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GENERAL INTRODUCTION AND OBJECTIVES OF THE STUDY

Since Krebs!'! introduction in 1932 of the theory of urea
synthesis by enzymatic processes (3), extensive investi-
gations of the biochemical mechanisms involved have been
carried out., Definition of the enzymatic steps has been re-
solved through studies conducted primarily on tissues of
mammalian species. There 1s valuable information to be
gained, however, from an understanding of a bilochemical
phenomenon such as this as it occurs throughout the animal
and plant kingdoms. For years it has been known that urea
is excreted by a large number of animals, but 1s a relative-
ly insignificant excretory substance in a host of other
species. This observed variation is generally thought to
be due to the presence of a functioning urea cycle in those
animals which excrete urea as the principal nitrogenous
waste product. To our knowledge this has not been confirmed
by a systematic study of the enzymes of urea synthesis in a
wide selection of animal species.

It is the purpose of this work to extend the investi-
gation of the mechanisms of urea synthesis to a number of
vertebrate specles, and to study especially the urea en-
zymes in a representative amphibian. By means of these
studies we have attempted to add perspective to the under-
standing of urea synthesis and nitrogen metabolism in animal

life.



The investigation consists of two separate studies.
The first is a comparative study of representatives from
the phylum vertebrata. The activities of three enzyme
systems, ornithine transcarbamylase, carbamyl phosphate
synthetase, and carbamyl phosphate-aspartate transcarbamylase
are estimated in a number of different species. 1In the
second study the appearance of a functioning urea cycle in

metamorphosing Rana catesbelana tadpoles 1s investigated.




A REVIEW OF THE UREA CYCLE AS CURRENTLY UNDERSTOOD

The synthesis of urea from ammonium ions has been known
since 1874 (1,2). It was not until 1932, however, when Krebs
and Henseleit applied the tissue slice technigque (3), making
in vitro studies possible, that detailed analysis of the en-
zymatic system of urea formation began., Previous studies
had been carried out largely on the intact organism or in
perfused liver. Krebs and Henseliet demonstrated that
ornithine and arginine act as intermediates in the synthesis
of urea (3,4), and later citrulline (5) was proved to be
similarly involved (6-8). Cohen then introduced methods
for studying urea synthesis in tissue homogenates (9), and
the synthesis of citrulline from ornithine (10-14) and
arginine from citrulline (15-19) was demonstrated.

Upon further study, the reaction ornithine —citrulline
was shown to involve a glutamyl derivative (20-28) and could
be divided into two enzymatic steps:

(1) cop + NH3 + ATP ( + glutamyl derivative)-sintermediate

(2) Intermediate + ornithine —s citrulline.

The intermediate in animal systems has since been shown to be
carbamyl phosphate (29-31), an energy-rich compound from
which the carbamyl group is conveyed to the & -amino group

of ornithine through a "group transfer." It is known that
the first step in urea synthesis in animals is the formation

3
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of carbamyl phosphate in a reaction catalyzed by the enzyme
carbamyl phosphate synthetase. Studies with the purified
enzymes have demonstrated also that an N-acyl derivative of
carbamyl glutamate, ATP and magnesium ions are required as
cofactors (25,26).

The second step in the synthesis of citrulline involves
transfer of the carbamyl group of carbamyl phosphate to
ornithine in the reaction:

Ornithine + carbamyl phosphate-—citrulline + H3P04.

The enzyme, ornithine transcarbamylase, catalyzes the re-
action (21-27,32,38).

The production of arginine from citrulline has been
found by Ratner and her group (34-42) to consist of two
steps:

Mg++
(1) citrulline + aspartate + ATP = arglninosuccinate +
AMP + PPy

(2) Argininosuccinate = arginine + fumarate.

The first step of this reaction is catalyzed by a "condensing"
enzyme, referred to as argininosuccinate synthetase, and

the second by a "cleavage™ enzyme. The overall step is
referred to as arginine synthetase.

The enzyme arginase has been recognized for many years
and 1s known to be a catalyst in the final reaction of the
urea cycle (44-47):

Arginine + HpoO-sornithine + urea.



The current concept of the enzymatic method by which
urea is synthesized from ammonia and carbon dioxide in
mammalian liver 1s presented schematically in Figure 1.

Net result of the overall reaction is the production of one
mole of urea from two moles of ammonia and one mole of car-

bon dioxide at the expense of three moles of ATP.



NH4+ + CO

2
(1) 2 ATP
Ac-Glutamate
=0

(Carbamyl phosphate)

L-ornithine (2)
UREA
‘ (5) L-citrulline

L-arginine

ATP
Fumarate

L-aspartate

(4) (3)

L-argininosuccinate

Fig. 1. Krebs urea cycle. Enzymes involved are:
(1) Carbamyl phosphate synthetase, (2) ornithine
transcarbamylase, (3) argininosuccinate synthe-

tase, (4) argininosuccinate cleavage enzyme, and
(5) arginase.



A STUDY OF THE UREA CYCLE IN VARIOUS ANIMAL SPECIES

A. Comparative Aspects of the Biosynthesis of Urea

In assoclation with the evolutionary processes by which
primitive marine life invaded fresh water and dry land,
there probably occurred numerous biochemical modifications
(49). It is supposed by many (48-50) that one of these is
the mechanism by which animal organisms dispose of the
waste products of nitrogen metabolism. One of three forms
of nitrogenous waste -- ammonla, uric acid, or urea -- is
the chilef excretory product of nearly all animals (48). On
this basis animal 1life can be grouped into ammonotelic,
uricotelic, and ureotelic forms. The choice of the excretory
product seems to be determined by the amount of water in the
organism!s environment available for disposal of this ex-
cretory substance. Baldwin (48) states that "the conversion
of ammonila to other products is an indiSpensablé adaptation
to limitation of the availability of water."

As a general rule, those animals whose habitat is
basically aquatic can safely excrete ammonia. Those whose
environment is not aquatic excrete less toxic substances,

usually urea or uric acid. Among the invertebrates the

aquatic members excrete ammonia, and the terrestrial members
excrete uric acid. Ureotelism seems not to have developed.

The terrestrial vertebrates generally are ureotelic (amphibia

[
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and mammals) or uricotelic (saurian reptiles and birds).

The marine elasmobranchs are ureotelic. Marine teleosts are
known to excrete considerable trimethylamine oxide (CH3)3N*O
(u8).

Needham (50,52) contends that the choice between
ureotelism and uricotelism is determined by the conditions
under which embryonic development takes place. His studies
of the nitrogen excretion of some chelonlan reptiles and
chick embryo (52) suggested that this may be true.

Clementi (57) showed in 1914 that arginase occurs in
high concentrations in the livers of ureotellic animals, but
1s present 1in traces at most in the livers of those which
are uricotelic (Table I). Hunter and Dauphinee (58) later
studied the arginase content of various tissues, demonstrat-
ing the presence of arginase in the livers of teleosts,
though they are ammonotelic, and its presence in many
Tissues of the elasmobranch fishes. An increase in arginase
activity in relation to increasing urea excretion in meta-
morphosing tadpoles has been observed (51,55). Several
workers (51,55,56) have also investigated the effect of
thyroid-stimulated, precocious metamorphosis on anurans
and urodeles (frogs and toads). Barch (56) reports that
the metabolic response to thyroxin precedes the morphologi-
cal response.

Except for these studies on arginase activity, there

has been little investigation into the differences existing



within the tissues of various animals which might account
for the differences in excretory product. The presence of
arginase in tissues of ureotelic animals 1s suggestive
evidence that these species possess a functioning Krebs urea
cycle. It is necessary, however, to demonstrate also that
other urea cycle enzymes are present in ureotelic species
in order to be reasonably sure that the urea produced is,
in fact, synthesized by this enzymatic mechanism. In the
following study we have estimated the activity of two urea
cycle enzymes, ornithine transcarbamylase and carbamyl
phosphate synthetase in the livers of several representatives
from the phylum vertebrata and in the arthropod, Limulus.
We have then shown a correlation between the presence of
these two enzymes and the chief excretory product of the
species studied. |

In addition to investigating the occurrence of the two
urea cycle enzymes, OTC and CPS*, the activity of carbamyl
phosphate-aspartate transcarbamylase was also estimated
(Table II). Aspartate transcarbamylase catalyzes the re-
action:

Carbamyl phosphate + aspartic acid-— carbamyl aspartic
acid.

Carbamyl aspartate has been shown to be a precursor of orotic

acid, and thus of pyrimidines, in animal tissues (61-63) and

* Ornithine transcarbamylase and carbamyl phosphate synthetase
may be referred to hereafter as OTC and CPS, respectively.
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in bacteria (60-62). The enzyme, carbamyl aspartate synthetase,
ocecurs in various tissues of many animals (65,66), micro-
organisms (59,64,66-68), and plants (68). The wide distri-
bution of this enzyme suggests that carbamyl aspartate is
synthesized in most tissues and may be the initial reaction

in the syntheslis of pyrimidines.

B. Experimental Methods

All animals used in the study were normal and healthy.
No dietary restrictions were placed on them. Exceptfor

Saqgualus sucklii, the fish were obtained from the Department

of Zoology, University of Wisconsin. Squalus liver was ob-
tained from Marine Biological Laboratory, Woods Hole, Massa-
chusetts.* The frogs and turtles were purchased from a
commercial source; all other animals were suppllied by various
departments of the University of Wisconsin. The monkeys were
hepatectomized under ether anesthesia. All other animals
were stunned and decapitated, and the livers removed and
chilled on ice 1lmmediately. Weighed portions of the livers

were then taken for assay of the three enzymes studied.

1. Carbamyl Phosphate Synthetase Assay

The liver was homogenized in chilled isotonic KC1l (one
part wet welght liver to 9 parts KC1l) in the Waring Blender

or glass homogenizer. An acetone-dried, washed residue was

* Squalus liver was frozen on dry ice immediately upon removal
from the living animal and enzyme assays were carried out
approximately 24 hours later.
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prepared (70,71). Carbamyl phosphate was prepared after the
method of Lipmann (29). The remainder of the assay was
carried out by Leo M. Hall and Russell Johnson according

to the method of Hall et al. (69). The gquantity of liver
protein was determined by the method of Lowry (73), and

the activity of CPS expressed as uM citrulline produced per

mgm. liver protein per 15 minutes incubation.

2. Ornithine Transcarbamylase Assay

Assay of this enzyme was carried out according to a
modification of the technique described by Burnett and Cohen
(32). A 10% homogenate of a portion of the liver was pre-
pared with chilled double-distilled water. The homogenate
was allowed to dialyze overnight at 29C against two changes
of double-distilled water and then centrifuged at 2500g
for 30 minutes. The supernatant was diluted 1:10 with
double-distilled water, and an aliquot™ was incubated with
an assay system consisting of: 20uM L-ornithine, pH 8;

20 uM carbamyl phosphate (29); and 100 uM NaHCO3. The final
volume was adjusted to 2.0 ml. with double-distilled water
and the mixture incubated at 380C. for 30 minutes. 1In
addition to the tubes containing the fractions to be
assayed, the following controls were included: (1) an in-

cubation mixture with water replacing the homogenates,

* 0.1 ml. to 0.2 ml., was found to be a satisfactory amount
for rat liver assay. Larger aliquots were taken for assay
of livers with lower ornithine transcarbamylase activity.
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(2) a "zero time"™ deproteinized mixture, and (3) a tube
containing boiled homogenate. After deproteinization with

5 ml. 0.5M perchloric acid, citrulline was estimated by

the method of Archibald (74). Protein was determined by the
Lowry method (73), and activity of ornithine transcarbamylase
expressed as uM citrulline produced per mgm. liver protein

per minute incubation,.

3. Aspartate Transcarbamylase Assay

The supernatant of the KC1l homogenate prepared for CPS
assay was dialyzed overnight against two changes of double-
distilled water. This extract was then assayed for aspartate
transcarbamylase activity by Dr. Geo. Burnett according to
the method of Lowenstein and Cohen (33). Activity of
aspartate transcarbamylase was expressed as counts per
minute per mgm. protein per minute of incubation.

In Table II are summarized the results of these studies.

Subsequent to completing the above investigation, im-
proved methods were devised for extraction and assay of the
urea cycle enzymes. In light of this work we were obligated
to establish the validity of our earlier studies. 1In a
number of the species previously studied the activities of
OTC and CPS were re-evaluated using the newer procedures. A
10% homogenate of the liver was prepared with a 0.1% cetyl
trimethyl ammonium bromide (CTAB) solution in a glass Erway

homogenizer. The homogenates were then centrifuged in the
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refrigerated centrifuge (5°C.) at 4000 RPM for 15 min.
From the pellet a second extraction was made in the same
manner. The two supernatants were combined and various
aliquots taken for enzyme assay.

The assay system for ornithine transcarbamylase con-
sisted of 20uM L-ornithine, pH 8.0; 90uM glycyl-glycine
buffer, pH 8.0; 20 uM dilithium carbamyl phosphate; liver
extract*; and double-distilled water to a final volume of
2.0 ml. The remainder of the assay was carried out as
previously ocutlined.

In the assay of carbamyl phosphate synthetase a "cock-
tail"™ was prepared consisting of: 1 part ATP 0.1M, pH 7;
1 part NHMHCOBI.OM; 1l part L-ornithine O0.1M, pH 7; 1 part
acetyl glutamate 0.1M, pH 7; and 2 parts Mgsou 0.1M. The
cocktail was gassed with CO, to pH 6 to 8 immediately be-
fore use. The assay system included 0.3 ml. cocktail, 1
to 2 units partially purified beef liver ornithine trans-
carbamylase (32), liver extract® ", and double-distilled
water to a final volume of 1.0 ml. Following a 15-minute
incubation, the system was deproteinized with 5 ml. O0.5M
perchloric acid and citrulline estimated according to the
method of Archibald (74).

* 0.2 ml, of a 1:10 dilution of the extract was a satis-
factory amount for the rat liver assay. Up to 50 times
thils amount was used in the assay of fish liver,

**¥ 0.1 ml. of undiluted extract was an appropriate amount
for the rat liver assay. Up to six times this amount
was used in the assay of fish liver.
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It shbuld be pointed out that all enzyme assays carried
out in this study were conducted under conditions thought to
be optimal for in vitro rat liver enzyme systems. Whether
these conditions are optimal also for the other speciles
studied has not been determlned.

As can be seen from Table II, exceptionally high levels
of aspartate transcarbamylase activity were found 1n gar pike
and bowfin liver. Confirmatory studles were then carried
out on these species using a CTAB extraction. A portion of
liver tissue was homogenized in 0.1% CTAB (10% homogenate).
The homogenates were centrifuged in the Spinco centrifuge
for 45 minutes at 30,000 RPM. The supernatants were decanted
off and 0.5 ml. of the undiluted enzyme preparation added to
the following system:

1.5 ml. O.04M Carbamyl phosphate

1.5 ml. O0.1M Aspartic acid

1.4 ml. 0.5M 2,2' Iminodiethanol buffer, pH 9.2

1.5 ml. Double-distilled water,
This mixture was incubated for 15 minutes in the water bath
at 37°C. without shaking. The reaction was deproteinized
by the addition of 1.5 ml. perchloric acid (1.8N) containing
0.7M silver acetate. The prec¢ipitate was spun down and 6.0
ml. of the supernatant passed through 2 gm. Dowex (50w X 8
200-400 mesh, hydrogen form). This was followed by two 2.0
ml. washes of double-distilled water. Three ml., were taken
for color determination. Color was developed by the method

of Koritz and Cohen (75).
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By use of this procedure no activity of aspartate
transcarbamylase could be demonstrated. It i1s difficult
to account for the difference in the activity of this en-
zyme demonstrated by these two methods, and it is clear that
further study is necessary to clarify this disagreement in

findings.

C. Discussion

In Table III a comparison 1s made of CPS and OTC activity
when CTAB and KCl or water extracts of liver were studied.
In thé livers of those species in which neither CPS nor OTC
activity could be demonstrated in a KC1l or water extract none
was found either in CTAB homogenates. Somewhat higher levels
of activity of these enzymes were found in the livers of
ureotelic specles when the CTAB rather than KCl or water
method of extraction was employed. Values obtained by the
use of both methods were of about the same order of magnitude,
however, It is believed that CTAB inhibits ATPase (76), and
this may account for the slightly higher values obtained by
use of this method. Studles carried out with the CTAB
extracts probably, then, confirm the results previously
obtained (Table II).

In Table II is tabulated the data concerning activity
of OTC, CPS, and aspartate transcarbamylase in the livers
of varilous species. It can be seen that in none of the ani-
mals known to excrete principally ammonia, could activity of

either OTC or CPS be demonstrated. To our knowledge, the
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chief excretory product of Limulus and the Holostei has

not been determined. It would seem most reasonable, though,
that these aquatic animals also excrete ammonia, and, as was
anticipated, in neither of these species could OTC or CPS
activity be demonstrated. The absence of O0TC and CPS activi-
Ty in the ammonotelic species strongly indicates that these
animals do not have a functioning urea cycle and are, thus,
not biochemically outfitted to synthesize urea from ammonia
and carbon dioxide. On the other hand, in all species which

are known to be ureotelic, except Squalus sucklii (dogfish),

activity of the two urea cycle enzymes, OTC and CPS,
was clearly demonstrated. In Squalus, OTC, but no CPS
activity, was found. It is to be remembered, however,
that assays of Squalus liver were carried out on homogenates
of previously frozen whole liver. G. Brown (78) and Bald-
win (77) have since reported that they were unable to demon-
strate CPS activity in liver homogenates of other elasmo-
branchs. Baldwin's study, like our own, was conducted on
acetone-dried powder preparations of liver, while Brown
assayed water extracts of KCl-washed liver mitochondria.
These faillures to demonstrate CPS activity in elasmo-
branch liver are evidence, but only in a negative sense,
that the elasmobranch may synthesize carbamyl phosphate by
a mechanism which differs from that of other ureotelic
animals. It is more likely, that the enzyme which catalyzes
carbamyl phosphate synthesis in these fish possesses proper-

Ties which are not the same as those of fellow ureoteles.
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This enzyme system might well, then, escape detection by our
assay procedures. The possibility exists also that acetyl
glutamate is not the cofactor normally involved in this step
of urea synthesis in the elasmobranch.

It is worth noting at this time that the marine elasmo-
branch 1s an extremely interesting animal from a biochemical
viewpoint. Most marine vertebrates face a serious threat to
life from an unfavorable osmotic pressure gradient between
their own tissue and the sea water in which they live. Where-
as the blood of these fishes contains about 1% dissolved salts,
sea water has about 3% (48). There is, then, a continual
force tending to drive water out of the animal across 1its
semi-permeable gill membranes. This force is compensated
for by an elaborate mechanism for water retention. The
marine elasmobranch on the other hand, has solved this
probiem quite satisfactorily by synthesizing urea and
by maintaining a concentration of about 2-2.5% of this sub-
stance in its blood (48). With a blood urea level of this
magnitude the osmotic pressure gradlent 1s reversed and
water is actually forced into the animalt's circulatory
system., Urea synthesized in excess of that needed to main-
tain this satisfactory osmotic pressure relation 1s excreted.
The elasmobranch, thus, accomplishes two goals by the single
biochemical mechanism of urea synthesis. It is no longer
faced with desiccation by loss of body water to its environ-
ment, and equally important, it 1s protected against death

from ammonia toxicity.
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That activity of the urea cycle enzymes studied 1is
present in the livers of ureotelic, but not ammonotelic
animals, 1is presumptive evidence that the synthesis of urea
is dependent upon a functioning Krebs enzymatic urea cycle.

Those specles, except Squalus sucklii, which do not possess

adequate activity of OTC and CPS apparently lack mechanisms
essential to the synthesis of urea. All those animals in
whom enzyme activity could be demonstrated do, indeed, syn-
thesize and excrete urea. What then are the implications
of these findings? As has previously been discussed,

there 1s reason to believe that with the invasion of dry
land, animal life developed means of detoxifying ammonia
and thus avoided toxemia from its own nitrogenous waste.

In the case of the terrestrial vertebrates this was accom-
plisszgiefly by the adoption of ureotelism. Since the
synthesls of urea is apparently dependent upon a functioning
enzymatic cycle, 1t seems apparent that ureotelic species
have acquired enzymatic processes which are not present in
the more primitive ammonotelic fishes. It is reasonable to
assume that as the need arose for the manufacture and
excretion of less toxlc excretory products, there appeared
in terrestrial vertebrates enzymatic steps by which ammonia
could be converted to urea. Moreover, these enzymatic
steps are evidently those of the Krebs ornithine-citrulline

cycle.
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From Table II it can be seen that carbamyl phosphate-
aspartate transcarbamylase activity was found to be present
in all species except the arthropod, Limulus. The finding
of activity of this enzyme in all vertebrates studied is in
agreement with the work of other investigators (see p.10
who have found 1t to be wide-spread in nature.

As mentioned previously, Clementi had demonstrated
years agé that arginase occurs in high concentrations in
the livers of ureotelic animals but in traces only in those
specles which are uricotelic (57). In Table I a comparison
of Clementits work with our present study is made. Although
identical species were not studied in each instance, members
of the same class can be compared. Except in the case of
the Elasmobranchii and Teleostel, CPS and OTC activity were
found to exist in the same classes of animals in which
Clementi had demonstrated the presence of arglnase. We,
of course, found no CPS activity in elasmobranch livers,
and neither CPS nor OTC activity was found to be present
in teleost livers. Any urea excreted by these fishes
probably is produced by the action of arginase on ingested
arginine and not by means of the urea cycle.

By extraction both with isotonic KC1l and CTAB (Table
III)frog liver was found to have unusually high levels of
CPS activity. On the basis of this finding Marshall,
.Metzenberg, and Cohen (79) subsequently obtained CPS in a

high state of purity from the livers of R. catesbeiana.




20

‘utw GT/utejoad wWluW/sUTTINAZTO WN ++
‘utw/utejgoad wIuW/SUTTINIGTO Wn +

‘Sesed owWOs UT PATPN3s 30U 8Jd9M SSBTO B UTUZTM soT08ds JBTTWTS xx
*(LG) Tauswetr) £q pPauUTWIL]OD SY x

0 0 + T91809T3L
0 GE T TTITons snienbg
+ B1BARTO BTEY
+ B1BT[900 0Opaddoy TIyoueIgqowWseTH
820814
€02 608 ° + Soaq
etqTyduy
L0g" L0g* + (eT3anL) etuorayd
BTTT3d8Y
18459 896° i Laxuop
L2l ™hHo6" + 1ey
++08Bq2Uauly + oseThue x*xSeT10adg sseID
oqeydsoyd -gJaeosued] oseuT3ay
TAweqae)  SUTYATUJIO JO ooussadd TewTuy

gs8jedqoidapy JO SJISATT 9Ua Ut
ose3ayquilg ogeydsoyd TLAweqae) pue oseTLweqJIROosSURI], SUTYZTUIO JO
LATATA0Y 99Ul 03 x9SBUTIJIY Jo UOTANQTJIISTJ @Yz JO uostaedwo)

I JI9YL



23

OOOo

T QY

nt
PAY
9¢

691

0LG"
LoL-
608 °

O OO

GeE°T

WO\O\O

WO~ =

e Jj oo Jom

qQ < <

(A

faes

(uejtweTo euey) IJoag ussad

(suatdid euey) JoaJ paedosT]

Amgmﬂmnmmpmo guey) JoaJiind
BINUY JI9PI0
eTqTyduy ssetrd

(otaeJ ejqnda owleg) 3nodg umoag

(o1daeo snutddLp) daed

(susoseAgTg BOJIBJ) UYoded
T93809T9L J9pPdQ

Am>ﬁmw mﬁsmw (ustJgpni) utgmod
snJan (e}

snasso snagsoptdeI) oyTd Jaeh
T91SOTOH J9pJa0
82AUyayoTo4s0 SSeId

(TTTYoNS snTenbg) ystjdop aeyg
TTyouURJIqOUESRTH J9PJIQ
saAyayoTJapuoy) sseld
YILYHIALYIA

(*ds snTnwtT) qead 3uty
(eeoe3snad) YAOdOYHIHY

xx%x98B939U] xxOseTlueq
- JBOSURI]
oTaJaedsy

-ufs
agqeydsoyd
TAweqaed

xoseTAlueq
-Jgosuedn
SUTYJ TUIO

sTewTuy

pofesse

IT ¥IdVL

0TT9309an=(
sTewTue ofT230uoculie=Yy
wstueyoaw
UoTq8Jd0XH

SNOTJIBA JO SJOATT Ul L3TAT30y swlhzug




"sejnutw GT/utejoad ‘wSu/SUTTTNAZITO WO xxx

Q
o *ognutul/utejoad "wluw/e4nutw J9d S3UNOCY xx
*ognutu/utegoad "Wlu/UTTINALTO W x
"OATSNTOUOOUT SJa9M S3TNSdI pue ‘s7gqelTese sem uswiosds oTI3uTs e ATuQ +
TeceE” c 896° oA n (snseya eoeoel) ALaxuol
S93BWTId JI8PJI0
606" Gt oT'T 2 n (snoTgsauwop sTTad) 3eD
BJIOATUIED JI9PJI0
- - 88T T n ded
ed94doJdTy) JopdaQ
ene: € 92€" [ n (*ds 'snT9e1030£30) 3Tdqey
eydaowodeT J9pJIQ
L9.L" 19 h6" € n Jey
Lot TT 80°T 3 n ToJaInbs punodayn
G6h” z ol € n (*ds eTAED) 3Td EOUTND
60f° Al 00¢ " A n (umjesaop uoziyjzedd) surdnogod
BTAUSPOY J3PJI0
chl® €T eletely T N (euetutdata sTUdTepPTd) unssodQ
eTTetdngdaen sseloqng
eTTewwel sserd
L0gQ" 9 L08° 9 n (sfwesfay)) eT3ang
(ejeurpngssl) BTUOTAYD JI8PI0
BTTT3deY sserd
»%*x98B19Y] xxOseTAWRG yOsETLUEQ pofesse 0T To300dn=() Tewtuy
-ufs -JIBoguURIg -JeosuUBRJI)] STewlue OT[oj30UcWUEB=Y
@3eydsouyd 0T3Jedsy SUTY3TUI) .JO °ON mstueyoauw
TLweqaed UOT19JI0XH

(penutguod) II TIAVL




23

*ojnulw/utsjoad wlw/SuTTINI3TO Wn se pessaddxe L3TATIOY xx

*seognutuw GI/utegoad Ewﬁ\mcﬁﬁﬁzhpﬁo

NN se pasgaadxe LA1TATIOV «

G € 6" 8T cLe qey
LE° e Qg" he* 3Taqey
09° af” T°T (o] N 81d esutny

8T 8° g°e 0°¢ goag 11nd

0 0 0] 0 utgmog
0 0 0 0 aMTd aeyn
0 0 0 0 4Nn0dg umodad
0 0 0 0 dae)
30eJd3XH dvylD 10BI9XHT OCH 30BJ3XH dVLO 390eJd3XH TOA Tewtuy
xx9seTLueq *xoseTAueq ¥98B1OYa UL %*98B10YqULG
-JIBosueRd], -JIBO8URL] 29 eydsoud a3eydsoud
dUTYATUJIO SUTYATUJID TAweqaed TAweqaed

‘SPOYleW uedsIJITd

oM, £q pouTwILld( Se STewWTUY SNOTJIBA JO SJISATT]
U3 Ul oseTfweqdeosued], dUTY3TUIO pue oseizayjulg
2qeydsoyd TLuweqae)d Jo L3TATAOY @9yay Jo uosgTaeduwo)d

ITI HIdVYL



A STUDY OF THE BIOSYNTHESIS OF UREA IN METAMORPHOSING
| TADPOLES

A, Introduction

Several studies have shown that the chief excretory end
product of nitrogen metabolism in tadpoles is ammonia, while
in frogs it is urea (51,54-56580,82). Dolphin (51) and
Munro (55,82) have demonstrated in metamorphosing tadpoles
an increase in arginase activity occurring in association
with increasing urea excretion. These findings suggest
that the Krebs urea cycle may be involved in this trans-
formation from ammonotelism to ureotelism. No conclusive
evidence has been presented, however, to show that intro-
duction of the enzymatic urea cycle is, in fact, the mechanism
by which the tadpole comes to excrete urea.

In this study we have attempted to demonstrate intro-
duction of the urea cycle in the metamorphosing tadpole
liver and to correlate this biochemical modification with
the changes occurring in its morphological characteristics.
Levels of the enzyme activities at various stages of develop-
ment were estimated in order to determine whether they are
sufficient to account for the rate of urea synthesis in
the intact animal.

In investigating this problem we have performed the
following experiments:

24
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(1) Determination of the quantities of ammonia and
urea excreted by tadpoles in various stages of
development.

(2) Classification of the tadpoles according to the
stages of development of the larvae,

(3) Assay of individual livers of metamorphosing
tadpoles. :

(4) Studies of the nature of induction of the urea

cycle during metamorphosis.

B. Experimental Methods

Tadpoles of the bullfrog Rana catesbeilana (var. Wiscon-

sin, California, and North Carolina) were studied. These

were obtained from a commercial source.

1. Classification of the Stages of Development

The tadpoles were classified on the basis of external
morphology according to the classification of Taylor and
Kollros (83),who have defined 25 larval stages in Rana
pipiens. We found that, in general, this method of classi-

fication also applies to R. catesbelana. Some of the

features of this classification are summarized in Table IV.
Another satisfactory criterion of measuring larval develop-
ment 1s the ratio of hind 1limb to tail length. In our
earlier studies this method only was used as a method of
classification. It 1is closely correlated with the Stages
defined by Kollros and Taylor as can be seen from the graph

in Fig. 2. Earlier experiments can be correlated with later
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ones by reference to thils graph.

2. Assay Procedures

CTAB extraction and OTC and CPS activity determinations
were carried out on individual livers as described previous-
ly in the comparative study. Arginase activity was estimated
by the following method: 0.5 ml. of appropriately-diluted
liver extract (10% CTAB homogenate) was incubated with a
system containing 0.5 ml.\0.0BM arginine, pH 9.5; 0.5 ml.
0.001M MnCl,; and 0.5 ml. O.1M glycine buffer, pH 9.5.
Incubation was carried out for 30 minutes at 3800., and
the system deproteinized with 5 ml. 0.5M perchloric acid.
The precipitate was spun down by a 5-minute centrifugation
in the clinical centrifuge. Five ml. of the supernatant
was then heated in a water bath (100°C. for 60 minutes)
with 2.0 ml. of digestion mixture (3 volumes syrupy H3P04
and 1 volume concentrated H2804 with 1 ml. CuSOu per liter
of acid) and 0.4 ml. isonitrosopropiophenone. Urea was
estimated colorimetrically.

Arginine synthetase activity of CTAB homogenates was
determined by a modification of the Ratner method (84).
Estimations of the liver nitrogen were made according to

the method of Lowry (73).

3. Measurement of Ammonia and Urea Excretion

Tadpoles were placed in beakers containing phosphate

buffer (0.01M, pH 6.5), and 24 hours later the solution was
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analyzed for ammonia and urea by the method of Munro (82).

C. Nitrogen Excretion by Tadpoles

The percent of total nitrogen (urea N + ammonia N) ex-

creted as urea N was determined in R. catesbeiana (Fig. L4).

It can be seen that urea N comprises only about 10% of the
total N excreted until the tadpole has reached a stage in
development where the ratio hind limb/tail length is about

1 (Stage XIX). At this Stage a marked increase in the rela-
tive amount of urea N excretion occurs, and by the time

Stage XXII (R=1.4) is reached, over 50% of the total N is
excreted as urea N. Taylor and Kollros state that the onset
of true metamorphosis occurs at Stage XVIII, Jjust prior to
the Stage at which marked elevation in urea output is

noted to occur. It should be pointed out that the total N
excreted by the tadpoles ranged from 1.4 to 2.8 mg. per 24
hours, and the animals at the ends of the scale excreted 1.94
and 1.95 mg. N/day. This indicates that there was an actual
shift in the proportion of excretory N disposed of as urea N,
and not the introduction of an additional method of excretion.
These levels of excretion are comparable to those obtained

by Munro (82) in his studies on thyroid-stimulated, precocious

Rana temporaria tadpoles.
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D. Activity of Urea Cycle Enzymes in Metamorphosing Rana
catesbelana Tadpoles

Definition of Units -- One unit corresponds to the pro-

duction of one mole of product per hour of incubation under
assay conditions. The value units/g. represents pmoles of

product produced per hour per gram wet weight of liver.

1. Carbamyl Phosphate Synthetase

Figure 6 illustrates the increase in CPS activity when
plotted against the developmental Stage of tadpoles.
Activity of the enzyme is plotted both as units/g. liver
and 1n specific activity (units/mgm. liver protein/hour
incubation) with essentially the same type of curve being
produced. At about Stage XVIII, the onset of true
metamorphosis, a sharp rise in CPS activity occurs. The
actlvity of the enzyme increases from 17.4 units/g. at
Stage X to over 500 units/g. at Stage XXIV, while the specific
activity increases from 0.76 to 9.2. This data indicates
that there is actually an increase in the quantity of the

enzyme as metamorphosis takes place.

2. Ornithine Transcarbamylase

In Table VI 1s data from a representative experiment,
which shows an increase in OTC activity similar to that ob-
served with CPS. OTC activity, expressed as units/g. also
rises sharply at about Stage XVIII, and increases from 1260

units/g. at Stage X to 5660 units/g. at Stage XXIV. The
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activity of this enzyme is, however, considerably higher

than that of CPS at all stages of development. For example,
at Stage X the OTC level is 1260 units/g., while at the same
Stage there is negligible CPS activity. Prior to the onset
of metamorphosis OTC level is at about 1000-2000 units/g.,
which is approximately one-=fourth to one-third that found in

a young frog.

3. Arginase
The activity of arginase likewise rises sharply at

about‘the time of true metamorphosis. Again, this is true
whether activity 1is expressed as units/g. 6r as specific
activitﬁ. In a typlcal experiment values of specific
activity increased from 17.4 at Stage X to 66 at Stage XXIV,
while the units/g. increased from 1040 to 3970 through these
Stages. These findings are in agreement with those of other

investigators (51,55).

4, Arginine Synthetase

Assays of the two enzymes ("condensing" and "cleavage"
engymes), involved in the reaction
citrulline + aspartate—sarginine + fumarate
were carried out in a combined procedure. (These two enzymes
will hence be referred to as arginine synthetase) Under
condltions of this experiment, little or no activity of this
system could be demonstrated in tadpoles prior to Stage XX.

With the maximum amount of extract permitted by our assay
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procedure and with an hour incubation, only O to 2 units/g.
could be demonstrated. Beyond Stage XX, however, the actilivity
becomes appreciable (D> 5 units). Estimation of arginine
synthetase was carried out on a group of tadpoles rapidly
developing toward the frog Stage (Stage XX to XXIV).

When activity of this enzyme system was plotted against
Stages of tadpole development there was a suggestion, but

no convincing evidence, that activity increased as mor-
phologic development progressed. The values of arginine
synthetase activity (units/g.) were then plotted against

the ratio of hind 1limb to tail length (Fig. H). From

this graph it is apparent that the level of enzyme activity
does, indeed, show an increase with increasing maturity of
the tadpole, corresponding to the changes observed with the
other enzymes studied. A comparison of these two methods

of plotting enzyme activity 1llustrated to us that the ratio
of hind limb to tail length is a more sensitive criterion
for classifying morphologic development in tadpoles whose
gross external characteristics are quite similar.

The combined data from several experiments conducted
over a period of a few months with metamorphosing tadpoles
has been compiled in Fig. 7. The levels of enzyme
activity at various Stages are expressed as percent of
activity of the enzyme at Stage XXIV. The dark line repre-
sents urea excretion expressed in per cent of urea excreted

at Stage XXIV. The activity values are averages compiled
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from several experiments using R. catesbelana of different

varieties and conducted during different seasons. Thus it
is not surprising that the bar graph does not present a
particularly smooth curve. In individual experiments,

however, more uniform results were obtained.

Rate=-Limiting Enzyme of the Urea Cycle

The rate-limiting enzyme, as determined from our experi-
ments, appears to be within the arginine synthetase system
(Table V). Since the system is known to consist of the so-
called condensing and cleavage enzymes, one cannot say, on
the basis of our studies, which of these enzymes is actually
rate-limlting. 1In studies with mammalian tissue, Ratner
et al. (84) have found that the cleavage enzyme usually
is rate-limiting in crude extracts. Using argininos&cbinate
as substrate, Brown and Cohen (85) have since shown that in

R. catesbeiana tadpoles the condensing enzyme appears to be

the rate-limiting component.

Even though the arginine synthetase system is the rate-
limiting factor, and its activity is low as determined by
our assay methods, its activity is of sufficlent magnitude
to account for the quantity of urea excreted by the tadpole

at each of the varlous stages. R. catesbeiana tadpoles

in pre-metamorphosis stages, welghing about 5 gm. were foﬁnd
to excrete approximately 0.2 pmoles of urea per hour.

Livers of animals of this size weigh about 300 mgm. Thus,
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approximately 0.7 pmoles of urea were produced per hour

per g. liver by these tadpoles. If the urea cycle is
operating in these animals, one unit of the rate-limiting
enzyme should suffice to support this rate of urea synthesis
via the urea cycle. This corresponds to about the greatest
activity of the arginine synthetase system that we could
demonstrate.

Whether a functionally complete urea cycle needs to
be invoked in order to account for the quantity of urea ex-
creted by pre-metamorphic tadpoles is not certain. The
activity of arginase alone on ingested arginine or arginine
synthesized by intestinal flora may be sufficient to achieve
this level of urea output (about 10% of the excretory N).
Interestingly, arginase has been found in all larval
tadpoles studied regardless of stage of development.

It can also be seen from Table V that the relative
actlvities of the urea cycle enzymes in tadpole liver,
whether expressed as units/g. or specific activity are:
ornithine transcarbamylase » arginase > carbamyl phosphate
synthetase > arginine synthetase.

It should be pointed out before considering further
the significance of findings in this investigation that
estimations of enzyme activity in vitro do not always re-
flect accurately the levels occurring in vivo. As in the
comparative study, assays conducted in this investigation

~were performed under conditions which are believed to be
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optimal for rat liver enzymes. Whether these conditions are
also optimal for the tadpole and frog is not yet known, and
for this reason the quantitative values derived from these
experiments may not in all cases accurately reflect the

actual enzyme activity.

E. Evolutionary and Other Implications of this Study

We might briefly review some of the evolutionary aspects
of nitrogen excretion. Dry land was apparently colonized
by descendents of animal organisms which had originally in-
habitéd the sea (49). As is true of other evolutionary
phenomena, this colonization probably took place through
a long series of stepwise modifications. Animal life
gradually became adapted to intermediate zones of environ-
ments which were less-and-less similar to the sea, e.g.,
that zone separating sea from fresh water (estuarine zone),
that separating dry land from sea (littoral zone), as well
as marsh and swamp areas (86,87). It was most essential
that throughout these adaptations the animals maintained
within themselves an environment in which 1life could continue.
This required that, in addition to other modifications, the
progeny of marine organisms necessarily acquired a new means
for disposing of nitrogenous waste.

In most animals amino acids are deaminated by oxidative
enzymes with the production of ammonia--a substance highly
toxie to animal tissue. Among aquatic forms ammonia simply

diffuses into the vast reservoir of water with which they
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are in intimate contact. The inhabitants of more-or-less
terrestrial environments, however, are faced with the
serlous problem of ammonia toxicity. They must convert
ammonia to a less toxic form(s) which can be retained within
the body for some time before being.excreted. Among the
adult amphibia this problem 1s solved by excretion of urea,
a product which, in addition to its relatively low toxicity,
is highly soluble in water. Two main evolutionary lines
probably proceeded from fhe amphibians. The first of these,
the mammals, continued to practice ureotelism, while the
second, most reptiles and birds, adopted uricotelism. Be-
tween these two groups lies a fascinating third group, the
chelonian reptiles (turtles and tortoises). Among the
members of this group are aquatic, semi-aquatic, and wholly
terrestrial species. The éemi-aquatic forms are essentially
ureotellic. The wholly aquatic animals, although retaining
significant ureotellism, also excrete considerable ammonia,
while urilcotelism is favored by the wholly terrestrial
Species,

Needham (53) explains this difference in excretory
product among the higher vertebrates on differences in mode
of reproduction. Ureotelic metabolism is associated with
viviparity and uricotelism with development of a cleidoic
egg. The cleidoic eggs of most reptiles and birds develop
under a marked limitation of water. If they were to excrete

urea, the amount of urea which would accumulate by the end
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of development would produce uremia and ce;lular death because
of disturbed osmotic relations. These animals produce, in-
stead, uric acid, which is relatively insoluble as well as

of low toxicity. Uric acid precipitates out in the allantoils,
and thus causes no disturbance of osmotic pressure. In mammals
the manufacture of uric acild is not necessary. The mammalian
embryo is in connection with the maternal blood stream. Hence,
it can dispose of urea by way of the maternal kidney rapidly
enough to prevent uremia. '

The Dipnoi, or lung fishes, give us another example of
how the mechanism of excretion is related to the amount of
Water availlable for disposal of waste. These tropical fish
inhabit swamps and rivers. During the seasons when adequate
supplies of water are available they excrete.ammonia. When,
however, the streams dry up they lie dormant in cacoon-like
structures in mud. During this time urea is produced, and
as the streams again refill, these fish unload considerable
quantities of stored urea (48).

According to the theory of biological recapitulation,
an embryo in the course of 1ts development, passes through
stages which resemble the embryo from which i1t has resolved.
Needham (50) has presented evidence to suggest that there
is a biochemical recapitulation as well as the well-known
morphologic recapitulation. He has studied the developing
chick embryo, and has shown that in ontogenetic sequence it

excretes ammonia, then urea, and finally uric acid -- the
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characteristic excretory products of the fish, amphibia,

and reptile, respectively. However, there is evidence

that the urea formed derives from arginine and not from
biosynthesis (72). In the tadpole we have what might better
be considered a biochemical recapitulation as the ammonotelic
tadpole larva develops into its adult ureotelic forms.

From our findings in this study it seems clear that the
transition from ammonotelism to ureotelism in the tadpole is
closely correlated with a marked increase in levels of activi-
ty of the urea cycle enzymes. The onset of excretion of
urea in significant quantities 1s evidently dependent upon
the introduction of a functioning urea cycle. Significantly,
the introduction of the cycle occurs precisely at that point
in development when the tadpole becomes morphologically out-
fitted for terrestrial life. At exactly this stage, when
abandonment of ammonotelism is imperative if life on land is
to be possible, the mechanisms for production of a waste
product of low toxicity appear. By means of the urea cycle
ammonla can now be detoxified by the synthesis of urea.

The question is now raised, what accounts for the in-
creases in enzyme activity? Is this truly an enhanced
synthesis de novo of these enzymes at the onset of
metamorphosis? We feel that it is. Other possibilities,
which are in need of investigation, do exist, however. For
example, (1) activators or inhibitors may exist which are

produced at different stages of larval development and which
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specifically influence the catalytic properties of the en-
zymes, or (2) the actual catalytic and other physiochemical
properties of the pre-metamorphic and post-metamorphic en-

zymes may not be identical.

—



CONCLUSIONS

A comparative study is made of activities of enzymes
of the Krebs urea cycle in varilous ammonotelic and ureotelic
vertebrate species. Ornithine transcarbamylase and carbamyl
phosphate synthetase activity was demonstrated in all

ureotelic species, with the exception of Squalus sucklii

(dogfish). 1In Squalus no carbamyl phosphate synthetase
activity was found in homogenates prepared from previously
frozen liver. The activity of neither of these enzymes
could be demonstrated in ammonotelic species.

The appearance of urea cycle enzymes in the liver of

Rana catesbeiana tadpoles undergoing metamorphosis was also

studied. Activities of all four enzymes assayed increase
dramatically during that stage in development at which

the tadpole becomes morphologically suited for terrestrial
life and when, consequently, ammonotelism is abandoned in
favor of ureotelism.

These findings are further evidence that the synthesis
of urea is contingent upon the presence of a functioning
Krebs urea cycle. From an evolutionary viewpoint, a
functioning urea cycle appears to have evolved as a means

of adaptation to 1life in non-aquatic environments.

38
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TABLE IV

Stages in Larval Development of Rana catesbeilana

[After Taylor and Kollros (83)]

Stage _
General designation number Synopsis of characteristics
Limb bud stages I-V Length of bud increases from
slight elevation to 2 X
diameter.
Paddle stages VI-X Flattening of limb bud to com-

plete indentation between toes;
5th toe web directed to 3rd

toe.
Foot stages XI-XVII 5th toe web reaches prehalix;
(pre-metamorphic nasolachrymal duct appears;
stages) proximal, niddle, and distal

toe pads appear.

Metamorphic stages XVIII-XXV Cloacal tail-plece disappears;
front legs appear; larval
mouth still present; labial
fringes complete, angle of
mouth tends toward posterior
margin of eyeball, rapid de-
crease of tail length; tympanic
cartilage ring perceptible;
tail absent.



TABLE V

Activities of the Urea Cycle Enzymes in Liver of
Rana catesbelana Tadpoles at Various Stages of Development

(CPS=carbamyl phosphate synthetase, OTC= ornithine
transcarbamylase, AS=arginine synthetase, A=arginase.)

Specific Activity

Units/g. liver

4o

Stage CPS OTC AS A CPS OTC AS A

X .19 37 O 23 L.,4 1680 0O 1040
XIV .29 26 0 18 12 1080 © 726
XVI .31 44 o 17 17 2360 O 888
XVIII A7 54 o 17 24 1940 0O 714
8 d .77 50 .29 20 Lg 3120 10 1250
XXII 7.4 89 .17 Lo 100 5115 7.2 2195
XXIV 7.7 84 .30 44 127 5500 13 2920

F = 2
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Fig. 2. The correlation of Stage of tadpole develop-
ment with ratio of hind limb to tail length
in Rana catesbelana.
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Fig. 3. Stages of development of Rana catesbeiana
tadpoles. Top to bottom, left to right:
Stages X, XVIII, XX 1/2, XXIII, XXIV.
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Fig. 4. Nitrogen excretion of Rana catesbeiana tad-
poles. The percent of Total nitrogen (ammonia
N + urea N) excreted as urea nitrogen.

I8 T PY
.gIG—-o————————+ ° Vif
e T °
£
J12T
a e
(7]
= 8T
5 s tadpole i

4 L arginine synthetase

+ °® r-17-57
0 I 1

|
0 5 10 15 20 25
hind limb/tail (length)
Fig. 5. Activity of tadpole arginine synthetase (units/g.)

as plotted against the ratio of hind 1limb to tail
length in Rana catesbeiana tadpoles,




Ly

CARBAMYL PHOSPHATE

SYNTHETASE
5254 6 —= 1)
500~ € “TrRh
al g % —+9
400+ o o, T8
O a
-4 o z'—‘—?
3OO~ o Z 6
1 = 8 15
200— ! o £ -
(o) o] ©
1 = 2
100 |- 5 W -2
1 @0 L
[ ]
O LR ©
X XV OXVIE XXI XXV
S TAGE

F
[N

0
[0)

Increase in carbamyl phosphate synthetase
actlvity, expressed as units/gram and specific

activity, in metamorphosing Rana catesbeiana
tadpoles.




Fig. 7.

UREA CYCLE ENZYMES
| ADPOLES
CRANA CATESBEIANAY
[olels -
A CARBAMYL PHOSPHATE ///’ 3
> 90r SYNTHETASE % i3
< [C1ORNITHINE / / i
< 80F TRANSCARBAMYLASERH | 3 W
R I
570' EZ) ARGINASE % %
7 6or o
5 50l M1
5 UREA Al
x 30 r EXCRETION 7 % %
ol , Z Z
% LA
X >

X
XXIVy

e ; X 0=
STAGE OF DEVELOPMENT

Activity of urea cycle enzymes in Rana
catesbeiana tadpoles during various stages
of development expressed as percent of
activity at Stage XXIV. Urea excretion
(dark 1line) expressed as percent of urea
excreted at Stage XXIV.

b5



10 4

11,

12

15.

14,

15.
16.
17.
18,

REFERENCES

W. von Knierim, Z. Biol. 10, 263 (1874).
E. Salkowski, Z. physiol., chem. 1, 1 (1874).

H. A. Krebs and K. Henseleit, Z. physiol. chem. 210,
33 (1932).

H. A. Krebs and K. Henseleit, Klin. Wochschr. 11, 1137
(1932).

M. Wada, Bioch. Z. 224, 420 (1930).

A. G. Gornall and A. Hunter, J. Biol. Chem. 147, 593
(1943). -

A, G. Gornall and A. Hunter, Bioch, J. 35, 650 (1941).

P. P, Cohen and M. Hayano, J. Biol. Chem. 166, 239
(1946).

P. P, Cohen and M. Hayano, J. Biol. Chem. 166, 251
(1946). -

P. P, Cohen and M. Hayano, J. Biol. Chem. 172, 405
(1948).

P. P. Cohen and M. Hayano, J. Biol. Chem. 170, 687
(1947).

H. Borsook and J. W. Dubnoff, J. Biol. Chen. 169, 461
(1947). -

A. F. Miller and F. Leuthardt, Helv. Chim. Acta 32,
2289 (1949).

%. ﬁ.)Maller and F. Leuthardt, Helv. Chim. Acta 32, 2349
18401

P. P. Cohen and M. Hayano, J. Biol. Chem. 166, 239 (1946).

S. Ratner, J. Biol. Chen. 170, 761 (1947).

M. Fahrlénder et al., Helv. Physiol. Acta 5, 202 (1947).

M. Fahrldnder et al., Helv. Chim. Acta 31, 942 (1948).
46



bt

19. H. A. Krebs and L, V. Eggleston, Bioch. et Biophys.
Acta 2, 319 (1948).

20. P. P, Cohen and S. Grisolia, Federation Proc. 7, 150

(1948),

21. P, Cohen and S. Grisolia, J. Biol. Chem. 174, 389
(1948) T

22. P. P. Cohen and S. Grisolia, J. Biol. Chem. 182, 747
(1950). -

23. A. C. Batchelder and C. L. A, Schmidt, J. Phys. Chemn.
44, 893 (1940).

24. F. Leuthardt and R. Brunner, Helv. Chim. Acta 30,
964 (1947).

25. 8. Grisolia and P. P. Cohen, J. Biol. Chem. 191, 189
(1951).

26. S. CGrisolia and P. P. Cohen, J. Biol. Chen, 198, 561
(1952). -

27. ?. Gr%solia and P. P. Cohen, J. Biol. Chem. 204, 753

1953).

28. S. Grisolia, in "Phosphorous Metabolism" (W. D. McElroy
and B. Glass, eds.), Vol. I, pp. 619-629. The Johns
Hopkins Press, Baltimore, Maryland (1952).

29. J. E. Jones, L. Spector, and F. Lipmann, J. Amer Chem.
Soc. 77, 819 (1955).

30. R. O Marshall, L. M. Hall, and P. P. Cohen, Biochem. et
Biophys. Acta 17, 279 (1957).

31. - M. Hall and P. P. Cohen, J. Biol. Chem. 229, 345
(1957) |

32. . H. Burnett and P. P. Cohen, J. Biol. Chem. 289, 337
(1957)

A3 . M. Lowenstein and P. P. Cohen, J. Biol. Chem. 213,
689 (1955).

34. S. Ratner, in "Essays in Biochemistry" (S. Graff, ed.),
?p. 2%6—231. John Wiley and Sons, Inc., New York
1956).



35.

36.
37.

39.
1o,
41,
4z,

43,
Lo,

hs.

46.

o
48.
k.
50.
51.

52.

48

S. Ratner and A. Pappas, J. Biol. Chem. 179, 1183
(1949). T

S. Ratner and A. Pappas, J. Biol. Chem. 191, 693 (1951).

S. Ratner and B. Petrack, J. Biol. Chem. 191, 693
(1951).

S. Ratner and B. Petrack, J. Biol. Chem. 200, 161
(1953).

S. Ratner, B. Petrack, and O. Rochavansky, J. Biol. Chem.
204, 95 (1953).

S. Ratner, W. P. Anslow, Jr., and B. Petrack, J. Biol.
Chem. 204, 115 (1953).

S. Ratner and B. Petrack, Arch. Bioch. and Biophs. 65,
582 (1956).

S. Ratner and B. Petrack, J. Biol. Chem. 200, 175
(1953). -

H. D. Dakin, J Biol. Chem. 3, 435 (1907).

C. Oppenheimer, "Die Fermente and Ihre Wirkungen",
Vol. II, pp. 793-794. Georg Thiema, Leipzig (1926).

F. Leuthardt, in "Methoden der Ferment-Forschung"
(E. Bamann and K. Myrblck, eds.), pp. 1962-1974.
Academic Press, Inc. (Photo Offsetg, New York (1945).

D. M. Greenberg, in "The Enzymes" (J. B. Sumner and
K. Myrbdck, eds.); Vol. I, part 2, pp. 893-921.
Academic Press, Inc., New York (1951).

B. Fuchs, Hoppe-Zeyler's Z. physiol. chem. 114, 101
(1932). -

E. Baldwin, "Dynamic Aspects of Biochemistry", pp. 298-
324, Cambridge University Press, England (1957).

E. Baldwin, "An Introduction to Comparative Biochemistry",
Cambridge University Press, England (1952).

J. Needham, "Biochemistry and Morphogenesis", Cambridge
University Press, England (1942).

J. L. Dolphin and E. Frieden, J. Biol. Chem. 217, 735
(1955). _—

J. Needham, "Chemical Embryology", Vol. 2, 1139,
Cambridge University Press, England (1931).



53.
54.

55.
56.
5T.

58.

29,

60.

61.

62.

63.

6L4.

65.

66.

67.

68.
69.

T0.

S

49

J. Needham, Biol. Rev. 5, 142 (1930).

N. Melnic, Ann. sc. univ. Jassay, Sect. 2, 26, 501
(1939).
A. F. Munro, Biochem. J., 33, 1957 (1939).

S. H. Barch, Physiol. Zool., 26, 223 (1953).

A. Clementi, Atti. R. Accad. Lincel Rendic., Series 5,
23, 612 (1914); 27, 299 (1918).

A. Hunter and J A. Dauphinee, Proc. Roy. Soc. (London), |
97B, 229 (1924).

A, M. Srb and N. H. Horowitz, J. Biol. Chem. 154, 129 ;
(1944).

L. D, Wright et al., Proc. Soc. Exptl. Biol. Med. 75, |
293 (1950§- |

|
L. L. Weed and D. W. Wilson, J. Biol. Chem. 207, 439 |
(1954). E
I. Lieberman and A. Kornberg, J. Biol. Chem. 207, 911 i
(1954). z

%. Re%chard and U. Lagerkvist, Acta Chem. Scand. 7, 1207
1953} »

?. Rg%chard and G. Hanshoff, Acta Chem. Scand. 10, 548 ?
1956).

J. M. Lowenstein and P. P. Cohen, J. Am. Chem. Soc. 76,
5571 (1954).

?. Re%chard and G. Hanshoff, Acta Chem. Scand. 9, 519
1955) . -

R. A. Yates and A. B. Pardee, J. Biol. Chem. 227, 677
(1957).

L. I. Stein and P. P. Cohen (Unpublished studies).

L. M. Hall, R. L. Metzenberg, and P. P. Cohen, J. Biol.
Chem. 230, 1013 (1958).

S. Grisolia, in S. P. Colowick and N. 0. Kaplan,
"Methods in Enzymology", 2, 350, New York (1955).



T

T2.

73.

T4,
5.

76.

TT.
78.
79.

80.
81.
82.
83.

84.

5

86.
87.

-y

50

?. O.)Marshall, Ph.D. Thesis, Unilversity of Wisconsin
1955).

J. Needham, J. Brachet, and R. Brown, J. Exper. Biol.
12, 321 (1935).

0. H. Lowry, N. J. Rosebrough, A. L. Farr, and R. J
Randall, J. Biol. Chem. 193, 265 (1951). .

R. M. Archibald, J. Biol. Chem. 156, 121 (1944).

S. B. Koritz and P. P. Cohen, J. Biol. Chem. 209, 145
(1954). T

R. F. Witter and W. J. Mink, J. Biophys. Biochem. Cytol.
4, 73 (1958).

E. Baldwin, Nature, 181, 4623, 1591-1592 (1958).

G. W. Brown, Jr. (Unpublished study).

M. Marshall, R. L. Metzenberg, and P. P. Cohen, J. Biol.
Chem. (In press).

W. W. Nowinski, Biochem. J., 33, 918 (1939).
A. J. Riggs, J. Gen. Physiol. 35, 23 (1951).

A. F. Munro, Biochem. J. 54, 29 (1953).

C. A, Taylor and J. J. Kollros, Anat. Record 94, T
(1946).

S. Ratner, in "Methods in Enzymology" (S. P. Colowick
and N. O. Kaplan, eds.), 2, 356-367. Academic Press,
New York (1955).

G. W. Brown and P. P. Cohen, in "A Symposium on the
Chemical Basis of Development™ (W. D. McElroy and B.

(z’rlasg3 eds.), pp. 495-513. The Johns Hopkins Press
1958).

J. Needham, Biol. Centralbl. 50, 504 (1930).

A. S. Pearse, "The Migration of Animals from Sea to
Land", Duke University Press, Durham, N. Carolina (1936).




APPROVED : @Qu&(, P Q/&,\
A )

paTE: Al 2%, /555




	000 title
	001
	002
	003
	004
	005
	006
	007
	008
	009
	010
	011
	012
	013
	014
	015
	016
	017
	018
	019
	020
	021
	022
	023
	024
	025
	026
	027
	028
	029
	030
	031
	032
	033
	034
	035
	036
	037
	038
	039
	040
	041
	042
	043
	044
	045
	046
	047
	048
	049
	050
	051
	052
	053
	054
	055
	056

