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I. l n t r n d t t c t i o n  

Citrate synthase (citrate oxaloacetate-lyase(CoA- 
acetylating), EC 4.1.3.7) has been shown to have dif- 
ferent regulatory properties and molecular weights 
depending on the taxonomic position o f  the organism 
of origin [ i - 3 ] .  Granl negative organisms have citrate 
synthases inhibited by low concentrations o f  NADH 
and reactivated by AMP [ 1 ], with molecular weights in 
the order o f  250,000 [3]. The enzymes from Gram 
positive organ'_'sms and eukaryotes,  on the other  hand. 
are insensitive to NADH and their molecular weights 
are about 80,000 [ 1, 3]. 

The Halobacteria are Gram negative bacteria, in- 
cluded among the I~seudomonadaceae which require 
for growth MaC! ¢cncentrations approaching saturation, 
and have also very Mgh intramolecular salt concentra- 
tions [4]. Since the E. co/i citrate synthase was desen- 
sitized towards NADH by KCl concentrations (0.2 M) 
[5] much lower than those reported as the intracellular 
concentrations for extreme halophiles (4 M) [4], it was 
considered o f  interest to s tudy the regulatory proper- 
ties of  the enzyme from Halobacter i t ,m cutirubrum_ 

The results presented in this communicat ion show 
that the halophilic citrate synthetase behaves unlike 
the enzymes from other  Gran~ negative bacteria, and 
indeed resembles the enzymes from Gram positive 
organisms and eukaryotes in both  molecular size and 
regulatory properd~s. 

2. Material a~i~ methods  

Deoxyribonuclease I (DNAase), sodium pyruvate 

A ' o r t h - H o U a n d  P ~ b l i s h i n g  C o m p a n y  -- ~ I m s r e r d a ~ n  

and 5,5' dithiobis(2-nitrobenzoic acid) (DTNB) were 
purchased from Sigma Chemical Co., St. Louis, Mo.; 
oxalacetic acid (OAA), CoA, NADH, citrate synthase, 
malate dehydrogenase and lactate dehydrogenate from 
pig heart were purchased from Boehringer, Mannheim; 
Sephade× G-200 and Blue Dextran 2090 from i-qlar- 
macia, Uppsala. Acetyl-CoA was synthesized from 
CoA and acetic anhydride by the method of  Stadtman 
[61 and assayed with DTNB [7]. The citrate synthase 
from a marine Pseudomonas ,  used for corraparative 
purposes, was partially purified (about 50-fold, with a 
specific activity o f  4.2 btmoles CoA/min/mg o f  
protein) b~' the saute raethod used for the purificatitm 
of  NADP-linked malic enzyme [8]. 

Tile halobacteria were disrupted by sonic ~reatment 
in 0.05 M Tris-Cl buffer, pH 7.6, containing 5 M NaCl 
arid I mM EDTA, and treated with DNAase, as pre. 
viously described [9]. The cell-free extract was tllen 
dialysed for 3 hr at 18 ° against 30 vol of  0.05 M 
Tris-Cl buffer, pH 7.6, containing 0.2 M NaCt, I mM 
OAA and I mM EDTA. Under these conditions most 
o f  the proteins in the crude extract, including malate 
dehydrogenase, were denatured because of  the low 
salt concentration, whereas citrate synthase was pro- 
tected by its substrate OAA. "l['he denatured proteins 
could then be precipitated by amnlonium sulphate. 
The 88.-100% saturation fracti¢:n contained about 
51.~7o o f  the citrate synthase activity in the crude 
extract, with a purification which varied between 17 
and 25-foId in different preparations. A further puri- 
fication o f  2 to 2.5-told was obtained by gel filtration 
through Sephadex G-200 equilibrated with the Tris-Ct- 
0.2 M N a C I - O A A - E D T A  solution. The preparations 
obtained after dialysis overnight o f  the active fractions 
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of the eluate a~inst the Tris-CI-5 M NaCI-EDTA 
solution had specific activities of about 2.5 vmoles 
C o A ] m i n / m g  o f  p ro t e in  ( a b o u t  50-fold  pur i f i ca t ion  
w i t h  respect  to  the c rude  e x t r a c t )  w i th  an  overall  y ie ld  
o f  a b o u t  2596, and were  free  o f  mala te  dehyd rog en ase ,  
the red c a r o t e n o i d  p igment  wi th  abso rbance  at  4 1 2  n m ,  
and un iden t i f i ed  subs tances  p resen t  in the c rude  ex- 

t racts  which  were  able to react  wi th  DTNB.  
Ci t ra te  syn thase  was assayed s p e c t r o p h o t o m e t r i e a l l y  

at 412  rim, as descr ibed  in the  legends to  the f igure 

and tables_ 

3. Resul t s  and  discussion 

T he  c i t ra te  syn thase  f rom H. cutin~bmm behaved  
as a typical  halophi l ic  e n z y m e ,  requi r ing  high concen-  

t ra t ions  o f  KC! ( a b o u t  2 .6  M) o r  lower  c o n c e n t r a t i o n s  
o f  MgCI 2 ( a b o u t  50  raM) for  max ima l  ac t iv i ty  at  
sa tura t ing c o n c e n t r a t i o n s  o f  b o t h  subs t ra tes ,  and  be ing  
rapidly  d e n a t u r e d  in the  presence  o f  low c o n c e n t r a t i o n s  
o f  salt, e x c e p t  whe n  p r o t e c t e d  b y  O A A  or ,  to  a m u c h  
lesser e x t e n t ,  b y  ace ty l -CoA.  
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Fig. 1. E f f e c t  o f  p l i  o n  the  r e a c t i o n  ve loc i ty .  T h e  reac t ion  
m i x t u r e s  o a n t a i n e d  ( in  g m o l e s )  in a final v o l u m e  o f  1 ml: 
Tris-Cl buffer, at the pit  values stated on the abcissa, 40; KCI. 
2,800; OAA, 0 2 ;  acctyl-CoA. 0.12; DINB, 0.l  ; and 8 ug 
of  enzyme. (o). No additions; (,eL I mM NADH; (r~). 0.5 mM 
AMP; (e). 5 mM ATP; (~), 10 mM a-ketoglutarate. The reac- 
tion was started by the addition of the enzyme after equilib- 
ration of  the otherwise ~oomplete reaction mixture in the 
chamber of  a Beckman DB-G recording spectrophotometer at 
30 ° far I rain, and followed as the inczease of  absotbance at 
412 nm due to the reaction of  CoA with D'FNB. The ~acti0n 
velocity (v) is expressed as nmoics of  CoAlmin. The pit valuex 
were  d e t e r m i n e d  di tec t i ! t  in the  r e ac t i o n  mi x t u r eg  w i t h  a pH 
m e t e r  f i t t e d  w i t h  a glass e l e c t r o d e .  

Table  1 
Inh ib i t ion  o f  ha lophi l i c  c i t ra te  syn~.ha~e by  N A D H  and ATP 

in the presence of MgCb or KCI as activating salts. 

Inhibition (%) 

45 mM 0 .175  M 2.3 M 
MgCi 2 KCI KCI 

NAD[~ (raM) 0 0 -~ 0 
5 2~ - 9 

10 36 - 18 
20 63 - 33 
30 69 - 47 

ATP (raM) 0 0 0 0 
2.5 7 18 t0 
5 15 27 I6 

10 27 35 26 
20 50 44 39 
30 55 49 44 

"File reaction mixtures contained (in ~moles) in a f'mal volume 
of 1 ml: Tris-Cl buffer, pH 7.45° 40; OAA, 0. !,  acetyl-CoA, 
0.1)5 ; DTNB, 0.i ; 21 ag or enzyme; MgCI2 or KCI, NADII or 
ATP, at the concentra'.ions stated on the table. The activities 
in the absence of inhibitots were 5.3 (MgCI2), :5.5 (0.175 M 
KCI) and 5.7 (2.3 M KCI) nm01es CoA/min. 
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N A D H  at 1 mM did no t  a f fec t  the  e n z y m e  activity 
in the p re sence  o f  2.8 M KCt at pH 7.5.  S ince  the 
e f f ec t  o f  N A D H  and  also A T P  on  the E. coil enzyme 
was s t rongly  d e p e n d e n t  o n  the  pH o f  the reac t ion  
m i x t u r e  [5, 10], the  ac t ion  o f  the possible e f fec tors  

N A D H ,  AMP, A T P  and  ~t-ketoglutarate  was tested 0vet 
a wide  pH range (fig. i ) .  No  apprec iab le  inhibi t ions  
were  observed .  I mM N A D H  was equal ly  ineffect ive 

w h en  tes ted  ( in  the presence  o f  2 .8  M KCI) on  the 
c rude  e n z y m e  p repa ra t i on ,  u n d e r  co n d i t i ons  such as 
to d e f e c t  the  inh ib i t ion  in spi te  o f  the  p resence  o f  
ma la te  d e h y d r o g e n a s e  [ I ], o r  in a p r e p a r a t i o n  partially 

f ree  f r o m  the  l a t t e r  e n z y m e  a f t e r  gel f i l t r a t ion  o f  the 
c rude  e x t r a c t  o n  S e p h a d e x  G-200 ,  in 5 M NaCI. It was 
also inef fec t ive  w h e n  the KC! c o n c e n t r a t i o n  in the 
reac t ion  m i x t u r e  was r educed  to  0. ! 75 M. These  

e x p e r i m e n t s  m a d e  un l ike ly  the  possibil i t ies tha i  
desens i t i za t ion  d u r in g  the  pur i f i ca t ion  p rocedu re ,  or 
revers ion o f  the inh ib i t ion  b y  high salt concentrations,  
were  the exp l ana t ions  o f  the negat ive results.  

When  high c o n c e n t r a t i o n s  o f  N A D H  o r  A T P  were 
tes ted  in the  p resence  o f  low c o n c e n t r a t i o n s  o f  acetyl- 
CoA (O.1 X Kin) and  O A A  ( I X Kin) ( t ab l e  l )  some 
inh ib i t ion  was ev ident .  T h e  inhib i t ions  were  greater 
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Table 2 
Molecular weight of  the halophilie citrate syntha~, as determined by gel filtration through Sephadex G-200. 

Protein Amount Elution Estimated molecular Reference 
(rag) (ml) weight 

Malate dehydrogcnase 
Citrate syntfiase (halophile) 
Citrate Synthase (pig heart) 
Lactate dehydrogenase 
Citrate synthase (Pseudornonas) 

0.050 34.5 55-- 70,000 I l l ] 
2.800 33.2 70-- 75.000 
0.004 32.0 80,000 13] 
0 . 1 0 0  2 8 . 0  1 3 0  - 1 4 0 . 0 0 0  I 1 I ] 
0.360 24.0 250.-300,000 

The sample volume was 1.2 ml. The buffer used for elution of  the column (13 × 280 ram) was 0.05 Tris471,_pli 7.6, containing 
0.4 M KCI. 1 mM OAA and I mM ED]'A. Fractions (! ml) were collected at a ra~e of 10 ml/hr. The void volume of the column, 
a~ determined With Blue Dextran 2000, was 19 ml. The Imlophilic and pig heart ~ittatc synlha~s could be assayed ~parately and 
acenirately in the same samples, since the former is nearly inactive in the absence of mlt, and tile latter is completely inhilfited by 
3.32 M KCI. The reaction mixtures were as described in the legend to table !, excepl: for the addition of salt (3,320 ,umo2es of  
KCI, only for the halophilic enzyme), and 0. l ml o f  eluate. Malate dehydrogenase and lactate caehydrogenase were a~';ayed, and the 
results plotted and the molecular weights calculated, as described by Andrews [ 1 ! I. 

when the  .salt used as ac t iva tor  was MgCI 2 (a t  45  raM). 
The very high inh ib i tor  c o n c e n t r a t i o n  required,  and 
the tact  tha t  the inhib i t ions  were  smaller  at KCI con- 
centrat ions a pp r oa c h ing  that  inside the living halophil ic  
cell, make  these results o f  d o u b t f u l  physiological  signi- 

ficance; they  show,  however ,  tha t  the e n z y m e  was able 
to interact  to  a cer ta in  e x t e n t  wi th  N A D H  and ATP.  
The e f fec t s  o f  the  inhib i tors  at  high c o n c e n t r a t i o n s  
are p robab ly  due  to  the s t ructura l  s imilari ty be tween  
their adenos ine  moie t ies  and that  o f  the subs t ra te  

acelyt-CoA. L i n e w e a v e r - B u r k  plots  (no t  p resen ted)  

showed tha t  b o t h  10 mM NADH (in the presence  o f  

45 mM MgCI 2) and 10 mM A T P ( i n  the presence  o f  
either 0 .175  M or  2.3 M KCI) were  compe t i t i ve  with 
respect to ace ty l -CoA.  The  inhib i t ion  by  10 tnM N A D H  
was not  rever ted  by  10 mM AMP. 

Table  2 shows tha t  the molecu la r  sizes o f  the halo- 
p]tilic c i t ra te  syn thase  and the e n z y m e  f r o m  pig hear t  
ate similar. T h e  halophi l ic  e n z y m e  was e lu ted  f rom 

Sephadex G- 200  be tween  pig hear t  c i t ra te  syn thase  
and mala te  dehydrogenase ,  suggesting that  its mole-  
cular weight  is a bou t  7 0 - 7 5 , 0 0 0 .  This  result  was n o t  
due to d issocia t ion o f  the e n z y m e  dur ing the purifica- 
tion p rocedure ,  since when  a c rude  ex t r ac t  was per- 
colated th rough  a S e o h a d e x  G-200  c o l u m n  in 5 M 
NaCI, the ha lophi l ic  c i t ra te  syn thase  was e lu ted  in 
approximate ly  the same vo lume  as in the e x p e r i m e n t  
of  table 2. The  c i t ra te  syn thase  t¥om a mar ine  
Pseudomonas, which  was inhibi ted  by  NADH,  reac- 
tivated b y  AMP and  desens i t ized  towards  N A D H  b y  
0.2 M KC! (T .E .  Massarini and J . J .  Cazzulo ,  unpubl i shed  

results) ,,va,~ showl, to have a molecular  weight o f  
250 - -300 ,000  ( table  2). T h i s  resuh  is in good  agree- 
ment  with publ ished data on  the e n z y m e  f rom P.~eudo- 
monasyh~orescens [31- The  app rox ima te  molecular  
weights f rom table 2 suggest the possibil i ty that  the 

Pseudomonas e n z y m ?  is a te t ramer ,  and the halophi t ic  
en zy m e  a m o n o m e r ,  in,: basic subuni t  being o f  the 
same o rde r  o f  magni tude  in bo th  cases. 

The  present  day Halobaczeria  are p robab ly  derived 
f rom Pseudomonad  ancesters.  It is templ in~ to 

speculate that  during titeir adap ta t ion  to halophil ic  

life, the inhibi t ion o f  ci t rate  synthase  by  NADl l  
becatne physiological ly  usete ss, because o f  the 
desensi t izat ion caused b y  the  higher  intracelhtlar  salt 
concen t ra t ions .  It would  not  be surprising, then,  that  
a charac te r  ire longer impor t an t  lbr  survival was lost 
in the c o u r ~  o f  evolu t ion ,  toge the r  with the subuni t  
s t ruc ture  which  allows the regulation in c o m m o n  Gram 
negative o rgao /~ t s .  This would have led to the para- 

doxical  result,  f rom a t ax o n o m ic  point  of  view, tha t  
the halophil ic  c i t ra te  synthase  rese :ubles the same 
e n z y m e  in G r a m  positive bacter ia  and eukaryo tcs ,  
and differs  considerably  front  all the ci t rate  synthases  
front Gram negative organisms repor ted  so far. 
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