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High Incorporation of Labeled Acetate into Yeast Ergosterol Durin~ Sporulation ~ 

The avai labi l i ty  of ~aC-NMR-spectrometers  wi th  fast  
Four ier  t r ans fo rm accessories has  grea t ly  increased the  
poss ibi l i ty  of ob ta in ing  detai led in fo rma t ion  on bio- 
syn the t i c  p a t h w a y s  wi thou t  ex tens ive  and  t ime-consum-  
ing chemical  degrada t ion  of the  me tabo l i t e  of interest .  
Recen t ly  BURLINGAME et al. 2 incorpora ted  E2-1~Q - 
ace ta te  into yeas t  pa lmi to le ic  acid (30% laC enr ichment)  
dur ing  aerobic g rowth  and  showed the  a l t e rna te  carbons  
to be labeled. In  connect ion  wi th  our s tudies  on the  
b iosynthes i s  of the  yeas t  sterol,  ergosterol,  f rom glycine 
and  serine, we have  been  in te res ted  in using subs t ra tes  
labeled wi th  carbon-13 as well as carbon-14. Carbon-14 
has been employed  as a tool  for e luc idat ing  ergosterol  
biosynthesisa .  However  the  fate  of the  ace ta te  precursor  
in the  sterol  requires  chemical  degrada t ion  such as done by  
HANAHAN and WAKIL 4 on the  C2~ to  C~2 ergosterol  
f r agmen t  ind ica t ing  the  labeling p a t t e r n  in one pa r t  of 
the  molecule. If  ergosterol  can be b iosyn thes ized  f rom 
[1 or 2-~sC]-acetate, or [1,2-1aC~-acetate, the  fa te  of 
every  ace ta te  carbon could be learned f rom the  ~aC-NMR- 
spec t rum  since the  chemical  shif ts  for ergosterol  carbons  
are knownS-L Paral lel  expe r imen t s  w i th  ~aC-labeled 
glycine, serine and  o ther  subs t ra tes  would then  be 
simplif ied.  

Cur ren t ly  2 t echn iques  are avai lable  for ob ta in ing  
h ighly  labeled ergosterol  f rom yeast .  KLEIN et  al. s found  
t h a t  yeas t  grown under  anaerobic  condi t ions  will accelerate 
b iosynthes i s  when  aera ted  and  p roduced  a 10-fold 
increase in sterols  re la t ive  to anaerobica l ly  grown yeast .  
This procedure  has recen t ly  been used by  FRYBERG et al. 3 
to s t u d y  the  in t e rmed ia t e s  in ergosterol  b iosynthes is  by  
yeast .  If r ad ioac t ive  glucose is p rov ided  dur ing  aerat ion,  
over  75% of the  specific ac t iv i ty  was found in the  non- 
saponif iable  f rac t ion  9. Whi le  no da t a  was given for 
ace ta te  incorpora t ion ,  KLEIN indica ted  t h a t  ace ta te  could 
be used a l though  longer aera t ion  t ime  would  be necessary.  

We  have  examined  the  labeling of ergosterol  f rom 
[2-~4C]-acetate in S. cerevisiae SK1 using KLEIN'S 
anaerobic-aerobic  p rocedure  (Table I). While  t he  h ighes t  
yield of recovered ergosterol  was for the  20 g (wet cells)/ 
100 ml (aerat ion medium),  t he  h ighes t  specific ac t iv i ty  
was for t he  lower sterol  yie lding cell densit ies.  

The second en r i chmen t  t echn ique  depends  on the  
observa t ion  t h a t  to  supply  coenzyme A to p a n t o t h e n i c  

acid def icient  yeas t  cul ture  spurs  the  de novo b iosynthes is  
of l ipids including sterols. HANAHAN and  WAKIL ~~ found 
t h a t  ~4C-labeled ace ta te  suppl ied  a t  the  t ime  of th is  
accelerated b iosynthes is  resul ts  in the  label ing of 1/, of 
the  ergosterol  carbons.  KLEIN et  a l . n ,  x2 showed th is  
procedure  to yield a several  100% increase in to ta l  l ipids 
including sterols re la t ive  to the  unenr iched  medium.  

Our resul ts  which  employed  a modif ied  HANAHAN and  
WAKIL procedure  incorpora t ing  the  KLEIN anaerobic-  
aerobic t echn ique  are p resen ted  in Table  II .  These 
resul ts  ind ica te  t he  i nadequacy  of th is  app roach  for our  
purposes .  

Recen t  work  has shown t h a t  dur ing  yeas t  sporula t ion  
induced  by  acetate ,  there  is a d rama t i c  rise in l ipid 
b iosynthes i s  ~3, ~. Therefore,  it  appeared  l ikely t h a t  yeas t  
sporu la t ion  in a labeled ace ta te  m e d i u m  would yield 
ergosterol  wi th  a h igh specific ac t iv i ty .  This  resul t  was 
realized as shown in Table I I I .  E x p e r i m e n t  B which  
employs  anaerobic  p resporu la t ion  g rowth  and  aerobic 
sporula t ion  produces  s ignif icant ly  more  ergosterol  wi th  a 
greater  incorpora t ion  of label. 
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Table I. Biosynthesis of labeled ergosterol from [2-14C]-acetate in S. cerevisiae SK1 using anaerobic-aerobic procedure. 
Anaerobic Growth in YPD a,b. Aeration suspension~ (0.1% glucose, 0.1 M [2-14C]-acetate, 0.1 M phosphate, pH 7.0) 

Cell concentration 
(g wet cells/100 ml aeration medium) 

Ergosterol recovered a 
(rag) 

Incorporation efficiency ~ Overall incorporation f 

5 4.8 10 0.08 
10 3.9 13 0.20 
15 4.1 5 0.08 
20 6.5 5 0.11 
25 3.3 3 0.04 
30 3.0 4 0.04 

YPD is 1% yeast extract, 2% peptone, 10% dextrose (Difco). b 0.5 i 2-day-old innoeulation of 15 1 culture grown for 5 days at 30~ with 
mechanical stirring and N 2 purging followed by centrifugafion and washing twice with sterile distilled water, c Aerated for 24 h by shaking at 
200 rpm at 30 ~ a Ceils saponified, extracted with Petroleum ether, TLC oH AgNOa-impregnated silica gel, Muted with CHC1 a. " dpm/mole 
ergosterol recovered/dpm/mole acetate substrate • 1 mole ergosterol/15 mole acetate • 100 = % incorporation efficiency. ~ Total dpm of 
ergosterol recovered/total dpm of acetate substrate • 100 = % overall incorporation. 
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Table II. Biosynthesis of labeled ergosterol from [2-14C]-acetate in S. cerevisiae SKI using CoA-enrichment and anaerobic-aerobic procedure. 
Anaerobic Growth in Coenzyme-A deficient medium~, b. Aeration suspension c (0.1% glucose, 0.1 M [2-14C]acetate, 0.1 M phosphate, pH 7.0, 
1.0% YNB containing 25 mg CoA a 

Cell concentration Ergosterol recovered e Incorporation efficiency ~ Overall incorporation 
(g wet cells/100 ml aeration medium) (mg) 

20 4.8 4.5 0.08 

1% Wickerham's Yeast Nitrogen Base (YNB) without pantothenic acid, 10% dextrose, and 17 mg/ml Tween 80 and 20 [xg/ml tetracycline 
b Same as (b) in Table I. o Same as (c) in TabIe I. a Grade II-A from Sigma. e Same as (d) in Table I. ~ Same as (e) in Table I. g Same as 
(f) in Table I. 

Table III. Biosynthesis of labeled ergosterol from [2-14C]-acetate in S. cerevisiae SKI during sporulation. 
Sporulation Conditions for A and B: aerobic, 1% labeled acetate, 27 ~ vigorous mechanical stirring, 4 • 107 cells/rot (1 1 total volume, cort- 
taining 5.5 g wet cells in 6 1 flask) 

Sporulation yield (A) 99% asci in 3 days (B) 90% asei in 5 days 

Ergosterol recovered b (mg) 4.4 7.9 
Incorporation efficiency o 71 76 
0 verall incorporation a 0.11 0.21 

Presporulation growth conditions: (A) aerobic, YPD ~, 30 ~ 2 days 1 1. from loop, shaking at 200 rpm. (B) anaerobic, YPD, 30 ~ 2 days 
1 1 from loop, shaking at 200 rpm. ~ Same as (a) in Table I. b Same as (d) in Table I. ~ Same as (e) in Table I. a Same as (f) in Table I. 

As yeas t  sporula t ion  in a l iquid med ium is carr ied out  
a t  app rox ima te ly  4 • 107 cells/ml, a l i ter  of 1% ace ta te  is 
required to ob ta in  t he  ergosterol  yields we repor t .  
However ,  since the  sporula t ion  m e d i u m  conta ins  only 
acetate ,  t he  recovery  of un incorpora ted  label can be 
accompl ished  by  a s imple extract ion.  

D a t a  of labeled subs t r a t e  incorpora t ion  into a me tab -  
olite can be s t a t ed  in var ious  ways.  We  have  repor ted  
f i rs t ly  the  overal l  incorpora t ion  as an ind ica t ion  of the  
metabol ic  magn i tude  of ergosterol  b iosynthes is  f rom 
acetate .  Secondly,  t he  incorpora t ion  efficiency expresses  
the  percen tage  of ergosterol  carbons  derived f rom acetate .  
The factor  of 1/15 (cf. Table  I, foo tno te  e) in t he  calcula- 
t ion  of incorpora t ion  efficiency allows for the  b iosynthes is  
of 1 mole of ergosterol  f rom 15 moles of acetate .  We have  
assumed t h a t  ace ta te  cont r ibu tes  to  all ergosterol  carbons  
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excep t  C2s which  arises f rom single carbon donors  (e.g. 
formate)  by  t r a n s m e t h y l a t i o n  v ia  me th ion ine  15,1% 

The da t a  in Table  I I I  clearly indica tes  t h a t  the  sporula-  
t ion  t echn ique  gives a more  efficient  incorpora t ion  t h a n  
the  2 earlier me t h o d s  described.  F u r t h e r  work  on bio- 
syn thes i s  in yeas t  using 13C-labeled subs t ra tes  is in progress  
in our labora tory .  

Zusammen[assung. Es werden  drei  Methoden  fiir die 
Durchf i ihrung yon  Versuchen  mi t  l~C-markierten Sub- 
s t r a t en  (Einbau mark ie r t e r  Ace ta te  in Hefeergosterol)  
vergl ichen : 1. Anaerobisches  W a c h s t u m  mi t  nachfo lgender  
Belt i ffung und  Markierung.  2. Anaerobisches  W a c h s t u m  in 
N/ihrl6sung mi t  ungen i igendem CoA-Gehal t  mi t  nach-  
folgender  Belt i f tung und  Markierung in einer mi t  CoA 
angere icher ten  L6sung. 3. Sporenbi ldung  mi t  mark ie r t en  
Aceta ten .  
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A New Method for Recording Migratory Restlessness in Caged Birds 

Many birds  t h a t  are normal ly  day-ac t ive  migra te  a t  
night .  If  kep t  in a cage, t hey  develop noc turna l  ac t iv i ty  
dur ing  the  migra to ry  seasons which  mani fes ts  i tself in an 
in tense  hopp ing  off and onto  perches,  a f lu t te r ing  abou t  
in the  cage or a vigorous bea t ing  of t he  wings ( 'whirr ing') .  
This m ig ra to ry  rest lessness  or 'Zugunruhe '  has  of ten  been  
t a k e n  for an express ion of the  mig ra to ry  dr ive in birds.  
Quant i ta t ive ly ,  however ,  i t  was e i ther  only  the  hopp ing  
or general  locomotor  ac t iv i ty  t t la t  was measured  so far 1-4, 

bu t  never  t he  whir r ing  i tself  which  migh t  be a more  spe- 
cific express ion of the  mig ra to ry  drive. Moreover,  in re- 
cording pe rch  hopping,  b o t h  day-  and n igh t -ac t iv i ty  of a 
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