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Molecular mechanisms of adaptation to low temperature in marine poikilotherms.
Some regulatory properties of dehydrogenases from two arctic species

H. W. Brarisca

The Institute of Arctic Biology, University of Alaska; College, Alaska, USA

Abstract

The properties of gluocose-6-phosphate dehydrogenase and
6-phosphogluconate dehydrogenase from gill tissue of the
tanner crab Chionocetes bairds, and lactate dehydrogenase
(LDH) and glyoceraldehyde dehydrogenase from skeletal
musele of C. basrdi and the yellowfin sole Limanda aspera were
examined over the physiological temperature range of the
animals. Both animals were obtained in the ing Sea in
winter, and their enzym to be remsrkably oold-
a.d.apted Affinity of sole L])ﬁ for substrate appears to in-
crease with decreasing temperature, thus keeping reaction rate
espentially indegendent of temperature at physiologioal
conoentrations of the substrate. Caloulated values of activa-
tion energy are low, in keeping with the argnment that organ-
isms from cold environments have enzymes with a reduced
energy of activation. In addition, Hrrr plots of the substrate
saturation ourves for lactate dehydrogenase from muscle of
sole indicate that there is a facilitation of allosterio behaviour
at low temperatures. Maximum affinity of sole LDH for sub-
stra.te in the absence of univalent cations occurs at 3 °C, while

resence of 160 mN K+, it ocours between 0° to —2 °C.
The effects of Mg on enzyme activity appear to be determined
by eonoentration of substrate and temperature. Thus, glucose-
6-phosphate dehydrogenase and 6-phosphogluconate de-
hydrogenase are stimulated more effectively by Mg* at low
temperature and at low substrate levels whereas, at high
concentrations of substrate, they are relatively independent
of the bivalent cation. All four dehy: are affected b
the univalent cations Na*, K+ and +, in & manner W]ll(li
ap to be determined, in part at least, by concentration of

te and by temperature. These findings suggest mechan-
isms for the maintenanoce and regulation of enzyme activity in
poikilothermic tissues at low and changing temperatures.

¢ Introduction

The dispersion into and exploitation of arctic waters
by aquatic poikilotherms has been made possible by
the evolutionary development of metabolic charac-
teristics which permit the organism to maintain and
oontrol jts metabolic proocesses in an environment of
low, and sometimes widely changing, temperatures.
The molecular mechanisms of temperature adaptation
appear to be exoeedingly complex, and a large literature
on the subject has accumulated (see HoomaomraA and
Somero, 1971, for recent review). One of the out-
standing observations in recent years is that numerous
physiologic functions in cold-blooded animals are
insensitive to temperature (NEwmLL, 1966, 1967;
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NewzrLL and NorTHOROFT, 1967) and, thus, there must
be mechanisms which permit the animal’s metabolism
to remain independent of thermal changes in the en-
vironment; & number of possibilities have recently
been suggested (see BrHRISCH, 1971).

One of the most important parameters of metabolic
control is enzyme-ligand affinity. It was originally
observed, in homeothermic systems, that affinity of
an enzyme for its ligand (substrate, cofactor or modula-
tor) i8 markedly sensitive to temperature (HRLMREIOH
and Cogi, 1964 ; TakuTA and Poarrr, 1965; ). Should
this observation be extended to poikilotherms which
experience changes in environmental temperature, it
is obvious that control of metabolism in these organisms
would be extremely sensitive to temperature. A gener-
ally observed effect of decreased temperature is an
increass in enzyme-substrate affinity, which is un-
doubtedly based on a temperature-induced change in
the conformation of the enzyme molecule (IwaTsURT
and OKAZAKT, 1967). As a result, at low (and physiolo-
gical) concentrations of substrate, the rate reaction
at low temperature may be equal to or higher than
that at higher temperatures. The relationship between
temperature and enzyme-ligand interaction has been
investigated for a number of enzymes from fishes,
molluses and crustaceans, and a noteworthy pattern
has become discernible. For example, in acetyl-
cholinesterase from brain of rainbow trout (Salmo
gatrdneri), it appears that the temperature at which
minimum Km (mawimum affinity ) for substrate occurs
closely approximates the temperature of acclimatiza-
tion of the organism (Barpwmn and HoOmHACHRA,
1970). Similar results have been obtained with lactate
dehydrogenases from trout, tuna, and lungfish
(HoomAcHEEA and SoMERO, 1968), pyruvate kinases
from trout, the antarctic fish Trematomus bernachss
(Somero and HoomacHga, 1968), and the Alaskan
king orab Paralithodes camischatica (SomEro, 1969),
isocitrate dehydrogenase from trout (Moox, 1970),
and fructose 1,8-diphosphatase from muscle of the
Alaskan king crab (BreRISCH, 1971). A striking feature
of these results is that, at temperatures above and
below the aoclimatization temperature, Km values
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for substrate increase, resulting in & complex U-shaped
temperature-Km curve. In many cases, the increase in
Km is so great that, above and below the temperature
of minimum Km, it would be very difficalt for the
enzyme to become saturated with substrate in vivo,
and control would be virtually impossible. It appears
that, at least in animals which experience thermal
changes on & seasonal baais, acclimatization involves
" the synthesis of enzyme variants which are more
efficient catalysts at the new temperature (see BALDWIN
and Hocmacara, 1970; HoomaoErA and SoMERO,
1971). _

In bottom waters of the Bering Sea, temperatures
are likely to be relatively constant, since for a good
part of the year the temperature of the water is as low
as —1.8°C and probably rises only to about 3° to
4 °C at the end of the summer. Are the enzymes of
organisms of the area permanently adapted to a low
temperature, to an intermediate one, or do the animals
adapt to seasonal changes in temperature ? To examine
this question, a study was initiated on the thermal be-
haviour of glucose-6-phosphate dehydrogenase (G-6-P
deh) and 6-phosphogluconate dehydrogenase (6-P-G
deh) from the gill of the tanner orab Chionocefes
bairds, and two glycolytic enzymes, glyceraldehyde-3-
phosphate dehydrogenase (ITDH) and lactate de-
hydrogenase (LDH) from the muscle of C. basrds and
the yellowfin sole Limanda aspera.

Materials and methods
Experimental animals

The tanner crab Chionocetes basrds and the yellowfin
sole Limanda aspera inhabit the colder waters of the
northern Pacific Ocean. Temperatures in the range of
distribution vary from as low as —1.8 °C in winter to as
high as 4°C (JomnNsoN and HARTMANN, 1969) and,
ginoe migrations over long distances for both these
animals are not known, it is possible that they may
encounter changes within —2° to 4°C throughout
the year. Crabs and sole were captured by otter trawl
(with the kind assistance of Dr P. MoRoY and Mr 8.
Stoxer, Institute of Marime Sciences, University of
Alaska) in the Bering Sea in the vicinity of St. Lawrence
Island, Alagka, USA in waters at —1.8 °C. The animals
were immediately killed, the tissues excised, and used
at once in the preparation of enzyme. Tissues which
were not used immediately were stored at —20 °C.

Chemical matertals

All biochemical reagents used in this study were
obtained from Sigma Chemical C., St. Louis, Mo., USA.
The sodium salte of G-6-P, 8-P-G and pyruvate were
used; 3-phosphoglyceraldebyde was obtained as the
free acid in solution. All other chemicals were reagent

grade.
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Experimental methods
Pentose-shunt enzymes from gill of crab

Homogenate of crab gill was prepared in 10 mM
tris-HCl buffer, pH 7.5 at 0 °C in a VirTis Model 23
homogenizer at top speed at 0° to 4 °C. The homogenate
was spun at 3000 x gravity for 60 min at 0 °C, and the
pellet discarded. This crude preparation was used to
determine the total activities of G-6-P deh and 8-P-G
deh. G-8-P deh was present in activities approximately
b times as high ag 6-P-G deh in the crude supernatant,
and it was necessary to remove 6-P-G deh, when work-
ing with G-68-P deh, because the former enzyme, in
the presence of the same coenzyme, triphospho-
pyridine nucleotide (TPN+), catalyses the oxidation
of the produoct of the G-6-P deh, reaction. The super-
natant described above was brought to 569%, satura-
tion with solid (NH,),80O, and stirred for at least
120 min at 0° to 1 °C. The suspension was then contri-
fuged at 0 °C, the pellet discarded, and the supernatant
slowly brought to 70 % saturation with solid (NH,);80,
and stirred once more for at least 120 min at 0° to 1 °C.
The precipitate was collected by centrifugation at 0 °C
and taken up in & minimal volume of 10 mM tris-HCl
buffer, pH 7,8 at 0° to 1 °C. The solution was then
dialysed against the same buffer at 0° to 1 °C, with
three changes of buffer at 4 h intervals, before use in
the assays. This procedure effectively reduced activity
of 8-P-G deh, to less than 5% of G-6-P deh activity,
and yielded a suspension with a concentration of 10 mg
protein/ml.

The other pentose-shunt enzyme examined in this
gtudy, 6-P-G deh, was prepered in & similar manner,
exoept that it was found to be active approximately
10 times as much as G-6-P deh in the 40 to 579%
(NH,)¢SO, fraction. Dialysis of the solution was carried
out a8 above. The reaction medium contained, in
2.0 ml of 50 mM tris-HCl buffer of different pH values,
various concentrations of substrate (either G-8-P or
6-phosphogluconate), and varying concentrations of
TPN+ and MgCl,. The reaction was initiated by the
addition of enzyme solution to the mediom and was
followed by observing the rate of formation of TPNH.
Unless otherwise specified, all experiments were carried
out at pH 7,5.

Glycolytic enzymes from muscle of tanner crab and
yellowfin sole

Homogenate of skeletal musocle was prepared in the
same manper a8 above, spun at 3000 x gravity for
45 min at 0 °C, and the pellet discarded. The resultant

" solution was used directly in studies on 3-phospho-

glyceraldehyde dehydrogenase (TDH) and lactate
dehydrogenase (LDH). Enzyme activity was observed
by following the rate of formation or oxidation of
DPNH at 340 nm in a Hitachi-Perkin Elmer recording
spectrophotometer.
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The enzyms activities reported in this communioa-
tion are the means of at least two separate determina-
tions with variations of less than 5 %, between individual
determinations, and are expressed as A OD,,,/min/
10 mg protein.

Results

Enzymes from crab gill

It is apparent that the effect of temperature on
reaction rates of the two dehydrogenases from the
pentose shunt in gill of the tanner crab is highly
dependent on the concentration of substrate present
in the medium (Figs. 1 and 2). Thus, a8 concentrations
of both G-6-P and 6-P-G decrease, there is a drop in
the temperature coefficients of the reaction, until at
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Fig. 1. Chionoceles bairds. Effect of temperature on activity
of G-8-P deh at varying concentrations of Mg and substrate.
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ig. 2. Chionocetes basrdi. Effect of temperature on activity of
6-P-G deh at varying concentrations of Mg* and substrate.
Activity = A OD,,,/min/10 mg protein
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0.06 mM G-6-P and 0.4 mM 6-P-G, Q,,, values of the
reaction are near 1.0 over most of the temperature
range tested; these results are quite similar to those
reported for LDH’s from rainbow trout, tuna and lung-
fish (HocHAOHEA and Sommro, 1968). G-6-P deh does
not require a bivalent cation for activity to oceur, but
the addition of increasing amounts of Mg to the
medjum causes an increase in sotivity, particularly
at the lower temperatures (Fig. 1). In this connection,
Saxwar (1970) has reported a similar stimulation of
G-6-P deh by Mg?+. The response of 8-P-G deh to
additions of Mg*t is somewhat similar, and the enzyme
appears to be stimulated more by the bivalent cation at
low concentrations of substrate and at the lower temper-
atures (—2° to 6 °C) (Fig. 2).

Qlycolytic enzymes from muscle of crab and yellowfin
8ole

Lactate dehydrogenase (LDH) from muscle of
yellowfin sole does not appear to display a marked
temperature optimum at any concenfration of sub-
strate, and the results yield correspondingly low values
of activation energy (Table 1). However, it is interest-
ing to note that the shape of the substrate saturation
curve changes with temperature; thus as temperature
is increased from —2° to 3 °C, there is & shift from a
hyperbolic curve to a sigmoid one (Fig. 3), accompanied
by an attendant increase in the values of the HiLn
constants (ng), indicating an increase in homotropic
cooperation in the binding of substrate. At 6° and
10 °C, the saturation curve is again hyperbolic. This
apparent change in the allosterioc behaviour of the
enzyme molecule is accompanied by an increase in
affinity for pyruvate as temperature rises from 0° to
3 °C. These results yield a U-shaped temperature-Km
curve, reminiscent of those reported for isocitrate
dehydrogenase from the trout (Moon, 1970) and fruc-
tose diphosphatase from muscle of the Alagkan king
crab (BmERIscH, 1971). An interesting result is
observed when pyruvate saturation curves are carried
out in the presence of 150 mM K+; the U-shaped Km-
temperature curve disappears and the minimum
apparent Km for pyruvate now falls near the temper-
ature of acclimatization of the animals used in the
present experiments (Fig. 3). It is also kmown that
changes in pH can alter the kinetic behaviour of LDH
(VesELL, 1966; VEsELL and YRLDING, 1966), and an
experiment was performed on the sole LDH in which
the pH of the medium was changed in accordance with
the obgervations of Rmeves and WmsoN (1969).
A rise in pH at the lower temperatures thus results in
& 8hift from a hyperbolio saturation ourve to a sigmoid
one (Fig. 4), accompanied by an increase in the Hiri
constants (Table 1).

In agreement with the observation that muscle
of the king crab has bhigh activities of glycolytic
enzymes (HoomacomrA et al., unpublished results),
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Fig. 4. Limanda aspera. Substrate saturation curves of sole LDH in which pH of medinm was varied with temperature (see text

for explanation). Activity = A OD,,,/min/10 mg protein

Table 1. Limanda aspera. Effect of temperature on affinity of sole muscle LDH for pyruvale, ng values and achivation energy
(caloulated

Vinax
Temperature (°C) Km of pyruvate (mM) ng Probability of Temperature Activation
(constant px) (mo K¥)  (150mN K+) (150mN K+) na being zero range (°C) etns;fy
(koal 'mole)

—2° 015 011 1.3 0.000 —2°— @° 0.00

0° 0.13 0.11 1.2 0.000 0°— 3° 0.00

3° 0.11 015 2.0 0.000 3°— 6° 9.4

6° 0.18 0.21 1.3 0.000 °—10° 4.0

10° 0.24 0.22 1.6 0.001

Temperature (°C) Km of pyruvate (mM) Temperature  Activation

range ene

(kotl}’ymole)
—2° 0.26 ~2°— 3° 5.8
3° 0.28 °—10° 6.8

017
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Fig. 5. Chionocetes bairdi. Substrate saturation curves of tanner crab 3-phosphoglyceraldehyde dehydrogenase at series of
temperatures

Table 2. Chionocetes basrdi. Effect of varying concenirations of Nat, K+ and Ng;% on activities of glucose-6-phoaphate dehydrog-

enase and 6-phosphogluconate dehydrogenase from of tanner

Conoentration Concentration  Relative activity (% of control)

of substrate of ocation Na+ K+ NHF,

(mb) (mN) —2C__ 3°C _ 10°C _ —2°C 3°C __10°C _ —2°C 3°C _ 10°C

0.05 G-8-P 0 100 100 100 100 100 100 100 100 100
10 125 110 120 116 108 106 112 110 106
50 150 140 135 137 126 120 163 149 146
100 200 176 176 167 143 139 197 186 170
160 2560 240 212 196 160 159 239 234 216

01 G-6-P 0 100 100 100 100 100 100 100 100 100
10 106 104 103 116 109 107 113 108 103
50 141 137 143 143 129 118 1569 147 126
100 186 182 179 17 146 136 189 188 139
150 234 226 222 1M 159 150 234 231 178

0.5 G-6-P 0 100 100 100 100 100 100 100 100 100
10 103 101 100 103 102 100 116 111 103
50 126 117 106 130 125 113 163 156 129
100 1563 137 119 161 148 129 104 184 153
150 184 1568 134 186 160 145 230 216 176

0.05 6-P-G 0 100 100 100 100 100 100 100 100 100
10 1056 120 116 113 111 109 113 117 100
50 150 150 150 131 127 130 162 160 96
100 200 190 195 149 143 149 196 197 83
150 285 235 240 162 164 164 230 230 61

04 6-P-G 0 100 100 100 100 100 100 100 100 100
10 104 103 101 110 110 108 109 106 04
50 143 124 119 134 133 131 166 137 76
100 189 149 136 148 146 148 189 168 68
150 227 176 163 160 157 163 229 199 64

0.5 6-P-G 0 100 100 100 100 100 100 100 100 100
10 100 101 102 109 107 106 108 105 100
50 123 116 114 126 120 121 161 136 101
100 146 132 125 143 136 1356 186 161 192

150 164 149 130 151 144 143 224 178 84
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Table 3. E{ffects of univalent cations on activity of gi,
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dehydrogenase (TDH} from muscle
peratures

of yellowfin sole (Limanda aspera) and tanner crab (Chionoceies basrdis) at different tem

Relative activity (% of control)

é’) aspmmTﬁED Na+ K+ NH*,
noen on =) ] ° © 9, B B
of cation (mN) —2°C 3°C 10°C —2°C 3°C 10°C —2°0 3°C 10°C

0 100 100 100 100 100 100 100 100 100
10 116 120 106 113 114 106 116 116 113
50 131 143 118 140 136 119 136 132 127
100 126 121 103 178 159 134 156 148 145
150 97 98 H 201 178 149 173 161 1569
C. basrdi THD
Concentration.

of cation (mN)

0 100 100 100 100 100 100 100 100 100
10 103 106 107 1156 103 100 100 105 104
50 126 127 125 143 107 M 106 124 123
100 140 149 139 182 111 80 113 136 137
150 121 116 109 217 115 83 120 150 148

muscle of Chionocetes has high activities of 3-phospho-
glyceraldehyde dehydrogenase (TDH). Like TDH’s
from other sources (NORDIN et al., 1970), the enzyme
from the tanner crab has rather a low affinity for
substrate, glyceraldehyde phosphate (Fig. 5). An
interesting characteristic of the crab TDH is the mark-
edly biphasic substrate saturation curve at the higher
(6° to 10 °C) temperatures, similar to that noted by
Norp1xv et al. (1970) in purified honeybee TDH. Such
biphasic saturation curves have been also noted in
cofactor (Mg*t) saturation curves in fructose di-
phosphatase from migrating salmon (BErRISCH, 1969)
and pyruvate kinase from muscle of the Alaskan king
crab (SoMER0, 1969). Somero suggested the existence of
thermal isomers of the pyruvate kinase enzyme
molecule, while GELB et al. (1970) have suggested that
the changing nature of the saturation curve of purified
honeybee TDH is due to an interaction of the effects
of substrate and cofactor on the conformational state
of the enzyme molecule.

Effects of univalent cations on enzyme activily

Numerous publications report the activation of
enzyme activity by the univalent cations Na*, K+ and
NH,* (for a comprehensive list see Drxon and WEBB,
1964). The three cations have been shown to affect
the activity of dehydrogenases from a wide variety of
sources, with K+ and Na* usually being the most
effective modulators. The effectiveness of these cations
in influencing activities of the dehydrogenases in the
present study appears to be determined by temperature

as well a8 concentration of substrate and cofactor (see
also Bymrison, 1971). Thus Na* stimulates G-6-P deh
and 6-P-G deh about equally at all temperatures, and
at Ymax concentrations of substrate (Table 2). How-
ever, as the conoentration of substrate is decreased,
there is greater stimulation of the activities of both
pentose shunt enzymes. NH,+ stimulates both G-6-P
deh and 6-P-G deh equally at the two lower tempera-
tures (—2° and 3 °C) at all levels of substrate used.
However, at 10 °C, NH,* appears to act as a weak
inhibitor of 6-P-G deh, while it continues to stimulate
G-6-P deh activity, although less effectively than at
the two lower temperatures (Table 2).

The response to univalent cations of the two TDH’s
from muscle of erab and sole is less uniform (see Table3).
TDH from sole is activated by Na* approximately
equally at all three temperatures tested while, on the
other hand, high concentrations of Nat+ appear to
cause a decrease in activity of the TDH from the crab
(Table 3). NH,* appears to enhance activities of the
crab and sole TDH’s at 3° and 10 °C while, at —2 °C,
the crab enzyme appears to be largely independent of
NH,* and the TDEH from the sole is stimulated by the
cation at —2 °C, the temperature of acolimatization of
the organisms used in this study. K+ ion stimulated
the crab TDH at —2 °C while, at 3 °C, the enzyme is
largely independent of the cation. Finally, at 10 °C,
K+ acts as an inhibitor of TDH activity in the crab,
an effect similar to that of K+ on activity of fructose
diphosphatase from muscle of the king crab (BERRISCH,
1971). Thus, the ability of K+ to act either as an acti-
vator at low temperature or as an inhibitor of enzyme



Vol. 13, No. 4, 1972 H.W. Berrisca: Molecular adaptation to temperature in marine poikilotherms

activity at the higher phymiological temperatures
indicates that the cation could render TDH sctivity
virtually independent of temperature.

Discussion

A special manifestation of metabolic control in
poikilotherms is seen in an adjustment of metabolism
in compensation to changes in ambient temperature.
It is generally agreed that such temperature compensa-
tion of metabolism can be genetically determined (see
ScHOLANDER et al., 1953 ; PROSSER, 1957) or environ-
mentally induced (Barpwms and HoomacHEA, 1970).
Although few data are available on the underlying
mechanisms, these two processes of temperature
compensation sre ususlly considered distinet (see
Prossrr, 1957), and it follows that the environmentally-
induced temperature compensation will ocour within
the bounds imposed by the extent to which the animal’s
genetic complement “anticipates’” the environment.
Some previous attempts to understand metabolic
compensation in evolutionary adaptation to temper-
ature have oonsidered: (1) activation energies (see
VroMAN and Browx, 1963); (2) thermal optima for
maximal velocities (see Rmap, 1964). The present
date (Table 1) for the sole and tanner crab from Bering
Sea waters in winter, give exceedingly low calculated
values for activation energy (&), in keeping with the
argument of YVRoMaN and Browx that enzymes of
organisms from environments of low thermal energy
have low calculated Ey values to compensate for the
low thermal energy available. Previous data (HocH-
AcERA and Sommro, 1968 ; Brariscor, 1969 ; BErRIscH
and HocHACEEA, 1969), for animals from temperate
environments, do not show any consistent trend within
this hypothesis, but perhaps one would not expect
gelection for enzymes with low (or high) E, values
in organisms from such environments. At any rate,
work in this laboratory on numerous enzyme systems
from arctic and subarctic poikilotherms (BEmRISOH,
1971; BrmrmiscH, unpublished data) shows that, in
these cases, the calculated values of Ej, are very low
indeed.

An interesting feature of the present data is the
observation that temperature appears to affect affinity
of enzyme for substrate(s) (Table 1; Figs. 1, 2, 3).
Thus, at low (and physiological) concentrations of
substrate, a drop in temperature will cause an increase
in catalytic activity, which will effectively counter the
decrease in thermal energy, which in turn would tend
to slow down the rate of reaction. Similar results
have been observed for the pyruvate kinases of the
Antarctic fish Trematomus (SoMERO and HoOHACHKA,
1968) the Alaskan king crab (Sommro, 1989), isocitrate
dehydrogenase (Moox, 1970), and acetyloholinesterase
from rainbow trout (Barpwin and HoorAcHKA, 1870),
and fructose diphosphatase from muscle of the Alaskan
king crab (BmemiscH, 1971). In these studies, it was
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observed that minimum Km for substrate (maximum
affinity) occurred at a temperature which closely
coincided with the acclimatization temperature. In
this connection, it is observed that, in the LDH from
muscle of sole, and in the absence of any monovalent
cation, maximum affinity for substrate (pyruvate)
occurs at around 3 °C (Table 1), whereas the fish used
in these studies were caught in waters at —1.8 °C.
In an identical experiment, but in the presence of
150 mM K+, minimum apparent Km of the enzyme for
substrate now occurs at around —0.5 °C, very near the
temperature of acclimatization of the organisms used
in these studies.

The ability of the monovalent cations Nat+, K+, and
NH,* to inhibit or stimulate selectively the activities of
G-6-P deh, 6-P-G deh, LDH and TDH from two species,
and in a manner determined, in part at least, by con-
ocentration of substrate and cofactor as well as temper-
ature (see Tables 2 and 3) suggests that these ions
may have a role in the regulation of enzyme activity
and metabolism. HUBERT et al., (1970) and Brariscr
(1971) observed that these cations can alter the activ-
ities of gluooneogenic enzymes from a variety of
fishes and crustaceans. In addition, although the
importance to ionic regulation of gill tissue in the
Crustacea is widely recognized (FrEmister, 1959),
the rather obvious relationship between cations and
activities of gill enzymes has hardly been examined.
In studies on homogenate of gill from the Alaskan king
crab, HocHACHEA et al., (unpublished data) noted
that Nat aotivated oxidative reactions, Ca2+ inhibited
and K+ was relatively ineffective. In addition, Mg+
appeared to inhibit the activity of the pentose shunt
in gill homogenate, although the activity of 6-P-G deh
was stimulated, a finding supported in the present
study (Fig. 2). The probable importance of cations in
oontrol of enzyme activity is further underscored by
the observations that Nat enhances the activities of
both G-8-P deh and 6-P-G deh from crab gill at low
substrate concentrations, and that K* ion could
maintain activities of orab TDH and sole LDH
virtually independent of temperature (Table 2, Fig. 1).
These findings are of particular relevance to metabolic
control in poikilotherms because in addition to those
of a number of bivalent cations, the concentrations of
Na+ and K+ vary during thermal acclimatization in
poikilotherms (Rao, 1962; HiorkmaN et al., 1964;
Torws and HIorMaN, 1869; UmmincER, 1069, 1970).
Changes in the concentrations of these cations and
compartmentation. are known to occur in the cell
(BygravE, 19668, 1967) and, judging from the present
results (Tables 2 and 3), such changes in cation concen-
tration may well be a major method of influencing
enzyme and metabolic activity.

Further, it is kmown (RoBN, 1962; Rann, 1965;
Renves and Witson, 1969) that temperature-caused
changes in intracellular pH occur in poikilotherms.
A decrease in temperature results in a rise in intra-
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cellular pH, which parallels a rise in the ionization
constant of water at low temperature (see RAmN,
1965, for discussion). In an experiment in which pH
and temperature were varied in accordance with the
observations of RervEs and Wisox (1969), it was
found that the normally hyperbolic substrate satura-
tion-curve for muscle LDH from sole became quite
markedly sigmoid (Fig. 4), suggesting homotropic
cooperativity of the subunits and, as a result, & smaller
change in substrate concentration would be needed to
effect & change in catalytic activity.

It seems not unreasonable to accept that the regula-
tory properties of enzymes confer selective advantage
to the cell and organisms only when they are effective
under physiological concentrations of substrate,
cofactor and modulator. Therefore, it appears that
the observed effects on enzyme-substrate interaction
(see Tig. 3) within the physiological thermal range
of the animal offer a formal mechanism for the regula-
tion of enzyme activity. It is also evident thet a number
of presumably adaptive characteristics of an enzyme
molecule may not become apparent unless the enzyme
is examined under various and physiologically relevant
conditions.

Summary

1. The effect of temperature on the activities of
glucose-6-phosphate dehydrogenase, 6-phosphogluco-
nate dehydrogenase from gill tissue of the tanner
crab Chionocetes basrdi, and lactate dehydrogenase
and glyceraldehydephosphate dehydrogenase from
muscle of C. bairdi and the yellowfin sole Limanda
aspera, is highly dependent on the concentrations of
substrate, cofactor and selected cations.

2. The activities of both glucose-6-phosphate
dehydrogenase and 6-phosphogluconate dehydrogenase
from gill of the crab are relatively independent of
temperature at low concentrations of substrate. Mg*+
appears to stimulate activity of both (-6-P deh and
6-P-G deh, particularly at lower temperatures.

3. Maximal velocities of lactate dehydrogenase and
glyceraldehydephosphate dehydrogenase from muscle
of the tanner crab and the yellowfin sole appear to be
largely independent of temperature, and calcalated
values of activation energy are very low. Affinity of
both enzymes for substrate increases with decreaging
temperature, and both lactate dehydrogenase and
glyceraldehydephosphate dehydrogenase seem to un-
dergo a kinetio transition which is reflected in the
shape of the substrate saturation curves.

4. The univalent cations Na+, K+, and NH,*+ are
able to act as stimulators or inhibitors of the activities
of the above enzymes, in & manner which ig determined,
in part at least, by concentrations of substrate,
cofactor and temperature.

5. These findings suggest mechanisms for the main-
tenance and regulation of enzyme activity in arctic
poikilotherms at low temperatures.
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