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Summary 

1 A rapid method for estimating the activity of the first enzyme of lyslne 
biosynthesis m yeasts (acetyl-coenzyme A 2-ketoglutarate C-acetyl transferase, 
EC 4 1 3 21) is described 

2 In the wild type strain, the fixation of one substrate, S-acetyl coen- 
zyme A, shows slgmoldal saturation kinetics The initial rate experiments indi- 
cate that  the reachon obeys an ordered mechanism, 2-ketoglutaric acid binding 
before S-acetyl coenzyme A 

3 The activity is completely inhibited m vitro by lysine and by some lysme 
analogs, whmh all show cooperative binding and have an heterotropm effect on 
2-ketoglutanc binding sites A second class of effectors is found, including 
2-ammoadlplc acid, plpecolic acid and dipmohnic acid, which all affect the 
cooperativlty of S-acetyl coenzyme A binding sites 

4 Two types of mutations which modify these lnhlbitmn patterns without  
affecting the catalytic actlwty are described One results in a desensltlzatmn 
towards lysme and lysme analogs only The other entirely abolishes the sus- 
ceptiblhty towards the second type of mhlbitors, wi thout  affecting the suscep- 
tlblhty to lysine 

5 No variations of  the specific achvlty could be detected in the wild type 
strata at all, mutants showing an increased or a reduced activity were isolated 

6 Our results do not  support the existence of lsoenzymes at the level of 
homocltrate synthetase m this yeast 

In t roduchon 

The first step of the lysme blosynthetlc pathway in yeasts and fungi involves 
the condensation of 2-ketoglutar~c acid with acetyl-coenzyme A (Ac-CoA), 
ymldmg homocltrm acid and coeznyme A (CoA) [1,2,3,4] The homocltrate 



391 

synthetase act :wty (acetyl-coenzyme A 2-ketoglutarate C-acetyl transferase, 
EC 4.1.3.21), was demonstrated in vitro by isolating the radioactive homocl- 
trate formed during mcubatmn of [ :4C]  acetate, CoA, an Ac-CoA generating 
system and 2-ketoglutanc acid m the presence of  a cell-free extract  Feedback 
mhlbltmn of this activity by  lysme was shown to occur both m vlvo and in 
wtro  in yeasts and in Pemczlhum spzrdlum [5,6] The physmlogmal sigmflcance 
of this inhibition remained nevertheless questionable, since high levels of lysme 
were necessary in order to obtain a significant mh:bmon.  

Probably due to the presence of lsoenzyme at this step [7] ,  no mutants  for 
this activity have been isolated up to now in yeasts On the other hand, all 
methods used in order to measure the homoc: t ra te  synthetase act :wty were 
very long and tedmus, and prevented accurate kmetm study This commumca- 
tmn reports that m the yeast  Saccharomycops~s Itpolytwa, whmh is now man- 
ageable genetically [8] ,  it is possible both to obtain mutants  affected m this 
step and to conduct  kmetm studies easily 

Materials and Methods 

Stratus and med~a 
Cultures were prepared in liquid mineral medium (glucose 1%, ammonmm 

sulfate 0 5%, thiamine 10 ppm and mineral salts, [8])  at 28°C Auxotrophm 
requirements were compensated by adding 100 mg/l ammoacids 

From the wild type  strain W29 (ATCC number  20460}, lysme-less stratus 
were derived as described elsewhere [8] Lysme can be replaced by 2-ammo- 
adlplc acid (an intermediate of  the pathway) for ly s l6  and lys2 stratus, but  not  
for ly s l2  and lys9 stratus, whmh are presumably blocked after this interme- 
diate L y s l 2  strain was found to be devoid of  ammoadlpate reductase act lwty 
(determined by Saglsaka and Shlmura's method [9] ,  to be pubhshed),  The 
obten tmn of  the mg-5 strain (ATCC number  20462) as resistant to the toxic 
analog of  lysme, 4-5 transdehydrolysme, has been reported earher [10] ,  it has 
been shown that the mutatmns m lys l6  and mg-5 are allehc (homocltrate 
synthetase structural gene) 

Preparatton of homocttrate synthetase extracts 
Unless otherwise stated, 1 1 liquid cultures in mineral medmm where shaken 

for one mght at 28°C in 3 1 flasks The cells were then harvested at the end of 
the exponential  phase by centnfugat lon and washed twice with distilled water 
at 4°C. Subsequent  operations were all canned out  at 4°C The cells were 
disrupted m a Braun shaker cell homogenelzer with glass beds m 0 05 M Tns 
HC1 buffer  pH 7.4, contammg 20% (w/v) glycerol and 1 mM phenylmethylsul- 
fonyl f luonde  The suspensmn was then centrifuged 45 mm at 70 000 × g and 
the supernatant (containing about  20 mg/ml of proteins in the case of W29 
stram) was dlalysed for 4 h against 0.02 M Tns • HC1 buffer pH 7 4 (contammg 
glycerol and phenylmethylsulfonylf luonde,  same as above). This procedure was 
found to be necessary in order to increase both specific activity and sensitivity 
to allosterm mhibltors,  longer dialysis (8 and 18 h) did not  improve the results 
We venfmd that  2-ammoadlpm acid and lysme accumulated by the stratus 
under certmn conditions were indeed ehmmated by this procedure (chromato- 
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graphm tests). The omlssmn of phenylmethylsulfonylf luonde m the buffers 
resulted m a partml and non-reproducible desens:t:zatmn of the activity to- 
wards lysme the mhlbltmn was then never complete and :ts max:mum ranged 
between 50 and 80% Lysme or 2-ketoglutanc ac:d had no slgmfmant effect on 
the suscephbfl:ty of the act:v:ty towards lysme nor on the specffm achv:ty The 
add:tmn of phenylmethylsulfonylfluomde did not  alter the specffm achvlty 
whmh was found to be stable for one week at least at 4 ° C. 

We made some attempts m order to purify th:s achv:ty, but with little 
success. Consequently, the crude dmlysed extract was used routinely 

Enzymatic assay for homocttrate synthetase actwtty 
It was usually based on the determmat:on of the CoA hberated during the 

reachon, although prehmmary experiments according to Tuccl and Cec:'s 
method [7] were conducted m order to estabhsh that  radloachve homocltrm 
acid was indeed formed under these conditions The standard incubation mLX- 
ture contamed 150 nmol phosphate buffer, pH 7 8, 50 nmol 2-ketoglutarate 
pH 7 0, 0 5 nmol MgC12, 2 nmol Ac-CoA and crude extract (equivalent to 0 3 
mg of proteins}, :n a total volume of I ml The mcubat:ons were carrmd out at 
25°C for 10 mm for all extracts, except those of lys l2  (7 mm) The react:on 
was stopped by adding 50 pl of concentrated sulfuric acid. After removal of the 
prec:p:tate, the supernatant was diluted 10-fold m 0 1 mM dlthm-5,5'-b:smtro- 
benzo:c acM, following the method of Srere et al for citrate synthetase [11] 

The absorbance of the yellow product  formed was read at 412 nm at 25 ° C :n 
a temperature-controlled spectrophotometer  (Acta III, Beckman Inst ), against 
a blank without  2-ketoglutarm ac:d, treated m the same way The reactmn 
veloclhes measured under these cond:tmns were repeatedly checked, to see that  
they corresponded indeed to :mtml veloc:tms and that  they were proportmnal 
to both t:me of mcubatmn and enzyme concentratmn 

The pH opt :mum of the reachon hes between 7 5 and 8 2 There :s no 
absolute need for Mg 2+ runs m the crude d:alysed extract, although there was 
somehmes a shght stlmulatmn by Mg 2÷ (of about 10%) However, the react:on 
:s senslhve to ethylene-dmmmotetraacetate (EDTA) half-mh:bltmn :s obtained 
w:th 15 mM EDTA 

The specffm achv:ty was always expressed m laboratory units (absorbance 
mcrease/mm/mg of proteins) The proteins were determined according to 
Lowry et al [12] 

All chemmals are commercmlly avaflavable, except for 4,5-transdehydroly- 
sine and (amino-3) cyclohexylalanme, whmh were synthehzed on request by 
the Ecole de Chlm:e of Mulhouse (France) 

Results 

Substrate bmdmg and effect of  CoA on the actwzty 
Only the results obtained with the strata W29 will be recorded here m detail, 

but the fact that  the binding of the substrates was not  modlfmd by lys12 and 
mg-5 mutahons  was checked 

Substrate fixation was studmd by plotting the variations of mltlal velocltms 
versus various concentrahons of one substrate at three different but fLxed 



3 9 3  

10C 

~ Ol I I I I 
0 1 2 3 4 

EKGA] (raM) -1 

Fig 1 E f f e c t  o f  i nc reas ing  2 - k e t o g l u t a r a t e  c o n c e n t r a t l o n s  on  the  lmt la l  r e a c t l o n  ra t e s  o f  t he  w d d  t y p e  

h o m o c l t r a t e  s y n t h e t a s e  a t  d l f f e r e n t  Ac -CoA levels  o o, 0 1 m M ,  [] 0, 0 25 raM,  ; a, 

I m M  F o r  assay  cond l t l ons ,  see Mater ia ls  and  Methods .  Imt l a l  r a t e s  are e x p r e s s e d  in  l a b o r a t o r y  u m t s  

( a b s o r b a n c e  inc rease  a t  412  n m  a f t e r  10  m m  m c u b a t l o n  
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Fig 2 F i x a t l o n  o f  A c - C o A  a t  d i f f e r e n t  2 - k e t o g l u t a r a t e  levels  ( w d d  t y p e  h o m o c ~ t r a t e  s y n t h e t a s e )  (a) 

Rec lp r o ca l  p l o t  o f  t he  ml t l a l  ve loc l t les  ( e x p r e s s e d  as a b s o r b a n c e  inc rease  a t  4 1 2  n m  a f t e r  10  m m  m c u b a -  
t lon)  ve r sus  A c - C o A  concent ra tAons  a t  d l f f e r e n t  2 - k e t o g l u t a r a t e  c o n e e n t r a t l o n s  • e, 50 m M ,  
o o, 15  m M ,  ~ ~, 5 m M  (b) Hf l r s  r e p r e s e n t a t i o n  [ 1 3 ]  of  A c - C o A  b i n d i n g  u n d e r  these  condl-  

t lons  F o r  assay cond l t lons ,  see Mater ia l s  a n d  Methods .  
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concentrations of  the other The increase of Ac-CoA concentrations affects the 
V value of the 2-ketoglutarate saturation curves only, but has no effect on the 
apparent Km value of 2-ketoglutarate whmh was found to be m the range of 
1 7 mM (see Fig 1) The binding of 2-ketoglutarate always appeared to obey to 
a Mmhaehs-Menten equation under these conditions On the contrary, the ap- 
parent Km values for Ac-CoA vaned considerably with 2-ketoglutarate concen- 
trations, whereas the V value of the saturation curves was not  affected (see 
Fig. 2) an increase of 2-ketoglutarate concentrations from 5 mM to 50 mM 
decreased the Km values for Ac-CoA from 0.40 mM to 0 13 mM. Moreover, an 
homotropm lnteractmn between Ac-CoA binding sites was observed, and this 
lnteractmn was not  affected by 2-ketoglutanc acid (see insert Fig 2, ~ value 
[13] for Ac-CoA 1 7) 

Product inhibition was only studied with CoA, smce the second product of 
the reactmn, homocl tnc  acid, was not  avmlable As shown In Fig 3, CoA is a 
strong competitive inhibitor of Ac-CoA fixation and increased the value of the 
lnteractmn coefficient of Ac-CoA binding sites to a maximum ~ value of 3 3 
These results can be interpreted m terms of a competit ion for Ac-CoA binding 
site(s), and consequently the fLxatmn of  2-ketoglutarate is not  affected by CoA 
concentratmns up to 0 5 mM (see Fig. 4) At higher CoA concentratmns, the 
initial absorbance of CoA at 412 nm prevented accurate measurements of 
liberated CoA The mechanism of the reactmn thus seems to be of the ordered 
type 2-ketoglutarm acid binds before Ac-CoA and CoA is probably the first 
product  to be released 
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Fig 3 E f f e c t  o f  CoA on  the  lmt la l  r e a c t i o n  ,,eloclt4es at  2 5  m M  2 - k e t o g l u t a r a t e  w i t h  i n c r e a s i n g  c o n c e n t r a -  
t i o n s  of  Ac-CoA Ini t ia l  r a t e s  are  e x p r e s s e d  m l a b o r a t o r y  u m t s  ( a b s o r b a n c e  i n c r e a s e  at  4 1 2  n m  a f t e r  10 
m m  i n c u b a t i o n  (a)  R e c i p r o c a l  p l o t  o f  t h e  v a r i a t i o n s  o f  m l t m l  ve loc i t i e s  at  d t f f e r e n t  C o A  c o n c e n t r a t i o n s  
• • ,  0,  o o, 0 02 raM, u. ~, 0 1 m M  (b)  Hil l ' s  r e p r e s e n t a t i o n  o f  A c - C o A  b i n d i n g  
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Fig 4 E f f e c t  o f  CoA on  the  ini t ia l  ra te  o f  the  r e a c t i o n  at  1 m M  A c - C o A  w i t h  i nc reas ing  2 - k e t o g l u t a r a t e  
e o n c e n t r a t m n s  ( w i l d - t y pe  s t r a t a  e x t r a c t )  I m t l a l  ve loe l tms  are e x p r e s s e d  as a b s o r b a n c e  inc rease  at  4 1 2  n m  

a f t e r  10  m m  lncuba taon  CoA c o n c e n t r a t m n s  u s e d  are  ~ ~, 0 raM, ~ - - - - - - - [ ] ,  0 1 m M ,  • • ,  

0 5 m M  

Inh~bttors o f  the ac twt ty  ~n the wdd type strata 
Table I shows the effect of  various ammo acids and lyslne analogs at 5 mM 

concentration on the activity of homocltrate synthetase at saturating substrate 
concentrations (standard condltmns). L-lysme, DL-4,5-transdehydrolysme, 
DL-(ammo-3) cyclohexylalanlne, DL-allo-5-hydroxylysme, LL-dmmlnoplmehc 
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Fig 5 Inh lb l taon  of  t he  w i ld - type  h o m o c l t r a t e  s y n t h e t a s e  S u b s t r a t e  c o n c e n t r a t i o n s  w e r e  f o l l o w i n g  50 
m M  2 - k e t o g l u t a r a t e  and  2 m M  A c - C o A  (full  s y m b o l s ) ,  25  m M  2 - k e t o g l u t a r a t e  a n d  1 m M  A c - C o A  ( o p e n  
s y m b o l s )  The  f o l l o w i n g  c o m p o u n d s  were  t e s t e d  a t  i nc r ea s ing  c o n c e n t r a t i o n s  l y s m e  (s tars) ,  p l p e c o h c  ac id  
(circles) ,  a m m o a c h p l c  acid  ( squares ) ,  d l p l c o h m c  ac id  ( t r iangles )  The  res idua l  ac t iv i t i e s  are e x p r e s s e d  as the  
p e r c e n t a g e  o f  t he  ac t lv l ty  m the  absence  o f  mh lb l t o r s .  ~ '  va lues  [ 1 5 ]  are g iven m r e g a r d  of  each  curve  



396 

TABLE I 

EFFECTORS OF HOMOCITRATE SYNTHETASE ACTIVITY 

The znhlbltlon of the actlvlty by the compounds hsted below was tested at 5 mM concentrahon (under 

standard assay condltmns (saturating substrates levels, see Materlals and Methods) 

C o m p o u n d  tested Formula  Residual activity 
(%) 

None 100 

L-lysme NH 2-CH 2-CH 2-CH 2-CH 2-CH-COOH 0 
I 

NH 2 

D-lysme NH 2-CH 2-CH 2-CH 2-CH 2-CH-NH 2 100 
! 

COOH 

DL-allo- 5-h ydro xylysme NH2-CH2-CH-CH 2 -CH 2 -CH-COOH 25 
! 
OH NH 2 

DL-4, 5-transdehydrolysme NH2-CH2-CH=CH-CH2-CH-COOH 10 
r 
NH2 

DL(ammo-3)cyclohexylalanme NH2-CH - CH2-CH-CH2-CH-COOH 15 

CH2-CH 2-CH 2 NH 2 

LL-dlamlnoplmellc acld NH2-CH-CH2-CH2-CH2-CH-COOH 10 

NH 2 NH 2 

DL-S amino ethylcysteme NH2-CH2-CH2°S-CH2-C[H-COOH 100 
! 

NH2 

6-ammocaprolc acld NH2-CH2-CH2-CH2-CH2-CH2-COOH 100 

DL-N,6-acetyllysme CH 3-CO-NH-CH2-CH2-CH2-CH2-CH-COOH 100 

NH2 

DL-N, 2-acetyllysme NH 2 -CH 2 -CH 2 -CH2-CH 2 -CH-COOH 100 
i 
NH-CO-CH 3 

L-Ormthme NH 2-CH 2-CH 2-CH 2-CH-COOH 100 
l 
NH2 

Cadaverlne NH 2-CH2-CH2-CH 2-CH 2-CH 2 100 
! 

NH 2 

L-lysme methylester NH2-CH2-CH2-CH2-CH2-CH-COOCH 3 100 
J 
NH 2 

Prohne 100 
Methlonme 100 
Arglnme 100 
Glutamate 100 
Leucme 100 
Isoleucme 100 
Valme ~" 100 
DL-2-ammoadlpate  / ~ ~801 

c o o ~  ooH 
NH2 

L-plpecolate / 1 ~70  1 

COOH 

Dlplcohnate  ~701 
cx~H 

I Average value of  5 de te rmina t ions  (non-reproducible  lnhlb lhons ,  see tex t )  
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acid are the most  po ten t  lnhlbltors, gwlng an almost complete  inhibition at 10 
mM concentrations. This type  of  inhibition seems to be characteristic of com- 
pounds sharing following characters" (1) a 6-carbon backbone (S-ammoethyl- 
cysteme or ormthme are not  mhlbltors),  (2) presence of a free amino group in 
positron 2 (see 6-aminocaprolc acid and N-2-acetyllysine) and m positron 6 (see 
N-6-acetyllysme); (3) a free carboxyl group m position 2 In the L configuration 
(see cadavenne, D-lysine and L-lyslne methylester).  On the other hand, the 
mhlbltmn curves obtained by equimolar mLxtures of  lysme and of  any of  these 
lnhibitors are very close to the theoretical curves expected for a strictly addi- 
twe effect  [14] (not  shown) It is therefore believed that these compounds  act 
as true lysme analogs, bmdmg to the same site(s) as lysme 

Complete Inhibition of  the activity is achieved at mfllimolar concentrat ion 
ranges (Fig. 5) with lysme, which is in marked contrast  with the results re- 
ported with Saccharomyces cerewsme [5] A cooperative homotropm effect  
between lyslne bmdmg sites was observed, gwlng a n 'va lue  [15] of  2 3 These 
effects are independent  from the growth conditions 

On the contrary,  the results ontained with 2-ammoadiplc acid were most  
conflicting, with some preparations no inhibition at all could be found, where- 
as a maximum of 30% mhlbltmn at 1 mM inhibitor concentrat ion (under stand- 
ard condltmns) has been found in some cases These observations suggested 
that  the enzyme might be desens]tlzed in some preparations, and reminded of  
earlier results on lysme inhibttmn, bu t  no stablhzmg procedure could be found 
up to now This holds also for plpecohc acid, although to a lesser extent,  and 
for dlpmohnic acid As will be shown below, storage of the cells at --20°C for 
one night before carrying extraction resulted in a complete  desensitization of  
the activity towards these compounds,  bu t  not  towards lysme. A cooperative 
homotroplc  effect  between mhlbitors molecules was again observed, gwing a ~' 
value in the range of  2 Only the results obtained with the most  sensitive 
extracts have been reported below. 
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F i g  6 (a )  E f f e c t  o f  l y s m e  o n  t h e  2 - k e t o g l u t a r a t e  b i n d i n g  t o  the  w d d  t y p e  e n z y m e  T h e  a s s a y  c o n d i t i o n s  
w e r e  as  g i v e n  i n  F i g  1 (w~th  A e - C o A  c o n c e n t r a t i o n  f i x e d  a t  1 r a M ) ,  e x c e p t  that  l y s m e  w a s  added  at t h e  

f o l l o v ~ n g  c o n c e n t r a t a o n s  o o, 0 m M ,  o u, 0 0 2  m M ,  ~ ~,  0 5 m M  (b )  I n f l u e n c e  o f  
l y s m e  o n  t h e  c o o p e r a t l v l t y  o f  K G A  b i n d i n g  as  s h o w n  b y  t h e  e m p i r i c a l  Hi l l  p l o t s  [ 1 3 ]  S y m b o l s  a r e  the  
s a m e  as  i n  (a )  
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Fig 7 (a) E f f e c t  o f  l y s m e  on  the  A c - C o A  binding to  the  w i ld - ty pe  e n z y m e  The  assay c o n d i t i o n s  were  as 
gaven m Fig 2 (wath 2 -ke tog lu tara te  c on c e n tr a txon  f ixed  at  2 5  raM), e x c e p t  that  l y s m e  was  added at the  
f o l l o w i n g  c o n c e n t r a t m n  o o, 0 m M ,  D u, 0 2 raM,  A % 0 5 m M  A c t l v l h e s  (v) are 
expres sed  m labora tory  u m t s  (see  Matetaals and M e t h o d s )  (b)  Hill p lo t s  o f  the  same data  ( sa me  s y m b o l s )  

Effects o f  the mhtbttors on substrates bmdmg m the wdd type  strain 
The lnltml veloexty patterns for saturation by Ac-CoA and 2-ketoglutarate m 

the presence of  two different but fixed lysme concentrations, showed that 
lyslne acts as a competitwe mhlbator of  2-ketoglutarate fixahon, whereas it 
affects both V and Km values of  Ac-CoA saturahon curves (Figs. 6a and 7a) 
An homotropm effect between the binding sates of 2-ketoglutarate was revealed 
under these condlhons,  whereas the cooperatwlty of Ac-CoA binding sites was 
not modified (Fags 6b and 7b) 

When the same experaments were cartaed out with 2-ammoadapm acid instead 
of lysme, a competitive inhibition of 2-ketoglutarate fLxatlon and a non-com- 
petltwe inhibition of  Ac-CoA fixation was again observed In this case, how- 
ever, the cooperatwlty of 2-ketoglutarate binding sites was not affected (~ 
value = 1), whereas an increase of  the interaction coefficient of Ac-CoA binding 
sates from 1 4 to 3 0 was observed in the better case (see above) when 2-amino- 
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Fig 8 E f f e c t  o f  2 - a m m o a d l p t c  acid on  the  tmtla l  v e l o c i t y  o f  the reac t ion  wi th  increasing 2 -ke tog lu tarate  
concentrat ions0  wi ld - type  strain e x t r a c t  Assay c o n d i t i o n s  were  as descr ibed  m Fig 6 ( A c - C o A  1 raM), 
e x c e p t  that  l y s m e  was  replaced  b y  fo l l owin g  c o n c e n t r a t i o n s  o f  2-arnmoadipic  acid o 0, 0 raM, 
o - - u ,  0 2 5  m M ,  z ~ - - - - . \ ,  I 2 5  m M  
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t r a t m n s  (25  m M  2-ketoglutaxate ,  wi ld- type  s t r a m  e n z y m e )  C o n d l t m n s  axe l den tma l  to those  de f ined  m 
Fig. 7, e x c e p t  t h a t  l y s m e  was r ep laced  by  2-armnoadlp~c acid a t  the  fo l lowing  c o n c e n t r a t m n s  o .'. o, 
0 raM, u - - - - ~ u ,  0 25 mM ,  A - - A ,  1 25 mM. 

adlpm concentrations were raised from 0 to 1 25 mM (Figs. 8 and 9). 
Dlpmollnm acid acted as a non-competl twe inhibitor of  2-ketoglutarate fLxa- 

tlon and as a competl twe inhibitor of  Ac-CoA fkxatmn, it affected the coopera- 
twlty of  both binding sites (Figs 10, 11) 

Plpecohc acid was found to exert a non-competl twe mhlbltmn on the fLxa- 
tlon of  both substrates, but to affect the cooperatw~ty of  Ac-CoA binding sites 
only the ~ value was increased from 1 4 to 2 3 when dlpmohmc acid concen- 
tratmns were rinsed from 0 to 1 mM (Figs. 1 2 , 1 3 ) .  
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Flg 10  (a) Ef fec t  of  d l p l c o h m c  acid on  Ac-CoA b ind ing  to the  wi ld - type  e n z y m e  The  cond i t i ons  are  the  
s ame  as de f ined  for  Fig 7 (25  m M  2-ke tog lu taxa teL  e x c e p t  t h a t  the  fo l lowing  d l p l c o h n a t e  c o n c e n t r a t i o n s  
w e r e  u s e d  o o ,  0 raM, [y---------g, 0 1 m M ,  z~ .... .% 0 5 m M  (b) In f luence  of  dxp lcohmc acid on  
the  c o o p e r a t l v l t y  of  Ac -CoA b ind ing  as e w d e n c e d  by  the  Hill p lo t  
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Fig 11 E f f e c t  o f  d lpxcohnlc  amd on  2°ketog lutarate  b inding  to  the  w i ld° type  e n z y m e  E x p e r i m e n t a l  
c o n d l t m n s  w e r e  as descr ibed  m Fig  6 (1 m M  Ac-CoA) ,  e x c e p t  that  l y s m e  was  replaced  by  f o l l o w i n g  
( h p m o h n a t e  c o n c e n t r a t m n s  o o, 0 raM,  ~ D, 0 25 raM, ~- L, 1 25  m M  

Modification of the mhtbtt,on patterns 
Although the mhlblhon by non lysme-hke compounds  did vary considerably 

at saturating substrate concentrations from one extract to the other, the effects 
on substrate binding could always be detected, even with 2-ammoad]pm acid, 
when freshly harvested wild-type cells were used for enzyme preparation On 
the other hand, storage of  the cells for one mght at - -20°C resulted m a 
complete loss of  these last effects, but did not  affect substrate binding nor 
susceptibility towards lysme 

A similar situation was found with the enzyme extracted from lys12 strata, 
and also ff freshly harvested cells were used The saturation curves of  each 
substrate were found to be similar m lys12 and W29 stratus As shown on Fig. 
14, lysme Is a competitive inhibitor of  the homoc]trate synthetase of  lys12, 
mh]b]tmn being complete m the range of  milhmolar concentratmns under 
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Fig 12 E f f e c t  o f  p l p e c o h c  acid on  2oketoglutarate  binding to  the w i ld - type  e n z y m e  (rec iprocal  p lo t )  
E x p e r i m e n t a l  c o n d i t i o n s  w e r e  as d e f in e d  for  Fig  6 (1 raM Ac-CoA) ,  e x c e p t  that  l y s m e  was  replaced  by 
f o l l o w i n g  p l p e c o l a t e  c o n c e n t r a t i o n s  • e, 0 raM,  © o, 1 m M  
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Fig 13 ~,ffeet o f  plpeeolle acid on Ac-OoA binding to the wi ld-type enzyme (reciprocal p lot )  Experi- 
mental  c o n d l t l o n s  w e r e  as  d e s c r i b e d  m F i g  7 ( 2 5  m M  2 - k e t o g l u t a r a t e ) ,  e x c e p t  t h a t  l y s m e  w a s  r e p l a c e d  b y  

f o l l o w i n g  p l p e c o l a t e  c o n c e n t r a t l o n s  • o ,  0 r a M ,  o ' o,  1 m M  I n s e r t  i n f l u e n c e  o f  p l p e c o h c  

a c l d  o n  t h e  c o o p e r a t l v ~ t y  o f  A c - C o A  b i n d i n g  s l t e s ,  as  e v l d e n c e  b y  t h e  Hi l l  p l o t  S y m b o L s  a r e  t h e  s a m e  m 
b o t h  r e p r e s e n t a t i o n s  
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Fig, 14 (a) Inhlbltlon of lysl2 homocltrate synthetase The assay condltlons were as described for 

"standard condltlons" m Materials and Methods (50 mM 2-ketoglutarate, 2 mM Ac-CoA), except that the 

fonowlng compounds were added • •, lysme, o o, 2-ammoadlplc acld, ~ ~, dlp~cohmc 

acid, [] [], equlmolar mLxture of lyslne and 2-ammoadlplc acld, 4 a, equlmolar mlxture of 

lymne and dlpxeohnle acid The values are plotted m terms of total mhlbltors coneentratlons, (incuhatlon 

tame 7 ram) (b) Cooperalnvlty of the lymne binding sltes as evldenced by the empirical plot of Taketa and 
Pogell [ 15] 
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standard conditions. But surprisingly, no effect  could ever be detected with 
2-ammoadlpm acid, dlplcohmc acid and plpecohc acid, (see Fig 14) Nor d]d 
these lnhlbltors have any effect  at all on the saturation curves of each substrate 
(not shown) 

At present there is no explanation for this phenomenon lys12 Is unhnked to 
known mutat ions affecting homocltrate  synthetase (to be pubhshed),  the phe- 
nomenon is not  strata specific, since independently reduced mutations allehc to 
lys l2  show the same phenotype.  Whatever explanation this lack of  mhlbltmn 
may have m wvo desensltlzatmn of the actwlty due to the accumulatmn of an 
inhibitor [16] ,  greater instability of  the enzyme extracted from the mutant  
cells, (re)direct mteractmn between homocltrate  synthetase and the ammoadl- 
pate reductase system , it appears that it is poss]ble to affect the binding 
site(s) of  the non lysme-hke compounds  without  affectmg the catalytic center 
nor the lysme s~te 

The bmdmg of  both substrates m the absence of  effectors was not  affected 
by the presence of  the mg-5 muta tmn (not shown) The actwlty was found to 
be sensltwe to 2-ammoadlpm acid, plpecohc acid and dlpmollmc acid These 
mhlbltors showed cooperatwe bmdmg (see Fig 15) and heterotropm effects on 
the binding of  the substrates hke those prewously reported for the wild type 
extract (not  shown) The actwlty was also sensltwe to lysme, but  with two new 
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Inh ib i t ion concn ( rnM)  

Fig 15 I n h i b i t i o n  o f  rag-5  h o m o c l t r a t e  s y n t h e t a s e  The  assay c o n d i t i o n s  were  as descr ibed  under  Mate- 
rials a n d  M e t h o d s  for  "standard c on d l t ton s"  ( 5 0  m M  2oketoglutarate ,  2 m M  Ac-CoA) ,  e x c e p t  t h a t  the 
following compounds were added o o, lysme, • • ,  2-ammoadlplc acld, A ~, dlplcohnlc 

acid ,  D ~, pxpecohc  acxd 
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Flg 16 I n h i b i t i o n  o f  m g - 5  h o m o c l t r a t e  s y n t h e t a s e  by  lysLne 

s a t u r a t m n  curves  ( A c -CoA c o n c e n t r a h o n s  1 raM) 

A, O 2 5 m M ,  u D, l m M  

e f f e c t  o f  l y s m e  on  the  2 -ke tog lu t0xa te  

L y s m e  c o n c e n t r a t i o n s  were  o o, 0 m M ,  

characteristics (1) at mfllimolar concentrations, about 50% residual activity 
was retained, (2) homotropic  effects on lysme binding sites were lost (Fig. 15) 
so as were heterotroplc effects on 2-ketoglutarate binding sites (Fig. 16) When 
mg-5 extracts are used, lysine appears to be competitive micheahan inhibitor of  
2-ketoglutarate binding. 

Genetically the mg-5 mutatmn was shown to be situated In the homocltrate 
synthetase gene [10] 

T A B L E  II 

S P E C I F I C  A C T I V I T I E S  OF  H O M O C I T R A T E  S Y N T H E T A S E  IN W I L D  T Y P E  A N D  L Y S I N E - L E S S  

S T R A I N S  

The s t ra ins  were  c u l h v a t e d  on mine ra l  m e d m m  s u p p l e m e n t e d  w i t h  5 10 -4 M l y s m e  and  h a r v e s t e d  at  the  
end  o f  the  e x p o n e n h a l  phase  (8 107 ce l l s /ml )  T h e y  were  t h e n  e x t r a c t e d  as desc r ibed  u n d e r  Mater ia ls  a n d  
M e t h o d s  and  d la lysed  tw ice  aga ins t  0 02 M Trts  HC1 b u f f e r  p H  7 4 (each h m e  for  2 h)  I t  was v e n h e d  t h a t  

th is  p r o c e d u r e  was  s u f f i c i e n t  in  o r d e r  to  dec rease  the  c o n c e n t r a t i o n s  of  the  a c c u m u l a t e d  p r o d u c t s  (2- 
a m m o a d l p a t e  in  the  case of  l y s12 )  to  such  e x t e n t  t h a t  t he  c o n c e n t r a t i o n  of  these  p r o d u c t s  m the  tes t  

assay could  be  c o n m d e r e d  as neghgtb le  (be low 0 01 raM)  E n z y m e  ac t iv i t i es  w e r e  d e t e r m i n e d  as desc r ibed  

m the t ex t ,  and  e x p r e s s e d  m a b s o r b a n c e  m c r e a s e / m m / m g  o f  p r o t e i n  

S t ra ta  t e s ted  Pos i t ion  o f  t he  b l o c k  H o m o e l t r a t e  s y n t h e t a s e  
a c h v l t y  

W29 no block 0 030 

lys12 ammoadlpate reductase 0 102 

lys9 after ammoadlPate 0 032 

lys16 homocltrate synthetase 0 001 

lys2 before ammoadlpate 0 029 
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Vanatzons of the homoc~trate synthetase spectf~c actwtty 
No change of  the specffm act lwty of the wild type strata could ever be 

detected (1) dunng the growth cycle, (2) on mineral medmm supplemented 
with lysme, ammoadlplc acid, dlplcohnlc acid, plpecohc acid or yeast  extract 
(all 1 g/l), (3) on different carbon sources (glycerol, glucose, lysme, all 20 g/l), 
(4) on different mtrogen sources (ammonmm sulfate, prohne, argmme or ly- 
sine) 

Three types of  lyslne-less mutants  have been obtained m respect to the level 
of  homocl t ra te  synthetase (see Table II). (1) those which are not  affected at all 
m their actlwty,  (2) those which have lost their act lwty these are all situated m 
a single locus, show mtraallehc complementa tmn [10] and are thus considered 
to be affected m the structural gene of  homocltrate  synthetase, (3) those whmh 
are affected m the ammoadlpate reductase system, are allehc of lys l2  and are 
not  hnked to prewous mutants  all these mutants  show a higher homocltrate  
synthetase act lwty (average increase by a factor of  three) 

So, ff repression of  the homocltrate  synthetase activity could up to now not  
be ewdenced m this system, an apparent derepressmn by a factor of  three was 
found m lys l2  and allehc stratus, but  not  m other mutants  blocked either 
earher or later m the pathway 

Discussion 

The first enzyme of the lysme pathway m the yeast  Saccharomycops~s hpo- 
lyt~ca exhxblts non-mmhaehan charactenstms, whmh are partly consistent with 
the K system defined by Monod et al. [17] m that (a) total inhibition is 
achmved at high lyslne concentrations,  (b) the inhibition Is overcome by in- 
creasing concentrations of  the substrate 2-ketoglutarate, (c) the inhibition 
causes 2-ketoglutarate saturation kmetms to become cooperative, and mcreas- 
mg inhibitor concentrations increase the cooperatlvlty If the enzyme already 
exists under two conformations (at least) m the absence of  substrates, one can 
assume that the equ lhbnum between these two forms is not  affected by 2-keto- 
glutanc acid (1 e. it bmds equally to the "active" and to the "reactive form), 
but  that the binding of  Ac-CoA whmh then occurs favours the "active" form, 
thus displacing the equlhbrmm The presence of  lysme would modify  this 
sltuatmn m such a way that 2-ketoglutarate would preferentially bmd the 
non-lysme receptive form (thus revealing the cooperatlvlty of  2-ketoglutarate 
binding sites), whereas Ac-CoA binding, whmh occurs later, would not  be modl- 
fred From the n and ~' values reported,  a minimum of 3--4 sites is required on 
the protein for the substrates and for lysme. 

From the results obtained with rag-5 extracts, it can be assumed that lysme 
and substrate binding sites are different, since lysme binding can be affected 
without  affecting substrate binding. The mmhaehan inhibition patterns found 
m thin case for lysme suggest that  the modffmatmn introduced by the mg-5 
mutatmn leads to an eqmvalent affinity of lysme for all conformatmns of the 
protein, wi thout  affectmg its ohgomerm structure (Ac-CoA shows cooperatxve 
binding) The results obtained with the non lyslne-hke mhlbltors are more diffi- 
cult to explain m the hypothesis of  a pure K system, since plpecohc and 
d~pmohmc acids acted as non-competlt~ve mh~bltors of  the activity A kmetm 
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interpretation of their mode of  action will probably be possible only when the 
enzyme will have been purified (in order to exclude for example protein- 
mediated interactions in a complex) and when more suitable condltmns for 
studying these inhibitions will have been set up. Prehminary studies on the 
inhibition patterns obtained by mLxmg lysme and any of these compounds have 
shown complex interactions, resulting m an increase or m a reversal of these 
inhibitions (to be published) 

The regulation of the homocltrate synthetase levels m Saccharomycopszs 
hpolyttca was not  the main aim of this communication,  but it should be no- 
treed that  the situation appears to be different from that found in other sys- 
tems [3,5,6] no repression by lysIne alone could be detected at all, even in 
lys l2  strain (where the specific achvlty appears to be derepressed by a fac- 
tor 3) Studies with double mutants,  carrying lys l2  and an early block In the 
pathway,  such as diploid studms, will probably throw some light on these 
phenomena 

There is at present no evidence for the existence of an lsoenzymm system in 
our yeast, at this step, and two observations argue against such an hypothesis 
(a) the possibility of obtaining monogenic lyslne-less mutants  whmh have al- 
most enhrely lost the activity, (b) the possibility of obtaining complete inhibi- 
tion of  the activity, at least in vitro, at mfllimolar lysine concentrations (which 
would not  have been expected if one of the lsoenzymes had functions other 
than ensuring lysme synthesis) On the other hand, and m conflict with the 
situation reported in Saccharomyces cerevzstae [5],  the regulation of the mtra- 
cellular lysme concentrations seems to be mainly achieved at the level of homo- 
citrate synthetase, since mutants  desensitized at this step, like mg-5, are lysine 
accumulating [ 10]. 

Finally, a puzzling problem remmns in the biosynthesis of lysine by yeasts, 
1 e the existence of a branch in the pathway [5] Such a branch has already 
been described m some fungal systems, leading to the productmn of antibiotics 
[18,19] or of secondary metabohtes like dlpicolinic acid [20],  or to pipecohc 
acid [21]. Our results show that  the first enzyme of the pathway is, in one 
yeast at least, sensitive to other feedback mhibltors than lyslne, and are an 
mdmatlon of the possibility of the existence of such a branch m yeasts as well 
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