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ABSTRACT

The contribution of carbon to synthetic pathways by the citric 
acid cycle of early embryonic stages of the sea urchin Arbacia punctulata 
has been investigated. Unfertilized and fertilized eggs, blastula, gas- 
trula, and pluteus stages were fractionated into cold 10A TCA soluble, 
lipid, nucleic acid, and protein.portions; respiratory carbon dioxide was 
also collected,, Permeability to the intermediates acetate-2-C and 
succinate-2-CT^ increased as development progressed; also, increasing per
centages of label from these substrates were incorporated into nucleic 
acid and protein fractions at the expense of the acid soluble fraction 
while incorporation into lipid and carbon dioxide fractions remained low 
throughout development. Differing ratios of label incorporated into 
nucleic acid to label incorporated into protein from acetate and succinate 
indicate a failure to obtain equilibrium in the cycle; however, the lo
cation of rate-limiting reactions is not indicated by these data.

Malonate, an inhibitor of succinic dehydrogenase, was found to be 
metabolized by this system. The distribution of label from malonate- 
2-C is similar to the distribution of label from acetate-2-C and 
succinate-2-0-^. Results indicate that malonate may undergo cyanide- 
insensitive decarboxylation as an initial step in its metabolism.

vii



■STABOLISM OF KREBS CYCLE INTERMEDIATES AMD 
BY EGGS ARID EARLY EMBRYONIC STAGES OF 

AR3ACIA PUNCTULATA



INTRODUCTION

The terminal oxidation of nutritive materials in all aerobically 
respiring tissues studies passes through a common series of reactions, 
the tricarboxylic acid cycle (Krebs and Lowenstein, I960). The relation
ships of the tricarboxylic acid cycle to other pathways are of particular 
interest to the present investigation. Carbon from citric acid cycle 
intermediates may be incorporated into nearly all classes of cellular 
compounds including fatty acids, sterols, porphyrins, purines, pyrimidines, 
amino acids, and various carbohydrates. Acetyl-Co A is the primary inter
mediate used in both the formation (Rittenberg and Bloch, 19^) and break
down (Lynen and Ochua, 1953) of fatty acids. Succinyl-CoA reacts -with 
glycine in the initial reaction of a series leading to the synthesis of 
protoporphyrin (Shemin and Russell, 1953)* Amino acids may be formed by 
transamination of keto intermediates (Katz and Chaikoff, 1955) or by direct 
amination (Williams and McIntyre, 1955)• Carbon dioxide derived from the 
operation of the cycle may be reincorporated into intermediates of the 
citric acid cycle, or form carbamyl phosphate and thereby enter the omi- 
thine cycle (Metzenberg, Hall, Marshall, and Cohen, 1957)*

Because of the relationships described above, it is possible to obtain 
information about the operation and relative importance of pathways related 
to the citric acid cycle by incubating cells in the presence of appropriate 
intermediates containing carbon-lh followed by fractionation and determina
tion of the relative proportions of label incorporated into the various 
fractions. In the present investigation this technique has been used to 
detect possible changes in metabolism during early development of the sea

2



urchin Areacla punctulata.
The studies of Cohen (195*0 Hultin (1953) have dealt with the 

synthetic aspects of the tricarboxylic acid cycle in embryonic material.
Cohen incubated eggs and embryos of Rana piniens in labeled bicarbonate 
and separated the material into aqueous methanol soluble, lipid, nucleic 
acid, and protein fractions. As development progressed increasing percen
tages of label were incorporated into nucleic acid arid protein fractions 
at the expense of the methanol-soluble fraction while incorporation into 
the lipid fraction remained low throughout development. Chromatographic 
separation of the components of the methanol-soluble fraction revealed 
large quantities of label in aspartic and glutamic acids with lesser amounts 
using present in several citric acid cycle intermediates. Total incorpora
tion of labeled bicarbonate into eggs and embryos of Psammechinus milaris 
increased rapidly through the blastula stage and remained constant after
ward (Hultin, 1953)* Incorporation into cold-TCA-soluble and ribonucleic 
acid fractions was greatest at the blastula stage, whereas specific activity 
of proteins showed a steady rise throughout the stages tested. A peak of 
incorporation of carboxyl-labeled acetate into proteins and fatty acids 
occurred at the mesenchyme blastula stage.

Several studies have dealt with specific fractions. Kohri (196*0 
used carboxyl-labeled acetate and measured its incorporation into lipids 
of the sea urchin. Incorporation followed an s-shaped curve through the 
prism stage, after which it declined slightly.

Monroy and Vittorelli (1962) traced the label from glucose during 
early development of the sea urchin Paracentrotus lividus and found activity 
in the amino acid alanine, glutamic acid, aspartic acid, serine, glycine, 
and, tentatively, proline. Although label from glucose was incorporated into



free suiino acids in the unfertilized erg, indicating a functioning citric 
acid cycle, label was incorporated into proteins only after fertilization.

The results presented above indicate that while a considerable amount 
is known about the entry of intermediates into specific pathways, no one 
nas yet determined the relative proportions of citric acid cycle interme
diates which are shunted into other pathways at different stages of sea 
urchin development. In the present investigation methyl-labeled acetate 
and succinate were incubated with eggs and embryos of the sea urchin Arbacia 
punctulata at different stages of development followed by fractionation into 
acid soluble, lipid, nucleic acid, and protein portions. Such data are of 
interest for two reasons: 1) It is desirable to obtain an overall vie’-;
of the contribution of the citric acid cycle to the synthesis of cellular 
constituents during early embryonic development. 2) Changes might occur 
in the relative proportions of carbon entering various pathways from citric 
acid cycle intermediates* One possible mechanism by which citric acid cycle 
fn'Gorraediates might be shunted into different pathways during development 

^y decreases in rates of substrate conversion at specific points in the 
cycle perhaps at different times during development. Such decreases could 
result from decreases in the activities of specific enzymes. For example, 
inhibition or decrease in activity of succinic dehydrogenase might lead to 
a relative increase in the conversion of acetate carbon into lipids and 
glutamic acid whereas a decrease in activity of aconitase or isocitric 
dehydrogenase could increase acetate incorporation into lipids but decrease 
the shunting of carbon into glutamic acid. A decrease in activity of the 
alpha-ketoglutaric oxidase system might result in decreased shunting of 
acetate carbon into aspartic acid, whereas succinate carbon would continue 
to be incorporated into this amino acid. If there were no limiting steps



or shunting reactions in the formation of succinate from acetate, rapid 
cqc.ulibrium should be reached between labeled acetate and succinate when 
.senate is added. Cnee this equilibrium is reached, the same percentage 
incorporation of label from each substrate into proteins and nucleic acids 
should occur. In a similar manner, rapid labeling of citrate should occur 
when either acetate or succinate is added, leading to a similar percentage 
incorporation from each into compounds outside the cycle. In order to 
partially test these possibilities, the incorporation of carbon from methyl- 
labeled acetate and succinate was compared during development. In addition, 
ratios of label incorporated Into proteins to label incorporated into nu
de- o acids have been calculated. Although the data below provide no evi
dence for any major changes in the shunting of carbon from the cycle into 
different pathways during development, differences in protein: nucleic acid 
ratios obtained from acetate and succinate may indicate failure to achieve 
O'.dlibrium in the cycle.

In order to determine whether the relative incorporation of label from 
acetate and succinate into other compounds could be altered, it was intended 
that eggs and embryos be incubated in sodium malonate simultaneously with 
appropriately labeled intermediates; however, relatively high concentrations 
of malonate inhibited respiratory and developmental rates only slightly.

Preliminary investigation with labeled malonate indicates that failure 
to inhibit development and respiration may result from low permeability of 
malonate and metabolism of malonate to carbon dioxide. Evidence is presented 
that malonate Is decarboxylated to acetate by a cyanide-insensitive reaction 
in the eggs.



Arbacia punctulata were collected from the Eastern Shore region of
the Chesapeake Bay and offshore from Beaufort, North Carolina and stored 

o o
In 31 Joo artificial sea water at 20-23 C. Eggs were released into arti
ficial sea water prepared according to the K. B. L. formula (Cavanaugh,
1956) from reagent grade chemicals. Eggs and sperm were released by elec
tric shock (Harvey, 195^) or potassium chloride injection (Tyler, 19^9). 
Hollowing washing, eggs were fertilized'or jelly coats were removed by 
lowering pH of the artificial sea water to 8.0-8.5* Further manipulations 
were performed in buffered artificial sea water £ 0.02 II tris (hyclroxymethyl)

—j o
aninomethanej pH 8.0. Fertilized eggs were incubated at 23 C for 0.5,
8, 15, or 88f hours, corresponding to fertilised egg, blastula, gastrula,
or pluteus stages, in buffered sea water containing 508-1000 units/ml of
penicillin and 250 units/ml of streptomycin. The eggs or embryos were
washed and concentrated to a small volume, a sample was removed for counting,
and 1 ml samples were added to 1 ml of buffered sea water in Warburg vessels
to which was added 2 ;uc of acetate-2-C^ (10 nc/rali), succinate-2,3-CJ'i4'
(8.5 juc/rah), or malonate-2-Ĉ* ̂ (h.O juc/ml-l). Oxygen consumption was re-

o
corded over a two hour period at 25 C., after which the center well alkali 
was removed and counted. The eggs or embryos vTere removed and washed five 
or more times with ice-cold buffered sea water. Cold trichloroacetic acid 
(TCA) was added to a final concentration of 10w and the embryos were homo
genized by forcing through a crimped hypodermic needle. A sample, termed 
whole homogenate, was removed and frozen. The remaining homogenate was



fractionated* Triplicate vessels were run for most experiments.
Homogenates were fractionated by a modification of the method of

Schmidt and Tannhauser (1945): 1) The acid soluble fraction was prepared
by ten washes with cold 10$ TCA. 2) The lipid fraction was removed with 
chloroform methanol (2:1 v/v), washed five times with water (Folch and 
Lees, 1951)» and dried. 3) Nucleic acids were removed by five treatments 
with 5/3 TCA at 90° C. *0 The remaining sediment, the protein fraction, 
was suspended in 1.0 ml of IN sodium hydroxide. Samples of the fractions 
described above were assayed for content in a Nuclear Chicago 721 Liquid 
Scintillation Spectrometer. Aliquots were dissolved or suspended in 20 ml 
of dioxane liquifluor solution consisting of 42 ml of liquifluor (Pilot 
Chemicals) per liter of dioxane. Fractions were prepared as follows:
1) 0.5 Eil of 10 N sodium hydroxide was added to 0.5 ml of whole homogenate
then diluted to 5*0 ml with water; 0.1 ml was counted. 2) The lipid frac
tion was dissolved in 0.2 ml hyamine hydroxide (Nuclear Chicago) with gentle 
heating and counted. 3) 0.1 ml of the nucleic acid fraction was counted.
4) 0.1 ml of protein suspension was added to 0.7 ml of hyamine hydroxide
and 0.1 was counted. 5) Respiratory carbon dioxide trapped in center-well 
alkali was rinsed into counting vessels and counted. Disintegrations per 
minute (DPI-l) were calculated from standard curves of channels ratio versus 
efficiency prepared for whole homogenate, 10$ TCA soluble, lipid, and pro
tein fractions.

To determine the influence of malonate on oxygen consumption, eggs or 
embryos were concentrated to a small volume and placed in Warburg vessels 
containing buffered sea water and 100, 80, fjG, 20 or 0 jiK/ml malonate.

To determine the effects of cyanide on carbon dioxide production from 
malonate labeled at the 1 or 2 carbon, 2 ml of a suspension of unfertilized,



jelly-free eggs in buffered sea water containing 1 jilf/nl of KCH and 0,5 
uc/ml of malonate-l-C^ or malonate-2-C*^ were incubated at 25° for two 
hours.

The effect of malonate on carbon dioxide production from succinate 
carbon from the 1 and 2 positions was determined by incubation of unferti
lized, jelly-free eggs in 10 jib/ml malonate and 0,5 jac/ml succinate.

The effect of malonate on respiration of homogenates of unfertilized 
eggs was determined by comparison of rates of respiration of homogenates 
containing either sodium chloride or malonate. Eggs were obtained as above 
and washed and jelly coats removed in calcium-free sea wTater ̂ Moore's 
formula (Cavanaugh, 1956)J • Eggs were packed by hand centrifugation in 
an equal volume of solution containing 0.94 M sucrose, 0.05 H Tris, and 0.011 
If ethylenediaminetetraacetic acid, pH 7.5* The eggs î iere then homogenized 
by a hand-operated Tanbroeck glass horaogenizer at 0-5° C. The final concen
trations of other constituents in piif/ml in Ihrburg vessels were: DPN 0.22;
ATP 0.83; Cytochrome c 0.02; KCl 8.3; phosphate 1.7; EgCl 16.6; and sodium 
malonate 8.3. Blanks contained 3.3 yulf/ml sodium chloride. The final con
centrations of egg material was approximately 25$ by volume. In a second 
experiment vessels contained malonate at 4.2, 8.3, 16.7, or 33*3/ih/ml.
Blanks contained 33*3 /uH/n1 sodium chloride.

The breakdown of malonate to carbon dioxide was investigated in homo
genates using an incubation mixture similar to the above but with the fol
lowing changes: 1) Thiamine pyrophosphate was present at 2.2 pll/ml.
2) 1.0 Mm/ml of KCN or KCl (blank) was present. 3) The vessels contained
either sodium malonate-2 - ( 1 . 6  îc/uM) or sodium malonate-2-0^^ (4.0 jqc/uh) 

0.5 jic/ml. Respiratory carbon dioxide was collected over a one hour 
j-eriod and counted as above.



RESULTS

h'a cti onation Experiments
The uptake of acetate, succinate, and malonate into sea urchin eggs 

end embryos is shown in Figure 1. Total uptake has been calculated by sum
ming the radioactivity recovered in the various fractions. This procedure 
was necessitated by the difficulties encountered in counting the whole 
homogenate, the counts from which were consistently lower than those ob
tained from the fractionated material. Probably this is due to incomplete 
solubility of the whole homogenate. The amount of label taken up per embryo 
rises throughout development in all three cases, but the uptake of malonate 
is always considerably less than that of acetate or succinate. This may be 
due in part to the difference in specific activities of the three com
pounds even though the specific activity of each intermediate was consistent 
throughout the experiments.

Oxygen consumption per embryo in the presence of acetate and succinate 
is given in Table I. In the experiments using acetate and succinate, oxygen 
consumption is lowest in the unfertilized egg, rises through the gastrula 
stage, and decreases slightly in the pluteus stage. Oxygen consumption of 
the two stages labeled with malonate is considerably less than comparable 
stages labeled with succinate or acetate. The reason for decreased oxygen 
consumption is unknown; the concentration of malonate was probably too low 
to affect oxygen consumption to a significant degree. .Although the large 
number of embryos labeled with malonate might possibly, decrease oxygen 
consumption per embryo in the pluteus stage, this could not apply to the 
gastrula stage as a similar number of embryos labeled with succinate showed 
no decrease of oxygen consumption, compared with a much smaller number of 
embryos labeled with acetate at the same stage.

9
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Figure 1. Total uptake of label from 1 pc/ml of acetate, succinate,
and malonate into sea urchin eggs and embryos during a two-hour 
incubation period. Host values are averages from three batches 
of eggs. Abbreviations used are as follows: A, acetate-2-
S, succinate-2-CT^; M, malonate-2-C^, U, unfertilized eggs;
B, blastula; C-, gasmrula; P, pluteus.



CL<'

.O

.OCO

CO
<c

CD
.to

CO QQ

■to

COC
I

CD CD toV f- “i—ro — i—OJ

0Ad8lN3 03d WdQ 39Vd3AV

HO
UR
S 

OF 
DE

VE
LO

PM
EN

T



11

The percentage distribution of recovered label frora acetate, succinate, 
a~d malonate is shown in Table II and Figure 2. This data is taken from 
the sane experiments as the data from Table I, Carbon dioxide was collected 
during the taro hour incubation period only; consequently, the percentage 
of carbon dioxide recovered should be assumed to be the loner limit of in
corporation into carbon dioxide. This nay also account for the erratic 
percentages found in the carbon.dioxide data. At the stages tested, in
creasing percentages of the label are incorporated from acetate and succinate 
into nucleic acids and proteins at the expense of the acid soluble fraction 
as development progresses. The percentage incorporation of label into lipids 
from acetate and succinate is rather variable at different stages due, per
haps, to losses during fractionation and washing of the material* The per
centage incorporation into lipids does not increase as does Incorporation 
into nucleic acids and proteins but remains at a lou level throughout the 
stages tested* Generally a higher percentage of label is incorporated into 
lipids from acetate than from succinate. This is particularly true in the 
blastula and gastrula stages when very lov percentages of label are incor
porated into lipids from succinate. Approximately eight percent of the 
label taken up is incorporated from malonate into lipids in the three stages 
tested. Since any label which remained in acetate, succinate, or malonate 
no aid be recovered in the acid soluble fractions, the data shorn a progressively 
greater incorporation of the label into the structural components of the 
cell during development. The situation is somewhat different with respect 
to malonate, the percentage of which incorporated into lipids, nucleic acids, 
and proteins of the unfertilized egg is higher than that incorporated from 
acetate or succinate at the same stage. Further, the increase in percentage 
incorporated into-these constituents rises to a lesser degree than does the 
percentage incorporated from acetate or succinate.
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2. Per cent uptake of label into various fractions of sea urchin 
eggs and embryos iron acetate, succinate, and malonate* Most
values are averages from three batches of eggs. Abbreviation:

Ijgused are as follows: A, acetate-2-C ; S, succinate-2-C ;
M, malonate-2-C^; U, unfertilized eggs; F, fertilized eggs; 
B, blastula; G, gastrula; P, pluteus.
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Similar percentages of label are incorporated into nucleic acids from 
acetate said succinate in unfertilized eggs, bat the percentage incorporation 
free: acetate is noticeably higher than from succinate at the blastula,
^astrula, and pluteus stages.

The incorporation of label from acetate and succinate into proteins 
rises quickly after fertilisation and in later stages accounts for the greatest 
percentages of acid-insoluble label. Generally a higher percentage of 
label is Incorporated into protein iron succinate than from acetate, parti
cularly in the early stages.

The ratio of percent label incorporated into proteins to percent label 
incorporated into nucleic acids has been calculated (Table II). It is 
readily seen that with all added substrates a greater percentage of label is 
incorporated into proteins than into nucleic acids. The protein:nucleic acid 
ratios obtained from acetate and succinate differ somewhat during the stages 
tested. The ratio from acetate was low before fertilization but reached a 
maximum in the fertilized egg; it then declined through the gastrula stage 
anc. remained constant at the pluteus stage. The protein : nucleic acid 
Incorporation ratio from succinate was highest in the 'unfertilized egg and 
decreased through the blastula stage; the ratio increased at the gastrula 
stage but decreased again at the pluteus stage. The ratio of label Incor
porated into protein to label incorporated into nucleic acids obtained 
from acetate is always considerably lower than the same ratio obtained from 
succinate. If the assumptions given above are valid, it seems probable that 
rate-limiting steps occur in the formation of citrate from succinate and 
in the formation of succinate from acetate.

The sequence by which the methyl carbon of aceta.te enters nucleic acids 
without traversing the Krebs cycle is not clear* Hultin (1953) stated that
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14.wool from acetate-1-C enters purnne via carbon dioxide; however, in order 
or* labeled carbon dioxide to be derived iron the ir.eth.yl carbon, this carbon 
.net first traverse the entire cycle* If this were the case then eouilibriun

data on the labeling of specific compounds from acetate are needed.
A comparison of the data in Table II and Figure 2 with percentages of 

label from carbonate incorporated into various fractions of the developing 
frog embryo (Cohen, 1954) nay prove instructive. In both the present study 
and that of Cohen the lipid fractions received a relatively snail portion of 
label throughout development, but in the present study incorporation into 
lipids on a percentage basis was several times as large as incorporation into 
lipids in the frog. In both studies the nucleic acids incorporated increas
ingly greater percentages of label as development progressed, but the per
centages mere always much higher in the amphibian, possibly because car
bonate may be incorporated more directly into purines. In this connection, 
it Is interesting to note that the ratio of percentages incorporated into 
proteins to percentages incorporated into nucleic acids in the amphibian 
embryo is always less than one and increases constantly throughout the stages 
tested. It is of Interest to make a further comparison of the present data 
with those of Kultin (1953)> who studied the incorporation of label from 
carbonate and acetate-1-C”^ into several fractions of developing embryos 
of the sea urchin Psanrae chinas ml laris. The specific activity of the lipid 
fraction was found to be low throughout the gastrula stage when labeled with 
carbonate. Label incorporated into the ribonucleic acid fraction and also 
hypoxanthine increases through the blastula stage and drops in the gastrula 
stage whereas the label incorporated into proteins to counts incorporated into 
the ribonucleic acid fraction is always less than one and rises progressively
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14during development. rJhen acetate-1-C is used as the laoeled substrate 
the patterns of labeling are somewhat different* The label incorporated into 
fatty acids and proteins rises sharply after fertilization vjhile the labeling 
of ribose nucleotides remains rather low throughout development. The ratio 
of label incorporated into proteins to label incorporated into RPA nucleo
tides is greater than one at all times and rises as development progresses, 
neither Cohen (195*0 nor Hultin (1953) indicate the relative degree of 
shunting from the citric acid cycle during development.

islonate-fffeets On Intact Sags and Snbryos
In assessing the contribution of Krebs cycle intermediates to other 

compounds it uas of interest to attempt to partially block the cycle at some 
point, after xHch the distribution of label from acetate or succinate could 
bo redetermined, ialonate was chosen for the blocking agent since it is a 
competitive inhibitor of succinic dehydrogenase in most systems (Krebs 
and Lowenstein, I960). In initial experiments the extent or respiratory 
inhibition was tested with malonate with the results shown in Table III. 
Concentrations of malonate below 0.08 1 had either no effect or a slight 
depressing effect on - respiration while a concentration of 0.10 K always caused 
some increa.se in oxygen uptake. Malonate at 0.10 M caused only a slight in
hibition of development.

The results shown above leave the question of malonate inhibition of 
the citric acid cycle largely unanswered. The effect of malonate on the 
citric acid cycle was therefore investigated by determining the extent to
which malonate inhibited the production of labeled carbon dioxide from

14 pisuccinate-l-C or succinate-2-C Both labeled substrates were used in
order to test the possibility that succinate was being decarboxylated to
propionate via a two reaction sequence which releases the carboxyl carbon
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oi* succinate as carbon dioxide (Lane and Halenz, 19o2; Beck, 19o2)• If 
malonate inhibition of these reactions differs from its inhibition of suc
cinic dehydroaena.se, then one night detect differences in the rate of

1 /:_aseled CO fornaumon from suecinate-i- and succinate-S-Ck* in the presence
of unlabeled malonate, If, on the other hand, succinate is being oxidised
by the citric acid cycle and if succinic dehydrogenase is inhibited by

1 n ■> lbmalonate, labeling of caroon dioxide from both succinate-1-C *" and suecinate-
b2~T"“ ‘ should decrease and the percentage decrease should be approximately

ie for both substrates* The results shoTn in Table IV indicate that
the production of labeled carbon dioxide from both succinate-1-C and 

Iksue ornate-2- C nas inlm. Dated approximately fifty percent by 0,1 A malonate. 
This result appears to indicate that succinate is being metabolized by the 
citric acid cycle which contains a malonate-sensitive succinic dehydrogenase, 
failure of malonate to inhibit to a greater extent may be due to a number 
of factors; among them, the relative impermeability of the egg to malonate 
and the rapidity of metabolism once malonate enters the cell, both of which 
noaid delay or prevent the establishment of inhibitory concentrations of 
malonate*

Data on the distribution of label from malonate (Table II and Figure 2) 
indicate that malonate is metabolized by the eggs. The similarity of the 
distributions of label from malonate, succinate, and acetate appear to 
indicate that carbon from malonate undergoes very few preparatory reactions 
before it enters the citric acid cycle, hakada, Wolfe, and Wick (1957) pro
posed that malonate (as malonyl CoA) was decarboxylated to acetate (as 
acetyl CoA) as one of the initial steps of its metabolism. To test the 
possibility that decarboxylation xa.s occurring, an experiment mas performed 
in uhieh the label incorporated into carbon dioxide from malonate-l-Ch^ and
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1 ’■nalcnat e-2-Cr"r in the presence or absence of cyanide was measured. or
i-j dibits Krebs cycle dehydrogenases by preventing the reoxidation of reduced
ccensor,.es (Krebs and Lowenstein, I960)* The results in Table V show that
..s i s g  one anounu ox saoei xncorporauea moo caroon caoriae iron na_Lonace.~j.-C
is unchanged by the presence of cyanide, the amount of label incorporated

Ifinto carbon dioxide from malonate-2-0’"' is approximately halved by the pre
sence of cyanide* This indicates that the first step in malonate metabolism 
is cyanide insensitive and may involve the release of carbon dioxide from 
the carboxyl carbon* A possible explanation is that malonate was decar- 
boxyiated to acetate; in this case, half the label from malonate-1-(p-̂  mould 
be lost in this initial decarboxylation, whereas all the label from malonate- 
2~C~^ would remain in the acetate produced in at least one turn of the cycle* 
Partial inhibition of the cycle would thus reduce the label released as 
carbon dioxide from malon a t e - 2 - b y  a greater percentage than the label 
produced from malonate-1-C^-̂*

111 on at e-iffe cts On Homogenates
hakada, Wolfe, ana Wick (195?) found that most rat tissues would de- 

carboxylate malonate in slices but that the malonate decarboxylase system 
was destroyed by the cell rapture process. It was, therefore, of interest 
to determine the effects of malonate on horaogenates of unfertilized eggs, 
l.e effects of malonate on oxygen consumption are shown in Table VI. In 
all experiments at least a slight increase in oxygen consumption is noted 
when compared with a blank containing sodium chloride; to/ever, there is 
a large amount of variation in the amount of increase between experiments*
The results from experiment 3 show that the concentration of malonate over 
the range tested has a slight positive effect* There is a possibility that
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tie chloride (33*3 ul-l/ml) contained in the blanks could inhibit oxygen 
consumption but this appears unlikely* It is also possible that the increase 
In oxygen consumption may not be due to the oxidation of malonate but to 
uhc oxidation of other materials which is somehow facilitated by the pre- 
ocii*ce oj_ malonace.

In view of the increase in oxygen consumption obtained with homo gen at es
in the presence of malonate, an experiment to determine the effects of cyanide
or. the labeling of carbon dioxide from malonate-1- (P^ and malonate-2-(p^
was performed (Table VII). The amount of label converted to carbon dioxide
is very small in comparison to the amount of label converted in intact eggs.
x.s in ui e intact eggs the presence of cyanide did not appear to affect pro-

11auction of laoel from malonate-1-C , but no counts were found in either
11cyanide inhibited or noninhibited vessels from malonate-2-C . This would 

be most easily explained by an initial cyanide-insensitive decarboxylation 
to acetate, possibly followed by oxidative metabolism. If oxidative me
tabolism occurred the label released was too limited to detect under the 
conditions employed.
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1 r~, *1 O O 'study has been concerned with the shunting activity of the citric 
acid cycle in the egg and developing embryo of the sea urchin Arbacia ounc- 
o-el at a. lie data indicate that throughout early development a major per
centage of the total activity of the cycle is concerned with this shunting 
activity which provides carbon for the synthesis of cellular constituents, 
clunough no specific sites of blockage have been identified in the cycle 
at the stages tested, the differing ratios of label incorporated into pro
teins and nucleic acids from acetate and succinate indicate that carbon from 
succinate and acetate fail to reach equilibrium in the cycle. Such blocks 
would be expected if the cycle is to provide a major source of carbon for 
other compounds, ho evidence is provided in the present study for any 
changes in the nature of rate-limiting reactions during development.

Malonate was found to be metabolized by sea urchin eggs and embryos.
The details of the metabolism of malonate are not clear but the data pre
sented seem to indicate an initial cyanide-insensitive decarboxylation fol
lowed by metabolism by the citric acid cycle. It is interesting to speculate 
on the possibility of malonate formation in the egg by a reversal of such 
a decarboxylation. If such were the case, malonate might serve as an in
ternally produced respiratory inhibitor. Although the occurrence of free 
malonate in Arbacia embryos has not been shorn, Cohen (1963) has demonstrated 
an accumulation of labeled malonate in lethal amphibian hybrids (R. pipiens $ 
x R* sylvatica d*) when incubated in labeled carbonate. Several pathways for 
the production of malonate exist. In animals the enzyme succinyl-^-ketoacyl

19
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Cod. transferase nay form malonate from malonyl CoA by transfer of the CoA 
to acstoacetate (Aenon and Stern, i960)* malonate nay also be produced by

e liver (Vennesland, Evans, and Francis, 19-vo) and pig heart (Vennesland 
:na Evens, 19^). Spencer and Lovenstein (1962) have proposed that oxalo- 
acctate is de canto oxylated to malonate in Ug h  speed supernatent fluids of 
ran mammary gland* The bacterium Pseudomonas aeruginosa may form malonate 
from malcnic semialdehyde (kakamura and Bernhein, 1961) while members of the 
A • ; oboe A nv.ua form malonate by degradation of barbituric acid (Kayaishi and 
Bamberg, 1952).

A number of questions are raised as a result of this investigation.
The specific compounds which receive label from acetate, succinate and 
especially malonate in the sea urchin embryo have not been identified, 
questions such as the differing ratios of label incorporated into pro
teins and into nucleic acids from acetate and succinate may be answered 
only by this type of study. Such a study would also be likely to furnish 
Information concerning the failure of acetate and succinate to equilibrate 
in the cycle.

The question has not been answered as to whether more than one system 
In the sea urchin embryo is capable of preparing malonate for further meta
bolism. The localization of the system or systems by fractionation of homo- 
genates, provided a procedure could be found for obtaining sufficient activity 
from the system(o), might serve to elucidate this question. Several different 
methods of malonate utilization occur in other systems, pseudomonas fluores- 
cans converts malonate to acetate by means of a cyclic mechanism whereby 
malonate first reacts with coenzyme A to form nalonyi CoA, which Is then 
decarboxylated to acetyl CoA. Another malonate molecule then combines with
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the coenzyme A releasing acetate (Hayaishi, 1955)* Malonate has also been 
found to react with coenzyme A in the presence of ATP and magnesium ions 
in human placenta (hosoya and Kavada, 195-2)* The formation of malonyl CoA 
from malonate may lead to incorporation of malonate into fatty acids. In 
many tissues acetate first reacts with coenzyme A to form acetyl CoA 
which is then earboxylated to malonyl CoA (Brady, 1952)* The malonyl 
CoA is decarboxylated subsequent to the release of coenzyme A accompanied 
by the formation of a malonyl-enzyme complex (Lynen, 1959). Malonyl- 
CoA may also be formed by transfer of co enzyme A to malonate (i-Ienon and 
Stern, I960).
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1 iThe uptake and distribution of label from acetate-2-C"r and succinate-
■s j ̂ J ,

two citric acid cycle intermediates, and malonate-2-C ** into acid 
solohlo, lipid, nucleic acid, and protein Tractions and respiratory carbon 
dioci.de has been determined* Total uptake of acetate, succinate, and nalor 
..as lowest in the unfertilised egg and rose continuously as development 
progressed. The uptake of malonate was always lover than that of acetate 
and succinate.

Following fractionation of the unfertilised egg a large majority of 
label from acetate and succinate was found in the cold lOp TCA soluble 

fraction; however, as development progressed through the gastrula stage, 
iincreasing percentages of label were incorporated into the lipid, nucleic 
acid, and protein fractions. Incorporation into acid-insoluble components 
at the pluteus stage was similar to that in the gastrula stage* Increases 
in percentages incorporated into acid insoluble components as development 
progressed are due mainly to increases in the amount of label incorporated 
into nucleic acids and proteins; incorporation into lipids and respiratory 
carbon dioxide is somewhat erratic and generally low. Much of the carbon 
entering the citric acid cycle is shown to become incorporated into cellul 
constituents rather than oxidized to carbon dioxide; therefore, the citric 
acid cycle appears to be acting largely in the capacity of a shunting devi 
The differing ratios of label incorporated into proteins to label incorpor 
into nucleic acids obtahed from acetate and succinate suggest a failure to 
obtain equilibrium in the cycle* ho sudden changes occur in these ratios

22
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halonate, an inhibitor of succinic dehydrogenase, has been shown to be 
metabolised. The distribution of label from malonate into various fractions 
is quite similar to that of acetate or succinate except that a greater per- 
c^rnage ou uaoej_ as inc orocraueu inco m e  s.clci insoj-.uoie irscsions in m e  
unfertilised egg from malonate and the increase in percentage incorporation 
into these components at later stages is considerably less than for acetate 
and succinate* These data compared with those obtained from acetate and 
succinate lend themselves to the interpretation that much of the carbon from 
malonate traverses the citric acid cycle. Several experiments have been 
conducted to determine the relation ships of malonate to the citric acid 
cycle. The oxygen consumption of eggs and embryos was increased by the 
presence of 0,1 1 malonate but not by lower concentrations, lalonate was
shown to decrease the amount of label incorporated into respiratory carbon

^  lbxLoxnde from suecinate-l-C and succinate-2- C by approximately equal
percentages in the unfertilised egg. Cyanide was found to decrease th

lbamount of label incorporated into carbon dioxide from malonate-2-C ^ but
1 jj

not from malonate-1-C”  ̂in ‘unfertilized eggs. In homogenates of unfertilised
eggs malonate increased oxygen uptake but the amount of increase over the
blank was only slightly affected by the concentration of malonate. Cyanide

lbhad no effect on the amount of labeling of carbon dioxidefrom malonate-1-C 
in homogenates of unfertilized eggs, but the amount of label given off was 
extremely small. These data are compatible with the metabolism of malonate 
by an initial cyanide insensitive decarboxylation followed by metabolism via 
the citric acid cycle.
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TABLE I

OXYGEN CONSUMPTION OF EGGS AND EMBRYOS DURING INCUBATION WITH
LABELED SUBSTRATES

Oxygen consumption is expressed as average (usually of three samples)
4oxygen consumed in pi per hour per 10 eggs or embryos. The number of 

embryos is given in thousands of embryos per vessel.

Labeled
Substrate

Stage Oxygen Uptake Number of Embryo;

state Unfertilized egg
Fertilized egg 
Blastula 
Gastrula 
Pluteus

0.6
2.1
3.1
3.8
3.4

733
114
154
84
70

Succinate Unfertilized egg 
Fertilized egg 
Blastula 
Gastrula 
Pluteus

0.6
2.0
3.4
4.0

3.8

987
552

337
418
122

Malonate Unfertilized egg
Gastrula
Pluteus

2.7
2.8

1,184
417

284

** Oxygen consumption was not obtained from this experiment.
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TABLE II

DISTRIBUTION OF LABEL IN EGGS AND EMBRYOS AT VARIOUS STAGES 
Total uptake was calculated by summation of the disintegrations per minute 
incorporated into the various fractions and is given as disintegrations 
per minute per thousand eggs or embryos. Per cent incorporation was cal
culated using the figure for total uptake as one hundred per cent. Figures 
narked * were not used in making Figures 1 arid 2 or calculating averages.

Stage Total $ Incorporation Protein
Uptake Acid Lipid Nuc. Protein CO^ j* Nuc." Ac.

Sol. Acid

Acetate-2-C"^
Unferti 12 A 85.3 5.5 2.2 3.0 A. 0 1. A
lized egg

162 88.A A. 5 2.0 3.2 2.0 1.6
160 88.6 5.1 2.1 3.2 1.0
149 87. A 5.0 2.1 3.1 2.3 1.5

Fertilised 276 6A.1 11.5 4.7 9.3 11.8 2.0
316 76.A 7.0 3.2 5.8 7.6 1.8

276 62.9 11.8 A. 3 9.2 11.8 2.1

289 67.8 10.2 A.l 7.6 10.A 1.9

Blastula 309* 54.8* 9.0* 5*5* 19.3* 11. A* 3.5:
1,752 50.6 7.6 14.5 23.8 3.5 1.6

2,171 #•7. 6. A 13.6 2 A. 2 2.0 1.8
1,961 52.2 7.0 1A.1 24*0 2.8 1.7



2 6

TABLE II (cont.)

Stage Total
Uptake Acid

Sol.
p Incorporation 

Lipid Nuc. Protein 
Acid

<3
C02 55

Protein 
Nuc. Ac

Gastrula 2,7^9 40* 4
Acetate-2-

11.6
(cont.

14.6
)
23.6 18.7 1.6

2,397 48.6 6.9 12.5 17.9 14.0 1.4

2j.°iZ 41.0 11.4 17.0 21.9 8.8 1.3
2,737 43.3 10.0 14.7 21.6 10.4 1.5

Pluteus 7.665 40* o 5*3 11.7 23.6 I8.7 2.0
7,556 47*0 8.6 12.5 17.9 14.0 1.4
8,646 44.7 5.3 15.4 18.0 16.5 1.2
6,824* CO•o 14.0* 11.1* 24.1* 0. 0* 2
7,956 44.1 6.4 13.2 19.3 16.4---: 1.5

Unferti 49 83.4

14Succinate-2-C 
4.4 1.2 9.0 1.9 7.5lized egg

46 82.7 3-6 2.3 9.3 2.0 4.0
2Z* Zlii* 5.2* 7.5* 11^ 3* 1*3* 1.5*
47 83.0 4.0 1.8 9.1 1.9 5.1

Fertili zed 82 6?.8 7.1 2.1 18.5 4.4 8.8
86 71.1 3.0 2.8 21.1 2.1 7.5

74.7 ,5.2 2*1 •HH 1.3 1.5
34 71.2 5.1 4.1 17.0 2.6 4.1

Blastula 219 68.7 4.0 5.3 17.0 5.0 3.2
202 61.6 4.4 6.0 16.7 11.3 2.8
90* 59.3* 3.5* hit* 21.0* 12.6* 6.2*

210 65.2 4.2 5.6 16.8 8.2 3.0
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Stage Total
p Incorporation

U Protei:
Uptake Acid

Sol.
Lipid Nuc.

Acid
Protein C02 <6 luc. A

1 &Succinate-2- Cr (cont.)
Gastrula 3.316 59.0 3.7 5.8 27.1 8.3 4.7

3,236 58.6 3*9 7.9 • 29.2 0.5 3.7
56.7 -2& 6.2 3!-3 2.0 5.1

3,31^ 58.1 3*8 6.6 29.2 2.3 6.4

Pluteus 7,08k 51.9 6.2 10.7 23.5 7.8 2.2
8,16k 45.0 o.9 10.3 20.7 17.1 2.0
L l?94 48.5 IO.3 9.9 20.6 10.7 2.1
7,680 48.5 7.8 

Malonate-2-
10.3

C1^
21.6 11.8 2.1

Unferti 3 58.8 5.8 2.2 16.8 16.8 7.6
lized eg2

1 65.8_ 11.6 7.3 6.6 8.7 r\ O

J) 62.2 8.5 4.7 11.7 12.8 2.5

Gastrula 45 58,8 8.8 7.2 22.9 2.7 3.2
40 58. A 6.5 8.8 21.6 4.7 9 w p
38 60.9 9.8 6.2 20.2 2.9 3.3

41 59.-8 8.2 7.3 21.6 3.4 3.8

Pluteus 131 57*2 9.1 7.1 20.6 5.9 0 cy

123 58.3 8.3 6.2 20.0 7.2 9 9

114 63.6 7.6 6.6 16.9 5-3 2.6
123 59.7 8.3 6.6 19.2 6.1 9 Q
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TGELE III
OXYGEN CONSUMPTION OF EGGS AND EMBRYOS IN THE PRESENCE 

OF VARYING CONCENTRATIONS OF KALONATS 
The number of eggs is given in thousands of eggs per ml. The concentra
tion of malonate is given in pll/ml.- Oxygen consumption given as pi of

4
oxygen consumed per 10 embryos per hour.

Stage 
(No. Euoryos)

Malonate
Concentration

Oxygen
Uptake

Unfertilized egg 0 0.1
(96)

0 0.7
100 0.9
80 0.6
50 0.6
20 0.7

Gastrula 0 1.9
(141) 0 1.8

100 3.0
80 1.5
50 1.1
20 1.6

Pleuteus 0 2.7
(183) 0 3.2

100 3.5
80 3.1
20 3.5
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TABLE IV

INFLUENCE OF MALONATE ON THE PRODUCTION OF LABELED CARBON 
DIOXIDE FROM SUCOINATE-1-C1^ AND SuCCINATE-2-C1^

]ach vessel contained 250,000 unfertilized eggs, Malonate concentration 
.s given in pll/nil; disintegrations per iainute (B?M) is given per thousand

Labeled
Substrate

Kalnnate 
Cone entration

DPK in 
C°2

Per Cent of 
Control

*i i'
Succi.nave-1-C 0 5.75 100

100 3.16 5^
100 2. 22 22

12Succinate-2-C 0 2.02 100
100 1.09 53
100 1.19 53



TABLE V

EFFECT OF CYANIDE ON THE PRODUCTION OF LABELED CARBON DIOXIDE 
FROM MALONATE IN INTACT UNFERTILIZED EGGS

DPM refers to the total number of disintegrations per minute incorpo
rated into carbon dioxide from each vessel over a two hour period.

Expt.
No,

Substrate Inhibitor DPM in 
C0?

Per Cent of 
Control

1 14Malonate-l-C None 482 100
Cyanide 559 116
Cyanide 438 91

Malonat e-2- C*^ None 114 100
Cyanide 68 59
Cyanide 39 34

2 14Malonate-l-C None 72? 100
Cyanide 655 90
Cyanide 743 102

Kalonate-2- C ^ None 112 100
None 105
Cyanide 47 43
Cyanide 59 54
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TABLE VI

EFFECT CF I-1ALQNATE OF OXYGEN CONSUMPTION OF HOMOGENATES OF UNFERTILIZED
EGGS

Concentrations of malonate are expressed as jnll/ml• Oxygen uptakke 
is expressed as >il of oxygen consumed per 10y eggs per hour. Numbers 
in parentheses indicate an average of readings from that number of 
vessels.

Bxpt. Inhibitor Concentration Oxygen Per Cent of
Ho. Uptake Control

None 2.7 100
Malonate Q O 

J 3.^ 129
Malonate 8.3 3.3 123

None 2.0 100
Malonate 8.3 2.2 110

None (2) 2.7 100
Malonate 8.1 (2) 8.1 188
Malonate o.3 (2) 8.2 155
Malonate 16.6 (2) 8.6 168
Malonate 33*3 (1) 5.2 190
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TABLE VII

hOMOGEl'IAISS OF UNFERTILIZED

Mob vessel contained haciogenate o£ 9^0»000 eggs. DPM is expressed as the 
,otal nuxber of counts recovered as carbon dioxide per hour per vessel.

Subs trade Inhibitor DPM in CO2

■I-CT~ hone 38
Cyanide

lit,•2-C Pone 0
Cyanide 0
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