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o ABSTRACT

Considerable controversy has evolved arqund a purported.
'organ' or 'metabolic' role for fish red muscle. This Trols .
involves the ankbolism of metabolic end products from other
tissues of the fish, especilally the white muscle. The lit—

erature is extensive in documenting both a contractile and

“an organ function for red muscle. One problem from which

these studies suffer is that the results from one fish spec es

1s not necessarily applicable to others, nor is there any
reason to assume that the red muscle ‘in some fishes will |
necessarily function as an organ, The American eel, Anguills
rostrata, was chosen to analyze this problem since it offers
the unique op ortunity to capitalize upon a natural state .
where the function of red musole, as a recycling organ, may

be significant i e., during a non—feeding, seaward migra—

.tion during which all energy for maintenance, contraction

and gonadal maturation must arise from stored body reserves,
Three experimental approaches were utilized in these

investigations an ~analysis of- the structural properties

' of Ted and white muscle and liver from feeding, immature

yellow eels and non—feeding, mature bronze eels; an analysis'

of the lactate xidative capacity of * the red and white
musele and livégry and, an analysis of the regulatory char- ‘.
acteristics of pyruvate kinase (PK) from red and white
muscle and liver. The results suggest that, 1) there ig a

marked alteration in the structural properties of red muscle‘
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. and liver commensurate with ‘maturation while no change could

be detected in white muscle- 2) the red muscle and liver

lactate dehydrogenase (LDH) catalyze an equilibrium reaction L

 while the white muscle LDH was primarily poised for pyruvate
reduction; 3) the white muscle PK in the presence of FDP,

t was & non-regulatofy enzyme of-the ﬁﬁpe observed for mamm-
-alian MI-PK; &) both white muscle PK and LDH exhibited
coincident_ﬁ+ ion insensitivity,-thue ensuring unimpeded
flow of carbons from phosphoenol pyruvate to_lactete during
an enaerobic challange; 5) the regulatory charaeteristics of
red muscle PK would permit it to participatélin both a
glycolytic and a gluconeogenic role in this tissue; 6) liver
PK was'notﬂresponsive to the classic mammalian L-PK modula-
tors,rsuggestihg the metabolic role of eel liver diverges
fromffhe e;essical deseription of this tissue; and 7) the
enzyme'phoéphoenol byruvate carboxykinase was detected only
in eel red muscle and liver. ‘

These data are consistent with, the Ted muscle -organ
//,ﬁ\hypotheeis orginally proposed by Braekken. Therefore, during
( the seaward migration of the Amev{ean eel, A, fostrata, it
is suggested_that the req muscle may*qerve an ancillary
metabolic or 'liver'!'-like function by.reéycling metabolic
enﬁ products generated either by the white'muscle duriﬁg

muscular contraction or by the metabolism of other body

tissues.
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De nombreuses controverses ont surgi % propos d'un

Sew

"/
pretendu role d organe ou métabolique pour le muscle rouge

chez le p sson._Ce rﬁle implique 1'anabolisme des produits

'polsson, spécialement ie muscle blanc, - La littérature est

intensive en documents.é propos de la fonction de contractioq

et d'organe pour le muscle rouge. Un-des problémes que ces

rechérches on'}¥c!est que les résultats obtenus d'une espace
de poisson n'est pas necessairement applicable aux autres
especes, aussi 4l n'y a gucune raison d'assumer que le muscle
rouge, chez certains poissons fonctionne necessairement comme

un organe l'anguille americaine, Anguilla rostrata, fut choisi

pour analyser- ce problémewcar i1 offre l”opportunite unique
d'augmenter 1'etat naturel oll la fonction du muscle rouge,
comme or‘ane de recyclage, 'peut Btre significative; c.a. d.,
durant le Jeune durant-la migratlon en eau salée, toute l'en—

ergie utilisée pour ‘

1en, la contraetion musculaire
et la maturdtion g@es éonads doit provenir des réserves
emmagasinégs da&s le corps.

Troiéggpproches experimentates ont été utilisées dans
ces investigations; une analyse des propriétés - structurales
du muscle rouééy du muscle blanc et du foie a été faite avec

l’anguille Jaune non mature nourrie et & jeline et avec

1! anguiﬁ&e bronzee mature; une analyse de la_capacité

d'oxidation du lactate a &té faite avec le muscle blanc,
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le/muscle rouge et ieAfoie et, une analyse des charaétéristiques\
regulatoires de la pyruvate kingse (PK) a &té faite avec

le’ musdle rouge, le muscle blanc et le foie. Les resultats
suggérent, 1) qu'il y a une altération marquee dans les
" propriétés structurales du muscle rouge st du fole pa;qllélé avec
la maturation dlors qu'il n'y a acucun changement détectable
avec le muscle blanc, 2) l'enzyme 'lactate dehydrogenase'

du muscle rouge et du foie catalyse une reaction d'equilibre
‘alors que Lamemeenzyme dans 1e muscle blanc n'est fait que
pours redvine le pyruvate, 3) 1'enzyme pyruvate kinase' du
muscle blanc en presence du fructose ﬁ 46— diphospLate, 8tait
un enzyme non-regulatoire comme 1'enzyme M1-PK observée chez
les mammiféres; 4) les deux enzymes PK et LDH ont montré une
insensibilite i 1'ion H+, assurant donc uniquement un flot
de carbones 3 parter- du phdsphoenol pyruvate au lactate
qﬂﬁq?aiﬁ’une periode anaérobique; 5) les charactéristiques
régulatdires de l'egéyme PK qu muscle rouge lui permettrait
de participersdans les deux rdles de :e tissus, sot la gly,colyﬁe
et la glucontogéndse; 6) 1'enzyme PK du foie ne repondait pas
aux 1nh1b1teurs et stlmulateurs comme le classique enzyme PK
du foie des mammiféres; et, 7) 1'enzyme phosphoenol pyruvate
carboxykinase fut détecté seulement dans le foie et le muscle
rouge'de l'anguille.

" Ces résultats sont constants avec])hypothése du muscle

Touge comme organe metabolique originalement prOposee par
“Braekkan, Done durant la migration en eau salée de ltanguille

americaine, A.rostrata, 11 est suggéré que le muscle rouge

~ 4

W
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pourralt avoir une fonction métabolique ou une fonction
ressemblant au fole pour le recyclage des produits terminals
provement sot du muscle blanc durant la contraction ‘masculaire

.ou du metabolisme des autres tissues de corps.

¢
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INTRODUCTIGY

Red and White Muscle: General Considetations

S

On the basis of'ggio?, fish striéted skeletal muscle “
cénlﬁb macroscopiéally diff?rentiated into tﬁo*basic,grohpé,
red and white. The red fibers owe their color to both th
presence of a fine Qapillary'nét which surrounds each muscle
fiber, the presence of myoglobin an& to & minor degree!'the
Presence of mitochondria and cytochromés. The white fibers,
on the other hand, are relatively devoid of these elements
and thus the red pigmentation‘(Sée Love, 1970, for extensivgv
documentation), _ -

‘In comparing the morphological and biochemical charac-
teristics of fish musecle with mammalian muscle types, it is
evident that several characteristics are shared in common.
For example, the red muscle in both groups of animals, in
contrast to wﬁite;muscle, is characterized by: low water
content, high intra and extracellular'lipid deposits (note:
lipids are deposited only extracellulary in white muscle),
larger glycogen stores (only in fish red muscle), high

.1ipase activities, large concentrations of mitochondria,

oxidative enzymes and cytochromes, hiéher oxygen consumption,

'1argé concentrations of the vitamin-B complexes, longer

sarcomere length, large concentrations of connective tissue
and capillaries, lower concentrations of creatine phosphate,
and lower concentrations and activities of the anaerobic

lecolytic enzymes (see for extensive reviews, -Bone, 1966;



Love, 1970; Bilinski, 1974), - |
Ih contrast to this extensive 1ist of common traits
shared by fish red and mammalian red muscls, and fish white
and mammalian white muscle, there are also some striking
differences. For example, although fish red muscle demon-
strates electrophysical properties similar to that observed
for mammalian red (or slow twitch) and amphibian red (or
tonie)-muscles (Takeuchi, 1959; Andersen et al., 1963;
Hidaka and Toida, 1969), fish red muscle alsc possesses a
highly erganized transverse tubular’ system, prominent M-line
and regular (as opposed to zlg-zag) Z-lines (Kilarski, 1967,
,Nishihara, 1967 Nakajima, 1969; Nag, 19?2 Patterson and
Goldspink 19723 Korneliussen . and Nicolaysen, 1975). These
features are not observed in mammalian or amphibian red
muscle (Peachey and Huxley, 1962; Hess, 1966 Peachey, 1966),
Thus, fish red muscle is structurally similar to mammalian
fast or twitech musecle but electrophysically behaves more
like mammalian slow twitech muscle.‘ |
Interestingly, while the structural and electrophysical
properties of fish white muscle are genera;ly similar to
that observed for mammalian white muscle (see for:example,
Kilarski, 1967; Nishihara, 19675, the mode of innemvaﬁion
for the two .muscle types 1s quite different. Mammalian fast
muscle is characterized by single'axonal innervation with
'en plaque! or single plate nerve endings (see for discussion,
Hess, 1970). Fish white muscie, on the other hand,ereceiyes

elther single (Bone, 1966) or polyaxpnal innervation

1
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,(Takeuchi, 1959) with 'en grapps' or miltiple knob nerve

endings. In thils respect, fish white muscle innervation is
more: similar to that observed for insect muscle (Castillo
et al., 1953) or crustacean muscle (Fatt and Katz, 1953)

than to memmalian or amphibian white'muscle.' Another import—

‘ant difference betyeen fish and mammalian innervation (but

e e

consistent with observations on amphibian slow muscle) is |
the apparent:lack of infoldings of the post—junctional sar- |
comeric membrane in fish 3hite muscle (Bergman, 19673

Naka jima, 1969). Innerva%ign of fish and mammalian muscle

is characterized by the 'sn - grappe multiple end platq_
terminals which are diétributed throughout the 1ength oiwmhe
fibers and’ arise from more than one axonal trunk (Bone, 1966;
Nakajima, 1969). However, uniike mammalian red muscle, bat
consistent with amphibian slow muscle (Page, 1966), the post-
junctional sarcomeric membrane of fish red muscle lacks ...
infoldings (Nakajimz, 1969). |

o
int

While‘there are some quantitative differences in mor-

" phology and innervation patterns between red and white

muscles from fish and mammals, there is genefal agreement

that the’
\.

'homologdus' fish and mammalian muscles is similar. That is,

de of energy production for contraction in the

red plscle genenates energy by the oxidation of fats, while

wh te muscle anaerobically degrades carbohydrates (Love,
a".

19703 Bilinski, 1974). Because many characterisﬁics are

shared in common between mammalian and fish red and white .

- _*r M

muscles, the functional roles of the mammallan .miscles have
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been liberally extended Yo apply for the respective fish =

muscles; however, the' validity of this functional extention :
must be questioned in light- of the quantitative differences )
which exist between fish rand mammalian muscle types. Thus,

the fish muscle controversy does not relate to morphological,

,biochemical or electrophysicel observatlons per se, but

rather to the expression of these differences in determining
the phvsiological role of the two fish muscles in light of

other mascle systems. T F~;

Iy) . ;
Red Muscle-Organ‘Hypothesis:g Affirmative Evidence
| . ~L - ;{! '
The controversy over the Physiological role of fish red
and white muscle was initially sparked by Braekkan (1956).

He observed the concentrations of the vitamin-B complexes

in the red muscle and liver 'of the tunny, mackerel and

halibut to be comparable and significantly higher than
observed for white muscle. In this same communication,-

Braekkan ‘reported that thered musele of mackerel herrlng

and halibut contained 27-29% fat by weight which was signif- -

lcantly higher than the white muscle “values. From these

observations, he proposed that "the red muscle is able to

'carry out simllgr synthetic processes as those in the liver"

(Braekkan, 1956,‘p.747), that "the anatomical situation of
red muscleuprevents it taking part in the main muscular work"
(Ibid, - 747), and further, that due to the high fat content,
the red muscle was unsuited for strenous or continuous

activity. = Thus, the red muscle-organ hypothesis .

.
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In 1959, Braekkan extended his observations relating

the vitamin-B complex concentrations in red muscle and liver

to'include the porbeagle and Atlantic salmon. By choosing

‘these species, he-was able .to repert on fish which use their

_ 1iver mainty for fat storage (cod, porbeagle and tunny) and

fish which use their red muscle fog fat storage (Atlantic
herring, Atlantic salmon,‘mackerel), Significantly, he

‘observed thet the vitamin-red muscle-liver relationship was

independent of lipid storage, and thus a degree of continuity

~ was afforded to his hypothesis. In further arguments

(Braekkan, 1959), he pointed out thehdisparity in creatine
concentratlons between the Ted and wh;pe muscle with the
latter having significantly higher cono\ntrations, "and
further, that the pH drop and lactic acid increase following
death from struggling was only observed in the white muscle.
Therefore, the white muscle was more sulted for physical
activ1ty‘than theﬁfed muscle. Indeed, considerable support
was given to Brheklkan' s hypothesis when Tsuchiya and Kunii

(1960) confirmed his observations on lactic aeid concentra—

‘tions in white muscle and supported his red muscle-organ

theoby.

Further support for Braekkan's hypothesis has come
mainly from the laboratory of"W1ttenberger. In a series of
publications, he has provided evidence .that the physiological
significance of an ancillary metabolic role for red muscle

ls far greater than 1ts proposed contractile role. For

)



' example, when pieces of red and white carp.mascle are
incubated in a Ringers solution, both muscle types lose
equivalent amounts of glycogen to-the medium; however, when
they are separated, the white muscle lost 22% more glycogen
‘ than when thej'were naturally joined (Wittenberger 1973).
.while lactate concentrations increased approximately Yhg in
the red muscle (as compared to the control) when. both red
.and white muscle pieces are naturally Joined, lactate only
increased slightly when the pieces were separated
(Wittenberger, 1973) Electrical stimulafion of carp red.

and white miscle, at levels o .elicit a.'moderate effect!
demonstrated that white muscle glycogen-and pyruvate did
not change but lactate concentrations and oxygen consumption
of red muscle did increase (Wittenberger and Diaciuc, 1965), (ﬁ\
-;,With the electrical stimulation of 'the carp muscle to
exhaustion, white musecle glycogen and pyruvate decreased and
lactate concentration increased without changes in oxyfen
consumptich; Ped muscle, on the other hand, demonstrated
decreased glycogen and greatly increased lactate concentra-
tions (Wittenberger and Diaciuc, 1965). Phlorid21n, a
glucose transport inhibitor, depressed the drop in glycogen
from the carp.red muscle when both red and white nuscle'
were lncubated naturally attached (as compared to when the
muscle types were separated) (Wittenberger et al.,197%5),.
Insulin decreased the loss of glycogen frcm carp white muscle-
when tq§rwhite and red muscle was incubated naturally attached

as compared to isolated incubation of the white muscle
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(Wittenberger et al., 1975). Incubation of the carp red

and white muscle in a glucose medium resulted in an increase

N

in glycogen and lactate concentration in red muscle only
(Wittenherger et al.,1975). Addition of adrenalin to carp.
Ted muscle elicited an enManced loss of glycogen and in-
. creased lactate concenﬁration in the red muscie onlv ) ;)
] (Wittenberger et a;.,1975). The turnover rate of .glycogen -
- for mackerel red.muscle was found to be 41-times greaterp
, than white muscle and 37-fold greater than liver .
_ ' fWittenberger, 1972) h For the pelagic fish, Harengul
hogeralis, red musqle contains 12-14 times-the amount of
liver glycogen, and 'is 6-fold greater in welght than the
Liver (Wittenberger ot al.,1969). Wittenberger's basic
hypothesis is: that coupled with the differential sensitivity
of the red and white muscle to adrenalin and insulin, the

demonstration of g direct transfer of lactate from the white

to the red muscle and a concomitant transfer of glucose from

the red to the white muscle, that the red muscle functions
both as the storage site for carbohydrates and the burning
site for catabolites produced in the white muscle.

Other. evidence which supports Braekkan s red muscle-
organ hypothesis was reported by Pritchard et al, (1971)
They examined alterations in glycogen, lactic acid and fat
concentrations in the red and white muscle, and liver

glycogen and lactice acid concentrations of the jack mackerel

/////ﬁ\\\///f;;déced to swim at various speeds. Thelr results suggest
| - that 1in all cases, the total failure to swim was related



only to the totél depletion of glycogen in white muscle, and
that glycegen changes in red muscle of these fish were
similar to that observed in the liver and ﬁere not correlated
. with a failure to swim. Reduction\in-the glycogen level -of
the hed muscle ,and liver were, however, correlaﬁed with-
extended;periods of swimﬁing. Fat content decreased only in
the red muscle after extended swimming at Subhhreshold Speeds
(i.e., below the -50% endurance thréshold), and both muscle .
types exhibited high lactate le%els which did not appear to
~be correlated with fatigue at any swimmihg speed. Due to
the high lactate levels and glycogen depletion in the-whife
muscle of exhausted fish, and the similar patterns of
. glycogen depletlon in red muscle and liver regardless of
swimming speed, Pritchard et al. proposed that the white
muscfg was the primary locomotory organ about the threshold
for sustained speed and-that the red muscle, similar to the
iiver, may prov;de nutrients to the white muscle under these
conditions. It is important to note that while Wittenberger
and associates consider the ancillahy metabolic function the
~ predominant role for fish muscle, Pritchard et al. suggest.
that it may act like the liver at swimming speeds'&bout
the threshold for sustained swimming, but at speeds below
this, the red muscie provides a locomotory fﬁnction.

‘In addition to the evidence of Wittenberger, Pritchard
and others, Robinson and Mead (1973) and Smit et al. (1971)
supﬁg;% the ancillary metabolic role hypothesis for red

‘muscle.u InteresE}ngly, the evidence provided By these
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authors is markedly different from that discussed by the
above authdrs, Firstly, Robinson and‘Mead (1973) working
with the rainbow trout confirmed the.early work of Bilinski
(19633 1969) on the relative abllity of the red and whitefi
ﬁuscles to oxidize he_1abélled fatty acids; however, more
importantly, they demonstrated that the red muscle was also
more active in the synthesis of depot trizlyceride (TG) from
free fatty acids (FFA) than was the whife muscle., For
éxample, while the TGugontent_in white muscle was 50% less
than red muscle (mg/g tissue), the incorporation, and/or
synthetic rate, was only 5% of that observed for the red
muscle. They further observed that, regardless of the
nutritional state of the fish, in the red muscle there was‘a
dynamic balance between the FFA, TG and cholesterol-ester
pools. In the white muscle, this control was not observed.
Thus, during starvation, the TG deposits of'white muscle were
mobllized preferentially to the other 1ipid deposits and the
ratios between the various 1ipid compartmentswerein a constant
state of change. Ffom these observations they suggest that
a tissue which is more concerned with metabolic processes as
compared to contractiie processes, will demonstrate tighter
regulation over its biochemical pools. Thus? the red muscle
in rainbow trout may function primarily in a metabolic
capacity rather than a contractile oqe.

Smit et al. (1971) have determiﬁed the oxygen consump-
tion of goldfish over a wide range of swimming speeds with
the aim of correlating Oo consumption of the fish with the
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relative propulsive tontribution by the red.and white muscles.
The& observed that, since the 0p cqnsumption-of the rgd
muscle ié_higher than the white (see also Gordon 1968, 1972),
and there is a finite limit fo the ventilatory rate, extrac—
tion efficiency and 0o carrying capacity of the blood ~the
maintenance of 1arge portions of the body musculature as red
miscle is not 'technically' or physiologically feasible_(%he
argument refers specifically to fishes such as the goldfish
or salmonids where the contractil; versus metabolic role for
red muscle is in contest). Thus, the portion of the body
myotome which ié red, or oxidativ; muscle, 1s kept to a
minimum to reduce demandé on'the Og_consumptiog capacity of
the fish. They note further, that "this goal would be
reached evenﬂﬁmre effectively if there were no red fibers at
all, (thus) it must be assumed that the red fibers certainly
have some other function, possibly resembling thit of the |
liver” (Smit et al., 1971,'p.26). It is significant to note
that, both Robinson and Mead and Smit et al., support tﬂe
suggestion of Pritchard et al. (1971), that the red muscle

1s capable of contributing to the mechanics of locomotion.
Thus, only Wittenberger and Braekkan feel that the red
muscle 1s not used as a contractile body. _

In summary then, the'major support for Braekkan's red
muscle~organ hypothesls comes from data which suggeéts that:
the red muscle, similar to the mammalian liver, 1s sensitive
to adrenaiin and insulin and possesses tight regulation over

its carbohydrate and lipid pools, participates in a carbo-~
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hydrate for lactate exchange, and due ‘to thé physiological
constraints posed by large q@antitiés of red‘muscle on the -
oxygeﬁ consumption capacity of the fish, must necessarily
function in a manner othéf than, or in conjunctioh with,

contraction.

Red Muscle-Organ Hypothesis: Contrary Evidence

R

The opposing theory to the red muscle-organ hypothesis

is that the fed muscle is a continuously contracting tissue,

similar to the heart,.and éenerates the slow undulating
movements which are charaéterisﬂ?c of leW'cruisingspgeds
(see Bone, 19665 Love, 1970; Bilinski, 1974). As ea-i-ly as
1959, Boddéke et al. pointed out-that the pectoradl fin
muscles which are continuously used (depending upon thé
fish) are highly vascularized Qnd exemplify typical red
muscle. Thus, contrary to the argument of Braekkan (19586},
they suggested that red nmuscle could indeed be utilized for
normal work. Boddeke et QL. (1959) further suggested that,
due to its anaerobic nature, the white Eﬁscle demonstrated
characteristics of mammalian sprint or fast muscle, and that
the red muscle, which is oxldative in nature, had the .
characteristics. of stayer (or endurance) mu;cie (like heart
muscle, for example). Thus, based on the relative content
of red and white muscle, Boddeke et al. (1959) proposed that
fishes, could be grouped into four distinct catagories:
sprinters (eg., bike), sneakers (eg., eel), crawlers (eg.,

bream) and stayers (eg., salmon).* Their arguments were based
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on the observation that fish such as the pike were charac-

terized by a body-muscuiature'composed almost entirely of
white fibers, while at the other extrems, the stayers
Possessed a well developed narrow ﬂibered'musculature about
the lateral line in addition to deep mosaic musculatufe
(mixed narrow:red;.and broad-white, fibers).

Interestingly, Boddeke et al. considered the European
eel, Anguilla anguilla, characteristic of a sneaker since it
possessed neither the characteristics of a typical sprinter
or stayer (see Chapter 3). Boddeke et al- proposed that as
the relative proportion of,the red muscleiincreases, the
staying power concomitantly increased and 'this is reflected
in the swimming behavior and generathabitat preference of

a particular fish. .
George (1962) and George and Bokawala (196k) compared

“the histochemical characteristics of the red muscle from °

bats and pigeons to red muscle from the mackerel and roho
carp and came to a conclusion similar to Boddeke et al.
(1959). Thus, as a result of the histochemically demon-
strated oxidative potential and high fat content of red
muscle from the pigeon, bat and fish, it was concluded that
all three red muscle types respired mainly aerobieally and
utilized fats for fueling continuous contractile activity.

The white muscle, on the other hand, was histochemically

_anaerobic in nature and utilized carbohydrates-for fuel and

thus appeared best suited. for sprint activity (see review by

Drummond and Black, 1960; Drummond, 1971).
W
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The histochemical obserﬁations made by George and his
associates, on the oxidatlve potential of red muscle, were
substantliated with tracer, experiments by Bilinski (1963, 1969)
He demonstrated an ability of the lateral dark miscle of
rainbow tpout to oxidize labelled FFA to thOQ to be from

- 9-fold (for hexonate) to 56-fold (for octanoate) greater
than the white muscle. - _ ‘
T While these results provided indirect support for: the
heart-like function of red musclej perhaps the most con-
clusive evidence for a continuons‘contractile function was
afforded by the electrophysioloaical studies of Bone (1966)
In a classic paper on the two basiec types of myotomal. muSw
culature in elasmobranchs (Bone actuallv identified four,l
different fiber types), Bone demonstrated that the red.and;“ﬂ
white muscles represented two totally separate loconotionf
systems and thus, there could be no doubb as to the potential
for red muscle to. support muscular contractions contributing
to swimming movements. In short, he found that action
potentiaie were propagated from the red- muscle (of a.spinal
dogfish) only during slow undulating movement; and furtner,
that at these swimming speeds there were no spikes eliéited
from the deep-white musculature. As the swimming speed
inereased however, spike propagation from the white muscle
became apparent. - Importantly, Bone (1966) correlated these
electrophysiologlcal responses to alterations 1n metabolite
levels 1n the two muscle types. For exannle, 1) glycogen

decreased in the white muscle only after exhaustive move-
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ment 2) fat content of the red muscle decreased only after
prolonged sustained slow swimming, and 3) the glycogen con-
tent of - tne white fibers was unaltersd during sustained slow
. cruising. These basic observations correlating the biochem-
ical-and electrophysiological parameters have provided strong
evidence for a continuously contracting role for red muscle.
Bone's work has-been entensively supoorted‘by Rayner and
Keenan (1967) working with the skipjack tuna, Roberts (1969)
working with the dogfish, Greer-Walker (1971) working with
cod, Greer-Walker and Pull (1973) working with ‘the coalfish,
and Hudson (1973) Working with ‘the rainbow trout. )
Several workers attempting to correlate-slow and fast
muscle function with_a corresponding wltrastructural archi-
tecture, suppdrt the hypothesis that red muscle is well
suited for continuous movements and white musclé for bursts:
Buttkus (1963) rorking with lingcod; Nishihara (1967)
working with the snakefishj, Nakajima (1969) working with the
snakefish; Nag (1972) working with the rainbow trout- and
Patterson and Goldspink (1972) worklng with cod. Interest-
inely, at least one group of investigators (Patterson and
‘ Goldspink, 1972) suggests that the preponderance of mito-
chondria in fish red muscle is seemingly in excess of that
required to sustain lipid oxidation for the generation of
contraction energy. fhus, in addition to 1lipid oxidation,
the red muscle may also funetion in another specifio'oxi-
dative capacity., However, as Smit et g;.(19712 point out,

just because a tissue has the potential to oxidize a specific
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substrate doeé not necessarily mean that oxidation of that
substrate is the main funotion of the tissus. For example,
the heart readlly oxidizes lactate as a fuel, however, that
 is certainly not the main function of the heart.

Although most workerséacéeﬁ%"the role of red muscle in
providing sloW%cruising swimming, an ipcreasing number also
. suggest that the red muscle is probably active during maximal
swimming speeds:Pritchard st al. (1971) working with the jack
'ﬁackerel;rSﬁ;t gt al. (1971) working with the goldf{sh;\
Johnston and Goldspink (1973) working with the cod; andr
further, that the white muscle is also active during slow
cruisiﬁg:Greer-Walker (1971) working with cod and coalfish;
Smit et al. (1971) working with the goldfish; Johnston and
Goldspink (1973) working with the cod; and Robinson and Mead
(1973) working with the rainbow trout. Thus, to this date,
a definitive evaluation of the contribution of red muscle as
a metabolic -organ as oppvsed to its contractile role,'and
the contribution of white musble to sustained cruising is
unclear.

- The most important evidence which argues against the
metabolic role for red muscle is the demonstration that fish
red muscle is fully capable of supporting’ swimming movements
and that splke activity has been recorded during slow
cruisihg. Ihe metabolite levei studies can be interpfeted
using both metabolic and contractile role hypotheésis.

Perhaps the major problem of the studies mentioned
above 1s the great diversity of species examined with thelr
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_various activity levels and habitat preferences and thus,

the 1ack of .correlative evidence which might exist between
these spécies. For example,.there 1s no reason, a priori,

to assume that the functional role of red muscle from onen
fish (a non-migrating fish, for example) will be identical
or even similar to that of another (a migtating fish, for
example), particularly since there 1s documentation for a |
dual role of fish red muscle (contractile and metabolic).
Also the evidence presented thus fa; has resulted from either
: electropﬁyéi%logica‘](,l histophysiological or metabolite studies
with 1little attention airected to the regulation of meta-
bolic pathways. This study was initiated to provide evi-
dence at the level of enzyme regulation, concurrent with
ultrastructural and histochemicg; evidence, for an ancilliary

\
role for red muscle in the American eel, Anguilla rogtrata.

The Eel: Anguilla rostrata

The 1life history, body musculature and economic value

of the European eel, _gguilla anguilla, have been well
documented which makes the American eel, A. rostrata, an,
excellent experimental tool., According to tﬁe work of
Bertin (1956), Eales (1968) and Sinha and Jones (1975), it
is generally accepted that both: the Buropean and American
~eels breed in the general proximity of the Sargasso Sea.
Note: the exact breeding gneqndgudthin‘this areag, of the two .
eels 1s still in dispute; .see Bertin (1956), Vladykov (196k4)
and Sinha and Jones (1975), Followilng fertilizaticn,
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the larvae develop into surface dwelling leptocephali which
drift passively with the currenpf\izi?rdE—EES‘auaét of ‘North
America. Approximately one year after hatching, they ariive
at the continentel shelf of North America and begin to meta-
morphose first . into the in%ermediate stage, the glass esl,
and finally to completion as an elver in fresh water. The
transition of the glass eel into an-elver is marked by
several significant morphologicai changes. For example,
pigmenfation develops, the mouth perts reorganize to allow
active pursult feeding (glass esls are planktonic filter |
feedere), the digestive tract and anus are repositioned,
and importantly, the general morphology of the elver takes
on the shape of the adult eel {glass eels are leaf-like)
(see Sinha and Jones, 1975). ) L
From the time of hatching to when the elvers begin the
upstream freshwater migratieh, epproximately é43 years has
elapsed. Although it is génerally accepted that omly the
females migrate up stream and the males remain %o populate
the estuarine. areas, this aspect of the life istofy of the
American eel is still unsettled (Sinha and Joneg, 1975).
The eels which do migrate upstream remain in frathwater for
at least 5-10 years. During this tlmec;P€’23T§/ere a ;f“
characteristic yellow color but underg /" a change in pigmen-
tation to silver for the European eel, or bronze for thed
American eel (Vladykov, 1955).with the onset of preparation-
- for the seawardlmigration. dther dramatic morphological and -
physiological changes which oceur at this time in A, angullla

i : . 4



~1G- -

are: an increase in- fat deposits, a thickening of the skin,'
changes in the osmoregulatory capacity, increases in the
number of chloride cells in the gills, development of the
gonads; increased endocrine activity, cessatlon of food‘
consumption resorption of the digestive tract, incre&sed
- quantities of Ted muscle and alterations in the activities
of several oxidative and glyoolytic enaymes from both red
and white muscle (Bostrom and Johansson, 1972 Davé et al.;
197# Lewander et al., i97h). see also extensive reviews by
Bertin (1956), Eales (1968) and Sinha and Jones (1975).
Since the eels cease feeding-upon commencement.of the
seaward migration,‘the entire’migration rnn is conducted
using'only stored energy for locomotion as well as gonadal
maturation. After spawning, ithis presumed that the eels '
" die at sea since no adults have ever been captured in the
Sargasso Sea area, nor have any adult eels ever been Te-
.ported returning to the North American coast (Sinha and
Jones, 1975). Therefore, the eel lends itself ta. studies
on fish metabolism since they are 1n a natural state of
nutritional deprivation during the migration period.

The second important‘consideration in chooslng the eel ’
as the experimeétal animal is that the body musculature is.
clearly divided into~two relatively homogenous populations
of rad and white fibers. Thus, pure preparations of each
muscle type can be‘obtained for enzymatic analysis. Further,

as indlcated above, there is a marked increase in the

amount of red muscle concurrent with the seaward migration
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suggesting that the red muéclé may play a more importaﬁt
role in migration than-at any other “time during\the life
cyéle of the gel.

At the onset, the third reason for choosing the eel as
the experimental animgi seems Tather unrelated to the other
two: namely, the economic valueﬁoi{the Eurépean eel, A.
anguilla, However, peﬁause of %he established eel fishery
in Burope, a voluminows amount of data has been accumulated
which thus provides an excellent base for comparison of |

results.
Statement of the Problem: Metabolic Considerations -

~ From the above, it is evident that the eel provides

a'unique opportunity to examine the potential of a metabolic

~role in contrast to a contractile rd%e for’ red muscle.

5

Since the eel does not feed during the migration, the energy

for gonadal maturation and muscular -contraction must be

generated from stored reserves; thus, it would be predicted

that 1f red muscle does possess an ancillary metabolic role,
this may be expressed as a capacity tb recycle produets of
white muscle metabolism (eg., lactate). Fufthe?, 1f the
hypothesis of Wittenberger and coworkers and Pritchard et
al. (1971) are applicable here, then the ultiméée fate of
the metabolites prodiced in the white muscle could be :
glucose,or some otheru;eserve material, produced and stored

in the red muscle. Using lactate as an example, glycogen

would be the assumed product.
W ra

,/'
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In memmals, the conversien of lactate to glucose is .
thought to occur predominately in the- 1iver and to a 1esser
extent in the kidney, ‘although recent evidence may alter
this belief (Hermansen, personal*communicetios). Further,
this conversion involves, in part, the by—passing'ef three
thermodynamically irreversible glycolytic enzymes: HKI PFK,
and PKiggrebs,195h). Two-of these enzymatic reactions involve
single enzyme steps: HK is by-passed'by G~-6-Pase end PFK 1is
by-passed by FDPese.v To by~pass the third irreversible enzyme
PK, however, the concerted catelysis by three enzymes is
required: LDH, PC and 'PEP CK (see Krebs,1954%). Thus lactate
is o;zaized fif'st to pyruvate (by LDH), which is carboxylated
to form oxaloacetate (by PC), a key metabolite which is
subsequently decarboxylated and phosphorylated to form PEP
(by PEP CK). The‘PEP thus formed.is the carbon substrate for
PK. Therefore, if PK is not i{lhibited. during the conversion
of glucogenic sﬁbst?ates to glucose, then a futile cycle, at
the level of PEP, will result (Scrutton and Utter,1968:

Sols, 1968- Katz and Rognstad, 1976). On éhe other hand,

PK is an important ‘glycolytic enz®Pne and during periods of
glycolytlc demand must be active to allow for the ultimate
generation of lactate, and/or oxidizable substrates for the
Krebs cycle. It‘is apparent then, that the reciprocal
regulatlon of PK would establish the strategy for’;etabollc
control at this branch point.  In conjunction w1th an exam-

ination of PK, an evaluation of thercapaeity for the red and

1See list of ebbreviations, D. ;>
T

L
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white muscle LDHs to support lactate oxidation would also be

instructive,

-1f the red muscle does indeed function in an“anciliaryl
metabolic capacity, tpen the followlng hypotheses can be
formulated and tested: first, that the regulatory properties
of the PK from red muscle be similar.tglthat observed for
mammalian liver, a known gluconeogenic . organ; second, that
" the regulatory properties of eel white muéple'be functionally
similar to that observed for mammalian white skeletal muscles.
third, that the presence of either PC or PEPCK be demon-
strated in red muscle and absent from white; fourth, that
the red muscle demonstrate an ability to oxidize lactate in
concert with conditions which support PK inhibition; fifth,
that tpé White.muséle LDH function predominately as a
pyruvate reductase.

Another experimental approach to the question of a
metabollc role for eel red muscle is to examine the ultra-
structural and histochemical properties of the two muscles
from both yellow and‘bronze eels. For example, if the red
muscle has a diminished contractile role duriné migration,
theﬁ alterdations of the basic contractile apparatus-might
be evident. Tﬂus, one could predict that 'the red fibers may
undergo fatty infiltration to the polnt that the contracting
myofibrils are actually- wedged apart. This would effectively
decrease the physiological cross sectlon of the fibers and
thus result in diminished contractile ability. Further, the
histochemical results should collaborate thée data obtained
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ffom enzymic éfudies.

If an analysis of the data satifies the above predictions,
then it would be possible to suggest that the red muscle

“from the American eel, A. rostrata, in the bronze phase,

‘possesses the potential to function according to Braekkan's

organ hypothesis (1956). The work described in this thesls

presents support evidence for this concept.’

-
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- MATERTALS AND METHODS

I. Enzyme Studies
| A. The Animal

The American eels, Anguilla rostrata, used for the
enzyme studies were maturing females netted from the St.
Lawrence River at Quebec City during their seaward migration.
They were in the 5§6nzé phase (Vladykov, 1955) which is
cbmparable to the silver phase of the European eel Anguillg
anguilla (Sinha ands Jones, 1975): The animals weighed in
excess of one kilogram and were in.excess of €0 cm in length,
Approximately 500 eels were maintained in a 1arge“holding
tank (6 X 10 X 1.5 feet ) which was supplied with free
flowing, fresh, dechlorinated Ottawa chty tap water; During
this period in their life cyéle, the eels do not naturally
' feed and would not respond to feediné attempts in the 1ab-
oratory. Therefore, all enzyme data presented is from
animals in the same relative state of nutritional deficit.
Only healthy eels.with large reserves of stored fat were
used for the study. '

" B. General Enzyme Procedures

Both Pyruvate Kinase (PK) and Lactic Dehydrogenase
(LDH) were pPrepared from pooled frozen tissue of at least
five animals. This procedure was adopted since 1) no kinetie
differences between ;hg enzymes prepared from frozen and
fresh tisgge could 5e Aetected and 2) the thin (less than
2.5 mm) suﬁé}{icial reg muscle could be obtained free of

| e

e e
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contamination from the underlyiug white musculature. The

gels were decapitated, exsangurated and rapldly frozen-af
<§:;fthe

-20°C until use,. Once frozen, the eel was skinned,

'underlying red muscle scraped from the entire body with a

cartilage knife. The white muscle was obtained in the’
region epaxial to the anus.

The frozen tissues were welghed and a volume of iée-
cold 100 mM Tris-HCl, pH 7.k, containing 2 mM EDTA (for LDH)
or 100 mM Tris-Maleate, pH 7.k, coutaining 2 mM EDTA, {for
PK) was added to give a 50% (w/v) final homogenate concen-
tration. Following homogenization in an ieced Sorval Omni-
Mixer operating at full speed for 1% mins, the homogenate
was centrlfuged for 20 mins at 29oooxg in a Sorval RC-2B
refrigerated centrifuge at 0°C. The resultant high speed
supernatantlwas then filtered through two 1ayérs of Kim-Wipes
to remove fat and then used directly, as in the case of LDH,
or partially purified as in the case for PK.

Enzyme activities were recorded as alterations in the.
oxldation or reduction state of NADH at 340 nm. with a
Gilford 2100 recording spectrophotpmetet. Cuvette temper--
atures were controlled by coupling the jacketed cuvette
holdér to a Haake refrigerated water -bath. Cuvette temper-
atures were monitored with a Yellow Springs Instrument -
Telethermometer and did not vary by uore than O.1°C-from the
desired temperature. Enzyme activity is defined as umols
NADH/min/mg Erotein, at the appropriate pemperature and

conditions of assay. Proteiln concentration was estimated:

w
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elther by the methad of Lowry at al. (1951) or Layne (1957),
Bovine serum albumin was used as a standard and the two
methods did not vary by more than to. 005 mg/ml. -All bio-
 chemicals were obtained from Sigma Chemical Company, St.
Louls, Missouri all other chemicals were of the" highest
purity possible ang wel'e obtained from local distributors.

C. Specific Enzyme Procedures

< Lactate Deh¥drogenase (L-lactate:NAD oxidoreductase,
EC 1,1,1 27 _
Assay

Initial attempts to purify eel muscle ang liver LDH
were unsuccessful since the enzyme(s) was found to be
extremely sensitive to dialysis. No other procedures were
attempted since the enzyme was found to be stable to freez-
‘ing and thawing for at least two months, Eel tissue LDHs
were assayaqgan.both the forward (pyruvate to lactate) and
reverse (lactate to pyruvate) directions. A1l assays were
done in dupllcate, and were initiated with the addition of
20 nl1 of enzyme containing between 6.5 and 50 ug protein,
depending upon tissue activities, The final cuvette volume
of 0.5 ml contained various volumes of 100 mM Tris—HCl
buffer (see figure legends for pH) ang either 0.35 mM NADH
~and various concentrations of dyruvate, or 0.45 mM NADH and

various concentrati%ns of DL-Lactate, The'feactions
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Polyacf&lamide Disc-Gel Electrophoresis
Polyacryl&hide elecfrophofésis'waslcérried out using a
modification of .the technique by Davis (1964) on 5% gels..
Appfoximately 50 to 300 mg gf protein was applied to 8mm X Scm
ggls, and run at 6.5 mA per gél for 2 hrs u;ing the standard
Tris-glycine, pH 8.5, buffer system (5°C). The gels were
stained in the dark at 500 to reduce backgréund and full

- development of the bands was usually observed within 2 hrs.

Fach gel was stained in 2.5 ml of & stock staining mixture
which contained: 2 gm 80% DL-Lactate (liquid), 22 mg NAﬁ+,
22 mg NBT'and a fewfgfains of PMS in a toéal volume of
%0 mls of 100 m¥ Tris-HC1 pH 8.0.
Isdélectricfocusiné

Isoelectricfocusing of the muscle and liver LDHs was
accomplished using the granulated gel fechnique described
by Radola (1969). TEe gel was prepared:by sweliing 7.5 gms
G-75440 Sephadex in 100 mls distilled deionized water
contgining 2.5 mls of IKB pH 5 to 8 ampholines. The bed
preparation, which was boiled under.vaccum, was spread on a
50 X 20 cm glass plate and gave a final thickness, after
partial dehydration, of approximately 14 mm. The standard
0.2 M H2804 and 0.4 M ethylene diamine buf%ers were used.
The samples were preparéd.by concentrating the filtered high
speed supernatant in crystalline‘sucrose (1.e., placing the
supernatant in a dialysis tubing and then suspénding the

bag in a beaker of crystalline sucrose-10 mls supernatant to

175 g sucrose) to give a final proteln concentration after
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dilution of 10 mg/ﬁl. 'ﬁﬁiroxim&tely 70 u1 of this pre-
paratioﬂ‘was then applied to the gel bed, 7'cmafrom the
anode, with the giﬁ of a cover slip. Thelsamples were
focused at 350 volts for L hré and ﬁhen 800 volts fgi another
4 hrs. All three LDHs were focused cpncufrehtly and the._ _
experiments were conducted in duplicate. Efaluation of the
. focused samples was accomplished by removing the Sephadex
bed in 0.35 cm width and adding 0.5 ml distilled deionized
water to extract the\enzyme proteins. The pH of egch frac-
tion was determined with a Radiometer BMS3 MEK2 Bloodmlero
system and the enzymic éctivity determined as descr;bed

above.

Pyruvate Kinase (ATP: pyruvate phosphotransferase,
EC 2.7.1.40)
Preparation
Following the basic extraction prodedures outlined
above, the resultant high speed sﬁpernatant was brought to
%0% (NHy),S0y, with the addition of solid (NH,),S0,. After
stirring in the cold for 2 hrs, the precipitated protein
~Was removed by cerntrifugation (15 mins at 1200 Xg) and the
resultant supernatant raised to 70% saturation with the
addition of solid (NHg)QSOM. Followlng stirring in the cold
for 2 hrs, the salt precipitated PK was collected by centri-
fugation (15 mins &% 1200 Xg) and resuspended in a minimal
volume of 100 mM Tris-Maleate buffer, pH 7.% containing
2 mM EDTA, This'proqedure resulted in a 7-fold enzyme

purification, and a preparation which was stable for at
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~least 6‘months at -25°C, Before éséaying; the enzyme ﬁffpar-
ation was exhaustively‘dial§zed agalnst 100 mM Tristh%éate
buffer, pH 7.%, containing 2 mM EDTA (1:1000 qilutioh){for
12 hrs and then centrifuged for 15 mins at 12000‘Xg. \
Agsay i_ N~ |

Eel red and whitermuscle and liver.PKs were assaysd
using & modification of the coupled msthod of Bucher and
Pfleiderer (955). The standard (opt;mal activity) assay
which couples the stolchiometric oxidation of PEP to NADH
via the LDH reaction, contained: 8 oM Mg ko mM X, 4 M
ADP, 0. BgﬁnM NADH, 1-4 units dilalyzed Sigms LDH, and various
concentrations of PEP, The total cuvette volume was 0.5 ml
and the standard buffer was 100 mM TrisﬁMaleate, at various
pHs (see figure legends). The reaction was initiated with
the a&dition of 20 ul of enzyme (approximately % to 5 g
protein depending on tissue activities), and there was no
activity in the absence.of any one of the followlng: PEP,
ADP, NADH, and Mg''. It should be noted that although the
PK enzyme used in these studies required 40 mM K' for
maximal activity, there was always slight activity in the
absence of added K%. The largest source of K" contamination
was found to be the M’gCl2 and Tris buffer solutions as
determined using Atomi¢ Absorption analys%g. Levels were

found to-approach 10 mM in the assay cocktaill without any
added K -
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Electrophoresis .
Polyacrylamide Disc-Gel Eléctrophopeéis
| quyécrylamidé electrﬁphoresis was carried out as
destribed above for LDH. IdentifiSation of the PK bands
-was accomplished using & modificéﬁion of the Sussor and
'Rutter.Q1968) technique. The stain ixture contained
(in a fihal volume of 40 mlg) 100 mM Tris-HC1 buffer, pH 6.0,
0.15 gm XCL, 0.08 gm MgCl,, 0.09 gm ADP, 0.10 gm PEP, \_,
0,008 gm NADH, approximately 500 units Sigma IDH and -
0.002 gm FDP, The presence of PK was determin@d by
examining the gels for lack of fluoeescence.at 34Q\nm, using
a hand-held light source. Control gels were stained in the
absence of PEP and produced no banding pattern.
Isoelectricﬁpcusing '
The procedure followed here was identical to that
described above for LDH, Each fraction was assayed for PK |

with 2 mM PEP in standard reaction mixture indicated above.

II. Structural Studies |

The light and electron microscopy wés coﬁducted on eels
collected at Cornwall, Ontario, St. Andrews, New Brunswick .
"and Quebec City, Quebec. The eels from Quebec‘City were
held in the laboratory and under the conditions desériﬁed
above untll they were sacrificed. The eels from Cornwall
" and Semorg Pond (an esﬁﬁary) at St. Andrews were sampled N
immediateiy after capture and the tissues fixed in 4dce-cold
glutara%dehyde on the site. The fixed tissues were then

)
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transported back to the laboratory, in an ice box, for

further processing.

A. Fixation Procedure for Electron Microscopy
After decapitation and pilthing, the skin of the eel was
rapidly separated from the underlying musculature to ‘expose

the Juperficial red muscle. Pure piecesﬁof red muscle were

.obtained by lifting the red muscle from the underlying white

musculature with & dull probe wedged betwsen adjacent
myossepta and then cutting free the 1ifted muscle segment

Care was taken to prevent excessive stretching of the muscle
fibers. Homogenous preparations of the underlying white
muscle could then be easily obtained using a sharp scalpel,
All muscle pieces were first placed in iced 4% glutaraldehyde,
diced into pieces approxima;ely 14 mm and transferred into

-via%s containing fresh 4% glutaraldehyde. Following 2% hrs

primary fixation at 5°C, the tissues were washed with 100 mM

Na-phosphate buffer, pH 7.4, and post fixed in 134 0s0y, in

100 mM Na-phosphate bu-ffer, pH 7.4 for 2 hrsissues
were then dehydrated in a graded ethanol ser%, 50%,
70%, 90%, 100%). Preparation for epoxy infiltration was
initiated by processing the muscle pleces in 1:1 .propylene
oxide: ethanol, and<then3100% propylene oxide. Infiltration
with Epon 812 ; accomplisheﬁ‘according to the following
regime: 2:{1 propylene oxide: Epon for 2 hrs; 1:2 propylene
oxide: Epon for 2 hrs and 1004 Epon for 2 hrs. ‘The Epon
was, mixed according to Luft (1961) and the A and B resins

were combined in equal parts. Polymerization was facilitateq
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with 0.17 ml DMP to 10 ml of the mixed Epon.
"/ The infiltrated tissue pieces yere positioned in size
RO gelatin capsules, which were filled with Epon resin and

Ry

'ﬁ'an iﬂcubated in the following_manner: 35°C for 8 hrs, 45°C
- for 8 hrs, and 60°C for 10 hrs. Trimming of the excess

" plastiec surrounding the gmbeddpd specimén was facilitated

with the use of a Hulbert 'block holder’ (unpublished design)
and a 0C4-30° camfermill bit with attached Severance’ H110
handle.” The embedded tissue: was, sectioned with"a Porter-
Blum MT-1"ultra microtome fitted with glass knives. \Pnly
silver-gold . sections~were kept for EM viewing. The tﬁin
sections were picked&gzhon naked copper grids, étained with
uranyl acetate (Watson, 1958) (5% in. 50% ETOH) and lead
citrate (Reynolds, 1963) (1 33 g Pb(NO3)2, 1.76 g Na-citrate,
%2 ml distilled water; 8 ml 1 N NaOH) and examined with an
AEI 800 transmission EM. Thick sections (approximately
1 micron) were stained with 5% toluidine blue,. pH 10, for
light microscopy vigugpg. |

B. Fixation Hrqcedires for Light Microscopy

The muscle examined by LM was fixed in elther 4%

glutaraldehyde or Bouin with acetic acid (750 ml saturated
Pleric acid, 250 ml L40% formaiin, 50 ml Glacial Acetic acid)
and embedded.in Epon 812 as‘aﬁo§e_§r Tissuemat (Fisher) |
parafin. Fixation 1n gluaraldehyde Teduced the musele prd-
cessing time since prolonged washes.in 70% ETOH to remove

the pieric acid from the Bouin fixed fixatlon was not nec-

essary. Further, the glutaraldehyde fixed material stained
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more readily with the 1:1 methylene blue (0 g*) azure IT
(1%) and 1:1 ponceau (1%). orange G (2%) in 7% acetic acid
than,didiﬁhe_Bouin fixed muscle. The protocol following
4 hrs fixation in glutaraldehyde (at 5°C), or 7 hrs fixation
in Bouin (at 506) and extended washing in 70% ETOH, was
identical. The fisghe Was processed through the standard
series of 30%, 50%, 70%, 90%, 100% ETOH, 1:1 ETOH-Xylene,
1004 Xyleno, 1:1 Xylene: parafin, and 2 chaoges of 100%
parafin, using an American Optical Histokinette automated
tissue processor. - Lo

The parafin embedded muscle was sectioned at 8 microns,
and after fixation to the glass slides with albumin, and
removal of the parafin, was stglned,with 1:1 methylene Hlue
(0.5%); azure II (1%) for 5 mins and followed bj 1:1 ponceau
(1%): orange G (2%) for 20 secs. Interestiogly, hydration
of the larger muscle pleces after facing the parafin block,
allowedysections to be cut in the 6 micron range.

C. Cryoscopy and Histochemical Procedures

General z

Muscle pleces excised for histochemical analysis were }
first immersed in a bath of iso-pentane for 10 secs at -40°C
and then placed directly in liquid nitrogen for at least
5 mins. Removal of the skin was facilltated by making a

" small inelsion parallel to the ventral fin and then prying

the skin free after the liquid nitrogen stage. Eel muscle
was particularly difﬂieult to prepare for histochemical

L%
examination as the muscle was extremely sensitive to temp—

t
Q T bt
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erature alterations. ° Indeed, without first infiltrating \
the tissue with iso -pentane, the muscle was riddled with
‘holes and unstuitable for eiamination. Further, the standard
freezing block on the Aymes Cryostat II could not be used

to prepare-muscle blocks since the tissue embedding material
was at room temperature and thus warmed the frozen muscle and
~ produced artifacts. To overcome this problem, the muscle
pPleces were placed directly onto wooden blocks covered with
7% Tachganth Gum and the entire block immersed first into the
iso-pentane and then into the liquid nittogen. The samples
were then placed in the bottom of -the cryostat and allowed 2
to warm up to -25°C before . sectioning. The tissue was
sectioned at 6 microns, picked up on glass slides and allowed
to dry 2-3 mins before processing specifically for either
LDH,,myosin ATPase, or SDH.

Succinic Dehydrogenase (SDH) Staining

SDH was demonstrated’ using the method of NEchlas et al.
(1957). The slides were incubated for 10 hrs (at 22°¢) in a
substrate medium which contained 0.05 M Na-phosphate buffer, .
pH 7.6, 0.05 M Na-succinate and 1 mg/ml Nitro Blue Teira.
zollum in & final volume of 50 mls. The slides wWere then
washed in a saline (4% NaCl), fixed in 10% formal-saline for
10 mins, washed in 10% ETOH for 10 mins, rinsed in distilled
water and mounted in Farrant's Medium (50 g CGum arabliecy 50 ml
distilled water, 50 ml glycerin and 1 g Arsenic trioxide).

The site of enzyme activity was evidenced by blue- purple

diformazan deposits. Control slides were processed in the -
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absence of Na-succinate and‘producad no staining.

" LDH Staining

-

The pressnce. of LDH was demonstrated using the method

of Hess st al. (1958). The slides were incubated in a sub-

"strate solution containing 2 g liquid DL-Lactate, 0.022 g

NAD", 0.22 g Nitro Blue Tetrazolium, and 0.1 M Na cyanide

1n 50 mls 0.06 M Na-phosphate buffer. The slides’were then

rinsed in saline, fixed for 10 mins in 10% formal-saline,

'washed with 104 ETOH for 10 mins and mounted in Ferrant's

Medium. The sites of enzyme agtivity were evidéhced by the

.characteristic blue-purple diformazan déposits. Control

slides were incubated in the absence of DL-lactate and
produced no diformazan formation. A time course substrate

incubation procedure was adopted to allow qualitative ass-

- essment of the relative enzyme actifities of red and white

musele. Thus, slides were removed at 30 min intervals from
the substrate solution and then processed as above.

Myosin ATPase Staining

Myosin ATPase was demonstrated using the ﬁethod of
Niles et al (1964). The slides were incubated in a substrate
solution which contained: 0.02 M Na-barbiturate, 0.18 M
CaCLg, 76 mg ATP, 30 mg 2,4%-Dinitrophenol in a %otal.volume
of 50 mls. The slides were incubated at 22°C under the-
time course regime described abéve; however, due to %he high
ATPase activity, the slides were removed at 5 minute inter-
vals. Following incubation, the slides were waéhed in three

changes of 1% CoCl, for 2 mins each. The slides were then



washed fdr 5 mins in running distilled water and developed
"in 1% ammonium sulfide for 1 min.. The slides were.subse-
quéntly washed in distilled water and mounted in Ferranf's ;
Medium. Thé)presence of'enzymé activity was evldenced by a
: blﬁck precipipate. Control slides ﬁefe incubated in the .

absence of ATP and produced no staining pattefns.

~—
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~ INTRODUCTION

The correlations between cellular architecture and
physiological function are now well documented for a number -
of systems. For example, ion transport tissue is charecter-
ized by an association of mitochondria and endoplasmic
reticulum to fofm 'ion pumps'' (Diamond and Bossert, 1967;

Hochachka and C:nero, 19733 Sackin and Boulpaep, 1§75)'
| hormone synthesizing and releasing tissue is characterized
by specific cytoplasmic granules, extensive golgi and endo-
plasmic reticulum (Kobayshi, 1969)., Likewise, mammalian
slow and fast twltch muscle are characterized by specific
structural arrangments (Gauthief, i970) which seem %o
correlate well with their histochemistry (Hess and Pilar,
19633 Edgerton and Simpson, 1969) and physiological function
(Peachey, 1968; Burke et al., 1971; Close, 1972). The
.establishment of these correlations for fish red and white
muscle does.not, however, appear as fortuitous.

As-indicated in the Introduetion, although the basic
appearance of the contractile apparatus in fish red muscle
i1s consistent with mammalian slow muscle, there are some
significant structural differences. Thus, fish slo¥ muscle
possess & distinet M-line, a well developed ‘sarcoplasmic
retlculum, regular extensions of the transverse tubule
system to form triads, with the dilated cisternae of the
sarcoplasmic reticulum, regular and well defined Z-lines,

and continuity of Z-lines between opposite sides of the
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fiber (Kilarski, 1967; Nishihara, 19673 Nakajima, 1969;
Nag, 1972; Patterson and Goldspink, 1972)., While these
structural characteristics are more commonly associated with
mammalian fast or. twitch muscle (see Hess, 1970), their
presence'in fish red muscle may be an expression of an -
.alteration in the mechanism for.tension generation in this
muscle compared to Tammalian s%ow fibers. Mammalian‘slou
muscle contracts without shorténing sarcomsre length
(Awan and Goldspink, 19705 Goldspink et al., 1970u;3b).
Swimming movements, however, require isotonic contractions
(shortening of ‘sarcomere length) for the generation of the
propulsive wave form (Johnston et _L.,1972) and fish red or
slow muscle is involved in the production of swiﬁming;move-
ments as previously noted (Bone, 1966; Greer;walker and
Pull, 19%3). Thus, the inconsistencies in the structural
charécteristics between fish and mammalian slow muscle, and
the si&ilarity between fish slow and mammalian fast muscle,
may simply be related to the generation of fension i;oton-
ically as opposed to isometrically.

A comparison of the basic structural characterisfics
common to mammalian fast twitch muscle with fish white i
muscle, suggests that, apart from differences in innervatioh,
the ulﬁaustructure of the twofmuscle'types is basically
identical. In fish white muiscle, the neuromuscular junction
is characterized by the 'en grappe' type endings observed
for mammalian fast muscle (Hess, 1965; Page, 1965). Thus,

fish white muscle receives both monoaxonal (Andersen et al.,
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1963, hagfish)-and polyaxdﬁal innervation (Takeuchi, 1959)
which terminated in' multiple ending sites. Further, the
post Junctional sarcolemse membrane 1acks'infoldings; There-
fore, innervation in most fish white muscle is similar to
that observed for amphiﬁian and mammalian slow muscle. Inn-
grvation of fish red muscle is also by the 'en grappe' type,
but a larger number of motor terminals are distributed
throughout the length of the fibers (Takeuchi, 1959; Nakajima,
196735 Nishihara, 1967), o ,
The evidence suggesﬁs'that while the correlation between:
the morphological, histochemical and physiological chafacter-
istics of the mammalian slow.énd fast musculature is well
established; these correlations for fish slow and fast musclgs
are not as apparent. Therefore, fish muscle functlon may not
.be identical to that commonly accepted for the 'homologous!
mammalian muscles.

*Patterson and Goldspi;ﬂé:.(w?z) working with the coalfish,
and Nag (1972) workiﬁg with rainbow trout, have recently re- |
assessed the structure-function problem of fish red and white
muscle. They‘were, however, unable'to add to the existing
arguments of thelr functional roles. To date, no ocne (to the
authors knowledge) has attempted to evaluate this problem
using the eel asAPhe experimental animal; and to capitalize
upon the dacumentéd changes in red muscle content (Lewander
et al., 1974) and enzyme pattern (Bostrom and Johansson,

1972) concurrent with migration.

Basically, although the structural architecture of red



muscle ie markedly different from mammalian red or slow
'muscle, the structural charecterietics must be, none the less,
related to its physiological function. Thus, if there are
alterations in the physiological role of red muscle during
migration, as suggested by the data oﬁ Lewander et al., '
(197%) and Bostrom and thansson (1972) for the EurOpean eel,
then an expression of this change should be manifest in the
structural machinery. |

This communication reports the ultrastructural and
histochemical chafacteristics of muscle from both immature

and mature American eels, Anguilla rostrata, The results

inddcate that maturation is accompanied by alterations inl
eﬁhe structure of the red muscle and that these changes are
abseet in white. It is suggested that the ‘contractile role
of red muscle may be altered following maturation, and that
the white muscle may provide contrectile forces at swimming

speeds other than gprinting.

-
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' RESULTS

General Characterlstics and Morphology

The distribution and m&otomal,patterndof red and white‘
muscle in the migrating American eel, g. gggzggzg, are
preseﬁted in Figs. 1 and 2. The two muscle types appear to
be distributed independently of each other, with the greatedt
concentration of red muséle at body segment #12 and white
muscle at body segment #16. Therefore, the'peak concentra-
tion%?f red and white muscle are.approximately 10 cm apart.
Also, the_red muscle maintains approximately phe same thick-
ness throughoup the abdominal reglon while the white muscle
falls off sharply ﬁFig. 2). These observations suggest that
the importance of éach muscle type in generating swimming
movements varies throughout the longitudinal axis of the
fish as noted by Greer-Walker (1970). Little if any myotomal
red muscle.islfound.on young, up-river mlgrating eels (i.e.,
less than 30 cm in length).

" Examination of an enlargement of body segment #16 reveals
several characteristics of eél-muscle (Fig. 3.). The red
musculature, except for the invagination at the lateral
line, is limited to a thin band distal to the subcutaneous
fat layer. Thus, eel muscle does not possess the mosaie,
or mixed, red-white pattern characteristic of salmonids
. (Nag, 1972). The perimysium of the red muscle insérts into
the perichondrium of the axial skeleton as well as into the
a%i’cent perimysium of the white misculature. This arrange-
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”
The distribution of red and white muscle in a mature

migrating bronze eel.

e

" Fig. 1.

Each body segment is 2.5 cm in length,
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Fig. 2. Graphic presentation of the‘histogram presented
in Fig. 1. Arbitrary length units-ars the 27-2.54 cm

sections noted in Fig. 1.
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Fig. Enlargement of body segment #16 (see Fig. 1). Note
the homogenous deep_ white musculature,faﬁd the relative amounts

of red and white muscle. A'distinct subcutaneous fat layer

separating the red muscle and skin 1s'also observed. - 2ad DY,

second dorsal myotome.
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.ment presents the characteristic series of 'loops' described
by Alexander (1969) and Willemse (1972) for other fish
species. Note that the symmetry of the perimysium is oonQ'
served about two axes; & vertical axls through the dorsal

and ventral fins, and a horizontal axls through the lateral
line. '

o

Fig. 3 further underscores the relative. proportion of
the body musculature which is red compared to whits. For.
this specimen, red muscle comprised 15.8% of the total body
musculature, a8 value higher than that reported by Greer-
Walker and Bull (1975) for A. anguilla (8.8%);_however, it is

probable th¥d

specimen was rdt .in the Jmigrating phase,

The myomeres of A. rogtrata -are arranged in a manner
similar to that observed for dogfish (Nursal, 1955; Alexander,
1969; Willemse, 1972). This pattern consists (Fig. 4) of a
series .of three cones with alternate apecies pointing
‘anteriorly. 1In addition to these directional cones on eacl
myomere, the musculature of the eel is also organized fhto a.
series of anteriorly. pointing cones which are laterally--
medially orliented and composed of the loops prominent in
body ¢ross sections (Fig. 3, 5). By following the striped
loop in the succéssive sections in Fig. 9, this.pattern is
evident Interestingly, the number of these 'super cones!
appears to depend upon the size of the ecel. Fop example,
only two cones were evident in a 30-35 cm size eel, while in

a 60-75 em eel, four cones were observed.

In addition 'to this complex organization of the individual
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Fig. %, Each myomere of the_eel 1s organized into a 'W!
shape with a medial anteriorly pointing cone (24) ang alter-
nate posteriorly pointing cones (1P, 3P). The dorsal (DI)

and ventral insertions (VIJ-are directed anteriorly, -
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Fig. 5. Since the misculature of the eel is symmetrical
about two axis, only dne quartep is diagrammed. The line
drawings suggest that the sucessive invaginations are ex-
tensions of a 'super-cone' structure which is oriented
distal-proximal, anteriorly-posteriorly. The number of

these cones 1s observed to vary with body length.

>
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myoueres, perimycium and muscular loops, the individual
N\

muécle cells and myofibrils are arranged in a helical manner

(see_ Willemse, 1959, 1972; Alexander, 1969), The period of

the helix for the muscle cells was estiﬁayed to'be in excess
of 500 microns and approximately 200 milcrons for the myofi-
brils. - Further 5 to 7 myofibrils, twist together to form a
structﬁre analogous to a series of bralded ropes twisting
about each other within a larger structure which was itself
twlsting, but with a longer period. This pattern can be
seen in Fig. 15. The importance of this helical naturelof
fish muscle was recently reviewed by Willemse (1972).

Light Microscopy and Histologf

Figs. 6, 7 and 8 document the disparity in vascularity,
fiber size and lipid content of the red and white muscles ]
(see re;iew by Love, 1970). Also, the presence of an inter-
mediate fiber type,'previously unreported for the eel,
specifically'localized to that part of the red muscle myotome
which invaginates at the lateral line, is demonstratefl in
Fig. 6. Fig. 7, which wasjtaken of the second ventral -
myomere (refer to Fig. 3), does not show ghé presence of
this fiber type since 1t. is not at the lateral 1line.

The highly developed vasculér system of red muscle isg
clearly seen in Fig. 8. Consistent withéghe observations 'of
Bone (1966) on the dogfish, the main axons arlsing from the
dorsal nerve cord extend to the myotome through the myoseﬁta

as noted by the arrow on this figure.
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Fig. 6. dross Section of red-white muscle interface of eel
nyotomal muscle where the fed muscle (RM) invaginates at the
lateral line. Thg Qarkly staining dots between the red
muscle fiber are red biopd cells, while-the peripheral stain—
ing dots of both the red and white fibers mmb are nuclei.

‘The intermediate fibers are plearly evident as a.band betwéen

the two muscle types (IF). Hematoxyln-eosin stained cryo-
stat sections. X. 288. '

R
‘Fig. 7. Cross section af the interface between the red (RM)
and white (WH) muscles of the eel at the second ventral |
myotome (refer to arrow on Fig. 3). Note the marked diff-
erence in the fiber diameter of the two respective muscles

and the lack of intermediate fibers (Fig. 6). X. 288.

Fig. 8. An enlarged cross sectional view 6f_;ed muscie
directly adjaceﬁt to a myosepta.. The tissue was fixed with
050y and stained with 5% toluidine blue, pH 10, giving the
lipids (L) a dark stain against the lighter myofibriis.
Numerous capillaries (C) are-seenlbetween the muscle fibers
and account for the large nﬁmber of red blood cells observed

in Figs. 6 and 7. A large axon (A) is noted buried in the

“myosepta (see arrow). X. 288
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Conslstent with previous reports (see Love, 1970), the
red fibers of the éel were significantly smaller than the

whilte, and contain a single size ‘class as compared to two

_size'class;sffbr the white fibers (Fig. 7). The diameter of

the red fibers varied from 9.4 to 23.6 microns (93T‘fibers
counted), while the white fibers ranged from 10 to 37.8

. microns for the small size class, and 37.8 to 66 microns for

the large size class (1859 fibers counted). The small class

" fibers exceeded the large fibers by approximately 25%. The

intermediate fibers were similar to the large size class

white fibers’' (Fig, 6).

Eel red and white muscle from both immature yellow and

mature bronze specimens, was examined histochemically for
the relative activities of SDH, LDH, and myosin ATPase. 1In
all specimens examined (6 immature and 4 mature), the red
muscle had consistently lower activities of ATPase Brig. 9)
but significantly higher act1v1ties of SDH (Fig. 10) and
LDH (Fig. 11) and larger lipid deposits (Fig. 8), than the
white muscle, These results are confirmed py those of
George (1961), Nag (1972), Patterson et al., (1975).

Due to the larger number of mitochondria in red muscle
(see Nag, 19723 Patterson and Goldspink, 1972), higher levels
of the mitochondrially assoclated SDH are expected (Fig. 10).
For LDH (Fig. 11)y however, Brostrom and Johansson (1972)
working with A, anguilla, clearly demonstrated higher acti-
vity levels in white muscle than red (see also Chapter L4):
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Fig. 9. The differential staining of myosin ATPase (see
Materials and Methods) for eel mﬁscle typeé;‘ Note the homo-
genously dark étaining white fibers (WM) compared" to the
lesser stained intefmediate fibers (IF) and red muscle fibers
(RM). X. 300. s |
Fig..10. The difféTentlal stalning of SDH (see Materials
and Methods) for eel red (RM) and white muscle (WM) taken
from the interfgce'area of the second dorsal myotome (refer
to Fig. 3). The large intermediate fibers (IF) are clearly
evident within the red myotome. Thg residual staining of the
U@D musculature could not be differentiated from controls.

X. 275, |

Fig. 11. The histocheﬁiCal localization of eel muscle LDH,
The red muscle (RM)‘stgins‘the darkest due to its high oxi-
dative capacity, followed by the intermediate fibers (IF)
and the glycolytic white fibers (WM). Section téken as in
Fig. 12. X. 275.

Fig. 12. Histochemical localization of WM-LDH from the eel
(see Materials and Methods). Note the concentration of

activity in the small compared to the large fipers. X. 288.






The histochemicai stain for LDH is based on the formation of
a diformazan salt of. tetrazolium blue'which.precipifetee Tf**ﬁgf“\‘k
upon oxidation off the dye. This octurs when the LDH ré- _ o
action is driven 1n the direction of pyruvate formation.
Therefore, the histochemical stain glves a measure of oxl-
dative rather than glycolytic potentlal, as reported by
Brostrom and Johansson (1972) and Chapter 4 (this thesis).
Thus, the histochemical results afe consistenh.with the SDH
results which demonstrate that the red muscle has a-higher
0tidatiVe capacity than white muscle, andra higher conver-
sion rate of lactate to pyruvate (see Chapter 4)._ T

The intermegaﬁye fibers stain lightef than both red
and white muscle for myosin ATPase (Fig. 9), lighter than
; Ted but darker than-white muscle for SDH {Eig. 10) and
slightly lighter than red muscle but darker than white ‘
muscle for LDH (Fig. 11). i

| In addition to the red, white and intermediate fibers,
a fourth fiber class ms.%erved. These fibers have a
¥y

limited oxidative capacity ®nd lie within the white muscie

. perimycium boundary separating the red and white muscle

myotomes. These fibers are e;ecifically;localized adjacent
to the red muscle myotome which is inSeréing into the peri-
chondrium of the skeleton. Thus, these fibers are only
evident in the lateral line region (compare Figs. 10 and.11).
As indicated above, the deep white muscle was charac-
terized by having two distinct fiber size classes; inter-
estingly, both sizes stain equally for myosin ATPase and SDH
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‘(note, this refers specifically to a lack of SDH ac T
not its presence) For LDH, on the other hand, . thdre appears

ta be a concentration of activity. in the small. Olass fibers

T ~
—js\a\\\\as compared to the large fibers (Fig. 12). : : :

o Figs. 8 and 13 document the alterations in 1ipid con-
k S tent of the red muscle concurrent wlth the yellow-bronze_
transition for A. rostrata. The red_ muscle from an immature
~ yellow eel (Fig. 1) demonstrated relatively few lipid(drup-\J.
lets which have not yet coalesced to Form a8 lipid sheath @
around the fib@gs, or to greatly infiltrate the fibers. .
_Fig. 13, on the other hand, demonstrates the degree of fatty
\lhinfiltration occurring with the transition to the bronze
state, or at the poinu'of the sea-ward migration. Indeed, the'

lipid volume, as measured Jin cross section, increased from

approximately 13

lipid: depositi-ﬁsappears around the. periphery of the fibers,

0 °50%.,. The major intracellular site of

. although extens‘ve intramyofihrillar\deposits do occur

(Fig. 13). The regularity of the A- and Z-lines and the '
conspicuous lack of intracellular lipid deposits in the white
muscle .is evident from Fig. 15. The extent of fatty infil-
tration for the red’ muscle/is not limited to Just disruption
of the contractrle apparatus regularity, indeed, from Fig. 16,
it is evident\that extensive deposition occurs within the ’
Derimycium and between bundlé% of red muscle fibers (see
also Kilapski, 1960) The end result of this fatty
"degenerative' process is»the pa?titioning off of groups

_ of re muscle cells. ThiS'condition\was:not as prevalent -

¢ * - " R

g ) ' . s o oy



Fig. 13. 'Longitndinai section ofdged muascle from a mature
migrating eel. Note the periphery. .of the‘fibers are en- %
sheathed in 1ipiqd and pockets of lipids have formed between
the myofibrils. Stained with 5% toluidine blue, pH 10.

X, 288. P

: , 0 Lo s . .
Fig. 14, Longitudinal section of red muscle from an immature

~ [yellow eel collected in an estuary in 8t. Andrews, New
Brunswick Note the few randomly distributed, darkly stained
“1ipid- droplets (LD) Stained with 5% tolufdine blue, pH 10.
X, 288, o ' . .

L

~

' Fig.m15 Longitudinal section of white muscle from a mature
migrating eel Note the &otal lack of intracellular lipids
and a dirth of capillaries which i1s characteristic of the
white muscle examined The helic«i nature .0f the muscle can

.be observed upon close inspection. Stained with 5% toluidine
blue,- pH 10. X. 288, - )

»

-+ -’

Fig. 16. Cross section of red (RM) and white*muscle (WM)

demonstrating the degree of fatt deposition in a mature migrat-

LY

ing bronze eel. Thefcryostat section was lncubated in.the sub~
| strate mixture‘;or demonstrating myosin ATPdse but was exten- .
-Isively over oxldized by ammonium-sulfate to show,the»different

fiber sizes.- The lipid:deposits (LD) appear as white voilds.
. x. o, ’ * — | |

i ¥
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in the white muscle. - Here the deposition occured predom- .
inately wilthin the connectlve tissue séparating the white
_muscle myotomes. These results are consistent with those
of Kilarski (1960) who has revieWed the patterns of fat

-~

deposits in teleosts,
L)

Ultrastructure: Red'and White Muscle

g
In addition to containing large intracellular deposits

of lipids, eel red muscle, and fish red muscle in general,
(see Love, 1970}, also has larger deposits of glycogen. than *
white muscle (Fig, 17) The extremely low concentrationz of
glycogen in eel white muscle could be due to a state of
starvation (Fig. 18 is representative of bronze-sel white
muscle) however, feeding, lmmature yellow eels also dem- \
onstrated low glycogen 1evels. In the case of the yellow
feeding eels, ldw glxcogen may reflect a panic'-activity

of the eels in the traps prior to sacrificing. Black et al.
(1959) has- demonstrated that only 2 mins. of strenous acti-
vity are needed to deplete the'glycogen contentmof trout
white muscle by 50%.

-~

The general &ppearance of the myofibrillar organization
(alternating actin and myosin) in both the red‘and white
muscle (see Figs. 17 and 18) 1s . consistent with that accepted
for ver ebrate striated muscle (see Huxley, 1966); however,
there gre some subtle differences between the structural
.architeeture of the two miscle types. For example, while

the Z-disc of the whte muscle démonstratet’ the characteristic



" Fig. 17. Electron micrograph of red muscle from a mature
migrating eel. Note the.incrt‘eased fatty infiltratio.n (L)
and mitochondrial pfoliferation (M) as compared to Fig, 12,
Two capillaries are enclosed within this field of view. EN. -
endothelial cell nucleué, CL. capillary lumen, TR. triad,

SR. sarcdplasmic rr;t;iculum.‘ X. 9700.
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Fig. 18. Electron micrograph of white nuscle from a mature
migrating eel The triads (TR) are regular at each Z-disec
(Z) and little glycogen is observed between the mgpfibrils.

The M~line (M) is well developed and the alternating thick~

myosin and thin- actin fllaments are easily recognized.
X. 23500
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'basket weave' pattern (Knappels and Carlsen, 1962) observed
for mammalian striated fast musele (Fig 18). This pattern

is obscured by the 1arge concentrations of a Z-disc protein

in the eel red muscle (Figs. 17 and 19).

The M-line 1s very prominent in both red and white
muscle, as are the A- and I-bands. The Tatio of actin'to
myosin 1s 8:1 and is within the range observed for most other
vertebrate striated muscle&‘(_Pros'"'ser, 1973). Both museie
types have a weli developed sarcoplasmic reticulum; however,
the formation of triads with the transverse tubular system
is more regular in white muscle.than in thegred, an obser-
vation previously reported by flag (1972) for trout. red and
white muscle. Further, the triads are Focalized at the Z~
disc for both muscles, rather than the A/I Junction as re-
ported for the red ocular fibers of the carp (Kilarski
1967). Sarcomere length, which is an indiecation of con-
traction speed (Hess, 1970) for eel white fibers were
found: to be shorter than the red (1.8 as compared to 2.6
miecrons), bu hin the normal range reported for other
fibers (Eon A 14§

Evidence presented in Figs, 17 ‘and 19 further documents
the increase in 1ipid deposits in red musecle concurrent with
the transition between immature yellow (Fig. 19) and mature
bronze (Fig. 17) eels. Paralleling these changes, a prolif-
eration in the mitochondrial numbers and the fiber volume
they occupy can also be seen on these figures. Thus, the

mltochondrial volume, as determined in cross sections, in-
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Fig., 19. Eileetron micrograph of the red muscle from an

immature yellow eel demonstrates the large concentration

of glycogen (G), numerous mitochondria (M), and striking

lack of intracellular 1ipids (L). This micrograph is taken

from the sanme sample as presented in Fig. 9. The Z-discs

(Z) are readily apparent and are thickened compared to the

Z-disc in white muscle (Fig. 18). Both the (4) and (ij bands are
prominent and the triads (TR) appear at the Z-disc (Z). Note

the M-lines (M). MF. myofibril. X. 15400.

-
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8

creaséd from approximately 10% to greater than 20% in the
matuée migrating eel (compare,Figé. 17 and 19). ..:Coupled
with the increase in intradéllﬁlarmlipid‘deposiﬁs and mito- =~
chondrial numbers, there 1s a corresponding incfease in the .
sarcoplasmic reticulum volume in the red muscle of the ﬁigrat-

ing eel. Im%grtantly, no changes in the structural archi- (///
tecture of the eel white muscle, concurrent with migration

were observed. o
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DISCUSSION

It 1s tlear that significant differences exist*in the
cellular architecture between red and white muscle fibers of

the eel A rostrata. These differences are consistent with

Thus, red fibers compared with white. fibers hawe gller

. Observations reported for other fish red an\\whitgﬁmuscles.

fiber diageters, greater vascularity, intracellular 1ipid
deposits, . longer sarcomere length, and greater numbers of
mitochondria. These results confirm and extend the works

of Nag (1972) on rainbow trout, Nakajima (1969) on snakefish,

.Bergman (196#) on sea horses, Patterson and Goldspink44ﬁ972)

on coalfish, Nishihara (1967) on carp, Bone (196§) on
dogfish, Kornellussen and Nicolaysen (1973) on hagfish,
Buttlkus (1963) on lingcod, Franzini-Armstrong and Porter
(19645‘on black nollies, Bishop and Odense (1967) on cod, \
and Kilarski (1967) on tench, pond loach, perch, guppy, little
goby, and flounder. Histochemically the higher ,SDH aﬂﬁ LDH
activities (higher oxidative capacity) and lower ATPase .
activities (suggestive of slower contractile peed (Barany, .
1967)) for red miscle, likewlise suppo;p the results of

' ,George (1962) on mackerel, Manshi et al. (1975) on

Bagarius bafarius, Johnston et a _; (1975) on rainbow trout,

~ Pattersen gt al. (1975) on glass fish, carp, coalfish, black

mollies and.grey mullet, and Nag and Nureall (19?2) on )

rainbow trout.

Vi

With the definitive work of Bone (1966) and its sub-

>N S L.
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.éequent collabq;ation,(e,g., Korneliussen and Nicolaysen,
1973), 1t is nowdenerally actépted that fish msculature is
-dividé& inté a series of intermediaté fibers, in éddition to
the easily recogniéable red and white. These fibers, lumped
together as the pink fibers (Pattersan et g;.; 1925), are L
./Q,Spatiallxhlgcated Between the Egg/éﬁafﬁﬁfffzggéﬁg$953 and i -
the,cnuciaﬁ’carﬁ, for example, are equal in the ﬁaSs with the .
\ red muscle (Patgersoﬁ et al. 1975). ‘Bok&awala C196?).has | ‘Tk"
suggested that these pink fibers are éloself correlated ﬁitﬁ' o
thejgtaying capacity of the fish; i.?., fishes which'swim‘ -
c'ontmuo{;sly have.a_ higher content of. pink muscle'f It is ‘
interesting in this ré;pegﬁhthat ;n-thé American eel, which
is certainlyraﬂstayer during the latter part in ifs life
cycle (see Simha and Jones, 1976), thé intermediate fibers
are present onl§ in a single, orhdoub;é row (Fig. 10). - ’
Since these fibers are not'delineagéd by a uniéue perimycium
system, but rather are located within the red muscle myotome,
it is possiblsltﬁat they could represerit aﬁQEEEE?éqpiating
{ed.muscié'§r;@.. This intérpretafion has B&egisﬁggested.by
Patterson gt al. (1975) for the strip of fibefg“from.carp \‘*’/.
found in a similar gpatiaﬂyipcation; however, the fibers | L{\ |
‘which'thgyué;aq}ned ﬁere smaller than even the red muscle"
£1bers. ;S:I;n\ce’these'(fibers in the eel fall.within the large
* white myscte size clgss;\and are féundein both immature "
yeliow‘énd' migratfrfg brohze_._eels, interpretating them as ?l,‘:-;-;’
differentiating seems unlikely. | ' ' |

&

, ?Tr{e histochemieal demonstration of lower SBI;? (Fig. 1'0)
. ' - T oo :

S—
% :
\

\D‘
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‘and 1ipid levels in the eel intermediate flbers is consistent
ffwith observations on other fishes. ”Interestingly, the levels
rzﬁof myosin ATPase are markedly different than previously

ireported, For example, Johnston gtggl. (1975) differentiate
'_intermediate fibers in the rainbow trout as having lower

Foxidative potential than the red but greater than the white,
and levels of myosin ATPase activity comparable with white ‘
musele. This is clearly not the case for the eel, where the’
intermediate fibers are truly intermediate. in all the assaysﬂ
| performed. Unlike these oxidative intermediate fibers, the
fourth type of fibers in the eel, the oxidative white fi'ber‘s,
have similar activity levels for myosin ATPase as the deep |
white fibers, which demonstrate little oxidative capacity.
Thus, further work 1s needed toascertain the correlation
between the structural/histochemical characteristics of the
intermediate//ibers and their physiologilecal function.

Results on the relative mitochondrial volume (less than

1%4) of eel white muscle, while contrasting with observations
reported.by Page (1965) for frog fast muscle, support the
observations of Patterson and Goldspink (1972) on coalfish
and Korneliussen.and Nicolaysen (1975) on the hagfish.
Indeed, the latter authorf report that "one has to search
through several fields of vision at a sna;l magnification
to find even a single one..." (Korneliussen and Nicolaysen,
1975,.p. 276). In light of these observatlons, it i1s
difficult to explain the rather substantial levels and

increases in oxidative enzymes in the white musculature of



oF

66~

of . the Buropean eel following the yellow;silver transition
(Bostrom and Johansson, 1972), Two explanations for this
apparsent discrepancy are possible. Firstly, crossg contam-f“
ination betwsen red and white fibers 1s possible if separ-‘
ation is not done. carefully; and secondly, the observed
oxidative activity was due to the fourth fiber type (the
white oxidative fibers) which'lie withih the perimycium
adjacent to the red ang uyite muscle-interfeoe~et the lateral
line. These fibers are more plentiful than the intermediate
fibers indicated above, and thus cowld account for the
poreion of the oxidative activity they recorded,

| Lewander et al. (1974) have reported an increase in red
muscle volume with .the yellow to silver transition. Coupled -
to this increase is an increase in lipid deposition angd
mitochondrial proliferation within the red fibers that
ultimately leads to separation of the myofibrils. The
increases in mitochondrial numbef observed in-this study
confirm the report by BRostrom and Johansson (1972) of in-
creases in oxidative enzymes for the mature silve® eel, A.
anguilla, For example, cytochrome oxidase activities in-
creased approximately 77% following the yellow—silver trans-‘”
ition. Unfortunately, due to the small amount of red
muscle in the immature yellow eels (Lewander et al., 1974),
a quantitative estimate of lipid accumulation commensurate
wlith maturation, hai,yet to be accomplished. There is no
doubt, however, that the 11pid content of the mature eel is
greater than immature eeis.beCance (1944) reported a 10~-fold

y
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increase in whole body fat eonteﬁt between <lmmature yellow
and mature silver A, anguills eels.

‘The separation of myofibrils by lipids and mitochondria
has been previously reported H&,Nag (1972) for rainbow
-trout red’ muscle. He suggested that the extensive infil-
tration resulted 1n separating the myofibrils from éach
other such that they extended throughout the length of the
muscle cell ensheathed“in 1ipid and nitochondria and appeared{
‘as-independently‘contracting unite The structural alter-~
ations which occur with maturation in the eei red muscle\
appear as described by Nag and are suggestive of a possible
modification of contrabtile_capacity. While it is tempting
to speculate on the physiological expression of this mod-
~ification (i.e., whether contractile potential is actually
diminished) electrophysiological experiments .mist be con~-
ducted to adequately analyze. the condition to substantiate
such a hypothesis. ] | . |

- Although these data do not sprove a correlation exists
between the observed structural changes and the proposed
alteration”in metabolic function for eel red muscle during
migration, a structure-function pattern is emerging. For
example, if eel white muscle is polyaxonally innervated as
reported for most other fishes. (see Introduction for‘refer—
ences), then a graded response 1s possible. Thils suggestion
was first proposed by Patterson and Goldspink (1972) to
explain the contribution of white muscle at swimming speeds

other than bursts or- sprinting. The presence in the eel,
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of a mixed white musculature (i.e., small and large fibers-:-
not to be confused with‘mixed red ahd'whiterfibers)‘is con-
éiétenf‘with‘this hypothesis. Thus, it could be envisioned |
that the small fibers would éontributg to 1ocdm6tory move-: .
ments at slow cruisiﬁg speeds with large fibers firing at‘
higher swimming speeds. In this regard, the comment by
Greer-Walker (1970 p. 238) is appropriaté M, ..it would be
surprising if 83% of the muisculature (of the cod) were
.reserved for escape reaction and only underwent passive
'contractions during sustained activity."

In summary, four basic flber types have been ldentified
from the musculgfure of the eel: red, intermediate, oxidative-
and non-oxldative white. The structural and histochemical
characteristics of the red, white and intermediate (with
the exception of ATPasg activity) fibers are consistent with
Observations from othgg fishes. The red musculature contailns
a single fiber size cléss, while the white muscle can be
divided into two size classes., Concurrent with maturation,
there was a marked'increase in 1lipid and mitochondfial
number in the red fibers with no apparent morphologicél
change in the white muscle.” The result of the fatty infil-
tration and increased mitochondrial number was to separate
the myofibrils from each. other such that' they appeared to
extend the length of the muscle cell as individual units.

It is suggested that this marked diéruption of red muscle
integrity with ﬁaturation and the presence of two fibér
-classes in white muscle are consistent with the hypothesis



‘that red muscls has Tlan’ éltefed functional role during migra‘-%
. tlon and “that white muscle may contribute to swimming at -

:-speeds other than bursts or sprinting._
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INTRODUCTION

The potential of fish red mﬁscle to support a metabolite'

recycling function, in addition to a contractile role, has _n
been tﬁe focal point of intensive researcp (see eg., Loye,’

19703 Bilinskl 1974) Recent'evidence‘suggests thet th157 '

metabolic role/icvolves the regulation of 1) lipid turnoven "

(Robin%bn and Mead ,1973), 2) utilization of amino aéids for
‘gluconeogenesis (Wittenberger and Giurgea 1973), 3) gly-
cogen turnover (Wittenberger 1972) and 4) lactate recycling
_(Wittenberger,and Diaciuc, 1965; Wittenberger,1973;
_ Wittenberger et el.,1975) | Thusa the proposedmetaboliteJ
- .role of fish red muscle apgears analogous to certain physio—
logical functions of mapmalian liver. In this respect, |
Braekkan's (1956) red muscle-liver hypothesis is clearly
support ed.g} 7
-Wittenberger and co-workers have provided a major con-
tribution towards developing and substantiating a hypothesis
for lactic acid utilization by fish red muscle. However, to
date they have not assessed the problem from an-enzymatic
point of view;_4A key enzyme which is intimately involved in
the utilization of lactate by the red muscle is iactate

dehydrogenase (LDH) (L-Lactate:NAD oxidoreductase, EC 1.1.1.27)..

3
This enzyme catalyzes the reversible oxidation of lactate to-

pyruvate, thus providing substrate for both the TCA cycle amd

gluconeogenesis, while maintaining the cytoplasmic redox

state, -

.

7



| It 1s'well established in birds and mammals that the
'five tetrameric isozymes of LDH arise from the random com-
bination<of the H and M subunits (1.e., Hy, HyMy, HoMyy
HyMyy, M) (see Bailey and Wilson, 1968; Kaplan and Everse,
1972, Everse and Kaplan, 1973; Markert et_;L y 1975).
Although the H and M subunits are similar in molecular
_ welght (approximately 35,000), their chemical, physibal,
immunological and catalytic prpperties, plus tissue distri-
bution, are markedly different. The H isozyme 1is the pre-
dominant form in the ‘heart, (couprising 78% of the total LDH
protein) a highly aerobic tissue.. Importantly, this isozyme
demonstrates high affinity for elther substrate, pyruvate'
or lactate (low Km~values) but is strongly inhibited by both
substrates. The ML isozyme, on the other hand, is found
rredominately in white skeletal muscle and is polsed for the
anaerobic production of energy and the maintenance of reduc-
ing’potential for anaerobic glycolysis. Thus, it is weakly,
if at all, inhibited by pyruvate»or lactate and has a much
.1ower affinity-(highéi Km-values) for these substrates than
does the H, isozyme (Kaplan and Everse, 1972; Everse and
Kaplan, 1‘973)_.‘ | '
While“the mamnalian LDE exists in five discrete forms,
fish LDHs are reported to, vary in number from 1 to about 20
(Goldberg, 19653 Markert and Fa ’gﬁit 1965 Hochachka,
1966). Even though this wide disP ty in isozyme numbers
exists, similar physical and physiolo ical characterigticg
have been reported for similarly charged (as indlcated by

.
G
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electrophoretic-mobility) homologs from fish and,mamﬁalian
tissues. For eiample, Bailey and Wilson_(1968) have demon-
| strated'that trBut heart LDH, and purlfied chicken Hy LbH,
separated into a series of rapldly migrating anodal bands.
The trout muscle ettract, on the other(hand, behaved like
the purified chicgen M; and did not migrete as rapidly as
the heart isozymes. Further, the trout hewrt engacts and ‘“K
purified@*chicken H# LDH displayed similar résistance to .
thermal denaturation which was markedly different from the
thermal chgracteristics of the muscle enzymes. Immunological
tests revealed that the trout heart extract cross-reacted \\\\\\
with the purified chicken Hy isozyme but not with the puri-
ff;% chickeq M, isozyme. The coffverse was also found to
occur. Thus, %5en-though the number of genes coding for
fish LDH differs from mammals (see review by. Markert et al.,
1975), amd more isozymes are produced in fish, there is
evidence fér an analogous@gorrelatidn between the anaerobic/
aeroblec nature of the fish{tissue an& the LDH complemqpt.
A notable exception to this generaligzation is the flouﬁder
heart which has a single isozyme, equilivant to the mammalian
M, form (Lush et al., 1969; Markert and Holues, 1969).
An indirect way to assess the anaerobic/aerobic capacity
. of a tissue, and thus the lactate oxldase (LO) potential, is
to determine the H/M activity ratio (Kaplan and Géodfriend, | P
19645 Everse et al., 1970). Kaplan and associateg%fsee
Everse ang Kaplan, 1973) report that tissues whic% have a
primarily anaeroblc metabolism ﬁill have a low H/M ratio.
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" (due to the lack of pyruvate inhibition) relative to tissues

which are aerobic in nature. Thus, values greater than 1
are not uncommon for heart LDHs while values l¢ss than 1 are
characteristic of white skeleﬁal muscle IDHs. Gesser and -
Poupa'(1973) have reported that the H/M ratlo for skeletal

muscle of Anguills anguilia, the European eel is O, hS, and

therefore, possibly a highlw anaerobic tissue.

A more direct assessment of the lactate exidative po-
tential of a tissue 1s to examine the kinetics of lactate
oxidase (LO) in contrast to pyruvate reductase (PR) and
determine the FR/LO ratio. Thus, & low Kpgq, ) coupled with
a PR/LO ratio less than or approximating unity, would Suggest
an oxidative potential. ‘Likewiseg a high Kh(laéjeoraiew
affinity for lactate, coupled with a PR/LO ratio greatexy
than unity, would suggest tggsﬂgDH funations primarily in
pyruvate reduction. By compafihg LDH kinetics and PR/LO
ratios from tissues of known‘Bxidative and. gluconeogenic
potential, a relative measure of the 1actate conversion
capacity can be estimated.

IThEE*Bermunication reports the results of this approa&h

4

in assessing“tﬁe lactate oxidative potential ~of ?DH from eel,

A, rostrata, red .and white muscle, heart, kidney liver and

g111l. The results support the potentlal of a'metabolic

recycling role for eel red muscle and suggest that white

Ld

muscle does not have this capacity.
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RESULTS .

‘\.

In additicn to the large variation in LDH 1sozyme number
between the eel tissues, two important observations cah be -
made from the polyacrylamide disc gel electrophopetogréms
presénted in Fig. 1. First, the three muscle enzymes (red,
white and heart) all possess an isozyme in common, Second ,

the red muscle, heart, kidney, gill and liver all share at

'1east one- isozyme with equal-giectrophoretic mobility. Thus,

kinetic similaritiss between the three muscle LDHs and. the
red muscle—heart-organ LDHs may occur. To further charac-
terize the red and white muscle and liver enzymes, homogen-
ates from freshly sacrificed esls were preparsd, concentrated
and subjected to isoeléctrofocusing, these experiments are
presented in Figs. 2, 3 .and 4,

1apgeneral the numﬂer of activity peaks detected by
isoelectrofocusing agrees_well with the results obtained by
polyacrylamide electrophoresis. The ;;d'muscle:(Fig. 2)
demonstrated three distinct peaks with apparent pI values
of 5.2, 5.75 and 6.91, with the possibility of one additional
peak buried in the 5.75 peak. The -white muscle‘(Fig. 3},
consistent with its disc gel electrophoretogram, had one
major peak;-howexeygﬁas with the red muscle, the trailing
edge of the pI 6.25 peak demonstrated a galight shoulder which
might represent.an additidnal form. The liver enzyme demcnf

strated three distinct, symmetrical peaks (Flg. %) unlike \

"the large smear, seen wlth electrophoresis (Fig. 1);

The effects of changes in DL-lactate concentration at

N



Fig. 1. The marked variation in LDH isozyme number between

" the various tissues and organs of the eel A. rostrata, The

major activity band is shown as the dark solid line, minor
bands are dotted. W} white miscle; H, heart; R red muscle;

K, kidney, G, gill; and Ly liver.
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Fig, 2. - The separation of eel Ted muscle LDH into at least

three distinct bands-by isoelectrofocusing. See Methods
and Materials for isoelectrofoc"using procedure. The standard
reaction assay mixture contained, in a final volume of 0.5 ml,

0.35 mM NADH, 2 mM Pyr and 100 mM Tris-HC buffer, pH 7.k,
at 18°C.
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Fig.. 3. The separation, by isoelectrofocusing, of eel white
muscle LDH, Refer to Methods and Materials for isoelect¥o-
focusing procedure. The standard reaction assay contained;
.in a final volume of 0. 5 ml, 0.35 mM NADH 2 mM Py-r and.

100 mM Tris-HC1 buffer, pH 7.4, at 18° c. '
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-

Fig. 4. The sgparation by i1soelectrofocusing of eel liver
LDH activity, Refer to Méthods and Materials for the iso-
‘electrofocusing procedure. The standard reaction mixture
contained, in a final volume of 0.5 ml, 0.35 mM NADH, 2,0 mM
Pyr and 100 mM Tris-HC1 buffer, pH 7.k, at 18°C.
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various pHs on LDH activities from red and white muscle is
presented in Fig. 5. These data establish an alkaline
activity optimum, major activity differences, and marked
" differences in DL-lactate affinity for the'muscle enzymes.

Table .1 presents apparent Kh(lac)-values for the two
muscle enzymes estimated from Fig, 5y with those of the other
tissue LDHs examined, At the three pHs, the apparent Km(la )
for the red muscle enzyme is 2 to 10-fold lower than the\\/
white muscle enzyme, suggestihg a higher lactate binding ‘
potential, These results for red muscle LDH are represent-
. ative of the other tissue LDHe, with the exception of gill
LDH at pH 6.5. Further, as pH increases, the apparent
Kﬁ(lac) for eel white muscle LDH increases, in contrast to
the decrease noted for the IDH of the other tissues. This
result, coupled with an acidic pH optimum for pyruvate
reauction, suggests that lactate is poorly oxidized by white
muscle LDH, | '

The effect of NAD™ concentrations on the oxidation of
lactate (10 and 50 mM DL-lactate give identical results) by
the red and whiée miscle IDHs is presented in Fig. 6. Both
the maximum velocity and apparent affinity for NADT vary ; -
greatly between the two muscle enzymes. Thus, at low con-
centrations of NaD" (eg., 0.2 mM), the veloclty of the red
musele enzyme will be approximately two-fold greater than
for the white muscle. Table 2 indicated that Ky (naD)~values
for red muscle LDH and the other tissues examined, compared

to white muscle, differ by approximately 3-fold. Thus, at
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Fig. 5. The effects of increasing DL-lactate concentrations,
as a function of pH, on the activity of red and white muscle
LDH. The standard reaction mixture contained, in a final
volume of 0.5 ml, 1,0 mM NAD", 100 mM Tris-HCL buffer (pH

indicated) and various concentrations of DL-lactate at 1500,
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Table 1. Values of.the appagent Km(lac) for eel tissue LDHs
as a function of pH. The enzymes were assayed at 1590 in a
. - ~ .

reaction mixture which contained, in a final volume of 0.5
‘ml, 1.0 mM NAD™, 100 mM Tris-HCl buffer (pHs indicated) and
various concentrations of DL-Lactate. Kﬁ was calculated
- (1lae) .

from Lineweaver-Burke plots, of data similar to that in Fig. 5.
RM, red muscle; WM, white muscle; H, heart; K, kidney; L,

liver; G, gill.

L=

Kn(DL-lactate) =M

pH' 6,5 pH 7,5 pH 9.0
RM 11.0 6.5 - 50
WM 23.0 23.1 50.0
H 10.0 - 10,0 5.0
K 7.5 10.0 3.5
L 8.1 13,3 10.1
G 20.2 6.0 Y-
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L]
- Fig. 6.. The effect of NAD+ concentrations at either 10 or

50 mM DL-lactate, on the activify of eel red and white muscle
LDH. The standard reaction mixture contained at (15°¢), in a
final volume of 0,5 ml, either 10 or 50 mM DL}lactate, 100 mM
Tris-HC1 buffer, pH 7.4, and various concentrations of NADT,

Al
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Téb:[.e 2. Values of the apparent Km(NAD) for eel tissue LDSs.
The Km(NAD) values were determined from L:Lneweaver—?urke
plots. The enzymes were assayed in a reactlion mixture which
contain&_ad, in a final volume of 0.5 ml, various concentration

of NAD', either 10 or 50 mM DL-lactate, and 100 mM Tris-HCL
buffer, pH 7.4, at 159C,

- Tissue - ° S (D) ™!
K ‘ 0,20
R¥ - 0,25
Lv 0.25
a 0.25
T H 0.35
. WM 0.90
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values of DL- lactate between'10 and 50 mM, and low (presuma'

v

ably’ physiological) levels of NAD+, 1actate oxidation is

favored in red muscle compared to white muscle. This Inter-

‘pretation is based on the assumption that the pH.of both‘the
red and white muscles will be approximately 7 5, and that

‘laotate equilibrates between the musole types.:

- The effect of pH on thd oxidation of lactate by LDH
from red, white and heart muscles, kidney,‘gili and liver is
presented in Fig., 7. All tissue LDHs demonstrate alkaline
pH optima and can be divided iﬁto three groups based on the
rate of lactate oxidation at alkaline pH: heart LDH, red and
white muscle LDH, and gill, kidney and liver LDH. The hea§t
enzyme, in addition to belng the most sensitive to pH (20-
fold increase between pH 6.0 and 9.0), also demonstrated the
highest activity at all pHs examined. The two skeletal
muscle enzymes responded similarly except that the white
mqecle enzyme was more severely inhibited below pH 7.5 than
was the red muscle enzyme. Indeed, at pH 6.0, the activity
of the white muscle was negligible compared to the red -
muscle enzyme. 4t lower DL-lactate ooncentrations (see Fig.
5), this difference is further exaggerated. With strenuous
exeicise io rainbow trout, Black et al. (1959l.neported lactate
levels in the range of 10 to 14.mM; under these conditionsgv
lactate oxldation in RM(exceeds that in WM by at least 3-fold, ~
depending upon- pH (Fig. 5).

Further, Flg. 7 suggests the third-activity group, con-
sisting of gill, kidney and liver LDHs, arerrelatitely in-



a

Fig. 7. The effects of pH. on lactate oiidation by eel red

(RM), white (WM) and heart (H) muscle ang kidney (K), .gill

(G) and liver (L) LDHs. The éssays>werq éonducted at 15°C,

in a reaction mixture which contained, in a~final volume of

0.5 ml, 1.0 mM NAD", 50 mM DL-lactate and 100 mM Tris-HC1
buffer at the pHs indicated.

N
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sensitive to pH alterations, at least wlth respect to lactate
oxldation., Note the relative oxidative capacity under these
condiélons of red mﬁscle LDH as compared.to the 1QVer and
kidney, which in mammals are known to have high glﬁconeogenic
capacities. For example, at pH 7.5, the red muscle lactaté
oxidation by LDH“1s 5-fold greater than icidne‘uyr and 10-fold )
greater than live?.,‘ ' |

.Activitiés of eel tissue iDHs in the lactate to pyruvate‘
direction depend critically upon pH conditions, but the polse
of the enzyméuwill'depend_upon the ratio 0£ pyruﬁate reduc~
tion to lactate oxidation (PR/LO), Table 3, indicatéd.thﬁf
all tissue LDHs, with the excgﬁtion of the whité muscle -
enzyme, catalyze an. equiliﬁrium reaction'(PR/LO }atios of
approximately‘1.0) ﬁﬁére the direction of catalysis -will
depend, at least pértially, on the respective levels of
pyruvate and lactate. Consistent with the pH_optima for
PR and 1O, the PR/LO ratio drops in all tissues as pH
increases. ' '

Values of Pﬁ/LO for white muscle LDH, especlally gt
low pH, suggest this enzyme is:poised for lactate accumu-
lation, which i1s consistent not only with the anaerobic
nature %f vertebbate white muscle, but also-thé'pH optimuﬁ
of PEP converslon to pyruvate by PK (Chapter 4). Thus,
during glycolytic.demanﬁ in the white muscle, boéﬁ the
enzymes PK and LDH are poised for the production 6f lactate.
For the other tissue,and organ LDHs examined, the conversion

of pyfuvate-to'lactate, or vice versa, appears lndependent of
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Table‘3. The\ratio of p}ruvata reductase and lactate oxi-
dase of eel tissue LDHs measured at both K and saturating
(Vpax) levels of subétratg; The assay medium for the |
pyruvate reductasgée reactién contained, in a final volume of
,0.5 ul, elther 0.5, 0.2 or 2.0 mM Pyr (refer to the Table)
and 0.35 mM NADH with 100 mM Tris-HC1 at the pHs indicated.
The assay medium for the lactate oxidase\;eaction contained,
in a.final volume of 0.5 ml, either 2, 50, or 30 mM DL- Lactate

1.0 mM NAD", (for WM-LDHJ or 0.45 mM NAD® for the other LDHs,
and 100 mM Tris-HCl at the pHs indicated.

PR/LQO Ratios ‘
Tissué/ PH 6.5 pH 7.5 pH 9.0 substrate Pyr/lac(mM)

W 2,24 1.98 . 0.20 «5/5
W 95.6 *  10.70 1.40 o/
R 0.92 1.30 + 0,02 . .2/5
‘R 3.83 2.1 0.53 2/30
H 5.55 1.9 0.06 .2/5
H S10.3 - 2.6k 1.15 2/30
K- 4.9 3.35 0.32 - .2/5
K 2.57 2.77 -~ 1.16  2/30
G 2.58 2.6% 0.19 .2/5
< = 2.96 0.86 0.38 2/30

J
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pH but dependent upon the levels of the two substrates.
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- DISCUSSION

The siﬁilarities in the'electrophoretic_mdbilities of
the eel tissue LDHs (Fig. 1) predict that homologies in
kinetic behavior may exist between the red, white and heart
muscle enzymes, and also between the red musclé, heart,
liver, kidney, and gill enzymes. The data Presented suppoft
this prédiction; Interestingly, the two groups of enzymes
possess significantiy different cparacteristics;-that 1s, the
three mﬁscle enzymes have higher catalytic potentials and
greater sensitivity to H* ions than the other enzymes (Fig;
7). On the other hand, the red muscle, heart liver, kidney

and gill LDHs share similar aff{;ities for th% co- factor

(Table 2), the substrate lactate (Table 1, Fig. 5)
and PR/LO ratios (Table 3); the white muscle enzyme 1is
entirely different. Indeed, these characteristics may be
physiologically more important than a high catal&tic poten-
tial as seen for WM-LDH (see below). )

) The low appa?ent Km(lac)‘observed for the red musclé-
organ -group is similar to that reported for the mammalian
Hy isozyme (Everse and Kaplan, 1973); likewlse, the high
apparent Km(lac) or low éffinity observed for the white
muscle enzyme is gimilar to that observed for the mammalian
My isozyme (Everse and Kaplan, 1973). Tt is important to
note that the response of the eel red muscle-organ LDHs is
not entirely homologous with the mammalian H, isozyme, or

for that matter, other fish H-type LDHs (see Hochachka,. 1965)
These differeﬁces relate prineipally. to substrate. inhibition.
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Thus, while no inhibitlon by pyruvate (up to 6 mM) was”n
observed for the eel muscle or orgaﬁ-ﬂDHs, Kaplan and Everse
(1973) report that the mammalian Hy iquyme i1s inhiblited at

2 nM pyruvate and Hochachka (1965) demonstrated thét goldfish
muscié ﬁDH was inhibited by 3 mM pyruvate. Similarly, Ao
lactate inhibition was noted up to 100 mM DL-lactate.  Thus,
the similarities between the eel and mammalian LDHs arise
from thelr relative affinlties for lactate and pyruvafe.

As a result of the low affinity of the white ﬁuscle
enzyme for NAD" (Table 2) and lactate (Table 1), and the
marked increase in the PR/LO ratgo with decreasing pH (Table
3), eel white musecle LDH appears to be poised primarily for
the reduction of pyruvate and éubsequent production of lactic
écid and NAD", These results correlate well with those of
Driedzic and Hochachka (1975),‘yhich demonstrated that carp
white muscle does not have the capacity to support amino
acid fermentation (an oxidative process) and depénds entirely
on anaeroblec glycogenolysis for the production of energy for
muscle contraction. Similarly, Pritchard et al! (1971)
found that failure to swim by jack mackerel at any speed
was associated with the almost comﬁlete depletion of glycogen
from the white muscle. Thus, the physlological role of fish
white muscle would appear to require that LDH function as
a pyruvate reductase and that the lactate produced from
glycolysis be oxidized by another tissue or organ. This
hypothésis is in contrast fo that forwarded by Hermansen

(1976) for human muscle. Human skeletal muscle, according
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to Hermansen, 1s capable of lgetate oxldation and only 10% of
the lactate produced in the muscle is actually conveffed to .
glucose/glycogen in the liver by the Coril cycle (the rema;n;.
der is oxidized by the muscle). Significantly, human leg
muscle is a mixed red/white muscle,. and localizing lactate
oxidatipn’to any partiéular muscle type would be iﬁpossible
'in‘fhese experiments; whether red or white muscle does -the
oxidation is unknown. In the eel, the deep white muscle
appears homogeneéus in regard to its lack of oxidative poten-
ﬁial, or rather its anaerobic capacity (see Chapter 3). Thus,
the muscle fibe; composition is markedly different between
the eel and human skeletal muscle, but it s obvious that in
" the dmerican eel, the tissues which maintain a capacity to
Ewéxidize lactate, over a wide range of H& ion concentrations,
are red muscle, heart, liver, kidney and gill, the latter
three showing low capaéities. |

Although the evidence demonstrates that lactate oxida-
tion by the red muscle-organ group can occur, the data do not
give any clues as to the fate of pyruvate which is produced
from lactate oxidation. At 1eést two possibilities exist:
oxldation to 002, water and energy via the TCA cycle-oxida-
tive phosphorylation systems; and/or, recyecling to glucose/
glycogen. The first fate is possible in any oxidative
tissue, while the second can ocecur only in tissues with
glﬁconeogenic capacities. In mammals, a prerequlsite for

gluconeogenesis is a regulatory pyruvate kinase (FK) to
eliminate carbon and energy cycling (see Scrutton and Utter,

1968; Sols, 1968); thus both liver and kidney are ‘giuconeo-
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genic, converting substrates such as amino acids and lactate '

to'glucose/glyCOgen. Eel 1i§er does not have a regulatory -
PK, which is found in both white and red muscle (see‘Chapter
4 and 5). Since white muscle LDH is polsed prineipally for
lactate produntion not oxidation, gluconeogenesis from
lactate in this tissue is not likely. Thus, it is tempting
to speculate .upon a lactate recycling role for red muscle,

W ittenberger and associafes'have championsd this hypo-
thesis, and for the Euronaan carp, present convincing evi-
dence. For example, the incubation of excised pleces of
red and white muscle resulted in an increase in lactic atid
in red muscle which was greater than could be explained by
the catabolism of stored glycogen. Concurrently, the freez
glucose concentration decreased significantly in the white
muscle. Thus they interpretated these results as indicating
transfer of lactic acid fnom the white to the red muscle
(Wittenberger gL.Hl;, 1975); but more importantly, they -
have demonstrated the reciprocal transfer of glucose from
the red muscle to the white. Again, incubating isolated red
and white muscle pieces, W ittenberger (1968) found that the
white muscle pieces lost more glycogen when separated from
the red muscle, than when they were naturally jo;ned. Thus,
W.ittenberger proposed that the decrease in glycogen in >
isolated white muscle pieces, as opposed to intact red and
white muscle pleces, 1s due to the disrupted glucose trans-
fer‘from the red to the white muscle which requires the

white muscle to catabolize more of 1ts stored glycogen.
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Pritchard et g;ﬁ.(1971), using a different experimental
design, came to the same baslc conclusion. Aftér excerclsing
jack mackerel at various swimming speeds, they examined the
levels of specific metabolites in red and white muéble, and
‘1liver; their results suggested thét, at certain swimming
spéeds, the gljcogen présent in both the red muscle and
liver provided the energy for contraction-of the white
muscle. 2

. The re;ults Presented above suggest that, consistent

with our understanding of the anasrobic nature of fish white
muscle, the del white muscle probably does not have the

capacity to oxidize lactate. On the other hand, the red
| muscle, heart, kidney, liver and gill have all demonstrated
a potential td convert 1actate t0'pyruv§te. Thgsgﬁobser-
vations can be intreperted as supporting. the rg&wﬁuécle-
organ, or metabolite recycling, hypqthesis of Braekkan
- (1956) as later expanded by Wittenberger: and associates
(eg., Pritechard et al.,1971; Robinson and-Mead, 1973;
Wittenberger et al., 1975).
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INTRODUCTION 7

Since the early work of Tanaka et al. (1967) and Susor
and Rutter (1968), there has besn.a‘wealth of information
reported which suégests that the glycolytic enzyme pyrﬁvate
" kinase (EC 2.7.1.40; ATP:pyruvate phosphotransferase) (PK),
exists in three distinct isdzymic,forms (ses reviewé by
Schubert and Schonery, 1971; Kayne, 1973). Tanaka and
associates have designated these forms as Ml! M, and L
(Imamurakgg al., 1972; Imamurafand Tanaka, 1972) and their
nomenclature will bé a&optéd for this discussion.

Type L-FK is the major component found iﬁ rat liver and
& minor component:in kidney (Tanaka et al., 1967; Van Beérkel
: et al., 1973). This isozyme displays cooperative kinetics'
in the presence of substrate, PEP;ahd is modulated by the
positive effector FDP and the négative effectors, ATP and
L-alanine (see above reviews for extensive documentation).
Type L-FK conforms to the allosteric model of Monod et QL;-
(1965) and exists in two interconvertible forms, each with "
markédly different sensitivities to the positive and neg-
atlve effectors indicated above (Bailey et al., 1968;
Imamira et al., 1972). The physiological role of this
allosteric PK appears to be closely correlated to conditions
which affect glycolytic and gluconeogenic flusx. For example,
the activity of the enzyme 1ls sensitive to specific hormones
(insulin, for example) and different nutritional states of
the organism (Tanaka et al., 1967). Thus, activity levels
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Increase in concert with high or increased carbohydrate
metabolism and decrease during low carbohydrate utilization.

The My-PK is the only form found in skeletal muscle,

and is the major comppnent\of mammalian brain and heart PK

(Tanaka et al., 1967). This skeletal muscle enzyme is non-
regulatory (Llorente st al., 1970), although Carminatti et
al, (1971) have reported allosterio inhibition by phenylx -

~alanine. The isozyme displays classic Michaelis-Menton

kinetics with respect to PEP and is unresponsive to FDP,
ATP and L-alanine (see review by Boyer, 1959),

Type M>-PK 1is widely distributed-in'host adultcand fetal
tissues and is the predominant form in kidney and the minor
component'in‘liver (Susor and Rutter, 1968; Carbonell et al.,
1973). The isozyme exhibits cooperative kinetics with PEP,
and allosteric interactions with the heterotrophic effector
FDR, and the homotrophic effectors, ATP and L-alanine (see
©g., Jimenez et al., 1971). It is important to note, however,
that although both the L-and M,-PKs share similar qualitative
responses to these effectors, there are significant quant-
itative differences in their respective responses (Imamura
et al., 1972), 'The-Mé isozyme is also reported to exist in
two interconvertible forms, each with different sensitivities
to the allosteric modulators (Pogson, 1968a,b3 Van. Berke}.
et al, 1973). Although some cross reactivity between the
My-and M,-PKs has been demonstrated (Tanaka et al., 1967),
receht evidence of Imamura et al. (1972) suggests these

observations are in error and immunological cross-reactivity

FJ
1
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dbes not ocecur betweén the M1 and M, forms.: No cross-
reactivity between the L- and Mj-or M,~PKs has ever been
observed (Tanaka g§ g;., 1967; Imamura et al., 1972).
Besideé beihg sensitive to phisiological aiterationsgi
‘variations in the preparation and treatment of PK have led

- to reports of different isoxymic, or transitional forms ‘of

the enzyme, sach with altered regulatory properties (see eg.,

Pogson, 1968a;b,), Factors contributing to the reported
differences.between these forms include; 1) the'ﬁresengé of‘

" absence of EDTA in either the homogenizing or assay buffers,
or_ both; 2) whether Tris or Phosphate buffers were used;

3) the degfee of enzyme purity; 4) the method of enzyme
storage; 5) the addition or deletion of allosteric modulators
during a pre—incubation period; and, 6).exposure to heat or .
cold before assaylng (see Schubert and Schoner, 1971).

In several cases, the explgnation for the observed .
altération in fegﬁlatory and kinetic properties of PK_with
specific treatments has been based upon the allosteric model
of enzyme regulation by Monod et al. (1965)., For example,
Bailey et al. (1968) demonstrated that the reversible trans-
ifion from sigmoidal to hyperbolic kineticséﬁpr L-PK was a
function of FDP. Their data suggested that the egquilibrium
between the R and T conformational states of PK was dis-
plad;ﬁ towards the 3 form in the presence of FDP and the T
form in its absence: The results of Hess and Kutzbach (1971)
suppoft the interpretation of Bailey et-al. (1968) that the

4
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markedly ‘different kinetic properties of L-PK, obtained by
altering incubation media, resulted from a modification in
the.conformational state of a singls protein, and not the )
presence of ‘multiple proteins. In this definitive experiment,
Hess and Kutgzbach demonstrated that the pre incubation of L-
PK with FDP resulted in altering its isoelectric point from
6.1 -to 5. 3,?and that.py manipulating the ‘FDP concentration;,
they‘could change the relative amounts of the 6.1 and 5.3
forms.. Although strong evidence has been presented which
demonstrates that some of the anomalous kinetic responses

exhibited by PK are due to alterations in the R-T equilibrium,

not all the varied results can be explained in this manner

(Schubert and Schoner, 1971)

This communication examines the effects of buffers,

temperature, pH and various modulators on the kinetic

response of PK isolated from white muscle (WM); red muscle
(RM) and liver (Lv) of the American eel, Anguilla rostrata.
The results suggest that 1) the three tissue‘PKs exhibit
markedly Gifferent K" fon sensitivities, V.. activities,
temperature- " ion interactions with‘enzymefsubstrate
affinity, and interactions with potential modulatory ligands.
Interestingly, only the eel muscle FKs were responsive to
the modulators, ATP, L-alanine, FDP and E' ionsj thus, in
terms of ligand sensitivity, the WM- and RM-PKs response-is
more like that observed for mammalian L-PK, while eel Lv-PK
behaves more like mammalian My -PK, ‘
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RESULTS

1. Effects of Buffers on Eel PK 3
The kinetics of eel’ PK éepends both 'upon the homogen- .
1zing and assay buffers (Figs. 1 and %) Red muscle (RM)
homogenized in buffer plus EDTA exhibits a 2 5-fold increase
in maxfghl catalytic activity (¥, Vyax) Of PK and a 5-fold
decrease in the Kﬁ(PEP)’ when compared to eliminating EDTA
from the medium (Fig. 1). The Ky (pEp)s but not Vmaxr effect
can be reversed i1f the EDTA-fres preparation is incubated or

Al

assayed in the presence of EDTA. A similar_ trend was observed
for WM-FPK,

Aséaying WM-PK in a Na-phosphate buffer, pH 7. 0, results
in sigmoidal kinetics (ng = 2.0) as compared to hyperbolic
kinetics (ng = 1.0) in the presence of -K-phosphate buffer,
PH 7.0, or Iris-maleate (ny = 1.2) buffer, pH 7.0 (Fig. 2).
A similar result was noted for RM-PK. This apparent homo- _
trophic cooperativity with Na~phosphate is correlated with
Na™ ions since 1) K—phosphate buffer (pH 7.0) exhibits hyper-
bolic kinetics and 2) Na-phosphate buffer added to Tris-
maleate gives sigmoidal kineties (ng =1.9), Phosphate, per
se, results in an inereased Vipax and a decreased Km(PEP)
whlch cannot be solely attributed to increased levels of K
(the obligatory monovalent cation)'since the enzyme is
saturated at" levels of 30-40 mM K" which were used in these
assays (Fig. 2).
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Fig; 1. The effects of EDTA in the homogenizing and assay
buffers. on RM—?K'kinetics. Symbols are: empty circles,
homogenized with 2 mM EDTA present in buffer; filled circles,'
homogenized without EDTA in buffer; filled triangles, homo-
genized without EDTA in thé buffer but with 2 mM EDTA added .
to the assay cuvette; filled boxes,_hoﬁogenized without EDTA
-+ in the buffer but incubated for 1 hr or 12 hr with EDTA bhefore
assay. Refler to Materials and Methods for standard assay
cocktail.
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Fig. 2, The effects of the buffers, Tris-Maleate and Phos-
phate, and cations, X* ahd Na™ on the cooperativity of eel
WM-PK with PEP. The PK enzyme was assayed at 20°C in the

standard assay cocktail according to the procedurs outlined

in Materials and Methods.

3
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2.  Blectrophoresis of sfel PKs

Polyacrylamide disc el electrophoresis indicated that
RM- and WM-FPKs shafe simil®k electrophoretic mobilities
whilse being significantly different from the liver (Iv)
enuyme (Fig. 3). Unfortunately, this alectrophoretic,pro—
cedure is inadequate ﬁo resolve 'possible microheterogeneity

between RM- and WM-PKs. |

3. Isoélactricfocusing of Eel FK

While both fhe muscle enzymes were separated by electric-
focusing (Figs. 4 and 5), eel L#-PK.could not be recovered
from the gel slabi Isoalectricfocusing of fresh muscle homo~
genates resulted in two distinqt activity peaks for each
musple type. The two peaks for the RM were observed at a'pl
of 5.2 and 5.9 with the activity distributed approximately .
40 and 60%, respectively (Fig. 4). For WM-FK, however, the
two pI values were 5.85 and 6.75, with almost 100% of the
activity in the 5.85 fraction (Fig. 5). 1In both cases,
pre-incubation of the fresh hombgenates with 1 mM FDP
resulted in the disappearance of the more basic peak (5.9 for
RM and 6,75 for WM) with the persistence of the acidic: one
(5.2 for RM and 5.85 for WM). Further, for both muscles,
the basic peak was found by in vitro aaaay to be insensitive
to FDP, ATP or L-alanine. The acidic peak, on the other
hand, was activated by FDP and inhibited by ATP and L-alanine.
Following ammonium sulfate fractionation (40-70%), only one
activity peak was observed for both musclaranzymes (5.45
for RM and 5.55 for WM), consistent with the results of
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Fig. 3. The electrophoretic mobllities of partially purified
PK from eel WM (on left), Lv (centre} and RM (on right) on
polyacrylamide. Refer to Materials and Methods for experi-

mental and staining procedure.
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Fig. k. Isoelectrofoéusing of eel'RM;PK. Solid line, fresh
muscle‘homogenate;‘dotted line, partially purified homogenéte
(40-70% (NH),50,,). :;":I;ncgbation of the fresh homogenate in
the presence of 1 mM FDP resulted in the absence of the pl
5.9 peak, but the persistence of the pI 5.2 peak. Circles,
pH gradient across the slab. See Materials and Methods for

experimental procedure and assay coanditions.
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fig. 5. Isoelectricfocusing of eel WM-PK. Soligd line, fresh
homogenate; dotted line, partially purified homogenate (4O-
70% (NH4)2804). Incubating the fresh homogenate in the
presence of 1 mM FDP resulted in the disappearance of the pIl
6.75 peék, but the persistence of the pI 5.85 peak. Closed
circles, pH gradient across slgb. Refer to Materials ang

Methods for experimental procedure and assay conditions. .
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polyacrylamide electrophoresis, where both muscle PKs
migrated similarly.

- . Effects of pH on Eel PKg -

From data presented in Fig. 6, it 1s evident that
twhile the PH optima for the three PK enzymes are similar
(approximately 6.0 for RM— and WM-, and 7.0 for ILv-PK), the
overall: catalytic capacity and ;i ion sensitivity of WM- is
far greater than RM- or Lv-PK For example, at pH 8.5,

7.5 and 6. 5, WM-PK activity is Y-, 5- and 9-fola greater
than‘RM@PK and 35-, H0- and 50-fold greater than Lv—PK
(Fig., 6). Similarly, RMAPK activity was greater than LV-PK-
however, the differénce here was approximately 7~fold less
(over the same pH range) than that observed between WM- and
Lv-PK (Fig., 6). '% |

DecreasinglpH frém 8.5 to 6., 5-resulted in a 3-folq
activation of WM-, a 1.h-fold activation of RM- and a 2-fold
inerease in Lv-PK activities (Fig. 6). Due to the differ-
ential nature of the H -ion interaction with, each enzyme,
however, 66% of this increase for WM- and 80% for Lv-PK
occurred betweec PH 7.5 and 6.5 while the BM-enzyme activity -
increased approximately the same between pH 8.5 and 7.5 and
7.5 and 6.5, '

5. Effects of Temperature on Eel PKs

When the effects of temperature on enzyme activity at
saturating or Vpax concentrations of substrates are analyzed
by Arrhenius plots, an indication of enzyme thermal sensi-
tivity can be obtained (see Hochachka and Somero, 1973).
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Fié. 6. The effects of PH on the three eel PKs. The enzymes
were assayed in 100 mM Tris-Maleate buffer, 20°C, in the
presence of 2 mM PEP and the standard assay cocktail (see

Materials and Methods).

g
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As seen in Figs. 7, 8 and 9, the Ea, or activation energy, in--
creases as the pH lncreases from 6.5 to 8.5 in both Lv-
(Fig. 7) and WM-PKs (Fig. 8), but remain relatively constant
in the RM-enzyme (Fig. 9). Major quantitative differences
exist between Ea-values with Lv-PK generally exhibiting the’
lowest values (Fig. 7) and RM-PX the highest (Fig. 9). The
- WM-enzyme is more complex, exhibiting & high value at pH 8.5,
but relatively low values at the other pHs (Fig, 8).

| Temperature and pH ma} also interact to modify the
binding of PEP to PK, as estimated by changes in 'the X m(PEP)"*
In general, the smallest variation in Km(PEP) as a function
of temperature occurs at the pH optima of the three enzymes,
while the largest variation (5- to 16—fold)‘is observed at
pH 8.5 (Fig. 10). The K n(pEP) ©f WM-PK exhibits an inverse
response to temperature at pH 8,5 and 7.5 (8- and 6-fold _
increase with temperature decreases from 330 to 3.5°C) while
being essentially independent of thermal change at pH 6.5.
- The affanity of the Lv-enzyme is positively correlated with
"temperature change at pH 8.5 (a 5-fold decrease as temperature
decreases from 33° to 3.5°C), but varies little with temp-
erature at pH 7.5 and 6.5 (2-fold variation over the same
temperature range). With the exception of pH 8.5, where
the K pppy increases 3-fold below 8.5°C, the RM-enzyme
follows a pattern similar to that of Lv-PK., It shohiﬁ also

be noted from Fig. 10, that even though the K for RM-

m(PEP)
and Lv-PKs demonstrate characteristic pH-temperature res-

ponses, both are 2-to 10-fold lower at the higher pH and
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Fig. 7. The effect of temperature as a function of pH (Tris-
Maleate buffer) on the Vp,, of eel Lv-PK.. Refer to Matérials

and Methods for assay conditions. -



30
20
1O
o5\
03
< i
=
> otk — ,
- pH Ea-value
! L (kcal/mol)
005 |65 70
Q03 7.5 1.2
- 85 4.1
'O|.‘||.1.'|l|.1
o 3.2 33 34 3.5 36 37
5
3 |/o (X |O )
. ,



1

(

Fig. 8. The effect of temperature and pH (Tris-Maleate

buffer) on the vmax of eel WM-PK. The Ea value at pH 8.5
was calculated from a slope determined by a least square
regression. Refer to Materialé and Methods for conditions

of assay.
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Fig. 9. The effect of temperature and pH (Tris-Maleate
buffer) on the V.. of eel RM-PK. The Ea valﬁes were calcu-
lated from slopes determined by a léast square regression.
The'regression coefficlents for the three slopes” were not
observed to be less than 0.985: Refer to Materials and

Methods for conditions of assay.
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Fig. 10, The effect of temperature on the apparent K

m(PEP)
" for the'eel RM, WM and Lv-PKs.

The enzymes were assayed
in the standard assay cocktail and the Km(PEP) values were

estimated from Lineweaver~Burke plots. Refer to materials

and methods for conditions of the assay.
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lower temperature ranges. ‘

It is evident from Figs. 7, 8, 9'and 10, that the pH--
temperature interaction is quantitatively different under
saturating (vmax) and non-saturating (Km) substrate con-
ditions. This 1s particularly evident for the RM-enzyme,
.where the temperature sensiqivity of Vmax remains constant
(approximately 21.0 kcal/mol'1) while the Km(PEP) varies up
to 16-fold as a function of pH (pH 875, below 8.5°C).
6. Effects of Metabolites on Eel PKs | |

a. FDP

The apparent Ke(FDP) for RM; and WM-PKs wes O.15_pM
and 0.10 uM, respectively. These low activation constants
a?e in contrast to the lack of interaction observed for the
Ly -PK enzyme (Table 1). Further, although both WM~ (Fig. 11)
‘and RM-PKs (Fig. 12) deﬁenstrated mixed activation in the
preeence of FDP, (increased Vnag 20d decreased Kﬁ(PEP))’
the quantitative response by the two muscle enzymes was
quite different. For examﬁie, the vmax of both muscle PFKs
was increased by the same increment of activity such that in
the presence or absence of FDP, WM-PK activity is approx-
imately 5-fold greeter than that described by RM-PK. However,
the Km(PEP) for QM-PK (Fig. 11, Table 1) was more sensitive
to FDP decreasing by 15-fold while the RM-enzyme (Fig. 12,
Table 1) decreased only 6-fold. - As a result of this sensi-
tivity difference, the WM'Km(PEP) 1s 5-fold lower than the

BM;Km(PEP) ip the presence,of FDP but 2-fold lower in the

absence of FDP.
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Table 1. . The effects of various.l%gands on the e zyﬁeﬁ
cubstrate affinity and the apparent activator and\ inhibitor
constants for PK from eel whité"muscle, fed muscle and liver.
Assay cohditions are: 3 mM ADP, 0.45 mM NADH, 4O Kf, 8 mM .
Mg+*, excess dialyzed sigma LDH and various concen rations of
the moduldtors.‘ Activities were determined using Tris-maleate
buffer, pH 7.5 at 51°¢. Values were estimated from-double

reciprocal plots.

: WM-PK RM-PK. Lv-PK
+ATP 3.0 3.5 0.20
+L-Ala 3.5 3.5 0.11
+FDP 0.2 1.0 0.11
+FDP + ATP . 043 1.0 0.20
+¥DP + L-Ala 0.2 1.0 0.11
Ka (FDP)D 0.1 0.15 _——
Ki (aTP)2 3.0 3.0 4.0
Ki(Ala)a )+u0 . 1 IO —_—

a4 = values given in mM
= values given in uM
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Fig. 11. The effects of the positive effector FDP, and the
two negative effectors,.ATII3 and L-alanine on the') hetero-
trophic interactions between eel WM-PK and the _s{;bstr,ate_,
PEP, The enzyme was assayed at 20°C in the stan‘dard Te-
action cocktail. Refer to Materials and Methods for details.
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' Fig. 12. The effects of the positive efféctor, FDP, and the

two negative effectors, ATP and L-alanine, on the hetero-
trophic interactions of eel RM-PK with the substrate, PEP.
The enzyme was assayed at 20°C in the standard reaction

cocktall. Refer to Materials ana Methods for details.
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Fig. 13. The effects of the positive effector, FDP, and the
two negative effectors, ATP and L-alanine, on the hetero-
tfopic interactions of eel Lv-PK with thé substrate, PEP,
The enzyme was assayed aé 20°C in the standard reaction

cocktail. Refer to Materials and Methods for details.
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b, ATP and L-Alanine

W All three eei enzymes were Iinhibited by ATP with an
apparent K‘(ATP5 of 3 mM for RM- and WM-FK and 4 mM for
Lv-PK (Table 1). The WM-PK Vmax was the most sensitive to
ATP (4.2-fold inhibition, Fig. 11)\followed by RM-PK (2.6-
fold inhibition, Fig. 12) and Lv-PK (j.3-fold:inhibition,
: Fig. 13). While ATP was without effect on the WM"Km(PEP)
(Table 1), the RM;Km(PEP) was decreased approximately '2-fold
" and Lv-PK Km(PEP) Increased approximately 2-fold (Table 1).
In contrast to these results (Table 1), Lv-PK (Fig. 13) was
unaffected by L-alanine, RM-PK was modulated in an idenfical :
manner by both L-alanine and ATP (Fig. 12), and WM-PK was |
not inhibited as markedly by L-alanine as by ATP (3-fold as
compared to h.2ffold, Fig. 11). Therefore, both muscle 7
enzymes demonstrated qualitatively similar behaviors in the
bresence of Lfalanineland ATP,‘although the ability to FDP
to reverse these effects is not similar.

c. FDP Plus ATP and L-Alanine _

Since the role of an inhibitor may be diminished in the
presence of low concentrations of a positive effector, the
abillty of FDP to reverse the inhibitory action of ATP and
L-alanine on the three tissue enzymes was examined (Figs. 11,
12 and 13, Table 1). For WM-PK, FDP in the presence of L-
alanine and ATP, decreased K n( PEP) approximately 15-fold
to values obtained with Just FDP alone (from 3.0 mM to 0.2
nM PEP) (Table 1). In RM, although FDP decreased the

Km(PEP)’ this decrease was only 3.5-fold (from 3.5 mM to

T
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1.0 mM PEP), The ;gsponse of the two mﬁscle enzymes at the
level of V was markedly differenﬁ from the response
observed at K m(PEP)+ For WM-PK, FDP reversed ATP iahibition
bgck to coptrol Vmax levels father_than activities consistent
with FDP activation (Fig. 11). On'the other hand, FDP did
reverse the L-alanine inhibition and elevated V to the FDP
activated level (Fig. 11). With RM-PK, the activity levels
of the FDP plus ATP and FDP plus L-alanine were identical
and were 1.6-fold below'controls and 2-fold below the FDP
activated V  values. As indicated above, FDP was without
affect on Lv-PK, ‘

d. Modulation by EDTA N

It has recently been proposed that the inhibition of PK .

by ATP involves chqlation of‘Mg+T, the obligatory divalent
cation, rather than a classical 'allosteric property (Wood,
1968; Van Berkel, 197k4), The chelation hypothesis was
examined (Figs., 14, 15 and 16) by compari;g the inhibition
resulting from the addition of ATP to that with EDTA, a
known Mg chelator. The apparent Ki(EDTA) for the RM-,
WM-, and Lv-FPKs was 3.5, 2.5 and 4 mM, respectively (Table 1),
and thus similar to the 50% inhibition values for ATP. Forp
WM- (Fig. 14) and RM-PKs (Fig. 15), the addition of equal
‘concentrations of ATP or EDTA (4 mM) inereased the K (M
from % to 12 oM Mgl The Lv-enzyme (Fig. 16) on the other
hand, responded differently to these effectors; 4 mM ATP
increased the K *3 2-£01d (from 3 to 6 mM Mg), while 4 mM

EDTA increased the K m(yg§ DY *.3-fold to 13 mM Mg7'



-121-

Fig. 1. The effects of EDTA and FDP, and their interactions,
rheofe
on the Mg titration curve for WM—EK. The enzyme was assayed

&
in the presence of 1.0 mM PEP, TrisZ*Maleate buffer, pH 7.5,
20°C, and the standard assay cocktail,
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Fig. 15. The effects of EDTA and FDP and ATP, and their
interactions, on the Mg++ saturation curve for RM-PK. The
" enzyme was assayed in the presence Qf1.0 mM PEP, Tris—

Maleate buffer, pH 7.5, 20°C and the standard assay cocktail.
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Fig. 16. The effects of EDTA and ATP on the Mg™ titration
curve for eel Lv-PK. The enzyme was assayed in the presence
Of .0 mM PEP, Tris- Maleate buffer, pH 7.5, 20°C and with
the standard assay cocktail
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The additicn of ATP in 2 mM increments, over the range ‘
2 to 6 mM, increased the K (Mg) by consistent 4 mM multiples.“ﬂfﬁ*x“‘\

Also, ATP did not §ffect the Lv-enzyme at 2 mM and only -

increased K by 2.5-fold between 4 and 6 mM ATP. In ell

three tissueiMiiamined however the inhibition of the.
ﬁ(Mg) by ATP coiid be reversed to control levels by simply
increasing the Mg concentrations (Figs. 1% 15 and.16) This
cheracteristic (i.e., the ability of Mg to reverse ATP
inhibition) generated an interesting family»of curves which S
have a common V but incrementally increasing K (Mg S

_ "The effects f FDP were examined to determine if" FDP g
could alter the interaction of ATP with thé substrate-Mg K .
complex and thus exert a direct regulatory effect at thils
‘1 evel (Figs. 14, 15 and t6). For both WM- and RM-FKs, FDP
actlvgted V 1 5-fold at satureting concentrations of Mg
In the presence of ATP, FDP.addition to WM-FK did not alter
Vihax while in RM-PK, under ;&Qilar cynditions, FDP actilvated
Viax 1¢9-fold above that dgerved for either ATP alone or
the control conditions. For WM;PK.(Fig.L14), FDP decreased :

(Mg) ++ 1.8-fold below that observed for just ATP alone,
while in RM—PK FDP decreased K (Mg) by 1 3-fold. Further
to the role of ATP, ﬁbTA appears to act in a manner dissimilar
to ATP., While both modulators did increase K +§ EDTA
also activated Vmax significantly above that observed for
controls. This response to EDT% was ildentical for all three
tissue PKs examined (i.e., a 1.8-fold increase in V with

. ‘ max
the addition of 4 mM EDTA) and is probably a direct result



‘Interestingly, FDP, in addition to modulating K
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Fig. 1 'TDP reversed the increased-K (Mg**) in the‘
of EDTA for the WM—enzyme, but was without effectrﬁaf‘RM—PK

(Fig. 15). An-interesting difference was noted at vV ; inf

max
WM;PK FDP in the presence of EDTA does not activate V

above that obtained with just EDTA alone, but in RM-PK the
separate activations. resulting from FDP and EDTA are additive

(1 -fold activation b eaCh) and the U ,iS activated a; -
total of*3-fold abov_e the control. *

Thns, ATP igﬁibition can only be partly explained by'

- the:chelation hypothesis (Wood 1968 Van Beerl 1974).

Ty

(PEP)’ also : .
affects the affinity of the PK enzymes for the substrate- |

++ T )
Mg complex. A decrease in’ the K (Mg**) resulting from '

v 2 ‘ : . N | . et
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| ~_ DISCUSSION | . i
L o

These data suggest\that although some of the'kinetio
and regulatory*properties of eel PKs are‘simi;au to data
reported by other investigators (eg., Schubert and Schqner, |
.197f), the American eel maintalns yet anothes unique FK
complement. Previous studieS'(Baiiey et al., 1968; Pogson,
1968a,b) have reported that the presence of ERTA in the |
homogenizing buffer results in a transition from a 1ess'to
a morelreactive PK species; however, even_toougﬁ EDT4 acti-
vates ‘the eel PKs, there is no modification of the hyper-
bolic kinetics with respect to PE% (Figﬂ1)fas.seen with

~mammalian L-PK. For most PKs, the transitlon’fros sigmoidal
“to hyperbolic kinetics is mediated by alterations dn the
_charge balance of the 'individual amino acid-residues. which
results in modifications of the protein secondary structure
(Helical ‘nature) (Kapoor andvTronsgaard 1972). For eel
PKs, this transition depends upon the presence of Na , hot

"EDTA (Fig. 2). Phosphate exerts considerable. influence at

. ‘vboth the K (pgp) (marked decrease)and Vpax (significant

»

increase) levels of PEP,~ Recent flndlngs (Moon et al., 1976)
substantiates this phosphate effect; but contrasts that '
peported for og mus¢le PK (#anﬁt and Watts, ' '1973). .
Flory et al. (1974) have suggested that Tris buffers
are non-physlological and that Phosphate buffers should be
used for- the analysis of PK regulatory properties. However;

the catlonilc Tris buffers were used in these studles for
3

. , oy
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three‘peasons. 1) Tris may more nearly mimic the cellular .
interaction between charged amino. acids’ and PK (Kapoor,
75) 2) since these ave migrating, non-feeding eels, amino !

gld flux may represent a potential éﬁae of metabolic reg-
'ulation, and, 3) phosphate, per se, did not alter the Ny~
value, or the degree of interaction between the enzyme and
PEP (Fig., 2). Therefore, a Tris-maleate buffer system was
used in all kinetic measurements of ee$,£§E§

' The specifice activity of eel WM- PX, 1_§_pmols min'1mg—1,
at pH 7.5, 1s comparable (after adaustment for differences*in
assay temperature) to that observed by Borgmann and Moon
(1976) for normothermic and hibernator bat muscle PK (1,44
and 1.6, respectively), by Scrutton and Utter (1968) for
mammarlian M, -type PK (l.é);rand ty Bostrom and Johansson
(1972) for white muscle PK from the-European eel, Anguilla
anguifia (2.64). Further, the Sp;CifiC activity of eel Lv-
PK (0.0Y4 at pH 7.5) is comparable to that observed by
Carminattdi et al., (1968) for mammalian IL-PK (0.05) and
Van Bérkel (197%) for mammalian M,-PK (0.05), but is less
than observed by Scrutton and'Utter (1968) for %ammalian L-
PK (0.1) and Borgmann and Moon (1976) for normothermic and
'hibernator bat liver PK (0.12 and 0'2, respéctively). Eel
RMLPK specific activity (0. 32 at pH/7.5) lies between the
values observéd for eel WM- and Lv-?&\and intermediate be-
tween values observed by Johnston (1975) for carp red muscle
(0.037) and Bostrom and Johansson (197é) for the European
eel red muscle (0.93),
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approximately pH 6.0, but significantly lower than reported

The pH optima are similar for both muscle enzymes,

for other vertebrates muscle PKs, including fish (rainbow
“trout, pH 7.0-7.5; Moon et al., 1971), mammalian Mq ~-PX (pH
7.53 Imamura et al., 1972) and the oyster, a facultative
anaerobe (pH 8.5; Mustafa and Hochachka, 1971). The pH optima
for eel Lv-FK is very broad (pH 6.5-7.5) and thus dissimilar
to the sharp optiﬁa at pH 7.0 reported.for mammalian L-PK
(Carminatti et al., 1968). ' '
The results demonstrating that eel WM-PK is more a%givé *
. than RM-PK (Fig. 6).(approxiﬁately 5-fold) are consisteﬂi
with those of Bostrom and!Johansson (1972) working with the
European eel. No comparable results on eel Lv-PK are avail-
able; however, Cardenas et al. (1975) reported no dlfference
in Vgay of purified (erystalline) bovine My, M, and L-PK.
On the other héid, Serutton and Uttef (1968) fouﬁd that the
activity of purified-ﬁcrysﬁallinél rat Mj-PK was 15,6-fold
greater thén'ﬁurified (6rystalli§e) rat L-PK. Thus, although
the eel enzymes were only partiaily purified, thelr activity
pattg:qs followed the trend observed for rat muscle and li;ér
PKs. - |
The differences in the pH responses of the three eel PKs
sugges{ that pH may play an impﬁitant role in modulating the
glycolytic poetential of the different tissues. In particular,
the -PK response 1s sharp-as compared fo fhe rather broad

- curves~of RM- and Lv-PKs (Fig. 6). In tissues where the

anaerobic production of energy predomlnates, the feed-forward

L8
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activation of PK by increasing H&ions’produeed during'muscle\
contracrion; would insure maximum glycolytic flux through
PK by preventing a possible bottle-neck at this level
(Hochachka and Somero; 1973). Alternatirely, if the pro-
dgction of cellular energy is predominately aerobilc, as 1s
the case for fish red muscle (Drummond and Black, 1960}, pH
changes may be of minor impertance. | _

In contrast to specific activities, apparent enzyme-

substrate affinity parameter (Km(PEP)).varied substantially

from the literature values, with-the exception of eel Lv-PK .-

(0.11 mM PEP). The K (pgp) For both the RM- (6.0 mM PEP)
and WM;PKs (3.0 mM PEP) was an order of magnitude greater
than reported rP the llterature. For example, the K 1 (PEP)
values for other fish PKs range from 0,05 mM PEP for the

Antarctic Trematomus bernacchii (Somero and Hochachka, 1968),

0.26 mM PEP fér carp red muscle (Johnston, 1975), 0.6 wM PEP
for sturgeon white muscle (Randall and Anderson, 1975) and -
0.9 mM PEP for rainbow trout %keletal muscle (Moon et al:,
1971)." Ffrther, although the Ku(pgp) for eel muscle PKs

is higher than Lv-PK, the mermaliaegﬂqm‘aﬁd L-PKs demonstratel
an opposite effect (compare O. 075 wM PEP for M, -PK with 0.84
mM PEP for L-PK; Tanaka et al., 1967) - The Ky (pgp) for the
mammalian Mé ~PK 1is comparable to that observed for’ the M1
1sozyme (0.06 mM PEP; Van'Berkel, 1974). Thus, while the
apparent K m( PEP) for eel Ly-FK i%{markedly 1ower (approx-
imately 8-fold) than observed for the mammalian L-FK, the
Km(PEP) for eel WM- and RM-PKs is 40 and 80-rold greater,
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respectively, thap;reported for mammalian M1—PK These data
suggest that eel muscle PKs are more ‘like the mammalian L-PK
while the eel Lv-PK enzyme ls more similar to mammallan
muscle PK. o | . N
‘ The effect of temperature on K  (PEP) (Fig. 10) and’ V as
(F;gs. 7, 8 and 9) as a function of pH differ markedly
from data for other fish species. Somero and Hochachka
(1968) found that, at pH-7.%, white muscle ‘PK from both rain-
bow trout and %:Jbergacchii, demonstrated K (ppp)-temperature
plots which déscribed a 'U' or 'J' shape with minima at
approximately the acclimation or environmental temperature.
For A. rostrata, WM-, RM-, and Lv-PKs this 1s not the case.
Eel WM-PK, at pH 6.5, exhibits a temperature-insensitivé
KthEP)i however, at pH 8.5, K,(pgp) lnereases Egproximately
7-fold as temperature decreases from 33 to 39c (Fig. 10).
These results sﬁggest an extensive disruption of the hydro-
phobic interactions at the PEP binding site at pH 8.% (see
Hochachka et al., 1976). Thus, a high H ‘lon conceatration
may reduce the hydrophoblc contributlon of substrate binding,
resulting in the observed Km(PEP)~temperature indegendent
pattern at pH 6.5. Somerc (1976) has termed this response
a 'coupled compensatomy chamae'. Obyiously, low temperature
and high pH would reduce the glycolytic potential of white
muscle.. '

In contrast, RM- and Lv-PKs demonstrate less pH sen-

sitivity of the Km(PEp)—temperature response comparea to the
WM-eéggme (Fig. 10). The for Lv-FK atlall Hs

i
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‘
assayed, was thermally independent even though Ba-values

rise with pH (Fig. 7). Red muscle PK 1s similar excebt for an
aberrant . point at 3°C. and pH 8.5 where a large, ‘unexplain-
able rise occurs. At all other assayed pls, Kn(PEP) de-~
creaéed 13Ine arly with a temperaturs decrease,  suggestive of
an ionic and/or hydrogen bond interaction at the enzym

active site (Hochachka and Somero, '1973). ' Thus, even though
RM- and WM;PKs appear efectrophoretiCally similar (Fig. 3),
their thermal Tesponses are very different. In the absence
of a marked, " ion effect, RM- and Lv- PKs maintain glycolytic
potential during alteration in the physiological stats and
thus may exceed WM-PK activity under specific conditions.

As indicated in the Introduction,PFDP is postulated to
mediate a shift in the R-T equilibrium state of mammalian
L-PFK resulting in a change in the degree of &voperativity
(i.e., as evidenced by shifts from sigmoidal to hyperbolic
kinetics, and vice versa) between the enzyme and its sub-
strate, PEP (Bailey et al., 1968; Rozengurt et al., 1969;
Irving and Willlams, 1973), This shift 1s demonstrated by\f
an alteratyon of the isoelectric point from a basic to a
more acidic value (eg., pH 6.1 to 5. 3; Hess and Kutzbach,
1971); since FDP does not bind to M,-PK, there is no alter-
ation in the lsoelectric point of this 1sozyme (Ibsen et al.,
1976), Interestingly, chicken L-PK responds to FDP with a
baslc rather than acldic shift in the apparent isoelectric
point,

The response by eel musele PKs (Figs. 1;ak and 5) is

3

/

p
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similar to ?Hat described by Hess and Kutzbach‘(1971) for
mammallan L-PK,.suggestiﬁg a similarity}in this physical .
property between eel muscle and mammalian L-PKs. Thus, al-
though two distinet peaks of PK activity were present in fresh
muecle‘preparations (one sensitive to FDP, ATP and L-alanine,
and the other not), upon the addition of FDP and subsequent
i1soelectricfocusing, only the modulator-sensitive (a more
acidic; eak) peak;remained. Therefore, these two are in
equilibrium with each other, rathef than two discrete isozymes.
fﬁe-relative distribution of activity between the two forms

of eel RM- and WM-PKs varies greatiy, and ﬁay reflect end-

v

ogenous levels of FDP., For RM-PK (Fig. 4),'the activity .
peaks are distributed similarly to that observed for mamma-"
lian L-PK by Hess and Kutﬁbach‘?1971) with approximately 60%
being in the modulator insensitive form; for WM-PK (Fig, 5)
this value is only 1%.

Both muscle PKs responded simi}arly to ammonium sulfete
fractionation‘producing a single, unique form. These results
collaborate the evidence obtalned with‘polyacrylamide disc-
gel electrophoresis which also produced a single banding

) pattern for each muscle PK. This alteration in the iso-
electric point, with purification procedures, has been
reported by Ibsen et al., (1976) for various tissue'andﬂor-
ganism PKs, Although an apparent conformational Q@ange
occurred in the two mﬁscle PKg with partial purification,

as evlidenced by an altered 1soelectrice point, this alter-

gﬁ ation probably involved only the exposure of different amino

4

p
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acld residues which do not participate in the active or
allosteric sites of the enzyme, This interpretation 1is
supporﬁed by a comparative analysis of the modulator res-
ponse of the salt fractionated and modulator sensitive (pro-
duced from isoelectricfocusing) enzymes. In both cases, no
differences in the kinetic response to FDP, ATP or L-alanine
could be detected betweeg the differently brepared enzymes,

~ The modulation of PK by FDP (Figs. 11 and 12) 1s e~
common characteristic of fish muscle (eg., Somero and
Hochachka,-i968- Johnston, 1975}, bivalve mollusc muscle
(Mustafa &nd Hochachka; 1971) and mammalian i- PK (Tanaka
et al., 1967), but not for mammelian . ‘M;-PK (Boyer, 1959).
Interestingly, the apparent) Ka(FDP) for the eel RM- (O 15
AM) and WM-PKs (0.1 uM) is lower than reported for any other
PK enzyme (to the authors knowiedge), and thus suggestive of

a much higher affinity by the eel muscle PKs for FDP. Values

of Ka(Fpp) Teported by Van Berkel (197}%) for My-PK (1 pM),
Hess et al. (1966) for yeast PK (0.15 mM), Llorent et al.
(1970) for L-PK ¢ .SJuM) Somero and Hochachka (1968) for
rainbow trout fmuséle PK (2_uM) and Moon and Borgmann (1976)
for normothermic bat liver FK (0.5 uM) all represent sat-
urating levels for the two eel PK enzymes. Only the data

reported by Moon and Borgmann (1976) for PK fronm hibernating
bat 1iver are similar (0.2 uM),

The presence in eel red and white miscle of a FDP-

sensltive PK with isoelectricfocusing characteristics Sim-

ilar to mammalian L-PK suggests that greater slmilarities

1.

-

\
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in structure and function ma& exlist between the eel muscle
PKs and maimmalian L-PK, than between the eel and mammalian
skéletal muscle PKs. However, a significant difference exisfs
between the response of mamméiian L-PK ahd eel muscle PKs to
activation by FDP. Consistent with the observations of
‘Somero and Hochachka (1968) on rainbow trout muscle PX,
Johnston (1975) on carp red muscle and Mustafa’ et g;.‘(1971)
on rattail skeletal muscle PK, FDP decreased the Kn(pPEP) and
increased Vygy values for both RM- and WM-PKs. For memma-
lian L-PK, FDP alters the homotrophic cooperativity‘with

PEP to a heterotrophic effect, but oni& modulates Ku(PEP)?
not Vﬁax' The lack of an FDP-Lv-PK effect in eel liver ’
(Fig. i3) and other fishes (Somero and Hochachka, 1968). is
in‘sharp contrast to mammalian L-PKs (Schubert and Schoner,
1971; Carbonell et al., 1973). This apparent desensitization
of eel Lv-PX to FDP could fesglt if the éqzyme was saturated
with endogenous FDP. .Since FDP concentrations increasg in
liver homogenates upon standing (Hess and Kutzbach, 1971;
Irving and Williams, 1973) the subsequent kinégtics could
represent the 'R‘r conformation of a L-type PK, or a FDP-
insensitive enzyme (Schubeit and Schoner, 1971). However,
incubation with EDTA ahd ATP,' two agents which mediate the
R-T equilibrium (eg., Bailey et al., 1968), failed to re-
sensltize the enzyme to FDP (Fig, 16); Tﬁi;hunique responée
by a liver PK warrants further examination. .

The apparent Ky (arp) for the three eel efizymes (Table 1) <
is ;Igzig;“§0 that reported by Moon et al. (1971) for rain-
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bow trout (3. mM), by Mustafa et al. (1971) for tge rattall
(1.0 mM), and slightly higher than reported by Imamura et &l.
(1972) for mammalian Mp-PK (2.5 mM). The K, \ypp) for mamma-.
lian L-PK is O. 15 mM (Imamura et al., 1972) and is thus
significantly lower than observed for sel Lv-PK. Although
eel- Lv-PK was inhiblted by ATP, the inhibition could simply
be reversed by incréasing the Mg++ concentrations (Fig. 16),
which is not the case for the mammalian liver enzyme (Imamura
et é;., 1972), Q;Imamura and assoclates reported a Ki(ATP for
mammalian My-PK of 3.0 mM (a value identical to the eel
muscle PKs); however, since 10 mM Mg -completely Teversed
the'inhibition, simple chelation of Me*t by ATP was suggested
and not true allosferic inhibition as demonstfated for mamma-

4

lian L-FK, , ?

Eel Lv-PK is not inhibited by L-alanine (Fig. 1B) and
thus responds comparably to mammalian My RK (Imemurd et al.,
1972). The eel muscle‘PKs (Figs. 11 and 1 ), howeve;, are’
inhibited by L-alanine, a response only noted for mammalian
L- and M,-PKs (Imamura et al., 1972). Imamura et al. (1972)
reported a Ki(ala) of 1 mM for mammalian L-PK which is
identical to that found for eel RM-PK, but contrasts with
the %.0 mM value determined-for eel WM-FK, Further, tﬁe
levels of L-alanine required‘for 50% inhibition of eel RM-

. and WM-PKs are significantly higher thén obéé;ved by Imammra
et al. (1972) for mammalian M,-PK (0.6 mM), Storey and .
Hochachka (1974) for turtle heart PK (0.09 mM), and Johnston
(1975) for carp red miscle (0.17 mM).
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* presumably physiological) concentrations of PEP, are not

inhibition returning Vpay and K,(pgp) Values to control
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The inhibitory effects of & mM ATP and 2 mM agelanine
on PEP saturation kinetics of WM- and RM—PKs are ldentical
(Figs. 11 and 12); however, the magnitude of inhibitilon id
quite different. Red muscle PK demonstrated a decrease in

both V.. and Ky(pgp) such that activities at low (and

markedly a}tered (Fig.-12); This 1s in sherp contrast to a
marked dec;ease in vmax but ‘no change in KmfﬁEP) for the WM-.
PK; thus, activity levels are reduced at low subsFrate levels
(Fig. 11). .
While the separate effects of the inhibitors ATP and
L-alanine are kinetically iﬂ%eresting, it is obvious from
Figs. 11 and 12 that activity levels for both muscle enzymes
are low at physio;oéical levels of PEP (PEP levels in rat
liver are reported to vary be%%een 0.024% and 0.59 mM;
Williamson, 1966) regardless of the presence or absence of
the inhibitors. Indeed, Van Berkel (197Lk) has suggested that
the regulation of Mp-PK from rat liver will depend upon
Tluctuations in the concentretiops of the positive effector '+
FDP, rather than alterations in levels of the negative mod-

S @ :
ulators ATP and L-alanine, the effects of which are pharacter-

'isticaljgrovernidden by FDP (Schubert and Schoner, 19715; A

\
. 8imilar situatlon is apparent in these results.

’“

p——

For mammalian L-PK, FDP reyerses_ﬁTg\and L-alanine

b

levels'(Tanaka et al., 1967D For eel muscle PKs, very low
a(FDp) values Permit levels of only 0.2 pM FDP (or 5-fold
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less than required for rat L—ék; Llorent et al., 1970).to,
reverse ATP and L-alanine inhibition. As noted in,?igse'ﬂ1
and 12, the two muscle PKs respond differentially to the
interaction of FDP with ATP and - -alanine. Indeed, the
response observed for WM-PK, where FDP reversed ATP inhi—_
bition to control values but reversed L-alanine inhi\lti/n
to TDP activated values, is identical £0 Ahat reported by
Johnston (1975) for carp red muscle PK. The

esponse of the

eel RM-PK to FDP with ATP was similar to that d by

Moon et al. (1971) for the rainboﬁgtrout and sea\pass. . In

all three caEES; ATP depressed Vg 'belon control 18 ls;bvenf
with the addltion of -FDP, but activities at low PEP concen-

retions were still greatly activated since Km(PEP) was
decreased. Since the addition oprM quantities of FDP
reverses, and in the case of WM-PK overrides, the inhibitory
action of ATP and L-alanine, the physiclogical significance
of inhibition by these two modulators must be questioneds

In the absence of FDP, however, these two modulators could
significantly depress PK activity (see Chapter ).

{ Regardless of the physiological sig&ifican e of ATP
inhibition of eel PKs, it is, nevertheless, of interest to
establish the underlying mechanism, i €.y true allosteric
inhibition, ‘or simple Mg chelation. Indeed, Wood (1968),~
Van- Berkel(1974) and Imamura et al. (1972) have suggested
the Iatter hypothesis is. probably the case for the M1 and
M- _PKs. TFrom data presented in Pigs. 11,12 and 13, it is

. evident that alﬂ three eel enzyme$s were inhibited by ATP;




—

however, in all cases,, thils inhibition’couid be_totally re-
versed by Aincrea g'the Mg++ concentration. In effect, ATP
N . increases the apparent Km(Mg++) thereby decreasing PK act-
‘ ivity at all PEP ccncentrations (Figs.14,15 and 16). If
ATP was simply chelating Mg , the substitution of EDTA;
\&-known Mgf+ chelator, should mimic the kinetic response Eo', e
ATP. The initial lag in the kinetic curves of Figs Ty, 15 ard - .
{ 16, indicates that EDTA reduces free Mg “levels below that .
necessary to activate PK. Above 8 mM Mg y adequate free
'wg is available and PK activity increases. Only-for
Lv-PK (Fig 16) are the "ATP and EDTA activity patterns ‘ >
parallel suggefting a’ strict‘chelatin phenomenon. For both
W~ and RM-PKs (Figsolk and 159, the slope of the EDTA curve
is greater than: that for ATP suggesting more than simple
‘chelation is inyolved.§ Interestingly, in all cases EDTA
activates eel PKs above the control'value at high Mg con-,
centrations, an observation also noted by Van|Ber1<;el(19'71+)._~
’ Thus, the 'natufre of ATP inhibition of eel lgu\sc—l_iPI% is com-
Rlex resulting in a homotrophic interaction\between this
metabolite and the Bl-Mg' *_PEP cofplex. ¢ N g
In summary, the lack Qg,a regulatory PK_enzyme in eel L&\
liver*is suggestive‘of either a marked divergence;in glu- . /
coneogenic regulation (as compared to mammals), or the hint
that eel liyer is not ‘the major gluconeogenic organ during
migration and that this function may be fulfilled by another
Y tissue.. While It is reasonable to expect a regulatory PK* g
in.ggfsue concerﬁed#with glycolytic and gluconquﬁnic regu— Q“*i;

r &
,’r’ » .
« . ‘/ : - .
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| 1ation, the presence of a modulator sensitive PK in both eel
lgmuscles ig difflcult to understand., - For the réd muscle, d
ﬂﬂhowever, its presence is consistent - with the red muscle-organ ;
L-hypothesis of Braekkan (1956)3 for. white muscle, on the other
hand its presence is an enigma, Indeed,‘the-very presence )
oan_modulator-sensitive PK in white,skeletal muscle 1s ex-
tremely puzzling, a polnt noted by Schubert and Schcne§(197j).
ﬁowever, the extremely high activity of WM-PK (ncst regul&tc;y
enzymes arse not characterized by high catalytic rates, Hochac hka
and Somero,1973),and high affinities for PEP and FDP suggest
that WM-PK regulation may not be effected in 4 manner analo-
gous.tc red muscle. TFurther, it is.possible that the in
‘vivo regulation of these mnscle PKs willlinvolve an H&ion
interaction component which may modify the kinetic responses

observed above. Chapter 6 is an analysis of these interactions.
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ILv—PK displayed interactions and characteristigg‘more.in'

cance of metabolite modulation of PK is analogous to that

RIS

INTRODUCTION

i
v

Chaﬁter.S demonstrated that the eel PK enzymes ex-
hibited regulatory.propérties'at variance with thg homolo-

' gous mammalian muscle and liver PKs, Indeed, the data
- ‘suggested that the metabolite interactions and kinetic
characteristics of the. eel RM- and WE—PKS are more similar

to that observed for mammalian L-PK than My-PK, and the eel
common with mammalisn 1j-PK rather than L-PK. Thus, the
question-is posed, do these marked differences provide any
clues concerning a functional role for eel tissue. PK?

‘A regulatory PK has been correlated with gluconeogenesis
in mammals (eg., Sols, 1968) and more recently with faculta-
tiwe anaerobiosis in bivalve molluscs (Mustéfarand Héchaéhka,
19715 Hochachka and Mustafa, 1972j Hochachka and Somero,
1973). In_faqultativé anéerobes, the physiological signifi-
obse;ved;ﬂuring}glucdneggenesis; that is, reclprocal inhi-
bitidn and activation of PK depending upon the_metabolic
demands of the cell. sThe ﬁetabolic signals whith medlate
PK activity and the aerobic-anaerobic transikion~in these
organisms are, in part, altering levels pf'H¢ ions; L-
alanine, ATP and FDP. For §xample, as tEe’oxyéen tensioﬂ
decreases in'the oyster, there is a concommitant lncrease
in the H" ion and CO, concentrations (Randall, 197%). This
increase in H' ions inhibits PK and phosphoqnol pyru%ate

-~

1
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.carboxykinase (PEP CK),'thé>anzyme which qompetes for PEP
with PK and is active during anoxia (Mustafa and Hochachka,
2 1971). Importahtly, and in contrast to mammalian L-PK where

" gY lons act as positive modulators (eg., Rozengurt et al.,

1969), the increase in' EY ions potentiates and thus amplifies

the “inhibition of PK by both ATP and L-alanine, thereby
insuring an ighibited'PK enzyme while PEP CK is active (see
. discussion by Hochachka énd Somero, 1973). Although such a
. switch has beencriticized for its simplicity (de‘Zwann‘aﬁ& ’
Wljsman, 1976) -1t does serve as a testable hyﬁothésis.*
Recently &ohnston (1975)'has demonstrated that ‘ths

reguiatory properties of carp red muscle PX are similar to

that described BY Hoc@gchka associates for PK from faculta- '’

tive anaerobes. Since it is known that the .European carp
does experience reduced ozygen tensions during fhe winter
months when the lakes are frozen over (Blazka, 1958), the
correléﬁion of a regulatory PK in the Earp red muscle with

a capacify to suﬁpdft anaerobiosis, may be more than fortu-
itous; however, such a cofrelation has not been demonstrated
for the American eel, Anguilla rostrata, although it is '
known to burrow in the mud of river bottoms (Bertin, 1956)

- As indicated.in Chaptgr-1, the importanqeﬁgﬁ’tight
‘metabolite regulation over mammalian-t;PK is.dﬁe to fhe
disparity in enzyme a tivit& between PK énd the two- gluco
neogenic enzymes pyruyate carboxylase (PC)—aa PEP CK (com-
pare 50 mmols/min/g wet weighﬁ_for PK with 6.7 for bo%h PC
and PEP CK (Scrutton and Utter, 1968?:  Thus, during gluco~

"
3

i
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‘neogenesis, PK has theipotential to reduce the PEP formed’

" from oxaloacetate, thereby -creating a futile carbon ¢ycle
e‘through PEP, FBven though it h&s been suggested thatxsuffi-
> clent levels of -ATP and L-alanine are present to totally

- inhibit mammalian L-PK during gluconeogenesis (Llorent et al.,

19703 Schoner et al., 1970; Schubert and Schoner, 1970),
the avallable experimental evidence does not support this
hypothesis (see Katz and Rognstad, 1976). For example,
isotope exchange labelling experiments by Rognstad gt al.
(1970), Freidman et al. (1970, 1971) and Rognstad and Katz

. (19%2) demonstrate that even in the presence of 0.1 mM cAMP

in the rat 1iver perfusate, tﬁe recycling of lactate through
the PEP branch point reaches 13% (i.e., 13% of the PEP formed
from lactate through oxaloacetate is reduced to pyruvate)
Since lactate contributes only epproximately 25% of the carbon

skeletons for gluconeogenesis with the remainder deriveﬁ

- from amino acids (Hems e} al., 1966), the total extent of
'-cjcling through PEP may be considerably greater. At the

onset, this degren of futile substrate cycling during. gluco-
neogenesis appears: contrary to the funetien of the anabolic
seqﬁence; however, PEP cygling may}be analogous to that
observed by Newsholme and co-workers for the PFK-FDPese-
reactionsA(see discussion in Newsholme and Start, 1973),
They postulate that the high opposing enzyme aotivities‘
maintain’ a ‘higher dégree of sensitivity to extremely small
alterations in modulator concentrations, For example, if

\

the activities of both FDPase and PFK change by 10%, then
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the overall net change in flux will be 20%.
The- Newsholme hypothesis becomes more attractive since

‘only 48 hrs of starvation are needed. to depress L- PK activity

by 60% (Tanaka et a al., 1967), and that both PEP CK and PC are

positively influenced by the glucocorticoids (Scrutton and
Utter, 1968). Under conditions of nutritional deprivation
i1t is possible that the activities of PK and PEP CK-PC will
be approximately equal. This condition of equivalent enzyme
activities of the opposing enzymes, is one of the theoretical
~constraints placed upon the substrate cycling hypothesis by
Newsholme and associates. Such a regulatory strategy (i.e.,
substrate cyeling) may be of Physiological importance during -
beriods of extreme nutritional duress, however, & mechanism
of PK regulation which will allow the synthesis and degrad-
ation of glucose under normal 'ad 1ibitum!’ feeding conditions
must exist. |

As a result of the physiological significance of gluco—
neOgenesis and the implications of PEP cycling, an extensive
amount. of research has focused on elucidating the in vivo
regulation of PK., Thig research has produced no less than
five basic hypotheses which attempt to correlate the kinetic
response of the enzyme with a .purported metabolic role,
These five regulatory strategies can be grouped into two
basic categories: regulation through alteration of the
" natlve protein ang regulation throtgh interactions with low

molecular weight ligands. S A . o

The first category can be further subdivided into

4

B
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1) regulation through subunit aggregation (eg., equilibrium

displacement between dimeric ahd tetrameric states (Hofmann B

et al., 1975), or between trimeric, tetrameric and pentameric

configurations (Ibsen et al., 1971)), 2) phosphorylation-
-dephosphorylation (1.e., phosphorylation by alproteinakinase'

| which is activated by cAMP and thus depresses PK. activity"

during gluconeogenesis (Llungstrom et al., 197% Titanji

et al., 1976)) and 3) oxldation-reduction of sulfhydral
bonds (SH) critical to the steric configuration of the active.

‘.site (1. e., oxidation of the SH bonds depresses PK actiuhﬁy

and also decreases’ enzyme sensitivity to modulators (Van Berkel,.

et al., 1973)). For each of these hypotheses, the data
presented are extremely convineing, but, their applicetion

to the in vivo conditlion remains speculative.

The second group of strategies, reégulation ﬁhrough
interactions with low molecularfweight ligands, can also be
subdivided. One group of investigators (eg., Llorent et al.,
19703 Carbonelle et al., 1973) favor ﬁhe inhibitory effects
. of ATP and L-alanine to depress PK aotivity during gluco- :_
neogenesis. Another group (eg., Schoner et al., 1970 Florey “
et al., 1974; Van Berkel, 1974) _suggests that FDP activation
1s physiologically more important hhan the proposed ATP and
L-alanine inhibition. Indeed, Vah Berkel (1974) has proposed~
that 'FDP will ultimately determine L-PK activity since the
levels of ATPﬂremain relatively constant durihg glycolysis
and gluconeogenesis and L-alanine 1eveie actually decrease

during gluconeogenesis due to aﬁxincreased turnover rate,

L]
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Wﬁile.some investigators disagree as. to the reiative regulatory
' roies exerted by ATP, IL- alanine and FDP, the evidence for

FDP as & physiological activator of L-FK is well supported.
Therefore, although it is apparent that the kinetic results

in the literature can be interpreted according to & myriad

of regulatory strategies, ‘the actual physiological regulation

- of L-PX during. gluconeogenesis remains very much in doubt,

- The American eel, A. rostrata, undergoes a non-feeding
migration at which time gonadal maturation also oceurs
(Bertin, 1956). Thus, a recitrocalaregulation of musele PK .
can be envisioned as'being of particular importance due to
its association with the metabolic pathways involved in
carbon recYcling and ‘the generation of energy for contraction,
Since both eel muscle PKs did respond to the modulators ATP,

L-alanine and FDP, but eel Lv-PK did not. (Chapter 5), it is
important to establish whether these ligand interactions
could be correlated with specific functional roles for eel

tissue PKs. 1In particular, a correlation between the eel
| WM~ and RM;PKs and tne mammalian My- and L- ~FKs, respectively,
would be suggestive of a glycolytic or gluconeogenic function.
' The results suggest that, under certain conditions, such\a
correlation between the mammalian and eel enzymes does exist.
The role of ‘the L-FK in contributing to either glycolysis or
gluconecgenesis is not clear, - The data are also analyzed
according to the two state allosteric\enzyme model of Mbnod
et al. (1965), and a model based on metabolite interactions

is proposed.



modulation between pHs 8.5 ang 6.5. Although the
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" . RESULTS

A, H iong ' | ‘ _ - | -

The effects of H" ions on f x? Km(PEP) and Vﬁax/Km
values for PK from eel red and white muscles and liver are
presented in Tables 1, 2 and 3, respectively. All PKs res
sponded similarly to an increaselin Hb ion concentration
with increased méximal activities; however, the WM-PK was
most sensitive, followed by Lv-PK and RM-FK (compare. 2.9-fold
increase with a decreased pH frém 8.5 t5:6;5 for WM-PK, with
& 2-fold for Lv-PK and 1.4-fold for RM~PK) (Table 1). The
effects of increasing H& ions on Km(PEP) for the two muscle
PAs was also similar (decreased K (pEp) With incréased K"
ions}, but the Kn(pgpp) for Lv-FK was insensitive to H%‘ioh
Xn(pPEP)
for both muscle ‘PKs behaved similarly, the Kﬁ(PEP) for RM-
PK was more sensitive to H ion modulation than WM-PK (12-fold

" decrease for RM-FK as compared to 8-fold decrease for WM-PK

with decreasing pH from 8.5 to 6.5) (Table 2). Consistent
with the Vnax data, all tissue PKs‘demoﬁstrated increased
Vmax/Ky values with increasing K" ion concentration.’ WM-PK
was, however, the most sensitive to K" ion modulation at
this level followed by RM- and Lv-PKs (Table 3).
B. FDP Modulation

| The effects of FDP on WM~ and RM-FK V ax are markedly
dependent upon the H ion concentration; eel Lv-FK was

unaffected by FDP, but at low (Km(PEP)) and high ( max)
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Table 1. Anguilla rogtrata. The effects of the varlous

modulators on maximal (vmax) activity of WM-, RM- and Lv-PK

. as a function of pH at 21°C. Assay conditions are: 3 mM

' + .
ATP, 0,45 mM NADH, 4O mM K, 8 mM Mg™", excess dialyzed
Sigma LDH and 4 mM ATP, 2 mM ALA, and 0,001 mM FDP where
&pplicable, | ‘

Specific Activity (umols min~! mg=1)

pH 8.3 7.5 6.5

gl ‘ o
Tissue WM RM Ly WM BM Lv WM BRM Iy

Control 1,12 0.26 0.032 1.60 0.320,040 3.20 0.36 0.06k

+FDP 1.44 0.30 0.032 2&2&ho.40 0,040 3.20 0.36 0.06k
+ATP 0.38 0.08 0.02%4 0.38%0.12 0,032 1.60 0.1k% 0,040
+ATA 0.38 0.08 0.032 0.51 0.12 0.040 2.80 0.1k 0.06%

_ FDP+ATP 1.13#94?0 0.02% 1.4%7 0.20 0.032 1.60 0.12 0,040

FDPHALA 1.4 0,14 0,032 2,11 0,20 0,040 280 0.15 0,064 *
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Table‘2.. Anguilla ;oat;ata; The effects ;f the various
modulators on K (pppy from WM-, RM- and Lv-PK, as a function
of pH at 2{06. Units are in mM PEP, Agéay conditions are:
3 mM ADP, O.45 mM NADH, 40 mM K, 8 mM Mg™", excess dialyzed
Sigme LDH and 4 mM ATP, 2 mM ALA, and 0.001 mM PEP where

applicable.
Xm(prp) 24
pH 8,5 7.5 6.5

T WM RM Ly WM _RM Iy WM RM‘ Iy

'Cdﬁtfoe 5.5 5.0 0.1 3.0 6.0 0.11 0.4%5 0.70 0.09
+FDP . 0.2 1.5 0.1 0.2 1.0 0.41 0.10 0.15 0.09
+ATP . 8,0 3.5 0.12 3.0 3.5 0.20 0.60 0.90 0.11
+ALA 8.0 3.5 0.1 3.5 3.5 0.11 0.60 0.90 0,09

FDPRATP 0% 2,0 0.12 0.3 1.0 0.20 0.20 0.10 0.11 .
FDPRALA 0.2 2.0 0.1 0.2 1.0 0.11 0.20 0.20 0.09

\
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Table 3. Anguflla rostrata, max/Km(PEP) ratios for RM-,
WM- and Lv-PK were determined at 21°C and at pHs 8. 5y 7.5,

~and 6.5. Assay conditions are: 3.0 mM ADP, O, hS mM NADH,
4O mM ﬁ‘ 8 mM Mg™, excess dialyzed Sigma LDH, and % mM ATP,
2 mM ALA, O, 001 mM FDP where applicable.

Vﬁax/Km ﬁgéulation .

pH - 8.5 7.5 6.5

v 4

Tfssue * WM _RM Lv WM RM. Ly . WM _.RM Ly

Control: 0120 0.052 0.32 0.53 0.053 0.36 7.1 0,51 0.71

+FDP 7.20 0.200 0.32 11.20 0,40 0.36 32.0 2.40 0.71
+ATP 0.05 0.022 0.20 0.13 0.03 0.16’ 2,7 0,16 0,36 =~
+ALA 0.05 0.022 0.32 0.15 0.03 0.36 4.7 0.16 0.71°

FDP+ATP 2,80 0,050 0.20 4%.90 0.20 0.16 8.0 1,2070.36
FDPFALA  7.20 0.070 0.32 10.55 0.20 0.36 14,0 0.75 0.71 .

-
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1evels .of PEP' For both muscle PKs, FDP only arfected V

at the basic pls, (above .pH 6. 5), a condition observed. for
mammalian.L-PK.(Rozenggrt et al., 1969). Importartly, in
addition to being inflienced by ' ions, FDP activated V' _
* values above that observed for the control (Table 1). Mod-
uletien.of Kﬁ(PE@)'bY FDP was also observed to be responsive .
to pH fpr RM-FK, ‘but not for WM;'or Lv-PKs. Thus,'in the

presence of 1 uM FDP, the K_ for eel WM-PK was stabilized

m(PEP
at approximatley 0.2 mM PEP, (ovei the pH range 8.5 to 6. 5,
red muscle, on the other hand, exhibited a. .decreased Km(PEP)
in the presence of FDP as compared to the control, but -
- remalned responsive to alterations in 5 ions. For example,
the Km(PEP) for' RM~-PK sequentiallydecreesedas the pH was W"'
decreased from’8 5 to 6.5, with or without FDP. Since FDP
activated V. and decreased Kﬁ(PEP)’ the Vmax/Km values.

for the two muscle enzymes increased slgnificantly in the .
presence of FDP, and this response was further modulated by ‘
H% lons (Table 3) The'most striking increases were observed‘
for WM-FK due to the effect of FDP on the Km(PEP)

C. ATP and L-alanine Mbdulation ‘
‘ Similar to the mammalian L-~PK (Rozengurt‘éﬁ gl., 1969),
increaeihg~H¢ lons partially reversed the inhibitory effects
of ATP and L-alanine (Table 1). For RM-PK, eeth negative
modulators inhibited V__  identically at all pHs examined;
for WM-PK, however, elﬁhough Botp'ATP and L-alanine inhibited
'Vﬁax equally at pH 8.5, at pH 6.5, ATP was a much stronger
inhibitor (50% of control activity as compared to 88%).

-
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‘Again, eel Lv—PK was unaffected by either ATP or L- alanine,

o P,

The small inhibition observed for Lv-PK by ATP 1s due to

Mg*f chelation (see‘Chapter 5). A significant difference in

the response of the two muscle PKs to ATP and L- alanine on

) was observed (Table 2). For WM-FK, like the
L-PK (Rozengurt et al y 1969), the

- presence of ATP and L-alanine increased the Km(PEP)’ for RM-
PK, a marked decrease at pHs 8. 5\£l_szold) and 7.5 (2-fold)

was noted (Table 2) The resultant depressive effects of’

gn\Table 3. At all pHs examined, the ratios are depressed
beﬂow the control values suggesting that catalytic rates at
substrate concentrations are significantly decreased.
ortantly; the ratios are responsive to increasing gt lons
and the values did increase wlth decreasing pH. v
D. JInteraction Between FDP, ATP and L-Alanine . _
Ihe most meaninéful.physiological comparisons of thez
¥effects of ATP and L-alanine on tissue PKs are in the presence
" of FDP. For the eel muscle PKs,-since the effects of FDP on
, Vpay are limited to basic pHs, the ability of FDP to override
ATP and L-alanine inhibition was also pH-dependent (Table 1).
Thus, for WM-PK at pHs 8. 5 and 7.5, the Vﬁax -yalue for FDP
plus ATP -are equivalent to control values while FDP plus L-
alanine activities are equivalent to FDP activated values.
At pH 6.5, however, FDP is not able to, override any of tThe
inhibition by ATP and L~ -alanine. In contrast, the V.-
values of RM~FK in the presence of FDP and ATP or L-alanine

. S -i**ng

P and L- alanine ars evident in examining the V ax/Km values .

a4
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were.depressed=below control values at all pHs examined. af
vith WM-PK, ATP was alSo‘a more potent‘inhibitor of RM;PK /
The effects of FDP on ATP and L- alanine modulation of
enzyme substrate affinity was significantly different ‘for _the
two muscle PKs (Table, 2), For WM-PK, the presence df FDP
negated the'inhibitory action of ATP and L-alanine and re-
turned the anPEP) values to that observed with FDP alofe
(approximately 2.0 mM PEP) and this response was independent
of pH.. For RM-FK, however, while FDP with ATP or L-alanine
did decrease the Kn(PEP) to salues obtained with FDP alone,
..the H ion interaction was still present and thus as the pH

decreased from 8.5 to 6.9, thq”ﬁm(PEP) sequentially decreased.

Thus, FDP freed the WM-PK K ppn) from modulation by H' ions,
ATP and'L~alanine; this response was not observed foriRM—PK )
The net\effect of this modulatory action on Km(PEP) for WM~
PK is readily apparent (Table 3). " Here, the presence.of FDP
significantly increased the V x/K ratio over that observed
in\the bresence of ATP and L—alanine- further, this effect
was H ion sensitive such that as the pH was decreased the
values were increased even more (compare 2.8 at PH 8.5 with
8.0 at pH 6¢5 for ATP), ésiahove, ATP was-a much stronger
effector of the V, aX/K -values, depressing activities ‘
greater than L-alanine plus FDP low substrate concentra-

| tions. . For- RM~PK, FDP also increased the Vmax’%y ~values as
compared to values determined with ATP and L-alanine present
'and’;his effect was enhanced by increasing H+ ion concentra-

tions. Importantly, with the addition of 1_uM FDP to both

»
4
A2
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._muscle PKs, the catalyﬁic-rates ih the preseﬂce of ATP and]
L-aigﬁine was actualiy.g?eatgr than control levels; eg., at
pH*?,S,-Vmax/Km-vélues for RM-FK with FDP plus ATP or' L- .
‘alaning éré ggﬁ}piimately k-fold greater than the’contgolm .
":It is apparent that'the response of the three eel enzymes
to FDP, y* ions, ATP-and L-alanine is different from that .
e TN
observed for the homologous mammalian PK enzymes, and also -
quantitatively different,betweén the eel PKs. However, )
while the eel Lv-PK did not behave similarly té mammal;aﬁ L~
PK, its reéﬁonse was analoéous.to‘that qbssrveé for -mammalian
My-PK (Imamura et al., 1972). Further, under certain con-
ditions (i.e., the presence of FDP) the eel WM-PK also
behaved similarly to mammalian M1fPK, in that B ions, ATP.
and L-alanine fail to modulate the enzyme. The RM-PK, on .
the other hand, responds more-liké'mammalian_L«PK in that
FDP, K" ions, ATP and L-alanine all exert an effect under

conditions where none is observed for WM-FK.

2
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~ DISCUSSION

These results and those preseﬁted in Chapter ¥, clearly
demonstrate that the PK lsolated from red and white muscles
and liver of the American eel, A, r0§trata, represent yet
another PX enzymatic system with unique regulato;y charaqter-
lstics., Although the PX from sel ‘muscle, facultative anasrobas
'(Mustafa and Hpchachka, 19713 de Zwann and Wijsman, 1956);
diving mammals (Storey and Hbchachka, 197#&); turtle hsara
(8torey and Hochachka, 1974b) and memmalian liver (eg.,
.Rozengurt et al., 1969) are all modulated by H" ions, ATP,
L-alanine and FDP, there are significant quantitative diff-
erencea between the responses of FK from the eel and these
other sources; ‘however, a commonhregulafory atrategy is
emgrging for these ligand sensitive PKs.
A.. Eel Liver FK | /(,fu;a |

The lack of a regulatory PK from eel liver is of interest
in light of the mammalian enzyme which hag Been implicated
in the transition between glycolysis and gluconeogenesis.
Even the slight-ATP_inhibition of eel Iv-PK noted in Chapter
'5: could be attributed soiely_to-ﬂg+ﬁ'chelation. A fish
liver FDP-insensitive FK was Teported by Somero and Hochachka
(1968) for rainbow trout, but they offered no explanat@pns
for its bresence. The maintenance of a non-regulatory PK in
eel liver of the type observed for mammalian M, -PK (Tanaka
et al., 1967, Imamura et al., 1972) and frog heart muscle PK

(Flanders et al., 1971) suggests three possibilities, First,

N
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eel Lv-PK responds.to effectors other than those examined,
implying that the}metabolic signals for gluconeogenesis and
élycolfsis are different 'from those in mammalian 1iver;' |
sgcond, that the liver in the eel 1s not a ma jor gluconeogenic
organ duting migration, and third, that eel Lv-PK has an
extremély high affinity for FDP and is saturated with this
ligand. While the first two possibilities are tenable, the
third is difficult to accept in light of the enzyme treat-
ment (extensive dialysis) and the experiments with EDTA and
. ATP two modulators which mediate the desensitization of the

enzyme in mammals to FDP (Schubert and Schoner, 1971) (sed .
| Chapter 5). A further difference between the eel and mamma-~
’ lian enzymes is tnat the specific activity dF the former is

approximetely 10-fold less than the latter (Scrutton and
Utter, 1968) .
In addition to a significantly higher specific activity,
the mammalian L- PK has a higher initial catalytic rate as
indicated by the V /Km—values (the ratios were calculated
from data presented in Serutton and Utter, 1968). This ratio
fer mammalian L-PKTis approximately 7-fold greater, at pH
7.5, than observed for the eel Lv-FK (Tableﬁ?). Thus, in
terms of catalytic rate at both low (below K,) and high
(Vﬁax) levels of substrate, the mammalian L-PK 1s a more
efricient enzyme. The apparent Kn(PEP) for the eel Lv-~-FK
is, however, 8-fold lower than observed for mammalian L-PK
(Rozengurt et al, 1969; Imamura et al., 1972), but within the

range reported for mammallan M -PK (Imamura et al., 1972).
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Unlike the mammalian enzyme, the Km(PEP) for eel Lv-PK is°

. Independent of B ion concentrations batween pH 6.5.and 8. 5,

.

an observation which has only been demonstrated for oyster
adductor muscle (Mustafa . and Hochachka, 1971) and el WM~PK’
(Table 2)"in the presence of FDP,

Assuming the eel liver enzyme is non- regulatOry, its
physiological significance is not immediately apparent. . .
Unpublished ultrastructural observations of eel liver: tissue
indicate that & high degree of fatty infiltration and hyper-
plasia occurs with maturation' (see Chapter 7). These data,.
coupled with the enzymatic results indicate that the reg-
ulation of carbohydrate and 1ipid metabolism in the mature
migrating eel may be considerably more complex than bpreviously
acoepteu for other fishes and mammals., Although a correla- -
tlon between the enzymatic results and a physiological role

of the liver in nutritionally deprived migrating eels is of

considerable interest, further studies are required to

realize this goal,
B. _Eel Muscle FKs

Johnston (1975) demonstrated that red muscle PK from
the European carp was modulated by-ATP, L-alanine and FDP in
a manner similar toothat described by.Hochachka and assoclates
‘ for facultative anaerobes (see Hochachka and Somero, 1973).
Further, Johnston (1975) proposed on the basis of the carp’s
habitat, that these modulatory interactions could be explained
in a manner analogous to facultative anaerobes. Although our

results indicate the exlstence of modulator-sensitive PKs in
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red and te mmsclee, the effector interactions more closely
resemble the response of the mammalian rather than the |
facultative anaerobe PKs This statement 1is based primarily
on the interaction between H ions.and PEP binding in the
presence of the modulators ATP and L-alanine; In-facultative
anaerobee (Mustafa and Hochachka, 1971) and carp red muscle
(Johnston, 1975), H" ions potentiate inhibition by ATP and L-
‘alanine, whereas fof eel muscle (Table 2) and mammalian LAPKé'
(Rozengurt et al., 1969), ¥ ‘fons reverse ATP and i—alanine
inhibition. This marked difference in H' ion-ligand inter-
actions may reflect thé-nature of the metabolic end products
accumilated during anaerobioeis by these organisms; mammals
amd‘presumably_eels utiTdgerLDH for redom balance and pro-
duce lactic acid, wﬁilte::ij;%tivelanaeréhesu$ilize MDH

(malateé dehydrogenase) and produce the weaker acids, succin-

L4

- ate and propionate.

For facultative anaerobes, the key to metabolic end-
product Accumulation dmring anaerobiosis is the competition
between PK and PEP CK for the common substrate PEP. In these
organisms, H ions and L-alanine inhibit PK during anoxia
and energy‘is generated through substrate leve; phosphory-
lations by carboxylating PEP with PEP TK to oxaloacetate and
driving the Krees cycle backwards (Hoghachka and Somero, 1973).
Since mammals, and presumably the eels (see appendix) do not
carboxylate PEP In this manner, PK must remain functional
even 1if cellular pH changes ocecur due to lactic acid accum-

ulation. The effects of H ions on the regulatory properties
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"of PK in these two gfoups of animals, therefore, is coupled
directly to their unique physlology. ‘

Interestingly, the resting oxygen- tension of deep white
épaxial muscle from the eel has been reported to be as low
. as 1-4 mm Hé (Jhnkowéky, 1966) although venous blood levels <:t22212
ranged from 20-50 mm}Hg;‘this miscle value is at least.an
order of magnitude less than the 40 mm Hg reportéd for the
oyster (Randall, 197#) and the intestinal parasite,
Hymenolepls diminuta (Befus and Podesta, 1976), both of .
which are classifled as facultative.anaerobes. Eﬁen though -
the cellular environment would appear to favor a PK enzyme
with regulatory characteristics in common with the faculta-
tive anaerobes, this does not appear to be the case 1n the
eel. Therefore, any correlation between the PKs of eel
muscle and carp red muscle would be premature ;n the absencé
of further étudies. This infers, and the evidence suggests,
that the regulatory characteristiégof eel ﬁM— and RM-PKs
may Se'more closely aligned with those of“the mammalian
enzymes. | . .

For mammalian L- and M,-PK, E' ions significantly alter
. PEP binding ‘at both Km and V. levels of su_tgstrate.' How'—'
ever, although there is no dispute that a decrease in assay
pH below 7.0 results in a transition from sigmoidal to hyper~
bolic kinetles with an activation in V.. (Rozengurt et al.,
1969; Schoner et al., 19703 Vap Berkel et al., 1974), it
has been questiloned .whether the pH will'actually decrease
below 7.0 1in the intact mammalian liver for ah alteration ?’“3

° T, K )
. . . \\ . h
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in E" ions to.act}as“anieffective.regulator (Llorent et al.,
19703 Carbonell gglgl., 1§;3). Unfortunately, llttle data
‘ate available on in vivo liver pi or possible compartmental-
ization ef §" ion concentratiens.

HT ions also affect the heterotrophic cooperaﬁivity
- between FDP 'and PEP for mammaliad L~ and M2 -PKs (eg., Flory
et al., 197%). Thus, after the transition from sigmoldal to
hyperbolic kinetics occurs, FDP has no further activatiné
effect. Therefors, the{greatest effect of FDP on mammalian
L-PK is observed above pH 7.0. Carminattl et al. (1963),l
for example, found that L-PK was activated (at K levels of

substrate) 1.8-and 2.6-fold at pH 7.4 and 8.2, respectively. d
' Although the eel RM- and WM-PKs exhibit hyperbolic kineties

with Tespect to PEP over the pH range 6.5 to 8.5. FDP is a :

mixed activator exerting its greatest effeet at the more AJ

basic pHs, as reported for the mammalian L-PK (Tables 1 and
2), Wieker and Hess (1971) hate preposed that this equivalent )
kinetic response to-.H'+ jons and FDP is a result of thelr
converting the enzyme into an identical conformation with

respect to PEP binding. This H ion-FDP interaction is not,
however, identical for the two eel muscle PKs (Tables 1 and

2). Consistent with the observations of Mustafa and Hochachka
(1972) on oyster adductor muscle PK, the presence of FDP

frees eel WM-PK from H ion modulation, at least between pH

8.5 and 6 5 A similar pH decrease results in the Km(PEP)
for eel RM-PK decreasling by the same increment regardless

of the presence or. absence of FDP —Therefore, once the WM-
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/’*“ enzymo is activated by sither FDP or H" ions an optimal
oonformation for catalysis(g§ists- however, for the Rﬁ-PK, )
H lons and FDP act synergistioally bﬁﬁenhanoing the aotive
conformation. i ‘ |
' Another indication of the similarity between the effects,
of K™ ions and ¥FDP,y 1s that the presence of either activator:
negates the inhibitory effects of ATP and L-alanine (Tobles
1 and.2).‘ Although ouantitatively different, both eel
muscle PKs and mammalian L-PK (Rozengurt et al., 1969)
_domonstrate this response. Both eel WM- and RM-PKs wers
inhibited approximately 70% by ATP and L- alanine at pH 8.53
however, dég}easing the pH to 6.5 resulted in reversing L--
alanine and ATP inhibition to 88% and 50% of control values,
respectively, for WM-PK, while the inhibition was. anly
.Teversed to approximately 40% of oontrol values for both
'inhibitors for RM-PK |

Another important property of mammalian L- and M,-FK
- 1s the interaction between the heterotrophic ligand, FDP,
and the allosteric inhibitors, ATP and L-alanine. Several
investigators (eg., Llorent et gl.; 19703 Schubert and
Schoner, 1971; Van Berkel, 1974) have suggested that it is

this effect of FDP overriding AZ® and L-alanine ihhibition

which constitutes the most significant in vivo regulatory

signal for liver PK, Both ATP and L-alanine inhibit the
mammalian enzymes competitively with PEP (Imamura et al.,

1972; Van Berkel et al., 1973); FDP, a heterotrophic 1igand

of the 'K! allosterie type (Monod et al., 5965), reverses
. 3 * ..‘
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| -
the homotrophic cooperativity observed inlthe presence of
the inhibitors ATP and L-alanine. The literature on mamma-
lian L- and M>~-PKs, howevef,.is not clear with fégards to
the extent of FDP réversal of this inhibition. Llofént et al.
\T\\(1970) a.nd. Imamura et al. (1972), for example,‘ have reported
that 100 pM FDP overrides ATP and L-alanine inhibition and
returns the activity to control levels. Rozengurt et g.l.,
- (1969) on the other hand, found that 5 mM ATP inhibition
was Teversed by 2 uM and 100 uM FDP to only %2’and 60% ,
- respectively. _

' One of the problems when comparing the modulation by
FDP, ATP and‘L—alaﬁing of tﬁe mammalian and eel muscle PKs,
is that, as indicated in Chapter 5, FDP acts as a mixed |
heterotrophlc effector of fish muscie PKs, affecting both
Ky and Vﬁa¥ (Somero and Hochachka, 1968; Johnston, 1975),
but only act%}és‘a 'K' type effector (Monod et al., 1965)
for mammali‘an“regulatory PKs, affecting only K. Thus, FDP
reversal of ATP and L-alanine inhibition of mammalian PKs
refers-specifically to activity levels at Km(PEP)9 whereas
the picture is mére complicated for the fish muscle enzymes.

- The response of-éel RM-PK at V' 1evels of substrate
(Table 1) is identical to that described above by Rozengurt
et al, (1969) for mammalian L-PK3 i.e., FDP does not reverse ?\
ATP or L-alanine inhibition even.at 1 pM., Eel WM-PK, on the

~.other hand, resppnds more like the data reported by Llorent
et al. (1970)3 1 nM FDP reversed ATP and L~alanine inhibition -
to near control levels depending upon pH. The ability of FDP
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to override the_inhibitor§ effects of'ATP.end L-alaninehin |
.variable, depending upon the fish speciles. Moon et al. (1971);‘
reported that 0.1 mM FDP reverses ATP inhibition to 75% of
control for sea bass muscle PK to 90% of control in rainbow
trout, and to 100% for leatherjacket muscle PK. Thus, sen-
sitivity at Vpax must be related in some manner to differenoes
in enzyme structure particularly at the FDP binding site,
‘between specles

Although these data ohareoterize the resﬁective enzyme-
ligand interactions at high substrate levels, the effects at
K.(PEp) are physiologically more significant (Hochachka and:
Somero, 1973). If we examine the Kn(pep) (Table 2), the
data demonstrate that for WM~-PK, the presence of FDP, with
or hithout ATP and L-alanine, reduces the apparent- enzyme-
substrate affinity to approximately 0.2 mM PEP over the pH
range 8.5 to 6.5, Thus, FDP is the moet important regulatory
parameter, making the Kn(PEP) insensitive to all other ‘mod -
ulators, be these B ions, ATP or L-alanine. For eel RM-FK,
1 pM FDP negates the effects of the inhibitors ATP and L-
alanine on the Km(pEP) at each pH examined, but FDP. does
not free the RM-FK from the H' ion interaction. Therefore,
unlike the WM-PK, the RM-enzyme responds to H" ions even in
the presence of other modulators. Thus, the activating -
effects of FDP and K" ions are the’most distinctive diff;
erencescbetween the WM- and RM-PKs, and strongly suggest
that the eel WM-PK jis analogous to mammalian M, -PK and eel
RM-PK is more typlcal of mammalian L-PK.
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C. A Model for Eel Muscle PK
The kinetic responses of{regulatory PKs to ut ions, ATP,

. L-alanine and FDP have been e&plained by many investigators
according to the two-state-allosteric model of Monod et al.
(1965) (eg., Rozengurt et al, 1969) This model is adequate
to explain the allosteric responses of the two regulatory .
memmalian’ PKs, L and M,; however, for the two eel muscle PKs,
another dimensioc must be considered. There are three baslc
problems in fittipg the eel muscle PKs po the Mbnod model: -
first, there is no homotrophic cooperativity with'respecp

to PEP in the absence of Na* lonsy second,.ATP end L-alanine
do not result in homotrophic cooperatire kinetics; and third,
FDP is a mixed oeperotrophﬂ:effecfor. The eel muscle PKs
are tru% allosteric enzymes, however, since only one allos-
teric effector need demonstrate cooperative kinetics accord-
ing to the Monod model, and for the eel enzyme, the presence
of Na© ions result in sigmoldal PEP kinetics:(Fig. 2,
ChapterAS). |

According to the Monod model, an allosteric protein

can exist in two different conformational states, R end T.
Using PK as an example, two allosteric systems are possible
(Monod et al.; 1965): a 'K! system where the R and T states
have different affinities of PEP, but the modulators FDP,

H" ions, L-alanine and ATP alter this affinity while not
affecting the maximum capalytic activity of the state; a 'V!
system where thestwo states have the same affinity for PEP
and the modulators alter the catalytlc actlvity, but not

.
N

L

)
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Km(PEP)’ In both systems, positive effectors bihd'preferen—
. tially .to the R conformation, which would be the highest
substrate affinity state of the 'K' system or ths highest
cataiytic state of a 'V! system. Negative effectors prefer-
entially bind to the T conformation and in a 'K' system this
would be the low substrate affinity state and the low activity
state of a 'V' system. Another important aspect of the uodel
is that the positive heterotrophic effectors (eg., FDP) in
the presence of a negative homotrophic ligand, alter the
degree of substrate coopepativity resulting in hyperboiic .
rather than sigmoidal Xkinetics. |

. The results presented above and in Chapter 5 suggest the -
eel muscle enzymes can be explained in part according to a
simple two state.system based on the sensitivity of the PK
conformation to general ligand interaction rather than
specific ligand binding as dictated" by the Monod model.
Electrilcfocusing data (Chapter 5) demonstrated the presence
of two.enzymatic forms for bothlmuscleTPKs, and that the
more acidie form in each case was sensitive to FDP, ATP and
L;alanine while the more basic peak was insensitive %o .these
effectors. Further, incubation of the enzyme mixture with
FDP before electricfocusing produced only the ligand sensitgve
enzyme peak; thls result suggests that the equilibgzﬁif//
between the insensitive and sensitive forms is shifted to
the sensitive forms, as in the Monod model. Although the

sensitive form in the crude homogenate maintains an iso-

electrlc point below the partially purified enzymes, these

7
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two forms are essentlally identical based upon their 1igand.

- interactions..A dlagrammatic representation of a possible

model, similar to that proposed by Van Berkel (1974) fpr

rat liver Mé-PK is presentod in Fig. 1. Here, the ligand- e

insensitivo form is designgtod as Cr and the ligand-sensitlve
(prepared in the présence of FDP-er partially ﬁurified,with
a\(Nﬂq)ésoh) 1s designated Cg;. * The Cgy form is characterized
by giving Michaellis-Menton kinetles with respect to PEP,
“except in the presence of Na* ions when sigmolidal kinetilcs

are observed (C). This part of the schematic (C"—‘CSL) can

be interpreted according to Monod ot al., (1965); where the
presence of an effector (Na ions) #ransforms the hyperbolic X
kinetiecs into cocpfigtive kinetics-wit? resp;ct to PEP.i The .
Cqr, form is further characterized by having a 16w affinity
for the substrate, PEP, and also a low catalytic Tate in-
theipresencc'of ATP and L-alanine. In tho presence of FDP

or increasing H' ion concentration, this low affinity, Tlow
activity form is converted into a high substrate affinity
(low Km(PEP)) and high catalytic actiVity form with,
\Michaelis-Menton kineties. Importantly,- and. conSistent with
the, Monod model, FDP was able to reverse (though to diff-J
crent extents for the two innibitors) the inhibition by-AT?
and L:?lonine, as would be expected if CSLWand Cgy were in
equilibrium.

_— Although not complete,-this modcl could be used to
design experiments to further:cha:acterize the eel rcgulatory

PKs. It rép;osents a model consistent, in patt, with the

’,

BN
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) » -Ne® . +FDP
CR\ - === Cgr, — —C.
' Na - ~FDP
AR : Ol ATP
= FDP L-ALA
. ? \\ \ _ ?
\C" -

Fig. 1. A schematic of a model which may explain the kinetic
behavior observed for the eel muscle PKs. Cp - insensitive
conformation detéctable in crude extracts as the basic iso-
electric peak of the {wo peaks present’ (see Chapter.S). It
- 1s insensitive to FD??\ﬁig and L-alanine, but upon incubation
with FDP is convertéq toCgp. Cgp, - sensitive, low substrate

affinity configuration. ﬁhe acidic form present upon elec-

tricfocusing crude homogenate, and the form persisting through-

out partial purification. It is sensitive to FDP, ATP, and
._Lfelanine, and is the predominate form in the absence of FDP,
This form is characterized by low catalytic act1v1ty, low
substrate affinity and Michaelis-Menton kinetiecs. C - con-
formation present with addition of Nat ions. Tt is the only
form’ whlch gave sigmoidal kinetics with respect to the sub-,
strate PEP. Cgy - sensitive, high substrate affinity con-

- formation. The form present with the addition of FDP and

H" ions, and it has the highest activity and lowest Ku(pEP)
of the forms, ahd al8o gives Michaelis-Menton kineties.

r/,?‘

)
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Monod-base mammalian models, but islnbt a true 'K' or 'vV!

system (eg.,.mixed'ligand‘inte;actions support this ihter-

pretakion).. In faef, eubtle'differeBEes must be incorporated

in the model to p:edict‘accurately the behavior;of'the two

eel muscle PKs, | |

D.< Summary - » ‘ L . ' ;)
" These reeults'suggeet that thder certain conditions, the

Kn(pEp) of eel WM-PK will be freed of all constraints imposed

by inhibitory ligands andﬁH* %en alteration. Under identical

conditions, the K (pgp) for eel RM-PK is modulated by the
combined interaction of ¥DP, ATP, L-alanine and H" ions.
Further, FDP reverses the inhIbitory effects of ATP and L-

alanine on Vhax for WM-PK to a much greater extent than

~~_ observed for the eel RM-PK. 1In effect, due to the marked

difference in the effects of micromolar quantities of FDP on -
the two muscle.enzymes, the eel WM-PK behaves analogoﬁsly to
the mammalian My-PK and the eel RM-FK to the mammalian L-FK.
In contrast, Fhe properties of eel Lv-PK indicate that gly-
colytic reguiatidn and the gluconeogehic role of the liver

in a migrating eel is probably ﬁuch different f;om the
plcture normally accepted for mammalian and other fish livers.

As a result of the differences in ligand sensitivity, the
¥

*heterotrophic effects of FDP, and the Michaelis- MEnton

kinetics, the eel muscle PKs cannot be completely described
by the general allosteric model of Monod et al. (1965),

Thus,la model. was postulated which may account for this

altered behavior. ‘ -
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DISCUSSION . s

Five hypothesss were ratsed in thefIntroduction, which
if confirmed, wouid be supportive evidence for Braskkan's (
(1956) red muscle-organ theory as applied to the American
eel, A, rostrata, in the bronze phase. It is the aim of this

final discussion to correlate and evaluate th§ results of

- the varilous éxperimental approaches used in this thesis in

light of these hypotheses. . . ' -

- The first hypothesis was whether the structural prop-
erties of the red muscle were altered as a function of
maturation but not white muscle. From results preéented in
Chapter 3, there can be little doubt that an alteration in'.
the red muscle morphology does occur commensurate with
maturation; however, the full extent of the physiological
changes which may accompany the structural chaﬁges-are//ﬁ\f‘
unknown. No detectable change in the structural properties
Qf the white muscle was observed. ’

It is témptinglto speculate on the possible physiological
changés accompanying thg§e~structural modifications in red
muscle. If the contractiié role of red muscle does diminish,
as might be suggeéted from the data, and fhe metabolic re-
cyeling role inmfeases dufing migration, then 1t is possible
that a reflection of this altered physlological role might
be observed in the eel liver. Possibly, the liver may be-
come a more speclalized blosynthesic site; for example, if

the red muscle functioned to regulate whole body earbo-

hydrate levels, the liver may functlon more in controlling
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the 1lipid pools. :ég'with red muscle, an altered role for
liver may be suggested'by a change in liver morphology
between the liver of immature yellow and mature bronze eels.
The results of an examination of the structural properties
of liver tiséue from immature and mature eels is presented
in Figs. 1, 2 and 3. Fig. 1 is a representative section of-
 liver from an immature yellow eel, while both Figs. 2 and 3
are from mature bronze eels. Two important observations
can be'made from these figures: first, the fine structure
of the liver frem the immaturgdyellow eel ig similar to
mammalian liver (the main site of gluconeogenesis) but is
significantly different from that .observed for the mature
‘bronze eels; and second, there is a significant degree of
fatty infiltration, nuclear degeneration, and loss in

structural definition in the liver fxom the mature bronze

eel. Fig. 3 is.a low magnification Zight micrograph which

il%ustrates the overall deg e of fatty deposition in tnis

~

iiver. These striking resul suggest that an alteration

in the function of the live -#fay have occurred. Indeed,
the mature eel liver appears to be more of a lipid depot
\rather than a site of biosynthesis and recycling.
Interestingly, during short term starvation, liver
glycogen in fish with red muscle (eg., European eel; ,
Larsson and Lewander, 1973) and without (eg., nortnern pikes
Ince and Thorpe, 1976) is mobilized to the same degree (83%
decrease follcwing 3-months starvation for bcth fish); -

however, it 1s only the fish with red muscle which can
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Fig. 1. Electron micrograph of liver tissue ffom an- lmmature N ‘k
feéding yellow esl, N. nucleus, L. lipid, M. mitochondria,
LY. lyosome, G. glycogen, BC. bile canaliculus. X.,10500;

Fig. 2. Electron micrograph of liver tissue from mature

migrating bronze eel. N. nucleus, L. lipid. X. 10500.

\ /"’3_
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Fig. 3. Llight micrograph of liver tissue from mature migrat-

ing bronze eel. L. lipid. X. L20. )
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meintain plasma glucose levels (15% decrease for the

" European eel following 164 days starvation (Dave et al.,-

1975), compared to L40% decrease for northern pike following
120 days starvatlon (Ince and Thorpe, 1976)) and mscle
glycogen levels (no decrease forethe Furpoean eel following
164 days starvation-(Dave et al., 1975), compared to 55%

'decrease for the northern pike following 120 days starvation

(Ince and Thorpe, 1976)). Thus, conslstent with the pro-
posals of Wittenberger and co-workers\ifee Introduction), ~
the altered structural appearance of the bronze eel red
muscle may be associated with an-inc}eased role in regulating

body oggbog§drate levels. Albelt, thié is speculative thore

is little dou%t however, that both the red muscle and liver ‘_ o

in the bronze eels examined underwent marked structural
changes which are suggestlve of an alteration in their
physiological roles. Further work is proceeding at this
moment to deseribe the physiological role of the liver in

immature and mature bronze eels.

The second hypothesis was whether white muscle LDH was

primarily geared for the production of pyruvate and that red

muscle LDH catalyzed an equllibrium reaction, the direction
of catalyslis depending upon the 1eveis of pyruvate or lac-
tate. Data presented in Chapter 4 indicate marked vari-
ations in the potential for lactate oxidation by the two
muscle enzymes. At pH values which have been reported in

fish white muscle (below 7.5; Love, 1970), the potential for

- eel white muscle LDH to oxidize lactate is virtually absent,



Y
i

-175-

based on the high PR/LO ratios. On the other hand, the
oxlidative qaﬁaéity (PR/LO ratios,eQuél to 1.0) of red muscle
appears indepsndent of pH and thus it may‘function as an
equilibrium reaqtion‘over the pH range 6.5 to 9.0. “Further,
the Xn(1ac) andaKﬁ(NAD) for the red muscle enzyme were
significantly lower than WM-LDH. These data suggest differ-

ent physiologiéal functions for the two muscle enzymes and
"specifically implicate the red muscle in the metabolism of
lactic acid, which i1s again at leaéﬁ'indirect support of .-

the red muscle-organ hypothesié.

The third and fourth hypotheses were related to‘the
properties of eel tissue PX, This glycolytic enzymeagas
been extensively studled in mammals and other organisms, and
its regulatory properties have been directly linked to a
specific tissue metabolite pattern. Thus, a regulatory PK
(eg., mammalian L- and M2-PK) would permit control over PEP
metabollsm and ? glucéneogenic-potential, while a non-reg-

ulatory PK (eg., mammalian M!1-PK) would insure maximal

‘oxidation and energy production. Data presented in Chapters

5 and 6 indicate that the PKs from the eel WM- and Lv-PKs-
are kineticaliy analogous to mammalian M!-PK and eel RM-PK
is kinetically analogous to mammalian L-FK, Thus, the
question is raised, what does this observation indicate
about the metabolism of these eel tlssues?

A possible overview of metabolism in the red muscle
durlng migration must inglude both a posgible metabolie

reéycling role as well as a contractile role. The fuel for
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contractile activity will most likely arise from 1lipid

oxidation (George, 1962). Thus, the ATP generated in the

'Krebs eycle and electron transport chain would result in

increased concentration of some of the Krebs cycle inter-
mediates, especially citrate. Citrate inhibits phospho—

| fructokinase in both fish and pammals (Hochachka and Somero,
1973) and thus FDP levels would tend to be low. Under these
conditions, the red muscle PK_enz&me would be responsive

to the endogenous levels of H" ions, ATP and L-alanine.

Red muscle is extensively vascularized and due to its
small mass is probably in equilibrium with or slightly
lower than, the bathing fiuid. BRlack et gl,,(1959) have
demonstrated that rainbow trout blood pH does not decrease
below 7.25 followingstrenuousexcercise, if an analogous
‘response is found for the eel, the potential role for mod-
ulatlon of red muscle PK by H ions would appear minimal,
even during swimming. However, since the RM-PK remains
sensitive to H& ions, even in the presence of ¥FDP, the
capacity of H lons to regulate this enzyme cannot be
totally discounted (see below).

In mammals, cessation of excercise is accefipanied by a
Telease of large quantities of L-alanine from the muscle
-+ into the blood streanm, and an L-alanine-glucose cyecle be-
tween the muscle and liver has been proposed (Felig, 1973)
There are no comparative data on fish plasma levels of L- -
alanine fcllowiné excercise. However, it is well documented

thatrmany euryhaline poikillotherms, including the lamprey

”
4
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(Cholette et al, 1970), increase’ andrdecrease the intra~ ‘
cellular free amino acid pool in concert with increasing and
decreasing external osmolarity; one of the most common amino
‘acids utilized to alter the pool is alanlne (eg., Schoffeniels
and Gilles, ;970). Thus, during migration, cellular levels
oka;alanine may inorease as a'result offeither increased
muscular contraction or En‘response to the osmotic chall
of salt water. Under these conditions, and with possible
changes in ATP, the activity of eel RM-PK will:be mostly .
responsive to fluotuatione in FDP levels,'e situetion pro—'
posed by Van Berkel (1974) for hemmalian L-PK. |
The proposal has ,been made that the red muscle in Jack
mackerel {(Pritchard et al., 1971) and’ the goldfish (Smit
et al., 19?1) is utilized in conjunction with the white B
muscle during burst or sprint swimming; this theory may
also apply to the migrating eel. The relative large
\guantities of Ted muscle glycogen, the modulation by u" ions
and the FDP removal of ATP and L-alanine modulation of the
Kﬁl(PEPj for RM-PK, support this contention. Thus, during
perlods of burst swimming,lglyoogen would be preferentially

degraded; FDP .concentrations would rise and ‘PK activities would

be keyed to the fall in 8" ions resulting from increased

@wﬁ F‘]jP would

tion during these anaerobic periods. Theref- e, the RM-PK

lacticraéid production. ~Further,
»

=
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"during burst swimming.

During migration, eel red muscle would be 1) obtalning

contractile energy from 1lipid oxldation and generating

glycerol, a’ potential gluconeogenic substrate; 2) faced with
lactic acid generated from white muscle, another gluconeogenic
substrate, and 3) faced with increased concentrations of
L-alanine resulting from ionoregulation or muscular con-

traction, “L-alanine is also a gluconeogenic substrate. The

‘end Tesult would be the markéd inhibition of PK which would

facilitate the conversisén of the above substrates_to carbo-

hydraté. -However, during'periods of leoolytic-deﬁand,

-

levels. of FDP would increase and esseptially free RM-FK from

ATP and L-alanine modulation. Thus, the~ regulatory charac~
teristics of el RM-PK appear well suited,tp the physiol-

ogical role required for‘both gluconeogenesis and glycolysis,

a condition analogous to;thelnammalian L-PK.

Eel white muscle PK, although responsive to the mod-
ulators FDP, H' ions, ATP and I-alanine, in vivo is probably
saturated with FDP due to its high affinitr for this mod-
ulator. Thus, under these conditions, .the ligand:interact-

N ) v
ions with H ions, ATP and L-alanine are removed. These

responses would be advantageous if the mode of energy pro-

-duotion is glycolytic, and the. intracellular pH subject to

variation. Thus, the maintenance of a PK enzyme which is

s

insensitive to H" ions and other: modulatérs, insures maximal

glycolytic flux and prevents a bottle-neck at the 1eve1 of ™

r

' _PEP Further, the pH optima for white muscle LDH (pyruvate

1
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to lactate conversion) is also pH independent between 5,5
and 8.0. Both enzymes, therefore, are poised for the rapid
conversion of PEPﬂto 1actic'acid, a situation analogous to
mammalian M1-PK, This conclusion may be\naive however,
since the maintenance of s regulatory enzyme for a non- .
Tegulatory purpose has not been previously observed. More

work isahecessary to further evaluate the in vive function
of this enzyme. .
.‘TheAlack of a regulatorylPK enzyme in eel liver suggests
that the functional role of the liver has been altered with
maturation as compared to mammalian liver. Thus, the
enzyme Behaves as 1f it was geared for maintenance of
glycolytic flux rather than participating in bilosynthesis
processes. The altered cellular structure supports this
proposal and certainly suggests that other organs may take
over the olassio‘anabolic role of the liver in the bronze
eel
Therefore, data presented in Chapters 5 and 6 give
snpportive evidencg that eel RM;PK responds to metabolic
demands in = nanner like that oBserved for mammalian L-PK,
-and that eel WM4PK, tnoﬂgh responding to various modulators,
in vivo may be kinetically analogous to mammalian M!-~PK.
The PK enzyme from eel liver was also observed to respond
- like mammalian M1-PK. These data'give further, more direct,
support for ﬁraekkan's éf956) red muscle-organ hypothesis.‘
An important key to the suggestion that red m%scle is '
polsed predominately for the production of carbohydrates is

* "
»
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the demonstration of an active'PEP CK enzyme (see Appendix 1),
as implied by the fifth hypothesis. This enzyme, together
with pyruvate carboxylase, form ‘the concerted by-pass of PK
and allow the production of PEP from lactate, L-alanine and
other precursors which generate oxaloacetate. Using the most
sensitive assay evailable, no PEP CK activity'oould'be

** Qetected in eel white muscle. The activity of RM- and Lv-
PEP CK, at the level cf substrates used, was comparable “to
that found for the PEP CK from the tapeworm, diminuta, a
faculative anaerobe with knbwn high levels oﬂFPEP CK acti-
vity (Moon et al., 1976). The experiment. is only qualitative,
but it further supports the potential of red muscle to serve
a recycling role.

Two important aepects of metabolism have been severely
neglected in this discussion. The first is the integration
of amino acid transamination to the energy conditions of the
two muscle types, This problem is currently being e;plored
and will be the subject of a further thesis. It might be
predicted, however;‘that the levels of glutamate-pyruyate
trans%giﬁese would‘iﬁcrease, coupled with increased L-alanine
. concentratlons, and. that glutamate-oxaloacetate transaminase
levels would decrease in red muscle. This congipion was
recently reported for the Eyropean carp (Wittenberger and
Glurgea, 1973) “under nutritional conditions designed to
'experimentally explolt the metabolic recycling role of red

muscle. The second, and indeed more significant, aspect

. N i : .
of ‘metabolic control is the role of hormones. There can be

<
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1ittle doubt that the overall metabolic'grocesses, both.
anabolic and catabolic, will be under tne inflnence'of the
glucocorticoids -and catecholamines; however, the literature
dealing with hormonal regulation of fish metabolism, and in’
particular the effects of hormones on specific enzymatic
reactions, is meager and inconsistent. Thus, this important
aspect of metabolic control will have to await further
experimentation.

In summary, these results/are consistent with the red
muscle-organ hypothesis of Braekkan (1956) Therefore, for

a migrating American eel, A. rostrata, the red muscle o
b
appears to have the potential to act in an ancillary meta-~

bolic recycling manner possibly substituting. for a liver
which has a:changed bPhysiological role. This capacity for
Tecyeling is not shared by the white muscle, but this tigssue

may serve as the source for recyclable substrates for the

red muscle.
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"~ INTRODUCTION

It 1s now well established that, in mamméls, the enzyme
'.phosphoenol-pyrqyate carboxykinase (EC 4,1.1,32; PEP CK). is
unique to the gluconeogenic pathway.and catalyzes'the'decarb—
oxylation of oxaloacetate (Utter and Kurahashi, 195
Bandurski and Lipmenn, 1956 Nordlie and Lardy, 19633 Chang
and Lane, 1966). The physiological significance of the PEP
CK reaction is that together with pyruvate carboxylase 1t
forms a bypass of t;e thermodynamically unfavorable reversal
of pyruvate kinase (PK) (Krebs, 195%). Dyson et al, (1975),
however, have recently demonstrated that the mammalian
skeletal muscle M1-PK reaction is reversible and proposed it
could play a role in éupporting‘glucbneogenesis in muscle.

The PEP CK catalyzed reaction is the following: - .

ITp . IDP '
OXA + or w PEP-hCO2+ or
GTP ' GDP

Although the favored direction of PEP CK in mammals is OXA
decarboxylation'(Utter and Kurahashi, 1954), in facultative
anaerobes such’as bivalve molluses (Hochachka and Mustafa,
1972) and intestinal parasites (Moon et al., 1976), PEP
carboxylation ‘is preferred. In these organisms, the enzyme
is not gluconéogenic, but . serves to couple anaerobic gly-
colysis to a portion of the Krebs cycle to enhance energy
‘production from carbohydrates.

An examination of PEP CK activity was undertaken in the
red and white muscle and liver of ‘mature, bronze American

eels,_Anguilla rostrata, to assess the potential for gluco~ .
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neogenesls in the respective tissues. _The—resuits suggest

that both the red muscle and liver possess active PEP CK

enzymes, but that. this enzyme was undetectable in the white
muscls. ‘
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MATERTALS AND. METHODS

Americen eels, Anguilla ro Efeta, were collected from
the St. Lawrence River at Quebsc City, Quebec, during the
seaward migratory phase of their life cycle. They ware
transported to the laboratory and maintained in tanks of
free‘flowi dechlorinated Otfawa city tapwater at 15%30;,
Eels were dJecapitated and the liver, red muscle and white
muegie rapldly removed and homogenized in five volumes (W/V)
of ice cold Tris-HC1 buffer, pH 7.4, for one minute at full
speed 1n an iced Sorval Omnimixer. Following homogenization,
the suspensions were centrifuged at 35 000x g for 2% mins in
a refrigerated Sorval RC- 2B centrifuge at 3 C The resultant
highspeed supernatants were diluted with Tris-HCl buffer,
pH 7.4, to a final protein concentration of 10 mg/ml and N
used directly for the isotope assay,

All biochemicals were pﬁrchased from Sigma Chemical
Company; other chemicals were purchased from loecal distri-
butors and were of the highest purity availabie. The
KH14003 was obtained from New Eﬁgland Nuelear,

The PEP CK activity was getected using a modification
of the oxaloacetate—HmCO3 exchange assay of Chang 4nd Lane
(1966). In addition to catalyzing a reversible decarboxy-

. lation of oxaloacetate, PEP CK also catalyzes an ITP or GTP
and Ma*™t op Mg**-dependent'exchange between HCO3: and
oxaloacetate (Utter ang Kurahashi, 1954), This reaction is
the most sensitive assgsay for PEP CK actlvity and can be
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?%“Aﬁ  conducted using elther crude homogenates or purified prep-

‘arations without any detectabie alteration én exchange rates

.(Chang and Lane, 1966). )

[ The reaction mixture contalned 0.1 mM oxaloacetats,

= " 1 mMGTP or ITP, 8.0 mM ¥g™ or 0.5 mM M™ and 0,015 mM
KH“*CO3 (specific activity, 7 -mec/m mole), 0.5 ml.of tissue
homogenate (10_mg/ml) highspeed supernsdtent and Tr;seH01
buffer, pH 7.%, to give a final volume of 1.0'ml. The re-
action was initiated with the addition of oxaloacetate and
\Lllowed to proceed for 15 mins st 21°C. Radioactive oxalo-
acetafe‘was reduced .to malatélwith the addition of 0.3 mM
NADB\and the reaction was termirted 5 mins later with the

addition of 0.5 ml 4 N HCl, The experiments were conducted /r

in triplicate using a total of six animals. Aliquots of

the reaction mixture were counted in duplicate and the

results are given as CPM'tz sigﬁa confidence intervals,"

< -

data are expressed as CPM because a quantitative anél?sis of

corrqgted for background, quenching and efficiency. The ;
the réaction rate as a function of cpncentration of the
added substrated was hot conducted. .The experiments were
only designed to assess the présance or abseﬁce of the.
enzyme. |
- To insure reproducibility of results, the aliquots
were counted after sitting in the cold for 48 hrs. This
procedure was adopted to allow the non-incorporated, acid

precipitated H130037 to diffuse out of solution. A time
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course count revealed\}hat 48 hrs were required to stabll-

4ze the number of counts.

=
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wgable 1, The effects of different nucleotides and divalent
lons on PEP CK activity from red and white muscle and liver.
tissue from the American eel, A, rostrata., Two comparative
values are also presenbed. See Materials and Methods for

explanation of data presentation.

Assay Conditions BRM : ' : ﬁ\

mM oxaloacetate . )
mM GTIP o 0 0 -
mM Mn ‘

O

L]
b

nM oxaloacetate ,
mM GEP 0 0 )'o

n

mM Mn

-
O —

mM oxaloacetate 2985 T 109 7320 1958
mM GTP Legh T 1400 0 5368 T 153D
mM Mn 5239 = 1kge B

mM oxaloacetate . + .
mM GTP 2576 - 103 0 3378 - 123
mM Mg ‘

mM oxaloacetate o
mM ITP 82T 130 0 L4670
mM Mg

mM oxaloacetate &
mM ITP Lh27 - 132 -0 5718
mM Mn

00—

OO-—=

139

15

15%

O—O] O ©w~O] O=+0| 00O o0

-
o~

jo4]
I

values from single immature yellow eel

b = values from mature bronze eels (6)

¢ = values from homogenaté of Hymenolepis diminuta
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RESULTS AND DISCUSSION

The results presented in Table 1 suggest that both the
eel red muscle and liver bossess an active PEP CK and that
this enzyme is either lacking in eel white muscle, or the
-conditions of the assay are inadequate to detect its presence.
Further, although only one animal was examined, PEP CK acti-
vitles tend to be higher in liver and lower in red muscle.
©of the immature yellow eel than the mature bronze eel. The
activity levels of eel red muscle and liver PEP CK were a
found to be comparable to that obtained from H. Himinuts, an
intestinal parasite knowyn to maintain high levels of this
enzyﬁe for anaerobic metabolism (Moon et al,, 1976).

The eel enzyme demonstrates specific lon requirements
(M preferred to‘Mg**) but, either guanosine or inosine
Brinucleotides can provide the nucleotide co-substrate.
These results are consistent with those of Chang and Lane
(1966) for PEP CK isolated from pig liver.

. The presence of PEP CK in white muscle from chicken,.,
rabblt, frog, and pigeon has been reported by Opie and
Newsholme (1967); in fact, white muscle activities exceeéed
tpose in red musecle for thege'organisms. Cpie aﬁd Newsholme
(1967) suggested that the presence of High PEP. CK and fruc-
tosediphosphatase (FDPase) activities in wﬁite muscle may
reflect an emphasis on the utilizatioh of the malate-
oxaloacetate and glycerophoqgi:te-dihydroxyacetone phosphate

cycles for the maintenance of ‘cellular redox balancé. They

/
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' further suggested that the presence of PEP CK and FDPase
would permit gluconeogenesis_from those precursors pnoduc-
ing oxaloacetate and malate; however, this is difficult to
accept in-light aof the presence of a non-regulatory PFK in
mostifkeletal muscles (eg., Tanaka et _;,, 1967). The
results rgported here clearly do not support the presence of
an active PEP CK in eel white muscle. These results are,
however, consistent with the red muscle~organ.hypotnfsis of -
Braekkan (1956). Thus, for the migrating American eel, A.
rostrata, the red muscle may have an ancillary functilon:
involving the recycling of metabolic end.products generated
during muscular contraction, presumably from the white muscls.
An active PEP CK woule be a prerequisite to allow funneling
of the various precursors through the glﬁconeogenic pathway.'
Also, this is the first report‘(to the authors knowledge)

of a PEP CK in fish tissues.
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