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ABSTRACT

1, The literature pertaining to the respiratory metaw
bolism of sea urchin eggs 1s reviewed,

2« Homogenates prepared from the unfertilized eggs of
dythechinus pictug and Sirongylocentrotusg purpuratug were
found to possess enzynatic actilvity corresponding to the
enzymes phosphoglucomutase, oxoisomerase, aldolése, tricse=
phosphatedehydrogenase, lactiec dehydrogenase and enclases
Laectic acid accumulates anaerobicaly in intact eggs. Rese
piration of homogenates is inhibited by fluoride,

3+ Citrie, alphaketoglutarie, succinic and malic acids
are metabolized. Respiration is inhibited by malonate and
inereased by eytochrome Ce

4, Spectroscoplc evidence is presented for the existe
ence of cytochromes a and be A method of preparing an
inscluble fraction containing these cytochromes is described.

5 It was found that the increased respiration obtaine
able with dinitrophenol increases faster than the normal
respliration during the first eight hours of development,

Ge It is concluded that the respiratory pathways of the
sea urchin egg are similar to those known to exist in adult
organisms,

7« The chemical basis for the gimilarity of the glye

colytic mechanism in most forms of 1ife is discussed.
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Introduction

The amphibian embryo has proved the most fruitful mate
erial for the analysis of morphogenetic processes, On the
other hand more information has been obtained about the very
early events of development from studies of the‘eggs of marine
invertebrates. O0f these the eggs of sea urchins; for teche
nical reasons have been the material of choice,.

The study of earliest development encompasses several
rather distinet fields. The maturétion divisions have pro-
vided material for the c¢ytologist and an opportunity of
iinking cytological and physioclogiecal phenomena. The earls
lest determinations often cccur about the time of fertili-
gation and are a fleld of study for the embryologist in the
class}cal sense., Iinteracting substances in eggs and sperm
have an interest in themselves and are possible convenient
models for interactlions of cells and tissues in general.
Finally there are studles of a more bilochemical and physio=
loglical nature seeking to link morphogenesis and differen=
tiation with chemiecal phenomena.

It has been stated by Dalcq(1941l) that a distinetion
must be made between true embryoleoglical research and physlio-
logical studles which use the egg and a convenient cell for
the purpose of the investigation., There is no doubt that
there is some truth in ¢this peint of view, It would, however,
poerhaps be better to state that there is ne real distinction

between any of the biologieal seclences, and that therefore,
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no apologies need be offered for research if 1t does not it
into the strict frame of some well accepted diseipline, In
enbryology particularly advanees in related fields are likely
to throw unexpected 1ight on phenomena long mot understood.

The biochenical phenomenon most intensively studied on
ambryolog%oal material has been respiration. The reason for
such concentration on respiration has probably ﬁeen that
respiration, in the sense of gas exchange has been the
easiest phenomenon to study. Its significance is only now
becoming understood in detail and mueh of the older, as well
as more nmodern work has failed to throw much light on proe
blems of interest to the embryoclogist,

Aocording to J. Heedham (1931) the first investigator
to stgdy embryonic respiration was Spallanzani (1803), who
found in the course of studles, during which he discovered
tissue respiration, that eggs gave off and took iIn gasges,
A long period toliowed in which the only advance made was
the substantiation of Spallansani's results, The modern
work on embryonic respiration can be sald to begin with the
investigations of the sea urchin egg by Warburg.

Using the Winkler technique, Warburg (1908) showed
that there is a very great rise in the respiratory rate of
eges after fertilization, This result created great lnterest,
as 1t supported the theory of J. Loeb (1906) that oxidations
were intimately connected t¢ the events of fertilization,.
Purther papers of Warburg (1909, 1910 a, 1910 b, 1910 e¢)
followed, in which he showed that parthanpganesia had the same
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offects on respiration as fertilization with sperm. Another
important result obtained was the demonsiration that certain
narcotlies sueh as urethane could suppress cell divisions:
without significantly affecting respiration. The effect on
respiration of various conditions, such as pll and 6smotic
pressure was also studied and observations of the influence
of iron on the respiratory raote led ¥Warburg to studies of
the catalytle effects of heavy metals and to the ultimate
discovery of the atmungsferment,

It was at first thought that the increase in respira-
tion on fertillzation was a general phenomenon, but the
investigations of Loeb and ¥asteneys {1912) showed that the
eggs of the starfish Asteriss forbesil showed no such phenoce
menons A great deal of work has since been done on this
questions The general result has been that eggs on ferti-
lization may show any one of three types of respiratory be-
havior. The respiration may rise, romain unchanged or fall.
This is partly a speeciesz characteristie, but Tyler and
Humason (1937) have shown that even within the same speciles,
in the case of Urechis caupg, eggs of different females may
show any one of the three types of responses. The sane
phenomenon has been reported by Shapvlro (1941) for Asterias
forbesii., It 1s thus clear that no general siznificance
can be attached to the direction of change of the respira=-
tory rate upon fertilization.

Whitaker (1931) has attempted to £it the phenomena into

7

a general scheme. He noticed thet the respiratory rate of
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the unfertilized eggs of marine invertebrates of different
species was very different; but that after fertilization
the rates per unit volume became more nearly the same. The
unfertilized egg is thersfore in some sense abnormal as far
as its respiratory rate is concerned and fertillszation
“pegularizes® the gas exchange. Host of the data fit this
scheme rather well, However, it should be treated with
cantion if only because of the technieal difficulties often
encountered in measuring the respiration. 7The question of
the temperature at which comparisons sﬁauld be made asnd the
influence of size and surface of eggs are factors to be.
taken inte account,

The question of respiratory rise has been elarified to
some extent by the recent work of Borei (1948)., It has often
been remarked that the behavior of unfertilized eggs of the
sea urehin is apparently rather capriclous. Borel, using
the Cartesian diver technique has found that immedlately
after shedding the resplration of sea urchin eggs 1is almost
equal to those fertiliged, but that on standing in sea water
the rate fallas and asgymptotically approaches a low figure.
The rate after fortilization is the same regardless of when
the eggs are fertilized, so that the actual rise on fertili-
zation depends on the time after shedding that fertilization
oceurs, 1t had previously been shown by Lindahl and Holter
{1941) that oocytes have a respiratyry rate slightly higher
than that of the fertiligzed egge It therefore seems clear

that the wvariation in the emount of rise of regpiration of
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- eggs is a function of the fall in respiratory rate in the
prefertilization period. The eggs of animals in whieh the
respiratory rate falls on fertiligation have not been investe
igated from this point of view. Neither has the problem of
the causes and conditions of the fall in respiratory rate

on shedainé.

For a discussion of the relation of respiration to
development the discussions of Needham (1942) and Tyler
(1942) shoulé be referred to, Since development frequently
stops under anaercbic conditions 1t has some significance
for development, and therefore the changes in respiratory
rate must have some embryclogieal significance. In any ease
the mechanism of the change of respiratory rate is an intere
esting problem in itself« The problem of the control of
biochemleal reactlons is more complex than the establishment
of blochemical pathways and the sea urchin egg has apﬁeareé
to many to be a suitable object for such studies. The
result is that a large though rather inconelusive literature
has accumulated on the subject which can be mentioned here
only rather briefly.

Efforts have been malnly concentrated towerd determining
what changes oceur in the respiratory mechanism upon fartile
ization. The most detalled analysis has been made by
Je BEunnstrom and his schools, (For review see Runnstrom (1949))
The early studies establisghed the faet that like most tissues

the respiration of fertilized sea urchin eggs is inhlbited

by cyanide and carbon nonoxide., It was found that both
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fertilized and unfertilized eggs are inhibited but in dife
ferent degrees, the respiration of the fertilized being
mueh more susceptibles In sddition the'eggs respond to the
addition of dimethylparaphenylenediamine by a great inerease
in respiration, The maximum rate reached is 1déntica1 for
both fertillzed and unfertilized egsgs. From these results
Runnstrom coneluded that the eytochrome and cytochrome
oxidase 1s equall# active before and after fertilization,
but thét there is lacking a 1link to the dehydregenase system.
It would appesr that the conclusion about the eytochromes
1s‘genera11y sound, in spite of more recent work which has
uncovered some complications in the experiments with cyanide
and carbon monoxide inhibition. It was found by Runnstrom
(1939) himself, and then studied by Orstrom(1935) in more
detail, that ecyanide and carbon monoxide have considerable
stimulatory effects on respiration. The effect of CO has
recently been studied by Rothsehild (1949) with interesting
results, He found that carbon monoxide increases respire
ation, probably by heing itself oxidized, This increase
is inhibited by earbon monexide and the inhibition is
lifted by light. In addition, light inhibits the normal
respiration, The effects are therefore very complicated
and conclusions drawn from earlier work on carbon monoxide
will probably have to be revised, %With respect to the \
cyanide inhibition, Robbie (1946) recently demonstrated
that tho earlier work had frequently been vitiated by less

of cyanide from the reaction vessel into the center well,
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and that if proper precautlons are taken the respiration of
unfertilized sea urchin eggs can be shown to be strongly
inhibited by cyanide. The sarlier conclusions of Hunnstrom,
however, still appear to be valid.

At one time Korr (1937) had suggested that the activae
tion of ecytochrome ¢ resulted In the respiratory increase.
Until recently the searech for eytochromes in the sez urchin
egg had not been successfule. The work of Aothschild and the
work reported in this thesis demonatrate_tkat some at least
of the cytochromes are present.

A great deal of discussion has centered around the

vestion whether the dehydragenaées are more active in the
fertilized egg. Runnstrom (i§30) and Orstrom {(1932) found
that the reduetiosn of methyliene blus was no faster in the
fertilized eggs than in the unfertilized. IHowever, in whot
appears to be a wmore careful study Ballentine (1938) demons
strated that the reduction of both methylene blue and ferrie
eyanide is muech more rapid in the fertilized eggs, and
"furthermore that 1% parallels the changes in respiratory
rate in other eggsy rising and falling as the respliratory
rate rises or fallg, Recently Lindahl (guoted in Runnstrom
(1949)) has shown that the differenae between fertilized

and unfertilized eggs in rate of reduction of methylone blue
is a funetion of the temperature, being greater at higher
temperatures and slight at about 12°¢ ¢,

As can be seen from the above brief suamary, %the question

of the mechanism of the rise in resplratory rate of the egg
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on fertilization remains obscure in spite of many efforts,
The problem of fertilization has not been studled in this
thesis, bul a suggestion may perhaps be offered., It is
now known, since the work of ieyerhoff (1937) and D, He
Heedham and Pillai (1937), that certaln dehydrogenations
are obligatorally coupled to phosphate transfer. This is
now believed to be a general phenomenon. Cortaln of the
dyes used to study respiration act in an as yet uninown
manner to uncouple the two phenomena, It may be that thore
is no activation of any respiratory enzyme on fertilization
at all, but that respiration inereases because of activation
of some enzyme syston that uses ATP and thus inereases the
avallability of phosphate acceptor. Heyerhoff and Wilson
(1947) have clearly demonstrated the effect of phosphate
acceptor on the respiration of wvarious tissues, especially
brain, The main advantages of such an explanation, until
decisive experimental evidence 1s produced is that 4t
utilizes a known mechanism and further explains the diffle
culty hitherto experienced in locating the point of activa=-
tion among the respiratory enzymes, Compatible also is the
work demonstrating that phosphatase is more active in ferti-
lized eggs, that labeled phosphate begins to exchange and
‘that free 381 groups appear on fertilization., "All phospho-
kinases are SH enzymnes.

Even if the above 1s the mechanism of the actlivation
of respiration, the problem of the ultimate site of activas

tion remains, The problem would seem to be the general one
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of the nature of cell stimulation, as was suggested long
ago by Lillie (1910). For a discussion the review of
Runnstrom (1949) should be consulieds As can be seen from
the review, little real knowledge exlsts and speculation is
rife.

Besides the work on the physiological changes that
occur in the respiration, & considerable volume of work
exists on the blochemical pathways of this respiration, 4
summary of the pertinent data from the literature is given
below,

There is apparently a considerable amount of carbohye
drate material in the eggy but the nature of it is not come
pletely elear. Uphrussi and Rapkine (1928) found a large
amount of carbohydrate in the eggs of Paracentrotus lividus,
almost all of it in the form of zlycogen. Hssentially the
same results were obtained by Zielinski (1935) in the same
species and alsc by Chaigne (1934). These results were
confirmed by Stott (1931). On the other hand Perlzweis and
Barron (1928) eould find no glveogen in trichloracetic acid
extraéts of the eggs of Arbaclae On hydrolysis, howevery a
large amount of gluccse was founde 0. Heyerhof (19211) like-
wise found no glycogen in the eggs of Paracentrotus lividus
at Naples: The most thorough investigation of glycogen was
that made by Orstrom and Lindahl (1040). They were primare
ily interested in the subsirate utilized immediately after
fertilization. About 33 mg of glycogen per 100 ng egg
nitrogen was found by them in the eggs of Paracentrotus

iividus.
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The exact nature of the substance in the egg called
glycogen ig not clear. It 1s well known that glyecogen
1tself exists in two forms, the so called lyo and desmo
glycogens The latter 1s bound to some other material,
probably protein and 1s not easily extractable. Frachet
and Reedhan (1935) found the two forms of glycogen in the
frogs egg and dlscovered that the desmoglycogen disappearsed
first, after which the lyoglycogen was metabolizeds That
the glyecopgen of the sea urchin egg is not identical with
that from other sources is indicated by the work of Orstrom
and Lindberg (1940). They added glycogen cof unstated origin
to egg brel and found that it was not attacked., They also
quote Holter as saying that né appreciable amylase activity
is to be found in the eggs of Paracentrotug lividug and
Arbacle punctulsta. Runnstrom (1949) states that Vesseur
has pointed out that the usual tests for glycogen may give
misleading resultss An apparent glycogen content can be
denmonstrated in the Jjelly coat substance of sea urchin eggse,
although no glycogen exists there.

The funetion of glycogen is now considered to be
entirely that of carbohydrate storage. 1t has been pointed
out by Heedham (1931) that in the latter half of the nine=
teenth century there was a widespread opinion that glycogen
was of some peculiar embryological and morphogenetic sige-
nificance and a very great number of papers appeared on the
cistribution of glycogén during developments This bellef

graduslly died out, but other substances have taken over the
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position of glyeogen as morphogenetic subslances, With
the dlscovery of new substances, vitanins, hormones, sterclids,
mucleic acids and what not have been succoessively halled as
the key to development and of course to the problem of cancer.
Some have already been relegated %o the status they deserve,
but many are still going strongs No doubt the futufe s$il1l
holds much in stores

In sumnmary it can be stated that some polysaccharide
resenbling glycogen is present and available in the sea
urchin egge The work of Orstirom and Lindberg, quoted above,
was designed to solve the problem of whether the carbohye
drate 1s the substrate of reapiration in the egge They were
able to show that the glycogen diminished very swidenly on
fertilization and in the expected amount. For a more proe
longed period Lphrussi and Rapkine (1928) found that the
'giycogen econtent diminished between fertilizstion and the
pluteus stage. Some measurements of the respiratory quo=-
tient exist. A4ccording to Orstrom (1941) th@'quctient for
unfertilized eggs is 1 and falls on fertilization to C.89,
or after correction for eeftain errors of measuremént Ce730
This unfortunately does no more than possibly indicate that
carbohydrate is not the zole substrate after fertilization.

As to the pathway of glycogen metabolism no very clear
svidence exis%s; On the basis of what is known {rom other
organisms, it would be expected that glycogen would be
broken down phogphorolytically as found originally by Cori,

Cori and Schmidt (1939). Amylitic breakdown apparently
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does not oceur according to the evidence of Holter, quoted
above, that amylase aetivity 1z undetectable in sea'hrchin
eggss Orstrom and Lindberg examined the question and found
that the breakdown of glycogen was inhibited by phloridzin
and accelerated by addition of sperm extracts. Due pree-
sumably to actlve phosphatase activity no accﬁmulation of
esters was detectable and addition of cofactors of glycolysis
did not influence the rate of glycogan‘breakdown. The
evidence does point to a phosphorolytic eleavage of glye
cogen in the egge

The further pathway of substrate in respiration has not
bean clarified, There is evidence that it takes the same
course as is well known in other tissues and also avidence
that the course i1s quite different.

Certain cofactors of glyeolysis and respiration are known
to be present in the egge In 1933 Runnstrom demonstrated the
presence of what was probably Coenzyme I in the eggs of
Lindberg and Ernster (1948) found that

addition of coenzyme I enhanced the respiration of brel in
the presence of pyoeyanine. Jandorf and Krahl (1942) es£1~
mated the amount of coenzyme I to be between 250 and 500
micrograms per gram wet weight of Arbacias eggse. They also
found diphosphothiamine to be present,

The presence of adenosinetriphosphate has been estabe
lished by the work of Needham and Needham (1930) and eone
firmeds PFor a recent review on phosphate esters in eggs
see Whiteley (1949)., There is azlso present an adenosine-
triphosphatase which has been studied by Connors and
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Scheer (1947)s They found that the engyme required caleium
as & cofactor, & point that may be of interest in view of
the 1mpo§tance of calcium in the fertilization process.

The activity of the enzyme is also reported to increase

in breis made from fertilized eggs over those of the unfere
tiliged, but the authors express theamselves with a certain
amount of reserve on this point.

Attempts have been made to detect the presence of phose
phorylated intermedlates in the egg. The acid soluble
phosphorus of the egg has been divided by Runnstrom (1949)
into three fractions, one of which is orthophosphate (50%),
easily hydrolyzable phosphate (25%) and the remainder an
ester very stable to hydrolysis., The sams results have been
obtained by other investigators, Lindberg (1943), Zielinski
(1935), and Orstrom and Lindberg (1940). The presence of
the known Intermediates of glycolysis was notl detected., The
methods of detecting such compounds are however rather poor
and liable to interference from other materials in tissues
and thus fallure to detect them cahnot be taken too sere
iously.

Lindberg (1946) made an extensive investigation of the
phosphate ester stable to hydrolysis, fle found such an
ester in the eggs of sea urchins, in speram and in mammallan
tissues exeepting muscle. The ester was isolated from cow
brain and characterized as a propanediol phosphate. The
position of the phosphate was not established. It should

be noted that the identification of propanediolphosphate

v



14w
in eggs is based only on rate of hydrolysise It appears
that propanediolphosphate is the major constituent of the
s0 called barium soluble alecohol soluble fraction from most
tissues, That it may have some bearing on embryonic meta=
“bolism is indicated by its abundanée in e'gsa A large amount
of a similiar meterial is found in the chick embryo and in
tumors (Needham, 1942, p614).

Orstrom and Lindberg concluded from their studies that
the pathway of substrate from glycogen on is different from
that established in muscle. They state that such a conclue~
sion 1s probable con comparative blochemical grounds, since
the echinoderm is an animél relatively low phylogeneticaly
~and 1ts egg could be expected te have a "simplert type of
metabolisme The factual arguments that they bring forward
in support of such a conclusion are that they eéuld detect
no changes in phosphate esters during the disappearance of
glycogen and no increase of lactie and pyruvic acidse. They
gquote experiments by RKunnstrom showing that the production
of acid on cytolysis is not inhibited by iodoacetate and |
the work of Stott (1931) showing increases of reducing sugars.
The metabolic scheme they favor is as follows. Glycogen is
broken down phosphorolyticaly and the resulting esters are
then hydrolyzed, the sugars are then metabolized in an une
known mannere

Lindberg and ﬁrnster (1948) found that on the addition
of pyoeyanine and hexose, hexosemonophosphate and hexose=

diphosphate an esterification of ADP could be observed.
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This 1s entirely to be expected on the basls of our knowe
ledge of what happens in other organisms.

Yuech of the argument for the existence of a pathway
different from ordinary glycolysis in the sea urchin egg
stems from the Inability of iocdoacetate to inhibit the
reduction of methylene blue by hexoses and their phosphorie |
esters. Thus Lindberg and Ernster (1948) found that iodo=
acstate had no influence on the oxygen uptake of their
preparations, Tyler and Schultz (1932) found that ilodoe
acetate does not inhibit the fertilization of the eggs of
Ezggg;g Saupoes This was found to be the case for the sea
urchin by Runnstrom (1933) and Ellis (1933) and also by
Lillie (1931) and Pasteels (1935). This however does not
necessarily have much bearing on the nature of carbohye
drate breakdown. Hutchens, Kelteh, Xrahl and Cloﬁes (1941;
were unable to detect an triosephosphatedehydrogenase 15
- Arbacia eggs.

Lindberg and Ernster (1948) found thét in their homoe
genates, using.glucose and phosgphorylated hex0ses as sube
strates methylene blue was decolorized rapidly, but that
there was no accumulation of trlosephosphates. Triosephos-
phate was tested for as phosphoric esters hyvdrolyzed in
alkali.

The question whether lactiec acid 1s formed by sea
urchin eggs ﬁas been debated, In 1929 Ashbel showed that
the eggs of Paracentrotug have a considerable anearobie

glycolysls and ineidentally that this increases almost
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threefold on fertilization., For some reason her results are
dismissed as technieally faulty by Orstrom and Lindberg
(1940)e Perlzweig and Barron (1928) found that lactic
acid accumulates in eggs in the presence of cyanide, It
now seems clear that there is no significant rise of lactie
acid on fertilizstion. Orstrom and Lindberg (1940) state
that no accumulation of lactic acld cccures in sgg brei,
Thelr experiments however @o not seem to have been especially
designed to promote such accumulations

Runnstrom (1933,1949) believes that the dehydrogenase
system of the egg 1is that deseribed originally by Warburg
and Christian (1932). This system has been described in
more detail by Dickens (1938)¢ CGlucose-G-phosphate is
oxidizged to 6~phosphogluconic acid, oxidized again to 6~phos-v
pho=-2=-ketogluconic acid and then decarboxylated to a pentose,
Dickens supposed that this process could continue in the
same manner to yield an erythrose and even further, but as
yet there is no evidence that such 1s indeed the case, The
belief that the respiratory system of the egg iz based on
this series of reactions rests on several grounds. BEgg
homogenates readily oxidize phosphogluconic acld (Lindberg,
"1946), Iodoacetate does not influence the oxygen uptake of
homogenates (Lindberg and Ernster, 1948)s No triose-
phosphate can be detected, as stated above and triosephos~
phate dehydrogenase is absents Formation of lactic acid is
negligible. Lindberg (1943) has further shown that the
propanediolphosphate isolated by him when added to tissues
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produces an lacrease in pentoses and phosphorylated hexoses
produce the sane eoffect in egg brel., The increases however
are zcarely signiflcant.

Henry (1943) claims thatl there are two distinet rese
piratory systems in the eggs of Atbasigs, A basal resplration
vhich maintalins the ogg's basal mebabolism is not sensitive
to sulfonanmides. On fertilizatlon another respiration
funetions, which is sensitive to sulfonamides and 1s cone
cerned with providing energy for developmental processes.
Perhaps differences in permesbllity could explain at least
part of the ohenomsnons

The metabolism of the ascids of the triecarboxylic acid
cycle has been little gstudied until recently. According to
Barron and Goldinger (1941) and Krahl, Jandor{ and Clowes
{1941) fertilized eggs metabolize pyruvate at a greater
rate than the unfertilized., The clainm is made that the
eggs are not able to oxidize alpha ketoglutarie and succinle
acids Runnstrom (1933) found that pyruvic and lactic acids
wore oxidized much wmore slowly by egg brei then hexose phose
phates and that sucecinie and maleie aclds were scarcely
oxidized at all, Lindberg (1546) found that fumaric and
melic aeld rapidly reduce methylene blue in homogenates of
Echinocardium eggs. Ball and leyerhof {1940} during studles
of the cytochrome systen of eggs of warious species found
that suceinic dehydrogenase was absent in sea urchin EEES e

Recently Crane and Zelteh (1949) reported that succinate,
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alphaketoglutarate, glutamate and citrate are oxidized,

The metaboliazm of phosphate has been studied in some
detaile Brooks and Chambers (1948) found that the uptake
of labeled phosphate 1ls very slow in the unfertiliged eggs
but rapid in the fertilized, and this has been confirmed
by Lindberg (1948)., %hat is probably more significant was
the finding that only part of the phosphate in the unfertie
lized egg showed a tﬁrnover. The fertilized eggs, on the
cther hand, showed a continuously inereasing activity
throughout the period of the experiment,

Studies of the terminal oxidase of sea urchin eggs
have continued since work on thelr respiration was initiated
by Warburge. As mentioned previously, Warburg discovered
that cyanide inhibited the respiration. The work of
Runnstrom referred to above made it probabBy that the terminal
oxidase is eytochrome oxidase as in so many other tissues,
That this is indeed the case was established by Krahl,
Kelteh, Heubeck and Clowes (1941) who showed that the sea
urchin egg contalns an enzyme able to oxidize reduced cyto=
chrome ¢, Borel believes this enzyme to be somewhat dife
ferent from a typieal cytochrome oxldase.

For & long time the function of eytochrome oxidase in
the sea urchin egg was rather obgscure since the presence of
the other éytochrom@s could not be demonstrated,  Brachet
(1934), Lindahl (1936), Ball and HMeyerhof (1940) and Krahl,
Keltch and Clowes (1941) reported that no e¢ytochromes were

present in the egge This was considered to be of some
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importance in view of the hypothesis of Xorr that the rese
piratory rise was due tb the activation of cylochrome c.
Rothsehild (1949) has now reported that cydochromes a and
b are indeed present in the sea urchin egg.

iany other aspects of the metabolism of sea urchin
eggs have been studled. Sinee, however, thev do not bear
direetly on the work reported in this thesis they will not
be summariged here, All pertinent work execept the most
recént has been compiled in the two books of Heedham (1931,
1942) and by Brachet (1947). A nore recent review discuse

sing metabolism to some oxtent is given by Runnstrom (1949).
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Statement of the Problem

From the above review of the literature it is clear
that the respiratory metabolism of the sea urchin egs has
not been satisfactorily analyzed from the standpoint of
present day knowledge of respiration in other animal or
plant tlssues, This was even more true at fhe time the
thesis work was startedy during the progress of this work
the paper of RKothschild (1949) identifying the cytochromes
and that of Crane and Keltch (1949) reporting the oxidation
of the acids of the fricarboxylic acid eycle appeared,

There are several reasons for desiring more accurate
information on the respiratory métaboliam of the sea urchin
eggs From the embryological point of view 1t would be of
interest to know whether or not the egg has a different
metabelism from that lmown in the adult organisme. If such
wore the case then the usual respiratory system would be
arising anew each time in ontogeny as, for example, the
actomyosin system, It would, then, be a part of the proe-
caesgses of differentiation and being relatively well undere
stood would be interesting to study from this point of view.
Secondly, it 1is clear (Tyler, 1942) that the processes of
growth and differentiation reqﬁire some energy whiéh is
provided by the respiratory system. Observing changes that
© oecur in respiration we can gel a clus to events of perhaps
deeper significance. At any rate we can suspect other
changes if the respiration has changed, For example in the

frog's egg on fertilization, Brachet (1934) observed that
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on fertilization of the frog's egy the oxygen uptake remains
the same, but that the respiratory quotient changes greally.
Thirdly, such studles are of bioechemical Iinterest. It is
desirable to know how uniform is the respiratory mechanism
of various organisms. If differsnces are establlished, then
the detailed study of such systems iz in order,
Investigations were therefore nade of the presence or
absence in the sea urghin agg of varlous respiralory enzynmes
whose properties have been reascnably well establighed in

other animal tissuess
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Haterials and methods,

The studies were made using the eggs of Strongylocen~
frotus purpuratus and Lythechinus pictus. Since these two
speclieg are ripe at different times a supply of eggs is
available throughout the year. The animals were collected
in the vieinity of the William G.Kerckhoff ¥arine Laboratory
of the California Institute of Technology at Corona del Mar.
Animals were kept in aguarla with running sea water until
needed, From time to time the reguired number of animals
were brought to Pasadena, These wé%e kept in jars of sea
water in a refrigerator and air was bubbled through. Under
these conditions the animals survived several dayse

Bggs were removed from the animals in one of two wayse.
Bither the animals were opened with secissors and the ovariles
placed in sea water é@re they shed, or the animals were
injected with isotonic (0,95 M) KC1l (Tyler, 1949) which
caused them to shed at ones, The eggs were then allowed to
settle in a beakerj the supernatant was removed, and fresh
filtered sea water added, The washing pfccess was always
repeated three or four times.

It i3 clear that the study of intact eggs was not
likely to give the information desired, The unfertilized
sea urchinfs egg is extremely impermeable to many substances
that would be used in studies of respiratory metabolism.

The fertilized is more permeable, but not to a degree sule
ficient to permit the introduction of cofactors and sube

strates into the intact eggse. Therefore homogenates of eggs
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were used.

Homogenates were prepared in the following manner: the
washed egg suspension was poured into a graduated centriruge.
tube and then centrifuged for about ten minutes at 3000 rpm.
Thg supernatant sea water was romoved and tho volume of the
packed eggs noted., Buffeor was added to the amount desired.
The suspension of eggs was then homogenized in a test tube
with a lucite pestle attached to an electric motor. A4Lfter
this treatument there were no intact eggs in the homogenates
The concentration of the homogenate was expressed as the
per cent of packed eggs in the final volume of homogenatee .

Some of the experimenis were done on eggs that had been
lyophilized and then stored in the deep freege.

The findings of Lindberg andErnster (1948) indicated
that the respiration of homogenates, unless kept very cold
would soon cease, It was found, however, with the specles
of sea urchins used that the endogenousrespiration, that is
rospiration of a homogenate without added substrate was .
considerable, Using the Warburg technique it was found
that the respiraticn at 22°C showed some decrease (Fig. 1)
after two howrs. JStorage of eggs in the deep freeze JTor two
days s%111 ylelds preparations wlth & considerable endogenous
respiration. Thus no special‘precauﬁions are needed vo study
the respiration. The VWarburg manomelter bath tempefature was
set at 220C which is a convenient temperature and within the

range in which the eggs will develop. On waramer days a
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Figo 1

Endogenous respiration of homogenates of eggs of
Ss purpuratus in phosphate buffer, 1/15 M, pH 7.l.

Dark circles - stored frozen two days.
Light circles - fresh.
Concentration of homogenates - 25%.
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cooling system was needed for the bath,

The best approach seemed to be to take yeast and musele
as a model and attempt to demonstrate a similiar respiratory
system in the eggs. The gquestion of substrate has to some
oxtent been clarified as can be seen from the literature

survey and wag therefore not studied.
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As shown by Cori and Cori (1936), the first product
of the breakdown of glycogen 1s glucose-l-phosphate.
Glucose~l=phosphate iz then transformed inte glucose«bH-
phosphate through the action of phosphoglucomutase. The
nmechanisn of this transformation has recently been eclarie-
fied by the work of Leloir et. al. (1948), A coenzyme
is involved and has been ldentified as 1,6,glucosediphos-
phate. The reaction proceeds in such § wmanner that free
phosphate is not formed, |

The property that most easlily distinguishes glucosesle
phosphate Irom glucose-O-phosphate is the lability of the
phosphate of glucose~l-phosphate to acid hydrolysiss This
ester 1s completely hydrolized in 1 ¥ HC1 at 100° C in |
fifteen minutes, while under the same conditions glucose=be
phoaphate is secaycely affecteds This property was used ¢to
test for the presence of phosphoglucomutase in sea urchin
eggse |

Unfertilized eggs of L. pletus were lyophiliged. 004 g
of the powder was added to 24 cc of distilled water and the
suspension homogenized in a glass homogenizer. The homoe
genate was kept ice ccld through the time of preparation.
It was then dialyzed in the cold for five hours with three
ehanges 6f ddalyzing solution against a solution of 0.5% KC1
and 0,269 NenCOqy pH 8.0 This was used as the engyme pre=

paration.
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Like many other enzymes concerned with phosphate meta=
bolism phosphoglucorutase is rapidly inactivated by heavy
metals (Hajjar, 1948). It is also inown to require Mg ions,
Cysteine and ig ions were therefore added to the ineubation
nixture. As substrate the potassium salt of glucose-l-phoge
phate was useds Incubation was at room temperature‘é3° >
for 90 minutes and aliquots were pipetted into 4% trichlore
acetic aecid at the beginnimg'and end of the experiment,

This was then filtered and the inorganiec phosphate deterw
mined on aliquots after 19 minutes hydrolysis in a boiling
water bath by the method of Fiske and Subbarow (1929).

In addition, fruetose was dotermined by the method of Roe
(1943)s Two separate oxperiments were done, both of which
indicated activity corresponding to phosphoglucomutases The
results of one are presented in Table I with detalls of the
composition of the incubation mixtures.

The amount of easily hydrolyzablg phosphate decreases
eonsidarably in 90 minutes, a result Yo be expected if
phosphoglucomutase is present. That the deerease is not
greater is probably due to phosphatase actlivity.

There is a significant inerease in the fructose value.
This is to be expected if the next engyme of glyecolysis,
oxoisomerase is present. A direct test was therefore made

for this enzyme.



Time

0 min,
90 min,

O min.
90 min.

#i, 6 ce enzyme
chiloride
8 mg of %he

@O

Table I

Inorganic phosphate in mg P
after 15 minutes hﬁgwulysis in 1H

ACl at 100
&1 #2
0.64 0u75
0438 0,82

Frustose, as ng {ructose-6-phosphate
0056 : 0.50
2,00 De 56

preparatisn 1 ce 0.1 11 eysteine hydroe
ee Dl ipCl y 1 o¢ glucose-l-phosphate,
peuassium sal% and 1 ¢c water

#2+ Control. 4&s above, substrate and water replaced by
-+ 1 ee of glueose, 4.4 ag and 1 cc of KipPl4, containe

ing 0.78 mg

Pa



Lotman (1933) found that the equilibrium between
glucose=Cephosphate and fructose-bephosphate is established
in a mattor of seconds. A short incubstilon period was thoree
foro used. The homogenate consisted of e g of lyophilized
aggs of L. pletug, cround and suspended in 30 cc of dise
tilled water. The suspension was then dialyzed against a
solution of 045% KC1 and 0,26% zzaacoa, pH Be6 for six hours
and stored in the deep freeze untll used., Four cc of this
suspension was taken. One cc of frugtose«bephosphate golue
tion was added, This ccontained approximately 5 mg of the
substrate. 4t O minutes 9 cc of 10§ trichloracetie acid
was pipetted into one reaction mixture and substrate added,
At the same time substrate was added to the second reactlon
mizxture and the reaction stopped seven minutes later with
‘the same volume of trichloracetic acid. Activity was
measured by determination of fructose by the method of Roe
(1943) and by phosphate determination withou? hydrolysis
and after hydrolysis in 1 I BC1 for 180 minutes. Under
these conditions fructose-bephosphate is hydrolyzed come
pletely while glucose-be-phosphate is little affected,
Lttempts to measure the glucose formed using the icdine
titration method of lacleod and Robison {(1929) gave excele
lent results using pure solutions of glucosey bul unsatise
factory ones with trichloracetic acid extraets. The resulis

of an experiment are presented below,



Time Fructose«G~phosphate Found
0 min, | 5435 mg
7 min, 2239 mz

Difference 2,96

tosphate as mg KidoPOy

0 min. Incubation 7 nin. Incubation
o. hydrolysis 0o 24 Qa2
180 nine hydrolysis _2,17 1s56
Difference 1.93 D634

in seven minutes l,1 mg of phosphate hydrolyzable in
180 minutes disappeared, which corresponds to 2.35 mg of
fructose~6=-phosphate as against 296 ng of fructose=bmphose
phate as determined by the {ructose method, The agreement
is satisfactory. 7The pressnce of oxoisomerase is therefore
indicated,.

Atteupls were made to demonstrate the pressence of
hexokinase and phosphohexekinase, TF was added to dialyzed
homogenates with and without glucose and easily hydrolyzable
piiosphate determined after varying periods of éim@. In some
cases a small deecrease of easily hydrolizable phosphate was
notedy but it was small and not consistent. It has bLeen
pointed out by Broh-Xahn and Uirsky (1948) that the demone
stration of hexokinase in homogenates, due to the complex
nature of the phosphate metabolismg is difficult and puri-

fication of the enzyme ls often neccessary. 7T!is was not
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done and therefore the presence of hexokinase is indicated
by only experiments showing that glucose is metabolized by
sga urechin egg homogenates,

The attempts to demonstrate activit¢y of phosphohexoe
kinase were likewise not successful., Ho inecreases of
1,64, ructosediphosphate could be demonstrated after frace
tionation of trichloracetic acid extracts of homogonates
incubated with fructose-b-phosphate, glucose and ATP by
the barium method (LePage and Umbreit, 1945). This enzyme
is reported to be very labile and so may be unstable
during the dilalysis periods that are needed to remove the

cosnzyme of triosephosphate dehydrogensscs



The next engyme in the glyecolytic scheme i3 aldolase
which converts 1,6,fructosediphosphate into phasphoglyc@rm
aldehyde and phosphodihydroxyacsione. As nentioned in the
1literature survey, provious attempts to demonstrate the
formation of triosephosphate in ez homogenates on addition
of hoxosediphosphate have not beoen successful, he mothod
used was the determinotion of alkall lsbile phosphate, It
would appeoar, however, that a methcd that would trap the
produets would be desirable for the denonsiration of aldo-
lase activity, Sibley and Lehninger (1949) have descrived a
convenient and specifiec colorimetric method for aldolase.
The principle is to trap the iriose phosphates formed with
hydraszine, add 2,4,dinitrophenylhydrazine and develop ecoloy
with alkali. Thiz method was used to detect aldolase actie
vity in sea urchin eges.

100 mg of lyophilized eggs of Lythachlinus pilebus were
gsuspendad in 6 cc glveylglyeins buffer, O.l i, pH 8.6 and
homogenizeds This was used ag the enzyme preparation,
Substrate - fruetose - 1,6,phosphate 20 mg/cce Hydrazine
0«56 ¥e The reaction nixtures were inecubated in test tubes
for 30 mimutes at voom temperature of 26° €., The reaction
was then stopped by adding 2 ce of 104 trichloracetic acide.
The contents were flltered and 1 ec aliquots talen for
analysise 21 cc of 0,75 HaOH was added to the aliquots in
colorimeter tubes and kept at rocem temperature for 10 minutes.

i

1 ce of 2,4,dinitrophenylhydragine, concentration 1 g in
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1 liter of 20 HC1l, was added and tubes ineubated in a water
bath at 389 C for ten minutes. The contents were then made
ep to a volume of 10 cc with 0,75 N HaOH, kept at room teme
perature for 10 minutes and the color read with a green filter,
The contents of the reactfon mixtures and colorimeter reade
ings are given in Table II. As can be seen, color develope
ment is initially proportional to snzyme concentration,
geveral repoetitions of the experiment gave similar resulis.
Since this method is reported to be specific, it cen be cone
cluded thet aldolase is present in the sea urechin egge
Sibley and Lehninger report that if the reaction of
fructose~di-phosphate with aldolase iz gllowed to proceed
in the absence of hydrazine and if phosphotriose isomerase
is present a much stronger color-development results, as
the triose phosphate iz then predominantly phosphodihydroe-
vaecetone which gives a sironger color than phosphoglycers
aldehydes Using undialyzed egg susponsion, in one exporie
ment enzyme incubasted with hydrazine gave colorimeter
reading of 72, with hydrazine added after incubation 40,
Instead of an increase a decrease was observed. This is
presumably due to further reactions of the triose phosphates

formed.
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Table II

Formation of ITrieoseplosphate

Tube Buffer HDP Hydrazine IBnzyme ¥ater {ptical

# ce cc ce ee ce Density
1 1.0 043 Ca2 Oud 0e9 25
2 1.0 03 - 042 0ol 0.9 27
3 1.0 D¢2 0.2 3,2 0.2 50
4 1.0 Oe3 Ce2 Dl " 08 52
5 1.0 Ce3 Ol Oud Ouh 96
6 140 Ce3 0u2 Out 0.6 91
g 1.0 Ce2 02 0.8 o 145
1.0 Oel Ce2 0.8 0e2 , 145

9 llo (003) Gel2 008 0.2 standard

Concentration of reagents in text.

#9, HDP added after addition of trichloracetic acid.



Iriosephosphate dehy

Since aldolase is present in the -eggs of ses urching,
4% is %o be expected, in spite of the work mentioned in

the introduetion that triosephosphate dehydrogenase should
be present. No tricsephosphate as such wes avallable, but
addition of fructose=l,0=-diphosphate should be equivalent
to addition of triosephosphate to homogenates, Triosephose
phate dehydrogenase in all cases knowm (Meyerhof and Kiese
sling, 1933) is strongly inhibited by iodomcetate and faile
ure to detect sﬂch inhibition has been one of the main
argunents against the existence of the usual glveolytic
gyaten in sea urchin eggse. However it is well nown that
the effect of iodéacetate is not instantaneous, Ixperi-
uents were thersfore done to see 1f firstly the endogenous
rogpiration of egg homogenates is inhibited and also if
such an inhibition takes time to develop, The methylene
blue technique was used, Thunberg tubes were prepared, all
components including homogenate were added and iodoacetate
was added o the tubes 60, 30, 15, and O minutes before
avacuation and tipping in of methylene blue. Flzg. 2 shows
clearly that the endogeneous respiration 1s inhibited by
lodoacetate and that the effect is progressively stronger
thie longer the homogenate has been in contact with the
inhibitor. This is some evidence that at least part of the
resplration passeg through the triosephosphate stage. OFf

course other enzymes are also inhibited by ilodoacetate,
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Fig, 2 . ’

Effect of iodoacetate on reduction of methylene
blue by 20% homogenate of L. pictus eggs in
1/15 M phosphate buffer, pH 7.1 iodoacetate 0.03 M.

Ordinate - reciprocal of time in minutes till reduction.

Abscissa - length of time in minutes homogenate exposed
to iodoacetate.

Black circle - control, no iodoacetate.
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but not so strikingly.

It can be shown gquite easily by the same technique
that the dehydrogenation of hexose diphosphate is likewlse
inhibited by iodomcetate. It ls however neceespry to use
a more dilute homogenate, of the order of 5%, as otherwise
the roduction by the control is inconveniently rapid. A
tyvpical result is presanted in Table I1I. 4lthough the
products of the dehydrogenation of 1,5;fructosediphosphate
were not identifledy it is to be expected that it would be
phosphoglyeeriec aeid. In that case it would be expected
that the phosphoglyeeric acid would lose water under the

action of enolase and be transformed to phosphoenolpyruvic
aﬁi&n
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Table III

Reduction of Methylene Blue
by 1,6Fructosediphosphate and
Ef%act of lodcacetate

Tube # Tube contents Side arm  Time deeclore

@
1, 2 ee homogenate 1 ey B 100
1 cec water 1 ae water
2e 2 ce homogenate lceciB
1 ee iodoacetate 1 eo water 2120
3o 2 ec homogenate 1 e }B
1 ec water 1 ce HDP 52
4o 2 c¢ homogenate l cc B
1l ee iqdeacatate 1 cc DP > 120

l-bafructosediphosphate 0,05 M. The caleium salt (Schwartz)
was used, calcium Leing removed by addition of sodiuvm oxalate.

Iodoacetate 0.1 M. Iodoacetate was washed with petroleum
ether, dried and the solution neutralized to pH 7 with HaOH,

tiethylene Blue, & solution of 12 mze in 100 ec water,

Homogenate. 5% S purpuratus esgs in 1/15 ¥ phosphate buffer,
pH 7sle

Iodoacetate was added and the tubes evacuated and allowed to
stand one hour before tipping in the contents of the side armse.

Tonmperature 23° C. -



Enolase

The presence of enolase can be sugpected if respire
ation or glyeolysis is inhiblted by fluoride. Fige 3 shows
the course of respiration of a homogenate of glronsyigeane
trotus purpuratus eggs with no substrate addede As can be
seen, the respiration is gquite strongly inhiblted by NeP
alt conecentrations of 0.05 and 0,01 ¥ in a phosphate buffers

The inhibition of respiration by fluoride is nct come
pletely specifie, as a varlety of other snzymes, especially
rhosphatases are alse inhibited, although not at as low o
concentration, The presence of onolase was checked directe
1y by the method of Lohman and Ueyerhof (1934)s If tissue
is dialyzed ATP is removed, If phosphoglyceric ecid is
added and enclase is'yr@senﬁ vhogphoanelpyruvie acid acou=
mulates, sinece in the ahsence of phosphate acceptors 1%
does not go to pyruvie acid, Iodine can be added %o form
iodoform and the excess lodine titrated with thiosulifate,

Lyophillzed L, pietug eggs, weighing Ce5 g wore suse
pended in 20 ec of diastilled water ond homocenizeds The
suspension was then dialyzed in the cold against Ca5% ECL
and 0,264 ﬁaZCQB. The barium sslt cf phosphoglycerie acid
{Schwartg) was treated with excess of sodium sulfate to
precipitate the barium end made up to a concentration of
0,02 11 computed on the basls of the welght of the sall
taken. Due to absorption of ithe barium sulfate the actual

concentration was of course somewhat less.
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Fige. 3

Effect of NaF on the endogenous respiration of a
25% homogenate of S. purpuratus eggs in 1/15 M
phosphate buffer, pH 7.1 volume of homogenate 2.0 cc,

Light circles - control.
Dark circles - with 0.05.and 0.01 M NaF.
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Three series of test tubes were used, The reaction
was run at room temperature 239 for 10 minutes, and stopped
by addition of 8 ce of 4% trichloracetic acid, filtered
and a 2 ec aliquot treated with lodine in the usual menner
and titrated with 0,01 ¥ thiosulfate, Enzyme was added
to the blank after addition of trichloracetic acide About
fifteen per cent of the theorstieal ancunt of »hosphoglyecerie
acid added was converted to phosphoenclpyruvice The equili-
briuvm amount reported for this temperature is about 305,
Aetivity is coupletely abolished by fluorides, The above
results tegether with the inhibition of the endogenous
respirations of homogenates Indlcates that enclase 1lg present
and funections in the respiration,

It is to be expected that if the normal glyeolvtie
mechanism ia operative in the intact egg then under the
proper conditions certain intermediates could be shown to
accumulates As discussed in the literature survey the accume
ulation of lactic ascid has been gquestioned, 4n attempt was
therefore nade to see if under anaeroble conditions laetie
acid would accumulate in intact aggs. 3 ec suspensions of
unfertilized epps of Se purpuratug. containing 0.1 ce of
packzed eggs were pipetted into Thunberg tubes Yo one series
3 ce of 107 trichloracetit acid was added at once, snother
series was evacuated and allowed to stand at room tenperature
for three hours, then opened and trichloracetic acid added.
Lactic acid was determsined on aligquots by the method of

Barker and Sumerson {(1941)e
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Table IV

Formation of Phosphoencl Pyruvie
from Phosphoglycerie Acid

Vessel # Substrate 1»0 HaF  IEnzyme Thiosulphate Fyruvats

Formed
Blank 1 1 ce e  wew lee 807 —
Blank 2 1 ce 16¢  eee lea 793 il
average 8.00
3 1 ece ews  loe lee 7697
1 ce -ew lee  lee 7494
average 7.99 0603 mg
g lee leg we- lee 750
6 lee log w=e lee 7461
4 lee lee wwe lee 768

average 703 030 mg
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The tubes in which the reaction was stopped at the start
showed only & trace of lactic acid while those incubated
anaerobically showed a total decumulation of 0+086 mg of
lactiec aclid, or 0,806 mg per cc of eggse. This ean be come
pared with the value given by Perlzweig and Barron (1928)
who found about 0.1 mg of lactic acid per ce of unfertile
ized eggs of Arbaecla incubated with KCH for varying periods
of time. The other values in the literature vary a great
dealy Zielinski reporting about 0e% and Runnstrom 0.3 mg
per cc of eggse The point mede here is that there 1s an
accumulation of lactic acid in anaerobiosisz, This would
indicate that some anaerobic glyeolysis ocours with’iactic
acid as the end producte This coﬁforms with the sarly
findings of Ashbel (1929) that acid is produced by sea
urchin eggs under anaerobiec conditions.

Runnstrom (1949) reports that lactie acid 1s metaboe
liged to a small exlent by egg homogenates. This was ¢one
firmed by Thunberg tube experiments, but as in the experie
ments of Aunnstrom the increases of rate are not large,
One experiment, for example, showed tlme of methylene blue
decolorization of control 19 minutes, with 0,03 ¥ lactate
14 minutas. Lactic acld can thus be metabolized by egg
honogenates.

Runnstrom (1933) was the first to show that on fertie
Jization of sea urchin eggs there is a production of acid

which ean be detected by evolution of carbon dloxide from
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the biearbonate of the solutlons The amount of acid produced
is rather small, about 20 mierocequivalents per 100 mz of egg
nitrogen. The production of acid was also observed by
Rothsehild (1939) 1f eggs wers injured or eyvitolyzed by vore
ilous means, Runnstrom (reported in Crsirom and Lindberg,
1940) attempied to analyze ezps before and after fertiliza«
tion for laetie acid and fowrdd no echanpe. The eggs however
wore washed exhoustlvely before analysis and the lactic aeld,
if given off into the nmedium would not be found, That no
groeat change ogeurs in the lactic acld conten? on fertilie
zation was shown by Perlgweig and Rarron (1928)., By direect
attenpts {0 obiain a precipitate with ketonle reagents
Orstrom coneluded that the acld was not pyruvice It s
however doubtful 1f pyruvie could have heen detected at such
conecentrations,

An attemnt was made to study thoe nature of this acid,
Bpgs wore eytolvged by dlstilled water and after periods of
five ninutes trichloracetic acid was added and the flitrate
tasted for lactic acid by the method of Rarker and Summerson
(1941)s The difference in lactic aeid content between eggs
eytolyzed and the controls was found to be negligibloe.

The amount of acid produced is so small that the proe-
blenr of i¢s ldentiflcation is @ ﬁifficglt onss The nost
obvious approach is to attompt extraction with ether, This
method was tried,

A contilnuous ether extractor was uged. Vhen isolating

such minute guantities of substance the danger of artifacts

%



=i G

from the ether or from impurities is considerable. The
entire apparatus was earefully eleaned with dichromate and
rinsed with glass dlstilled water. The ether was CP grade,
redigtilled from ferous sulfate and kept over anhydrous
caleium chioride for twelve hours. A large quantity, about
£i£%y cc of the eggs of 3, purpuratus was used, The eggs
wore washed four times and suspended in filtered sea water,
They wore then fertilized, allowed to stand for ten minutes
and then centrifuged. The supernatant was removed, filtered
throush f£ilter paper and then through a Seitgz filter, A
similar bateh of eggs was used as a control, These eggs
ware not fertillzed, and an eguivalent quantity of sperm
was added to the supernatant Just before filtration through
the Selts filter. A blank of filtercd sea water served as
a second conirol,

The filtered solutions were acldified with sulfurie
acid and extracted with ether for three hours.

The ether extracts were then evaporated in a streanm
of alr. It was found that the residue of all three extracts
was acidie to indicators. An attempt was made to see if
the aseidie zubstance would move on paper chromatographye
Using the nethod of Iugg and Overell (1947), one dimensional
ehromatograns were run with a solvent of water gsaturated
butanel in an atmosphere saturated with formic acid, After
chromatography overnighty the paper was driled and developed
by spraying with pH indicator. One spot was found common

to all three extracts which had moved slightly. In
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addition the exiraet from the fertiliged eggs showed another
spot that had not moved at all, A similar spot, but extremee
ly faint was found with the unfertilized extraet and was
absent in the blank,

The amount of material after evaporation of the ether
was 80 small, about 0.2 ce, that regular procoedures of
fractionation were diffienlt, Tests with 2,4,4inltrophenyle
hydragine indleated absence of agtive earbonyl groups, A
direct test for lactic acid by the method of Barker and
Summerson (1941), which 1s sensitive to quantities of the
order of 0.5 gamma gave a negligible color, Further work
onn this extract has not beaen completed.

The above work confirms earlier reporis that the acld
of fertilization is neither lactic nor pyruvice. In addition
it does not appear to be any of the aclds of the tricarboxye
lle acid eyeley all of which move on paper with very appree
ciable Hels Its nature is not lkmown, but the determination
of 1ts identity would be of great interest, as it might give
a clue to the events occu#%ng immediately on fertilization.

Since enolase activity can be demonstrated in egg
homogenates and the endogenous respiration, as shown in
Flgure .3 1o inhibited by fluoride it would be oxpected that
i intact eggs are incubated with fluoride phosphoglycerie
acid should accumulate. A negative result of course would
not be significant, since fluoride might not bLe able to
penetrate into the intaet o6gge

Twonty ce of a suspension . purpuratus ezgs were



s Y

pipetted into small Erlenmeyver flasks. The nitrogen sontent
of the suspension was determined by the Zjeldahl method and
found %o be 6.6 mg. To two flasks 2 ce of 0.55 ¥ HaF in
dis%illed water was added, to the controls 2 cc of sea waters

he flaskts were incubaied in a water bath at 23° C for 4
hours, Ten cc of 104 trichloracetic acid was then added to
each flask. The suspensions were filtered and the filtrate
trestad with bariua to precipitate phosphosphoglycerie aeid
according to the method of LePage and Umbreit (194%). 4an
atteupt to estimate the phesphoglycerie acid by the methed
of Meyerhoff and Schultz (1938) based on the enhancenent of
optiecal rotation in the presence of molybdate did not prove
possible due to interfering substances present, The less
specific method of Happoport (1937), based on the develop-
ment of color with alpha naphthol in conecentrated sulfurie

acld was therefore used. %he results were as follows:

mg Barium Phogphoglycerate Control With HaPF
04984 1.279

4 rather wexpected phenomenon was noted on adding
fluoride to egg suspensions. The eggs would immediately
agelutinates. Decause of the possibliity that this phenomenon
could be related in some way tc the agglutinations produeced
by interacting substances of eggs and sperm some tests were
nade to debermine its nature. It was found that the sperm

of sea urcehins were likewlse sgglutinated in large sheeils.
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On sugpending eggs in isotonie sodium chloride solutions
agglutination did not occur. On addition of caleium
agzlutination would dccur at onces The ealcium and magnew
sium salts of fluorine are very insoluble, The addition
of fluoride to’aea water therefore results in the precipie
tation of these salts, Under the microscope the precipitate
was found to be in the form of a gells 4 suspension of
carbon black particles was observed to agglutinate in a
manner similar to that of eggs, although not in so striking
a manner., It was therefore conciude& that the agglutination
of the egzs and sperm observed has no bearing on the specifie
interaction of their surfaces. The stickiness of both eggs
and sperm to the caleium fluoride gell is nevertheless rather
siriking.

Although the inorease of color in the test for phosphoe
glyeceric aclid could indicate an inérease in phosphoglyceric
aeid this i1s actually doubtfuls The precipitation of fluoe
ride by magnesium and caleium in the gsea water lowers the
concentration of fluoride, The method of Rappoport is not
very specifie and is reported by LePage and Umbreit (1945)
to give at times too high values due to reasons that are not
understood. In the test reported above interfering materials
wore present that gave a brown coloration and undoubtedly
interfered with the accuracy of the tests Therefore the
accumulation of phosphoglyeeric acid should not be regarded

as demonstrated,



If the metabolism ¢of the sea urchin egp is similar to

that known in other organisms it is to be expected that it
would be able %o metabolize the various intermediates of the
tricarvoxylic acid eycle,.

The ugtilization of intermediates was determined by
measuring the oxygen uptake of egg homogenates prepared
from unfertilized eggs of S, purpuratus.' As will be shown
later the addition of cytochrome ¢ was found to stimilate
the respiration very considerably. Phosphate buffer, 1/15 N
PH 7.1 was used in preparing the homogenates,

Halonate is lmown to be & specifle inhibitor of sueclnie
dehydrogenase and if respiration is inhibited by it, it is
probable that thoe respiration is proeceeding through the
tricarboxylic acid cycle, It was found that the endogenous
respiretion of homogenates is guite strongly inhibited by
malonates The inhibition is not Instantaneous but develops
graduallys. Fige 4 shows the course of respiration in the
presence and absence of malonate. The inhibition occurs
both in the prcsence and absence of cytochrome o

Pige 5 shows the effeet of varying econcentrations of
malonate on the respiration. The respiratory rate is cale
eulated for a period starting about an hour after the addie
tion of the inhibiter when the inhibition had reached an
approximatoly eonstant value, As can be seen from the
figure the inhibition 1s almost maximal at o malonate con=

centration of 0,002 ¥, This is a low figure and probably
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indicates a low concentration of sucecinate in the homoe
genate, '
| Since the endogenous respiration at least in hom@gen-
ates 1s malonate sensitive 1t is to De expected that the
respiration passes through succinie dehydrogenases Succine
ate should then be metebolized by the homogenates

Fige 6 shows that the addition of both succinate and
cytochrome singly and together results in a greatly inecreased
resplration. The increase above that of the control on the
addition of both substances together is greater th&n that
due %o sach singly. This indicates that ﬁh@-elaetran'transfar
from guceinic dehydrogenase pasges through the cytochrome |
systemy which is of course the case in most other organisms
studled,

The typical sucelnie dehydrogenase does not réquir@ a
dlalyzable coenzymes That thls 1s the case also for the
gea urchin egg is shown in Fige 7¢ A short period of diae

vsis preatly reduces the endogenous respiration of the
homogenate but the ability to oxidize succinate is uninme
paired.

It was originally noticed by Kellin and Hartree (1940)
that the activity of thelr preparations of succinic dehydro=
genase made {rom washed heart muscle was inhibited by
coenzyme I. This was shown to be due to the formation of
oxaloacetlic acld from suceinic, Coengyme I is required
for the dehydrogenation of mallc to oxaloacetic. To see if

such an effect would occur in egg homogenates a homogenate
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Effect of cytochrome ¢ and succinate on the
respiration of a 25% homogenate of S, purpuratus
eggs in 1/19 M phosphate buffer, pH 7.1.
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Effect of dialysis on succinic dehydrogenase.
Dialyzed against 1/15 I phosphate buffer,

pH 7.1 2 hours in cold. Controls kept cold
for same period. Homogenate of S. purburlatus
eggs, 2% . Cytochrome ¢ added to all vessels,
5x 10-7 M.,

I, III succinate 0,005 M.
II, IV no additions.
ITI, IV dialyzed, I, II controls.
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was dlalyzed in the eold for 20 hours. Succinate and cytoe
chrome ¢ were then added and the effect of coenzyme I on the
regpiration observed. As can he seen from Plg. 8 there is

no inhlbition. &inee, as shown below, malié dehydrogzenase
exists in the homogenate the lack of inhlbltion is presumably
due to inactivation of some steps leading to oxaloacetic acid
by dialysis or t¢ a rapid destruction of any oxaloacetate
formed,

The addition of citrate or of alpha ketozlutarate causes
an increase in the oxygen uptake. The megnitude of the
inerease varies from one preparation to another. Besides
inereasing the oxygen uptake the respiration proceeds without
mueh £all in the rate. In the controls there is a tendency
for the respiretion to fall over the period of the experls
ments, This f£all varies with different homogenates even if
they are prepared in what seems to be an identical manncr,
FPipe. 9 shows the respiration in the presence of a&éed ciirate
anﬁ.alpha ketoglutarata.

| Two different types of alpha ketoglutarie oxidases have
been described. Ochoa (1944) prepared an enzyme from cat
heart musele that requlred orthophosphatey ATP and Mg ions
for activity. On the other hand Stumpf, Zarudnays and Green
{1947) made & similar preparation Trom pigeon breast rusele
and found that 4t did not require any of the above substances.
Whether sueh differences are an intrinsie property of the
enzymes or depend on such things as the physlcal state of

the protein is not clears, At any rate the enzyme in sea
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Effect of Co I on succinic dehydrogenase
2,0 cc of 25% homogenate of S, purpuratus
egg, dialyzed 20 hours against 171% M
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Effect of citrate and alphaketoglutarate on the
respiration of 2,0 cc of a 20% homogenate of
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urehin eggs resembles pigeon breast misele more than cat
hearte Flg. 10 shows that the addition of ig and of a
boiled muscle extract prepared from rats does not stimue
late the oxlidation of alphaketoglutarate but rather inhibits
ite These effects have not been studied furthor,

Using the same homogenates and the Thumberg technique
it was found that malic dehydrogenase is present, An exe
ample of such an experiment is presented below,

Cyanide was added to trap the oxaloacetate formed,
The composition of the tubes was as follows: 1 cec of 25%
homogenate, 1 cc phosphate buffer, 0.% cc of 1/4000 methye
lene blue solution and 0.5 cc of 0.1 ¥ KCNe In the side
arms 1 cc of 0,08 ¥ malate, Incubation at 24° C,

The timo for deeolorization was
Control With malate
> 120 min, 40 min,

Az will be shown later in the discussion of the cytoe-
chrome system it is possible to precipitate the particles
garrying cytoéhromes a2 and b by the simple proceedure of
bringing the pd of a hamcganizad suspension of egg material
down to 6.0, Since the tricarboxylic acid cycle enzymes
pecur in the insoluble material sueh precipitates were
resuspended in buffer and tested for citric and succinie
dehydrogenase activity, Bven with addition of cytoehrome
e and boiled musele extract the preparations were completely
inactlive, Likewige there was 50 activity toward methylene

bluoe
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20% homogenate, 2.8 cc of S. purpuratus eggs
in 1/15 M phosphate buffer, pH 7.1,

I 2% 10’5 cytochrome ¢, 0.007 M alphaketoglutarate
II as I, and boiled muscle extract.

III as II gnd 0.02 M Mg012

IV 2 x 1072 M cytochrome “c.

v 2 X 10‘5 M cytochrome ¢, 0,02 M MgCly and boiled
muscle extract
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%While this work was in progress the report of Crane
and Kelteh {1949) on the metabolism of intermediates of
the tricarboxyllie acld cycle appeared. Lindberg (1943)
had previously noted that fumarie and malic acids are metae
bolized by egz homogenates, Together with the inhibition
of respiration by malonate reported here this constitutes
an indiecation that the tricarbozylic acld ecycle functions

in sea urchin eggse
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Ihe Cvitechrome gvystem

Spectroscopic examination of thick suspensions of eggs

of both 8, purpuratug and L. pictus using a hand spectroe

cope reveal rather weal absorption bands at approximately
£

93

505 and 695 millimicrons., This corresponds to the bands of
cytoehrome a and b, In view of the disagreement that has
existed as to the presence or absence of cytochronmes in sea
urehin eggs a more detailed study of the cytochrome system
was attemptoed.

Cytochrome ¢ is a well defined substance of known proe
pertles, but the other cytochromes are for practical pﬁrposes
merely names for absorption bands in the spectira of tissues,.
An attempt was therefore made to extract cytochrome ¢ from
egrsy this however wag not successful. Ho spectroscopic
evidenceo for cytochrome ¢ eould be discovereds Thils, howevar,
cannot be taken as evidenco against its existence for two.
reagsons, In many tissues the concentration of cytochrome ¢
1s very low (Drabkin, 1950), this being especially siriking
in embryonie tissue and tumorse Its existence there has been
demongtrated by extraction procesdures., It has been shown
by Keilin and Jlartree (1940) that even very low concentrations
of eytochrome ¢ may be sufflecient, as the turnover number of
the engyme in vivo 1s greater than that of the same substance
added in vitro. This is presumably due t¢ the organiaation
of the particles on whieh the other iron porphyrin enzymes
and presumably cytochrome ¢ are loecated, The high turnover

rate of eytochrome ¢ is perhaps intérpretabla in the 1light
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of the work on 1ts structure by Theorell(1941), and Horecker
and Kornberg (1946) who glve reason to believe that the iron
abom is surrounded %y a “page" of aming acld moleculesz which
are suf{iclent to prevent access of CO and CN to the iren
atoms Thus presumably oytoehrome ¢ does not aect by actual
contaet of substrate with the iren atomy but the iron atom
undergoes change of valence state, gaining and losing elece
trong through the peptide chaln. This probable faet has
besn made the basls of a new hypothesis of enzyme action
recently {(Gelssmoan, 1949). The rate of turnover of cyto=
chyrome ¢ could thus be high and a considerable respiration
could exist without much of the @nz?m& being presente The
anount of cytochirome ¢ varies greatly in different tissues
but the significance of this is at present completely obscure
{(Drabiiing 1950) .

The absorption band of cytochrome ¢ 1s at about 550
millinleronss In gea urchin eggs strong general abgorption
baring at just about this point. It is therefore possible
that it could exist in fair concentration and still not be
visible spectroscopically,

Attempbe to extract cytochrome ¢ were made in several
different ways, starting with the standard proceedure of
Keilin and Hartree (1937) used in preparing cytochrome ¢ on
& large secalea, This method ig essentially based on preciple

tatione with trichleoracetic scid and srwonivm sulfalbe. &

o . e

large volume of eggs of S {460 ce) was used as

gtarting material. These egps had previously been treated
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with acid to remove the Jjelly cocat and stored in the deep
freeze. Ho trace of cytochrome ¢ could be detected in the
fraééion in whieh it should have precipitated,

An attenopt was made to use the method of Rosenthal and
Drabkin (1943) especially adapted for extraction of cytoe
chrome ¢ in small amounts of tissues 170 cc of frozen
stored egys wore used, Again no vield was obtained. The
authbors of this method point out however that mucoproteins,
in which the eggs are riech, interfere with the separation.

Since 1t was found that commercial preparations of ‘
eytochrome ¢ are absorbed strongly by alumina, an egg exXtract
was prepared by heating eggs with dilute acetie acid for one
tour at 80° Co This method of extraection has also been used
by Kellin and Hartree (1937). The extract was filtered and
dialyzed against phosphate buffer, pH 7 and then run through
an alumina columne No eytochrome was obtained in this way.
Various methods based on absorption on BaS0, likewlse
vielded no cytochrome ¢. Cytochrome ¢ cannot, then, be pre=
sent in large amounts in the eggse Preparations frogzen in
liquid air failed to show the expected absorption band of
ceytochrome Qs

#hile no direct evidence for the presence of cytochrome
¢ in eggs was obtained, it is nevertheless probably present.
The presence of a eytochrome oxidase, perhaps identical with
the ecytochrome a (or a3) here demonstrated toc be present in
the eggy has been known for a considerable time, Fipg, 11

confirnms carliser reosults of Krahl et.al. (1941) that an
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Oxidation of cytochrome c by 1 cc of 15% homogenate
of S, purpuratus eggs in 1/15 M phosphate buffer,
PH 7.1

Top curve = with 1.3 x 104 i cytochrome ¢ and 0.02 M
paraphenylenediamine.
Bottom curve - with 0.02 M paraphenylenediamine.
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enzyme ecapable of oxidizing cytochrome ¢ is present in eggs.
That the respiration of fertilized eggs ig inhibited by cya=
nide has been inown sinee the early work of Warburg (19509).
Robbio (19446) has recently shown that previous reports that
unfertilized eggs are cyvanide ingensitive were based on
taechnleal serrors. The only known subsirate for cytochrome
oxidase is cytochrome e, Probably therefore the normal
rogpiration proceeds in part at least through ceytochrome e.
Dimethylparaphenylenediamine 1s oxidized by living systems
and its oxidation is believed to proceed through cytochrome
cs Runnstrom (1932) has shown, as mentioned in the litera~
ture survey that the pespiration of intact oggs increases
greatly on addition of dimethylperaphenylencdiamine,

tesides possessing a system for oxidizing reduced cyto-
chrome ¢, oggs are alsc able to reduce 1t, The endogenous
respiration of an egp brei is considerably increased upon
addition of cytochrome ce (Fige 12k A éystem that specifis
eally requires cytochrome ¢ is the sucelnic oxidase systems
7ige. 6 shows that addition of eytochrome ¢ greatly acceler=
ates the rate of oxidation of succinate,

4s mentioned abovey cytochromes a and b are characterw
’iz@d chiefly by the positions of thelr absorption bands.
Bands corresponding to sueh components are obs&rvabie in
suspensions and breis of the eggs of both S, purpuratus and
Las plotus after addition of hydrosulfite. The b eomponent
is elearly visible, but the a ig very faint, On freezing

the preparation in liquid air both bands, but especially a
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Effect of cytochrome ¢ (4 x 10'5 M) on endogenous
respiration of a 25% homogenate of S, purpuratus
egge

Bottom curve - no additions.
Top curve - with cytochrome c.
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becomes much more distinet, A major dAifficulty in their
study is that the solutions are turbid and therefore cannot
be studied quantitatively with instruments suech as the
Deckman spectrophotometer. Attempts to elarify suspensions
by the use of detergents or desoxyeholeate did materially
decrcase the turbidity, but not to a sufficlent degree., It
was therefore necessary to estimate the strength of the
absorption bands visually, a proceedure that is particularly
unfortunate here, as the faintness of the bands makes even |
estimates of the order of magnituvde doubtiule S0 far as it
wag possible to Judge,; fertilization, anaerobiosls, CC and
KCH in intact egys or addition of succinate to homogeﬁates
did not cause any inerease in strength of the absorption
bands,

Attempts to concentrate the cytoehrome {raction of breis
was made in the hope that it would be possible to obtain a
solution with sufficlently low turbidity for instrumental
study. In all cases thus far desoribed in the literature
cytochromes a and b are present on small particles containe
ing numerous other enzymes, whose separation wilthout inactie
vation has proved impossible. A possible exception is the
recent work of Eichel et. ale (1950).

A conecentration of this particulate fractlion was atiemp=
ted using the method of Dattelll and 3tern (1912) for pree

paring cytochrome oxidase from heard muscle.
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Beges of L. pletus were washed several times in ses
water and thelr jelly eoats removed by bringing the pH
of the sea water %o 3.5 Thoy were then ecentrifuged and
the volume found %o be 3.2 ecc. Throughout the rest of the
treatment the preparation was kept ice cold. 20 ec of
¥/15 phosphate buffer, pl7.15 was added énd the eggs broken
up in a VYaring blender. The preparation was then centrie
fuged for ten minutes at 3000 rpm and 1 ce of sediment
came downe This fraction on reduetion with hydrosulfite
did not show any absorption bands, The cloudy yellow supere
natant was adjusted to pll 6 with dilute acetic aeid, A
precipitate formed at onece. This was contrifuged again for
ten minutes at 3000 rpm, yielding 1 ec of precipitate, ‘On
reduetion this precipitate clearly showed bands corresponde
ing to cytochromes a and bs Further acidification of the
supernatant to pH $ gave another precipitate, which however
showed only a very faint b bands A considerable concentrae
tion of eyvtochromes a and b thus appsars feasible.

That the cytochromes are really on particles is shown
by a centrifugation experiment. Seven cc of §, purpuratus
egesy washed and jelly coats removed at pH 3.5 were suspended
in 13 ec of #/1% phosphate buffer pH 7,15 and homogenized.
The very viscous preparation thus obtained was centrifuged
in a refrigerated centrifuge with a high speed head at
10,000 g, the sediment resuspended and recentrifuged. The
sediment shows strong a and b bands, The preparation can
be congsiderably clarified by addition of taurocholeate.
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This same preparation, acidified to pE 6 precipitates at once,
When tested with methelene blue, however, it shows no suce
cinic dehydrogenase activity. The bands indicate that the
eytochromes are in a reduced state, even after shaking in
air, and addition of succinate does not scem to intensify them,.

Although the physiological reduction and oxidation of
the a and b bands could not be demonstrated,; evidence was
obtained that thay are probably iron porphyring linked to
proteins., Cytochrome ¢ is relatively heat stables The a
and b bands disappear when the homogenate is subjected to
conditions “hat denature proteins. One minute at 1C0° ¢
destroys the bands at onces Addition of organic solvents
such as methanol causes the bands to fade out gradually. If
after such treatnent pyridine is added to the pfepmratiom,
e very strong absorption band at 555 due to the pyridine
hemochromogen appears. This indieates that treatment has
liberated the prosthetic groups from protein,

Snall amounts of hydrogen peroxide destroy the cyto=
chromes irroversiblye.

The b and a ecytochromes seem to be autooxidizable at
a low pife If a lyophilized preparation of the eggs of
Le plctus is suspended in water, the a and b bands can be
observed at lsast partially reduceds If the pH is brought
down to 2.6 the bands disappear and do not reappear if the
pH is readjusted to 6,0 That the cytochromss are not
destroyed, but only oxidized, 1s shown by adding hydrosulflte
to the preparation which causes the bands to booome clearly

vislible againe
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Ihe Rise in the Respirat

It is a well !mown fast that afier fe%&liz&tion the
resgpiration of sea urchin embryos rises durlng cleavage,
the rate following an Se~shaped curve untll hatehing. At
229 ¢ this takes abeocut eight to nine hours in the case of
Strongyiceentrotug purmwatus. The course of the respira-
tion is shown in FPig. 13« The risc has been frequently
commented on and varlious explanations advancedj it is
usualily stated that enzymes are belinz gyntheslzed during
this period. On the other hand, there is a concept that
eell division and differentiation which may ineclude gymthe-
8is of new ceoll material, are mutually exclusive, This is
obviously not true in the case of desoxyribonuclelce acid,
which hag been ¢learly showm first by Brachet (1933) and
then by other workers to increase linearly during early
developnent in the case of the sea wrehin, At least some
type of sgynthesis of cell constituents is thus possible
during the cleavage period. 0f course such syntheses may
be limited to the intercleavage periods, but as yet the
problem has been scarcely touched.s There are several
possible interpretations of the inerease in the rate of
respiration during cleavage., Pirst, it might be related in
sonme ags yet wndefined way to the increase in desoxyribonug=
leic geide It is clearly not directly proportional to the
number of nuclel, ag was first shown by Warburg (1910a) and
discussed at length by Hoedham (1931). As Brachet {1938)

gshowed, KC1 treated embrycs which undergo a certein amount
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of differsntiation without cleavage (Lillie, 1902) show &
slower rise in respiratory rate. Such embryos also show
a slower rise ln content of desoxyribonucleic acld {Brachet,
1938)9 correlated no doubt with the abnormal and rather
obscure nuclear divisions that occur. It is also true that
aince resplratory rate rises as an Seghaped curve while
desoxyribonuclele acld increases linearly, the respiratory
rate i3 also not a linear function of desoxyribonucleie
-acld contente It is of course possible that the two are
linked even if the respiratory rate 1s not linearly related
%0 desoxyribonucleic acid content,

A seeond possibility, prefered by lHeedham (1%42) is
that respiratory enzymes inerease in amount during this
period. Even if this is true, it by no means follows that
an increase in engyme concentration would of itself produce
an increase in metabollsm. llost tissues of the bhedy have
amounts of enzymes greatly in excess of that needed to
maintain the metabolism which is normally obsorved. The
classlcal example 1s of course muscle, but secretory cells,
nerves and almost any other %igsues conld serve as oxamples.
There exist mechanisms which control the metabolic rate
independent of enzyme concentrations, providing of course
that these are adequates, This will be discussed shortly.

It is possible that substrate could be becoming more
available. This does not seem very plausible on general

grounds but is difficult to disprove.
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An interesting possibility has beern sugrested by Szent -
Cvorgyi (1948). He points out that at least some of the
energy producing reactions are obligatorally coupled to
phosphorylations and therefore their rate depends on the
pregence of phesphate acceptors., It Is very probable that
this i3 & general phenomencn, the dissoelation of respiration
and phosphorylation that can be ohserved in homogenates
being an artifact. &ince the se called high energy phose
phates are now believed on rather plausible grounds to be
the only methods of transfe%éng enarcy fron the énargy vielde
ing to the energy using reactlons, it 13 clear that actie
vation in any manner of energy requiring reactionsg Inecreases
the concentration of phosphate acceptor and automatically
activates the resniratory mechanisms. This hypothesis
appears very attractive because it invokes only lmown meche
anisms and because of its gimplicity., In a sense, of course,

,
1% only pushes the problem a step further baeikzy, the reason
for the activation of phosphate acceptor belng now the
problen to be explained, Here, however, there is a model
provided by actomyosin, whlch is an adenosintriphosphatase
In the contracted, but not in the extended state.

There are several possible consequences of this hypoe
thesis that are In principle subject o experinmental test,
all however involving certain assumptions. One is throuzh
a study of the Pesteur effect, It 1s now beconing more
widely believed that the Pasteur effect 1s due to the fact

that the ratio of ATP/ALP i3 much grester in aerobie



respiration than in the glycolysls (Johmson, ife 3Q, 1949,
Ozvgen therefore suppresses glycolysis by deereasing the
concentration of ADP in the glycolytic cyeles The evidenee
for such g mechanism, while indirect, is rather convineing.
if there is indeed an Iincrease of phosphale aceceptors during
cleavage, there should be a decrease of the Paslewr effect,
that is, aerobic glyecolysis should Increase. This idea
o&eu@éﬁ too late to be tested, bui there are several papers
showing in the case of the frog a significant increase of
aarcbic glycolysis during development, (For dilscussion gee
Brachet, 1947.)

Ancther possibility is to study the effects of arsenaie,
a conpetitive analogue of phosphates, If the respiration is
indeed eontrolled by the concentration of phosphate aaa@ptayg'
& suffieient replacement of phosphate by arsenate should
bring the resplration at all stages of cleavage to a acmmém
level, An atteupt was therefore made to study the effeet of
arsenate on respiration.

Lttenpts were made to introduce ersenate into the lne
Lact eggse Whether the arsenste peneitrated into the eggs
was not direetly deterzined, but at any rate 1ts influence
on the respiration of the eggs proved siighte Experiments
ware done on the eggs of L pletus. First an atteupt was
made to introduce arsenate into unfertilized eges by soake
ing them in an arsenste solution, removing them to sea water
and observing the effects of the treatment on the respirae

tory rise on fertilizations Fertilization in arsenate -
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solutions 1s not possible due to the precipitation of the
calclume The detalls of the procedure are given below,

To washed wnfertilized eggs one fourth of the volume
of isotonlec arsenate solutiony 0,37 ¥ pH 0,1 was added to
give a 0,09 i éolution of arsenate in sea water. actually,
of course, the molarity was less due to the low solubility
of caleiun and magnesium arsenates which caused a precie
pitate to forme, The eggs were allowed to stand in test
tubes In this solution, the controls in ordinary sea water
for 45 minutes, with occasional shaling., The eggs were
then transfered to manometsr vessels,; the appropriate samples
fertilized by the addition of & drop of gperm into the
vessels and the regplration measured, Fig. 14 shows the
course of the respiration., AL the end of the run the eggs
were examined. About 509 of the egga were fertilized and
had reached the 2«4 eell stage. The avsenate apparenily
nad neo significant influence on the unfertilized or fertie
1lzed egps. wepetition of the experiment cave essentially
the same results

Lxperinents were also done suspending feriilized eggs
for poriods up to four hours in arsenate solutlions (0,085 ¥
and measuring their respiratione Ho effeect on the respirae
tion was founde More significant is the fact that the
exporiments showed that the engs wendt through 4 to 9 cleave
azes both in the arsenate and in the controls. Since it is

mown, as will be mentioned shortly, that agents uncoupling
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Time in minutes

Fig. 14

Effect of treating eggs with 0.09 M arsenate before
fertilization. Details in text.

Dark circles - arsenate,
Light circles - no arsenate,

I, IT - Fertilized.
III, IV - Unfertilized.
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respiration from phosphorylation stop eell division, it
< ki

-

s coneluded that the arsenate was nol acting, most proe
bobly due to permeadilily considerationss |

fnother method of studying the effeet of phosphorye
lations in controlling the respiratory rate is to mé@ ngents
that "uncouple" respiration from phosphorviation. Several
sueh agenie are known, the most 5?@9%&031&? probably b@iﬂ@
the dinitrophencls and related compounds, A very eonaiﬁérn
able amount of work has been done on thesne compoundse
Claweﬁ and Krahl (1934) have studied the effects of substite
uents on physiologicsl &c%i?i@yg Tyler and Horowits (1937)
ﬁav@ discussed the physiolopleslly asetive form. It is now
zstablished very clearly-that there are two distinet effectis
of these Qamp@uﬁég. Respiration in many cases 1s greatly
inereased and simultanecusly the normal esterification of
phosphate is suppressed. An explanation of these two effects
has heen advanced by Loomls esnd Lipmann (1948}, &aemr&iﬁg
to their hypothesis, the dinitrophenols in some fashlon
repluce either ghosphate 1tself or serve as unstable phosphate
aceepborsy 80 that respiration is never limited by phosphate
requiremenss and can proceed at s rate determlned only by
the substrate and enzyme concentration,

If sueh ig irdeed the case, dinitrophenol becomes a
3

4
3]
)
o
b
o
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]
o
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o
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3

for the study of the nature of the rise in
respiratory rate during the cleavage periods & series of

deterninations werse therefore done to neasure the effect
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of DIP on the respiratory rate shortly after f@rﬁilizatian
cnd at about edght houvrs at which time the normal rate has
‘apprsximately doubleds
The experiments were conducted at the Rerekhoff Marine
Laboratory, using the eggs of Ls pictus, &ince it has been
shown that the effect of pH on the physioclopiecal activity
T dinitrophenols is very great, it was neccessary to use
& tulfer in the sea wotere The most suitable appeared to
be glyeylglyelne (Zyler and Horowitz, 1937)e. Fige 13 shows
that the respiration of developinpg smbryos is not adversly

poted by the presence of glyeylglyeine, The embryos in

b

act develop sonmewhat better in 1t than do the controlse
“his iz probably not a speciflc effect of glyevlzlveine but
rather due %o the maintanance of a constant pil in the manoe

2

meterses This is especially important gince the main buffer

of gea water is blearbonate and that of coursey is removed
by Zhe alkalil in the center woelle
Another important consideration is the concentration of

dinitrophencle 3ince it was desired éw measure the maximum
asapacity of the respiratory system of the embryos, il was
neccessary to use the amount giving the maximum gtimulation.
On the other hand, too large a coneentration produces inhie

bition, and lesser amounts, while raising the respiration

to & high level, eauses a rapid decline in the respiratory
rete after a short time. After some preliminary experlments,
p

1% was decided to use two differeni concentrations znd oQme

pare the resulise.
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The experimental proceedings weore the following., Eggs
wore removad from the animals and washed several tines.
They were then fertilized and plesced in manomsters. The
composition in the mancmeters was az follows: 3.006 ce of
0405 ¥ glyeylglyeine buffer, pd 8.1 1in sea water, 1.86 co
ezz suspensione Halil 03 ce in center well, 5%, Dlther
1.0 or 0.5 ec of 0,001 ¥ dinltrophencl in sea water was
added to the side arme The temperabure of the mancmeter
bath wag 22° €. Since this was slightly below room tempere
ature, a c¢ooling arrangenent was needed, The manoneters
were shaken at the rate of 84 strokes per ninute, with an
amplitude of 7.7 cme 4 separate experiment showed that the
oxygen uptake was not limlted by the rate of shaking., Roade
inzs were hegun about an hour after fertilization. Dinitro-
phenol was tipped in et the beginning of the readings and
also into other wvessels seven hours later to determine the
rate of rospiration after oight hours of development. The
contents of the vessels were examined at the ond of the runsg.
It was found that the development was very good. T7The stage
reached was that just before lhwtching. The concentrations
of dinitrophenol used was such as to stop the development of
most of the egzs. A4 few (14, however, go through one or two
eleavages after the additlon of the reagent.

The resuvlts are shown in Table V. In spite of all proe-
cautions there 13 soxe variation, but on the whole the ree-

sults appear to be reasonably reproduclble. They show guite
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Table V

Experiment I IX 11z v
1 100 193 362 495

2
wan 18 192 % 2
3 100 200 434 618
4 100 216 477 591
5 100 195 451 578
6 100 174 394 622

7

iffect of 2y444initrophenol on the oxygen uptake of
embryos of J, purpuratus at one hour and eight hours after
fertilization. Rate at one hour expressed as 100, Tempare
ature 22° C, Experiments 1,2 - dinitrophenol econcentration
1.1310’4 He Experiments 3«7 « dinitrophenol concentration
2 x 10 %, Columnss I - rate at one hour, II - rate at
eight hours. III = rate at one hour with dinitrophenol.

IV « rate at eight hours with dinitrophenol,
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clearly that not only does the unstimulated respiration about
double through the period of eight hours, but that the di-
nitrophenol stimulated regpiration also rises, 7The absolube
rise of the latter is somewhat greater than the normal ine
croase of respiration.

The interpretation of this phenomenon is difficult.
Taking the results at face value, one can say that the tofal
capacity of the regpiratory system of the embryo increases
somewhat more rapidly than the rise in respiration, This
should be the interpretation if the Lipmann and Locmis (1948)
explanation of the dinitrdph@nol effeet is corract,

Unfortunately the real mode of aectlon ol dinitrophenol
is not entirely elear., Quite recenily Lardy (1950) reports
that in the presence of dinitrophenol a very labile phos=-
phate ester accumulates. The nature of this ester is not
yet known. There are reasons o suppogse that the action of
dinitrophencl may be complex.

At any rate the data presentod above demonstrate that
in some sense there is a considerable inecrease in the capacity
of the respiratory system during the first eight hours of
development, and that this increase in capacliy parallels
the inerease in respiration. This could be, as mentioned
above, because of an inerease in the avallability of sube
strate or it could be because of engyme synthesis in sowme
gensse, To test the possibility of ensyme synthesis eggs and
eight hour embryos of L. pictus were lyophilized and stored
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in the deep freeze. An assay for aldolase was then done by
the method previocusly described.s The activity of eight hour
enbryos in thils enszyme was found to be so auech lower than
that of the eggs that 1t was conecluded that this was either
due {0 a lesser stabillty of thelr enzyme or elss through
inadvartence the lyophillzed powder had been inactivated in
S0OME VaYe

The attempt to neasure aclivity of engyses is a dife
fieult approach. It is nececessary to test g large number of
enzyme systems, to determine thelr optimum condiflions for
assay and to eheck on all possiblo sources of error, which
are wmanys, It would appear hotter to start such work by
deternining the grosser changes in the protein composition
by some method such as electrophoresis or salting out, and
after determining this to atlemplt a correlation with enzyme
atic activity.

The problem of the rise of respiration is of very real
interest, since 1t 1ls a general phenouenon, unliike the rise
on fertilizatlion, and because many embryologically important
processes are then taking place. An understanding of this

phenomenon might throw light on several problems now obseurge
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Discussion

The results reported above make it probable that the
respiration of the sea urchin egg proceeds through the saume
pathway as that known in adult organisms. A4s the survey of
the literature shows, this has been doubted Uy a lérg& nume
ber of embryologists. It may be worth while to examine some
of the evidence which has been gathered in support of the
latter view..

A large part of it is of a purely negative kind, based
on the inablility to demonstrate some enzymatie process. Such
evidence should be treated with caution., For example the
absence of the cytochromes has been {requently reported
and some significance has been attached to this supposed
fact. 7The work of Rothschild (1949) and the work reported
in this thesls demonstrate the existence of the b and a come
ponents, The ¢ component has not as yet been found, but
obviously the conelusion cannot be drawn that therefore it
does not exist,

Lindberg and Ernster (1948) reported that no triose-
phosphate 1s formed by homogenates on addltion of hexosoe
diphosphate, It was also found that there was no inhibition
of respiration by icdoacetates That aldolase is present in
e;gs has been clearly shown in this thesis by the use of a

method superior tc the cne avallable to Lindberyg and Lrnster.
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The question of the lnhibition by lodoacstate has been
clavified to some exitent by the demonstration that inhi-
bition develops rather slowlys This must have been even
wore true in the experiments of Lindberg and Ernster, sinece
they worked at a temperature of only 6° ¢,

Differences in penetration and rate of reaction with
proteing and glutathione can probebly explain moest of the
anomoloug results obtained by some investigaters with lodoe
acetate.

Great siress is lald by the Iwedish schocl on the sine
1lsrities beltween the decarboxyiantive brealkdown of plucose
denonstrated by Dickens in 1938 and the respiratory meche
anigms found in sea urchin eggse The evidence bearing on
thds point has beer referred to in the literature surveye
(For a recent eupression of opinion see Runnstromy, 1949.)
The following points however should be noted. Part of the
evidence rests on fallure to demonsirate certaln reactions.
Some of these reactions have now been shown to Yake place.
The proposed decarboxyiative breakdown of sugar has not
actually bLeen demonstrated in the sea urchin epgg. Hven if
it werey 1t is well lnown that many tissues which can oxzidige
glucose=b=phosphate o G-phosphozluconic acid utilize the
Heyerbof glyecolytic mechanisme Therelore 1t is reasonable
to conclude that there iz no resl evidence that oxidative
decarboxylation is the maln respiratory pathway of the sea
urchin agga

The deearboxvlation of Gephogphogluconic acid leads

ultimately to the production of a pentose. Sinee pentoses
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are components of nueleie acids and nuclele acids have some
as yel not clearly defined role in growth it is very conecele
~vable that the egg may have a well developed system for the
preductlon of peﬂaasas; This however is not a subject to be
doeclded by speculation but by exverinent, The two points
to deternmine are first how pentosess are produced and incore
porated into nucleie acids and sscond how well developed guch
a system ig in the egg. It must not be foveotten that the
glyecolytic and respirotory systems produce not only energy
but also structural materials and inzermediﬁtes for other
metabolic systems.

| It has been demonstrated in the experimentsl pert of
this thesis with sone probadbility that gluecose~le-phosphate
ig transformed to glucose«H-nhosphate, Clucose-bephosphate
and fructose-G-phosphate are interconvertible. 1,6,Clructo-
sediphosphate is broken down to triosephesphate. RaSpir»
ation is inhibited by ilcdoacetate. ?hosph@glﬁe@rie acia
ig converted to pyruvat@."Fluoriﬂe inhibits this reaction
and also the respiration. Lacltie acld accumulates under
angerobie condlitions, Citrate; alpha katoglﬁtarat&a SUQe
cinate and malate are metabolized and respiration is ine
hibited by malonate. Cvtochrome ¢ is both reduced and
oxidized, The pressnce of cylochromes b and a 1s osie

ablished, Other work mentioned in the literature survey

of respiration by cyanide and carbon monoxide. it scems
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probable that the respiration of sea urchin eggs is similap
to that well imowm in advlt organisms. This respiratory
system then does not arise anew in ecach oaltogeny but is
transferred Intact through the egg.

® must be admitted, of course, that the demonstration
of any enzymatie gsystem 1s not tantamount to showing thet it
18 sctually used, This is a much more difficult problem and
the solution of it in an unequivocal fashion can provably
be done only by the use of methods involving labeled compounds
in the intact organisme. Should the point geem of sulllcient
importance for the solution of some problem this could of
course be done,.

The idea that the regplratory system is Ineomplete in
the embryo received at one time a great impetus from the

work of Heedham, Por a full discussion of the problem his

bock (1942) should he consulted, His 1dea was that the
glyeolytie system involving prosphate srose anew in each
ontogeny. Durinc early 1ife ite place was taren by & simpler
system for the breakdown of glucose not involving nhosphate.
Since it is now generully dbelleved that enerpgy transfer in
the organism lnvolves phogsphate the existence of a glucclytie
system of the type propoged by leedham would be of great
interest, HNeedham supported his idea with many experimenis
in which he tried to differentiate betyeen the nathway of
civeose and that of glyeoszen, which he concluded did invelve
prosphate. £ favorite reagent to inhiblt this nonphophorye

lative plucolysis was leglyceraldehyde. %he recant work of
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Lardy, Wibelhaus and Xann (1949) has to some extent clarie
fied the mode of action of this compound.‘ Lnder the influe
ence of aldolase it condenses with phogphodihydroxyacetone
to form 1~sorbose-éaphosphate, a powsrful inhibiter of hexoe
kinase. I{ this 1s indeed the case then leglyceraldehyde,
instead of inhibiting nonphosphprylative glucolysis inhibits
the first step involving phosphorylation. ileyerhof and
Perdigon toolk up the problem in 1940 and guceceeded in demone
strating the ¥eyerhof gcheme in the chiek ambryo, lore
recently lNovikoff, Potter and LePage (1948) have isolated
the intermediates of this scheme from chick embryos in the
expected quantities. It would thus appear that there is no
reason to bellieve that embryonic respiration in the chicken
utilizes another mechanism than the adult.

The ldeas of lisedham have no doubt had a considerablo
influvence on embryologists working with the sea urchin in
making them interpret _any anomolous results in terms of
mechanisms not present in adults. It wounld appear neow that

this is not necgessarys
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Pertinent to the problem discussed above iz the obhsere
vation that the mechanisms for breaking down starch and
glycogen are extracrdinarily wniform in the most distantly
related organisms. This is true not only of animals but
aiso of plants. The possible exceptions are organisms
that have not been fully studled,; such as the fungl, or
cartain baecteria which ean be easily interpreted as having
lost part of their engymatie equipment. The demongtration
of such a unifornity can be regarded as one of the main
contributions of hilochemistry to general biolosye

The cause of such a uniformity, which has bheen found
now o extend to many other baslc blochemical mechanismg,
could be due to the comgen origin of all living thingse.

On the other hand, an explenation in terms of the limita-
tions to which any given blochemical mechanism is subject
should be exanineds

1% will be polnted out here that the reactions of gly=
colysls are so¢ interdependent that not mueh varistion is
posaible. It is not possible to show with any completoness
that no other mechanism than the one that exists is possiblae,
wut only that i1f others can be constructed they nust te of
a raedically Qifferent nature,

AT the start 1t i3 neccesary to essune certain factse
The glycolytie mechanism, lot 1%t bhe amssumed, has Lo be easily
reversible, proceeds from glycogen (or stareh) te prruvate

and generates ATP.
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The first point to notice is that a hexose has to be
split into a three carbon compound. The only chemical meche
anism that breaks carbon to carbon bonds in a reversible
manner would seem to be an aldol condensation. This is of
course what is done by the engyme aldolase. The fact that
an aldel condsnsation occurs limits the product (or substrate)
to a keto sugar. Several points of interest now present
thenselves.

Assuning that we are deallng with hexoses, 1t might
appear that any kelohexose of the 4 series could be an intere
nedlates Actually this does not seem to be the case.

Plscher and Baer (1936) have studied the nonengzymatic cone
densation of dihydroxyacetone and deglyceraldehyde and dise
covered the unexpected fact that instead of four ketohexoses
only two were obtained in detectable amounts. The convene
tional structural formulae of the four possible ketohexoses

of the d series are az {ollows:

HCHOH HCHOH HCHOH HCHOH

C =0 cC 8 c 290 c =9
ECOH HOCH HCOH HOCH
HCCH HOOH BOCH H0CH
HCOH HCOH HCOH HCOH
HCRHOH HECHOH HCHOH HCII0H
Psicose Fructose sorbose Tacatose

The %wo products were Iructose and sorbose. The structural
requirement is that the hydroxyls on carbon atoms 3 and 4
be trans to each other. iow it is of interest that these

-
twe supars are navurally occu%%ng while psicose and tagatose
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are known only as synthetic productss In the prasence of
aldolase fructose and sorbose can be obtained, but not psie
cose and tagatose. Thus the enzymatie and nonenzymatie
machanisms are alike in this respect and an explanation is
at hand for the exclusion of two otherwise possible intere
mediates from the glycolytic mechanisms Fructose rather
than sorbose ig the actual intermediate. The reasson for
this is not quite clear but seems to be connected with the
optical specificily of the engymes of glycolysise. Aldolase
in the presence of phosphedihydroxyacetone and deglyceralde-
hyde forms fructose. If l-glyceraldehyde 1s present instead
the product ié sorbose {(Imanga, 1937 and Lardy, ¥ibelhaus:
and Mann, 1949)s Thus the cholce of fructose instead of
- sorbose would appear to depend on the optical specificity
of triosephosphate isomerase which forms d rather than leglye
ceraldehyde from dihydroxyacetone.

A point of interest, although 1t may be & minor one, is
that 1f a ketohexose is split by the reverse aldol condene
sation the two preoducts are different, They are however the
keto and enol forms of the same compound and readily intere
convert even nonenzymatically under mild conditions. Were
the sugar a heptose or a pentose thls would not be possible.
In the case of a hexose the two products are able to proceed
rather directly along the same metabolic pathway.

The above discusgions show that a ketohexose must be

an intermediate in the metabolie scheme. Yot the sugar
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residues of starch and glycogen are pluccse, an aldohexose,
A conversion must ovcur and fthils explaing the necessity of
the other steps vefore the formation of 1,6,fructosediphose
phatee

Ve have assumed that we sltari with glyecogen or starch,
The degredation of the molecule procseds, as shown by Cori
and Cori (1930), not hydmolytically buit phosphorolytlcallys
The rationale of this has often been discussed in conneciion
with the reversibiliity of the reactlon and need not bve
farthior discussed heroe i'rom lthe structure of glycozen the
phosphorelytic 9plit mest give us glucose=l=-phosphats {on
paper at lesst glucoseedeplhosphate is also possible. The
nonenzymatic ﬁhosph@rslysiﬂ of rlveogen does not appear %0
have been studied and therefore nothing ean he said on the
chenlstry involved here). Glucose-=lephosphate must now be
transflornmed Inte fructoses There are threo enzymes ilnvolved
in this operation, The reason for this is not diffieult to

»

ce Under mild alkaline conditlons glucose, mennose and

i
&

fructoge are muitnally interconvertible, This is believed
t¢ proceed through an en~dicl lorm comon o the three
sugars. The mechanigm of the enszymatic conversion is not
known, but is probably the samne.

If such is the case, then obviocusly glucose-l-phosphate
cannot e directly transformed into fructose, sinee the
phosphate on earbor atom 1 bloeks enolizntion. The shift

of the phosphate to position 6 liberates the one position
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and enolization can oceur, giving rise to fruetas§~6~phos~’
phates The further phosphorylation of fructose~-bH-phosphate
is of course connected with the ultimate transfer of the
phogphate to ADP.

This sort of dlscussion could be extended to greater
length if ﬁeaired. The reason for bringing it up at this
point is to stress that the organism does not have at its
disposal an infinite number of possible mechanisms for
natursl selection to operate on and therefore the uniform-
ity of biochemlieal mechanisma is not unexpected.‘ ot only
are the individual mechanisms subjeet to a varlety of re=
strictions, but probably even more stringent are the
requirenents of interlocking mechanisas. For axample, the
above discussion does not ewplain why the storage poyysa-
charide iz usually not a fructosans This would obviate
the neecessity of several steps that actually occur in the
clycolytic mechanism, However, there may be reasons for
this as welle Suppose for example that galactose 1s needed
by some other metabolic system. Galaetose is synthesized
by conversicn of glucose-lephosphate 0 galactose«l«phose
phates A4 route from fructose to glucose-l=phosphate may
then have to exist in any case due to a reguirement for
galactose. Ow knowiedge of blochemistry is as yet slighty
but it is enough o make us suspect that reasonable explans
ations based on sound chemiesl principles may eventually
be found for the existence of certain systems and for the

absence of otherss
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Co

pyolopical Sionificance of Reapirstion

With the excepntion of the viruses all living organisns

r@spire. From this It could be concluded that resplratlon,
while a necessary conditlon of embryonde development, has

no direect affect on the course of growth and differentiations
This conecluslicn, however, is toc sweeping. Iwe aspeets of
the study of respiration would soem to be of direcet eubryo-
logical importance.

The prablews of growtr and differentiation have proved
to be very difflicult, probably because we have ne ldsz which
phenomena are the eones to study for the soluiion of these
problems. The study of resplraticn, on the cther randy is by
comparison an easy matter, MYany embrycloglicsl pleonomena are
'accbmpanied by changes in the respiration, and deltniled
studies afbaucﬁ eh nges may provide us with a elus Lo the
naturse of other chanses linked with the resplralory 2n6se
.Thes@ studles, while lavoriocus, if pursued in comnocctlon
with the study of other phencmsna that may appear poritinent
.to the problém may yisld results of intercst.

It mast a2lso not be forgotten that regpiration, hecides
"providing enorgy for the organisa, can have other funciiong.
48 has been clearly shown by the use of iszotorically labeled
compounés, he intermediates of the respiralory process can
?rovide a variety of structural mater ials for other bhiocheme
ieal systens, Chan"e@ in the respiration zlone could disturdb
the steady state of the organlgm, with results somotimes

pathologieal but perhaps also producing some of the normald
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phenomena of development, ‘Whether this is indeed the case
will be decided by investigations that have yet to be

carried out,
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