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A STUDY OF THE GLYCOLYTIC ENZYMES IN

THE AQUATIC SNAIL PHYSA HALEI LEA

CHAPTER I
INTRODUCTION

Recent studies of intermediary carbohydrate catabo-
lism of invertebrates have pointed to a general concept of
biochemical unity. At the same time these studies have
shown that manifold deviations from classic metabolic proc-
esses do exist. Among invertebrates, carbohydrate catabolism
has been most intensively studied in the parasitic protozoans,
parasitic'helminthes, and the insects.

Reviews of these studies (Hutner and Lwoff, 1955;
von Brand, 1957; and Drummond and Black, 1960) have pointed
out metabolic deviations in the excretion of volatile fatty
aclids instead of lactic acid, and, in the partial or complete
absence of a Krebs tricarboxylic acid cycle in many parasitic
forms. 1In insect muscle a-glycerophosphate, instead of lac-
tic acid, is the excretory pfoduct of anaerobic catabolism,
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and a-glycerophosphate dehydrogenase 1s thought to replace
lactic dehydrogenase in reoxidizing reduced diphosphopyridine
nucleotide (DPNH) (Drummond and Black, 1960). The hetero-
geneity of individual enzymes derived from different animal
sources has recently been discussed by Kaplan, et al. (1960).
They review the similarities and dissimilarities detected in
enzymes by immunological and chromatographic techniques as
well as by physical properties. Data are presented on com-
parative studies of the activity measurements of lactic
dehydrogenase from a variety of taxonomic groups. These
activity measurements show variation from group to group in
the catalytic ability of this enzyme. Variations in the co-
factor sensitivity of lactic dehydrogenase are also presented,
and with the arthropods, for example, the greatest activity
of the enzyme was obtained with 3-acetyl pyridine diphospho-
pyridine nucleotide, a synthetic analog of diphosphopyridine
nucleotide. The variations.in carbohydrate metabolism which
are known to exist and the heterogeneity of enzymes both
point to the need for detailed studies of the various taxo-
nomic groups of invertebrateé.

Studies have been conducted only very recently on

isolated and partially purified enzyme systems of
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invertebrates and most of these studies have been made on
parasitic forms. As von Brand (1957) points out in a recent
review, these studies are positive contributions to comparé-
tive biochemistry and provide a rational approach to parasite
chemotherapy. It seems reasonable to assume that comparable
contributions to theoretical and practical knowledge can
also be obtained from studies with free-living invertebrate
forms,

The phylum Mollusca is the second largest group of
invertebrates in terms of numbers of described species. It
is of economic importance in agriculture and commerce and,
since it includes intermediate hosts for many parasitic
organisms, is of public health significance in some regions.
Nevertheless, our information on the intermediary metabolism
of this group is quite iimited. Studies which have been
conducted on the intermediary carbohydrate metabolism of the
Mollusca are reviewed in the following chapter. These
studies include measurements which strongly support the ex-
istence of an aerobic cycle in molluscs that is similar to
the Krebs cycle of vertebrate tissue and yeast. Overall
glycolysis has been demonstrated in many molluscs but, with
aquatic snails, observations such as propionic acid excretion

under anaerobic conditions, and the failure of fluoride to
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inhibit pyruvate formation indicate possible metabolic
deviation from the glycolytic scheme as it is known for
vertebrate tissue and yeast. Furfher, it must be pointe
out that in none of the studieSﬁof glycolysis have the indi-
vidual enzymes responsible for catalyzing the chemical re-
actions been characterized. The preceding paragraphs of
this chapter have pointed out the need for information on
the characteristics of the various enzymes and the value
such information wiil contribute to our overall knowledge.
This paper is“a study which will extend our knowledge of the
chemical sequence of glycolysis in one species of the Mol-

lusca, the aquatic snail Physa halei Lea, and describe the

characteristics of some of the enzymes catalyzing these

reactions.



CHAPTER II

REVIEW OF THE LITERATURE

Aerobic Metabolism

Of the classes of Mollusca studied in connection
with oxidative carbohydrate metabclism, the least investi-
gated is the Cephalopoda. Slices of squid heart, Loligo
pealii, have been shown to metabolize acetate and oxalace-
tate, suggesting a mechanism similar to the Krebs cycle
(Barron, et al., 1953). 1In Barron's study citric acid was
observed to markedly stimulate respiration. There have been
some studies of the terminal pathways of respiration of
cephalopods. In view of the intimate relationship which ex-
ists in vertebrate tissues between the cytochromes of termi-
nal respiration and aerobic carbohydrate catabolism, evidence
for the existence of cytochromes in the cephalopods, and in
the other molluscs, is included in this review. Cytochromes
a, b, and ¢, succinic dehydrogenase and cytochrome oxidase

have been reported (Ball and Meyerhof, 1940) in tissue slices
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(heart, head and neck muscle) of the squid. These pigments
and enzymes have also been reported in the nervous tissue of
L. pealii (Cooperstein and Lazarow, 1951; Nachmansohn, et
al., 1942, 1943). The presence of succinic dehydrogenase,
cytochrome oxidase, and cytochromes a, b, and ¢ was strongly
suggested by measurements made with extracts of Octopus
vulgaris (Ghiretti-Magaldi, et al., 1957). In a subsequent
and more detailed study with a highly purified extract,
Ghiretti-Magaldi, et al. (1958) have obtained more complete
evidence for the presence of succinic dehydrogenase and the
cytochromes in 0. vulgaris. There now seems little question
that the terminal pathway of respiration in cephalopods
functions in a manner quite similar to that of vertebrates,
Although this similarity between the two groups does exist
and the presence of the various cytochromes is indirect evi-
dence for aerobic carbohydrate catabolism, it must be pointed
out tﬁat direct evidence is available for only one of the
several chemical reactions which comprise the Krebs cycle,

There is more information on the carbohydrate metabo-
lism of pelecypods than of cephalopods. Measurements of
cytochromes a, b, and ¢ and succinic dehydrogenase have been
reported (Ball and Meyerhof, 1940) in slices of the heart

muscle of the clam, Venus mercenaria. Homogenates of muscle
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tissue from the oyster, Saxostrea commercialis, contain a

succinoxidase system (Humphrey, 1947). 1In the latter study
succinate definitely stimulated oxygen consumption. However,
excess malonate was observed to inhibit this increase by
only 40 per cent. Cyanide and azide both inhibited oxygen
consumption and this inhibition was reversed upon addition
of methylene blue to the mixture. Jodrey and Wilber (1955),
using homogenates and acetone precipitates of mantle tissue

of the oyster, Crassostrea virginica, demonstrated the pres-

ence of succinic dehydrogenase, iso-citric dehydrogenase,
malic dehydrogenase, oxalacetic decarboxylase, and cyto-
chrome oxidase. It is interesting to note that they were
not able to demonstrate the presence of aconitase. Cyanide
was found to markedly inhibit oxygen consumption, but meth-
ylene blue (1 x 10~° M.) did not have an appreciable effect
in averting or suppressing the inhibition. They suggest that
the cytochrome system perhaps plays only a minor role in the
respiration of oyster tissue. Kawal (1958) has récently re;
ported measurements on the cytochromes and cytochrome oxidase

in the oyster, Crassostrea gigas. His measurements confirm

those of Jodrey and Wilber (1955) although he found that
methylene blue in concentrations of 6 x 10-° M. did reverse

cyanide inhibition by approximately 40 per cent. 1In a
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subsequent study on the significance of the cytochrome sys-
tem in respiration, Kawai (1959) obtained measurements on

the oyster, Crassostrea gigas, the pearl oyster, Pinctada

martensil, and the mussel, Mytilus crassitesta, which indi-

cated that active cytochrome oxidase and cytochromes a, b,
and c were present in each species. By studying the effect
of carbon monoxide upon the cytochrome oxidase and upon the
total respiration, he calculated that the cytochrome system
accounts for approximately 80 per cent of the total
respiration.

Hammen and Wilber (1959) used radioactive sodium
bicarbonate and chromatographic techniques to follow the in-
corporation of carbon dioxide into organic acids of isolated

strips of mantle tissue from the oyster, Crassostrea virgin-

ica. They found that radioactive carbon appeared first in
succinic acid, then in fumaric acid, and last in malic acid.
This suggests the presence of succinic dehydrogenase, malic
dehydrogenase, and fumarase.

In the Gastropoda the aerobic phase of catabolism
has been investigated by Baldwin (1938) using slices of the

hepatopancreas from Helix pomatia. Oxygen consumption was

stimulated by succinate and inhibited by malonate. Rees

(1953) confirmed this observation and obtained additional
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evidence for a functional Krebs cycle. He used a suspension
of the hepatopancreas of H. pomatia and observed increased
oxygen consumption upon addition of each intermediate of the
Krebs cycle. Eckstein and Abraham (1959) measured succinic
dehydrogenase in homogenates of the hepatopancreas of the

snail, (Helix) Levantina hierosolyma, and observed increases

in the activity of the enzyme as the animal came out of

estivation. Minced tissue of the aquatic snail, Australorbis

glabratus, was used by Weinbach (1953) in studies of the
Krebs cycle. Oxygen uptake was increased upon addition of
citrate, fumarate, succinate, malate, and a-ketogluterate.
Weinbach was not able to show any marked inhibition of oxygen
consumption upon addition of fluoroacetate, trans-aconitate,
or malonate. The phosphorylation which accompanies oxidative
catabolism has been demonstrated in the albumen gland of the

aquatic snail, Lymnaea stagnalis (Weinbach, 1956). 1In in-

vestigations using tissue fluids of the marine snail, Busycon

canaliculatum, Ball and Meyerhof (1940) demonstrated cyto-

chromes a, b, and ¢ spectrophotometrically. They also demon-
strated succinic dehydrogenase by following the anaerobic
reduction of methylene blue in the presence of added succinate.
Person, et al. (1959) reported the presence of cytochrome

oxidase in the odontophore of the snail, B. canaliculatum.
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The cytochrome system of two species of sea hares, Aplysia
depilaris and A. limacina, has been investigated by Ghiretti,
et al. (1959)3 They reported the presence of cytochromes a,
b, ¢, ¢1, and a3 with cytochrome aj functioning as the termi-
nal oxidase. They alsc offered evidence for a Krebs cycle
by showing increased respiration upon addition of succinate,
malate, or citrate to slices of gizzard muscle and inhibition
of succinate-stimulated respiration upon addition of malonate.

These studies with terminal respiratory pigments in
mollusca point to a system very similar to that described
for vertebrate tissue. However, the data on the individual
steps of the Krebs cycle suggest that the system in mollusks
lacks at least one of the enzymes of the vertebrate cycle.
It seems quite possible that the aconitase step is missing.
The absence of this enzyme has been suggested previously by
Jodrey and Wilber (1953), and they proposed that the first

compound formed may be iso-citrate rather than citrate.

Anaerobic Metabolism

Von Brand (1946) has reviewed the literature on
anaerobic metabolism in mollusks up to early 1945. Most of
the early studies involved subjecting various species to

fatigue or anaerobic conditions and measuring carbon dioxide
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and acid production. While the production of acid suggests
a glycolytic pathway similar to the ome in vertebrates, no
measurements were made that would demonstrate individual
steps of the scheme, 1In fact, in most instances the acid
produced was not identified but was assumed to be lactic
acid., Mono-bromoacetic acid had been observed to inhibit
acid production by oyster tissue, and iodoacetic acid had
been employed to produce similar effects on slices of mussel
tissue. These compounds are classic inhibitors of glycolysis
in vertebrate tissue, inhibiting the oxidation of glyceralde-
hyde-3-phosphate. Thus, inhibitior of acid production by
these agents is contributory eviderce for the presence of the
enzyme.

Humphrey (1944) reported an increased lactic and
pyruvic acid formatiorn in extracts of oyster muscle, Saxostrea

commercialis, subjected to anaerobic conditions. 1In these

investigations he observed intibition of s«id production upon
addition of fluoride or iodoacetic acid. The gill epithelium
of the fresh water mussel was used by Wernstedt (1944) in a
study of carbohydrate metabolism of the animal. Volatile
fatty acids were detected as products of anaerobic metabolism.
Wernstedt reported that ciliary movement was inhibited by

addition of fluoride to the reaction mixture. Rees (1953)
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conducted investigations on the glycolytic pathway of the

snail, Helix pomatia. He reported that the addition of

galactose, fructose-6-phosphate, fructose diphosphate, phos-
phoglyéeric acid or glucose increased the oxygen consumption
of a suspension of H. pomatia hepatopancreas. He was also
able to demonstrate glycolytic phosphorylation in homogenates
of the hepatopancreas.

Overall catabolism of carbohydrates has been demon-
strated in intact aquatic snails by von Brand, et al. (1950).
In this study, which included eighteen species, only two
species were found to produce lactic acid as the quantitative
end product of anaerobic metabolism. 1In further investiga-
tion of these observations, Mehlman and von Brand (1951)
found volatile fatty acids, identified as acetic and propi-
onic, to be among the end products of anaerobic metabolism.
Weinbach (1953) employed minced tissue and homogenates in a

study on carbohydrate metabolism of the snail, Australorbis

glabratus. The minced tissue accumulated iactic and volatile
acids under anaerobic conditions, as did intact snaiis. Whén
the effect of added glucose, mannose, galactose, glucose-l-
phosphate, and fructose diphosphate on endogenous oxygen
consumption and pyruvate production was studied with minced

tissue, only fructose diphosphate produced a measurable
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increase in activity. Pyruvate production increased 50 per
cent with the addition of fructose diphosphate. Why fruc-
tose diphosphate alone of the several carbohydrates employed
stimulated pyruvate production is not immediately apparent.
It does not seem probable that fructosg diphosphate is thé
only compound of the group which can penetrate intact cells
of this species. Iodoacetamide inhibited both oxygen con-
sumption and pyruvate production although fluoride in 0.01
M concentrations had no inhibitory effect. In vertebrate
tissue and yeast, fluoride inhibits glycolysis, and hence
pyruvate formation, via its action on enolase. The lack of
sensitivity of snail mince to fluoride suggests either an
enolase quite different from the one in mammalian tissue or
a pathway for the formation of pyruvate which does not in-
volve enolase. The inhibitory action of iodoacetamide sug-
gests a glycolytic enzyme in snail tissue comparable to
glyceraldehyde-3-phosphate dehydrogenase of muscle and yeast.
The presence of such an enzyme in snails is further suggested
by the occurrence of glycolytic phosphorylation in the al-

bumen gland of Lymnaea stagnalis (Weinbach, 1956). In none

of the studies with aquatic snails (or any mollusks), however,
have the individual steps of glycolysis been characterized.

A detailed study of glycolysis in these organisms would
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provide better understanding of the apparent metabolic devi-

ations described above.



CHAPTER III
MATERIALS AND METHODS

Snails

Snails used in this study were identified by Branley

A, Branson of Oklahoma State University as Physa halei Lea.

Both laboratory-reared snails and snails collected from the
University of Oklahoma golf course pond were used in this
study. The laboratory-reared colony was started from eggs laid
by snails that had been collected from the golf course pond.

The snails were maintained at 20° C. in all-glass
aquaria containing tap water to which small amounts of CaCOj
had been added. The snails were fed ad libitum with lettuce
leaves and fish food. Contents of the individual aquaria
were changed twice each week. Only snails weighing more

than 50 mg. were used in the experiments.

Enzyme Preparation

The snails were placed in a Petri dish with a small

volume of water and chilled by placing the dish on ice cubes.

15
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After five minutes the snails were removed individually from
the dish, their shells cracked open, and the soft parts re-
moved and placed in a small volume of chilled homogenizing
solution (0.154 M KCl made alkaline with 8 ml./ liter of
0.02 M KHCO3).

The snails which had been collected from the pond
were inspected at this point for trematode infection. Snails
found with cercariae, rediae, or sﬁorocysts were discarded.

When a sufficient quantity of tissue had been col-
lected (1-2 gms.), it was blotted, weighed on a torsion
balance, and placed in a chilled Tenbroeck tissue grinder
for preparation of homogenates. Tissue to be minced was
placed on a chilled glass plate and minced free hand with two
scalpels, one held in each hand. The tissue to be homogenized
was ground with sufficient homogenizing solution to make a 25
per cent (w/v) homogenate.

For some assays this homogenate was used as the source
of enzyme., For other assays the homogenate was centrifuged
at 487 x g for 20 minutes at 5° C. and the supernatant fluid
(""tissue extract') was used. In some cases the tissue extract
was dialyzed for five hours against 500 ml. of cold 0.154 M
KCl. The KCl solution was changed once at the end of two

hours of dialysis, After dialysis the extract was transferred
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to a centrifuge tube, diluted with an equul volume of homo-
genizing solution, and centrifuged at 1,658 x g for 10
minutes at 5° €. The supernatant fluid was decanted and

saved for use in the assay. Caution was taken to keep the

extract chilled at all times,

Analytical Procedures

The following procedures are general outlines of the
method employed. Details of the individual assay conditions
are given in context.

Oxygen consumption was measured in the Warburg appa-
ratus by a standard method (Umbreit, et al., 1959). 1In all
instances where anaerobic measurements were conducted, the
reaction was carried out in the Warburg apparatus and the
following procedure was employed. The manometers and flasks
were placed in the waterbath and gassed for 7 minutes. Each
sidearm vent and manometer stopcock was then closed and the
contents of the sidearm tipped into the reaction chamber.

An equilibration period of 3 minutes was allowed after tip-
ping the contents of the sidearm. The initial manometer
reading was recorded at the end of the equilibration period.

Anaerobic glycolysis was measured in an atmosphere

of 95 per cent nitrogen and 5 per cent carbon dioxide. A
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glycolytic reaction mixture patterned after that of LePage
(1948), but omitting hexokinase and glucose, was used, and
the enzyme preparatién was placed in the sidearm of the re-
action flask.

The manometric determinations of glucose-6-phosphate
dehydrogenase and 6-phosphogluconic dehydrogenase employing
cyanide followed the method of Cohen and Scott (1950). The
method described by Kornberg (1950) for glucose-6-phosphate
and 6-phosphogluconate dehydrogenase, which measures the
rate of TPN reduction at 340 mp, was also used.

Phosphoglucomutase activity was determined using
glucose-1l-phosphate as substrate by coupling the reaction to
glucose-6-phosphate dehydrogenase and following the rate of
TPN reduction at 340 mp. The analysis is quite similar to
the one for measuring phosphoglucoisomerase activity. :

Phosphoglucolsomerase activity was determined by the
method of Slein (195C). The conversion of fructose-6-phos-
phate to glucose-6-phosphate is coupled to glucose-6-phos-
phate dehydrogenase and TPN reduction is measured at 340 mp.

Fructoaldolase activity was studied by chemical and
spectropnotometric methods. 1In the chemical method a re-
action mixture patterned after that of Taylor (1955) was

employed. Cyanide was used to bind triose phosphate, and



19
inorganic phosphate was determined in aliquots of the re-
action mixture before and after alkali hydrolysis. The
spectrophotometric method of Warburg and Christian (1943)
was also used to detect this enzyme. |

Glyceraldehyde-3;ph08phate dehydrogenase activity
was estimated by following the rate of reduction of DPN at
340 mp (Warburg and Christian, 1943). The reaction was
initiated by the addition of excess glyceraldehyde-3-phos-
phate.

Glycerophosphate dehydrogenase was determined using
a method suggested by Baranowski (1949). Activity was meas;
ured by following the oxidation of DPNH at 340 mp in the
presence of excess glyceraldehyde-3-phosphate.

3-Phosphoglyceric kinase activity was measured by
the method of Axelrod and Baranowski (1953) in which hydrox-
ylamine is used to bind acyl phosphate. The determination
of acyl phosphate with hydroxylamine is based on studies re-
ported by Lipmann and Tuttle (1945).

Lactic dehydrogenase activity was determined by two
different methods. The first method is essentially that
outlined by Kornberg (1955) which measures the oxidation of
DPNH at 340 mp in the presence of excess pyruvate. The

second method was a colorimetric determination patterned
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after the method of Ells (1959). This assay utilizes lactic
acid as substrate and in this respect is similar to the
assay procedure outlined by Neilands (1955).

The activity of pyruvic kinase was shown by a method
patterned after that described by Bucher and Pfleiderer
(1955). The pyruvate formed from phospho-enol-pyruvic acid
and ADP is reduced by purified rabbit muscle lactic dehydro-
genase* in the reaction mixture and the resulting oxidation
of DPNH is followed at 340 myu.

3-Phosphoglyceric acid mutase activity was demon-
strated by the method of Sutherland, et al. (1949), which
couples this enzyme to enolase, pyruvic kinase and lactic
dehydrogenase. The activity was measured by following the
oxidation of DPNH at 340 mp. Purified rabbit muscle lactic
dehydrogenase was added to the reaction mixture. The endo-
genous enolase and pyruvic kinase activities of the homo-
genate served to convert 2-phosphoglyceric acid to pyruvic
acid in this system.

Enolase activity was determined by following the in-
crease in absorption at 240 mp which accompanies the conver-
sion of 2-phosphoglyceric acid to phospho-enol-pyruvic acid

(Warburg and Christian, 1941). The reaction was initiated

*Sigma Chemical Co., Type II.
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by the addition of excess 2-phosphoglyceric acid.

Inorganic phosphate was determined colorimetri-
cally by the method of Fiske and Subbarow (1925). Pyruvic
acid was determined by the method of Koepsell and Sharpe
(1952).

At the end of every assay a suitable aliquot of the
reaction mixture was treated with 10 per cent trichloroacetic
acid and total protein in the resulting precipitate was de-
termined by the method of Lowry, et al. (1951). This value
for total protein was subsequently employed to calculate
enzyme activity which is reported as a function of protein
concentration and time.

All spectrophotometric measurements were made in a
Beckman Model DU spectrophotometer, except the pyruvate
kinase determination which was measured with a MacAlaster

Bicknell Coenzometer.

Reagents
Glucose-6-phosphate, fruptose-6-phosphate, fructose-
1,6-diphosphate (barium salts), glucose-l-phosphate (dipotas-
sium salt), glyceraldehyde-3-phosphate diethylacetal (mono-
barium salt), adenosine-5'-diphosphate (disodium salt) and

2, 3-diphosphoglyceric acid (barium salt) were obtained from
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Schwarz Laboratories.l 6 -Phosphogluconate, 3-phosphoglycer-
ate, 2-phosphoglycerate (barium salts), pyruvate (sodium
salt), adenosine-5'triphosphate (disodium salt), and lactic
dehydrogenase (type 1I) were obtained from Sigma Chemical
Company.2 Triphosphopyridine nucleotide and diphospho-
pyridine nucleotide (sodium salts) were obtained from Pabst
Laboratories.3 Lactic acid (lithium salt) was from Hartmann-
Leddon Company.4 2,6-Dichlorophenolindophenol was from East-
man Organic Chemica1~Company.5 Phenazine methosulfate was a
gift from Dr. H. Alan Ells. Phosphopyruvic acid (Tricyclo-
hexylamine salt) was obtained from California Corporation
for Biochemical Research.b

Diphosphopyridine nucleotide was reduced following
the method outlined by Beisenherz, et al. (1955). All

barium salts, except glyceraldehyde-3-phosphate diethylacetal

lschwarz Laboratories, Inc., Mount Vernon, New York,

USA.
2Sigma Chemical Company, St. Louis, Missouri, USA.
3Pabst Laboratories, Milwaukee, Wisconsin, USA.
4Hartmann-Leddon Company, Philadelphia, Pennsylvania,
USA.
5Eastman Organic Chemical Company, Newark, New Jersey,
USA.

6California Foundation for Biochemical Research, Los
Angeles, California, USA.
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were converted to the sodium salt before use with an equiv-
alent amount of Na,SO,. Glyceraldehyde-3-phosphate diethyl-
acetal barium salt was converted to glyceraldehyde-3-phos-
phate following a procedure suggested by the supplier. All
substrate solutions were adjusted to pH 7.0 before they were
introduced in the assay mixture, All other chemicals used

in the study were commercial products of high purity.

Abbreviations

The following abbreviations are used, where appli-
cabie, throughout the paper: glucose-6-phosphate (G;6-P);
glucose-1l-phosphate (G-1-P); 6-phosphogluconic acid (6-PG);
fructose-6-phosphate (F-6-P); fructose-1,6-diphosphate
(FDP); glyceraldehyde-3-phosphate (G-3-P); 3-phosphoglyceric
acid (3-PGA); 2.3-phosphoglyceric acid (2,3-PGA); 2-phospho-
glyceric acid (2-PGA); phospho-enol-pyruvic acid (PE);
adenosine-5'-triphosphate (ATP); adenosine-5'-diphosphate
(ADP) ; triphosphopyridine nucleotide (TPN); triphosphopyri-
dine nucleotide reduced (DPNH); iodoacetic acid (IAA); tri-

chloroacetic acid (TCA); and inorganic orthophosphate (PI).



CHAPTER 1V

RESULTS

Anaerobic Glycolysis

Measurements of the glycolysis of tissue extracts of
P, halei and the effect of iodoacetie acid are presented in
Figure 1. Since aquatic snails have been reported to pro-
duce volatile fatty acids as well as lactic acid (Mehlman
and von Brand, 1951), total acid rather than lactic acid was
measured. Fructose diphosphate stimulated and iodoacetic
acid inhibited the production of acid. The observed gas up-
take, in the absence of added substrate and in the presence
of iodoacetic acid was unexpected. Gas uptake decreased
rapidly after the first thirty minutes of measurements.

Control measurements using rat muscle extract did
not show the peculiar gas uptake of the snail extract. The
measuremént with rat muscle agrees very well with results

reported by LePage and Schneider (1948).

24
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Anaerobic Glycolysis

The complete system for P. haleli and rat muscle con-
tained: 10 wM glycylglycine, pH 7.4; 31.uM KHCOj3;
2pM MgClo; 2 uM NaF; 2uM Na pyruvate, pH 7.0;

8 uM nicotinamide; 0.6 uM  DPN; 0.012 wM ADP; 20 uM
FDP; 0.5 ml. tissue extract of 25% homogenate added
from sidearm of flask after equilibration. Final
volume, 2.0 ml. Gas phase, 95% N,-5% CO,. Tempera-
ture, 37°C. Reaction time, 30 minutes. Additions or
omissions as indicated.
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Glucose-6-Phosphate and 6-Phosphogluconic
Dehydrogenase

Although these two enzymes are initial reactions of
the hexose monophosphate shunt rather than steps of the
glycolytic pathway, their association with one of the central
glycolytic intermediates, G-6-P, makes measurements of them
appropriate. The manometric measurements (Tables 1 and 2)
were obtained by a procedure which ignored the cyanide-
absorbing properties of potassium hydroxide (present in the
center well of the reaction flasks). Control vessels were em-
ployed, however, and all readings were corrected to them. The
data suggest the presence of both these steps in the tissue
extract of P. halei. In both systems activity is stimulated
by the additibn of substrate. Phenazine methosulfate, a dye
which will oxidize reduced pyridine nucleotides, and which is
in turn oxidized by molecular oxygen (Dickens and McIlwain,
1938), also stimulates this activity. Further, the system
with glucose-6-phosphate added has approximately twice the
oxygen uptake of the system with 6-phosphogluconate. 1In a
system where both dehydrogenase enzymes are present such a
ratio of oxygen uptake would be expected.

Spectrophotometric evidence for the presence of these

two enzymes is presented in Table 3. 1In both instances
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activity was detected only after #ddition of the substrate.
TPN served as the co-factor and DPN could not be substituted.
The rate of activity of both enzymes was linear (Fig. 2) for
the 6 minute period of measurement. This activity, based on
the measurements with G-6-P as substrate, is in the same
range as the activity reported for yeast autolyzate (Kornberg,
1950).

Measurements obtained with dialyzed tissue extract
and 6-PG were comparable to those reported in Table 3. The
addition of Mg*t was not necessary for activity and no in-
crease in activity was observed when it was added to the

system.

Phosphoglucomutase

This enzyme catalyzes the conversion of G-1-P to
G-6-P. In view of the high G-6-P dehydrogenase activity in
P. halei, evidence for the mutase step was sought by measur-
ing TPN reduction in a mixture containing excess G-1-P.
Table 4 gives the results of these measurementé. Both Mg+t
and cysteine were necessary for demonstration of activity.
Neither of the co-factors alone nor both together in the

system could stimulate activity in the absence of G-1-P.

The rate of formation of reduced TPN is slower with G-1-P
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TABLE 1

6 - PHOSPHOGLUCONIC DEHYDROGENASE

pl O2/mg. protein/hr.

System Exp. 1 Exp. 2
Complete 77.2 47.3
Minus phenazine methosulfate 63.9 43.0
Minus 6-phosphogluconate 49.1 3.2

The complete system contained:13%6-wM Ra phosphate, pH 7.0;
1 pM MgClg; 8 uM nicotinamide; 2 uM KCN; 0.30:1M TPN; 10 3iM
IAA, pH 7.0; 0.4 mg phenazine methosulfate; 4 uM 6-PG,
added from sidearm of flask after equilibration; 0.5 ml.
tissue extract (762 pg. protein). Final volume, 2.0 ml. Gas
phase, air. Temperature, 37°C. Reaction time, 30 minutes.
Omissions as indicated.
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TABLE 2

GLUCOSE-6 ~-PHOSPHATE DEHYDROGENASE

pl 0y/mg. protein/hr.

Syst

ysten Exp. 1 Exp. 2
Complete. 135.6 120.8
Minus phenazine methosulfate 34.2 47.9
Minus glucose-6-phosphate 28.4 3.2

The complete system contained: 13.6uM Na phosphate, pH 7.0;
1 pM MgCly; 8 pM nicotinamide; 2 uM KCN; 0.30 pM TPN; 10 uM
IAA, pH 7.0; 0.4 mg phenazine methosulfate; & uM G-6-P,
added from sidearm of flask after equilibration; 0.5 ml.
tissue extract (738 pg. protein). Final volume 2.0 ml. Gas

phase, air. Temperature, 37°C. Reaction time, 30 minutes.
Omissions as indicated.
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TABLE 3

GLUCOSE-6-PHOSPHATE AND 6-PHOSPHOGLUCONIC DEHYDROGENASE

Change in
S 0.D. Rate of formation
ystem (SZénip) of reduced TPN*
Complete
with G-6-P substrate 0.033 9.13
with 6-PG substrate 0.010 2.76
Minus substrate 0.000 0.00
Either substrate minus
TPN 0.000 0.00
Either substrate with
DPN replacing TPN 0.000 0.00

*bM/min/mg. protein x 102

The complete system contained: 300 gM Na phosphate, pH 7.0; 4
pM substrate, added immediately before taking the zero
reading; 0.30 uM TPN; 10 yM IAA, pH 7.0; 0.05 ml. tissue
extract (61 pg. protein). Final volume 2.5 ml. Temperature,
259C. Reaction time, 6 minutes. Omissions as indicated.
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Dehydrogenase

Conditions given in Table 3.
Curve (A) is with G-6-P as substrate. Curve (B) is

with 6-PG as substrate.
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than with G-6-P. However this rate remains linear through-

out the 7 minute period of measurement (Fig. 3).

Phosphoglucoisomerase

This enzyme mediates the inter-conversion of G-6-P
and F-6-P. The ability of tissue extract of P. halei to
isomerize F-6-P to G-6-P was demonstrated by coupling the
step with G-6-P dehydrogenase and following the reduction of
TPN. In this way, activity (Fig. 4) was determined in the
presence and in the absence of F-6-P., With this mixture no
added co-factor or chelating agent was necessary for activity
and the reaction rate was linear for the 6 minute period of
measurement. This rate is relatively high and approaches

the rate observed for G-6-P dehydrogenase.

Aldolase

This enzyme catalyzes the splitting of fructose
diphosphate into glyceraldehyde-3-phosphate and dihydroxy-
acetone phosphate. Evidence for its presence in P. halel
was sought by chemical and spectrophotometric methods. In
studying the enzyme, tissue homogenates, tissue extracts,
and dialyzed tissue extracts were used as the source of
enzyme. The chemical method of assay was based on the meas-

urement of the alkali-labile phosphate of the reaction
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products (Meyerhof and Lohmann, 1943). The reaction was
carried out in the presence of cyanide wAich binds the triose
phosphates and, in so doing, prevents them from entering into
the reverse reaction (Herbert, et al., 1940) 6r into addi-
tional degradation steps (Meyerhof, 1951; Taylor, 1955). The
results of measurements carried out on tissue homogenates
(Table 5) are quite similar to results obtained with crude
and with purified preparations of muscle aldolase. Alkali-
labile phosphate is present in the system with cyanide and
absent in the system free of cyanide.

When the assay was repeated with tissue extract, the
results did not agree with those obtained with the whole
tissue homogenate. Much more alkali-labile phosphate formed
with the tissue extract than with the homogenate and the
amount formed without cyanide was approximately the same as
it was with cyanide (Table 5). Although the equilibrium in
muscle aldolase favors the formation of hexose diphosphate
rather than triose phosphate (Herbert, et al., 1940) the
possibility was considered of an aldolase in snail tissue
which would favor formation of triose phosphates. The fact
that with tissue homogenate there was no alkali-labile phos-
phate formation in the absence of cyanide suggested that the

triose phosphate was being removed as rapidly as it was
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TABLE &4
PHOSPHOGLUCOMUTASE
Change in
0.D. Rate of formation
System min. of reduced TPN*
(340 mp)
Complete 0.009 0.85
Minus Mg*t 0.000 - 0.00
Minus G-1-P 0.000 0.00
Minus cysteine 0.000 0.00

*ﬁM/min/mg. protein x 102

The complete system contained: 2 pyM = Tris (hydroxymethyl)
aminomethane, pH 7.4; 2 uM MgClp§.0.3 uM TPN;i:20 uM ~ G-1-P,
added immediately before taking the zero reading; 20 pM

cysteine, pH 7.4; 10 uM IAA, pH 7.0; 0.1 ml. tissue extract
(181 pg protein). Final volume, 3.0 ml. Temperature, 25°C,
Reaction time, 7 minutes. Omissions as indicated.



35

0.20 -

0.15 1

0.10 7

A D 340 mp

0.05 7

Minutes

Fig. 3 Phosphoglucomutase

Conditions given in Table 4,
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Fig. 4 Phosphoglucoisomerase

The complete system contained: 400 uM Na phosphate,

pH 7.0;10/puM F-6-P; 0.30 pyM TPN; 0.05 ml. tissue ex-
tract (47 pg protein). Final volume, 3.0 ml. Tem=:
perature, 25°C. There was no change in 0.D. in the

absence of F-6-P.
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formed. It seemed possible that removal of cellular debris
also removed components necessary for the further metabolism
of G-3-P., With this in mind the tissue extract mixture was
fortified with substances which are known to facilitate
activity of G-3-P dehydrogenase. These results are also in-
cluded in Table 5. Neither DPN nor cysteine added to the
medium alone or together had appreciable effect on the amount
of alkali-labile phosphate formed.

Assays for aldolase were repeated with dialyzed tis-
sue extract serving as the source of enzyme (Table 6). The
experiments were designed to measure the action of aldolase
in dialyzed tissue extract and also to determine the rela-
tionship of activity to concentration of enzyme. 1In every
meaéurement with cyanide added to the reaction mixture, the
total alkali-labile phosphate was far below the total alkali-
labile phosphate without cyanide. The cyanide had a definite
inhibitory effect on the dialyzed extract. This inhibition
was related to the ratio of enzyme and cyanide in the mix-
ture, sinpe the alkali-labile phosphate in the determinations
with cyanide is proportional to the concentration of enzyme
added.

In view of the inhibitory effect of cyanide on dia-

lyzed tissue extract it was also desirable to determine



38

TABLE 5

ALDOLASE

P ]

pg P4/30 min./pg. protein
System

Homogenate Tissue extract
Complete 0.000 0.432
Plus 175 yM KCN 0.085 0.446
Plus .60 pM DPN - 0.438
Plus .04 uM cysteine - 0.486
Plus .04 pM cysteine
and .60 uM DPN - 0.415

The complete homogenate system contained: 0.6 pM glycine,
pH 9.6; 2 uM FDP; 0.5 ml. tissue homogenate (1.3 mg.
protein). Final volume 3.0 ml. Temperature, 37°C. Re-
action time, 30 minutes. Additions as indicated.

The complete tissue extract contained: 30 yM Tris (hydroxy-
methyl) aminomethane, pH 8.6; 20 uM FDP; 0.5 ml. tissue
extract (700 pg. protein). Final volume 2.0 ml. Temper-
ature, 37°C. Reaction time, 10 minutes. Additions as
indicated.



39

activity by a spectrophotometric method patterned after that
of Warburg and Christian (1943). 1In this method the enzyme
is coupled to G-3-P dehydrogenase and the rate of reaction
is measured by following the reduction of DPN. Since this
dehydrogenase has been measured previdusly in P. halei (see
G-3-P Dehydrogenase) and found to be very active in dialyzed
extract, excess dehydrogenase was not added. The results
for aldolase by this method are presented in Figure 5. 1In
the presence of added FDP, reduced DPN is formed and the
rate of formation is linear for the 6 minute period of meas-
" urement, When FDP was omitted from the mixture there was no

measurable formation of reduced DPN.

Glycerophosphate Dehydrogenase and Triose
Phosphate Isomerase

This dehydrogenase catalyzes the formation of glycero-
phosphate from dihydroxyacetone phosphate and the concomitant
oxidation of DPNH. Measurements of this step in dialyzed tis-
sue extract of P. halei (Fig. 6) were obtained by following
the formation of oxidized DPN in the presence of excess G-3-P.
Under the conditions of this assay, triose isomerase is also
measured. Although the rate is low it remains linear for a
relatively long period of time. The pH optimum for this sys-

tem in the range 6.5 to 9.0 as determined in phosphate buffer
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TABLE 6
ALDOLASE
Total *rotal
System Protein alkali- pg Pi/30 min./
Ng. labile P; M8&. protein
Complete 112 14.4 0.385
224 28.0 0.375
336 52.0 0.464
Plus 40 pM cyanide 112 0.0 0.000
' 224 16.0 0.214
336 22.4 0.200

*Figures represent total for 10 minute incubation
period.

The complete system contained: 200 uM glycine, pH 9.0; 30 pM
FDP; dialyzed tissue extract added to give upg. protein in-
dicated. Final volume, 3.0 ml. Temperature, 25°C. Re-
action time, 10 minutes. Additions as indicated.
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Fig. 5 Aldolase

The complete system contained: 60 uM pyrophosphate,
pH 8.4; 8 uM cysteine; 0.6-uM DPN; 40 uM disodium
arsenate; 3.0 M FDP; 0.1 ml. dialyzed tissue extract
(112 pg protein). Final volume, 3.0 ml. Tempera-
ture, 259C. Reaction time, 6 minutes,
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Fig. 6 Glycerophosphate Dehydrogenase and Triosephosphate
Isomerase

The complete system, curve (A), contained:¥40.uM=:Na
phosphate, pH 8.0; 0.96<uM G-3-P; 1.5 x- 10-3 uM DPNH;
0.1 ml. tigsue extract (70 ug protein). Final vol-
ume, 2.5 ml. Temperature, 25°C. Curve (B) was meas-
ured when G-3-P was omitted from the system.
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Conditions as in figure 5 with pH as indicated.



4t
was 7.5 (Fig. 7). This pH is recommended for maximum activ-
ity for the enzyme in rabbit muscle (Beisenherz, et al., 1953).

Efforts to increase activity of the enzyme in P. halei with |

the use of triethanolamine buffer were not successful.

Glyceraldehyde-3-Phosphate Dehydrogenase

This enzyme mediates the reaction between G-3-P and
1,3-PGA. The classical inhibition of glycolysis by iodoacetic
acid and certain other compounds is attributed to inhibition
of G-3-P dehydrogenase and indicates sulphydryl groups to be
the active catalytic site on the enzyme (Hellerman, 1937;
Hellerman, et al., 1943).

Some of the characteristics of this enzyme in

Io

halei are shown in Table 7. In general the enzyme in P.

halei is similar to the mammalian muscle enzyme. The negli-
gible activity in the absence of arsenate or phosphate sug-
gests that, as with the mammalian enzyme, arsenylation (or
phosphorylation) is an obiigatory accompaniment of oxidation
of G-3-P. Decreased activity when phosphate replaces
arsenate further suggests that the equilibrium relations of
this reaction and the relative turnover rates of G-3-P
dehydrogenase and phosphoglyceric kinase are similar in P.

halei and in mammalian tissues (Cori, et al., 1948). The
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requirement for cysteine, the inhibition by iodoacetig acid
and the ihactivity of TPN as a co-factor are other points of
similarity between G-3-P dehydrogenase in P. halei and mam-
malian tissues. Activity, as measured spectrophotometrically,
was detected only after addition of G-3-P. The rate of
activity was high, compared with other oxidation steps meas-
ured in snail tissue, and remained linear for only a short
period of time (Fig. 8). The failure of the system to retain
the linearity was not due, however, to any inactivation of
the enzyme since a constant rate of reaction was obtained

with FDP as the substrate (Fig. 5).

3-Phosphoglyceric Kinase

This glycolytic enzyme catalyzes the conversion of
1,3-PGA to 3-PGA, with the accompanying phosphorylation of
ADP to ATP. The reaction is reversible but the equilibrium
favors 3-PGA formation (Colowick, 1951), and the acyl phos-
phate of 1,3-PGA is quite labile (Schlenk, 1951). Neverthe-
less, with hydroxylamine, which reacts with acyl phosphate
under the proper conditions to form a hydroxamic acid, it is
possible to measure the step by following the reverse
reaction. |

The data in Table 8 provide evidence for this step
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TABLE 7

GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE

Change in
0.D. Rate of formation

System “min. of reduced DPN*

(340 mp)
Complete 0.065 9.91
Minus G-3-P- 0.000 0.00
Minus Arsenate 0.003 0.45
Minus Cysteine 0.000 0.00
0.3 uM TPN replacing DPN 0.000 0.00
Phosphate replacing Arsenate 0.022 3.94
Plus 10 yM TAA 0.000 0.00

*
pM/min/mg. protein x 102

The complete system contained: 60 uM pyrophosphate, pH 8.4;
8. uM cysteine; 0.60 uM DPN; 40 uM disodium arsenate; 0.96 uM
G-3-P; 0.1 ml. dialyzed tissue extract (112 pg protein).
Final volume, 3.0 ml. Temperature, 25°C. Reaction time, 1%
minutes. Variations as indicated.
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Conditions given in Table 7,
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in the tissue of P. halei. The measurements represent the

increase of acyl phosphate over the zero time measurement.
Magnesium stimulates the reaction rate. The activity of the
complete system agrees very closely with the activity rate
in cat muscle (Lipmann and Tuttle, 1945). Preliminary
studies of the method were conducted with extracts of rat

muscle and almost identical results were obtained.

Lactic Dehydrogenase

This enzyme catalyzes the reversible oxidation of
lactic acid to pyruvic acid and, in vertebrate tissue, re-
quires DPN as a co-factor. Under anaerobic conditions the
oxidation of DPNH by this step balances the reduction of DPN
by G-3-P dehydrogenase.

Evidence for the presence of this enzyme in dialyzed
tissue extract was sought by following the oxidation of added
DPNH in the presence of excess pyruvic acid. The results of
these measurements are shown in Figure 9. Under the condi-
tions employed in the assay, lactic dehydrogenase activity
was very low. High concentrations of pyruvate (4 mM and
higher) are known to have a marked inhibitory effect upon
lactic dehydrogenase of vertebrate muscle (Kaplan, et al.,

1960). The concentration of pyruvate used for the lactic
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TABLE 8

3-PHOSPHOGLYCERIC KINASE

System pM Acyl Phosphate wM/hr/mg. protein
Complete 2.65 31.17
Minus ATP 0.79 9.29
Minus Mg*+ 1.08 12.70
Minus 3-PGA 0.23 2.70

The complete system contained: 84 yM Tris(Hydroxymethyl)
aminomethane, pH 7.4; 40 uM ATP; 12 yM MgCl, ; 40 3-PGA;
200 pM Hydroxylamire, pH 7.0; 0.2 ml. tissue extract (340 ug.
protein). Final volume, 3.0 ml. Temperature, 30°C. Re-
action time, 15 minutes. Omissions as indicated.
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dehydrogenase assay of P. halei was in the range reported to
permit maximum activity with the vertebrate enzyme. That ex-
cess pyruvate was not the principal reason for the low lac-
tic dehydrogenase activity is supported by the fact that
DPNH oxidation was not observed upon addition of 3-PGA in
the absence of a purified lactic dehydrogenase (Table 11).
Pyruvate was formed upon addition of 3-PGA since oxidation
of DPNH was observed in the presence of added lactic dehydro-
genase. The initial concentration of pyruvate derived from
added 3-PGA would not have been high. It seems, therefore,
that inhibition from excess pyruvate would not explain the
relatively low activity of lactic dehydrogenase in P. halei.
Since pyruvate kinase activity is influenced by the type of
buffer employed in the assay (Table 10), this could have an

effect upon lactic dehydrogenase activity of Physa halei in

the presence of added 3-PGA. Additional measurements were
made with 3-PGA and with triethanolamine buffer instead of
phosphate buffer, but this substitution did not result in an
increase in DPNH oxidation. No increase in DPNH oxidation
was observgd when triethanolamine buffer was substituted for
phosphate buffer in the presence of added pyruvate.

Further attempts to identify lactic dehydrogenase in

snail tissue were made following the method of Neilands
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(1955) which measures the reduction of DPN ih the presence
of excess lactic acid at pH 10 (the reverse of the system
described above). No activity was detected by this method.
This pH is an extreme condition, however, and, although
mammalian enzyme can function in this range, it is conceiv-
able that such alkalinity inactivates snail lactic
dehydrogenase.

A colorimetric method for determining dehydrogenases
at pH's near neutrality has recently been developed by Ells
(1959). The method follows the conversion of lactic acid to
pyruvic acid and has the characteristic of forcing the re-
action toward pyruvic acid. The results presented in Figure
10 were obtained with this assay.

‘Using Ells' method, snail lactic dehydrogenase co-
factor specificity was demonstrated to differ from that of
mammalian muscle. In the latter, lactic dehydrééeﬁase with
TPN as co-factor has, at best, a small fraction of the
activity it shows with DPN. The snail enzyme, on the other
hand, is able, under fhe conditions of this assay, to utilize
TPN as readily as DPN. To the author's knowledge, no previ-
ous report has been made of a lactic dehydrogenase which can

effectively replace DPN with TPN.
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Fig. 9 Lactic Dehydrogenase

The complete system, curve (A), contained: 40 uM Na
phosphate, pH 7.3; 6.7 x 107 uM DPNH; 10 uM Na
pyruvate; 10.uM IAA; 0.2 ml. tissue extract (286 ,ug
protein). Final volume, 3.0 ml. Temperature, 25°C,
Curve (B) was measured when Na pyruvate was omitted
from the system.
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The Effect g£ Fluoride on Minced Tissue

Since fluoride has been reported to have little or

no inhibitory effect on the minced tissue of Australorbis

glabratus (Weinbach, 1953) it was desirable to test the
effect of this ion on minced tissue of P. halei. The re-
sults of this study are presented in Table 9. The data
agree with Weinbach's report (1953) that fluoride fails to
inhibit pyruvate production in minced snail tissue. The in-
hibition of oxygen uptake is somewhat higher, however, in P.

halei than in A. Elabratus. This lack of fluoride inhibi-

tion made it desirable to obtain data on the individual

enzymes of the terminal steps of glycolysis.

Pyruvic Kinase

This enzyme catalyzes the reaction between phos-
phopyruvic acid and ADP which yields pyruvate and ATP. 1In a
system containing lactic dehydrogenase it is possible to
study this reaction by following the oxidation of DPNH
spectrophotometrically.

The approach described above was employed in demon-
strating this kinase in P. halei. 1Initial attempts to demon-

strate the enzyme in a mixture with sodium phosphate buffer,

Mgtt, and ADP gave negative results. It seemed possible
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Fig. 10 Lactic Dehydrogenase

The complete system, curve (A) and (B), contained:

30 uM Na phosphate, pH 7.3; 600 x 10~ -3 MM DPN or

30 x 10-2 pM TPN;- 20 uM lithium Tactate; 10 yM TAA,:
30 uM KCN, pH 7. 3 0.2 mg. 'phenazine methosulfate;
0.03 uM 2,6—dichlorophenolindopheno1; 0.2 ml. tissue
extract (234 pg protein). Final volume, 3.0 ml. Tem-
perature, 25°C. Curves (C) and (D) were measured
when lithium lactate was omitted from the system.
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TABLE 9

EFFECT OF FLUORIDE ON OXYGEN CONSUMPTION
AND PYRUVATE PRODUCTION
OF MINCED PHYSA HALEI

pl 02/hr./mg. pg. pyruvate/hr./mg.

Addition tissue® tissue*
None (endogenous) 5.60 .148
30 pM Na fluoride 4,39 .168
Per cent inhibition 21.6 0.00

*Wet weight

Oxygen consumption was measured in a total volume of 3.0 ml.
containing 50 pM Na phosphate, pH 7.4. Pyruvate was deter-
mined in a 2.0 ml. aliquot of the reaction mixture after
addition of 1.2 ml. of 10% TCA and removal of precipitated
protein. Each value is the mean of three determinations.
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that the kinase was present but undetected due to the low
rate of lactic dehydrogenase activity in the system. With
this in mind, a highly purified, essentially kinase-free,
lactic dehydrogenase was obtained and added to the assay mix-
ture. The measurements with this system were also negative.

Mammalian tissue enzyme requires botassium and mag-
nesium ions for activity and sodium ions are known to depress
this activity by antagonizing the function of the potassium
ion (Lardy, 1949). When sodium phosphate buffer was replaced
with potassium phosphate the results shown in Table 10 were
obtained. 1In this system activity was observed only when
both Mgttt and ADP were present. The lack of activity with
sodium phosphate buffer suggests that sodium antagonizes the
P. halei enzyme in a manner similar to its antagonism to the
mammalian tissue enzyme. Triethanolamine buffer has been
reported (Beisenherz, et al., 1953) to increase activity of
linked systems of this type and when it was substituted for
potassium phosphate buffer the rate of activity was increased
almost three times (Table 10). With triethanolamine buffer
it was possible to test the effect of potassium upon the
system and there is a very definite potassium requirement for
maximum activity. Even in the absence of ADP in the tri-

ethanolamine buffered system there is formation of pyruvate.
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This activity suggests the presence of a phosphatase in the
system, Whether it is a specific or general phosphatase is

not known.

Phosphoglyceric Mutase

This enzyme catalyzes the interconversion of 3-PGA
and 2-PGA. The reaction has been studied in crude muscle
extracts by following DPNH oxidation during lactic acid for-
mation (Sutherland, et al., 1949). This approach was fol-
lowed in demonstrating mutase activity in dialyzed extract

of P. halei. The results of the study are presented in

Table 11. Activity is reported as change in optical density
per minute and the relative value of the figures was con-
sidered in evaluation of the data. The ability of 2,3-PGA
to stimulate activity suggests the mechanism ef- reaction in

Physa halei is similar to that in vertebrate tissue. Since

the sequence would involve the enolase step, activity was
determined in, and found to be inhibited by, the presence of

fluoride.

Enolase
This enzyme catalyzes the conversion of 2-PGA to PE,
and is characterized by its sensitivity to magnesium fluoro-

phosphate, which is formed when fluoride is added to a system
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TABLE 10

PYRUVIC KINASE

Change in
0.D.
System min.
(340 mp)
With Phosphate With Triethanolamine
Buffer Buffer
Complete 0.066 0.160
Minus phosphopyruvate 0.005  =----
Minus ADP 0.008 0.037
Minus Mg*++ 0.005  —----
Mimus K*  =---- 0.078
Minus extract 0.003  e----

The complete system contained: 150 uM K* phosphate, pH 7.5
or 15-pM triethanolamine, pH 7.5; 0.3 pM DPNH; 0.062 uM PE; 24
pM MgCly; 0.54M KC1; 0.2 ml. dialyzed tissue extract; 0.2 ml.
lactic dehydrogenase (180,000 units). Final volume, 3.0 ml.
Reaction time, 5 minutes except with the complete system in
triethanolamine which was 2.5 minutes. Omissions as
indicated.
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TABLE 11

PHOSPHOGLYCERIC MUTASE

Change in
0.D.
System min,
(340 mp)
Complete 0.016
Minus 3-PGA 0.003
Minus 2,3-PGA 0.011
Minus lactic dehydrogenase 0.000
Plus 17 uM Na Fluoride 0.003

The complete system contained: 100 uM triethanolamine, pH 7.5;
.00135 uM DPNH; 0.4 uM ADP; 2.5 uM 3-PGA; 0.03 uM 2,3-PGA;
24 uM MgClZ; 1.0 yM TAA; 0.2 ml. dialyzed tissue extract
(160 pg. protein); 0.01 ml. purified lactic dehydrogenase

(.5 mg/ml.). Final volume, 3.0 ml. Temperature, 25°C. Re-
action time, 7 minutes. Omissions and additions as indicated.
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containing Mgt+ and inorganic phosphate. Since PE absorbs
light at 240 mp it is possible to follow its formation
spectrophotometrically.
Evidence for this step in dialyzed tissue extract of

P. halei was obtained by following the increase in optical

density at 240 mp with 2-PGA as substrate. Figure 11 shows
the results of these measurements. Fluoride inhibits this
system; in fact, the optical density of the mixture decreases

at a steady rate in the presence of this ion.

Enzymes of Carbon Dioxide Fixation

The failure of fluoride to inhibit pyruvate formation
in minced tissue of P. halel while the enolase of the snail
is definitely inhibited by the ion suggests the presence of
an alternate pathway for pyruvate synthesis. Two enzymes,
oxalacetic carboxylase and TPN malic decarboxylase, both as-
sociated with carbon dioxide fixation, provide a route for
pyruvic acid synthesis. Preliminary experiments have been
carried out on oxalacetic carboxylase and TPN malic decarbox-
ylase and also on a third enzyme, succinic decarboxylase.

The last enzyme was included because of previous reports
(Mehlman and von Brand, 1951) of anaerobic propionic acid

formation in aquatic snails. Succinic decarboxylase is
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Fig. 11 Enolase

The complete system, curve (A), contained: 40 muM
bicarbonate-carbonate buffer saturated with N3 -5%CGso
gas to pH 7.6; 2.5“uM 2-PGA; 8.1uM glycine; 24 uM
MgClg; 0.2 ml. dialyzed tissue extract (125 ug
protein). Final volume, 3.0 ml. Temperature, 25°C.
Curve (B) was measured when 2-PGA was omitted from
the system.
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capable of catalyzing the fixation of carbon dioxide into
propionic acid formation in aquatic snails. Succinic de-
carboxylase is capable of catalyzing the fixation of carbon
dioxide into propionic acid to yield succinic acid. This
reaction has recently been demonstrated in oyster tissue by
Hammen and Wilber (1959). An attempt was made with dialyzed

extract of P, halei to demonstrate this reaction by showing

carbon dioxide evolution and propionate formation in a mix-
ture containing excess succinic acid. Under the conditions
employed, however, no activity was measured.

Oxalacetic carboxylase from pigeon liver catalyzes
the fixation of carbon dioxide into pyruvic acid to give oxa-
lacetic acid (Ochoa, et al., 1948). Jodrey and Wilber (1955)
have demonstrated a high rate of activity for this enzyme in
oyster tissue, Evidence for this enzyme in P. halei was
sought by following carbon dioxide evolution in a mixture
containing dialyzed tissue extract and excess oxalacetic acid.
Under the conditions employed, the results of the assay were
negative,

TPN malic decarboxylase was first described in a
preparation from pigeon liver (Ochoa, et al., 1947). The re-
action catalyzes the decarboxylation and oxidation of malic

acid to pyruvic acid accompanied by the reduction of TPN to
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TPNH. This reactiosn has also been demonstrated in muscle

tissue of Ascaris lumbricoides (Saz and Hubbard, 1957).

This enzyme was tested for in P. halei by the proce;
dure outlined by Ochoa, et al.(1948). The results of these
spectrophotometric measurements are shown in Table 12. The
formation of TPNH in the presence of malate and Mnt+ gug-
gests a TPN malic decarboxylase. Pyruvate was formed in
concentrations far too high to be accounted for by the
"malic" enzyme alone. No immediate explanation of this find-

ing is apparent.
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TABLE 12

TPN MALIC DECARBOXYLASE

Total Total
System PM TPNH Formed pM pyruvate Formed
Complete .034 3.27
Minus dl-malate .004 1.69
Minus Mn*+ .002 0.00
Minus TPN .003 2.00

The complete system contained: 75 uM glycylglycine, pH 7.2;
3 uM MnCly; 3.0pM dl-malate; 0.3 puM TPN; 0.2 ml. dialyzed
tissue extract (151 pg. protein). Final volume 3.0 ml.
Temperature 25°C. Reaction time 9 minutes. At the end of

9 minutes 1 ml. of 107 TCA was added to the mixture. The
ppt. protein centrifuged and 1 ml. alq. of supermate taken,
neutralized, diluted to 2.0 ml. and 0.5 ml. of this dilution
assayed for pyruvate.

Pyruvate assay mixture contained: 40 uM Na phosphate, pH
7.4; 1.35+x 107 uM DPNH; 0.5mls neut.alqg.; 8.1 m1l. lactic de-
hydrogenase (.5 mg. protein/ml.). Final volume 3.0 ml.
Temperature, 25°C. Reaction time, 10 minutes. Omissions as
indicated.



CHAPTER V
DISCUSSION

The experimental data presented demonstrate the ini-
tial steps of the hexose monophosphate shunt and the major
enzymes of the glycolytic pathway in P. halei. Most enzymes
appear to be similar to comparable enzymes in vertebrate
tissue. For a few enzymes, however, the characteristics are
rather different. The reactions involved in glycolysis are
summarized in Figure 12. The figure also includes the steps
of the hexose monophosphate shunt that were measured in this
investigation.

The unexpected gas uptake (reported as carbon dioxide)
by tissue extract of P. halei under anaerobic conditions is
quite high. The data in Table 1 suggest that exogenous sub-
strate is not necessary for this gas consumption since there
is no increase in uptake when FDP is present in the mixture.
Freeman and Wilber (1948) demonstrated carbonic anhydrase

activity in tissue extract of several marine mollusks and
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suggested a possible role of carbonic anhydrase in the depo-
sition of carbonate during shell formation. They state that
hydration of carbon dioxide occurs in mantle tissue in the
presence of both carbonate and bicarbonate. Recently Free-
man (1960) has shown carbonic anhydrase activity (measured
indirectly by following the effect of carbonic anhydrase in-

hibitors on shell growth) in the aquatic snail Physa hetero-

stropha. It seems quite possible that the observed anaerobic
gas intake of tissue extract of P. halei could be due to an
active carbonic anhydrase. It is also reasonable to suppose
that the carbon dioxide production upon addition of FDP is
due to a high rate of acid production which "overshadows"
the carbon dioxide uptake.

Measurements obtained with P. halei demonstrate both

6-PG and G-6-P dehydrogenase activities (reactions 2 and 3
in Figure 12). Activity of both steps is high relative to
other enzymes (measured in this laboratory) which are con-
cerned with hexose phosphate metabolism. The demonstration
of these two dehydrogenases alone, however, is not conclu-
sive proof for the existence of a complete shunt as it is
known for the vertebrate tissue. The characteristics of the
enzyme are apparently similar to those from vertebrate

tissue, and the high activity points to the importance of
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these enzymes in assimilation of hexose phosphates by these
snails.

Both phosphoglucomutase and phosphoglucoisomerase
(reactions 1 and 4, Figure 12) in P. halei have character-
istics which are similar to these enzymes in vertebrate
tissue. Under the conditions of assay the activity of the
phosphoglucomutase step in snail tissue is rather low. With
the mammalian enzyme, glucose-1,6-diphosphate has been shown
(Leloir, et al., 1948) to activate the reaction. The addi;
tion of this co-factor was required, however, only with the
purified enzyme. Furthermore, with the purified enzyme,
cysteine was not required for activity. With the snail ex-
tract no effort was made to remove glucose diphosphate from
the preparation nor was effort made to remove this substance
from the G-1-P which was added as substrate to the reaction
mixture. Whether the addition of glucose diphosphate to the
mixture would have increased activity is not known. The
response of the step to Mg* and to cysteine make it reason-
able to assume, however, that the mechanism of this reaction
in P. halei is gsimilar to that of the comparable reaction in
vertebrate tissue,

The aldolase step, reaction 6, Figure 12, in P.

halei seems definitely to be inhibited by cyanide. Aldolase
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has been described as 2 metallo;protein in yeast (Warburg
and Christian, 1942, 1943) in bacteria. (Bard and Gunsalus,
1950) in fungi (Jagannathan and Singh, 1954) and in protozoa
Baernstein, 1955). Warburg (1942, 1949) reported cyanide,
pyrophosphate and cysteine inhibition of the yeast aldolase
and the reversal of cyanide and cysteinei#ghibition upon
addition of ferrous or cobaltous ion or zinc. With bacterial
aldolase a,é'-dipyridyl, and o-phenanthroline are reported
to inhibit and the effect can be reversed by ferrous or
cobaltous ion but not by zinc ions (Bard and Gunsalus, 1950).
The cell-free aldolase of bacteria, however, required a re-
ducing agent such as cysteine for maximum activity. The

aldolase of the fungus, Aspergillus niger, is reported to be

stimulated by zinc ions and inhibited by the metal binding
agents ethylenediaminetetracetic acid (EDTA), a,a'-dipyridyl,
and pyrophosphate (Jagannathan and Singh, 1954). his enzyme
was not inhibited by cysteine, and, in the crude preparation,
pyrophosphate did not inhibit (Jagannathan and Singh, 1953).

Baernstein (1955) found the aldolase of Trichomonas vaginalis

to be a metallo-protein inhibited by the metal binding agent
EDTA, but enhanced by cysteine. The inhibitory action of

cyanide upon the P. halei aldolase suggests an enzyme associ-

ated with a heavy metal, and by assuming the enzyme to be a
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metallo:brotein which is not inhibited by cysteine or pyro:
phosphate one may explain this inhibition. The lack of in;
hibition in tissue extract and homogenate of snail tissue
could well be due to the presence of relatively high concen-
trations of dialyzable compounds capable of reacting with
the added cyanide in a manner which would tend to protect
the aldolase enzyme. It is also possible that there was
sufficient heavy metal in the non-dialyzed preparations to
counteract the inhibitory effect of cyanide.

Lactic dehydrogenase, reéction 14, Figure 12, of P.
halei differs considerably from the corresponding enzyme in
vertebrate tissue. The low activity observed agrees with
the report that lactic acid is a minor end product of carbo?
hydrate metabolism in Physidae (Mehlman and von Brand, 1951).
Lactic dehydrogenase in many invertebrates shows low activity
with DPN or TPN, although in the presence of an artificial
co-factor (3-acetyl pyridine diphosphopyridine nucleotide) a
rapid conversion of pyruvate to lactate was observed (Kaplan,
et al., 1960). Whether or not such activity in P. halei is
due to low enzyme concentration has not yet been investigated.
The ability of TPN to stimulate activity as readily as DPN
distinguishes this enzyme from other lactic dehydrogenases

which have been studied and suggests the possibility of an
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efficient carbon dioxide fixation sequence such as the TPN
malic decarboxylase-lactic dehydrogenase interrelation de-
scribed by Ochoa (1952). 1In the presence of "malic' enzyme,
malic acid and TPN react to give pyruvate, carbon dioxide,
and TPNH., Pyruvate and TPNH are converted in the presence
of lactic dehydrogenase to lactic acid and TPN. The TPN is
then available to react with another molecule of malic acid
and the cycle continues. The reverse reaction should also
occur, in which carbon dioxide would be fixed into pyruvate

to yield malic acid. 1In the oyster, Crassostrea virginica,

however, the main pathway of carbon dioxide fixation has
been shown to involve propionate. Pyruvate apparently does
not participate in carbon dioxide fixation (Hammen and
Wilber, 1959). Future work is planned to identify the prod-
ucts of the reaction and extend the data on co-factor
specificity.

The classical steps for conversion of triose phos-
phate to pyruvate are present in P. halei and their charac-
teristics appear to be quite similar to those of comparable
steps in vertebrate tissue. The G-3-P dehydrogenase, re-
action 9, Figure 12, is very active and the reaction rate of
3-PGA kinase, reaction 10, Figure 12, is comparable to that

of the mammalian enzyme. The 3-PGA mutase, reaction 11,
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Figure 12, possesses characteristics quite similar to those
of the mammalian enzyme, although, with the method of assay
employed, it was not possible to obtain values for activity
rates which could be assigned to this enzyme alone. Pyruvate
kinase, reaction 13, Figure 12, is quite active in the dia;
lyzed tissue extract and requires both Mgt+ and K+ for

activity. The requirement for these two ions suggests that

pyruvate kinase of P. halei more closely resembles the mam-

malian enzyme than the yeast enzyme since in yeast there is
no requirement for K* in the dialyzed extract (Muntz, 1947)
whereas both ions are required for activity in the mammalian
enzyme., The formation of pyruvate in the absence of ADP sug-
gests the presence of a phosphatase capable of splitting
inorganic phosphate from phosphopyruvate in triethanolamine
buffer. Absence of activity in phosphate buffer‘could be
due to phosphate inhibition of the enzyme. Several phos-
phatases are inhibited by inorganic phosphate; for example,
intestinal phosphomonoesterase (Heppel, 1955), phosphomono-
esterase of milk (Morton, 1955), and acyl (acetyl) phosphé—
tase (Koshland, 1955).

Although fluoride produced no measurable reduction
in pyruvate formation in minced tissue, the ion has a very

definite inhibitory action on the enolase step, reaction 12,
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Figure 12, measured in tissue extract of P. halel. It is
possible that most of the pyruvate formed in minced tissue
is formed via some pathway other than the glycolytic scheme.
The measurements Sf-TPN malic decarboxylase activity, re-
action 15, Figure 12, in P. halei indicate the formation of
pyruvate from this source. This could weli be a source of
pyruvate in minced tissue. Weinbach (1956) has found that
‘/f-hydroxybutyric acid is vigorousli oxidized by acetone

powder of the albumen gland of Lymnaea stagnalis. It is

possible that pyruvate is produced in quantity from some
endogenous source of fatty acids. )

The tissue preparations which served as the enzyme
source for the measurements reported in this paper have
permitted the demonstration and approximate measurements of
activities of the glycolytic enzymes of P. halei. A study
utilizing purified (or at least partially purified) enzymes
would be desirable. This is particularly true of aldolase
and lactic dehydrogenase, which apparently differ from the
corresponding enzymes in vertebrate tissue. It is hoped that
in the future it will be possible to obtain measurements ‘on

these steps with a more homogeneous tissue such as the hepa-

topancreas or albumen gland rather than the entire snail.
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Fig. 12 Reaction scheme for the glycolytic pathway and
initial steps of the hexose monophosphate shunt.
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CHAPTER VI

SUMMARY

1. Homogenates and extracts of the aquatic snail,

Physa halei Lea, have been employed in studies of the initial

steps of the hexose monophosphate shunt and glycolytic
sequence.

2. Both glucose-6-phosphate and 6-phosphogluconate
dehydrogenase have been demonstrated in P. halei. They re-
semble the mammalian enzyme in co-factor specificity.

3. Efforts to follow anaerobic acid formation by
manometric methods have not produced satisfactory results.
The measurements obtained suggest the presence of an active
carbonic anhydrase which interferes with the measurement of
carbon dioxide,

4. Evidence is presented for the presence of these
glycolytic enzymes: phosphoglucomutase, phosphoglucoisomerase,
aldolase, triosephosphate isomerase, a-glycerophosphate de-

hydrogenase, glyceraldehyde-3-phosphate dehydrogenase,
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phosphoglyceric kinase, phosphoglyceric mutase, enolase,
phosphopyruvate kinase, and lactic dehydrogenase.

5. Most of the enzymes of the glycolytic sequence
have characteristics which are similar or identical to those
of mammalian enzymes. Aldolase, lactic dehydrogenase, and
pyruvate kinase in P. halei differ in some respects from
corresponding mammalian enzymes.

6. Aldolase has characteristics which suggest that
it is a metallo-protein and thus more closely resembles the
enzyme found in microorganisms than that found in mammalian
tissue.

7. Lactic dehydrogenase in P. halei, which has low
activity, functions as well with TPN as with DPN. In this
respect the enzyme is quite different from mammalian lactic
dehydrogenase.

8. Fluoride did not inhibit pyruvate production in
minced tissue of P. halei although the ion definitely in-
hibits enolase.

9. The presence of a "malic" enzyme was investi-
gated, and, while malic acid was found to stimulate the for-
mation of TPNH and pyruvate, pyruvate formation was not
accompanied by an equal molar formation of reduced TPN.

Pyruvate formation was observed in the absence of TPN. A
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malate to pyruvate step could explain the accumulation of
pyruvate observed in minced tissue when fluoride was added

to the system.



LITERATURE CITED

Axelrod, B., and R. S. Bandurski 1953. Phosphoglycerl
Kinase in Higher Plants. Jour. Biol. Chem., 204:
939-948.

Baernstein, H. D. 1955. Aldolase in Trichomonas vaginalis,
Exptl. Parasitol., 4: 323-334,

Baldwin, E. 1938. On the Respiratory Metabolism of Helix
pomatia. Biochem. Jour., 32: 1225-1237.

Ball, E. G., and B. Meyerhof 1940. On the Occurrence of
Iron-porphyrin Compounds and Succinic Dehydrogenase
in Marine Organisms Possessing the Copper Blood
Pigment Hemocyanin. Jour., Biol. Chem., 134: 483-493.

Baranowski, T. 1949. Crystalline Glycerophosphate Dehydro-
genase from Rabbi§ Muscle. Jour. Biol. Chem., 180:
535-541. '

Bard, R, C. and I. C. Gunsalus 1950. Glucose Metabolism of
Clostridium perfringens: Existence of a Metallo-
aldolase. Jour. Bact., 59: 387-400.

Barron, E. S. G., W. P. Sights and V. Wilder 1953. The
Carbohydrate Metabolism of Heart Slices. Arch.
exptl. Pathol. u. Pharmakol., 219: 338-348.

Beisenherz, G., H. J. Boltze, T. Biicher, R. Czok, K. H.
Garbade, E. Meyer-Arendt and G. Pfleiderer 1953.
Diphosphofructose-Aldolase, Phosphoglyceraldehyde-
Dehydrogenase, Milchsdure-Dehydrogenase, Glycero-
phosphat-Dehydrogenase und Pyruvate-Kinase aus
Kaninchen-muskulatur in einen Arbeitsgang. Zeitschr.
Naturforsch., 8b: 555-577.

78



79

Beisenherz, G., T. Bucher, and K. H. Garbade 1955. Alpha-
Glycerophos phate Dehydrcgenase from Rabbit Muscle,
in Methods in Enzymology, ed. S. P. Colowick and
N. O. Kaplan, vol. I, chap. 58, pp. 391-397.

Brand, T. von, 1946. Anaerobiosis in Invertebrates. No. 4
of the '"Biodynamica Monographs' ed. B. J. Luyet,
Normandy, Missouri: Biodynamica.

Brand, T. von, H. D. Baernstein, and B. Mehlman 1950.
Studies on the Anaerobic Metabolism and the Aerobic

Carbohydrate Consumption of some Fresh Water Snails.
Biol. Bull., 98: 266-276.

Brand, T. von, 1957. Recent Trends in Parasite Physiology.
Exptl. Parasitol., 6: 233-244,

Bucher, T. and G. Pfleiderer 1955. Pyruvate Kinase from
Muscle, in Methods in Enzymology, ed. S. P. Colowick
and N. O, Kaplan, vol. I, chap. 66, pp. 435-440.
New York: Academic Press Inc.

Cohen, S. S. and D. B, M. Scott 1950. Formation of Pentose
Phosphate from 6-Phosphogluconate. Science, 111:
543-544,

Colowick, S. P. 1951, Transphosphorylating Enzymes of
Fermentation X. 3-Phosphoglycerate Kinase, in The
Enzymes, ed. J. B. Sumner and K. Myrback, vol. II,
part 2, chap. 46, pp. 143-145. New York: Academic
Press Inc.

Cooperstein, S. J., and A. Lazarow 1951. Cytochrome Oxidase
and Succinic Dehydrogenase Content of Squid (Loligo
pealii) Nervous System. Biol. Bull., 100: 159-164.

Cori, Gerty T., M. W, Slein and C. F. Cori 1948. Crystalline
d-Glyceraldehyde-3-phosphate Dehydrogenase from
Rabbit Muscle. Jour. Biol. Chem., 173: 605-618.

Dickens, F., and H. McIlwain 1938. Phenazine Compounds as
carriers in the Hexose monophosphate System. Biochem.
Jour., 32: 1615-1625.



80

Drummond, G. I., and E. C. Black 1960. Comparative
Physiology: Fuel of Muscle Metabolism. Ann. Rev.
Physiol., 22: 169-190.

Eckstein, B., and M. Abrgham 1959. Succinic Dehydrogenase
Activity in Estivating and Active Snails (Helix)
Levantina hierosolyma. Physiol., Zool., 32: 210-212.

Ells, H. A. 1959. A Colorimetric Method for the Assay of
Soluble Succinic Dehydrogenase and Pyridinenucleotide-
Linked Dehydrogenases. Arch. Biochem. and Biophys.,
- 85: 561-562. :

Fiske, C. G., and Y. Subbarow 1925. Determination of
Phosphorus. Jour. Biol. Chem., 66: 375-400.

Freeman, J. A., and K. M. Wilber 1948, Carbonic Anhydrase
in Molluscs. Biol. Bull., 94: 55-59.

Freeman, J. A, 1960. Influence of Carbonic Anhydrase
Inhibitors on Shell Growth of a Fresh-water Snail,
Physa heterostropha. Biol. Bull., 118: 412-418,

Ghiretti, F., Anna Ghiretti-Magaldi and Luisa Tosi 1959,
Pathways of Terminal Respiration in Marine Inverte-
brates. II. The Cytochrome System of Aplysia.
Jour. Gen. Physiol., 42: 1185-1205.

Ghiretti-Magaldi, Anna, A. Giuditta and F. Ghiretti 1957.
A Study of the Cytochromes of Octopus vulgaris Lam.
Biochem. Jour., 66: 303-307.

1958. Pathways of Terminal Respiration in Marine
Invertebrates. I. The Respiratory System in
Cephalopods. Jour. Cell. and Comp. Physiol., 52:
389-430.

Hammen, C. S., and K. M. Wilber 1959. Carbon Dioxide
Fixation in Marine Invertebrates. I. The Main
Pathway in the Oyster. Jour. Biol. Chem., 234:
-1268-1271.

Hellerman, L. 1937. Reversible Inactivations of Certain
Hydrolytic Enzymes. Physiol. Revs., 17: 454-484,



81

Hellerman, L., F. P. Chinard and V. R. Deitz 1943. Protein
Sulfhydryl Groups and the Reversible Inactivation of
the Enzyme Urease. Jour. Biol., Chem., 147: 443-462,

Heppel, L. A. 1955. Intestinal Phosphomonoesterase, in
Methods in Enzymology, ed. S. P. Colowick and N. O.
Kaplan, vol. II, chap. 80, pp. 530-533. New York:
Academic Press Inc.

Herbert, D., H. Gordon, V, Subrahmanyan and D. E. Green
1940. Zymohexase. Biochem. Jour., 34: 1108-1123.

Humphrey, G. F. 1944, Glycolysis in Extracts of Oyster
Muscle. Australian Jour. Exptl. Biol. and Med. Sci.,
22: 135-138.

1947, The Succinoxidase System in Oyster Muscle.
Jour. Exptl. Biol., 24: 352-360.

Hutner, S. H., and A. Lwoff (ed) 1955. Biochemistry and
Physiology of Protozoa. vol., II. New York:
Academic Press Inc.

Jagannathan, V., and K. Singh 1953. Carbohydrate Metabolism
in Citric Acid Fermentation. 1II. The Glycolytic
Enzymes of Aspergillus niger., Enzymologia, 16: 150-
160.

1954. Metal Activation of Aspergillus niger
Aldolase. Biochem. et Biophys. Acta., 15: 138.

Jodrey, Louise H., and K. M. Wilber 1955. Studies on Shell
Formation. 1IV. The Respiratory Metabolism of the
Oyster Mantle. Biol. Bull., 108: 346-358.

Kaplan, N. 0., Margaret M. Ciotti, M. Hamolsky, and R,
Bieber 1960. Molecular Heterogeneity and Evolution
of Enzymes. Science, 131: 392-397.

Kawai, K. 1958. Cytochrome System in Oyster Tissues.
Nature, 181: 1468.

1959. The Cytochrome System in Marine
Lamellibranch Tissues. Biol. Bull., 117: 125-132.



82

Koepsell, H. J. and E. S. Sharpe 1952, Microdetermination
of Pyruvic and alpha-Ketoglutaric Acid. Arch. Bio-
chem. and Biophys., 38: 443-450.

Kornberg, A. 1950. Enzymatic Synthesis of Triphosphopyri-
dine Nucleotide. Jour. Biol. Chem., 182: 805-813.

1955. Lactic Dehydrogenase of Muscle, in Methods
in Enzymology, ed. S. P. Colowick and N. 0. Kaplan,
vol. I, chap. 67, pp. 441-443, New York: Academic
Press Inc.

Koshland, D. E. Jr., 1955. Preparation and Properties of
Acetyl Phosphatase, in Methods in Enzymology, ed.
S. P. Colowick and N. 0. Kaplan, vol. II, chap. 87,
pp. 555-556. New York: Academic Press Inc.

Lardy, H. A. (ed.) 1949. Respiratory Enzymes, p. 194.
Minneapolis, Minn: Burgess Publishing Co.

Leloir, L. F., R, E. Trucco, C. E. Cardini, A. C. Paladini
and R. Caputto 1948. The Coenzyme of Phosphogluco-
mutase. Arch. Biochem., 19: 339-340.

LePage, G. A. 1948. Glycolysis in Tumor Homogenates. Jour.
Biol. Chem., 176: 1009-1020.

LePage, G. A., and W. C. Schneider 1948. Centrifugal
Fractionation of Glycolytic Enzymes in Tissue
Homogenates. Jour. Biol. Chem., 176: 1021-1027.

Lipmann, F., and L. C. Tuttle 1945. A Specific Micromethod
for the Determination of Acyl Phosphates. Jour.
Biecl. Chem., 159: 21-28.

Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall
1951. Protein Measurement with Folin Phenol Reagent.
Jour. Biol. Chem., 193: 265-275.

Mehlman, B., and T. von Brand 1351, Further Studies on the
Anaerobic Metabolism of some Fresh Water Snails.
Biol. Bull., 100: 199-205.

Meyerhof, 0. 1951. Aldolase and Isomerase, in The Enzymes,
ed. J. B. Sumner and K. Myrbdck, vol. II, part 1,
chap. 48, pp. 162-188. New York: Academic Press Inc.



83

Meyerhof, 0., and K. Lohmenn 1934, Uber die enzymatische
Gleichgewichtsreaktion zwischen Hexosediphosphorsaure

und Dioxyacetonphosphorsaure. Biochem. Zeitschr.,
271: 89-110.

Morton, R. K. 1955. Phosphomonoesterase of Milk, in Methods
in Enzymology, ed. S. P. Colowick and N. 0. Kaplan,
vol. II, chap. 81, pp. 533-539. New York: Academic
Press Inc.

Muntz, J. A. 1947. The Role of Potassium and Ammonium Ions
in Alcoholic Fermentation. Jour. Biol. Chem., 171i:
653-665.

Nachmansohn, D., and H. B. Steinbach 1942. Location of
Enzymes in Nerves. I. Succinic Dehydrogenase and
Vitamin By. Jour. Neurophysiol., 5: 109-120.

Nachmansohn, D., H. B. Steinbach, A. L. Machado, and S.
Speigelman 1943, Localization of Enzymes in Nerves.
II. Respiratory Enzymes. Jour. Neurophysiol., 6:
203-211.

Neilands, J. B. 1955. Lactic Dehydrogenase of Heart Muscle,
in Methods in Enzymology, ed. S. P. Colowick and N.
0. Kaplan, vol. I, chap. 69, pp. 449-454., New York:
Academic Press Inc.

Ochoa, S., A. Mehler, and A. Kornberg 1947. Reversible
Oxidative Decarboxylation of Malic Acid. Jour. Biol.
Chem., 167: 871-872.

1948. Biosynthesis of Dicarboxylic Acids by Carbon
Dioxide Fixation. I. Isolation and Properties of
an Enzyme from Pigeon Liver Catalyzing the Reversible
Oxidative Decarboxylation of 1-Malic Acid. Jour.
Biol. Chem., 174: 979-1000.

Ochoa, S., 1952. Enzymatic Mechanisms of Carbon Dioxide
Fixation, in The Enzymes, ed. J. B. Sumner and K.
Myrback, vol. II, part 2, chap. 72, pp. 929-1029.
New York: Academic Press Inc.



84

Person, P., J. W. Lash ard A, Fine 1959. On the Presence
of Myoglobin and Cytochrome Oxidase in the
Cartilaginous Odontophore of the Marine Snail,
Busycon. Biol. Bull., 117: 504-510.

Rees, K. R. 1953, Aerobic Metabolism of the Hepatopancreas
of Helix pomatia. Biochem. Jour., 55: 478-484,

Saz, H. J., and J. A. Hubbard 1957. The Oxidative
Decarboxylation of Malate by Ascaris lumbricoides.
Jour. Biol. Chem., 225: 921-933.

Schlenk, F. 1951. Codehydrogenases I and II and Apoenzymes.
4., Phosphoglyceraldehyde Dehydrogenase
(Diphosphoglyceraldehyde Dehydrogenase), in The
Enzymes, ed. J. B. Sumner and K. Myrback, vol. II,
part 1, chap. 52, pp. 252-315. New York: Academic
Press Inc.

Slein, M. W. 1950. Phosphomannose Isomerase. Jour. Biol.
Chem., 186: 753-761.

Sutherland, E. W., T. Posterrak and C. F. Cori 1949.
Mechanism of the Phosphoglyceric Mutase Reaction.
Jour. Biol. Chem., 181: 153-159,.

Taylor, J. F. 1955. Aldolase from Muscle, in Methods in
Enzymology, ed. S. P. Colowick and M. 0. Kaplan, vol.
I, chap. 39, pp. 310-315. New York: Academic Press
Inc.

Umbreit, W. W., R. H. Burris and J. F. Stauffer 1959.
Manometric Techniques. p. 8. Minneapolis, Minn.:
Burgess Publishing Co.

Warburg, 0. 1949. Heavy Metal Prosthetic Groups and Enzyme
Action. p. 194. Oxford: Clarendon Press.

Warburg, 0. and W. Christian 1941. Isolierung und
Kristallisation des Garungsferments Enolase.
Biochem. Zeitschr., 310: 384-421.

1942. Wirkungsgruppe des Garungsferments
Zymohexase. Biochem. Zeitschr. 311: 209-210.



85

1943. TIsolierung und Kristallisation des
Garungsferments Zymohexase. Biochem. Zeitschr.,
314: 149-176.

Weinbach, E." C. 1953, Studies on the Intermediary
Metabolism of the Aquatic Snail, Australorbis glabra-
tus. Arch. Biochem. and Biophys., 42: 231-244,

1956. The Influence of Pentachlorophenol on
Oxidative and Glycolytic Phosphorylation in Snail
Tissue. Arch. Biochem. and Biophys., 64: 129-143,

Wernstedt, C. 1944, Metabolism of Gill Epithelium of a
Freshwater Mussel. Nature, 154: 463.



