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R e g u l a t i o n  of  I s o c i t r a t e  L y a s e  L e v e l  in  Y e a s t  G r o w i n g  o n  E x t e r n a l  C a r b o n  S o u r c e s  or o n  L i p i d  
Re s e r v e s  t 

D e p e n d e n c e  on  e n v i r o n m e n t a l  cond i t ions  of i soc i t ra te  
lyase (E.C.4.1.3.1) level  in  mic roo rgan i sms  is k n o w n  2 a n d  
is c u r r e n t l y  i n t e r p r e t e d  w i t h  reference to  anap le ro t i c  
f unc t i on  of th i s  e n z y m e  ope ra t ing  in t he  g lyoxy la t e  
cycle 3. The  a d j u s t m e n t  of e n z y m e  level  to  t h e  me tabo l i c  
s t a t e  of the  cells ha s  been  ev idenced  b y  c u l t i v a t i n g  micro-  
o rgan i sms  on  var ious  n u t r i e n t s  2 ~, or b y  s t u d y i n g  selected 
m u t a n t s  w i t h  deficiencies in m e t a b o l i c  p a t h w a y s  6. The  
resul t s  of t h e  p r e sen t  work  show t h a t  a ne t  syn thes i s  
of i soc i t ra te  lyase  occurs  also w h e n  a su i t ab l e  s t r a in  of 
yeas t ,  c apab le  of l ip id  s torage  in t he  cell, is c u l t i v a t e d  in 
a m ine ra l  m e d i u m  a n d  has  as sole c a r b o n  source i ts  
i n t e rna l  reserves .  The  presence  of e x t e r n a l  glucose has  a 
s t r o n g  repress ive  effect:  such  a cMabol i t e  repress ion  7 is 
the  m o s t  ev iden t  r egu la to ry  device for t he  sys tem.  

Mater ia l  and methods. A s t r a in  of Rhodotorula gracilis 
was used. L ip id  r e se rve -con ta in ing  cells were o b t a i n e d  
in t he  fol lowing way :  a g a r - m a l t  s l an t  cul tures ,  24 h old, 
were t r an s f e r r ed  in to  a m i n i m a l  m i n e r a l - a m m o n i u / n  
m e d i u m  s, c o n t a i n i n g  t h e  requ i red  g r o w t h  fac to rs  ( thia-  
mine  and  p a n t o t h e n a t e )  and  200 m M  glucose as c a r b o n  
source. Af te r  24 t l  a t  30~ w i t h  eccen t r ica l  r o t a t i v e  
ag i ta t ion ,  t he  cells were t r ans fe r r ed  in to  fresh minera l -  
a m m o n i u m  m e d i u m  + g rowth  fac tors  + glucose for  
72-96 h a t  30 ~ S t a t i o n a r y  l ip id-r ich  cells were fo rmed  
and  used as s t a r t i n g  m a t e r i a l  for expe r imen t s .  O t h e r  
e x p e r i m e n t s  w i t h  Rhodotorula growing on e x t e r n a l  nu t r i -  
t i en t s  were carr ied ou t  b y  us ing  d i rec t ly  cells f rom agar  
m a l t  cul tures .  

For  e n z y m e  assay, t he  yeas t  cells were h a r v e s t e d  by  
cen t r i f uga t i on  and  suspended  1:5  (w/v) in 1 0 0 m M  
p h o s p h a t e  buffer ,  c o n t a i n i n g  10 m M  m e r c a p t o e t h a n o l  
a n d  10 m M  MgSO4, a t  p H  7.4. The  cells were d i s rup ted  
in a B r a u n  grass-beads  homogen ize r  s (5 g of beads /g  of 
yeas t ;  30sec  a t  70rev / sec )  and  a clear  e x t r a c t  was  
o b t a i n e d  b y  cen t r i f uga t i on  a t  20,000 g for 20 rain.  

I soc i t r a t e  lyase a c t i v i t y  was measu red  b y  t he  opt ica l  
p h e n y l h y d r a z i n e  t e s t  of D i x o n  and  KOI~NBERG l~ a t  
324 n m  and  30~ Fo r  some e x p e r i m e n t s  t he  modif i -  
ca t ions  p roposed  b y  KORNBERG 11 were also i n t r o d u c e d :  
no  dif ference was n o t e d  in our  cond i t ions  be t w een  t he  
2 procedures .  

R e s p i r a t o r y  q u o t i e n t  of yeas t  ceils was d e t e r m i n e d  by  
measu r ing  t he  r a t e  of O 2 c o n s u m p t i o n  a n d  CO 2 p r o d u c t i o n  
b y  c o n v e n t i o n a l  W a r b u r g  t echn ique .  

To eva lua t e  t o t a l  p r o t e i n  synthes is ,  in e x p e r i m e n t s  
w i t h  cyc lohex imide  a n d  pu romyc in ,  t o t a l  u p t a k e  in to  
yeas t  cells a n d  i nco rpo ra t i on  in to  p ro t e in s  of leucine- 
1-C 14 were m e a s u r e d  b y  a sc in t i l la t ion  t echn ique ,  w i th  a 
T r i ca rb  P a c k a r d  a p p a r a t u s  (80% efficiency).  P ro t e in s  
were p r e c i p i t a t e d  accord ing  to SIEKIEVITZ 12. 

Tota l  p ro t e in s  were d e t e r m i n e d  by  a b i u r e t  me thod ,  
as descr ibed b y  B~:ISENHERZ et  al. is. 

Results. Figure  A shows a MONOD plo t  14 of i soc i t ra te  
lyase f o r m a t i o n  in cu l tu res  of Rhodo/orula growing on  
glucose or on  e thanol .  B y  such  a p lo t  the  e n z y m e  for- 
m a t i o n  is q u a n t i t a t i v e l y  expressed  as t he  d i f fe ren t ia l  
r a t e  of t he  e n z y m e  a p p e a r a n c e  in t he  growing cul ture ,  
w i t h  respec t  to  t h e  t o t a l  p ro t e in  fo rmat ion .  T he  va lue  
of d i f fe ren t ia l  r a t e  va r ies  f rom a b o u t  1 in  presence  of 
200 m M  glucose to 140 in presence  of e t hano l  : decreas ing  
c o n c e n t r a t i o n s  of glucose cor respond  to  i n t e r m e d i a t e  r a t e  
values.  W h e n  the  cells are g rown in presence  of b o t h  
glucose and  e thanol ,  t he  repress ive  e t fec t  of glucose is 
largely  p r e p o n d e r a n t  (Table  I). 

L ip id - r i ch  yeas t  cells, in  absence  of a n y  e x t e r n a l  
c a r b o n  source, fo rm i soc i t ra te  lyase  w i t h  a h i g h  dif-  
fe ren t ia l  ra te ,  no t  as h i g h  h o w e v e r  as t h a t  a t t a i n e d  b y  
cells g rowing  on  e t h a n o l  (Figure  B). The  a d d i t i o n  of 
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Different ial  r a te  of i soci t ra te  lyase format ion  in R. gracilis. E n z y m e  
format ion  (Ale) is p lo t ted  versus to ta l  pro te in  format ion  (Zip). 
d e  is expressed as enzyme ac t iv i t y  (nmoles of t ransformed sub-  
s t ra te /min)  per  ml  of yeas t  cul ture ;  Zip as mg of formed prote ins  
per  ml  of cul ture.  (A) R. gracilis growing in:  (Q) 200 mM,glucose ;  
(~) 20 m M  glucose; (�9 10 m M  glucose; (&) 50 m M  echanol. 
(B) R. gracilis grown for 72 h in 200 m M  glucose (s ta t ionary  l ipid-  
rich cells) and then  t rans ter red  into the same volume of fresh 
mine ra l - ammonium med ium conta in ing :  (o)  200 m M  glucose;  
(G) 50 mM ethanol; (D) no carbon source. 
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50 m M  e thano l  t o t h e  sy s t em does no t  change  the  ra te  
of enzyme format ion ,  whereas  the  repress ive  effect  of 
glucose is also in th is  case ve ry  evident .  20 m M  D-2- 
deoxyglucose  is as effect ive as glucose in enzyme  repres-  
sion. 

U n d e r  t he  same condi t ions  as in expe r imen t s  of t he  
Figure,  t he  resp i ra to ry  quo t i en t  of yeas t  cells uti l izing 
glucose, e thano l  or in te rna l  reserves  is t he  following: 
w i th  glucose (5; 100 or 2 0 0 m M ) : 1 . 1 ,  w i th  e thanol  
(100 mM)  : 0.5, w i th  no ex te rna l  C source:  0.5. 

Table I. Effect of ethanol + glucose on the formation of isocitrate 
lyase in R. gracilis 

Carbon source Specific activity 
of isoeitrate lyase 
(nmoles/min �9 ing protein) 

50 mM ethanol 53.0 
50 mM ethanol + 20 mM glucose 2.9 
50 mM ethanol + 50 mM glucose 1.2 
20 mM glucose 3.3 
50 mM glucose 0.9 

Enzyme formation is measured as specific activity in cells from 
agar-malt culture, cultivated 24 h in presence of the indicated carbon 
source. 

Table II. Effect of antibiotics and amino acid analogs on the for- 
mation of isocitrate lyase in R. gracilis 

Addition Specific activity 
of isocitrate lyase 
(nmoles/min �9 mg protein) 

- 26.5 
70 [xM cycloheximide 3.8 
1 mM puromyein 21.5 

10 mM DL-p-flnorophenylalanine 3.1 
10 mM DL-azatryptophan 3.7 
10 mM DL-ethionine 14.0 

Enzyme formation is measured as specific activity in lipid-rich cells, 
cultivated 5 h in mineral-ammonium medium. 

Table III. Effect of cyeloheximide or puromycin on the rate of 
incorporation of leucine-l-C 14 in total proteins of R. gracilis 

Addition Leucine-l-C 14 incorporation 
in cell proteins 
(cpm/ml of cell suspension) 

22,000 
5.4 ~tM cycloheximide 4,200 

18 ~M cycloheximide 1,300 
54 ~xM cycloheximide 900 
0.5 mM puromycin 25,000 
1 mM puromycin 24,000 

A 10-min pulse (0.1 ~C) was given to lipid-rich cells, cultivated 2 h 
in 200 mM glucose. Total uptake in the cells was constant, with 
values around 30,000 cpm/ml of cell suspension. 

The da t a  r epor ted  in Tables I I  and  I I I  indicate  t h a t  
the  fo rma t ion  of isoci t ra te  lyase requires de novo pro te in  
synthes is  : the  appea rance  of enzyme  is s t rongly  depressed 
by  cycloheximide,  a wel l -known inh ib i to r  of p ro te in  
synthes is  a t  r ibosomial  level, as well as by  amino  acid 
analogs p- f luorophenyla lan ine  and  aza t ry p t o p h an .  Puro-  
mycin,  ano the r  wel l -known inh ib i to r  of p ro te in  synthesis ,  
and ethionine,  t he  meth ion ine  analog, inh ib i t  to a lesser 
ex ten t .  Scant  response  to pu romyc in  does no t  concern 
only specific fo rma t ion  of isoci t ra te  lyase : tes ts  of leucine- 
1-C 14 incorpora t ion  in to  to ta l  p ro te ins  in presence  of 
cyc loheximide  or pu romyc in  show t h a t  in t he  Rhodo- 
torula s t ra in  used for p resen t  expe r imen t s  only  the  former  
has ac tua l ly  an inh ib i to ry  effect  on pro te in  synthes is  
(Table III) .  

Discussion. Resul ts  clearly show t h a t  l ipid-r ich cells 
of Rhodotorula, suspended  in a med i u m wi th  no ex te rna l  
carbon source, form isoci t ra te  lyase a t  a r e l evan t  ra te ,  
comparab le  in order  of magn i tude  to  t h a t  a t t a ined  dur ing 
g rowth  on a C 2 compound .  The paral le l ism be tween  the  
behav iour  of the  l ipid-r ich cells and  the  cells growing on 
e thanol  suggests,  under  the  2 condi t ions ,  the  exis tence 
of a s imilar  metabol ic  p a t t e r n  favour ing  enzyme syn- 
thesis.  The presence  of ex te rna l  glucose modif ies  t he  
p a t t e r n  toward  a repress ive  s t a t e  in b o t h  cases. There  
is no e n h a n c e m e n t  by  e thanol  of isoci t ra te  lyase syn- 
thesis  in l ipid-r ich cells, and  e thano l  does no t  counter-  
ba lance  the  repress ive  effect  of glucose. According to  
these  data ,  an induc t ion  effect  by  e thanol  m a y  therefore  
be excluded ; b u t  of course there  is no concluding evidence 
agains t  any  possible induc t ion  m e c h a n i s m  in isoci t ra te  
lyase contro l  b y  metabol ic  p ro d u c t s  preceding  or even  
following the  isoci t ra te  lyase react ion.  

Unt i l  now, however ,  ca tabol i te  repression appears  in 
Rhodotorula the  only  ev iden t  regu la tory  mechan i sm for 
the  contro l  of cellular level of isoci t ra te  lyase. The 
iden t i t y  of t he  responsible  ca tabol i te  is still  obscure:  C a 
compounds  closely re la ted  to  glucose, or the i r  U D P  
derivat ives ,  are a m o n g  the  suspected  substancesS,6,15-1L 
The fact  t h a t  one of these  c o m p o u n d s  - 6-phosphoglu-  
conate  - is an inh ib i to r  of en zy me  ac t iv i ty  is m a y  sug- 
gest, especially for th is  metabol i te ,  a role in t he  repres-  
sion mechanism.  Research  is in progress  on th is  poin t .  

Riassunto. Quando  il l ievito Rhodotorula gracilis cresce 
sulle propr ie  r iserve l ipidiche si regis t ra  un au men to  
del l ' enzima isoci t ra to  liasi, f ino ad un livello para-  
gonabi le  come ordine  di grandezza  a quello raggiunto  
quando  il l ievito cresce su etanolo.  I1 glucosio repr ime 
v igorosamente  la s intes i  del l 'enzima,  anche  in presenza  
di etanolo.  Dai  da f t  f inora not i  un  ef fe t to  i ndu t t i vo  
del l 'e tanolo sembra  da escludere, e la regolazione del 
livello di i soci t ra to  liasi appare  basa ta  su meccanismi  
di repressione da catabol i t i .  
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