Stimulation of oxygen uptake was observed in similar
experiments with FAD, but not with riboflevin or AP, It is likely

that PAD was broken down to FMN by the crude pisat preparation.

(iii) The axidetion of glycollic acid and of glyoxylic
acid by a soluble protein fraction and by a

particulate fraction frow Oxalis shoots.

Altheugh glycollate oxidass activity is assoclated with
the soluble protein of photosynthetic tissue it was possidle that
this situstion may not apply to non-photosynthetic @xalis shoots,
Furthermore, there was no conolusive evidence that the oxidative
mechanism for the oxidation of glycollic acid and glyaxylic ecid in
Oxalis was identical with glycollate oxidase activity. Aocordingly,
a prepacation of soluble protein (precipitated with ammonium sulphate)

and & suspension of the particulate fraction from the same shoots



1138

Fig. 7. The effect of added FMN on the rate of oxygen
uptake by soluble protein extracts from Oxalis
in the presence of glycollic acid and of glyoxylio
acid,

The reaction vessels contained soluble protein from
Oxalis shoots (1.8 ml, in 0,02 Y-phosphate, pH 7.8), catelase
(approz. 20 pg), PMN (final conen. 50 ), and water, glycollie
acid (40 unoles) or glyoxylic acid (40' pmoles) « The total
volume was 2.2 ml, Both control and sssay flasks were made up
with and without FEF, Oxygen uptake figures were adjusted for

axygen consumption observed with the appropriate controls,

A. Glycollic acid + FMN
B, Glycollic acid
C. Glyoxylic acid + N

D, Glymxylic acid
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were assayed for their ability to oxidise glycollic acid and
glyexylic acid., The particulate fraction consiasted of the
precipitate obtained after centrifuging the original brei (after
screutting through oneese cloth) at 36,000 g. (see p,107). This
precipitate was cerefully suspended in 0,02 M-phosphate pH 7.8,
Both ths 0,2 grphcsphate QH 8.3, used in the originel extraction
and 0,02 ¥-phosphate used to dissolve the soluble protein or to
suspend the particulate fraction, contained F¥N at a concentration
of 50 i,

The corrected values for the uptske of cxygen by the
soluble protein and by the particulate fraction of Oxalis shoots
in the presence of glycollic acid and of glyoxylic acid are shown
graphically in ¥ig, 8. The rate of oxygen upteke was considerably
greater for the particulate fraction with glycollic acid, and
with glyoxylic acid when compared with the soluble extract, Nore-
over, there was littll difference in the rate of oxidation of
glycollic acid,and of glyexylic acid by the particulate fraction
(Pig. 8.)

Since the particulate fraction of Oxelis shoots was more
active towerds the oxidation of glycollic acid and of glyoxylic
acid, it was considered thet isolation of this fraction in a medium
containing sucrose’(c.h.g) may preserve enzymic activity. In fact
the reverse was the casej; less activity towards the two oxidation

resctions was cbserved when the perticulate frection wa: prepared
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with 0.2_&-ph05phate containing C.4 Ig-sucrose.

(iv) 7The oxidation of glycollic acid end of glyoxylic
.aci& catalysed by extracts of acetone powders

of the particulate fraction of (xalis shoots.

Because of the relatively low activity of all extracts
from shoots, the manometric technique was not su’ficiently sensitive.
Spectrophotometric assay which would provide the necessary sensitiv-
ity, could not be used with the crude particulatz preparstion es
used for manometry, Consequently, an acetone mowder waa prepared
from this fraction (see p, 106) and this was extracted with either
0.92 ¥~phosphate or 9,1 ¥-phosphete (both pH 7.8, containing RN,
50 yly and the soluble proteinvziaayed for ocxygen uptake in the presence
of glycollic acid and glyoxylic acid, Preliminary experiments showed
that & more active preparation was obtained Ly extracting with G.1 M-
phosphate,

The rate of oxygen uptake of protein extrsocted from acetone
powders with glycollic acid and with glyoxylic acid is shown in Fig., 2.
setivities were similar with both substrates as f'ound with the
particulate fraction before preparation of the acetome powder (¥ig. 8).
flearly, the treatment of the particulate fraotion with acetons and
subsequent extrection of the powder did not destroy the aetivity of

{xalis protein.
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Fig. 8., Rates of axidation of glycollic acid and of glyoxylic
acid catalysed by a soluble protein fraction and by & particu-

late fraciiorn from Oxalis shoots

Extracts of soluble protein and a suspension of the
particulate fraction of (xalis shoots were prepared as descrided
in the text. Zach flask contained the appropriaste Oxalis extract
(1.8 ml. in 0,02¢-phosphate, pH 7.8, conteiring BN, 50 W),
ocatalase, KOH and substrate as previously deseribed, Oxygen

uptake figures were adjusted for changes in control flasks,

A, Oxidstion of glyoxylic acid by the
particulate fraction.

B, Oxidation of glycollic acid by the
particulate fraction.

€. Oxidation of glycollie aeid by soluble
protein,

D, Oxidetion of glyexylic aecid by soluble

protein,
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fige Yo The oxidation of glycollic acid end of glyoxylie
acid catalysed by extracts of acetone powders of the

particulste fraction of Oxalis shoots,

Acetone powders were prepered from the particulate
frection of Oxalis shoots and subsequently extracted with C.1 li-
phosphate, pi 7.8 oonteining FEN (50 W), Fortions (1.8 ml.)
were assgyed for oxidative activity in the presence of glvecollie
acid and of glyoxylic acid, Flasks contained (xalis extract,
catalese, KOH and substrate as previously described, Values
plotted were adjusted for oxygen consumption in the absence of

substrate,

4, Uxygen uptake in the presence of
glycollic acid,
B, Uxygen uptake ir the presence of

glyoxylic acid,
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(v) Spectrophotometric assay of the oxidation of glycollic
acid and of glyaxylic acid by extracts of acetone

powders of the psrticulate fraction of Oxalis shoots.

The oxidation of glycollic acid and of glyoxylic acid by
extrects prepered from acetone powders of white Oxalis shoots was
demonstrated spectrophotometrically by the reduction of 2:6=
d.ichlarophenolindophenol. No ectivity was obtained without the
addition of F¥N; higher activities could be obtained if TMN was
present throughout ths extraction procedure (see p.107 }. Reactants
were sdded to duplicate cells and extinctions were measured at 600 mp
for 30 sec, in a Beckman IK-2 recording spectrophotometer before
the addition of subsirate,

Since axalic scid was reported to be a strong inhiblitor
of the cxidation of glyoxylic scid by glycollate exidase (Richard-
son & Tolbert, 1961e) a comparison of the rates of oxidation of
glycollic acid, of glyoxylic acid,and of glyoxylie acid in the
presence of oxalic aclid was made,

The initisl rates of oxidation of glycollic acid of
glyoxylic soid,and of glyoxylic acid in the presence of axalic
acid, as measured by reduction of 2:6-dichlorophenoclindophenocl, are
shown in Fig. 10, The substrate (10 ymoles) was added as indicated
by the arrow, In confirmation ef the manometric asseys (Pig. 8,9),

the extract from the perticulate fraction of Oxalis shoots oxidised



glycollic acid and glyoxylic acid at approximately equal rates.
Moreover, the oxidation of glyoxylic acid by this extract was not
inhibited by substrate concentrations of oxalie acid.

When NAL or NADP replaced 2:6-dichlorophenclindophenol in

this assay system, no reduction of these nucleotides was detected,

(c) Identifiocation of the products of oxidation of glyccllie
acid and of glyoxylic acid catalysed by extracts of

acetone powders of the perticulate fraction of Oxalis,

The products of axidation of glycollic acid and of glyoxylic
acid by extracts of Oxalis shoots were identified by radiosuto-
graphy after incubation with [1-""0} glycollic acid or with [“‘Cz]
glyoxylic acid, Reaction mixtures contained Oxalis extract {1.C ml,
at pH 8,0, containing 50 }J‘é N}, glycollic acid or glyéucylic acid
(10 pmoles) and [1-1%0] plyoollie meid (approx. 2.5 pcuries) or
{“‘02] glyoxylic acid {approx. 2,6 pcuries) + Fixtures were incubated
at 30° and the reactions were stopped at O and 60 min,, by the
addition of HC1l (finel conen. 2. 5—@ « Denatured protein was removed
by centrifuging, the supernmatents were dried on & rotary film
evaporator, and the residues were dissolved in C.25 ml, of 207 (v/%)
ethanol, Portions (0.1 ml,)wers applied to paper chromatograms and
these were developed in phenol saturated with water at 2L,°, Losses

of glyoxylic acid during chromatography in this sclvent are small
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Flg. 10, Spectrophotometric assay of the oxidstion of
glycollic acid, of glyoxylic acid,and of glyoxylic acid

in the presence of oxalic aold, by extracts of Oxalis,

The complete system contained in 2,5 ml,, 200 pmoles
of sodium phosphete, pH &,0, 0.1 umole of 2:6~dichlorophencl-
indophenol and 0.5 mi, of {xalis extraect, pH 2,C, containing
50 ki FUN, Eeactanis were added to duplicate cells and extine-
tions at 600 my followed for 30 sec, in a Beckman DE-2 recording
spectrophotometer before the addition of substrate, The decrease
in extinetion at 600 mi. consequent upon the addition of 40 umoles
of giyoxylic acid (4), of 1Cumoles of glycollic =cid (B} and of
10 pmoles of glyoxylic acid after the addition of 10 pmoles of
oxalic acid to the appropriate assay cell (C) were recorded for
4 min, The time of addition of substrate in each case is indicated

by the srrow,
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Pable 10, Identification of the products of oxidation of
glyeoollic acid and of glyoxylic acid catalysed by extracts

of acetone powders of the particulate fraction ol (xalis shoois.

Acetone powders of the particulate fraction of Oxalis
shoots were extracted with 0.1 ¥-phosphate, pH 8.0 containing
50 y¥ FMN, Portions of this extract (1.0 ml,} were inoubated with
glycollic acid or glyaxylic acid (10 pmoles) and [1-10] glyeollic
acid (approx. 2.5 pcuries) or ?1h32] glyoxylic acid (approx. 2.6 u

e

ourdies), Reactions were stopped at O and 60 min, as desoribed in

by

the text, After chromatography of the reaction mixtures, the
activity in glycollic acid, in glymxylic acid and in oxalic acid
was determined., The results are expressed as a percentage of the

total radiosctivity recovered from eppropriste chromatograms.
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(KEearney & Tolbert, 1962).
Compounds containing “‘"C were detected by radiocautography

and the amount of radioisotope in glycollic secid, in glyexylic
acid end in oxalic acid was determined by e 1liquid scintillation
technique as previously described (see p., 52). The Wy aotivity
in each compound was expressed as a percentage of the total radio-
activity located on the appropriate chromatogram. The results
(Table 10) clearly show enzymic incorporation of g from [1-14c]
glycollic acid into glyoxylic acid., There was less incorporation
of ¢ into oxalic acid, Incubation of [“‘CZ] glyoxylic acid with
Oxalis extracts (Table 10) resulted in substantial incorporation of
“"C into oxalic acid and a small Incorporation of e into glycollie

acid, The results in Teble 10 (zerc time incubations) alsc showed
contamination of the 1¥¢ starting material (from 1.77 to 3.5%).
Contaminations of the seme order have been noted previcusly for {“‘Cz}

glyoxylie sold (Kearney % Tolbert, 1962},

2. Reduction of oxalic acid by cell-free extracts of Oxalis shoots,

Since “*c was detected in glyeollic acid and in glyoxylic
soid after the administration of [1"“02} oxelic acid (Tsble 4, p. 68)
it appeared that axalic acld was not metabolically inert in Oxalis
shoots, The reduction of oxalic acid by an extract of an acetone
powder of the particulate fraction of Oxalis was demonsirated
speotrophotometrically.



Substrate

[4=180] glyoollic acid

['“*c 21 glyoxylic ecid

TABLE 10

Time % g activity in orgenic scids separated by paper chromatography
(min.) Origin* Glycollis acld Glyoxylic acid (xalio acid

0 1.7 93.56 341 146

60 2,3 4109 13,0 3.8

Y 31 3e2 91.6 2.4 -
60 3¢5 Le8 593 3244 '53

* Material remaining at origin after developmeni of
chromatograms,
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The following components in an assay of axelic acid
reduction were contained in a volume of 3.15 ml. : phosphate
buffer (150 ymoles at pH 7.4), cysteine (5 ymoles at pH 7.0),

ATP (40 pmoles), Mgll, (10 umoles),CoA (apprex. 0.7 pmoles) ,
NADPH,, (0,6 pmoles), Oxalis extract (0.5 ml, at o 7.4) 5 oxalle
acid (10 ymoles) and succinic acid (10 ymoles), All reactants
except oxalic acid and succinic acid were added %o duplicate
cells, The addition of oxalie acid alone to the assay cell

did not cause a decrease in €30 However, on addition of
suceinic acid to both cells, the presence of oxalic acid resulted
in a linear decrease in extinection st 340 mp (Fig. 11). The require-
ment for succinic acid indicsted that the reaction probably pro-
ceeded through the intermediate formation of oxelyl-Coi. Such

2 system has been described in P, axalaticus (Quayle, Keeck &

Taylor, 1961).

2, ieduetion of glymxylic acid by cellefree extracts of Oxaiis

shoots.,

The application of ['%C,] glymylic acid to Uxalls
shoots resulted in the incorporation of considerable radioisotope
into glyecollic amcid (Teble 4, p. 68), In confirmation of these

results, extracts from acetone powders of the particulate fraction
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Pig. 11e ZXeducition of axalic acid catalysed by an extract
of an acetone powder of the particulate Iraction of

fralis shoots,

The complete system contained im J.15 mi., 150 umoles
of sodium phosphate, pli 7.k, U.5 pmoles of Coi, O.6 .moles of
IEADPHz and G5 ml, of Uxalis extract, pH 7.4 OUxalic aeid
(40 pmoles} or succinic acid {10 ymoles) were added &s indicated.
Deoreases in extinection at 340 mp were recorded with 2 Deckman

-2 racording spectrophotometer,
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of Oxalis shoots readily oxidised ?&WPHE in the preaence of
glyoxylie geid, The glyaxylis acid = dependent axidation of
t‘!ﬁ)ﬁﬂa was also demonsirated, but the rete of reection with mmg
was only 57 of that with NADPH,,

Glyexylate reductass activity was assayed spesiro-
puotometrically with the follewing resction mixture : phosphate
turfer (200 ymoles at pH 7.1), ¥gll, (25 ymoles), G.5 nl. of
Oxalis extract {pll 7.4, glyexylic zeid {10 pmoles, pd Te5), and
RADH, or NADFH, {@.,6 umoles), The reaction was started by the
pddition of glyaxylic ecid, IUecreases in axtinctiem et 340 my
consequent upen the eddition of substrate wers recorded, Ths
relative rates of oxidation of NAIR, and of NLDFH,, by Dxalis
extracts in the presencs of glyaxylic acid are shown in Fig. 12,

The identity of glycollic scid as the product of
glyoxylic asid reduction wes oconfirmed by the use of z"*czi gly-
oxylie scid, Reaction mixtures ocontained in a total volume of
3,8 ml, : phosphate buffer (200 umoles =t pH 7.3), ¥gCl, (25 ymoles) ,
Cxalig extraet (1.0 mi., pH 7.4), elyexylic soid {20 umoles, pH 7.5),
ZL‘“*Cz] glyaxylie soié {apprax. 1.5 pouries} and ?&Bﬁii (1.0 pmole }.
The reaction mixiures were inoubated at 30% and stopped at Q and £
min. by the sddition of NCL (finel comen, 2,5 }). :ifter removsl
of protein by centrifuginy the supernatants wers dried on & rotary
£ilm evaporator, lLesidues were dissolved in 0.5 ml. of 207 {v/v)

ethanol. Portions (0,05 ml.) were applied to chromatograms and
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these were developed with a solvent of phenocl satureted with
water at 2!+°. Compounds containing ““C were identified by radic-
autography and the amount of radicactivity in glyoxylic acid, in
glycollic acid end ir oxelic acid wes determined by counting on
paper as previously desoribed. The reaults {Table 11) are
expressed as & percentage of the total “"C asctivity located on the

chromatograms,

L, Isocitrate lyase ectivity in cell-free axtracts of Oxalis

shoots.

Experiments in vive with non-photosynthetic Cxalis shoobs
indicated that glycollic acid formation was ﬁot assoclated wlth
the cleavaege of hexose or pentose phosphates; in photosynthetic
tissues these sugars arc associated with the synthesis of glycollic
noid, The substantisl incorporation of radioisotope from [1h82}
glyorylic acid into glycollic acid (Table L, P. 68 ) suggested that
glyoxylute reductase was active in Oxalis, The in vitro activity
of this enszyme was readily demonstrated with extracts from shoots
{p.123).

The above results suggested that, in Uxalis, there was an
alternate pathway for the synthesis of glyoxylic acid not
involving the oxidation of glycollic acid. Although isocitrate



Pig. 12. The oxidation of FIADIIZ and of NADPHz by extracts

oi Oxalis shoots in the presence of glyoxylie acid.

The glvoxylic acid-dependant oxidation of Iﬁwﬁz and of

NADPHZ wes demonstrates with cell-free extracts of Uxalis shoots.

The compoments in the reaction mixture for the assay of glyaxylate
reductase activity were as follows : phosphate buffer (200 ymoles at
PH 7.4, Mgll, (25 wmoles), Gxalis extract (C.5 ml. at pH 7.1),

glyoxylic acid (10 pmoles) and NADH, or NADPH,, (0.6 ymoles), The

2
reaction was started by the addition of glyoxylic acid as

indiceted by the arrow :

£o Oxidation of NADHZ.

%s Oxidation of NADPHz.
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Table 11. Identificatiorn of glycolliec acid as the
product of reduction of glyoxylic acid catalysed by axtracts of

{xelis shoots.

The reaction mixture contained in 3,8 ml., phosphate

buffer (200 .moles at nf! 7.4, Hgll, (25 pmoles), Oxalis extract

(1.0 ml., et pH 7.4), slyaxylic acid {20 pmoles st pH 7,5), i1k02j

glyoxylic acid (approx. 1.6 peuries) and NADPH, (1.0 pmole ),
Reactions were stopped at O and 60 min, and the products which

M'C were detected by radioautogrephy. The radicsctiviiy

contained
in individual compounds was expressed as & percentags ¢f the total

activity located on chromatograms,



Subatrate

{1h¥2] glyoxylic asecid

[1&22] glyoxylic acid

TABLE 4%

Time

% 1AU activitv in organic acids separated by paper chromatography
(min.)

Origin* Glycollic acid Glyoxylic acid Uxelic mcid
D 2,8 ke2 89.8 342
€0 35 3t 59 ol

5.9

% Materizl remaining at the origin after development

*qel

of chromatograns,
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lyase activity in plants was considered to be confined to those
tissues converting fat to carbohydrate (Carpenter & Beevers, 1959)
the distribution of '¥T after the administration of [2—-“‘0] glucose,
Y0, and [1,5-Mc,] isocitric acid to Qxalis shoots (eee Table
L, P. 68 and Table 9, p. 90) was consistent with the formation
of glyoxylic and succinic acid from isccitric acid.

(a) Keto acid formation from iscoitric acid catalysed
by extracts of Oxalis shoots,

Keto acid formation from Di~isocitric acid catalysed
by Oxalis extracts, wes measured spectrophotometrically by follow-
ing the inorease in extinction at 252 my due to the formation of
semicarbazone (Olsen, 1959). The reaction mixture contained,phosphate
buffer (200 ymoles at pH 6.0), HgSt)h (10 ymoles) , GSH (5 ymoles), semi-
oarbaside (40 umoles) emd Dl-iscoitric acid (5 ymoles). All reactants
were adjusted to pH 6.0 immediately before use; it was also necessary
to prepare fresh solutions of GSH, semicarbazide and -B_L.—imcitric acid
(by hydrolysis of lactone) each day. Semicarbaside was omitted from
the reference cell and isocitric acid from the sontrol, The reaction
was started by the sddition of 0.25 ml, of Oxalis extract (pH 7.0);
the final volume was 3.0 ml,

Extinctions of both the control cell and of the assay
cell were recorded at 252 my (Fig. 13). Initial inoreases in
extinetion at 252 my were observed in the control cell and in the

{
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assay cell for appraximately 5 min, af'ter the start of the
reaction, Thereaftier, 3252 remained constant in the comtrol cell
but inoreased linearly in the assay cell, In a typical assay
(Fig. 13), the increase in extinotion due to keto acid formation
from isccitric acid was 0,08)/mg,of protein/min,

(b) Xeto 2cid formation from isocitric ascid catalysed by
extracts of Oxalis shoots after removal of nico=-
tinamide mucleotide co-enzymes from the extract,

The increase in extinction at 252 mp observed in the
sbove assay aystem could have been due to the fermation of
e=axoglutaric acid from isocitric acid catalysed by isccitrate
dehydrogensse, In order to minimise this possibility, Oxalis
extracts were treated with 5 mg./ml, of Norite 3X~-2 charcoal,
to remove nicotinamide mucleotide co-enzymes, - The mixture was
stirred for 10 min., at 2° and charcoal removed by filtration,
The clear supernstant was assayed for kete acid formation from
isocitric acid by the semiocarbazide method, The incresse in
extinction due to semicarbazone formation was (,055/mg. of
protein/min,

(o) Charscterisation of keto acid (or acids) formed from
isocitric acid by the spectrum of 2:)=dinitro-
phenylhydragene derivatives,
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Fige 13, Keto acid formation from gl;-iaecitrie acid
eatalysed by extracts of acetone powders from the particulate
fraction of Oxalis shoots,

The complete system (0) contained in 3 ml., phosphate
buffer (200 ymoles at pH 6,0), gso, (10 pmoles), GSH (5 ymoles),
semicarbaside (4O pmoles), Oxslis extract (0,25 ml, at pH 7.0)
and Drisocitric acid (5 pmoles). All reactants were adjusted to
pH 6,0 before use, Xeto acid formation was measured in an Optiocae
CF-} spectrophotometer as the rate of change in extinotion at
252 mp consequent upon the formation of the semiocarbasons (0lsen,
1959) .

Sxtinetions (1 em,) wers recorded against s reference
cuvette containing all reasctants except semicarbagide, From the

control cuvette (4 ), DL-isocitric acid was omitted,
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Total keto acids were estimated (Friedmen, 1955) from
an incubation mixture consisting of Oxalis extract (5.0 ml. in
0,1 _li~phosphate at pH 7.5), DL-isocitric acid (40 umoles st pH 7.5),
cysteine (25 umoles et pH 7.5) and MgsO, (50 umoles at pH 7,5) in
& total volume of 8.5 ml., The resction was started by the addition
of substrate and the incubation was carried out at 30°.

At time O, 60 and 120 min,, 2 ml, portions of the
reaction mixture were removed into 2 ml, of 10% (w/v) trichloro-
acetic acid, The denatured protein was removed by ocentrifuging
and 3 ml, portions of the supernatent were added to 1,0 ml, of
0,1% 2:4-dinitrophenylhydrazine in 2§-HC1l. A reference inoubation
mixture contained trichloroscetic acid and 0. Mwphosphate at pH 7.5.

As glyaxylio acid combines with oysteine (partioularly
in the absence of a trapping agent) and this complex is not
hydrolised by 2-HC1 at room temperature, the portions to be asseyed
were antoclaved with 2:)~dinitrophenylhydrasine at 15 lbs, for 15
min, (Reo & Ramskrishnan, 1962). Subsequent procedures for the
isolation of 2:)-dinitrophenylhydraszones were ocarried out as des~
oribed by Friedman {1955).

Extinctions (1 om,) of the isclated 2:4~dimitrophenyl-
hydrazones (resd sgainst the reference) were recorded at 435 mp and
showed & linear increase through the series 0, 60 end 420 min, The
zero time incubation showed a slight extinotion at 435 mu., The
spectra of the 2:)~dinitrophenylhydrasones obtained from the incubation
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mixture are presented in Fig. 14 (4,B,C.).

The spectra of the 2:l4~-dinitrophenylhydragone derivatives
of a~oxoglutaric acld and of glyaxylic acid wers also determined,
Incubations with 0.3 gmoles of a~oxoglutaric acid, with 0,3 pmoles
of glyoxylic scid and with a mixture of the two acids were carried
out for 120 min,, exsetly as for the enzymic reaction described
above, except that O,1 ¥~-phosphate, pH 7.5 substituted for Oxalis
extract and the appropriate keto acid for isccitric acid. The
reference mixture contained no keto acid, The spectra of these
2:4~dinitrophenylhydrazones sre shown in Fig. 14 (D,E,F.).

Comparison of the spectra of enzymically formed 23k~
dinitrophenylhyirasonss (Fig. 1k, A,B,C) and those of the reference
ksto acids (Fig., 1k, D,E,F) clearly showsd that glymylio acid had
been formed from isccitric acid, The spectra of the 2:if-dinitro-
phenylhydragones obtained st zero time (enszymic resction, curve C)
and with geoxoglutarie acid (reference mixture, curve F) were almost
identioal with a broad extinction meximum &t approx. 420 my, It was
apparent that the Oxalis extract contained some endogenous g~axo-
glutaric acid which would account for the observed initial increase
in extinetion at 252 mp in the semicarbazone assay in the absence
of ismocitric scid (¥ig. 13). The presence of c~oxoglutaric aeid in
Oxalis extrects was dsmonstrated subsequently by paper chromatography.

Although the glyexylic scid derivative by itself had an
extinction meximum at 450 my under the conditions used (Fig. 14 B),
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Fig. 14. Spectra of 2:i dinitrophenylhydrazones of keto acids
formed enzymically from ;RI:isacitric acid, and of
2:)~dinitrophenylhydrazone derivatives of a mixture
of glyoxylic acid and a-axoglutaric a_oid, of
glyexylic acid and of a~oxoglutariec acid,

The complete enzymic system contained in 8.5 ml,, Oxalis
extract (5.0 m1l., in 0.1 M-phosphate at pH 7.5), cysteine (25
pmoles) , Mgso, (50 ymoles) and DL-isocitric scid (40 ymoles).
Reactions incubated at 30° were stopped at 0, 60 and 120 min,
by removing 2 ml, portions of the incubation mixture into tri-
chlorescetic acid, The 2:4~dinitrophenylhydrazones were isolated
from incubation mixtures as described by Friedman (1955} for total
keto acids, Spectra (1 ocm,) of the keto acid derivatives were read
against a reference solution (originally conteining sodium phos-
phate, pH 7.5) in e Beckman IK-2 recording spectrophotometer.
A, 120 min, incubation; B, 60 min, inoubation; C, O min., inocuba-
tion, The formation and isolation of 2:l-dinitrophenylhydrazons
derivatives of reference keto seids was carried out under the same
conditions as for the ensymic experiment except that sodium phos~
phate pl 7.5 substituted for Oxalis extract and the appropriate keto
geid for isocitric acid, The spestira of the 2;4~dinitrophenylhydra-
zone derivatives were recorded as deseribed above. D, a mixture of
glyoxylic acid and a~axoglutaric acid; B, glyoxylio acid; P,

o~oaxoglutaric acid,
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the presence of the 2:4~dinitrophenylhydrazone of a~axoglutaric
acid resulted in an extinction maximmm st 440 mp (Pig. 14, D).
The 2:L~dinitrophenylhydirasone derivatives prepared from enzymi-
cally formed keto acids (after 60 min, and after 120 min.), had
maxdms at approximately 440 mp (Pig. 14, A, B).

(@) The stoicheiometry of the reaction catalysed by iso=

citrate lyase from extracts of Uxalis shoots.

(i) Heasurement of glyoxylic scid formed from iso-
eitric acid,

The formation of glyexylic acid from isccitric acid,
catalysed by Oxalis extracts, was measured by the semicarbaside

method in & reaction mixture as previously described (p.129.
The reastion was stopped after 53 min, (see Fig. 13) by the
addition of HC1 (final concentration 1 N); the resction mixture
was transferred to small centrifuge tubes and denatured protein
removed by centrifuging (20,000 g., 10 min,). The supernatant
was adjusted to pH 6,5 « 7,0 with NaOH and portions sssayed for

succinic acid,

(1i) Yeasurement of suscinic acid formed from isocitric
acid,

Succinic acid formed from the cleavage of isocitric acid
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was measured by the specific reduction of ferricytochrome o

in the presence of succinate Gehydrogenase {Keilinm & Hartree,
194,0) essentially as described by Morton (1958). The resction
mixture contsined phosphate buffer (200 pmoles et pH 7.4),
potassium cyanide (A pmoles at pH 7.5) s ferricytochrome ¢ (0.5
pmoles) end 0.4 ml, of a preparation of succinate dehydrogemase,
The portions to be assayed for succinic acid contained G3H; this
was oxidised by aerating these samples vigourously for apprax.

5 min,

Semples (0.25 ml,) from the control (without isocitric
acid) and assay (with isocitric a0id) mixtures were used to start
the reactlon catalysed by succinate dehydrogenase, The reference
cuvette contained no ferricytochrome ¢, No inorease in extinetion
at 550 mp was observed in the cell containing the ocontrol sample
from the semicarbazone assay., Extinctions in the cell containing
the assay sample inoreased linmearly for 10 min,, after which the
rate of reduction decreased and finally remained ccnatant after
20 min, (Pig. 15).

The amount of glyoxylic acid formed from isocitric acid
in the above experiment wes calculated by using 3252 mp = 12,4 x 103
(Olsen, 1959). The increase in extinction due to glymxylis acid
formation from isocitric acid (assay~control) was 0.659 when the
reaction was stopped after 53 min, The volume of the reaction
nixture was 2,5 ml, The amount of glyoexylic acid formed was calculated

88 3=
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ABx v
124

pmoles,

where A E is the change in extinotion at 252 mu (corrected for the
changes in the control cuvette) and v is the final volume of the
reaction mixture. In this experiment the amount of glyoxylio

acid formed was -

0,659 ,
-;-i% x 2,5 pmoles
= 0,13 _&olas of glyoxylic ascid

The asmount of succinic acid formed from isocitric acid
wae oaloulated in the seme way as desoribed for glyexylic acld,
For ferricytochrome o a value of & (reduced minus oxidised) =
21.4 x 10° was used (Van Gelder & Slater, 1962). The total increase
in extinotion at 550 mp due to the reduction of ferrisytochrome o
in the 0,25 ml, portion assayed for succinic scid was 0,129, The
total volume of thia resction mixture was 2,8 ml, Allowing for
volmme changes end for the reduction of two molecules of ferri-
cytochrome ¢ per molecule of succinic acid axidised, the total
smount of sucoinic acid formed from isocitric acid was calculated
as :~

Q."gz X 2:8 2&9_ _
5% 51.1 X 0.35 ¢ moles

= 0,40 ymoles of succinic acid,

£ NS T SRR
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These results are in agreement with the stoichelometry of the

reaction catalysed by isocitrate lyase,

(e) The reversal of isccitrate lyase activity
catalysed by extracts of Oxalis shoots,

The condensation of glyexylic acid and succinic scid to
form isocitric acid, catalysed by isocitrate lyase, was assayed
in a coupled reaotion with isocitrste dehydrogenase in the presence
of NADP, The reaction was followed spectrophotometrically by the
increase in extinction at 340 mpu thus :

Glyoxylio . Sucoinic _Isocitrate lyase  Isocitrie ,... (1) and
soid T acdd Wgl1, acid

Isooitric NADP Tsocitrate deh enase  o~Droglutarie
acid ¥ gll, acid R,

Co 2

(2
In the presence of lsooltric acid, ¥gll, Oxalis extract and NAIF,
there was a rapid increase in extinotion at 340 my (see next section).
Hence the reversal of isccitrate lyass resulting in the production
of isocitrie acid, could be assayed in Oxalis extracts without the
addition of exogenous isocitrate dehydrogenase,

A reaction mixture of phosphate buffer (200 ymoles at

pH 8,0), ¥gCl, (10 ymoles), NADP (0.5 pmoles) and Oxelis extract
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Pig. 15. Assay for succinic ecid by the specific reduction of
ferricytochrome ¢ catalysed by succinate dehydrow

genase,

Sucoinic acid formed from isccitric ecid in

reaction mixtures containing Oxalis extracts was estimated by
the specific reduction of ferricytochrome o catelysed by
suocinate dehydrogenase., The rsaction mixture conteined in a
volume of 2,8 ml,, phosphate buffer (200 ymoles at pH 7..)
potassium oyanide (L umoles at pH 7.5), ferricytoshrome o (0.5
pmoles) and 0.1 ml. of a preparation of suocinate dehydrogenase,
The reaction was started by the addition of 0,25 ml, portions of
a reaction mixture which had been sssayed for the formation of
glyoxylic acid from isocitric acid catalysed by isocitrate

lyase of Oxalis extracts (see p.135 ).

A, Reluction of ferricytochrome ¢ by
sample from assey (with isccitric
acid) mixture.

B. Reduction of ferricytochrome ¢ by
semple from control (without iso

citric ecid) mixture,
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(0.5 nl, at pH 8,0) was set up in duplicate cells. Succinio

acid (10 umoles) and glyuxylic acid were added to the assay

cell as shown in Fig. 16, The final volume of the reaotion
nixture was 2,85 ml, Extinctions at 340 mu were recorded at
regular intervals, There was no incresse in extinotion on the
addition of succinic acid, but there was & slow inorease in

E 340 mp af'ter the subsequent addition of glyaxylic acid to

the assay oell, After a further 2 min, there was & steady
decrease in extinction, On the addition of isesitric acid te

the assey cell (approx. 1 pmole) there was a further inerease in
E 340 mp for spproximately 2 min,, and then a decrease, in a
pattern similar to that obitained on the addition of succinic

acid and glyoxylic acid, Thus, although NADP was reduced
initially, the MPI'I‘? so formed was either re-oxidised or rapidly
destroyed, Then the Oxelis extract was left at 25° for 3 hr,

and the above assay was repeated, there was & slow steady incresase
in extinction at 3,0 my.

These results suggested that it was possible to
demonstrate the reversibility of isocitrate lysse activity in
Oxalis extracts, However, the presence of glyoxylate reductase
sctivity also present in extracts {p. 123), mesked the assay by
oxidising m2 a3 soon as it was formed from NADP in the iso-
citrate dehydrogenase reaction,
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Pig, 16, Reversal of isocitrate lyase sotivity catalysed by
extracts of Oxalis shoots,

The reversal of isocitrate lyase asctivity catalysed by
extreocts of Oxalis was assayed in a coupled reastion in whioh the
oxidation of isocitrio ascid formed from the condensation of gly-
oxyliec acid and succinic acid was followed by inoreases in
extinction at 340 mp consequent upon the reduction of NADP, The
complete system ocontained in 2,85 ml,, phosphate buffer (200 ymoles
at pH 8.0), MeCl, (10 umoles), NADP (0.5 pmoles) and 0,5 ml, of
Oxalis extract (pH 8,0). Sucoinic scid (10 ymoles), glyoxylie
acid (10 pmoles) and isocitric aciél (1 pmole) were sdded to the
assay oell as indicated., Since the Oxalis extract contained lso-
citrate dehydrogenase activity (see taxt) an increase in extinction
at 340 mp due to the reduction of NADP represented a measure of
isocitrate lyase reversal, Decreasse in sm oy was due to glyoxy-
late reductese activity in the Oxalis extract, Zxtinctions et 340 my
were recorded at regulear intervals in an Uptloa CF-4 spectrophoto-

neter,
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S5 1socitrate dehydrogenase activity in cell-free exiracts

of Oxalis shoots

Since Oxalis shoots contained isocitrate lyase aotivity,
it was necessary to determine whether iscoitric acid was
compulsorily cleaved to glyoxylic ascid and succinic aold by these
tissues or if isocitric acid was also axidised to e~oxoglutarie
acid. The administration of [1,5-'4C,] iscoitric scid to Oxalis
shoots indicated that isccitrate dehydrogensse aotivity was
present, since considerable rediocisotope was located in o-oxo~-
glutaric acid (Table 9, p. 90 J.

The presence of isocitrate dshydrogenase in Oxalis
extraocts was demonstrated spectrophotometrically, Cella contained
phosphate buffer (200 umoles at pH 7..), Mgll, (25 pmoles) , NADP
(0.5 jmoles) and Oxalis extract (0.5 ml, at pH 7.4). Isoccitrie
acid (5 pmoles st pH 7,0) was added to the assay cell to start the
reaction and extinctions at 34,0 my were recorded {Fig. 17). A
steady increase in E 3,0 my was observed., In this experiment
there was no subsequent decrease in extinction at 340 mp as had
been observed in the demonstration of isooitrate lyase reversal
(Fig. 16). However, on addition of glymxylic acid (10 pmoles) to
the assay cell after 14 min,, there was an immediate decrease in
extinotion at 3,0 my, due to glyoxylate reductase in the Oxalis
extract,

The reactions may be summarised as follows :
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Isocitrate
_ dehydrogenase
Isocitric acid . - mOxoglutaric acid + cqz
MADP 2
Glycollic acld i : Glyoxylie acid
Glyaxylate
reductase

The spectrophotometric assay of the two reactions is shown in
Fig. 17,

That a~oxogluteric acid was the product of isocitric acid
axidation was demonstrated by the chromatography of 23 h=dinitro~
phenylhydrazones isolated Prom the following reaction mixture :
phosphate buffer (200 ymoles at pH 7ol » ugll, (50 ymoles), NADP
(1 pmole), Sxalis extract (1,0 ml. at pH 7.4) and iscoitric ecid
(20 ymoles at pH 7.0). The final volume was k4.6 ml. Duplicate
reaction mixtures were mede up; one reaction was stopped at O min,
and the other at 60 min, by the addition of 2.0 ml, of 107 trichlero-
acetic acid, The reaction mixtures were incubated at 30°,

After removal of denatured protein by centrifuging
(10,000 g., 5 min,), the protein-free supernatants were inoubated
with 1.0 ml. of O,1% 2 : iedinitrophenylhydragine in 2N-HC1 for
20 min, at 37°. The keto acid derivatives were separated from excess
2;4~dinitrophenylhydrazine by extraction with ethyl acetate and sodium
earbonate as described by E1 Hewary & Thompson (1953) . The 2:4~
dinitrophenylhydrazone derivatives of a=axoglutaric acld and of
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Fig. 17« Isocitrate dehydrogenase and glyoxylate reductese
activity in extracts of Oxalis shoots.

The complete system contained in 3,05 ml., phosphate
buffer (200 pmoles at pH 7.4), Mgll, (25 ymeles), NADP (0.5 ymoles),
Oxalis extract (0,5 ml, at pH 7.4) and isocitric acid (5 ymoles).
Inoreases in extinction at 340 mp consequent upon the addition of
isocitric acid to the assay cell were recorded at regular intervals on
an Optica CPF-} spemophatmneter_.

Glyaxylic acid (10 ymoles) was added to the assay cell
as indiocated (44 min.) and the glyoxylic acid dependent
axidation of NADPH,
Oxalis extract, was assayed by the decrease in extinction at 340 mp.

, catalysed by glyoxylate reductase of the
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glyexylic acid were separated on the same chromatogram as the
zero time and 60 min., incubation extracts., The chromatogram

was developed in a solvent of butan-i=-o0l, ethanol, 0.5 g-mhoa
(70:10:20 by vol,). A photograph of the chromatogram taken under
ultrae violat light is shown in Fig, 18, This shows & trace amount
of o~oxogluteric acid in the zero time inocubation mixture and
substential emounts in the extract from the 60 min, incubation,

A {race amount of keto acid derivative was detected in a position
corresponding to the 2:)~dinitrophenylhydraszone of glyexylic scid
in the 60 min, incubation extrsct, The derivative of glyoxylio
acid runs as two spots in the solvent used; only the lower one
of these was detected in the 60 min, extrect.

In this sssay for isocitrate dehydrogenase activity it
wag agpparent that there was some formation of glymxylic acid from
isoocitric acid catalysed by isecltrate lyase in the extract.
Substantial amounts of free glyoxylic acid would not be expected

since the Oxalis extract also contained glyoxylate reductase,
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Fig. 18. Separation of 2:l-dinitrophenylhydrazones of keto
acids after incubation of isoecitric acld with an

extract of Oxalis.

The formation of a~oxoglutaric acid from isocitrie
acid catalysed by isocitrate Aehydrogenase of Oxalis extracts
was demonstrated by isolation of 2:k~dinitrophenylhydrazone
derivatives from the following resotion mixture : phosphate
buffer (200 ymoles at pif 7.4), Mell, (50 pmoles), NAIPH
(1 pmole), Oxalis extract (10 ml. at pH 7,4) end isccitric
aoid (20 pmoles at pi 7.0). Reactions were stopped at O and
60 min. and keto aoid derivatives extracted and chromatographed
on paper by the method of E1 Hawary & Thompsén {1953), The

chromatogram was photographed under ultra violet light.

A, 2:4 dinitrophenylhydrazone of
a~axoglutarie acid,

B. Zero time incubation,

€. 60 min, incubation ,

D. 2:l dinitrophenylhydrazons of
glyoxylic acid,
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E, CONCLUSIONS

The demonstration, in vitre, of a mmber of ensymic
reactions concerned with axelic acid synthesis has confirmed and
extended previous observations from the in yivo studies with Oxalis
shoots,

In plants, glycollic acid and glyaxylic scid are normally
metabolised to glycine and serine (Tolbert & Cohan, 1953b) or converted
to glyceric acid apd finally to sugars (Rebson, Tolbert & Kearney,
1962) . It was apparent from in yivo studies in Oxalis, that the
oxidation of glycollic acid via glymxylic acid to oxalic acid
appeared to be the most significant pethway for the metabolism of
these two soids,

Extracts of soluble protein from Oxalis shoots showed a
low level of oxygen consumption in the presence of glycollic scid,
whereas the same type of preparation from green Oxalis leaves was
very sctive towards the axidation of glyeollic acid (Fig. 6). This
activity was probebly due to glycollats axidase which is widespread
in green plants.

The rate of axygen consumption by soluble protein from
Oxelis shoots in the presence of glycollic acid or glyoxylic acid
was inoreased by the addition of FMN, For glyecollic acid, the
presence of FEN resulted in a three-fold increase in the rate of
oxidation, With glyoxylic acid as substrate, no oxygen uptake was
observed without the addition of FMN, whereas uptakes were observed
with FMN present (Fig. 7). For this soluble protein preparation,
the rate of axidation of glyeollic acid wes spproximstely five
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times that of glyaxylic acid oxidation (Fig, 7). These results are
comperable with those obtained for the relative rates of axidation of
these two substrates by glycollate axidase from photosynthetic
tissues (Richardson & Tolbert, 1961a),

When the rate of oxidation of glycollic acid and of
glyoxylic scid by soluble protein wes compared with rates obtained
with extrscts prepared from the particulate fraction of Oxalis shoots,
it was found that extracts from the particulate fraction were more
active (Fig, 8). In addition, the rate of oxidetion of the two
subatrates by these extracts was spproximately the same, indicating
that the flavine-linked oxidase (or oxidases) was different from
glycollate oxidase, Extracts of an acetone powder of the particulate
fraction of Ogalis shoots showed the same trends (Fig. 9).

Since it was possible to extract most of the {lavin-linked
cxidase (or axidases) from acetone powders in a soluble form, the
oxidation of glycollic acid or of glyoxylic acld was also assayed spectro-
photometrically. The redustion of 2:6-dichlorophenclindophenol in the
presence of Oxalis extract (comtaining FMN) proceeded at spproximately
the seme rete for glycollis acid or glyexylic acid (Pig. 10). It was
also shown that the presence of cxalio acid at substrate concentrations
did not effeect the rate of oxidation of glyoxylie acid, Richardson &
Tolbert (1961a) found that the axidation of glyoxylic acid by glycollate
oxidase was strongly inhibited by oxalic acid. This inhibition
probably accounted for earlier reports that glycollate oxidase was
incapable of axidising glyoxylic acid (visz., Zelitech & Ochos, 1953;
Frigerio & Harbury, 1958), The inhibition provides an explamation for
the diversion of glymxylic scid to glycine in mest plants,
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Clearly, the flavin-linked axidase (or oxidases) isclated
from the particulate fraction of non-photosynthetic shoots of (xalis,
differs from glycollate oxidase purified from photosynthetic tissues.
Since the oxidation of glyoxylic acid is not inhibited by oxalie
acid in Oxalis, glymxylic acid mey be readily converted to exalic
acid in this plant,

Oxalie acid itself appears %o be & non~functional and
undesirable end-product of metabolism in plants, It may be slowly
oxidised to carbon diexide (Finkle & Armon, 1959) or decarboxylated
to formic acid and oarbon dioxide (Giovanelli & Tobin, 1961). In
Oxalis, oxalic acid is not completely inert, An NADPH, end Col-
dependent reduction of axalic ecid by Oxalis extracts (Pig. 1)
probably involves the intermediate formation of oxelyl-CoA as
desoribed for cell-free extracts of P. oxalatious (Quayle, Keech &
Taylor, 1961).

In photosynthetic tissues, glycollic acid synthesis hes
been associeted with the cleavage of hexose and pentose phosphates
arising from the photosynthetic carbon diaxide reduction cycle. The
administration of 11“602, [““86] fructose or [4-'4C] rivose to Oxalis
shoots (see PART 4) d4d not result in substantial inocorporation of
isotope into glycollic scid, The origin of glycollic acid in these
non-photosynthetic shoots appeared to involve the reduction of
glyoxylic acid, A similar situation was observed with endosperm
tissue of germinating castor bean (Kormberg & Beevers, 1957).
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Glyoxylate reductase from castor bean and from Oxalis shoots was
considerably more active with NADPH, than with NADH, (Fig. 12).
Purified glyoxylate reductase isolated from photosynthetic tissue
(Zeliteh, 1955; Holzer & Holldorf, 1957) was not active towsrds
the oxidation of mz in the presence of glyoxylic acid, Recently,
however, Zelitch & Gotto (1962) using tobacco and spinach leaves,
partielly purified a glyaxylate reductase specific for HADH!z. In
photosynthetic tissues, the reduction of glymxylic aoid is dependent
wpon light in vive. Kearney & Tolbert (1962) concluded that this
factor controlled the supply of nicotinamide nuoleotide co-enzymes
necessary for the reduction of glyoxylic acid, GCince Oxalis shoots
contain isocitrate lyase and isocitrate dehydrogenase, glyoxylic
acid derived from isocitric acid may be readily reduced to glycollie
acid via HADPHZ from the oxidation of isocitrie acid,

Although the flavin-linked oxidase present in Oxalis
ghoots has properties which differ from glycollate axidase of green
tissue, the presence of thls activity in non~photosynthetic shoots
may be assooiasted with the production of the substrate (glycollic
acid) frem glyoxylio acid. Clagett, Tolbert & Burris (1949) end
Tolbert & Burris (1950) reported that glycollste oxidase activity
was sbeent in embryos and etiolated tissues. By exposing plants to
the light, activity was essily demonstrated, Tolbert & Cohan (1953)
were eble to produce the same eff'ect by adninistering glycollic acid
itself to etiolated plants. In most tissues, glycollic acid produced

from the intermediates of photosynthesis could induce glycollate
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axidase activity., In Oxalis, glycollic acid synthesised from
glyoxylic acid (via isoocitric acid) may stimulate the production
of an ensyme for the oxidation of glycoliic scid.

The production of glyaxylic acid from isocitric acid
catalysed by isocitrate lyase has hitherto been considered to be
restricted, in plants, to those tissues converting fat to carboe
hydrate (Carpenter & Beevers, 1959). In these tissues, such as
germinating fatty seedlings from fatty seed, glyoxylic
acid condenses with acetyl-CoA to form melic acid (Kormberg &
Beevers, 1957) . These two reactions, constituting the glyaxylate
bye-pass, ocen acoount for the nett synthesis of cell constituents
from acetate, In Oxalis, C-2 units are also rapidly synthesised;
however, glyoxylic acid is repidly cxidised to oxalic acid rather
than metabolised to malic acid.

Both isoocitrate lyase (Pig. 14) and isocitrate dehydro-
genase (Fig. 17) are present in Oxalis. Thus, in vitro, it is
difficult to demonstrate the presence of glymxylic acid in ineubation
mixtures containing Oxalis extract, isocitrio acid, MgCl, end NADP
(Fig. 18); glyoxylic acid formed from isocitric acid catalysed by
isocitrate lyase is readily reduced to glycollic scid by an mm{z-
linked glyoxylate reductase., The cxidation of isoeitric scid
provides sufficient NADPHz for the continued reduction of glyaxylie
acid (Fig. 15). In the absence of added NADF, it was possible to

demonstrate the production of glyoxylic acid from isoccitric acid

(Fige 1)
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Studies with cell-free extracts of Oxalis shoots have
established that isccitric acid is a key intermediate in the
synthesis of axalic acid and related compounds in Oxelis. A swmary
of these reactions is presented in Fig. 19.

A yumber of plants accumulate one or more organic acids,
The most common of these are citric acid, melic acid and tartarie
acid. The reason for the accumulstion of these acids is not always
apparent, In Oxalis, the high conrtent of oxelic acid may be associated
with the genetical develomment of the plant. In those plants in which
both isocitrate lyase ané malate synthetase ocour, glyoxylic acid,
formed from isocitric acid, is rapidly metabolised to form malic aecid.
If isocitrete lyase occurs without melate synthetase, glyoxylic scid
go formed would cause inhibition of aconitate hydratase (Ruffo,
Adinolfi, Budillon & Capobianco, 1962b). The genetical response of
Oxalis and other high oxalate plants to the unfavourable consequences
of this inhibition may have resulted in the formation of snzymic
systems for the rapid removel of glyoxylic acid. This may be achieved
either by oxidation, resulting in the production of oxalie acid,or
by reduction of glyoxylie acid catalysed by glyoxylate reductase,
Isocitrate dehydrogenase activity would provide NADHE‘?, necesssry for
this reduction, near the site of the synthesis of glycollic acid,
Although glycollie acid contributes to the synthesis of glycine and
serine in Uxalis, the most signifioant pathway is the oxidation of
glycollic acid vie glyoxylic ascid to axalic scid. It is likely that
this oxidative system is sufficiently removed from the site of aconitate
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hydratase so that glyexylie acld formed from glycollic acid does
not inhibit this enzyme,

Oxalic acid acoumulation in Oxalis may be an effective
method of metabolising glyoxylic acid, which, unless removed, would
inhibit aconitate hydratase aud thus prevent normal functioning of
the tricarbaxylie scid cycle,
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Fige. 19. Reactions involved in the synthesis of oxalic acid

and related compounds in Oxalis

The accompanying figure illustrates the relationship
between a number of compounds concerned with the synthesis of
oxalic acid and related compounds in Oxalis, The resactions
were demonstrated with cell-free extracts of non-photosynbhetié
Oxalis shoots.
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STMMARY

The experimentsreported here descriﬁe studies to determine
the pathway of oxalic acid formetion in the white emergent shoots
of Q_x_g__n_q_ pes-caprae, The synthesis of axalic acid was studied in
the whole shoot, by the administration of & number of the compounds
considersd as precursors of oxalic acid, and with cell-free extracts
prepared frem the shoots,

In the first series of in vivo experiments, the following
e 1ape1lea compounds were injected into Oxalis shoots : [“'06]
glucose, [“"02] glyoxylic acid, [1-14¢] glyoollic acid, [“"02]
axalie aeia,[“*c] bicarbonate, ["’02] glycine and [1‘1"03] serine, The
products which became labelled after injection of these compounds were
examined gualitatively by paper chromatography and radiocsutograpry,
end quentitatively by column chromatography. The results of these
experiments indicated that the carbon for oxalic acid synthesis was
derived from ths sugar pool or derivatives thereof, Although glycine
and serine both contributed to oxalic acid synthesis, the low level of
incorporation observed suggested that neither of these amino acids
was of physiological importance in the synthesis of oxelie acid,

The distribution of ““C among the products from “‘E»labelled
glucose, glyexylic acid and glycollic acid indicated that glycollie
acid and gilyoxylie acid were the immediate precursors of oxalic acid.
Although bioarbonste is rapidly incorporated into glycollic acid in

photosynthetic tissues, no such pathway was apparent in non~-photo-
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synthetic Oxalis tissue; glyoxylic aoid was an efficlent precursor
for this synthesis in Oxalis.

To esteblish the origin of glycollic acid and of glyoxylie
acid further in vivo experiments were carried out, - 1abelled
compounds were administered to grooves cut in Oxalis shoots. The
procucts conteining radiocisotope were separated by paper chromato-
graphy and detected by radicautography.

Neither [‘““’86} fructose, U—“’C] glyceric acid mer [1—“’0]
ribose contributed sigmificantly to the synthesis of glycollic acid,
There was no evidence for the synthesis of this scid other than from
the reduction of glyuxylie acid.

The spplication of [1-'40] glycollic acid and of [1,5-17C,)
isocitric scid both resulted in substantisl incorporation of isotope
into oxalic acid, After the application of these two '“C-labelled
compounds to shoots for 1 hr, the amount of kg incorporated into
axalic acid was approximately the same, In the longer time period
(6 hr.) radioisotope frem glycollic acid contimued to be incorporated
inte oxalioc acid, With isocitric acid, “‘“G activity accumulated
in citric acid. This situation was probably due to the inhibition
of aconitate hydratase by oxalomalic acid, a compound formed non-
enzymioally from glyexylic acid and axeloacetic acid, Glyexylic acid
formed from isocitric acid, would be near the active site of aconitate
hydratase, whereas glyoxylic acid arising from the oxidation of

glycollic acid mey not be close enmough to this site to cause inhibitionm,
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Engymic resctions involved in the synthesis of oxalic
acid and of related compounds were studied with cellefrese extracts of
shoots of Oxalis, Glycollic acid and glymxylic acid were axidised to
glyoxylic acid and to axelic acid respectively, by a flavin-linked
oxidase {or axidases), The enzyme {or enzymes) isolated from acetone
powd as of the particulate fraction of Oxalis shoots was similar to
glyecollate oxidase of photosynthetio tissues in the requirement for
FMN, However, the enzyme isolated from Oxalis oxidised glycollie
acid and glyoxylic acid at approximetely the same rates; furthermore
the oxidation of glyoxylic acid was not inhibited by exalic soild,
Glycollete oxidase from photosynthetic tissue is many times morsa ctive
towards the oxidation of glyoollie acid then glywmylic acid, and the
oxidation of glyoxylic acid is strongly inhibited by oxalic acid,
Although oxalic acid accumulates in Oxalis, it is apperent that it
can be metabolised since an I@\DPHZ and CoA-dependent reduotion of
oxalic acid was demonstrated,

In confirmation of the results obtained from in vivo studies,
cell-free extraocts of Oxalis have been shown to contain iscoitrate
lynse, isocitrate dehydrogenase and an mmz-&ependent glyoxylate
reductase, The combined action of these three enzymes results in
the production from two molecules of isocitric acid, of one molecule
each of g~oxoglutaric acid, carbon dioxide, suocinic acid and
glyeollic acid, Glysxylic acid formed from the cleavage of isocitrio
acid mey be reduced to glycollic acid via an mz-linked glyoxylate

reductase, The reduced co~enzyme arises froem the oxidation of isocitrie
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acid catalysed by isocitrate dehydrogenase,

Oxalic acid synthesis in white Oxalis shoots is assooclated
with the oxidation of glyoxylic ascid, This zcld mey arise from the
oxidation of glycollic acid or from the cleavage of isccitric mcid,
Since glyoxylie acid eppears to be the immediate precursor of glycollie
acid in such tissues, it is probable that isocitric mecid is the key
intermediate in oxalic acid synthesis in Ozxalis.



159.

REFERENCES
Adems, £, & Goldstone, A, (19608}, J. biol. Chem. 235, 3492

Adams, E. & Goldstone A, (1960b). J. biol. Chem, 235, 3504.
Ajl, s. (1952). J. gen, Microbiol, 7, 221,
Allsopp, A. (1937). New Phytol. 36, 327
Archer, H. E., Dormer, A. E. & Scowen, E, F, (1958). Brit, med. J., 1, 175
Bade, M. L. (1962). Bioohem, J, 83, 478.

Bellou, G. E. & Hesse, R. J. (1956). J. imer, chem, Soe. 78, 3718.
Basshem, J, A., Benson, A, A., Ray, L. D,, Harris, A, Z., Wilson, A, T,
& Calvin, ¥, (1954). J. Amer. chem, Soc, 76, 1760.

Bennet~Clark, T. 4. (1933). New Phytol, 32, 37.

Bensor, A, A,, Basshem, J. A,, Calvin, K., Goodsle, T, Coy Hass, V, A,
& Stepka, W. (1950). J. Amer. chem, Soc, 72, 1710.

Benson, A, A,, Basshan, J, A,, Calvin, ¥,, Hall, A, G., Hirsch, H. E.,
Kawaguobi, S., Lynch, V. & Tolbert, N. E. (1952). J. biol,
Chem, 196, 703.

Benson, A. A, & Celvin, ¥, (1950). J. exp. Bot. 4, 63

Boeri, E., Cutolo, B, Luzsati, ¥, % Tosi, L. (1955). Arch. Biochem,
Biophys. 56, 487,

Boleato, V, (1959). Leeuwenhoek ned. 7ijdschr. 25, 179.

Boloato, V., de Bermard, B. & Leggiero, G. (1957). Arch. Biscohem,
Biophys. 69, 632,

Boleato, V, & Leggiero, G, (1959) . Nature, Lond, 18y, 1318,

Boleato, V., Scevole, ¥, E, & Tiselli, ¥. A, (1958). Experdentia 1y, 212,

Bomstein, R. A. & Johnson, M. J. (1952). J. biol. Chem, 198, 143.



160,

Bousquet, ¥. F. & Christian, J. . (1960). Anpalyt. Chem, 32, 722.

Bouthillier, L. P., Binette, Y, & Pouliot, G, (1961). Canad. J.
Biocher, Physiol. 39, 1595.

Bradbeer, J. ¥. & Racker, E. {1961). Fed. Proec. 20, 88.

Bulen, %. A,, Varner, J, §, & Burrell, R. C. (1952). Analyt, Chem.
2y, 187, |

Butler, ¥, . (1964). Analyt. Chem, 33, 409.

Calhoun, ¥. K., Jennings, R, B, & Bradley, %. B. (1959). J. Mutr. 67,
237, |

Callely, A. G. & Dagley, 8. (1959). Nature, Lond. 183, 1793.

Callely, A, G., Dagley, S. & Hodgson, B. (1958) . Biochem, J. 69, 173

Celvin, M., Bassham, J. A., Benson, &, A., Lynch, V. H., Ouellett, G.,
Schou, L., Stepks, ¥. & Tolbert, N, Z. (1951a). 1In
Symposie in Exptl. Biol, 5, 284,

Calvin, ¥,, Bassham, J. A., Benson, A. A., Kawaguchi, 8., Lynch, V, H.,
Stepka, ¥, & Tolbert, N, B, (1951b). Sel. chim, S, Paulo,
10, 143,

Cempbell, L., L. (1955). J. tiol. Chem, 217, 669.

Campbell, J. J. R., Smith, R, £, & Bagles, B, &, (1953). Biochim,
biophys. Aeta. 11, 59%%.

Carpenter, ¥, D. & Beevers, H, (1959). Plant Physiol, 3k, 403.

Challenger, ¥., Subremsnian, V, & Walker, T. ¥. (1927). J. chem. Sec.
200, 30Lk.

Chrgaszez, T. & Zekomorny, M. (1933). Biochem. Z. 259, 156,

Clagett, C. O., Tolbert, N, E. & Bﬁrria, R, Ho (1949). J. biol, Chem.
izr8, 9.



161.

Cleland, W, ¥. & Johnson, K. J. (1956), J. biol, Chem, 220, 595.

Commell, G, E,, Dixon, G. H, & Hanes, C. 8. (1955). Canad. J.
Biochep., Physiol. 33, 416.

Coryell, ¥. &., 0'Rear, H, B, & Hell, #. K. (1961). Fed. Proc. 20, 4.

Crawhall, J. C. & Watts, R. W. B. (1962), Biochem, J, 85, 163.

D*Abramo , F., Romano, ¥. & Ruffo, 4. (1958). Biochem, J. §8, 270.

Dagley, 5., Trudgill, P, ¥, & Callely, L. G. (1561). Biochem. J.
81, 632.

Davidson, J. D, (1961). In Froceedings of the University of New Mexico
Conf'erence on Organic Ueintillation Detectors, A.Z.C. Document
TiD 7612,

Davies, D. D. (1960). J, exp. Bot. i1, 259.

Davis, B. D. (1955). advane, Znzymol. 16, 247,

Dekker, . E. & Naitre, U, (1962). J, biol, Chem, 237, 2218.

Dickens, F. & Williamson, D, E. (1956). Nature, Lond., 178, 1118.

Dodson, M, E. (1959). Aust, vet., J. 35, 225.

Ehrensvird, G. (1955). Anmu, Rev. Biochem. 24, 275.

El Hawary, ¥, F. S, & Thompson, R. H. 8. (1953). Biochem. J. 53, 340.

Evans, H, J, & Nason, &, (1953). Plant Physiol. 28, 233.

Firkle, B, J. & Arnon, D, I. (1959). Physiol. Plant. 7, Gik.

Franke, W. & de Boer, W, {(1959). Hoppe - Seyl. Z. 314, 70.

Friedmsn, T, Z. (1955). In Methods in Ensymology, vol. 3. p. 41k
Ed. by Colowick, S, P, & Kaplan, N, O. New York : Academia

Press Ine,



162,

Frigerio, N, A, & Harbury, H, A. (1958). J. biol. Chem, 231, 135.

Furst, M., Kellman, H. & Brom, ¥, H, (1955). MNucleonics, 13, 58.

Genguli, N, C. & Chakraverty, K. (1961). J. Amer, chem. Soc. 83, 2581,

Geiger, J. W, & Wright, L, B. (1960), Biochem. biophys. Res. Commun,
2, 282,

Gershoff, S. N. & Faragalla, ¥, F, (1959). J. biol, Chem, 234, 2391.

Gilvarg, C. & Davis, B. D, (4957). J. biol, Chem, 222, 307.

Giovanelli, J, & Tobin, N, F, (41961), Nature, Lond. 190, 1005,

Gotto, A, ¥, & Kornberg, H, L. (1961a), Biochim, biophys. Acta 18, 60i.

Gotto, A, M, & Kornberg, H. L. (4961b). Biochem, J, 79, 9 P,

Griffith, T, & Byerrum, R, U, (1959). J. biol, Chem, 23k, 762.

Hemilton, F, B, (19568). Analyt. Chem. 30, 91L.

Heuschild, A. H, W, (1959). Canad. J. Biochem, Physiol. 37, 887.

Hanford, J. & Davies, D, D, (1958), Nature, lond., 182, 532.

Hayaishi, 0., Shimagono, H., Katagiri, ¥, & Saito, Y. (4956). J. Amer,
chem, Sec. 78, 5126,

Hedrick, J, L. & Sallach, H, J. (4960) . “Biochim, biophys. Acta. 41, 531.

Holser, H. & Hollderf, A, (1957). Bioohem, 2. 329, 292,

Hullin, R. P. & Hassall, H, (1960). Biochem. J. 75, 1P .

Hullin, R, P, & Hassall, H, (4962). Biochem, J. 83, 298,

Ichihare, A. & Greenterg, D. M. (1957). J. biol, Chem, 224, 331.

Janke, A. & Tayenthal, ¥. (1937). Biochem, Z. 286, 76.

Jimenez, E,, Baldwin, R, L,, Tolbert, N, ¥, & Weods, W, A. (1962). Arch.
Biochem, Biophys. 98, 172,



163.

Jones, E. A, & Gutfreund, H, (1961). Biochem. J. ]9, 608.
Katagiri, H, & Tochikura, T, (4960a). Bull, agric. chem, Soc.
Japen, 2k, 351.
Katagiri, H, & Tochikura, T, (1960b). Bull, agric. chem. Soc.
Japan, 24, 357.
Kearney, P, C, & Tolbert, N, E. (4961). Flant Physiol. (Suppl.) 36, XXVI.
Kearney, P. C. & Tolbert, N, B, (4962). Arch, Biochem, Biophys. 98, 16i.
Keilin, D, & Hartree, E. F. (1940). Proc. Roy. Soc. 129, 277.
Kenton, R, H, & Mann, P, J. 6, (1952). Biochem. J. 52, 130,
Kolesnikov, P, A, (1948). Dokl, Aked, Nauk, S.85.5.R. 60, 1205,
Cited in Chem, Abstr. (1948), 42, 7373 f.
Korkes, 8. (1955). In Methods in Enzymology, vol. 4, p. 490, Ed. by
Colowiek, S, P, & Faplan, N, O, New York : Academic Press Inmc.
Kornberg, ¥. L. (1959). Anmu. Rev. Microbiol., 12, L9.
Kornberg, H. L. & Beevers, B, (19578). DNeture, Lond. 180, 3&.
Kornberg, H, L. & Beevers, H. (1957b)., Biochim, biophys, Acta, 26, 531.
Kornberg, H, L., Collins, J. F, & Bigley, D. (19€0). Biochim. biophys.
Acta. 39, 9.
Kornberg, H. L. & Gotto, 4. ¥, (1959). Nature Lond. 183, 1791,
Kornberg, H. L. & Gotte, &, M, (19€1). Biochem, J. 78, €9.
Kornberg, H. L., Gotto, A, ¥, % Iynd, P. (1958}, DNature, Iond, 182, 1430,
Kornberg, H. L. & Krebs, H, A. (1957). Nature Loni, 179, 988.
Kornberg, H, L., & Madser, N.B. (1957). Biochim, biophys. Acta 24, 651.
Kornberg, H. L, % Sadler, J, R, (1960}. Nature, Lond, 185, 153.



16l

Krakow, G. & Barkulis, S, S. (1956). Biochim, biophys. Acta. 21, 593.

Krekow, G., Barkulis, S. S, & Hayaishi, J. A. (1961). J. Bact.
81, 599,

Krekow, G., Hayaishi, J. A, & Barkulis, S, S, (1959). Fed. Proc.
18, 265.

Krebs, H, A. & Bellemy, D, (1960). Biochem., J. 75, 523.

Krupka, R, M, & Towers, G, ¥. N, (1958)., Cemad, J. Bot. 36, 179.

Kun, E., Dechary, J. M, & Pitot, H. C. (4954)., J. biol, Chem,
210, 269,

Kursanov, A, L., Kryakova, N. N, & Vyskrebentsspa, E, I, (4953).
Biokhimiya, 18, 632,

Ladd, J. N, & Nossal, P, ¥, (195.). Aust, J, exp. biol. ¥ed. Sci.
2, 523.

Leties, G, G. (1949). Arch, Biochem, Biophys. 22, 8.

Levenbock, L, (1961). Arch, Biochem, Biophys. 92, 11k.

Lewis, K, ¥, & Weinhouse, S. (1951a). J. Amer, chem. Soo, 73, 2500

Lewis, K, ¥, & Weinhouse, 5. (1951b). J. Amer, chem., Soc, 73, 2906.

Liang, C.-C. (1962a). Biochem, J, 83, 101,

Liang, C.~C. (1962b). Biochem, J. 85, 38,

Link, 6. X. K., Klein, R, ¥, & Barron, E, 8. (1952). J. exp. Bot.
3, 216.

Loftfield, R. B, (1960)., Atomlight, No, 13,

Lynen, F. & Lynen, P, (1948)., Liebigs Ann, 560, 16L.

¥adsen, N, B, (1958). Biochim, biophys. Acta. 27, 199.



165.

Maitra, U, & Dekker, E, E. (1961). Biochim. biophys. Acta. 51, 416.
Martin, S, M. (1955). Chem. & Ind. p. 427.
Mehler, A, H,, Kornberg, A., Grissolia, S. & Ochoa, &. (1948). J. biol.
Chem, 174, 961.
Keister, A. (1956). Physiol. Rev. 36, 103.
¥eister, A, (1957). In Biochemistry of Amino Acids p. 144. New
York : Academic Press Inc,
Michael, P. W. (4959). Ph.D. Thesis, University of Adelaide,
¥ilheud, G., Benson, A, A. & Calvin, ¥, (1956}, J. bicl, Chem, 218, 599.
Millerd, A.,Morton, R, K, & Wells, J, R. E. {1963). Biochem, J.
86, 57.
Moore, S., Spackmen, . H, & Stein, W, H. (1958). Analyt, Chem, 30, 1185.
Moore, S. & Stein, W. H. (1954). J. biol. Chem, 211, 907.
¥ortimer, D, C. {1961). Canad. J. Bot, 39, 1.
Morton, R. K, (1958). Biochem, J, 70, 13i.
Morton, k. K., Armstrong, J. McD. & Appleby, C. 4. {1961). In Haematin
Enzymes, Part 2, p, 501, Ed, by Falk, J, E., Lemberg, L., &
Morton, &, K, : Pergamon Press,
Nekada, H, I, & Weinhouse, S, (41953). Arch, Biochem, Biophys. 42, 257.
Neims, A, E, & Hellermen, L, {1962). J. bicl. Chem. 237, P.C. 976.
Nord, F. F, & Vitnced, J. C. (1947). Arch. Biochem. ik, 229.

Nunez, J, & Jacquemin, C. (1961). J, Chromat, 5, 2.



166,

Ochoa, 5. (1955). In Methods in Ensymology, vole 1. P« 699.
2d. by Colowick, S. P, & Eaplan, N. 0. New York : Academie
Press lInc,
Clsen, J. A. (1954). Nature Lond, 17k, 695.
Olsen, J, A, (1959). J. bicl, Chem. 234, 5.
Pritchard, G. G., Griffin, ¥, J, & Whittingham, C. P. (1962) .
J, exp, Bot, 13, 176
Quayle, J. R, & Keech, D, B, (1958) . Biochim, biophys. Acta 29, 223.
Quayle, J. R. & Keech, D. B. (19598) . Biochem, Je 72, 623.
Quayle, J. R. & Xeech, D. 8, (1959b). Biochenm, J. 12, 631.
Quayle, J. R., Ketoh, D, B. & Taylor, G. A. (1961) . Biochem, J. 78, 225.
Rabson, R., Tolbert, N. E. & Kearney, P. C. (1962) . Arch, Biochem. Biophys.
98, 154
Rafter, G. W. & Colowick, S, Po (1955). In Methods in Ensymology,
vol. 3, p. 887. Ed.by Colowick, S. P. & Kaplan, N, 0, New
York : Aecademic Press Inec.
Raistrick, H. & Clark, A, B. (1919). Biochem. J. 13, 529.
Rao, N. A, N, & Ramakrishnan, T. (4962). Biochim, biophys. Acta, 58, 262.
Repkin, E. & Gibbs, J. A. (1962), quoted in Packard Technical Bulletin,
Ko, 1. ps 6.
Ratner, S., Nooito, V. & Green, D. B. (194). J. biol. Chem. 152, 113,
Reeves, H., Papa, Y., Seamen, G. & AJl, S. (1961). J. Baot. 81, 15k.
Richardson, K. E. & Tolbert, N. B. (1961a). J. biol. Chem, 236, 4280,



167.
Richardson, X, E, & Tolbert, N, E, (1964b). J, biol. Chem. 236, 1285
Roberts, R, B., Abelson, P, H., Cowle, D. B., Bolton, E. T, & Britten,

R, J. (1955). In Studies of Biosynthesis in Escherichia goli,

Washington : Carnegie Institution of Washington,
Robinson, J. C., Keay, L., ¥olinari, k, & Sizer, I. W, (1962). J. biol.
Chem, 237, 2001,
Ruffo, A., Adinolfi, A,, Budillon, &, & Capobianco, G. (1962a),
Biochem, J. 84, £2 P.
Ruffo, A., Adinolfi, A., Budillon, G, & Capoblanco, G. (196Zb. Biochem.
J. 85, 593.
Ruffo, A., Romano, ¥. & Adinolfi, A. (4959). Biochem, J. 72, 613.
Ruffo, A., Romano, #., Adinolfi, A, & Verga, E. (1950). Boll, Soc.

ital, Biol, sper. 36, 1927.

Ruffo, A., Testa, E., Adinolfi, A, & Peldzza, G, (4962). Biochem, J.
85, 588.

Sallech, H. J, (41955). In a Symposium on Amino Acid Metabolism, p. 782.
Ed. by MeElrdy, W. D, & Glass, B,, Baltimore : Johns Hopkins Press,

Selter, T. ¥. {494). J. S, Afr. Bot. Suppl. Vol. 1.

Santer, ¥, & Vischnise, ¥, (1955). Biochim, biophys. Acta. 18, 157.

Sez, H, J, (4954). Bicchem, J. 58, XX,

Sez, H, J. & Hillary, B, P, (1956). Biochem, J. 62, 563.

Schiifer, G, & Lamprecht, ¥W. (41961). Eoppe - Seyl. Z. 326, 259.

Schomburgk, R. (1879). In, "On the naturalised weeds and other plants
in South Australia®, Govt. Printer, Adelaide,



168,

Schou, L., Benson, A, A., Besshem, J, A, & Calvin, ¥, (1950),
Physiol, Plent 3, 187.

Smith, R. A. & Gunsalus, I. C. (1954). J. Amer, chem. Soc. 76, 50C2.

Smith, R, A. & Cunsalus, I. C. (1955). Nature, Lond. 173, 7hle.

Stafford, H. 4., Yagaldi, A, & Vennesland, B, (1954). J. biol, Chem,
207, 624,

Stitch, S. R. (1959). Biochem, J. 73, 287.

Tammer, H. A., Brown, T. E., Eyster, C, & Treharne, R. W. (1960),
Ohio J. Sci. 60, 231.

Tolbert, N, B, (1955). J. biol, Chem. 215, 27.

Tolbert, N. . (1958). In Brockhaven Symposia in Biology No. 11, p. 271,

Tolbert, N, E, & Burris, R. He (1950). J. biol. Chem. 188, 791.

Tolbert, N, E., Clagett, C. 0. & Burris, R. H. (1949). J. biol. Chem,
184, 905,

Tolbert, N. ®. & Cohan, ¥, S, (1953a), J. biel, Chem, 204, €39.

Tolbert, N, E, & Cohan, ¥, S, (1953b). J. biel, Chem, 204, 649.

Tolbert, N. 8. & 2111, L, F. (1956). J. biol. Chem, 222, 895.

Trudinger, ¥. A, (1955). Biochim, biophys. Acta, 18, 581,

Tubei, S. & Kikuehi, ¢, (1962). Biochim. biophys, Acta, 62, 188.

Tubbs, P. K. (19608), Biochem, biophys. Res, Commun. 3, 513.

Tubbs, P. K. (1960b). Biockem. J, 76, 48 P.

Tubbs, P. K. & Greville, ¢, D, (1961). Biochem. J. 81, 10k.

Umbreit, W. %., Burris, R. H, & Stauffer, J, E, (1957). In Manometric
Techniques and Tissue lMetabolism : Burgess Publishing Co :

Minnespolis,



Utter, M, P, & Kurahashi, K. (1954), J. biol. Chem, 207, 787.

Ven Gelder, B, F, & Slater, B, C. (1962), Biochim, biophys. Sota.
58, 593.

Vickery, H. B. & Palmer, J. K. (1956). J. biol. Chem, 221, 79.

Vang, D. & Burris, R, H, (4962). Proc, Plant Physiol, 37, viii,

Wang, C, H, & Jones, . B. (1959). Biochem., biophys. Res. Commun,
1, 203,

Varburg, 0. & Christian, W, (1941). Biochem, Z. 310, 384.

Warburg, 0. & Krippahl, ¢. (1960). Z. Naturforsch. 15b, 197.

Weinhouse, S. (1955). In A Symposium on Amino acid Hetebolism,
p. 637. Ed. by McBlroy, W. D. & Glass, H, B, Baltimore : Johns
Hoplkins Preas,

Weinhouse, S, & Friedman, B. (1951). J. biol, Chem. 191, 707.

Weinhouse, S, & Friedman, B. (1952). J. biol. Chem. 197, 733.

Weisabach, A, & Horrecker, B. L, (1955). In A Symposium on imine foid
Hetabolism, p. 741. Ed. by McElroy, V. D, & Glass, ¥, B,
Baltimore : Johns Hopkins Preass.

Wilkinson, A, P. & Davies, D, D, (1958). Nature, Lond, 181, 1070.

Willis, J. Z. & Sallach, H. J. (1962). J. biol, Chem. 237, 910.

Wilson, 4. T. & Calvin, M. (1955). J, 4mer, chem. Soc. J7, 5948.

Wolf', G, & Berger, C. R, A. (1958)., J. biol, Chem, 230, 231.

Wong, D. T, 0. & AJl, S. J., (19568). Pros. Roy. Soc. Amer. Bact. 9, 111.

Wong, Ds Ts 0. & AJl, 8. J. (1956b). J. Amer. chem. Soc. 8, 3230.

Zbinoveky, V. & Burris, R, E. (1952). Flant Physiol. 27, 240.



170.

Zelitoh, I. (1953). J. blol. Chem. 201, 749.

Zeliteh, I, (1955). J. biol, Chem. 216, 553.

Zeliteh, I, & Gotto, 4. M, (1961), Fed, Proc. 20, 375.
Zeliteh, I. & Gotto, A. M, (1962). Biochem. J. 84, 5k1.
Zeliteh, I. & Ochoa, S. (1953). J. biol. Chem, 201, 707.

E_





