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ABSTRACT

Tho contribution of carbon to synthetlc pathwmays by the citric
acld cycle of early embryonic stages of the sea urchin Arbacia punctulata
hzas been investligated. Unfertilized and fertilized eggs, blastula, gas-
trula, and pluteus stages were fractionated into cold 10¢% TCA soluble,
lipid, nuclelc acid, and protein portions; respiratory carbon gioxide was
also collected, Permeability to the intermediates acetate-2-C" and
succinate-Z-Ci“ 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 acld soluble fraction
wnile 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
indlcate a failure to obtain eqdlibrium in the cycle; however, the lo-
cation of rate-limiting reactions is not indicated by these data.

lalonate, an inhibitor of succinic dehydrogzenase, was rfound to be
metigolized by this system. The distribution of label fromn ma%gnate—
2-CT7 is similar to the distribution of label froa acetate-2-C~™ and
succinate-2-Ci¥, Results indicate that malonate nay undergo cyanidew
insensitive decarboxylation as an initial step in its metabolism,.
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INTRCDUCTION

The terminal oxidation of mutritive materials in all aerobically
respiring tissues studies passes through a common series of reactions,
the tricarboxylic acid cycle (Krebs and Lowenstein, 1960). The relation-
snins of the tricarboxylic acid cycle to other pathways are of particular
interest to the present investigation. Carbon from citric acid cycle
intermeciates may be incorporated into nearly zll classes of cellular
compounds including fatty acids, sterols, porphyrins, purines, pyrimidines,
&nda:o acids, and various carbohydrates, Acetyl-CoA is the primary inter-
Z.ediate used in both the formation (Rittenberg and Bloch, 1944) and break-
sown (Lynen and Ochua, 1953) of fatty acidse. Succinyl-CoA reacts with
Ziycine in the initial reaction of a series leading to the synthesis of
protoporphyrin (Shemin and Russell, 1953). Amino acids may ve formed by
transamination of keto intermediates (Katz and Chaikoff, 1955) or by direct
amination (Williams and MeIntyre, 1955). Carbon dioxide derived from the
operation of the cycle may be reincorporated into intermediates of the
citric acld cycle, or form carbamyl phosphate and thereby enter the orni-
“hine cycle (Metzenbverg, 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 appropriste
Lacermediates containing carbon-l4 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 tc

detect possible changes in metabolism during early development of the sea

2



urchin Aroacia vunctulatae

he studies of Cohen (1954) and Fultin (1953) have dealt with the
synchetic asvects of the tricarboxylic zcid cycle in embryonic material.

Cohen incubated eggs and embryos of Rana plviens in labeled bicarbonate

and separated the material into agueous methanol soluble, lipid, nuclelc

acid, and protein Iractions. As development progressed increasing percen-

o]
[}

®

LLes label were incorporated into nuclelc acid and protein Ifractions

at the expense of the methanol-soluble fraction while incorporaticn into
the lipid fraction remained low throughout development., Chromatographic
separation of the components of the methanol-soluble fraction revezled
larze quantities of label in aspartic and glutamic acids with lesser amounts

velng present in several citric acid cycle intermediates. Total incorpora-

tion of labeled bicarbonate into eggs and embryos of Psammechinus milaris

ward (Hultin, 1953). Incorporation into cold-TCA-soluble and ribonucleic
acid fracvions 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
secuarred at the mesenchyme blastula stage.

Several studies have dealt with specific fractions. Mohri (1964)
used carboxyl-labeled acetate and measured its incorporation into lipids
¢f the sea urchin, Incorporation followed an s-shaped curve through the

e}

orism stage, after which it declined sligntly.

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,

aad, tentatively, proline., Although label from glucose was incorporated into



Ifree artino acids in the unfertlilizea erg, indlicating a functioning citric

acid cycle, label was incorporated into proteins only after fertilizaticn.

The results presented above indicate that while a considerable amount

Lo known about the entry of intermediates into specifiic pathways, no one

Ey .

'

aas yet determined the relative proportions of citric acid cycle interme-

s

wLates wnich are shunted into other pathways at different stages of sea

wrenin develegment, In the present invesltlgation methyl-~-labeled acetate

®
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K
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s succinate were incubated with eggs and embryos of the

cusctulata at different stages of development followed by fractionatlon into
zeld soluble, lipid, nucleile acid, and protein portions. Such data are of
interest for two reasons: 1) It is desirable to obtain an overall view

o the contribution of the citric acid cycle to the synthesis of cellula

H

corstituents during early embryonic development. 2) Changes might occur

2 the relative proportions of carvon entering various pathways from citric

L)
n2hd eyele intermedliates. (ne possible mechanism by which citric acic cyele

Loternedigtes might e shunted into different pathways during development

A

-

- oY Cecreases in rates of substrate conversion at specific points in the

®

coole pernaps at different times during development. Such decreases could

£y

result Lrom decreases in the activities of specific enzymes. For example,

innibition or decrease in activity of suceinlc dehydrogenzse might lead to

<

.

a relative increase in the conversion of acetate carbon into lipids and
glutamic acid whereas a decrease in activiity of aconitase or isoccitric
dehydrogenase could increase acetate ilncorvoration into lipids but decrease
the shunting of carbon into glutamic acid. A decrease in activity of the
alpha-ketozlutaric oxidase system might result in decreased shunting of
acetate carbon into aspartic acid, whereas succinate carbon would contince

to be incorporated into this amino acid. If there were no limiting steps

n-
=4



or cliaunting reactions in the foriatlon of succincle from acetate, rapid
coulioriuvm should be reached vetween labeled acetate and succlnate when
cczoate 1s added. mce this ecuilibrium is reached, the same percentage
Lcorporation of label from each substrate into proteins and nucleic acids
should occur. In a similar manner, rapid labeling of citrate should occur
vinen elther acetate or succinate is added, leading to a similar percentaze

ircorporation from each into compounds cutsilde the cycle. In order to

Son from methyl-
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labeled acetate and succinate was compared during development. In addition,

tios of label incorporated into proteins to label incorvorated into nu-

s
O]
cF

cilomc aclds have been calculated. Although the data below provide no evi-
wenee for any major changes in the shunting of carbon from the cycle into

B

clIlferent pathways during development, differences in protein: nucleic acld
wrooios obtained from acetate and succinate may indicate fallure to achieve
2 .21librium in the cycle.

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

Prelininary investigation with labeled malonate indicates that failure
to inhiblt development and respiratlon may result from low permeability of
nalonate and metabollism of melonate to carbon dloxide, ZEvidence is presented

that malonate is decarboxylated to acetate by a cyanide-insensitive reaction

in the eggs.



S EATPDT COANITY RO RIS
VATERTALS AND MRTE0DS

Arvacla punctulata were collected from the Eastern Shore region of

tne Chesapeake Bay and offshore from Beaud
o o
in 31 /oo artificial sea water at 20-23 C. Eggs were released into arti-

fort, orth Carolina and stored

Iielal sea water prepared according to the M. B. L, formula (Cavanaugh,
19556) from reagent grade chemicals. Eggs and sperm were released by elec-

-

Trice shock (Harvey, 1954) or potassium chloride injection (Tyler, 1949).

soilowing washing, eggs were fertilized or Jelly coats were renoved by

lowering pH of the artificlal sea water to 4.0-4.5. Further manipulations

vere performed in buffered artificial sea vater'[o 02 ¥ tris (hydroxymethyl)
o

aminomethanej pX 8.0, TFertilized eggs were incubated at 23 ¢ for 0.5,

8, 15, or LlbZ hours, corresponding to fertilized egg, blastula, gastrula,

or pluteus stages, in buffered sea water containing 500-1000 units/ml of

penilcillin and 250 units/ml of streptomycine. The egzs or enbryos were

vashed and concentrated to a small volume, a sample was removed for counting,

end L ml samples were added to 1 ml of buffered sea water in Warburg vessels
to which was added 2 pec of aoe“l,@‘,e--2--cll‘L (10 ne/rai), succinate-2,3-cl@
{Cu5 nefml), or malonate-Z-ClF (4.0 me/mif)., Oxyzen consumption was re-
corded over a Two hour period at 250 Ce, after which the center well alkali
wae removed and counted, The eggs or embryos were removed and washed five
or more times with lce~cold buffered sea water. Cold trichloroacetic acid
TCA) was acdded to a final concentration of 109 and the embryos were homo-

zenizged by forecing through a crimped hypodermic needle. A sample, termed

wnole homogenate, was removed and frozen, The remaining homogenate was

ON



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 104 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) Iuclelc acids were reamoved by five treatments
with 5% TCA at 90° C. L) The remaining sediment, the protein fraction,
was suspended in l.0 ml of 1N scdium hydroxide. Samples of the fractions
described above were assayed for Clq content in a Nuclear Chicago 721 Licuid
Scintillation Spectrometer. Aliquots were dissolved or suspended in 20 ml
of dioxane liguifluor solution consisting of 42 ml of liguifluor (Pilot
Chemicals) per liter of dioxang. Fractions were prepared as follows:

1) 0.5 ml of 10 ¥ sodium hydroxide was added to 0.5 ml of whole homogenate
en diluted to 5.C ml with water; 0.1 ml was counted. 2) The lipid frac-
tion was dissolved in 0.2 ml hyamine hydroxide (Nuclear Chlcago) with gentle

.

heating and counted. 3) 0.l ml of the nucleic acid fraction was counted
4y 0.1 ml of protein suspension was added to 0,7 wml 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 (DPL) 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 smell volume and placed in Warburg vessel
containinz buffered sea water and 100, 80, 50, 20 or O mi/ml malonate.

To determine the effects of cyanide on carbon dioxide production from

malongie labeled at the 1 or 2 carbon, 2 nl of a suspension of unfertilized,



YAty

eliy-ITree ezgs in buffered sea woter contalning 1 pM/ml of UCH and 0,5

114' _. . 3 by (o] -
vere incuvated at 25° for two

ac/ml of malonate—l-014 or rmalonate-2-C
nours.

The effect of malonate on carbon dioxide production from succinate
carvon from the 1 and 2 positions was determined Uy incubation of unferti-
lized, jelly-free eggs in 10 uM/ml malonate and 0.5 pc/ml succinate.

The effect of malonate on respiration of homogenates of unfertilized
ezrs was determined by comparison of rates of respiration of homogenates

containing either sodium chloride or malonate. Zggs were obtained as above

d washed and Jelly coats removed in calcium-free sea water \ toore's

g

formula (Cavanaugh, 10")] . Bggs were packed by hand centrifugation in
an equal volume of solution containing 0,94 I sucrose, 0.05 M Tris, and 0.011

{ ethylenediaminetetraacetic acid, pH 7.5. The eggs were then homogenisz

AN

by a hand-operated Tanbroeck glass homogenizer at 0-5° C. The final concen-
trations of other constituents in.pﬁyml in VWarburg vessels were: DPH 0.22;
ATP 0.83; Cytochrome ¢ 0,02; XC1 O.3; phosphate 1.7; MgCl 16.6; and sodium
nelonate S.3., Blanks contained 3.7 uli/ml sodiui chloride. The final con-
centrations of egg material vas approximately 25% by volume. In a second
experiment vessels contained malonate at 4.2, 8.3, 18,7, or 33. 3)1H/m1.
Slanks contained 33.73 pﬂJml sodiur chloride.

B h)

The breakdown of malcnate to carbon dioxide was investigated in homo-
cenates using an incubation mixture similar to the above but with the fol-
- o
louing changes: 1) Thlanine pyrophosphate was present at 2.2 pii/ml.

2) 1.0 pi/ul of XCN or KC1 (blank) was present. 3) The vessels contain

1
L'{A. 0 pe/ui)

. 4
clther uOdlum malonate- -“l (1.6 pc/uu) or sodium malonate-2
2 TL5 pc/ml. Respiratory carbon dloxide was collected over a one hour

seriod and counted as above.
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CACTLONE IO ADerinellts

The uptske of acetate, csuccinate, and malonate into sea urchin esgs

5

shovm in Figure 1. Total uptake has been calculated Dy sun-

A~ o . SR
oG enoryos LS

wming the radioactivily recovered in the various fractionse. Thls procedure

.

was necessitated by the difficulties encountered in counting the whole

homozenate, the counts fronm which were consistently lower than those ob-

4

teined from the fractlonated material. Probably this is due to incomplete

by

solubility of the whole homogenate. The anount of label taken up per embryo

5
¥

rises throughout development in all three cases, but the uptake of malonate
s always considerably less Lthan that of acetate or succinate. Thls may be
cdue in part to the difference in specific activitles of the three con-
.

pounds even though the specific zctivity of each intermediate was consistent

u.;l‘OuO’ﬂO’J.o the e*coerlmenos.

Q

Gxyrgen consunption per embryo in the presence of acetate and succinate

¢

1z ziwven in Table I. In the experinments using acetate and succinate, oxgrzen

consumption is lowest in the uniertilized egg, rises through the gastrula

stage, and decreases slightly in the pluteus stage. Oxygen consuwaption of

N

.he two stages labeled wilth malonate is considerably less than comparable

(J..

stages labeled with succinate or acetate. The reason for decreased oxygen
consunption is unknown; the concentraticon of malonate was probably too low
teo affect oxygen consumption to a significant degree. Although the large

nunber of embryos labeled with malonate might possibly decrease oxyzen

onsumption per embryo in the pluteus stage, this could not appliy to the
sastrula stage as a similar number of embryos labeled with succinate showed
no decrease of oxygen consumption, compared with a rmuch smaller number of

embryos labeled with acetate at the same stage.



.

C

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. ost values are averages fram three batches
. et N A _ . cl4

of eggs. Abbreviations used are as follows: 4, acetate-2- H

14 . 14

5, succinate-2-C" ; M, malonate-2-C~ ", U, unfertilized eggs;

B, blastula; G, gas:irula; P, pluteus.
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wercentaze distributicon of recovered label from acetate, succinate,

-

ol carbon cloxide recovered should be assumed to be the lower limit of in-

corporation into carbon dloxdde. This may also account for the erratic

At

nercentares found in the carbon dioxdde data. At the stages tested, in-
creasing percentages of the lavbel are incorporated Ifrom acetate and succinate
into nucleic acids and proteins alt the expense of the acid soluble {raction
as developuent orogresses. The percentage incorporation of label into lipids

Irom acevate and succinate is rgther variable at different stages due, per-

L. n . -

haps, Lo losses during fractionation and washing of the material, The jper-

o

N -

centage incorporation into 1inids does not increase as does incorooration
into nuclelc acids and proteins but remains gt a low level throughout the

tages tested., Cenerally a higher percentage of label is incorporated into

6]

3

o

b

Linids fram acetate than from svecinate. This is varticularly true in the

Slostula and gastrula stages when very low percentages of label are incor-

rorated into 1ipids from succinate, woxdmately elght percent of the
label taken up is dncorporasted Irom malonate into liplds in the three stzases

Tested. Since any label which remained in acetate, sueccinate, or malonete
would be recovered in the acld soluble fractlons, the data show a prosressively
the label into the structural components of the

A

to malonzie, the vercentage of whicn incorporatved into lipids, nuclelc aclds,

]

and proteins of the unfertilized ezg is hic:

acetave or succinate at the same staze. Further, the increase in percentace

1
5
Q
O
3
(o]
3
]
ck
O
£,
N

nto these constituenits rises to z lesser degree than does ithe

percentage incorporated from acetate or succinate.



er cent uptake of label inte various fractions of sea urchin

L X3

eggs and embryos frou acetate, succinate, and malonate. lbst

AR
i

values are averages Ifrom thres batches of eggs. Lbbreviations

Cl HER succinaﬁe-Z—Clh;

—

RS

used are as follows: A, acetate-2-
ks - o~ CJ-.L." Y e Nl « D a7 3 . .
I, malonate-2- 3 U, unfertilized eggs; F, fertilized eggs;

B, blastula; G, gastrula; P, pluteus.
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Simdler nercentazes of label are incorporated into nuclelce aclds from

<

sotrula, and pluteus stages.

The incorporation of label from acetate and succinate into proteins
rises qulcildy after fertilizalion and in later stazes accounts for the greatest
sercentazes of acid-imsoluble label. Cenesrally a higher percentage of

d into orotein Ifrom succinate than from acetate, parbi-
$ D

= R ol
~ly in the carly sta

The ratio of percent label incorporated into proteins to percent label
Zacorporated into nucleic acids has been calculated (Table IT). It is
readdly seen that with 2ll added substrates a greater percentaze of label is

3 .

incorporated into proteins than into nucleic acids. The protein:nucleice acid

-~

atlos obtained from acetate and succinate differ somewhat during the stages

(B}

maxdvzan in the fertilized egg; 1t then declined through the gastrula stage
and remagined constant at the piuteus stzge. The vrotein : nuclelc acid
acorporation ratio from succinate was highest in the unfertilized egg and
lecreased through the blastula stage; the ratio luncreased at the gastrula
cain gt the pluteus stage. The ratio of label incorw~
porated into vrotein to label incorporated into nucleic acids obtained
from acetate is always considerably lower than the same ratio oblained from
+n

» “
[Pz

succinaie, If the assunpitions given above are valid, it seems probable

-

rate~1initing steps occur in the formation of citrate from succinate and

The scguence vy which the nethyl carbon of acetate enters nucleic acids

without traversing the Xrebs cycle is not clear. Hultin (1953) stated that



14

~owel fron acetaic-i~C enters purine via carbon dloxdide; houvever, in order

~ . ~ ~

ey T AT 5 - R P N A R 2 RS AL | e

Jo labcled carbon ddoxide To ¢ derived irdm the methyl caroon »
oy mels S L, Ll Lo ayraman FRe entire cvelc T kS o vrama The sSe ‘t STSH el nl 1: 37U
L2 L4050 Traverse vae LOLYe CFCLEe L TALsS vere Toe case €N equlLliioriun

Wwith succinate carovcon shiould resullt, as noted avove, It is clear that more

KR P Ny e . L . P Ao S
specific compounds from acetate are needed.

ey Bl 2y S ~ Y SRS s e - N . o~
A compardson oI the cata in ocnd Flgure 2 with nercentazzes of
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Iros enwryo (Cohen, 1954%) moy prove insitructive. In both the present study

and that of Cohien the 1ix relatively small portion of
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label throuzghoult develogment, out In the coresent study incorporation into

-~

- ;.

1inids on & percentage basls was several times as large as incorrporation into

“ -~ > 2

icide in the frogz. In doth studies the nuclelc aclds incorporated increas-

) o

insly greacer nercentages of label as

o

evelomuent progressed, but the perw-
es were aiways much higher in the amphiblan, possibly because car-
bonate mzy bDe incorvorated more directly into purdnes. In this comnection,

it is interesting to note that the ratio of percentages incorgorated into

proteins Lo percentages incorporated into nucleic acids in the amphibian

cuioryo is glways less than cne and increases constantly throughout the stages

testeds 1L 1s of interest Lo make g further comparison of the present data
with those of Hultin (L953), who studied the incorporabtion of label from
corbonate and acetagte-l-C ' into several Iractions of developing embryos

o the sea wrcehin Psamnmechinus milaris. The specific activity of the linid

~ e

Zraction was found to be low thiroughout the gastrula stage when labeled with

I

caribonate. Label incorporated into the ribonucleic acid fraction and also

nypoxanthine increases through the blastula stage and drops in the gastrula

stage whereas the label incorporzted into vroteins to counts incorporated into

(o]

the ribonucleic acld fraction is a2lweys less than one and rises progressively



the labeled substrate

The label incorporaled into

1lization while the labeling
ol riboze nucleotides remains rother 1o Througnout development. The rsatio
oi label dncorporated into proteins to lzbel incorporated into RIA nucleo-
Tides ds greater than one at 2li times and rises as lopment progresses.

Noither Conen (L954) nor Hullin (1953) indicate the relative degree of

S N VU TRy AN Ngn e . o
saunting from the cltrle acid cycle during cevelopnent.
LT e Rl Ralad - T in . o T T e o~
Mrlonate~Sffects On Intact Bevs znd Inibryvos

In assessing the contribution of rebs cycle intermediates to other
compounds 1t was of interest to attempt to partizlly block the cycle at sone

soint, after witleh the distribution of labtel from acetate or succinate could

2o redetermidned, Halonalbe was chosen for the blocking agent since it is a

Jonicentreations of malonate below 0.08 ¥ had either no effect or a slignht

conressing effect on. respiration while o concentration of 0,10 I 2lways caused

some dncrease in oxygen uptalte. laloneteat 0,10 I caused only a slight in-

gh
nibition of development.

Tne results showm above leave the cuestion of malonate inhibition of
the citric acld cycle largely wnanswered., The effect of melonate on the

D) K}

wrefore investisated by determining the extent o

¢}
[up

tric acid cycle was ©
wnich nalonate inhibited the production of labeled carbon dloxdde from
succelnate~1-C or succinate-2-2" . Both lsbeled substrates were used in

to test the possibilily that succinate was being decarboxylated €

propionate via a two reacltion secuence which releases the carboxyl carbon
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of succinate as carbon dioxide {(Lane and Holenz, 19623 Beck, 1952). I

~ (R4 LA N S e - S o B A ST NS -~ .
TSaCLLOoNS LLZLSrs L7001 LTS LA OLTL0N 0L SUCe—-

Tonsled 00 Pformation from sucelinate-li- and succinate-2-C
ascled nalonat 1T, on the ot ~ nhand, succinate is beins oxidized
ZIVICRRSIO RS SRVICI L1, O Wie cnelr nan y SucCcinave o8 Lol OXRACLZSU
S e A T A e A | P S TP ST SV, D . N ~ o R S T D DR T T S
Y CAE CATUTAC acla cyVele &and AL SUCCINLC enyox NnaesSe 1S LNNLoLTed D'f
neldonate, labeling of carvon dicxide from Loth succinea te-l—cl’ anc stecinate-
Rl
Ly
- = Ty i A s A v g e o . - BN om0y g
Za2 shovld decrease and the percentage decresse should be apororiimacely
Y Ay wt BRI IS A T e B ~ -~ o R T S fan PP B ] - K4 AN e B
se sane Iex both substrates. The results shovm in Table IV indicate thet

v C,1 I malonate.

ot e oy e DY ~ i ~ 5 . . - 3,
succinate~2-C  was inhibited approxinalte

b LI
) ot s)
QY T

1. . = as ar L'_‘

sears Lo Indicate that succinete is being metabolized

cycle uwidch contalne z malonate-sensitlve succinic dehydrogenase.

[ PR A P, 3 PR s s
Tactors; anong them, the relative liper

) .I

Ll che ropldity of metavolism once malonate enters the cell, both of which

T the establishment of inhibitory concentraticns of

va\v'ep

. -~

Dota on the distribution of label from melonate (Table IT and Figure 2)

tiat malonate is metabolized by the eggs. The similarity of the
distrivutions of label from maloncte, succinate, and acetate appear to

~

carbon from malonzie undergoes very few preparatory reaction

- .~ Y7

Lelore 1T enters the citric acid ¢rcle. lakada, Wolfe, and Wick (1957) pro-

cecarvoxylated to acevat
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scetyl Coi) as one of the initial steps of its metabolism., To test the

] - 5 .

possiollity that decarboxylation was occurring, an experiment was performed

[
=

in wizceh the label incorwvorated into carbon dioxdde from malonate~l -Cl and
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LN 010t RVICENS NG, 1N TS DLeSSice O 4alsenee ¢ cyanius was necasursd., Cranide

oy preventing the reoxdidation of reduced

TN e TP s o L IR
LI LOLUS NGRS C:}'Cl@ Qeuyaros

o e v e e T JON, - A2 YN A . L7 . : AT ) LN

coenmynes (arebs and Lowenstein, 1950). The resulls in Toble V show thel
PPN ~al - ~ ~ ~
into carbon dloxide from malonate-l-C

tihe amount of lavel incorporated

Ito caroon dloxdde fron -eloaa‘i;b-:,—plbf is ooproximately halved by the pre-
seace of cyanide. vis dndicztes that the first step in melonale netalbolism
15 cyanide inmsensitive and may involve tThe release of carbon dloxice from
The carboxyl carvon. A possible explanation is that malonate was decar-

S E R SR h] P RN =L i o ~
nils Initial decardoxylation, whereas alil the label from nmalconoie-

1 ’ o ~ - . v

2277 would ramain in the acetate produced in at least one turn of the cycle.

-

Fartlal inhivition of the cycle would thus reduce the label released as

!
caripon cioxide from mal onate-Z—Clzf by a greater percentage than the label

. . Lr
wrocuced Ifrom malonate-l-C o

N s R
T Ay ey Gty
Prlongtewnil

Nakada, Telfe, and Wick (3957) found that most rat tissues would de-

carvoxylate malonate in slices but that the malonate decarboxylzse systen

was degtroyved by the cell rupture process. It was, therefore, of interest
to determine the effects of malonate on homozenates of unfertilized egzs.

I=4

ects of nalonate on oxygen consunptlion are shown in Table VI. In

S Eal
FSICIR C

c1l experinents at least a glight increase in oxygen consumption is noted
waen compared with a blanlk containing sodium ciloride; wwever, there is

T . ~

o larse amount of wvardation in the amount of increase between experiments.

1o

E

Tne resulls fron experiment 3 show that the concentration of malonate over

tiie range tested has a slight positive effect, There is a possidility that



coaswmptlon but this apvesrs vwnlikely., It is also possible at the increase
- NPT Ce o ey S T4 A 1y 1 < e Tn n A e S Ay E e '] -y I -b T
L cxygen consumpilon may not bes due to the oxddation of malonate but to

In view of the increase in oxygen consumptlion cotalined with homogenates
L the presence of malonate, an experiment to determine the elfects of cyanide
. [ ST e () .y .4 Cl lu
cin the labeling of carbon dioxtide Ifrom malonate-l- and nalongte-2-C~~
was nerformed (Table VII)e. The amount of label converted to carbon dioxide
is very small in comparison to the amount of label converted in intact eggs.
As In the imtact eggs the presence of cyanide ¢id not appear to affect pro-
PR SRR M= o " . £ ,»-xl‘q' cyqta - PR
caction of label from malonate~l-C 7, Lut no counts were found in either

. . )

3 - . - Lév
bited or noninhibited vessels from malonate-2-C

\
F 3
3
i
o
[}
g
e
b

« This would
De most easily explained by an initial cyanide-insensitive decarbvoxylation
bly followed by oxidative metabolism. If oxidative me-

cooolisn occurred the label released was too limited to detect under the

conditions employed.



YT QATYS TN
DISCUSSIC

ERPRR . 1 . ~ PR 2 LN 21 SN . URC I 3 KRN A S
This study has Deen concerned with the shunting activity of the cltiri
Y ~ LS T . e ~ o, B o~ IR, P 0 [P
ccid eycle in the egg and develoning emorye of the sea urchin Arbacia vunc—
[aaiaN S S R | t e la e T N L= :‘-. o R R SR AP, Py
LI Gata 1ndacate wnav varougacuc eariy ubve_l.OO.LCuu & £ J0Y Delt-

contaze of the total activity of the cycle is concerned with thils shuniing
aotivity which provides carbon for the synthesis of cellular constituents.
T “/‘1'/‘\‘\ el anoact ™M e aftoo £ 3 e Xe N asr ean T dentd 43 o ~7reh
LACOCGEN IO SPeClLIic SLTes 01 LlocxKage nave seen didencified in tThe crcae

=T wae stages tested,; the ciffering ratios of label incorporated into pro-

Tulns and nuclele aclds from acetate and succinate indicate that carbon from

B g e N e e o~ A N -~ SR R T LIPGR -~ Tha
Lwezsinate and acetate fail To reach ecuilibrium in the c¢ycle. Such blocks

wound ve expecied LE the cycle is to nrovide a magjor source of carbon fox
coher compouncs. Mo evidence 1s provided in the present study for any
coanges in the nature of rate-linmiting reactlons during development.
Matonate was found to be metabolized LY sea urchin eggs and en
he metabolisn of malonate are not clear but the data pre-
sented seenm Lo dndicate an initial cyanide-insensitive decarboxylation fol-
lowed by metabolism oy the citric acid cyele. It is interesting ©To specula
¢ othe posslollity of mel
a decarvoxylation. I such were the case, malonave might serve as an iie-

ternally produced resolratory inhibitor. Although the occurrence of free

nalonate in Arbacia embryos has not been shoim, Cohen {(1963) has demonstrated

on cecuwnnlation of labeled malonate in Llethal amphiblan hybrids (“. pipiens $

5

D sy“fatlcwd?) wnen incubated in labeled carbonate, Several pathways for

s A,

The production of malongte exist. In animals the enzyme succinyljjlkeﬁoacyl
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the coenzyme 4 releasing acetate (Hayaisnhi, 1955). Halonate has also been
found to react with coenzyme A in the presence of ATP and magnesium ions
in maman nlacenta (Hosoya and Kavada, 1958). The formation of malonyl Coi
Tron malonate may lead to incorporation of malonzte into fatty acids. In
many tissues acetate first reacts with coenzyme A to form acetyl CoA
which is then carboxylated to malonyl Coi (Brady, 1958). The malonyl

Colk is decarboxylated subseguent to the release of coenzyme A accompanied
b the formation of a malonyl-enzyme complex (Iynen, 1959)., Malonyl-

ol may also be formed by transfer of coenzyme A to malonate (lienon and

tern, 1960),.

o
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SULLIARY

L)

I
1 [

The uptake and distribution of label from acetate-2-C77 and succinoio-

Iy

o . . . , Il ..
7, teo citrice acid cyele intermediates, and malonote-2-C into acia
sodaivle, 1inid, nuclelc acid, and protein fractions and respiratory caroon

Zicwdide has been determined. Total uptaike of acetate, succlnate, and nslonate

C
=

owest in the unfertilized egy and rose continuously as develonient

~
L

Clonressete Tne uptake of malonate was always lower than that of acetate

- EA A
JLK CCanaie.

. b

Foillowingz fractlionation of the unfertilized egg a large majority of

label from acetate and succinate was found in the cold 109 TCA soluble

through the gastrals

<

[SH]

fraction; however, as development progressed stage,
L.oreasing percentages of lavel were incorporated into the lipid, nucleic
acid, and protein fractlons. Incorporation into acid-insoluble components

:

at the pluteus stage was similaor to that in the gastrula stage. Increzces

ks

in »nercentages incorporated into acld insoluble components as
ororressed are due mainly to iacreases in the anount of label incorwvorated
into nuclelc acids and proteins; incorporation into lipids and respiratery
carvon dlioxide is somewhat erratic and generally low, Iuch of the carbon
entering the citiric acid cycle is shown to become incorporated into cellular
constituents rather than oxidized to carbon dioxide; therefore, the cltric
acid cycle appears to Le acting largely in the capacity of a shunting devicc,
The differing ratlos of label incorporated into proteins to label incorporaied
into mucleic acids obtahned from acetate and succinate suggest a fallure to

0y Py

obtain eguilibrium in the cycle. lNo sudden changes occur in these ratlos



Loroughoct the stages testsd

Jlalonate, an inhdbitor of has been shovm to be
etcoollized,  The dlstribution of label ©1 omadlonate into various fractlons
Lo Cudte gimilar Lo that of acetate or succiiaote excent that a ~sreater per
sermeane of label is fracticns in the
wriertiliced egg Iror centage incorporation
Lo thiese compponents ess than for acetate
and succinate. These data commared with those obtailned from acetete and
steeinate lend Tthemselves to the Interpretation that imech of the carbon from

5 the citric acd
miine the relat

cll Co

nresance of C,L X melo

shiovm to decrease the anount of
14
cloxide from succinatbe-l-C and
wercentages in wnfertilized
srzoeunnt of label incorporated int

nswrption oFf
not oy lower concentrations

label incorporated into resp

16 eycles, Several ewperiments have been
lonshins of wmalonate to the cliric acld

esgs

}
ES

and embryos was inc

oS
N Gl

Mialonate v

0

L

ratory carbon

-«

e
. L
succlnate~2-C oy approximately egual
csze  GCyanide was found to decrease te
on) 22 ot o " 14 Toq
o carbon dloxfide from malonate-2-C oUT

1

= o, o e . oo -t P - P A - . -~ 5 - 3

noth from nalonate-l-C7 in wnfertilized esze. In honogenates of unfertilized
oS riadlonate dncreased oxygen upltake but the anount of increase over the

Tlank was only slightly affected by the concentration of malonate. Cyanide

R TP W oy o o PRI PR R E et Y .rt, K “ mll"f
nad no eifect on the anount of labeling of carovon dioxidézlrom malonate-1~C
in homogenates of unfertilized eggs, but the amount of label given off was

exiranely small. These data are compatible with the metabolisn of malonate
oy an indltlal cyanide ilnsensitive cecarboxylation followed by netabolism via

&l

¢ acld cycle.



TAZLE I

OXYGEN COMSUMPTION OF EGGS AND EMBRUOS DURING IHCUBATICH WITH

LABELED SUBSTRATES

Oxyveen consumption is expressed as average (usually of three samples)
xyzen consumed in pl per hour per 10 eggs or embryos. The number of

enbryoe is given in thousands of embryos per vessel.

Labeled Stage yzen Uptake Number of Embryos
S

Lcetate Unfertilized egg 0.6 733
Fertilized egg 2.1 114
Zlastula el 154
Gastrula 3.8 8l
Pluteus 3ot 70
Succinate Unfertilized egg 0.6 987
Fertilized egg 2,0 552
Blastula 3ol 337
Gastrula L, 0 413
Pluteus 3¢8 122
Malonate Unfertilized egg *ok 1,184
Gastrula 2.7 417
Pluteus 2.8 284

**  Oxygen consumption was not obtained from this experiment.




CISTRIDUTION OF LABEL IN LEGGS AND ZMBRYOS AT VARIOUS STAGES

Toval uptake was calculated by swmation of the disintegrations per minute
incorporated into the wvarious fractions and is given as dlsintegrations

per minute per thousand egzs or enbryos.

=]

Per cent incorporation was cal-

ulated using the figure for total upltake as one hundred per cent.

Q

Figures

3 ok

merded * were not used in making Flgures 1 and 2 or calculating averages.
Stage Total ¢, Incorporation < Protein
Uptake Acid Iipid Muc. Protein CO, & Luce Ac.
Sol. Acla
Acetate-2-ct
Unferti- 124 85.3 5.5 2.2 3.0 4,0 luoh
lized egg
1562 884 4.5 2.0 Se2 2.0 1.6
160 88,6 51 21 22 L0 L3
149 87.4 5.0 2.1 3.1 2.3 i.5
Zortilized 276 &1 11.5 L7 %¢3 11,8 2.0
- 316 76,4 7.0 3.2 5.8 7.6 1.8
226 62,9 1.8 k3 %2 1.8 2.3
289 67.5 10.2 L1 7.6 10.4 1.9
Blastula 309 54, 8% 9. 0% Se5%  19.3%  11.4% 3. 5%
1,752 50.6 7.6 4.5 2348 3.5 1.6
2,171 3,7 6.1 13.6 24,2 2.0 1.8
1,961 52.2 7.0 1L.1 2k.0 2.8 1.7



T45LE IT (cont.)

Stage Total ¢ Incorporation % Protein
Uptake Acid Lipia Huc, Protein CO2 % Nuce AcC.
Sol. Acia
Acetate—Z—Cl4 (cont.)
Castrula 2,749 Lo, L 11.6 14,6 23.6 18.7 1.6
2,397 43,6 649 12,5 17.9 14.0 1ok
2,067 8.0 1Lk 17,0 2.9 &8 L3
2,737 43.3 10,0 14,7 21.6 10.4 1.5
Pluteus 7,665 L0, & 543 11.7 23.6 18.7 2.0
7,556 47,0 8e6 12,5 17.9 14,0 1.4
8,646 Ll 7 5.3 15.4 18.0 16.5 1.2
é&ég&* igzg* ;&Lg* liti* 2L, 0% 0, 0% 2,2
7,956 L1 Eolt 13.2 19.8 16 4 1.5
Succinate~2--C14
Unferti- 49 834 L.k 1.2 9.0 1.9 7.5
lized egg
X 46 82,7 3.6 2.3 9.3 240 4.0
Ly 83.0 4,0 1.8 9.1 1.9 5.1
Fertilized 82 67.8 7.1 2.1 18.5 N 8.8
oo
e 86  g1.1 3.0 2.8 21.1 2.1 7.5
Sk 71.2 5.1 L.l 17.0 2.6 L,1
Blastula 219 68.7 4,0 5¢3 17.0 5,0 3.2
202 61.6 Lok 6.0 16.7 11.3 2.8
29% 59,3 3. 5% 3u4%  21.0%  12.6% G2

|

210 65.2 h,2 546 16.8 8.2 3.

O



% Incorporation

27

Staze Total " Protein
Uptake Acid Lipia gugt Proteln CO2 o NucCe ACe
Sol. Acid
Succinate—z-cla {cont,)
Castrula 3,316 59.0 3.7 568 27.1 L,3 L,7
3,256 5346 3.9 7.9 29.2 0.5 3.7
3,465 56.7 3.8 6.2 1.3 2.0 5.1
3,315 58,1 3.8 6.6 29.2 2.3 Lok
Fluteus 7,084 51.9 Ge2 10,7 23.5 7.8 2.2
8,164 L5,0 6.9 10.3 20,7 17.1 2.0
12754 L8, 5 10.3 9.9 20,6 10,7 2.1
7,680 48,5 7.8 10.3 21.6 1.6 2.1
Ivia.’l.or.xate--»2-Clbr
Unferti- 3 58.8 Seb 2.2 16.8 16.8 7.6
Lzed eg3
3 65.8 S 7.3 6.6 g, 0.9
3 62.2 Se5 Y 11.7 12.8 2.5
Gastrala Lg 5348 Bk 7e2 22.9 2.7 Ze2
4o 584 6.5 8.8 21.6 L7 2.3
38 60.9 9.8 6.2 20.2 2.9 Gl
L 594 8.2 73 21.6 3.4 3.0
Pluteus 131 57«2 9.1 7ol 20,6 569 2.5
123 58.3 8.3 6.2 20.0 7e2 3.2
Lk 83.6 7.6 6.6 16.9 _5.3 2.6
123 59.7 8a3 6.6 19.2 6.1 2.9




OXYGEN CONSUMPTION O

OF VARYING

TASLE IIT

F BGGS AND EMBRYOS IN THE
CCNMCENTRATICHS OF MALONATE

PRESEL

The nmumber of eggs is gilven in thousands of ezgs per ml,

tion of malonate is given in pii/ml.

oxygen consuned per 10  embryos per hour.

t“]

The concentra-

Oxyzen consumption given as nl of

Stase Falonate Oxyzen
{No, @Inbryos) Concentration Uptake
Unfertilized ezg 0 O.1l
(96)
0 Ca7
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] 247
(183) 0 3.2
100 3.5
80 36l
20 3¢5




29

LFLULNCE OF [MALOWATE QN THE PRODUCTICHN CF LABELED CAREGCH
11 10

DIOKIDE FROM SUCCI:LI:L‘“D":—"’C:L‘Y AND SUCCINATE-2-

Zach vessel contained 450,000 unfertilized eggs. Ialonate concentration

is given in pli/ml; disintegrations per minute (DP) is given per thousand

ergs Tor an incubation weriod of one hours

Labeled Malonzste DPI in Per Cent of
Substrate Concentration 002 Control
llx
Sucecinate~1-C o] 5.75 100
100 3e16 sl
100 261 42
Succinate=2- Clb' 0 2¢ 04 100
100 1.09 53

100 1.19 58




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. Substrate Inhibitor DPM in Per Cent of
No. 002 Control
1 Malona.te—l-—ClLP None 482 100
Cyanide 559 116
Cyanide 438 91
Malonate-z-clu None 14 100
Cyanide 68 59
Cyanide 39 3h
2 Malonate-l-014 None 727 100
Cyanide 655 90
Cyanide 743 102
Malonate~2-Ct None 112 100
None 105
Cyanide L7 L3

Cyanide 59 Sk




PATLE VI

Liuolaiy

SFFZECT OF MALONATE CN COXYGEH COusSUrFTICH OF IIONOGENATES OF UNWFERTILIZED
TGGS

Concentrations of malonate arc expressed as wi/ml. Oxygen uptalkke

is exporessed as pl of oxygen consumed per 105 e2gs per hour. Numbers

in perentneses indicate an average of readings from that number of

vesscls,.

x0T Inhibitor Concentration Oxyeen Per Cent of

Kie)8 Uptake Control

4 lione 2.7 160
Malonate 83 Fekt 129

[¢2]
.
W
Lo
.
W
H
N
W

Malonate

lone 2.0 100

Xalonate 8.3 2.2 110

lone 2) 2.7 100
Halonate L1 (2) L1 148
Ialonate 8.3 (2) L,2 155

6 (2) L.6 168

¥alonate 16,

Kalonate 33.3 (1) 5.2 150




HOHO

1ed. homogenate

GEL

moa

2LE VIT

i

-

YT ATUT A TOA TSP T MATITINNT LTYNTY TN A map —-—
I FORVATION OF LAUSEZLED CARDEON DICKIDZ FROM MALCIATE IH

Mmoo

TATES OF UNFERUVILIZED

VA
BiRE Uy »S

DPl 1s expressed as the

oL0, 000

Total numoer of counts recovered as caroon cioxlde per hour per vessel.
Sobsirate Inmdbitor DPI in CO

-

L S=d=C

~
'
ot

A\
Co

one

Cvanide LS
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