if the fish drinks, but nothing is known
in regard to ‘“chloride cells” or a pos-
sible salt-secreting function of the nodu-
lar gland associated with the cloacal
pouch (17).

Some information is available regard-
ing the composition of the aqueous and
vitreous humors in the eye of teleosts,
but Cl is stated to be lower in both
chambers than in the blood (18). More
is known regarding the ocular fluids
of elasmobranchs: the total osmolality
of the aqueous humor is slightly below
that of the blood; the major inorganic
ions and urea follow the same pattern
(12, 19). Our data on urea are com-
patible with these results. If comparison
is made with heart blood, the aqueous
humor appears to be hypertonic, as is
true of elasmobranch vitreous humor
19).

The work reported above was essen-
tially completed (20) independently of
that of Brown and Brown (7), and our
mutual findings are complementary.
They found urea concentrations of the
order of 280 mmole per kilogram of
liver (wet weight), and we report an
average of 355 mmole per liter of
serum. Clearly the tissues are in ap-
proximate equilibrium with the blood.

GRACE E. PICKFORD
F. BLAKE GRANT
Bingham Laboratory, Department of
Biology, Yale University,
New Haven, Connecticut 06520
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Urea and Its Formation in
Coelacanth Liver

Abstract. Urea occurs in liver of the
coelacanth Latimeria chalumnae fo
the extent of about 1.7 percent by
weight. It was determined quantitative-
ly by reaction with I-phenyl-1,2-pro-
panedione-2-oxime (Archibald reagent)
and by measurement of ammonia re-
leased upon treatment with urease. Ar-
ginase and ornithine carbamoyltrans-
ferase, enzymes instrumental in the for-
mation of urea in typical ureotelic ver-
tebrates, occur in homogenates of coe-
lacanth liver. Formed in part by the
ornithine-urea cycle, urea may have an
osmoregulatory function in the coe-
lacanth as it has in elasmobranchs.

Anatomical studies (I) suggest a
close relation between the coelacanth
Latimeria chalumnae and the fossil rhip-
idistian fishes. The latter are supposed
to be closely related to the antecedants
of Amphibia and subsequently emerg-
ing higher vertebrates (2). Our biochem-
ical studies on liver of the coelacanth
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Fig. 1. Ornithine carbamoyltransferase of
coelacanth liver: protein concentration
study. Conditions as given in Table 3 but
with varying amounts of protein (30
minutes).

(3) suggest that Latimeria has an inter-
mediary nitrogen metabolism more
closely akin to that of the Elasmo-
branchii (sharks, rays, and skates), Dip-
noi (lungfish), and Amphibia than to
that of the Teleostei (higher bony
fishes).

Elasmobranchs, lungfish (Protopter-
us), and amphibians have the function-
al ornithine-urea cycle described by
Krebs and Henseleit (4). Hence mem-
bers of these three classes of verte-
brates can synthesize enzymically, de
novo, urea from carbon dioxide, am-
monia, and amino groups of amino
acids. While elasmobranchs maintain
high concentrations of urea in tissues
and plasma (1 to 3 percent by weight)
(5), the estivating lungfish Protopterus
aethiopicus (6) and the marine frog
Rana cancrivora (7) accumulate corre-
spondingly large amounts of urea in tis-
sues and in the blood. The osmotic im-
portance of elasmobranch blood urea is
well recognized (5). On the other hand,
teleostean fishes have been supposed
to lack the functional ornithine-urea
cycle (8), and there is no evidence to
suggest that they ever build up appre-
ciable quantities of urea in tissues or
blood (3).

We have found that (Table 1) coe-
lacanth liver contains approximately 17
mg of urea per gram of liver (wet
weight) (1.7 percent), a value compara-
ble to that of the livers of many sharks
(5). The quantity of urea per gram of
liver (Table 1) was estimated on 10-
percent water homogenates (9) of coe-
lacanth liver in two ways: (i) by re-
action with 1-phenyl-1,2-propanedione-
2-oxime (10), and (ii) by the amount
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of ammonia released (nesslerization)
upon treatment with urease (/I, 12).

Small portions of the homogenate
(spotted directly and after removal of
protein by heat coagulation) were chro-
matographed with a mixture of n-bu-
tanol, acetic acid, and water (4:1:5,
upper phase) on Whatman No. 1 filter
paper followed by buffered phenol in a
second direction (I3). The developed
chromatograms were sprayed with p-
dimethylaminobenzaldehyde (2 percent
in alcoholic 10 percent HCI). Intense
yellow spots having the same R values
as authentic urea (0.51 and 0.80, re-
spectively) were obtained for the homog-
enate. Urea was the only component
on the chromatograms visible from 10
ul of homogenate after reaction with
p-dimethylaminobenzaldehyde. At least
eight ninhydrin reactive spots were
found on the chromatograms.

Allantoin, which vyields essentially
the same spectrum with 1-phenyl-1,2-
propanedione-2-oxime as does urea
(Emax» 540 to 545 mp), was ruled out
as being the chromogenic material re-
acting with the substituted oxime by
the two-way chromatography and by
the stoichiometric recovery (within ex-
perimental error) of calculated amounts
of ammonia by urease treatment. In-
dependent proof that the material was
not allantoin was necessary since the
urease preparation used contained some
residual allantoinase (I1) and possibly
allantoicase (/1) activity; thus allantoin
in the sample could have been a po-
tential source of the ammonia mea-
sured.

Paper chromatograms spotted with
homogenate failed to yield any trace
of glyoxylic acid when they were spray-
ed with 2,4-dinitrophenylhydrazine in
HCI, followed by base. Hydrolysis of
allantoin and allantoic acid to urea
would yield glyoxylic acid; thus allan-
toin and allantoic acid appear to be
ruled out as contributing significantly
to the high concentration of urea found
in coelacanth liver.

In elasmobranchs (14), lungfish (15),
and Amphibia (I6), urea may arise de-
gradatively from purines, biosynthetical-
ly from the ornithine-urea cycle (8, 17),
or from dietary arginine, or from any
combination of these. Production of
urea from the last two sources would
require the presence of the enzyme ar-
ginase (/7). We have demonstrated con-
clusively the enzymic formation of urea
from L-arginine with a homogenate of
coelacanth liver (Table 2). In the assay
for arginase (I8), little, if any, urea was
formed if L-arginine was omitted from
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Table 1. Urea content of coelacanth liver. A portion (0.30 ml) of a 10 percent homogenate
(held at 70°C for 10 minutes and centrifuged) was incubated for 30 minutes at 38°C in the
presence of 600 ymole of potassium phosphate buffer, pH 7.0, and 1.0 mg of urease (Sigma
Type V); final volume, 1.00 ml. Ammonia and urea standards were incubated as indicated.
Reactions were stopped with 4.00 ml of 0.50M HCIO,, the tubes were centrifuged, and am-
monia was determined on portions by nesslerization. Urea was determined by the Archibald
(10) procedure with 1-phenyl-1,2-propanedione-2-oxime. Determinations in triplicate; mean
value and mean deviation indicated for replicates.

Amount incubated Amount of ammonia recovered

With urease Without urease With urease

Without urease

(umole) (umole) (umole) * (umole)
Ammonia standards
18.0 174 = 0.1
(theory, 18.0)
Urea standards
9.00 179 = 1.1
(theory, 18.0)
Urea of homogenate ~
8.80 = 0.20F 8.80 = 0.207 16.1 = 1.1% 0.53 = 0.25

(theory, 17.6)

*Corrected for urease blank. tAs estimated by the Archibald (I0) procedure.
to 26818 umole of urea per gram of liver (wet weight).

(theory, none)

%Corresponds

the reaction mixture or if the homog-
enate was boiled. Omission of MnCl,
decreased the conversion of L-arginine
to urea, and manganous ion is known
to be an activator of arginase. The
material produced in the assay was
shown to be urea by the absence of

the accumulation of product reacting
with 1-phenyl-1,2-propanedione-2-oxime
in the incubation tube containing urease.
Optical specificity of the coelacanth ar-
ginase is for L-arginine, and D-arginine
in the assay system did not lead to urea
production.

Pz HIGHER VERTEBRATES
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(bowfin) (gur p|ke) f
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Fig. 2. Evolutionary tree of the vertebrates and occurrence of the ornithine-urea cycle.
Format after the style of Romer (23). Presence of cycle, +; absence, —; presumed

presence, (-); presumed absence, (—). Assignments based on the numerous studies
cited in text.
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Table 2. Arginase activity of coelacanth liver
homogenate. The complete system contained
85 umole of vL-arginine, pH 9.7; 60 ymole of
glycine (Na) buffer, pH 9.5; 0.050 ymole of
MnCl,; volume equivalent to 4.0 yl of a 10-
percent water homogenate of liver and con-
taining 48 yg protein; water to a final volume
of 1.00 ml; incubation at approximately 26°C
for intervals indicated. Reactions were stopped
with 2.50 ml 0.50M HCIO,; urea was esti-
mated by the Archibald procedure (I10) on
small portions with 1-phenyl-1,2-propanedione-
2-oxime; absorbance was read in rectangular
cuvets in the DU spectrophotometer (with a
path length of 1.00 cm). Urease (1 mg) (Sig-
ma Type V) was added where indicated; p-
arginine was substituted for vrL-arginine (same
molar concentration) where indicated. A
standard curve was prepared from readings of

urea standards incubated in the complete
system less homogenate.
Absorb-
Alterations Incuba- ance® Urea
tion found
to system (min) (540 (umole)
m,u,) H
None 30 0.079 0.136
None 60 184 316
None 120 410 .706
Less L-arginine 60 .035 .060
Less MnCl, 60 .081 140
Plus ureases 60 —0.023%
Boiled homogenate 60 011 .020
p-Arginine substi- 60 010 017
tuted for
L-arginine
* Corrected for the zero-time control (absorb-

ance, 0.043 read against system containing no
homogenate). 1 Negative value reflects the re-
moval of urea produced in the assay as well as
removal of cndogenous urea.

We obtained an arginase activity of
13.8 = 0.3 pmole of urea per minute
per gram of liver. The activity in fresh
liver is probably much higher. The as-
says were performed on portions of a
10-percent homogenate which had been
diluted 50-fold (for other studies) and
stored 3 weeks in the frozen state; in
our experience such dilution leads to
appreciable inactivation of arginase.
The value obtained is nonetheless in-
structive. The activity measured is high-
er, for example, than that of several
of the enzymes of the ornithine-urea
cycle in typical ureotelic vertebrates
(8). Perhaps an approximation of the
original activity can be made by re-
peating this assay on the frozen tissue
over a period of several months in or-
der to establish the rate of inactiva-
tion.

While we have as yet no informa-
tion on activities of the enzymes of the
uricolytic route for production of urea,
we conclude that at least a portion of
the urea found in liver tissue of the
coelacanth could have been formed en-
zymically in the living animal from L-
arginine, Control experiments per-
formed with rat liver frozen for 14

572

months indicated little, if any, autolytic
production of urea. We thus conclude
that the urea measured in the liver of
the coelacanth was present when the
animal was captured and immediately
frozen.

Essentially the same results as those
obtained with the coelacanth liver
(frozen 6 months) were obtained with
bonnethead shark (Sphyrna tiburo) liv-
er frozen 5 months (found: 1.4 per-
cent urea by weight, corresponding to
the percentage of urea in fresh liver
of this shark).

Whether ureotelic or not, all fish ap-
pear to contain liver arginase (/9). Thus,
a critical experiment performed on a
water homogenate of coelacanth liver
was that for another of the ornithine-
urea cycle enzymes—ornithine carba-
moyltransferase (/7, 18). Criteria for
establishing the presence of this en-
zyme in coelacanth liver are given in
Table 3 and Fig. 1. The relation be-
tween product and protein concentra-
tion was linear and it was also nearly
so with time (for up to a 30 percent
conversion of substrate). Stoichiometry
of the reaction at 1, 2, and 3 umole of
L-ornithine and carbamoylphosphate
was also demonstrated in other experi-
ments. The enzyme appears to be near-
ly completely specific for the vr-orni-
thine rather than for D-ornithine. A
value of 25 umole of citrulline formed
per minute per gram of liver was found
for  ornithine carbamoyltransferase
(mean value from experiments on pro-
tein concentration and time). This value
is about the same as that found for
the same enzyme in Protopterus liver
(17), but it is lower than that for liver
of various sharks in Galveston waters
(20).

The presence of ornithine carbamoyl-
transferase in coelacanth liver suggests
that a route exists for the synthesis of
carbamoylphosphate in coelacanths.

We conclude that urea, formed in
part at least by enzymes of the orni-
thine-urea cycle, serves an osmoregula-
tory function in the coelacanth as it does
in elasmobranchs.

Information available concerning the
occurrence of a physiologically active
ornithine-urea cycle in fishes is sum-
marized in Fig. 2. The designations of
the occurrence or absence of the cycle
in the various major groups are based
in some cases on a limited examination
of species and are subject to modifica-
tion as more information becomes avail-
able. The evolution of Actinopterygii
and Sarcopterygii from a common an-

Table 3. Ornithine carbamoyltransferase ac-
tivity of coelacanth liver homogenate. The
complete system contained: 20 ymole of L-
ornithine, pH 8.1; 20 umole of dilithium
carbamoylphosphate [Sigma Chemical Co.,
St. Louis, Mo., Lot No. 24B-5030 (cor-
rected for verified purity of 90 percent)]; 90
umole glycylglycine (Na) buffer, pH 8.3; 0.40
ml (containing 0.93 mg protein) of a 10 per-
cent liver homogenate prepared in water and
diluted fourfold in 0.090M glycylglycine (Na)
buffer, pH 8.3; and water to a final volume of
2.00 ml. Incubation was at 25°C for time
interval and condition indicated. Citrulline
formation was measured as described (22)
with 2,3-butandione-2-oxime. Absorbance
was read in round cuvets (path length, 1.60
cm) in the Bausch and Lomb Spectronic 20
spectrophotometer. A standard curve was
prepared from absorbance readings of citrul-
line standards incubated in the complete
system less homogenate.

Deletions

from the Incubation (:flél:;lgge
complete (min) (umole)
system
Experiment 1
None 10 2.717
None 20 4.27
None 30 5.92
Experiment 2
None 30 6.86
None 30 6.58
L-Ornithine 30 0.035
L-Ornithine 30 .025
Carbamoyl-
phosphate 3¢ .005
None (boiled
homogenate) 30 .020

# Corrected for urea in the zero-time control.

cestor seems to have marked a point
at which the potentiality for formation
of urea by the ornithine-urea cycle un-
derwent genetic modification.

After submitting our manuscript we
were informed by F. B. Grant and G.
E. Pickford that the serum urea con-
centration of this coelacanth specimen
resembled that of liver and was in the
range 324 to 381 pmole per milliliter.
Their findings (obtained independently)
and their conclusions support our extra-
polated conclusion that urea serves an
osmoregulatory function in the coe-
lacanth. Thus liver and serum studies
are mutually consistent and supporting
@n.

G. W. BrownN, Jr.
SusaN G. BROWN
Department of Biochemistry,
University of Texas Medical Branch,
and Tiburon Company, Biomarine
Preparations, Galveston, Texas 77550
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Nitrate Ions: Potentiation of Increased Permeability

to Sugar Associated with Muscle Contraction

Abstract. Nitrate ions potentiate twitch tension and enhance the increase in
permeability to sugar which occurs in electrically stimulated frog sartorius
muscles. However, the potentiating effect of nitrate ions on permeability is not
dependent upon an increase in twitch tension. The possible relation of changes
in permeability to alterations of the concentration of calcium ions in the cell

is discussed.

Exercise is accompanied in vivo
by an increased uptake of sugar by
skeletal muscles of rats and dogs (I).
Changes in permeability to sugar have
recently been examined in greater de-
tail in frog sartorius muscles stimu-
lated to contract under various condi-
tions in vitro (2). Since nitrate ions
augment the strength —of contraction
of muscles in vitro (3) we wondered
whether or not these ions would modi-
fy the increase in permeability to sugar
that is associated with contraction.

We used as frog-Ringer bicarbonate
solution a modified (4) Krebs-Henseleit
solution; in nitrate Ringer’s solution,
NaNO, was substituted for all of
the NaCl. Muscles were stimulated
to contract isometrically in. Ringer’s
solution at 19°C with supramaximal,
rectangular, direct-current shocks; the
initial rate of penetration of 3-O-
methyl-D-glucose-H3 was then mea-
sured at 19°C as described previously
(2, 5) at a substrate concentration of
8 mM. 3-Methylglucose, a nonutiliz-
able sugar, and glucose appear to
penetrate the muscle cell membrane
by way of the same transport system
(5, 6). Permeability to sugar can be
measured after stimulation is stopped
because the effect persists for several
hours (2).

When frog sartorius muscles are
stimulated at frequencies ranging from
3 to 20 shocks per minute, perme-

ability to sugar gradually increases
with time and then levels off at a
value proportional to the frequency
of stimulation (2). In our studies,
stimulation of muscles in regular Ring-
er’s solution at 15 shocks per minute
produced an increase in permeability
that eventually leveled off at a value
less than the maximum effect attain-
able with more intense stimulation.
When paired muscles were stimulated
at the same frequency in nitrate
Ringer’s solution, permeability rose
more rapidly and attained a signif-
icantly higher final value (Fig. 1).
Thus, nitrate ions can potentiate the
effect of electrical stimulation on
membrane permeability to sugar.

Nitrate ions had no effect on per-
meability to sugar in unstimulated
muscles. Moreover, when muscles im-
mersed in regular Ringer’s solution
were stimulated for 30 minutes at a
frequency of 120 shocks per minute,
a maximum increase in permeability
occurred, and nitrate had no further
effect.

The rate of penetration of sugar
was 11.7 = 0.8 pmole per milli-
liter of cell water per hour (mean
=+ standard error of the mean) for four
muscles stimulated in regular Ringer’s
solution; the rate for paired muscles
stimulated in the presence of nitrate
ions was 12.3 = 0.4. The initial rate
of penetration of 3-methylglucose into
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