
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 (1). 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 ithus 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 cionfirmed 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 Forsiter 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 (14). Protein in homogenates 
or in acetone prowder 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 ,mole 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 m,/ 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 /mole 
of allantoic acid (K and K Laboratories, 
Jamaica, N.Y.) adjusted to pH 7.4; 150 

/jmole of potassium phosphate buffer, 
pH 7.4; excess lactic dehydrogenase 
(7) (type III, beef heart prepara- 
tion, Sigma); and 0.30 /,mole 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 m,u 
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 (18)]. 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 /*mole 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 ho,mogenate 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 jug, 
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Fig. 2. Allantoinase assay of Protopterus 
liver homogenate. Allantoic acid produc- 
tion plotted against time. System con- 
tained 212 mxg 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 (abouit 4.5 kg) yielded 
a value (and mean deviation) of 1.25 
? 0.04 units per gram of liver. A 
0.1M phosphate 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 txmole 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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conversio,n of glyoxylic acid to glycolic 
acid (Fig. 1, step 8). 

The aforementioned enzymic events 
and those described by others (19) 
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 (21). 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. 

G. W. BROWN, JR. 
JESSE JAMES 

RALPH J. HENDERSON 
WALTER N. THOMAS 

ROBERT 0. ROBINSON 

ARTHUR L. THOMPSON 

EARLENE BROWN 

SUSAN G. BROWN 

Department of Biochemistry, 
University of Texas Medical Branch, 
Galveston, 77550 

References and Notes 

1. T. S. Westoll, in Genetics, Paleontology, and 
Evolution, G. L. Jepsen, E. Mayr, G. G. 
Simpson, Eds. (Princeton University Press, 
Princeton, N.J., 1949), p. 121. 

2. Many studies have indicated that urea plays 
physiological roles which may have been of 
evolutionary significance. In Protopterus, urea 
is stored in the tissues only during estivation 
in periods of drought, and this storage is 
thought [H. W. Smith, From Fish to Philos- 
opher (Little, Brown, Boston, Massachusetts, 
1959)] to be of survival value as a means 
of preventing ammonia toxicity (ammonia is 
excreted by the lungfish in the aquatic habi- 
tat); in Amphibia, as indicated by studies on 
Rana catesbeiana, the metamorphosing tadpole 
switches from ammonia to urea excretion with 
concomitant increases in activity levels of all 
ornithine-urea cycle enzymes in preparation for 
a partially terrestrial habitat; also, the ratio 
of urea nitrogen to ammonia nitrogen of the 
urine is variable with respect to amphibian 
species and habitat [see G. W. Brown, Jr., in 
Physiology of the Amphibia, J. A. Moore, 
Ed., (Academic Press, New York, 1964), p. 
1]; in marine sharks and rays, maintenance of 
a high concentration of urea in the plasma 
and tissues (1 to 2 percent) is advantageous 
for osmotic purposes (see Smith); in the 
marine frog, Rana cancrivora, the concentra- 
tion of urea in the plasma is unusually high 
compared with that of freshwater species- 

again pointing to the role of urea in increas- 
ing the plasma osmotic pressure in an other- 
wise hypertonic environment [see M. S. Gor- 
don, K. Schmidt-Nielson, H. M. Kelley, Fed. 
Proc. 20, 208 (1961); , J. Exp. Biol. 
38, 659 (1961); K. Schmidt-Nielsen and P. 
Lee, J. Exp. Biol. 39, 167 (1962)]. All of these 
observations support the view that urea can 
serve as an environmental buffering agent in 
habitat transitions where water economy 
looms important. 

3. G. W. Brown, Jr., Nature 194, 1279 (1962); 
---- and P. P. Cohen, Biochem. J. 75, 82 
(1960); M. Florkin, L'Elvolution Biochimique 
(Masson, Paris, ed. 2, 1947), p. 77. 

4. D. C. Watts and R. L. Watts, Comp. Bio- 
chem. Physiol. 17, 785 (1966). 

5. H. A. Krebs and K. Henseleit, Z. Physiol. 
Chem. 210, 33 (1932). 

6. G. W. Brown, Jr., Science 149, 1515 (1965). 
7. Enzyme Commission [Enzyme Nomenclature, 

(Elsevier, New York, 1965)] numbers; orni- 
thine carbamoyltransferase (E.C. 2.1.3.3), 
same as carbamoylphosphate: L-ornithine car- 
bamoyltransferase (also previously termed 
ornithine transcarbamylase); uricase (E.C. 
1.7.3.3), same as urate: oxygen oxidoreduc- 
tase; allantoinase (E.C. 3.5.2.5), same as 
allantoin amidohydrolase; allantoicase (E.C. 
3.5.3.4.), same as allantoate amidinohydro- 
lase; lactic dehydrogenase (E.C. 1.1.1.27), 
same as L-lactate: NAD oxidoreductase; ar- 
gininosuccinate synthetase (E.C. 6.3.4.5) same 
as L-citrulline: L-aspartate ligase (AMP). 

8. P. A. Janssens and P. P. Cohen, Science 152, 
358 (1966). 

9. G. Duchateau, M. Florkin, G. Frappez, 
Conipt. Rend. Soc. Biol. 134, 115 (1940); 
M. Florkin and G. Duchateau, Arch. Intern. 
Physiol. 53, 267 (1943). Qualitative results, 
only, for uricolytic enzymes of Protopterus 
are given in these papers. 

10. L. Goldstein and R. P. Forster, Comp. Bio- 
chem. Physiol. 14, 567 (1965). 

11. R. P. Forster and L. Goldstein, Science, this 
issue. 

12. According to the importer (General Biolog- 
ical Supply House, Inc., Chicago), the species 
was identified from P. H. Greenwood, The 
Fishes of Uganda (Uganda Society, Kampala, 
1958). Our African supplier also indicates his 
specimens are Protopterus aethiopicus. X-ray 
photographs of one of the specimens shipped 
directly from Uganda showed 38 pairs of ribs 
(8). We are indebted to Dr. M. Schneider 
for arranging for these photographs and to 
D. Moore of the Bureau of Commercial 
Fisheries for their evaluation. 

13. A. L. Dounce, in The Nucleic Acids, E. 
Chargaff and J. N. Davidson, Eds. (Academic 
Press, New York, 1955), vol. 2, p. 103. 

14. G. W. Brown, Jr., Arch. Biochem. Biophys. 
114, 184 (1966). 

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

16. H. M. Kalckar, ibid. 167, 461 (1947). 
17. G. W. Brown, Jr., Amer. Zool. 4, 310 (1964). 
18. G. Laudahn, Biochem. Z. 337, 449 (1963); 

S. Sawaki and K. Yamada, Nature 210, 91 
(1966). 

19. M. P. Schulman, in Metabolic Pathways, 
D. M. Greenberg, Ed. (Academic Press, New 
York, ed. 2, 1961), vol. 2, p. 389; D. Schlee 
and H. Reinboth, Phytochemistry 2, 231 
(1963), provide isotopic evidence for the oper- 
ation of a purine cycle, as shown in Fig. 1, 
in chlorophyll-deficient leaves of Pelargonium 
zonale and in germinating seeds of Triticum 
vulgare. 

20. R. C. Valentine, R. Bojanowski, E. T. Gaudy, 
R. S. Wolfe, J. Biol. Chem. 237, 2271 (1962). 
Glyoxylurea is readily cleaved by extracts of 
Streptococcus allantoicus, and it is believed 
to be an intermediate in the fermentation of 
ailantoin by this bacterium. 

21. A. Meister, in The Enzymes, P. D. Boyer, 
H. Lardy, K. Myrback, Eds. (Academic Press, 
New York, ed. 2, 1962), vol. 6, p. 203; for 
specific references see T. Fukuda and T. 
Hayashi, J. Biochem. Tokyo 45, 469 (1958); N. 
Katunuma, Y. Matsuda, I. Tomino, ibid. 56, 
499 (1964); H. J. Strecker, J. Biol. Chem. 
240, 1225 (1965). 

22. Supported in part by grant GM-9988 from 
the U.S. Public Health Service. Forster and 
Goldstein (1I) kindly forwarded us prior to 
publication some of their isotopic data ob- 
tained in their lungfish experiments. 

14 July 1966 

SCIENCE, VOL. 153 


