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ABSTRACT 

A survey of sixty-two mollusks was made for arginase activity. 

The enzyme was found to be present in all terrestrial forms examined, 

while the distribution in fresh water and marine mollusks was random# 

When arginase is present, the highest levels occur in the 

digestive gland or "liver’* of the mollusks. The "liver" of Otala 

lactea, whose tissues were examined in more detail, was found to 

have a level of activity which was consistently higher than that of 

the other tissues by ten - to twenty-fold. 

In a series of forty-five individuals of Otala, the arginase 

levels varied by several orders of magnitude among individuals. 

This variation was not attributable to any readily apparent environ¬ 

mental factor. 

An investigation of the metabolism of (guanidino-^C )-Dh~ 

arginine, (5-14C)-DL-arginine, (2-14C)-DL-ornithine, and (14C)-urea 

in whole cell preparations of two land snails with widely differing 

levels of activity (Bulimulus altematus and Otala laetea) was carried 

out. 

The temperature optima, heat stability, and cation activation 

characteristics of crude preparations of Otala and rat were compared. 

This comparison revealed the following: 

1. Snail arginase attains a maximum activity at 35° whereas the 

temperature optimum of rat enzyme is 65°. 



2. The arginase activity of the rat extracts is dependent to a large 

extent on the presence of a bivalent "co-cation", whereas that of 

snail is not* 

3. Rat, beef, .and snail extracts were all found to be activated by 

Cd and Mn : no stimulation of activity could be elicited with 

Ni++ or Co++ in pny of the three species* 

4. After partial purification of the rat and snail extracts, the 

behavior of the two preparations as regards dependence on Mn 

was identical with that of the crude systems* 



I. INTRODUCTION 

The enzyme arginase catalyzes the following reaction: 

UN = C 

\ 

NKCIi2CH2CH2 Cli(NH2)C001I 

The first report of the presence of arginase activity in invertebrates 

was that of Clement! (1914), who was able to demonstrate the enzymatic 

activity in Helix pomatia. Further work by Hunter and Dauphinee (1925) 

acknowledged dementi’s find} howevers they ambiguously concluded the 

following: 

"Taken in conjunction with the results of dementi this 
would show that arginase is an enzyme almost, if not 
entirely, peculiar to vertebrates.” 

Consequently the problem of arginase among the invertebrates was in 

a rather confused state until the work of Baldwins who in 1935 showed 

the levels of arginase activity in the hepatopancreas of Helix pomatia 

to be comparable to those found in mammalian livers. He was able to 

demonstrate activity through manometric methods in the crab Carcinus 

maenass and in fresh-water and terrestrial species of twelve mollusks. 

Since the time of Baldwin’s work (1935)# there have been several 

investigations of arginase among the invertebrates. The earthworms 

Lumbricus and Eisenia have been shown to manifest this activity (Cohen 

and Lewiss 19S0; Needham» 1960), and it has been demonstrated in twelve 

flatworms by Campbell and Lee (1963). Low levels of arginase were shown 

by Hammen et. al. (1962) in the brachiopod Lingula and the peleeypods 



Modiolus(Volsella) and Crassostrea. Among the insects, the fat body of 

Schistocerca has been found to contain arginase activity (Kilby and 

Neville,1951)5 and Garcia et. al.(1956) demonstrated arginase activity in 

all of the metamorphic stages of Bcnibyx mori, Apis mellifica, Locusta 

migratoria, and Acrida turrita. Seaman(1954) and Dewey et. al. (1957) 

have investigated the presence of arginase, as well as other urea cycle 

enzymes, in several studies of Tetrahymena pyriformis with conflicting 

results. Studies on the cestodes Ilymenolepis diminuta (Campbell,1963) 

and Calliobothrlum (Campbell and lee,1963), and on the land snails Otala 

lactea (linton and Campbell,1962) and Helix pomatia (Jezewska et. al. 

19635 Brieteux-Gregoire and Florkin, 1962) have shown that certain 

characteristics of invertebrate arginase activity differ considerably 

from those of vertebrate arginase. Crude tissue preparations were used 

in these studies, however, and strict kinetic comparisons of arginase 

from these two sources have not been made. 

Mollusks have long been considered a group characterised by a 

"mixed nitrogenous excretory pattern" on the basis of the division of 

the animal kingdom into ammonotelic, ureotelic, and uricotelic organisms. 

The land gastropods (o.g.» Helix) have been thought to excrete uric 

acid in order to conserve water, while the aquatic forms’excrete ammonia. 

Evolutionarily intermediate mollusks, such as littoral or estuarine forms, 

are accordingly presumably intermediate with respect to their chief 

excretory products. Baldwin (1935) suggested that there may be a 

"strict correlation" of arginase activity with habitat that further 

work would reveal, after he found the activity to be absent from marine 

mollusks. The generally accepted function of arginase in ureotelic 
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mammalian tissues is to hydrolyze arginaee to ornithine and urea at 

the terminal step of the ornithine cycle (Krebs and Henseleit, 1932). 

Hie physiological function of the high levels of arginaee in the urico¬ 

telic metabolism of the land snails remains unknown. It has been 

suggested several times that arginase produces urea, which in turn 

takes part in the synthesis of uric acid, but this hypothesis lias been 

disproved as many times as it has been proposed (Brieteux-Gregoire arid 

Florkin, 1962). The recent investigations cited earlier also instigated 

the problem of whether or not there exists a complete and functional 

ornithine cycle in these arginase-containing invertebrates, as all of 

the enzymes of the cycle have not as yet been demonstrated in any 

invertebrate studied. In reviewing the literature in 1959, Baldwin 

concluded the following* 

"As far as the invertebrates are concerned there is... 
little reason to believe that ureotelism has ever 
been exploited* Arginase, however, is present in 
many such organisms, usually in traces, but occa¬ 
sionally in concentrations as high as those in 
mammalian livers. One can only suppose that here, as 
among the teleostean fishes, the lour de force 
necessary for the acquisition of the rest of the 
ornithine cycle has not been achieved." 

Furthermox*e .in 1960, Cohen and Brown made the following statement: 

,(The hepatopancreas of snails is especially rich in arginase, but 

apparently not all gastropods contain the enzyme. Studies on the 

occurrence of the urea cycle in these organisms are lacking." 

In the light of these recent remarks of Cohen and Brown (1960) 

and the statement by Baldwin (1935) that further work on the dis¬ 

tribution of mollttsean arginase activity would reveal a correlation 

between activity and habitat, a survey of the activity in sixty-two 
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mollusks was made. Such a survey should reveal this correlation if it 

existed. It was also felt that a better understanding of the role of 

arginase activity in molluslcs would be gained through a study of the 

arglnase activity in the land snail Otala lactea. This study included 

an investigation of environmental factors affecting the level of activity 

in the tissues. Certain observations were also made on the kinetic prop¬ 

erties of crude preparations of the enzyme with respect to temperature 

and metal ion activation characteristics. The snail enzyme was compared 

to the mammalian enzyme with regard to the latter two characteristics. 

Thus the study which follows was initiated, and includes the 

following information; 

1. The phyletic distribution of arginase among molluslcs from 

different environments. 

2. The variation of levels of activity among different populations 

of Otala lactea under different conditions of nutrition and water 

availability. 

3. The distribution of arginase in the tissues of Otala lactea. 

4. A comparison of the metabolism of (x*C)-labelled arginine*, 

ornithine, and urea in too species of land snails with widely differing 

arginase levels (Bulimulus nltematus and Otala lactea). 

5. A comparison of the temperature optima, together with the 

activation characteristics of crude and partially purified Otala, rat, 

and beef arginases* It was expected that such a study might reveal 

kinetic properties in the snail which differed from those which char¬ 

acterized the mammalian arginase indicating that with further work the 

activity attributed to ’'arginase” in the invertebrates might prove to 

be caused by different enzyme protein. 
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II. MATERIALS AND METHODS 

A. Animals: 

Conditions of collection of mollusks for the phyletic survey 

are tabulated in Appendix I, including location and dates of collection, 

dates of assay, and treatment of animals or tissues between collection 

and assay. 

Otala lactea Muller was shipped in fifty pound lots from southern 

France by European Import Company. The snails were stored at 4° C., 

at which temperature they remained in a state of estivation indefinitely. 

When brought to room temperature in a humid terrarium with lettuce, 

they usually emerged to feed within several hours. The European snails 

were not found to differ in any way from those collected in Houston, 

either in appearance or enzymatic performance. 

Bulimulus altematus was collected in Sebastian, Texas, a hot, 

arid part of the south Texas coast, where they estivate during the day 

on huisache trees* These snails were maintained in the laboratory under 

conditions identical to those described for Otala. 

Holtzraan laboratory rats were used for the comparative temperature 

and activation studies. 

Fresh calf liver was purchased from a local meat market and used 

as the source of beef arginase. 

B. Enzyme Preparations 

The liver* (hepatopancreas, or digestive gland) was dissected, 

blotted, and weighed. Otala and Bulimulus livers were dissected miero- 
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scopically in order to avoid contamination from other tissues, and 

noticeably parasitized animals were discarded. Dissections of Qtala 

tissues were carried out according to the anatomies described for Helix 

spp. in Bronn's Tierreich (1928). All Qtala tissues except kidney 

were washed in 100% Helix saline (see Appendix II) before homogenizing. 

The tissues were homogenized with 20 to 24 excursions of a Ten- 

Broelc homogenizer in 9 volumes of 0.1% cetyltrimethylammonium bromide 

(CTB), unless otherwise noted. This 10% tissue homogenate will here- 

. after be referred to as "crude homogenate". For assay of all animals, 

an aliquot of crude homogenate or appropriately diluted crude homogenate 

was used (1:4, 1:9, 1:24, or 1:49 with 0.02 M sodium glycinate, pH 9.5). 

Acetone powders were prepared according to the method of Ratner 

et. al. (1960). Fresh minces of rat or Qtala liver were homogenized 

in an Omni-mix at 0° for 1 minute with 7 volumes redistilled acetone, 

which was added to the tissue at -20°. The homogenate was filtered on 

a Buchner funnel until almost dry and then rehomogenized and refiltered. 

The resulting cake was broken up and dried with turning for 30 min. at 

room temperature. For assay, the powder was extracted in CTB. These 

powders were stored at -20° for several months without appreciable loss 

of activity. 

Crude snail liver homogenate was activated by preincubation with 

cations under conditions described later in the Results section. 

C. Assay System 

Arginase was assayed according to the modified system of Brown and 

Cohen (1960), which consisted of the following: 85 umoles L-arginine*HC1 
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pH 9.5; 50 umoles sodium glycinate, pH 9.5; 0.5 umoles MnCl2» 100 ul. 

of enzyme (crude, or diluted as previously described with 0.02 M 

sodium glycinate, pH 9.5); and water to 1 ml. volume. This incubation 

mixture will hereafter be referred to as a ’’complete system." The 

reaction was started with the addition of enzyme unless otherwise 

noted, and incubated for an indicated length of time, at 25° for the 

snail, and 38° for rat and beef, unless otherwise noted. The reaction 

was stopped by blowing in 5 ml. of 0.5 M HCIO4. Using this method, 

the lowest level of activity that can be determined accurately is 

0.05 umoles of arginase hydrolyzed per ml. incubation mixture. This 

would correspond to a tissue activity of approximately 10 umoles per 

gram tissue per hour. 

D. Colorimetric Determinations 

The protein which was precipitated by the HCIO4 was removed by 

centrifuging and an aliquot of the supernatent fluid used for urea 

determination according to the modified method of Archibald (1945). 

A sample containing 0.05 - 0.40 umoles urea (usually 1 ml. of the 

6 ml. assay resultant) was placed in low actinic tubes and brought to 

5 ml. with water. Two ml. of acid reagent (750 ml. 85% H3PO4, 

250 mis. of cone. H2SO4, and 1.0 ml. 1% (w/v) CUSO4.5H2Q) and 0.4 ml. 

of 4% alcoholic l-phenyl-l,2-propanedione-2-oxime were added to each 

tube. The tubes were shaken well individually and heated 1 hr. on a 

boiling water bath, cooled 5 minutes, and the optical densities read 

with the #54 filter in a Klett colorimeter. 

An aliquot of each crude homogenate was reserved at -20° for 
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protein estimation according to the method of Lowry et. al. (1951),, using 

crystalline bovine serum albumin for standards. Duplicate aliquots 

were taken from Otala tissue homogenates. 

Arginase activity is expressed as tissue activity or umoles urea 

produced per gram wet weight tissue per hour at 25° for snail and 30° 

for rat and beef. Specific activity is calculated from protein deter¬ 

minations and expressed as umoles urea produced per milligram protein 

per hour. Both specific activity and tissue activity are calculated 

on the basis of assays run on a complete system as described earlier 

in this section, unless otherwise noted. 

E. Reagents 

Arginine and bovine serum albumin were obtained from Sigma Chemical 

Co. j glycine-, urea, CdCl2 *2 1/2 HgO and CoCl^^H^O from Fisher Scientific 

Co.; MnCl2*4H20 from Baker Chemical Co.; NiCl?.6Ho0 from Mallinckrodt 

Chemical Works; Penicillin-G from Eli Lilly and Co.; dihydrostreptcmycin 

sulfate from Parke, Davis and Co.; cetyltrimethylammonium bromide 

(technical grade) from Eastman Organic Chemicals; and (2-^C)-DL- 

ornithine, (guanidino-^C)-DL-arginine* (5-^C)-DL-arginine, and 

(14C) -urea from Volk Radiochemical Co. 

F. Isotopic Studies 

One gram Otala liver was washed three times in 5 ml. Helix 

saline (see Appendix II) at 0° by decantation, and added to a Warburg 

flask containing 1.25 ml. 200% saline, 0,09 ml. 0.1 M ^HPOg-NaHgFO^ 

pH 8.4, and carrier substrate plus labelled substrate to make 10 umoles 

substrate per flask. 

8 



Water was added to complete the flaslv contents to 2.5 ml. and 
TA v 

give a radioactivity of 0.125 uC ( *C) per micromole L-form of sub¬ 

strate. 0.45 ml. 5 N HgSO^ was then added to the side arm and 0.35ml. 

3.5 H CG^-ffee NaOH to the center well. Flasks were incubated for 3 

hours at 30° with agitation* after which time the HgSO^ was tipped in. 

The flask was then incubated an additional hour to drive all the C0^ 

into the center well. Heat-killed control flasks* heated at 99° for 

10 min* in a boiling water bath were incubated for each experimental 

flask. 

Metabolic CO^, - The center well contents were transferred and 

diluted to 10 ml* with 0.1 N NaOH. An aliquot of the diluent was 

precipitated as BaCO^ in the presence of NH^Cl. It was plated as an 

ethanolic slurry on aluminum planchets for counting with a gas-flow 

counter. Corrections for self-absorption of the samples were made 

from a standard curve. 

Brea C0„ - The flask contents were transferred quantitatively to 

50 nil. centrifuge tubes with 0.5 N H^SO^* and centrifuged at 20*000 x 

g in a Servall centrifuge (SS-1) at 4°. The residue was washed with 

0.5 N IlgSO^, and recentrifuged. The supernatant and wash fluids were 

combined and solid C0g was added in order to drive off any remaining 

metabolic 00g. The pH was adjusted to 6.8-6.9 with 6 N NaOH, and 

transferred to aeration vessels. One ml. 1% Sigma type II urease in 

10% NaCl with 0.005 M EBTA was blown into each aeration vessel, and the 

reaction was allowed to progress to 30 to 40 min. at room temperature. 

After this period * each system was aerated for 3 minutes; 1 ml. 
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S N H„SO, was then added, and the samples were reaerated for an addi- 

tional 3 minutes. The C02 was collected in 10 ml. 3.5 M NaOH and 

precipitated as BaCG„ in identical fashion as was the metabolic GO^. 

The same conditions were used for Bulimulus , except that each 

flask contained 200 mg. liver. 
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III. RESULTS 

A. Survey of Arginase Activity in Molluslcs 

A total of sixty-two animals representing three classes of molluslcs 

were assayed for arginase activity. The results of these assays are 

presented in Table I. In this table, the animals are listed taxonom- 

ically and are classified as far as the ordinal level (see Appendix II). 

The same results are tabulated in Table 2, with the animals arranged 

according to habitat (see Appendix I for exact habitats). 

It can be seen that the most phylogenetically advanced order of 

molluslcs s the Stylommatophora, all Iiave arginase activity, and tint 

the activity of Otala, Polygyra9 Lolliguncula, and Neritina are of the 

order of the mammalian enzyme. All these assays were run under identical 

conditions at 25°. From Table 2, the general statement can be made 

that activity is present in herbivorous land molluslcs, and has never 

been found in carnivorous marine gastropods. Beyond this statement, 

no exact conclusions can be arrived at in explanation of the phyletic 

or environmental distribution of the enzyme. Also included in Tables 

1 and 2 are the results obtained by Hammen et. al, (1962) for Crassostrea 

virginica and Modiolus demissus (VoXsella demissa). They report traces 

of arginase activity in certain species after the reactions were allowed 

to proceed for 1 hour. The data of these authors may not be comparable 

to those presented here since no mention was made by them of the sub¬ 

strate or cofactor concentrations employed. The photometric determin¬ 

ation of ornithine used by Hammen et. al.(1962) is more sensitive than 
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the method used here and may account for this discrepancy. 

An additional variable parameter came into consideration when 

conflicting results were obtained with some of the mollusks which were 

assayed more than once. These results suggested that the arginase 

level varied from individual to individual. This supposition is 

supported by the following examples. 

Helicina orbiculata is commonly found in two of the most di¬ 

vergent environments in Texas; the wet, cool, shady corners of Houston 

gardens; and the dry, hot mesquite of the south Texas coastal desert. 

Assays run on numbers of individuals from both environments yielded no 

activity. However, a fourth try on the Houston population revealed a 

low level of arginase (Tables 1 & 2). 

Another example, Lampsilis teres. collected from an identical 

location three years in succession, yielded a tissue activity of 364 

uraoles urea formed per gram liver per hour in one assay. No activity 

was demonstrable in succeeding years with two additional groups of 

animals. 

Because of these findings, and in an effort to elucidate possible 

reasons for variation, a study was conducted on Otala lactea to determine 

the variation of arginase activity from one snail to another. 
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TABLE I 

Aruinase Activity on the Basis of Classification 

ir Animals Tissue T. A.1 S. A.2 

Class - Gastropoda 
Subclass - Pulmonata 

Order - Stylommatophora Si 
Buliraulus alternates 3a liver 

WA4 
797 6.0 

Deroceras laeve 6 596 6.6 
Liraax flavus 2 liver 128 1.2 
Liraax valencianus 3 WA 97.1 1.3 
Mesodon thyroidus 3 liver 3,018- 24 
Otala laetea many liver 17,500° 120 
Polygra sp. IS liver 44,200 398 
Practicollela sp. 3 WA 72 0.79 
Rumina decolleta 3 liver 274 2.0 

Order - Basoramatophora 
Helisoma sp. 3 WA 1,706 4.8 
Melampus coffeus 2 WA 504 8.1 
Physa sp. 4 WA 942 3.0 
Siphonaria pectinata 3 liver 0 0 
Taphius glabratus0 4 liver 0 0 

Subclass - Prosobranchia 

Order - Archaeogastropoda 
Helicina orbiculata 10 WA 0 0 
Helicina orbiculata 4 WA 60 0.55 
Megathura crenulata 3 liver 0 0 
Neritina virginea' 7 WA 2,152 22.5 

Order ~ Mesogastropoda 
Bursa ca3Lifornica 2 liver 0 0 
Crepidula fomicata 2 liver 122 1.3 
Crepidula plana „ 
Crepidula sp. (W* C.) 

4 WA 258 4.2 
3 WA 62.2 0.91 

Cypraea spadicea 2 liver 0 0 
Littorina irrorata 8 liver 0 0 
Littorina nebulosa 10 liver 240 1.4 • 
Littorina ziczac 6 liver 115 0.74 
Polinices draconis 1 liver 0 0 
Polinices duplicatus 2 liver 0 0 
Polinices levisii ~ 
Pomacea flagellata^ 

1 liver 0 0 
3 liver 0 0 
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TABLE I (Cont.) 

# Animals Tissue T. A. S. A. 
Glass - Gastropoda 
Subclass - Prosobranchia 

Order - Neogastropoda 
Busycon sp. 1 liver 0 0 
Forreria belcheri 2 liver 0 0 
Kelletia Icelleti 3 liver 0 0 
Nassarius fossatus 2 liver 0 0 
Oliva sayana 2 liver 0 0 
Thais haemastoma haysae 3 liver 0 0 

Subclass - Opisthobranchia 

Order - Tectibranehia 
Aplysia sp. 3 liver 0 0 
Bulla occidentalis 8 liver 0 0 

Order - Nudibranehia 
Scyllaea pelagica 1 WA 108 2.7 
Scyllaea pelagica 5 liver 0 0 
Scyllaea pelagica 5 gonad 0 0 
Scyllaea pelagica 3 Vise * mass 440 *** 

Class - Pelecypoda 

Order - Filibranchia 
Atrina sp. 1 liver 0 0 
Brachidontes sp. 2 liver 156 1.4 
Crassostrea virginica 3 liver 228 2.4 
Noetia ponderosa 2 liver 0 0 
Aequipecten irradians 2 liver 0 0 
Volsella deraissaxu 3 liver 0 0 

Order - Eulamellibranchia 
Anodonta sp. 1 liver 0 0 
Barnea truncata 1 liver 0 
Carunculina parva many liver 1005 - 
Carunculina parva 3 liver* 35.6 negl 
Chione cancellata 7 liver 0 0 
Donax variabilis 13 liver 0 0 
Ensis minor 3 WA 0 0 
Laevicardium mortoni 3 WA 0 0 
Lampsilis teres 1 liver 364 - 
Larapsilis teres many liver 0 0 
Lucina floridana 1 liver 0 0 
Mercenaria campechiensis 2 liver trace 0 
Mulinia lateralis 3 WA 0 0 
Petricola pholadiformis 3 WA 0 0 
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TABLE I (Cent.) 

Tissus T* A» S. A. 

liver 0 0 
liver 0 0 
liver 0 0 
liver 0 0 
liver 0 0 

liver 39120 30 
mass 2j640 41 

1. Tissue Activity (micromoles urea produced per gram wet weight per hour). 
2. Specific Activity (micromoles urea produced per milligram protein per 

hour). 
3. Numbers of individuals homogenized together for assay. 
4. WA ~ whole animal without shells which was used if the animal was 

too small to feasibly dissect. 
5. These values are average of two or more assays. 

6* Taphius = Australorbis 
7. Neritina = Thcodoxus 
8 . W.C. = West Coast 
9. Pomacea = Ampullarius 

10. Volsella demissa « Modiolus demissus 

# Animals 
Class - Peleeypoda 

Order - Eularaellibranchia 
Quadrula quadrula 3 
Rangia cuneata 2 
Rangia flesuosa 2 
Spisula solidissima 1 
Tagelus gibbus 10 

Class - Cephalopoda 
Subclass - Dibranehia 

Order - Decapoda 
Lolliguncula brevis 4 
Lolliguncula brevis 1 Vise. 
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TABLE II 

Habitat 

Arginase Activity on the Basis of Habitat 

Tissue Act. Specific Act. FoodJ 

Terrestrial 

Arid: 
Buliraulus alternatus 797 6.0 
Practicollela sp. (WA) 72 0.79 

Hot, humid: 
Otala lac tea 17,500 120 
Limax valencianus (WA) 97.1 1.3 
Limax flavus 128 1.2 
Deroceras laeve (WA) 596 6.6 

Moderate: 
Mesodon thyroidus 3,018 24 
Rumina decolleta 274 2.0 

Ubiquitous: 
Polygyra sp. 44,200 398 
Helicina orbiculata (WA) 0 0 
Helicina orbiculata (WA) 60 0.55 

Marine 

Supratidal rocky: 
Melampus coffeus (WA) 504 8.1 
Littorina irrorata 0 0 
Littorina nebulosa 240 1.4 
Littorina ziczac 115 0.74 
Siphonaria pectinata 0 0 

Intertidal rocky: 
Thais haemastoma haysae 0 0 
Megathura crenulata 0 0 

Beach: 
Donax variabilis 0 0 

Neritic burrowing: 
Bulla Occidentalis 0 0 
Oliva sayana 0 0 
Laevicardium mortonia 0 0 
Noetia ponderosa 0 0 
Petricola pholadiformis (WA) 0 0 
Barnea truncata 0 0 
Atrina sp. 0 0 

D 
C 
F 
F 
F 
F 
F 
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TABLE IX (Cent.) 

Habitat Tissue Act. 

Marine 

Neritic burrowing: 
Spisula solidissima 0 
Mulinia lateralis (WA) 0 

Subtidal: 
Aplysia sp. 0 
Crepidula plana (WA) 2S8 
Crepidula fornicata 122 
Crepidula sp. (W. C.) (WA) 62.2 
Lucina floridana 0 
Aequipecten irradians 0 
Chione cencellata 0 
Polinices duplicatus 0 
Polinices draconis 0 
Polinices lewisii 0 
Busycon sp. 0 
Kelletia kelleti 0 
Cypraea spadicea 0 
Bursa callforaica 0 
Forreria belcheri 0 
Nassarius fossatus 0 

Pelagic: 2 
Scyllaea pelagica (VMj 440 
Lolliguncula brevis (VM) 2,640 

Brackish or estuarine: 
Neritina virginea (WA) 2,152 
Crassostrea virginica^ 228 
Crassostrea virginica*3 3.5 
Brachidontes sp. 156 
Ensi3 minor (WA) 0 
Tagelus gibbus G 
Rangia flexuosa 0 
Rangla cuneata 0 
Volsella demissa3 0 
Volsella demissa 2.4 
Mercenaria cAmpechiensie trace 

Specific Act. 

0 
0 

0 
4.2 
1.3 
0.91 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

41 

22.5 
2.4 

1.4 
0 
0 
0 
0 
0 

0 

Food 
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TABLE II (Cent.) 

Habitat Tissue Act. Specific Act. Food 

Fresh water 

Quiet: 
Physa sp. (WA) 942 8.0 H 
Pomacea flagellata 0. 0 D 
Helisoma ep. (WA) 1,706 4.8 D 
Taphius glabratus 0 0 H,D 

Dunning stream: 
Carunculina parva 100 - F 
Lampsilis terese 0 0 F 
Quadrula quadrula 0 0 F 
Anodonta sp. 0 0 F 

1* Tills information is taken from Morton (I960), Fretter and Graham 
(1962) and Pilsbry (1946). 
Symbols: H ~ herbivorous, C = carnivorous, 0 = omnivorous, 
D - detritus feeder (raspers and grazers on inactive organic material), 
F « filter feeder 

2. VM = visceral' mass 
8. Data of Hammen et. al. (1962). 0 
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B. Variation of Arginase Activity in Qtala lactea 

The activity in Qtala liver fluctuates with no readily detectable 

or consistent variable. This is borne out by data presented in Figure 1. 

The snails of Group 1 in Figure 1 had been fed lettuce as described 

previously in the Methods section and were actively chewing when removed 

and dissected for assay. Individuals of Group 2 were kept in a dry 

terrarium at room temperature. The criterion for estivation was the 

formation of a characteristic membranous film across the aperture. 

(Bronn’s Tierreich. 1928). Groups 3, 4, 6, and 7 are described in the 

legend as "starved”* as they were removed from lettuce while in the state 

of activity. Some of these animals continued to forage for food daily* 

and some went into estivation without further activity. Group 9 rep¬ 

resents snails collected locally* in a state of estivation when collected 

and when assayed. The condition of group 5 is clear from the legend. 

It may be noted then from Groups 1 through 7* and Group 9* that the 

immediate nutritional status of the animals appears not to be the chief 

variable influencing arginase activity* as previously suggested by 

Baldwin (1935). 

In order to obtain a more constant level of activity* an effort was 

made to determine possible factors which might influence the activity 

and stabilise the population with respect to these variables. This was 

accomplished by approximating a more natural environment as follows* 

according to Bullough (1958). Snails were housed in an aquarium with 

rich soil* and placed outdoors in the shade to insure a natural photo¬ 

period and temperature changes. They were fed lettuce and oats rolled 

in calcium carbonate and were watered daily. After two weeks of this 
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treatment five snails wore assayed. The results comprise Group 8 in 

Figure 1. 

A consideration of the results expressed in Figure 1 reveals that 

more complex factors were involved in determining the arginase levels 

of these animals than those parameters considered above.'*' 

1. Although there seems to be a consistenly lower level of activity in 
the locally collected snails, this is not a representative sampling 
as evidenced by arginase levels in locally collected individuals 
reported by Linton and Campbell, 1962. 
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Figure 1. 

Arginase Activity Levels in Otala lactca 

Group 1 - Feeding under laboratory conditions 
Group 2 - Estivating in laboratory two weeks 
Group 3 - Starved 1 day 
Group 4 - Starved 3 days 
Group 5 - Estivation for several months at 3° C. 
Group 6 - Starved 7 days 
Group 7 - Starved 14 days 
Group 8 - Feeding under approximated natural conditions (see text) 
Group 9 - Locally collected, estivating 
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C. Tissue Distribution 

That arginase activity is not confined to the liver of animals in 

which it is found is illustrated by Scyllaea pelagica whose visceral mass 

has a tissue activity of 440 umoles per gram tissue per hour, although 

no activity can be demonstrated in the liver or gonad. An investigation 

was therefore carried out to determine the distribution of this enzyme 

in the tissues of Otala lactea» whose anatomy is well understood (Bronn’s 

Tierreichi 1928). These findings are presented in Table III. Since the 

activity was detectable in the tissue fluids, the following procedure 

was employed. 

The tissues were washed twice in S ml. ice-cold Helix saline 

(see Appendix III), and blotted after each wash, then homogenized. 

Kidney was homogenized without washing or blotting because of its ten¬ 

dency to disintegrate. The crop, or stomach, was split longitudinally 

and thoroughly blotted before washing with saline. Blood was collected 

from the afferent branchial artery running anteriorly directly from the 

heart, and used whole in the assay. Two aliquots of crude homogenate 

of each tissue were taken for protein determination and specific activi¬ 

ties are based on both samples. 

The arginase levels in other Otala tissues seems to vary as does 

that of liver; e.g., note the tissue activities of the kidney or albumin 

gland. However, in no other tissue can activity be demonstrated anywhere 

near the level of arginase in the liver. It is interesting that the low 

level of arginase found in muscle contradicts the finding of Porembska 

et. al.(1962) who reported that activity of the foot muscle (166 umoles/ 
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mg protein/hr.) was twice that of the liver (88 umoles/mg protein/hr.) 

at 37° in their "complete” system which eliminated any activating cation. 

Their assay of kidney gave 47 umoles/mg protein/hr. in agreement with 

the present findings. 
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Table III 

Arginase Activity in Otala Tissues 

Tissue # Animals Tissue Activity Specific Activity 

kidney 3 490 -1 
kidney 4 1,583 - 

kidney 4 2,820 - 

albumin gland 3 154 0.85 
albumin gland 4 396 2.6 
albumin gland 4 1,010 7.2 
crop 3 488 12.8 
crop 4 234 4.9 
reproductive tract 3 1,380 23.0 
reproductive tract 4 1,840 38.0 
columellar muscle 6 144 1.6 
salivary glands 10 1,402 43.0 
intestine 10 1,872 45.0 
blood 1 33 um/ml/hr 0.94 
blood several 48 " 6.0 
blood 1 240 " - 

blood several 0 0 
liver many 17,500 120 

1* These specific activites were omitted because the uric acid in the 
kidney affects the color development given by protein, and the values 
were therefore unreliable. 
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14 
D. Metabolism of ( C)-arginine and Related Compounds 

In an effort to determine if the immediate metabolic origin of 

urea in Otala is identical to that known for mammals (Krebs and 

Henseleit, 1932), to demonstrate arginase activity in vivo (whole cells), 

and to elucidate the metabolism of the products of arginase action 

(ornithine and urea) in two mollusks with different levels of activity, 

an isotopic study was carried out comparing Otala lactea and Bulimulus 

alternatus. 

The livers of these snails were incubated with (14C) -urea, 

(guanidino-^C)-DL-arginine, (5-^C )-DL-arginine, and (2-*^C)-DL- 

ornithine, and the results are summarized in Table IV. The value for 

umoles of metabolic CO^ represents that C02 given off from the added 

substrate during the incubation period, and collected in the center well. 

The value for umoles urea CO^ represents that C02 given off after treat¬ 

ment of the flask contents with urease, determining the amount of urea 

formed from each substrate during the incubation period. 

The relative levels of metabolic C02 and urea C02 for Otala in¬ 

dicate a very active urease in the liver of this snail, while urease is 

virtually absent from Bulimulus liver for the added label is not metab¬ 

olized as in Otala. The results obtained with guanidino-labelled arginine 

confirm those given by labelled urea, as the active urease of Otala con¬ 

verts all the urea formed from the guanidino group directly to C02, where¬ 

as in Bulimulus this group is metabolized to urea. The ornithine is 

metabolized more extensively by Bulimulus. 

Bulimulus and Otala were chosen for the isotopic study primarily 



because of the wide differences in their levels of arginase (see Tables 

1 and 2). Secondly, Bulimulus lives in an extremely dry climate and it 

is reasonable to assume therefore that it is one of the most independent 

of water among the Pulmonates. This characteristic therefore forms an 

interesting contrast with the humid, rich-soiled surroundings in which 

Otala (being a member of the Helicidae, supposedly the most phylogeneti- 

cally advanced of the Pulmonates) is physiologically reinvading the 

aquatic environment by excreting more urea, as a result possibly of 

having to conserve less water (Needham’s idea of ’’reversibility of 

evolution”, 1938). Thirdly, Bulimulus was chosen to compare with Otala 

because of their.behavioral similarities. Both animals estivate during 

the day (with the formation of an epiphragm) and feed at night. Bulimulus 

will eat lettuce as readily as Otala, so their diets were identical 

under laboratory conditions. Fourthly, Bulimulus liver can be dissected 

(with great care) in a pure state, free of surrounding membrane and 

larger blood vessels. Lastly, Bulimulus was obtainable in great quan¬ 

tities. 
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TABLE IV 

umoles metabolic CO^ umoles urea C02 

Substrate Otala* Bulimulus** Otala Bulimulus 

(14C)-urea 5.35 0.023 0.02 6.37 

(2-^4C)-DL-ornithine 0.02 0.02 0 0 

(£uanidino-^4C)-DL-arginine 5.10 0.14 0 4.36 

14 » 
(5- C)-DL-arginine 0.03 0.001 0 0 

* Otala - 1 gram tissue incubated per flask 

** Bulimulus - 0.2 gram tissue incubated per flask 

Incubated for 3 hrs. at 30°. 

Total substrate concentration = 10 umoles/flask = 4 umoles/ml. 
(calculating only the L-form of amino acids present). 
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E. Temperature and Activation Studies 

1. Crude Tissue Preparations 

Certain kinetic properties of arginase activity in crude tissue 

preparations have been investigated in two invertebrates, cestodes 

(Campbell, 1963) and mollusks (Linton and Campbell, 1962; Jezewska, et. 

al. 1963). These studies have elucidated a number of characteristics 

■which differ from those of the enzyme found in rat, beef and horse liver 

(Mohamed and Greenberg, 1945; Greenberg, et. al. 1956). For instance, 

Linton and Campbell (1962) found snail arginase was activated not by 

Co++, but by Cd . Campbell and Lee (1963) found that the temperature 

optimum'** of the dogfish tapeworm, Calliobothrium, arginase is 30°, as 

opposed to the optimum of 45-50° for beef. This information is of value 

for the obvious reason that further studies of this sort may show that 

the enzyme activity meant by the term "arginase” is not caused by the 

same molecular species throughout the animal kingdom. 

It was with this possibility in mind that a series of experiments 

were conducted on the temperature and activation characteristics of 

crude Otala lactea arginase as compared to arginase from crude extracts 

of rat and beef liver. 

It was found that the temperature optimum for the hydrolysis of 

o 
arginine to urea and ornithine at pH 9.5 in the presence of Mn is 35 

for the snail, at which point a peak of activity is observed at about 

850 umoles arginine hydrolyzed per mg. protein per hour (corresponding 

to 69,750 umoles per gram tissue per hour). The temperature optimum for 

1. Temperature optimum refers to that temperature at which the maximum 

activity obtains. 
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crude rat enzyme treated identically was 65° with a maximum specific 

activity of 1,735 umoles of urea per mg. protein per hour (corresponding 

to 111,000 umoles per gram hour tissue activity). These results are 

plotted in Figure 2. 

A maximum of 4.2 for snail arginase activity obtains between 

25° and 35° and the average is 2.50. The same data for the rat 

arginase, handled identically, gave a maximum of 2.7 between 30° 

and 40° and an average of 2.23. 

Further studies revealed that the temperature optima for the rat 

and the snail activities were independent of cation activation and that 

the rat enzyme is much more dependent on Mn for activity than that of 

the snail. To obtain this information, experiments were run deleting 

the manganous chloride and adding EDTA (ethylenediaminetetraacetic acid) 

in excess of any endogenous manganese in order to chelate the cation. 

These results are plotted in Figure 3 and shown in Table V. 
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Figure 2 

Values for the Otala arginase curve are calculated from the 

20 min. experimental from time courses ( 0 min., 10 rain., 20 min., 

30 min.) run at each temperature. The 30 min. values are used for 

rat. All calculations were made from linear rates. The assay system 

was complete as described in the Methods section. 
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oo <1 
Figure 3. 

Rate of urea formation at different temperatures showing the 

dependence of rat arginase on Mn++, the lack of dependence of snail 

activity on Mn , and the lack of dependence of the temperature 

optima on the activating cation. 

= Snail arginase, complete system 

= Snail arginase, - Mn + EDTA 

= Snail arginase, - Mn++ 

© = Rat arginase, complete system 

US = Rat arginase, - Mn++ + EDTA 
A 

= Rat arginase, - Mn 
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TABLE V 

Snail: 

Rat: 

Dependence of Rate of Arginine Hydrolysis on 

Temperature with and without Manganous Ion 

urn urea formed/mg protein/minute 

Complete System -Mn**, +EDTA 

10° 1.95 1.67 1.61 
20° 4.42 3.17 3.22 
30° 5.93 5.53 5.47 
35° 17.02 11.07 12.85 
40° 10.72 9.18 9.17 
50 8.57 7.38 6.90 

10° 0.375 0.375 0.375 
20° 0.933 0.566 0.566 
30° 2.25 1.40 1.32 
40° 5.25 2.25 2.06 
50° 9.65 2.82 2.62 
60° 19.68 2.62 3.75 
65° 19.32 0.183 0.93 
70° 0.550 0 0 
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Studies carried out on the comparative characteristics of rat, 

beef, and snail arginase with various bivalent cations reveal that both 

the rat and the snail enzymes are activated by Mn and Cd and that 

++ ++ 
no activation is obtained with Co or Ni . The same results obtained 

with fresh liver homogenates are given by acetone powders of rat liver. 

An examination of fresh beef liver revealed activation with Mn but no 

activation with Co upon repeated attempts with different sources of 

the cation. These findings conflict with those of Greenberg, Bagot, 

and Roholt (1956), whose work on beef arginase revealed activation of 

the enzyme with Mn and Co and no effect by Cd . However, the 

present results are in agreement with those obtained by Linton and 

Campbell (1962) in their preliminary studies on the activation character¬ 

istics of Otala arginase. Of further interest is the rat tapeworm 

Hymenolepis diminuta (Campbell, 1963) whose arginase is activated by 

*H* , *H*1 
Mn and Co 

Activation of crude rat and snail extracts was obtained by pre¬ 

incubation of the diluted enzyme, the cation, glycine buffer, and water 

at 50°, for varying lengths of time as shown in Figures 4 and 5 for 

manganous activation of rat, beef, and snail; and Figure 6 for cadmium 

activation of rat and snail. (A temperature of 50° was arrived at 

empirically through preincubating at 50°, 60°, 65°, 70°, 75°, and 80°. 

At temperatures higher than 50° the activity fell off increasingly more 

rapidly with time. At 80° no activity was obtained. Subsequent to 

preincubation the tubes were equilibrated at 25° for the snail, 38° for 

1. This is the identical source of Co++ used in the present work on 
Otala. 
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rat and beef, and the reactions were started with the addition of the 

substrate, arginine, and allowed to proceed for 20 min. The results 

^ 
of activation with Mn , Cd , Co , and Ni are tabulated in Table VI. 

Recovery curves for urea were run in the presence of each cation, 

to show that no error is introduced due to their possible interference 

with the color reaction for urea (Ratner, et. al. 1960). These curves 

are plotted in Figure 7. 

In the case of the mammalian enzymes, activity reaches an optimum 

at 1 hour, then begins to drop slowly. This phenomenon was never 

observed with the snail extract. With Cd , the effect of late activation 

■|«j* 'I1 

is more dramatic than with Mn . Furthermore the shapes of the Mn and 

Cd activation curves for rat arginase (Figures 5 & 6) are identical to 

each other as are those for the snail. Rat enzyme always activates 

relatively more slowly than snail, and rat arginase attains a definite 

peak and then falls off. This behavior was never observed with the 

snail arginase activity. 

A comparison of the activation characteristics of rat and snail 

extracts with the optimum temperature of reaction rates for the two 

(Figure 2) reveals that the snail arginase activity is much more in¬ 

activated by heat in the presence of arginine than without it. These 

results with the snail extract support the hypothesis of Grisolia and 

Joyce (1960), who showed that for some 20 enzymes the presence of sub- 

startes remarkably decreased the thermal stability of the enzymes. 

Indeed, the snail arginase becomes inactivated at temperatures in excess 

of 35° when participating in the hydrolysis of arginine to urea and 
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ornithine (Figure 2). However the dilute enzyme is still being activated 

after 7 hours at 50° under the same conditions, except for the presence 

of arginine, as in Figure 2. Thus it is important to distinguish be¬ 

tween the temperature optimum of the reaction per se, and the tempera¬ 

ture optimum for interaction (activation) of enzyme and co-cation. 
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Figure 4. 

Tissue activity (umoles urea produced per gram wet weight tissue 

per hour) is plotted as a function of preincubation time at 50°. The 

preincubation mixture included the complete assay system minus the 

substrate and plus 0.1 ml. diluted enzyme in 0.9 ml. volume. After 

the preincubation period, the tubes were cooled in running tap water 

and allowed to equilibrate to the assay temperature ( 25° for snail, 

38° for rat and beef) for 5 minutes. The reaction was then started 

with 85 umoles of L-arginine*HCl, pH 9.5 and allowed to proceed for 

20 min. Controls included tubes preincubated with no activating cation, 

tubes not preincubated and 0 time assay controls. Aliquots of enzyme 

for protein determinations are preincubated with experimentals. Before 

heating, there were 38 ug per ml. reaction mixture of protein, after 

heating for any length of time the level fell to a constant 6 ug per 

ml. for rat and beef. The value is twice this for the snail extract 

after heating. 

The 5 hr. and 7 hr. values for the snail were run from a 

different homogenate, and are of value only in that they show the 

■f‘|* 

snail arginase is still being activated at 7 hrs. with Mn as with 
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Figure 5 

Relative activation of rat, snail and beef arginases by 

manganous ion are plotted with respect to the preincubation time. 

This is the same data as presented in Figure 4. Percent activation 

was calculated by subtracting the tissue activity obtained with that 

cation without preincubation; and dividing the difference by the 

non-preincubation value, and multiplying by 100. Therefore "percent 

activation" refers to the percent increase in activity over the base¬ 

line value. 



PREINCUBATION TIME (hrsO 
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Figure 6 

Relative activation of rat and snail arginase with cadmium 

ion plotted and calculated identically with Figure 5. 



kk 



2. Partially Purified Enzyme: 

Further studies on the activation characteristics and stability 

of rat and snail extracts with and without Mn were carried out on 

partially purified enzymes. 

The purification procedure consisted of making acetone powders 

(Ratner et. al. I960), extracting them in detergent, and subjecting 

the extracts to a heat step (determined empirically) as follows: 

200 mg. acetone powder 

20,000xg 
15 min. 

Supernatant fluid 

9.8 mis. 0.1% CTB in 
0.1 H MnS04 

20,000xg 
Heat to 
for 30 i 

15 min. 

Supernatant fluid = "purified and activated 
enzyme", diluted for 
assay. 

A comparison was then made between the activity of the "purified; 

and activated enzyme" and the "purified, non-activated enzyme" (ex¬ 

tracted in 0.1% CTB). It can be seen from Figure 8 that the rat 

enzyme is affected to a greater extent than is the snail arginase by 

the presence of manganous ion, as in the crude homogenate. The above 

procedure gave a 5.5-fold increase in specific activity for the snail, 

and an 11-fold increase for the rat. 
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Figure 7 

This figure shows the effect of activating cations on the 

color development given by urea. For the HgO standards, urea 

determinations were run on a 1 ml. aliquot of the following mixture: 

0.2 ml. arginine, 0.2 ml. glycine buffer, 1.6 ml. HgO, and 10 ml. 

HC104. For cation standards, urea determinations were run on a 1 ml. 

aliquot of the following mixture: 0.2 ml. arginine, 0.2 ml. glycine 

ml. respective cation, and 10 ml. HCIO^. 

A = Mn++, A = Cd++i □ = Ni++ 

buffer, 1.4 ml. HgO, 0.2 

© = H2O, O = Co**, 
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TABLE VI 

Cationic Activation of Beef, Rat & Snail Arginase Activites 

Snail 

Rat: 

Preincubation 
  time 

Activating Tissue 
cation Activity 

O' Mn 12,150 
5* Mn 17.GCJ 

15’ Mn 21,000 
30’' Mn 24,000 
1 hr. ' Mn 25,000 
3 hr. Mn 26,000 
5 hr.* Mn 24,500 
7 hr.* Mn 26,000 

0’ Cd 4,430 
5’ Cd 5,570 

15’ Cd 7,500 
30’ Cd 8,140 
1 hr. Cd 9,640 
5 hr. Cd 15,640 
7 hr. Cd 18,400 

O' Co 11,475 
S’ Co 10,575 

15' Co 9,450 
30’ Co 9,000 
1 hr. Co 7,650 
3 hr. Co "5*625 

O' Ni 4,695 
5’ Ni 3,150 

15’ Ni 2,475 
30' Ni 2,250 
1 hr. Ni 1,350 
3 hr. Ni 675 

0’ Mn 28,500 
5’ Mn 34,000 

15’ Mn 45,500 
30’ Mn 52,000 
1 hr. Mn 79,000 
3 hr. Mn 72,000 
5 hr. Mn 71,500 
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TABLE VI (Cont.) 

Rat: 

Beef: 

Preincubation Activating Tissue 
time cation Activity 

O’ Cd 19,065 
5* Cd 20,070 

15* Cd 23,400 
30’ Cd 28,800 
1 hr. Cd 41,8S0 
3 hr. Cd 32,130 

0’ Co 14,880 
5’ Co 11,520 

15’ Co 9,600 
30’ Co 7,680 
1 hr. Co 6,720 
3 hr. Co 5,280 

0’ Ni 16,800 
5’ Ni 13,440 

15’ Ni 8,640 
30’ Ni 4,800 
1 hr. Ni 4,800 
3 hr. Ni 2,880 

0’ Mn 26,000 
5’ Mn 44,500 

15’ Mn 52,000 
30’ Mn 56,000 
1 la-. Mn 57,000 
3 hr. Mn 52,000 

0’ Co 19,350 
5’ Co 15,300 

15' Co 14,400 
30’ Co 14,850 
1 hr. Co 13,050 
3 hr. Co 12,600 

These values are from a different homogenate of snail liver 
(See Legend of Figure 4.) 



Figure 8. 

These curves show the comparative effects of manganous ion 
_f. -|T 

on partially purified snail and rat arginase extracts, when Mn is 

added to or deleted from the extraction medium as described in the 

text. 
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IV. DISCUSSION 

Besides the fact that arginase occurs in all land pulmonates 

examined, no consistent pattern of distribution of this enzyme can be 

claimed either on phylogenetic or environmental grounds. Thus, 

contrary to the hypothesis of Baldwin (1935), no strict correlation 

of arginase activity with habitat can be made. An examination of the 

feeding types reveals a possible correlation of the absence of acti¬ 

vity with carnivorous habits. Exceptions are the voracious omnivore 

Rumina decolleta, and the carnivorous pelagic molluslcs Lolliguncula 

and Scyllaea. In this respect, plants in general do not appear to 

contain higher levels of free or bound basic amino acids than do 

animal tissues (Aronoff, 1962; Block, 1956). Considering in more de¬ 

tail Tables I and II, note those animals whose arginase levels are 

comparable to those found in mammalian livers. They are Mesodon 

thvroidus, Otala lactea, Polygyra, Helisoma, Neritina virginea, and 

Lolliguncula brevis. The first three snails are terrestrial members 

of the advanced order Pulmonata, Helisoma is a fresh water pulmonate, 

Neritina is a marine member of the most primitive of gastropod orders, 

the Archaeogastropoda, and Lolliguncula is a small marine squid. Thus 

the occurence of arginase activity is incongruous among the molluslcs, 

for some of these organisms have no "use'’ for the enzyme if we consider 

its sole function as 1) metabolizing exogenous arginine, or 2) the 

formation of urea and ornithine in the terminal step of the urea cycle 

(Krebs and Henseleit, 1932). 

Possibly a significant role arginase performs in the mollusks 



could be the formation of ornithine which in turn could be used in 

cellular protein synthesis either directly or by being converted to 

proline via glutamate semialdehyde. Ornithine has been demonstrated 

as a component of molluscan protein by Shashoua and Kwart (1959). The 

pathway for the conversion of ornithine to proline is now known to 

be present in Otala (unpublished observations from this laboratory). 

The possibility of arginase’s function in this capacity is 

appealing from the following standpoints. 

First, the rates of protein synthesis vary from species to 

species and among individuals of one species depending on such factors 

as age, sex, nutritional status, or life cycle stage. The above hy¬ 

pothesis would explain such variations in arginase levels as cited in 

the Results section (Figure 1). This variation among individuals of 

one species is a phenomenon which is evidently uncommon in studies on 

vertebrate arginase (Cohen and Brown, 1959; Schimke, 1962). Likewise, 

the present studies on rat arginase reveal a constant arginase level 

as opposed to that observed in Otala. The only apparent explanation 

of this behavior is that the snail activity is adaptive, not from the 

chemicogenetic standpoint of Srb and Horowitz (1944), but rather due 

to more immediate causes, perhaps the presence of arginine. However, 

from Figure 1, it can be seen that these factors were not readily dis- 

cernable. 

That snail arginase may be adaptive is supported by the follow¬ 

ing ideas. 
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1. The behavior of the animal itself is not understood fully, 

for example, why an individual estivates or feeds erratically. Such 

behavioral traits are predictable in the rat. Schimke (1962) showed 

that urea cycle enzymes of rat liver was somewhat adaptive in that 

their levels were directly proportional to the daily protein intake. 

However, although the arginase levels of his various groups in different 

diets demonstrably changed (most radically from 40,000 - 70,000 umoles/ 

gram tissue/hour), there was negligible variation of activity within 

one group on a particular diet. 

2. The snail is poikilothermie. The fine enzymatic balance 

that is maintained for keeping the internal milieu of the rat at a 

constant 37° would be destroyed by any large change in the activity 

of one enzyme, and as a result the homeothermic rat would obviously 

die before its arginase level fell to some values observed for the 

snail. 

The second standpoint from which arginase1s proposed function 

synthesizing ornithine is appealing is the following. It would account 

for the small amount of urea which is excreted or found in the 

nephridia of these ammonotelic or uricotelic mollusks (Baldwin and 

Needham, 1934; Delaunay, 1931), as urea would be produced as a by¬ 

product of ornithine synthesis. 

Lastly, this possibility offers an explanation of the co¬ 

existence of arginase and urease simultaneously in the liver of Qtala 

as shown in the Results section (Table IV), and in the livers of 

Helix pomatia and Helix nemoralis shown by Heidermanns (1952). 



Heidermanns suggested that the combination of these two enzymes may 

represent a detoxification mechanism in that the resulting ammonia 

could form ammonium urates. Any other explanation of this fact must 

entertain the experimentally difficult notion of intracellular compart- 

mentalization of arginse and urease.'*' 

Another neglected possibility for arginase’s function is that of 

indirect participation in the hydrolysis of phosphorylation of arginine 

phosphate, the sole known phosphagen of molluscan muscle. Further¬ 

more, this enzyme could feasibly be involved in the biosynthesis of 

other physiologically important compounds such as hormones, or act as 

a blood-buffering mechanism by perhaps regulating the ammonium ion 

level, or act in an osmotic capacity by producing the osmotically 

active urea. 

So when dealing with an enzyme whose distribution renders its 

previously defined function(s) inadequate, it becomes necessary to 

reflect more broadly on the overall physiological "needs" of the 

animal. These "needs" are obviously quite different for.a rat and 

for a snail. These two animals may use the same enzymatic equipment 

to accomplish different metabolic tasks. For example, the ureotelic 

rat may utilize arginase to synthesize urea as a detoxification 

mechanism for excreting waste nitrogen, while the snail may well 

utilize the same enzymatic activity for obtaining an animo acid essential 

for its cellular proteins. 

1. Snail arginase activity has been localized in the supernatant fraction 
of hepatopancreas homogenates by S.H. Bishop of our laboratory (un¬ 
published data). 
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That the function of arginase in Otala may differ from those in 

mammals is borne out further by kinetic studies. The difference in 

temperature optima, snail arginase hydrolyzing arginine most rapidly 

at 35°, and rat at 65° (Figure 2), indicates that possibly the impure 

states of the crude extracts are responsible for the differences ob¬ 

served, if identical molecular species of arginase are present. 

Otherwise this difference could mean that optimum conditions for the 

rat are not optimal for the snail enzyme, or the functions of the rat 

arginase simply demand a higher enzymatic activity than those of the 

snail. In either of the latter cases, the two arginases would of 

necessity be considered distinct. This possibility is supported by 

a difference in Q^QS, and by the fact that rat arginase is quite de¬ 

pendent on the presence of a bivalent co-cation whereas the snail 

enzyme is not (Figure 3). This fact may reflect a difference in the 

participation of the cation in the mechanisms of combination of the 

enzyme and substrate, or it may represent a difference in the binding 

abilities of the co-cation by the enzyme. However, saying that snail 

arginase is a unique molecular species from the mammalian arginase 

(e.g. of rat) must await crystallization of the proteins concerned, 

with subsequent demonstration of their physical and chemical 

differences. 
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V. SUMMARY 

This study has shown the following: 

1. That the enzyme arginase is randomly distributed among fresh 

water and marine mollusks and found in all terrestrial species ex¬ 

amined ; 

2. That the level of arginase in molluscan digestive glands 

varies considerably from individual to individual; 

3. That arginase is not confined to the hepatopancreas, but 

is found in low levels in other tissues of the snail, Otala, and 

that the level of arginase fluctuates in the other tissues of Otala 

as it does in the hepatopancreas; 

4. That arginase is demonstrable in vivo (whole cells) in 

Bulimulus and Otala, and that urease is demonstrable in Otala, as shown 

by tracer data; 

5. That the activity implied by the presence of the enzyme 

"arginase1* may not be from the same molecular species as that 

operative in the mammalian systems, 6uch as rat or beef, as indicated 

by their comparative kinetic properties. 
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VI. APPENDIX I 

Conditions of Collection of Mollusks 

Animal Source Date of Coll. Date of ass; 

Mercenaria camp. Offatt’s bayou 12-11-62 12-21-621 

Brachidontes sp. tf ?f 1-25-62 1-26-62 
Crassostrea virg. Tt If tt Tf 

Littorina irrorata E. Beach lagoon tt Tf 

Volsella demissa tf Tf 12- 2-62 12- 3-62 
Melarapus coffeus tt Tt 5-27-63 6-19-63 
Petrieola Phol. Nat’l Fish.Lab 12- g-62 12- 3-62 
Laevicardium mort. Nat*l Fish.Lab tt tt 

Mulinia lateralis tf tf tt it 

Noetia ponderosa tf Tf tt tt 
4 

Ensis minor Rockport shipyard 7- 7-62 7- 9-62 r 

Tagelus gibbus TT tf tt tt tt 

Lucina floridana Tt Tf tt tt Tf 

Crepidula plana it tt tt Tt tt 

Polinices duplicatus n tt tt tt tt 

Neritina virginea St. Chas. Bay shore 7- 8-62 It Tt 

Physa sp. local pet shop 2-14-62 2-14-62 
Pomacea flagellata local pet shop tt it 

Megathura crenulata Pacific Bio-marine 2-11-63 2-12-63 
Supply Co. 

Crepidula sp. r» tt tt 

Polinices lewisii ft tt TT 

Polinices draconis If tt Tf 

Nassarius fossatus tt tt tf 

Forreria belcheri tf tt tf 

Bursa californica Tt tt tt 

Cypraea spadicea tt tt tf 

Aplysia sp. Laguna Madre mud flat 10-13-62 10-17-62 f 
Bulla occidentalis it tt it tf 

Barnea truncata Tf tt it tt 

Atrina sp. ft tt tt Tt 

Aequipecten irradians ft IT tt tf 

Chione cancellata It tf tt tf 

Rangia cuneata Clear Lake 10-16-62 10-17-62 

Rangia flexuosa tt tt 
3 

tt 

Spisula solidissima San Luis Pass ? 5- 9-62 
Oliva sayana ff 3-14-62 3-14-62 
Busycon sp. tt 5-21-62 6-13-62 
Crepidula fornicata tf 12-11-62 12-12-62 
Polygyra sp. Carolina Bio. Supply 3-14-62 3-28-62 
Mesodon thyroidus local rich vegetation 4-23-62 4-23-62 
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Appendix I (Cont.) 

Animal Source Date of Coll. Date of i 

Rumina decolleta local rich vegetation 5-16-62 5-17-62 
Limax flavus It 6-23-63 6-24-63 
Helicina orbiculata :t tt tt 

Helicina orbiculata Arid S. Tex. coast 10-13-62 10-17-62 
Bulimulus alternatus tt it tt 

Practicollela sp. ft it tt 

Deroceras laeve local rich vegetation 4- 7-62 4- 8-62 
Limax valencianus 

Taphius glabratus 

lab stock of Dr. E. Segal 
6-13-62 

lab. cult, of Dr. H. 
6-13-62 

Harry 6-24-63 6-24-63 
Littorina ziczac Galveston N. jetty 5-2-62 5- 3-62 
Littorina nebulosa tt tt tt 

Thais haemastoma h. Galveston S. jetty 3-14-62 3-14-62 
Siphonaria pect. 5- 2-62 5 -3-62 
Anodonta sp. Granite Shoals Lake 4-27-62 5-17-62 
Lampsilis teres Buffalo bayou head¬ 

waters 
5-10-61 5-10-61 

Lampsilis teres tt tt tt 6-19-63 6-19-63 
Carunculina parva tt tt n 5-10-61 5-10-61 
Carunculina parva ft tt tt 6-19-63 6-19-63 
Quadrula quadrula IT tt tt 5-10-61 5-10-61 
Quadrula quadrula tt tt tt 6-19-630 6-19-63 
Scyllaearpelagica Galveston tide pool 5- 2-62° 5- 3-62 
Scyllaea pelagica tt « tt 5- 9-62 5 - 9-62 
Lolliguncula brevis n tt tt 5- 9-62 5- 9-62 
Helisoma sp. lab cult, of Dr. J.W. 

Campbell 
2-14-62 2-14-62 

Donax variabilis Galveston beach 7-11-63 7-12-63 

1. Animals whose dates of assay are more than one day from their dates 
of collection were kept in lab aquaria (or terraria), and were 
healthy at the time of assay. 

2. The symbol "f" refers to frozen. Animals collected so far away 
from the lab they might have died before assay were dissected in 
field and their tissues preserved in vials on dry ice. 

3. These animals were in poor health. Spisula had lived for weeks in 
a lab aquarium. 
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VII. APPENDIX II 

SOURCES OF NOMENCLATURE 

Terrestrial Gastropods: 

Fresh Water Gastropods: 

Marine Gastropods and 

Pelecypods : 

Fresh Water Pelecypods: 

Pilsbry, H.A., Land Mollusca of North 

America (North of Mexico*). Vol. 1 & 2. 

Dr. H. Harry, personal communication. 

Taylor, D.W. and N.F. Sohl. An outline 

of gastropod classification. 
Malacolgia. 

Abbott, R.T. American Seashells, with 

modifications from J. E. Morton. 

Strecker, J.K., The naiades or pearly 
fresh-water mussels of Texas. Baylor 

Univ. Museum Special Bulletin. 

COMPOSITION OF 200% HELIX SALINE 

as modified from Welsh, and Smith, (1960) 

Solution ml/500 ml. 

1.0 M NaCl 120 

0.1 M KC1 40 
0.1 M CaCl_ 10 

0.1 M MgClf 
0.1 M NaHCOg 

25 
10 

0.1 M Na_ succinate 50 

0.1 M Na^SO. 14 
~H23 

4 
196 

The above solutions are combined and autoclaved for 15 min. 35 ml. 

0.1 M K^HPO - NaH^PO^, pH 8.4, are autoclaved separately. After both 

mixtures have thoroughly cooled, they are carefully mixed and 670 mg 
Penigillin G and 500 mg Streptomycin are added. The saline is stored 

at 4° and used within 24 hrs. after preparation. 
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