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SUMMARY 

The pu rp le  membrane from Ha lobac te r ium c u t i r u b r u m  and 
aqueous d i s p e r s i o n s  o f  i t s  p r i n c i p a l  p h o s p h o l i p i d ,  p h o s p h a t i d y l -  
g l y c e r o p h o s p h a t e ,  were s tud ied  by 31p NMR at  121.5 MHz. The 
spec t ra  man i f es t  separa te  powder p a t t e r n s  fo r  the mono- and d i -  
e s t e r i f i e d  phosphate groups,  the l a t t e r  having the l a r g e r  
chemical  s h i f t  a n i s o t r o p y .  Spec t ra l  s i m u l a t i o n  was used to 
d e r i v e  accu ra te  va lues  o f  the chemical  s h i f t  a n i s o t r o p y o  Con- 
t r a r y  to some e a r l i e r  r e p o r t s ,  there  i s  no ev idence fo r  a l i p i d  
phase t r a n s i t i o n  in  the membrane or the i s o l a t e d  l i p i d s  over 
the range 5 to 60°C; at a l l  tempera tures  the l i p i d  is  in  a b i -  
l a y e r  ar rangement .  Combinat ion w i th  p r o t e i n  and n e u t r a l  l i p i d s  
in  the pu rp le  membrane leads to reduced amp l i tude  and ra te  o f  
mot ion o f  the phosphate mo ie t i es  o f  the major  p h o s p h o l i p i d .  

INTRODUCTION 

The pu rp le  membrane of  the h a l o p h i l i c  b a c t e r i a  H. 

halobium and H. c u t i r u b r u m  is  p r e s e n t l y  the s u b j e c t  o f  i n t e n s e  

i n t e r e s t  due to i t s  unique p h o t o a c t i v a t e d  p ro ton  pumping func -  

t i o n  and to i t s  r e l a t i v e l y  s imple  chemical  compos i t i on  ( 1 , 2 ) .  

Only one p r o t e i n ,  b a c t e r i o r h o d o p s i n ,  and one type of  l i p i d  

a l k y l  c h a i n ,  g l y c e r o l  e t h e r - l i n k e d  phy tany l  groups,  are p r e s e n t ,  
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a l t h o u g h  t h e r e  are s e v e r a l  l i p i d  head group c l a s s e s  r e p r e s e n t e d  

(3 ) .  There are  c o n f l i c t i n g  r e p o r t s  in  the l i t e r a t u r e  w i t h  

r e s p e c t  to a phase t r a n s i t i o n  o f  the membrane l i p i d s  over  the  

t e m p e r a t u r e  range 5 to 60°C (14-9). We have t h e r e f o r e  sought  to 

r e s o l v e  t h i s  q u e s t i o n  us ing  31p NMR of  the i n t a c t  membrane and 

o f  the i s o l a t e d  major  p h o s p h o l i p i d ,  p h o s p h a t i d y l g l y c e r o p h o s p h a t e .  

The s p e c t r a  are o f  a novel  complex t y p e .  The absence of  a d i s -  

c o n t i n u i t y  in  t h e i r  t e m p e r a t u r e  dependence demons t ra tes  the lack  

o f  a l i p i d  phase t r a n s i t i o n .  The s p e c t r a l  l i n e s h a p e s  i n d i c a t e  a 

r e d u c t i o n  o f  l i p i d  m o b i l i t y  on i n c o r p o r a t i o n  i n t o  the membrane, 

and a b i l a y e r  s t a t e  o f  the l i p i d s  under a l l  c o n d i t i o n s .  

MATERIALS AND METHODS 

Purp le  membrane (PM), and the p h o s p h a t i d y l g l y c e r o p h o s -  
phate  (PGP) t h e r e f r o m ,  were p repa red  as d e s c r i b e d  p r e v i o u s l y  
( I 0 ~ I I ) .  PGP was s t u d i e d  in  excess wa te r  a f t e r  d i s p e r s i n g  50 mg 
in  1.5 ml w a t e r  by v o r t e x  m i x i n g .  31p NMR s p e c t r a  were o b t a i n e d  
from s l u r r i e s  o f  c e n t r i f u g e d  membranes on a B ruke r  CXP-300 
s p e c t r o m e t e r  a t  121.5 MHz, us ing  a s o l e n o i d  d e t e c t i o n  c o i l  and 
h igh power IH d e c o u p l i n g .  The d e c o u p l e r  was c y c l e d  to avo id  
sample h e a t i n g .  Computer s i m u l a t i o n s  o f  the powder s p e c t r a  were 
made a c c o r d i n g  to the f o r m u l a t i o n  o f  S e e l i g  (12)~ w i t h  a v a r i a b l e  
a n g u l a r - d e p e n d e n t  l i n e w i d t h .  C a l o r i m e t r y  was pe r fo rmed  on a h igh  
s e n s i t i v i t y  M i c r o c a l  MC-I i n s t r u m e n t  on aqueous membrane d i s p e r -  
s ions  o f  5 mg/ml.  

RESULTS AND DISCUSSION 

The 121.5 MHz 31p NMR spect rum o f  the p u r p l e  membrane 

a t  15°C is  shown in  the upper t r a c e  of  F i g u r e  I .  I t  has a 

p e c u l i a r  shape, and a t  low s i g n a l - t o - n o i s e  r a t i o  cou ld  be i n -  

c o r r e c t l y  a t t r i b u t e d  to the p resence  o f  l i p i d  in  a hexagonal  

phase. However,  s i nce  the major  p h o s p h o l i p i d  i s  PGP (85% of  

t o t a l  p h o s p h o l i p i d ,  r e f .  3) which c o n t a i n s  a phosphate  mono- 

e s t e r  as we l l  as a d i e s t e r ,  the shape cou ld  be due to c o n t r i b u -  

t i o n s  w i t h  d i f f e r e n t  e f f e c t i v e  chemica l  s h i f t  a n i s o t r o p i e s  (CSA) 

from the two types  o f  phosphate  mo ie ty  in a b i l a y e r  a r rangemen t .  

Th is  i s  more c l e a r l y  seen in the s p e c t r a  o f  d i s p e r s i o n s  o f  PGP, 

F i g u r e  2. Th is  i n t e r p r e t a t i o n  i s  s u b s t a n t i a t e d  by s i m u l a t i o n s  

o f  the  s p e c t r a ,  lower  t r a c e s  o f  F i g u r e  I ,  in  which good agreement  

i s  o b t a i n e d  us ing  CSA va lues  o f  -18 .5  ppm and -61 ppm f o r  the  

mono- and d i e s t e r  s p e c i e s ,  r e s p e c t i v e l y ,  in  a b i l a y e r  a r r angemen t .  

A t t r i b u t i o n  of  CSA va lues  o f  -40 to -60 ppm to the  p h o s p h o d i e s t e r  

mo ie t y  i s  c o n s i s t e n t  w i t h  the va lues  found f o r  o t h e r  such systems 
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CHEMIORL SHIFT 

Figure I .  (Upper) 31p NMR spectrum (121.5 MHz) of the purple 
membrane from Halobacterium cutirubrum obtained with 
high power ~H decoupl ing, at  15°C; spect ra l  width 
125 kHz, a c q u i s i t i o n  time 6 ms, recycle time 1 s, 
pulse width 45 ° , decoupler on 4 ~s before a c q u i s i t i o n  
and during a c q u i s i t i o n  but o f f  during remainder of 
cyc le ,  Four ier  t ransform of 16 K data points a f t e r  
zero f i l l i n g .  Chemical s h i f t s  are expressed with 
respect to that  of 70% phosphoric acid in a sealed 
c a p i l l a r y .  
(Lower) Computer s imula t ion  of the above in terms of 
two ax ia l l y - symmet r i c  powder pat terns character ized 
by e f f e c t i v e  chemical s h i f t  an iso t rop ies  of -61 and 
-18.5 ppm; the angular- independent and -dependent 
l inewid ths  were 300 and 200 Hz, and 350 and 250 Hz, 
for  the phosphomonoester and phosphodiester, res- 
p e c t i v e l y .  The broken curves are the powder pat terns 
for  the two types of phosphate ester  present.  

(12 ) .  The s i m u l a t i o n s  a l s o  p r o v i d e  a more accu ra te  measure of  

the e f f e c t i v e  CSA, which i s  d i f f i c u l t  to o b t a i n  d i r e c t l y  from 

the s p e c t r a .  The tempera tu re  dependence o f  the PGP spec t r a  i s  

shown in F igu re  2, and those o f  the d e r i v e d  CSA f o r  pGP and the 

PM in F igu re  3. 

The shapes o f  the spec t r a  f o r  PGP and PM at  a l l  tem- 

p e r a t u r e s  i n v e s t i g a t e d  are cons is ten t  w i t h  a l a m e l l a r  a r r a n g e -  

ment o f  the l i p i d s ,  and the CSA va lues  are those expected f o r  a 

l i q u i d - c r y s t a l l i n e  s t a t e  of  the l i p i d s  ( 1 2 ) .  The t empe ra tu re  

dependence o f  the CSA va lues  f o r  both PGP and the PM shows no 

ev idence  o f  d i s c o n t i n u i t i e s ,  F i gu re  3, a rgu ing  a g a i n s t  the 

occur rence  o f  a l i p i d  phase t r a n s i t i o n  over  the range 5~60°C. 

The high s e n s i t i v i t y  d i f f e r e n t i a l  scanning c a l o r i m e t r y  scans f o r  

both PGP and the PM over the range 5 to 70°C a l so  show no e v i -  
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Figure 2. 31p NMR spectra of phosphat idy lg lycerophosphate,  iso-  
lated from the purple membrane, dispersed in excess 
water,  at the ind ica ted  temperatures;  spect ra l  width 
50 kHz, a c q u i s i t i o n  time 4 ms, recyc le  time 0.5 s, 
pulse width 45 ° , wi th continuous IH broad band de- 
coupl ing,  Four ier  t ransform of 16 K data points a f t e r  
z e r o - f i l l i n g .  

dence f o r  a l i p i d  phase t r a n s i t i o n ,  in  agreement  w i t h  the e a r l i e r  

s t u d i e s  o f  Chen e t  a l .  (4) and Jackson and S t u r t e v a n t  ( 7 , 8 ) ,  bu t  

in  d i sag reemen t  w i t h  the c o n c l u s i o n s  o f  Degani e t  a l .  ( 9 ) .  

The e f f e c t i v e  CSA va lues  f o r  the PM are s i g n i f i c a n t l y  

l a r g e r  than those  f o r  d i s p e r s i o n s  o f  PGP, the d i f f e r e n c e s  be ing  

o f  l e s s e r  magni tude f o r  the phosphomonoester  than f o r  the 

d i e s t e r .  Th is  i n d i c a t e s  a s m a l l e r  a m p l i t u r e  o f  m o t i o n a l  a v e r a g -  

ing  f o r  the  phosphate  m o i e t i e s  in  the p resence  o f  membrane p ro -  

t e i n  and n e u t r a l  l i p i d s .  In a d d i t i o n ,  the  g r e a t e r  l i n e w i d t h s  in 

the PM sugges t  s l o w e r  mo t i on .  

The s m a l l e r  e f f e c t i v e  CSA va lues f o r  the phosphomono- 

e s t e r  r e l a t i v e  to  those  of  the p h o s p h o d i e s t e r  mo ie t y  in  both  PGP 

and the PM could  a r i s e  from two s o u r c e s .  F i r s t l y ,  the CSA ten -  

so ts  f o r  phosphomonoesters  have a l e s s e r  a n i s o t r o p y  in  the r i g i d  

l i m i t  ( 1 2 ) .  Second l y ,  as the monoester  i s  l o c a t e d  a t  the  p e r i -  

phery o f  the headgroup r e g i o n  o f  PGP, a g r e a t e r  a m p l i t u d e  o f  

mo t iona l  a v e r a g i n g  migh t  be e x p e c t e d .  F u r t h e r  i n s i g h t  i n t o  the 

r e l a t i v e  c o n t r i b u t i o n s  o f  these  two sources  can be ga ined by con- 

s i d e r a t i o n  o f  the CSA r e p o r t e d  f o r  d i p a l m i t o y l  p h o s p h a t i d y l c h o l i n e  

( -47  ppm) and the o r d e r  parameters  f o r  the  phosphate  mo ie ty  
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Figure 3. Temperature dependence of the e f f e c t i v e  3~p chemical 
s h i f t  an iso t rop ies  (An) for  the phosphodiester (upper 
data) and phosphomonoester ( lower data) moiet ies in 
the purple membrane ( so l i d  c i r c l e s )  and phosphat idy l -  
glycerophosphate (open c i r c l e s )  in excess water .  The 
an iso t rop ies  were taken from computer s imula t ions of 
the spect ra .  The bars on the r i g h t  sides of the 
curves are est imates of the p rec is ion  of the measure- 
ments. 

d e r i v e d  from the CSA and from the o r d e r  parameters  f o r  o t h e r  

r e g i o n s  o f  the head group o b t a i n e d  by 2H NMR ( 1 3 ) .  The s i m i l a r -  

i t y  of  the CSA f o r  the  p h o s p h o d i e s t e r  mo ie t y  o f  PGP and the PM 

to t h a t  above sugges ts  t h a t  a s i m i l a r  o r d e r i n g  t e n s o r  a p p l i e s  

( S ~  = 0 .12 ,  $33 = - 0 . 5 ) .  I f  t h i s  were to app l y  a l so  to the 

phosphomonoes te r ,  a CSA o f  -18 to -20 ppm would be e x p e c t e d .  

The observed v a l u e  o f  -17 ppm agrees we l l  w i t h  t h i s ,  i m p l y i n g  

t h a t  the  d i f f e r e n t  e f f e c t i v e  CSA observed  f o r  the two phosphate  

m o i e t i e s  is  m a i n l y  due to the  s m a l l e r  i n t r i n s i c  CSA o f  the phos- 

phomonoester .  C o n f i r m a t i o n  o f  t h i s  cou ld  be made by s t u d i e s  o f  

s p e c i f i c a l l y - d e u t e r a t e d  PGP. 

CONCLUSION 

The p r e s e n t  3Zp NMR and c a l o r i m e t r y  data show no e v i -  

dence f o r  a l i p i d  cha in  phase t r a n s i t i o n  in  e i t h e r  PGP or the 

PM. The g r e a t e r  CSA va lues  and l i n e w i d t h s  in  the 31p NMR 

s p e c t r a  o f  the PM sugges t  a l e s s e r  a m p l i t u d e  and s l o w e r  r a t e  
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of mot ion due to i n t e r a c t i o n  of  PGP w i th  b a c t e r i o r h o d o p s i n  and 

the n e u t r a l  l i p i d s  of  the PM. Under a l l  c o n d i t i o n s  used here 

the l i p i d s  are in a b i l a y e r  ar rangement .  
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