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I n  a n  a t t e m p t  t o  o v e r c o m e  t h e  p e r m e a b i l i t y  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  s t u d y  

of y e a s t  m e t a b o l i s m ,  m a n y  w o r k e r s  h a v e  s u b j e c t e d  t h e  cel ls  to  t e m p e r a t u r e  shock ,  

u s u a l l y  b y  d r o p p i n g  c r u m b l e d  y e a s t  i n t o  l i q u i d  a i r  or  l i q u i d  n i t r o g e n ,  or  b y  f r eez ing  

w i t h  so l id  CO v S u b s e q u e n t  t h a w i n g  y i e l d s  a v i s c o u s  m i x t u r e  w h i c h  was  b e l i e v e d  b y  

s o m e  w o r k e r s  t o  c o n t a i n  e n z y m e s  l i b e r a t e d  t h r o u g h  d i s i n t e g r a t i o n  of cel ls  (CoNWAY :lED 

DOWNEy1; LYNEN AND NECIULLAI-IS; WIEL2kND et al.S). Since  a l d e h y d e  d e h y d r o g e n a s e  

c a n  b e  p r e p a r e d  f r o m  t h e  s u p e r n a t a n t  of l i q u i d - a i r  f r o z e n  y e a s t  4, s o m e  d i s i n t e g r a t i o n  

m u s t  occur .  O t h e r  w o r k e r s  (e.g. KREBS et al. ~) h a v e  r e a l i z e d  t h a t  a f t e r  d r y - i c e  t r e a t m e n t ,  

a t  l eas t ,  m o s t  of t h e  cel ls  a r e  s t i l l  i n t a c t .  T h e y  h a v e  t h e r e f o r e  t a k e n  t h e  v i e w  t h a t  f r eez ing  

m e r e l y  i n c r e a s e s  t h e  p e r m e a b i l i t y  t o  s u c h  c o m p o u n d s  as  di -  a n d  t r i c a r b o x y l i c  ac ids ,  

a n d  t h a t  r e s u l t s  o b t a i n e d  w i t h  f r o z e n  cel ls  m a y  b e  u s e d  to  d e d u c e  t h e  n o r m a l  m e c h a -  

n i s m  of y e a s t  r e s p i r a t i o n .  

T h e  p r e s e n t  w o r k  s h o w s  t h a t  f r eez ing ,  b e s i d e s  i n c r e a s i n g  p e r m e a b i l i t y ,  causes  

e x t e n s i v e  c h a n g e s  in  t h e  m o r p h o l o g y  a n d  e n z y m i c  s t r u c t u r e  of t h e  cells.  

MATERIALS AND METHODS 

C02-]rozen cells: In preparat ion for all the experiments,  unless otherwise stated, finely crumbled 
fresh commercial bakers '  yeast  (stored in a humidor  at  2 °) was incubated a t  3 °° for 60 rain in a 
stoppered flask to avoid desiccation. At the end of this period, the yeast was int imately  mixed 
with excess powdered solid CO 2 (dry ice) and the CO 2 evaporated either 4 h at  i ° or 16 h at  --12~'. 
In  specified cases, the cells were washed twice with t9 vols. o.i M phosphate  buffer pH 6.5. 

Cell-/tee extracts: A mixture consisting of 2 g wet weight yeast, IO g Ballotini glass beads No. 12, 
and io ml 0 .9% KC1 was shaken for io sec at  2 ° in the disintegrator previously described 6.*. The 
resulting mixture  was centrifuged at  iooo g for IO rain to remove glass and cell debris. The first 
supernatant ,  i.e. the cell-free whole extract  (W), was centrifuged a t  i5,ooo g for 3 ° rain and the 
second superna tan t  (S) decanted. The residue (R) was washed once (to the original volume) with 
0.9 % KC1 and, after  resedimentat ion at  i5,ooo g and removal of the washings (RW), was resuspended 
in half the original volume of 0,9 % KC1. 

Dialysis: The fractions W and S were dialysed at  2 in cellophane bags against  a large volume 
of 0.9 % KC1 for 20-24 h with magnetic stirring. 

Comparative runs: In all the experiments in which a comparison was made between fresh and 
COs-frozen cells, both  were always from the same batch of yeast. COs-frozen cells kept  longer than  

* This work was supported by a grant  (to I .A .H. )  from the Universi ty of Adelaide. Part ial  
suppor t  was also given by  the  National  Heal th  and Medical Research Council of Australia and the 
Rockefeller Foundat ion.  

** The ultra-rapid shaker  may now be obtained from the Shandon Scientific Co., Cromwell Place, 
London S.W. 7. 
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4 h were stored at f2  °. Disintegrat ion and all o ther  operat ions were carried out  concurrent ly  
and under  the same condit ions with the two types  of cells. 

7"hmzberg expevime~ls: Evacua ted  Thunberg  tubes  contained 0.02 M Na-K phospha te  buffer 
p H  7 .0 ,  o.  t 3[ subs t ra te  and 0.3/xmole methylene blue. The t ime for 90 o~ decolorization at 38~' was 
used in calculating QMB ([/1 methylene  blue decolorized/mg dry wt/h).  

IG~marase a~d aco~Tilase measureme~ls: The method  of R A C K E R  7 W a S  used. Specific activities 
were calculated as previously described s, and the same exper imental  condit ions were adhered to. 

Dry weights were determined as previously described. Correction was made for the presence 
~f KCI or buffer. 

Coe~zzvmes: Diphosphopyridine  nucleotide (DPN) and t r iphosphopyr id ine  nucleotide (TPN) 
were labora tory  preparat ions .  DPN was 470o pure and contained ilo TPN.  TPN was l o ° ;  pure 
and contained 9 o{~ DPN. The total  D P N  & TPN content  was assayed by format ion of the cyanide 
complex!L Adenosiue-5'-phost)hate (A-5-P) was a c(nnmercial sample (Light & Co. Ltd. Colnl)rook, 
Bucks., England).  

RESULTS 

3lorpiwlogica/ c/ranges caused by/reezing 
The fresh yeast cell presents a clear picture in which one or two quite large vacuoles are 
visible under phase-contrast illumination (Fig. I). The vacuole is surrounded at its peri- 
phery by granules, which appear refractile under phase-contrast and dark-ground illumi- 
nation but dark under other types of illumination. Yeast cells treated with solid CO~, 
on the other hand, are smaller and seem to have undergone internal disorganization 
(Fig. i).  Only in very rare instances can vacuoles be seen, and the granules are irregu- 
larly dispersed or clumped together. This alteration in appearance was not caused by 
the incubation treatment which preceded freezing. 

Fig. i. l:resh cells ~f bakers '  yeast  before freezing. 

It  was though t  t ha t  electron micrographs would reveal more of the s t ruc ture  of the cell. We 
therefore a t t empted  to make yeast  prepara t ions  suitable for electron microscopy after  u l t ra- th iu  
sectioning TM. I t  was difficult to obtain  adequate  fixation wi thout  complete loss of detail, especially 
as omsideral~le shrinkage (~ccurred during d e h y d r a t i o n . . \ f t e r  s(m~e exl~erimel~tation, the method 
selected was: fixation with ~" ; ,  ()s() 1 in (5.57 .1/ Michaelis ver .nal- ;u 'e ta te  I)uffer 151I 7.4 for 3 ° rain, 
dehydrat ion 153: passage througll ~raded ethannl,  and embedding in methacry la te  polymer  (2 vols. 

l?e/ere~ces /5. 5r2.  
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n l e t h y l  m e t h a c r y l a t e :  7 vols .  b u t y l  m e t h a c r y l a t e n ) .  T h e  m i c r o g r a p h s  o b t a i n e d  w e r e  no  m o r e  in- 
f o r m a t i v e  t h a n  t h o s e  o b t a i n e d  by  p h a s e - c o n t r a s t  m i c r o s c o p y .  A l t e r a t i o n  of p H ,  use  of a l o w e i  
c o n c e n t r a t i o n  of OsO4. or  use  of o t h e r  f i x a t i v e s  g a v e  e v e n  less  de f i n i t i on .  

I;ig. 2. Y e a s t  ce l l s  a f t e r  f r eez ing  w i t h  so l id  ('()2" M ~ g n i f i c a t i o n  I Soo - . I .e i tz  O r t h o l u x  1)hase-c , ,n t ras t  
e q u i p m e n t .  

Oxidali(m o~ etha~wl amt succinalc 

I t  has been c la imed 5 tha t  sui table  heat  p r e t r e a t m e n t  before CO2-freezing of cells 
des t roys  the i r  ab i l i ty  to respire ace ta te  or e thanol  while preserv ing  the ab i l i ty  to oxidize 
succinate.  

We have confirmed the one-step na ture  of the succinate oxida t ion  to fumara te  i ma- 
late only. 

Three types  of commercial  bakers '  yeas t  were subjec ted  to CO2-t rea tment  involving 
t empera tu re  changes of var ious  magni tudes .  This was achieved by  br inging the yeas t  to 
a t he rmos t a t i ca l l y  contro l led  t empe ra tu r e  in the  following ways  before CO2-freezing: 
(I) at least 4 h at 1 2 :  (2) 4 h at I~': (3) 3 h at 2oC'; (4) I h at  48°; (5) i h at  53 ' .  
After  freezing, the cells were washed once with 19 vols. o.I  31 phospha te  buffer p H  ()-5 
and resuspended in a fur ther  I() vols. Table  I shows tha t  in the case of Nycander ' s  and 
Bar re t t ' s  yeasts ,  ox ida t ion  of e thanol  decreased progress ively  as the t empera tu re  change 
increased,  while tha t  of succinate was almost  unaffected.  Wi th  Effront yeast ,  however,  
l i t t le  decrease in e thanol  ox ida t ion  was observable  unti l  the yeas t  was hea ted  to above 
5 o  before freezing. (;ells hea ted  at 5 3  for I h showed negligible e thanol  oxidat ion  even 
wi thout  ( 'O~-t rea tment .  

The wide divergence between various commercia l  s t ra ins  of bakers '  yeas t  in their  
ab i l i t y  to wi ths tand  freezing may  be due to differences in cell wall s t ructures .  These 
resul ts  indicate  the difficulty of using such da t a  ob ta ined  with one strain to formulate  
~t general  naechanism of e thanol  oxidat ion.  Even using one commercial  type  over a 
per iod of months ,  we II~tVe obse r \ ed  considerable  var ia t ion ill CIIZ',,'IlliC ac t iv i ty  alia 
resistance t,~ freezing. 
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T A B L E  I 

OXIDATIONS IN THREE STRAINS OF BAKERS' YEAST AFTER CO2-FREEZING 
P r e t r e a t m e n t  of y e a s t  as  d e s c r i b e d  in t h e  t e x t .  The convent iona l  \Varburg apparatus  c o n t a i n e d  

ca. 3 ° m g  d r y  w t  yeas t  and o .o i  M s u b s t r a t e .  Q~) °° values  are means  of several  exper iments .  

Effront Nycander's Barrett's 

Blank Ethanol Succinate Blank Ethanol Succinate Blank Ethanol Succinat, 

Fresh  cells 4 34 5 7 32 8 IO 28 i o  
T r e a t m e n t  I 7 31 14 5 3 ° 12 3 22 8 
T r e a t m e n t  2 6 32 12 5 13 13 2 9 8 
T r e a t m e n t  3 4 15 i i 4 l o  I i i 6 7 
T r e a t m e n t  4 5 25 14 o o 7 o i 7 
T r e a t m e n t  5 o o 6 . . . . . .  

Dehydrogenase activities o//rozen cells 
It is well known that intact yeast cells are impermeable to di- and tricarboxylic 

acids, whereas cells which have undergone treatment with liquid air ~ or solid CO.~ 5 are 
permeable. CO~-frozen cells showed dehydrogenase activities (Table II) of the same 
order of magnitude, except in the case of ethanol dehydrogenase, as those found in 
cell-free extracts of untreated yeast ~. The activities were considerably higher than those 
reported by LYNEN AND NECIULLAH ~. With unwashed frozen cells it was found that 
several of the dehydrogenases, usually coenzyme-dependent,  showed appreciable ac- 
t ivity without added coenzyme. After washing the cells with water or with o.I M 
phosphate buffer pH 6.5, these dehydrogenases showed the expected coenzyme- 
dependence (Table III). The washings had virtually no enzymic activity towards the 
substrates tested, but restored the activities of those dehydrogenases which in washed 
cells required addition of coenzymes.  Similar results were obtained with washings which 

T A B L E  11 

I)I~2HYDI'.OGEY.kSE ACTIVII ' IES O1; UN\VASIIED C O 2 - F R O Z E N  YEAST 
h n m e d i r ,  t ,qy  a f t e r  t h a w i n g ,  y e a s t  w a s  s u s p e n d e d  in T0 vols .  w a t e r .  Each Th u n b erg  tube  c o n t a i n e d  

5 m g  dr?, w t  y e a s t .  0MB v a l u e s  a r e  means  of six exper iments .  

Substrate Additmns QMB 

N o n e  N o n e  <~. i 
N o n e  o.I  m g  D P N  I 

N o n e  / o.1 m g  D P N  5 
t o. i  m g  T P N  

Succinate  N o n e  7 
Lactate  N o n e  19 

( o . i  m g  D P N  
J o . i  m g  T P N  8 

Citrate | o . o o i  . ,~/MnCI~ 

I , o . oo I  31 A - 5 - P  
isoCitrate  as for c i trate  48 
E t h a n o l  o . I  m g  D P N  21 
L-Malate o . i  m g  D P N  23 
F u m a r a t e  o . i  m g  D P N  1. 5 
L-Glutamate  o . I  m g  T P N  19 

Relerences p. 522. 
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h a d  b e e n  bo i l ed  for  2 min .  A d d i t i o n  of t he  s a m e  a m o u n t  of n u c l e o t i d e  c o e n z y m e s  as 

c o n t a i n e d  in  t h e  w a s h i n g s  r e s u l t e d  in  t h e  s a m e  inc reases  in  d e h y d r o g e n a s e  a c t i v i t y  of 

w a s h e d  cel ls ;  t h e  effect  of t h e  w a s h i n g s  cou ld  t h e r e f o r e  be a s c r i b e d  to  t h e i r  c o e n z y m e  

c o n t e n t .  

TABLE III  

C O E N Z Y M E  D E P E N D E N C E  O F  D E H Y D R O G E N A S E S  I N  ~ V A S H E D  A N D  U N \ V A S H E D  F R O Z E N  ( E L L S  

Unwashed cells = thawed cells suspended in 19 vols. water or o. i M- Na, K-phosphate lmlfer p ll 7.o. 
Washed cells = cells suspended as above, centrifuged, and resuspended in another ~} vols 

water or buffer, this process being repeated once more. 
Washings -- supernatant  obtained from centrifugations. Blank values f{}r unwashed cells are 

given in Table II ; those for washed cells were even lower. 

(~) M 11 Dry weights /l dditions - -  
(mgl.ml) Ethanol L-Malate L-Glutamate 

Unwashed cells L 2.o 
Unwashed ceils 
Washed cells 9.3 
Washed cells 
\Vashed cells 

Washings 2.6 
Washed cells + washings 
\Vashed cells + washings 
\Vashed cells 

boiled washings 

- -  5 it} t8 
o. i nag DPN 20 34 21 

< t  2 % r  
o.i mg DPN l0 20 21 

DPN equal to 
content of washings 12 14 IN 

o.I lug DPN < i ~ ~ < i 
(} 14 ro 

o.I mg D1}N 2 4 2 3 2 4 

8 t5 7 

T h e  a m o u n t  of m a t e r i a l  w h i c h  a p p e a r e d  in  t h e  w a s h i n g s  w a s  q u i t e  large,  as m u c h  

as  2 o %  of t h e  o r ig ina l  d r y  w e i g h t .  Th i s  w o u l d  a c c o u n t  for m o s t  of t h e  m a t e r i a l  lost  on 

d i a ly s i s  of e x t r a c t s  (see T a b l e  V). S o m e  of t h e  c o n s t i t u e n t s  of t h e  w a s h i n g s  are  s h o w n  

in  T a b l e  IV. 

TABLE IV 

C O M P O S I T I O N  O F  W A S H I N G S  O F  F R O Z E N  C E L L S  

Substance Method o] estimation too mg dry wt per 
mg dry wt washings 

Organic acids Ether  extraction ~.o 
(Succinic acid Succinoxidase o.85) 
Amino-acids Ninhydrin colour 32.o 
Protein Biuret colour i4.8 
Total Carbohydrate* Anthrone colour 36.2 
Inorganic salts Ashing 19.3 
DPN 4- TPN Cyanide complex o. 9 

* The carbohydrate present did not reduce Benedict's solution. 

I n t r a c e l l u l a r  e n z y m e  d i s t r i b u t i o n  

Io - sec  e x t r a c t s  of b o t h  f resh  cells  a n d  C02- f rozen  cel ls  w e r e  p r e p a r e d  in  our  s h ak e r  

a n d  f r a c t i o n a t e d ,  as  d e s c r i b e d  u n d e r  METHODS. T a b l e  V s h o w s  t h a t  t h e  g r an u l e s  ac-  

c o u n t e d  for  less  of t h e  d r y  w e i g h t  in  t h e  case  of C02- f rozen  cei ls  t h a n  in  t h e  case  of t h e  

f r e sh  cells .  D ia lys i s  of t h e  s u p e r n a t a n t  a n d  of t h e  w h o l e  e x t r a c t  a g a i n s t  0 .9% KC1 

Re]erences p.  512.  
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caused a large decrease  in d ry  weight .  In  compara t i ve  expe r imen t s  (see METHODS) the  
p ropor t ion  of the  d r y  weight  lost  in each case was g rea te r  wi th  frozen t han  wi th  fresh 
cells. The fact  t ha t  the  abso lu te  increase,, in d ia lysab le  ma te r i a l  was the  same for the  
whole ex t r ac t  as for the  s u p e r n a t a n t  suggests  t ha t  t he  l a t t e r  con ta ined  the add i t iona l  
ma te r i a l  which had  been  rendered  d ia lysable .  

TABLE V 
DRY-\VEIGHT DISTRIBUTION IN EXTRACTS OF FRESH AND FROZEN CELLS 

Values are means of seven determinations. 

Fraction 

C02-]rozen cells Fresh cells 
Di~erenee in 

dry u,t percentage wt loss on dry wt percentage wt loss on dialysis loss 
(rag) o] W dialysis (rag) (rag) ot IV dialysis (mg) (rag) 

(r) (2) ( ~) (4) (5) (6) (3) -(6) 

IV 17 .9  1oo  9 .3  17. I IOO 7.9  1.4 
R 3 .o  16 .8  3-4 19 .9  - -  - -  

S I4.O 78 8-3 13 .6  79 .5  6 .9  1.4 
ICW 1. 3 7.3 - -  1.2 7 .0  - -  - -  

The ac t iv i t ies  of a number  of dehydrogenases  in ex t r ac t s  of fresh yeas t  cells have  
a l r eady  been r epo r t ed  b y  SLONIMSKI AND HIRSCH x3 and  NOSSAL 12. The ac t iv i t ies  in 
ex t rac t s  of CO~-frozen cells (Table VI) d id  not  differ g rea t ly  from those  in fresh cells, 
except  t h a t  the  e thano l  and  mal ic  dehydrogenases  were s l igh t ly  less act ive.  Some 
differences are d e m o n s t r a t e d  more c lear ly  in Table  vii, which compares  the  d i s t r ibu t ion  
of severa l  enzymes  be tween  the  granules  and  su pe rna t a n t s  of ex t rac t s  from fresh and 
C02-frozen cells. The  d i s t r ibu t ion  of i soc i t r i c  dehydrogenase  was s imi lar  in bo th  t ypes  
of ex t rac ts .  Using c i t ra te  as subs t ra te ,  h igher  a c t i v i t y  was found in the  s u p e r n a t a n t  of 
frozen-cell  ex t rac t s  t han  in the  granules.  Aconi tase ,  which conver ts  c i t ra te  to  i s o c i t r a t e ,  

was also shown to have  h igher  a c t i v i t y  in the  s u p e r n a t a n t  of these ex t r ac t s  t h a n  in the  
granules.  This  suggests  t h a t  aconi tase  is more r ead i ly  de t ached  from the  granules  t h a n  
i soc i t r i c  dehydrogenase .  A larger  p ropor t ion  of the  t o t a l  e thanol  and  mal ic  dehydro -  
genase ac t iv i t ies  was loca ted  in the  s u p e r n a t a n t  in the  case of frozen-cell  ex t rac ts .  

TABLE VI 
DEHYDROGENASES IN DIALYSED WHOLE EXTRACTS OF FROZEN CELLS 

QMB values are means of at least four experiments. 

Subs#rate Additions QMB 

None [ o.i mg TPN < I 
/ o.I mg DPN 

Succinate - -  5 
Lactate - -  2 i 

o. i mg TPN 
isoCitrate o.i mg DPN 23 

o.ooi M MnCI 2 
0.00I M A-5-P 

L-Glutamate o. I mg TPN 2 i 
Ethanol o.i mg DPN 4 2 
L-Malate o.i mg DPN 2o 
Fuinarate o.I mg DPN 5 

Re[erences p. 5x2. 
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T:\ BI A~I VII 

I I I S T R I H U T I O N  O t ;  I) F t I V i ) R O G E N A S I ~ S  IN Z£XI ' !¢ \ tTI 'S  ( ) F  I :Ri ;~ ;J l  \ ) < l l  I"R()ZI '?~ CI ' .Li  lq 

CO:~ / r . :~ l  ctlls Fresh cells 

(,)MB ° o activity* ()MII ';,, activity* 

/)zalvsed due to Dildvsed due to 
Ora~tdcg ~t@t'I'nalt~ttl ~ra~ntlc,s GrdntcZgs s~@er~z~ttant ~t'a~t~dcs 

isoCitrate  I o.t mgTi 'N 25 J7 43 26 24 3t~ 
Citrate }-o.i mg "l'l>N 4.5 5.5 29 6. 3 2.2 6I 
L-Malate 2. o 4.9 15 5 ~ 4 ~ 6 
L-Malate I o. ~ mg I)I'N 4 ~ 's3** -'5 4 ° 3-t 39 
l'umarate ~ o.J mgDl>N 2.(; 7.3 17 5.o 4.S 36 
Ethanol < I < I 44 "~ T 7> 95 
Ethanol t ()i l mg I)I'N 30 ~3 tS O 4 37 4 S 

Dry wt (rag) -'-4 -t .~ 3--' o.o 

* The total activity of the granules, and similarly of the supernatant, is calculated as specific 
activity (QMB) X dry wt. 

granular activity X I oo 
The t)ercentage activity is thus . . . . . . .  : - 

granular activity ! supernatant activity 

** The apparent increase in total activity is due to loss of reoxidizing systems. 

I t  has a l ready been shown tha t  ntmleotide coenzymes are renloved from frozen 

cells by washing. This fact, toge ther  wi th  the values  recorded in Table VI I  for ethanol  

and malic  dehydrogenase  ac t iv i ty  wi thout  added coenzyme,  suggests tha t  the coenzyme 

originally a t tached  to these enzymes was lost on freezing. 

HUENNEKENS AND GREEN 14 described this  phenomenon for D P N  a t tached  to the 

malic  dehydrogenase  of animal  mitochondria ,  but  gave no detai ls  of their  method  of 

freezing. 
Both  e thanol  and malie dehydrogenase have  been shown to require D P N  in extracts  

of fresh yeast  12. In the dialysed superna tan t  from these extracts ,  malie dehydrogenase 
was par t ia l ly  sa tu ra ted  with  DPN.  However ,  D P N  did not seem to be associated with  

the enzyme in the granules of fresh cells, nor in the granules or dialysed superna tan t  of 

frozen cells. In  the la t te r  three cases, addi t ion of D P N  fully reac t iva ted  the enzyme. 

On the o ther  hand, i t  was in the granules of fresh cells, and not in tile dialysed super- 

na tant ,  t ha t  e thanol  dehydrogenase  was found to be par t ia l ly  sa tura ted  with DPN.  

Once again, D P N  did not  seem to be associated with  the enzyme in the granules or 
dialysed superna tan t  of frozen cells. Addi t ion  of D P N  also caused reac t iva t ion  of tile 
e thanol  enzyme.  I t  is suggested tha t  these facts can be explained by assuming a fairly 

stable enzyme-coenzyme complex which is d is rupted  by freezing or prolonged disinte- 
gration. D P N  binding wi th  crystal l ine yeast  alcohol dehydrogenasO 5 and with  3-phospho- 

g lycera ldehyde dehydrogenase 16 has been demonst ra ted .  
The systems which reoxidize methy lene  blue, causing a re turn  of colour, when 

fumara te  and mala te  are used as substrates  for fresh-cell ext rac ts  TM, did not seem to 

operate  in frozen-cell extracts ,  as no colour-return was ever  observed. Therefore the 
overal l  rates of decolorizat ion with these substrates  were usually greater  in frozen than  
in fresh cells. I t  is concluded tha t  tile reoxidizing systems were d is rupted  by  freezing. 
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T A B L E  V 1 I I  

FUMAR:kSE AND ACONITASE DISTRIBUTION IN FRESH AND FROZEN CELL EXTRACTS 

E a c h  v a l u e  is t h e  m e a n  of  t h r e e  c o m p l e t e  ser ies  of  e x p e r i m e n t s .  

CO~.-/rozen cells Fresh cells 

l"umarase A conitasc Fumarase Frac[l,,lt 

ll" 
S 
]l' 

h' 1I" 

A conitase 
Dry a't . . . . . . . . . . . .  Dry wt 
( rag)  5peci/ic Contribution Specific Contribution ( rag )  Specific Contribution Specific Contribution 

actwttc per ml W activity per ml W activity per ml W activity per ml W 

[5" I I 44 "tOO 43 650 t6 .3  156 2530 45 74 ° 
t 2. S r 02 - 050 5 ° ()3 o t 3. I 176 23 l O 5() 7a;O 
2.2 I IO 25o 2¢1 47 2.3 149 34 <3 35 8_' 
o. t5 > 2 o o  -tl > 25 -t o.o h igh*  41) h igh  7 

r m l  c a u s e d  a c h a n g e  in optical  d m l s i t y  of o.o.t0 p e r  ra in .  T h u s  t h e  a c t i v i t y  p e r  ml c a n  be 
c a l c u l a t e d ,  b u t  n(~t t h e  specif ic  a c t i v i t y .  

Data on the distribution in yeast extracts of the dehydrases fumarase and aconitase 
have been reported by HIRSCH 17 and NOSSAL 8,~. Table v l n  compares the distribution 
in extracts of fresh and frozen cells. The values designated "contribution" represent the 
change in optical density (x  IOa)/min/ml of the original whole extract. The activities 
of both enzymes were slightly lower in extracts of frozen cells than in those of fresh 
cells. The ratio of the contribution of granules to that of supernatant was lower in frozen 
than in fresh cells in each case, but this altered ratio was more pronounced with aconitase 
than with fumarase. 

Extracts of fresh cells were fractionated and the granules divided into two parts. 
One part was washed with 0.9% KC1 as usual and tested for enzyme activity. The other 
part was suspended in 0.9% KC1, frozen in dry-ice for 3o rain, thawed for I h at 2 °, 
and the granules resedimented. The activities of the supernatant KCI, and the granules 
after suspension, are recorded in Table IX. The high activities of fumarase and aconitase 
in the KC1 supernatant after freezing indicate solubilization of these enzymes by the 
treatment. Further, the total fumarase activity (per ml of original whole extract) of 
granules plus washings increased on freezing, possibly due to disruption of interfering 
systems ~2, whereas aconitase appeared to be inactivated. 

T.X ] ' I I ,E I X  

FUMARASF- XND ekCONI'fASE ACTIVITIES OI: GRANULES BEFOP, E kNI)  AFTER FREEZING 

Fumarase A conilase 

Fraction Dry wl. 
(rag) Specific Contribution Specific- Contributiou 

activity per ml IV activitr per ml W 

[ l  I 5 . 3  tO6 2 3 3  ° 4 0 - ' 5  
,W t 2 .5  I ,~0 2 3 3  ° 60 74 ° 
It' 2 . 0  1 2 8  3"t3 2 I 5-'  

h'll" ":" o . I  ~ .1oo . t8 > 9 ° 8 

F r o z e n  R ' . 5  65 152  0 t 4 

KC1  s u p e r n a t a n t  o . 5 3  r 3 6 5  5 7  ° 28  l 5 
a f t e r  f r e e z i n g  
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DISCUSSION 

Sudden freezing and subsequent thawing markedly affect the appearance of yeast 
cells. Two striking features are usually observable distortion or shrinkage of the cell 
outline and disappearance of the vacuole. No rupture of the external membrane could 
be observed. Many substances have been shown to diffuse out of frozen cells during 
washing, including pyridine nucleotides - -  even those which may have been attached 
to the cell constituents, such as cytoplasmic granules, before freezing. 

Freezing appears to have a disruptive effect on these granules, judging from the 
distributions of dry weight, enzyme activity, and coenzymes. I t  would therefore be 
expected to interfere with the integration of the granular enzyme complex. Thus it has 
been found that  oxidative phosphorylation, which occurs when succinate is oxidized 
by granules from fresh cell extracts, is abolished by freezing 18. Disintegration of yeast 
cells by means of our high-speed shaker solubilizes a number of enzymes 12, but freezing 
enhances this effect, as shown by comparison of fresh and frozen cells disintegrated for 
the same period. The distribution of enzymes in Io-sec extracts of frozen yeast tended 
to resemble that  in extracts of fresh yeast prepared by  disintegrating for longer periods. 
A study of aconitase has indicated that  it is very easily removed from its site on the 
granules, as has recently been found for animal mitochondria 19. This may be one reason 
why citrate is not an effective substrate for the granular isocitric dehydrogenase in our 
preparations. 

KREBS et al. 5 have dismissed the idea that  the tricarboxylic acid cycle is the major 
mechanism of acetate oxidation in yeast on the following grounds: (I) Thermal shock 
affects acetate and sueeinate oxidation differentially. However, the acetate oxidizing 
system is presumably an enzyme complex and is therefore, like cyclophorase, susceptible 
to freezing. The system catalysing the one-step oxidation of succinate, being very much 
simpler, would be expected to be much more resistant to various treatments,  as we have 
indeed found. (2) In  frozen cells, malonate inhibits the oxidation of succinate but not 
of acetate. I t  has been suggested 2° that  there may be different sites of acetate and 
succinate oxidation in frozen cells. Malonate may inhibit oxidation of added succinate 
by small granules (succinoxidase fragments split off respiratory granules by freezing) 
which are incapable of oxidizing acetate. In intact granules which will oxidize acetate, 
oxidation of the bound or "act ive" succinate produced is assumed not to be inhibited by 
malonate. The independence of the systems oxidizing acetate and succinate added at the 
same time seems likely from the strictly additive oxygen consumption (Tables 9 and 
IO of reference) 5. (3) Since added unlabelled succinate and a-ketoglutarate did not 
become radioactive during simultaneous oxidation of CHa14COOH, they were rnled out 
as intermediaries of acetate oxidation. Recent experiments 21 have shown that  this inter- 
pretation may not be valid when pooling between intermediaries and added carriers is 
restricted. Further,  we have found that  cell-free yeast extracts, when incubated with 
CH314COOH and oxalacetate, form citric, a-ketoglutaric, succinic, fumaric, and malic 
acids with high radioactivity 2~. These results are similar to those obtained with Micro-  
coccus lysodeikticus and Escherichia coli in noncarrier experiments ~2, 23, 2~. (4) I t  is claimed 
that,  apart  from fumarase and aconitase, the enzymes of the cycle show activities too 
low to account for the rate of acetate oxidation. The following observations indicate 
that  the enzymes have much higher activities than hitherto suspected. The fumarase 
activity of crushed frozen cells is 4-5 times higher than that  of intact frozen cells 2°, 
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indicating incomplete permeability in the latter. In cell-free extracts, malic and isocitric 
dehydrogenase activities are of the same order of magnitude as that of ethanol de- 
hydrogenase 12. The condensation of acetyl-coenzyme A with oxaloacetate is sufficiently 
rapid to account for acetate oxidation in fresh cells (LY'NEN25). Finally, fresh cells at 
pH 2.5 oxidize approx, o.I M fumaric acid rapidly 2° (Qo2 values of up to 25 did not 
represent a maximum) and extensively. 

It is thus possible to reinterpret the results of earlier work in such a way that  the 
tricarboxylic acid cycle is no longer excluded from being the major pathway of acetate 
metabolism in yeast. 
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S U M M A R Y  

I. Some changes  in t h e  s t r u c t u r e  and  m e t a b o l i s m  of y e a s t  cells which  occur  on freezing wi th  
solid CO S are  descr ibed.  

2. COs-frozen cells, bes ides  be ing  pe rmeab l e  to added  organic  acids,  lose organic  acids,  a m i n o  
acids,  pro te in ,  c a rbohyd ra t e ,  coenzymes  and  inorganic  sa l t s  w h e n  w a s h e d  w i th  w a t e r  or  buffer.  

3. The  ab i l i ty  of s u c h  cells to  respire  e t hano l  a n d  succ ina te  m a y  n o t  be  a rel iable gu ide  to t h e  
n o r m a l  m e t a b o l i s m  of t he se  subs t r a t e s ,  s ince  t he  r e sponse  to v a r y i n g  degrees  of  t e m p e r a t u r e - s h o c k  
differs accord ing  to t he  s t r a in  of bakers '  y e a s t  used .  

4. Freez ing  reduces  t h e  a m o u n t  of s e d i m e n t a b l e  ma te r i a l  in cell-free e x t r a c t s  p repa red  by  
u l t r a - r ap id  shak ing .  I n  th i s  respect ,  t h e  effects of f reezing resemble  those  ob ta ined  b y  d i s in t eg ra t ing  
f resh  cells for longer  periods.  Pa r t i a l  so lubi l iza t ion  of g r a n u l a r  fumarase ,  aconi tase ,  a n d  e thano l  
a n d  mal ic  d e h y d r o g e n a s e s  occurs ,  and  acon i t a se  is pa r t i a l ly  inac t iva ted .  

5. The  c o e n z y m e - i n d e p e n d e n t  e t hano l  and  mal ic  d e h y d r o g e n a s e  ac t iv i t ies  found  in e x t r a c t s  of 
f resh  y e a s t  are  l ack ing  in e x t r a c t s  of f rozen yeas t .  The  poss ib i l i ty  of coenzyme-b ind ing ,  t he  d i s rup t ive  
ac t ion  of t h e r m a l  shock  and  t he  evidence  for t he  pa r t i c ipa t ion  of the  t r icarboxyl ic  acid cycle in 
ace t a t e  ox ida t ion  by  bakers '  yeas t ,  are discussed.  

R#:S UML:: 

I. La  cong61ation pa r  CO 2 solide de cellules de levure  s ' a c c o m p a g n e  de modif ica t ions  d a n s  leur  
s t r u c t u r e  e t  leur  m6tabo l i sme .  

2. Ces cellules, ou t r e  qu 'e l les  s o n t  perm4ables  a u x  acides  o rgan iques  a jou tds  au  milieu,  p e r d e n t  
des  acides  o rgan iques ,  des aminoac ides ,  des prot6ines,  des  glucides,  des  coenzymes  et  des  sels m i n 6 r a u x  
q u a n d  elles s o n t  lavdes avec  de l ' eau  ou avec  un  t a m p o n .  

3. La  capaci t4  de ces cellules d ' o x y d e r  l ' 6 thano l  et  le succ ina t e  ne cons t i tue  pas  fo rc6ment  
u n  indice  st ir  du  m6 t abo l i sme  n o r m a l  de ces s u b s t r a t s ,  pu i sque  la rdponse  £ des  degr6s diff6rents  
de choc  de t e m p 6 r a t u r e  var ie  se lon la souche  de l evure  de boulanger ie  utilis6e. 

4. L a  cong61ation d i m i n u e  la q u a n t i t 6  de mat6r ie l  s6d imen tab l e  d a n s  les ex t r a i t s  acel lulaires  
pr6par6s  pa r  ag i t a t ion  u l t ra - rap ide .  A cet  6gard,  les effets de la cong61ation r e s semb len t  £ ceux  
q u ' o n  o b t i e n t  en  d 6 s i n t e g r a n t  des  cellules f ra iches  p e n d a n t  des t e m p s  p lus  longs.  On  observe  une  
so lubi l i sa t ion  par t ie l le  des  f umara se ,  aconi tase ,  6 thano l  et  ma l ique  d6shydrog6nases  g ranu la i r e s  et 
une  i nac t i va t i on  par t ie l le  de l ' acon i tase .  

5. Les  ac t iv i t4s  6 thano l  e t  ma l ique -d6shydrog6nas iques ,  i n d 6 p e n d a n t e s  du coenzyme,  que  l 'on 
t r o u v e  d a n s  les ex t r a i t s  de l evures  fraiches,  d i spa ra i s sen t  d a n s  les ex t r a i t s  de l evures  congel6es.  
La  possibil i t6 d ' u n e  f ixa t ion  du  coenzyme ,  Fac t ion  d i s rup t r ice  du choc t h e r m i q u e  et  la p reuve  d ' u n e  
pa r t i c ipa t ion  du  cycle de l 'ac ide t r i ca rboxy l ique  au  cours  de l ' o x y d a t i o n  de l ' ac6 ta te  pa r  la levure  
de bou langer ie  s o n t  discut6es.  
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Z U S A M M E N F A S S U N G  

I. E in ige  Verf inderungen in der ~qtruktur und  im Stoffwechsel  yon Hefezellen werden  be- 
schrieben,  die a u f t r e t e n  nach Gefrieren m i t  fes ter  CO e. 

2. CO2-gefrorene Zellen werden  n ieh t  nu t  fiir h inzugef i ig te  organische  SSuren permeabe l ,  sondern  
ver l ieren be im \Vaschen m i t  \Vasser  oder  Puffer orgauische  Stmren, Aminosi iuren,  Eiweiss ,  l (ohlen-  
h y d r a t e ,  Coenzyme und organ isehe  Salz¢'. 

3. Die F~thigkeit solch~r Zellen, Alkoho] und Succ ina t  zu ve ra t lnen ,  nlag kein zuverlSssiger  
F i ih re r  zu deln n o r m a l e n  Stoftwechsel  dieser  S u b s t r a t e  sein, da  die A n t w o r t  auf  versch iedene  Grade 
des Temperaturs , , ;hocks verschieden i s t  je m~ch der Ar t  der  beml t z t en  Biickerhefe.  

4. Das  Gefrieren r eduz ie r t  die Menge des s e d i m e n t i e r b a r e n  Mate r ia l s  in zellfreien E x t r a k t e n ,  
die durch  " u l t r a - r a p i d "  Schf i t te ln  herges te l l t  wurden.  In dieser  [{insicht  g le icht  die Gef r i e rwi rkung  
den \Vi rkungen ,  die durch langes  I ) is in tegr ieren frischer Zelhm orhal ten  werden.  I~2ine te i lweise  
Aufl6sung der granul~iren Fumarase ,  \ c o n i t a s e  und : \ l k o h o f  \\iv ";~pfels~hlre-Dehydrogenase t r i t t  ein, 
und  die Acon i t a se  ist te i lweise  i n a k t i v i e r t .  

5. Die Akt iv i t{ i ten  der Coenzynl  unal~h~ingi~en Alkohol-  trod Apfels~iure-Dehydrogenase ,  die 
in fr ischen Hefe-J*Zxtrakten ge funden  werden,  fehlen in E x t r a k t e n  der  gefrorenen Here. Die MOglich- 
ke i t  e iner  Coenzynrb indung,  die spa l t endc  W i r k u n g  der the rn l i schen  Schocks und  (lie Beweise fiir 
eine T e i h l a h m e  des Tr icarbons~iurezyklus  bei der A c e t a t o x y d a t i o n  durch die Bi ickerhefe  werden  
d i sku t i e r t .  

REFERI£NClr .S  

I E. J. CON\VAY AND M. DOWNF.Y, Billckl!m. J., 47 (r95 o) 282. 
2 I7  LYNEN AND N. ~NVECIULLAH, Afl1~., 54 t ( I939)  2O3. 
3 H.  XVIELAND, K.  RAUSCH AND A. I 5". "I'HOMPSON, ~tHIl., 521 (1936) 214. 
¢ S. BL,kCK, A~'ct~. Biochem., 34 ( i95 I) 86. 
5 H. A. KREBS, S. GURI?," AND L. V. EOGLESTON Biochem. J., 51 (r952) 614 . 
6 p.  M. NOSSAL, A~tstral. J. Exp.  Biol. 3ted. Sci., 3t (19.53) 583 . 
7 1"2. RACKER, Biochim. Biophys. dcta, 4 (195 °) 211. 
8 p.  M. NOSSAL, Biochim. Biophys. dcta, I I  (1953) 596. 
9 S. P.  COLOVVICK, N. O. KAPLAN AND ~I. ~{. CIOrTI, J .  Biol. Chem., I91  (1951) 447- 

10 A. J. HODGE, H. E. HUXLEY AND D. SPIRO, .[. Hislol. altd Cylol., 2 (1954) 54. 
11 G. E. PALAI)E, J. Exp. Med., 95 (I95 z) 285. 
12 p.  M. NOSSAL, Biochem. J., 57 (1954) 62. 
18 p.  p.  SLONIMSKI AND U. M. HIRSCH, Compt. re~d., 235 (1952) 74 I. 
14 F. M. HVENNEKENS AND D. E. GREEN, Arch. Biochem., 27 0 9 5  ° ) 478 • 
15 j .  E. HAYES Jr.  AND S. F. VELICK, , l .  Biol. Chem., 207 (1954) 225. 
16 S. F. VELICK, J. E. HAYES Jr. AND J. HARTI.X(;, ,l. Biol. Chem., 2o 3 (1953) 527 
17 H. M. HIRSCH, Biochim. Biophys. Acla, 9 (1952 ) 674. 
~s M. F. UTTER A,XD D. B. KEECH, un tmbl i shed  observa t ions .  
19 S. R. D~CKMAN AND J ,  F. SPEMER, .It. Biol. Chem., 206 (1954) 67- 
20 p.  M. NOSSAL, Ph.D.  Thesis, U n i v e r s i t y  of Sheffield. 
21 p. M. NOSSAL, Biochim. Biophys. Acla, 15 (1954) 594. 
22 H. J. SAZ AND L. O. KRAMPITZ, ,]. BacL, 67 (1054) 4o9 . 
28 H. E. SWIM AND L. O. KRAMPII"Z, J .  thtct., 67 (~954) 419 • 
24 H.  E .  SWIM AND g .  O. KRAMPITZ, ft .  ]~[lCl., 67 (195.t) 42(;. 
25 F. LYNEN, persona l  c o m m u n i c a t i o n .  

Received October e8th, 1954 


