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Abstract 

The properties of gluooso-6-phosplmto dehydrogenase and 
6-phogphoglueonate dehydrogomme from gill tissue of the 
farmer crab Chionoce~ bairdi, and lactate dehydrogonaso 
(LDtt) and glyeeraldehydo dehydrogenaso from skeletal 
musole of U. ba/rdi and the yollowfin sole/Amanda aspera were 
examined over the physiological temperature range of the 
anlmt~18. ]~t~h a, nimMa wero obtained in the Bering See, in 
winter, and their enzymes appear to be remarkably oold- 
adapted. Affinity of sole LDH for substa'ate appears to in. 
oroase with decreasing temperature, thus keeping reaction rate 
cesentiaUy independent of temperature at physiologioal 
concentrations of the sub.rate. Calculat~l values of activa- 
tion energy are low, in keeping with the argument that organ- 
isms from cold environments have enzyme~ with a reduced 
energy of activation- In addition, Htr.r, plots of the substrato 
ssmration curves for lactate dehydrogenaso from mnsole of 
sole indicate that there is a faoilitation of allosterio behaviour 
&t; low temlxu-'aturos. Maximum ~fRnlty of sole LDH for sub- 
strate in the absence of univalent cations ooours at 3 ~ while 
in the presence of 150 m N K  +, it occurs bo~woen 0 ~ to --2 ~ 
The effects of Mg s+ on enzyme aetivity appear to be determined 
by concentwation of substrate and temperature. Thus, glueeso- 
6-phosphate dahydrogenase and ~phesphoglucenate de- 
hydrogenase am stimulated more effectively by Mg ~+ at low 
temperature and at low substrate levels whereas, a~ high 
concenta-ations of substrate, they am relatively independent 
of the bivalent oatiom All four dehydmgenases are aff~t~cl by 
the univalent cations I~a+, K + and NH+~ in a maturer whioh 
appears to he demrmin~d, in part at least, by concentration of 
substrate and by temperature. These findings sugg~ meehan- 
imna for the maintenauee and regulation of enzyme activity in 
poikilothermie tissues at low and changing temperatm~s. 

' Introduction 

The dispersion into and exploitation of arctic waters 
by  aquatic poikiiotherms has been made possible by  
the evolutionary development of metabolic charac- 
teristics which permit  the organism to maintain and 
control its metabolic processes in an environment of 
low, and sometimes widely ehan~ng,  temperatures.  
The molecular meeh~niams of temperature adaptat ion 
appear to be exooedingly complex, and a large literature 
on the subject has accumulated (see H o ~ c n ~ a  and 
S o m ~ o ,  i97i ,  for rcoent review). One of the out- 
standing observations in recent years is tha t  numerous 
physiologic functions in cold-blooded animals axe 
insensitive to temperature (N~w~,L, 1966, t967; 
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N~w ~r,t, and N o ~ T H ~ r r ,  t967) and, thus, there must  
be mechaniams which permit  the animal 's  metabolism 
to remain independent of thermal changes in the en- 
vironment;  a number  of possibilities have recently 
been suggested (see B~rmtst~,  t971). 

One of the most  important  parameters  of metabolic 
control is enzyme-ligand affinity. I t  was originally 
observed, in homcothermie systems, tha t  affinity of 
an enzyme for its ligand (substrate, cofactor or modula- 
tor) is markedly sensitive to temperature ( l~r ,M~Ttm 
and Co~ ,  t964; T A ~ T ~  and Poo~r,t,, 1965; ). Should 
this observation be extended to poiki]otherms which 
experience changes in environmental temperahrre, it 
is obvious tha t  control of metabolism in these organisms 
would be extremely sensitive to temperature.  A gener- 
ally observed effect of decreased temperature  is an 
increase in enzyme-substrate affinity, which is un- 
doubtedly based on a temperature-induced change in 
the conformation of the enzyme molecule (IwxTsv-KI 
and OXAZAWr, 1967). As a result, at  low (and physiolo- 
gical) concentrations of substrate, the rate reaction 
a t  low temperature may  be equal to or higher than 
tha t  a t  higher temperatures.  The relationship between 
temperature and enzyme-ligand interaction has been 
i n v e s ~ a t e d  for a number of enzymes from fishes, 
molluscs and e ~ e a n s ,  and a noteworthy pat tern  
has boceme discernible, f o r  example, in acetyl- 
eholinesterase from brain of rainbow trout  (Saline 
gairdneri), it appears tha t  the temperature a t  which 
minimum K m  (ma,vimum a/finity) for substrate occurs 
closely approximates the temperature of acclimatiza- 
tion of the organism (Bxt~DWm and HOCrKXO. KA, 
i970). Similar results have been obtained with lactate 
dehydrogenases from trout,  tuna, and lungfish 
(HO~_&CHKa and Sowm~o, 1968), pyruvate  klnases 
from trout,  the antarctic fish Trernatomus bernachii 
( S o m ~ o  and ttocrm~cnxA, t968), and the Alaskan 
king crab Paralithodes camtzchatica (Sowg~n~, 1969), 
isocitxate dehydrogenase from trout  (~oo~,  t970), 
and fructose i ,6-diphosphatase from muscle of the 
Alaskan king crab (B~- ~t~c~, i97i).  A striking feature 
of these results is that ,  at  temperatures above and 
below the a~3cllmatization temperature,  K m  values 
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for substrate increase, resulting in a complex U-shaped 
temperature-Kin curve. In  many  cases, the increase in 
~ m  is so great that ,  above and below the temperature 
of minimum t~m, i t  would be very diMeult for the 
enzyme to become saturated with substmte  in v/re, 
and control would be ~ y  impossible. I t  appears 
that ,  a t  Ieas~ in animals which exl)erience thermal  
changes on a seasonal basis, acclimatization involves 
the synthesis of enzyme variants  which are more 
efficient catMysts at  the new t e m p e r a ~ r e  (see B~LDW~ 
and Hoc~_~Om~A; t970; HOO~.~,H~A and Sowmzo, 
1971). 

In  bet-tom waters of the Bering Sea, temperatures 
are likely to be relatively constant, since for a good 
par t  of the year the temperature  of the water is as low 
as --1.8 ~ and probably rises only to about  3 ~ to 
4 ~ at  the end of the summer. Are the enzymes of 
organisms of the area permanent ly  adapted to a low 
temperature,  to an intermediate one, or do the animals 
adapt  to seasonal changes in temperaL~lre ~ To examine 
this question, a s tudy was initiated on the thermal  be- 
tmviour of glucose-6-phosphate dchydrogenaso (G-6-P 
deh) and 6-phosphogluconate dehydrogena~ (6-P-G 
deh) from the gill of the tanner crab C h ~  
bairdi, and two glycolytie enzymes, glyceraldchyde-3- 
phosphate dchydrogenase (TDH) and lactate de- 
hydrogenase (LDH) from the muscle of C. ba i rd /and  
the yellowfin sole /Amanda aspera. 

Materials and meth(~ls 

Experimental anima~ 

The tanner crab Chionvcetez bairdi and the yellowfm 
sole L/manda a~pera inhabit  the colder waters of the 
northern Pacific Ocean. Temperatures in the range of 
distribution vary  from as low as - 1 . 8  ~ in winter to as 
high as 4~ (JomusoN and NA~T~A~r~, i969) and, 
since mi~a t ions  over long distances for both these 
animals are not known, it  is possible tha t  they  m a y  
encounter changes within --2 ~ to 4 ~ throughout  
the year. Crabs and sole were eapt~rod by  otter trawl 
(with the kind assistance of Dr  P. MoRoY and Mr S. 
STOK~a, Inst i tute  of M~rine Sciences, University of 
Alaska) in the Bering Sea in the vicinity of St. Lawrence 
Island, h l ~ a ,  USA in waters a t  - t . 8  ~ The animais 
were immediately killed, the tissues excised, and used 
a t  once in the preparat ion of enzyme. Tissues which 
were not used immediately were stored a t  - 2 0  ~ 

Chemical materials 

All biochemical reagents used in t~fis s tudy were 
obtained from Sigma Chemical C., St. I~uis ,  Me., USA. 
The  sodium salts of G-6-P, 6-P-G and pyruvate  were 
used; 3-phosphoglyceraldchyde was obtained as the 
free acid in solution. All other chemicals were reagent 
grade. 

Experimental methods 

Pen~ose-shunt enzymes from gill of crab 

Homogenate  of crab gill was prepared in i0 mM 
tris-HC1 buffer, p H  7.5 a t  0 ~ in a VirTis Model 23 
homogenizer at  top s p e ~  at  0 ~ to i ~ The homogenate 
was spun a t  3090 x gravi ty  for 60 rain at  0 ~ and the 
pellet discarded. This crude preparat ion was used to 
determine the total  activities of G~6-P deh and 6-P-G 
deh. G-6-P dch was present in activities approximately 
5 times as high as 6-P-G deh in the crude supernatant,  
and it  was neoessary to remove 6-P-G dch, when work- 
ing with G-6-P dch, because the former enzyme, in 
the presenoe of the same coenzyme, triphospho- 
pyridine nueleotide (TPN+), catalyses the oxidation 
of the produet  of the G-6-P dch, reaction. The super- 
na tan t  described above was brought to 55 % satura- 
tion with solid (NH~)2S04 and stirred for a t  least 
t20 mln at  0 ~ to t ~ The suspen~on was then centri- 
fuged a t  0 ~ the pellet discarded, and the supernatant  
slowly brought to 70% s~turation with solid (NtI4)2S0 ~ 
and stirred once more for at  least t20 rain a t  0 ~ t~ i ~ 
The precipitate was collected by  centa6_fugation at  0 ~ 
and ~ k e n  up in a minimal volume of i0 mM tMs-HC1 
buffer, p H  7,8 at  0 ~ to t ~ The solution was then 
dialysed ~ M n ~  the same buffer a t  0 ~ to t ~ with 
three changes of buffer at  4 h intervals, before use in 
the as~ys .  This procedure effectively reduced ~ctivity 
of 6-P-G dell, to less than  5% of G-6-P deh activity, 
and yielded a suspension with a concentration of i0 mg 
protein/ml. 

The other penf~se-ahunt enzyme examined in this 
study, 6-P-G deh, was prepared in a similar manner, 
except tha t  R was found to be active approMmately 
t0 times as much as G-6-P dell in the 40 to 57% 
(NHD,S0~ fraction. Di~ysis  of the solution was carried 
out as above. The reaction medium contained, in 
2,0 m] of 50 mM ~is-HC1 buffer of different p H  values, 
various conoentrations of substrate (either G-6-P or 
6-phosphogluconate), and varying concenl~ations of 
TPN + and MgC1 s. The reaction was initiated by  the 
addition of enzyme solution to the medium and was 
followed by  observing the rate of formation of TPNt t .  
Unless otherwise specified, all experiments were carried 
out a t  p H  7,5. 

Glycolytie enzymes from muscle of tanner crab and 
yellowfin sole 

Homogenate  of skeletal muscle was prepared in the 
same manner as above, spun a t  3000 x gravi ty  for 
45 miu a t  0 ~ and the pellet discarded. The resultant 

�9 solution was used directly in studies on 3-phospho- 
glyceraJdchyde dchydrogenase (TDH) and lactate 
dehydrogenase (LDtt).  Enzyme act ivi ty was observed 
by  following the rate of formation or oxidation of 
DP~q]Zt a t  340 nm in a Hitachi-Perkin Elmer re~rdlng 
speotrophotometer. 
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The enzyme activities reported in this communica- 
tion are the means of a t  least two separate determina- 
tions with variations of less than  5 % between individual 
determinations, and are expressed as A O D ~ / m i n /  
iO mg protein. 

R ~ f l ' m  

Enzymes  from crab gill 

I t  is apparent  tha t  the effect of temperature  on 
reaction rates of the two dehydrogenases from the 
pentose shunt in gill of the f ~ m e r  crab is highly 
dependent on the concentration of substrate present 
in the medium (Figs. i and 2). Thus, as concentrations 
of both G-6-P and 6-P-G decrease, there is a drop in 
the temperature  coefficients of the reaction, until1 a t  

0.05 mM G-6-P and 0.i mM 6-P-G, Qlo, values of the 
resction are near 1.0 over most of the temperahlre  
range tested; these results are quite similar to those 
reported for LDF['s from rainbow tTout, tuna and lung- 
fiah (HooH~U, K A and Somv~o, i968). G-6-P 4oh does 
not require a bivalent cation for activity to occur, but  
the addition of increasing amounts of Mg 2+ to the 
medium causes an increase in activity, particularly 
a t  the lower temperatures (Fig. i). In  this connection, 
SA_wwAa~ (1970) has reported a ~mi]~r s~mulat ion of 
G-6-P deh by  Mg t+. The response of 6-P-G deh to 
additions of Mg ~+ is somewhat Mmilax, and the enzyme 
appears to be stimulated more by  the bivalent o~tion at  
low concentrations of subs*rate and a t  the lower temper.  
a~n~s ( - -2  ~ to 6 ~ (Fig. 2). 
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Glycolytic enzymes from muscle of crab and yellowfin 
sole 

Lsc t s te  dehydrogenase (IX)H) from muscle of 
yellowfin sole does not appear to display a marked 
temperat~Lre opt imum at  any concentration of sub- 
strafe, and the results yield correspondingly low values 
of activation energy (Table t). However, i t  is interest- 
ing to note tha t  the shape of the substm~te saturation 
curve changes with temperature;  thus as temperature  
is i n ~  from --2 ~ to 3 ~ there is a shift from a 
hyperbolic curve to a sigmoid one (Fig. 3), accompanied 
by  an a t tendant  increase in the values of the ~U,T, 
constants (n~), indicating an increase in homotropic 
cooperation in the binding of substrate. At 6 ~ and 
~0 ~ the saturation curve is again hyperbolic. This 
apparent  change in the allos~rie bohaviour of the 
enzyme molecule is accompanied by  an increase in 
affinity for pyruvate  as temperature  rises from 0 ~ to 
3 ~ These results yield a U-shaped temperature-Kin 
curve, reminiscent of those reported for isocitrate 
dchydrogenase from the t rout  (Moon, t970) and fine- 
tose diphosphatase from muscle of the Alaskan king 
crab (B~.~TSCm, t97t).  An interesting result is 
observed when pyruvate  sa~n~tion curves are carried 
out in the presence of 150 mM K+; the U-shaped Kin- 
temperature curve disappears and the minimum 
apparen~ K m  for pyruvate  now falls near the temper- 
ature of acclimatization of the ~nimals Kaed in the 
present experiments (Fig. 3) .  It is also known tha~ 
changes in p i t  can alter the kinetic behaviour of L D I t  
(V~s~LT,, t966; V]~SELTJ and. YlmT,nlNO, t966), and an 
experiment was performed on the sole L D H  in which 
the p i t  of the medium was changed in aecord~nce with 
the observations of R ~ w s  and W ~ s o N  (t969). 
A rise in p H  at  the lower temperatm~s thus results in 
a shif~ from a hyperbolic saturation curve to a sigmoid 
one (Fig. 4), accompanied by  an increase in the ~-YI',T, 
constants (Table i). 

In  agreement with the observation tha t  muscle 
of the king crab has kigh activities of glycolytie 
enzymes (Hoc~xcm~A et al., unpublished results), 
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Tablo 1. Limanda az,pera. Effect of ~ r e  on affinity o/sole muscle LDH /or ~ v a t e ,  nB values and aciivation energy 
(~/rom V , ~ )  

Temperature (~ Km of pyruvato  (raM) nR Probabi l i ty  of Temperature  Act ivat ion 
(constant  pH) (no K +) (t50m_N K +) (150m_N K +) n~ being zero range (~ energy 

(koal 'molo) 

- - ' 2  0.15 0.11 1.3 0.000 --2 ~  0 ~ 0.00 
0 ~ 0.t3 0.11 1.2 0.000 0 ~  3 ~ 0.00 
3 ~ 0 . t l  0.15 2.0 0.000 3 ~  6 ~ 9.4 
6 ~ 0. t8 0.'21 t .3  0.000 6 ~ 10 ~ 4.0 

I0  ~ 0.24 0.22 1.5 0.001 

Tempera~xLre (~ Km of pyruvato  (raM) Temperat~-e Act ivat ion 

range ole) 

--2 ~ 02.6 --2 ~  3 ~ 5.8 
3 ~ 0.26 3 ~  ~ 6.8 

10 ~ 0.17 
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l~ig. 5. C h ~  balrdi. Subs t~ te  sat~-ation c~rves of tanner crab 3-phosphoglyceraldehyde dehydrogenase at  series of 
teml~ratures 

Table 2. C h ~  bairdi. EOect o/ varyi~ ~ i o n s  o/ Na +, K+ and NH+ ~ on actitities o/glucose-6-phoaphate dehydrog- 
ena~ and 6-phosphogluc, onate d e h y d ~  /ro'm ~ o/ tanner crab 

Conoentration Concentration Relative aotivity ( % of oontzol) 
of substrate of cation Na+ K+ N]~+, 

(raM) (raN) --2~ 3 ~ I0 ~ --2 ~ 3 ~ I0 ~ -- 2 ~ 3 ~ I0 ~ 

0.05 G-6-P 0 100 100 100 100 100 100 100 100 100 
10 125 110 120 t15 108 106 t t 2  t10 105 
50 150 140 135 t37 126 120 t63 149 146 

100 200 175 176 167 143 139 197 186 170 
150 250 240 212 196 160 t59 239 234 216 

0A G-6-P 0 100 100 100 100 100 t00 100 105 t00 
10 105 104 t03 116 t09 107 t13 108 103 
50 t41 137 143 143 t29 118 t59 t47 126 

100 186 t82 t79 t7 t  146 t36 189 t88 139 
150 234 226 222 191 159 150 234 231 178 

0.5 G-6-P 0 100 100 t00 100 100 I00 100 I00 100 
10 103 1_01 100 t03 102 100 1t5 111 103 
50 t26 117 t05 130 125 113 163 t58 129 

t00 153 137 119 161 146 129 194 184 153 
150 184 158 134 186 160 145 230 216 176 

0.05 6-P-G 0 t00 100 t00 I00 100 100 100 i00 100 
10 105 120 1t5 t13 t l t  109 t13 117 t00 
50 150 150 150 t31 t27 130 162 160 96 

100 200 190 195 149 143 149 t95 t97 83 
150 265 235 240 162 154 164 230 230 61 

0A 6-P-G 0 100 100 100 100 100 t00 100 t00 t00 
10 104 103 101 t10 I10 108 109 106 94 
50 143 124 1t9 t34 133 13t t56 t37 76 

100 189 149 t36 148 146 148 t89 168 68 
t50 227 t76 153 160 157 t63 229 199 64 

0.5 6-P-G 0 100 100 100 100 100 t00 t00 100 100 
10 100 101 102 t09 107 106 108 105 t00 
50 123 t16 114 126 t20 121 t5 t  t36 101 

100 146 132 125 143 136 135 188 191 192 
150 164 149 t30 t51 t44 t43 224 178 84 
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Table 3. E#eds o/u . ival~ ca~m~ (m activity o/gly~,vuldehyde phooIgu~ dehydroyenase ( TDH) .from muscJe 
of yelknzfin ~ (IXmanda a~aera) and tanner crab (Ohionocete~ bairdii) a~ different t e m ~  

L. aspera THD 
Conoent~-ation 
of ca~ion (raN) 

Relative a, uLivRv ( % of oont~ol) 
Na+ K+ NH+~ 
--2 ~ 3 ~ t0 ~ --2 ~ 3 ~ 10 ~ --2 ~ 3 ~ 10 ~ 

0 t00 11)0 100 t00 100 100 100 t05 100 
10 116 120 105 113 t14 106 1t6 116 t13 
50 131 143 118 t40 138 119 t38 132 127 

100 126 121 103 178 159 134 156 148 145 
t50 97 98 91 201 178 149 173 161 159 

C. baird,; 
Conoentration 
of cation (raN) 

0 100 100 100 100 100 t00 100 100 100 
t0 103 10@ 107 t t5 103 100 100 105 t04 
50 126 127 125 143 107 94 t06 124 123 

10O 140 149 139 182 I l l  90 113 136 137 
150 12t_ 1t6 109 217 115 83 120 150 148 

muscle of Ch/vnoce~ has high activities of 3-phospho- 
glyceraldehyde dehydrogenase ~ D H ) .  Like T D H ' s  
from other sources (NOt~DIN et al., i970), the enzyme 
from the r crab has rather  a low at~nity for 
substrate, glyceraldehyde phosphate (Fig. 5). An 
i n t o r ~ i n g  characteristic of the crab T D H  is the mark- 
edly biphasie substrate sa~lration curve a t  the higher 
(6 ~ to t0 ~ temperatures,  ~imflar to tha t  noted by  
NOt~DnV et al. (t970) in purified honeybee TDH.  Such 
biphasio sat-aration curves have been also noted in 
cofactor (Mg ~+) saturation curves in fructose di- 
phosphatase from migra~ng salmon (B~.  ~TsCH, 1969) 
and pyruvate  kinase from muscle of the Alaskan king 
crab (Somvao, t969). Somero suggested the existence of 
thermal  isomers of the pyruvate  kinase enzyme 
molecule, while G~A3 et al. (1970) have suggested tha t  
the changing nature of the saturation curve of purified 
honeybee T D H  is due to an interaction of the effects 
of substrate and oofa~tor on the conformational state 
of the enzyme molecule. 

Effects el univalent cations on enzyme activity 

Numerous publications report  the activation of 
enzyme activi ty by  the univalent cations Na+, K+ and 
NH4+ (for a comprehensive list see Dixon  and W~BB, 
i964). The three cations have boon shown to affec~ 
the activity of dehydrogenases from a wide var ie ty  of 
sources, with K+ and Na + usually being the most  
effecVive modulators. The effectiveness of these cations 
in influencing activities of the dehydrogenases in the 
present s tudy appears to be determined by  temperat-ure 

a~ well as concentration of subs~ate  and cofactor (see 
also B ~ .  ~T~c~, i97i) .  Thus Na+ stimulates G-6-P deh 
and 6-P-G deh about  equally a t  all temperatures,  and 
a t  Vmax concenffrations of substrate (Table 2). How- 
ever, as the concentration of subsC-mte is decreased, 
there is greater stimulation of the activities of both 
pentose shunt enzymes. I7H,+ stimulates both G-6-P 
deh and 6-P-G deh equally a t  the Vwo lower tempera- 
tures ( - -2  ~ and 3 ~ at  all levels of substrate used. 
However, a t  t0 ~ ITHa+ appears to act  as a weak 
~nhibitor of 6-P-G deh, while it  continues to stimulate 
G-6-P deh activity, although less effectively than a t  
the two lower temperatures (Table 2). 

The response to univalent cations of the two TDH' s  
from muscle of crab and sole is less uniform (see Table 3). 
T D H  from sole is activated by  Na + approximately  
equally a t  all three temperatures tested while, on the 
other hand, high concentrations of Na + appear to 
cause a decrease in act ivi ty of the T D H  from the crab 
(Table 3). I~THa+ appears to enhance activities of the 
crab and sole T D H ' s  a t  3 ~ and 10 ~ while, a t  --2 ~ 
the crab enzyme appears to be largely independent of 
NH,+ and the T D H  from the sole is stimulated by  the 
cation at  --2 ~ the temperaLu]re of acellmatization of 
the organlama used in this s~udy. K+ ion stimulated 
the crab T D H  at  --2 ~ while, a t  3 ~ the enzyme is 
largely independent of the cation. Finally, a t  i0 ~ 
K + acts as an inhibitor of T D H  activi ty in the crab, 
an effeot ~imil~r to tha t  of K + on activity of fructose 
diphosphatase from muscle of the king crab (B ~- ~TSC~, 
t97t) .  Thus, the ability of K + to act  either as an azti- 
r a t e r  a t  low temperature  or as an inhibitor of enzyme 
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activity at the higher physiological temperatures 
indicates tha t  the cation could render TDH activity 
virtn~ally independent of temperature. 

A special manifestation of metabolic control in 
poikilotherms is seen in an adjustment of metabolism 
in compensation to changes in ambient temperature. 
I t  is generally agreed that  such temperature compensa- 
tion of metabolism can be genetically determined (see 
So~onA~])~m et al., ~953; l>goss~m, t957) or environ- 
mentally induced (B~ow]:s  and Itoo~t~H K A~ t970). 
Although few data are available on the underlying 
mechanisms, these two processes of temperature 
compensation are ummlly considered distinct (see 
lh~o s s ~ ,  t957), and it follows that  the environ m entally- 
induced temperature compensation will occur 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 considered: (1) activation energies (see 
Vgo~Aw and B~ow~, i963); (2) thermal optima for 
maximal velocities (see R~A]), 1964). The present 
data (Table t) for the sole and tanner orab from Bering 
Sea waters in winter, give exceedingly low calculated 
values for activation energy (Ea), in keeping with the 
argument of Vt~OMAW and BROWN that  enzymes of 
organisms from environments of low thermal energy 
have low calculated Ea values to compensate for the 
low thermal energy available. Previous data (Ho(y~- 
ACn~A and Somme,  t968; B~ .  aTs(~, t969; B~Hmsc~ 
and Ho(m.Acm~*, t969), for animals from temperate 
environments, do not show any consistent trend within 
this hypothesis, but  perhaps one would not expect 
selection for enzymes with low (or high) Ea values 
in organisms from such environments. At any rate, 
work in this laboratory on numerous enzyme systems 
from aretie and subarctic poikilotherms (B~u~sc~,  
197t; B ~ . ~ s c ~ ,  unpublished data) shows that,  in 
these cases, the calculated values of Ea are very low 
indeed. 

An interesting feature of the present data is the 
observation that  temperature appears to affect af~inlty 
of enzyme for substrate(s) (Table t ;  Figs. t ,  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 Trematomv.s (SoMwao and Hoc~( .m ~ ,  
1968) the Alaskan king crab (So~wn~o, i969), isocitrate 
dehydrogenase (MooN, t970), and acetyleholinesterase 
from rainbow trout  (Bx~DWn~ and Hoc]~cnx~ ,  ~970), 
and fructose diphosphatase from muscle of the Alaskan 
king crab ( B v ~ m : ~ ,  1971). In  these studies, it was 

observed that  minimum Km for substrate (maxlm~lm 
amnlty) occurred at a temperature which closely 
coincided with the acclimatization temperature. In  
t, hi~ 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 ~ (Table i), whereas the fish used 
in these studies were caught in waters at  -- i .8  ~ 
In  an identical experiment, but  in the presence of 
tS0mM K +, minimum appsxent Km of the enzyme for 
substrate now occurs at around --0.5 ~ very near the 
temperature of acclimatization of the organl,ums used 
in these studies. 

The ability of the monovalent cations Na+, K+, and 
NHa+ 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- 
centration of substrate and cofactor as well as temper- 
ature (see Tables 2 and 3) suggests tha t  these ions 
may have a role in the regulation of enzyme activity 
and metabolism. H~B~aT et al., (t970) and B ~ T s c g  
(t971) observed that  these cations can alter the activ- 
ities of gluconeogenie enzymes from a variety of 
fishes and crustaceans. In addition, although the 
importance to ionic regulation of gill tissue in the 
Crustacca is widely recognized ( F T ~ s , r ~ ,  t959), 
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, HOCm~C. KA et al., (unpublished data) noted 
that  Na + activated oxidative reactions, Ca 2+ 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 
control of enzyme activity is further underscored by 
the observations that  Na + enhances the activities of 
both G-(LP deh and 6-P-G deh from crab gill at low 
substrate concentrations, and that K + ion could 
maintain activities of crab TD H  and sole LDH 
virtually independent of temperature (Table 2, Fig. ~). 
These findings are of particular relevance to metabolic 
control in Polkilotherms because in addition to those 
of a number of bivalent cations, the concentrations of 
Na+ and K + vary during thermal acclimatization in 
poikilotherms (1~o, 1962; HICX~An et al., t964; 
To~ws and HICWMAW, t969; U ~ G ~ R ,  ~969, t970). 
Changes in the concentrations of these cations and 
compartmentation are known to occur in the cell 
(ByGgAV~, t966, i967) and, judging from the present 
results (Tables 2 aud 3), such changes in cation concen- 
tration may well be a major method of influencing 
enzyme and metabolic activii V. 

Further,  it is known (ROBIN, t962; l~An-~, t965; 
R l ~ w s  and WILSON, i969) that  temperatTure-eause4 
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  a t  low tempera ture  (see R~n~,  
1965, for discussion). I n  an experiment  in which p H  
and tempera ture  were varied in accordance with the 
observations of  R ~ v ~ s  and  WILSO~I (t969), it was 
found t h a t  the normal ly  hyperbolic substrate  satura- 
tion-cltrve for muscle L D H  from sole became quite 
markedly  sigmoid (Fig. 4), suggesting homoLropic 
cooperat ivi ty  of  the subunits  and, as a result, a smaller 
change in substrate  concentrat ion would be needed to  
effect a change in catalyt ic  act ivi ty.  

I t  seems no t  unreasonable to accept  t ha t  the regula- 
t o r y  properties of  enzymes confer selective advantage  
to the cell and  organisms only when they  are effective 
under  physiological coneen~ratious of  substrate,  
cofactor and modulator .  Therefore, i t  appears t h a t  
the observed effects on enzyme-subst ra te  interaction 
(see Fig. 3) within the  physiological thermal  range 
of  the animal offer a formal mechanism for the regula- 
t ion of  enzyme activity.  I t  is also evident  t h a t  a number  
of pres~trnably adapt ive  characteristics of  an  enzyme 
molecule m a y  not  become apparent  unless the enzyme 
is examined under  various and physiologically relevant  
conditions. 

Smmmary 

i. The effect of  tempera~Lre on the  activities of  
ghicose-6-phosphate dehydrogenate ,  6-phosphoghico- 
nate  dehydrogenase f rom gill tissue of  the tanner  
crab C h ~  bairdi, and lactate dehydrogenaae 
and  glyeeraldehydephosphate  dehydrogenase f rom 
muscle of  C. bairdi and the  yellowfin sole L/manda  
azpera, is highly dependent  on the concentrat ions of  
substrate,  cofactor and selected cations. 

2. The ac4-ivities of  bo th  ghicose-6-phosphate 
dehydrogenase and  6-phosphogluconate dehydrogenase 
f rom gill of  the crab are relatively independent  of  
tempera ture  a t  low concenta'ations of  substwate. Mg s+ 
appears  to  st imulate ac t iv i ty  of  bo th  G-6-P deh and  
6-P-G deh, par t icular ly a t  lower temtmratures.  

3. Maximal velocities of lactate dehydrogenase and 
giyeeraldehydephosphate  dehydrogenase f rom muscle 
of  the tanner  crab and  the yellowfm sole appear  to be 
largely independent  of  temperature ,  and calcrflated 
values of  act ivat ion energy are very  low. Affinity of  
both enzymes for substrate increases with decreasdng 
temperature ,  and  both  lactate dehydrogenase and 
glyeeraldehydephosphate  dehyclrogenase seem to un- 
dergo a Mnetio t ransi t ion which is reflected in the 
shape of  the substrate  sa turat ion curves. 

4. The univalent  cations Na  +, K +, and  Ntt~ + are 
able to ac t  as st imulators or inhibitors of  the activities 
of  the above enzymes, in a m ann el" which is determined, 
in pa r t  a t  least, b y  concentrat ions of  substwate, 
cofactor and temperature.  

5. These findings suggest mechanisms for the main- 
tenance and  regulation of  enzyme act ivi ty  in arctic 
poikilotherms a t  low temperatures.  
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