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ABSTRACT

The properties of hepatic 6-phosphogluconate
dehydrogenase (6PGD) from the Arctic ground squirrel were
examined over the seasonal physiological temperature range
of the animal.

While there are seasonal differences.in 6PGD activity,
the affinity of the enzyme for both of its substrates, as
well as the isoelectric point remain unchanged over the
year. The data suggest that seasonal control of this key
enzyme of the hexose monophosphate shunt is chiefly through
changes in enzyme concentration.

The metabolites adenosine diphosphate (ADP), adenosine

monophosphate (AMP), Mg++

and fructose-1,6-bisphosphate
(FBP) have no effect on enzyme activity, while AMP is mildly
inhibitory (Ki=2.18 mM). NADPH is a potent inhibitor
(Ki=0.02 mM), and may be a major regulator of 6PGD activity.
The literature on regulation of the hexose monophos-
phate shunt is reviewed, and a tentative model for regula-
tion of the shunt in the liver of the Arctic ground squirrel,
explaining the differences in hexose monophosphate dehydro-
genases between hibernating and nonhibernating animals, is

proposed.

iii
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The phenomenon of hibernation which has attracted the
interest of zoologists for more than 200 years, pro-
vides the first demonstration in comparative physiology
of a striking adaptation to special environmental
requirements, and at the same time emphasizes the con-
trasting homeostatic conditions in other mammals
[Morrison 1960].

INTRODUCTION

The vast inter-connectedness of the many metabolic
pathways in the anabolic and catabolic conversions of organic
compounds required by living organisms can be a mind-boggling
tangle to unravel. The biochemist attempting to elucidate
the links and points of control involved in metabolism and
body function is faced with a problem that at first glance
seems almost insurmountable. Luckily, there are certain
basic properties and universal substances involved in key
roles in the control and integration of metabolic pathways.
With an understanding of the roles of the various compounds
acting as transporters of energy, and of the important
factors inherent in enzymatic reactions acting as control
points of metabolic pathways, the biochemist can begin to
unravel this tangle. The elucidation of these pathways over
the past 50 years has pointed out the simplicity and economy
inherent in them, thus allowing for the beginning of an
understanding of their integration and control.

The primary job of metabolism is to supply usable energy

to the cell. Energy for the cell is derived from the energy

1
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inherent in the structures of organic molecules obtained
from the surroundings. Energy and electrons derived from
fuel molecules are transported from catabolic reactions to
electron and energy-requiring anabolic reactions in the
high-energy phosphate bonds of adenosine triphosphate (ATP),
and the energy-rich electrons of reduced nicotinamide
adenine dinucleotide phosphate (NADPH).

Regulation of metabolic pathways is attributed to
enzymes situated at key points in the pathways (usually at
the beginning and branch-~points) catalyzing physiologically
irreversible reactions. Allosterism, the modulation of
enzyme activity through the binding of a specific metabolite
at a site other than the catalytic site, is a common feature
of many regulatory enzymes. An important characteristic of
allosteric enzymes is the sigmoidal substrate saturation
curve, in contrast to the common rectangular hyperbola. The
sigmoid curve implies that binding of one substrate molecule
to the enzyme enhances the binding of subsequent substrate
molecules to other substrate sites. The shape of these
curves allows for large changes in enzyme activity caused
by small changes in substrate concentrations, if substrate
is physiologically present at concentrations approximating
the Km (the substrate concentration required for an initial
velocity of 1/2 maximal velocity) of the enzyme for
substrate. Most modulators of regulatory enzymes act by

affecting the affinity of the enzyme for its substrate,
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thus affecting the crucial relationship between Km and

physiological concentrations of substrate.

Glycolysis

The glycolytic pathway was one of the first major path-
ways to be studied, and serves as a backbone for the rest
of intermediary metabolism. It carries out the anaerobic
degradation of the six-~carbon sugar, D-glucose, to the
three-carbon compound, pyruvate. In anaerobic organisms
pyruvate is reduced to either lactate or ethanol, and the
pathway acts as the major producer of high-energy ATP
molecules. In most aerobic organisms this pathway has been
retained and serves as a preparatory pathway for aerobic
metabolism and production of ATP via the tricarboxylic acid
cycle and electron transport system. It also serves aerobic
organisms as an emergency source of energy during short
periods of anoxia (Fig. 1).

This ll-step pathway is generally thought to be under
the control of the three reactions catalyzed by the enzymes
hexokinase (HK) (or glucokinase in liver), phosphofructo-
kinase (PFK), and pyruvate kinase (PK), all of which
catalyze irreversible rate-limiting reactions. This can be
determined from examination of the large changes in their
standard free energy (-AG°) and mass action ratios. Regu-
lation of the pathway stems from the concerted effect of

all three.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



GLUCOSE
ATP
> hexokinase
ADP
HMP
(Glycogen) -— GLUCOSE-6-PHOSPHATE —\Pathway
FRUCTOSE-6-PHOSPHATE
ATP
) phosphofructokinase
ADP
FRUCTOSE~1,6~BISPHOSPHATE

] aldolase

DIHYDROXYACETONE GLYCERALDEHYDE
PHOSPHATE <——> 3-PHOSPHATE

o=

ADP
) pyruvate kinase
ATP

(Respiration) ««——— PYRUVATE ~——» LACTATE

7\
NADH NAD

Fig. 1. Glycolysis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PFK is inhibited by high concentrations of ATP (a
substrate of the enzyme, but a product of the overall
pathway), citrate, and long chain fatty acids. It is
activated by AMP and ADP, which are present in high con-
centrations when the product (ATP) is low. Thus PFK is
poised to drive glycolysis when the energy charge is low
(characterized by low concentrations of ATP and high concen-
trations of AMP+ADP), and to inhibit the pathway when its
product and high-energy molecules are plentiful. In this
study, inhibition by long chain fatty acids is important,
as a major role of glycolysis in the liver is the biosynthe-
sis of fatty acids.

Hexokinase is noncompetitively inhibited by its product,
glucose-6-phosphate (G6P) (Newsholme and Start 1973), which
builds up when PFK is inhibited. The noncompetitive
inhibition is one of the cornerstones of the concerted
effect of PFK/HK regulation. If G6P inhibition were com-
petitive, an increased glucose concentration would activate
the enzyme. This would increase fructose-6-phosphate (F6P)
concentrations, which would override the inhibition of PFK
by ATP, and thus there would be no control of the pathway.
In the liver, where glucokinase replaces hexokinase as the
predominant form of the enzyme, glycolysis is not the only
important pathway for glucose degradation. In view of this,
it is not surprising that glucokinase is not inhibited by

G6P, and that increased blood glucose drives the reaction
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towards G6P formation under most conditions. This is an
important factor in the activity of the hexose monophos-
phate pathway (HMP), which branches off from the glycolytic
pathway at the level of G6P.

Although pyruVate kinase catalyzes a reaction that is
far removed from equilibrium, and is inhibited by a number
of products of glycolysis, while being activated by its sub-
strate and fructose-l,6-bisphosphate (FBP), its role as an
important regulator of glycolysis is questionable. Its
position at the end of the pathway, and high activity in
comparison to PFK, contribute to this uncertainty and
suggest that inhibition of this enzyme would lead only to
accumulation of glycolytic intermediates between FBP and

phosphoenolpyruvate (PEP).

Hexose Monophosphate Pathway

The hexose monophosphate shunt branches off from the
main glycolytic pathway at the level of G6P, and diverts
some of the glucose in the cell away from the production of
ATP by oxidation (Fig. 2). The principal role of this path-
way in most cells is to generate reducing power in the cytosol
in the form of NADPH, a cofactor required in the reductive
reactions involved in the synthesis of fatty acids and
cholesterol. This function is particularly important in
liﬁer and mammary gland, which actiVely synthesize these

substances. Not surprisingly, the pathway is active in these
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tissues and as much as 50% of all glucose undergoing
degradation in the liver may enter it (Lehninger 1975),
while in skeletal muscle the pathway is almost nonexistent.
Another less important function of the pathway is the
conversion of hexoses to pentose phosphates for the synthesis
of nucleic acids. The final role of this pathway in animal
cells is the complete oxidative degradation of pentoses by
converting them to hexose intermediates of glycolysis. This
function of the pathway has been suggested as a bypass of
PFK control of glycolysis, since G6P is converted to pentose
phosphates and then to the triose intermediates that are
produced after the PFK reaction. This bypass could be
active in the removal of high concentrations of glucose by
the liver during the first two hours of refeeding after
starvation (Newsholme and Start 1973).

The HMP link with fatty acid synthesis lies in the
first three reaction steps in which the two dehydrogenases,
glucose~-6-phosphate dehydrogenase (G6PD) and 6-
phosphogluconate dehydrogenase (6PGD), catalyze reactions
producing one molecule of NADPH each. These reactions are
also the most probable control points of the pathway, with
the linked reactions catalyzed by G6PD and lactonase being
the only irreversible steps. Their placement at the be-
ginning of the pathway, following a branch-point, suggests

a role as the committing step. The modulation of both G6PD
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and 6PGD activities by products of the pathway and by

glycolytic intermediates suggests that even though these
enzymes may not be "regulatory" in the strict definition,
they certainly play a role in the apportioning of G6P be-

tween glycolysis and the HMP.

Fatty Acid Synthesis

The formation of the fatty acids can be divided into
two parts: the carboxylation of acetyl-CoA to form malonyl- -
CoA (catalyzed by acetyl-CoA carboxylase); and the series
of condensation, dehydration and reduction reactions,
starting from acetyl-CoA and malonyl-CoA. This series of
six reactions is catalyzed by the fatty acid synthetase
system, a complex of six enzymes and a nonenzymatic carrier
protein (ACP) to which the growing fatty acid chain is
attached.

The acetyl-CoA carboxylase reaction appears to be the
regulatory, rate-limiting step in fatty acid synthesis.
This enzyme catalyzes a nonequilibrium reaction with a
maximal activity much lower than that of the fatty acid
synthetase complex. It also appears to be an allosteric
enzyme, made up of a number of inactive monomers that are
shifted to the active polymer form only in the presence of
citrate (see Lehninger 1975), and is inhibited by long
chain acyl-CoA derivatiﬁes, a product of the pathway (Numa

et al. 1964). The activation and inhibition by changes in
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concentrations of these compounds have not been shown at
physiological concentrations, which casts some doubt on
their roles in regulation of the enzyme's activity im vivo
(Fang and Lowenstein 1967).

The two reduction reactions of the fatty acid synthe-

tase complex are:

1) Acetoacetyl-S-ACP + NADPH + H <«---+ d-B-
Hydroxybutyryl-S-ACP + Nappt

2) Crotonxl-S—ACP + NADPH + H <---+ Butyryl-S-ACP +
NADP™.

They are catalyzed by B-ketoacetyl-ACP reductase and enoyl-
ACP reductase (NADPH) respectively, and have a specific
requirement for NADPH as a cofactor. If the production of
NADPH by the HMP and other reactions (catalyzed by malic
dehydrogenase and isocitrate dehydrogenase) were limited,
these steps could become rate-limiting in the lipogenic
pathway (Siperstein and Fagan 1958). The actual extent of
control of lipogenesis by the rate of NADPH production by
the HMP is questionable, and Tepperman and Tepperman (1961)
present convincing arguments for the regulation of the HMP
dehydrogenases by lipogenesis at the initial stages of in-

creasing lipogenesis in refed rats.

Glucose-6-Phosphate in the Liver

Most incoming nutrients pass directly from the intestine

to the liver, which acts as a major sorting center of
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nutrients in the hierarchy of organ systems. In line with
this role, the liver has great flexibility in terms of in-~
duction and repression of specific enzymes required to
metabolize the varying mixture it receives.

The liver receives a large quantity of various mono-
saccharides, approximately 2/3 of which are phosphorylated
and transformed to G6P. G6P in turn has a number of
metabolic pathways that it can take in the liver (Fig. 3).
Under a normal diet most of the G6P is converted to glyco-
gen, fatty acids or blood glucose. Most of the ATP re-
quired by the liver is provided by the degradation of
fatty acids and amino acids, and little G6P is completely
oxidized in the liver. The HMP in the liver is one of the
major producers of NADPH for fatty acid synthesis. According
to Lehninger (1975), about 50% of all the glucose degraded
in the liver enters the HMP, but Baquer et al. (1973)

report a lower value of approximately 16%.

Control of the HMP

Regulation of metabolic pathways is usually attributed
to enzymes having specific properties, as discussed earlier
in this section. Modulation by these enzymes is carried out
by changes in the activities of the enzymes, causing changes
in flux through the pathway that compensate for, or relieve
the effects of environmental change and stress. According

to Behrisch (1973), there are at least three general methods
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liver (Lehninger 1975).
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that organisms have of altering activities of enzymes in
the cell: 1) altering enzyme concentrations by induction
and repression of enzyme synthesis at the level of trans-
cription and translation, and by changes in rates of
degradation of active enzymes. Adaptations of this kind
require a fair amount of time to produce maximal effects,
and have been termed "coarse" control by Krebs and
Eggleston (1974). 2) Production of enzyme variants or
"isozymes" exhibiting differing kinetic properties; and

3) changing the "internal milieu" (i.e. concentrations of
substrates, cofactors, or modulators of the reaction) of
the cell. The latter two types of adaptation occur more

or less instantaneously, usually by allosteric effects, and
have been called "fine" control (Krebs and Eggleston 1974).
Of course it must be realized that these types of adaptations
are not mutually exclusive, and are more likely to work in
concert to some degree.

In the past the first of these mechanisms has been
invoked liberally to explain many instances in which a
change in enzyme activity has been observed. Often this has
been done with no additional information, but in the last
20 years a number of technigues have been developed which
allow determinations of changes in enzyme level. The use of
drugs that inhibit RNA and protein synthesis (e.g.
actinomycin and cycloheximide), and more recently the use of

immunologic and isotope techniques, demonstrated the
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occurrence and importance of this type of adaptation (see
Schimke and Doyle 1970 for a review of this subject).

Work performed by Behrisch and his colleagues on
numerous animals, including diving mammals (pers. comm.),
hibernators (Behrisch 1975, Behrisch and Johnson 1974), and
marine ectotherms (Behrisch 1974), has demonstrated that
these animals do produce variants of regulatory enzymes of
the glycolytic pathway in response to change in environmental
conditions (usually temperature). In some cases, rather
than producing variants in response (or anticipated re-
sponse) to changes, the various forms are present simultane-
ously, but due to their different properties, usually involv-
ing enzyme ligand affinities, are maximally active under
different specific conditions. The variants are almost never

active at their maximal rates (V.

max) under normal physio-

logical conditions. Rather the dominant isozymes under
each condition have evolved Km values that are close to the
physiological concentrations of their substrates under these
conditions. This allows for tight regulation of enzyme
activity in a narrow range of substrate concentrations,
because of the hyperbolic, or sigmoidal form of the enzyme
substrate saturation curves.

It has been reasonably well documented that intracellu-
lar concentrations of various ions and metabolites are al-
tered in response to changes in the environment, and in

particular during adaptation to temperature. There is no
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doubt that changes in the concentrations of these substances,
which may act as cofactors, positive or negative modulators,
or cause changes in intracellular pH, are capable of
affecting enzyme activity. Behrisch (1978) demonstrated
that the activity and allosteric properties of pyruvate
kinase from Arctic ground squirrels (Spermophilus parryi)

are altered by changes in levels of various cations and
metabolites, and that concentrations of cations in the
liver of these animals do change throughout the year in a
cyclic fashion. It is interesting that with all of the
other changes taking place, the blood pH of hibernators
does not respond to temperature as it does in most other
organisms in which pH increases as temperature decreases,
thus preventing the onset of acidosis. In the hibernator's
blood, pH either stays constant or changes only slightly
(Malan et al. 1973), but in the liver the pH change
parallels that seen in other organisms (Malan et al. 1976).

It is evident that molecular changes in the metabolic
apparatus do occur in response to changes in environmental
conditions. These changes allow for continued efficient
functioning of an organism under extreme conditions.

If any kind of regulation of the HMP is intrinsic to
the pathway, it probably lies in the two initial dehydro-
genase reactions catalyzed by G6PD and 6PGD. Even if there
is no intrinsic regulation of the pathway, in terms of the

classical allosteric-type regulation, there is a regulatory
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effect on the pathway produced by changing concentrations
of metabolites, cofactors, and enzymes, and for the reasons
presented earlier it has long been felt that these two
enzymes play a key role. As pointed out earlier, G6PD
would be expected to catalyze an irreversible reaction be-
cause of its high -AG° value, and 6PGD a reversible one.
This would seem to implicate G6PD as the committing, if not
regulatory, step in the HMP. However AG° values by them-
selves do not tell us anything about the physiological
condition of these enzymes. Greenbaum et al. (1971) has
calculated the equilibrium constants (Keq), and the mass
action ratios for both of these enzymes from rat livers.
These data, in addition to data on metabolite profiles
derived from crossover plots, show that indeed the G&6PD
reaction is poised in the direction of 6PG formation, while
the 6PGD reaction is almost at equilibrium. It must be
pointed out that these data certainly do not rule out any
role for 6PGD as an enzyme active in controlling flux through
the pathway, and other evidence, which I will cover later,
indicates an important role.

A great deal of work has been done purifying and
characterizing these enzymes from a large assortment of
organisms ranging from bacteria to fish and mammals. The
activities of these enzymes from the liver of rats and brook
trout (Salvelinus fomtinalis), subjected to a variety of

dietary regimes and stresses (including starvation), have
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been studied extensively and appear to fluctuate in
response to the changes. In response to a diet containing
excess carbohydrate, the activity of the dehydrogenases in
rats may increase up to ten-fold (Tepperman and Tepperman
1958a), and in brook trout starvation causes a significant
decrease in their activity (Yamauchi et al. 1975). Tem-
perature acclimation of poikilotherms has also been shown
to affect the activity of the HMP by modulation of the
capacity of these two enzymes. The activity of both
enzymes from hepatopancreas of the blue crab (Callinectes
sepidus) (Robert and Gray 1972a), and brook trout
(Yamauchi et al. 1975) increased by 25-50% following cold
acclimation from 20 to 10°C, and 15 to 5°C respectively.
In contrast, their activities in rats decrease 50-75% on
exposure to 5°C (Hannon 1960).

Investigation of modulation of these enzymes has re-
vealed a large number of compounds that act as inhibitors
under <n vitro experimental conditions on purified enzyme.
The majority of the work on 6PGD from mammals has been done
on the enzyme from sheep liver (Dyson and D'Orazio 1971,
1973, Villet and Dalziel 1972) and rats (Proscal and
Holten 1972), with some work done on a variety of other
species (Toews et al. 1976, Ollson 1972). The results of
this work reveal some interesting interspecific differences
in enzyme characteristics, some of which may be related to

differences in feeding habits and others not having any
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clear basis. A majority of these modulators probably have
no physiological significance because of their extremely
high inhibition constant (XKi) Values in relation to actual
concentrations in the cytosol, but a few of them are
probably of physiological importance and are worth con-
sidering in terms of possible significance to the "fine"
control of HMP activity.

NADPH has been shown to be a potent inhibitor of both
6PGD and G6PD in all organisms. The inhibition of 6PGD
has been termed competitive with respect to NaDP by Proscal
and Holten (1972), with a RKi of 20 uM in rats. Villet and
Dalziel (1972) found the enzyme from sheep to have a Ki of
2.4 uM with respect to NADP+, but refer to the inhibition
as simple end-product inhibition. This would seem to be
the more accurate explanation, and would function by
stopping the reaction as products build up and equilibrium
concentrations are reached. However, Proscal and Holten's
(1972, 1976) work on 6PGD and G6PD, and that of Krebs and
Eggleston (1974) with G6PD, have both shown that it is the
ratio of [NADPH]/[NADP+] that is important in the inhibition
of these enzymes. They have also shown that the concentra-
tions of these metabolites calculated to be present in the
cytosol of the rat liver by Veech et al. (1969) are almost
completely inhibitory to both enzymes. Sapag-Hagar et al.
(1973) reported that the two dehydrogenases are inhibited

to different degrees by [NADPH]/[NADP+] ratios, and that
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6PGD activity would be 1/100 that of G6PD in vwivo. This
would cause a serious imbalance, placing 6PGD in the
position of causing a bottleneck in the pathway, and thus
possibly controlling the flux through the pathway. The
findings of Holten et al. (1976) do not substantiate this,
but suggest that the activities of the enzymes are ex-
tremely well balanced. Complicating matters further,
Whitten and Klain's (1969) data from the 13-lined ground
squirrel (Spermophilus tridecemlineatus) show that in the
hibernating and arousing animals these enzymes are well
balanced, while in the nonhibernating animals 6PGD appears
to have a lower activity than G6PD. Results from Behrisch's
laboratory (pers. comm.) on the Arctic ground squirrel show
the same relationship as Whitten and Klain's data.

Proscal and Holten (1972) view this inhibition as a
control of HMP flux by NADPH utilizing pathwéys (i.e. lipo-
genesis) in a manner similar to the regulation of energy
charge and glycolysis (Atkinson 1968). An increase in
lipogenesis would rapidly oxidize NADPH, thus decreasing
the [NADPH]/[NADP+] ratio and causing the deinhibition of
the dehydrogenases. Thus the [NADPH]/[NADP+] ratio would
again increase to the inhibitory steady state level.

Krebs and Eggleston (1974) take a different approach
to the problem. They see the regulation of G6FD activity
as a matter of deinhibition, thus allowing the HMP pathway

to remain active when lipogenic activity is not oxidizing
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NADPH. Activity at these times may be important in pro-
ducing precursors for pathways other than lipogenesis. It
may also be essential at times for the pathway to remain
inactive when substrate is abundant and equilibrium favors
the reaction. In view of this possibility they began a
search for compounds that counteract the inhibition by NADPH
in rat liver, and found that AMP and the oxidized form of
glutathione (GSSG) were the only two that had significant
effects. AMP was found ineffective at physiological con-
centrations, while GSSG was highly effective under physio-
logical conditions in all rat tissues except lactating mam-
mary glands. GSSG deinhibition was also found effective in
human tissues, but not in bacteria. Recently Rodriguez-
Segade et al. (1979) have shown this same effect on 6PGD
and G6PD from rat liver and mussel hepatopancreas. The
mechanism of this effect is not clear, but it appears to
require a cofactor (the identity of which is still a
mystery), and does not seem to require the removal of NADPH
by the glutathione reductase reaction.
Fructose-1,6-bisphosphate (FBP) has been demonstrated
to be a competitive inhibitor of 6PGD from sheep liver
(Dyson and D'Orazio 1971, 1933a). These authors suggest
that this may be of regulatory significance, under physio-
logical conditions, in controlling the entrance of G6P into
the HMP. FBP concentrations would increase with an activa-

tion of glycolysis, which would stimulate PFK and PK, in
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addition to its inhibition of 6PGD, thus further driving
glucose towards the glycolytic pathway. Proscal and Holten
(1972). were unable to find any inhibition by FBP in their
work on rat liver 6PGD, but offered no explanation for

this difference.

Recently Beitner and Nordenberg (1979) showed that
glucose 1,6-bisphosphate (G 1,6-~P), an intermediate in
glycogen metabolism, is a potent inhibitor of 6PGD from rat
liver, muscle, testis and fat pads. This compound is also
known to be a strong activator of PFK and PK, and a potent
inhibitor of hexokinase, thus acting as a possible regulator
of glucose entrance into the HMP. This would be especially
true when glucose levels are low and glycogen is being
metabolized through glycolysis. This recent finding offers
some interesting evidence for a theory of control of HMP
activity by 6PGD, but is in need of more attention and work.
Whatever the actual role played by these various modulators
of HMP dehydrogenases in regulation of flux through the
pathway, these, or some other as yet unknown compounds,
must necessarily act to give the cell some sort of fine
control over the apportioning of glucose between glycolysis
and the HMP in response to rapid changes in glucose levels
and energy state.

Although these kinds of modulation of enzyme activity
are certainly involved in the almost instantaneous adjust-

ments of fine control in response to the rapid changes
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occurring almost constantly in cells, they are probably

not the major means of adaptation to long term environmental
changes. As mentioned earlier, the levels of HMP dehydro-
genase activity from rat liver have been shown to decrease
with starvation, and increase over ten-fold after refeeding
with a high carbohydrate diet. Similar responses were also
discussed in poikilotherms with respect to starvation and
acclimation to cold. Further, in studies of both HMP
dehydrogenases from hepatic tissue of the 13-lined ground
squirrel (Whitten and Klain 1969), and of 6PGD from hepatic
tissue of the Arctic ground squirrel (Hannon and Vaughan
1961) it has been shown that their activities are much lower
in the hibernator than in the nonhibernating animal. At
this point we can essentially think of hibernation as a set
of adaptations to cold stress and starvation.

Are these metabolic responses to environmental changes
due to guantitative or qualitative adjustments of the
enzymes? Behrisch and Percy (1974) demonstrated that two
variants of 6PGD exist in adipose tissue of the spotted
seal (Phoca vitulina). The two variants have different
properties and responses to temperature, and are found to
have different activities in different parts of the body.
The deep adipose tissue is essentially homeothermic and has
a high activity of the wvariant with a strong dependence on
temperature, while the flipper is essentially heterothermic

and has a greater activity of the variant that is relatively
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independent of temperature. Thus we see that qualitative
adjustments of these enzymes can and do occur. A recent
study by Dao et al. (1979) supports the possibility of
qualitative changes playing a role in the activity changes
of HMP dehydrogenases in rats subject to starvation and
refeeding. They purified a variant of G6PD from rat liver
that has a specific activity about three times that of the
other lower molecular weight forms found previously. They
postulate that this form could possibly play a role in the
hyperlipogenesis and increased activity of G6PD after car-
bohydrate refeeding, but further work needs to be done on
the activation and inactivation of these forms before we
can begin seriously to deVelop a mechanism.

The studies of Robert and Gray (1972a, b) on HMP
dehydrogenases from the blue crab, in which they looked at
the increases in activity associated with cold acclimation,
do not support a qualitative change in the enzymes. They
showed that Km values, and isozyme profiles of the enzymes
of cold and warm acclimated animals were not significantly
different, and concluded that the mechanism involved in the
greater activity of cold acclimated animals was probably
an increase in the amount of enzyme present.

The greatest amount of work in this area has been done
on rats subjected to starvation followed by refeeding with
a high carbohydrate diet, and on rats subjected to insulin

treatments. Starvation brings about a decrease in
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lipogenesis accompanied by a similar decrease in NADPH
production by the HMP dehydrogenases. Activity is restored
to normal levels within 12 hours of refeeding with a high
carbohydrate diet. After 48 hours HMP activity is ex-
tremely high and still climbing (Tepperman and Tepperman
1958b). Insulin has also been shown to increase the
activity of the HMP dehydrogenases over the same time course
(Steiner and King 1964), but the effect is caused by the
hormone's ability to stimulate the appetite and increase
carbohydrate intake (Rudack et al. 1971). Investigators
have long felt that these changes in activity were con-
trolled by regulating the rate of enzyme synthesis, which
was demonstrated in the case of dietary changes by Johnson
and Sassoon (1967). Other investigators (Mack et al. 1975)
using drugs that block protein synthesis have demonstrated
that the increases in G6PD and 6PGD activities brought
.about by carbohydrate feeding are mediated by a rapid

change in RNA synthesis. The majority of evidence strongly
points towards a quantitative change as the major mechanism
of adapting to long term environmental changes by these
enzymes, and this theory has been widely accepted. The
evidence pointing towards qualitative changes in the enzymes
should not be viewed as taking anything away from the accep-
fed theory. Rather, I believe that this brings out the
point made earlier that regulation, or control, of enzymatic

pathways is not a simple "unimechanistic" system, but a
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concerted effort employing a variety of mechanisms acting

simultaneously at several levels of cellular functioning.

Ecological and Physiological Considerations of Hibernation

Hibernating animals are able to withstand long periods
of low temperature and little (or no) intake of food by
entering a state of reduced metabolic activity accompanied
by a pronounced bradycardia, a large drop in respiratory
rate, and a lowering of body temperature. The Arctic ground
squirrel (Spermophilus parryi) exhibits this behavior to an
extreme degree. It hibernates for up to eight months
(Hock 1960) with a concomitant reduction of metabolism well
below its normothermic rate, and decrease in body tempera-
ture to as low as 0°C.

During extended periods of hibernation the animal
arouses every 10 to 14 days, and raises its body temperature
to 37°C through increased metabolic activity. Arousal takes
about 90 minutes, and the animal stays aroused for approxi-
mately 18 hours. Galster and Morrison (1975) showed that
these short periods of arousal are accompanied by an increase
in glucose reserves, which are depleted during the periods
of torpor. Glucose metabolism is not a major source of
energy during hibernation, but certain tissues are prefer-
entially dependent on carbohydrate metabolism as an energy
source (Sokollof 1960). The primary source of energy for

maintenance of physiological processes during hibernation

|
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is lipid metabolism. This is shown by respiratory quotient

values (RQ=the ratio of the volume of CO.,, produced to the

2
O2 consumed per unit time) and changes in body composition
(Lyman and Chatfield 1955). Lipid synthesis is almost
entirely shut down during hibernation (Tashima et al. 1970),
requiring the animal to use fat that was accumulated before
entering the hibernation state. Wilber and Musacchia (1950)
looked at the kinetics of lipid turnover in Arctic ground
squirrels, and demonstrated that the level of fat metabo-
lism is very high in early summer and falls off dramatically
as winter approaches. Thus, it is not surprising to find
that most hibernators become extremely fat during the summer
when food is readily available, and enter hibernation in a
state of extreme obesity.

We know that a large proportion (approximately 50%) of
the NADPH required in lipogenesis is produced in the
reactions catalyzed by the two HMP dehydrogenases, G6PD and
6PGD, and that changes in their activity probably play a
role in control of lipogenesis. In an earlier part of this
discussion we saw that the activities of these enzymes
decrease in response to cold acclimation (Hannon 1960),
and a reduced food intake (Tepperman and Tepperman 1958a)
in rats. The activities of these enzymes from hepatic
tissue of hibernating ground squirrels, which are subject
to extremes of these same conditions, respond in the same

manner (Whitten and Klain 1969, Hannon and Vaughan 1961).
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In the summer active squirrels, when temperatures are
warmer and there is an abundance of food, the enzymes show
much increased activities and the activities under all con-
ditions are much higher than in rats (Hannon and Vaughan
1961). Considering the requirement of lipid synthesis for
NADPH, this last point strongly suggests a much greater
capacity for lipogenesis in the livers of sguirrels than
rats. This is substantiated by the prodigious amounts of
fat put on by squirrels in the late summer. The lower
activity found with the onset of hibernation, a condition
of reduced food intake and low body temperatures, corre-
lates well with previous findings in the rat, a nonhiberna-
tor. It is of interest to note the work of Ollson (1972)
in which G6PD activity and lipogenesis in the liver of the
European hedgehog (Erinaceus europaeus) are shown to in-
crease with the onset of hibernation. This would not be
surprising if the hedgehog were known to hoard food and
eat during its cyclic periods of arousal, but as with the
ground squirrels these animals do not eat during hiber-
nation. Golden hamsters (Mesocricetus auratus) are
hibernators that do eat during active periods of the
hibernation cycle, and lipogenesis in these animals is
almost completely blocked during hibernation (Denyes and
Carter 1961). To my knowledge HMP dehydrogenase activities
have not been examined in these animals, but Denyes and

Carter (1961) proposed that "alterations in the enzyme
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glucose-6-phosphate dehydrogenase" are involved in the
lipogenic block. The results from these three different
hibernators raise some gquestions as to the role of increased
carbohydrate intake in the induction of HMP dehydrogenase
synthesis.

In view of all of these factors, and as part of this
laboratory's ongoing research into metabolic control of
hibernation at the molecular level, research was done on
6PGD to determine: 1) whether isozymes of the enzyme exist
in the liver of the ground squirrel, and if so, whether
or not they are produced in response to the stresses of
hibernation; and 2) the kinetic characteristics and inhibi-
tors of the forms of the enzyme that are found. This in-
formation might reveal the extent of the roles of gqualita-
tive and quantitative changes in adapting to environmental
stresses, and lead to an understanding of the regulation of

flux through the hexose monophosphate pathway.
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METHODS AND MATERIALS

Experimental Animals

Mature Arctic ground squirrels (Spermophilus parryt)
of both sexes were live-trapped along the Richardson High-
way in the Alaska Range of south-central Alaska during the
spring and fall. The animals were transported to the
University of Alaska, Fairbanks, where they were held in
controlled environment chambers of the Combined Animal
Facility. Hibernating animals were kept at 5°C with no
light during the fall and winter. Summer active animals
(this term will be used interchangeably with "nonhibernating
animals" throughout this paper) were kept at 15°C with a
controlled light cycle (12 hours dark/12 hours light) during
the spring and summer. The animals were fed Purina labora-

tory chow, water and carrots ad libitum.

Tissue Preparation

Six nonhibernating, and four hibernating animals were
killed by a sharp blow at the rear of the skull. The livers
were removed immediately, and either used at once or £frozen
in ligquid nitrogen and stored at -90°C until needed.

The 6-phosphogluconate dehydrogenase (6PGD) used in
determining kinetic parameters was prepared by a modification
of the procedure described by Dyson et al. (1973). All

preparations were done at ice water temperature and reagents
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were kept at approximately 0°C. Minced liver was homo-
genized at medium speed in four volumes (v/w) of cold 50 mM
KC1l for 30 seconds, with a Polytron model PCU-2 high speed
homogenizer. The homogenate was stirred vigorously for
one hour in the cold room. This suspension was centrifuged
for 35 minutes at 11,000 g (0-5°C) in a Sorval RC2-B
centrifuge (SS-34 rotor). The sediments were discarded.
The supernatant fraction was brought to 45% saturation
with solid ammonium sulfate and stirred for two hours in
the cold to promote protein precipitation. The turbid
suspension was centrifuged for 30 minutes at 11,000 g and
the sediments (containing proteins) were discarded. The
supernatant fluid was brought to 70% saturation with
ammonium sulfate and stirred in the cold until all of the
ammonium sulfate was dissolved. This turbid solution was
centrifuged for 30 minutes at 11,000 g. The precipitate
(containing 6PGD) was dissolved in 1/10 the volume of the
original extract of cold 50 mM phosphate buffer (pH 6.3).
This solution was dialyzed overnight in the cold
against two changes of 400 ml of 15 mM phosphate buffer
(pH 6.3) to remove ammonium sulfate (an inhibitor of the
enzyme), and centrifuged for 10 minutes at 11,000 g. The
supernatant was frozen in 2-4 ml samples until needed.
Tissue used in electrofocusing experiments was left
in a crude state to lessen the chances of denaturation

occurring while undergoing electrofocusing. The minced
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tissue was homogenized with a Polytron homogenizer at
medium speed in four volumes of cold 10 mM phosphate buffer
(PH 6.4) for 30 seconds, and centrifuged for 10 minutes at
30,000 g in a Sorvall RC2-B centrifuge (SS-34 rotor). The
supernatant was stored frozen in the same manner as the

other samples until used in determining isoelectric points.

Assay Procedures

Enzyme activity was measured spectrophotometrically,
using either an Hitachi Perkin-Elmer model 111 UV-Vis
spectrophotometer equipped with a Bausch and Lomb VOM 11
log linear re;order, or a combined Gilford model 2000
multiple sample absorbance recorder-Beckman DU monochromator
unit. A continuous recording was made of absorbance at
340 nm as the reaction occurred.

The reduced nicotinamide adenine nucleotides have
strong absorbance at 340 nm, while the oxidized forms do
not. The activity of the following reaction catalized by
6-phosphogluconate dehydrogenase:

6-phosphogluconate + NADPT «— Ribulose-5-P +
NADPH + H

is directly estimated by the reduction of NADPT. Thus the
enzyme activity is measured as the change in absorbance

with time at 340 nm.
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The assay medium was prepared as in Bergmeyer (1974),

and contained in a total volume of 2.92 ml,

Concentration
Assay medium in assay
2.50 ml Triethanolamine (0.1 M, pH7.6 at
25°C) 85 mM
0.20 ml 6-phosphogluconate,Na salt(l5 mg/ml) 2.7 mM
0.10 ml NaDP',Na salt (10 mg/ml) 0.4 mM
0.10 ml MgCl, (0.1 M) 3.4 mM

0.02 ml Enzyme solution

All of the reagents were obtained from Sigma Chemical Co.,
St. Louis, Missouri. This was the basic assay medium, but
the concentrations of substrates were varied depending on
the experiments being performed. Putative modulators were
added as indicated. The reactions were initiated by the
addition of NapP'. Assay temperatures were regulated with
a constant temperature bath and circulator, and the
Triethanolamine (TEA) buffer was kept at the assay tempera-
ture at all times. The assay temperatures used were 5, 15,
26 and 37°C, covering the physiological temperature range
experienced by ground squirrels during a yearly cycle of
activity and hibernation.

The pH of the liver of the hibernator has been shown
(Malan et al. 1976) through intracellular recording to be

unlike that of other tissues from hibernating animals, in
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that its pH varies with temperature in the same manner

as is found in blood (Reeves et al. 1977). 1In order to keep
experimental parameters as close to physiological conditions
as possible, all assays were performed at the physiological
pH associated with the assay temperature. To facilitate
this procedure TEA was chosen as the buffering medium and
all reagents were made in this solution. In this context,

I showed that the pH of TEA is temperature dependent and
this variation with temperature is the same as that found

in the liver of the hibernator (Fig. 4). The pH was
adjusted at 25°C with NaOH or HCl1l, as necessary, and a
Corning Model 12 Research pH meter.

HEPES (N-2-hydroxyethylpuperazine~N-2~ethanesulfonic
acid), a temperature ins~nsitive buffer, was used in place
of TEA for determination of the pH profiles of the enzyme.
pH was adjusted with NaOH or HCl to range from pH 6.5-8.5.
All assays for enzyme activity were measured in triplicate
for at least two minutes, and each experiment was performed

at least two times.

Electrofocusing

Electrofocusing is a means of separating proteins and
discerning the presence of enzyme variants based on the
isoelectric point (pI) of the proteins. The solution con-
taining the protein(s) in question is loaded onto a sucrose

density gradient with a solution of ampholytes consisting
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Fig. 4. Effect of temperature on the pH of 0.1 M
Triethanolamine buffer.
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of many aliphatic polyamino-polycarboxylic acids. These
ampholytes have a high buffering capacity in comparison
to the proteins. The sucrose density gradient is a non-
ionic solution serving to stabilize the column against
thermal convection during the electrofocusing. When a
voltage is applied across the column the ampholytes migrate
to the points where they are electrically neutral, thus
forming a pH gradient. The protein samples eventually
migrate to the pH in the gradient at which they are
electrically neutral, thus becoming separated by their
isoelectric points. Photometric assays are used to deter-
mine the fraction containing the active enzyme. The pI is
determined by measuring the pH of this solution.
Electrofocusing was performed as in the LKB 8100
Ampholine instruction manual using an LKB 8100 Electro-
focusing unit and constant temperature circulating water
bath. The 110 ml column and corresponding gradient mixer
were used in all experiments. The column was set up with
the anode at the bottom and cathode at the top, and run at
400 V for 24-56 hours, or until the current had stabilized
at less than 0.5 mA. The column was drained at approxi-
mately 1 ml/min, and 2 ml samples were collected using an
LKB 7000 UltroRac fraction collector.

~
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The pH was measured with a Beckman Expandomatic SS2
PH meter. The samples were kept on ice and assayed for
6PGD activity at room temperature (25°C) and pH 7.6, as
described in the preceding section.

Electrofocusing runs were conducted on tissue from
one hibernating and one nonhibernating animal over pH ranges

of 3.5-10 and 4-6.

Presentation of Experimental Results

Enzyme activities from the electrofocusing and pH
optima experiments are presented either as the change in
optical density per minute (AOD/min), or as percent maximum
activity (%vﬁax)‘

Enzyme activity from the kinetic studies is expressed
as International Units per gram frozen tissue (U/g) and
Units per milligram protein (U/mg). One International Unit
(U) of enzyme activity is that amount of enzyme catalyzing
the formation of 1 umole of product per minute. Protein
concentrations of the tissue preparations were determined
by the micro-biuret technique, a modification of the
biuret (Layne 1957). Units of enzyme activity were calcu-
lated from the AOD/min using the molar extinctioﬁ coef-

ficient for NADPH (E =6.22cm2/pmole).

340
The kinetic parameters, Km (the substrate concentration

required for an initial velocity of 1/2Vma and Vi,

X ax
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(maximal velocity when all substrates are present at
saturating concentrations). were derived by fitting experi-
mental data to the hyperbolic form of the Henri-Michaelis-

Menten equation:
v=(V ¥[8/ (Km+[S]) (1)

([S]=substrate concentration, v=velocity), using the least-
squares method of Cleland (1967) on the University of Alaska
Honeywell computer system. Statistical data are presented
as standard deviations, and were also calculated using
Cleland's method (1967). This method was used in place of
the usual linear transformations (Lineweaver-~Burk, Hanes-
Woolf and Eadie-Hofstee), because of deficiencies in these
other methods. The Eadie~Hofstee form has been shown to be
the most accurate of these methods, and to call more
attention to points deviating from the theoretical linear
relationship than the other forms (Segel 1976). A point
that is often overlooked in using this formula is that the
Eadie-Hofstee plot (v vs. v/[S]) has no independent variable,
and thus should not be used in a linear regression. The
Cleland method appears to be as powerful while still being
mathematically valid.

Types of inhibition were determined from Lineweaver-
Burk (1/v vs. 1/[S]) linear transformation plots at varying
concentrations of the putative modulators. The competitive

inhibition constants, Ki (the concentration of inhibitor,
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[T]1, that doubles the slope of the 1/v vs. 1/[S] plot),
were derived from a replot of the slopes of the (1/v. vs.

1/[8]) plot vs. [I]. This replot produced a straight line

with equation:

Slope (1/v vs. 1/[S])=((Km/VmaX*Ki))*[I])+Km/Vmax (2),

from which Ki is calculated.
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RESULTS

Electrofocusing

Electrofocusing experiments were performed on liver
extracts from both hibernating and nonhibernating Arctic
ground squirrels. The results of these experiments are
presented in Figure 5, and show that 6-phosphogluconate
dehydrogenase (6PGD) from the livers of these animals is
present in a single form. The single form of the enzyme
is the same in the hibernating and nonhibernating animal,

and has an isoelectric point of pH 5.15.

Kinetics

Ground squirrel liver 6PGD has a relatively high
affinity (as indicated by a low Km), in comparison to many
other enzymes (see Lehninger 1975), for its substrates,
6-phosphogluconate (6PG) and NADP+ (Table I and Table II),
and substrate saturation data produce hyperbolic curves
fitting the Henri-Michaelis-Menten equation (Fig. 6 and
Fig. 7).

Comparison of the Km values of the enzyme from
hibernating and nonhibernating animals show no significant
differences in affinity for NADPT at 5, 15, 26 and 37°C
(Table I). The Km values for 6PG at 5°C show a statistic-
ally significant difference (P=0.05) between the hibernator

and nonhibernator, but at 15, 26 and 37°C there are no
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Fig. 5. Electrofocusing of liver 6-phosphogluconate
dehydrogenase from hibernating and nonhibernating
Arctic ground squirrel. The experiments were
run over a gradient of pH 4 to pH 6.
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Table I. The effect of varying temperature on Km for NADP+
and Vpgy of 6PGD from Arctic ground squirrel liver. Km and
Vmax Were calculated as described in the text, and statis-
tics are presented as * standard deviations.

Tenlpo
(°C) Km (uM) Vmax (U/g9)* Vmax (U/mg)**
Hibernator: 37 15.40+2.99 1.460£0.080 9.672=0.037
(n=3) * %k %k
26 11.36+£2.93 0.645%0.048 0.29720.022
15 10.91+2.29 0.280%x0.016 0.129£0.007
5 9.12+2.20 0.104+£0.007 0.048+0.003
Nonhiberna-
tor 37 15.12+1.44 1.760+£0.052 0.816+0.024
(n=6) ***
26 12.13+1.37 1.023+£0.028. 0.474+0.013
15 9.44+0.83 0.356+£0.008 0.165+0.004
5 7.81+1.44 0.128+0.006 0.05920.003

*Units per gram frozen tissue.

**Units per milligram protein.

***n refers to the number of animals used, whereas the
sample sizes used in statistical analyses are the number
of complete experiments performed on the extracts from
these animals.
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The effect of varying temperature on Km for

6~phosphogluconate and Vypay of 6PGD from Arctic ground

squirrel liver.

Km and Vpax were calculated as described

in the text, and statistics are presented as * standard

deviations.

Temp.
(°C) Km (uM) Vmayx (U/@)* Vpay (U/mg)**
Hibernator: 37 10.75%1.09 1.040%0.020 0.489%0.009
(n=1) ***
26 9.48+0.72 0.556+0.008 0.261%0.004
15 11.85+1.59 0.272x0.008 0.128+0.004
5 18.40+1.45 0.120+0.004 0.056%0.002
Nonhiberna-
tor: 37 11.91+0.85 1.44+0.024 0.578+0.010
(n=4) *** :
26 9.22+0.81 0.720x0.016 0.289+0.006
15 8.161x1.04 0.344+0.008 0.138+0.003
5 7.19+0.66 0.108+0.002 0.043+0.001

*Units per gram frozen tissue.

**Units per milligram protein.

***n refers to the number of animals used, whereas sample
sizes used in statistical analyses are the number of
complete experiments performed on the extracts from
these animals.
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Fig. 6. Substrate saturation curves of hibernating and
nonhibernating ground squirrel liver 6PGD with
respect to 6PG at 5, 15, 26 and 37°C. Activity
is expressed as International Units per gram of
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significant differences (Table II). The difference at
5°C may not be biologically significant since the Km values
presented in Tables I and II were calculated from the data
obtained in at least two separate experiments, and if the
data from the hibernator 6PG saturation curves at 5°C are
calculated separately for each experiment the values for Km
are 6.98 + 1.09 uM and 18.23 £ 2.23 uM. The lower value
corresponds nicely with the value of 7.19 £ 0.66 uM for the
nonhibernator at 5°C. The problem may lie in the limita-
tions of the experimental design. Due to the extremely low
levels of activity at 5°C, the majority of points used in
determining the kinetic parameters of the enzyme fall near
Viax (Fig. 6), thus making determination of Km less
dependable than those done at higher temperatures. One
other source of error that may produce difference in Km
values are slight changes in substrate concentrations.
Substrates were weighed carefully to 1074 g, but at low
concentrations this amount of error may be significant. 1In
the future I would determine the concentrations of all
substrates enzymatically in order to avoid this potential
problem.

There are no statistically significant differences at
P=0.05 between Km values over the temperature range from
5 to 37°C in either the hibernator or nonhibernator, and

for either substrate.
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Comparisons of hibernating and nonhibernating values

for Vﬁa of 6PGD, which are plotted in Figure 6 and

b4

Figure 7 and listed in Tables I and II, show approximately

a 25% increased specific acti&ity in the nonhibernator at

15, 26 and 37°C, in agreement with earlier work by

Behrisch (pers. comm.), and Whitten and Klain (1969). The

results of the vﬁax determinations at 5°C, with respect to

Napp? concentration, also show a 25% increase in activity

in the nonhibernator, but the results for vmax at 5°C, with

respect to 6PG concentration, show a decrease of activity

in the nonhibernator. I do not believe that this is an

accurate result for the same reasons discussed previously in

regards to the Km for 6PG of the hibernator enzyme at 5°C.
An Arrhenius plot of log vmax as a function of the

reciprocal of the absolute temperature of the reaction

(1/T) is shown in Figure 8 for the hibernator. Measure-

ments of Vﬁ were made between 5 and 37°C, and within

ax
this range the energy of activation (Ea) is constant, as
can be seen from the constant slope drawn to the points in
Figure 8. Ea was calculated to be 52.95 KJ/mole (Table III)
by the equation:

Ea=2;3*R*(Slope[log10Vmax vs 1/T]) (3)
(Ea=energy of activation, R=8.31 J mole-1 K-1, T=absolute
temperature([K]). The slope and activation energies for the

nonhibernator (not shown) were the same as for the hiber-

nator.
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Table III. Activation energies (Ea) and Qig values for
hibernating and nonhibernating ground squirrel livexr 6PGD.
Ea values were calculated from Vpgx.

Temperature range (°C) Ea (KJ/mole) Q10*
5-15 52.95 2.22
15-25 52,95 2.11
25-35 52.95 2.01

*Q10 values were calculated from Ea
(Ea=2.3RT2T110973Q10/10)
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Fig. 8. Arrhenius plot of 6PGD from hibernating Arctic
ground squirrel liver. Values are calculated
from reaction velocities at saturating concen-
trations of substrates.
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Based on the electrofocusing and kinetic experiments
that have been presented to this point the enzyme from
liver of the hibernating and nonhibernating animals appear
similar, and thus only the enzyme from either the hibernator
or nonhibernator was used in arriving at the following
results.

Q10 values are listed in Table III and were calculated
from Ea. The Q10 increases from 2.01 to 2.22 as the tem-
perature decreases from 37 to 5°C, but this small change is
probably not biologically significant.

The effects of a number of metabolites, which have
been shown to be inhibitors of 6PGD from various other
organisms, were tested on 6PGD from nonhibernating ground
squirrel liver, and the results are presented in Table IV.
Of the six putative modulators tested only NADPH and AMP
were found to be inhibitory. Mg++ was found to have no
effect at all, while ADP, ATP, and FBP showed almost
imperceptible amounts of inhibition at very high concen-
trations. The inhibition by NADPH is competitive for NADP+,
as shown in Figure 9, with a Ki of 22 uM at 5 and 37°C
(Table IV). AMP is competitive for 6PG (Fig. 10) with a
Ki of 2.18 mM at 5°C, and 2.28 mM at 37°C (Table 1IV).

Activity measurements at 5, 15, 26 and 37°C, as a
function of pH, were performed with substrate concentrations
approximating those thought to be found in ground squirrel

- oo N +
livers. The concentration of 6PG was 30 yM and NADP was

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



50

Table IV. Inhibition constants (Ki) for 6PGD from a non-
hibernating ground squirrel liver at 5°C (pH 7.9) and
37°C (pH 7.4).

Inhibitor

Ki (mM)
5°C 37°C

NADPH
AMP
ADP
ATP
FBP

Mg+t

0.02% 0.02%
2.18%% 2,28%%
No inhibition
No inhibition
No inhibition

No inhibition

*Determined
calculated

**Determined
calculated

as competitive with respect to NADP+, and
as described in the text.

as competitive with respect to 6PG, and
as described in the text.
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concentration at 5 and 37°C. The concentrations
of NADPH, in the assays, were as shown in the

figure.

All other assay conditions were as des-

cribed in Methods and Materials.
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8 uM, which are the concentrations found in rat liver
(Bergmeyer 1974), and are close to the Km values found for
ground squirrels in this study. These measurements are
plotted in Figure 11A. There is Very little effect of
temperature on pH profiles, except possibly at alkaline pH
where the lower temperature curves (5 and 15°C) appear to
level off while the activities at 26 and 37°C drop off
sharply. The pH optimum for the enzyme under physiological
conditions is between pH 7.6 and 7.8 at all four tempera-
tures.

Figure 11B shows the effect of pH on activity when all
substrates are at saturating concentrations (6PG=2.7 mM,
NADP=0. 4 mM) , and the enzyme is functioning at maximal
velocity. The general shape of the pH profiles at 5, 15,
26 and 37°C show little change from those done at physio-
logical concentrations, except that the pH optimum appears
to be shifted towards a more alkaline pH of 8.0. At 5 and
15°C the activities again level off at pH 8.0, but under
these saturating conditions the plateau is at what appears
to be the range of optimum pH, while at 26 and 37°C the

activities drop off at pH greater than pH 8.0.
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is expressed as the change in optical density
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DISCUSSION

Initial electrofocusing results indicate that there is
a single form of 6-phosphogluconate dehydrogenase in liver
of the Arctic ground squirrel, and that this form does
not differ when the animal shifts from the summer active
nonhibernating state to the winter condition of regular
cycles of hibernation and arousal. The determinations of
the Michaelis constants (Km) support these findings with
no significant differences with respect to enzyme-substrate
affinity between the hibernator and nonhibernator at tem-
peratures over the physiological temperature range.

It is difficult to say anything definite about the
physiological significance of the apparent Km values re-
ported here. Apparent Km describes an important relation-
ship between the concentration of a substrate and the
activity of the enzyme. The problem in this case is that
we have no data for concentrations of the substrates of
6PGD in the ground squirrel liver. It is probably reasonable
to assume that the concentrations in the nonhibernating
animal are similar to those found in rats, but in the case
of the hibernator we can only speculate. The concentrations
of 6PG in the hibernator's liver may be similar to those of
the starving rat, but this is unlikely, since although the
hibernating ground squirrel is subject to the same environ-

mental stress as the starving rat, it has successfully

55
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adapted to them so that physiological stress is minimized.
Thus, before we can discuss the significance of the Km
values for the ground squirrel enzyme and its ability to
regulate activity at varying temperatures we need to
determine concentrations of the substrates (and other
metabolites) in hibernating and nonhibernating animals.

The finding that the hibernating and nonhibernating
forms of 6PGD are the same, coupled with the 25% higher
specific activity of the enzyme from the nonhibernator, is
in general agreement with the trends found by Whitten and
Klain (1969) and Behrisch (pers. comm.), with the exception
that they found greater differences in activity between the
two conditions. The data strongly suggest quantitative
changes in enzyme concentration, rather than a qualitative
change in the enzyme molecule.

In this connection, guantitative changes in 6PGD con-
centrations have been implicated in the adaptations of
several different organisms to various environmental
stresses. Rats adjusting to altered diets and starvation
alter the rate of 6PGD synthesis (Johnson and Sassoon 1967),
while crabs acclimating to temperature change alter the
activity of 6PGD (Robert and Gray 1972a, b). The change in
activity of the crab enzyme is clearly not caused by
qualitative changes, as demonstrated by comparing isozyme

patterns and Km values in a manner similar to that of this
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study. It was concluded that the changes were caused by
alterations in enzyme concentration.

It must be concluded from the results of these experi-
ments on ground squirrels that the changes in specific
activity between the enzyme from the hibernator and non-
hibernator, under equivalent assay conditions, are caused
by changes in 6PGD concentrations in the liver.

Not only are there no seasonal modifications in enzyme
structure, but there are apparently no compensatory adapta-
tions involved in the response of the enzyme to temperature
changes, as demonstrated by the fact that there were no
significant differences found between Km values or pH pro-
files at 5, 15, 26 and 37°C. These results agree with the
findings of Dyson, D'Orazio and Hanson (1973) in sheep
liver 6PGD. All major changes in the activity of this
enzyme that accompany the onset of hibernation appear to
be brought about by a combination of seasonal changes in
enzyme concentration, and by the effects of reduction of
thermal energy accompanying the hypothermic lowering of

body temperature. In line with the lack of any special

57

thermal adaptations, the Qlo is essentially constant through-

out the entire range of temperatures investigated, and allows

for a ten-fold decrease in activity when body temperature
drops from 37 to 5°C.
It was mentioned earlier that lipid synthesis is

entirely shut down during the hibernation season, and thus
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the demand for the NADPH produced by the 6PGD reaction is
greatly réduced. Clearly it would be functionally dis-
advantageous for the animal to maintain a series of reac-
tions, like the hexose monophosphate pathway, which draws
glucose away from the energy yielding glycolytic pathway

at a time when glucose is scarce. In the hypothermic
hibernator the combination of low thermal energy and low
6PGD concentration would effectively shut the pathway down,
thus stopping the diversion of G6P through the HMP and
needless production of NADPH. During the hibernation period
the animal is not always hypothermic, and in fact regularly
arouses and becomes normothermic every 10 to 14 days for
about 18 hours. If we only consider the effects of thermal
energy on enzyme activity, the activity of 6PGD will be
increased ten-fold, to within 75% of the activity found in
the nonhibernating animal, during these short arousal
periods. It is thought that hibernating ground squirrels
carry on gluconeogenesis during these periods of arousal
(Galster and Morrison 1975) to replace the glycogen that is
required by the nervous system. While gluconeogenesis is
active other biosynthetic processes, specifically lipo-
genesis, remain turned off. Since the products of the

6PGD reaction, and the HMP in general, are not needed during
these periods, and since catabolic metabolism of glucose

lies at the heart of the pathway, it would be extremely
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advantageous if 6PGD remained inactive during these brief,
but necessary, periods of arousal.

In devising models of enzyme control, other than those
based solely on thermal energy and enzyme concentration,
that might allow this enzyme to remain inactive under
normothermic conditions, I in&estigated the effects of
various metabolites that may be involved in the fine control
of enzyme activity. All of the metabolites investigated had
been shown to be modulators of the enzyme in other animals.

Our findings of no effect by either FBP or Mg++ on
the enzyme are in agreement with those of Proscal and Holten
(1972) in rats. Dyson and D'Orazio (1971) report FBP as a
potent inhibitor of sheep 6PGD, and cite McLean and Gumaa
(1969) as reporting inhibition in rats. Villet and Dalziel
(1972), Dyson and D'Orazio (1973) and Dyson, D'Orazio and
Hanson (1973) all report that Mg++ and other cations
activate sheep liver 6PGD. Dyson and D'Orazio also report
that ATP inhibits the enzyme, and that the complexing of
Mg++ and ATP may reduce this inhibition. This might
explain the difference in results with Mg++, as we found
no inhibition by either ATP or ADP in ground squirrels.

In a detailed study of the effects of ionic strength and
Mg++ on the enzyme from sheep liver Dyson, D'Orazio and
Hanson (1973) demonstrated activation by both the cation

and increased ionic strength, and state that the contribu-

tion of Mg++ to the ionic strength was insufficient to
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produce maximal effects on enzyme activity, but that
optimum ionic strength of 0.08-0.1 would activate the
enzyme to its maximum Velocity without Mg++. Since the
effects of ionic strength were not considered in this study,
or by Proscal and Holten (1972), and the effect of ionic
strength on the ground squirrel enzyme is unknown, the
possibility that ionic strength was optimum, thus masking
the effect of Mg++ on activity, can not be ruled out.

The Lineweaver-Burk plots for inhibition by AMP and
NADPH (Fig. 10 and Fig. 11) show clearly that AMP and NADPH
are competitive with 6PG and nappt respectively. Inhibition
by AMP may be significant in regulation of glucose entrance
into the HMP at certain times, depending on the extent of
its concentration in the ground squirrel liver. However, it
is unlikely to have much effect during hibernation, and even
less likely during periods when gluconeogenesis is
occurring, because the AMP concentrations should not be
high at these times.

Extreme competitive inhibition by NADPH, which may be
regarded.as simple end-product inhibition or as a function
of the [NADPH]/[NADP+] ratio, has been shown in 6PGD from
all sources investigated, and is generally thought to be
the major regulator of both 6PGD and G6PD. In all of these
other organisms the inhibition by this molecule has been
so great under physiological conditions that without other

mitigating circumstances the enzyme is shut off completely
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in vivo. The Ki for 6PGD from ground squirrels of 20 nM is
the same as in rats (Proscal and Holten 1972) where an
[NADPH]/[NADP+] ratio of eight is almost completely in-
hibitory (Krebs and Eggleston 1974). The Zn vivo ratio

in rats is of the order of 100 (Veech et al. 1969).

In the ground squirrel a ratio of five causes over 50%
inhibition, and although any estimates of metabolite con-
centrations are speculative I would again suspect that in
the nonhibernator concentrations are similar to those in
the rat. In the hibernating animal, concentration ratios
would likely be of the same order, or possibly slightly
higher than in the nonhibernator. The possibility of a
higher ratio during hibernation is dependent on two unsub-
stantiated, but not unlikely, points. The first of these
is that the HMP dehydrogenases are not shut off completely
in vivo and continue producing NADPH, albeit at a greatly
reduced rate. Second, the block of lipogenesis, the major
NADPH utilizing pathway, is not directly controlled by
NADPH levels and remains turned off in the presence of this
cofactor, thus causing a slow buildup of NADPH. If the
block in lipogenesis is not directly controlled by the
availability of NADPH, and is capable of inducing its
production as suggested by Tepperman and Tepperman (1961),
this could be a mechanism explaining the high 6PGD in the

nonhibernator and the low activity in both the hypothermic
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and normothermic hibernator. If we accept this last point
we are faced with the problem of explaining the regulation
of lipogenesis that is not limited by NADPH, which should

be a topic of further study.

The role of oxidized glutathione (GSSG), and its
unidentified cofactor, as deinhibitors of the HMP dehydro-
genases in rats, humans and mussels was discussed in the
introduction. The effect of this compound on the ground
squirrel enzyme was not checked in this study, but should
be in future work. However, one finds the same deinhibition
in such different organisms as rats and mussels, and I
should not be surprised to find the same thing in the
ground squirrel. If in the future this is shown to be so,
and that at physiological concentrations the potent in-
hibition by NADPH does keep the enzyme shut off, I would
propose that GSSG may indeed be acting as an important
regulator in the fine control of HMP dehydrogenase
activity. Fluctuations in GSSG or its polypeptide cofactor
could serve to keep the enzyme shut off during the period
of hibernation, and stimulate it during the period of
summer fattening. Unfortunately we do not have any values
for concentrations of GSSG in ground squirrels. Although
Eggleston and Krebs (1974) have found that physiological

concentrations would be able to counteract the NADPH
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inhibition in rat liver, they cite the discussion by Veech
(1968) on the problems of obtaining reliable tissue concen-
trations of this compound. The unreliability of their
methods made it impossible for them to determine whether
the changes in concentration required to produce fine
control of the enzyme occur. They did, however, demonstrate
seasonal changes, possibly triggered by photoperiod, in the
ability of GSSG to deinhibit the enzyme. This would
probably be important in an animal like the hibernator that
is so dependent on seasonal cycling, and would increase the
likelihood of GSSG being one of the primary regulators of
the ground squirrel enzyme.

Glucose 1,6-bisphosphate (G 1,6-P) has recently been
implicated in the regulation of the HMP pathway. Beitner
and Nordenberg (1979) found that this compound, which is
produced in the breakdown of glycogen to G6P, is inhibitory
to 6PGD from rats, as discussed briefly in the introduction.
I did not examine the effects of G 1,6-P on the ground
squirrel enzyme, but feel certain that future work will
show the same inhibitory effects on it as in the rat. If
indeed the compound does have the same inhibitory effects
on 6PGD and HK, and activating effects on PFK and PK, as
it does in rats, it would be an important regulator of the
HMP pathway during hibernation when glycogen is the major

source of glucose for the nervous. system.
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In considering models for regulation of 6-
phosphogluconate dehydrogenase from Arctic ground squirrel
liver one must first differentiate between fine control in
response to rapid changes in the physiological environment,
and the long term coarse control involved in seasonal
adjustments to hibernation (Fig. 12). As already discussed,
the ground squirrel's major seasonal adaptation of 6PGD is
quantitative. The concentration of this enzyme is increased
during the active summer period, and activity is decreased
during hibernation by a reduction in concentration coupled
with a low thermal energy. In addition to these physio-
logical adjustments we know that NADPH is a major inhibitor
of 6PGD in these animals, and probably would be able to
completely inhibit the enzyme at physiological concentra-
tions. The effect of GSSG on 6PGD from ground squirrels is
unknown, but as it is known to counteract the inhibition
by NADPH in a wide variety of other organisms, I predict
that we will find the same effect in the ground squirrels.
I would make a similar prediction in the case of G 1,6-P
inhibition, as the accumulation of this molecule would
likely occur at the same time as its effect would be most
useful.

There are obviously a number of experiments that
remain to be done on ground squirrel liver 6PGD before a
clear picture of its regulation can be presented. Notable

among these are studies of the effects of GSSG and G 1,6-P
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on the enzyme, and determinations of the concentrations of
the various substrates, cofactors and modulators, that
have been discussed, under the different physiological
conditions of hibernation and nonhibernation. Even so, it
is valid to propose a model of 6-phosphogluconate dehydro-
genase regulation based on what we have found in this study,
supplemented with information obtained from studies on
other related animals. This model appears to be sufficient
to allow the animal to meet the metabolic requirements
involving the HMP pathway without having to resort to the
costly process of producing different forms of the enzyme
adapted to different environmental conditions.

In conclusion, the Arctic ground squirrel is an
example of an organism efficiently adapting to large
changes in environmental conditions without having to resort
to extreme and likely costly measures. Rather than pro-
ducing isoenzymes, a much touted and sometimes useful
means of adaptation, we find it using changing environmental
conditions to control enzyme activity to adapt to these

same conditions.
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