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ABSTRACT

The periodic regquirement for a new chitincus excskeletor
imposes a large biosynthetic 1cad on +the nmetabolisz of
crustaceans, with the hypodermis facing the brunt of +the 1lcad.
Since the freshly molted apimal is highly susceptible to
pradation, +the  mechanisms for efficient gluccnecgenesis in
support of chitin synthesis are of definite survival value to
the organism. Measurements of enzyne activities in the
hypodermis , gill and muscle of Cancer magister indicate that
t he hypedérmis and muscle undergo considerable metabclic changes
during the mclt cycle., Freshmolt hypodermis shows elevated
specific activities cf both the gluccneogenic and the glycolytic
enzymes, while freshmolt nmuscle shows decrsased levels of the
glycolytic and increased levels of the gluconecgenic enzymes.
Hypodetmis maintains a highly gluconeogenic «crientaticre

throughout the meclt cycle.

Phosphdglycerate kinase is conesidered to ke one o0f the
bifuncticnal _ghzymes in the glycolytic pathway, but the kirpetic
characteristitsch the pfeviously studied enzymes are ill suited
for function infa*gluconeogenic system. Since the intermclt and

freshmolt muscle ard typcdermis present a variety of metatktolic
Foises(i. . _ranging _%rom highly glucq#eogenic tc highly

glycolytic), Iﬁ%tudied the control of phoé dglycerate kinase in

these ;tissuasi' I -found that the intej ?ﬁuscle enzyme shows

kinetics much like those of the mammalidh<mustie and the yeast
enzyme, with a high sensitivity to MgADE/ADP inhibition (MgADE

Ki = 1.3 x 10—3p) and-a'relativelyklcw affinity fcr ATP as a
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substrate (Km = 2.03 x 10-4M). By contrast, the freshmolt
hypodermal enzyme shows a considerably decreased sensitivity tc
MgADE/ADP inhibitior (MgADP Ki = 2 x10-%¥) and a considerably
increased affinity focr ATP (Km = 6.8 x 10—5M)., The freshmolt
nuscle enzyne also shares these <changed affinities., The
intermolt hypoderwral rhosphoglycerate kinase shows the decreased
sensitivity to ¥gADP/RADP inhibition but shéres the ATP affinity'
of the intermoclt muscle enzyme. The kinetic characteristics of
the freshmolt hypocdermal and nmuscle enzymes reduce the
susceptibility of the enzymes to inhibition by MgADP and

facilitate the reversal of the reaction for gluccneogenesis.

The control of pyruvate kinase is integral to the «ccrtrol
of both glycolysis and gluconeogenesis., In glycclysis, it forms
the secend major ccntrol site; in gluconeogenesis, it is one of
the prime determinants of the rate of gluccneogenesis fronm
lactate and amino acids. Muscle and hypodermal pyruvate kinases

from Cancer magister are distinct proteins, on the basis cf

isoelecfﬁic pcints, kinetic characteristics, and thermal
denaturaticon frehavicr., In ccntrast to the rphcsphoglycerate
kinase system, there are no proncunced differences between
freshmolt and intermclt forms, Muscle pyruvate kinase 1is
activated by FD?, inhibited by MgATP, arginine fhosphate,
Mg2citrate, :tryptophan and is'also sensitive to some inhibition
by alanine,afgiycerolphosphate, Mg-malate and o- ketoglutarate,
The muscle enzyme haé'a high affinity for PEP (Km = 0.1 mM) and
the addition cf 0.05 mM FDP drcps the PEP Km tc 0.05 mM. In

ccmparison with cother musc{; pyruvate kinases, the snzyme is

quite sensitive to MgATF inhibition (Ki = 1.8 mM) and shcws FDF
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reversal of the inhibition. Arginine rhosphate inhibiticn is
ccmpetitive with ADP, and is not reversed by FDP. The reversal
of the reaction acccunts for c¢rly 0.5% of the fcrward reactiocn.
although high levels of ATP and arginine thosphate strcngly
inhikit the reaction, the inhibiticn is not sufficient to allow
net flux through the low levels of the bypass enzymes present in
the nmuscle of freshmclt animals. Thus, muscle pyruvate kinase
has kinetic <characteristics which suit it for function in the
ccntrel of glycolysis, but do neot allow gluconeogenicvflux past

the reacticn 1ccus.

In contrast, hypcdermal pyruvate kinase 1is a <corplex
protein capable o¢f making largs transiticns between high
activity during oxidation of <carbohydrate substrates and
virtually no activity during glucéneogenesis frem lactate and
amino acids. Bypodermal pyruvate kinase exists in twc
conformaticnal states, cne a high affinity state (PK I) and the
cther a 1low affinity state (PXK II). PK I has a Km for PEP of
0.1 M and a Ka for FDP of 1.3 x 10—5M., PK II has a Km for PEF
cf 0.55 nmH énd a Ka for FDP of 9 x 10—8M, Fer both forms, FDE
facilitates the binding of PEP. Poth forms are sensitive tc
MgATP inhibiticﬁ and show FDP reversal of the inhibition. EK II
is wmotre séﬁsifive to inhibition by alanine, serine, and‘
Mg2citrate. For ©PK 1II, FLDP alters the inhibition due td these
ccmpounds, changing the interactions between these inhibitors
and both PEF and ADP. Incubkation of PK II with 0.05 mlF FDE
produces PK I. Prelcnged dialysis of PK I 1leads to an enzyme
with +the characteristics of PK II. The levels of FDP associated

with PK I are higher than the 1levels associated with PK ITI.



furing gluconeogenesis, the FDF levels in the cell are low. This
woculd shift the equilibrium between the twe forms towards PK II,.
~Since physiological levels of PEP, ADP, ATP, alanine, and serine
1imit PK II activity to less than 0.5% of maximal, considerable
flux through the phesphcenolpyruvate carboxykinase and fpyruvate
éarboxylase rypass would be feasible. Thé rise in FDP levels
during inhibition of gluconeogénesis would shift the equilikbrium
in favor of PK I. This shift would immediately raise ©pyruvate
kinasev activity from 1less than 0.5% tc around 50% of maximal
activity. This, coupled with the other <changes in @metabclite
levels during an inhibition of gluconeogenesis, would lead to a
marked activaticn of pyruvate kinase activity. These
conformational states allow rapid changes in flux through the
redction, and thus  would allow flexible and responsive
regulation of this important glycolytic and gluconecgenic
control ;site, Thus, Gtoth the phcsphoglycerate kinase and
pyruvate kinase present in the hypodermis cf Cancer magister
havé special characteristics which facilitate efficient gluco-

neogenesis.

To elucidate the possible importance of ions in regulating
the activity of the akbcve enzymes, I measured the levels of
sodium, potassium, magnesium, and calcium in the muscle and
hypodermis of‘intermclt and freshmolt animals. I found that the
ext;acellulag; space of- the hypodermis is considerably higher
than that of“the muscle (45% versus 12%), but that there was nc
variation between iﬁfermolt and freshmolt tissue extracellular
space. While freshmolt muscle sodium concentraticns Were

significantly higher than intermclt sodium concentrations, none



of the other ions showed significant differences between molt
cycle stages. Hcwever, there were significant differences
between the 1ionic concentrations in hypodermis ard wmuscle,
Hypodermis showed higher calcium 1levels and lcwer potassium
levels than myscle in both freshmclt and intermolt animals.
Althocugh icnic changes do not play a 7Tole in differential
regulation of enzyme activity during the molt cycle, the dionic
concentrations present in these tissues are such that the ions
could set gquidelines for the activity of rhosphoglycerate
kinase, pyruvate kinase, phosphofructokinase, and fructose di-

- phosphatase in these tissues.
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INTRODUCTION

To- dgrodw, crustaceans must periodically shed their
exoskeleton, expand in volume while their exoskeleton is sbft,
and then gquickly harden the "soft shell", This rapid thickening
and hardening requires both efficient gluconeogenesis to support
chitin synthesis, and.rapid calcification of the pnewly deposited
lamellae of chitin. W®While ecdysis is the most dramatic event in
the process of crustacean growth, it is-/only~ one phase of a
complex - series of physiolpgical and behavioral changes which
constitute the crustacean molt cycle. The - hypodermis, 1lying

directly beneath  ‘the exoskeleton, is most diréctly associated

" with this large biosynthetic load, but other crustacesan tissues

are also profoundly affected by the molt cycle.

éeVeral .major changes occur during the molt cycle. During
intermolt, the animal ‘is actively . feeding and deposits
considerable 1lipid and glycogen. Lipid is stored primarily in
the hepatopancreas (Passano, 1960), while glycogen deposits
occur in, muscle, hypodermis, hepatopancreas, and blood cells
{Hohnke, 1971;“Travis; 1955a; Renaud, 1949; Johnston & - Davies,
1972; Dall, 3975). Hormonal - signals +-initiate the premolt
period: one of the " early ~changes is the separation of the
hypodérhiSi from the exoskeleton. After some initial resorption
of the ofganic (and in freshwater crustaceans, the 1inorganic)
qomponents of - thé exoskeleton, the new cuticle starts growing
under the old. - New gill_filaments form'inside-the old, -and the
leg -muscles decrease to 60% -of their intermolt mass (Skinner,

1966). During late premolt, wholesale resorption of chitin from




the 0ld cuticle ‘occurs (Speqk & Urich, 1971). Just prior to
molt, the animal begins to increase its volume, resorbs much of
the chitin from the molting suture (Travis, 1955b),  splits the
suture and begins to pull out of the o0ld shell. Generally, the
animal seeks a shelfered place and ceases feeding shortly before
molt. Once the animal has withdrawn from -the old cuticle, rapid
thickening and haﬁdening of the new cuticle: occurs. This is
critical as - the 'soft, ‘immobile animal is highly susceptible to
predation. * Chitin - synthesis is maximal and -rapid--calcium
deposition' occurs -until the cuticle is hardened (Stevemnson,
1972; Adelung, 1971; Travis, -1955a; ‘Diéby, ~1966) .. Once the
exoskeléton is-relatively firm, the animal resumes feeding, and
tissue growth within the increased space begins (Passano,1960).
. A I R _
The duration of the molt cycle is a function of a number of
physiological and environmental variables, -and different speciés
respond to these variables differéntly, (Bliss ‘& Boyer,  1964;
Passano, 1960;' Adelung, 1971). Generally, the crab molts when
it has grown a sufficient quantity, i.e. a given percentage of
its freshmolt mass.. Thus, animals of greater 'size take longer
to complete the cycle (Passano, .1960; Adelung,'1971)." Loss of
legs also serves to-stimulate'molting. If more than five of
eight 'walking -‘legs are removed, the intermolt duration is
reduced bj‘SO% (Skinner & Gréham,~ 1972; Adelung, 1971).  The
presence of larger ‘members of the same species in the same tank
will'ca;sé én increase in intermolt -duration, while the presence
of an equal size member of ‘the species does not affect the
intermolt - duration - in Carcinus  maenas- (Adelung, :1971).

—— o T ——— - — ———— i i s

Gecarcinus lateralis also shows inhibition of proecdysial growth




in  the presence of another crab, as well as under high
temperature -and light conditions. On the other hand, darkness,
moderate temperature, sclitude, and a source -of water-all - -favor

proecdysial growth in this land crab. Gecarcinus lateralis also

i o e i o

has the capability to delay ecdysis once the initial portions of

premolt have occurred (Bliss & Boyer, 1964).

The first - extensive formulation of the cyclic ﬁattérn of
variations which constitutes-the molf cycle was made  -by Drach
{1939), in his studies of Carcinus maenas and other brachyurans.
His classification -~scheme. -assigns -morphological conditions,
primarily involving changes in-cuticle structure, to each:  molt
cycle stage. The crustacean cuticle is composed of four  major

Slayers: the epicuticle -which contains a high -propbrtion of
lipoprotein, the exocuticle which <contains ©protein, chitin,
crosslinks, and calciunm, the endocuticle which contains protein,
chitin and calcium, -and the underlying membranous layer composed
of chitin and prbtein alone., 1In stage A1, the animal is freshly
moited, while ih'~stage A2 some mineralization -of the soft
cuticle has begun; © During., stage B1 endocuticle secretion
begins; and in stage B2 the chelae are hard; active- endocuticle
formation>-is~‘occurring,~'and iissue growth begins. During the
various-"C"'stageé'the animal is hard; during C1-and C2 the main
tissue gréwth‘occurs;-in-c3 the ‘completion of the exoskeleton by
the~formation of the membranous layer -occurs. " In C# the classic
"intermoif"'conditionwprevails;-with ‘considerable —-accumulation
of - organic reserves. ' The stages from D1 through ‘D4 -constitute
the premolt period;-DO has no morphological-correlates, - -but it

marks the dinitiation of premolt by hormonal changes. D1 is



characterized by both the separatiqn of the hypodérmis from the
cld exoskeleton ‘and the formation of an epicuticle. -During D2
the formation of the exocuticle beg;ns,»in D3 the major portion
of - resorption -6ccurs, and in D4 the ecdysial sutures open.
Stage E is ecdysis, the actual act of molting (Drach, -1939).
While the-definition of these stages has been modified slightly
£0Wfacilitéte staging © in certain' organisms ' (Passano, - 1960;
Stevenson, 1972), ‘the basic pattern has be=n found to apply to
the development of most crustaceans (Passano, - 1960). Drach's

staging criteria were used throughout the present study.

Numerous studies of the molt cycle have followed Dracht's
‘pioneering work. These subsequent investigations have led-to a
.considerable - clarification '+ of the physiology of molting.
Fufthermore, the many studies of patterns of carbon £flux help
elucidate - the metabclic - control mechanisms utilized by
crustaceans. ' In -the  following pages, I - will attempt to
summarize the current picture of crustacean metabolism and its
varying functions throughout the mclt cycle. The studies: which
form ~“the body - of this- thesis -concern metabolic changes in the
hypodermis "and muscle of Cancer magister as the animal passes
through the molt cycle. :Specifically, the work focuses -upon the
énzymatiC“-contfoi' mechanisms which facilitate gluconeogenesis,
the synthesis of ‘sugars frcm nonfcarbéhydrate-precursors,-in the
hypodermiS'and their ccmparison with control meéhanisms present
i# the_prédominantly glycolytic nmuscle.

The +two~ enzymes which 'I -examin=2d were phosphoglycerate

-

kinase and pyruvate kinase. Both enzymes present interesting




ioci‘in the control of glycolysis and gluconeogenesis. Phospho-
glyceratE' kinase-is - one of the glycolytic enzymes thought to
£unction'during the reversal of-glycolysis:for gluconsogenesis.
However, "the kinetics of previously -examined phosphoglycerate
kinases strongly favor glycolytic function. To -elucidate how
reversél of +the reaction is- facilitated for glucéneoqenesis, I
compared the regulatory characteristics of muscle and hypodermal
phosphoglycerate ~kinases. - During - ‘gluconeogenesis, - pyruvate
kinase activity‘ must be curtailed to allow flux -past the
reaqtion,~while during carbohydrate oxidation, pyruvate kinase
is central in the regulation of glycolytic flux. A comparison
of pyruvate kinase'in hypodermis and muscle should clarify how
these distinct control requirements are fulfilled. Fructose di-
rhosphatase, the ‘other major- gluconeogenic control-site, has

been studied in the hypodermis, gill, and muscle of Paralithodes

camtchatica (Hochachka, 1972; Behrisch, 1971, 1972; Behrisch &
Johnson, 1974) .- A+ close examination of the regulatory
propetties of phosphoglycerate kinase and-pyruvate.kinase should
allow the formulation of a metabolic ccntrol theory  describing
the-regulation of*hypodermal gluconsogenesis., Comparison of the
enzymes from muscle  and hypodermis ' will -indicate ‘to what-extent
separate*isbzymeS' have evolved to answer the gluconeogenic

requirements "of the hypodermis, 'as well as clarifying the

control mechanisms of muscle metabclism.



Molt Cycle Physiology

The major ofgans of the crustacean - body - undérgo
considerable variations in size and composition as the animal
goes through the molt cycle. Particularly marked changes are
shown * by the‘ hypodermis, the hepatopancreas, and the muscle.
The hypodermis is an active biosynthetic-tissue waich  -undergoes
méjor ‘alterations -in size according "to the extent - of its
biosynthetic-activity. The hepatopancreas is-both a - digestive
and - a— storage organ, which -'shows considerabia shifts in the
levels of corganic reserves. While the role of the changes shown
b&' muscle is not completely clarified, they are still

. remarkable. '

Hypodermis. —Upon dinitiation of premolt, the hypodernmis

increases in thickness:-and extent - (Travis, 1955a),  shows an
, increase in the raté of protein 'synthesis - (Skinner, 1968;
.Mcﬁhinnie et al., 1972; Stevensoﬁ, 1972; Humphreys & Stevenson,
1973), and shows ‘an increase in oxygen consumption - (Skinner,
19583 ‘Skinner, 1962). The protein synthesis is directed towards‘
both' ‘the enlargement of +the hypodermis and the  eventual
deposition of protein in the new eXoskeletoﬁ,- The increased
oxygén consumption may. account for ‘the increase in whole animal
oxygén consumption found during premolt (Bulnheim, 1974; Lewis &
Haefner, 1976) .- ‘During -the first -part 'of premolt, the
hypodermis secretes fluid, enzymes, and possibly cells into the
space between itself and the old exoskelaton. These enzymes are
involved 'in -the" resorption of chitin and protein from- the old

exoskeleton (Traiis, 1955a; Dennell, 1960). The hypodermis is
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capable of chitin synthesis throughout the molt cycle (Hornung. §
Stevenson,  1971; Stevenson, 1972); howaver, the rate increases
markedly during stage D2 of premolt, ‘and--feaches its - maximum
during stages A and B directly following ecdysis {Stevenson,
1972) . During premolt, large guaﬁtitieS‘of-lglycogen» and -~-sonme
lipid -are deposited in the hypodermis (Travis, 1955a; Renaud,
1949) . ' 'These reserves arezpresent immediately 'after the -molt,
but . then decline - during secrétion of -the new- exoskeleton
(Renaud, 1949; Travis, 1957). The connective tissue which lies
directly beneath the hypodermis -is supplied- with -numerous
reserve cells, which probably originate from bléod c2ils. These
cells undergo considerable variations both in: number and in
amount of stored materials, during the postmolt period (Travis,
1957; Skinner, 1962). ‘These - cells are- sometimes full of
glycoprotein, ' mucopolysaccharides, or -lipoprotein. They may
also contain deposits of calcium and phosphate (Sewell, - 1955;
Travis, ~1957; ' Skinner, -1962). - Large quantities of inorganic
material, ptimarily~ca1cium and phosphate, also move through the
hypodernmis té the new exoskeleton during ‘postmolt.- - Both:  the
preexuvial layers ‘and the freshly deposited lamsllae of chitin
are calcified after the molt. "After the - synthesis and
calcification -of +the exoskeleton is complete, the hypodernmis
decreases in 'size and only performs a  low rate of -chitin

synthesis (Travis, 1955a; Skinner, 1962; Stevenson, 1972) .

"Hépgtopancgeas;i - The - -hepatopancréas- of -intermolt

crustaqeans generally shows high levels of glycogen and -lipids

{Renaud, 1949; Travis, -1955a; -Heath & Barnes, 1970). In

Carcinus maenas, the levels of fatty acids are ten fold those of
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glycogen (Heath & Barnés, 1970). In Cancer pagurus, lipids also

form a major part of the metabclic stores (Renaud, 1945) . - The
hepatopancreas is composed of a variety of cell types, -including
absorptive, -secretory, and reserve cells. During intermolt and
early premolt, -fat- and -glycogen -are abundant in -both the
absorptive 'and ‘the secretory cells. In- late - premolt, the
reserve cells increase - in number and are- found to contain
mucopolysaccharide;';lipid, and-~sometimes deposits of calcium.
In freshwater forms, calcium storage begins- early -in ‘premolt
with the formation of gastroliths, while in marine crustaceans
calcium and -'phosphate storage occurs only in late - premolt
(McWhinnie et al., 1972; Chen €& Lehninger, 1973; Giynn, 1968;

Travis, 1955a; Renaud, 1949). In Panulirus arqus latrielle,

glycogen levels- 'in the hepatopancreas ar=2 at their peak during
the first day after ecdysis, and then progressively -decline
until the seventh  day, by which +time they have disappeared
(Travis, 1955a). 'Lipid levels decline as well but not to the
same extent as the glycogen levels. The reserve cells show
cyclic variations, which, if taken in relafion‘to those shown by
the reserve cells in the hypodérmis (see above), could indicate
that these cells are- moving from the hepatopancreas to the
hypodermis, -and supplying the ‘hypodermis 'with substrate for
chitin' synthesis (Travis, 1955a; Travis, '1957). Calcium levels
in the hepatopancreas'drop markedly so that a -‘week -after the
molt, no- "calcospherites" are -visible - in the tissue (Travis,
1957) . "Renaud- {1949 ) has calculated -that 70 % of  the -protein
nitrogen 'present - in the stage ‘D1 -hepatopancreas-is utilized

during the succeeding molt. Similar cyclic variations in



hepatopancreatic stores have been found to occur in Capcer

pagurus {Renaud, 1949), Carcinus maenas (Heath & Barnes, 1970),

and Panulirus argus latrielle (Travis, 1955a; Travis, 1957).

However, such 'storage cycles do not necessarily hold for all

crustaceans. ' Carcinus maenas have bean observed to molt with

virtually no 'metabolic stores {Heath & Barnes, 1970). In
orconectes limosus, the metabolic stores present in the animal
do not significantly augment the maintenence metabolism or the
active biosynthetic output during ecdysis. 1In these animals,
carbon from resorbed -acetylglucosamine provides tae sole-support

for both chitin synthesis and energy metabolism during the late

premolt and early postmolt period (Speck & Urich, 1971).

Muscle. The <changes incurred by crustacean muscle as a
function of the molt cycle may contribute to the above described
cycles of stored compounds in the hypodermis and hepatopancreas.
However, no information is available to either support or refute

this concept. The changes 1in musclzs have " bezen -thoroughly

described in only one animal, Gecarcinus lateralis (Skinner,

1966). During premolt, the muscles present in the legs of these
animals decrease to 60% of their intermolt mass. The ratic of
protein to- wet weight stays constant, thus, the change is not
due to a change in tissue hydration. The amount of DNA in the
whole muscle stays constant, indicating that there is-a drop in
the amount of protein pfesent per cell:  (Skinner, 1966). This
decrease in muscle mass may facilitate the withdrawal of the leg
through the narrow joints in the o0ld exoskeleton. -Reformation
of the muscle d4id not occur until between 6 and 20 days postmolt

(Skinner, 1966). Although Skinner's (1966) study is the only
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systematic study of this topic, early researchers (Hoet &
Kerridge, 1926) fdund similar changes in the overall
characteristics of muscle from intermolt and freshmolt animals.
Furthermore, it is an established fact among lobster fishermen
that the muscle of freshly molted animals is quite different
from that in intermolt animals., The -lipoprotein «cells, which
are known to invade the muscle during premolt (Sewell, 1955),
may aide in the destruction of muscle protein. According to a
recent study, the protein lost from the muscie accounts for the
increased levels of hemclymph protein which occur just -before
molt (Mantel et al., 1975). The mnuscle proteian could also
contribute to the increased levels of tissue free amino acids
found during the 1late premolt period (Duchateau et al., 1959;

McWhinnie et al., 1972; Speck & Urich, 1971).

Hemolymph. The other tissue which undergoes a fair number
of changes is the hemolymph. During premolt, the whole blood is
characterized by  high levels of amino acids, protein, calcium,
phosphate, glucose, and fats - (Travis, 1955b; Florkin, 1960;

Adelung, 1971). In Gecarcinus lateralis, the blood osmotic

concentration drops-from 1000 mOsm before molt to 875 mOsm at
ecdysis (Mantel et al., 1975). Presumably, the premolt increase
in blood osmolarity  facilitates the uptake of water during
ecdysis and late premolt (Adelung, 1971). <Changes in the ionic
composition of ‘the serum also occur. Specifically, postmolt

sodium, potassium, magnesium, and chloride concentrations are

o o . T . —— - — S o —

(Robertson, ~1960). Changes 1in the magnesium and calcium

concentration were found for Homarus vulgaris by Glynn (1968)
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and  Carcinus maenas by &delung (1%71). In the 1latter study,

pronounced variations in the potassium concentration were not
found, and sodium concentrations were found to vary im a less
systematic fashion than in Robertson's ({1960) study. The
absolute number of blcod cells circulating at molt is 2 to 5
times higher than during intermolt (Maynard, 1960). There are
two types of blood cells in crustaceans, on2 of wihich has bsen
found to contain a large glycogen and acid polysaccharide store,
as well as the enzyme glucose-6-phosphatase (Johnston 2t al.,
1973). The carbohydrates contained by these cells represent
approximately" '50%  of the total available carbonydrate in

Carcinus maenas (Johnston et al., 1973). By contrast, Dall

(1975), found only 5.5% of available carbohydrate in the blood
cells of Panulirus longipes . The -whole blood:  contains a
variety of circulating  carbohydrates, inciuding glucose,
trehalose, maltose, fructose, fucose, glucosamine, glucose-6-
phosphate, galactose, - mannose, maltotriose, -various oligo-
saccharides, and -in Papulirus longipes , two  distinct
glycoproteins {(pall, - 1975; Telford, -1968; Schwoch, 1972;
Parvarthy, 1970; Johnston & Davies, 1972). With the exception
of glucose, no clear variation of any of these components with
the molt cycle has -been found (Jeniaux, ~1971). Even ths
variation due "to glucose . is somewhat erratic (Adelung, 1971).

However, glucose concentrations generally decrease after molt

(Adelung, 1971; Dall, 1375).

"Hormonal Control Mechanisms. Hormonal control mechanisnms

are undoubtedly of underlying importance in the control of the

molt cycle. Considerable work has been done on hormonal control
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mechanisms 1in <Crustacea, and a relatively clear picture of the

control of molting has now emerged. Two major endocrine glands
are involved in the control of the molt cycle, the sinus gland-
medulla terminalis X -organ complex and the Y organ. The sinus
gland and ‘the medulla 'terminalis ‘X organ-are located in the
eyestalk; they contain and release, among other hormones, a molt
inhibiting hormone.- Thus, eyestalk ablation usually results in
precocious =cdysis. The major target -organ- of this molt
inhibiting hormone is probably the Y organ. "This organ shows
histological <changes which are well correlated ‘with the molt
cycle (Gabe, 1953). Furthermore, removal of these glands leads
to a permanent inhibition of mclting din dintermolt animals
{Echalier, 1954). The Y organ r=2leases a molt accelerating
hormone or hormones (Fingerman, 1973). The Y organ may secrete
a prohormene which is then converted to an active form in
various tissues throughout the body (Fingerman, 1974). The
hormdnes involved are steroids similar to ecdysone:
crustecdysone 1is 20-hydroxyecdysone and callinecdysone A and B
are inoksterone and makistesrone respectively (Fingerman, ' 1973).

The hormonal content of Carcinus maenas and Callinectes sapidus

has been measured at intervals " throughout -the- molt  cycle
(Adelung, 1971; Faux et al.,1969). In Carcinus magnas, the
titre of 20~-hydroxyecdysone passes through several distinct
maxima during» premolt, ' with the major peak and fall occurring
shortly before molt (Adelung, 1971). Qrconectes limosus also
showed a steep drop in 20-hydroxyecdysone - just before molt

(Keller & Adelung, :1970). In Callinectes sapidus, a rising

titre of hormones was found as well, but in this organisnm
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several - hormones were measured, callinecdysone A, 20~
hydroxyecdysone, and callinecdysone B. Early in premolt, only
callinecdysone A was present. It continued to increase in
concentration and 1later in premolt was joined by low levels of
20-hydroxyecdysone, After ecdysis, the latter hormone was
present 1in 70 fold higher levels than before molt, in contrast

to the situation in Carcinus maenas. Callinecdysone B was also

present in low levels during postmolt (Faux et al., 1369).
Thus, a complex interplay of different ecdysones may occur, with
peaks of hormone «content initiating certain aspects of
development. Adelung (1971) correlated the peaks in 20-
hydrdxyecdysone with peaks in hemclymph protein and amino -acid
concentration, suggesting that the steroid stimulated protein
synthesis, Ecdysone stimulation of profein synthesis is
indicated in sbme insect systems (Karlson & Sekeris, 1962). The
evidence 1is not as perfected for crustacean systems, but the
circumstantial evidence is quite good. Increases - -in TrRNA
parallel the 1increase 1in protein synthesis in Gecarcinus
lateralis (Skinner, 1968). Actinomycin D inhibition of RNA
synthesis prévents the premolt initiation of chitin synthesis in
the <crayfish (Stevenson & Tung, 1971) . Slighf increases in the
rate of amino acid incorporation were -‘found upon ecdysone

stimulation of the hypodermis-of QOrconectes virilis- (McWhinnie

etal., 1972). 1In QOrconectes obscurus and Qrconectes sanborni

the rate' of protein synthesis-increases during premolt showing
two maxima {Stevenson, '1972) which correspond with the maxima of
20-hydroxyecdysone shown during premolt in Carcinus maenas

{Adelung, 1971). 1In QOrconectes limosus, peaks of RNA synthesis
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follow the peaks in 20-hydroxyecdysone with a certain delay

(Reller & Adelung, 1970).

In summary, the initiation of premolt comes about through a
reduction in the levels of a molt inhibiting hormone secreted by
the medulla terminalis X organ. This then releases the Y crgan
from inhibition and allows it to release the appropriate molt
accelerating hormone or prohormone. This hormone then activates
the systems of protein synthesis , primarily in the tegumental
gland$> and the hypodermis (Keller & Adelung, 1970). The
increasing titres of hormone as thz animal passes through
premclt probably play an important role in initiating  certain
physiological"activities. However, the question as to what
causes the initial reduction of molt inhibiting hormone needs

consideration, In some <careful studies of Carcinus maenas,

Adelung (1971) showed that reduction of molt inhibiting hormone
was probably dependent upon the animal reaching a certain degree
of growth. A shortening of the intermolt period, i.e. a
precocious reduction in the levels of molt inhibiting hormone,
occurred only after removal of -more than five of the eight
walking legs. All the factors which inhibit premolt initiation,
seen to do soO via1an inhibition of growth. The animals  consune
less food during unfavorable environmental~condifﬁons, in the
presence of a larger member of the same species, or in cold
temperatures {Adelung, 1971) . Further proof - 0of these
interaciing} control meéhanisms comes from the  fact.  that
different size animals, which would ordinarily take different
lengths of time to molt, molt with egqual rapidity after eyestalk

ablation. Furthermore, animals from different nutritional
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regimes also molt with the same £frequency after -eyestalk
ablation (Adelung,~1971). However, the exact physical mechanisnm
whereby adequate-growth is- translated into the ~cessation of

secretion of molt inhibiting hormone is not known. .

"The -'molt cycle 1is not the only  system which is under
hormonal control in crustaceans.- Besides directing- the- pattern
éf. Ieproductive events (Fingerman,1973), hormonz2s are- invelved
with the'control:of salt and water balance (Heit & Fingerman,
1975)~--and ‘with control of réspiration~ during. temperature
acclimation (Siivefthorn, 1975) . - Furthermore, hormones also
control certain "aspects of carbohydrate metabolism. - ‘The sinus

gland contains a hyperglycemic peptide hormone. --Injection of

eyestalk extract in Cancer magister and Hemigrapsus nudus caused
an increase in blood maltose levels (Ramamurthi et al., 1968).
Destalking these animals leads to an increase in muscle glycogen
synthetase 1levels and a - cecncomitant decrease - in-  total
phosphorylase. The expected increase in glycogen deposition was
not found, instead, an 1increase in turnover was found
(Ramamurthi ‘et al., 1968). - Keller (1969)  found - that +the

hyperglycemic' peptide hormone -of Qrconectes limosu

S-Was Cross
reactive with'cloSely related species. but not with a variety of
other crusﬁaceans. ‘Telford - (1975) found that  -this peptide
induced increasgd=mdsc1e* glycogen - phosphorylase activity and
that ‘muscle’ ‘contributed the bulk of the gluco;e to

hypérglf&emia.
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Intermediary Metabolism in Crustaceans

Within this framework of major physiological alterations
during the molt cycle, the contrcl mechanisms and basic patterns
of - intermediary metabolism in crustaceans assume additional
interest. Not only would the growing premolt hypodermis serve
as a good system for the study of hormonal induction of enzyme
synthesis, but the muscle would serve as a good system within
which tc consider the <changes which ‘occur during tissue
breakdown. Furthermore, and of central interest to this study,
the - gluconeogenic and biosynthetic mechanisms utilized by the
hypodermis during the initial postmolt period -are critical for
the survival of the soft, highly vulnerable animal. Since these
mechanisms have been placed under evoclutionary selective
pressures, they should serve as a good systen for the
examination of efficient systems for glucon=ogenesis and chitin

biosynthesis.

Reaction Pathways. Most previous studies of crustacean

metabolism have centered around identification of major reaction
pathways. Despite early doubts about the presence of the
glycolytic pathway in crustacean tissues (Scheer & Scheér,
1951), the presence of glycolytic and Krebs cycle enzymes is now
well established (Vatsis & Schatzlein, 1972; Keller,1965;
Boulton & Huggins, 1970). There is considerable variation in
the levels of glycolytic and Krebs cycle enzymes in different
tissues.  Muscle is primarily glycolytic, while heart, gills,

and -antennal 'gland show high 1levels of Krebs cycle enzymes,

hexokinase, and malic enzyme (Keller, 1965). Hypodermis showed
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relatively 1low enzyme activities in these starved intermolt
animals, however, it evidenced an ample capacity for oxidation
of  carbohydrate  ‘substrates (Keller, 1965). Keller¥s  (1965)
study of Cambarus affinis metabolism is the only study in which
enzyme ‘levels in a variety of organs within the same organism
are -compared. ‘He also compared the -oxidation of a- variety of
substrates by "these organs. In correspondence with studies of
lobster muscle ﬁetabolism (Kermack gt al., 1954), Keller (1965)
found only minimal oxygen uptake by muscle. - However, succinate,
glutamate, A-glycerolphosphate, glucose, and - glucose-6-
phosphate were oxidized by homogenates of heart, antennal gland,

gonads, gills, intestine, and hepatopancreas. Succinate was the

most efficiently oxidizsd substrate (Keller, 1965).

Succinate dehydrogenase from both the muscle and gill of
Pachygrapsus crassipes differs from the enzyme in other systems
in that it utilizes NAD and - NADP as electron acceptors (Vatsis &
Schatzlein, 1972). Aconitase, fumarase, isocitrate dehydrog-
genase, and succinate dehydrogenase were found both in the
mitochondria and in the cytosol by these workers. Only the NADP
linked isocitrate dehydrogenase was found in muscle -and gill
{(Vatsis & Schatzlein, 1972). While citrate synthase and the
NADP linked isocitrate dehydrogenése wer2 found -in - all the
crustacean muscles examined by Alp and coworkers ({1976), -the NAD

linked isocitrdte~dehydrogenase was found only in Portunus puber

and - ‘Limulus -polyphemus. These two animals showed considerably

higher levels of muscle citrate synthase and the NADP 1linked
isocitrate dehydrogenase than the other crustaceans examined

(Alp et al., 1976). Only the NADP 1linked isocitrate d=hydro-
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genase was found in the the nervous tissus of Homarus vulgaris

(Sugden & Newsholme, 1975a).,

‘Muscle Metabolism. Crustacean nuscle metabolism has

received considerable attention, with the result of considerable
clarification of its metabolic control mechanisms. Boulton and

Huggins (1970) measured the majority of the glycolytic =nzymes

in the nmuscle of Carcinus maenas, Cancer pagurus, and several
other crustaceans. As was found by Keller (1965), hexokinase
had the lowest specific activity in all the muscles where it
could be measursd. Glyceraldehyde-3-phosphate dshydrogenase
levels were three fold higher than those of lactate dshydro-
genase, in contrast to the situation in most mammalian tissues
in which the two are present in equal levels (Boulton & Huggins,
1970) . This finding, in combination with measurements of

relatively high levels of ol-glycerclphosphate dehydrogenass in

Cambaru affinis and Cambarus bartoni nmuscle (Kellier, 1965;
Popham & Dandy, 1976), implies that redox —regulation in these
muscles may proceed according to a different pattern than in
manmalian muscle. = The dehydrogenases mayb also be directly
affected by hormonal controls, since Tilgner and Lesicki (1976)
have found that eyestalk removal 1leads to <changes in the
kinetics of nuscle 1lactate dehydrogenase. These changes were
not due to the synthesis of a new isozyme of lactate dshydro-

genase.

-Both glycogen rphosphorylase and phosphofructokinase are
present in five fold higher levels than hexokinase in the muscle

of Carcinus maepas (Crabtree & VNewsholme, 1972). Muscle
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phosphorylase and glycogen synthetase levels vary with the molt
cycle (Hohnke, 1971). Opies and Newsholme - (1967) - measured
found 0.48 -units/gram/minute at 25 ©°C, If similar levsls are
found in ggggigg§ magnas, the ratio of phosphofructokinase +to
fructose diphosphatase would lie around 10. At such low values
6f this ratio, considerable <c¢ycling can occur around- this
reaction locus. While this cycling is wasteful, it provides the
pbtenéial of “éoﬁsiderable amplification: of net glycolytic or
gluconeogenic flux . - AMP 1is the most -efficient regulatory
signal at this reaction locus since it leads to net changes in
flux far greater than its actual <changes in' concentrations.
This occurs since it activates phosphofructokinase while
inhibiting fructose diphosphatase (Newshelme & Start, - 1973).
Changes in the 1levels of inorganic phosphate and ammonium ion
(Sugden & Newsholme, 1975b) as well as changes in the levels of
inhibitors of fructose diphosphatase would aiso lead to net
changes in glycolytic flux. High degrees of <cycling are

characteristic of predcominantly glycolytic tissues (Newsholme &

Start, 1973).  Studies of glycolytic control 1in Paralithodes
camtchatica' muscle indicated hexckinase, phosphofructokinase,
and pyruvate kinase as the important control sites (Hochachka gt
al., 1970). - Thus, in these characteristics, this - highly
glycolyticv crustacean muscle 1is similar to vertebrate white

nuscle.

-+ --Phosphofructokinase has been examined in muscle -of - Para-

lithodes camtchatica (Freed, 1971) and of Homarus- yulgaris

{Sugden & Newsholme, 1975b). The king crab nuscle enzyme shows
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kiﬁetics similar bto previously examined phosphofructokinases,
including inhibition by high levels of ATP, activation- by AMP,
and accentuation of ATP inhibition by citrate {Freed, '1971).
The lobster muscle enzyme showed activation by -ammonium - ion
which was increased synergistically by the presence of inorganic
rhosphate. Concentraticns of K+ over 50 mM caused inhibition of
the - lobster 'muscle enzyme (Sugden & Newsholme, 1975b) . Apart
from' a' study of temperature effects upon -king: crab- - pyruvate
kinase (Somero, 1969), the requlatory properties of this enzyme
have not been examined in crustacean tissues.l Behrisch- (1972;

1976)  1in' studies on Paralithodes camtchatica muscle, has- found

high levels of the gluconeogenic -enzymes, fructose diphospha-
tase, phosphoenolpyruvate carboxykinase, - and - pyruvate
carboxylase. ' He'has also found isotopic 'evidence -for glucose
synthesis - from alanine, lactate, and pyruvate (Behrisch, -1976) .
The presence = ‘of - ‘this -gluconeogenic - capacity markedly

differentiates Paralithodes camtchatica muscle <from other

e S s — — ———

muscles,

Pathways of Carbohydrate Metabolism. The countributions of

the"different pathways - of «carbohydrate metabolism- have been
considéred in~the’ crustacean gill-: (Hochachka et al., -1970;
Thabrew et-al., 1971), in the hepatopancreas (Hochachka et-al.,
1§62; Puyear,“1967f; in- the intact intermolt-crayfish-(Puyear et
él;,'1965y,'and in various tissue of Orconectes limosus (Lang,
1971)." Pﬁyear 'énd coworkers {1965) found that glycoiysis, the

pentcse phosphate shunt, the glucuronic acid ‘'pathway, -and the

Krebs  ‘cycle ~all -play important 'roles--in the metabolism of

intermolt Pécifgstacg§ leniusculus. Studies by Hochachka et al.
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(1962) ‘indicate the presence of the pentose. phosphate shunt,
gluconeogenesis, glycolysis, and Krebs cycle activity in.lobster
hepatopancreas.f © Evidence  for ' ~gluconeogenesis: comes from
incorporation-of radiocactive carbon from acetate into ‘glycogen.
Puyear (1967) " demonstrated the presence-of the glucuronic acid
pPathway in the hepatopancreas-of Callinectes sapidus. - In--gills
of " ‘both -Paralithodes camtchatica and Carcinus paepas, the
contribution of “the pentose-phosphate shunt is “high- relative to
glycolysis {Hochachka g;fgii, 1970; Thabrew et ai.,1971)+ Both
groups-.also found that the Krebs cycle made a major contribution

to respiration, in"agreement- with Keller {1965) -and Thabrew and

coworkers (1973). 1In Parglithodes‘gggtchatica gill, the levels

of phosphofructokinase are -considerably ‘lower -than-- those of
hexokinase ({Hochachka et al., 1970), while in Carcinus maenas
gill the two are present in equal levels (Thabrew et ai., 1971).

In Carcinus maenas gill, fructose diphosphatase -and phospho-

fructokinase are present in equal levels as well. . Such high
levels of fructose diphosphatase bring a high gluconecgenic
poténtial. In accordance with this, isolated gills perform high
rates of- gluconeogenesis, -particularly in sodium»depleted sea
water. The rates under these conditions approach those fof rat
liver- slices (Thabrew et al., 1971). During premolt, the gills
have ‘tosynthesize new chitinous coverings -for the individual
gill filaments., - ‘Gluconeogenesis will thus provide the hexose

units needed for chitin synthesis.

Hiiochondrigl-- Metabolisnm. - Most studies. - of. .crab

mitochondria 'have been done with hepatopancreas mitochondria.

The initial work done by Beechey (1961), Munday and Thompson
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(1962), and Munday and Munn (1962) showed that the mitochondria
were similar to mammalian mitbchondria. Beechey ({1961) found
flavoproteins and cytochromes in the <characteristic ratios
present ‘in - other animals, and found redox changes which
accompanied the ©phosphorylation of ADP to ATP. HMunday and
Thompson (1962) found- oxidation of +the various &Krebs cycle
iﬁtermediates and sparking of pyruvate oxidation by additicn of
trace 1levels of - fumarate. Furthermore, ‘these wmitochondria
contained various ' Krebs cycle enzymes as well as aspartate and
alanine aminotransferases. Munday and Munn (1962) found that
hepatopancreas mitochondria were able to oxidize octanoate to
carbon dioxidE'aithoﬁt the addition of Krebs cycle intermediates
or carbohydrate precursors. However, the addition of trace
amounts of succinate led to a sparking-of fat oxidtion. Chen
and Lehninger (1973) prepared hepatopancreas mitochondria in the
presence of ‘bovine serum albumin, and were able to obtain a high
degree of respiratory control, The addition of both pyruvate
and proline stimulated respiration, while the addition of either
compound  alone- did- not. - As with mammalian mitochoadria,
dicarboxylate, tricarboxylate, A —-ketoglutarate, and pyruvate
carriers - are- -‘present. External NADH, ﬁ—OHbutyrate, ~and
ol—glycerolphosphate ‘are not oxidized by these mitochondria
{Chen & Lehninger, 1973). By contrast, Keller (1965) -was able
to demonstrate some- ok—glycerolphosphate stimulation of oxygen

uptake by cCambarus affinis hepatopancreas homogenates. - Both

Chen and ‘Lehninger. {1973) and Munday and Thompson (1962) found
that high levels of phosphate and magnesium were needed for full

stimulation of oxygen uptake by these mitochondria. Chen and
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Lehninger {1973) also noted the high phosphate and calciunm
content of these mitochondria. In further studies, Chen et al.
{1974) - 'were able -to demonstrate 'a marked ‘'stimulation of
respiration by 'calcium as well as the concomitant accumulation
of high levels of calcium and phosphate. Calcium -uptake took
precedencé over phosphorylation of ADP for ‘respiratory energy.

Another ' novel characteristic of these (Callinactes sapidus

hepatopancreas mitochondria 1is a marked stimulation of ATP
formation by the additicn of arginine. The  arginine Kinase
through which this -effect is mediated is located outside the
atractyloside barrier. Thus, the +transfer 'of the +terminal
phosphate group of ATP onto arginine does not occur directly in
the matrix. Arginine kinase is usually thought to be restricted
to muscle and nervous: tissue where it functions in the

accumulation and breakdown of arginine phosphate.

Lipid etabolism., Lipid metabolism in crustaceans has not
been the object of ‘much study, although lipids represent a major
portion bf the. metabolic stores throughout the molt. cycle.
During the “beginning Qf premolt the 1lipid content of the
hepatoéancreas increases (Renaud, 1949; Bollénbacher -2t al.,

1972). - In some crustaceans, such as the isopod Porcellio

laevis, the 1lipids 'represent the major molt cycle reserve
(Aiikhan,' 1972)y.  The digestive Jjuice of the hepatopancreas
contains a high level of surfactants which facilitate - lipid
absorption ° (Vonk, 1960) . Lipids are also dinvolved with
vitellogenesis; a' 'new hemolymph lipoprotein appears -in females

during this period of rapid incorporation of lipid into the

ovary (Allen, 1972). Free fatty acids are the mwmajor form in
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which lipid is transported through the hemolymph (Speck & Urich,
1970 Allen,-1972),f‘The oxidation of lipids was demonstrated by
Munday -and Munn {1962)  in -théir- studies of hepatopancreas
mitochondria. Labelled carbon frdm'acetate is guickly converted

to ‘amino acids, Krebs-cycle- intermediates, and: @ventually to

' sugar-“phqsphatesxin Carcinus-maenas  (Huggins, 1966),. in Astacus

astacus and Astacus leptodactylus (Zandee, 1966a; Zandee, 1966b;

-

van' Marrewyk & Zandee,- 1975),- -in Palaemon sefratus (Cowey &
Forster, '1971) and in Artemia salina (Huggins, 1969) .  -Carbon

> ot > i s

from‘palﬁitate~i5‘preferentially converted into-amino- acids in

Orconectes Jlimosus (Speck €& Urich, -1969a). There  is sone
evidence -that fats -are the -preferential éubstrates during

starvation in both QOrconectes limosus and Carcinus maenas (Speck

& Urich, 1969b; Heath & Barnes, 1970) . However, another study
of the effect of. ‘starvation upon the 'metabolic reserves of
the level of carbohydrates or lipids in the- hepatopancrszas or
gill - (Marsden - et -al., 1973). . The control of the metabolic
pathways involved with-lipid synthesis and dsgradation has not

been studied in crustaceans.

“Amino - ‘Aci -Amino acids play an important role
in-osmoregulation, as energy sources, as well as acting -as the
substrateS'“fdr~ protein  synthesis. The  enzymatic - reactions
involvea in their biosynthesis and ‘utilization -have received

considerable : ‘attention. ' Zandee ~{1966a, - 1966b) ' has published

some studies on Astacus astacus indicating that the- following

amino --acids ‘were- non-essential: glycine, -alanine, - serine,

aspartate, glutamate (glutamine), tyrosine, proline, OH-proline,
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and arginine. ©No label from U 14C glucose or 1 14C acetate was
incorporated: into: ~valine, leucine, - isoleucine, threonine,
lysine, histidine, phenylalanine, cysteine, - or -~tryptophan.

Similar- - ‘results~-were- found in more recent experiments with

1971), with' Carcipus maenas (Huggins, ~~ 1966), with -Panaeus-

aztscus  (Shewbart ‘et al., 1972), and with Uca  pugilator

(Ciaybrook, 1976) . - Amino acids seem to enjoy a central role in
energy metabolism since they are highly labella=d by carbon from
dlucose and from acetate.  The synthesis ‘of the non-essential
amino- acids can ‘be-explained on the basis of standard enzymatic
reactions as both - aspartate aminotransferase - and - alanine
aninotransferase - are present in high 1levels - -in -various
crustacean tissues.- A variety of other - transaminations - have
also - been: demonstrated in- gill, muscle and hepatopancreas of
Carcinus maenas (Chaplin et al., 1967). Gilles and Schoffeniels
(1964) found anomalous labelling patterns in their experiments
on " amino acid formaticn by:lobster nerve cord. They concluded
that somé pyruvate carbon must enter the Krebs cycle by  way of
oxaloécetate or: -malate, - and' also that some pyruvate is
eveﬁtually generated from Krebs cycle intermediates - such as
malate. - "'Malic enzyme is' present- in various crab. tissues
(Kelier, 1965), ' thus, the -suggestions: ' made by -Gilles- and
Schoffeniels: (595&)'mayrin:fact be éorreét:~~T£ezmatked~changes
in the- levels of tissue free amino acids-during-the ‘molt -cycle

€arcin mhagnas Callinectes sapidus nauplii are largely

due to changes in the concentrations of the non-essential amino
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acids, glutamate, alanine, glycine, and proline (Duchateau gt

al., 1959; Tucker & Costlow, 1975).

Metabolic Flux Patterns during the Molt Cyclie.- The most

comprehensive studies of ‘crustacean metébolistand~physiology
have been carried out on the <crayfish <Qrconectes  -limosus by
Urich -and -coworkers., =~ These studies center upon the changing
patiernS'of carbon - £flux during the molt cycle and the - metabolic
fate - 'of carbon' from different foodstuffs and resorbed chitin.
Particular emphasis was - placed -upon ~carbon' flux -during- the
passage . of compounds from one tissue to another. These studies
ého#; that iﬁgested or 'resorbed -compounds are- subject to
exténsive intérconversions,~and~that aminO’acidSVandviactate are
of central ‘importance in the enérgy'metabclism of crustaceans.
The picture of carbon ‘flux which emerges-from the - histological
étudieSr'of Renaud - (1949) and Travis (1955&; 1957) impliés that
glycogen and:fat“provide*the-wbuik- of -the carbon for- -chitin
synthesis. In~'ahimals,-the nef synthesis of carbohydrate from
fat is impossible:‘-éy contrast,  glucose- units . from glycogen
could well be "used to support chitin synthesis.  The -early
ﬁiétdiogical studies~élso imply thét carbon from the  resorbed
chitin is' quickly ~¢onverted-~to glycogen - stored- ‘within the
hypbdérmis and—-the hepatopancreas., :The studies of  Urich  and
cbééxkerS' -shoﬁ‘“'that ~*this-»picture of 'carbon :flux~ois a
considerable over-simplification. ‘Considerable redistribution
ofAﬂcarbéﬁ”from blood glucose orAreSorbed~acetylgiucosamine~into
éugérs,~organic»acids,Jaminolacids, "polysaccharides, - proteins,
ahd‘~1ipids -occurs'(Hezz—Hﬁbnerus Urich, 1973). Between 20 and

40% of carbon from hemclymph glucose and palmitate is dinitially
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converted: ‘into -amino acids. 1In freshmolt«animéls,-carbon from
amino acids is:' subsequently ‘found  both -in- chitin and in
respiratory ~carbon- ‘dioxide. - In :both intermolt: and freshmolt
énimals,-amino~acids are oxidized ‘more readily than -glucose or
palmitate (Speck '& -Urich, -1969a). ‘Thus, amino-acids- play a
central role in-'emnergy metabolism, and gluconeogenesis- from
émino' acids and"organic‘acids-plays a critical role as a source

of'héxose units for chitin synthesis.

Qggggggggg limosus lacks appreciable metabolic stores, and
during the 'molt ~covers all of its-energetic -and biosynthetic
needs with resorbed~acetylglucosamine-(Speck & Urich, 1971). 1In
this respect it differs from crustaceans which utilize - stored
glycogen, - | lipids  and proteins as well as- resorbed
acetylglucosamine to support their activity during molt (Renaud,
1949; Travis, 1955a; Travis, 1957; Heath & Barnes, 1970).
However, ‘the degree to which decapod crustaceans accumulate
stores varies considerably (Heath & Barnes,  1970)+ - Therefore,
the utilization of resorbed acetylglucosamine represents a basic
feature of molting physiologyr'which is utilized to differing
degrees depending-upon-the elaboration of metabclic stores. The
pathway to-and from chitin joins glycolysis -at the. level of
fructose-6-phosphate. ‘Acetylglucosamine 'ressrbed~from-the old
exoskeleton must be deacetylated before it can: be ~reconverted
into chitin (Wolter, 1968), but then it forms the preferential
substrarsrfor premolt chitin synthesis (Séeck"gg “Qi;;““1972;
Stevsnson;~%1972};‘-~0nly-'20%vof the;resorbed-acetylglucosamine
remains*iunchanged ten -minutes after  resorptiomn- --by. - the

hypodermis. The remainder . is «converted largeiy into various
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organic and:amino-acids~as well as to «chitin,  protein, - and
oligosaccharide {(Speck & UOrich, 1972). Some carbon fron
resorbed acetylglucosamine accumulates in the abdominal muscle
and is not-released or redistributed until a considerable period
after the  molt - (Speck - &  Urich, -1972). Carbon. from
aéetylglucosamine~accumu1ates in the hypodermis before the molt.
After the molt the organic acids, sugars, proteins- -and
polysaccharides  into -which it was converted are preferehtially
utilizéd for chitin synthesis (Speck & Urich, 1972; Herz-Hubner
& Urich,  1973). - -‘The means- by which this preferential

utilization is achieved are not clear.

Glucose is.not used for .chitin synthesis until after nmolt,
presumably "due ‘to- an - inhibition at the level of glutamine:
fructose-6-phosphate amidotransferase (E.C.2.6.1.16) - (Speck et
al., 1972). This inhibition may facilitate efficient resorption
and -‘distribution -of  carben from the 0ld exoskaleton into the
general metabolic -pools. After the molt, however, - chitin
synthesis from -glucose- is- rapid (Hornung & Stevenson,-1971;
Stevenson, 1972; Speck et- al., 1972). Carbon from--resorbgd
aCetylglucosamine“~and -hemoiymph glﬁcose is rapidly distributed
éﬁongst amino acids, glycolytic and'Krebs- cycle intermediates,
chiﬁin, préteini-polysaccharides, and CO02 (Speck & ‘Urich, 1972;
Herz-Hibner & Urich, 1973). Three hours after injection of
label, 33%7“of heholymph - glucose ‘carbon is incorpoerated into
protein;,“while“55%~is ‘present in the form of - intermediary
compounds. - In ~comparison, 18% of the acétylglucosamine»carbon
isin ptotein,-4&%‘inhintermediary compounds (of --waich - amino

acids constitute between 15 and 30%) and 24% is in chitin (Herz-
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Hubner & Urich, 13973). During absorption of glucose fronm
foodstuffs, only“g%'of the glucose leaves the digestive -systen
unchanged.,  -* ' Other ' sugars, organic acids, and -amino - acids
constitute one-third each of the total material transferred fron
the hepatopancreas'and gut to -the hemolymph (Urich et- al.,
1973): A ‘comparison-of-the utilization of glucose, -glutamate,
and ‘palmitate by Orconectes limosus shows that both glucose -and
glutamate are  quickly metabolized.- Glucose carbon-is quickly
incorporated into amino acids, while glutamate carbon is more
quickly ;oxidized to (€02 than carbon from either--glucose or
palmitate {Speck &-Urich, 1969). Lactate-accounts  for 57% of
the substance - transferred between - hemolymph and body tissues
(Herz-Hubner gz‘g;., 1973). 1In-Cambarus robustus, blood-lactate
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levels equal blood glucose levels: (Telford, 1975), in Qrgconectes

limosus they exceed-the blood glucose 1levels:  (Andrews,  -1967),
al., 1966). 'Thus, amino acids and lactate :are -of central
importance in crustacean energy metabolism. 'Since hemolymph and
hepatopancreatic  glucose as.uell as resorbed:-acetylglucosanmnine
show preferential conversion to amino acids and lactate; -chitin
synthesis - from' - ~both - stored  glucose- and -resorbed

acetylglucosamine will involve gluconeogenesis. .

Central Questions in this Study

"~ Gluconeogenesis in crustaceans normally supports glycogen

synthesis, synthesis of blood glucose, trehalose, maltose, and



30

mannose as wWell--as chitin synthesis.- This diversity  of
endproducts increases the coﬁplexity of the metaboliic control
requirements. Since amino acids and: lactate are of- central
importance  in crustacean energy metabolisnm (Herz-Hubnar et al.,
1973) © these compounds' logically  form ‘major substrates - for
gluconeogenesis. - Gluconeogenesis - occurs ‘in- - a -variety of
crustacean ‘tissues  including gill (Thabrew et at., 1971),
hypodermis" ‘(Herz-Hubner - & - Urich, - 1973), - hepatopancreas
(Hochachké’gg al., 1962) and possibly blood - (Johaston et al.,
1972) and ‘muscle ' (Behrisch, 1976).' Since hypodermal gluconeo-
genesis supports chitin synthesis during the critical hardening
of - the freshly molted animal, the hypodermis is the. tissue of
choice within which to 'study gluconeogenic control mechanisms.
Gluconeogenesis has two well defined control sites -in- vertebrate
tissues. - One  lies -at the reversal of the pyruvate kinase
reaction, i.e. the rphosphoenolpyruvate carboxykinase: and
pyruvate carboxylase reactions, and the other at the reve:sal of
the - phosphofructokinase reaction by fructose ‘diphosphatase
(Scotton & Utter, 1968). Both of these control sites  -occur in
apposition  ‘to glycolytic reactions which are characterized by
1arge free energy-changes, are functionally irreversible in the
éell, and constitute major glycolytic control sites-(Scrutton &

Utter, 1968; Newsholme & Start, 1973; Rolleston, 1972) .

Another glycolytic reaction which is characterized by a
1arge~~:ftee‘“ enerqgy cﬁangeA is the phosphoglycerate kinase
reaction,  'The equilibrium of ‘the reaction strongly - favors ATP
and- 3-phos§hog1ycetate formation (Krietsch & Biicher, -1970; Rose

& Warms, 1970). In the cell, the reaction is considered to be
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freely ‘reversible for gluconeogenesis, and thus to catalyze a
near-equilibrium reaction. = Evidence of a -crossover between
glyceraldehyde-3-phosphate and 3-phosphoglycerate  is usually
interpreted as rate limitation at the dehydrogenase -reaction
(¥illiamson,  1965; Rose &- Warms, 1970: Rolieston,- 1972).
érecise elucidation of the in vivo role of phosphoglycerate
~ kinase and ~glyceréldehyde-B-pﬁosphate dehydrogenase has been
hdmpered”by'the difficulty in measuring their  common- substrate
1;3 diphosphoglycerate. - The kinetic properties of the enzyme
héve been examined in yeast and rabbit muscle. The‘enzyme: fronm
these sources 'shows'a ‘-high-affinity -for 1,3 diphosphoglycerate
(Km = 2 1) and a 1000 -fold lower waffinity for 3-phosphogly-
cerate (Km = abproximately 2 mM) - (Krietsch & Bﬁcher,‘1970).--For
both the yeast and the rabbit muscle enzyme, the Ki-for MgADP as
an inhibitor is ‘lower  than its “Km value as the glycolytic
sﬁbstrate (Larsson-Rainikiewicz' & - Arvidsson, -1970; Scopes,
1§f3).' Thus, both kinetic and thermodynamic barriers have to be
6vercomé to achieve net gluconeogenic flux. In contrast to the
situation 'in glycoiytic tissues where the exact-roierof-phospho-
glycerate kinase and glyceraldehyde-3-phosphate dehydrogenase is
not clear (Williamson, 1965; -Parker-& Hoffman, 1967; -Newsholme &
Start, 1973; Tornheim & Lowenstein, 1975), the ' pnosphoglycerate
kinase, - glyceraldehyde-3-phosphate ~dehydrogenase - system-is at
equilibrium under’ a:variety of metabolic-conditions in the - rat
liver  (Veech 'gt" al., 1970; Stubbs-et al., 1972).: While some
careful kipetic studies of the 1liver 'glyceraldehyde~3-phosphate

dehydrogenase-have elucidated-the -means wherebyvthis-reaction is

reversed wunder gluconecgenic conditions (Smith & Velick, 1972),
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no investigations -of kinetic mechanisms which might facilitate
the ~revefsal of the phosphoglycerate kinase ‘Teaction for gluco-
neogenesis have been ‘made.' - Since - crustacean hypodermis and
muscle show. a variety of metabolic poises during the course of
the molt cycle, they'prgvide an excellent  biological - situation

within- which " the control mechanisms of this reaction can be

examined, under both gluconeogenic and glycolytic conditions.

Of the two well defined contrcl sites ' in gluconeogenesis,
the fructose diphosphatase Treaction - {FDPase) - has--been well

camtchatica (Hochachka, 1972; . Behrisch, '1972; - ‘Behrisch &
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Johnson,‘ 197&; "Behrisch, 1975). The ‘hypodermal FDPase is
pfesent in two-forms (I and II). FDPase II is the predominant
form present in tHe~gill. This form is highly -sensitive to
feedback iﬁhibition - by - ribose~5-phosphate, - uDP-
acetylglucosamine,~ and UDP-glucose. ‘Low levels of '.UDP—
acetylglucosamine -activate . the ‘binding of -fructose-1,6
diphosphate by FDPase II. Both forms are sensitive - to AMP
inhibition (Hochachka, 1972). Both tissues have a relatively
éémplex carbohydrate: metabolism. The hypodermis -synthesizes
lérgEf'guantitiéS“*of‘both chitid and glycogen, while the gill's
primary'polysaccharide’product-is chitin. The pentose shunt:  is
active  in -both gill and hypodermis (Thabrew- et -al, 1971;
Hochachkaet al., 1970; Keller, 1965). While gluconeogenic flux
haS“not‘béen~measured~in the hypodermis, glucose: production by
the gill reaches rates -eguivalent to those -attained -by-rat-liver

slices' (Thabrew et al., 1971). -In the gill of Carcinus maenas,

phosphofructokinase and fructose diphosphatase are in a 1:1
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ratio (Thabrew et- al., 1971)+- -A-similar-situation seens to

1972; ~Hochachka et al., 1970). The presence of high levels of
the closely requlated FDPase II, in ' combination with low - levels
of FDrPase I, will control futile cycling-and channel carbon flux
into the appropriate- synthetic rathway. A similar, but more
flexible 'situation’'occurs in the hypodernis which has: higher
levels' of FDPase "I. ' 'The relative levels of phosphoiructokinase
and fructose diphosphatase in the hypodermis are not known; thus
this aspect 'of control cannot be discussed. One form of
fructose diphosphatase occurs in muscle; and while its kinetics
are similar to those of FDPase II, it is - not sensitive to
inhibition by UDP-glucose, and is activated by phosphoenol-
pyruvate (Behrisch, -1¢72; Behrisch & Johnson, 1974). A
comparison of the regulatory rproperties- of these crustacean
FDPases with those of mammalian FDPases reveals a considerably
greater complexity of the ‘regulation of this gluconeogenic

enzyme in crustacean tissues.

Thé second major glucdneogenié control site is central to
the  metabolism of -these -animals, since it represents both a
critical step 'in the conversion of -amino aéids and -small organic
acids into sugars, and an important rate- limiting step in
glycolysis. "~ The two- "sides™ of this control site consist of
pyruvate kinase in the glycolytic span and "phosphoenolpyruvate
carhoxykinase“and-pyruvate'carboxylase in thepgluconeogenic-span
(Scrutton-&-Utter, 1968). While the presence of pyruvate kinase
in crustacean -tissues is well.documented, the presence of the

gluconeogenic enzymes has not been clearly established (Munday &

¥
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Poat, 1970). Furthermorzs, the overall control of this reacfion
lbcus has *not“'been~eﬁamined. In vertebrate tissues, phospho-
enolpyruvate carboxykinase and pyruvate ‘carboxylase 1lavels are
low in ‘ccmparison -with thosé -of pyruvate kinase (Scrutton &
Utter, 1968;-Newsholme‘8‘8tért, 1973). ‘Thus, a-critical element
in- the-control of-this reaction locus is ths control of pyruvate
kinase. The premolt and postmclt hypodermis shows high rates of
chitin-synthesis and a marked -increase in oxygen consumption
{Skinner, -1962; “McWhinnie et al., 1972), and - carbohydrate
oxidation (Herz-Hubner & Urich, 1973). Thus, flux -through the
pyruvate kinase reaction must be subject: to flexible»yet close
control. Studies-of the control of muscle metabolism in Para-
lithodes  camtchatica indicate that pyruvate- - kinase is an
important control site in glycolyéiS‘(Hochachka'gg»'g15,441971).
However no ‘studies of the requlatory properties of-this enzyme
in'muscle or hypodermis have- been  performed.. = Somero (1969)

found temperature~wdependentwwintercdnversions of- the- muscle

S s

enzyme from Paralithodes camtchatica, but did  not ~examine_ the
further regulation  of the -enzyme in his study. - Thus, to
elucidate "how this'important control site is regulated in -both
gluconeogenic- ~and -glycolytic~tiésues, a-comparison of pyruvate

kinase in muscle and hypodermis was undertaken.

Hetabolic~contfol-can be exerted on various ievels, one is
via® control of enzyme levels, another is via kinetic mechanisms
which c;ﬁtrol:the~éctivity”ofvthe~énzyme-in the cell., These two
means*obviousiy“interact-iﬁ:detefmining'the metabolic potential
of'a‘tissue. Crustacean-tissuesiundergo considerable changes as

the organism passes through the molt cycle. The high levels of
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protein 'synthesis® occurring during early premolt  in the
hypodermis (Stevenson,  1972; McWhinnie et al., 1972), and the
considerable breakdown of protein in premolt muscle  (Skinner,
1966) - certainly 'raise the -possibility of 'changes in- enzyne
levels in these two-tissues -during the molt cycle. - Furthermore,
the nature-of”metabolic~éontrol in the tissues might -change as
the - levels of enzymes are altered. To elucidate the 'degree to
whiéh'such‘metébolic*changes occur in the ﬁuscle and - hypodermis

of - -Cancer magister, the 1levels of saveral key glycolytic and

gluconeogenic enzymes were measured in intermolt and freshmolt
éhimals. - Hypodermal enzymes generally show increased specific
activity in freshmolt :animals.  The -overall ‘poise - remains
Strongly' gluconeogenic in both freshmolt and intermolt animals.
Intermolt muscle shows a- considerably stroager glycolytic

orientation than freshmclt muscle.

To assess the importance and nature of kinetic controls, I
chose to examine the catalytic and regulatory properties of the
phosphoglycerate ~kinase and pyruvate kinase reaction in the
muscle-and hypodermis of intermolt and freshmolt animals. While
the mechanisms for:- the teversal-of phosphoglycerate  kinase -‘and
the inhibition-of pyruvate kinase are of critical importance for
effective gluconecgenesis -in the hypodermis, the activation:of
both of these reactions in the glycolytic direction is essential
fof-both~the“hypodermis and -the highly - glycolytic  muscle. - An
éxamination and'"compariéon ‘0of “the control mechanisms shown by
these -enzymes in freshmolt and -intermolt muscle -.and. .hypodermis
should ' elucidate -the means by which these control -requirements

have been fulfilled in Cancer magister. Several solutions
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seenmed possible: 1) the evolution of different tissue-fofms of
the enzymes~each'with'regulatory'characteristics'suited'for the
tissue's -metabolism, ‘2) the evolution of forms- which are
syntheéized during different -portioms of the  molt cycle in
response to -the changing needs -of ihe tissues, -or-3) the
eQbiution of a-éingle'highly sophisticated protein species whose
kinetic 'requlation makes -its- function wunder a variety of

metabolic circumstances feasible.

~.'In ~examining the properties of pyruvate kinases and phos-
phoglycerate kinases from these animals, I found tissue ‘specific
forms of pyruvate kinase and molt cycle related forms of - phos-
phoglycefate kinase.- The -freshmolt forms of panosphoglycerate
kinase 'show ‘an increased affinity for -ATP: and -a -decreased
sehsitivity‘to MgADP'inhibitipn ccmpared to the intermolt muscle
enzyme; : UnderA'pﬁysiologicalu-concentrations of substrates and
inhibitors, these kinetic ‘alterations would serve to facilitate
the ‘réversal-fof the reaction for gluconeogenesis. Muscle and
hypodermal pyruvate -kinases -show no -molt <cycle correlated
éhanges, but the"two tissues'have-distinct‘isézymes; The- muscle
enzyme is ‘inhibited by ATP, arginine phosphate and Mg2citrate,
and-ié»activated’by FDP. 'The hypodermal enzyme exists in two
inte;convertible-'states, PK ‘I - and PK II. PK I shows a high
affinity for PEP and a 'low affinity for FDP. By contrast, PK II
showé“aflow affinity for PEP, a high affinity for FDP  -and an
increased- -sensitivity-- to - inhibition~~by amino - acids and
Mg2citrate. Interconversion of the £wo forms can beiachieved by
the~addition*6r rémova1~of FDP. Shifting the enzyme~ into the

low affinity conformation would lead to a drastic limitation of
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enzyme ‘activity under physiological concentrations of substrates
and inhibitors;, thus allowing gluconeogenic flux through the
enzymatic- Dbypass. - These two <conformational -states allow
sensitive requlation of flux through this major control site in
béth"gluconeogenesiS‘-and glycolysis. - ‘Thus, the -crustacean
hypodermis has evolved enzymatic adaptations which facilitate

gluconeogenic carbon flux.
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GENERAL MATERIALS AND METHODS

.

Experimental Animals

Freshmolt and intermolt Cancer magister were collected by

SCUBA diving "courtesy: of John Himmelman,  at Jericho Pier,
Vancouver, B.C. 'Freshmolt  animals were used within-a day of
collection. 1Intermolt animals were either used immediately or
méintained for  at' least one -week in the- refrigerated,
recirculdting sea water system to-allow acclimation to the  new
conditions. - Both -male and- female animals Wwere used-in this
study. Mature-female Cancer magister molt- - before mating, at
which time - they are being held-and protected by a hard shelled
male. Mating occurs most ‘often -between April'aﬁd September, so
female molting occurs - in this beridd. Méles molt asynchronously
with the females.  Thus, it is possible to find molting-animals
throughout the year. Molting males are particularly -common in
the late fall and early winter, while molting females are common
in the spring~ and summer months. Molt cycle stages were
determined according to-the criteria of Drach (1939). Animals
wefe fed canned salmcn or freshly collected aussels twice a

week.

In preliminary experiments, I:trigd to stimulate molting by
a’ vafiety of ‘' methods. The -various— -"treatments included:
maintaining ‘'the- .animals  in warmer water' (10 °C) -in individual
containers, ‘maintaining the animals in the ‘dark -under both . cold
and-'warm-“conditions'~in;private-contaiaers, eyestalk ‘ablation,

and crustecdysone injection (3 aug/gm body weight). None of
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these: treatments proved successful. Zyestalk ablation 1ed
primarily to death, while molting in the other -conditions was
not increased -over - molting in-‘the "communal" tanks. Thus, it

was decided to rely upon field collections of molting animals.

All reagents were the highest grade -available, most were
from .Sigma- Chemicals' (St. Louis, Missouri). <Coupling-enzymes
such as beef heart lactate ‘dehydrogenase -and malate  -dehydro-
genase, rabbit‘musqle glyceraldehyde-3-phosphate dehydrogenase,
triose-phosphate‘isomérase,‘ énd=~c&-glycerolphosphate:fdehydro-
géﬁéée,' aé ‘well. as citrate~éyﬁthase, phosphoglycerate kinase,
glutamate -dehydrogenase, aldolase, 'phosphoglucosisomerase, and
glucose-6-phosphate -dehydrogenase were from Sigma -as -well.
Peanut phosphoenolpyruvate carbokylase was purified-according to
Dyson et al., {1975) and Lane gt al., (1967).- Hydroxylapatite,
celiuloseb phosphate and DEAE-Sephadex ion exchangers were ‘from
Sigma and Pharmacia = respectively. ‘Ion ° exchangers- were
pretreated according to manufactirer's instructions.  Starch was
from Connaught ‘Laboratories {Toronto) and aﬁpholines were fronm

LKB (Upsula, Sweden).

Preparation of Enzymes

o e

*-Since the-vpurification procedures are of direct -importance
to- ‘the  discussion of each enzyme, the methods utilized in
preparing each: enzyme- -will be presented together with the

results. . Generally all crabs were "anaesthetized" by cooling in
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a "freezer -until only slow movements came -in response to a
stimulus. The-animals were then sacrificed by cutting away the
dorsal ' surface of the carapace. ‘Care was taken to destroy the
cerebral -ganglia in the process. The ‘dissection of the  tissues
from “the aﬁimal‘ fook place on 1ice. - The -hypodermis, the
epithelium ‘directly  underlying the exoskeleton, - was simply
péeled "0ff of 'the dorsal carapace and the outer covers of the
branchial'chamhers. Muscle was removed from the ~"walking 1legs
and - the‘-chelipeds and freed of adherihg hypodermis. - All
subsequent operations were at 4 ©°C or on' -ice. . Spectro-
photometric -asSays~ of enzyme activity took place on a Unicanm
SP1800 recording‘uitraviolet séectrophotometer, wost often by
moniioring thé change in absorbance due to the oxidaticn or

reduction of'NAD(H) at 340 angstronms.

Starch Gels and Isoelectrofocusing

Thirteen percent starch- gels Were prepared using
Tris—cifrate" or Tris—citrate-KCl -buffer  systems with various
combinations ‘of gel and tank buffer -pH and ionic strength. The
nost effective system :for separétion of phosphogiycerate kinase
was 35.6 gm Tris-and 9.5 gm citrate per liter (pH =-7.5), while
fhé mést effective sys}em=for electrophoresis of ‘pyruvate kinase
was 37:8 gm Tris, 9.5 'gm citrate, and 7.45 gm KC1l per -liter
(pH“= 8.5) as tank buffer. 1In both-cases, the gel buffer was a
1:20 -dilﬁtioﬁ'ofvthe~tank bﬁffer; After ‘the gels had cooled to
u“°C‘centrifuged;;dialyzed ‘tissue ~extracts‘ were -coated onto
filter paper?‘wicks-<and- inserted -into- the gel.~> To emnsure

sufficient activity, two or more wicks were often inserted into
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the gel. A prechilled plexiglass block was laid across the gel.
Gels were rum ‘at 150=200 volts (current 25-45 mAmps) for varying
lengths of time- {(6—18 hours). Both phosphoglycerate kinase and
pyruvate kinase ‘were stained:by the negative method described by
Scopes - (1968). ° “Developing - the stain with - phenazine
methasulphate -and nitroblue tetrazolium, gave-only partially
satisfactory-'results. Instead, the stain was monitored: with an
ultraviolet light. 'NADH appears yellow under ultraviolet 1light,
while  NAD appears dark purple. Thus, the appearance of enzyme
activity can be  visualized. - The relative nmigration -velocities
were measured and the positions recorded as the stains became

visible.

Isoelectrochusing was carried -out according -to the method -
of Haglund (1967). Enzyme preparations were dialyzed-againét-1%
glycine, pH ‘7.0 in preparation for electrofocusing. -As these
crustacean enzymes, -particularly  the hypodermal forms, were
relatively unstable only- -500 mvolts were used during
electtofocusing.‘ The enzymES<ﬁere‘electrofochsed only -until the
current stabilized at ‘a ‘low level, -since longer  -electrofocusing

times led to considerable loss of enzyme activity.

Kinetic Analyseé

-*» Kinetic -‘parameters were determined by several means. The
primary method utilized: for the determination of Km' values was
thé'Liﬁeweaver—Burk,-1/V versus ‘1/S plot. Ki values for various
inhibitors were determined from both the Lineweaver-Burk fplots

and Dixon plots. Slope and intercept replots derived from the
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Lineweaver-Burk- plots were -used to determinevtheApattern of
inhibition. 'The '‘methods described Lky-Webb (1963) uwere - used to
evaluate - complex  inhibition patterns. Since the:determination
of - reaction ‘rates from the 1lines given by the recording
spectrophotometer'invqlvés utilizing-a visuél-“best £fit" method,
it~ waé félt‘that computer drawn lines would still be based upon
this possible exéeriméntal bias. "Thus, lines were fitted to the
points, via avisual "best fit" method. In ‘most cases, the best
fit'was obvious.- Kinetic determinations ' were - performed -on a
minimum of two different enzyme preparations, -and in-many cases,
were -performed between -5 and 10 times. Repeat determinations
indicate that Km determinations are subject to  approximately: a
5% error. Measurements of -kinetic effects due  to various
cations utilized cations which were not corrected <for - possible
changes in  the-  degree - -0of - -hydration between- different
experiments. Protein- concentrations - were determined by
measuring the absorption of the solution -at--260 - and-- 280
nanometers. These values were -then used to arrive at - the
protein concentration in the solution by using the method of

Lane (1957).
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Changing "Enzyme Activities in the Hypodernmis,

Gill, and Muscle of Cancer magister during the Holt Cycle.

INTRODUCTION

Since crustacean tissues dnderqo pronounced structural - and
physiological changes during the molt cycle, the organization of
metabolism in the tissues may be subject2d to changes in overall
orientation as well. To elucidate whether any marked changes 'in
the organization 'of carbohydrate metaboclism occur -during the
molt cycle, I measured the levels of a variety of glycolytic and
gluconeogenic enzymes in both intermolt and freshmolt- muscle,
hypodermis and gill. Phosphoenolpyruvate carboxykinase, glycer=-
aldehyde~-3-phosphate dehydrogenase, phosphoglycerate kinase,
pyruvate kinase, -and 1lactate dehydrogenase 'were chosen as
representative glycolytic enzymes. - The gluconeogenic enzymes
were fructose diphosphatase, phosphoenolpyruvate carboxykinase,
and pyruvate carboxylase. The levels of glutamine: fructose-6-
phosphaié amidotransferase, the first enzyme -in the pathway to

chitin, were also determined in these tissues.

MATERIALS AND METHODS

‘The -glycolytic enzymes and fructose diphosphatase were
measured -in - the" high - speed supernatant remaining after

centrifugation at 27,000 g for twenty minutes. Phosphoenol-
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pyruvate - carboxykinase, pyruvate carboxylase, phosphofructo-
kinase, ‘and ‘glutamine: fructose-6-phosphate amidotransferase
were measured in both the high speed Supernatant and the vwhole

homogenate.

Preparation-of the -Homogenate for Measurement

Anaesthetized crabs were cut open, the gills, several grams
of * hypodermis "and: several grams of 'leg muscle were guickly
dissected out, blotted, and weighed. Muscle was homogenized in
three volumes of cold 50 mM_imidazole—Cl,‘pH 7.0, while gill and
hypodermis were homogenized in two volumes. For preparation of
;he_high speed*supernatant, a-Sorval Omnimixer was set at top
speed and run for 2 minutes. . For preparation of the whole
homogenate, a -teflon homogenizer was used -and -the tissue ' was
homogenized with 20-30'strokes;' In these experiments, 4 volumes
of buffer were used with muscle and three-volumes with gill and
hypodermis. The final volume of the homogenate was noted for
both methods -of preparation. -The supernatants or homogenates

were used directly for measurement of the enzyme activity.

Enzyme Assays

Enzyme levels in the various +tissues  were determined by
standard - spectrophotometrc - coupled enzyme assays. ~ Optimal
conditions were determined for each enzyme from each tissue, and
the maximal 'velocity was used in calculating enzyme levels.

Each value represents the mean of the values found for at least
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three different animals, except in the case of the -gill values.
The = ‘activity ~ -measurements do not include the effect of
metabolite activators. -The ‘assay temperature in all cases was
20 °C, 'The concentraticns of reagents for each enzyme assay are
given below. ==~ =:- -

Ph0§§hofructokingse; 0.1 M Tris-HC1l buffer, pH 8.0, 0.5 nM ATP,

1 mM fructose-6-phosphate, ‘5 mM MgCl2, 100:'mM KCl, 0.2 mM NADH,
excess’ " aldolase, - ‘'triose - phosphate isomerase, and

ct~glycerolphosphate-dehydrogenase. -

Gcheraldehyde-B-phosphatg dehydrogenase; 0.1 M Tris buffer, pH
i:s,-'75 mM KC1l, 1 mM ATP, 4 mM MgCl2, 2 mM 3-phosphoglycerate,
0.3 mM NADH, excess phosphoglycerate kinase. The —reaction was
initiated - by -the' addition - of- 3-phosphoglycerate. This assay
method  was chosen as the:- purity ‘and- stability of- the
d=1'glyceraldehyde-3-phosphate - was low. Furthermore, the
comparison of:‘thex maximal -gluconeogenic reaction rates of
glyceraldehyde-3-phosphate dehydrogenase and pnosphbqucerate

kinase was of interest.-

R A S I e . o

Phosphoglycerate kinase: 50 mM imidazole—-Cl buffer, pH 7.0, 4 nM
mgélz, 0.2 mM NADH, 1 mM ATP, 2 mM 3-phosphoglycerate and excess
glyceraidehyde—B-phosphate dehydtogenase.

Pyruyate kinase: 50 mM imidazole-Cl buffer, pH 7.0, 4 mM MgCl2,

0.2 mM- NADH, 75 mM KCl, 2 mM ADP, 2 mM phosphoenolpyruvate,

excess lactate dehydrogenase,

§§qtate dehydrogenase: 0.1 M Tris-HCl buffer, pH 7.5, 0.3 mM

NADH, -3- mM pyruvate. -

— s e do s e i

Fructose diphosphatase: 50 mM - Tris—-HCl buffer, pH 7.5, 5 mM

MgClZ, 0.1 mM NADP, 0.01 mM to 0.03 mM fructose 1,6 phosphate,
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excess phosphohexose isomerase and glucose-6-phosphate dehydro-
genase.’

Glutamine: fructose-6-phosphate amidotransferase: 0.1 mHM

Tris—HCl - buffer, pH 7.6, 5 mM glutamine, 3 mM -fructose-6-
phosphate, 0.3 ml NAD, excess glutamateidehydrogenase. In this
assay, which measured the evclution of glutanate, it was
. essential to use "the ammonium ion free glufamate -dehydrogenase
and * to -check that the glutamine used in the assay was free of
glutamates |

gi;ggggg carboxylase: Two methods were wused to measure the
aétivity'qf this enzyme.

1) 0.1 #® Tris—HCl‘buffer, pH 8.4, 10 mM pyruvate, 3 mM ATP,
20 mM. KHCO3, 0;1 mM acetyl CoA, 8 mM MgCl2, 0.2 mi NADH,‘ excess
nalate dehydrogenase.

'2) - 0405 - M Tris-HC1 buffer, “pH 7.5, = 0.2 mM DTNB
(5,5*'-dithiobis—=2~nitrobenzoic acid), 10 mM MgSO4, - 2.5 mM ATP,-
0.2 mM acetyl CoA, 100 mM KHCO3, 10 mM pyruvate, excess citrate
synthase., - The ‘higher extinction coefficient of DINB versus NADH
makes this ‘assay’ more sensitive to - the production of
oxaloacetate. - This reaction  is -monitored ‘at 412 -angstroms. .

Phosphoenolpyruvate -carboxykinase: O0.71 mM Tris-maleate buffer,

pH;6;0;‘100'mH NaHCO3, -2 m¥ phosphoenolpyruvate, 2 n¥ GDP, IDP,
or “CDP, -1:mM -MgCl2, ‘0.2 mM NADH, excess malate dehydrogenase.
Phosphoenolpyruvate carboxykinase activity is ' determined from
the increase in - - E340 due to the addition of HCO3 to the

complete assay mixture.
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BESULTS. AND DISCUSSION

The results of the enzyme activity measurements- are - shown
in - ‘Table 1. The determination of several of these enzyme
activities ‘'required -additional - controls -and experiments to
ensure - proper measurement of enzyme activity. The ‘measurement
of pyruvate carboxylase ‘and phosphoenolpyruvate -carboxykinase
requires particularly careful- - ‘controls for interfering enzynme
éctivities. The'fitst assay method ' for pyruvete"'carboxylase
requires a control for endogenous lactate dehydrogenase, and
NADH oxidase., ' The 'second method 'reguires a —control for
endogenous 5hydrolysis' of acetyl CoA, as well -as careful
regulation of the levels of sulfhydryl'~greups ‘present- in the
aesay. The 'assay  for phosphoenolpyruvate carboxykinase also
requires precautions: sodium -bicarbonate must be used to
minimize -‘activation -of pyruvate kinase and the coupiing enzyme
must be dialyzed to -remove NH4+, an activating -cation for
pyruvate kinase. 'Obviously the important control for this assay
is"pyruvate kinase activity. A control for sodium activation of

pyruvate kinase must be included.

The two methods of meaéuring pyruvate carboxylase activity
yielded equivalent  results. Both- pyruvate - carboiylase and
phosphoenolpyruvate4carboxykinase activities are associated with
the"pafticuiate“fraction;' Thus, measurement of their levels in
the whole homogenates yielded considerably higher -values than
measurements . in :the  supernatant. This corresponds with the

mitochondrial location of pyruvate carboxylase and the partially



Table 1

Specific Activities of Vérious.Enzymes in the Muscle, Gill and .

Specific activities are the mean of the values found for three or four
different animals, except in the case of the gill values where usually

only one animal was measured. -

Hypodermis of Cancer magister

Comparisons of freshmolt and intermolt

.48_

enzyme activities were made using Student's T test. The results of the

comparison are indicated as follows: (*) significant at P=.0.05, (*%)

significant at P= 0.01, and (N.S.) not significant. Enzyme activities

are expressed in umoles/min gm wet weight at 20° C, — indicates that the

enzyme was not measured in the tissue, 0 indicates that the enzyme was -

not detectable in the tissue.

Intermolt Freshmolt
Enzyme ‘Hypodermis, Gill Muscle Hypqdermis Gill Muscle
FDPase 0.66 0.44 0.33 1.2 %% 0.56 N.S. 0.484**".
PFK 0.182 0.241  5.81 0.375%% 0,156 2.122%%
F6PGAT | 0.12 0.12 0 0.15% 0.135 ~ 0.0025
LDH 4.06 1.205  18.87 7.5% 2.04 '19.64 N.S;
G3PDH 5.0 —  43.0 U E— 12.5%%
PGK 3.615 3.278  13.02 1 9.585%%  4.34 8.36%%
PK 6.3 7.7 61.7 15.4%% 16,2 51,55,
PEPCK 0.2 0.08 0 0.5%% 0.12 0.105
pyruvate 0.48 0.05 1.1 —

carboxylase

0.1065%*
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mitochondrial 1o¢ation of phosphoenolpyruvate carboxykinase in
mammalian tissues (Saggerson &' Evans, 1975). Measurements of
phosphoenolpyruvate carboxykinase -in  various rat- tissues
indicate that the gluconeogenic reaction shows a higher specific
activity - than ~the "downhill® reaction. However, the ratio of
activities varieS'between*tissues (Pogson ' & Smith, - 1975) and
varies- considerably from ratios obtained with the purified
mitochondrial enzyme (Chang et al., 1966). Thus, no conclusion
about ' ‘the -actual relationship of the measured "downhill"

reaction and the gluconeogenic reaction can be made.

Since phosphofructokinase has been- reported- to be
associated with the precipitate after high speed centrifugation
(Oéie‘s Newsholme, 1967);'its levels in the whole homogenate
were compared with the levels found in the supernatant. No
difference was found. In measurements of fructose diphosphatase
éctivity, endogendus.AMP could have inhibited the enzyme. To
check this: poséibility, an "AMP trap" consisting of 0.2 mM ATP
éﬁd-excess mquinase was added to the assay system. - This would
convert the AMP to ADP and thus deinhibit the enzyme. No change
in~ -activity' - was - found updn the addition of this trap.

Presumably endogenous ANP levels were low during extraction.

- ‘A consideration of the enzyme activities shown in Table 1
makes® it readily' apparent- that considerable changes occur in
levels of key‘enzymeslbétween freshmclt and  intermolt in both
muscle -and-hypodermis. A consideration of enzyme lavels in the
intermolt and freshmolt gill shows that they do not -undergoc as

marked variations as enzyme levels in the muscle or hypodernmis.
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Cenerally,' the ~ gill shows a high -gluccneogenic capacity.
Intermolt nuscle *generallyv showed high levels of all enzymes
except the-glucoheogenic -anzymes, - fructose - diphosphatase and
pyruvate carboxylase. Phosphoenolpyruvate carboxykinase was not
present in ° intermolt muscle. ' Freshmolt ' muscle showed
éonéiderably ;educed levels'-ofv phosphofructokinase, phospho-
glycerate vkinase, glyceraldehyde~3-phosphate dehydrogenase, ana
byruvate kinase.  By-contrast, the levels of fructose diphospha-
tase and pyruvate carboxylase were higher'-thaﬁ in- ‘intermolt
nuscle. Phosphoenolpyruvate carboxykinase was present in -equal
levels with pyruvate carboxylase in freshmolt muscle. - Thus, the
glycolytic pbtential of freshmolt muscle is considerably reduced
and the presence of the various -gluconeogenic enzymes makes the
reversal of gljcolysis for the production of sugar or chitin

precursors at least feasible.

All hypodermal enzymes are present in higher concentrations
in freshmolt than in intermolt hypodermis. This is indicative
of the general increase in--protein synthesis during premolt
(Adelung & Keller, 1970; Stevenson, 1972) as - well as- the
increase in the amount c¢f protein/DNA during premolt (Stevenson,
1972). - Both -hypodermal and gill enzyme levels are-considerably
lower than those in' the -'muscle. The large  contribution of
extracellular - space  “to the wet weight of -the tissues (see Part
V)--will* partially account-for this-difference.~wThe;low-ratio of
phospho%ructokinase/fructose diphosphatase';ndicates~-that- this
reaction ‘locus is strongly poised towards: gluconeogenesis.
Pyruvate kinase, pyruvate carboxylase, -‘and-- phosphoenolpyruvate

carboxykinase all show the same percentage increase between
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intermolt and freshmolt tissues. Thus, pyruvate kinase rTemains
approximately 20 fold the level of phosphoenolpyruvate carboxy-
kinase throughout 'the molt-cycle, giving +this control site a
strongly glycolytic poise. Although the activity of phospho-
enolpyruva£9'carboxykinase“may be scmewhat higher when  measured
ih~ the ' gluconsogenic direction, the two fold incrgase for the
énzyme'in-most tissues (Pogson & Smiih, 1975) "would -not -alter
the ~o§erall poise- app;eciablya; Thus, pyruvate kinase must be
subjected to considerable regulation for gluconeogenic- flux to
occur, and ité'activity is a prime determinant of flux through

the reaction locus.

As‘was found by Boulton and Huggins (1970), glyceraldehyde-
3-phosphate dehydrogenase levels were considerably  higher —than
lactate dehydrogenase levels in muscle. However, the levels of"
gljceraldehydé-B-phosphate dehydrogenase found by Boulton and
Huggins (1970) “were considerably higher than the levels I found
in Cancer magister. 1In this -study, -phosphoglycerate kinase
levels are 1lower than glyceraldehyde-B-phosphate«dehydrogenase

levels in all tissues.  The levels of fructose-diphosphatase and

pyruvate carboxylase found in~the muscle_of Cancer -magister- are

similar to those found by Opie and Neﬁsholme"(1967)«for Carcinus.

maenas  ~and by Crabtree et - al. -~ (1972)° in Cancer pagurus .
Phosphoenolpyru%ate“carbokykinase-was not detected - by Crabtree
et~ al. (1972) 'in' Cancer pagurus muscle, but ‘most probably'the
animals were in-interﬁolt; In the present study; phosphoenol-
pyruvate*-carbbxykinase "was- detected in only freshmolt muscle.
The “values of -pyruvate carboxylase, phosphoenolpyruvate carboxy-

kinase, and fructose diphosphatase found by Behrisch {1976) in
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the  muscle of Paralithodes-camtchatica are considerably higher

than the levels found ‘in Cancer pagqurus (Crabtree et - al.,1972)

in--carcinus maenas‘ (Opie- & Newsholme, 1967) or in Cancer

ggg;_gg; in the present study. .

Generally, the enzyme levels measured - -in Cancer- magister

indicate ithat" intermolt 'muscle: metabolism presents a-highly
glycolytic orientation, “while: freshmolt - muscle - shows a
considerably ‘reduced  glycolytic potential and an - increased
gluconeogenic  capacity. - Intermolt and freshmolt hypodermis both
show a relatively' high gluconeogenic--capacity. ' - Freshmolt
hypoder¢15‘ shows: higher specific activities, diagnostic of the
high rate.of chitin synthesis during this  period.  While the
enzyme levels are generally -lower than those 'in mammalian
tissues, the relationships between enzyme levels are similar.
Thus, in both the mammalian liver and the crustacean hypoderais,
fructose diphosphatase levels are 3-=4 fold those of phospho-
fructokinase. Pyruvate Kkinase -‘levels in both -tissues aré
approximately 15 fold higher than those of the enzymatic-bypass.
In contrast to mammalian systems, the levels of panosphoglycerate
kinase are <considerably 1lower than' those of glyceraldehyde-3-
phosphate dehydrogenase. Furthermore, pyruvate: Kkinase levels
are - higher than those of -phosphoglycerate ‘kinase in  both
hypodermis and muscle. As in mammalian muscle, there is a ten
fold - difference ‘between phosphofructokinase and pyruvate kinase
ievels‘in*intermolt'muscie.‘-The ratio of phosphofructokinase to
fructose diphosphatase'in intermolt - muscle is 18.uh This -low
value " is  characteristic of  nmuscles which - experience -large

changes in glycolytic rate (Newsholme & Start, 1973). Freshmolt
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muscle shows an even lower value for this ratio. ‘This coupled
with the increased levels of pyruvate carboxylase and phospho-
enolpyruvate carboxykinase lends a higher gluconeogenic capacity

to this tissue.
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Part II.
Control of Hypodermal and Muscle
"Phosphoglycerate Kinase in

Intermolt and Freshmolt Cancer magister

INTRODUCTION

The role of phosphoglycerate kinase (E.C.2.7.2.3.) in the
regulation of " glycolysis and gluconeogenesis is open to some
question. In some -situations, it is «considered ‘a possible
giycolytic control site, while 'in- most it is considered to
catalyze a neér-equilibrium reaction. A reversal- of  the
reéction is meant  to loccur' during gluconeogenesis, but the
kinetic characteristics of previouSly studied: phosphoglycerate
kinaseé do not - favor the reversal. A comparison of the
reqgulatory properties  of ‘the enzyme from the muscle- and
hYpodermis could elucidate whether -different catalytic
modifications are utilized by the enzyme from ‘a gluconeogenic
and -a- ‘glycolytic ' tissue. Since the hypodermis ‘and muscle of
cancer ggg;§§§;‘undergo considerable variation in-the degree of
g;uconeogeniC‘poiée with the mclt cycle, the 'properties of phos-
pﬁoglycerate “kinase from the muscle and hypodermis of freshmolt

and intermolt animals were also compared.

- In most--mammalian tissues, ' phosphoglycerate -kinase 1is
present in high-levels along with glyceraldehyde-3-phosphate de-

hydrogenase (Newsholme & Start, 1973). In crustacean tissues by



contrast, phosphoglycerate kinase levels are considerably lower
than those of -both glyceraldehyde~-3-phosphate dehydrogenase and
pyruvate kinase. Thus, 'in terms of absolute enzyme activities,
phosphoglyceraté kinase may be a rafe. limiting  -enzyme. - The
difficulty 4in- eiucidating the =axact role of phosphoglycerate
kinase and glyceraldehyde-3-phosphate dehydrogenase in the cell
lieé in =thé  measurement of ‘their shared intermediate, 1,3 di-
phosphoglycerate. Thus, the reactions are -generally evaluated
on‘ the'basis of a combined equilibrium constant. In glycolytic
sfstems, an ‘early ‘and transient rate limitation is often found
bétweén glyceraldehyde-3-phosphate and 3-phosphoglycerate. 1In
mammalian heart, brain, and erythrocytes this was interpreted as
an effect due to- glyceraldehyde;3—phosphate dehydrogenase
(Williamson, 1965;' Rolleston & Newsholme, 1967; -Rose & Warnms,
1976; Rolleston, 1972).  However, other studies with: - the
electric 'organ' from the -electric eel, and with mpammalian
erythrocytes, 1implicate phosphoglycerate kinase -as- a -rate
limiting step ”(?érker & Hoffman, 1967; Maitra gi-g;., 196 4)

segal et al., 1975)..

Although there is some guestioﬁ about the exact.- routes of
carbon flux during gluconeogenesis (Veneziale et-al., 1970),
‘there‘is good evidence for the reversal of- both ‘the phospho-
glycerate kinase and - glyceraldehyde-3-phosphate -dehydrogenase
reactions. - Inadeqﬁate supplies~=of: NADH-'cén‘ cause -glycer-
aldehyde-3-phosphate ~deﬁydrogenase to -‘be a rate limiting'step
during'gluconeéggnesis'from'alanine (Williamson et al., 1969).
However, - -the -mammalian enzyme shows cboperative interactions

between the binding of NAD, 1,3 diphosphoglycerate, and NADH,
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which facilitate the reversal 5f the reaction for gluconeogen-
esis (Smith & velick, - 1972). Thus, under -enerqgy saturating
conditions when ‘the NAD/NADH ratio is high, the-reverseureaction
is" not subjeét'to product'inhibition by ‘NAD. 'In the-liver, the
rhosphoglycerate kinase ‘and- glyceraldehyde-3-phosphate dehy-
drogéhase reaction system=was~found'to be near equilibrium under
a4 vdariety of metabolic conditions, providing a -means whereby the
cytoplasmic “red6X‘~ balance ‘can~ be coordinated with- - the
phosphorylation potential (Veech et al., 1970; -Stubbs et al.,

1972) .

While +the means by which glyceraldehyde-3-phosphate dehy-
drogenase 1is  reversed -during gluconeogenesis - havé -been
elucidated, the catalytic énd-regulatory properties of phospho-
glycerate kinase from gluconeogenic tissues have received little
attention., Previous kinetic studies of phosphoglycerate Kkinase
have utilized the-yeast and rabbit muscle enzyme (Scopes, 1973).
Both' .enzymes' show kinetics which strongly favor the glycolytic
reaction. In these enzymes, -a high sensitivity ‘to MgADP. as an
inhibitor of 'the gluccneogenic reaction is coupled with a 1000
fold greater ' -affinity - for 1,3 . diphosphoglycerate over
3aphosphog1ycérété. 'In the cell,-3-phosphoglyceratesconcentrat-
ions '‘are considered to be approximately ten fold higher than 1,3
diphosphoglycerate ' concentrations.  The Km- for- HgADP as a
substrate isihigher*than~the"Ki ‘for MgADP 'as an inhibitor.
Thus, the giuconeogenic reaction would be kinetically~limited at
virtually - all* MgADP- leveis. This kinetic regulation‘ is
appropriate for 'a -‘glycelytic tissue;- but problématical for a

gluconeogenic one. Thus, it seems reasonable to assume that the



57

regulatory properties -of the enzyme from the gluconeogenically
poised hypodermis should differ frcm those in the glycolytically

poised muscle.

METHODS

Preparation of Phosphoglycerate Kinase

Hypodermis: and- muscle were quickly dissected out- of
anaesthetized <crabs, 1rinsed in cold extraction buffer, blotted
dry and weighed. Tissues were homogenizad - in 3 volumes of 50 nM
imidazole-Cl buffer, pH 7.0, for one minute. The homogenate was
centrifuged at 27,000 g for twenty minutes.,  Solid ammonium
sulphate ﬁas added - with constant stirring over 30 minutes,
bringing the supernatant to 65% saturation. The - mixture was
centrifuged (12,000 g for 10 minutes) - and solid - ammonium
sulphate slowly added to bring the supernatant to 75%. .  The
resulting precipitate was collected by centrifugation, and then
redissolved in a "~small quantity of extraction  buffer. The
enzyme extréct, usually -around 5 ml, was dialyzed over a 4 hour
period against - two <changes: - of 3 liters 2ach of 50 oM
imidazole=C1l ‘buffér, “pH 7.0, with 3 m¥ EDTA. . In studies of
freshmélt"and-“intermolt hypoderﬁal phosphoglycerate - kinases,
ihis“ preparation  was - used directly for kinetic studies, as no
méjor “contamipautS‘-uhich'~would- interfere -with the -'various
experiments-'cbuld' be shown. Also the hypodermal forms were
largely~'inactivated’-by the steps 4involved ~in the further
purifications - - Both - muécle preparations, particularly the

freshmolt muscle, contained large amounts of myokinase. Thus,
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further purification was needed.

- Ten grams of DEAE cellulose were pretreated according to
manufacturer®s = directions, - and - equilibrated  with-- 10 mM
imidazole—HCl, 3 mM EDTA, 1 mM mercaptoethanol, pH 7.5. The
enzyme extract was dialyzed against the -same buffei, diluted.
until- approximately ‘the ‘same idnic strength as the buffer, and
then applied onto the cclumn. The application of a KC1l gradient
(0&300'mM)'led to the ‘distinct separation of ‘phosphoglycerate
_ kinase - from- myokinase.' ' Both -this phosphoglycerate- kinase
preparation and the coupling enzyme were dialyzed against 50 mM

imidazole-cl, 3 mM EDTA, pH 7.0, and used for kinetic studies.

Metabolite Measurements

One. leg- was -amputated from the expefimental~animal, 4
aliquots, of approximately 300 mg each, of both ‘muscle - and
hypodermis were then quickly - dissected out and dropped into
iiguid nitrogen. Since the tissue samples were small, I did not
use the freeze clamping method. Since the exoskeleton needed to
be openéd, the procedure took between 15 and- 30 seconds.
Amputation could not be achieved without some resistance, thus,

the measurements do not reflect resting values.

Neutralized perchlorate extracts of these frozen tissue
samples were  made -according ‘to ‘the method of Wiliiamson and
Corkey (1969). The neutralizsd extracts were stored at -20 ©cC,
Metabolite ~assays -were performed shortly after the extraction,
with the assay-for the unstable 1,3 diphosphoglycerate performed

directly after tissue extraction. Every effort was made to
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perform 'all manipulations guickly and to maintain the extracts
near 0 °C before the enzyme assay. All assays were performed in
duplicate following spectrophotdmetric methods given by

Bergmeyer (1965).

Enzyme Assays

The enzyme was -assay=d according to Bucher (1947): 1,3 di-
rhosphoglycerate formation-is»cbupled t0 glyceraldehyde-3-phos-
phate’dehydfogenase, and the phosphoglycerate kinase activity is
measured by - the decrease in E340 due to NADH oxidation. All
standard assays included 3-phosphoglycerate, ATP, - NﬁDH; MgCl2,
and excess coupling enzyme in the concentrations shown in the
figure legends. " Imidazole=Cl buffers were used throughout the
kinetic studies.,  Saturating conditions for the'enzfmes were:
1 oM AT?, 2 mM 3-phosphoglycerate, ‘4 mM MgCl2 for: the vihtermolt
forms, 0.6 m¥ ATP, and 2 mM 3-phosphoglycérate for the freshmolt
forms.

RESULTIS

Specific Activities

In both muscle and hypodermis, - phosphogiycerate kinase
levels show considerable variation 'with the molt: cycle (Figure
1). In the hypodermis, levels are high at molt (7-8 units/gnm
fresh weight), fall gradually ‘to around 3 units/gm fresh weight
duriné intermolt, " and: rise again sometime in premolt. Muscle
shows the opposite trend, being low at molt and - high - during

intermolt. There is a paucity of premolt data, as Cancer
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_Assay conditions are described in Materials and Methods,
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gggg§§gg does not readily-go  into premolt in captivity. No
attempt was made to-control for effects of size, sex, or season
on-enzyme levels, although»little»variation due to these factors
was observed. These specific activities 'reflect the changing
tissue: rolés‘hetween=theihighlyAmobile feeding intermolt animal
. and -the nmore ‘sedentary, but actively  synthesizing ’molting.
animal, and ~indicate  that at least 'in part, phosphoglycerate

kinase function is regulated by control of enzyme levels.

Different Forms of Phosphoglycerate Kinase

The Michaelis constants for the +two substrates of the
enzymes from molting and intermolt muscle and hypodermis are
shown in Table 2. Two sets of ccmparisogs'were made for both
the 3-phosphoglycerate and the ATP affinities: the first looked

for tissue differences and the second for 'molt cycle related
differences. In intermolt animals, there is no significant
difference (P>0.05) - between nuscle and hypodermal phospho-
glycerate kinases in terms of either their 3-phosphoglycerate or
ATP affinity. - In molting animals, there is no significant
difference (P>0;05).bétween the ‘ATP affinities of the muscle and
hypodermal forms, but there is a highly significant difference
between their 3-phosphoglycerate affinities {P<0.001) , even
though>the magnitude of the differeﬁce is small and probably not
of ‘physiological importance. Thus, the 3-phosphoglycerate sites
of“the muscle' and hypodermal enzymes behave differently "in
fesponse ‘to ‘the molt cycle, indicating some difference between

these tissue forms.
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ATP and 3-P-glycerate affinities
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Michelis constants, here expressed in millimoles/litre were determined at

. saturating concentrations of the cosubstrate and activating magnesium

- cation (see Experimental procedures). Values shown are the means with

their standard deviations, the number in parentheses indicates the number

of different animals used

for the determinations.

Intermolt
muscle

Intermolt
Hypodermis

Molting
Muscle

Molting -
Hypodermis

PGA K
m

ATP K
m

0.273+0.057 (8)

0.203+0.045 (7)

0.271+0.054 (9)

0.174+0.063(12)

0.218+0.042 (6)

0.071+0.009 (8)

0.320+0.036 (9)

0.068+0.014(13)
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Comparisoﬁs between intermolt and molting phosphoglycerate
kinases -reveal several marked differences. Intermolt  and
molting hypbdermal phosphoglycerate kinases differ significantly
in ‘both their ATP and ' 3-phosphoglycerate affinities - (P<0.01).
The ATP -affinities of molting -and intermolt muscle phospho-
glycerate'kinases are '‘also significantly different (P<0.01), but
théir 3-phosphoglycerate affinities do not differ significantly
(P>0.05). Thus, on the basis of substrate affinities, there is
géod eﬁidence-for changes of the phosphoglycérate~‘kinase«»forms
with the molt cycle ‘as well as for changes between tissue forms
of the enzyme.,  While " the <changes - in - 3-phosphoglycerate
affinities are probably not of physiological significance, the
chénges in ATP affinities are large and may be of regulatory

importance.

Starch gel electrophoresis and isoelectrofocusing were
carried out to see'if there was an isoenzymic basis for these
different substrate affinities. In gel electrophoresis, both
muscle and hypodermal phosphoglycerate kinases 'show a - molting
variant with faster anodal migration than the intermolt form
(Figure 2). ‘Hypodermal and muscle forms of the:‘enzyme show
different - velocities. - The - - pI ‘values as determined by
isoelectrdfocusing\were 5.4 for the intermolt 'muscle, 5.1 for
the' molting "muscle, 5.3 for the ‘intermolt hypodermis, and 5.0
fdr"the molting hypodermis. The relative magnitudes of -the pI
values-éonfirm‘the-ﬁesulis from the starch-gels, since the. lower
the pI, +the greater the anocdal mobility*at'pH-7;5, given no
gfeat-size difference. Howevér, the pl values: - for the -two

molting enzymes are gquite <c¢lose as are those of the two
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" MOLTING HYPODERMIS

. B
INTERMOLT MUSCLE |
6

INTERMOLT HYPODERMIS

Figure 2. A diagrammatic sketch of a starch gel electrophoretogram
éhowing zones of phosphoglycerate kinase activity extracted from

muscle and hypodermis of Cancer magister. The gel was run at 250 mvolts,

25 mamps wusing a Tris-citrate, pH 7.0, buffer system. Duration of run was

30 hours.
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intermolt forms. - The 1instability of "the hypodermal forms
prevented’ me> from dealing with mofe purified proteins, or from
doing exhaustive isoelectrofocusing (48 hours or longer). Thus,
the small differences between 5.0 and 5.1, as:' well - as -those
between 5.3 ‘and’ 5.4, cannot be .- taken as clea: indication that
muscle and hypodermis have distinct rhosphoglycerate kinases at
molt'and during intermolt. These different pI values could be a
reflection of differing ratios 'of two génev products, four
different gen; products; or oné-'protein undergoing: - varying
degrees of modification in these tissues ‘during the molt cycle.
Ih none of the  tissues was  there any  evidence, - during
electrofocusing or column chromatography, ~of more than one phos-
phoglycerate - kinase form. Thé."mobility differences indicate
that at least two enzyme species'are present in -the - four «crab
{issues, one present in freshmolt and the other in intermolt

tissues.

giggtic Properties

To see ‘how phosphoglycerate kinase is regulated uander
varying metabolic: requirements, - as well as whether any
differences in catalytic characteristics - accompanied the
substrate and mobility differences, ‘an analysis of thevkinetics
of ‘the ‘phosphoglycérate kinases from the four  tissues was
undertaken. -~ Both hypodermal phosphoglycerate Kkinases show a
broad pH optimum with maximal activity between pH 6.0--and - 8.0.
The two muscle-forms show-'a similar response, but with maximal
activity between pH 6.5 and  7.5. #hile divalent catiomns

{particularly Mg++ and Mnt+) provide a pronounced and
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stoichiometric activation of the reaction, it is -difficult to
demonstrate an absolute cation requirement with these enzynmes.
These all show a residual enzyme activity -in the absence of
added magnesium. ' Whether this is due to bound magnesiuﬁ, to a
iack of an- absélute»-cation requirement, or to incomplete
diaiysis, could not be clearly  demcnstrated, -as-- prolonged
dialysis (8 hours) tended to ‘inactivate crab phosphoglycerate
kiﬁases, particuiarly-vthe hypodérmal forms; ‘Generally, the
variationé in ‘the Michaelis constants for MgCl2 and MnCl2 (Table

3) parallel those of the ATP Km.

Initial kinetic ‘studies showed that the 3-phosphoglycerate
and ATP affinities are -independent of-sach other, -and of the
MgCli2 concentratioﬁ. ¥ith respeét to magnesium, this -was true-
if thé total magnesium was held constant ‘as the ATP or 3-phos-
phoglycerate were varied. Magnesium effects up to 6 mM were
checked., - Representatiée curves are shown in Figure 3, with the
éame'basic'reéults holding for ali four enzymes. In studies
where magnesium -and - ATP . .concentrations - were = varied
simultaneously, the Michaelis constant for MgATP was higher than
the‘corresponding Km in studies where the  total magnesium -was
held‘“constant‘(this effect 'was larger in the muscle than in the

hypodermql forms) (Table 4).

-~ -Both -NaCl and K1 strongly activate these crustacean- phos-
phoglycerate ~kinases- leading to as much as 150% increase in
their  -activity over that in the - presence - of - saturating
magnesium. - The Michaelis constants (Table 3) are fairly high

indicating that the stimulation is probably due to a change in
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Table 3

Michelis constants for activating cations

- K values were determined at saturating levels of the substrates and MgClp
(except in the determination of the MgCl, Kﬁ) and indicate the concentration
“of cation required for 50% of the maximal activity in the presence of that
cation. The véluesbare expressed. in millimolar units. | |

[2)

“Vmax values are expressed as % of the maximal activity in the presence of

saturating magnesium levels.

~Intermolt - Molting
 Muscle " Hypodermis | Muscle " Hypodermis

MgCl, K 0.252 | o0.193 | 0.09 ©0.077
MgCl, V___ | - 100% 100% -~ 100% 100%

.2 ‘max ‘ : _
MnCl, K_ 0.164 0.165 | 0.152 . |  0.058
MaCl, V - 88% 954 o75% 95%
NaCl' K 1 100.0 : 90.0 | 30.0 19.0
NaCl 'V 216% 250% 215% 2425%

max = | S ] , o :

ke k. 85.0 , - 80.0 65.0 80.0
KL V. " 188.5% - 230% 220% 184%

: max TR .
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Michelis constants for ATP and 3-P-glycerate at v‘erying:levels"

“of cosubstrate and activator. (a) 3-P—g1ycei~ate .(PGA):'affinity
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of the molting hypodermal phosphoglycerate kinase: in the presence -

of 1 mM ATP (), in the presence of 3.5 x 10-4M ATP (A),- (b) ATP

-affinity of the moltlng muscle phosphoglycerate kinase: in the

presence of 4 mM 3-P-glycerate (o,s), in the presence of 4 x 10 4'

M 3-P- glycerate (o,8).. (c) ATP afflnlty of 1ntermolt muscle

enzyme in the presence of 2 mM MgClz total (2), in the presence of

6 x 1074 MgC1,,

total (o), and in: the presence Qf_ 6 mM MgCl, (a:]__)."
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Table 4

Michelis‘COnstants for ATP.and MgATP

The. Michelis constants for ATP were determined in studies where the total

‘ MgCl2 was maintained at a fixed total greater than the total ATP. The

constants for MgATP were determined by simultaneously varying MgClz'and

ATP in a 1:1 ratio. All values in millimolar units.

70 -

MEATP K_ 0.226 . Co0.142° | 0.178

Intermolt ~Intermolt . Molting Molting
Muscle | . Hypodermis " Muscie, Hypodermis
ATPK | 016 | 0.118 | 0.071 0.067
0.087
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the -'solvent structure rather than to a specific-binding to the
enzyne, NaCl ‘and KC1 do not affect +the substrate affinities
except in the case of the molting muscle enzyme where they both
faise “the substrate ‘Km' *values. ' The -3-phosphoglycérate ~Km
changes from 0.245 nM to 0.29 mM and the ATP Km rises from 0.085

to 0.11 mM.

A wide range of compounds was tested for their possible
effects on these 'phosphoglycerate  kinases. ~They - included
glycolytic and Krebs cycle ‘intermediates, important amino acids,
nucleotideés, and coenzymes. 'Only very close -substrate and
product analogues as well as -the adenylate  product - were
inhibitors. The difficulty of 1,3 diphosphoglyceratas synthesis,
and dits instability made its use impractical. Tae product,ADP,
is the most potent inhibitor, but-ANP, 2,3 -diphosphoylycerate,

and CaCl2 also exercise inhibitory effects on the reaction.

The dinhibition by ADP was strongly influenced by magnesiunm
levels (Figure 4). - At saturating levels of ATP and- 3-phospho-
glycerate, increasing: magnesium levels increase the
effectiveness of the ADP- inhibition. This is - true -for the
enzyme in all foﬁr—'tiSSues.a -Both MgADP ‘and - ADP acted as
inhibitors, but the Ki of MgADP‘uas considerably iower than that
for ADP. The patterns are summarized in Table ‘5, 'and some
repreéentative*~curves from' the intermolt- muscle-andvmoiting
hypodermal phosphoglycerate kinases are shown in Fiqures- 5 and
6. '~ ADP and MgADP affect the binding of both 3—phosph§glycerate

and ATP.

ADP inhibition follows the same basic pattern in all four



0.10

005

[ADF] in mM

Figure 4.

ADP inhibition of intermolt muscle phosphoglycerate kinase, effect

of 1ncrea51ng magne51um ion concentration. Assay conditions are
described in Materials ,6 X 10"*M MgC1, (8), 2 mM MgCl, (o),
and 6 mM MgCl, (a).
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Table 5

K, values for ADP and MgADP inhibition.
K; values were estimated from Lineweaver-Burk (L-B) and_Dixon plots, Assay
conditions are as described in Materiais'and«Methods, with the varying total

magnesium concentrations as shown. All Ki-values are in millimolar units.

Total Intefmolt Muscle Molfing Muscle |Intermolt Hypodefmis Moiting Hypodermis
MgC1 - : — : — — . ~
2 .
. L-B~ Dixon L-B Dixon L-B ‘Dixon’ "L-B Dixon
Ky, ADP vs PGA Mg=ATP 13 0 .23 | .27 .39 .42 .230 .33
K;, MgADP vs PEA 2 mM .012 .12 A3 .19 .18, .20
K;, ADP vs MgATP Mg=ATP .06 .08 .40 .50 .60 .40 .50
K;, MgADP vs MgATP 2. mM 013" .2009| .20 19 .20 .20 .23
now noon 4 mM .05 .10 .16 . 145, .15
1 noon 1" 6 ™M 045 11 ”

€L
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Figure 5a.

Iﬁtermolt muscle phosphoglycerate kinase, ADP and MgADP inhibition

patterns. - (a) 3-P-glycerate affinity in presence of 2 mM MgCl, and -

no ADP (0)), 2 mM MgCl, and 2 x 107°M ADP, 70% of which is MgADP
(4), and 2-mM MgCly and .1 x 107%M ADP, 60% of which is MgADP (©).
‘(b) MgATP affinity in presence of noADP (©®), of 2 x 1075M ADP (=),
of 1 x 107 41\1 ADP (A). (c) ATP afflnlty in presence of 2 mM MgCls
and no ADP (@), of 2 mM MgClé and 2 x 10"°M ‘ADP " (75% of the ADP

present as MgADP) (&), of 2 mM MgClp and 1 x 10~*M ADP ‘(75% ADP as -

MgADP) (o). (d) Dixon‘plot of ADP inhibition in the presence of
4 mM MgCly, 4 mM ATP, 5 mM 3-P-glycerate (0), 4 mM MgCl,, 4 mM ATP,
5 x 1074 M 3-P-glycerate (A), 5 x 10-4M MgCl,, 5 x 10~4M ATP, and
4 mM 3-P- glycerate (A), 4mMMgC12, 4 x 10- 4M ATP, SmMSP-- ‘
glycerate (El), and 6 MM MgClz, 5 x 10-4M ATP S mM 3-P- glycerate

(*). '
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Figure 5b.
MgATP affinity and the effect of ADP inhibition, intermolt

muscle phosphoglycerate kinase. Symbols explained in the

legend to Figufe 5a;
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Figure 5c.
ATP affinity and the effect of MgADP upoﬁ the intermolt
muscle phosphoglycerate kinase. Symbols explained in the

legend to figure 5a.
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ADP inhibition of intermolt muscle phosphoglycerate kinase.

Symbols given in the legend to Figure 5a.
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Figure 6 (a).

Molting hypodermal phosphoglycerate kinase, ADP and MgADP inhibition

patterns. ~ (a) Dixon plot of ADP inhibition in presence of 4 mM MgClz;
4 mM 3-P-glycerate, 1 mM ATP (0), of 4 mM MgCly, 4 x 107*M 3-p-
glycerate, 1 mM ATP (@), of 4 mM MgCl,y, 4 mM 3-P-glycerate, and _
1 x 107"M ATP '(A), and 4 mM 3-P-glycerate, 1 mM MgCl,, 1 x 10~4M ATP
_A(A) (b) Dixon plot of ADP inhibition in presence of 1 mM MgClz,

1 mM ATP, 4 mM 3-P- glycerate (0), of 1 mM MgClz, 1 mM ATP,

4 x 10-4M 3-p- glycerate (u) and of 3.4 x 10 4M MgATP and 4 mM

3-P- glycerate (A) a
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Figure 6b.
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enzymes and a description of the intermolt muscle ADP/MgADP
response will illustrate the form of the inhibition for the
others, At low. magnesium, when essentially all the ADP is
uncomplexed, ADP is a mixed competitive inhibitor with both ATP
and 3-phosphoglycerate,  with Ki values of 8 x 10-5 M and
1.3 x- 10—% M respectively. As the  levels of magnesium are
increased, thereby -increasing the proportion of ADP present as
MgADP, the Ki values drop sharply as the inhibition -with respect
to- 3-phosphoglycerate: (Ki = 1.2 x 10—s M) becones - ‘more
competitive,  and that versus ATP (Ki =_1.3 X 10—5 M) becones

completely competitive.

While the ADP inhibition follous the same basic pattern in
the three other phosphoglycerate kinases, the order of magnitude
of the 4inhibition constants ‘differs markedly. - The-molting
muscle and ‘hypodermal enzymes as -well -as the intermolt
hypodermal enzyme show a Ki value of 2 'x 10-* N for the
completeiy competitive ‘MgADP versus ATP inhibition. This -value
is ten times that for the intermclt muscle enzyme. The MgADP Ki
versus 3-phosphoglycerate is raised to 1.8 x 10—* M fron
102 x 10—5 M, another ten fold change. The inhibition constants
for ADP are also increased, ‘though not as markedly -(Table 5).
While the interactions between MgADP, ATP, and 3-phosphogly-
cerate are muchwthe same for these three enzymes, the  intermolt
hypodermal enzyme is least sensitive to ADP inhibition. All
three ehzymeS‘aré'“an rorder of magnitude. 1less -sensitive~lto

inhibition by ADP orAﬁgADP than the intermolt muscle enzyme.

The other competitive interactions are summarized in Table



81

6+ In all four forms, AMP is inhibiiory ~only with ATP.  For
ﬁolting mnuscle, intermclt and mclting hypodermis, thé-Ki-values
are much the same, 2.15-2.5 mlM. . ‘The intermolt muscle enzyme
differs, ~having -a- Ki for AMP'of:7,6 nM. - In-all- four enzymes,
2;3—diphosphdglycérate*is'competitive'with"both ATP and 3-phos-
phoglyceraté., The Ki versus 3-phosphoglycerate is much-the same
for 511 forms, ‘and ranges-fromv1.93=fq 2.3 'mM. 1Intermolt muscle
and - hypodermis as - well 'as moltin& -muscle phosphoglycerate
kinases showed a 2,3'diphosphoglyce;ate versuS'ATPlKi:ofmu.3 to
5.0 mn, vhile  the molting hypodermal enzyme showed a Ki versus
ATP of 16 mM. CaCl2 inhibition is competitive with 3-phospho-
glycerate, probably‘fdue -to - the - formation- of ‘an unreactive
Cat+-3-phosphoglycerate complex. -The Ki for the-interaction of
calcium with 3-phosphoglycerate is an order of magnitude lower
than the Ki for its interaction with magnesium- or -~ ATP. - In
contrast to the other enzymes, the intermolt muscie enzyme shows
a strong, non-linear response to calcium inhibition versus
magnesium, but -does not show much interaction between calcium

and 3-phosphoglycerate,

The differing ATP affinities and ADP/MgADP sensitivities of
these various phosphoglycerate kinases may affect the poise of
the  reaction 'system in vivo. Iﬁ~ order to - check  : this
possibiiity, I measureédthe~levels of ATP; 3-phosphoglycerate,
ADP, and 1,3 diphosphoglyéerate in -muscle and -hypodermis of
freshmolt and intermolt animals (Table 7). As mentioned in‘the

methods, these values do not <zrepresent resting values, since



‘Table 6

' K, values for AMP, 2,3 DPG and CaCl

2

Ki values were determined from Dixon plots. Assay conditions are described in Materials and

Methods. Ki values are expressed ih'mi;limolar units.

Molting Hypodermis

Intermolt‘Muséle Mdlting Mué;le Intermolt Hypodermié
K;, AMP vs ATP 7.6 2.15 2.5 2.3
K;» 2,3 DPG vs P6A 2.0 2.0 2.5 1.93
K., 2,3 DPG vs ATP 4.3 5.0 4.5 16.0
K, CaCl, vs P6A 35.0 2.7 2.3 3.0
K;» CaCl, vs ATP 28.0 24.5 42.0 13.6
K;» CaCl, vs MgCl, Parabolic 24.0 43.0 13.6

8
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Table 7

Mass Action Ratios from Intermolt and Freshmolt“Tissﬁes.

" Each value represents the mean of at least three tissue samples from
each animal. Metabolite measurements in each sample were made in

duplicate. Metabolite concentrations expressed as uMoles/gm fresh weight.

PR

: "‘1 - _ATP x 3-phosphoglycerate . 7* has been calculated using
~~ _ADP x 1,3 diphosphoglycerate ‘ ' » '
' resting ATP/ADP ratios frém Beis and Newsholme‘(1975).
Tissue Ahimal-v ATP ADP 3-phospho~- . - 1,3 diphosph§4v.. - . -
number : _ glycerate .- glycerate _ —] -] L
Freshmolt ' o ' « - o
musele . 1 1.69 .49 .233 0697 - 12.62  25.2
— 2 1.68  .206  .103 045 18.8 ~ 18.8
— 3 3.4 .383  .158 L0726 17.8  17.8
Freshmolt . ». : ' » S . N - :
hypodermis 1 2.33 . .835  ,2827 .0304 - 26.03. 52.06
— 2 1794 .381 L2369 . .0467 ©23.87  47.7
— 3 3.279  .428  .278 033 6h.64  64.64
Intermolt o : o ' '
muscle 4 -1.986 . 837" .1364 - €l0134 24,17 74
— 5 . 3.196 .831  .1571 0277 . 2181  43.62 .
—_ 6 ©1.939 .531  .1542 - .0603 - 9.34  18.7
Intermolt : i. K a e ’ : '
hypodermis ' 4 .3.04 +335 ° .3848 . . (0427 :51.27  75.42
C— 5 2,298 . .4933  .219 . .033 31.05  6l.1

C— 6 136 .32 74 L0365 20.22 40.44
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amputation of legs could not be achieved without sonme resistance
by these 1large -and mobile animals. The mass action ratios
{7=ATP 3PGA/1,3 DPG' ADP) derived from the concentrations were
smaller than the equilibrium Qalue~of 1200-2000 (Rose -§&- ¥§arms,
1970; Krietsch 8=Bucher,'1970).3 If the values are recailculated
using the ATP:ADP ratios characteristic of resting muscle  (Beis
& -"Newsholme, - "1975),, they bscome somewhat higher and -closer to
the equilibrium value (Table 7). However, in 'any:-éne ‘animal,
the muscle ratiOS'are always smaller ‘than the hypodermal ratios.
Generally, -these  mass action' ratios are near the borderline
between equilibrium and non-equilibrium reactions (7/Keq = 0.05)
defined by ~Rolleston - -(1972), with 'the muscle values lying
further from equilibrium. _ Thus, none of these enzymes fall
definitely within the rate 1limiting cateqgory  occupied by

pyruvate kinase and phosphofructokinase.

‘All the tissue samples contained measurable, but low values
of 1,3 diphosphoglycerate. The levels w2re near-the lower limit
of spectrophotometric sensitivity, so the percentage‘éccuracy is
lou.. The levels of 3-phosphoglycerate were also low. For the
mass action‘ratios t0 approach eguilibrium, the levels of 1,3
@iphosphdglycerate ‘would need to be 50-100 fold -lower, or the
ievels of 3—phosphoglycerate-cdnsiderably higher.-~1Then-ratios
from 'the‘muscle“of intermolt ctabs show considerable variation,

making ‘precise conclusions of the in vivo role ‘of -the -enzyme

difficult. - While neither the muscle nor the hypodermal enzymes
show a mass action 'ratio- far removed - from - eguilibrium,
generally, ‘the hjpodermal enzymes show mass action ratios which

lie nearer to the equilibrium constant.
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DISCUSSION

‘One concept of considerable metabolic significance emerges
from- these - data. 'Hypodermal"phosphoglycerate kinase 1is
kinetically ‘modified for  gluconeogenic function in distinct
contrast  to the intermolt muscle enzyme. The previously studied
phosphoglycerate ‘kinases were from yeast and muscle, and their
kxinetics, which are similar - to those of the intermolit muscle

enzyme from ‘Cancer magister, seem to curtail reversal of the

reaction. These enzymes have a higher affinity for MgADP as an
inhibitor than as' a ‘substrate (Krietsch S‘Bﬁcher,‘1970;“5copes,
1973) .. Simultaneously, their affiﬁities for ATP and - 3-phospho-
glycerate are an - order of magnitude lower than their affinity
for MgADF as an -inhibitor. -Physiological .levels of ATP,- ADP,
and MgCl2 are 'well above their respective Km and Ki values,
while 3-phosphoglycerate l2vels are somewhat lower than its Kn
value. By " interacting competitively with the binding of both
MgATP and 3-phosphoglycerate, physiological 1levels of MgADP

would strongly limit the gluconeogenic reaction.

The kinetics of phosphoglyceratevkinases from gluconeogenic
tissues provide a strong contrast to those of the intermolt
nuscle enzyme. ‘Intermolt: hypodermis, which ‘sustains-a continual
basal rate of chitin-synthesis, and the molting hypodermis which
must cope with a ' large gluconeogenic load, - both show ‘phospho-
glycerate  kinases'  considerably’ modified for gluconeogenic
function. The intermolt hypodermal form shares  the sﬁbstrate
affinities of -the “"glycolytic". enzyme, - but has .considerably

increased Ki values for MgADP inhibition versus both substrates.
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Thus, the effectiveness of -product dinhibition is greatly
reduced. ‘The ' molting hypodermal enzyme has both 'a 1low
sensitivity to product inhibition, as well as a significantly
increased affinity  for- ATP. - Thus, in this tissue -where
metabolic flexibility, i.e. | easy reversal of this - reaction,
is- mandatory, the ‘glycclytic orientation of the kinetics of the
intermolt muscle phosphoglycerate kinase has been overcome in
two ways. First there'is a strong increase in ATP affinity, and
second a marked decrease in .sensitivity to ADP and MgADP

inhibition.

In most studies of glycolytic control mechanisms, phospho-
glycerate kinase has been considered -to  catalyze a  near
equilibrium, non-rate -limiting reaction. The mass action--ratios

show that in Cancer magister muscle, the gluconeogenic ~reaction

accounts for between'3 and 8% of the glycolytic reaction, if one
accepts an eguilibfium‘ constant between 1000 and 1500  (Rose &
Warms, 1970).  Thus, the reaction'lies on the borderline bétween
equilibrium and non-equilibrium reactions defined by Rolleston
(1972) as “1/Keq < 0.05. Given no other changes, increased
levels of '‘ADP ' and 1,3 ‘diphosphoglycerate shift the reaction away
from equilibrium and favor the glycclytic reaction by a- mass
action -effect, = Increased 'levels of "ADP, as would -occur during
the'onset:of muscle contraction, would further curtail reversal
by a kinetic effect. -The ‘levels of 1,3 diphosphoglycerate found
in““cruétacean'“tissues are in contrast to the low levels in rat
heart -(Williamson, 1965) “and brain (lowry gt ale., ~-1964;
Rollestqn & ~Newsholme, 1967). However, Rose and Harms (1970),

in a study of érythrocyte glycolysis, have shown that under
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certain 'conditions 1,3 diphosphoglycerate levels reach 110 .uHM,
leading to a substantial drop in the ‘mass action ratio. - Yeast
and ascites tumor-cells have been shown to have -5-20 ..M 1,3 di-
phosphoglycerate (Hess, 18968). -Recently, Edington and coworkers
(1972) ‘have reported- 1,3 diphosphoglycerate levels up to 1-mM in
rat muscle. In-the present-study, ‘all samples had measurable
1,3 diphosphoglycerate: concentrations. - All individuals show
higher mass action ratios in the hypodermis than in the 'muscle,
indicating that  the -+hypodermal system  lies closer to
eguilibrium. ' However, 'since the mass action ratios were subject
to considerable variation -between animals, these differences may
not ke completély~méaningful.~ Furthermore, the precise -position
of‘the equilibrium under physioclogical conditioms -‘is- -unclear,
since ‘Rose and Warms~(1970)‘andiLéadbetter and coworkers (1976)
have shown that the Keq varies with thé Mg*++ ‘level -present in
the ;system. "In‘any‘case;*in both muscle and hypodermis, phos~-
phoglycerate kinase is relatively near equilibrium~ compared to
the - major rate  limiting - enzymes, 'phosphofructokinase -and
§Yruvéte‘kinasew(Newsholme & Start, 1973). 'Since . the- enzymes
invoived in a-possible bypass of the reaction could not be found
in- hypodermiS"(Storéy,-1972) and since the hypodermal reaction
system - lies relatively close ‘to equilibrium, the - -logical
conclusion ‘is~ that  phosphoglycerate kinase is reversed-during
gluconeogenesis. While ‘some phosphoglycerate: kinase  reversal
may ™ occur. 'in the intermolt muscle, the kinetic modifications
found in the enzyme- present in the intermolt and - freshmolt
hypodermis as well -as those found for the freshmolt muscle

enzyme would considerably facilitate reversal of the reaction.
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The kinetics of the ~molting . muscle enzyme -are -rather
intriguing in- view of -‘the potential for gluconeogenesis in
freshmolt muscle." Fructose diphosphatase is present in- muscle

of -freshmolt ' Cancer - magister in 25% of the -levels of

phosphofructokinase (Table-1). -High levels of fructose- diphos-
éhatase ‘ha?e“'ﬁeen “found in the ‘leg muscle of the -arctic king
crab'and the ‘arctic tanner crab {Behrisch, 1971, ‘1972; - Behrisch
8*"J0hnson,”1974y;"BehriSch found these muscle enzymes to -share
the complex regulatory properties of the gill and -hypodermal
enzymes. = Furthermore, - isotopic evidence for gluconeogenesis

from-lactate,alanine; -and "pyruvate has'been found ‘in the ‘muscle

pyruvate carboxylase: and ‘phosphoenclpyruvate carboxykinase in

the muscle of ~molting Cancer bagister make gluconeogenesis at

least feasible. The -increased -kinetic reversibility -of the
molting muscle's phosprhoglycerate kinase is reasonable- in this
context. "However, 'the mass action ratio data"indicate'-no
difference between the poise of freshmolt and intermolt muscle

phosphoglycerate kinases .

The inhibiticn -patterns -of these - crustacean - phospho-
glycerate kinases - are' qualitatively similar'to»those reported
for the 'yeast enzyme (Larsson—-Raznikiewicz & ‘Arvidsson, 1971).
Increasing - magnesium - increases: the effectiveness: of ADP
inhibition, by lowering the Ki values for this nucleotide, and
increasing 'the“”compétitiveness of 1ts interaction with ATP.
These crustacean-enzymes differ from the yeast - enzyme in- that

increasing magnesium also increases the competitivene2ss of the
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interaction between ADP and 3-phosphoglycerate . In-all- tissue
forms,“ AMP is 'competitive only with ATP, again»as in the yeast
enzyme., The inhibition is probably of 1little physiological

significance, as the Ki values are in the millimolar range.

A comparison-‘oftthese~crustacean phosphoglycerate kinases
shows ‘that the forms which have ‘sipilar AMP -affinities also
Share  the Ki~ values for MgADP ‘inhibition versus ATP. - The two
hypédermal and the molting muscle.énzymes sho¥w 'much - the - same
MgADP versus ATP Ki  (see Table 5), and their AMP affinities all
lie near 2.3 mM. ‘The intermolt muscle phosphoglycerate - kinase
shows markedly different values for both of these:constants: the
AMP- Ki is- 7.6 mM, ‘a' three fcld increase over the other forms,
and'the‘MgADP*Ki is 5 x-10-5 M, a four fold decrease.:- These
variations in inhibitor affinities.are‘independent‘ofuthe ATP
affinities, since the two hypodermal forms 'show significantly
different ATP affinities, but the same -'MgADP versus ATP Ki
;alues. ‘ADP must bind to a site which overlaps with the 3-phos-
phoglycerate and the ATP sites. The affinity for adénylate
inhibitors depends - upon variations in this site.- Increasing
magnesium concentrations increase the interaction--of -ADP- with
both - the ‘3-phosphoglycerate- and 'the ATP' sites. These data
support the notion of two nucleotide binding sites  for these
phosphoglycerate~“kinases. The bulk of the literaturz of phos-
phoglycerate kinase supports this binding pattern, on the basis
ofﬁvinitiai velocity“studieS'(Larsson—Raznikienicz,f196a; 1967),
of“essential'sulfhydryl'groups (Erietsch & Bucher, 1970), . and on
the basis of product inhibition studies (lLarsson-Raznikiewicz &

Arvidsson, 1971). However, recent spectroscopic evidence fronm



90

the yeast enzyme (Roustan et al., 1973) indicates only one
nucleotide binding site on the phosphoglycerate kinase active

site.

In contrast with the findings: of Krietsch and Biucher (1970)
in- their study of “the rabbit muscle enzyme, - but in-- - agreement
with' Bojanovski- et al. = (1974) -'and Ponce et al. . (1971),
2,3=diphosphoglycerate is a competitive inhibitor-of these phos-
phoglycerate kinases . The inhibition is more potent versus 3-
phosphoglycerate than "ATP. -  Its -interaction- -with both sites
indicates that it may behave like 1,3 diphosphoglycerate,  the
actual glycolytic 'substrate. In this sense, the crustacean
enzymes must be more flexible or have a rather -‘different  shape

at the active site than the mammalian muscie enzyme.,

‘These crustacean enzymes show-a marked stimulation by NacCl
and KC1, and some inhibition by calcium. Calcium-inhibition was
also found for-the erythrocyte enzyme (Okonkwo et al., 1973).
The - NaCl and KCl- effects ‘are- probably due to-changes in the
solvent structure surrounding the enzyme, rather than to their
direct - participation in the catalysis. ~The Km values for the
KCl activation lie within the intracellular ion concentrations.
Evén though crustacean tissues have higher intracellular sodium
than do 'mammalian "tissues"(Prosser, 1973), ‘fhe ‘intermolt
enzymes?! -Km *valueS' for Naélr~activation tare #ell above this
range. The considerably lower NaCl Km shown by “the- -molting
enzymes -may ~simply  resu1t in additional stimulation - of the
reaction, or it may signify a -different -catalytic- mechanisnm.

Larsson—-Raznikiewicz and Arvidsson (1971) include 0.25 M NaCl in
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all their assays, perhaps for its activating effect.

Unfortunately, - due to problems in stabilizing and further
purifying these crustacean phosphoélycerate kinases, ‘I was - not
able to work out -the exact'moleculérmchanges which accompany the
kinetic differences -between the -tissues. The results do not
facilitate the choice betwsen the. various possible alternatives:
fout gene products, two proteins in varying ratios, -or--one -gene
product subjected to varying degrees of modification in the
cell. 'Hduever;‘they do establish that thesre are at - -least two
kinetically and’ ‘electrophoretically distinct forms in these
crustaceans.  ~“This stands in agreement with work -done -on the
bovine liver ‘enzyme showing it to‘be distinct from-the bovine
muscle enzyme, on electrophoretic and molecular grounds-as well
as in overall orientaticn of kinetics (Bojanovski et al., 1974).
Comparisons 'of mammalian muscle, erythrocyte, and 'ysast enzymes
show distinct kinetic and immunological differences'(Okonkwo et
gi., ©1973). ‘These results all contrast with the observation of
a-lack of kinetic, electrophoretic, or immunological -differences
between phosphoglycerate kinases of rat liver, muscle, and-heart

(Fritz & White,-1974)s In Cancer magister, there are tissue and

molt cycle related differences:in the amounts -and - the - kinetic
properties of the phosphoglycerate kinases present. -Within-this
enzyme system,' ‘two basic alterations of the ‘reaction kinetics
suffice to -transform' ‘the- glycoclytically  poised enzyme:  into
ariother gluconeogenically adapted- form. Aﬁ'increase-in“the ATP
affinity with ‘a concomitant decrease in»the~sénsitivity»wto-VADP
and MgADP- préduCt inhibition make"the-reversal~of»the‘reaction

more feasible. The other affinity differences between the forms
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probably arise as 'a consequence of:these major changes. - Similar
alteraticns of ‘ADP"and ATP affinities will probably-be found in

phosphoglycerate kinases in other gluconeogenic systens.
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Part III

Muscle Pyruvate Kinase

INTRODUCTION

Crustacean muscle  undergoes .considerable changes -with the
molt cycle. "It 'is a highly glycolytic tissue- during the
intermolt portion of the -cycle (Hochachka et al., 1971), and
undoubtedly maintains a high capacity for glycolytic  -generation
of ATP throughout  the premclt and postmolt periods. - With the
onset of premolt, the muscle mass decreases markedly, ~dropping‘
to 60% of the -intermolt mass'~(Skinner, 19606). - In Cancer
magister, the levels of glycolytic enzymes drop, .and the levels
df- gluconeogenic -enzymes rise {Table 1). Thus, the glycolytic
potential of the tissue is considerably reduced,-leading to - the
possibility of 'gluconeogenesis in the muscle of molting Cancer
nagister. Phosphoglycerate kinase from freshmolt nuscle shous
kinetic modifications- - which favor gluconeogenesis, in contrast
to" the wenzyme  from dintermolt muscle. - This- lends —further
ciedepce to the rpossibility- of  gluconeogenesis ;n~fneéhmolt
muscle. The ~fructose diphosphatase present in gggg;i;gggggA
camtchatica muscle-has éomplex~control characteristics which are
suited for‘-funétion~*in~a=gluconebgenic-system‘as ell as in a
highly'élycolytiC“SYStem-( Behrisch,1972; ~Behrisch--6--Johnson,
1974) . Phosphofructokinase from Paralithodes camtchatica -muscle

is - inhibited  ‘by high levels of ATP and -activated by low levels

of AMP (Freed, 1971). These characteristics would allow the
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inhibition of the enzyme during periods of gluconeogenesis, and
then strong activation of ‘the enzyme for glycolysis. ~Thus, the
enzymatic*machinery~which‘has:been examined in crustacean nuscle
has control 'characteristics which ' are 'compatible with some

gluconeogenesis in freshmolt muscle.

- The control- of pyruvate kinase (E;C.~~~u2i7.1.u0) is
important- - under - various - metabolic ' conditions. - - During
glycolysis, it is a 'major rate limiting and thus regulatory site
(Beis & Newsholme, 1975; Williamson, 1965). During -gluconeogen-
esis, when the pyruvate 'kinase- reaction is' reversed -by an
eniymatic bypass (Scrutton & .Utter, 1968), its downhill function
must - be efficiently curtailed. In nammals, -these rather
different control requirements are met by three distinct
pyruvate kinase forms.  The muscle enzyme (M type) is unaffected
by FDP, shows a high affinity for its substrates, and a low
sensitivity to ATP inhibition (Kayne, . 1973; Tanaka 2t al.,
1967) . "The - muscle enzyme is: also sensitive ‘to creatine
phosphate inhibition (Kemp, 1973). The liver 'enzyme (L  type)
shows 'a 'strong - sensitivity to glucose 1,6 diphosphate and FDP
activation, to inhibition by ATP, alanine, «citrate, and- cther
metabolites, -and  low :affinity: for its substrate phosphoenol-
pyruvate (PEP).  "In-contrast to-'the muscle -enzyme, -the--liver
enzyme shows sigmoidal  kinetics-- (Van ‘Berkel- et - al., 1974;
Cardenas ‘& Dyson, 1973; “Tanaka et al., 1967). ‘The-taird form of
mammalian pyruvate kinase, »PreSent in- ‘blood: cells,- kidney,
adipose tissue, 'and fetal tissue is distinguished as the K or M2
type. " This form displays intermediate kinetics,~combining~FbP

activation and sensitivity to inhibitors with hyperbolic
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kinetics (Cardenas et al., 1975; Van Berkel et al., 1973).

'The  pyruvate  ‘kinases 1in tissues of lower vertebrates and
invertebrates face much thé same glyéolytic and ~gluconéogenic
ccntrol - requirements 'as those in' mammalian- tissues, ‘but the
system of enzymes evolved to deal with these needs -has not  been
elucidated. ' - Most -of the available information concerns muscle
enzymes, mény of which .show  allosteric' regulatory -properties.
Generally, these enzymes are regulated by an interplay between
iﬁhibition by ATP, ‘citrate, alanine, . and -various -  other
metabolites, and activation-by-FDP. This pattern holds true for
the enzyme from Rapna pipiens heart, Coryphenoides -  muscle,

o —y

sturgeon muscle, turtle heart, oyster adductor, #ytilus edulis

adductor, rainbow . - trout, - Trematomus, --and -—carp muscle.
_(Flanders, 1971; Mustafa et al.,1971; Randall-& Anderson, 1975;
Storey & Hochachka,-197u; Mustafa & ﬁochachka, 1971; de Zwaan §
Holaerda, 1972; Somero & Hochachka, 1968; ' Johnston, 1975).

Exceptions to ‘the above are -the' muscle -enzymes - from Rapa

pipiens, desert 'locust, Schictoscma mansoni, octopus, -shrimp,

and squid which do not show FDP': activation (Flanders et a

f-

.7

1971; Bailey & 'Walker, 1969; McManus, 1975; Guderley et a

([

.

1976a; Guderley et al., 1976b; Storey & Hochachka, 1975)..

This study of Cancer magister muscle -pyruvate -kinase- had
two major goalsy,' 1) to work out-the regulation of -the enzyme in
intermolt muscle, and 2) to determine whether the enzyme  and/or
the ~pattérni'of "Tegulation ~changes- ‘as -~ the muscle changes in

preparation for molt. This information would elucidate. both the

means by which pyruvate kinase can be regulated during
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glycolysis as well as the feasibility of gluconeogenic flux past

this reaction locus.
METHODS

Preparation-of Pyruvate Kinase

‘Muscle' was- quickly dissectly out of anaesthetized crabs,
freed of any adhering tissue, blotted dry, and weighed. The
‘tissue - was then homogenized - in four -volumes of 50 mM
imidazole-HCl, pH 7.0. The homogenate was centrifuged at 27,000
g for twenty minutes. Solid ammonium sulphate was added with
constant stirring to_ bring the supernatant to 45% saturation.
This mixture was centrifuged at 12,000 g for 10 minutes, then
solid ammonium sulphate was -gradually added, with constant
stirring, to bring --the supernatant to 60% saturation. The
mixture was centrifuged as above, the supernatant discarded, and
the pellet redissolved in a small-volume of 50 mM imidazole—HC1,
3 mM, pH 7.0. In-studies where the properties -of the unpurified
enzyme were' examinéd, ~approximately 4 ml of this preparation
Were dialyzed against two changes of 2 1liters -each of 50 mM

imidazole-HCl, 3 mM EDTA, pH 7.0, for a total period of 3 hours.

When further-purification was desired, it - was acnhieved via
column chromatography on' -cellulose phosphate  or - on- - DEAE
Sephadex. - Celiulose phosphate was pretreated according to
manufacturer'S“'instructions,~'and~’then‘*eguiiibratédv'inv 5 mM
phosphate, 1 mM mercaptoethanocl, pH 7.5. The DEAE Sephadex was

allowed to swell in 50 pM imidazole-HC1l, 3 mM EDTA, 4 mM MgCl2,
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pH- 7.5, and-then equilibrated in the same buffer. -  Depending on
the amount of‘tissue-utiliied, either 2.5 x 15'cm or 2.5 x 30 cm
columns were-used. 'The enzyme extract was prepared for- column
chromatography*by‘dialysis~against“2'changes~of 2 liters -each of
the appropriate'column'buffer.' After abpfoximately three hours
of dialysis, the-enzyme preparation was applied to the- colunn,
followed‘with'SO'mlxof’the-column buffer. ~Then a gradient (0-300

mM KC1 ‘in‘;the‘columh~bufféry~ﬁas applied'éo the column. For
the small céldmh,’BOO ml of gradient were used, for the 1larger
column, 500 ml were used. The»cellulbse phosphate columns were
eluted at 35 ml/hour; while -the - DEAE 'SephadeX’“columnsf Were
eluted at 20 'ml/hour.: AThe 1.5 ml fractions were checked for
enzyme activity, protein, and -conductivity. When - either of
these  columns was -used, a purification of 800 to 1000-fold was
attained, leading to a specific aétivity of -100 -units/ ng
protein. The - peak fractions ‘were concentratead by

ultrafiltration in an Amicon cell.

-w~--Pyrﬁvate'kinaSe'activity~ ¥as - measured according to the
method of Bicher and Pfleiderer {(1955) which couplés pyruvate
formation to the decrease in optical density -at 340 -angstrons
throuéh the lactate dehydrogenase reaction. All standard assays
included ‘PEP, ADP, KCl, MgCl2, NADH, and excess lactate  dehydro-
genase vin the - ‘concentrations  shown in the- figure-leQends.

Kinetic studies were done at 20 °C, using imidazole buffers.

Pyruvate kinase activity in the direction of phosphoenol-



pyruvate formation was measured -according to Dyson: et al.
(1975)._ Standard assays included  ATP, MgCl2, KCl, pyruvate,
KHCO3, - NADH, -excess  malate dehydrogenase, and excess peanut
phosphoencipyruvate~’carboxylase.~ "The activity due--to the
reversal of pyruvate- kinase was determined by subtracting the
two controls, one without pyruvate kinase and one without PEP
carboxylase. ' These = studies - were -~ done ‘at- 20 ©°C using
imidazole~HCl buffered to-pH 7.5+ Considerable care was' taken
during measurements of the reversal of pyruvate kinase -to remove

all traces of lactate dehydrogenase from the cuvettes.

RESULTS

Elsctrophoresis and Isoelectrofocusing

Extensive ‘electrdphoreticr ccmparison of the intermolt
muscle pyruvate-kinase'with the enzyme from the freshmolt muscle
revealed no consistent differences. O0f forty gels, five  showed
a slightly faster migration for the freshmolt muscle enzyme and
two showed a slightly faster migration for the intermolt nmuscle
enzyme,  ~Thus, 'in ‘the majority of <cases,  the -molting and
intermolt muscle pyruvate kinase showed  identical ~migration.
Several different -migration systems were used to test -out the
vaiioﬁs possibilities*completely « Since no kinetic differences
{see below)'wére”found-even ‘with -those enzymes -which -showed
slightly.different migration patterns, it is probable that these
slight differences- represent -allelic differences which-doc not
affect ‘the catalytic characteristics of the muscle enzyme. The

experimental animals were a random sample of the natural
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population and some phenotypic variation between individuals 1is

not surprising. '

~Isoelectrofocusing also also failed to reveal differences
between thebintermolt~§nd the freshmolt muscle ‘enzymes.- - After
the 45 to 60% ammoniunm sulphate fractionation, each enzyme was
focused on a 3-10"pH gradient as well as a 5-8 pH gradient. In
all cases, a pI of 6.4 't 0.05 was found.  Thus, I concluded that
the pyruvate kinases in-intermolt and freshmolt muscle had much
the same overall charge and were probably the sanme profein.

Catalytic apd Requlatory Propertises

Y

~Kinetic analyses were ca:ried'out with ammonium sulphate
fractions and purified pyruvate ‘kinases frem both freshmolt and
iniermolt muscle. Since +the results showed <close agqreement
between the various vpreparations, only one set of -information
will be presented. The close agreement of the kinetic results
supported the conclusion that only one form of pyruvate kinase

is present in the muscle throughout the molt cycle.

In common with  other- pyruvate- kinases, the crustacean
muscle enzyme’ requiresd both-almonovalent and a divalent cation
for - activity (Kayne, 1973). Both K+ and NH4+ were good
activators. ' The enzyme had a  higher affinity for NH4+
(Ka = 5 mM) thanfor K+ (Ka = 15 mM), but 'showed a -two-fold
higher 'vﬁax “with K+ ‘than "with ~NH4+, ~Similarly, the enzynme
showed a higher affinity for Mn++ (Ka = 0.15 mM) than for - Mg++
(Ka = 0.6 mM), but showed  a 1lower maximal velocity with Mn++

{50% of that with Mg+**+). Na¥* was inhibitory in the presence of
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optimal K+, but produced a slight activation in the absence of
K+ (Ka = 60 mM). 'Calcium inhibited the reaction and -showed a
competitive interaction with both Mg*+ (Ki = 0.1 mM) and ADP
(Ki = 0.7 mM). Calcium: was less effective as an inhibitor
versus Mn*+ - (Ki = 0.66 mM) than Mg++, - This decrease in
sensitivity was not-as pronounced fasA that 'shown by pyruvate

1975).

o o = ’

kinase from Mytilus edulis adductor (de Zwaan et al.

The pH optimum for Cancer magister muscle pyruvate kinase was pH

7.0.

Substrate Affinities

“Substrate saturation curves for both PEP and ADP followed
Michaelis-Menten behavior. The affinity for PEP was high, with
Ko vélues ranging“froml7 X 10-5 M to 1.1 x 10—¢ M. - The only
difference between'molting and intermolt pyruvate kinases lay in
this® paramter, the molting muscle enzyme usually showed a higher
affinity for PEP (Km values between 8 x 10—5 M and 1.0 x 10—=% N)
than the intermolt muscle enzyme (Km values between 9.0-x 105 Y
and 1.1 x-10—% M). However, there was considerable overlay in
these Km ‘'values: The ADP affinities showed much less variation;
they ranged from 0.23 m# to 0.29 mM, for both the intermolt and
the freshmolt enzyme.  Substrate affinities were measured in the
presehce"of' 4--mM MgCl2 and 75 mM KC1l in 50 mM-imidazole-cl, pH
7:0. The affinity for each suhstrate'~wa5“'independent -of
variatiohé~ in' "the 1levels ~of’cosubStrate, indicating a random
binding mechanism.  UDP, IDP, and GDP all served as -nucleotide
substrates, but: - with - substantially reduced effectiveness

compared to ADP (Table 8).
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Nucleotide diphosphate acceptability,

" Nucleotide diphosphate

TABLE 8§

Ky

0.2
0.8
1.0

1.5

3 mM

mM

mM

max

100%

63%

. 50%

55%
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Activators.

v~ In common with many other -invertebrate - -muscle .  pyruvate
kinases, ‘the enzyme was activated by low levels of fructose 1,6
diphoSphate {Ka = 2 x 10—S M).: The 'major effect of -FDP -~was to
facilitate the binding of PEP, 0.05 mM FDP reduced the PEP-Km
from 8.5 x 10— M to 4.5 xv10f5 M.+ FDP: - also:. -reversed - the
inhibition -caused by MgATP, probably 'via its effect on the
enzyme?!s affinity for PEP:- (Figure 7). ‘In freshly - prepared
homogenates, . and ‘in -ammonium sulphatevfractions,~glucosamine-6‘
phosphate, UDP-acetylglucosamine -and FDP were egqually ‘good
activators. - However,_ with- the purified- enzyme, only FDP
remained a strong activator, while glucosamine-6-phosphate and
UDPAG showed a decreased capacity to reverse ATP inhibition- (see

Tables 9, p. 114).

Inhibitors

As mentioned above, MgATP is an inhibitor of this
crustacean muscle enzyme. MJATP showed the same- effectiveness
és* an inhibitor of- the pﬁrified and unpurified enzymes. In
comparison with ‘previously studied muscle pyruvate kinases, this
muscle enzyme-is  quite -'sensitive - to HgATP inhibition. - The
inhibition -versus. PEP was -competitive 'with a Ki of 1.8 nHM
(Figure 8) while that versus ADP 'was non-competitive and- -showed
a " "Ki of 5 mM (Figure ' 9). The enzyme  showed - much - lower
sensitivity-to'the other nucleotide triphosphates (MgUTP, MgITP,
and-MgGT?) than to MgATP. Arginine phosphate plays an important

role as the storage phosphagen in crustacean nmuscles (Beis &
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1/PEP x10%

Fig, 7. Effect of MgATP and FDP on .PEP affinitf of C. magistéf muééle.
éjruvate kinase. All experiments were pefformed in 50 mM
imidazole-Cl, pH 7.0 with 75 mM KC1, 5 mM MgCl,, 1.2 mM ADP,

0.1 mM NADH, and excess lactate dehydrogenase. (0) in the présence
_éf'z mM MgATP; (@) in the presenée of 2 mM MgATP and 0.5 mM FDP;

(A) control; (A) in the presence of 0.5 mM FDP.

'
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1/PEP x 10%

Fig. 8. MgATP inhibition, effect on PEP affinity. Experimental conditions
.~ were as given in the legend for Figure 7. Treatments are as

follows: (0O) 5 mM MgATP; (@) 2.5 mM MgATP; (A) control. S
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A4
1/ADP x 10
Fig. 9, MgATP inhibition, effect on ADP affinity. _Experimental cohditions

are as in Figure 7 except that PEP was held constant at 2 mM and

ADP was varied. (A) 5 mM MgATP; (@) 2.5 mM MGATP; (O) control.
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Newsholme, - 1975), 'so I checked for its effect on the pyruvate
kinase reaction. Physioclogical ‘levels 'of arginine -phosphate
substantially " reduced enzyme activity. Arginine phosphate was
competitive with the‘enzymerfof ADP: (Ki =-2.8 mM) - (Figure - 10),
as - well as partially ‘hindering the binding of PEP  (Ki = 11 nk)
iFigure 11). "While FDP reversed the inhibition due to ATP, it
did not reverse that due to arginine phosphate. Arginine
phosphate inhibition was not due to ATP formation by arginine

phosphokinase.

A variety of metabolites, including amino acids, glycolytic
and - Krebs cycle intermediates have been imp;icated in the
control of pyruvate kinase from various tissues. In order to
see  which, 1if  any, intracellular compounds -could further
modulate the activity of - this muscle enzyme, - the- following
cbmpcunds were ‘tested at the levels shown 'in brackets: taurine
(1 =5 mM), arginine (1-5 mM), -alanine (2, 5, 10, and. 20 nM),
phenylalanine - (1, 3, and 20 nmM), glutamate - (5 mM), proline
(5 mM), valine - {5 mM), asparagine (5 mM), aspartate _(S'mﬁ),
leucine (10 mM),  histidine - (10 mM), lysine (10 nH), cysteine
{10 mM), glycine (10 nM), glutamine (10 mM), methionine (10 mM),
isoleucine (10 mM), threonine (10 mM), serine (10~mM and 20 mM),
3-PGA ‘(1mM), -AMP' (1-4 nM), tryptophan (1-5 M), 7acety1 CoA
(1'x10-% M), fructose-6-phosphate - (0.5 mW), glucose-6-phosphate
(1 mM), ©NADH- - (0.05-0.2 mM), cyclic AMP (0.05 mM), Mg2citrate
{1-5 mﬂ);.ﬂg—malate’ (1-5‘mM),- K —-ketoglutarate (1-5-mM),-
«—-glycerolphosphate (1-5 mM), oxaloacetate (0.01-0.6 mM), 2,3
diphosphoglycerate (1 mM), and CoA (0.1 -0.8 mM). - These  tests

were run both at saturating and Km levels of substrates, and
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1/ADP x 104

Fig. !0.‘ Arginine phosphate inhibition, effect on ADP affinity. Experimental
conditions are as in Figure 9. (@) 2 mM arginine phosphate; j

(0) 1.2 mM arginine phosphate; and (4) cdntrol.
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control.

1/PEP x 104

Fig. 11, Arginine phosphate inhibition, effect on PEP affinity. The experi-
mental conditions are those given in Figure 7. (@) 4 mM arginine

phosphate; (0) 2 mM arginine phosphate; and (A) control.
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were ~carried -out -with- purified enzymes. Alanine, 'valine,
serine, ‘tryptophan, Mg2citrate, Mg—-malate, —katoglutarate, andb
o¢=glycerolphosphate affected enzyme-activity,-althouqh-none of
these was as potent as MgATP or arginine phosphate. -Alanine and
serine both showed’mixed‘compétitive inhibition versus PEP, with
Ki- values around 30 mM. - Valine demonstrated oniy -a weak,
non—competitive -inhibition. - Tryptophan was competitive with ADP
(Figure 12) and showed a - Ki of»b1;5 mM. & —~glycerolphosphate
showed competitive'»inhibition with both ‘ADP and PEP,  however,
the~Ki values were well-outside the physiological range'for'thiS'

compcund (Ki versus PEP = 20 mM; Ki versus ADP = 40 nM) ..

The inhibition -due to - the -tricarboxylic acid - cycle
intermediates was more complex than that due to any of the above
inhibitors. Malate, tested ‘as Mg-malate to avoid chelation
effects, showed competitive inhibition versus both substrates
{(Ki versus PEP =5 mM; Ki versus ADP = 17 mM). Kinetic plots
for malate inhibitiog-were linear, except in the region of high
malate and low substrate concentrations (Figure ‘13). Inhibition
by = -ketoglutarate - showed - -similar - kinetics - but  1its
efféctiveness was lower (Kiversus PEP of 8 mM; Ki versus- ADP of
15 mM) +  For neither malate nor «-ketoglutarate was there any

indication in "the kinetics that the inhibitor was complexing

with the  substrates.  With citrate as- an- inhibitor,: the
deviations ' from - -linearity became more - pronounced. - Both
Mg=citrate ~and “Mg2citrate ~were tested - as -inhibitors.- - The

kinetics -of -Mg=citrate inhibition indicated that the inhibitor
was ‘complexing with both ADP and PEP.  In  this- case, the

inhibition showed both curved Lineweaver—Burk piots and curved
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[Tryptophan] mm

412. Dixon plot'of'tryptophan inhibition. All experiments were performed

{

‘at 20°C in 50 mM imidazole-Cl, pH 7.0, -75 mM KCl, 0.12 mM NADH,
4 mM Mgclz, and excess lactate dehydrogenase. (4) 0.12 mM ADP,
1.0 mM PEP; (@) 0.2 mM ADP, 1.0 mM PEP; (0) 1.2 mM ADP, 0.1 mM PEP;

and (A) 1.2 mM ADP -and 1.0 mM PEP.
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o4

Mg-Malate mM

Fig. 13. Dixon plot of Mg-malate inhibition., Experimental conditions
are given in the legend to Figure 12, (0) 2 mM PEP and 0.12 mM ADP;
(8) 2 mM PEP and 0.2 mM ADP; (p) 0.12 mM PEP and 2 mM ADP; (A) 0.2 mM

PEP and 2 mM ADP; and (0 ) 2 mM PEP and 2 mM ADP.
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Dixon plots. - Mg2citrate ‘kinetics did not' produce -curved
Lineweaver<Burk plots, but Dixon-plots of Mg2citrate inhibition
versus PEP still -showed curved lines (Figure - 14) .- According to
Webb {1963), this is ‘an indication ‘that more than one molecule
of citrate is affecting PEP -binding. Inhibition- versus ADP
indicated simple "linear kinetics with a Ki-of 27 mM. A gauge of
Mg2citrate?s effectiveness as an inhibitor lies -in- these
figures: 5 mM Mg2citrate causas'23% inhibition, 20 mM Ng2citrate

causes 50% inhibition.

Table 9 allows a -ccmparison of the effectiveness of these
varioué, inhibiiors,:added singly or in concert, -on the activity
of the purified enzymé.at Km levels of both substrates.:. Since,
in  this «case, the' Km values are reasonable approximations of
physiological levels of both PEP and "ADP, ‘this -allows evaluation

of the activity of the enzyme in-vivo. From this table it -can

be 'seen that the inhibition due to ATP was additive -with that
caused by arginine phosphate. Furthermore, the inhibition due
to the ‘Krebs-cycle intermediates was additive with that due to
MgATP ‘and arginine phbsphate.v However, the effective levels of

citrate, 'malate; and & -ketoglutarate were well above those to

be expected in the cytorlasm.

‘;~“Recent'work~vith rabbit muscle pyruvate kinase -indicates
that “the  reversal of the -'reaction is feasible in the tissue
(Dyson et al., "1975; Giles et al., 1975), and ‘that this reversai
may*accountwfor‘préviouslyvmeasured rates of -glycogen -synthesis
from-lactate in frog and rabbit muscle (Bendall & Taylor, 1970). .

There 1is some evidence that crustacean muscle has an increased
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' ‘MgsCitrate mM

~Fig. - 14, Dixon plot of Mgzcitrat_e inhibition. Experimental corid'it;'ions‘ are
. given in the legend to Figuré 12. (®) 2 mM PEP nad 0.12 mM ADP;
(A) 2 mM PEP and 0.2 mM ADP; (O) 0.12 mM PEP and 2 mM ADP;

(A) 0.2 mM PEP and 2 mM ADP; ({J) 2 mM PEP and 2 mM ADP,
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TABLE 9

Effectiveness of activators_ahd inhibitors.

All experiments except the last two were done with 2 x 10 4M PEP,
2 x 10 4M ADP, 75 mM KC1, 1 x 10 4M NADH, 4 mM Mgcl ’ w1th excess lactate
dehydrogenase (Sigma) in 50 mM imidazole-Cl, pH 7.0. 'The last two were the
" same except for a PEP concentration of 4 x 10 SM and an ADP~concen£fetion
. of,27mM. Act1v1ty was measured as AOD340/min. All values are the'meen of

three determinatlons.

Treatment ' o % Control‘
Control = ' ' . ~ 100
5 1M MgATP ' e o a7
5 mM MgATP + 0.05 mM FDP . ' . 58
5 mM MgUTP E : S 94
U5 mM arginine phoéphate v L .72
5 mM arginine phosphate + 0.0S'mM;FDP o 72
-10 mM arginine phosphate =~ e ._: 57
©.5 mM Mgzcitrete S o . 78
5 mM Mg,citrate + 0.05 mM FDP | i .18
5 mM a-ketoglutarate - - B 80
5 mM Mg-malate TR ' ' - 80
1 mM tryptophan | o 93
5 mM a-glycerol- phosphate ' ' 88
.SpmM MgATP + 5 mM arginine phosphate ) 27
‘SAmM MgATP + 5 mM Mg2c1trate 35
5 mM MgATP + 5 mM ketoglutarate . 33
S mM MgATP + 5 mM ketoglutarate + . 1
- 5 mM Mg2c1trate - 27
5 mM MgATP + 5 mM ketoglutarate + :
5 mM Mgzc1trate + 5 mM arginine phosphate - 18
5 x10 SM acetylCoA : A ' - 102
‘1 x 10 4M UDP-acetyl glucosamine : VA' 116

5 x 10"°M FpP. : ' 130
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gluconeogenic potential -<compared to other invertebrate and
vertebrate muscle; However, the kinetic ‘characteristics of this
muscle pyruvate kinase would not permit appreciable_flux through
the ‘low ‘levels of ‘the bypass enzymes. An effective reversal of
the reaction might - significantly -augment : gluconeogenic -flux.
Measurements of the reverse reaction (results shown ‘in -Table 10)
indicate that' at saturating pyruvate (10 'mM) and at -saturating
MgATP- (2 mlM), the maximal velocity of the-reactioh did -not- rise

above 0.5% of the maximal velocity of the forward reaction.

Recent work- with rat 1liver pyruvate kinase showed that
alanine and ATP, which are both allosteric inhibitors, stabilize
the enzyme against thermal -denaturation (Van Berkel et al.,
5975)s, Since the 1isocelactric point: and the electrophoretic
mobility of this crustacean muscle enzyme are more like those of
the mammalian liver enzyme than the other mammalian forms, and
sincé a variety of metabolites affect' the activity of the
enzyme, I characterized the thermal denaturation behavior of the
purified enzyme-(Figﬁre 15). In contrast to the behavior of the
mammalian li&er enzyme, ATP accelerated the denaturation of - the
enzymé; This*-occurreq when the enzyme was incubated -with ATP
alone, as well as with ATP and possible ' protectants -like ADP,
PEP, and FDP. ""Close examination of the denaturation curves
indicétes that in the first 15 minutes, 'the presence -of PEP,
ADP, -and - FDP' ' 'in -combination,  prevented - the accelerated
denaturation caused by ATP. However, after 20 —minutes,  this
combination  followed the same  pattern -as all the other ATP
containing incubations. Since alanine is only a weak .inhibitor,

I did not test its effect on the denaturation.
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TABLE 10

Pyruvate kinase reversal.

Tﬁe velocity of the reverse reécﬁion is expréséed in AOD340/20,minutes,
The Vmax(forward) for the identical quantity.of enzyme proteln used in the
reversal experlments was 8.0 AOD34O/m1nute. All values are the mean of at
least three determinations, and were the difference between the reaction
grate in the presence of all substrates, pyruvate klnase, PEP carboxylase
and malate dehydrogenase and the sum of the rate shown by the two controls.
The controls were (1) substrates and pyruvate ‘kinase alone as well as
(2) substrates and coupling enzymes (PEP carboxylase and malate'dehyd:ogenase).

All reaction mixtures contained’' 75 mM KC1l excépt where indicated.

A VA

max(forwardf
2 mM pyruvate . ‘ 0.6 ‘ ,‘0,00375‘
2 mM MgATP '
4 mM MgATP . 0.5 ~0.0031
2 mM pyruvate | L
‘2 mM MgATP . 0.8 0.005
10 mM pyruvate - ] - - | - ' .
4 mM MgATP B 0.6 ~ 0.00375
10 mM pyruvate
2 mM MgATP -~ 0.02 '0.000125
10 mM pyruvate -
- XC1
2. mM ATP » 0.03 ~ 0.0001875

10 mM pyruvate
-Mg
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Figure 15

20 . 40 60 80

Denaturation Time in Minutes
Tﬁéfﬁél'dedafufafion of C. magister muscle'pyruvate‘kinasef

. o o . .
Experiments were run at 40 C under the indicated incubation con=-

" ditions. Enzyme activity was measured. under saturating conditions

of substrates and cofactors. (®) control; (< ) 4 mM MgCl, and

4 mM ATP; (A) 0.1 mM FDP; (@) 0.1 mM FDP, 4 mM ATP, and 4 mM MgCl,;

(B) 2 mM PEP; (O) 2 mM ADP and 2 mM PEP; (4) 2 mM.ADP, 2 mM PEP,

" and 0.1 mM FDP; (O) 2 mM ADP, 2 mM PEP, 0.1 mM FDP, 4 mM MgCl,,

and 4 mM ATP; (X) 75 mM KCl.
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DISCUSSION

‘Although' crustacean: muscle -'goes through -rather marked
metabolic changes 'as ‘the: animal goes through the molt cycle,
these changes are not reflected by changes -in the -isozyme of

pyruvate ‘kinase present in +the +tissue.: ‘The pyruvate kinase

which is found in the muscle of -Cancer magister - has - complex
regulatory properties vwhich would allow careful moduiaticn of
its activity under a variety of metabolic conditions.- Although
it is subject to allosteric inhibition, it - does not show
cooperativity of 'substrate binding. = 1Its high -affinity - for
substrates, high' sensitivity to inhibition, as well as its
activaﬁion‘by FDP, make the kinetic <characteristics -of  the
eniYme similar to those of the mammalian- M2 or K type pyruvate
kinase (Van Berkel et al., 1973a). However, this muscle ' enzynme
showed no indication of thewEDTA,.Mg*+, or -FDP induced changes
in conformation which ‘have been found for mammalian- M2 enzyme
(Pogson, 1968; Van Berkel, 1974) and is more sensitive to-  MgATP

inhibition than the mammalian M2 enzyme (VanBerkel, 1974).

-In vivo this muscle enzyme is probably regulated primarily
by ATP, arginine phosphate, and FDP levels. 1In chab-and-lobster
muscle, 'resting ATP levels are between 4 and 6 md (Freed, 1971;
Beis & Newsholme, 1975). Arginine phosphate levels as- high -as
33 nM- have- been‘jmeasured in- lobster muscle  (Beis & Newsholnme,
1975) . . These"valués are considerably above the respective ki
values for the two inhibitors. 'Gonsidefing that PEP levels are

probably below the Km value, and that ADP levels are-near the Knm

value (Beis ¢ Newsholmé, 1975), these high 1levels of ATP and
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arginine phosphate would: 1lead to a strong ‘inhibition of the
énzyme in resting muscle. " If‘any-gluconeogénesis were- to -occur
in' muscle, it would logically cccur when the muscle-is at rest.
As the muscle is "activated  and ' contraction  begins, -ATP ‘is
hydrolyzed to  ADP - and ‘inorganic phosphate. -fhe-ADP is then
reconverted to ATP-by the actiop of arginine phosphokinase and
argininé phosphate - levels drop. Such: a drop: -in- -arginine
phosphate would serve to deinhibit'the pyruvate kinase reaction.
Further deinhibition- would come through - FDP ' activation. - This
would serve as é'feed—foruard~mechanism whereby increased levels
of aﬁ early glycolytic intermediate serve- to increase flux
through a later rate limiting glycolytic reaction. -Since FDP is
one of the major‘activators of phosphofructokinase - {(Tornheim &
Lowenstein, ' 1975), fhis mechanism serves ' to integrate flﬁx
through the two portions of glycolysis. Further inteqgration is
achieved throughl adenylate - coupling, and dinhibition by high

levels of the storage phosphagen and ATP.

Citrate, - malate,  and o -ketoglutarate may piay some
reqgulatory role in vivo. However, the effectivevlevels»éf these
combdunds areunlikely to occur in this mainly glycolytic tissue
(Hochachka et -al., 1971; Freed, 1971; Wiliiamson, 1965;
Williamson et al., 1969). —Any effects which would -‘occur -would
ﬁave "the  general effect of moderating pyruvate kinase-activity
at-times of high- ‘Krebs  cycle flux. - This -would -prevent an
Qvershoot.'of prruvaté and ‘eventually a;étyl Cod ‘formation.
Similarly, an-effect by <x-g1ycehclphosphate would -occur  very

rarely, and-then only:  in situations of extreme anaerobiosis when

the tissue has 1lost the capacity to balance iedox through the
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lactate dehydrogenase reaction. In this context, the oxidation
of ol-glycerolphosphate by tissue ‘homogenates from various

organs of ggmharus~‘affinis is -of interest ' (Keller, 1965).

However, there "was: -no indication of ~utilization of this
substrate by muscle, 'since -muscle homogenates ‘showed © no
measurable oxygen -‘uptake - (Keller, 1965). Tryptophan levels in
crusiacean muséle”are low (Schoffeniels & Gilles, 1970), - and
there~ is no evidence of fluctuations which are correlated with
ehergy metabolism. ~Its efficiency as an inhibitor is -probably
based - on a structural similarity with ADP. ~The mixed
competitive inhibition which both alanine and- serine- evidence
toward PEP is probably of small physiological significance since

large fluctuations would be needed for an effect.

~The reversal -of the muscle- pyruvate kinase from Cancer
magister amounted to -less than 0.5% of the forward reaction at
saturating levels of pyruvate (10 mM) --and ATP (2 mM). ATP
levels lie between - 4 and 6 mM in 1resting nmuscle (Beis §
Newsholme, 1975), and at- these concentrations ATP slightly
inhibited the reversal of the reaction. Pyruvate levels rarely
rise- above 0.1 mM in' either  crustacean' or mammalian muscle
(Hochachka gt al. ~~,1971; Freed, 1971; Williamson, 1565), -and
thus ‘approach- only 1% of ths ‘levels needéd~ior saturation.
iherefore it“is ﬁhiike1y that the reversal-approaches more than
0.005% of - the forward reaction rate. The rabbit muscle enzyne
showed a reverse-reaction with similar optimal conditions -which
amounted to 5% of the forward rate (Dyson et al., 1975; Giles et
é;.;‘ 1975). Since the levels of pyruvate kinase -in mammalian

muscle are high, pyruvate kinase reversal may account for the
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gluconeogenesis - which has been observed in rabbit muscle
(Bendall & Taylor, 1970).  However, it seems unlikely -that
giuconeogenesis--occurS‘ via ~+this 'route in crustacean muscle.

Intermolt muscle in Cancer magister lacks a functional enzymatic

bypass for the pyruvate kinase reaction. -While freshmolt muscle
has both pyruvate carboxylase and  phosphoenolpyruvate - carboxy-
kinase {(Table 1), the levels are low compared to pyruvate kinase
levels, ~Pyruvate carboxylase exhibits optimal activity at 2 mM
pyruvate (Ashmanggg-g;., 1972);-hencé its function is feasible
under physiological- conditions.: However, for- any net
glucongeogenic catbon~flux to occut, the pyruvate kinase reaction
nust be inhibited to less than 0.2% of ~its~~maximal»»ac£ivity.
Since 5 mM 'ATP and- S‘mM arginine phosphate only inhibit the
enzyne by 73%, gluconeogenic flux through this reaction locus is

unlikely.
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Part 1IV.

Hypodermal Pyruvate Kinase

INTRODUCTION

"As outlined ‘before, the hypodermis is - -most - <closely
associated with the'pioduction of the new exoskeleton. During
the -early postmoli - period, the hypodermis-  carries - out
considerable gluccneogenesis for chitin synthesis. -High rates
of carbohydrate-oxidation support this biosynthetic activity
{Speck & Urich, - 1971; -Speck -et al., 1872). - For any
giuconeogenesiS"to-occur, pyruvate kinase must be effectively
inhibited; however, during carbohydrate utilization, it forms a
glycoclytic control site. Thus, the control of - pyruvate - kinase
is central '£0'hypodermal metabolism. The freshmolt hypodermis
shové both a considerable increasa in pyruvate kinase  -activity
{(Table 1) and a 'marked increase in oxygen-consumption~(Skinner,
1962; McWhinnie gi al., 1972;*Buinheim, 197&). -In-crayfish, all
the' carbon utilized for chitin synthesis and enerqy -metabolism
duting the late premclt: and early;postmolt:period is derived
frdm'hexosehunit5°résorbed from the- old exoskeleton (Speck &
Urich, 1971). ' 'In' ‘larger - marine crustaceans, such as Cancer
gggigggg,“thefincreésed'oxygen consumption during - late premolt
and ﬂeariy 'pqstmdlt wis” not solely due to the utiiization of
carbdhydrates, since ‘lipids, -and  possibly - proteins -may:  be
mobilized at thiS'-time -as well (Renaud, 19“9; Travis, 1955a;

Heath & Barnes, 1970). However, <carbohydrates form a major
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substrate during this period, and thus downhill fiux through the
pyruvate'“kinése reaction is mandatofy. During‘ this period
chitin synthesis from amino acids ‘and intermediary compounds,
such as lactate,is maximal as-well*(ﬁerz-Hﬁbner-& Urich, 1973;
Herz-Hubner et al., ~1973).  Thus, the -~metabolic  control
feguirementS'faced'by«the pyruvate kinase reaction are stringent
since it must-be able to switch from virtually totally inhibited
during periods of gluconeogenesis to high rates of catalysis
within short periods of time.  Since wunderstanding of this
control site is "mandatory for a description of both gluconeo-
genic and glycolytic control mechanisms in - the- hypodermis, I
sfudied thé regulatory properties of the pyruvate kinase. Since
~the hypodermis  undergoes marked physiological~ changes as a
function of the molt cycle (Skinner, 1962); a comparison-of the
properties of the freshmolt and intermolt hypodermal enzymes was

carried out as well.

METHGODS

Preparation of hypodermal .pyruvate kinase  followed the
methcds described in Part III for the nmuscle - enzyne. Initial
homogenization proceeded in +two rather than four .volumes.
Column chromatography on DEAE Sephadex and- cellulose phosphate
led” to 'approximately 100 - fold purification,--with specific
activity of 50 units/mg protein from ‘the cellulose phosphate

colunmn.
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Measurement of Bound Fructose 1,6 Diphosphate

The 'method 1used was essentially that of Bergmeyer (1965).
Two ml of enzyme from thé peak tubes of the DEAE Sephadex - and
the <cellulose phosph;te colunns -“were calibrated for enzyme
activity,~placed in boiling water for 2 minutes, -cooled in- ice,
and centrifuged for 10 ‘minutes at 27,000 g. The supernatant was
used ‘directly for the assay of_fructose'diphosphate, via the
aldolase, triose ' phosphate isomerase and A-glycerolphosphate
déhydrogenase ~reactions. The concentration of - NADH din the
cuvette  ‘was' 0.08 mM. This method of measuring- -fructose
diphosphate yields 'two molecules of dA-glycerol phosphate and
NiD-per fructose diphosphate, thus all Ao0D340  values were
divided by 2 to caiculate the original concentration of fructose
diphosphate.

Enzynme A5§g15

Pyruvate kinase activity was measured following procedures

given in Part III.

RESULIS

—— — - o

Electrophoresis and Electrofocusing

Extensive  electrophoretic comparison of -  intermolt and
freshly fmolted .‘hypodetmal pyruvate kinases revealed no
consistent aifférences. Most often ‘their  migration velocities
were’ the 'same, but  in 5'6ut of 25 experiments, the intermolt

hypodermal enzyme showed slightly faster migration. In one
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case,  the - - freshmolt hypodermal enzyme #as faster.
Electrophoretic comparison of ‘the intermolt and freshmolt -muscle
and hypodermal pyruvate kinases showed only slight migrational
differences  with the  muscle ' enzyme showing  somewhat faster
anodal migration. Several different buffer systems were used to
test -out - the  possibilities completely, but under~ no
éircumstance5'~c6u1d prounounced differences betw2en molt stages
be-demonstrated. . In all cases pyruvate kinase activity was

confined to one band.

Electrofocusing also failed to reveal any differences
between the freshmolt and the -intermolt - hypodermal -pyruvate
kinases. - Freshmolt "hypodermal - pyruvate kinase -showed an
isoelectric point of 6.1, whereas intermolt ‘hypodermal - pyruvate
kinase showed an isoelectric point of 6.005. Both intermolt and
freshmolt pyruvate kinases focused in sharp, symmetrical peaks.
Thus, I concluded that the pyruvate kinases present in intermolt
and freshmolt hypodérmis have the same net charge and are
probably- the 'same protein, - The muscle enzymes, in contrast,

show - 1isoelectric points of 6.4, indicating some charge

diffeience.

gggg;x;;g and Regulatory Characteristics

In initia1'~experiments, it was found that the presence of
EDTA and magnesium during the preparation -and ‘storage -of the
enzyme had profound effects upon the catalytic characteristics
of ‘the enzyme.  In the absence of EDTA, the =enzyme showed a

lowered affinity for its substrate, phosphoenolpyruvate, and was
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more - sensitive to éctivation by fructbse diphosphate. The
presence of EDTA prevented- these changes in PEP and FDP
affinities.  With Carcinus maenas -hépatopancreas pyruvate
kinase, EDTA was found to mimic- the kinetic effects of FDP
(Giles ‘et 'al., 1976). 1In contrast, EDTA promotes the transition
of - Soth tﬁe>mamﬁalian ﬁz-andhl t&pe pyruvate kinases into a low
affinity state (Bailey et al., 1968; Badwey & Hesthead, - 5975;
chson,’ 1968; - "Van - Berkel, :1974). The kinetics 'of the nmuscle
eniyme from Cancer magister were not affected by the presence or
absence of EDTA. In -further experiments, I sougat to determine
whether -these - EDTA promoted effacts  were artifacts or
conformatibaal9changes of :potentialA regulatory significance.
Further ‘purification indicgted 'tbat pyruvate -kinase fronm
intermolt and freshmolt hypodermis could exist in two functional
forms. Purification on DEAE Sephadex stabilized‘the-enzymé“in a
high affinity form which I will call PK I. In -all work- with
this- form -of ‘the wenzyme I included both 3 -m¥ EDTA and 4 nM
HgClZ,vsince Mg*+ -has -important effects upon ‘some- pyruvate
kinases {(Van Berkel, 1974). -Purification of the enzyme upon
cellulose-phosphate promoted the transition of the - enzyme into
another functional:  fornm -with a 1Qwered=PEP~affinity {PK II).
Théfstability and ‘close similarity of the two forms ‘in-all ‘but a
few-kinetic «criteria, as well -as the lack of- information
pointing to separate  enzymes within the hypodermis, ‘led me to
assume ‘that these are . interconvertible forms ‘of- the same
protein. =~ -Furthermore, - incubation - of "PK -II with -fructose
diphosphate (see-below) éroduced-an enzyme with characteristics

of PK I, while extensive dialysis of PK I in the absence of EDTA
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and Mg+t led to anenzyme with a 1oweréd‘affinity for PEP and-an
increased ‘sensitivity-to fructose diphosphate. ' Muscle pyruvate
kinase-did not”shdw~these“effectéi These results -support - the
conclusion that ‘these effects are not artifacts, but represent
interconvertiblé‘formS“of'the-enzymé'whicﬁ may be of  regulatory
éigaificance ;g'"gigg; Therefore, ‘the kinetic behavior of both

PK I and PK II was completely characterized in further studies.

~ v~ All the kinetic and purification experiments were performed
cn "both intermolt-and- freshmolt: hypodermal--pyruvate-vkinases.
Since the results were the-'same ‘for -both tissues only-one set-of
results will be'presented;~ The close agreement of the kinetic
results supports the conclusion that -different forms'oﬁvpyruvate
kinase are not synthesized as the hypodermis changes during the
molt cycle. ~'The “levels of pyruvate kinase in the hypodermnis
rise as the animal goes from intermolt into p;emolt;-(Table .
Thus,  control at -this reaction 1locus is partly vested in

changing enzyme levels.

In common with other pyruvate kinases, the hypodermal
enzy@e required  both a'~mono§alent and - a divaient cation for
activity._ Both forms showed a higher affinity for NH4* (Km =
G:Ofmﬂy‘ than “for K* (Km = 10 -mM) ‘but the Vmax with NH4* :as the
activating cation was only 38% of that with K+ as the activating
cation. At optimaljK*”cgncentrations, Na+ inhibited <catalysis,
showing ,é ‘Ki ~versus PEP of 40 mM and a Ki versus-K+ -of 85 mM.
At - -approximately - Km'' levels of 'K+, Nat+  provided a -slight
activation. " 'Both' ‘Mn**+  and Mg**+ could act as the activating

divalent cation for both PK I and PK II. Mn++ showed a lower Knm
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value (0.15 mM) than did Mg*+ (0.6 nlM). However,-ﬁhe Vmax with
Hn*+  was - only 39% of that with Mg*+. ‘'Ca¥*+ was a -competitive
inhibitor versus both of these divalent cations, and showed a
tenfold - higher effectiveness versus Mg++ (Ki = 0.075 mM) -than
versus Mn*+ (Ki ='0.6 mM). ‘Both the hypodermal PK I and PK 'II
show a broad pH optimum from pH 6.5 to pH 8.0.

Substrate Affinities

For both PK-+I and PK II, substrate saturation curves for
phosphophoenolpyruvate and ADP - followed Michaelis-Menten
behaviour,.* PK I showed a high -affinity for phosphoenolpyruvate
with Km values ranging between 0.09 mM and 0.18 mnl  (Figure 16).
In ‘“this characteristic ‘there was 'some variation between
intermolt and freshmolt pyruvate kinases; 'the intermolt ' enzyme
generally -had Km values between 0.1 mM and 0.18 mM, while thé
freshmolt enzyme ‘had Km 'values between 0.09 mM and 0.11 mHM.
Similar variations in these phosphoenolpyruvate Km values were
found for the muscle enzyme from these animals.  For PK I, PEP
affinity decreased as the pH was changed from pH 7.0. Affinity
curves were hyperbolic ‘at pH values of 6.5, 7.0, -and 7.5, 1in
contrast “to the mammalian M2 and ‘L type enzymes (Van:Berkel et
ég;;;1973a; Seuberf"stchoner, 1971) .- PK II‘showed~a~much lower
affinity‘for'phosphoenolpyruvate (Figure'17). Km values ranged
from O.Q-O.B-mm"with“no particular variétidn between intermolt
and freéhholt'preparations. By contrast to the PEP Km values,
the 'ADP Km values were similar for all preparationé.<«Both‘PK I
and PK II~sthed-Km vélues for ADP that ranged from -0.2-0.3 mM.

In contrast with recent findings with <crab hepatopancreas
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1/PEP x 10°

Fig, 16, Phosphoenolpyruvate affinity of PK I. Assay conditions were as

. follows: 50 mM imidazole-Cl, pH 7.0, 75 mM KC1l, 4 mM Mgc12, 0.1 mM

NADH, PEP and ADP as shown. (A) 2 mM ADP, (A) 4 x 10 M ADP,

(@) 2 x 10—4M‘ADP.
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Fige. 17. Phosphoenolpyruvate affinity of PK II. Assay conditions as in the

figure legend to Figure 16. (4) 2 mM ADP, (O) 0.8 mM ADP,

(®#) 0.2 mM ADP.
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pyruvate kinase (Giles gt al., 1976), the affinity for  each
substrate was-independent of variation in the concentrations of
cosubstrate, 'indicating a random binding mechanism.- UDP, GDP,
and- - IDE - all " served as nucleotide: substraies,~~but with
sﬁbstantially lower affinities than ADP; Km values -were 1.5 nmM

for UDP, 1.2 mM for IDP, and 0.9 mM for GDP.

R N

Activators

Both pyruvate-kinase I and pyruvate kinase II were strongly
activated by 1low 1levels of fructose diphosphate (FDP). . Thé
prime effect of ~~fructose diphosphate Qas ‘to- -facilitate the
binding of PEP. - ‘For PK-II, the addition of 0.05 nM FDP reduced
the PEP Km from 0.7 to 0.15 mM (Figure 18).  These levels of FDP
alsO'réversed MgATP inhibition for both forms. Pyruvate -kinase
I ~showed a Ka for FDP of 1.3 x 10—sH, while pyruvate kinase Ii
showed a much increased affinity for FDP with Ka- value of
9 x 10—8M. " PK IT thus binds ‘¥DP 100 times as strongly as PK I.
In crude homogenates or ammonium sulphate -fractions, -UDP-acetyl-
gluccsamine (UDPAG), FDP and ~glucosamine46-phosphate~;-were
equally good activators. These activators all reversed the
inhibition due -“to -MgATP. - With: the purified enzymes, - FDP
Temained 'a - potent —activator, :'while UDPAG and glucosamine-6-

phosphate produced only 25% of the activation caused by FDP.
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Figure 18. Influence of FDP on the phosphoenolpyruvate affinity of PK I
and PK II. Assay conditions are as given in the legend to

Figure 15. ADP concentration was 2 mM in all experiments.
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Inhibitors

Both-PK I - and PK II were affectsed by a variety of
inhibitors, -~ with PK II generally showing -a greater sensitivity
to inhibition, ‘certainly at ‘physiolcgical levels 'of -substrates
and  -inhibitorsy One of the prime inhibitors for both PK I and
PK"II ‘was MgATP. - MgATP Ki values versus PEP ranged from - 0.95-
1.8 mM, with the intermclt enzymes showing values at the lower
portion of the range and the freshmalt enzymes lying at the
upper end.  Both purified and unpurified enzymes shoved the same
response to MgATP. MgATP inhibition 'was -mixed competitive
versus PEP (Figure 19) as well as ADP (Ki values of 2 mM). - For
pyruvate kinase II, MgATP was a competitive iﬁhibitor versus PEP
(Ki =-1.2 mM) (Figure 20) and a noncompetitive inhibitor versus
ADP. For both forms FDP reversed the effsct of MgATP- 6n PEP
binding (Figures 19 & 20)- but did not affect the inhibition
versus ADP. The other nucleotide triphosphates (MqUTP, HNgITP,
and MgGTP) produced only a slight inhibition of tihese hypodermal
pyruvate kinase  ‘forms. Arginine phosphate was an inhibitor of
both PK I and PK II. For PK'I the inhibition was competitive
with  both ‘'substrates, and showed Ki of 7.0 mM versus -ADP and a
Ki*of-757'mﬂ‘ve;sns' PEP. - Arginine. phoéphate inhibition was
coﬁpetitive"versus~PEP-(Ki =6 mM) -and uncompetitive versus ADP
for PK II. For both forms the -inhibition -could be partially
reﬁersed by the'addifion of 0.05 nM FDP. The arginine phosphate
iﬁhibitibn was ‘not “due to ATP formation by arginine.

phoSphokinase.

A variety of metabolites, including amino acids, Krebs
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1/PEP x 10¢

Fig. 19, MgATP inhibitién of PK I, influence of MgATP on PEP affinity and
reversal of MgATP inhibition by FDP. Assay conditions éfe as in
the legend to Figure 16. (A) 2 mM ADP, no MgATP, (A) 2 mM ADP,
2.5 mM MgATP, (o) 2 mM ADP, 5 mM MgATP, ( O0) 2 mM ADP, no MgATP,

0.01 mM FDP, (@) 2 mM ADP, 5 mM MgATP, 0.01 mM FDP.
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Fig. 20. MgA'I? inhibj.tion of phosphoenolpyruvate binding by PK II and the
reversal of this inhibition by FDP. Assay conditions as in the
legend to FAigure16, symbols as follows: (A) 2 mM ADP, no MgATP,
(8) 2 mM ADP, 2 mM MgATP, (O) 2 mM AIDP, 4 mM MgATP, (O ) 2 mM ADP,

no MgATP, 0.05 mM FDP, (A) 2 mM ADP, 4 mM MgATP, 0.05 mM FDb.
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cycle -and glycolytic intermediates have been implicated in the
cqntrol'cf'pyruvate kinase from various tiséues. To see  -which,
if--any, intracellular compounds could further modulate the
éctivity of the: hypodermal forms -of pyruvate kinase, the
following  compounds ' were tested at levels shown.in-brackets:
taurine (1-5 mM),‘arginine (1-5 mM), aianine {2, 5, 10, and
20 mdM), phenyiélaﬁine (1, 3, 'and 20 mM), glutamate (5 mM) ,
proline (5 mM), valine (5 mM), - asparagine (5 amM), aspartate
(5 mN), leucine - (10 nM), histidine (10 nM), 1lysine (10 nM),
chteine (10 mM)y, glycine (10 -aM), glutamine (10 mM), methionine
(10 mM), isoleucine (10 :mM), threonine (10 mM), serine - (10 and
20 ml), 3-P-glycerate (1 mM), AMP (1-4 nmM), tryptophan (1-5 nM),
acetyl CoA (1 x 10 —*M), fructose-diphosphate (0.5 mM), glucose-
6-phosphate (1 mM), NADH (0.05-0.2 mM), cyclic AMP - (0.05 mM),
Mg2citrate (1-5 mM), Mg-malate ({1-5 mM), - o«-ketoglutarate (1-
5-°mHM), A-glycerol phosphate (1-5 nM), -oxaloacetate - (0.01-
0.6 mM), 2,3 diphosphoglycerate (1 mM), and CoA (0.1=-0.8 mM)..
These tests were run ‘both 'at saturating and Km levels of
substrates for both the freshmclt and intermolt PK I and PK 1II,
and- were carried ‘out' with purified enzymes. I found that
alanine, serine, - tryptophan,  Mg2citrate, : - Mg-malate,
& =ketoglutarate, ~ and o{—-glycerol phosphate affected both PK I
and ‘PK II, although none of these was as potent an inhibitbr- as

MgATP. PK II was more affected by the inhibitors than PK I.

Alanine, '"serine, and valine were weak inhibitors for PK I.
All three were not-completely competitive with either- PEP or
ADP, -and the -addition of more than a particular level of the

amino acid did not lead to a further inhibition. The. Ki for



137

alanine  inhibition versus PEP was 30 mM (Figure 21), the Ki for
serine inhibition 35 mM, and that for valine inhibition ' 45 nmM.
FDP  did not affect the inhibition caused by these amino-acids.
Pyruvate kinase II showed no response to valine, but showed a
more marked response to serine and alanine than PK I.: ‘Serine
was a mixed competitive inhibitor versus both PEP and ADP, with
Ki values of 10:5 mM and 36 mM, respectively. The addition of
0.01 mM FDP partially reversed the inhibition,  raising ﬁhe Ki
value for the serine versus PEP inhibition to 19 mM and changing
the inhibition pattern versus ADP to uncompetitive (Figure 22).
The Ki for alaninev inhibition versus PEP was 7 mM and- the
addition: of '0.01 nM FDP raised this Ki value to 26 mM (Figure
21) . The Ki for alanine inhibition versus ADP was 26 @M. For
PR 1I, inhibition due to serine'and-alanine was additive (Table
12, p. 144). Tryptophan was a competitive inhibitor versus ADP
for both PK I and PK II: - (Ki- values' of ‘1.8 -and 2.5 mh,

respectively). Tryptophan inhibition was not reversed by FDP.

Mg2citrate, ol-ketoglutarate, o —-glycerol phosphate, and
Mg-malate  affect both PK I:and PK II, but particuiarly for the
iast:-three, "the : effective?.:levels were unphysiologicél
(wiliiamson“~~§§ al., 1969). : Since the levels of malate,
tkAketoglutarate, and & -glycerol: phosphate which cause 50%
iﬁhibition' are ‘the 'same for:' both PK I and PK II,-T only
investigated the mode' of inhibition for PK I. Mg2citrate
éffects :the-*two3'forms 'differently, so ‘I examined the mode of
inhibition  for ‘both. X' —glycercl phosphate showed~ 1linear
inhibition kinefics,~'and was mixed competitive versus both

substrates with a Ki of 24 mM versus a PEP and a Ki of 29 nM
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Pig. 21,

[Alan'ine] mM

Alanine inhiﬁition»bf PK I and PK II and the influence qf FDP on
the inhibition éattern. Assay conditions as in the legend to
Figurel6, ADP concentration was held constant at 2 mM.

PK I, *"°°cce PK II, (W ) 2 mi PEP, (4) 1.2 mM PEP,
(0) 0.4 mM PEP, (@ ) 2 mM PEP, 0.01 mM FDP, (0O ) 0.4 mM PEP,

0.01 mM FDP, (O ) 2 mM PEP, (4) 0.2 mM PEP, (@) 0.12 mM PEP..
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[Serine] mM

?iq. 22, Serine inhibitién of PK II andAthe influence of FDP upén the inhibitionv
pattern. Assay conditions as in the legend to Figufe 16, (0) 0.4 mM.
PEP, 2 mM ADP, (@) 0.8 mM PEP, 2 mM ADP, (O ) 2 mM PEP, 2 mM ADP,
(A) 2 mM PEP, 0.4 mM AbP, ($ ) 2 mM PEP, 2 mM AD]:;’, 0.01 mt FDP,
k g ) 2 mM ADP}.O.4 ™M PEP; 0.01 mM FDP, (O ) 2 mM PEP, 0.2 mM ADP,

0.01 mM FDP.
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versus © ADP. © o —-Ketoglutarate showed a 8 mM».Ki in the
interaction with PEP and a 20 m¥ ‘Ki versus ' ADP. -MNg-malate
inhibition showed -linear inhibition versus ‘ADP with-a Ki of
20 'mM, but the inhibition versus PEP showed curvad Dixon - plots.
Lineweaver-Burk replots of.  the data were linear, -indicating that
in the inhibition- versus PER, Mg-malate is -interacting at more
than one site' (Webb, 1963). For PK I,-Mg2citrat§ showed -curved
Dixon plots versus both éEP'and ADP. In both cases, Lineweaver-
Burk -replots: of- the data were 1linear, -again indicating
interaction ‘at more than one site. By contrast,  PK -II showed
linear - kinetics for the interaction of Mg2citrate with- both PEP
and ADP (Ki values of-7.5 and 8.0 mM). In the presence of
0.01 mM FDP ‘the Ki versus PEP rose to 10 mM and the inhibition
versus ADP became uncompetitive (Figure 23a & ‘b). At -5 nH

levels, Mg2citrate inhibited PK I by 43% and PK II by 52%.

Tables 11 amd 12 allow an analysis of the effectiveness of
the various modulators added singiy or in - coancert, in
controlling the ‘activity of these two pyruvate kinase forms.
The -tables show that for 'both PK I-and PK II, ‘MyATP, »arginine
phosphate, and Mg2citrate inhibition was additive.  Amino acid
inhibition was additive with that due to -MgATP and arginine
phosphate, 'but 'this -inhibition was meaningful only for PK II.
The combination 6f~5 n¥-MgATP-and -5 mM Mg2citrate - inhibited PK
iI“ by 99.5%, while the same-combination only inhibited PK I by
63%. ' FDP 'was 'also far more effective as an activator for PK II

than for PK I. .

In comparison with PK I, PK II showed a decreased affinity
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0.2

[Mg, citrate] mM

Fig. 23a. Mgzcitrate inhibition of PX II, inhibition versus ADP and influence
of FDP upon the ‘inhibition pattern versus ADP and PEP. Assay con-
ditions are as in the legend to Figure 16 (0) 2 mM ADP, 2 mM PEP,
(O ) 2 mM PEP, 0.2 mM ADP, (€) 2 mM PEP, 0.8 mM ADP, (B ) 2 mM PEP,
2 mM ADP, 0.01 mM FDP, (A) 0.8 mM ADP, 2 mM PEP, 0.01 mM FDP, °

(A) 2 mM ADP, 0.4 mM PEP, 0.0l mM FDP.
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[Mgzcitrate] mM

Figure » MgZCitrate inhibition of PK II, inhibition versus PEP. Assay con-
23b. : 4
ditions as in the legend to Figure 16 ADP concentration constant

at 2 mM. (O) 0.4 mM PEP, (€).0.8 mM PEP, (A) 4 mM PEP.
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TABLE 11

Effectiveness of various inhibitors of hypodermal pyruvate kinase I.

En2ymé_activity was measured at 0.2 mM PEP, 0.2 mM ADP, 4_mM'MgC12, 75 mM KC1,
0.1 mM NADH, and excess LDH in 50 mM imidazole-HCI, PH 7.0. Enzyme activity
' is expressed as percent of control activity. If FDP was added to‘the:treatment,

. the concentration was 0.05 mM.

N T T T T T

Treatment , : ' - % Control- Activity
h o _ _ ‘ Plain + FDP
mM MgATP S . , 50% -
mM arginine phosphate S . 68% 85%
mM Mgpcitrate R _ - 6T%. .-
mM G-ketoglutarate T ' ‘ - 82% e -
mM MgATP + 5 mM arginine phosphate 35% - 46%
mM d-ketoglutarate + 5 mM arginine phosphate _ '57% _ . 68%
mM arginine phosphate + 5 mM MgATP + 5 mM Mg,citrate 308 S 42%
. + 5 mM a-ketoglutarate
5 mM MgATP + 5 mM Mgjcitrate + 5 mM a-ketoglutarate o 41y - 49%
5 mM Mgocitrate + 5 mM %-ketoglutarate o : 54% . : 61%
5 mM MGATP + 5 mM %-ketoglutarate ‘ " 43% L
5 mM MgATP + 5 mM Mg,citrate , - : B ' 35% : 48%
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TABLE 12
Effectiveness of various inhibitors of hypodermal pyruvate kinase II.

. Conditions of the experiments were the same as those given in the legend for
Tablell, with the ekception that when FDP was added, the final concentration

was 0.01 mM.

% Control.
_ Activity
Treatment : Plain + FDP
5 mM MgATP ' 18% 35%
5 mM arginine phosphate _ . 64% -
20 mM serine . : ‘ 69% -
20 mM alanine ' ‘ .78% -
5 mM Mgycitrate ' ' 50% 120%
10 mM a-ketoglutarate 75% -
5 mM arginine phosphate + 5 mM MgATP 141 -
5 mM MgATP + 5 mM Mgzcitrate ' ' 0.5% 34%
5 mM MgATP + 20 mM alanine 12% 20%
20 mM alanine + 20 mM serine ‘ S 57% 85%
20 mM alanine + 20 mM serine + 5 mM MgATP 0.9% -
5 mM arginine phosphate + 5 mM MgATP + 20 mM alanine 143 25%
2.5 mM tryptophan + 5 mM MgATP 13% -
5 mM arginine phosphate + 5 mM Mgjpcitrate 45% 116%
0.01 mM FDP 180% -
0.01 mM UDP-acetylglucosamine , 116% -
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for PEP and a considerably increased affinity for  FDP---as an
activator. There was no electrophoretic: or isoelectrofocusing
evidence for different proteins corresponding to PK I and PK 1II
in:' the hypod=rmisi:- Since the twc forms were similar, but-could
be‘reproducibly separated into  two stable ‘forms which ~displayed
this reciprocal-"relationship between -substrate and-activator
affinitiés,‘I felt'they 'could represent- two: interconvertible
forms "of the "same protein. For this interconversion to be of
Bﬁysiological‘significancé, my purification-techniques- -must  in
some way" have mimicked' the ‘method by which these forms are
interconverted within the cell. ‘»Phosphorylation,~~bindihg of
Mg¥+ or of-Ca+*,‘§xidatibn of sulphydryl groups, and binding and
release of FDP have all been implicated*in interconversions of
either the L type or the M2 type of mammaiian‘ pyruvate- ‘kinase
(Hess & Kutzbach, -1971; Van Berkel -et al., -1973b; Van Berkel,
197&; Ljungstrom et al., 1974; Flikweert et al., 1975).  Since
the two ‘enzymes- already possess a binding site for FDP, and
since the affinity of- this éite varies strongly between the two
forms, mediation  of the transition by changes in the amount of
FDP associated with the enzyme seemed the  simplest. mechanism.
Since FDP is-not directly involved with the catalysis, it seemed
feasible- that~ FDP molecules remain bound ' to the enzyme for
relatively long durations.:  Such 1long +term binding- of - the
activator - “could stabilize  the protein in a more active

conformation.

To -evaluate this' hypothesis, I ‘tested the- effect of
incubation with FDP-upon PK II. ‘A thirty minute incubation with

10 auM FDP was sufficient to convert the low affinity form into
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the high affinity PK I- (Figure 24). 0.5 uM FDP did not affect a
conplete ccnversion, while MgATP in combination with 10 - uM FDP
prevented the- full - conversion- of PK II into PK I (Table 13).
After the various incubations, the ‘enzyme remained sensitive -to
FDP*'activatién' of PEP binding (Fiqure 24), thus-sﬁpporting'the
concept of interconvertible~enzyme forms. - The results--of this
experiment -indicate that - -kinetic ‘experiments involving the
addition of‘FﬁP*tO'PK-II are actually monitoring a-mixture of éK
II and- PK I, 6r' some intermediate form. The : “tWo stage
acfivation",'ie.ithe initial shift from a low to a high affinity
form; ‘and the further activation by FDP, supports the existence

of two conformational states.

A further evaluation of -the -hypothesis of FDP mediated
conversion came "from measurements of the amount of - FDP which
occurred with PK I -and PK II. I found that both PK I and-PK - II
had measurable amounts of FDP bound to or closely associated
with them. 'Since I ‘was not wo;king with~homogeneousAproteiqs, I
couldLnot~express~the values as moles FDP/mole:enzyme, but I was
able to find that per uﬁit»»of enzyme activity, -PK -I- was
associated 'with “o.ooiuv moles FDP and PK II with 0.0003 moles
FDP. - While there was some variation inl the values between
differeht experiménts,'for'any‘one~animal,'the FDP -content of PK
I and PK "II were always in:approximately a 4:1 ratio.  -It was
also-interesting-to find that ‘the muscle enzyme -from -Cancer
ggg;§;§i contained bound~'FDP;*‘bnt“ in-more variable ‘amounts.
Control-experiments using column effluent of -equal -protein.

concentration, but no pyruvate kinase activity, showed no FDP.
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1/ PEP X 104

Conversion of PK II into PK I by incubation ‘with 0. 05 mM FDP. Filled
symbols show the PEP afflnlty curves measured in the. presence of
0.05 mM FDP, while the open symbols.show the affinity curves in the

absence of FDP. Circles represent the enzyme before the thirty-

minute incubation with 0.05 mM FDP, while triangles show the enzyme

‘after incubation.
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TABLE 13

Effect of FDP, ATP and alanine on the interconversions of PK I and PK II.
The percentage of PK I and PK II in each experiment were determined from the
. reaction rate at 0.5 mM PEP. For PK I the rate at this concentration of
substrate was 95% of V , while for PK II.the rate was only 50% of V .
” , max max
Vﬁax for PK I, PK II, and the incubated enzyme were determined from Lineweaver-

Burk plots. The following equation was used in the calculations:

9 PR I = observed rate - rate with PK 11
Tate with PK I - rate with PK 11’

the % PK II = 100% - %PK I

Treatment ‘ : % PK II

no incubation ' | 93%
30 minutes incubation with 50 uM FDP 15.5%
2 minutes incubétion with 50 uM FDP "_ , - 25%
no incubation ' ‘ A | | 75%
30 minutes incubatioﬁ with 1Q UM FDP . | 13%
30 minutes incubation with O.SIuM FDP A | 56%

30 minutes incubation with 5 mM MgATP, 20 mM alanine,

23%
and 10 uM FDP
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Recent - work with the rabbit muscle pyruvate kinase
indicates that the reversal of the reaction is feasible in fhe
tissue (Dyson et al., 1975; Giles et al., 1975). Since the
levels of pyruvate kinase in the freshmolt hypodermis are quite
high compared to those of pyruvate carboxylase and phosphoenol-
pyruvate carboxykinase (Table 1), a high rate of reversal would
be one way of facilitating gluconeogenesis. I found, however,
that the rate of the reverse reaction was the sams for PK'I and
PK II and at Vmax consisted of 0.4% of the Vmax of the forward

reaction.

Since the thermal denaturation behavior of proteins can
provide one means by which different proteins <can be
distinguished, I <characterized the ef fect of prolonged
incubation at 40° °C on both PK I and PK II and compared this
with the response shown by the muscle enzyme (Figure 15).  The
two hypodermal enzymes were considerably more affected by the
incubations than the’ muscle enzyme (compare Figure 15 with
Figures 25 and 26). After 80 minutes at 40 ©°C, 95% of the
original enzyme activity remained in the muscle preparation,
while PK I had 75% and PK IT only 45% of the original activity.
For all enzymes, ATP accelerated denaturation. However, the
muscle enzyme retained 80% of its éctivity atter 80 minutes
incubation with 4 -mM MgATP, while both PK I and PK II retained
only 25% 'of - the initial activity. A comparison of the
denaturation behavior of PK I and PK II indicates that PK II is
generally - more  prone towards dénaturation. None of the
protective treatments succeeded in maintaining: PK  II activity

above 60% after 80 minutes denaturation time, while the presence
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Figure 25, Thermal denéturation of Cancer magister hypodermal

pyruvate kinase I. Experiments were run at 40°C under the indicated
incubation conditions. Enzyme activity was measured under saturating
conditions of substrates and cofactors. (&) control; (D 4 mM MgATP;

(x) 0.1 mM FDP; () 0.1 mM FDP, 4 mM ATP, and 4 mM MgCl,; ( +) 2 mM

"
PEP; ( 0) 2 mM ADP and 2 mM PEP; (H@) 2 mM ADP, 2 mM PEP, and 0.l mM
FDP; (@) 2 mM ADP, 2 mM PEP, 0.1 mM FDP, and 4 mM MgATP; (A) 75 mM

KC1.
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Denaturation Time in Minutes
Figure 2.6 . Thermal denaturation of Cancet-'-magister hypodermal pyruvate
.kinase IT. | flxperiments were run at 40°C under the indicated incubation

conditions. Enzyme activity was measured under sai:urating conditions of
substrates and cofactors. ’(V)control; (D) 4 mM MgATP; (B) 0.1 mM
FDP; ( +) 0.1 mM FDP, 4 mM MgATP; ( @) 2 mM PEP; ( x) 2 o ADP and
2 oM PEP; (A) 2 mM ADP, 2 mM PEP, and 0.1 mM FDP; ( o) 2 mM ADP, 2 mM

PEP, 0.1 mM FDP and, 4mM MgATP; (A) 75 mM KC1.
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of ‘2 mM ADP +-2 mM PEP '+ 0.1 mM FDP maintains PK I at 85% of the
original -activity. -Both PK I -and PK II show accelerated
denaturation in the presence of 2 mM PEP, ‘'while 2 nM - PEP and
2-mM - ADP afford - some ' protection.'  Neither PEP nor PEP + ADP

affect the denaturation of the muscle enzyme.

~»-+ Considerable differences seem to  exist between: the
denatufation . patterns of the muscle enzyme -and - the two
hypodermal forms.' However, the overall denaturation -patterans of
PK I and PK II are quite similar. ‘A difference between the two
forms comes ‘in jthe slight degree of protection afforded by
0.1 mM-FDP to PK II. This may reflect the decreased  levels of
FDP bound to PK II. The higher degree of denaturation shown by
PK- II may 3indicate that this .form is- in a 1less -stable
conformational- state than PK 1I. One effect which I did not
examine experimentally -involved the difference in - specific
acfivity of the' different enzyme ©preparations. The protein
concentration in the three experiments was the same, -but the
specific activity -of the pyruvate kinase was not. . Thds, the
possibility of increased self-association may partially -explain
the thermal‘:tolerance 0f the muscle 'enzyne. However, the
central conclusion which emerges from - ‘these desaturation
experiments is that the muscle pyruvate kinase is different fron

the two hypddermal enzynes,
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DISCUSSIGN

In freshmolt  hypodermis, the pyruvate kinase branchpoint
faces two urgent ~requirements: (1)} "for gluconeogenesis from
amino - racids- -and - lactate, the pyruvate kinase reaction must be
inhibited, and (2) pyruvate kinase must be able to shift: fronm
low to ‘high.-activity  to - support high rates of carbohydrate
oxidation during this period (Herz-Hubner & -Urich, -1973).
Hypodermal " pyruvate kinase  activities are‘cousiderably‘higher
than those of the enzymatic bypass, so fluctuations in .pyruvate
kinase rates are probably the prime déterminant of f£iux through
this branchpoint. Hypodermal pyruvate kinase appears to  -be-  a
complex allosteric protein -capable of making the -required
transitions in'aétivity. Hypodermal pyruvate kinase was- found
to exist in two forms, one which can be considered to be ‘a high
affinity form {(PK I), and the other a low affinity form: {(PK II).
In vitro interconversion by FDP as well as the different -levels
of FDP associated with the two forms indicated that the in vivo
interconversion ‘between the two is probably: mediated-~byerDP.
There are 'quite a° number of precedents for ‘interconvertible
pyruvate kinases, the -best established being  the ‘Fbéw mediated
conversion -of -mammalian L type pyruvate kinase from.ausigmoidal'
low affinity state-to a hyperbolic high affinity state --(Hess §&
Kutzbach, 1971;~ Ibsen §§~gl;y-1975).; Phosphorylation of -the L
type enzyme ‘leads‘~to ‘an enzyme - with lowered *PEP - affinity
1Ljungs£roﬁ-'gg“g;;,“197u). While ATP indubés~a dissociation of
ground squirrel ‘liver pyruvate kinase into inactive dihers,- Fpp
mediates -the -reassociation of - these dimers 'into tetramers

(Behrisch, 1974). The L type enzyne also undergoes
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interconversionS"under: the influence of oxidized and reduced
glutéthione;“‘The oxidized enzyme shows a markedly - reduced
affinity-'for-~bqth'FDP~and PEP. 'This effect is reversed by the
addition of reduced glutathione (Van Berkel et al:, 1973b).. The
M2 or K type pyruvate kinase-has also  been found -to -undergo
several  types -of ‘transitions. Poéson (1968) found that EDTA
transformed'the“enzyme'from-a high to a 1low -affinity -state.
Theséi*interconvertible forms - -have beén shown to exist in vivo
(Walker & Potter, 1973; Feliu et al., 1975). vVan Berkel - (1974)
found "that -this effect was due to the remcval of Mg++- from the
vicinity“of"the enzyme, Ca++ has also been found - to - produce
interconversions of the M2 enzyme (Flikweert et al., 1975), as
has FDP (Van Berkel, 1974).  An alanine mediated -inactive dimer
to- active -tetramer transition, and a magnesium mediated dimer-
tetramer transition have been found for the mammalian M2 enzyme
(Schulz et 3;.,‘1975;'Ibsen et al., 1975). With the crustacean
hypodermal pyruvate kinase, I found no activation. -due to the
reduced ‘mercaptoethanol- -used - in the ‘purification, and ‘in
agreement with Giles et -al., (1976), I found that the - responses

to EDTA were opposite to those shown by the mammalian enzymes.

The major functional distinction between the two hypodermal
pg;uvaie ‘kinase - forms is 'their disparate‘PEP‘affini;y; In the
vafious vertebrate and invertebrate  tissues where -PEP levels
have*'beénw*measured,~wits ‘levels rarely ‘'reach or exceed 0.2 oM
(Exton“s Park;'1969;“3eis & Newsholme, 1975).  Therefore, PK II,
with-its Km - for PEP of 0.55 umM, -would be functioning at
approximately = 15% -of - Vmax, -while  PK I, with its-PEP Km of

0.1 mM, would be functioning at approximately 80% of Vmax. This

i
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reckoning-assumés‘an-absence of modulators. - ATP levels -in the
hypodermis 'lie between-2 and 3 mM (Table 7). Such levels would
drop pyruvate kinase II to approximately 2% of maximal activity,
while reducing’pyruvate kinase I to between 50 and 60%  -of its
Vmax. Marine ~crustaceans have high -‘intracellular levels of
amino acidS'with'alanihe at approximately 20 mM ‘and- serine at
5-mM - (Schoffeniels~ &~ Giles,- 1370).  While ‘PK- I-activity is
relatively unaffected 'by these levels, the presence of - both of
these 'compounds - "would serve -to further inhibit PK II to less
than 0.2% of'ﬁaximal activity, - as would- any accumulation of
Mg2citréte (Figure - 27). Thds, pyruvate ‘kinase activity can
essentially be turned off, allowing gluconeogenic flux past the

reaction.

Reversallof pyruvate kinase inhibition can be brought  about
by ‘an increase~ in the levels of FDP. During gluconeogenesis,
incéeasing FDP--levels would -indicate some inhibiﬁionm-at the
FbPaée reaction, "Ih-king crabs, hypodermal FDPasz exists in two
forms, ‘one ‘which is highly sensitive to feedback inhibition by
coméounds--such és ~UDP-ace£y1§lucosamine and - UDP-glucose
(Hochachka 1972); Whénever these compounds accumualate due t§ a
slowdown of éhitin‘or;glycogen synthesis, this~ FDPase:  ~would be
iﬂhibited, leading - 'to an accumulation of FDP." The second form
of ‘FDPase iS'aISO’Suhject~to some feedback inhibition- by - high
1éve15‘ of -UDP-acetylglucosamine H(Hochachké,-.1972).54 During
extreme-inhibition+of chitin synthesis, this FDPase -would be
limited as well.  While FDP is~the.mostvpotent‘actiVator-of bofh
PK- I and ‘PK- II, -UDP-acetylglucosamine <and glucosamine-6-

phosphate are also activators. The accumulation of FDP would do
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two things, initiallyvan activation of PK II - and then as the
numbers- of FDP -molecules bound to the snzyme increased, PK II
would change conformation, forming PK I.  The high affinity of
PK 'II for FDP would facilitate the transition. - PK-I would then
funnel carbon“int; Krébs cyclé,zleading to-both a ‘drop: -in " FDP
and- an increase: in ATP levels.  An extension of this model
predicts that“PK“I’woﬁld-remain in this conformation -until  a
sufficient ‘drop in FDP levels would favour dissociation -rather
than binding. The decreased affinity for FDP- could- be
sighificant*‘ih!“thiS‘ context. Theoretically, other modulators
could affect the rate of +this transition, 'since alanine and
EQATP partially -prevent the FDP induced interconversion of the
two forms (Table 13). However, I was not able to - find -another
liéand capabie of '‘converting - PK I ‘into"PK II. <Thus, the binding-
and release of FDP seems the prime vehicle for conversion of the

two forms.

The degree  to which PK 1II can be inhibited would allow
considerable flux through the pyruvate carboxylase and phospho-
enolpyruvate carboxykinase bypass. The hypodermal leve;s of
these enzymes are considerably ‘hiQher in freshmolt than in
intermolt ‘animals {Table 1). In  freshly: moltéd animals,
phosbﬁbenolpyruvate"carboxykinase, the rate limiting- enzyme in
tﬁe'-bypa55”=(8crutton & Utter, 1¢68B; Exton & Park, 1969), has
risen to 4% of the pyruvate kinase activity. ' This- is - tenfold
higher than the ' maximal rate of pyruvéte“ kinase -reversal.
Furthermore, ‘the ‘maximal -velocity for PEP carboxykinase measured
in~the gluconeogenic direction may be higher (Pogson.- -& -Smith,

1975). Since, at physiological levels of PEP, ADP, ATP, alanine
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and serine, PK II shows less than 0.5% of its maximal velocity,
net flux- through the- enzymatic bypass 'is feasible. Sone
experiments in mammalian systems indicate that alternate routes
of 'gluconeogenic ‘flux past: the  pyruvate kinase reaction may
exist*'(Venézialé”gg al., 1970). While I have no information as
éo their existence in crustacean hybodermis, the - inhibition of
éyruvaté~-kinase-'would also be necessary with any-alternative

route which entered beléw the phosphoglycerate kinase reaction.

> The regulatory properties of +this pyruvate- kinase are
distinct - from those of previously described pyruvate kinases in
that FDP mediates - a transition-between two forms, each of -which
is sensitive to FDP activation. The mammalian L type -shovws a
FDP mediated transition between two forms, but- the activated
form is " not subject to further activation (Seubert & Schoner,
1971) . The~M2'typé~shoss‘a~high and a low affinity. form with
Mg+t 'and~FDP promoting a slow'transition~bétaeen the forms.  Of
the two forms, only the high affinity form is sensitive.- to  FDP
activation (Van Berkel, 1974). A dimer-tetramer transition may
be involved in this' activation (Ibsen et al., 1975).- A - further
distinction ‘of ‘the hypodermal pyruvate-kinase is-the lack of
cooberativity of the substrate or modulator- -binding.  This-is in
géggg§'~(GileS'“gg- al., 1976) and other liver-type enzymes from
vertebrates and invertebrates - (Kayne, 1973). ' Generally, ‘the
pyruvate vkinases~ which show cooperativity of substrate binding
show a decrease 'in cooperativity and an increase in-affinity as
the - pH iS'dec;eased.* This is taken to indicate the-involvement

of an ionizable group in the regulation of the enzyme (Seubert &
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Schoner, 1971).- In contrast, hypodetmal pyruvate kinase showed
a "decrease in-affinity'for PEP as the‘ijwas»either-increaéed}or
decreaséd from  pH '7.0. As "in both the L-and M2 mammalian
enzymnes, FDP strongly‘affected.PEP'biﬁding~by bota PK I--and PK
II. However, FDP activation of PK II-showed another-interesting
featdre; with both serine and ‘Mg2citrate inhibition, addition of
FDP " not ~on1y ‘relieved the: effect on 'PEP binding, but also
changed the pattern of inhibition versus ADP.  In both. cases,
the  ‘inhibition -versus ADP ~became’ uncompetitive. - Thus, the
regulatory effects of FDP -extend to both substrate - binding
siies, O0f' all" the- ‘inhibitors, only arginine phosphate is of
guestionable significance, since its presence in the tissue ‘-has
not been demonstrated. The presence of'arginine-phosphokinase
in - hepatopancreas mitochondria- (Chen %~ Lehninger, ‘1973)
ihdicafes~ that the enzyme and the phosphagen may have a wider
distribution than previously considered. However, -the effect
exerted by -arginine 'phosphate may  simply -testify to an
evolutionary relationship ‘between the hypodermal and muscle
énzjmes, since in*manvaays, the kinetics of PK I are similar to
those”of -the muscle -enzyme - (see discussion). However, the
muscle enzyme exists-only in one functional form -and exhibits
rather different thermal denaturation behavior than either'PK I

or PXK IT from the hypodermis.
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‘Part Vv
Cationic Composition of Intermolt and Freshmolt

Hypodermis and Muscle

INTRODUCTION

The enzymes which have been examined in this study are all
affected by ‘the four major -intracellular -—cations, - sodium,
Potassium,~magnesium,-and calcium.  The phosphoglycerate kinases
Were particularly sensitive to -the 1level of magnesium,  since
high levels of magnesium markedly increase the efiiciency of ADP
ihhibition. * 'Both -the pyruvate kinases and-the phosphoglycerate
kinaseS"displaj“either é complete or a partial divalent -cation
- requirement. Potassium is required for pyruvate ‘kinase activity
and strongly ' ~activates - phosphoglycerate kinase :activity.
Calcium is a strong*inhibitor of all of- the enzymes- -examined.
Sodium*‘is an: activator of the phosphoglycerate kinases and an
inhibitor 'of the pyruvate kinases. The Km and Ki' -values - for
these  ~“ionic *effectsware within or near the range of -previously
determined- ion 'concentrations in‘'-crustacean - -musclie. - - While
various ‘studies “have ' been made of muscle ion concentrations
(Shaw, 1955; ‘Dunhanm & Gainer, 1968; Lang & Gainar, 1969a), I was
not able “to- find- any’' measurements for hypodermal - ioh
concentrafions.'"“Furthermore,- no * values - axist---for -the
Thus, -in order to better evaluate the significance of  the- ionic

effects upon these pyruvate kinases and phosphoglycerate
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kinases, I 'measured--the--ionic composition of hypodermis and

muscle“from-Cancer”gagister. ‘Intracellular  -ion concentrations
were determined by measuring the total ‘tissue ion content and
then correcting- this for the ionic <contribution: -of the
extracellular -space. - Finally, the ;ionic‘ compositions -were
expressed in terms of the concentration of-the ion -within the
portion - -of the: tissue -occupied ‘'by the cells. - Thus,
extracellular space values for both muscle and- hypodermis,
hemolymph "ion concentrations, and tissue ion contents needed to

be determined.

During the molt cycle, the icnic composition of - crustacean
hemolymph undergoes considerable variation.  Generally, the ions
rise in concentration before ecdysis and then gradually drop

ddring the poStmolt period. In the marihe-~crab, -Carcinus

e s e s g

30%’betbeen intermolt and premolt; and then dropping- - 30% - below
thé intermolt value. ‘'in :postmolt.- Sodium and potassium show
increases of - approximately- -10% - (Robertson, <~1960).>» The
freshwater';crayfisﬁ, Orconectes 1limosus, shows more: marked
préﬁolt increases in Na%*, Cl-, and -K*+ and maintains -elevated
Cat*+ levels ‘during-postmolt (Andrews, 1967). While considerable
information concerning crustacean body fluid composition and its
variation"with'”respéct to -the molt cycle (Robertson, 1960;
Andrews, -1967; ‘Glynn, - 1968),‘=salinitj=“ (Engelhardt, - 1970;
Alspach, - i972;‘Schmidt-Nielsen, 1975; Hunter & Rudy,-1975), and
éeason'(Déhnel‘8fCarefoot,~1965;-Colvocoresses et al., 1974) 1is
available, - tissue -analyses-are much less common. --Most studies

of tissue ionic composition have concerned muscle and nerves
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{Shaw, ~ 1955;  “Dunham & Gainer, 1968; Lang & Gaianer, 1969a;
Schmidt-Nielsen, " 1975) and - have been concerned- with - the
properties -of 'excitabie "membranes, volume regulation, and the
response to'changing -external  salinities. No studies: have
specifically  considered molt cycle correlated changes in ionic
composition.' Since-hemolymph ion concentrations -change with the
molt cycle, ‘tissue ion concenﬁrations may fluctuate-  ‘as- well.
Any"'major‘shifts‘in“ionic composition would affect a variety of
c2llular control functicens, ‘would shift the equilibria -of metal
ion-metabolite cémplex -formation (Cumme 2t al., -1973), and
certainly would affect the function -of numerous enzymes. As
exéiained- above, - phoéphoglycerate kinases and pyruvate kinases

from hypodermis and muscle of Cancer magister  ‘are affected by

the four major cations. Furthermore, phosphofructokinase from
lobster nmuscle and fructose - ‘diphosphatase -from -king- crab
hypodermis are also sensitive to the ‘levels of K+ and Mg+t
{Hochachka, 1972; Sugden & Newsholme, 1975b). Since these four
enzymes -are' involved in - the control of both glycolysis and
gluconeogenesis, changes in ion levels could be of regulatory
significance. ~ To' ‘evaluate the regulatory potential-of such
changes, I measured the vioh” concentrations~~1n»~muscle-’and

magister.

METHODS

Collection and Maintenance of Anipals

- Adult  Cancer- magister- were collected by SCUBA diving at

Jericho Pier, Vancouver, B. C. Both male and female animals
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weré ‘collected. The animals were maintained in a refriqerated
recirculating salt water system. Water for - this -system comes
from ‘an intake 6 m below mean low water spring tides, -at First
Narrows in the~Vancouver Harbour. - The salinity of - -the -systen
was about 27.3%1°%9/00 throughout the period of study.  The ionic
concentrations 'of ‘local seawater corresponding ‘to this ‘'salinity
are~ Na++ 370 mM, K+ 8.2 mM, Ca+t+ 8,05 mM, and Mg+t 42 mi
(Eﬁgelhardt;“1970).“{The temperature of the  -salt water systenm
waS‘maintainedAat 5-7 9C throughout the study. . ‘All animals were
acclimated ‘to ‘the“'nev conditions for at least one week. Only
freshiy molted animals and intermolt animals were used for this
study, since - thesé ‘Were the stéges from which enzynme

preparations had been made.

Iissue Preparation for Ion Measurements

- Preliminary experiments indicated that the following method
yielded the most consistent results of various possible ways of
samble préparéiion.‘ ~Individﬁal crab legs were amputated, cut
open, and used for preparation of 3f5”samples, of approximately
0.4 g, of both muscle and hypodermis. Each sample was gquickly
dipped into 0.4 M sucrose  (less -fhan 3“4secondé -submersion),
blotted between ‘two piecsas of No. 1-filter paper, and weighed.
Samples were weighed, ashed, and measured in glass scintillation
vials. These vials were ~“found not to contribute- sodium or
éotassi£m 'to the‘sampleé. "The samples were ashad at 450 9C (24
houis),vcooled;“and=theh taken -up ih the- appropriate- swamp.
Blood samples-were taken by inserting a hypodermic syringe into

the arthrodial membrane and withdrawing approximately a 0.5 ml
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sample. This was -then emptied onto a clean petri plate. A
calibrated Lang-Levy pifrette was then used to deliver 50 aul of
blood- into ‘the sample vials.: These blood ‘samples were then
simply diluted with the appropriate swamp. - Distilled water was
the~ swamp -used for - the measurement of sodium, 500 parts per
million Na+ the swamp used for potassium, -1.5% EDTA -the swaamp
uséd'~for magnesium, --and 0.5% lanthanum chloride {(as Lat%) the

swamp used for calcium measurement.

Determination of Ion Concentrations

Tissue-ionic~content-waS~dete:mined~by flame photometry of
the samples. Sodium was measurad by its emission at 589.5 mn,
boféssium by its emissioﬁ at 766.8 mua, - magnesium -by its
absorbance at- 285.8 nua, and calcium by its absorbance at 423.5
mu. A Techtron AA 120 Atomic Absorption -Spectrophotometer was
used in -these studies w®ith an air-acetylene flame.  Once tissue
and blood ion contents were determined, the intracellular -ionic
concentrations - were determined by <correcting. the tissue ion
content for the ions due to the extracellular space. This

pfoceeded according to the following calculation:

Intracellular ion concentration =--:Ssue Ton Content - Ions in ECS
Tissue grams - ECS grams

Determination of Extracellular Space

Three intermolt and. three freshmolt énimaIS-were injected
with ‘1%C inulin (dose approximately 1 aucurie per 10.-'g body
weight). - At hourly intervals, -blood samples were taken .and

analyzed for radiocactivity. When the 14C inulin 4in the Dblood
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had- éguilibrated, 1 leg per individual was amputated-beléw the
méin joint to the body, so that the animal would not need to be
sacrificed. ’SiX‘ h6uIS' later -further samples 'were - taken.
Immediately after sampling, the legs-were cut open, and- 3 seﬁi-
uniform samples of both muscle and hypodermis dissected out.
The samples were  quickly- dipped into isosmotic- - sucrose,
ihoroughly' blotted ~between two pieces of ‘No. 1-f£ilter paper to
fémoveVadherihg'surface“blood, and - then weighed.. Four drops .of
16% KOH were added to the vials and allowed to digeét overnight.
Thé digested samples were neutralized with H2S04, and counted 'in
10 ml of Aguasol or :Scintiverse. Blood samples taken just
before the tissue samples were counted simultaneously and used
to determine -the- amount of :'extracellular space- within the
respeciive tissues. Separate -extracellular space determinations
were not made for-all the tissues used in this: study; rather,
the means for freshmolt and intermclt muscle and hypodermis were
used io calculate the intracellular ionic concentrations in the

respective tissues.
-RESULTS AND DISCUSSION

Extracellular Space Determination

Table‘1u‘shows the results of  the extracellular  space
determinations for muscle -and: hypodernis. The results show
clearly that there is a large difference in.extracellular~«space
between the muscle and the hypodermis, -but that;the difference
between intermolt and freshmolt tissues is small.  The. muscle

extracellular space values are similar to those found by



Table 14 Extracellular Space in Muscle and Hypodermis.

Measurements were made as described in Materials and Methods. Each measure-

. ment represents the mean of four determinations on one  individual animal.

: _ Mean
Intermolt muscle ;o 14.16%
: - 10.94% ) 12.04%
12.04% v
Intermolt hypodermis _ 39.62% _
' . 41.40% _ - 43.64% .
49.94% S
Freshmolt hypodermis S 41.90% v :
' - - 48.62% 45.27%
45.30% : :
Freshmolt muscle . 11.16% . .
o : : 13.61% - 12.34%

12.44%

166
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Robertson (1961)"for the Norway lobster, higher than. the 9%
value - found -by ‘Dunham &-Gainer (1968) for Homarus -americanus,

lower than those for Callinectes sapidus (Lang & Gainer, 1969b),

and ~somewhat “higher than: those :-found by Alspach (1972)  for

Cancer magister 'in high salinities. Alspach (1972) indicated
that the muscle extraceliular space increased as -the: animals
adaptad to - -"dilute - salinities. The 'lack of -change in
extracellular space with the  transition from —intermolt +to
freshmolt indicates that the uptake of fluid during the molt

does' not affect the volume of extracellular fluid associated

with a tissue.

v+ Table -15 shows the mean values for hemolymph -cation
concentrations of intermolt and freshmolt animals. The -volunme
corrected mean reflects +the -calibration of the Lang-Levy
pipette. There was no significant difference between intermolt
and Afreshmolt K+ and - Mg*+ concentrations. There- -was a
significant difference between calcium and sodium concentrations
in-intermolt and freshmolt hémolymph, with sodium being higher
and calcium 16wer-in freshmolt 'hemolymph. The -low calcium level
ﬁay reflect ‘increased calciun mobiliiation during- the initial
calcificatién“periéd;*-Robertson {1960) found increased -sodium
values during léie premolt and just 'after 'molt, in parallel with
the results 'of>‘this“stﬁdy;" When these ion concentrations are
compared to those of the medium (see Methods in- this- -section),
magnesium - stands-“-out 'as -the major-ion 'whose concentration is

controlled. Cancer magister strongly hyporegulates magnesiunm
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" Each mean value represents the mean of the ion. concentrations in as many in-

dividual animals as is indicated under "N". The volume corrected mean expresses

these ion concentrations in terms of the actual volume transferred by the Lang-

Levy pipettés used for sample measurement. P expresses the results of Students

t test comparison of molting and intermolt ion concentrations. V.C. mean

indicates volume corrected mean. P = 0.05 was the level of significance.

Intermolt

Mean Stan. Dev.

K . . 8.15mM #1.13

Na'  346.5 mM  23.5 .

Mg T 14.53 mM $2.36

O +F
ca’™ " 9.35 mM $0.89

N

10

'Fteshmoit ‘ _
V.C. Mean :Mean Stan. Dév. g!-V.C. Mean P
8.57 m | 8.19 mM  £0.68 8 8.62 mM N.S.
364.7 mM 376.85 mM  *16.7 8 396,7 mM =0.01
15.29 mM  15.03 mM 0.67 8 15.82 mM N.S.
9.84 mM  6.72 mM  %0.3 8

7.07 mM =.000001
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concentrations~ (14 -mM in the blood versus 42 mM in the medium).
Intermolt calcium-levels are very similar ‘tc those in-the medium
while freshmolt-levels were»somewhat'lower; - Hyporegulaticn of
magnesium and ‘hyperregulation ‘of calcium was shown by Engelhardt
(1970) for ggggg;'gggigggg from- local waters, by Hunter-and Rudy
(i975) for ~Cancer magister from: oregon,‘-as‘~ﬁell ‘as by

Colvocoresses et al., (1974) for Callinectes sapidus.

Ionic Composition of Muscle and Hypodernmis-

‘Table 16 shows - the- intermolt and freshmolt muscle ion
concentrations. For -the sample 'size examined, -only sodiunm
levels showed a significant. difference {P=0.05) -- - between
freshmolt and intermolt -muscle. The higher sodium levels 'in
freshmolt muscle correspond to the increase in hemolymph -sodium
in freshmolt animals. The - calcium, magnesium -and potassiun

concentrations were similar for intermolt and freshmolt muscle. .

Table 17 shows the intermclt and freshmolt 'hypodermal ion
concentrations. The mean values for freshmolr and intermolt
hypodermis were similar for _each ion, - although there was
considerable‘"variation-~<in the - samples, particularly for
interMolt'calcium‘and potassium values. ‘For each ion the null
hypothesis thét“the cation concentrations  in freshmolt and
intermolt hypodermis were the ‘same was accepted  (P>0.05). - The
variability of -the samples-'may be due to 'a lack of homogeneity
within the tissues; or to small -variations in the amount of
extracellular - space -in the +tissues. The 'latter would be a

particular problem in the measurement and calculation of sodiunm
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Table 16 Freshmolt and Intermolt Muscle Ion Concentrations.

 For‘each:experimental animal a mean ion concentration Was_detérmingd_from thrée
to four segarate-samples.' The mean value presentgd in this table represents
‘the mean ofbthesé means. All values have been corrected for the ionic contri-
bution of the extraceilular ééace‘in the tissue according.to_the formula in

Materials and Methods . P = 0.05 was the significarce level utilized.

Intermolt ' Freshmolt

Mean - = Stan. Dev. N Mean Stan. Dev. N P
Na©  45.32 mM - $22.7 5 89.8l mM  4.77 4 =.045
k' 112.70 m4  +10.67 4 114.00 m4 £19.8 4  N.S,
o . N ‘ B
ca’t | 2.79mM  1.40. 5 - 2.87mM  1.43 4 N.s.

++ _
Mg "-12.23 mM *2.74 4 13.43 mM 2.1 : 4 N.S.

BN
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~ Table 17 Freshmolt and Intermolt Hypodermal Ion Concentrations.

Y ) o : . : .

For each experimental animal, a mean ion concentration was determined from
‘.three to four. tissue samples. The mean value presented in this table represents
the mean of these means. All values have been corrected for the ionic contri-

bution of tﬁé{extracellularvspace. P = 0.05 was chosen as the level of -

significance. _
. Intermolt ' : Freshmolt
Mean Stan. Dev. N Mean Stan. Dev. ‘N P

+ : L . . ' :

Na - 49.51 mM x22.7 4 , 52.4 mM $19.77 -3 N.S.

+ a0 o : . ' '

K - 7 74.7 mM *19.7 5 70.81 mM +7.64 -4 N.S.
++ = o ' C :

Ca 16.78 mM +11.88 . 5 . 16,07 mM. +4.86 -4 N.S.
++

‘Mg 19.33mM - +4.23 .4 15.90 mM  #3.02 4 N.s.
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concentrations, ‘since sodium 1levels in-the hemolymph are 5-6
fold those in the ' hypodermis. In contrast 'to the muscle,
hypodermis -shows  no increase in intracellular sodium between

intermolt and freshmolt animals.

Comparison of hypodermal and muscle ion concentrations from
both intermolt and - freshmolt . animals reveals -several -marked
differenceS’ {Table 18). In=botﬁ-molting‘and intérmolt'tissues,
calcium levels are significantly higher (P=0.05) - in- the
hypodermis than ‘in muscle. Potassium is significantly higher in
intermolt muscle -‘than intermolt hypodermis, and - while the
difference is not significant for molting tissues, it is still
large. © Neither magnasium - nor sodium show a -significant
difference between muscle and hypodermis. There appears to be a
difference in sodium levels of moclting tissues, ‘but a -larger
sample size would be - -necessary to confirm this (nof significant
at P=0.,05), 'The levels of potassium and sodium are more similar
in the hypodermis than in muscle. Calcium provides- a  greater
ionic contribution- 'in hypodermis than in muscle. -Magnesiunm
levéls» are: approximately -the éame as calcium levels in
hypodermis, "while  in muscle,~magnesiumlis present in-four-fold
highei concentrations~than ~calcium;z"-Thus, ~t3e~ relationships
between the'majof'caéions éﬁdw.notable differences in muscle and

hypodernis.

'A comparison of these muscle ion concentrations-with ion

concentrations in other crustaceans shows that (Cancer  magister-

muscle- has "a lower: ‘potassium'-level than found in ‘Homarus

apericanus and Homaru vulgaris (Dunham & Gainer, 1968).




Table 18 Comparison of ‘Muscle and Hypodermal Ion Concentrations..

. Means are taken from the other tables. -Although P = 0.05 is the chosen level

of significance, P values which lie near this level are also presented.

- INTERMOLT

Hypodermal

Mean . Stan. Dev.

Mg £13.43 mM

Muséle
Mean Stan. Dev.
N —
Na 42.32 mM +22.7
+. :
K 112.7 mM $10.67
=+ , '
ca - 2.79 mM  *1.40
++
Mg 12.23 M 2.74
Muscle-
Mean Stan. Dev.
Na . .89.82. mM 4.77
K \ 114.0 mM . +19.8
++. % N .
™ Va.g7 mM . +1.43
++ /} o
+2.1

49.51 mM  *22.7
74.7 mM +19.7

16.78 mM +11.88

19.33 mM  #4.23

. FRESHMOLT

Hypodermal
Mean Stan. Dev.
52.4 mM £19.77

70.8 mM  +7.64
16.08 mM  +4.86

15.91 mM +3.02

lz .

1=

|ro

=0.08

.06

=,013
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P

1955)." The  "sodium values-are in the same rdnge. or lower than
most ‘previously published-tesults (Robertson, - 1961; Dunham: &
Gainer, - -1968; - Mackay ~"&- -Prosser, - 1970). - The 'calciunm

concentration - found in-Cancer magister muscle “was' considerably

lower  than that in king'crab muscle (Mackay & Prosser, 1970) or
Carcipus muscle: (Shaw, 1955). -~ By contrast, magnesium -levels

were3”higher5*thén‘ those ‘of~king-crabs, and lower-than those of

Carcinus maenas. - The- -concentrations of -both -magnesium  and

calcium in Carcinus maenas hemolymph ' (Shaw, *1955), and magnesium
in° king ~crab - hemoclymph (Mackay & Prosser,  1970), were

considerahly=higher~thandthe‘cérrésponding concenirations in the

hemolymph of - Cancer  magister. This may account  -for  the
difference ‘in"muscle‘ magnesium and calcium levels. : No values
for ion concentrations in hypodermis of other crustaceans are
available for comparison. Howéver; in- othef~-animals, when
intrécellular sodium is high,~vthe~}intraceilular' -potassium
concentration is -low (Schmidt-Nielsen, - 1975). . This pattern
holds true for hypodermis. The total sum of ‘these four- - cations
N
in botgzmuscle and hypodermis is similar to the values found in

other organisms {(Mackay & Prosser, 1970; Schmidt-Nielsen, 1975).

‘When one compares the -cation tconcéntrations ‘in  the -two
tissues .(TébleS““16“B 17, or 18) with the cation concentrations
in' -the hemoiymph,-'Several»4conc1usions can- ‘be nade. - Both
hypodermiéi?and ”muséle'acﬁumulate-potassiuﬁ'and'extrude'sodium.
The concentrationsof magnesium in tﬁe- two tissues are only
slightly different frcm the concentratiocns in the hemclymph.

The muscle maintains slightly 1lower magnesium concentrations,
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ghile the hypodermis has slightly elevated levels. The tissues
regqulate their caicium -concentrations in opposite ways; the
hypodermis seems to accumulate calcium, while the muscle seens
to-exclude calcium. In the king - crab, muscle maintains only
slightiy lower -levels of calcium than the hemolymph, while the
magnesium concentration is*éonsiderably»lowar than the  hemolymph
COncentration_(Mackay,G Prosser, - 1970). In~ Carcinus maenas
muscle, "magnesium -and calcium levels are regulated in much the
same way as in-Cancer gggig;ggw(shaw, 1955) . - The ‘higher 1levels
éf“' calcium“ 'in® - the t"hypodermis ‘are probably related to

calcification and repair of the exoskeleton.

Although these concentration measurements do not -represent
the actual activities of the ‘ions in the cells, they do- present
guidelines as‘to the concentrations ‘which the enzymes encounter
in' the cell. ”Thﬁs,'onévcan say that the competitive inhibition
between Cat+ and Mg++ will be of small importance -in--muscle,
where Mg#*+ levels are 4-fold higher than calcium levels. ~In the
hypodermis, - however, r Mg+t - and Cat+ concentrations are
gpp£§xima£ely fhe' same. Thus, uhless there is -significant
compartmentalization -and binding of these -‘divalent cationms,
compétitive~inhibitiqn“by>Ca++vof Mg¥*+ activation- -may- -play a
significant role; in regulating the activity of such enzymes as
éYruvate kinase"and’phosphoglycerate kinase. Pyruvate kinase is
pafticularly sensitive ‘to calcium ‘inhibition, with-a Ki versus
magnesiﬁm' of "7.5x-10=SM. . - For phosphoglycerate kinase, Cat+
inhibition is most-effective versus-the 'binding of 3-phospho-
glycerate, Ki = 2mM, while the inhibition versus ﬁg++ shows a-Ki

‘value of 20 mHM. Of the two enzymes, pyruvate kinase is thus
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mére susceptible to inhibition by calcium. Pyruvate kinase must
be-inhibited for ‘gluconeogenesis to occur while phosphoglycerate
kinase is one of the functional enzymes in the gluconeogenic
pathway. "~ " Thus, “in "the «context 'of gluconeogenesis, these
differential sensitivities to calcium inhibition make  functional
sense. There'“iS"“no ‘significant difference Dbetween -calcium
iévels- in intermolt -and freshmolt ‘hypodermis, so differential
calcium inhibition during~the various parts-of - the 'molt cycle

does not come into play in the regqulation of thess enzynmes.

Potassium levels 1in- all tissues are high enough to fully
éétivate_pyrﬁvate kinase (Ka = 15 aM). Since £he Ki for sodium
inhibition versus phosphoenolpyruvate binding is 40 mM, and the
Ki versus K+ is 85 mM, sodium inhibition will probably be of
little significance. - Potassium-and sodium -both activat= phos-
phoglycerate kinase: For intermolt tissues, the Ka values for
sodium activation ‘are 100 m¥, well above intracellular scdium
levels. In molting tissues, sodium levels are higher -than -in
intermolt tissues. The -Ka values for sodium activaticn in
molting tissues ~drop  to 30 mM -and 19 mM for- muscle - and
hfpédermis, ‘respectively. - Thus, 'sodium activation in<moltin§
fissues is more feasible. Potassium Ka values do not - fluctuate
much ‘throughout the molt cycle, remaining around 80 mM for both
hypodermal “and”imuscle.fphosphoqucérate kinase. - -In--muscle,
potassium levels are approximately -110-:mM, while in hypodermis,
potassidm-1eve15“are"10wer,‘near +70- mM. -~ Thus, ' activation of
phosghoglycerate ~kinase by potassium would -be appreciable, but
would not fluctuate between-intermolt and freshmolt. -While the

data on the effects of these four cations on crustacean phospho-
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fructokinase are not available, magnesium is required for its
tatalytic-activity‘and-potassium~activate5‘between 0 and 50 mHM
and ‘inhibits between® 100 and 200 mM (Sugden & Newsholme, 1975b).
Depending upon -“the ~degree -of association of K* with tissue
proteins, K+ lies in the inhibitory concentration -range within
the muscle cells, and on the borderline of this inhibitory range
in.fthé hypodermis. K+, Na*,‘and-mé*+ all have profound effects
upon ‘the activity of - hypodermal- fructose diphosphatase
(Hoékachka, 1972) . Sodium is inhibitory-at all concentrations
tésted, Mg*+ or Mn*+ is reguired for catalysis, ‘and K+ -activates
at levels up to-ﬂOO«mﬁ; K+ also accentuates the AMP- - inhibition
of - ‘the enzyme, while Mg++ reverses this inhibition. The ionic
concentrations-which- affect -enzyme activity are within- the
intracellular 'concentration‘range..'Therefore,'the interactions
between K+, Mg*+, AMP, and FDP provide an-important -element ' in
the contrbl of hypodermél FDPases (Hochachka, 1972).- - -Thus, even
though these 'cations- - probably do- not -play a role in-quick
changes of enzyme activity, their concentrations could partially

define the limits of catalytic activity.
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GENERAL DISCUSSION AND SUﬂﬁARY

-These studies- -of .phosphoglycerate kinase and.:-pyruvate

kinase  -from “Cancer -magister have 1led to "several important

conclusions concerning both the - regulatory properties- of:  the
énzymes'-from"muscle and hypodermis as -well as the-possible
enzymatic adaptations which facilitate efficient gluconeogenesis
and glycolysis'in“the‘same-tissue. This study has also- provided
some insight ‘into the changes in -metabolic organization - which
occur in ' the  muscle -and hypodermis during the molt cycle, as
well as allowing evaluation of-the potential for gluconeogenesis

in”the'muscle-of'gggcer magister. To conclude this' study,  the

major implications- of :these findings will-be discussed, along

The requirement for - efficient gluconeoganesis in
crustaceans - arises- from ‘the periodic shedding of the old
exoskeleton and - the subseguent' synthesis of a naw- -larger
chitinous exoskeleton. - In - most crustaceans, the synthesis of
the new exoskeleton is supported-by resorbed material, - as well
as by’ endogenous stores - (Renaud, 1949; Heath & -Baraes,-1970:
Speck et al., *1971). - Experiments with Qrconectes- 1limosus
indicate that the resorbed material undergoes initial~conyersion
into chitin;-amino~acids,~and~1acta£e. The “latter -two compounds
‘are -"subsequently -utilized- for-both chitin synthesis and energy
provision (Herz—Hanér et al,~1973). 'Similar conversions ;into
amino. racids -and ‘' lactate -occur- with ‘hemolymph -glucose and

ingested glucose 'in Qrconectes limosus (Speck:- & -Urich, 1969;

Urich et al., 1973; Herz-Hubner & Urich, 1973) and in other
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crustaceans (Huggins, -1966; -Huggins, 1969; Shewbart et al.,
1972). Thus, the metabolic routes for the conversion of-amino
acids and lactate into polysaccharides are emphasized during the
biosynthesis of ~ the chitinous -exoskeleton. Utilization of
endogenous stores would augment these basic metabolic flux

patterns.

P ey e e

-+~ . Measurement of enzyne activitieé indicates - that gluconeo-
genesis in 'érustaceans can folow the same bathuay-utilized in
vertebrates (Scrutton 5 Utter, :1668) .- Thus, - ‘pyruvate
carboxylase and fructose diphosphatase are present -in all
tissues, while phosphoenolpyruvate carboxykinase is present in
ali' tissues except intermolt muscle. The effective functiocning
of these bypass‘enzymes is partially dependent upon the activity
of ‘the corresponding glycolytic-reaction. In both the freshmolt
and intermolt - hypodermis, fructose diphosphatase :levels are
three £fold higher than those of phosphof:uctokinase. Thus, net
gluconeogenic flux through this reaction ‘locus is feasible. By
contrast, pyruvate kinase -levels .are approximately -20 fold
higher than those-of the' ‘bypass -enzymes.  ~Gluconeogenic  flux
through this‘reaction locus necessitates.effective inhibition of
pyruvate kinase. - "At physiological 1levels ‘of PEP, ADP, ATP,
alanine, -and  ‘'serine, ‘the low affinity form of hypodermal
pyruvatéi'kinase"*(PK' IIy shows 1less than 0.2% of its maximal
activity. Thus, net flux  through the pyruvate —-carboxylase,
phosphoenolpyruvate~ ~carboxykinase <bypaSS"iS“-possibla.‘ ‘The

maximal gluconeogenic flux through the bypass 'is approximately
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30% of the maximal FDPase activity. As mentioned before, the
values for PEPCK ‘may be low, since the enzyme was not -measured
in- “the gluconeogenic direction (Chang et al., 1966; Pogson &
Smith, 1975). "The other possible -"bottlenesck” in the gluconeo-
genic pathway ‘occurs -at the phosphoglycerate kinase reaction.
?hosphoglycerate‘kinase levels, measured in the -'gluconeogenic
direction, are considerably higher-than those of PEPCK, -pyruvate
carboxylase, - and"FDPase; :Farthermore, both the  -hypodermal-and
the- freshmolt muscle enzymes show: kinetic -modifications which
facilitate the reversal wof 'the reaction for glucoqeogenesis.
The "presence of ‘glutamine: fructose-6-phosphate amidotransferase
in the hypodermis and in freshmolt -muscle -indicates -that the
fructose~-6-phosphate 'generated5‘by the FDPase reaction can be

directed towards chitin synthesis.

P-4 22—

Muscle Gluconeogenesis

~ 'The various enzymes in the glucon=20genic sequence are
present in freshmolt muscle. However, the ratios of phospho-
fructékinase'to FDPase -and of pyruvate kinase ‘to phosphoenol-
pyruvate cafboxykinase and pyruvate carboxylase are coasiderably

magister -muscle "phosphofructokinase are not known -exactly.
However, extrapolation from the control properties of 1lobster
and-  king '*crab'f-phosphofructokinases“ indicates - that at
bhysiologiéal fructose-ﬁ-phosphate‘1evels,"high‘~levels~"of‘-ATE
and: arginine -phosphate- woﬁld~ cause more than 75% inhibition

(Freed, 1971; ‘Sugden & Newsholme, 1975b). This would allow net

gluconeogenic flux through the reaction locus. Pyruvate kinase
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is present at nearly 500 fold the levels of its bypass enzymes.
Unlike  the hypodermal pyruvate kinase, the muscle enzyme does
not exist in-interconvertible high and 1low -affinity -states.
Thﬁs, the kinetic-characteristics of muscle'ﬁyruvate kinase make
iﬁ"'highly unlikely - that -any- combination of inhibitors could
feduce enzyme éctivity to less thanFO.Z% of Vmax. In- contrast
to - rabbit muscle .pyruvatewfkinase, where the reverse reaction

accounts for 5% of the glycolytic reaction (Dyson-gt-ale; 1975),

accounted forﬂ-only "0.5% of -the fcrward 'reaction. - Maximal
reversal occurred:at 10 mM pyruvate,: a highly -unphysiological
concentration.  * Although the kinetic modifications of freshmolt
muscle phosphoglycerate kinase would-facilitate gluconsogenesis,
the characteristics of the pyruvate kinase locus-are ‘such-as to
prevent ‘net gluconeogenic- flux from- lactate, pyruvate, or
alanine. : ThiS'“conclusion contrasts with ‘the findings of
gehrisch (1§76)"who~ reports -both -high  levels of the bypass
enzymes and high -rates —of -gluconeogenesis - from- laétate -and

pyruvate in "Paralithodes camtchatica muscle (Behrisch, -1976).

A — i — > v T s i —

The-levels of FDPase, -PEPCK, and-pyruvate carboxyiase -found by
Behrisch (1972, *1976) are considerably higher than those -found
in"the present' 'study or -those found by Opie and Newsholme (1967)
and "by- Crabtree- gt al. ' '{1972) - -in -the -muscle- -of- -various

invertebrates ~including -"Carcinus maenas and fHaia sgquipado.

Unless- there  ‘is 'significant. compartmentalization of enzynme
activities, "which -somehow -succesds in separating the phospho-
enolpyruvate used by pyruvate kinase as -‘a -'substrate from ‘'the

phosphoenolpyruvate produced by phosphoenolpyruvate carboxy-
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kinase, net gluconeogenicflux through this reaction 1locus is

not likely to occur in Cancer magister muscle.

- Molt Cycle variations in Enzyme Levels

Both hypodermal ‘and muscle enzyme- -activities -were found to
change during the molt-cycle. Enzyme levels in the hypodermis
generally increased -during- the transition  from intermolt to
moit. This is diagnostic of the increase in metabolic- activity
of ‘the hypodermis  during premolt and postmolt, as well as the
increése in amount of protein per DNA during premolt (Steveanson,
1§72); While muscle enzyme activities generally decrease-auring
the transition from:-'intermolt to freshmolt, some enzymes, such
as FDPase, "PEPCK -énd* pyruvate - carboxylase -are present in
ihcreased levels ih’the'muscle of freshly -molted -animals. As
discussed in  the ©previous paragraph, this increased -gluconeo-
genic potential- is probably : not utilizéd for -'synthesis of
polysaccharides from: - amino acids‘and lactate. Other gluconeo-
genic precursors such-as glycerol may be utilized. In this
context, "some’ of the observations of Speck and Urich (1972) on

Orconectes limosus are of interest. These workers - found that

while considerable carbon ' from resorbed acetylglucosamine was
incorporated' into various  compounds in the muscle, ° the
distribution of" labelled wcarbon in -these: compounds did not
change if one  -compared  the- muscle of  late premolt, early
posimolt “and “partially"hardened' anipals.  Hhile some.of the
carbon from acetylglucosamine' was converted into polysaccharides
in-the muscle, the bulk of the label stayed in the fraction with

the intermediary compounds, including amino acids, small organic
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acids, and sugars. In other studies (Herz-Hubner & Urich,
1973), | it was | found® that -only a small proportion of
acetylglucosanine is released from the resorbing tissues
hnchanged. Thus, 'label which entered the muscle was in the form
of-small intermediary ccmpounds. - These studies indicate: that in
fhesev crayfish, muscle plays-a relatively gquiescent role during
the biosynthesis of the exoskeleton during premolt and postmolt.
Héwever; this éituation may be somewhat altered in animals- with
larée, long appendages, where the muscle forms the bulk of the
tissue in "the vicinity of ‘the hypodermis and -~the--nascent
exoskeleton. While this is an interesting concept, the present

stﬁdy does not provide supportive evidence.

Control of Glycolysis and Gluconeogenesis in the Hypodernmis

While hypodermal enzyme activities indicate that the tissue
is poised towards ‘gluconeogenesis, they also show that it
maintains -an ample glycolytincapacityf ‘The information gleaned
from this study, coupled with. previous work on-the. control
properties of the"'hypodermal~ FDPase from Paraiithodes  camt-
chatica (Hochachka, 1972), allows the formulation of a metabolic
control theory ' describing:. the -means - by which - hypodermal
metabolism switches from gluconeogenesis to glycolysis«: -During
gluconeogenesis from ~-lactate or 'amino acids such as alanine,
glﬁtamate and-éséartate; the levéls of ‘ATP - and the overall
energy charge- -are high. The -high levels of ATP-and the high
energy charge would combine to inhibit pyruvate kinase and

presumably ~phosphofructokinaser}-vSince' hypodermal levels of

phosphofructokinase lie below those of fructose diphosphatase,
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dnly partial inhibition of phosphofructokinases is necessary to
achieve appreciable'giuconeogenic flux; The high energy charge
would serve 'to activate both FDPases present in the hypodermis,
since high energy charge indicates low levels of AMP, a - potent
inhibitor'of'these and other FDPases (Hochachka, 1972).  The low
levels of ‘UDP-acetylglucosamine which 'would occur during the
initiation of chitin synthesis activate FDPase 'II by decreasing
the Km for fructose 1,6 diphosphate (Hochachka, 1972). This
activation of FDPase would lead to a decrease in levels of
fructose 1,6 diphosphate: This decrease in FDP would shift the
equilibrium between hypodermal PK I and PK II in favor  of the
léw 'affinity férm, ‘PK II, which 4is more susceptible to
inhibition‘by amino acids and citrate {Figure 27, p. 156). 1In
addition, PK II“has such a low.affinity'for phosphoenolpytuvate
that its glycolytic function would be limited in the presence of
phfsiological'PEP concentrations. Thus, the shift in pyruvate
kinése enzymes - from -the high affinity to the low affinity
conformaticn would-effectively inhibit.pyruvate-kinase and allow
flux through fhe=gnzymatiC'bypass; ‘The exact means whereby flux
through this ‘bypass 'is activated are- not known. ‘In the
mammalian liver, high levels of ‘ATP favor both the conversion of
pyruvate to ‘oxaloacetate and the conversion of oialoacetate-to
phosphoenolpyruvate (Newsholme & -Start, - 1973; - Garber &
Salganicoff,  ~1973).: Cycling around this reaction locus may
érovide costly, 'but precise regulation of net gluconeogenic flux
{Newsholme & start,; 1973), or ‘it may be utilized to support the
transfer -~ of - reducing units, - for purposes - -other- than

gluconeogenesis, from the mitochondria to the cytoplasm (Meijer
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& Williamson, 1974).

High ‘levels of ATP and low  levels of -ADP, 'characteristic of
a - high energy charge, aiso favor the gluconeogenic reversal of
phosphoglycerate kinase. The enzyme present in- - the - hypodernmis
of the freshly molted animal 'shows a high affinity for ATP
compared to ‘the intermolt'tﬁuscle~~enzyme.>-'Furthermore,- the
sensitivity +to ADP and MgADP inhibition is considerably reduced
in ~the hypodermai‘ forms. These two kinetic -modifications
combine to facilitate the reversal of the reaction. Removal of
1,3 diphosphoglycerate by the glyceraldehyde-3-paosphate -dehy-
drogénase, would -also favor reversal of the phosphoglycerate
kinése'reactionrby a- mass- action affect. - Mammalian- glycer-
éidehyde-B-phosphate dehydrogenase shows kinetic modifications
which facilitate the reductive dephosphorylation-during the high
NAD/NADH ratios characteristic of energy saturating -conditions
(Smith & Velick, -1972). - Since similar kinetics are shown by
both the mammaiian ‘liver -and muscle enzymes, - -and- since
crustacean -muscle and mammalian muscle glyceraldehyde-3-phos-
phate dehydrbgenaseS’are- much the same (TIrentham, -1971; De
Vijlder ‘gg“'g;.;* 1969;' Harrigan: - & Trentham,  1974), similar
kinetic modifications probably hold for the ‘hypodermali enzyme.
Thus; at low: levels of -NADH-and-1,3-diphosphoglycefate, NAD
étimulates the binding of these substrates at one subunit,while
itseif'bindiﬁg at-the ‘other three. - ‘At high-levels-of - -NADH - and
1,3~'diph§sphoglyce£ate,.iNAD-competes for ;he binding éite,'but
at"low 1levels,- it prcmotes the binding of -1,3 -diphospho-
glycerate. '"NAD“"binding"atr the acylated site is restricted,

while NADH binding is favored. Thus, in the face of the high
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NAD/NADH ‘ratio- which  accompanies-energy saturating conditions,
thé'high affiﬁity-of the dehydrogenase for NAD does not inhibit
the gluconeogenic~~-réversal of the reaction, but  -instead
facilitates it - (Smith & Velick, - 1972). - ATP and creatine
phosphate -inhibitm’tﬁe' glycolytic reaction of mammalian- muscle
glyéeraldehyde-B-phosphate dehydrogenase- (Oguchi et ail., 1973).
These compounds "may -‘possibly facilitate the'reverse reaction,
thus stimulating ' gluconeogenic 'flux‘ through bofh 'phosphb-

giycerate kinase and glyceraldehyde-3-phosphate dehydrogenase.

Integration of Gluconeogenesis and Lipid Oxidation-

.This model of- gluconeogenic -control mechanisms in the
crustacean hypbdermis has - -not - touched - -upon- a - -numba2r  of
additional regulatory interactions. These deal primarily with
the effects of ‘1ipid oxidation on gluconsogenesis. In- species
with an appreciable cytosolic phosphoenolpyruvate carboxykinase
activity, -1lipid oxidation during-periods of gluconeogenesis ~has
a- stimulatory:'effect (W#illiamson et al. 1969; Cornell et al.,
1974), "This effect is thought to arise from the high levels: of
citrate and -acetyl ‘CoA which result from lipid ‘utilization.
There is evidence for similar effects during gluconeogenesis 1in
crustaceans.  Citrate is a potent inhibitor of hypodermal 'PK II,
and - presumably 'of- phosphofructokinase.' As is true for-other
ﬁyruvate'carboxylases'(Ashman et-al., 1972), the enzyme - present
in- gggggé 'ggg;§§g£v~tiséues shows a dependence-upon acetyl CoA
for'cataiytic'activitya "Full stimulation-of activity came at
0.05 -mM :acety1*°CoA. High levels of acetyl CoA would inhibit

pyruvate dehydfogenase, leading to an accumulation of pyruvate
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{Guder' & Wieland, 1974). Increased levels of pyruvate would
then act in conjunction with the high levels of acetyl CoA to
activate pjruvaté carboxylase. Increased formation of
oxaloacetate would  then facilitate  PEP formation from

oxalcacetate by PEPCK.

By contrast, in species. which 'have higher 1levels of
phosphoenolpyruvate carboxykinase in the mitochondria than  in
the" ‘cytoplasm, '1lipid oxidation inhibits gluconeogenesis-iséling
éz'g;., 1973; Jomain-Baum ‘& Hanson, 1975). - This dinhibitory
effect is directly related to a decrease in the mitochondrial
NAD/NADH ratio, which leads to-a marked decrease 'in the rate of
phosphoenolpyruvate formation.- Increased levels of ammonium
chloride {1 mM) reverse this inhibition and lead to an- increase
in"the NAD/NADH ratio, via the glutamate dehydrogenase reaction. .
During perfusion of isolated 1liver, -‘further increases in
ammonium ion (2 mM) did not relieve the inhibition  until - their
AAdition wasiterﬁiﬁated. ‘These high levels of émmonium'ion led
to considerable increases in -the levels of -both glutamate and
aspartate. » Aspértate~‘was derived from oxaloacetat=s, ‘thus
reducing the availability of this- compound for - PEP: formation
{(Jomain-Baum- & Hanson, 1975). Thus, the NAD/NADH ratio -plays a
centrai -role' in"'moduiating -the rate of mitochondrial - PEP
formation. - - However, - - ccmpetition - between: - aspartate
aminotransferase and-phosphoenolpyruvate'carboxykinase will also
S£rongly a»f!.’ect"’*t;hve--~ rate of '‘PEP formation. -The separate
regulatioﬁ :of"‘the- cytoplasmic and~the-mitdchoqdrial NAD/NADH
fatios-may explain the lack of inhibition of «cytoplasmic - PEP

formation during fatty acid oxidation. In Cancer- magister,
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phosphoenolpyruvate carboxykinase activity is preseant in. both
the" mitochondria and the cytoplasm, but its exact -distribution
between the two compartments has not been determined.- Thus, no
conclusions "can-be -drawﬁ about the net effects of --lipid
oxidation on hypodermal-giuconeogenesis.'~However, the - effects
éf citrate upon- PK II*and'acetyl CoA upon pyruvate carboxylase
shown in the -"present study could well be of physiolpgical

significance.

L T

Inhibition of Gluconeogenesis and Activation of Glycolysis

Inhibition of- gluconeogenesis <can- cccur under various
metabolic conditions including~the;depletion of -ATP supplies - or
the -  production ' of adequate -gquantities of- polysaccharide.
Information regarding adequate synthetic activity would probably
be hofmoﬁal and would have  its dinitial effect -upon - -glycogen
synthetase or 'chitin synthetase function.  The-inaibition due to
lack of ATP would occur particularly frequently if carbohydrate
férmed the major substrate-for*energy provision as -weil -as  the
substrate for biosynthetic activity.  ‘Since carbohydrate is one
of ‘the major substrates utilized for energy provision -during
premolt  -and -poétmolt"in ‘the hyéodermis {Speck & Urich, ‘1971;
Herz-Hubner ‘& Urich, 1973), cyclic variations in'gljcolytic and
gluconeogenic  “flux can " be expected; When ATP levels decline,
ﬁbP“and AMP levels rise. As indicatéd above, AMP is- a - potent
inhibitor ~of -most ‘FDPases. - Furthermore, it is a '-strong
activator of phosphofructokinases.‘ Thus, - the-- -effect. of‘
increases ‘in-AMP is»amplified,‘éince-it'affects the two sides of

the phosphofructokinase-fructose diphosphatase cycle in opposite
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ways (Newsholme S‘Start,-1973)f A paucity of ATP ‘would lead to
an-accumulation of carbohydrate précursors, including fructose-
6=phosphate"and “either UDP-acetylglucosamine  or UDP-glucose
(depending upon the'polysacchéride currently being synthesized).
An ‘accumulation of - fructose-6-phosphate wouid ' cause ° an
activation of phosphofructokinase, while UDP-acetylglucosamine
and' UDP-glucose both inhibit hypodermal ¥FDPase II (Hochachka,

1972).

‘The - inhibition of gluconeogenesis due to decreased levels
of ATP would also- affect the second control site, by
deinhibiting the pyruvate kinase reaction. The'increasea-levels'
of FDP, which would occur -after the inhibition of fructose di-
phosphatase, would activate pyruvate kinase in two ways. - First,
FDP would increase the catalytic rate bi activating the- binding
of PEP and reversing the inhibition due to ATP-and amino acids.
Furthermore, the increased 1levels of FDP would: - promote the
conversion of ' the 1low: affiniiy ‘PK II into the high affinity
form,'éK I (Figure 27, pe. 156);-"This conversibn would -lead to a
considerable ‘increase in glycolytic flux through 'this -reaction
locus. Increased levels of ADP would also activate glycolytic
fiux; while“inhibiting'both!the~pyruvate carboxylase and the PEP
carboxykinase reactions (Newsholme & Start, 1973; Garber &

3alganicoff, 1973) . .

When . gluconeogenesis is inhibited due to an effect upon
chitin synthetase or glycogen synthetase, the regulatory effects
would be expressed at ‘several ‘loci-as well. The initial effect,

in the case of an inhibition of chitin synthetase, would be an
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acéﬁmulation of‘”UDP4acetylglucosamine. This would lead to an
inhibiton of'both'glutamine: fructose-6-phosphate amidotransfer?
ase and frﬁctose*wdiphosphataéé::(Winterburn-'s' Phelbs,~'1971a;
Hochachka, 1972);,*Hhile glutamine: fructose-6-phosphate amido-
tﬁahsferase'haS'not been examined-in crustaceans, ‘its -properties
have been characterized in rat 1liver, locust hypodermis, and
gggggphggg salivary: glands (dinterburn- & Phelps,  1971a;
Winterburn & Phelps, 1971b; Kress & Enghofer, 1975; Surholt,
1975). ° The ‘enzyme -from- all -sdurces is subject to feedback
inhibition by ~*UbP—acetylglucosamine, - a- mechanism- - -which
effectively prevents further accumulation of the compound. -Both
FDPase I and FDPase iI‘from~king crab hypodermis are - sensitive
to -inhibition by this metabolite. FDPase II is subject'~£o 80%
inhibition by 1 'mM UDP-acetylglucosamine 'while FDPase I is
inﬁibited by 50% by 2.5 nM levels of this compound (Hochachka,
1972).‘ Thus, ~partial inhibition of flux through the FDPase
reaction can be achieved by-presumably moderate levels. of UDP-
aéetylglucosamine;:' ‘Besides inhibiting ~ ~FDPase, - UDP-
acetylglucosamine activates pyruvate *kinase. ~ This activation
occurs via-a facilitation of substrate binding and a reversal of
ATP inhibition.  '~If glycogen synthesis 1is activated-during
inhibition-of“chitin~ synthesis, -FDPase ‘I would: conﬁinue to
provide'fructose-6*phosphate~and maintain low levels of fructose
5;6“ diphosphéte.f"These‘~ﬁould keep pyruvate kinase in its low .
affinitytfconformation.~‘~Thus,f in- the -absence: of - -complete
inhibition “of ~both FDPase I and FDPase II, high levels of UDP-
acetylglucosamine"would~only create a small increase in pyruvate

kinase activity. The sensitivity of both FDPase II and pyruvate
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kinase to - the endproducts of <chitin synthesis distributes
control over” the two ‘rate limiting steps in the pathway, and
allowus: selective"jchanneling fof- fructose—6-phoéphate - into
glycogen, <chitin -or energyv-méfaholism. - During premolt and
postmolt, when chitin is the-primafy product of tae  hypodermis,
FDPase II -levels may increase, -allowing greater requlatory

specificity.

~—--Thus, thevenzymes in the crustacean hypodermis- -have a
hﬁmbef“of ~specific modifications which allow-a high degree of
Caniél over~the- two major %"bottlenecks" in -glycolysis and
gluconeogenesis., = 'Specific characteristics which are unigue to
the crustacean hypodermis are the multiple'fbrms of fructose di-
phoéphatase and the high and 1low 'affinity forms- -0of pyruvate
kinaéé. A further distinctly gluconeogenic modification-occurs
ih'%he molt cycle specific'variants'of phosphoglycerate --kinase.
A comparison-of  the control mechanisms present in-the~hypodérmis
with those ?preéent'in'the muscle, indicates that ‘these control
characteristics must have evolved in answer to the critical need
for  efficient - gluconeogenesis -during - the initial - postmolt
period. . -A~“number““of questions need to be answereéed before the
éxaé£"éiciurefofLéontrol of gluconeogenesis ' and -~ glycolysis in
the5'”hypodermiS'"can‘"be ~definitively explained;- ‘Percentage
changeé in the-forms of FDPase present in the -different portions
of “the molt cycle, and the’exact~~regu1&tion of ' phosphofructo-
kihase,'~pyruvate fCArboxylase,uandAphosphoenolpyruvate carboxy-
kinase remain‘to-be established. - Furthermore,- questions - of ~in
giggwwflgx 'pattefn5~“as -we1l3¢as~ the  influence. of - hormonal

regulation also need to be answered. However, this study has
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provided- considerable elucidation of available gluconeogenic and
glycolytic ~control mechanisms in both the hypodermis and muscle

of Cancer magister.

Phosphoglycerate Kinase in Gluconeogenic Tissues

~~.- -The regulatory properties of the phosphoglycerate -kinases
investigated in this-study may elucidate the means by which the
re#ersal»of~thecreaction-for~g1uconeogenesis is facilitated in
6the:1 organisms. - The kinetic -modifications of freshmolt-muscle
and - hypodermal- phoéphoglycerate -kinases  have ~-considerable -
poteﬁtial for overcoming-the MgADP inhibition of the gluconeo-
genic reaction. ~The combination oﬁ increased affinity :for. ATP
aﬁd decreased sensitivity -to ADP and -MgADP inhibition may
-proviée the means for. the - easy reversal of phosphoglycerate
kinase in other gluconeogenic tissues.  The mass -action ratios
show that the reaction catalyzed by.phosphoglycerate kinase 'is
:elativeiy ‘near -equilibrium--in -all- the tissues- examined.
Evidently the activity of the enzyme is high ‘enough -in- both
hypodermis - ‘and: muscle -to: -hring the . reaction. close  -to
equilibrium. ~"Certainly the -mass ~action ratios -for phospho-
fructokinase and-pyruvate kinase are orders of magnitude further
removed from- -equilibrium -than- -those of the phosphoglycerate
kihase=reaction;*~Houever, qualitative differences indicate that
the~reaction“i5“fgrthervvfromz«eguilibrium in ° muscle than in
hypodérmis. ””The’vkinetiChcharacteristics of the hypodermal and
freshmolt_muscie'enzymés would facilitate the reversal -of the
reaction, in'éontfast to»£he propertieé of thérihtermoit-muscle

enzyme.
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Regulatory Properties of Pyruvate Kinase from Cancer magister

The regulatory properties.of. pyruvate kinase. -from -muscle
and hypodermis - (Table - 19) are interesting both in. relation-to
other-pyruvate~kinases and as examples of protein-adaptation for
specific metabolic purposes. -Muscle pyruvate kinmase is distinct
from the enzynme in-other muscles in that it is -sensitive +to
aqtivation'by UDP-acetylglucosamine and glucosamine~-6-phosphata.
ihis‘effect'may well be  specific to crustaceans and -reflects the
influence: of -chitin-metabolism.. -Arginine -phospaate inhibition
probably occurs in-'all animals which-utilize arginine. - phosphate
as' their storage -phosphagen,--and has been found- -for pyruvate
kinase from octopus- (Guderley et g;¢,'1975)~and shrimp - (Guderley
et al., 1976).- Although -the muscle enzyme -shows -allosteric
effects, i.e. -activation by FDP, inhibition by citr;te-and
arginine -phosphate, --it -does not show sigmqidal -kinetics.
Various other -pyruvate kinases show sigmoidal kinetics-at high
pH values (Seubert & Schoner, 1971), -in. the presence -of MNg++
rather than  Mn++  (de Zwaan et al., 1975), or-show sigmocidal
kinetics which ‘are "converted:  to- hyperbolic kinetics- by -the
additionv“of "FDP- . {Kayne, -1973)., - The  presence of measurable
levels of{FDP~associated»with the . enzyme ‘indicates -that: this
lack of sigmoidal-kinetics-may be due to bound FDP -which-somehow
ﬁéeveatsQ~coope%a£ive~~interactionsv betwéen ‘$ubunits.¢~Further
examination of this aspect of py:uvaté kinase regulation would

be of considerable interest.

- The -similarity--of -the regulatory - properties.  of.muscle

pyruvate kinase and hypodermal PK I (Table 19) makes it tempting
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Comparison of Muscle and Hypodermal Pyruvate Kinases

Muscle PK

Hypodermal PK I Hypodermal PK II
Km PEP 0.1 mM 0.1 mM 0.55mM
Km ADP 0.2 mM 0.2 mM 0.2 uM
K, FDP 2 x 107°M 1.3 x 107y 9 x 1078y
Ki MgATP 1.8 mM (vs PEP) 1.2 mM (vs PEP) 1.2 M (vs PEP)
K, arginine
phosphate 2.8 mM (vs ADP) 7.0 mM (vs ADP) 7.0 mM (vs ADP)

Ki tryptophan

Ki alanine

- K, alanine
(with ¥nP)

K, serine
i

Ki serine
(With FDP)

_Ki Mg2c1trate

}

Ki CaCl2

K K

K_NH

S

+

K, Mg

1

K Mn

pl

1.6 mM

30 mM
30 mM

30 mM
30 mM

complex two site
interaction

0.1 mM (vs Mg++)
0.66 mM (vs Mn™T)
15 mM

5 mM

0.6 mM

0.15 mM

6.4

2.0 mM

30 mM
30 mM

35 mM
35 mM

complex two site
interaction

.075 mM (vs Mgt
6 mM (vs Mn++)
10 mM

6 mM

0.6 mM

0.1 mM

6.1

2.0 mM

7.0 mM
26 mM

10.5 mM

.26 ©iM
7.5 mM

075 oM (vs Mg'h)
6 M (vs Mn'T)
10 oM

6 oM

0.6 mM

0.1 mM

6.1
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to-speculate that the hypodermal pyruvate kinase -evolved fronm
the - muscle enzyme. - However, the two enzymes are .definitely
differentwprotéins;-~since~vthe -ﬁuscle enzyme-- does -not - show
interconversions- ‘between a high and a low affinity state. The
difference.between~the~hypodermal and- the ‘muscle pyruvate kinase
nmay:be due to a  considerably higher affinity of--the- muscle
eﬁzyme<<for ‘FDP- ‘or--to a- -few. amino acid substitutions: which
facilitate conformaticnal changes at the PEP- binding- -site of
hypodermal pyruvate kinase.- Since the apparent FDP affinity of
the muscle enzyme was-not high, the former -alternative seens
unlikely.  Hypodermal pyruvate kinase 'is distinct from other
previously examined pyruvate kinases in that FDP promotes a
conversion between -two forms, -each of which is sensitive to
further activation:of substrate binding. -The exact machanism of
this interconversion-is not clear, but the increased -levels of
FDP associated with  the high affinity form indicate that the
interconveréions may involve long term binding of FDP- to the
protein. Long term binding- has been indicated for  the mammalian
L and M2 forms {(Hess & Kutzbach, 1971; Seubert & Schoner, .  1971;
Ibsen et al., 1975). Subunit coopérativiéy doeé not seem .to be
involved  in -the regulation of--the hypodermal =enzyme. A
comparison of the ‘hypodermal enzyme with -the -enzyme- from -the
hepatopancreas wmight- elucidate - structural difierences -which
underlie: the:lack-of subunit interactions on . the. part. of the
hypodermal ‘enzyme. ~--An examinhation of -the -enzyme -from the
hepatopancreas for:similar stable high and low -affinity -states
wéuld ascertain- whether -subunit -interactions and transitions

between high and low affinity conformations represent alternate
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forms  of- adaptation - for gluconeogenic function. Also, closer
examination of possible :structural  differences- -between - the
nuscle - and - -hypodermal -enzymes, and of the in vivo significance

of the two affinity states wo@ld be of great interest.

~~In uéonciusion, the. results of this. .study. - -further
substantiate ~the -hypothesis- -that the crustacean hypodernmis,
faced with a critical need for efficient gluconeogenesis, would

have evolved special enzymatic adaptations to answer this need.
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