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Activation and Stabilization of Halophilic Enzymes by Magnesium and Calcium Ions 

T h e  e n z y m e s  f r o m  e x t r e m e l y  h a l o p h i l i c  b a c t e r i a  re-  
q u i r e  h i g h  s a l t  c o n c e n t r a t i o n s  fo r  b o t h  a c t i v i t y  a n d  s t a b i l -  
i ty~,  3 M o s t  e x p e r i m e n t s  r e l a t e d  t o  t h e  a c t i v a t i o n  a n d  
s t a b i l i z a t i o n  of h a l o p h i l i c  e n z y m e s  i n  v i t r o  h a v e  b e e n  pe r -  
f o r m e d  w i t h  K +  a n d  Na+ ,  w h i c h  a r e  t h e  m a i n  i n t r a c e l l u l a r  
c a t i o n s  3. I t  h a s  b e e n  d e m o n s t r a t e d ,  h o w e v e r ,  t h a t  d i v a l e n t  
c a t i o n s  a r e  a b l e  t o  a f f o r d  a t  l e a s t  s o m e  a c t i v a t i o n  a n d  
s t a b i l i z a t i o n  of  p a r t i c u l a t e  e n z y m e  s y s t e m s ,  s u c h  as  
N A D H  d e h y d r o g e n a s e  ~, ~ a n d  c y t o c h r o m e  o x i d a s e  ~, a n d  a 
p a r t i a l l y  p u r i f i e d  e a t a l a s e  7; in  t h e s e  c a s e s  MgCI~ w a s  l e s s  
e f f e c t i v e  t h a n  NaC1 as  a n  a c t i v a t o r .  W e  s h o w  h e r e  t h a t  
MgCI= a n d  CaC12 a r e  e f f i c i e n t  a c t i v a t o r s  of  s e v e n  h a l o p h i l i c  
e n z y m e s ,  p a r t i a l l y  p u r i f i e d  f r o m  H a l o b a c t e r i u m  c u t i r u b r u m  
I n  s o m e  cases ,  t i le  d i v a l e n t  c a t i o n s  w e r e  e v e n  b e t t e r  t i t a n  
K +  or  N a +  as  s t a b i l i z e r s  o r  a c t i v a t o r s .  

T h e  e n z y m e s  s t u d i e d  w e r e  g l y c e r o l  d e h y d r o g e n a s e  
(EC 1.1.1.6,  G D H ) ;  m a l a t e  d e h y d r o g e n a s e  (EC 1.1.1.37,  

Table I. Activationofhalophilic enzymesby divalent and monovalent 
cation salts 

GDH MDH ME ICDH GluDH AAT CS 

No additions 0 8 0 53 0 O 9 

CaCle (M) 
0.005 57 38 --  53 36 --  49 
0.010 58 49 --  64 47 --  66 
0.020 60 64 -- 68 52 --  72 
0.050 57 78 -- 72 69 29 87 
0.100 51 92 -- 59 93 54 69 
0.200 48 98 --  35 i00 84 45 
0.400 31 100 --  1 81 100 24 

MgC12(M) 

0.005 58 21 11 62 45 --  42 
0.010 60 31 26 72 47 --  55 
0.020 57 41 35 76 58 --  64 
0.050 45 51 31 73 81 31 71 
0.100 40 61 2 60 97 54 46 
0.200 27 66 0 27 92 72 30 
0.400 10 46 0 1 56 76 16 

NaCI(M) 

0.1 3 18 --  100 36 2 34 
0.4 43 33 --  100 81 48 64 
1.0 38 60 0 91 77 80 63 
2.0 34 51 0 49 41 85 64 
3.0 35 36 0 24 32 75 64 

KCI(M) 

0.1 45~ 21 --  79 15 5 38 
0.4 62 ~ 42 --  77 77 44 66 
1.0 69 66 26 62 76 72 73 
2.0 83 55 93 40 62 89 78 
3.0 100 41 100 32 47 88 100 

With the exception of ICDH, the enzymes were partially purified by 
ammonium sulphate fraetionation and assayed speetrophotometri- 
cally at 30~ as previously described m. The enzyme preparations 
were exhaustively dialyzed against 0.05 M Tris-HC1 buffer (ph 7.6), 
containing 5 M NaC1 and 1 mM EDTA, and used for the experiments 
described. ICDH was purified 3-fold in fraction P~ (ref. 12) and assayed 
as described by HUBEAaD and MILLEa 13. The enzymes were assayed 
in the presence of the salt concentrations stated in the Table. Reac- 
tion velocities are expressed as percent of the maximal  activity 
attained for each enzyme. The amounts  of protein (in ~xg) and the 
100% of activity (in nmoles/min) were, respectively: GDH, 79 and 
33; MDH, 21 and 41; ME, 1450 and 9; ICDH, 93 and 14; GluDH, 
6.2 and 14; AAT, 83 and 5; CS, 10 and 11. CaC12 could not be tested 
on ME, because of precipitation in the reaction mixtures. 

M D H ) ;  N A D P - l i n k e d  m a l i c  e n z y m e  (EC 1.1.1.40,  M E ) ;  
N A D P - l i n k e d  i s o c i t r a t e  d e h y d r o g e n a s e  (EC 1.1.1.42,  
I C D H ) ;  g l u t a m a t e  d e h y d r o g e n a s e  (EC  1.4.1.3,  GluDI- I ) ;  
a s p a r t a t e  a m i n o t r a n s f e r a s e  (EC 2.6.1.1,  A A T ) ;  a n d  c i t r a t e  
s y n t h a s e  (EC  4.1.3.7 ,  CS).  M E  a n d  I C D H  w e r e  c h o s e n  as  
e x a m p l e s  of  e n z y m e s  r e q u i r i n g  a d i v a l e n t  c a t i o n  fo r  
a c t i v i t y  in  n o n - h a l o p h i l e s .  

T a b l e  I s h o w s  t h e  a c t i v a t i o n  of t h e  e n z y m e s  s t u d i e d  b y  
c o n c e n t r a t i o n s  of  MgC12 or  CaC12, r a n g i n g  f r o m  0.005 t o  
0.4 M ;  fo r  c o m p a r a t i v e  p u r p o s e s ,  t h e  e n z y m e  a c t i v i t i e s  
i n  t h e  p r e s e n c e  of  NaC1 or  KC1 c o n c e n t r a t i o n s  r a n g i n g  
f r o m  0.1 to  3.0 M a r e  a l so  i n c l u d e d .  Al l  t h e  e n z y m e s  
s t u d i e d  w e r e  a c t i v a t e d  b y  t h e  d i v a l e n t  c a t i o n s :  CaC12 
w a s  t h e  b e s t  a c t i v a t o r  of  G l u D H ,  M D t t  a n d  A A T ;  
KC1 w a s  t h e  b e s t  a c t i v a t o r  of  G D H ,  M E  a n d  CS,  a n d  
NaC1 w a s  t h e  b e s t  a c t i v a t o r  of  I C D H .  T h e  c o n c e n t r a t i o n s  
of d i v a l e n t  c a t i o n s  r e q u i r e d  for  m a x i m a l  a c t i v a t i o n  were ,  
i n  gene ra l ,  l owe r  t h a n  t h o s e  of  m o n o v a l e n t  c a t i o n s .  

T a b l e  I I  s h o w s  t h e  s t a b i l i z a t i o n  of  t h e  e n z y m e s  b y  t h e  
s a m e  sa l t s .  A l l  t h e  e n z y m e s  s t u d i e d  d e c a y e d  v e r y  r a p i d l y  
in  t h e  p r e s e n c e  of 0 . 1 -0 .2  M NaC1 a t  3 0 ~  , b u t  w e r e  
s t a b i l i z e d  w i t h  d i f f e r e n t  d e g r e e s  of  e f f e c t i v e n e s s  b y  0.1 M 
CaCI~ or  MgCI~ (or 0.4 M in  t h e  ca se  of  A A T ) .  T h e s e  s a l t s  
w e r e  e f f i c i e n t  p r o t e c t o r s  of  G D H ,  M D H  a n d  A A T ,  a n d  
t o  a l e s se r  e x t e n t  of  M E .  0.1 M MgCI~ w a s  b e t t e r  t h a n  
1 M NaC1 or  KC1 as  a p r o t e c t o r  for  I C D H .  O n  t h e  o t h e r  
h a n d ,  t h e  d i v a l e n t  c a t i o n  s a l t s  w e r e  v e r y  p o o r  p r o t e c t o r s  
of  G l u D H  a n d  CS, w h e n  c o m p a r e d  w i t h  NaC1 a n d  KC1. 

T h e  e f f i c i e n c y  of  d i v a l e n t  c a t i o n  s a l t s  a s  a c t i v a t o r s ,  a n d  
a t  l e a s t  in  s o m e  c a s e s  as  s t ab i l i z e r s ,  of  7 h a l o p h i I i c  
e n z y m e s ,  a t  c o m p a r a t i v e l y  low s a l t  c o n c e n t r a t i o n s ,  s u g g e s t s  
t h a t  c h a r g e  s h i e l d i n g  b y  t i l e  c a t i o n s  8 w a s  a n  i m p o r t a n t  
f a c t o r  in  m a i n t a i n i n g  t i le  n a t i v e  e n z y m e  s t r u c t u r e s .  I n  f a c t ,  
d i v a l e n t  c a t i o n s  a r e  c o n s i d e r a b l y  m o r e  e f f e c t i v e  t h a n  
m o n o v a l e n t  c a t i o n s  for  c h a r g e  s h i e l d i n g g .  

T h e  e n z y m e s  s t u d i e d  b y  LANYI e t  al .5,6 w e r e  b e t t e r  
a c t i v a t e d  b y  h i g h  c o n c e n t r a t i o n s  of NaC1 t h a n  b y  MgC12. 
T h e s e  a u t h o r s  s u g g e s t e d  a ro le  of  t h e  m o n o v a l e n t  c a t i o n s  
a t  h i g h  c o n c e n t r a t i o n s  in  t i l e  s t a b i l i z a t i o n  of h y d r o p h o b i c  
b o n d s  in  t h e  p r o t e i n  9. 

T h i s  s e e m s  n o t  t o  be  a g e n e r a l  p r o p e r t y  of  h a l o p h i l i c  
e n z y m e s ,  h o w e v e r ,  s i n c e  t h e  e n z y m e s  s t u d i e d  h e r e  fa l l  
i n t o  2 d i f f e r e n t  g r o u p s  in  t h i s  r e s p e c t .  M D H ,  G l u D H ,  
I C D H  a n d  A A T  s h o w e d  a r e l a t i v e  i n h i b i t i o n  b y  h i g h  
c o n c e n t r a t i o n s  o f  m o n o v a l e n t  c a t i o n s ,  w i t h  t h e  o n l y  
e x c e p t i o n  of t h e  e f f ec t  of  KC1 o n  A A T .  T h i s  s u g g e s t s  t h a t  
s t a b i l i z a t i o n  of  h y d r o p h o b i c  b o n d s  b y  h i g h  m o n o v a l e n t  
c a t i o n  c o n c e n t r a t i o n s  w a s  n o t  r e q u i r e d  for  fu l l  a c t i v i t y  of  
t h e s e  e n z y m e s ,  a n d  t h a t  t h e  m a i n  f a c t o r  in  t h e  a c t i v a t i o n  
p r o c e s s  w a s  t h e  s h i e l d i n g  of e l e c t r o n e g a t i v e  c h a r g e s  o n  
t h e  p r o t e i n s .  A c c o r d i n g l y ,  M D H ,  G l u D H  a n d  A A T  w e r e  
b e s t  a c t i v a t e d  b y  CaCI~, a n d  e f f i c i e n t l y  a c t i v a t e d  b y  
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MgCI~; I C D H  was bes t  ac t iva ted  by  NaC1 (0.1-0.4 M), and  
it was bes t  p ro t ec t ed  by  MgCI~. On the  o the r  hand,  GDH,  
ME and CS were max ima l ly  ac t iva ted  by  KC1; a t  low 
concen t ra t ions  CaC12 and MgC12 were efficient  ac t iva tors ,  
bu t  t h e y  caused a re la t ive  inh ib i t ion  over  0.05 M. 
On the  basis of the  expe r imen ta l  d a t a  described,  we suggest  
t h a t  GDH,  ME and  CS, bu t  no t  the  o the r  enzymes  
s tudied  here, require  for m a x i m a l  ac t iv i ty  the  s tabi l iza t ion  
of hyd rophob ic  bonds  by  monova l en t  cat ions  a t  concent ra-  
t ions  h igher  t h a n  1M, the  d iva len t  cat ions  being in- 
effect ive for th is  purpose.  

I t  is diff icul t  to ascer ta in  a t  p re sen t  the  rote of the  
d iva len t  cat ions  in the  m a i n t e n a n c e  of t he  na t ive  s t ruc tu re  
of halophi l ic  enzymes  in vivo.  The in t racel lu lar  concent ra-  
t ions  of K+ and  Na + are u n d o u b t e d l y  much  h igher  t h a n  
those  of Mg++ and  Ca++, bu t  the  concen t ra t ions  of the  
l a t t e r  cat ions  requi red  for ac t iva t ion  are cons iderably  
lower. Moreover,  p re l imina ry  exper iments ,  no t  shown 
here, d e m o n s t r a t e  t h a t  MgCI~ or CaCle, a t  0.1 M, can 

Table  I I .  S tab i l iza t ion  of halophi l ic  enzymes  by  d iva len t  and mono- 
valent cation salts 

GDH MDH ME ICDH GluDH AAT CS 

Basa l  0.1 0.4 3.7 < 0.1 < 0.1 5 < 0 . 1  

CaCle 1140 360 27 5.6 8 50 0.5 

MgCI~ 2460 220 40 66 9 125 0.2 

NaC1 960 450 310 10 5400 350 145 

KC1 3240 75 180 3.3 132 120 53 

The experiments were performed at 30~ as described in ref) a. The 
basal NaC1 concentration was 0.1M, except for CS (0.2M). The pro- 
tein concentrations in the preincubation mixtures (~g/ml) were, res- 
pectively: GDH, 158; MDH, 54; ME, 336; ICDH, 186; GluDH, 52; 
AAT, 83; and CS, 20. The salt concentrations tested as protectors 
were 0.4M Me + or Me ++ (AAT), or 1M Me + or 0.1M Me ++ for the other 
enzymes. The half-life values (in rain) obtained from semilogarithmic 
plots of remaining activity vs time of preineubation are given as a 
measure of the stabilizing effect of the salts. 

i n t e rac t  w i th  halophi l ic  enzymes  even in the  presence  of 
2.3 M KC1, causing in general  a re la t ive  inhibi t ion.  The 
recen t  r epor t  by  LANYI and SILVERMAN 10 on the  s t a t e  
of t he  in t racel lu lar  cat ions  in H. cutirubrum m a y  be 
re levant  to th is  p roblem.  They  showed tha t ,  whereas  I(+ 
seems to be free inside the  cell, Mg ++ is bound,  p ro b ab ly  
to b o t h  the  m e m b r a n e  l ipids and the  acidic pro te ins  n 
p resen t  in ex t reme  halophiles.  The poss ibi l i ty  canno t  be 
excluded,  then,  t h a t  d iva len t  cations,  ma in ly  Mg++, 
migh t  pa r t i c ipa te  in the  ac t iva t ion  and  s tabi l iza t ion of 
halophi l ic  enzymes  in vivo. 

Resumen. Siete enz imas  pa rc ia lmente  pur i f icadas  de la 
bac te r ia  haldfi la  ex t r ema  Halobaeterium 6ut~rubrum fueron 
act ivadas ,  y la mayor ia  de ellas pa rc i a lmen te  estabi l iza-  
das, p o t  concent rac iones  de Ca ++ o Mg ++ has t a  0.4 21//-. E n  
algunos casos las sales de cat idn d iva len te  fueron m~s 
eficaces que el C1Na o el C1K. Se d i scu ten  los resul tados  en 
relacidn con la posible  par t ic ipac idn  del escudado de 
cargas y del refuerzo de uniones h idrofdbicas  en el 
m a n t e n i m i e n t o  de la e s t ruc tu ra  nat iva ,  y con el posible 
papel  del Mg ++ in vivo en la ac t ivac idn  y estabi l izacidn de 
enz imas  halofflicas. 
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Lipid MetaboIism in Suckling Rats with Fatty Liver Induced by Hypoxia 

Previous  s tudies  have  shown a f a t t y  l iver degenera t ion  
in b a b y  ra ts  born  and  kep t  a t  3990 m above sea level or 
s u b m i t t e d  to  a s imula ted  a l t i tude  of abou t  4600 in since 
1-day-old. A depress ion of oxygen  consumpt ion  was 
observed in these  chronic  hypox ic  suckl ing ra ts  ~ and  the  
suggest ion m a d e  t h a t  i t  could be due to  decreased t issue 
oxidat ion.  This  would impai r  l ipid ut i l izat ion,  which  could 
resul t  in f a t t y  l iver  degenera t ion .  To fu r the r  inves t iga te  
th is  hypothes i s ,  p l a sma  and l iver to ta l  l ipids and blood 
f l - hyd roxybu ty r a t e  and  ace toace ta t e  levels were measu red  
in normal  and  in chronica l ly  hypox ic  ra t s  which were 
e i ther  sacrificed immed ia t e ly  af ter  removal  f rom the  
hypobar i c  cham be r  or kep t  a t  sea level pressure  for 8 to 
48 h before being sacrificed. 

Material and methods. Li t t e r s  of Sprague-Dawley  ra ts  
were reduced  to  10 ra ts  a t  1 day  of age. Some l i t ters  were 
kep t  a t  sea level pressure  a s  controls.  The o thers  were 
placed wi th  the  m o t h e r  in a hypoba r i c  chambe r  m a i n t a i n e d  
at  a s imula ted  a l t i tude  of abou t  4600 m. The c h a m b e r  was 
opened every  o the r  day  to  clean, replace food and  water ,  
and weight  the  l i t ter .  

The hypox ic  and  control  ra t s  were decap i t a t ed  and  the  
blood was collected in a hepar in ized  container .  The p lasma  
sample  was ob ta ined  by  cent r i fuging the  blood in micro-  
h e m a t o c r i t  tubes.  Since the  a m o u n t  d~iblood ob ta ined  
f rom each r a t  was too small  to  p e r m i t ' m e a s u r e m e n t  of 
bo th  ace toace ta te  and  f l -hydroxybutyra te ,  a d i f ferent  
an imal  was used for each measuremen t .  Tota l  l ipids in 
p l a sma  and  in l iver  were m e a s u r e d - i n  each rat .  Aceto-  
ace ta te  and  f l -hydroxybu ty ra t e  levels in the  blood were 
d e t e r m i n e d  using the  enzyma t i c  m i c r o m e t h o d  descr ibed 
by  W~LDEN~OFF 2. The s t anda rds  used in t h e  m e t h o d  were 
sodium /%hydroxybutyra te ,  which  was recrysta l l ized 
twice,  and  l i th ium acetoaceta te ,  which  was p repa red  
according to  the  m e t h o d  descr ibed b y  HALL s. Tota l  
p l a sma  lipids were measured  by  using the  E. Merck Total  
Lipid t e s t  kit. Total  l ipids in l iver were de t e rmined  by  a 
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