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L 

1 .  F a t t y  a c i d  desaturase mutant yeas t  c e l l s  have been en r i ched  
w i t h  2 f a t t y  a c i d s  hav ing s u b s t a n t i a l l y  d i f f e r e n t  p h y s i c a l  prop-  
e r t i e s .  
2. D i f f e r e n c e s  i n  f a t t y  a c i d  compos i t i on  a r e  r e f l e c t e d  i n  t h e  
ESR determined phase t r a n s i t i o n s  and t h e  f r e e z e - f r a c t u r e  morphol- 
ogy o f  t h e  t o n o p l a s t .  
3 .  I n  these c e l l s ,  f a t t y  a c i d  compos i t i on ,  r a t h e r  than t h e  po- 
s i t i o n  o f  t h e  phase t r a n s i t i o n  r e l a t i v e  t o  growth temperature,  
appears t o  be the  more impor tant  v a r i a b l e  i n  de te rm in ing  membrane 
mo rpho 1 ogy . 
4 .  The f r e e z i n g  process used i n  t h e  f r e e z e - f r a c t u r e  techn ique  
does n o t  appear t o  cause a demix ing o f  t h e  l i p i d  components o f  
t h e  membrane. 

1 I I NTRODKTI ON 

One approach t o  s t u d y i n g  t h e  o r g a n i z a t i o n  o f  membranes i s  t o  modi fy  t h e i r  com- 
p o s i t i o n  and s tudy t h e  e f f e c t  o f  t h i s  m o d i f i c a t i o n  on the  s t r u c t u r a l  and func-  
t i o n a l  c h a r a c t e r i s t i c s  o f  t he  membrane. Membranes o f  v a r y i n g  f a t t y  a c i d  com- 
p o s i t i o n  have been produced i n  yeas t  (1 , 2 ) ,  Mycoplasrna ( 3 )  and Escherichia 
coZi ( 4 , 5 ) .  The e f f e c t  o f  f a t t y  a c i d  composi t ion on the  p h y s i c a l  s t a t e  and 
s t r u c t u r e  o f  these membranes has been s t u d i e d  by a v a r i e t y  o f  techniques,  i n -  
c l u d i n g  e l e c t r o n  s p i n  resonance (ESR) ( 2 , 6 ) ,  x-ray d i f f r a c t i o n  ( 7 , 8 ) ,  d i f f e r -  
e n t i a l  scanning c a l o r i m e t r y  ( 9 , l O )  and e l e c t r o n  microscopy (6,111. A f i n d i n g  
common t o  many o f  these s t u d i e s  i s  t h e  d e t e c t i o n  o f  a phase t r a n s i t i o n  i n  mem- 
branes when t h e i r  composi t ion i s  s u f f i c i e n t l y  en r i ched  i n  a p a r t i c u l a r  f a t t y  
a c i d .  

The p resen t  s tudy at tempts t o :  1) produce yeast  membranes w i t h  a h i g h  
enrichment i n  2 f a t t y  ac ids  w i t h  d i f f e r e n t  p h y s i c a l  p r o p e r t i e s ,  2 )  c h a r a c t e r i z e  
t h e  phase t r a n s i t i o n s  o f  these membrane u s i n g  ESR probes,  3)  analyze t h e  mor- 
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phology o f  t h e  membranes by f r e e z e - f r a c t u r e  e l e c t r o n  microscopy and 4) d e t e r -  
mine whether any changes i n  f r e e z e - f r a c t u r e  morphology a r e  t h e  d i r e c t  r e s u l t  
o f  t he  a l t e r e d  f a t t y  a c i d  compos i t i on  o r  t h e  r e s u l t  o f  t h e  a l t e r e d  phase t r a n -  
s i t i o n .  

f a t t y  a c i d  enr ichments because t h e i r  p h y s i c a l  p r o p e r t i e s  d i f f e r  s u b s t a n t i a l l y .  
S t e a r o l i c  a c i d  has a m e l t i n g  p o i n t  o f  about 45" ,  a t h i n - l a y e r  chromatographic 
(TLC) R f  o f  0.30 on S i l i c a  Gel-G u s i n g  c h l o r o f o r m  as a moving phase, and a 
r e l a t i v e  r e t e n t i o n  t i m e  o f  4.0 r e l a t i v e  t o  p a l m i t i c  a c i d  ( I 8 : I Y 9  t i m e / l 6 : 0  t ime)  
by gas l i q u i d  chromatography (GLC). L i n o l e n i c  a c i d  has a m e l t i n g  p o i n t  o f  - l o " ,  
an R f  o f  0.8 u s i n g  t h e  same TLC c o n d i t i o n s  and a r e l a t i v e  GLC r e t e n t i o n  t i m e  
o f  about 2.0. Consequently, i t  was expected t h a t  enr ichment  i n  e i t h e r  o f  these 
f a t t y  ac ids  would r e s u l t  i n  yeast  c e l l s  whose membranes would have ve ry  d i f -  
f e r e n t  p r o p e r t i e s .  

S t e a r o l i c  a c i d  (18:1'9) and l i n o l e n i c  a c i d  (18:39912*15)  were chosen as 

2, METHODS 

(a)  Organism 

A genera l  c h a r a c t e r i z a t i o n  o f  t h e  yeas t  f a t t y  a c i d  d e s a t u r a t i o n  mutant 
ole-1 (KD115) has been c a r r i e d  o u t  (1,12,13) and w i l l  n o t  be desc r ibed  here.  
A l i q u o t s  were removed f rom l i q u i d  c u l t u r e s  a t  s t a t i o n a r y  phase and p l a t e d  on to  
g rowth -suppor t i ng  media. The r e s u l t i n g  c o l o n i e s  were r e p l i c a  p l a t e d  o n t o  min- 
imal p l a t e s  t o  determine i f  any o f  these were r e v e r t a n t s .  

(b)  ChernicaZs 

S t e a r o l  i c  a c i d ,  9-octadecynoic  a c i d  ( l 8 : I E g ) ,  was purchased f rom Lachat 
Chemicals, I nc . ,  Chicago He igh ts ,  I l l .  I t  was 99% pure o r  b e t t e r  as d e t e r -  
mined by g a s - l i q u i d  chromato raphy o f  t h e  methyl e s t e r .  A l l  c is,9,12,15-octa- 
d e c a t r i e n o i c  a c i d  ( 1 8 : 3 9 * 1 2 9 q 5  a l l  c i s )  was a p roduc t  o f  t h e  Hormel I n s t i t u t e ,  
A u s t i n ,  Minn. The p u r i t y  was desc r ibed  as 99% o r  b e t t e r  and was n o t  f u r t h e r  
t e s t e d .  T e r g i t o l  NP-40, a n o n - i o n i c  de te rgen t ,  was ob ta ined  f rom Union Carbide 
Corp., I n s t i t u t e ,  W. Va. 

( c )  Cultures 

The d e s a t u r a t i o n  mutant oZe-1 was grown i n  40 m l  o r  200 m l  o f  medium i n  
s ide-arm Erlenmeyer f l a s k s  ae ra ted  by shaking.  Three b a s i c  media, a l l  w i t h  1 %  
T e r g i t o l  NP-40 were used: I )  YNBD (0.67% yeast  n i t r o g e n  base and 2% d e x t r o s e ) ;  
2 )  YNBL (0.67% yeast  n i t r o g e n  base and 1 %  DL-sodium l a c t a t e ,  pH 5.8-6.5 ad- 
j u s t e d  w i t h  K2HPO4); 3)  YEPD ( 1 %  yeast  e x t r a c t ,  2% peptone and 2% d e x t r o s e ) .  
These media were supplemented w i t h  2 x M s t e a r o l i c  o r  I i n o l e n i c  a c i d  t o  
produce en r i ched  c e l l s .  (Except ion:  w i t h  t h e  YEPD medium, M s t e a r o l i c  
a c i d  was r e q u i r e d  f o r  enr ichment . )  F lasks were i nnocu la ted  w i t h  about l o 5  
c e l l s  pe r  m l  and incubated a t  30". A t  v a r i o u s  p o i n t s  up t o  mid l og  phase some 
f l a s k s  were s h i f t e d  t o  18" .  C e l l s  were harvested by c e n t r i f u g a t i o n  a t  va r ious  
t imes f rom mid l og  phase t o  l a t e  s t a t i o n a r y  phase. The c e l l s  were washed once 
w i t h  1 %  T e r g i t o l  and once w i t h  d i s t i l l e d  wa te r  and then used f o r  f a t t y  a c i d  
a n a l y s i s ,  ESR spectroscopy o r  f r -=-etch ing.  Dur ing ha rves t  and u n t i l  s t a r t i n g  
ESR o r  f r e e z i n g  the  organisms were ma in ta ined  a t  t h e i r  growth temperature.  

( d )  Electron spin resomnee 

Molecu la r  mot ion i s  repo r ted  as T~ an i m p e r i c a l  mo lecu la r  mot ion param- 
e t e r  which was c a l c u l a t e d  f rom t h e  exp ress ion  
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F i g .  1 .  Arrhenius plots of the ESR data of 12NS ZabeZed 
o l e - I  mutants suppzemented with steroZic acid (19:1'91. 
represent  data f rom seve ra l  exper iments.  The growth c o n d i t i o n s  
and f a t t y  a c i d  a n a l y s i s  f o r  each exper iment  i s  g i ven  i n  Table 1 ,  
A - F .  

A-F 

where t h e  numer ica l  v a l u e  o f  K i s  un impor tan t  f o r  r e l a t i v e  va lues,  W i s  l i n e  
w i d t h ,  h i s  l i n e  h e i g h t  and 1 ,  0 ,  and - 1  r e f e r  t o  low, mid,  and h i g h  f i e l d  
l i n e s .  The d e r i v a t i o n  o f  t h e  equa t ion  employs t h e  s p e c t r a l  parameters o f  
G r i f f i t h  et aZ. (14)  and L o r e n t z i a n  l i n e  shapes and i s  based on work by K i v e l -  
son (15) .  The d e r i v a t i o n  i s  i d e n t i c a l  t o  t h a t  r e p o r t e d  by Henry and K e i t h  (2 ) .  

A Va r ian  model 4500 e l e c t r o n  paramagnetic resonance spect rometer  was used. 
Th is  i ns t rumen t  was equipped w i t h  a Var ian  temperature accessory c a l i b r a t e d  
w i t h  an i r o n  cons tan tan  thermocouple accu ra te  t o  app rox ima te l y  51.5". A de- 
t e c t a b l e  d e s t r u c t i o n  o f  t h e  s p i n  l a b e l  immediately a f t e r  l a b e l i n g  i n d i c a t e s  
t h a t  t h e  methyl e s t e r  o f  12NS pene t ra tes  the  c e l l  q u i c k l y  a l l o w i n g  i nco rpo ra -  
t i o n  i n t o  a l l  membranes. 

(e) Chromatography 

Gas l i q u i d  chromatography was performed on t h e  methy l  e s t e r s  o f  t h e  i so -  
l a t e d  f a t t y  ac ids  employing a Var ian  Aerograph Model 600-0 a n a l y t i c a l  i n s t r u -  
ment as repo r ted  elsewhere ( I ) .  
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( f )  Freeze-fracture and E.M.  

Samples f r o m  t h e  washed p e l l e t s  were p i p e t t e d  o n t o  3 mm ca rdboard  d i s c s .  
The d i s c s  were t h e n  quenched i n  l i q u i d  f r e o n  c o o l e d  by l i q u i d  N 2 ,  and s t o r e d  
i n  l i q u i d  N2. Samples were f r e e z e - f r a c t u r e d  on a B a l z e r s  appara tus  a t  -110" 
w i t h  no e t c h i n g  (16,18) .  R e p l i c a s  o b t a i n e d  i n  t h i s  way were s e r i a l l y  t r e a t e d  
w i t h  20, 40 and 70% s u l f u r i c  a c i d  t o  remove c e l l u l a r  d e b r i s ,  washed, and then  
viewed i n  a Siemens Elmskop 1 u s i n g  d i r e c t  m a g n i f i c a t i o n s  o f  4,000 t o  24,000. 
A l l  f r a c t u r e  faces  a r e  convex s u r f a c e s  and shadows a r e  f r o m  b o t t o m  t o  t o p .  

3, RESULTS 

(a )  ESR and fatty acid enrichment 

ESR and ch romatog raph ic  d e t e r m i n a t i o n s  were c a r r i e d  o u t  on 23 c u l t u r e s  
supplemented w i t h  s t e a r o l i c  a c i d .  F i g .  1 shows r e p r e s e n t a t i v e  examples o f  
A r r h e n i u s  p l o t s  o f  8 c u l t u r e s  w h i c h  were i n  v i t r o  s p i n - l a b e l e d  w i t h  t h e  m e t h y l  
e s t e r  o f  12NS. The g rowth  c o n d i t i o n s  and f a t t y  a c i d  c o m p o s i t i o n  o f  t hese  c u l -  
t u r e s  a r e  shown i n  T a b l e  l ,  A-F. The f a t t y  a c i d  c o m p o s i t i o n  (Tab le  l )  shows 
c o n s i d e r a b l e  v a r i a t i o n  as  i s  r e f l e c t e d  i n  t h e  A r r h e n i u s  p l o t s  ( F i g .  I ) .  These 
show v a r i a t i o n  i n  t h e  a b s o l u t e  T~ va lues  and i n  t h e  A r r h e n i u s  d i s c o n t i n u i t i e s  
wh ich  v a r i e d  between 22" and 30". A r r h e n i u s  p l o t s  shown i n  F i g .  1 A ,C ,D ,E ,  
and F a l l  have t h e  same g e n e r a l  shape, and r e p r e s e n t  samples h a v i n g  a s t e a r o l i c  
a c i d  c o m p o s i t i o n  g r e a t e r  t h a n  50%. The t y p e  o f  c u l t u r e  whose A r r h e n i u s  p l o t  
i s  shown i n  F i g .  1B (O), o c c u r r e d  4 t imes  o u t  o f  23 and had s t e a r o l a t e  e n r i c h -  
ments r a n g i n g  f r o m  12% t o  45% w i t h  a r e l a t i v e l y  h i g h  p r o p o r t i o n  o f  p a l m i t i c  
and/or  s t e a r i c  a c i d .  The t y p e  o f  c u l t u r e  shown i n  F i g .  1 B  (a), o c c u r r e d  
t w i c e  and t e s t s  showed them t o  be  r e v e r t a n t s .  The f a t t y  a c i d  c o m p o s i t i o n  
(Tab le  I B ,  0 )  shows r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  o f  p a l m i t o l e i c  and o l e i c  
a c i d s  w h i c h  a r e  r e f l e c t e d  i n  t h e  l i n e a r i t y  o f  t h e  A r r h e n i u s  p l o t .  The h i g h -  
e s t  en r i chmen t  i s  i n  sample D (01, and was o b t a i n e d  by s t e a r o l a t e  supplemen- 
t a t i o n  o f  w i l d  t y p e .  T h i s  h i g h  en r i chmen t  i s  r e f l e c t e d  i n  t h e  d i s c o n t i n u i t y  
o f  t h e  A r r h e n i u s  p l o t  ( F i g .  I D ,  a). N e i t h e r  t h e  t y p e  o f  g rowth  medium n o r  
t h e  g rowth  tempera tu re  appeared t o  i n f l u e n c e  t h e  f a t t y  a c i d  c o m p o s i t i o n  o r  t h e  
A r r h e n i u s  p l o t s  o f  s t e a r o l a t e  supplemented c e l l s .  

supplemented w i t h  l i n o l e n i c  a c i d .  F i g .  2 shows r e p r e s e n t a t i v e  examples o f  
A r r h e n i u s  p l o t s  o f  7 c u l t u r e s  wh ich  were in u i t r o  s p i n - l a b e l e d  w i t h  t h e  me thy l  
e s t e r  o f  12NS. The g r o w t h  c o n d i t i o n s  and f a t t y  a c i d  c o m p o s i t i o n  o f  t h e s e  c u l -  
t u r e s  a r e  shown i n  T a b l e  l, G-L. As i n  t h e  case o f  s t e a r o l a t e  supplemented 
c u l t u r e s ,  t h e r e  i s  v a r i a t i o n  i n  t h e  f a t t y  a c i d  c o m p o s i t i o n  (Tab le  I ,  G-L) ,  and 
t h i s  i s  r e f l e c t e d  i n  t h e  v a r i a t i o n  o f  t h e  d i s c o n t i n u i t i e s  i n  A r r h e n i u s  p l o t s  
( 8 " - 1 2 " ) ;  however,  t h e r e  i s  n o t  as much v a r i a t i o n  i n  t h e  a b s o l u t e  T~ va lues .  
A r r h e n i u s  p l o t s  i n  F i g s .  2G, H, J ,  K and L a l l  have t h e  same genera l  shape and 
r e p r e s e n t  samples w i t h  l i n o l e n a t e  r e p r e s e n t i n g  g r e a t e r  t h a n  50% o f  t h e  t o t a l  
f a t t y  a c i d s .  F i g .  21 was t h e  o n l y  case o f  t h e  25 l i n o l e n a t e  e n r i c h e d  prepa-  
r a t i o n s  ana lyzed  where t h e  A r r h e n i u s  l i n e  has a l ower  a c t i v a t i o n  energy f o r  
t empera tu res  below t h e  i n t e r c e p t .  The c e l l s  f r o m  t h i s  exper imen t  a l s o  had a 
h i g h  p r o p o r t i o n  o f  p a l m i t a t e  and a l o w  p r o p o r t i o n  o f  l i n o l e n a t e  (Tab le  1 ) .  
N e i t h e r  t h e  t y p e  o f  g r o w t h  medium n o r  t h e  g rowth  tempera tu re  appeared t o  i n -  
f l u e n c e  t h e  f a t t y  a c i d  c o m p o s i t i o n  o r  t h e  A r r h e n i u s  p l o t s  o f  l i n o l e n a t e  sup- 
p lemented c e l l s .  

show an A r r h e n i u s  p l o t  l i n e  shape wh ich  i s  c h a r a c t e r i s t i c  o f  t h a t  p a r t i c u l a r  
supplement .  C u l t u r e s  w h i c h  show poor  en r i chmen t  have A r r h e n i u s  p l o t s  o f  d i s -  
t i n c t l y  d i f f e r e n t  shape. 

P r e l  i m i n a r y  ESR exper imen ts  were pe r fo rmed  t o  de te rm ine  t h e  e f f e c t  o f  
r a p i d  f r e e z i n g  on t h e  s t r u c t u r e  o f  a 2 component system because P h i l l i p s  et 
aZ. (17) have suggested t h a t  f r e e z i n g  o f  specimens may cause a demix ing  o f  

ESR and ch romatog raph ic  d e t e r m i n a t i o n s  were c a r r i e d  o u t  on 25 c u l t u r e s  

I n  g e n e r a l ,  c u l t u r e s  w i t h  h i g h  en r i chmen t  i n  t h e  f a t t y  a c i d  supplement 
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F i g .  2 .  Arrhenius p l o t s  o f  t he  ESR data of 22NS ZabeZed 
o l e - I  yeas t  m t a n t s  suppZemented w i t h  ZinoZenic ac id  ( 1 8 : 3 9 ~  l 2 > l 5  
aZZ c i s ) .  G-L represent  data f rom seve ra l  exper iments.  The 
growth c o n d i t i o n s  and f a t t y  a c i d  a n a l y s i s  f o r  each experiment i s  
g i ven  i n  Table I ,  G-L. 

components as each passes through i t s  separate phase t r a n s i t i o n  ( l i q u i d  t o  
c r y s t a l l i n e ) .  One mmole 12NS i n  Hormel s t e a r i c  a c i d  (18:0, 93% pure)  g i ves  a 
c l e a r  l i n e  s i g n a l  above t h e  m e l t i n g  p o i n t  o f  1 8 : O .  A t  temperatures below t h e  
m e l t i n g  p o i n t  o f  18:0, t he  12NS shows d r a s t i c  exchange broadening i n d i c a t i n g  
t h a t  some 12NS molecules have c o l l e c t e d  i n  i m p u r i t y  poo ls .  When a s i m i l a r  
sample above t h e  phase t r a n s i t i o n  o f  1 8 : O  was r a p i d l y  cooled t o  -80" under con- 
d i t i o n s  s i m i l a r  t o  those employed i n  the  f r e e z e - f r a c t u r e  technique,  t he  12NS 
s i g n a l  was h i g h l y  immobi l ized b u t  n o t  exchange broadened. Subsequent warming 
o f  t h i s  sample t o  40" r e s u l t e d  i n  t h e  gradual  exchange broadening o f  t h e  12NS 
s i g n a l  over  about 15 min. These r e s u l t s  c o n f i r m  t h a t  heterogeneous l i p i d  mix-  
t u r e s  tend t o  separate d u r i n g  slow c o o l i n g .  However, r a p i d  c o o l i n g  o f  m ix tu res  
under c o n d i t i o n s  employed i n  f r e e z e - f r a c t u r e  does n o t  appear t o  r e s u l t  i n  a 
separa t i on  o f  components. 
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F igs .  3 and 4. Freeze-fractured plasmalemas of whole yeast 
cells enriched in stearolate (Fig. 3 )  and linolenate (Fig. 4 ) .  
A )  C e l l s  grown a t  18"; B) c e l l s  grown a t  30 " .  

(b)  Freeze-fracture 

F r e e z e - f r a c t u r e  o f  whole yeas t  c e l l s  e n r i c h e d  w i t h  s t e a r o l a t e  or  l i n o -  
l ena te ,  and grown a t  30" and 18", revealed d e t e c t a b l e  and c l e a r - c u t  d i f f e r e n c e s  
i n  b o t h  the  plasmalemma and the  t o n o p l a s t .  Except as noted,  t h e  genera l  mor- 
phology o f  t h e  f r e e z e - f r a c t u r e d  whole yeast  c e l l s  was s i m i l a r  t o  t h a t  repo r ted  
by o t h e r  workers (18-20) and i s  t h e r e f o r e  n o t  desc r ibed .  

o l a t e  ( F i g .  3)  and 1 i n o l e n a t e  (F ig .  4 ) .  I n  each case, t h e  c e l l  w a l l  has been 
f r a c t u r e d  away, and t h e  plasmalemma has f r a c t u r e d  so as t o  revea l  t he  membrane 
face  c h a r a c t e r i s t i c  o f  t he  f r e e z e - f r a c t u r e  technique ( l 6 , 2 l ) .  Table 2 sum- 
marizes t h e  f e a t u r e s  o f  the plasmalemmas shown i n  F i g s .  3 and 4 ,  t he  ESR da ta  
i n  F i g s .  1 and 2 ,  and the  f a t t y  a c i d  enr ichment  i n  Table 1 .  Table 2, F i g s .  3 
and 4 show t h a t  growth temperature determines t h e  morphology o f  t he  plasma- 
lemma; e q u a l l y  impor tant  i s  t he  o b s e r v a t i o n  t h a t  plasmalemmas f rom c e l l s  grown 
above and below t h e i r  phase i r d i i s i t i u i i  s i w w  no d a i e c t a b l e  f r e e z e - f r a c t u r e  d i f -  
ferences.  They a l s o  show t h a t  a t  30" t h e  f a t t y  a c i d  composi t ion has a minor  
e f f e c t  on plasmalemma morphology. 

F i g s .  3 and 4 show f r e e z e - f r a c t u r e d  whole yeas t  c e l l s  en r i ched  w i t h  s t e a r -  
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F igs .  5 and 6 .  Freeze-fractured tonoplasts ofwhoZe yeast  
cells enriched in stearolate (Fig. 5) and linolenate (Fig. 6). 
A )  C e l l s  grown a t  18" ;  B )  c e l l s  grown a t  3 0 " .  

F i g s .  5 and 6 show f r a c t u r e  faces o f  t o n o p l a s t s  i n  yeast  c e l l s  en r i ched  
w i t h  s t e a r o l a t e  ( F i g .  5 )  and l i n o l e n a t e  ( F i g .  6 ) .  I n  each case t h e  vacuole 
shown i s  con ta ined  w i t h i n  a whole yeast  c e l l  and has f r a c t u r e d  so as t o  revea l  
t h e  membrane face  c h a r a c t e r i s t i c  o f  t h e  f r e e z e - f r a c t u r e  technique (16,21) .  
Table 3 summarizes the  morphologies o f  t h e  t o n o p l a s t s  i n  F igs .  5 and 6, t h e  
ESR d a t a  i n  F igs.  1 and 2 and t h e  f a t t y  a c i d  enrichment i n  Table 1 .  Table 3 ,  
and F i g s .  5 and 6 show t h a t ,  i n  c o n t r a s t  t o  t h e  plasmalemma, t h e  most impor tan t  
parameter i n  de te rm in ing  vacuole membrane morphology i s  t h e  f a t t y  a c i d  sup- 
plement r a t h e r  than growth temperature. However, t he  degree t o  which p a r t i c l e s  
a r e  aggregated does increase s l i g h t l y  above t h e  phase t r a n s i t i o n ,  and about 
10% o f  t he  t o n o p l a s t  f r a c t u r e  faces f rom s t e a r o l a t e - e n r i c h e d  c e l l s  grown a t  
30" a r e  unique i n  t h a t  they e x h i b i t  l a r g e  f l a t t e n e d  areas w i t h  p a r t i c l e s  con- 
f i n e d  t o  the  r i d g e s  d e f i n i n g  the  f l a t t e n e d  areas.  I n  some, the  p a r t i c l e s  were 
arranged i n  hexagonal a r r a y s .  

When t h e  s t e a r o l a t e  enrichment was poor ,  due t o  r e v e r t a n t s , ( T a b l e  I B ,  0 )  
and a l a r g e  amount o f  o t h e r  unsa tu ra tes  were p resen t ,  t h e  p a r t i c l e s  were d i s -  
persed as i n  F i g .  6.  I f  enrichment was poor i n  non - reve r tan ts  and l i t t l e  o r  
no unsa tu ra tes  were p resen t  (Table l B , O ) ,  t h e  p a r t i c l e s  aggregated as i n  F i g .  
5. 
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TABLE 2 

Data s m a r y ,  pZasmalema 

Parameter Growth temperature 
I 8" 30" 

S t e a r o l a t e  enr ichment  

Phase t r a n s  i t i o n  

Growth ternperat u r e  

P a r t i c l e s  

l n v a g i n a t i o n s  

L i n o l e n a t e  enrichment 

Phase t r a n s i t i o n  

Growth temperature 

P a r t i c l e s  

l n v a g i n a t i o n s  

76% 

25" 

Below t r a n s i  t i o n  

Random o n l y  

Rare 

7 3 %  
9"  

Below t r a n s i t i o n  

Random o n l y  

Rare 

53% 
28" 

Above t r a n s  i t i o n  

I n  hexagonal a r r a y s  
and random 

Frequent, narrow 

72% 

10" 

Above t r a n s  i t i  on 

I n  hexagonal a r r a y s  
and random 

Frequent, broad 

TABLE 3 

Data summary, tonoplasts 

Pa rame t e r Growth tempera t u r e  
18" 30" 

S t ea ro  1 a t e  en r i chmen t 76% 

Phase t r a n s i t i o n  25' 

53% 
28" 

Growth tempera t u r e  Below t r a n s i t i o n  Above t r a n s  i t i  on 

Re1 i e f  I r r e g u l a r  I r r e g u l a r ,  many w i t h  
l a r g e  f l a t t e n e d  areas 

P a r t i c l e s  Aggregated Very aggregated 

L i n o l e n a t e  enr ichment  73% 72% 

Phase t r a n s  i t i  on 9" 10" 

Growth temperature Above t r a n s i t i o n  Above t r a n s i t i o n  

Re1 i e f  I r r e g u l a r  I r r e g u l a r  

P a r t  i c l e s  Random Random 
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4, DISCUSSION 
Using f a t t y  a c i d  desaturase mutants ,  we have grown yeast  c e l l s  whose mem- 

branes a r e  en r i ched  w i t h  e i t h e r  s t e a r o l a t e  or  l i n o l e n a t e .  The f a t t y  a c i d  en- 
r ichment  o f  these membranes i s  r e f l e c t e d  i n  t h e i r  ESR spec t ra ,  t h e i r  phase 
t r a n s i t i o n s  and i n  t h e i r  s t r u c t u r a l  f e a t u r e s ;  f a t t y  a c i d  composi t ion,  r a t h e r  
than t h e  p o s i t i o n  o f  t h e  phase t r a n s i t i o n  r e l a t i v e  t o  growth temperature,  ap- 
pears t o  be t h e  more impor tan t  v a r i a b l e  i n  de te rm in ing  membrane morphology. 

The use o f  a s p i n  l a b e l  mo t ion  parameter o f f e r s  a convenient  and s i m p l e  
method f o r  obse rv ing  phase t r a n s i t i o n s  i n  samples o f  mo lecu la r  dimensions. 
We have d e f i n e d  a phase t r a n s i t i o n  as a n o n - l i n e a r i t y  o f  a s p i n  l a b e l  mo t ion  
parameter d i sp layed  on an Arrhenius p l o t  and t r e a t  t h i s  as a phenomenon, w i t h -  
o u t  f u r t h e r  q u a n t i t a t i v e  d e s c r i p t i o n . "  
rhen ius  p l o t  n o n - l i n e a r i t i e s  o f  sweet p o t a t o  m i tochondr ia  and r a t - l i v e r  m i t o -  
chondr ia  occur  a t  temperatures c o i n c i d e n t  w i t h  d i s c o n t i n u i t i e s  i n  oxygen up- 
t a k e  and c h i l l i n g  s e n s i t i v i t y  o f  t h e  organism f rom which t h e  m i tochondr ia  were 
e x t r a c t e d  (24) .  C h a r a c t e r i s t i c  A r rhen ius  d i s c o n t i n u i t i e s  depending on t h e  
average c h a i n  l e n g t h  o f  yeas t  mutant f a t t y  a c i d s  ( 2 ) ,  and co inc idence  between 
Arrhenius p l o t  d i s c o n t i n u i t i e s  and o p t i c a l  m e l t i n g  p o i n t  o f  f a t t y  a c i d s  have 
a l s o  been observed. These c o i n c i d e n t a l  occurrences i n d i c a t e  t h a t  some s t r u c -  
t u r a l  change (o r  changes) occurs a t  t h e  temperature where t h e  a c t i v a t i o n  en- 
ergy o f  s p i n  l a b e l  mo t ion  changes. For p resen t  purposes i t  i s  s u f f i c i e n t  t o  
cons ide r  t h e  d i s c o n t i n u i t i e s  i n  A r rhen ius  p l o t s  as an event  which c o r r e l a t e s  
w i t h  o t h e r  p h y s i c a l  and b i o l o g i c a l  parameters. 

I n  our  experiments l i p i d  supplements b u t  no t  t h e  n a t u r e  o f  t h e  basal  
growth medium had r e p r o d u c i b l e  e f f e c t s  on t h e  f a t t y  a c i d  compos i t i on  (Table I ) ,  
ESR determined phase t r a n s i t i o n  (Table 1 ,  F i g s .  1 and 2) and f r e e z e - f r a c t u r e  
faces o f  yeas t  ole-1 c u l t u r e s .  Under these same c o n d i t i o n s ,  growth temperature 
has no d e t e c t a b l e  e f f e c t  on f a t t y  a c i d  compos i t i on  (Table 1 )  or ESR determined 
phase t r a n s i t i o n  (Table 1 ,  F igs .  1 and 2 ) .  However, growth temperature i s  
r e f l e c t e d  i n  t h e  f r e e z e - f r a c t u r e  faces o f  yeast  plasmalemmas (F igs .  3 and b ,  
Table 2 ) .  The plasmalemma f r a c t u r e  face shown f o r  s t e a r o l a t e  supplemented 
c u l t u r e s  grown a t  30" I S  i d e n t i c a l  t o  t h a t  repo r ted  by Moor and Muh le tha le r  
(18) and o t h e r s  (19,201 f o r  w i l d  t ype  yeast  grown a t  u n s p e c i f i e d  temperature.  
These au tho rs  repo r ted  t h a t  young c e l l s  show no i n v a g i n a t i o n s  w h i l e  o l d e r  c e l l s  
show an average o f  15 per square micron.  Our da ta  and the  genera l  obse rva t i ons  
o f  o t h e r  workers would i n d i c a t e  t h a t  t h e  e f f e c t  o f  temperature on plasmalemma 
morphology i s  n o t  t h e  r e s u l t  o f  a d i r e c t  p h y s i c a l  e f f e c t  o f  temperature on 
s t r u c t u r e  b u t  probably  an i n d i r e c t  r e f l e c t i o n  o f  t h e  g r e a t e r  growth and rneta- 
b o l i c  r a t e  a t  t he  h i g h e r  temperature.  

a p a r t i c u l a r  unsa tu ra ted  f a t t v  a c i d  by supplementing t h e  growth medium w i t h  
t h a t  same f a t t y  a c i d  ( I ) .  L a t e r  r e s u l t s  w i t h  t h e  mutants (25)  i n d i c a t e d  t h a t  
l i n o l e n a t e -  and s t e a r o l a t e - r i c h  c e l l s  cou ld  be a t t a i n e d  a t  18" as w e l l  as a t  
30". Our r e s u l t s  c o n f i r m  t h i s  and a l s o  show t h a t  changes i n  f a t t y  a c i d  com- 
p o s i t i o n  a l t e r  membrane l i p i d  m o b i l i t y  and t o n o p l a s t  morphology. Yeast c e l l s  
w i t h  a h i g h  enrichment i n  s t e a r o l a t e  g i v e  a c h a r a c t e r i s t i c  A r rhen ius  p l o t  as 

:c The l i n e  shapes which r e s u l t  from t h e  methyl e s t e r  o f  12NS a r e  
s u f f i c i e n t l y  broad t h a t  t h e  o r i g i n  o f  t h e  Arrhenius n o n - l i n e a r i t y  
cannot p r e s e n t l y  be a s c r i b e d  t o  v i s c o s i t y  changes. Spin l a b e l s  
hav ing  a l i p h a t i c  chains such as 12NS may e x i s t  i n  e q u i l i b r i u m  be- 
tween a bent  conformer where t h e  n-oxy l  group i s  l o c a l i z e d  i n  po- 
l a r  zones and an extended conformer where t h e  n-oxy l  group i s  lo- 
c a l i z e d  i n  hydrocarbon areas (22 ) .  T h i s  mixed c o n d i t i o n  causes 
l i n e  broadening r e s u l t i n g  f rom h e t e r o g e n e i t y  o f  t he  n -oxy l  g roup ' s  
l o c a l  environments. Consequently, a change i n  p a r t i t i o n i n g  between 
t h e  bent  and extended conformers may be the  cause o f ,  or  a c o n t r i -  
b u t o r  t o ,  t he  A r rhen ius  d i s c o n t i n u i t y .  Th i s  w i l l  be t r e a t e d  i n  
d e t a i  1 elswhere (22,23). 

I t  was p r e v i o u s l y  observed t h a t  A r -  

I t  was p r e v i o u s l y  shown t h a t  ole-1 yeast  mutants c o u l d  be en r i ched  w i t h  
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do those w i t h  a h i g h  enrichment o f  l i n o l e n a t e .  A t  a g i v e n  temperature the  
Arrhenius p l o t  c h a r a c t e r i s t i c  o f  s t e a r o l a t e  showed reduced s p i n  l a b e l  mot ion 
compared t o  t h a t  o f  t h e  p l o t  c h a r a c t e r i s t i c  o f  l i n o l e n a t e .  A l so  the  average 
p o i n t  o f  d i s c o n t i n u i t y  i n  t h e  s t e a r o l a t e  p l o t s  i s  25"  w h i l e  t h a t  i n  t h e  l i n o -  
l e n a t e  p l o t  i s  10". These f i n d i n g s  were s u b s t a n t i a t e d  by examining c u l t u r e s  
showning poor s t e a r o l a t e  or  l i n o l e n a t e  enrichment where t h e  A r rhen ius  p l o t s  
were n o t  o f  t h e  c h a r a c t e r i s t i c  t ype  f o r  t he  corresponding f a t t y  a c i d  supple- 
ment. 
t h a t  f a t t y  a c i d  compos i t i on  a f f e c t s  t h e  temperature o f  phase t r a n s i t i o n .  

plasmalemma and vacuole.  I n  the case o f  t h e  plasmalemma, t h e  e f f e c t s  appear 
t o  be q u i t e  m ino r ,  a s l i g h t  change i n  t h e  s t r u c t u r e  o f  t he  i n v a g i n a t i o n s  as 
seen i n  F igs .  3 and 4 and noted i n  Table 2.  I n  t h e  case o f  t he  vacuole t h e r e  
a r e  d r a m a t i c a l l y  aggregated p a r t i c l e s  i n  s t e a r o l a t e  en r i ched  c e l  Is (F ig .  5 ) .  
T o u r t e l l o t t e  e t  al. (6)  and James and Branton ( 1 1 )  observed aggregated p a r t i -  
c l e s  i n  f r e e z e - f r a c t u r e d  Mycoplasma membranes e n r i c h e d  i n  s t e a r a t e ,  w h i l e  mem- 
branes en r i ched  i n  o l e a t e  or  I i n o l e a t e  showed even ly  d i s t r i b u t e d  p a r t i c l e s .  
T o u r t e l l o t t e  e t  aZ. (6)  repo r ted  ESR data showing t h a t  growth a t  37" was above 
t h e  l i p i d  phase t r a n s i t i o n  f o r  o l e a t e  en r i ched  c e l l s  b u t  below t h e  l i p i d  phase 
t r a n s i t i o n  f o r  s t e a r a t e  en r i ched  c e l l s .  I n  our  yeas t  c e l l s  t h e  most impor tan t  
f a c t o r  i n f l u e n c i n g  p a r t i c l e  d i s t r i b u t i o n  i s  f a t t y  a c i d  compos i t i on  (Table 3 ) .  
However, as i n d i c a t e d  i n  Table 3 ,  a s i g n i f i c a n t  number o f  s t e a r o l a t e  e n r i c h e d  
c e l l s  growing above t h e  phase t r a n s i t i o n  showed a f u r t h e r  m o d i f i c a t i o n  over  
those growing below t h e  phase t r a n s i t i o n .  The p a r t i c l e s  were more aggregated 
and t h e  membranes were f l a t t e n e d .  These m o d i f i c a t i o n s  may represent  a con- 
f o r m a t i o n a l  t r a n s i t i o n  o f  t he  membrane components i n t o  a " p r e f e r r e d "  s t a t e  a t  
temperatures above t h e  phase t r a n s i t i o n .  A more complete s e r i e s  o f  t h e  v a r i o u s  
vacuo la r  p r o f i l e s  observed i s  avai  l a b l e  ( 2 6 ) .  

Rever tant  c u l t u r e s  w i t h  h i g h  concen t ra t i ons  o f  unsa tu ra tes  have t o n o p l a s t  
f r a c t u r e  faces s i m i l a r  t o  those f o r  l i n o l e n a t e  en r i ched  c e l l s  (F ig .  6 ) .  Those 

These r e s u l t s  a re  c o n s i s t e n t  w i t h  o t h e r  s t u d i e s  (2,G-9) which have found 

F a t t y  a c i d  composi t ion a l s o  a f f e c t s  t h e  morphologica l  f e a t u r e s  o f  t h e  
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