I * National Library of Canada
. Coilections Development Branch

-Canadian Theses on

Microfiche Service sur microfiche

NOTICE

The quality of this microfiche is heavily dependent
upon the quality of the original thesis submitted for
microfilming. Every effort has been made to ensure
the highest quality of reproduction possible.

1f pages are missing, contact the university which
granted the degree.

Some pages may have indistinct print especially
if the origina! pages were typed with a poor typewriter
ribbon or if the university sent us a poor photocopy.

Previously copyrighted materials (journal articles,
published tests, etc.) are not filmed.

Reproduction in full or in part of this film is gov-
erned by the Canadian Copyright Act, R.S.C. 1970,
c. C-30. Please read the authorization forms which
accompany this thesis. '

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

Ottawa, Canada
K1A ON4

Bibliothégue nationale du Canada
Direction du développement des collections

P T

Service des théses canadiennes

AVIS

La qualité de cette microfiche dépend grandement de
la qualité de la thése soumise au microfilmage. Noys
avons tout fait pour assurer une qualité supérietire
de reproduction.

Sil manque des pages, veuillez communiquer
avec 'université qui a conféré le grade, -

La qualité d‘impression de certaines pages peut
laisser & désirer, surtout si les pages originales ont été
dactylographiées 3 1'aide d’un ruban usé ou si l'univer-
sité nous a fait parvenir une photocopie de mauvaise
qualité.

Les documents qui font déjd 1'objet d'un droit
d'auteur (articles de revue, examens publiés, etc.) ne
sont pas microfilmés.

-

La réproduction, méme partielle, de ce microfilm

. est soumise a la Loi canadienne sur le droit d‘auteur,

SRC 1970, c. C-30. Veuillez prendre connaissance des
formules d’autorisation qui accompagnent cette thése.

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE 4

NL.339 {Rev. 8/80)



ABSTRACT

‘Proteins represent an important potential metabolic
reserve which can be recruited in food-deprived f;sh,'and it
is the function of aspértate aminotransferase (Asp AT; EC
2.,6.1.1) tq incorporate the amino acid aspartate into the
metabolic framework of all animal cells. This study was i
designed to-investigate the effects ofAfood deprivation on‘
the kinetic -and physical properties of Asp ATs isolated and

partially purified from liver, red muscle and white muscle of

the American eel, Anguilla rostrata LeSueur.

The trends in total tissue homogenate activities of
Asp ATs from fopd depfived eels alluded to but Qid not reflect
the true activity trends. Liver mitochondrial and white
miuscle cytosol activities increased 10- and 6-fold, respect-
ively, while the other subcellular fractions. were essentially
unchanged. 7 '

An examination of the kinetiec and physical properties of
the eel tissue fraction Asp ATs showed alterations in Vmax
and,Km(s) with food deprivation indicating major activity
changes at low substrate concentrations. Electrophoretic and
isoelectri¢focusing studies of the cytosol and mitochondrial

enzymes found these changes wére associatea with al;erations
.iﬁ the relative mobilities of the enzymes, Furthermore3 the '
molecular weiggg;‘of the enzymes chénged with food deprivation.

These modifications of eel tissue subcellular fraction

Asp ATs were postulated to reflect an -enhanced role of this |

enzyme during food deprivation.
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LIST OF ABBREVIATIONS

Ala AT - alanine sminotransferase
Asp - aspartéte

Asp AT - aspartate aminotransferase-

CoA ‘= coenzyme A
CcsS - citrate synthetase
EDTA - ethylenediamine tetraacetic acid’
EGTA - ethyleneg}ycolfBis (9-4mﬁﬁoethylether) N, N'-
tetraacetic acid

GDH | - giutamate dehydrogenase
Glu - glutamate
HST - hepato-sometic index
LDH - lactate dehydrogenase
Lv - liver
MDH - malate dehydrogenase
NAD ‘= Q-nicotinamide adenine dinucleotide
NADH — the reduced form of NAD
O4A -~ oxaloacetate
PAGE — polyacrylamide gel electrophoresis

. PEP CK - "phosphoenol pyruvate carboxykinase
P-5'-P - pyridoxal-5'-phosphate -
RM - red muscle
SGOT - serum glutamate-oxaloacetate transaminase
Tris - Tris (hydroxy-methyl) aminomethane
WI - white muscle

. Ci—KG - O -Ketoglutarate
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INTRODUCTION
GENERAL CONSIDERATIONS

Starvation'represents one of the most challenging meta-
bolic pert;rbations that an organism can -experience. -Typica¥?y
the response to food withdrawal is dramatic and affects a
host of compensatory cellular mechanisms. These responseé
have been investigated in only a few speciég and as yet no.
consistent paradigm has evolved. .Body reserves are mobilized,
but the type'(carbohydratg, protein or lipid) depends upon
the species.in question, the extent of food reserves, the dur-

-

ation of food deprivation, the maturity of the organism and

probably numerous other ‘parameters yet to be defined.
It is the aim of this thesis to investigate one small

aspect of the starvation strategy of the American eel,

Anguilla rostrata LeSueur. In particular, proteins represent

a potentially important metabolic reserve, and it is the.

functlon of the enzyme Aspartate Amlnotransferase (ASP AT: EC

2.6. 1. 1) to introduce the amino a01d aspartate 1nto the meta—
bolic framework oﬁ 2ll animal cells. Since the enzyme iB
situated at such a critical metabolic position and amino
acids are potentially such an important starvation substréte,

. {
Asp AT has been studied in this organism.

STARVATION

Mammals are primarily.omnivores with precise plééma
glucose homeostasié based on the integration between hormones
. =T
such as glucagon, insulin and cortisol, and liver function

(Cannon et agl., 1956; Lundquist and Trygstrup, 1973). . Star-

[
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vation in this group is qharacteriz;d by at least'thrée
Phases dependingrupoﬁ the iength of food‘deprivation‘(Rudér—,
. man et al., 1976). The first stage is short term‘occurring
during the post absorptive period where liver:glycogenolysis
(glycogen‘breakdown) maintains blood glucose. The second or'
intermediate phase occurs after a period of food deprivation
exceeding one day; muscle pfoteolysis Iiberates'amiho acids
to the plasma increasing the availabiliﬁy of substrates and
enhancing liver gluconeogenesis (glucose pfoduction from
small carbon preéursors). The principal amino acid released
is alanine ariéing from the transamination of amino acids
liberated by periphepal muscle tissue-proteolysis. Th}s
results in a flood of plasma alanine and glutamine, w;%h the
former the principal gluconeogenic substrate of the liver
(Felig, 1975; Lindsay, 1980). {

The plasma amino acids and their corresponding o-keto
acids are subject to increased iiver uptake'during starvation
by circulating hormones (Krebé, 1972; Pardridge and Jefferson,
1975). If the starvation period exceeds one week, protein
5pariné occurs and lipolysis and the resulting ketone bddies'
provide cellular metabolic fuels. This ﬁechanism arises in
part from ketone body control of liver gluconeogenesis by
reducing the availability of plasma alanine (Williams,

1980). Although only a few mammals have been studied in
this manner, it is likely that much- species heterogeneity

will be observed in this response to food deprivation

especially when mammalian carnivores (e.g., cats)



n,

are examined (Krebs, 1972).

Fish, including the .Américan eel (Anguilla rostrata),

‘are génerally considered to be carnivores. The natural diet
of most fish, theréfore, is-low in carbohydrate but high in |
protein, and this type of diet is necessary to achieve optimum
growth in cultured species (Cowey, 1975). The free amino
acids in the plasma (of rainbow trout) exhibit much varia-
tion but no uniformity after feeding (Schlisié and Nicolai,
1978) except for a rise in glutamate and aspartate which

peak 3 to 1? hours after a meal. This effect corresponds
with heightened Asp AT activities in the liver when dispro-
portionate amounts of amino acids are fed (Harper et al.,
1970). Artificial diets high in carbohydrate redrce the
digestability of both éarbohydrates and proteins (Singh and
Nosg, 1967; Inabe et al., 1963), althoﬁgh the requirement for
protein does not change (Lee and Putman, 1973).

The regulation of blood glucose in fish is not as precise
as observed in mammals (Palmer and Ryman, 1972; Cowey et al.,
1977b). Cowey et al. (1976) reported that injected beef
insulin reduced the blood glucose level and altere@ liver
gluconeogenic enzyme activities in‘rainbow’trout fed a high
carbohydrate but not a high protein diet. _These changes par-
alleled changes in alanine gluconeogenesis as indicated by
whole animal uptake studies (Cowey et al., 1977a). While
the fed state exhibits a predominant reliance on dietary
protein intake to support éiséue metabolism, the starved state

is geared to either a glyéogén—fat metabolism where there is



initial glycogen breakdowny in the Japanese eel (Inui and

Oshima, 1966), or a proteih- at metabolism where glycogen
and blood glucose are maintdined agd gluconeogenesis is in-
ferred to increase (Love, 1 : Co;ey et al., 1977a).

In fish there are th natural starvation periods, the
first occurs seascnally in response to a decrease in ambient
temperature, and the second is a non-feeding spawning migra-
tion near the termination of the life cycle of some species.

During the winter, the activity level of the American eel

(Vladykov, 1955), the European eel (Dave et al., 1975), and

the carp (Creach and Serfaty, 1974) fall dramatically. Energy

demands would be greatly reduced, probably approaching that
required to maintain tissue integrity. In some species
(Atiantic cod, Tilapia, goldfish and rainbow trout) carbohy-
drafés arelthe most readily mobilized substrate during this
state (Stimpson, 1965; Black et al., 1966; Kamﬁra, 1966;

Swallow and Flemming, 1969). Whejher this reduction in

carbohydrate plays a particularly important role during food

deprivation at low temperature remains controve;sial (see .
below). Seﬁere loss of protein ﬁas noted in winter starved
carp tissues by Creach and Serfapy (1974). However, Ince
and Thorpe (1976) found that in the Northern pike, proetein
content remains normal and there was a significant depletion
in 1lipid after one month of starvation. They also found a
decrease in liver glycogen and blood glucose during this
peri;d. A similar trend has been reported in the mature

Japanese eel during the early stages of starvation (Inui and

£
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\\‘Lshima, 1966). In the goldfish, lipid and protein are the
main energy sources while the glycogen content of the liver
is unchanged after 25 days of starvation (Stimpson, 1965).
Jedryckowski and Fischer (1973) suggest that on the basis of
excreted nitrogen in the.silfer eel, th; oxidation of protein
in the respiratory process is minimal and that lipids are
used. HRecent studies on the American eel find larger varia-
tion in tissue proteins, but significant increases in tissue
fats after 6 months of ‘starvation (Moon, 1980; Aster and
Moon, 1979). The eel is the only fish reported that increase
body fat during starvation (Love, 1970).

Migration as opposed to a low temperature'fastlis assoc—
iated with. the maintenance of glucose concentrations in the
Atlantic and Pacific salmon (Jonas and MacLeod, 1959). At
the end of migration, liver and muscle glycogen stores are
éssentially identical to the pre-migratory values in the

~Atlantic salmon (Fontaine and Hatey, 1953), while liver
glycogen of the Pacific salmon doubles (Chang and Idler,
1960). Liver glycogen is substantially reduced after migra-
tion in the lamprey (Savina and Wotzczak, 1977) with no
chénges in the glycogen content of skeletal muscles, Regard-
less of the course that carbohydrate reserves take, migration
results in a significant loss of fat and/or protein in all
fish (Love, 1970).

Green (1919a, b) first suggested that lipids and proteins
mus£ be considered important starvation‘fuels in fish.

Although the original studies were done on salmon, Love (1970)



haé extended this generalization to all species, based prin-
cipally on the low concentration‘of tissue carbohydrate and
imprecision of blood glucose hoﬁeéétasis. Even though carbo-
hydrate is metabolised by skeletal muscles during contraction,
carbohydrates per se do not appear to be a major source of
energy during starvation. During these periods, blood glucose
is maintainedAand liver glycogen stores are either too low
(Kamura, 1966) or remain unchanged (Wittenberger and Giurgea;
1973)., This apparent low carbohydrate turnover may result.
from low glucose utilizatioﬁ (Cowey et al., 1975; Cowey et al.,
1977a) or .an increase in gluconeogenesis from amino acids
derived from skeletal muscle proteolysis (Stimpson, 1965;
Butler, 1968; Larsson and Lewander, 1975), The evidence of
enhanced glucoeogenesis in fish during starvation is princi-
pally inferential, being based on reciprocal changes in

muscle protein and tissue glycogen. Studies by Cowey et al.
"(1977a) support this hypothesis for six week food deprived
trout. However, Leech et al. (1979) have recently reported
that plasma dlanine levels increase during the first six

weeks of starvation in the spiny dogfish, but thereafter
return to control values. Ultrastructural studies have shown
white muscle atrophy in both the cod (Walker, 1971) and the
plaice (Johnston, 1980a). Therefore, even though muscle
protein by mass alone represents a potentially important
sour?e of gluconeogenic precusors (Creach and Serfaty, 1974)

and active muscle catabolism occurs during starvation

(Siebert et al., 1964; Johnston, 1980a), no generalization

&
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can-yet be made concerning fish gluconeogenesis during star-
vation. | |

Where stﬁrvation mobilizes lipid reserves, %he first
transition fo fat preference in mammalian systems is under
tight hormonal and metabolite controls (Drummond, 1971), In
fish, the importance of fat and the pattern of mobilization
varies, debending on where the metabolic stores are located
(Fontaine and Olivereau; 1963).

It is apparent that fish are not easily classified as
to their metabolic strategy during food deprivation. In
order to approach a possible explanation for this much
species heterogeneity, the various fish tissues involved with

starvatioﬁ will be surveyed.

METABOLIC CONSIDERATIONS OF FISH LIVER

Cowey (1975) and Lee and Putman (1973) have demonstrated
that fish (rainbow trout) require a high protein diet with an
obligatory suppiemént of simple sugars (Inabe et al., 1963;
Singh and Nose, 1967; Palmer and Ryman, 1972) for optimal
growth, This high protein diet would be p;;cessed by the gut
releasing free amino acids into the portal éirculation where
the liver wquld have first option on the available substrates.
Numerous authors (ﬁraekkan, 19595 Cowey et al., 1977; Renaud
and Moon, 1980a) have shown that fiéh liver is well suited
for amino acid metabolism in the fed state. Dietary amino
acids could enter the gluconeogenic paphway; be oxidized or
utilized for protein synthesis in the liver. Alternatively,

these amino acids could pass the liver unchanged into the
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general circulatio% to be picked up by other tissues.

Other nutrients will be available to the liver; dietary
carbohydrates, when present, may enter into hepatic carbo~
hydrate metabolismtanq act to reduce the amino acid flux

"thfough the gludoneogenic pathway (Renaud and Moon, 1980a).
Fat metabolism in the fed fish liver would be limited to tri-
glyceride transformation (into free fatty acids), esteriza-
tion, fat storage and probably oxidation (Guynn et al., 1972;
Goodridge, 1972; Jacobs et al., 1973; McGee and Spector,
1975). Recent studies on the Americaq eel (Aster and ﬁoon,
19?9) indicate that the liver is the primary site for fatty
acid synthesis with acetate, probably derived from intest-
inéi bacterial ﬁctivity, the most éctive substrate (Astér,
personal communication). .

In the food-deprived fish, liver gi&cogen generally
declines probably to maintain plasma glucose, yet quantities
are limited and starvation can be extensive. This resefve
would be rapidly.depleted unless replaced through gluconeo-
genesis (see Renaud and Moop, léBOa; b). Liver triglycerides
have been beportgd to be reduced in starved European eels
(Larsson and Lewander, 1973%; Dave et al., 1975), but increase

, when eels méfure (Lewgnder et al., 1974). Thus lipids play
a major role in the ‘economy of the liver, probably supply-
ing fuels for other tissues during both food deprivation and
migration, as indi;ated by‘the géneral reductions noted in

the hepatos;matigindex during starvation (see Love, 1970).

Wittenberger and Giurgea (1973) have shown a five-fold
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increase in the activity of starQed carp liver Asp AT during
a winter starvation period. Moon ané Johnston tl981) found
a similar large increase in plaice liver Asp AT after three
months of food deprivation. Larsson and Lewander (1973)
reported 8 two-fold increase in the same -enzyme in the
mature European eel aftef 145 days -of..starvation. They sug-
gested tﬁis increase may bé_necessitated by an enhanced .
hepatic lipolysis, since toﬁutilize the additional Acetyl
CodA produbed from.Phoxidation of fatty acids, Krebs cycle
intermediates must increase and oné role fof Asp AT is to
increase oxaloacetate conceﬂtrations (Lehninger, 19?5). The

liver appears to undergo a major reorganization associated

with enhanced amino acid utilization, probably fdr gluco-
neogenesis (see Moon and JohﬁSton, 1980). These changes
include significant alteraﬁions in enzyme activities (Moon
and Johnston, 1980) and in the transport of amino acids

(Moon and Johnston, 1981) as reﬁorted.for starved plaice
liver. Leech et al. (1979) found a major increase in piasma
alanine in the spiny dogfish starved less than twolweeks
followed by a return to pre-starved levels, suggesting“-a
system very similar to that duriﬁg mammalian starvation.
Assumably alanine would be made available to the liver for
gluconeogenesis, but Renaud and Moon (1980b) found that alan-
ine at levels occurring in starved eel plasma did not apprec-
iably contribute to glucose prod2§tion, at least not during
the first 8 months of starvation,

!
As in mammals, these changes are apparently hormonally
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directed (Cannon et al., 1956; Butler, 1968; Butler et al.,
1969a,b). Specific details are controversial in fish beyond
these generalizatiéns- glucocorticoids are ‘associated with
carbohydrate feeding and starvation metabolism (Butler, 1668;
Butler gg al., 1969b); glucocorticoids and especially cortisol
are involved in the provision of muscle amino acids and their
avallablllty during starvatlon (Chang and Idler, 1960;

Storer, 1967, Chester Jones et al., 1969), insulin reduces
pladma glucose, increases gluco'se carbon appearing as liver
and muscle fats, and- increases amino acid incorporation into
muscle protein (Ince and Thorpe, 1976); and adrenaline is
associated with the availability of plasma free fatty acids

(Larsson, 1972).

METABQLIC CONSIDERATIONS-OF FISH RED MUSCLE

. Vertebrate skeletél muscles are composed of both red
and white muscle f%befs (see Proséer, 1973%; Johnston, 1980b).
Réd muscle is charécterised by an abundance of mitochondrisa
and vascularity, high myoglobin concéntrations, abundant tri-
glyoeride droplets and well developed mechanisms for the
uptake of" fatty acids and glucose (Prosser, 1973%; Johnston,
1980b). - By virtue‘of‘these characteristics,'it is expected
that this musclé would metabolise aerobically with fats the
principal fuel (Fritz et al., 1958; Slater, 1960; Bilinski,
1974) and possibly amino acids as a secondary fuel in the
feeding state to energize the slow Swimming movements of
»fish (Bone, 1966; ﬁilinski, 1974; Driedzic and Hochachka,
1978; Bone et al., 1978; Johnston, 1980b).
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This expectation is supported by Braekken's studies
(1959) which indicated that fish red muscle has liver-like
properties. Although there is some inferred evidence to sup- -
port this theory (see Hulbert and Moon, 1978b), thié may be
a metabolic oversimplification. Johnston and Moon (1980 a,b) -
have found that'at least brook trout and salthe, and probably
most other fish, maintain a ;ery active anaerobic carbohy-
drate based red muscle metabolism. . The exact effect the3e
resﬁlts will have on our present understanding of red muscle
metabolism remaing unknown. Anaerobic glycolysis is not -
thought to be a significart factor in this tissue as a result
of high blood flows ahd the other characteristics mentioned
sbove (=see Bilinski, 1974; Johnston, 1980b), but enzyme pro-
f;les certainly predict a substantial anaerobic capacity -
(Johnston and Moon, 198q/a,b). '

Fish starvation is associated with decreases in loco-
motor activities (Besmish, 1964; Johnston, 1980a) which sare
drastic' in the European eel (Jedryczkowski» and Fischer,

197%). This is associated with decreased metabolism as in-
dicated by reduced oxygen consumption (Beamish, 1964) and
14CO2 released from labelled glucose (Creach and Murat, 1974) .

Red muscle water content does not change significantly ’
. during starvation (14 weeks) ih the plaice (Johnston and
&oldspink, 1973; Patterson et al., 1974) or in the European
eel (Wodtke, 1974), -although there are ultrastructural

changes (e.g., total fiber and mitochondrial volumes decrease;

Y- i
Pattersoﬁ\and Goldspink, 1973). Metabolically, glycogen
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levels fall by two-fold, lipids by three-fold and protein
not at all in these same experiments and in general all
changes tend to be small compared_g}th these similar para-
meters in white muscle (Johnston and Goldspink, 1973).
Stafvation in plaice red muscle is also associated with a
general decline in glycolytic and gluconeogenic enzyme“
activities, even through hekokinase, glycogen phosphorylase
(totalj and oxidative enzyme activities remain unchanged
(Moon and Johnston, 1980). ?These results, plus the .change
seen in fuel reserves, suggest that, at least for the plaice,
lipids and carbohydrates are the major fuels used to sup-
port starvation metabolism in red muscle. If amino acids

are used, they must be derived from sources other than red

muscle.

It is apparent; thereforé, that fish red muscle has the
potential to utilize amino acidé as metabolic fuels, but
that fats represent the principal endogenous substrate with
carbohydrates possibly being important. Such a metabolic
pattern doeé not appear to be alﬁered even with extensive’

starvation.

METABOLIC CONSIDERATIONS OF FISH WHITE MUSCLE

S

Fish white muscle is structurally and metabolically
similar to other‘vertebrate white muscles (see Prosser, 1973).
The glycolytic pathway of fish white muscle is qualitatively
identical to that described in other systems (Hochachka,

1967; Tarr, 1972) indicating that this muscle maintains an



active anaerobic metabolism based on glycolysis (Love, 1970;
Bilinski, 1974; Driedzic and Hochachka, 1978). As such this
tissue must deﬁéhd on glycogen derived from remote carbohy-
drate sources for the énergy of contraction since little
muscle glycogen is present (Love, 1970; Prosser, 1973).
These sources include liver and potentially Ted muscle (see
Hulbért and Moon, 1978b). Even though glucose/glycogen are
metabolized by white skel?tal muscle during contraction,
carbohydrate does not appear to be a major source of energy
for this tissue during food deprivation.‘ In fact, the major
decreases in fish activity previously noted which occurs
during starvation iﬁdicate this tissue may not serve an im-
portant contractile role during this period (see below and
Hulbert and Moon, 1978b).

Major decreases in white muscle protein content have
been reported for a number of fish species during starvation
(see Love, 1970) inclu@ing the eel (Lovern, 19%9: Larsson
and_Lewander, 197%; Dave et al., 1975; Renaud and Moon, 1980b;
Moon, 1980). In all cases, water content increases, a trend
indicative of protein utilization (Love, 1970). Furthermore,
muscle triglyceride levels fall with food deprivation in
mané fishes (Love, 1970) and the Swedish authors have reporﬁed
this for the Europeen eel (e.g., Holmberg et al., 1972;
Larsson and“Lewander, 197%). Tragically, ;ittle attempt has
been made by these authors to separate red and white muscle;
since Hulbert and Moon (197§£9 found no malpr triglyceride

dep051ts in American eel white muscle, the significance of
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these studies is unknown; Some fatty fish, such as matute'
silver‘eels, store large qﬁantities ef triglycerides in
muscle which are essentially unevailable to the oxidatively-
poor white muscle. Further, Love (1970) finds that the eel.
is the only fish known to increase white muscle fat content
during starvatioq (unlike the report of the Swedish authors.
. above). Our laboratory has found this in immature American
eel white muscle after starvation, but the significance of
this observation is unknown, ' ‘
Behav1our1y, during migration (Jedryczkowskl and Flscher;
1975) and starvation (Love, 1970),. whlte muscle—dlrected
-SW1mm1ng activity is rarely seen unless the flSh are frlght—
ened. It has been suggested that the major function of white
muscle in starved flSh is to provide a storage for amino *
acids (Creach and Serfaty, 1974) and extracellular 11p1ds
(Love, 1970). One should remember that the white muscle
mass of a fish is essentially neutrally buoyant in water,
S0 this large reserve of lipid and amino acids represents a
minimal metabolic cost to transport. Three studies add some
evidence to this postulate. %ffgt; Johnston and Goidspink
(1973) syggest that the large iﬁ;rease in water content of
. plaice white muscle during starvation will alter the rela-
tionshlp between adjacent myoflbrlls reduc1ng the effective
tension of the muscle. Secondly, Moon and Johnston (LSBO)
found major decreases in all enéymatic activities assayed
(both glycolytic and oxidative) in starved plaice white

muscle, again indiceting a major decrease in the metabolic
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potential of this muscle mass. Thlrdly, Johnston (1980a).

has observed major deterloratlon in myofibrillar ultrastruc-

ture with long term starvation in the plaice, indicative oR

~

- -8ituation in the éod. 1In fact, cod muscle activities of .-

proteolytic enzyme attack; walker (l9715_fonnd-§\:iiiiar \,

cathepsins and peptidases'are amongst the highest reported

in the vertebrates (Slebert et al., 1964 Love, 1970) The-
exact fate of these mobllized thrlents is not known, al-
,though a number .of authors have suggested that they are . .
cycled through metabollc pathways in red- muscle (Wittenberger
and Glurgea, 1973 Wittenberger et al., 1975; Dr®edzic and.
Hochachka, 1978; Hulbert and Moon, 1978b), or other tissues

(Moon'and Johnston, 1981) o - ‘—nh)f

It is apparent that during starvation, fish white
muscle may play a reduced contractlle role, but an’ enhanced

,metabolic part1c1patlon by prov1d1ng metabolltes for other

tlssues. The extent of this change in functlon w1ll probably

depend upon such factors as age, level of reserves, species,
temperature, etc., but oertalnlyathe literature does suggest,
this occurs. Unfortunately, what oontrols the change is

unknown, as are, the specific events:leading to the change.

THE EEL - Anguilla rostrata LeSueur

L

The 1ife history, morphology and metabolism of the \\/ﬁ

Anguilla eels have been well documented’ in ngjor reviews
_(Bertln, 1956 Sinha and Jones, 1975; Tesch 1978). It is
generally accepted that both the European eel, A. anguilla,
and the Amerlcan eel A. rostrata breed in the proximity
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of the Sargasso Sea. The exact breeding grounds within this
area are, however, still in dispute (see especially.VIad kov,
1964 ; Sinha and Jones, 1975). Also in.dispute is whether
the American and the Eurcpean eels are genetically distinct
or wnether they arise from the same spawning but follow
separate currenfs\(Stasko éﬁa\Romel, 1974; Sinha and Jonés,
1975; Pantelouris et al., 1976). ‘

Desplte these uncertainties, Amerlcan eel larvae develop
following fertilization into surface dwelling leptocephali
which drift passively with the -currents foward the coast of
North America. Approximately one year aftef hatching, ,they
arrive on the continental shelf and eoter fresh water river
systems where metamorphosis begins, first into the intermed-
iate stage, the glass eol, and finally into o pigmented elver.
The transition of the glass eel into an elver is marked by‘
oumerous morphologica11§ significant changes;\pigmentation
develops, the mouth parts reorganize allowiné g?tive pursuit
feeding to replace planktonlc alimentation, the digestive
tract and anus are rep051tloned and importantly, the general
morphology of the elver assumes the shape of the adult
(Slnha and Jones, 1975).

From larval hatching to the point elvers begin fhe
upstream freshwater migration is approximately 2-3% years.
Again'it is'generélly accepted (although not without dispute)
that only the females migrate upstream and tﬁe males remain-
in.the brackish estuarian areas (Sinha and Jones, 197%5).

The eels which do migrate upstream remain in fresh water for
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5-10 yeérs during which time the pigmentation gradusally
changes'from a yellow -to the characteristic silver (European
eel) or bronze (American eel) stage (VladyKov, 1955) in
preparation fbr seaward migration, Other dramatic morpho-
logical and'physiological chanées occur at thié time including.
increéseé in fat-deposits, thickening of the skin, changes

in osmoregulatory capacity, development of tpe gonads!
increased endocrine activity, cessation of food consumption,
resorption of the digestive tract, and increased quantitiest

-

of red muscle and alterations in the activities of several .

‘oxidative and glycolytlc enzymes in both red  and whlte

puscles (Bostrom and Johansson, 1972; Dave et al., 1974
also extensive reviews by Bertin, 1956; Sinha and Jones,
1975). | ) '
Importantly,zthe maturing eel undergoes\two natural
starvation periods. The first is a seasonal fgst in response
to decreasing ambient teﬁperatures; once temperatures drop‘
below lO°C,}the eelrst0ps feeding and buries itself in the
mud of the river bottom (Nyman, 1972 Sinha and Jones, 1975).
In north temperate waters, this perlod can last up to 8 -
months and usually exceeds © months. Secopd, since the eel
ceases $o feed upon commencement of seaward migration (Bertin,
1956), the entire spawning migration is conducted tsiné only
stored energy, which must suffice for locomotion and gonadal
maturation. After spawning it is presumed that the eels die

at sea but ‘no adults have ever been captured in the Sargasso

Sea area, nor have any adult eels ever been reported return-
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ing to the North American coast (Sinha and Jones, 1975).
Therefore, the eel lends itself to stydies of starvatién
metabolism since this }ish is in a natural state of nutri-
tional depriv;tion during much of it's life history.
Another important considération in choosing the eel as

an experimental animal is that the musculature is clearly
_di%ided into two relatively homogeneous populations of red
and white muscle fiber groups (Hulbert and Moon, 1978a).
This -allows the collection of pure preparations of each muscle
t?pe for biochemical analyses. Furthermore, there is a marked
increase -in the émount of red mu?cle concurrent with the sea-
wafd migration suggesting that the red muscle may play a

' more impévtant role in migration than at any other. time during'

the life cpcle of the eel (Bostrdm and Johanssen, 1972{1
Sinha and Jones, 1975). - _—

—
4 \ Lastly, the economic value of the eel in Europe has led
. ? N . -4

1

Y
\\\ to a voluminous data base of physiological and biochemical

correlates (see e.g., Sinha and Jones, 1975) providing an

- excellent basis for comparisons.

THE ENZYMNE ~ Aspartate Aminotransferase

The enzyme Asp AT or:glutamate-oxaloacetate transamin-
ase (GOT) (EC 2.6.1.1) is involved in the conversion of
aspartate (Asp) and A-ketoglutarate (o -KG) into oxaloace-
tate (OAA) and glutamate (Glu). This reaction is reversible
(Herbst and Engle, 1934) and-éoth the substrates and pro-
ducts cén contribute to elements af the tricarboxylic acid

cycle, glycolysis, gluconeogenesis, pﬁrine nucleotide
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cycle, branched chain amino acid metabolism, glutamate

: i
dehydrogenase (GDH) and alanine aminotransferase (Ala AT),

as demonstrated in the following diagram:

ASP--% ‘ ~3 OAA§—W Krebs c&cle‘
“W—» Malate '
ol-KG ' Glu
-(——*Pur;.ne Nucleotide '
Cycle
Amino Acidsw- —Keto acids (from branched

chain aminoc acids)

——® GDH -
—P Ala AT

NAD to NADH

‘(see Lebninger, 1975)

As a result of the multiplicity‘of the functions and the
key position Asp AT occupies in metabolism, the enzyme could
play a significant réle in the metabolism of starved. animals,
including fish, where the primary source of metabolic energy
is from llplds and amino acids.

The determination of serum glutamate-oxaloacetate
transaminase, (SGOT) or Asp AT has becoﬁe a diagnostic tool
for cardiac, pulmonary and hepatic diseases in humans

(Wroblewski and LaDue, 195 ; Amador and Wacker, 1962)., This

-enzyme, togetherawith Ala AT, is frequently used by fish

blologlsts to diagnose sublethal insult to liver by pollut—
ants (see D'Apollona and Anderson, 1980) and disease (Bell,

1968). As a result, Asp AT has been extensively studied in
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many animal species. Results of these investigations have
shown that few consistencies exist between homologous Asp ATs
with the exception of the reactants and the products.

In mammalian systems the molecular weight of Asp AT
has been reported to 53 79,000 daltons (Owen and Hochachka,
1974-dolphin muscle), 90,000 daltons (Martinez—Carrion; et al.,
1967-pig heart), 105 000 daltons (Krista and Fonda, 1973-
beef brain) and 110, OOO daltons (Jenkins et al., 1959-pig
heart). All authors report that Asp AT exists as at least
" two electrophorefically and biochemically distinct isozymes
of cytosolic dnd mitochondrial origin. When these two forms
are further characterized, eaéh can produce a single band
(Saier and Williamson, 1967 ), single and multiple bands
(Bertland and Kaplan, 1970; Magee and Phillips, 1971) or
multiple band patterns (Martinez-Carrion et al., 1965, 1967;
Nisselbaum and Bodanski, 1966; Martinez-Carrion and Tiemeier,
1967; Shrawder and Martinez-Carrion, 197%; Chen et al.,
1973; John and Jones, 1974) on electrophoresis. Where mul-
tiple isozymic forms occurred, each isozyme exhibited similar )
catalytic and immunochemical properties. pH optima vary
throughout the literature from less than 7.5 in the Pacific
salmon (Bell, 1968) to 8.0-8.5 in pig heart (Worthington
.Manual, p.49-50). Filosofova-Lyzlova (1972) found that the
cytosolic and mitochondrial isozymes of some lower verte-
brates (pike and tench) differed in pH optima; Owen and
Hochachka (1974) found a similar situation in dolphin

muscle. Jenkins et al. (1959) found that the enzyme binds
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two moles of pyridoxal—E';phosphate (P-5'-P) (pig heart)

and Yan-Hwa and Churchich (1975) found that resolved/
dissociated Asp AT requires two moles of P-5'-P to restore
95% of the native enzyme activity. Where only one mole is -
available to the dissociagéd enzyme, three,identifiable
forms exist suggesting that the two native enzyme sub&hifs
can function independently. §

Where the enzyme Asp AT has been kinetically studied,

again the results are variable. Krista and Fonda (1973)

reported that beef brain cytosolic Asp AT had an apparent

Km(Asp) of 2.0 mM and 0.17 mM for the Km@i “KG)* They also
found significant inhibition of the Treaction from 1 to 3 mM
d-KG Owen and Hochachka (1974) found similar appare %,Kﬁ
values in the cytosolic form from dolphin skeletal muscle,
but /very different values for the mitochondrial form. Again,
siéﬁlflcant substrate 1nh1b1tlon of the reaction occurred
and it was postulated that the eénzyme may be controlled by
concentrations of substrates and/or products .(see Cornell

et al., 1974). 1In the pike and tench, Filosofova-Lyzlova
(1972) reported quite different values from those of mam-
mals although substrate inhibition was also noted at least
for mitochondrial Asp AT. 1In the carp ahd the European eel,
food deprivation results in a five-fold and two-fold

increase in activity for Asp AT in liver and muscie tissue,
respectively (Larsson and Lewander, 1973; Wittenberger and

Giurgea, 1973). Similar results have been reported for

three month food-deprived plaice (Moon and Johnson, 1981).
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One would predict from the literature that Asp AT is an
enzyme of approximately 80-110 thousand daltons existing as
cytosolic.and hitochondrial forms, poséessing multiple iéo-
zymes, having a requirement for P-~5'~P, and possibly exhi-
biting substrate inhibition., Whether these characteristics
are.observed for Asp Aﬁ isolated from American eel tissues
and whether changes in activity occur as a result of food

deprivation, are the subject of this thesis.

STATEMENT OF THE PROBLEM

From the preceeding, it is evident that the American
eel provides a model for examining the effects of starvation

on amino acid metabolism. Since the eel does not feed during

both seaward migration and the winter low %emperature period,

the provision of energy duriné these periods must be gener-
ated from storea reserves. Lipids and proteins (amino
acids) are the primary fuel stores in the eel and their
ﬁggtabolism st be critically controlled to enhance the
a51;2172§§ﬁ2t1va1 potential. With the central position of
aspartate aminotransferase to both amino acid and lipid
metabolism, ‘it was thought this enzyme would be sensitive
to nutrient conditions (see Wilson, 1973). This thesis
studies the activities and characteristics of Asp AT in
liver, red muscle and white muscle isolated from the American
eel and how the enzyme is influenced by six to ten months
of food deprivation. |

‘Where there are changes in the apparent activity of the

enzyme, an attempt will be made to establish whether this
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results from changes in the cytosolic or mitochondrial
enzymes, or both. In addition, some'attempt will be made to
rhysically characterize the enzyme in order to relate or dis-
sociate any changes in the activities of Asp AT during star-
vation with these characteristics.

Therefore, two hypotheses will be tested by this study:

l- nutrient deprivation in the American eel, Anguilla rostrata,

results in an enhanced amino acid metabolism as reflected
by an increase in the activities of tissue Asp AT; and,
2- the specific changes in Asp AT will be greatest in those

tissues which contribute the most to amino acid metabolism.
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MATERIALS AND METHODS



" \.City, Quebec,

kﬂf}TERIALS AND METHODS

ANIMALS
Americ

d Cornwall, Ontario. The eels taken from the
{

t. Lawrence River at Quebec City were netted by a commercial

fi

an in the summer of 1974._‘Tﬁey were transported to
the University\bitgftawa laboratory in wooden crates contain-
ing ice on an open fiatbed truck. Upon arrival the eels were
retained in 1000 litre tanks with & continuous supply of
aerated declorinated Ottawa cify tap water.  The photoperiod
was réguiateé;§§ﬁ%2:12 (light:dark) and the water temperature
was approximately 12°C.” The eels averaged 1 kg in weight;
since they were in the seaward phase of their migration, they
would not resbond to feeding gz%emgps (see Sinha and Jones,
1975).

' Eels were also removed from the St. Lawrence Riverfgt
Cornwall from the top of the eel ladder (ﬁaintained by the
Ontario Ministry of Natural Resources) associated with the
" Saunders Hydro Ele;tric Dam, These fish were collected with
a hand net and transported either in wooden or styrofoam con-
" tainers with melting ice to keep the animals damp. They were
then held in the University  of Ottawa laboratory as described
above. After five days in the laborafory, the eels were
sized and those weighing between 150 and 600 g (i.e., the
largest animals) were segregated into groups of approximately
25 fish each. Groups were either fed a diet of chopped beef

liver or were deprived of food for the 10 month duration of

|}

eels, Anguilla rostrata, were collected at Quebec
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the experiment, during whiph time water ‘temperature was main-
tained at 12 2°C and the photoperiod was 12:12, The feeding
state was verified by gut éonten&s when the animals were

sacrificed.

- |
TISSUE PREPARATION

Quebec City eels were sacrificed after at least six
months of starvation; ‘the Corntgll eels were fed or starved
for ten months. 1In all cases, the eels %ére decapitated
followed by exsanguination. The large Quebec eels were
frozen whole at -20°C and the enzyme was prepared from isolated
tissues within one month of freezing. The ‘smaller Cornwall
eels were dissected prior to freezing, the liver was removed,
the gut checked to assess the feeding state, and the carcass
and the liver frozen in liquid nitrogen. Thereafter, the
froéenrsamples were placed at f60°C (Revco ultra-low temper-
ature freezer) until enzymes were isolated. This procedure
assured that all eels from a particular experiment were in
the same nutrient state, and the freez;ng process did not
decrease the specific activities of Asp AT (see Results).
Also, this procedure made possible the removal of numerous
small samples of liver, red and white.muscles without the
entire pigce thawing and altering enzyme activities.

Red muscle adheres tightly to white|muscle at the lateral
line (see Hulbert and Moon, 1978a), but can be removed without
contamination in frozen sections (see Hulbert and Moon, 1978a).
The skin was easily stripped from the frozen carcass and the

underlying red muscle freed with a scalpel from the larger



.“, . | _26- M . {—‘5_’___

white muscle mass. Once the red muscle was removed, the
8ti1ll frozen muscle mass was scraped to remove any adhering
red muscle, and a pure white epaxial muscle piece was removed.

These frozen pieces, inclhding liver, were weiéhed prior to

homdgenization.

ENZYME PREPARATION

o

Two enzyme preparations were used in these studies.

Total tissue Asp AT was assayed from partially purified, whole
tissﬁe homogenates; alternatively, the crude homogenate was
‘'subjected to differential centrifugation and cytosol and mito-
chondrial Asp AT activities were estimated.

Samples of liver, red muscle and white muscle were
collected from frozen Quebec or Cornwall eels as above,
wéighed and.homogenized on ice with either a Sorvall Omni-

“‘*jﬁixer or a Brinkman Polytrfon PUC-2 homogenizer. The homogen-
ization buffer consisted of 100 mM pofassium phosphate buffer,
pH 7.4 with 10 mM EDTA, 2.5 mM 2-mercaptoethanol, 0.25 mM P-5'-P,

. and 2.0 mM o-ketoglutarate. The tissue to buffer ratio for
liver was 1:4 and 1:5 for the muscles. The crude homogenate
was brought to 60°C in a Qater bath as quickiy as possible
with stirring. Once this temperature was attained, the homo-
genate was immediately chilled in an ice bath. The heat
treated homogeﬁate was céntrifuged #% 16,000 xg for 30 min.
at 0°C in a Sorvall RC-2B refrigéraﬁgdﬁcentrifuge and the
supernatant decanted through a layéfﬂgf fiber wool to remove

* S

cellular debris and congealed fats. Heat treatment resulted

in a 15-fold purification of the enzyme with a 60% yield, but
S
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subsequent treatment (incIuding gel exclusion ehromatography
and salt fractionation with ammonium sulfate) did not signifi-
cantly increase the purification but dramatically decreased:

the recovery. Therefore, no further attempts were made to-

purify the enzyme. Act1v1t1es 1n the cleared supernatant were |

concentrated by volume reduction in: ‘the presence of sucrodse. .

The homogenate was pipetted into celluloseud;aly51s bags and ‘o

packed in crystailineHEﬁeiose‘et‘5°C until the remaining
volume was approximately one-third“of the original. Asp- AT
prepared in this manner was used to estimate total tlssue
Asp AT activities (see Results). e
leferentlal centrifugation was used to separate 4:;0—-
chondrial from cytosol Asp AT according to the methods of
vHogeboom et al. (1948), DeRosa -and Swick.(1975)-and Weinbaoh
et al. (1961). Buffer used in this preparatien contained |
225 mM mannitol, 75 mM sucrose, 10 mM EDTA or EGTA in 0.01 M
Tris buffer titrated to pH 7.8 with HCl (Tyler &nd Gonze, _
+1967). Tissues were isolated from frozen Cornwall eels, homo-
genized at low speed with the polytron and mitochondria were

prepared according to Moon and Quellet (1979). Eel liver

mitochondria are known to maintain both morphological and bio-

chemical integrity using these techniques (see Moon and Cuellet,

1979).° Cytosol Asp AT is determined in the-supernatant over
the 12,000 xg cell pellet, and this pellet is resuspended in
the above buffer less mannitol -sucrose to give mitochondrial
Asp AT. Activities in these fractions were not concentrated

unless below a level which could be easily determined. These

[P
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préparationS'were not subjected to heat treatmént.:

Some question was raised as to the snitability of the
frozen tlssues for the studles of Asp AT localization. There-
fore, two addltlonal experiments were undertaken. Flrst,'
marker enzymes were assayed to monltor the purity of each-
fraetion; activities of lactate denydrogenase (LDH, EC
i.i.2;7) innieatea the c&tosol fragtion and glptamate dehy-
drogenase (GDH, EC '1.4.1.2) and eitrate synthetase (CS,

EC 4.1.5;7) the nitochondrial fraction. ‘Second, fresh tissue
was prepared in a manner identicailto the frozern tissue (see

above), and Asp AT and marker enzyme activities were estimated

in each fraction (see Results).

ENZYME 'ASSAYS

;Enzyme'activities were recorded as alterations in the
absorbanCe of a chromatogenic substance at its optimal wave-
length with a Gllford 2100 recording spectrophotometer.
Cuvette temperatures were controlled by coupling the Jacketed
cuvette holder to a Haake constant temperature water bath.
Cuvette temperatures were menitored with a Yellow Spriné%
Telethermometer and did not vary by more than 0.1°C of the
1nd1cated value. ’ ' o ‘ |

_Eel AsP AT was assayed in the forward and-reverse direc—
tionS‘enploying a NAD-coupled enzyme systen. Specific. activ-
itiee were estimated using the extinction‘eoefficient'forf,
NADH of 6.22 cmg/pmole; All assays were done at least in .

duplicate and blanks (no substrate addition) were used to'

verify the authenticity of the reaction. Where necessary,

L
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these blank values were substracted to give Asp AT actlvitles.
In the forward dlrectlon, Asp and a(—ketoglutarlc ac:Ld

(fl-KG) are transaminated to oxaloacetate (OAA) and glutamate_
(Glu). This reaction was coupled to OAA reduction by NADH
and dialyzed Sigma purified pig heart malate dehydrogenase
(MDH) and recorded as a decrease in the absorbancy at 340 nm
(see Amador and Wacker, 1962; Karmen, 1955)}. The standard
aésay contained the following:

100 mM phosphate buffer, pH 7.5

10.0 mM Asp

2.5 mM e£-KG

0.45 mM NADH

excess dialysed:Sigma MDH

0.25 mM pyridoxal-5'-phosphate (P-5'~P)

0.5 mM MgCl, ' |
The reaction was initiated by Asp after addition of homogenate.
Each of these components was modified in turn according to the
specific experiment (qge details in Tablé{and Figure legends).

For the reverse reaction, a fairly pure tissue homogenate

was required so that the competing enzymes did not interfere
with the assay. ©Starved liver cytosol Asp‘AT was partially
purified by heat treatment followed by sucrose cbncentration;
this preparation was passed through a Sephadex G-100 column
twice to reduce activities of the competing enzymes. To
assay activity, the elutant had to be extensively sucrose
concentrated and &ialysed. As above, the activities weie

monitored at 340 nm as an increase in absorbancy resulting
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from the production of NADH in the presence of purified,
extensively dialysed, glutamate dehydrogenase (GDH). 'The
standard assay contained the following:

100 mM phosphate buffer; pH 6.9

1.48 mM oxaloacetate

1.84 mM glutamate

0.45 mM NADH

excess dialysed Sigma GDH

The reaction was initiated by OAA after homogenate addition

and ?ates were linear for at least 2 min. Specific experimenfs
altered this standard assay (see Table and Figure legends).

The following represent the standard conditions under

which the marker enzjmes were assayed:

/3
Lactate dehydrogenasg (LDH); in a final cuvette volume

of 0.5 ml,
100 mM tris-HCl, pH 7.5

0.45 mM NADH

2.0 mM pyruvate
The reaction was initiated by the addition of from 0.65 to
25 pg of protein and monitored at 340 nm; blanks (no pyruvate)
and purified Sigma LDH were used to verify the authenticity

of the reaction.

Glutamate dehydrogenase (GDH); in a final cuvette volume

of 0.5 ml,

100 mM tris-HCl, pH 7.5
0.45 mM NADH

2.0 mM £-KG

20 mM NH,C1
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The reaction was initiated by the addition of from o.ss_m\}
25 pg of protein and monitored at 340 nm; blanks and Sigma
purified GDﬁ were used to verify the authenticify of the

reaction.

Citrate sythetase (CS8): in a final cuvette volumeczf

0.5 ml,

100 mM tris-HCl, pH 7.5

25 mM 5,5 dithiobis-2-nitobenzoic acid (DTNB)

0.5 mM Acetyl Coa |

0.4 mM oxaloacétate
The reaction was initiated with the addition of from 0.65 to
25 pg of protein'and blank (no OAA) values were subtracted.
The change in absorbancy was read at 412 nm and the activities
were calculated using an extinction coefficient of 13.6

cmg/pmole.

OTHER ANALYTICAL TECHNIGUES

Electrophoresis
- Polyacrylamide gel electrophoresis (PAGE) was carried
out using a modification of the technique of Davis (1964) on
5% gels (Hulbert, 1976). Approximately 50 pg of protein was
applied to the 0.8 x 9.0 cm gels and run at 6.5 mA/gel until
the Bromophenol Blue marker approached 5 mm of the gel end.
The gels were stained according to the methods of Decker and
Rau (1963) which couples a diazonium salt directly to the 0QaA
produced in the enzymatic reaction., The stain consisted of
500 mg Asp
75 mg «{-KG
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50 mg P-5'~P

200 mg Fast Blue-BB sglt
These dry ingredients were added to 100 mls of 50 mM tris-HC1,
pEH 7.6 just prior to use. The stain was then added to a test
tube containing the individual gels and staining cohtinued in
the dark until the background colour of the gel was a dirty
brown. The bands were distinctly dark blue encircling the
gel. Omission of any one ingredient in the stain resulted

in no banding.

Isoelectrofocusing

Isoélectrofocusing of the fed and starved liver total
homogenates was accomplished using the granuiated technique
described by Radola (1969). The gel was prepared By swelling
7.5 gms-of Sephadex G-75/40 in 100 mls of distilled, deionized
water containing 2.5 mls of LKB pH 3-10 ampholine. The bed
preparation was degassed under vacuum and spread on a 20 x 20
cm glass plate to give a final thickness, after partial
dehydration, of approxiﬁately 1.5 mm. The samples were pre-
pared by sucrose concentrating total homogenates to a final

l

protein concentration of approximately 10 mg/ml. About 70 Pl\
of this preparation was then applied to the gel bed 7.0 ~
from the anode with the aid of a cover\flip. Samples were
run at 350 volts for 4 hrs. and then 800 volts for another
4 hrs. Both homogenates were run concurrently and in dupli-
cate. Evaluation of the focused samples was accomplished by

removing the Sephadex bed in 0.35 cm widths with a spatula

and adding 0.5 ml distilled water to extract the enzyme
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proteins. The pH of each fraction was.determined with a
Radiometer BMS3 MK 2 blood micro system and the enzyme acti-

vity determined according to the standard assay.

Molecular Weight Determination -

The assay of Asp AT molecular weights in the tissue
fractions of fed and starved Cornwall eels was accomplished
by following the directions outlined in -the Sephadex Molecu-
lar Weight Calibration Kit Instruction Manual. .5 grams Seph-
adex G-100 were swollen in 100 mM phosphate buffer containing
0.1 M NaCl at room temperature. The swollen gel was poured
into a 2.5 x 29 cm‘column and allowéd to grgvity pack to within
approximately 1 cm of the top. Buffer was allowed to drain
freely through the column at a pressure head of 20 CmeEO-
The packed, flowing column was then equilibrated to 5°C in a
cold room where buffer was allowed to flow for two days prior
to célibration of the column. Column outflow was monitored
at 254/280 nm with an LKB Uvicord attached to a Fisher Record-
all. Aliquots were collected with a LKB Ultrarac Fraction
Collector; At no time was the column buffer flow stopped,
except to apply samples. Column void vclume was established by
applying 1 ml Dextran blue to the column bed. Four consecutive
void volupes were estimated and the average used to determine
K. v for the standard proteins.. After each standard protein
run, buffer was passed through the column to restore the
elutant to baseline and the void volume was rechecked to

assure that it had not changed. The tissue fractions con-

taining Asp AT were run individually on the column and the
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elutant collected as above. Each sample was then assayed for
Asp AT activity according to the standard assay (forward dir-
ection). The Kav was estimated for the peak activity fractions
and compared to the standard prote;P curve to estimate the

flolecular weight of the particular é?ésﬁe or fraction Asp AT.

Protein Determination

Where necessary, protein content was estimated either
by the method of Lowry gﬁ al. (1951) or Layne (1957). Bovine
serum albumin was used as a standard and the two methods did

not vary by more than® 0.05 mg/ml.

CHEMICALS

All biochemicals were obtained from gma Chemical Co.,
St. Louis, Missouri. Aii-other che;zﬁals were obtained from
local distributors and were of the highest’ possible purity.

L)
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CHARACTERIZATION OF Asp AT FROM EEL TISSUES

Initially, these studies were intended to examine both
Asp AT and alanine aminotransferase in eel tissue. Unfor;
tunately the latter enzyme was unstable and demonstrated
activity levels at least 10-fold lower than Asp AT. The
information collected concerning Ala AT was not included in
the thesis, but the reason certain conditions were ultimately
employed’in the study of Asp AT was a diréct result of my
—attempt to -stabilize Ala AT. The followlng experiments were
‘intended to characterize total tissue Asp AT, and the enzymes
. were isolated from pooled tissues of bronze, seaward migrat-
ing Quebec eels and treated as noted in tﬁe Materials and
Methods.

l. Effect of Buffers ‘

The activity of partially pﬁfified eel liver Asp AT was
gssentially identical in 100 mM phoéphatg or Tris-HCl buffers
between pH 7 and 9. Tris-maleate buffer under the same con-
ditionsrproduced substantially lower activities, being 50%
of the other buffers at pH 7.5. Similar results were found
using red and white muscle enzyme preparations. Therefore,
phosphate buffers have been used in all kinetic. studies of
Asp AT from eel tissues since it can be easily formulated
across a broad pH range (5.5 to 8.2) and it has a low thermal
coefficient relative to Tris buffers.

2. Effect of pH

Using the phosphate buffer system, the effect of pH on
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eel tiséue Asp ATs was studied at substiate concentrations
giving both optimal activities (vépt) and one-half optimal
activities (i.e., Km or the Michaélis constant). Fig. 1
demonstrates that the profiles for the liver (Lv),_white
muscle (WM) and red muscle (RM) enzymes are flat with some
activation above approx. pH 7.5 (especially WM-Asp AT). This
flatness is exaggerated at Km-concentrations of substrates,
a level thought to be closer to cellular substrate concen-
trations (Fersht, 1977). .
3. Effect of Substrate Concentrations

Since Asp AT has two substrates (see'Introductign), it
is necessar& to study both in a reciprocal manner. Tables

1 and 2 illustrate the changes in Vo and Km of eel tissue

t

Asp ATs when the two substrates are 3aried in this manner.
Liver Asp AT at « -KG concentrations of 0.5, 1.0 and 2.0

M demonstrated Asp saturation curves which were essentialiy
unchanged in both Vopt and Km(Asp). Only at a concentration
of 0.125 mM«-KG (the approx. KmG%—KG)) did vopt and Km
change (Table 1). This suggests that Lv-Asp AT in the total
homogenate is relatively insensitive to «-KG concentrations
once a minimum is present. These curves also exhibited
varied degrees of Asp inhibition but no consistent trend
was noted. With respect to «-KG saturation (Table 2), Asp
concentrations modulated both v0pt and Km@X-KG)' As Asp was
increased, both vopt and Km@%—KG) increased suggesting that

Asp concentrations, not o¢{~-KG concentrations are important

effectors of Lv-Asp AT. Again, substrate inhibition was
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Fig,., 1.

Total Asp AT activities as a function of pH. Enzymes
were partially purified and isolated from starved Quebec
eel livér, red muscle and white muscle pooled tissue homo-

genates and assayed according to the Standard Assay at 20°C.

' Symbols: ® 10.0 mM Asp, 1.0 mM o-KG
O 5.0 mM Asp, 1.0 mM o-KG
A 5.0 oM Asp, 2.5 mM <-KG
A  0.75 mM Asp, 0.3 mM&-KG
10.0 mM Asp, 2.0 mM %-KG

a
O 0.39 mM Asp, 0.125 mM X-KG
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TABLE 1

The effect of varying concentrations of {-ketoglutarate

on the kinetic parameters of Aspartate for eel tissue Asp

ATs. Enzymes were isolated from liver, red muscle and

white muscle of starved Quebec eéls.

Homogenates were

partially purified whole tissue extracts assayed according

to the Standard Assay at pH 7.5 and 20°C.

TISSUE

LIVER

RED
MUSCLE

WHITE
MUSCLE

u_ch

(m1) (pmol
0.125 7.0
0.5 25.5
1.0 24,5
2.0 23.6
0-3 58.5
2.5 16.8
0.125 13.5
2.0 38.5

v
opt
esgmin/mg)

Km As
mM

0.33
1.00
1.00
1.00

0.77
0.77

0.16
0.67

INHIBITION *

O

* Tnhibition—~ Substantial inhibition indicated

by +, no appreciable evidence by O and -

means saturation curve tends teo increase at

high o(-KG.
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TABLE 2

The effect of varying the concentrations of Aspartate on the
kinetic parameters of o{-Ketoglutarate for eel tissue Asp ATs.
Enzymes were isolated from liver, red muscle and white mus-—
cle of starved Quebec eels. Homogénates were partially
purified whole tissue extracts assayed according to the

Standard Assay at pH 7.5 and 20°C,.

TISSUE Asp _ VO + Km@!—KG) INHIBITION *
(mM) (pmolessmin/mg) (mM)

LIVER 0.125 3.3 ' 0.078 +
1.0 12.0 0.178 .

RED 0.7% . 25.0 1.42

MUSCLE 5.0 %8.5 1.42 +

WHITE 0.%9 38.6 0.16 0

MUSCLE 10.0 19.2 0.25 e

* Inhibition - as per Table 1

o
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observed at; least at the low Asp concentrations.

The pooled RM-Asp AT was quite different from the Lv-
enzyme., 'Here1 Em for either substrate‘is unaffected by Ihe
‘other but Vépt is either increased °(with Asp) or decregs?ﬁ
(with d-KG) (Tables 1 and 2).

White muscle Asp AT demonstratéed some of the lowest Km
values of the three enzymes studied and some of the highest
activities (Tables .1 and 2). In:gehneral, increases in o?e"

substrate increased the Km for the other. Also, no subs#rate

inhibition was observed for this enzyme at any concentrapion

tested.
These alterations %n kinetic parameters by subifrates
-may indicate an inherent control by substrate opérates in eel
tissue Asp ATs. chh a scheme has be?n previously~suggested
(see Owen and Hochacﬁka, 1974). However, since.these'preQ
parations represent total tissue Asp AT,-it is possible that
changes observed here are a reSu;t of competition'between
cytosol and mitochondrial tissue isozymes. If this is so,
these kinetic results could represent artifacts, but-they'do
require further investigation in the respectivé'isolated sub-
cellular fractions (see below).
4, Effect of.Temperature
Temperature is a known enzyme modulator, céusing-changes
in both vopt and km (see Hochachka and Somero, 1973). Further-
more, temperature can be used to distinguish enzyme types,
¢ and therefore, eel tissue Asp ATs were compared over a range

of temperatures correspondinglto those which eels could
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encounter in Nature.  Arrhenius plots wére determined at both
.vopt and Km levels of substrates by estimatihg activity wvalues
generated from Asp and &-KG saturation curves run at the
_corresponding temperatures. These plpts ;an be used to esti-
mate the effects of temperature 'at both concentrétibné of
substrates and secondly, the effects of temperature on enzyme-
substrate affinify (see Borgmann and Moon, 1976).

Fig. 2 presents_a series of parallel lines, indicating
that a) the three tissue Asp ATs have the same temperature
sensitivities at maxiﬁallactivities (Ea, or the Arrheniug
number, is approx. 20.8 kqal/mole) and b) the affinity of the
enzymé for its substrates is temperature insensitive since

slopes at substrate concentrations corresponding to Vo and -

pt
Km are equivalent. With this high Ea;value and a thermally-
insensitive EKm, eel tissue Asp AT activities will be greatly
depressed at low temperaturés (see Ho¢hacHka and Somero, 1973),
a result not inconsistent with the'normai metabolic redﬁcéion
observed in these animals at low ambient temperatures (Sinha
and Jones, 1975), and the effects of temperature'observed for
other eel tissue enzymes (e.g., Moon and Hulbert, 1980). o
5. Other Effectors of Tissue Asp ATs

The requirement for pyridoxal-5'-phosphate (P-5'-P) by
Asp AT has been shown bf varioﬁs authors (see Introduction).
To verify this for eel tissue Asp Afs, a quantity of eel liver
homogenate was exhaustively dialfsed against buffer without

P-5'-P added and activity was checked at increasing P-5'-P

concentrations. Fig. 3A demonstrates that P-5'-P does increase

4
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Fig; 2.

Effect of temperafure on eel tissue Asp ATs. Enzymes
were partially purified and isolated from food-deprived
Quebec eel liver, red muscle and white muscle pooled homogen-
. ates and assayed at pH 7.5. Arrhenious plots were determined
at both saturating énd Em-values of substrate by estimating
activity values generated from aspartate saturation curves

assayed from 5 to 30°C.

Symbols: Log VO " white muscle Asp AT

1%
Log vopt red muscle Asp AT

Log Vo liver Asp AT

pt
Log‘VKm white muscle Asp AT

b

Log va red muscle Asp AT

® b @ O D DO

Log VKm liver Asp AT



log V
0.8 71
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Fig. 3A.

The effect of pyridoxal;B'—phosphate (P-5'-P) o
ity of eel liver mitochondrial Asp AT. The partiaXly purified
liver mitochondrial homogenate from food-deprived Cornwall
eels was sucrose concentrated to.one—quarter the original
volume and dialysed against 100 mM rhosphate buffer for 18

hrs with constant stirring at 5°C. Activity was assayed

‘according to the Standard Assay as P-5'-P concentrations were

varied.

)

-

Fig. 3B.

The effect of Mg++—ions on eel liver mitochondrial Asp

AT. The partially purified liver mitochbndrial homogenate
was prepared as in Fig. 3A. Activity wa assayed as Mg++—

ion concentrations varied according to e.Standard Assay.

a—
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enzyme activities and that there is a residual quantity bound
very tightly to the enzyme which dialysis did not remove;

othef auth&rs have also reported a high P-5'-P binding tenacity
(see Guirard and Snell, 1964; Bell, 1968).

It was alsa found that Mg++—ions at low concentrations
activated liver Asp AT (Fig. 3B). This apparéﬁt activation of‘
Asp AT by Mg++ has not been reported for any other homologous
Asp AT to the\autﬁor's'knowledgel Such aativation need not
be directly due to Mg++—ions but may represent a general
ionic or osmotic effect (see ﬁoon et al., 1977). American
eel Asp AT has a small Stokes radius -(see fable 7) and by
altering the ionic environment the Bond configuration-of the
enzyme may have been affected. Nevertheless, Mg++ was added
- to all assays to produce maximum Asp AT activities.

é. The Reverse Reaction

The forward reaction of AspIAT (i.e., towards OAA) is
easily assayed by coupling the system to malate dehydrogenase
(MDH). Since the equilibrium constant for MDH lies well
towards malate (Lehninger, 1975), any OAA produced will be
rapidly reduced to malate py NADH and MPH. The ease of assay-
ing the fof;prd reaction makes the reverse reaction difficult
Since many enzymeé in a partially purified preparation, includ-
ing MDH, compete for OAA as.hell as glutamate, the two sub-
strates necessary for Asp and o -KG ﬁ;OQuction from Asp AT.
Therefore, it wés neceséary'fo extensively treat the homo- ,
genate to rid it of compéting enz&ﬁes which are prese@t;at

much higher activities so this direction could be assayed
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(see Materials and Methods). For this reason, only liver
cytosol Asp AT was investigated.

When the reciprocal substrates were at saturating levels,

the Km(glut) was 3.3 mM and Kmegpa) wWas 0.11 o (Fig.‘u). As.

is apparent from the plots, glutamate shows strong inhibition
above 4 mM and OAA only moderate inhibition even at 7 mM

(Fersh 977). Thus, as is seen for the forward reaction,

which~js much above estimated in vivo OAA concentrations
oy

substrate inpibifion could play a role in controlling this
reaction direction. Certainly with the low Km-values estimated
for both substrates, the proper conditions could direct this
reaction in this direction. It should be noted that specific
activity in the reverse direction is apparently higher than
the forward direction (compare Fig. 4 with Figs. 1 or 5);
this is, bowever, én artifact of the differential purifica-

A7)
tion of the enzyme for the two experiments and may not

represent a true phenomenon.

STARVATION AND TOTAL TISSUE Asp AT ACTIVITIES

1. Changes in Index Parameters

Starvation in fish is associated with major changes in
body reserves (Love, 1970). Table 3 indicates some of these
_changés in the immature Cornwall eels used forlthe femaining
enzyme studies. Unfortunately, when animals were selected
for these experiments, there was a bias towards larger fish
in the depletion group to imﬁrove the chances of these

animals surviving 10 months- of starvation.

It is interesting to note that hepato-somatic index



Fig. 4. Thé Reverse Reaction.

Food-deprived liver cytosol Asp AT was isolated and
extensively treated éccording to the Materials and Methods.
Activity was assayed according to the Standard Assay method
at 1.48 mM OAA as glutamate concentrations weré varied and

at 1.84 mM glutamate as OAA concentrations were varied., .
' |
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TABLE 3 E

The effect of starvation on a number of index parameters
and total Asp AT activities in fed and ten month starved

American eels collected . from Cornwall.

PARAMETER FED STARVED

Average animal weight(g) - 2048224 591168

Number of animals 15 7

Average 113;3 weight (g) 1.7+0.3 7.0%0.4

Hepato-s;matic index( Lv W, 1oé) 0.9:0.7 1.3%0.2
. A\Body Wwt. '

Soluble Protein Content (mg extracted/g wet tissue wt)

Liver 248%110 188¢136
Red muscle 6lx1 2410 *
White muscle ' . 44x9 58250

Specific Activity (pmoles NADH/min/mg protein)

Liver lot 8 214
Red muscle 6623 52+9
White muscle 11t 3% 21v4 *

* Significantly different at p < 0.05



548

between the two groups did not decrease as previously
reported for this fish (Aster and Moon, 1975; Renaud and
Moon, 1980b) and fish in general (Love, 1970). This may
have resulted from the large difference in weight (both
total animal mass and liver mass) between the two groups as
noted above (Table 3). It would be anticipated that differ-
ences in development and relative muscle mass in these two
gfoups could explain this aberrant result.

Extractable tissue protein quantities between the Ewo
groups generally declined ig liver and red muscle, but white

"muscle values rose slightly (Table 3). These less than pre-
dictable results (especially for white muscle) may again be
related to both the size problem and the fact extractable
not total tissue protein was estimated. These data do
[suggest, however, thaf protein mobilization has occurred in
these immaturé eels during starvation.

These results, although clouded by the éelection'of eels
of widely different size classes, do suggest that changes are
occurring in protein-amino acid metabolism during starvation.
It is of interest ﬁo see whether these changes are reflected
by changes in Asp AT, one of the more important enzymes of

amino acid metabolism.

2. Changes in Total Tissue Asp AT R

Each tissue studied demonstrated a unique pattern of
Asp AT specific activities (Table 3). A significant increase
in the white muscle enzyme is seen, which coupled to an

apparent increase in soluble white muscle protein, suggests



—49_

tpat white muscle Asp AT is spared preferentially to other
tissue proteins and possibly even enhanced. Studies in the.
éarp (WittenBerger and Giurgea, 1973; Creach and Serfaty,
1974) found a similar trend and may indicate an increased
importance in its metabolic role. ZEel liver and red muscle
Asp AT activities increase and decrease, respectively, but
not significantly. With the major changes seen in extract-
able (soluble) protein content of these two tissues (Table
3), it seems that this enzyme may subserve an important meta-
bolic role in these tissues and is thus conserved (red muscle)
or even slightly enhanced (liver).

The major problem with values of tofal Asp AT activities
'is that this enzyme is normally localized to both the mito-
chondrial gnd'cytosol cellular compartments (see Introduc-
tion). As noted above, changes seen here probably represent
a composite pattern and could be obscuring important compart-
mental differences for this énzyme. Thus it was nécessary to
isolate mitochbondria and estimate activities of Asp AT from

non-contaminated mitochondrial and cytosol fractions.

PROPERTIES OF ISOLATED EEL TISSUE MITQCHONDRIAL AND CYTOSOL

Asp AT

1. General Characteristics of the Preparation

-

The preparation of all previous enzymes had employed a
Sorvall Omni-mixer homogenizer, and there was some question
as to whether this rotating flat-blade homogenizer could pro-
duce an intact ﬁitochondrial preparation. It was found by

Moon and Ouellet (1979) that the Brinkmann Polytron PUC-2

&
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at low spe%ds produced a biochemically and morphologically i
intact eel liver mitochondrial preparation.. These conditions’
were duplicatgd for the preparation of subcellular Asp AT
activities in this study.

Furthefmore; since frozen tissue was used as a source'
of enzyme in all experiments (see Materials and Methods), it
was necessary to establish whether this tfeatment could pro;
vide preparationé with a minimal cross-contamination of
either mitochondrial or cytosol Asp AT activities. Therg-
fore, a@ctivities of Asp AT were estimated in mitochondrial
and cytosol fractions of fresh and frozen eel livers prepared
with the Polytron. Appropriate marker enzymes were assayed
‘to indicate the extent of contamination.

Frozen tissue represents a better source of Asp AT with
aétivities enhanced by an é%erage Qf 10 times over that of
fresh tissues (Table 4). When activities were aséayed in the
two ffactions, no apparent difference could be detected
between preparations.using‘the Sorvall or Polytron,‘ﬁut.
Polytron enzyme extracts of the mitochondrial fraétion had:
more ﬁhan double the activities of the Sorvall'preﬁérétioﬁs;
Furthermore, the amount of contamination between fractioﬁsl
was small (usﬁally less than 10%) as indicated by the marker
eniymes, but it is just as apparent that the cyfosol fraction
was always contaminated with some mitochondrial %gp AT, It
can also be seen that the total Asp AT reported in the
previous studies represents primarily the-cytosol activities,

a
since the correlation between total-and cytosol activities is
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TABLE 4

Activitieé (pmoles/min/mg prote;n) of~liver Asp AT frbm the
cytdsol (cyto) and mitochondria (mito) of fed and starved
American eels. Other enzymes used as markers were lactate
dehydrogenase (LDH) for the cytosol, glutamate dehydrogenase 
(GDH) and citrate synth?tase (CS) for the mitochondrial
fractions. ©Pooled total tissue isolates were prepared from.
froéen or fresh Cornwall eels u51ng the Sorvall Omnimixer
and the Polytron homogenlzer. In order to verify the effect
of freeding she experlments were repeated using the Polytron

_ homogenizer with fresh eel liver tissue.

- i

NG . SN e ) : hl

nDESbRIPTfON ’  Asp AT LDH GDH cs
SORVALL: starved Total f 37.0 2.5 4.5 -
~ Starved Cyto. = 24,7 2.3 <£1.0 0.1
Starved Mito - 183.0 ©  <1.0 8.3  12.0°
, _ o -
POLYTRON: FROZEN TISSUE : , :
o .Fed Cyto © O 11.0 - N
Fed Mito . 35.5

~Starved Cyto 23.3
Starved Mito 462.1

FRESH TISSUE

Fed Cyto 1.1 - 1.3 0.9
Fed Mitd' 6.5 ~-- 35.5 9.0
Starved Cyto 2.9 - 9.9 1.4-
Starved Mito - 15.4 - s2.4  37.0°
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highbgpﬁﬂared to total and mitochondrial (Table 4).

\\\?hese results suggest that although the preparation of
subcellular Asp ATs are not pure, certainly the extent of
contamination is small and can not account for the effects
noted later in thlS thesis. Also, as can be seen from TaE;e
4, activities of liver mitochéadrial Asp AT increase many
times above that of the cytosol enzyme after ten months food
deprlvatlon. This system, therefore, should permit the de-
tection of changes in t{ssue Asp AT during starvation, if any

occur.

" 2. Enzyme Characterization

It was previouslq noted (Fig. 1) that‘pH had very little
effect oﬁ total tissue Asp AT. When each ffACtion was assayed
(Fig. 5) this general‘pattern held, except.for the starved
liver mitochondrial enzyme. Here, activity peaks at'pH‘G.O,
followed by a general decllne at hlgher pH values. A small
ﬁeak is also observed for the homologous enzyme from white
muscle. The most interestingfeature of these data is that
for the tissues with pessibie "liver" or "liver—lige“ func-
tions (i.e., liver and red muscle-see Breaken, 1959; Hulbert
and Moon, 19789, the activities of Asp AT isolated from
starved tissue mitochondria were the highest (at least for
red muscle at low pH) and the homologous cytosol enzyme were
the 1ewest, with the enzjmes from the fed group intermediate
between these extremes. The white muscle enzymes are Jjust
opposite to this attern, with the cytosol activities being

hngest, especially around pH 8.0 and mitochondrial the

I
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' Fig. S.

Tissue fract_:ion' Asp AT activities as a function of pH.
Enzymes were isolated from fed and food-deprived Cornwall
eel liver, red muscle and white muscle. Tissue fraction-~
homogenates were pooled, sucrose concentrated and assayed
according to the Standard Assay at 7.35 mM Asp and 1.49 mM

A -KG at 20°C.

. - Symbols: Fed cytosol Asp AT
Food—defafived Asp AT

Fed mitochondrial Asp AT

O 0O b o

Food-deprived mitochondrial Asp AT

s\ \
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lowest{\dﬂt is apparent from these plots (Fig. 5) that changes
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in pH will play little if any regulatory rolg over Asp AT
activities.

These data do support, however,?%he idea tﬁat more impor-
tant changes in Asp AT activities are occurring than suggested -
by previous assays of total activity (Table 3). Table 5
represents pooled activities of Asp AT from the tissue syb-
cellular fractions and clearly demonstrates a lO-fold increase
in g%arved liver mitochondrial Asp AT specific acti%iﬁiéé com-
pared to the fed control. .

The minor in¢rease in total liver Asp AT seen iﬁ Table
3 was a reflection'of this major increase, but it was masked

by dilution of the mitochondrial fraction by the larger K
¢

cytosol component. In red mus there was a slight increase
in cytosol Asp AT activity;//;Z;jl, it would appear that
the small decréase in the total homogenate activity created

a false impression and that a major decrease in activity in
reality had occurred in at least the mitochondrial fraction.
The maﬁor increase in total while muscle Asﬁ AT noted prev-

. iously (Table 3) can be seen to reflect an increase in the
cytosol fraction only (Table 5). The low activity of the
mitochondrial enzyme probably reflects the low oxidative

capabilities and small mitochondrial content of the white

muscle tissue in the eel (Bulbert and Mbon, 19789. T T

Again the question could be raised as to the efféct

that freezing may have on the tissue enzyme activities, so
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TABLE 5

Specific activities (pmoles NADH/min/mg protein) of Asp AT

from the tissue subcellular fractions of pooled tissue

homogenates of fed and starved American eels. The Standard

Assay was employed at pH 7.0 and 20°C.

TISSUE
LIVER

RED MUSCLE

WHITE MUSCLE

FRACTION

Cytosol’ 11.0

Mitochondrda %6.5
Cytosol 17.1
Mitochondrial 52.1
Cytosol 4.5
Mitochondrial 7.7

v

STARVED

10.0

-
312.2

21.5
37.7

24 .4
9.7
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the experiment was repeated using fresh tissue Eomogenates of
five fed and five starved eels. At pH 6.5 the specific
activities in these tissue fractions were in the same ratio
as predicted by Table 5, but of 1lower specific activities
since freezing tends to’activate'the eniyme in both sub-
cellular fractions (see Table %).
The substrate saturation curves for Asp ATs isolated
from fed and starved tissue cell fractions again provided
evidence that the total homogenate preparations masked changes
in affinity and velocity. Also, the reciprocai §ubstrate
inhibition which had been referred to in Table 1 became dra-
matic énd potentialiylof considerable importance when examined
in the tissue fractionated enzymes. The representative graphs
.(Figs. 6, 7, 8, 9, 10 and’ 11) were plotted as % activity to
make comparisons easigr since large differences in specific
activitiesayere observed; summary Table 6 provideé maximum
o
velocity values.
~The saturation curve for Asp'in fed liver cytoplasm is
dramatically inhibitéd at concentrations, of Asp above 13 mM
(Fig. 6) and Ol~KG above 4 mM (Fig. 7). This enzyme from the
" starved eel liver was less sensitive to Asp but more sensi-
'tive to d-KG (above 1 mM produces a sharp inhibition).
While- substrate inhibition was evident for the liver mito-
chondrial Asp AT, the‘emphasis changes; here the starved
preparation is more sensitive to Asp than the fed, and little
inhibition by X-KG was not&d. It is apparent that starvation

alters the role that substrate inhibition may play in reg-
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Fig. 6.

Fed and food-deprived liéef Asp AT activities aé a
function of Asp concentrations. Enzymes-were isolated from
fed and food-deprived Cornwall eel liver cytosel and mito-
chondrial fractions according to the Materials and Methods.
Activities were assayed according to the Standard Assay at

¢

1.8% mM X-KG as Asp was varied. Fed liver fractions were

assayed at pH 8.0, food-deprived cytosol and mitochondrial

AT at pH 7.0 and 6.0, respectively.

‘Symbols: O Fed liver Asp AT

—- :
A Food-deprived liver Asp AT
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Fig. 7.

Fed and food-deprived liver Asp'AT activities as a

- - function of ~KG concentrations. Enzymes were isolated and

aessayed according to Fig. 6 at /.35 mM Asp as ®¥-KG was

" Symbols: O Fed liver Asp AT

A Food-deprived liver Asp AT
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ulating Asp AT from the cytosol and the mitochondria.
Certainly (-XG is more importaﬁt in terms of the cytosol
enzyme ugilg}éhe effect of Asp is more complex. ngse kin-
etic'differences predict mechanistic differences in the
miﬁochondrial and cytosol enzymes.

Asp Af from fed red muscle cytosol demonstrated a sharp
decrease in activity above 10 mM Asp (Fig. 8) and a decrease
above 4 mM d-KG (Fig. 9). Ultimately the inhibition was
about 60% at 28 mM asp and 45% at 7 mM h-KG. With starva-

tion, again a pronounced inhibition occurred but only at

. concentration of Asp in excess of 25 mM (Fig. 8) and activity

was approx.. 75% decreased at 40 mM Asp. The &X-KG profile

was virtually unaltered by starvatiom in the cytosocl with the
same pronounced inhibition at high concentratiogs (Fig. 9).
Mitochondrial {gP AT from the fed red muscle was iﬁ%ibited
above 30 mM Asp with 40% inhibition at 40 mM Asp. X-KG
strongly irhibited the mitochondrial enzyme above 0.25 mM for
the fed group. At 3.5 mM o -KG the enzyme was over 80% inhib-
ited which was considerably different from the liver enzyme
(Fig. 7). With starvation, both inhibitory responses are-n
egually pronounced but occur at higher concentration; 'Asp
inhibition occurs above 14 mM and reached 80% inhibition by
30 mM. The marked %-KG inhibition oceurs at 1.7 mM X-KG and
drops to approx. 3%0% of makimal activity by 7.0 mM. Thus
with starvation, the red muscle enzyme demonstrates a reduced

sensitivity to both Asp and A-KG in the mitochondrial frac-

tion. Cytosol Asp AT control by %-KG remains unaltered, but
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Fig. 8. . -

Fed and food-deprived red muscle Asp AT activities as
a function of Asp ﬁmentrations. Enzymes were isolated
and assayed according to Fig. 6. Red muscle cytosol enzymeés
were assayed at pH 7.5, fed and food~deprived mitochondrial

enzymes at 8.0 and 6.0, respectively.

Symbols: O Fed red muscle Asp AT

A Food~deprived red muscle Asp AT
\
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Fig- 9- ) : h . . N . *
Fed and food-deprived red muscle Asp AT activities as
‘a f{mction of ¥-KG concentrations. Enzymes were 1solated

‘and assayed as in Fig. 8-at 7 35..mM AsP 2% o'.-KG was varied.

,Symbols: . O Fed red muscle Asp AT '+ °
PR . A Food-deprived red muscle Asp AT
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Asp inhibits only at much higher concentrations with starva-
tion. Unlike the liver enzymes, red muscle cytosol and mito-
chondrial Asp ATs in the fed and starved state appéar to be
tightly con;rolled'by substiate inhibition at concentrations
within the physiologic range.

Eel white muscle Asp AT presented yet another distinctive:
inhibitory pattern. In the fed state, the cytosol and mito-
chondrial Asp AT showed marked inhibition nﬁp to 65%) by Asp
concéntratiops above 30 mM in the c¢ytosoll and 20 mM in the
mitochondria (Fig. 10). With sfarvation, this inhibition was
reducéd so that only a 20% decrease was seen ‘at 70 mM Asp in
the cytosol and a similar level of inhibition as noted in the
fed étate was not achieved until 7d'ﬁM Asp in the starved
muscle mitochondria. This trend to reguce substrate inhibi-
tion is also observed for &-KG (i‘ig. 11). In the cytosol
fraction, Asﬁ AT in the fed fish was appreciably inhibited
above 0.75 mM X-KG and reached 50% inhibition by 3.5 mM.

With sfarvation, some inhibition was noted after 2.0 mM X-KG,
but :10.0 mM o{-KG had to be exceeded before substantial inhi-
bition was noted. For mitochondrial Asp AT, the fed white
muscle enzyme shows inhiBition above 1.0 mM X-KG and approached
90% inhibitign by 7.0 mM &-KG. Starvation again reduced tHe
extent of inhibition, and the enzyme was only 50% inhibited

by 5 mM X-EG (compared to almost 75% inhibition at this con-
centration in the fed state). It wquld appear that starvation
Iresults in é decreased sensitivity to high concentrations of

substrate resgltiné iﬁ'a reduction-in the importance of this

- rd

b
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Fig. 10

Fed and.food—deprived/white muscle Asp AT activities
as a function of Asp concentrations. ‘Enzymes were isolated
and assayed according to Fig. 6. Fed'white muscle enzymes

and food-deprived cytosol activitiés‘were assayed at pH 8.0,
while the food-deprived mitochondrial enzyme was assayed at

pH 7.5.

T
Symbols: ' O Fed white muscle Asp AT

»

A Food-deprived white muscle Asp AT
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Fig. 11 ) . i
Fed and food—deprifed white muscle Asp AT activities

as a function of 0-KG concentrations. Enzymes were isblated.

and assayed according %o Fig. 10 at /.35 mM Asp as A-KG
was. varied.

”
Symbols: O Fed white muscle Asp AT

A Food-deprived white muscle Asp AT

/
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type of enzyme regulation in white muscle.

Previously (Table 1), it was found that the kinetic con-
stants (Km and vmax) for tissue Asp ATs were depéndent on the

reciprocal substrate concentrations. The etic constants

were estimated from s carried out at optimal

concentrations o e reciprdﬁal substrate. Also, since the

curves were run at timal pH, thewyalues represent the maxi-

mal specific activities attainable for the particular enzyme.
It is apparent that starvation alters both Km and V . for
the tissue fraction Asp ATS, but not.necessarily in the same
direction (Table 6).; In general, Km is reduced and V .. is

increased with some exceptions. ;
Liver Asp AT demonstrates an 8-fold increase in mito—‘

chondrial activity and a 2-fold decrease in cytosol aqtivity.

At the same'time, Km@x —XG) decreases in the Cyt6801 but not

the mitochondria, and Km(AS Y does the reverse (Table 6).

This increase in activity, coupled with the decrease in Km(Asp)

or increased enzyme-substrate aff}nlty, would enhance the

ability of the liver mitochondrial enzyme to utilize Asp, as

seen on Table 7. ChangesfinAK-KG are similaf in both fréctions

and of less. magnitude to those of Asp '(Tab1e<7g.

? The red muscle enzymes were more variable than those in

the liver, especially with respect to Km; Fities were

a
only marginally affected by starvati (Table 6). The Km(Asp)
increased #4-fold in the cytosol b decreased-by 2-fold in
the mltochondrla wi 's arvation. The Km(“ _KG) dropped by

5 -fold in the cY: osol with starVatlon and yet increases 3. 5-
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~ TABLE 6 .

’ 2
Summary of Km and maximal vefgz;?y (vmax- as pmoles NADH/
min/mg protein) values at the pH optima for Asp AT isolated
from tissue. fractions of fed and gtarved American eels at
20°C, Values were estimated from dbuble-reciprocal plots

(Lineweaver-Burke) of the corresponding saturation curves.

TISSUE CTION TE Km(Asp) Km(d—KG) vV

4

LIVER cYTO FED 6.7 1560 20.0
CYTO - - STARVED |, 6.7 0.15 10.5

MITO FED 3.8 0.43 48.1

MITO STARVED 0.7 0.40 349,1

RED CYTO - FED 0.5 - 1.60 .17.6
MUSCLE  CYTO STARVED 1.9+ . 0.33 39.5
MITO FED 4,3 0.08 62.4

MITO STARVED 2.1 0.29 56.6

WHITE CYTO ~ FED 0.8 0.40 7.0
MUSCLE CYTO STARVED 0.8 0.18 41 .4
‘MITO 4 FED 7.6 0.19 9.7

19 STARVED 0.4 0.66 12.0

MITO




TABLE 7

Al

Summary of Vmax/Km(S) ratios for the data of Table 6g These
n

values represent an estimate of the activity of the zyme
at very low (less than Km-levels) substrate concentrations
(see Fersht, 1977). L
FED STARVED
b . -
ASP ol -KG ASP o-kg V¥
LIVER CYTO 3.0 "12.5 1.6 70.0
MITO 12.7 111.9 ' 498,7 - 872.8
RED MUSCLE CYTO 35,2 10.0 ©20.8 119.7
MITO 14.5 780.0 27.0 185.2
WHITE . |
HUSCLE CYTO  _ 8.8 -}%5 51.8 230.0
MITO 1.3 > U 30.0. 18.2
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‘. fold in the ﬁitochoﬁdria_under the same conditions., These
results suggegt that the ability of red muscle Asp AT to
util;ze Asp changes little during starvation, but «-KG c, ges
are inéreased in the cytosol but decreased in the mitochondria
(Table 7). “ _
Stérvation'doesn't affect the apparent Km(ASP) for whitel
muscle cytosol Asp AT, but caused an approx. 20-fold increase
in the mitochondrial enzyme affinity. The. Km(o& _KG) was
reduced by half in th cytosol and tripled in the mitochondria
by starvation. Maximal specific activities were increased

by 6-fold in the cytosol and essentlally unchanged in the

mltochondrla (Table 6)." These changes are reflected in major

alterations in activit s'\at low substrate concentrations,
especially in the cytoplasm (Table 7).

While the maxifnal vafues of tissye Asp, ATs reported in
Table 6 are slightly’different from the Standard Aséay at
pH ?.O-(see Table 5), they should be considered as represent-
ing tgé maximum potentlal for Asp AT in any given tissue or
fracéﬁon. Whether they represent a more physiologic measure

of activity cannot be proven by these data since cellular pH

ﬂ\\githnknown, but they can be used to compare with studies of

Yo,

-

ologous enzymes from other species done under optimal con—
ditions.
- »n o . .
5& CHagges in the Type of Tissue Asp AT _ -
Numerous authors have found multiple electrophoretic
forms. or isozymes of cytosol and m1tochondria1 Asp AT (see

Introdué%lon) Eel tissue Asp ATs exlst as.multiple forms

-

- -

El
a2 ]
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as seen in Fig. 1l2. In the fed state, liver cytosoersp AT
consists of five darkly stained and four lighély qté}ned bands
on polyacrylamide electrophoresis (PAGE). The dgrker bands
had been previously observed in a preliminary study using
Fast Violet B dye as the staining agent; this ﬁas a less sen- '
Q{;ive system and was subsequently replaced (see Materials and
Methqu). The red muscle and white muscle éytosol both demon-
strated two heavily .staining bands and four lighyly staining
bands with higher relative mobilities. The tfipégt seen in
the fed mitochondrial fractions‘was consistent in Zziﬂtn;ee
tissues. These are presumed to be mitochondrial in origia'
from previoﬁs studies (see authors mentioned in Intrbddgfibn)

-

and from the electrophoresié of individual'tissue fractiéns.
It would appear that while the cytosol forms do not share the
same isozymic bandlng ;;;FBrn, the.mltochondrlal isozymes are
electrophoretlcally identical..

Starvatlon results in anjoverall reductlon in bénd
number as .well as an alteration in mobility and stainlng
intensity, All, of these bands, with oﬁg,excepﬁion, éossessed
sufficient activity to be distinguishéd with the less sensi-
ftlve Fast Violet B sStain and were previously found 1n the
Quebec eels (see Flg. 12). Food deprlvatlon reorganlzed the
liver cytosol 1sozymes 1nto three dlstlnct grouplngs, differ;
ing in éobil;ty from those of the fed’state. Red muscle
and white muscle cytoscol Asp AT are-reducéd-ln‘band number’
‘compared to the fed state, esp901di;;\tpe high mobil?ty |

isozymes. The starved mltochoﬂﬂrlal enzyme ig the most

.
»

g . "' .-n-
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'Quebec bronze eels.
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Fig. 12. Polyacrylamide electrophoresis. _

Sampleé containing approximately 50 mg-of protein were
‘run andYstained'according to the Materials and Methods,
Enzymé proteins were derived from frozen pooled tissue
samples of thé Cornwall eels homogenized in buffer less. man-~
gsol‘dhd Suc;ose: cLeare& by centifugation - and éucfose
concentratéaJéo the desired protein concentration. |

Mobility of the bands is exp;eSSed as distance in cm.
.of migration of the band to distence in cm. of miérafidn'of '

the.bromophymol Blue marker. O represents the - end of the

© gel and<i¥fepresents the + end of the gel.

Those bands with mobility <0.3 wex% mitochondrial and
t . Lo
those f>0,zﬂgpre cjtqﬁGE (see Results). In addition, those
bands marked with x were also seen in the 1976 survey of fed

Cornwall eels and ‘those with- * "in-the 1974 sﬁfvey of starved

9B
N
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radically altered; in that the triplet'fed banding pattern is
replaced by a single intensely stained band equivalent to none’
of the fed ‘bands, which was also.found in the migratihg Quebec -

* " eels, Freezing did not alter -any electrophoretic pattern.
The’ PAGE technique had suggested that the enzyme type

was altered with starvation, 80 isoelectricfocusing of the

fed and starved liver homogenates was used’ to further cha&

_acterize the nature of the changes. . Unfortunately the

‘ ‘resolution of Asp AT by this technique was insufficient to ‘

pick up the microheterogeneity seen with PAGE, but idﬂdld

separate the mitochondrial and cytosol components. Fig. 13 _
prov1des evidence that starvation results in’ the virtual . ‘ A
'elimination of one activity band, presumed to be the ¢ tosol

component from both electrophoretic studies Fig. 1 ) and

_ activity measurements (Table 6). The isoelec ic pbint for

the mitochondrial and cytosol isozymes is approx. pHJS Eg

‘and 8 0,” respectively. Originally this technique was. ;nveat-f S
igated as a possible purification method however, the yield

vas very poor,and hence it -wes employed no further. If the
\\ebhnique could be refined to give better yields, it could -

be of great use- in prov1ding relatively pure enzymss from . ‘ -~
the two’ subcellular compartments for kinetics estimates.‘ in

this case it does provide a qualitative picture of. what | % - ~"\K
happens to 'liver Asp AT during starvation. ' - fl

Since both PAGE -and isoelectricfocusing 1ndioatez major ~

changes in ‘the enzymes occurred ‘with starvation, gel sieving
pchromatosrap{y with Sephadex G-200 was used to funther char-

1Y ) - -
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Fig. 13.
IsoelectricfSGusing of fed and food~deprived liver
total homogenate Asp AT. Fed and food~deprived liver total
homogenates were run concurrently in duplicate on a gel bed
from pH 3 - 10 according to \the Materials and Methods. Asp

AT activities were assayed achoxding to the Standard Assay.

~

Symbols: PH of fed liver fraction
pH of food-deprived liver fraction

Asp AT activity in fed liver fraction

> ® 0> O

Asp AT activity in food-deprived liver
fraction



© Y3dgwnN NOILIVY4

c:N ¢¢ &l [/ om mH wH Al wH m._” _:” m.ﬁ NH .: oH m... w m. mw q 0
R R Te—ee]
\ >—®
A v \
° :
¢T ° 4\_.4 mxww
_.—.:. 9 \
s, [
>
9 - o - P +£
\d
N.._I : O\
® g
8+ v_o-" _0O
b+ / L i 1
Hd L o 4.\.4

(NIW/Q0) ALLALLOY



=73

I

acterize any possible enzyme changes. All fed tissue Asp ATs
axcept red'mﬁscle cytosol, have a molecular weight of approx.
19,000 daltons (Table 8). Red muscle cytosol Asp AT was much
larger at 55,000 daltons. With starvation, the molecular
weight determination becomes mére variable, with values rang—
ing between 15,500 and 26,500 daltons; interestingly, the
red muscle cytosol Asp AT is approx. 50% of that seen in the
fed state. ‘ )

This molecular weight estimate of eel tissue Asp AT was-
very much lower than previously reported values (Jenkins,
et al., 1959; Martinez-Carrion, 1967; Krista and Fonda, 1973;
-Owen and Hochachka, 1974). The consistently low molecular
weights could result from the pharacteristics of molecular
sieves to measure Stokes radii rather than true molecular
weight (Owen and Hochachka, 1974), Also, it was necessary
to verify that freezing damage did not alter the enzyme.,
When fresh starved liver cytosol Asp AT was run alone and in
combination with substrate stabilizers, the estimate did not
differ significantly from that of the frozen material. Therel\J‘
fore, it is apparent that starvation may alter the shape or
size of the Asp AT enzyme, especially the red muscle cytosol
form, but the exact mechanism for this change and the low
molecular weight estimates attained can not at this time be

explained.
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TABLE 8

Estimation of molecular weights (£1500 daltons) of tissue

" Asp AT isolated from’ subcellular Qpactions of fed.and 10 -’

A
month sfarved American eels. The procedure is discussed in

the Methods and Materials. Standard proteies were used as

markers in the estimation: Ribonuclease A (13,700 daltons),

Kav = 0.66; Chymotrypsinogen.A (25,000 daltons), Koy = 0.47;
Ovalbumen (45,000 daltons), K.w = 0-33; Aldolase {158,000
dgltons&, Kav = 01101 . o ' .
TISSUE FRACTION ~STATE K MOLECULAR WEIGHT
- _ " &y (daltons)
LIVER CYTOSOL FED 0.56 " 19,000
' ' , © STARVED 0.50 24,000
MITOCHONDRIA  FED 0.56 19,000
: STARVED 0.59 - 17,000
HED  CYrosoL ' FED 0.28 Sg,odo
MUSCLE o STARVED  '0.47 - 26,500
MITOCHONDRIA  FED 0.58 19,000
STARVED 0.63 15,500
WHITE .CYTOSOL FED  ~ 0.56 19,000
' MUSCLE S STARVED 0.50 24,000
MITOCHONDRIA . FED "~ 0.56 19,000
T STARVED 0.5 21,500
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DISCUSSION

The data presegted in this thesis imply an alteration
in the characteristics of the enzyme Asp AT has occurred.
‘with food deprivation in the American eel. No clear cut .
pattern is observed, however, posSeibly as a result of the
number Bf tissues studied,rthei dTVvergeny metabolic roles,

and the compartmentalization of Asp AT. {In order to attempt

an explanation of these results, the rolg¢ of Asp AT as de-
fined in animals will be reviewed, followéd by an examination
of each eel tissue enzyme studied in light pof these possible
functions, and finally a comparison will be de between eel
tissue -Asp ATs and the homologous enzymes from other organ-.
isms where it has been examined.

It is always difficult and even dangerous to model a
tissue metabolism on the alterations in a single enzyme. T e
Furthermdre, the strategies utilized by fish during féod
deprivation may be quite different from those of maémals due
to their major differences in metabolic rate, diet selection,
and evolutionary higtory. However, it is-one aim of compar-
ative phjsiology—biochemistry to define possible species
differences and attempt an explanation for them (chhachka,
1976). Keeping in mind the shortcomings'inherent in such an
approach, only an approximation of the truth ﬁillfbe possible.
DHE METABOLIC ROLE OF Asp AT

- ' )
Although qpere is some disagreement about the precise

mechanistigﬂﬂé%ails; Asp AT has at least three major func-



76—

tions in cells of mammals’é:;\::;;b organisms. The first

involves its critical role in the malate-aspartate shuttle
to transfer reducing equivalents from the cytosol to the
mitochondrial matrix. The second is an anaplerotic role, or
the replenishment of carbon into a common metabolic. pool which
has been subject to constant drain by anabolic and/or cata-
bolic processes (see Lehningér, 1975). A third is in trans-
deamination reactions to eliminate waste ammonia.
"Mitochondrial membranes are impermeable to NADH gener-
ated by .glycolysis in the cytosol (see Lehninger, 1975). In
animal cells, two shuttles ex;st to transfer cytosol NADH :
across the mitochondrial. barrier into the matrix space where
it can be oxidized for enérgy production ‘(La Noue et al.,
1973. Williamson et al., 1973). These are termed the malate-
aspartate shuttle and thee(-glycerol phosphate (X-GP) cycle.
The latter shuttle (= -GP cycle) is ;estricted to highly
gerobic tissues such as insect flight muscles (Sacktor,
1976), the mantle muscle of fast swimming squid (Hochachka,
1976) and skeletal muscle of tuna (Guppy and Hochachka, 1978);
although it can be demonstrated in rat heart (Safer et al.,
1971), theX-GP cycle is considered to be of relatively minor
importance in mammalian tissues (Safer and Williamson, 1972).
The malate-aspartate shuttle consists of the following
components (see Hocha;hka, Storey et al., 1979): (a) cyto-
sol and mitochondrial forms of both Asp AT and malate
dehydrogenase (MDH); and, (b) at least two exchange mechan-

isms (malate in for X -KG out; glutamate in for Asp out).
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This shuttle is diagramed in Fig. 14, As shown, the major
role of this cycle is the. transfer of reducing equivalents
(NADH) into the mitochondrion -and since it is a cycle, no
carbon 1s lost to any other metabolic sequence.

If the malate-aspartate'shuttle is disconnected at
either its cytosol or mitochondrial portions, it can becomé
a translocator of carbon (and reducing eguivalents) or it
can act in an anaplerotic role by replenishing Krebs cycle
carbons. |

The best example of its transiocatory pole is during
gluconeogenesis (see Krebs et al., 1976). In mammalian liver
a cytosol and/or mitochondriaL Asp AT is intermediate in
urea synthesis, and 1links ureogenesis with gluconeogenesis
(Krebs et al., 1976)3 Glucose production from lactate
requires activities of mitochondrial Asp AT to translocate
oxaloacetate carbon from the mitochondria to tpe cytosol
where cytosol phosphoenol pyruvate carboxykinase (PEP CK) .,
initiates glucose synthesis. When PEP CK is strictly cyto-
solic as in pigeons, Asp AT is ﬁot so involved (S6ling and
Kleineke, 1976). With alanine or pyruvate as glucose pre-

‘cusors, the bulk of the evidence is against Asp AT playing
an important role (see Krebs et al., 1976).

The role of Asp AT in supplementing Krebs cycle inter-
mediates is well documented (Williamson et al., 1973). It
is agreed that the rate at which the Krebs cycle "spins" is
a function of the availability of oxaloacetate (QAA). Normal

levels of OAA have been reported to be less than 5 Pmoles/g
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Figo 14 )]
The malate-aspartate shuttle as modified from Hochachka,

Storey et al. (1979). ¢C, cytosol; M, mitochondrial.

K
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f<ée'sh tissue weight (Willismson et al., 1967; Safer and
Williemsan, 1973; Driedzic, 1975). To increase the "sPin;
ning ratejiof the Krebs cycle as acetyl Cok becomes avaiiable
{e.g., during the transition from 16w to high carbohydrate
or fatty acid utilization), OAA levels must rise. i

The best documented example of this was reported hy
Safer and Williamson (1973} for the rat heart burning glucose..
They found,é perfect stoichiometry kemween the auggentaﬁion_
of OAA'plus-other Krebs cycle intermediates and aspartate"
deﬁletion. These resulfs were explained by coupling cytosol
Asp AT to alanine aminotransferae, and‘activating mitochon-
drial_Asé AT (see Fig. 15).  In this example, Asp not only
augmenta OAA thus jnereasing the "spinning rate™ of the
krebs cycle, but it is ultimately responsible for maintain- \\‘H/
ing cytosol fedox balance. o '

There is some evidence that a cytosol Asp AT is ;9v¢§ged
in the.obligatory link between fatty acid oxidation and
amino acids (Buse et al., l97é). Amino acids, in particular
the bragched-chain amino acids (leucine, isoleucine, val-
ine), are transaminated with the resulting d-keto acids con-
verted to activated CoA derivatives for incorporation into
Krebs cycle intermegiates. " In this mechanism,lglﬁtamate
and O,~ketoglutarate tumble between Asp AT and the branched-
chain transsminase. The ultimate result of this process is
an enhancement of OAA levels to accept the acetyl CoA units

from the @-oxidation of fatty acids. A recent review by

Spell (1980), however, indicated that alanine aminotians-
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Fig. 15.- ’

The. augmentation of Krebs cycle intéﬁgediates by un-
coupling the malate-—aspartate shuttle. Madifiéd from Safer
and_Williaméoh (1973); rat hearﬁ oiidizing glucose. Pyr,

pyruvate; C, cytosol;.. M, mitochondrial.



ASP <

I t«—Kﬁ
) Asp AT,
GLuT
GLUcOSE — —» PYR OAA L
NAD™ NADH _ — NADH
A N //( | "'D MDHC
}\ _ _~NAD i |
T ——— 7 MALATE .
r‘\' CYTOSOL
v . MITOCHONDRIAL
Pyr < |
- : MALATE +~
MDH, \\
BLUT <« & \
R g i
ACETYL X Asp =
CoA /

CITRATE = —--—"



-81~
. o
‘ferase may be more important than Asp AT in this prbéess.

A final role for Asp'AT, especially in liver tiséuq;
is trans-deamination. In essencé,_instead 9f glutamate and
.d-ketoglutérate'tumbling between Asp AT-and‘another amino-
transfefase (i.e. for alanine or b:anched—chéin amino acidé),
glutamate dehydrogﬁnase (GDH) is coupled to Asp AT in the
following manner (Cohen and Sallach, 1961; Lehninger, 1975):

. od-xe/ \ Gt

e
NH3 )

- (ammonia)
' This mechanism has been found to be important to eliminate
wéste nitrogen as ammonia in mammalian liver and musclé
(Miller et al., 1955; Owen and Hochachka, 1974; Krebs et al.,
1976) and fish tissues (McBean et al., 1966; Janicki and
Lingis, 1970; Creach and Serfaty, 1974).

It is obvious that the role of Asp AT is very complex,
but equally obvious that it is a key enzyme in the metabo- .
lism of_cgrbohydrates, fats'and amino acids in probably all
animal tissues. Aithough these mBMechanisms have evolved
principal;y from mammalian studies, the metabolic machinery
avéilable'in fish tissues, or other animal tissues for that
matter, is thought to be similar and certain analogies would

be expected between these systems (see Hochachka, 1976).

NE
4
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PHE ROLE OF EEL TISSUE Asp ATs

&

The,malate-aspartate shuttle has been demonstrated'iﬁ
subcellular preﬁéiationS'of fishdpearts'(Hochachka, Storey
et al., l979)_and gil;s (Hochachka, Schneidér et al., 1979),
where it is important in the tranéldcation‘of reaucing equif
valents. ‘Alanine and aspartate'aminotrénsferases have been
demonstrated in a variety of tissues in many fish species -

(see. Introduction), and there is much evidence to indicate

| a high degree of proteinéamino acid metabolism in fish

species (see Introduction). Therefore, each of the functions
of Asp AT alluded to in the last sectiop are possible in a
given fish spgcies.f | '
1. Asp AT in Eel Liver

With food deprivation, there was a non-significant
reduction in extractable (soluble) liver protein (Table 3)
which was not reflected in a similar change in the hepato~
somatic index (HSI) (Table 3). Other similar-studies
(Moon, 1980) have reported that eight months 'of food depri-
vation 1n this animal is assgociated witp a slight_decline
in % water contenf'(indicative of protein depletion; Lo}e,
1970) and a drop in HSI. Where reported, changes in liver
component indices are consistently less than that seen in
skeletal muscle tissues (Love, 1970; thnston and Goldspink,
1973; Moon and Johnstoh? 1980). Although the results in
Table 5 do not concur precisely with these general trends /

(major size differences; see Results) they do suggest a-

relative protein sparing has occurred in the liver. This
) — .
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sparing reflects the important role played by fish live£ in
gluconeogenesis (see e.g., Love, 1970; Cowey and Sargent,
1979; Knox et al., 1980; Moon and Johnston, 1980; 1981).

‘ Maximal specific activities of total Asp AT rise
slighfly in liver (Table 3), but are'énhancedrby approx.
10-fold in the mitochondrial fraction (Tables 5, 6). These
changes accompanied by an increased enzyme affinity
especially for aspartate (Table 6; Figs. 6, 7), result in
activity inereases at low substrate concentrations of up to
40-fold (Table 7). Similar activity increases for liver
Asp AT have been reported in carp (Creach and Serfaty, 1974),
European eel (Larsson and Lewander, 1973) and rat (Murthy
et al., 1980) with food deprivation. Unfortunately, these
studies did not differentiate between cellular compartments.
A recent study with food-deprived plaice found no change in
mitochondrial activities, but significant increases in cyto-
sol Asp AT activities (Moon and Johnston, 1%@1).

As noted in the last section, lactate gluconeogeggsis
depends upon a mitochondrial Asp AT to translocate OAA car-
bons out of the mitochondria to participate with 'a cytosol
PEP CK for glucose synthesis (Krebs et al., 1976). Recent
studies (Moon, 1980) have found increases in American eel
liver cytosol relative to mitochondrial PEP CK activities
aféer eight months of food deprivation, suggesting a system
much like the rat system shown by Krebs et al. (1976) is
operable in the eel liver. Also, Renaud and Moon (1980b)

found a much higher rate of lactate incorporation into glu-
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cose than alanine after eight months_of.food deprivation in
eels, again supporting this hypothesis. Intérestingly, plaice
liver PEP CK is localized primarily to the mitochondrial
fraction, and Asp AT activities do not chaﬁgg\ip this frac-
tion with food deprivation (Moon and Johnston, 1980; 1981).
. In addition to the previous functions, én enhancement
of trans-deamination is also apparent. Table 4 demonstrated
an increase in the already high activity levels of mitochon-
drial glutamate dehydrogenase with food deprivation; Thus,
ammonia removal could be aupgmented by the combined increases
in mitochondrial Asp AT and GDH activities. Certéinly this
-pathway is thought to function in the liver of fish species
(McBean et al., 1966), inclﬁding eels (Janicki and Lingis,
1970), and it could be important Qhen large quantities of
aminc acids are being oxidiéed (see Lehninger, 1975).

The kinetic changes seen in liver cytosol Asp AT (Tables
3, 73 Figs., 6, 7) are minor. This might be predicted from -/1
the fact that fish liver tissue has a low utilization of
exogenous glucose (Love, 1970; Cowey et al., 1977b; Renaud
and Moon, 1980a) and possibly little need for an active
malate-aspartate shuttle. However, studies by Hayashi and
Ooshiro (1979) with isolated Japanese eel hepatocytes found

an enhanced specific activity of 14

14

C-aspartate arising from
C-pyruvate in the presence of the branched-chain amino
acid leucine. These data suggest a cytosol Asp AT could be
important for branched-chain transaminase activities as

suggested by Buse et gl; (1972). Furthermore, Moon (1980)
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recently reported that liver contains higher activities ofl‘
leucine aminotransferase than either red or white skeletal
muscle of American eels, so this pathway could be important.

Since Asp AT is essentially at equilibrium in the cell
- (see Lehninger, 19?5), substrate and product coﬁtrol over
activities could be significant. With the exception of
cytosol Asp AT, inhibitory concentrations of aspartate (Fig.
6), {~ketoglutarate (Fig. 75, and oxaloacetate and glutamate
(Fig. 4) exceed their reported in viveo levels (see Williamson
et al., 1967; Love, 1970). Therefore, substrate avaiiability,
not inhibition at high concentration, could control liver
Asp ATs (Lehninger, 1975). Similarily, pH can be elimin~
ated éince pH curves are flat over the physioclogical range
(Fig. 5) |

It is apparent, therefore, thét food deprivation results
in a major increase‘in liver Asp AT especially that localized
to the mitochondrial compartment. Thiswmajor increase is
probably éorrelated with an enhanced gluconeogenesis and
ammonia metabolism, a pattern not unlike that observed in
. mammals. ‘
2. Asp AT in Eel Red Muscle

As was noted for the eel liver with food deprivation,
red muscle also demonstrated a reduced extractable protein
level (Table 3). This result is very difficult to explain
except that these values_ represent soluble (not total)
protein which would consist primarily of enzymes; contrac-

tile proteins would not be included in this estimate. Moon



- -86-

(1980) has found a general declihe in eel red muscle
glycolytic enzyme activities‘after eigﬁt months of fdod
deprivation in eels But little change_;n water conteﬁt; fat
content tends to increaéé slightly. If these protein esti-
mates rebresenetbrimarily'enzymes, the small changé in total
4sp AT specific activity" compared to the signifibant decline
in soluble protein, would suggest that Asp AT protein is
spared during deprivatiod. *

Specific activities of Asp AT in the cytosol and mito-
chondria are only moderately effected (Tables 5, 6), but the
major changes in KmsValﬁes especially for -KG (Table.6)
fesult in major changes at very low levels of substrate (Table
7). Activities at low A-KG concentrations increase by 10-
fold for the cytosol enzyme and decline by approx. %-fold
for the mitochondrial enzyme (Table 7). The interpretation .
of this result is difficultsince A-KG levels,agﬁ)not known
in this tissue, much less in the separate cell compartmeﬁts:
Howevé;, ese results plus the strong s®bstrate inhibition
noted fo oth Asp and o-KG (but more so for the latter) in
Figs. 8 and 9, indicate that substrates and o-KG could play
a key role in controlling the activity of red muscle Asp AT;
if a general pattern emerges,‘it is that food deprivation
reduces this reliance'on substrate control. As in the case
of liver Asp AT, pH curves are quite flat (Fig. 5),_50
Hf-ions play a minor role in conérolling activities of red

muscle Asp ATs.

Generally, therefore, activity levels of red muscle Asp
ke . .
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ATs are not.effected to the extent seen for liver. Since the
metabolism of red muscle is quite diversified, the mainten-
ance of this critical enzyme may be more significant than a
spbstantial change. Certainly the literature“indicates ?ed
muscle can oxidize carbohydrates, fats and proteins and that
this muscle tissue is-the prime locomotory muscle for the
characteristic slow swimming movements of fish (Love, 1970;
Bilinski, 1974; Driedzic and Hochachka, 1978; Cowey and
Sargent, 1979; Johnston, 19§Ob; Johnston and Moon, 1980a, b).
There is some indication that red muscle may re~cycle white
muscle metabolites, especiallj lactate, back to glucose |
(see Braekkan, 1947; Wittenberger, 197%; Hulbert and Moon,
1978b; Knox et al., 1980), but there is much controversy
regarding this matter (Driedzic and Hochachka, 1976; 1978;
Moon and Johnston, 1980). Moon (1980) has found that next
to liver, red muscle maintains the highest activity levels
of the branched-chain aminotransferase, moderate alanine
aminotransferase activities, but low GDH activities.

Coupled transamination could be an important role for Asp

AT in this tissue, but trans-deamination may be minor.
Therefore, the maintenance of Asp AT activities during étar—
vation allows eel red muscle maxiﬁum flexibility for sub-
strate utilization to power aerobic swimming. Since fuels
during food deprivation will be either fat or protein-amino
acids, transaminase coupling and carbon translocation will
both be important functions for red muscle Asp ATs.

Thus, the strategy of red muscle is the retention of
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its unique ability to metabolize carbohydrates, fats and
amino acids at all times. This strategy is necessitated
by Qhé aerobic nature of the muscle ggg'its role as the
principle locomotory muscle of fish. One component of this
strategy is the maintenance of tissue Asp AT specific qctivi-
ties. - |
3. Asp AT in Eel White Muscle

Fish white muscle, as & result of its very low blood
flow (see Jéhnston, 1980b), has a strictly anserobic metabo-
lism (see Love, 1970; Bilinski, 1974, Driedzic,’i975;
Driedzic and Hochachka, 1976; 1978). It produces the major
locomotory power of the infreduent burst'swimming activity
of most fish. Some fisp,-however, including the eel, will
recruit white muscle at speeds well below burst as demon-
strated by electromyogréphic recordiﬁgs (Boﬁé et al., 1978;
Johnston,'1980b).' Glycogen levelé in this tissue are minimal,
and it has been proposed that exogenous glucose is used.to
supply white muscle glycolysis (Bilinski, 1974; Driedzic
and Hochachka, 1978). Such a postulate seems untenable-
considering the low blood flow to the muscle (Johnston,
1980b) and the low activity levels of hexokinase reqﬁired
té introdﬁce glucose into the glycolytic pathway (Knox et al.,
1980; Moon and Johnston, 1980).

Furthermore,.Hulbert ané'Moon (1978) found few mito-
chondria and no intracellular triglyceride depositions in
American eel white muscle. Fat utilization by fish white

muscle is very low (Bilinski, 1974) and fat metabolizing
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~even though up to 90%-of their body weight can be white
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enzymes.are in ldw\gctivity levels (Johnston and Moon,
1980a). Therefore, the precise fuel for white skeletal
muscle is still an enigma, but since fish are neutrally

-

buoyant the energy requirement-of this tissue will be small

muscle. (Johnston, 1980b).

3 It has been suggested that fish white muscle serves as

L

.8 protein store, especially by Creach and colleagues (e.g.,

Creach and Serfaty, 1973). The Introduction referred to
many studies where starvation was associated with white
muscle atrophy, giving some support for this hypothesis.

The American eels used in this study did not show a

.decline in gxtraétable protein (Table 3), but just as was

mentioned before, this eéfimate does not include structural
or contractile protein which is subject to depletion, even
in these animals (Moon, 1980). Actiwvities of tétal (Table
3), and cytosol and mitochondrial (Tables 5, 6) Asp ATs tend
to rise, supporting similar deprivation studies done with
carp {(Creach and Seq{izsz1975; Wittenberger and Giurgea,
1973) and plaice (Moon and Johnston, 1981). The largest
increase was noted for the cytosol enzyme (Tables 5, 6). if
activities at low substrate concentrations are examined
(Table 7), a similar pattern is noted except for the mito-
chondrial enzyme with ®o(-KG; a major increase in the

Kmy _gg) for this enzyme (Table 6) markedly reduces the
Vmay'Km-ratio (Table 7). Food deprivation reduces fhe seﬁéi-

tivity of the white muscle enzymes to Asp and A-KG inhibition
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(Figs. 10, 11), but since levels required for inhibiﬁion are
well above that hormally seenfig vivo, this change is probably
of minor physiological consequence.

Unlike the liver or red muscle enzymes, whiteé muséle

cytosol Asp AT from the food deprived eel demonstrates a

.sharb pH optima at 8.0 (Fig. 5). It is possible that H+-ions'

could, thérefore, play some role in regulating this particu-
lar enzyme; without cellular pH méasurenment, however,.it is
impossible to predict its importance.

The major change noted with food deprivation is an
enhanced white muscle cytosol Asp AT (Table 6). How would
this fit into the progosed metabolic schemes which employ
Asp AT?

The most plausible role for the enhanced cytosol Asp AT

activity is to act in the interconversion of amino acids ‘ / ]

generated by white muscle proteolysis. Unfortunately there
are few, if any, good estimates of amino acid changes in
fish tissues with food deprivation. What are available sug-'
gest that no one (or few) specific amino acid changes but
many show small changes (see Love, 1970). Only in the spiny
dogfigh is alanine found to predominéte, but- only during ;he
first few weeks of an extended deprivation (Leech et al.,
1979). This is quite unlike mammals where only a few crit-
ical amino acids change (see reviews by Felig, ;975; Snell,
1980). |

Driedzic (1975; Driedzic and Hochachka, 1976) has pro-

posed that glutamate and ®-KG tumble between Asp AT and
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branched-chain aminotransferase. The aébértate generated is
directed into ?perpuyine‘nucleotide cycle which is very
active.in skeletal muscle (Lowensﬁein, 1972) to regenersate
OAA for further transamination. Tﬂe branched-chézﬁfdrketo
acidé produced can be released to the plasma for uéilization

by other tissues (e.g., liver; Snell, 1980), or oxidized

. X,
within the white muscle Krebs cycle (Lehninger, 1975). Al-

though Driedzic has circumstantial evideﬁce foélsuch a

scheme in carp, white muscle of eel (Moon, 1980) and plaice
(Moon and Johnston, 1981) are found to have very low activity
levels of the branched-chain aminotransferase. Since there
is good evidence for -a funcﬁioning purine nucleotide cycle

in -fish muscle (Driedzic apd Hochachka; 19761 the involvement
of Asp AT may be more general, serving in the coupled trans-
amination of =a varieﬁy of amino acids.

Thus, the augmentation of white muscle cytosol Asp AT
may be‘related to amino acid interconversions, and the main-
tenance of the mitochondrial enzyme may suggest that the
malate-aspartate shuttle is operabie in this tissue even
though numbers of mitochondria are small. With the increased
availability of amino acids during food deprivation and: the
implied use of carbohydrates as an energy fuel, these hypo-

theses appear plausible.

.

-

To summarize, even though the precise details are open
to intérpretation, it is possible to identify a physiological
function for the changes seen in eel tissue ASp ATs after

food deprivation. The increased liver mitochondrial acti-

V o
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vity is undoubtedly associated with sn enhanced gluconeo-
genesis and ammonia metabolism; the maintenance of Ted
muséle'Asp ATs prohably reflects the requirement for this
tissue to retain flexibility éf substrate choice; and the
increase in the whi?e muscle cytosol enzyme is pré#ably
related to an énhanced amino acid interconversion resulging
from fhe increased availability of amino acids. These
changes were associated with alterations in the physical

properties of the Asp ATs as discussed in the following sec-

tion.

THE COMPARISON OF EkL TISSUL ‘Asp ATSB WITH THE HOMOLOGOUS

ENZYMES OF OTHER SPECIES

Since the literature concerning Asp AT is large, it was
felt a comﬁarison of the kinetic and phjsical preperties of
the enzymes studied in this thesis with other species would
be appropriate.

l. Kinetic Properties

Total spécific activities of liver Asp AT range from
100 - 350 pmoles/min/mg protein in fish species (Bell, 1968;
Larsson and Lewander, 1973; Wittenberger and Giurgea, 1973;
Cornish et gil, 1978; Schlisio and Nicolai, 1978; Wilson,
1978; D'Appolonia and Anderson, 1980) and from 45 - 100
"pmoles/min/gm tissue in rat, pig and birds (Sarkar, 1977;
Cornish et al., i978; Murthy et al., 1980). Sarkar (1977)
reported mitochondTrial and cytosol activities range from
5 - 10 and 35 - 60 pmoles/min/g, respectively, in the rat,

pig and chicken.
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Muscle valuesugpe more difficult to find, and few _
studies have separated red and white fiﬁers. Wittenberger S
and Giurgea (1973) found carp red muscle values 6-fold higher
. than white muscle (50 vs. 8 pmoles/min/g). Where "skeletal
muscle" has been examined (Sarkar, 1977; Cornish et al.,
1978), cytosol and mitochondrial activities range from 25 -
35 and approx. 5 pmoles/min/g, respectiﬁely, in birds and
mammals. Filosofova-Lyzlova (1972) found muéﬁ lower values
in the muscle of lamprey, pike, tench and frogs (0.8 and
0.05 - 2.4 Fmoles/min/mg protein for cytosol énd mitochon-
dria,lrespectively).

The problem with comparing these values with those of
‘the American eel (Tables 3, 5) is finding a basis for compar-
ison. It was noted that whole tissue extracts do not
necessarily reflect what is happening in the cell as vast
differences can exist in the celiular compartmentation of
Asp AT, and perturbations such as nutritiohal state can alter
this distribution. In addition, problems such as the assay
conditions, and the before mentioned separation of muscle
types into red and white, cén greétiy alter activifies. Thus,
beyond the fact that the values on Tables 3 and 5 ére withiﬂ.
the range of reported values, a moré detailed comparis§n
would be unwise. | .

Two more interesting species comparisons can be made:

{(a) the mitochondrial'to cftosol ratio of Asp ATs; and (b)
the ratio of Asp AT to alanine aminotransfetrase gAla‘AT).

-Sarkar (1977) reported mitochondriai:cytosql AsP'AT
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ratios of 1:5 to 1:8 for rat, pig and chicken liver and
muscle. Depending upon the state of the eel, and the tissue
examined, valﬁeszon‘Table 5 range between 1:1 and 30:1.,
except for starved white muscle where activities are 1:2.
As was demonstrated bx Table 4, some cross contamination
between mitochondrial and cytosol Asp ATs is expected due
to enzyme preparation (assuming differences between marker
enzjmes are-real); however,-?t is apparent that the eel has
much higher mitochondrial values than observed in memmals.
Baumber and Doonan (1976) have~reported ratios of 5:1 for
rét liver, or just the opposite reported by Sarkar (1977),
indicating much unexpected variation is possible. This
ratio would be expected to follow closely the functional
role of Asp AT ;gga particular tissue, as was indicated in
the last section.

Since Ala AT and Asp AT are generally thought to be
" coupled (see the last two sections), the activity ratio of
these two enzymes should also indicate something of their
function. In.general, mammalian liver Ala AT and Asp AT
activities are similar, but Asp AT is at least 10-fold higher
in avian livers,(Sgrkar,.197?; Cornish et al., 1978). 1In
skeletal muscles, activities of Asp AT can be 10~ to 100-
fold higher than Ala AT (Sarkar, 1977; Cornish et al.,
1978). Fish tissues fqli;w the mammalian, not avian pat-
tern'(Witteﬁberger énd Giurgea, 1973%; Cornish et al., 1978;
Moon and Johnston, 1981), and as was indicatéd in the Result

sectlon, Ale AT was very unstable and in low actlvitles in

o)
e



. _,. .

. =95~

eel tissuesr(see Moon, 1980). Therefore, Ala AT may play a“
role in fish species, especially in the liver, but its
ektreme labiiiéy will make the elucidatiqp-of its-roléaﬁiffi-
cult. |
° By comparison, the estimate of Km-values may provide

better species comparisons ™ since it is considerably less

effected by the problems mentioned above for Speéific activ-

-ities. Estimated Km(s)—values for eel tissue Asp ATs (Table

6) fall within the range reported for the homologous enzymes
of othér species; values differ little depending upon the
tissue examined. Apparent Km(ASp)—values range from 2.0 -
4.Q and 0.5 - 4,0 mM in cytosol and mitochondrig,_respectn

ively, of birds-and mammals (Henson and Cleland, 1964;- Wada

"amd Morino, 1964; Owen and Hochachka, 1974; Sarkar, 1974) and

fish.(Filosdfova—Lyzlova, 1972; Cornish et al., 1978).

; AppérentdxmdxhKG)—values range from 0.15 - 4.3 and 0.5 - 4.5

: 3
mM in cytosol and mitochondria,-respectivelyﬁgof birds and

mammals (Wada and Morino, 1964; Owen and Hochachka, 1974;

"Sarkar, 1974); values for fish tend to be slightly less

(Filosofova-Lyzlova, 1972; Cornish et al., 1978). Owen and
Hochachka (1974) have reportea Km;vélues for CAA énd glﬁt of
b.lO_and\9.4 mi1, réspectively, for mitochondrial Asp AT and
0.06 an573.2 ml, respecti?ély, for cytosol Asp AT isolated

' from the doiphin; no such data are available -for fish species

%o the author's kpowledge.

Changes in activities of tissue Asp ATs with food depri-

vation have been noted before in this thesis for mammals as
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have been seen fer the' eel: Unforfunately, to the author's
knowiedge, no stﬁdies ha&e repbrted changes in Km-values with -
food deprivation. As was ﬁreviously emphasized, coupling
specific activity.and affiniﬁ§ chanéég can result in major
changes in activity at low substrate coneentrafions (Table 7);
since this enzyme is.thought to operate at equilibrium
(Lehninger, 1975), these major activity .changes. at low sub-
strate concentrations are potentially of great importance and

-~

deserve to be examined in . other species. -

2. Modulators of Tissue Asp ATs -

Eel tissue.Asp ATs were found to be relatively insensi-
tive to pH ehanges, although fhe efarved white muscle mito-
chondrial enzyme did'demonétrate a sharp optimum at pH 8.0
(Fig. 5). Since pH titrates eiposed'surface charges on pro-
tein molecules which could possibly alter gke structure, and

_ therefore, the activity of the,.molecule, eel %issue Asp ATs
must compensate surface charges leading to no net change in

_ charge at any pH (Hochachka and Somero, 1973%; Lehninger,

' 1975: Fersht, 1977). - o
. Owen.and Hochaclika (1974) studied pH as a modulation of
dolphin musele Asp ATs. rOptiﬁum activities of the cytosol

Qand mitochondrial enzymes occurred at pH 7.% - 8.3 and 6.3 -
7.%, respectively. This rather broad pH insensitivity.of

the enzymes was associaped with a significant change in Km-
values;er—values for both amino acids (Asp and Glut) increased

whereas for both §(-keto acids, Km-values decreased as pH

decreased below 7.3. They suggested that pH could play a
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role in the modulation of enziizjéctivities, but Qithout
' knowledge of intracellulér pHy~gsuch postulates are unwise.

It is unlikely, therefore, that H'-ion concentrations
play a role in modulating eel tissue Asp ATs, a finding&ﬁbq:
sistent with the Nack of information in the literature
concerning this factor. The only other report of the effect
of pH on a fish Asp AT is that of Bell (1968) who found that
the salmon liver enzyme functioned "best at a pH>7.5".

Temperature 1s a major perturbant of enzymelstructure
" and function, and through complex and not fully un&erstood
mechanisms, enzymes of eétotherms have adapted to both é low
and variable temperature regimen (seé Hoéhachka and Somero,
1973; Prosser, 1973). Eel total tissue Asp ATs are equally
sensitive to temperature changes, with an Arrhenius value
(Ea) of 20.8 kcal/mole, regardless of the tissué énzyme
examined (Fig. 2). Since the affinity constant, or Km, is
not ﬁodifiéd, Asp AT activities will be greatly reduced at
low temperatures. The reduction in hctivity of tissue Asp
ATs is consistent with the(éeneral metabolic decline expected
of the_ee} dpring.ifs low temperature, winter faét (e.g.,
Sinha and Jpnes, 1975).. The only other temperature study
reported for a tissue Asp AT to the author's knowledge is
found in the work of Bell (1968); here enéyme activity rose
linearly between 10 and 30°C, levéling off at 3%5-40°C.

The absolute réquiigment of Asp ATs for pyridoxal-5'-
phosphate (P-5'-P) is well documented.in mammals (e.g.,

Jenkins et al., 1959; Owen and Hochachka, 1974; Sarkar,

o
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1977) and fish (Bell, 1968; Filosofova-Lyzlova, 1972;

Schlisio and Nicolai, 1978). Eel liver Asp AT has a tightly- ..
bound, nondialyzable P-5'-P fraction, but activities can be
enhanced by adding up to 5 shyl P-5'-P before the enzyme 1is
saturated (Fig. 3A). The role of this cofactor is to form

a Schiff's base linking the enzyme at its active site -and.

the substrate (amino acid), an obligatory step in the enzéme
-mechanism (Lehninger, 1975).

Low concenfrations of Mg++—ions-were also found to acti-
vate the liver enzyme (Fig. 3B). This observapion has not
‘been reported before, although Umbarger (1969) has reported
a Mg++-deinhibition of Asp AT'from b;cterial sources. Also,
Patwardham (1960) reported that’ legume Asp AT had an iron
requirement. What is responsible for this ion effect is
unknown; the possibility of an osmotic effect (Moon et g;.;
197?) seems unlikely when the activating concentrations are
so low.

It must be concluded that no unique modulator of eel
tissue Asp ATs was found and that the eel enzymes are similar
in this respect to the mammalian enzymes. With the exception
of dolphin muscle Asp AT which might be controlled by speci-
fic metabolites (Owen and Hochachka, 1974), the evidence
points to the availability of substrates as the limiting step
in this enzyme reaction. Since the equilibrium constant is

essentially 1.0, substrate availability will not only deter-

mine the rate of the reaction, but also the direction of

enzyme catalysis (Lehnihger, 197%).

‘\",
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5. Physical Properties

As was noted in the Introduction, the isozymal nature
of tissue Asp ATs* is well documented in mammals. This
enzyme has also been reported to oceur as polymorphs -in her-

ring (Odense et al., 1966), puppy fish (Turner, 1973) and

_ Atlantic (European and American) eels (Pantelouris, 1976).

In fact, Pantelouris (1976) reported four major zones of
activity in eel homogenateé, and a clear distinction between
mitochondrial and cytosol forms. Figs. 12 and 135 establishes
a similar pattern for the American eel tissues used in this
study. Food‘deprivation tends to reduce the total number
of activity bands, and the number of less dominant forms,
resulting in fewer more darkly stained bands. This may be
an economic measure on the part of the eel tissues, produc-
ing fewer forms of an enzyme better adapted to the prevailing
physiological state of the animal; Hochaéhka and Somero
(1973) have made a similar argument.with respect to temper-
ature. One thing is apparent; the changes in specific
activities and affinity constants noted for the tissue Asp
ATs with food deprivation (Table 6), are associated with a
remodelling or refinement of the enzyme molecule as detected
by electrophoretic mobilities.

Mammalian Asp ATs are dimeric proteins consisting of
two identical subunits giving a total molecular weight of
80,000 to 120,000 daltons; the mitochondrial and cytosol
forms are of similar molecular weights with approx. 50%

sequence homology (see Krista and Fonda, 1973; Kagamiyana
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et al., 1977). The eel Asﬁ.ATs molecular weight values
reported here were all well below thesg¢ mammalian estimates,
and witﬁ only one exception (fed cytosol) were at least one-
quarter of these values (Table 8). Since the_ﬁarker enzyme
proteiﬁs'elﬁted from the column at their predicted Kav—values,
the experimeht itseif ran properly. It should also be noted
that freezing did not change these values, so the values on
Table 8 are real estimateg of eel Asp AT molecular weights.
These very low values could be explained in at least two ways,
but no data are available to make any conclusive decision.

Eel Asp AT could be a small protein of molecular weight
20,000 daltons, but this is unlikely considering other two-
substrate enzymes are much larger (Lehninger, 1975). In-
stead, the native enzyme could be a dimer or even tetramer
of 50,000 or 100,000 daltons which.galls apart dﬁring gel
fiitration, but retains assayable activities. With the
55,000 dalton value for red muscle cytosol Asp' AT, this hypo-
thesis is attractive.

Another possibility could be the shape of the enzyme.
Enzymes afe typically globular proteins folded into a complex
three dimensional array; fibrous protéins (e.g. keratin and’
collagen)assume a more elongate shape (Lehninger, 1975).
Between the extremes of the true fibrous and globular struc-
tufes, many shapes are possible. Gel filtration with
Sephadex is sensitive to globular shapes, noﬁ fibrous or ex;
tendéd protein sheets. The low molecular weight found for

eel Asp ATs may result from an extended sheet structure.

4
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This’ hypothesis awaits validation.

Therefore, a8s with mammalian Asp ATs, eel tissue Asp ATs
consist of electrophoretically distinct mitochondrial and
cytosol forms, each with internal heterogeneity. With food
.deprivation, major changés occur in the electrophoretic band-
iqg:pattern which may explain the concurrent changes in the
kinetic properties of the ‘enzymes. There is something very
interesting intrinsic to the shape of the eel enzymes as sug-
gested by molecular weight estimates, bﬁt further experiments

are needed to elucidate this behaviour.
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CONCLUSION

The major finding of this investigation was that with
food deprivation eel tissue Asp ATs undergo substantial modi-
fication in kinetic properties. These changes apparently arise
from an aitered enzyme as evidenced primarily by the eléctro—
phoretic hetgrogeneity and the molecular weight determin-
ations.

The importance of thgse‘changes are pértially obscured
by the problems of animél selection bias (see Results) and
the lack of literature available for direct comparisons.
Where data are available, the lack of distinction between
tissue fractions and muscle types (red and/or white) made
comparisons of little value.

It was found that with food deprivation in the eel liver,
extractable protein decreased while an almost 10-fold in-
crease in the mitochondrial Asp AT activity occurred with
minimal changes in cytoscol activitiés. The maintenance of
mitochondrial activities even with decrease in solublg pro-
tein, suggests an impbrtant.role for this enzyme duriné food
deprivation. In red muscle, there was a modest.,decrease in
extractable protein and activities of Asp AT were marginally
altered. White muscle increases the amount of extractable
protein and its cytosolic Asp AT increased activity almost
6~fold. While total tissue extracts alluded to these trends,’
néne represented the real changes which had occurred.

In allltissue fractions, Kmts) was altered with food

deprivation and it was suggested that both activity and
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direction of catalysis would be linked to substrate avail-
ability. Substrate inhibition did occur, but inhibitory
levels in most all instanceé exceeded the reported physio-
logic substrate co;centrations. If a trend existed, food
deprivation reduced the reliance on substrate concent;ation
control of tissue Asp ATs.

From the indications of these results and based on the
available literature, augmented mitochondrial Asp AT in the
liver could fuel Krebs cycle activity. This is especisally
important for the Feported enhanéément of eel gluconeogenesis.
Also, these increases in Asp AT could be imporfant in the
increased ammonia excretion which occurs during protein
mobilization and the enhanced metabolism of amino acids.

Red muscle Asp ATs were slightly activated and this could
reflect the importance of maintaining the flexibility of sub-
strate choice for this tissue which is the primary locomotor
system of fish. White muscle augmentation of cytosol Asp AT
could reflect an enhanced involvement df the enzyme in amino
acid interconvergions in a tissue thought to }ct as a store
for protein mobilizatioﬁ. Thié role is spposed to an en-
hanced metabolic activity of this tissue.

Therefore, this study presents evidence to support the
hypothesis that nutrient deprivation has augmented the acti-
vities of tissue Asp AT in at least liver and white muscle
tissue fractions and, that in all tissues studied, the impor-
tance of amino acids during food deprivation was maintained

or enhanced. Furthermore, it was found that the changes in
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Asp AT were greatest in those tissues which were postulated
to undergo the greatest reorganization in metabolic strategy.
In closing, the evidence in this thesis does answer

some questions about amino acid metabolism in the American

eel. How r, even more questions arise; the mystery of the

eel conti es !

" —
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N - ADDENDUH

Due to the size differential between the fed and food
deprived groups (Table 3) potentially biasing the results,
circumstantial proofs are offered that size would not singu-
larly be responsible for the experimental differences.‘

The location and direction of the migration of the fish

would indicate that they were all in approximately.the same

- life cycle stage at the time of capture. In the 1lab, these

animals were sized and large animals from both groups werel
intended to be used; however, after the ten month holding
period, only large food deprived and small fed animals

remained. This was not a result of animals dying,.but aros
from factors outside of the author's control. Size differ-

ential in 1tse1f however, may not reflect absolute matur-

atlonal dlfferences as Vliadykov has found considerable overlap

in size between groups differing in maturity (personal com-"*

munication).

Also, certain enzyme data®suggest that the results

~didn't arise‘from differing size: (a) the order of magnitude

-

of Asp AT activities in Cornwall eels (approx. 600 g) and
Quebec City eels (approx. 1 kg) were the same; (b) some
tissue subcellular fractions.maintained the same ectivities
with food deprivation (Taﬁze 5); (c) Table 4 was derived
from two groups of fresh eels all approx. 500 g, and agein
the relative activities are of the same ﬁegnitude; (d) based
upon this size differential, an approx. 13%0% increase in

metabolic activity would be Qredicted in the smaller group,
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yet changes noted ;n‘tissue gctifitiés were either not this

. large or in great _.excess of this value; and, (e) since food

deprivation is 'a common feature of the eel's life history,

such adaptive changes in this enzyme might be expected.

Since the physiology of the' eel does not alew'for a
‘ [ 4

‘physiologic fed bontrol group during low temperature or

migratlon food—deprlvation, the only alteration in the
methodology would have been to duplicate these experiments
at the onset of the experiment and then to have fed and ‘
food-deprivéd the animals. After 10 months this would have
esqab;ished a preLexperiméntal control and then the relative
changes from this group might have better répresented how
the,pefturbafipns of T ﬂﬁ}deprivation affected the specific
activities of tissue ;sp ATs. | '
Thérefore, the se;eétion of eels of differing 'size was -
unfortunate but this choice probably did not contribute

>

significantly to these results.





