Uricolytic Enzymes in Liver of
the Dipnoan Protopterus aethiopicus

Abstract. The enzymes uricase, al-
lantoinase, and allantoicase have been
measured in liver preparations of the
African lungfish Protopterus aethiopi-
cus. The levels for these enzymes in
lungfish liver suggest that the amount
of urea formed in vivo in Protopterus
via a uricolytic pathway may be greater
than that derived via the ornithine-urea
cycle. The operation of a “purine cycle”
in lungfish liver is proposed.

Dipnoi, as a taxonomic group of prim-
itive fishes, stems from the beginning of
the Devonian (/). The dipnoan lung-
fish of Africa, Protopterus aethiopicus,
shares with living genera of Elasmo-
branchii (sharks, rays) and Amphibia
the ability to synthesize urea by two
distinct pathways. Members of these
vertebrate taxons thus show greater di-
versity in the biosynthesis of urea than
do present-day teleost fishes, reptiles,
birds, and mammals. This diversity may
well have effected the survival of these
ancient lines of vertebrates (2). Pre-
sumably, their near-cousins on the stem
of the vertebrate phylogenetic tree de-
livered both mechanisms of urea syn-
thesis to immediately higher vertebrates.
Deletion of a certain enzyme or of cer-
tain enzymes (3) or the absence of
selection pressures (4) obliterated the
functional integrity of one or both of
the pathways in several vertebrate
classes emerging subsequently.

Previously our group presumed (3)
that the ornithine-urea cycle (5) oc-
curred in Protopterus aethiopicus, and
evidence was provided (6) for the
occurrence of a relevant enzyme, or-
nithine carbamoyltransferase (7), in liv-
er homogenates of this fish. This obser-
vation has been confirmed by Janssens
and Cohen (8), who reported on the
presence of all five enzymes of this
metabolic cycle in Protopterus liver.
Urea can also be formed by Protopterus
by a second route from purines, that is,
through the breakdown of uric acid (9).
Our present study indicates that in P.
aethiopicus the formation of urea from
uric acid may be quantitatively more
important than formation via the or-
nithine-urea cycle. The question was
posed as to the relative contributions of
the ornithine-urea cycle and of purine
breakdown to the formation of urea in
Dipnoi (6, 10). Amounts of the urico-
lytic enzymes uricase (7), allantoinase
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(7), and allantoicase (7) in Protop-
terus liver were determined in the pres-
ent experiments to provide a basis for
a quantitative evaluation of the rate
of urea synthesis by a uricolytic route.
A simultaneous report on the evaluation
of the contributions of these two path-
ways to urea formation in Dipnoi is
being made by Forster and Goldstein
(11).

Specimens were obtained live from
an import dealer or by direct air ship-
ment from Uganda. The species has
been identified as Protopterus aethiopi-
cus (12). Homogenates of liver in dis-
tilled water (10 percent, weight/vol-
ume) were prepared with an all-glass
hand homogenizer (13). An acetone
powder of the liver was prepared as de-
scribed (I4). Protein in homogenates
or in acetone powder extract was de-
termined by the method of Lowry et al.
(15).

Uricase (Fig. 1, step 1) was assayed
by a method essentially that of Kalckar
(16). Liver homogenate was incubated
in rectangular, quartz cuvets, at 31°C,
with 0.18 umole of thrice-crystallized
uric acid in the presence of 1.10 mmole
of glycine sodium buffer, pH 9.7; the
final volume was 3.0 ml. The de-
crease in absorbance at 293 my as a
function of time was measured in a
Beckman DU spectrophotometer. Al-
lantoinase (Fig. 1, step 2) was assayed
at 37°C (17) by the conversion of the
product of the reaction, allantoic acid,
to glyoxylic acid which is determined
spectrophometrically as the 2,4-dinitro-
phenylhydrazone in alkaline solution.

Allantoicase [Fig. 1, step 3, and 4 (?)]
was determined as follows. Homogen-
ate or acetone powder extract was in-
cubated in the presence of 30 umole
of allantoic acid (K and K Laboratories,
Jamaica, N.Y.) adjusted to pH 7.4; 150
pmole of potassium phosphate buffer,
pH 7.4; excess lactic dehydrogenase
(7) (type III, beef heart prepara-
tion, Sigma); and 0.30 pmole of re-
duced nicotinamide adenine dinucleo-
tide (NADH) (Sigma); the final volume
was 3.0 ml in quartz cuvets at 25°C.
The decrease in absorbance at 340 my
over that of a control cuvet without
allantoic acid was measured in the
Beckman DU spectrophotometer as a
function of time. Glyoxylic acid, pro-
duced by the action of allantoicase on
allantoic acid, is reduced by lactic de-
hydrogenase [presumably by one of its
isozymic forms which reduces glyoxyl-
ate as well as pyruvate (/8)]. The rate of
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Fig. 1. The purine cycle, showing the

uricolytic pathway for the formation of
urea.

the reaction is calculated from the lin-
ear portion of the curve (typically the
5-minute interval between 3 and 8 min-
utes). This method may lend itself to
a variety of enzymic studies in which
glyoxylate is produced. One unit of en-
zyme represents 1 ymole of substrate
converted per minute. The levels of ac-
tivity are given per gram of liver (wet
weight) .

The rate of the reaction for uricase
with a liver homogenate of Protopterus
was linear for up to 13 minutes, at
which time about 90 percent of the
substrate had been converted. The uri-
case activity was 1.27 units per gram
of liver.

In the allantoinase assay the produc-
tion of allantoic acid was linear with
time up to 30 minutes (see Fig. 2), and
with amounts of protein up to 212 pg,
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Fig. 2. Allantoinase assay of Protopterus
liver homogenate. Allantoic acid produc-
tion plotted against time. System con-
tained 212 pg protein. Water homogenate;
temperature, 37°C.
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for any incubation tube. There was little
or no activity if allantoin or extract
was omitted from the reaction mixture
or if the extract was boiled (Fig. 2).
The level of allantoinase was 6.37 =
0.07 units per gram of liver.

Assays in triplicate for allantoicase
with a water homogenate of liver of a
large lungfish (about 4.5 kg) vyielded
a value (and mean deviation) of 1.25
# 0.04 units per gram of liver. A
0.1M ophosphate buffer (pH 7.4) ex-
tract of liver acetone powder yielded
allantoicase that had a specific ac-
tivity of 0.117 units per milligram of
protein.

Uricase and allantoicase (if slight dif-
ferences in temperature of the incuba-
tions are neglected) are about equally
rate-limiting in liver (1.27 and 1.25
units per gram of fresh liver, respec-
tively) for the uricolytic pathway. Since
two molecules of urea are formed from
one molecule of uric acid or allantoic
acid, either rate-limiting step (taken in-
dividually) would afford the synthesis of
about 1.25 X 2 = 2.5 ymole of urea
per minute per gram of liver. On
the other hand, Janssens and Cohen
(8) found a mean value of only 0.11
* 0.018 units per gram of liver for
the rate-limiting enzyme [argininosuc-
cinate synthetase (7)] of the ornithine-
urea cycle for their specimens of Pro-
topterus aethiopicus.

Let us assume that the above en-
zymically determined rates approximate
the relative rates of urea formation in
vivo by the two routes of urea forma-
tion under consideration. Formation of
urea from uric acid would then be ap-
proximately (2.5/0.11) = 23 times
that produced by way of the ornithine-
urea cycle. Such a comparison of rates
along the two pathways should be
viewed with some degree of caution,
for no information is available on the
rate of synthesis in lungfish liver of
purines which are precursors of uric
acid nor on the concentrations of me-
tabolites that may be converted to urea.
But on the basis of enzyme levels of
liver pertinent to this discussion, the
uricolytic pathway in liver is potentially
more active than the ornithine-urea cy-
cle pathway. The contribution of dietary
arginine to urea formation and its im-
portance as compared to the other two
routes of urea formation is unknown.

In other experiments we have shown
that glyoxylic acid in the presence of
a homogenate of Protopterus liver
oxidizes the NADH. This suggests the
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conversion of glyoxylic acid to glycolic
acid (Fig. 1, step 8).

The aforementioned enzymic events
and those described by others (79)
suggest the operation of a purine cycle
in Protopterus (Fig. 1). It is not known
whether step 4 (Fig. 1) in lungfish liver
is enzymic, spontaneous, or both of
these (20). It is, however, a rapid step.
It also remains to be demonstrated that
the transamination of glyoxylic acid to
glycine (step 5 of the proposed cycle)
occurs in lungfish liver; however, trans-
amination involving glyoxylic acid does
occur elsewhere (27). Steps 6 and 7
indicate an overall process represent-
ing the conversion of glycine to uric
acid (19).

These studies were conducted on
lungfish in the aquatic habitat. It will
be of considerable interest to see what
changes, if any, in the urea-synthesiz-
ing mechanisms occur during estivation
when large amounts of urea are stored
by the lungfish. An increased under-
standing of the intermediary metabo-
lism of these and other extant primitive
vertebrates may well provide clues con-
cerning the type of metabolism enjoyed
by progenitors of higher vertebrates.
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