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diverse procedures as heat-treatment, treatment
with inhibitors or activators and addition of exo-
genous catalase.

4. The enzyme activity of the leaves showed a
significant diurnal variation, being minimum at
4 p.m. and maximum at 12 p.m. The total oxalate
content also showed a distinct diurnal fluctuation,
but in a direction opposite to that of the enzyme.

S.K.S. is thankful to the Council of Scientific and
Industrial Research, New Delhi, for the award of a fellow-
ship.
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Glyoxylate is toxic to animals (Adler, 1893;
Barnes & Lerner, 1943). Kleinzeller (1943) showed
that inhibition of oxygen uptake of tissues by
glyoxylate was related to a specific inhibition of
decarboxylation of pyruvate. The degree of inhibi-
tion depended on the concentration of glyoxylate,
as found also by Weinhouse & Friedmann (1951),
Nakada & Weinhouse (1953), Weinhouse (1955) and
D'Abramo, Romano & Ruffo (1957). D'Abramo,
Romano & Ruffo (1958) studied the effect of gly-

oxylate on the oxidation of components of the tri-
carboxylic acid cycle, and Ruffo, Romano &
Adinolfi (1959) suggested that glyoxylate con-
denses with a C4 tricarboxylic acid-cycle inter-
mediate to compete for aconitase. Their results
showed both inhibition of oxidation and accumula-
tion of citrate, which reached very high values only
when oxaloacetate was the substrate. They sug-
gested that both the depression of oxygen uptake
and the formation of citrate are due to the two dif-
ferent ways in which oxaloacetate may react in the
liver cells with acetyl-coenzyme A to form citrate* Part 2:Liang (1962b).
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and a small amount of glyoxylate to give rise to an
inhibitor of citrate oxidation. As glyoxylate has
been found in the blood of rats after about 3 weeks
on a thiamine-deficient diet, and to be sustained
throughout their later life on that deficient diet
(Liang, 1960, 1962 a), glyoxylate might well be one
of the substances responsible for the biological
lesions of thiamine deficiency. To test this possi-
bility, the oxygen uptake and citrate content of
tissues from normal and thiamine-deficient rats
have been examined.

METHODS

Experimental animal8. Albino rats were fed with
thiamine-deficient diet (Liang, 1962a), and the daily food
intake was recorded.

Estimation of citrate in the blood and urine. Blood and
urine samples from normal rats and rats subjected to dif-
ferent periods of thiamine depletion were collected and
measured according to Liang (1962a), and the concentra-
tion of citrate was estimated by the method of Stern (1957).
Blood citrate was also determined 1-1-5 hr. after intraperi-
toneal injection of 10 mg. of glyoxylate (neutralized with
NaOH)/100 g. body wt.

Estimation of the rate of oxygen uptake. Normal rats were
starved for 48 hr. and thiamine-deficient rats for 24 hr. to
deplete the liver glycogen, during which period they were
fed with cellulose food to satisfy their hunger. The brain,
kidney, liver, heart and diaphragm were removed im-
mediately (within 30-90 sec.) after each animal had been
killed, and placed in a beaker of ice-cooled Krebs-Ringer
solution (Umbreit, Burris & Stauffer, 1957) previously
saturated with oxygen. Brain brei and tissue slices were
prepared, weighed and placed into the main chamber of the
Warburg flask which contained 2 ml. of Krebs-Ringer
phosphate solution, pH 7-6, containing 0-1% of glucose.
For each tissue, lOumoles of cocarboxylase were added to
half the flasks used, and graded concentrations of sodium
glyoxylate, dissolved in 0-5 ml. of Krebs-Ringer phosphate
solution containing 0-1% of glucose, were placed in the side
arm. The incubationtemperature was 370, and the gas phase
was oxygen. After temperature equilibration, readings were
taken at 10 min. intervals for 1 hr. when the side arm con-
tents were tipped and readings continued a further 2 hr. All
estimations were in duplicate. The pH value was checked
by indicator after the experiment. Other samples of the
same tissue were weighed and dried at 1000 to constant
weight. From these dry weights, the Q02 values were
obtained.

RESULTS

Daily food intake, urine volume and urinary
excretion of citrate, based on 100 g. body wt., are
plotted in Fig. 1. Rats reared ona thiamine-deficient
diet can live for 47-54 days (Liang, 1962a). The
volume of urine excreted remained constant at
7-5 ml./100 g. body wt./day during the first 3 weeks
and began to drop thereafter to a low level of about
1-5 ml./100 g. body wt./day, i.e. one-fifth of the
normal value. The urinary excretion of citrate

increased slightly during the first 12 days and then
decreased for the rest of the period. This change in
the urinary excretion of citrate seemed in some
way related to the change in the food intake.
The concentration of blood citrate remained con-

stant at 1-6 mg./100 ml. during the first 12 days
and increased during the rest of the period of
thiamine depletion to a high level of 8-5 mg./
100 ml. (Fig. 2). Injection of glyoxylate caused a

"G

0

C)o,.o5-f ('Z

C)

-4 .-

5 10 15 20 25 30 35 40 45 50 55
Time on thiamine-deficient diet (days)

Fig. 1. Daily urinary volume (e), urinary excretion of
citrate (O), and food intake (0) of rats fed on a thiamine-
deficient diet. Each reading is the mean value from 6 rats.
The zero-time values show no difference from the control
animals.
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Fig. 2. Concentrations of blood citrate of rats fed on a
thiamine-deficient diet (0) and 1-1-5 hr. after the injection
of a single dose of 10 mg. of glyoxylate/100 g. body wt. (W).
Each reading is the mean value from 6 rats taken at random
from a large number of rats. (Some of the rats receiving
glyoxylate died after injection of glyoxylate; therefore the
last three readings were obtained from 4, 2 and 2 rats
respectively.)
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slight increase in the concentration of blood citrate
of rats in the first few days of depletion and also in
rats near the terminal stage of the thiamine deple-
tion. Some rats receiving glyoxylate died within
0-5-1 hr. of injection, so that the records of the
terminal stage are incomplete. However, the
increase in the concentration of blood citrate was
greatest after the initial few days of thiamine
depletion.

Table 1 shows the effect of glyoxylate on the QO2
of different tissues obtained from normal and thi-
amine-deficient rats in the presence and absence of
cocarboxylase. The results are expressed as a per-
centage of the control, to permit comparison with
each other. The inhibitory effect of glyoxylate on
tissue metabolism may be expressed in ways
depending on (a) the extent of inhibition, (b) the
period the inhibition was maintained, and (c) the
comparative effect on various organs or tissues.
The extent of the inhibition depended on the

concentration of the glyoxylate added to the
medium. As a rule, the higher the concentration
the greater the degree of inhibition, but the relation-
ship was not a linear one. In low and high concen-
tration, the brain tissue suffered more than other
tissues; in the presence of 2-0 mM-glyoxylate, the
QO in thiamine-deficient rats was reduced to almost
half of that of the control after 2 hr. The effect of
glyoxylate on oxygen metabolism of other tissues
was less and decreased in the following order:
diaphragm, kidney, heart and liver. In all cases the
addition of cocarboxylase augmented the oxygen
uptake in the tissues of normal and thiamine-
deficient rats. The effect measured with the tissues
of thiamine-deficient rats does not reach the level
characteristic of normal rats.

DISCUSSION

There have been conflicting reports suggesting a
connexion between thiamine and the rate of oxid-
ation of pyruvate. Many of them tried to connect
Bl-avitaminosis with excretion of citrate. Thus
Krebs (1938), Krusius & Simola (1938) and Boothby
& Adam (1934) all found increased excretion of
citrate in thiamine-deficient rats, but other workers
found a decreased urinary excretion of citrate
(Lipton & Elvehjem, 1939; Barron & Lyman,
1940; Butler, 1948). Lwoff & Dusi (1937) observed
that rats on a thiamine-deficient diet excreted less
citrate as the deficiency became acute, but that, on
administration of thiamine, the excretion of citrate
increased to a maximum after 4-6 days. It was
therefore suggested that cocarboxylase was an
essential factor in the synthesis of endogenous
citrate from the precursors (Sober, Lipton &
Elvehjem, 1940). The observation has been in dis-
pute for some time. However, Smith & Meyer (1941)

claimed that the decreased excretion of citrate in
thiamine deficiency was merely the result of low
intake of food and not a direct result of the absence
of thiamine. This claim has been partly sub-
stantiated by the experiments reported in this
paper, as the initial slight increase and sub-
sequent continual decrease in the excretion of
citrate ran parallel with the quantity offood intake.
Although the concentration of blood citrate has

been studied under many normal and abnormal
conditions (Ostberg, 1931; Thunberg, 1953), it has
been little mentioned in connexion with the blood
of thiamine-deficient animals. In the present study
the concentration of blood citrate increased after
12 days on a thiamine-deficient diet, and also
showed a further increase after administration of
glyoxylate. This increased concentration of blood
citrate showed that glyoxylate has some influence
on the accumulation of citrate as studied by
D'Abramo et at. (1958) with tissue homogenates. It
might be inferred from the study by Liang (1962b)
that glyoxylate, the concentration of which began
to increase in the body of rats after some time on a
thiamine-deficient diet, might cause an increase in
the concentration of blood citrate on injection of
exogenous glyoxylate. In the first few days of
thiamine depletion, there might be some residual
thiamine in the body so that the injected glyoxylate
would be quickly converted into other substances
and thus have little influence on the accumulation
of citrate; in the terminal stage, the concentration
of endogenous glyoxylate is already high, and the
metabolic rate is low, so that the injected glyoxylate
cannot greatly influence the synthesis of citrate.

Since Ruffo et al. (1959) have shown that from
glyoxylate and a C4 tricarboxylic acid-cycle inter-
mediate a complex is formed which competes for
aconitase, reversal of isocitratase (isocitrate-lyase)
action (Olson, 1954; Smith & Gunsalus, 1955; Saz
& Hillary, 1956; Campbell, Smith, & Eagles, 1953),
yielding isocitrate and citrate from glyoxylate and
succinate is unlikely. However, the aconitase-
catalysed reaction is a well-established stage of the
tricarboxylic acid cycle leading to citrate (Ochoa,
Stern & Schneider, 1951). Whether or not the
glyoxylate combines with acetyl-coenzyme A to
form malate (Wong & Ajl, 1956; Kornberg & Krebs,
1957) in animal tissues remains to be seen.

It has been suggested that the increase of total
non-protein nitrogen and urea in the blood in
thiamine deficiency may be due to the anhydraemia
produced in this avitaminosis (Sure & Ford, 1942)
and in oliguria of infantile beri-beri (Hoobler, 1928).
The decrease in the urinary excretion and the ac-
cumulation in the blood of glyoxylate and citrate
may suggest some inhibiting effects directly on the
kidney or indirectly through other organs in ways
not yet known.

42 1962
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Injected citrate, if in excess, forms non-ionized

complexes with calcium, and therefore produces the
toxic effects of acute calcium deficiency (Gruber &
Halbeisen, 1948), the symptoms of which comprise
increased general activity of muscle and nerve and
which may lead to convulsion and tetany. When
citrate is given intravenously an overdosage will
seriously depress the myocardium, especially in
patients with liver disease (Bunker, Stetson, Coe,
Grillo & Murphy, 1955; Yendt, 1957). Induced
hypothermia probably increases the danger through
its depression of all metabolic processes. In this
study, the depressive effect of glyoxylate on the
metabolism of tissues and the accumulation of
citrate in the bodies of thiamine-deficient animals
might suggest that citrate plays some part in the
symptomatology of the heart and nervous systems
in this condition. The possibility remains to be
investigated.

Liang ( 1962 a) found that thehighest concentration
of glyoxylate in blood is about 1-2 mg./100 ml.
(016 mM) in thiamine-deficient rats, and reaches
2-5 mg./100 ml. (0.33 mM) in rats dying from the
administration of large doses of glyoxylate (Liang,
1960). However, in the present experiments, the
concentration of glyoxylate needed to affect the
isolated tissue was rather high, i.e. above 1-0 mM.
This discrepancy may be related either to the
permeability of the tissue to glyoxylate, as in the
intact animals it is well distributed by circulation
of the blood, or to the differences in the sustained
effect of glyoxylate within the body after its pro-
duction as compared with its effect in this short-
term experiment. Whatever the explanation,
further study is still needed.
The recognition of the existence of an inhibitory

effect of glyoxylate on the tricarboxylic acid cycle
may draw greater attention, not only to the meta-
bolism of carbohydrates, but also to the metabolism
of protein, as the excessive breakdown of tissue
protein may contribute to the formation of gly-
oxylate via glycine (Liang, 1960, 1962a, b). It is
also recognized that small amounts of glyoxylate in
the presence of oxaloacetate inhibit the oxidation
of citrate (Ruffo et al. 1959), indicating that in the
cell, under physiological conditions, glyoxylate,
however formed, must be promptly removed to
avoid inhibitory effects.

Thiamine in the form of cocarboxylase partici-
pates in several important reactions of carbo-
hydrate metabolism, e.g. in glycolysis, the dis-
mutation, decarboxylation and oxidative de-
carboxylation of pyruvate, the oxidative de-
carboxylation of a-oxoglutarate, and, in the pentose
phosphate cycle, the transaldolation and trans-
ketolation between ketoses and aldoses (Horecker
& Smyrniotis, 1953; Racker, Haba & Leder, 1953).
Nakada & Sund (1958) found that the oxidative

decarboxylation of glyoxylate requires the partici-
pation of cocarboxylase, which may explain the
accumulation of this acid in the body of thiamine-
deficient animals. The increase in oxygen uptake of
isolated tissues effected by the addition of co-
carboxylase may be due in part to this enzymic
effect.

SUMMARY

1. During thiamine depletion of rats the daily
urine excretion remained constant in the first
3 weeks and continued to drop to a low level near
the terminal stage.

2. The urinary excretion of citrate showed a
slight increase during the first 12 days and then
decreased for the rest of the period. This is related
to the food intake and the anhydraemia produced
by thiamine deficiency.

3. The concentration of blood citrate remained
at the normal level during the first 12 days and
increased during the rest of the period of thiamine
depletion. The increase in the concentration of
blood citrate may be due to the accumulation of
glyoxylate and the decrease in urinary excretion.

4. Oxygen uptake on glucose was reduced in the
tissues from the thiamine-deficient rats as compared
with that from the normal rats.

5. Glyoxylate showed a greater inhibition of
aerobic metabolism of brain brei than on the
aerobic metabolism of diaphragm, kidney, and liver
slices.

6. Cocarboxylase augmented the oxygen uptake
to a greater degree in tissues from thiamine-
deficient rats and to a less degree in normal rats.

Part of the work was aided by a grant from the Research
Grants Committee of the University of Hong Kong. The
author also thanks the University of London for permission
to publish the results from a Thesis presented for the degree
of Ph.D.
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The first stage in the assimilation of sulphate by
micro-organisms is its activation by ATP to form
adenosine 5'-sulphatophosphate (APS) (Gregory &
Robbins, 1960):

ATP + S042-=APS + pyrophosphate (1)

In micro-organisms utilizing sulphate as sulphur
source only, and not dependent on it as a terminal
electron acceptor (Ishimoto & Fujimoto, 1959;
Peck, 1959), this is followed by further reaction
with ATP to yield adenosine 3'-phosphate 5'-
sulphatophosphate (PAPS) (Gregory & Robbins,
1960):

APS +ATP -+PAPS +ADP (2)

These enzymes (adenosine triphosphate-sulphate
adenylyltransferase, EC 2.7.7.4, and adenosine
triphosphate-adenylylsulphate 3'-phosphotrans -
ferase, EC 2.7.1.25, respectively), which have
previously been demonstrated in extracts of
Neurospora (Hilz & Lipmann, 1955; Ragland,
1959), yeast (Bandurski, Wilson & Squires, 1956;
Robbins & Lipmann, 1956) and other fungi (Kaji

& McElroy, 1958; Spencer & Harada, 1960), have
now been shown to be present in two bacterial
species, Escherichia colti and Bacillus 8ubtilis. The
control of sulphate activation by cyst(e)ine, the
end product of sulphate reduction, has been
investigated. When E. coli or B. 8ubtilis is grown on
cyst(e)ine instead of sulphate, the ability of
extracts to synthesize PAPS is repressed (Paster-
nak, 1961). This effect explains the observations of
Roberts, Abelson, Cowie, Bolton & Britten (1955)
that incorporation of [35S]sulphate into the pro-
teins of E. coli is abolished by the presence of
cystine in the growth medium.

MATERIALS AND METHODS

Growth of organism8. Stock cultures of Escherichia coli
A.T.C.C. 9723 and Bacillus subtilis N.C.T.C. 1379 were
maintained on slopes of Oxoid nutrient agar CM4 at 4°. The
medium for growth of E. coli was that described by Davis
& Mingioli (1950) except that MgSO4,7H20 was replaced by
MgCl2,6H20 (0-12 g./l.) and that (NH4)2SO4 was replaced
by NH4Cl (2-5 g./l.). K2SO4 (British Drug Houses Ltd.) or


