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It was shown previously (Van de Meent ,  EJ . ,  Kobayashi.  M., Erkelcns,  C., Van Vcelcn,  P.A., Amesz,  J. and Watanabc ,  T. (1991) 
Biochim. Biophys, Acta 1058, 356-362)  by means  o f  HPLC,  N M R  and optical and  mass  spectroscopy that the primary electron 
aeeeptor o f  heliobacteria is 8Lhydroxyehlorophyll  (Chl) a. In view of  the spectral and functional similarities between this pigment  
and  the primary electron aeceptor of  green sulfur  bacteria, we have applied the same methods  to various species of green sulfur 
bacter ia  (Prostheeochloris aesmarii, Chlorobium limicola, C. limicola f. thiosulfatophilum. C. vibrioforme and C. phaeoribrioides ) in 
order  to s tudy the identity and the  occurrence  of  the  latter pigment .  It was already shown from flash spectroscopic and reversed 
phase  H P L C  exper iments  on isolated m e m b r a n e s  and soluhilized membrane  fractions of P aestuarii that the most  likely 
candidate  for the primary aceeptor  is a p igment  named  bactcriochlorophyll  (BChl)  663, which had been tentatively identified as a 
iipophilic form of  BChl c. In this communica t ion  we will show by means  of  optical spectroscopy, "-sZCf-plasma desorptit,n mass  
spectroscopy and  I H - N M R  that  BChl 663 is an isomer of  Chl a.  This  result again emphas izes  the similarities between the 
reaction centers  o f  green sulfur bacteria,  heliobaeteria and Photosystem I. By m e a n s  of normal-phase HPLC analysis of  the five 
species of  green sulfur bacteria it is shown that  BChl 663 is universally present  and in comparable quant i t ies  in this group of 
photosynthet ic  bacteria. No o thcr  p igments  with similar spcctroseopic propert ies  were detected.  

Introduct ion 

P h o t o s y n t h e t i c  g r e e n  s u l f u r  b a c t e r i a  have  a n  e x t e n -  
s ive  a n t e n n a  s y s t e m  w h i c h  s h o w s  a c o n s i d e r a b l e  c o m -  
p lex i ty  [1]. I 'he  bu lk  o f  t h e  p i g m e n t s  a r e  c o n t a i n e d  in 
t h e  s o - c a l l e d  e h l o r o s o m e s ,  o b l o n g  b o d i e s  o f  s e v e r a l  
t e n t h s  o f  n a n o m e t e r s  d i a m e t e r ,  a t t a c h e d  to  t h e  cy to -  
p l a s m i c  m e m b r a n e .  D e p e n d i n g  o n  t h e  spec i e s ,  t h e y  
c o n t a i n  m a i n l y  b a c t e r l o c h l o r o p h y l l  ( B C h l )  c, d o r  e. In  
a d d i t i o n  to  th i s ,  c h l o r o s o m e s  c o n t a i n  e a r o t e n o i d s  a n d  
s m a l l  a m o u n t s  o f  B C h l  a [2 -5 ] .  M o s t  o f  t h e  B C h l  a ,  
p r e s e n t  in a 1 0 - 2 0 - t i m e s  lower  a m o u n t  t h a n  B C h l  c, d 
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o r  e, is l o c a t e d  in t h e  c y t o p l a s m i c  m e m b r a n e  a n d  in a 
w a t e r - s o l u b l e  B C h l  a p r o t e i n  c o m p l e x  [6-9] .  T h e  l a t t e r  
is a t t a c h e d  to t he  m e m b r a n e  a n d  is t h o u g h t  to be  
s i t u a t e d  b e t w e e n  t he  c h l o r o s o m e  a n d  the  m e m b r a n e  
[6,10]. T h e  r e a c t i o n  c e n t e r  o f  g r e e n  s u l f u r  b a c t e r i a  
a p p e a r s  to  be  func t i ona l l )  a n d  s t r u c t u r a l l y  d i f f e r e n t  
f r o m  tha t  o f  p u r p l e  bac te r i a ,  a n d  m o r e  r e l a t ed  to t ha t  
o f  h e l i o b a c t e r i a  a n d  P h o t o s y s t e m  ! (PS !) [1.11]. 

I so l a t ed  m e m b r a n e s  o f  g r e e n  s u l f u r  b a c t e r i a  [8,9]. as  
well  a s  so lub i l i z ed  f r ac t i ons  d e r i v e d  f rom t h e s e  m e m -  
b r a n e s  [12 -14 ] ,  s h o w  a c o n s p i c u o u s  a b s o r p t i o n  b a n d  
n e a r  670 n m ,  w h i c h  is a s s o c i a t e d  wi th  t he  so -ca l l ed  
co re  c o m p l e x .  T h i s  c o m p l e x  a l so  c o n t a i n s  t he  r eac t i on  
c e n t e r  [14]. R e v e r s e d - p h a ~  H P L C  o n  i so la t ed  a n d  
so lub i l i zed  m e m b r a n e s  f r o m  Prosthecochhwis aestuarii 
r e s u l t e d  in t h e  i so la t ion  o f  BCh l  663.  w h i c h  was  t e n t a -  
t ively i den t i f i ed  a s  a l ipophi l ic  f o rm  o f  B C h l  c [15]. I ts  
p r e s e n c e  w a s  a l so  o b s e r v e d  in in tac t  ce l ls  o f  Chloro- 
bium limocola [161, w h i c h  s h o w s  t ha t  B C h l  663 is n o t  an  
a r t i f ac t  p r o d u c e d  d u r i n g  m e m b r a n e  i so la t ion .  F l a sh -  
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spectroscopic evidence showed t l ]at at least part  of  the 
BCh'  663 present  is associated with the react ion cen te r  
and  [t~ncth)ti~ its tiJc ps imary e icc , ron acceptor  [17-10[. 

By means  of  normal-phase  t tPLC,  N M R  and -'S-'Cf- 
plasma desorp t ion  mass-spect rometry  (- '~-'Cf-PDMS) we 
have shown that  the primary e lec t ron  acceptor  of  he- 
l iobactcria  is 8Lhydroxy Chl a [211]. In view of  the 
spectral  and funct ional  similari t ies be tween  this pig- 
men t  and  BChl 663, we appl ied the  same m e t hods  to 
various species of g reen  sulfur bac ter ia  in o rde r  to 
study the  identi ty of  the  la t ter  pigment ,  it will be 
shown by means  of optical  spectroscopy, zszCf-PDMS 
and *H-NMR that  BChl 663 is an i somer  of  Chl  a, 
which once  again emphas izes  the  similari t ies  be tween  
green sulfur bacter ia ,  hel iobacter ia  and  PS !. Evidence 
will be given, based  on normal -phase  H P L C  analysis of 
five species of green  sulfur bacter ia ,  P. aestuarii, C. 
limh'ola, ('. limicola f. thiosulfatophih~m, ~: t'ibrioforme 
ar, d f_\ phaeo,'ihrioides, tha t  the s t ruc ture  of  BChl 663 
is identical for all species of g reen  sulfur  bacter ia .  

Materials and Methods 

Culturing and samph, preparation 
Prosthecochloris aestnarii was cu l tured  while st irr ing 

unde r  anae rob ic  condi t ions  in a mixed cul ture  origi- 
nally known as '(7~loropsc,Momonas ethylica' [2 i] in the 
med ium descr ibed in Ref. 22 at  1000 lax i l lominat ion 
from incandescent  lamps in 12 I ba tches  at an  ambien t  
t empe ra tu r e  of  30°C. In o rder  to obta in  sufficient 
mater ial  for p igment  isolation and  analysis a total  of 
121) I P. acstuarii cul ture  was processed.  

Chlorobium t'ibrio]ormc (s t ra in  6030) and  (~\ 
phaeot'ibrioides (strain 2631 ) were a kind gift by Dr. N. 
Pfennig (Konstanz) .  They were cu l tu red  as descr ibed in 
Ref. 23 unde r  500 lax i l luminat ion in I- l i ter  ba tches  at 
an ambien t  t e m p e r a t u r e  of 31)°C. C. limicola and  (_\ 
limicola f thk~sulphat~,,,L "' ,,; "",'rc grown as dcscr ibed 
in Ref. 24. 

Cells were harves ted  by ecnt r i fuga t ion  at 120(R) x g. 
Subsequent ly ,  the  cells were washed  with 10 m M  phos-  
pha te  buffer  (pH 7.4) conta in ing 10 mM ascorbate .  T he  
washed cells wcre r c suspcnded  in the same buffer  and  
sonicated for 45 min in the dark, cooled in an  i c e / w a t e r  
bath.  Remain ing  whole cells were pel le ted  by ccntr i -  
fugation. The  resul t ing sonicated cell p reparv t ion  was 
used for fu r ther  study. 

Pigment isolation 
Pigmenl extract ion was pe r lo rmed  as descr ibed ear-  

lier [25]. In short ,  the extract ion was accompl ished  by 
mild sonicat ion of  sonicated cells in a approx.  50-fold 
volume of ace tone  dur ing  2 min at 4°C in the  dark. The  
extract  was f i l tered and  subsequent ly  dr ied on  a rotary 
evaporator .  This  p rocedure  was comple ted  within 5 
min. Repea t ing  the extract ion p rocedure  on  the resid- 

ual of  a sample  of P. aestuarii (ob ta ined  by cent r i fuga-  
t ion)  showed an  ext rac t ion  efficiency of  h igher  t han  
99~,: on a BChl c basis. 

The  b rownish -g reen  solid mater ia l  o b t a i n e d  by t he  
ext rac t ion  p~oeedure was dissolved in ch loroform.  Ap-  
prox. 3 ~1 of the  .solution was injected into a silica 
H P L C  column (Senshupak  1251-N, 250 x 4.6 m m  i.d.) 
cooled to 4°C in an  i c e / w a t e r  ba th .  The  p igmen t s  were  
e l a t ed  isocratically with degassed  n - h e x a n e / 2 - p r o -  
p a n o l / m e t h a n o l  ( I 0 0 :  1.0:0.15, v / v )  at  a flow ra te  o f  1 
ml ra in-  ~. P igment  e lu t ion  was m o n i t o r e d  by m e a n s  o f  
an Appl i ed  Biosystems Spectrof low 757 U V / V I S - d e -  
tector.  T h e  signal was digit ized using a home-bu i l t  
analog- to-digi ta l  conver te r -ampl i f ie r  uni t  and  s tored  o n  
a persona l  c o m p u t e r  for la ter  analysis. In some cases a 
J A S C O  Mul t iwave length  340 de t ec to r  was used to  
monito~ the  e la t ion  pa t t e rn  and  the  absorp t ion  spec t ra  
of the  e lu t ing  c o m p o n e n t s  s imul taneously .  

Sufficiently pure  p igments  for the  m e a s u r e m e n t  o f  
absorp t ion ,  mass  and  ~H-NMR spec t ra  were p r e p a r e d  
by m e a n s  of prepara t ive-sca le  H P L C  ( S e n s h u p a k  525 I- 
N, 250 x 20 m m  i.d.) with n - h e x a n e / 2 - p r o p a n o l /  
m e t h a n o l  (100: 1 .5-2 .3 :0 .15 ,  v / v )  at a flow ra te  of  5 
ml min ~. The  solvents  used for analyt ical  and  p repa r -  
ative H P L C  were  a,'.alytical and  reagen t  grade,  respec-  
tively, and  kept  u n d e r  a n i t rogen  a t m o s p h e r e  a f te r  
degassing.  Pure  Chl a was ob ta ined  by p repa ra t ive  
scale c h r o m a t o g r a p h y  of  ex t rac ted  m e m b r a n e s  of  4n -  
abaena cytindrica or spinach.  Acid  t r e a t m e n t  o f  Chl  a 
in ch loroform was used to yield Phe a ,  which was 
subsequent ly  puri f ied.  Ep imer iza t ion  o f  Phe a was 
b rough t  about  by ov.~rnight s torage of  a tho rough ly  
degassed  ace tone  solut ion u n d e r  low pressure  at  room 
t empera tu re .  

Spect roscopy 
~bsorp t ion  and  ci rcular  d ichroism spect ra  were  

I-,,..asurcd as descr ibed  ear l ier  [25]. 
H - N M R  spectra l  m e a s u r e m e n t s  were  p e r f o r m e d  

on a Bruker  WM-300  spec t rometer .  All N M R  experi-  
men t s  were  conduc ted  in [2 H6]ace tone  ( Janssen  Chim-  
ica, Belgium), at 243 K to reduce  deg rada t ion  reac t ions  
and  t ,  e n h a n c e  spectra l  resolutit ,  n. Short ly  before  the  
m e a s u r e m e n t  all solut ions  were repea ted ly  frozen and  
degassed  at Ill 3 Torr ,  a f te r  which the  tube  was sealed.  
-'5-'Cf-plasma desorp t ion  mass  spec t romet ry  was per-  
fo rmed  by means  of  a Bio- lon  20 s p e c t r o m e t e r  f rom 
Appl ied  Biosystems, Uppsala ,  Sweden.  The  p igmen t  
was dissolved in ace tone  and  t r ans fe r r ed  on to  a ni t ro-  
cellulose target  where  the  solvent  was evapora ted .  

Results and Discussion 

Chromatographic analysis 
Fig. 1 shows an  e la t ion  pa t t e rn  ob ta ined  by normal -  

phase  H P L C  of  an extract  of son ica ted  cells of  P. 
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Fig. I. Chromatogram of P. aestuarii, monitored at 6,63 urn. A.U.. 
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Fig 2 Absorption spectra in diethylcther of BChl 6~3 (solid line) and 
its pheophytin. BPhc 663 (broken line). 

ae~t,t,,,ii. T h e  a b s o r p t i o n  of the  e luen t  was mon i to r ed  
at  663 nm,  whe re  BChl  a and  ca ro teno ids  show n o  or  
only negl igible  absorp t ion .  

T h e  mos t  p r o m i n e n t  peak  e lu ted  nea r  19 rain. This  
peak  was also p r e s e n t  in the  e lu t ion  d i ag rams  of 
Chlorobium limicola. C. limicola f thiosulfatophilum, C. 
eibrioforme a , d  C. phaeot'ibrioides. This  p i g m e n t  was 
ident i f ied  as BChl  6,53 o n  bas is  of i ts  absorp t ion  spec- 
t r u m  and  e s t i m a t e d  polar i ty  [15]. Fig. 2 shows the 
abso rp t ion  soec t rum in ace t one  of pur i f i ed  BChl  663 
f rom C. limicola f. thiosulfatophilum. Very s imilar  spec- 
t ra  were  o b t a i n e d  for BChl  663 in e l u e n t  by m e a n s  of  a 
mul t iwave leng th  d e t e c t o r  for  all five species  investi- 
ga t ed  (no t  shown).  Cochromatograp lay  of  a small  quan-  
tity o f  pur i f ied  BChl  663 f rom C. limicola with the 
ex t rac ted  p igmen t s  f rom P. aestuarii gave ident ical  
e lu t ion  t imes  for the  BChls  663 f rom these  two species.  
in  view o f  the  spec t ra l  iden t i ty  and  the  near ly  ident ical  
e lu t ion  t imes  of BChl  663 in the  c h r o m a t o g r a m s  of  the  
r e m a i n i n g  species,  it is, the re fore ,  a s s um ed  tha t  this  
p igmen t  is ident ica l  for  all species  of  g r een  sulfur  
bac t e r i a  s tudied .  BChl 663, however ,  is clearly not  
ident ical  to  the  p r imary  e l ec t ron  accep tor  of  hel iobac-  
ter ia ,  8=-hydroxy Chl  a [20]. in view of its much  lower 
polarity.  It was c h e c k e d  tha t  BChl 663 was the  only 

p igment  with  an  absorp t ion  band  nea r  660 -670  . m  in 
C. limicola which e lu ted  within the  first 90 min. 

The  absorp t ion  spec t ra  of  BChl 663 and  of BPhe  
663 (Fig. 2) were  strikingly s imilar  to those  of  Chl  a 
and  Phe  a,  respectively (see also Tab le  1). This  indi- 
ca ted  tha t  the r e sonan t  par t s  of the  porphyr in  macro-  
cycle of  BChl 663 and  Chl a are  probably  identical ,  
T h e  C D  spec t rum of BPhe  663 in b e n z e n e  (Fig. 3) was 
very s imilar  to t ha t  of  Phe  ,~-, and  clearly d i f fe rent  f rom 
tha t  of the  t32-epim~r [26]. The  same appl ied  to BChl 
663 in r e l a t ion  to Chl  a (no t  shown).  BChi  663, thus,  
ha s  the  same s te reochemica l  conf igura t ion  as Chl  a 
f rom plants .  T h e  absorp t ion  spec t rum of  BChl  663 
differs  f rom tha t  ob t a ined  by B r a u m a n n  et al. [15], bu t  
the  spec t ra  of  the pheophy t ins  agree  well. 

BChl  663 showed  a s t rong t endency  for pheophy-  
t in iza t ion.  As will be discussed below, pheophyt in iza -  
t ion  did not  occur  or  only to a l imited ex tent  du r ing  
analyt ical  HPLC,  but ,  at least  in ou r  hands ,  it could  not  
be  avoided dur ing  the  p repa ra t ive  scale isolat ion and  
s u b s e q u e n t  hand l ing  of  this  p igment  f rom P. aestuarii 
and  C. limicola. Also,  so lut ions  of  BPhe  663 were  
found  to show rapid ep imer iza t ion .  T h e  equi l ib r ium 
cons tan t  for cp imer iza t ion .  [BPhe  6 6 3 ] / [ B P h c  663"], 
was d e t e r m i n e d  to be 3.3 in ace tone .  In our  ch roma to -  

FABLE I 

Sl~,ctroscopic parameters ~ r  B C h l  6~3, BPhe  ¢~63. ( 'hi  a and i'ht" a 

The numbers in parentheses represent the relative intensities. 

Solvent Chl a BChl 663 Pbe a BPhe ~ 3  

Acctone A r , ~ ( n m )  661.6 (811 662.|) (71) 665.6 (45) 665.4 (45) 
A ~  (nm) 429.8 (100) 4311.4 (I(10) 408.8 (I1101 4(18.8 (Ill0) 

l~iethyl ether  A',~, (rim) 66(I.3 (7£;) 664).4 (Tt)) ¢ ~ . 8  (50) 666.8 (501 
A~,~u, c, (nm) 428.4 (1(10) 428.8 (I(K)) 408.2 (I110) 4(18.0 (IIX)) 

Benzene A'~J, (nm) 665.4 (79) 6,54.S (68) 670.0 (4q) 670.2 (49) 
A~t~'~ (rim) 432.5 (IIX)) 432.4 ( I11(11 414.11 (100) 414.2 (I(X)) 



374 

1 0 .  

x ,  

m 

<_ 
~ "  0 -  

4 
I , r 

3110 41R} 500 ~ )  7ix) 
Wavelength (rim) 

Fig. 3. Circular dichroism spectrum of PBhe 663 in benzene. 

g r a p h i c  s y s t e m  it w a s  pos s i b l e  to s e p a r a t e  t h c  t wo  
e p i m e r s  (Fig.  4), a l so  on  p r e p a r a t i v e  sca le ,  b u t  d u r i n g  
t h e  s u b s e q u e n t  h a n d l i n g  t h e  p ig . -ncnts  r a p i d l y  c o n -  
v e r t c d  in to  a n  c p i m e r  m i x t u r e .  A l t h o u g h  we  w e r e  u n -  
ab le  to d e t e r m i n e  t h c  exac t  r a t e  c o n s t a n t s  o f  e p i m e r -  
i za t ion ,  wc  e s t i m a t e  t h a t  t hey  m u s t  be  a t  l eas t  a n  o r d e r  
o f  m a g n i t u d e  h i g h e r  t h a n  for  P h e  a [27]. B C h l  663  
s h o w e d  n o  e p i m e r i z a t i o n  u n d e r  t h e  s a m e  e x p e r i m e n t a l  
c o n d i t i o n s .  T h e  e x i s t e n c e  o f  e p i m e r s  o f  B P h e  663 s h o w s  
t h a t  B C h l  663 is no t  a d e r i v a t i v e  o f  B C h l  c as  e a r l i e r  
p r o p o s e d  [15], s i nce  B P h e  c, w h i c h  h a s  two p r o t o n s  at  
C-13 z, c a n n o t  f o rm  e p i m e r s .  

By m e a n s  o f  c o c h r o m a t o g r a p h y  o f  a n  c p i m e r i c  mix-  
t u r e  o f  p u r i f i e d  B P h e  663 wi th  a n  ex t r ac t  o f  P. aestu- 
arii, we w e r e  a b l e  to  i den t i t y  t h e  p e a k s  at 13 a n d  10 
m i n  in t h e  e l a t i o n  d i a g r a m  (Fig.  1) as  B P h e  663 a n d  its 
13e -ep imer ,  B P h e  663 ' ,  r e spec t ive ly .  T h e  s u ~ e  b a n d s  
w e r e  o b s e r v e d  in e x t r a c t s  f r o m  C. limicola. W e  assu: .ne  
t h a t  t h e s e  p i g m e n t s  a r e  a r t i f a c t s  w h i c h  w e r e  e i t h e r  
p r e s e n t  in t h e  ce l l s  o r  w e r e  p r o d u c e d  d u r i n g  s o n i c a t i o n  
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Fiz. 4. Elation pattern of purified BPhe 663 from P. aestuarii 
containing peaks of the two epiraeric forms, monitored at 663 nm. 
Chromatography of either peak resulted in the same peak ratios as 

displayed here. duc to rapid epimerization. 
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Fig. 5. Elation patterns of C. phaeocihrioldes flower trace) and P. 
a('stuard (upper trace) monitored at 390 nra. Peaks in the time range 
of 2 10 rain are carotenoids. The peak near 19 rain is BChl tJ63. The 
peak at 68 rain in the elation prol.le of P. aestuarii is BChl a. The 
peak at 73 rain in the chromatogram of C. phaeocibritntes is BChl h, 
presumably a contamination (see text). The BChl a and BChl h 
peaks were resolved into two gaussians (broken lines); the BChl a 
peaks were normalized. The nature of the minor peaks at 26 min was 

not farther investigmed. A.U., arbitrary units. 

o f  t h e  ce l l s .  N o  B P h e  663 w a s  d e t e c t e d  in t h e  o t h e r  
s p e c i e s  t e s t e d .  

BChl 663 contents in carious species 
Fig.  5 s h o w s  typica l  e l a t i o n  p a t t e r n s  o f  P. aestuarii 

a n d  C. phaeoribrioides, m o n i t o r e d  a t  390  n m .  A t  t h i s  
w a v e l e n g t h  n o t  on ly  t h e  p e a k s  o f  B C h i  663,  b u t  a l so  
t h o s e  o f  c a r o t e n o i d s  a n d  o f  B C h l  a a r e  c l e a r l y  v is ib le .  
T h e  v a r i o u s  h o m o l o g s  o f  t h e  c h l o r o s o m e  p i g m e n t s  
B C h l  c a n d  e e l a t e d  in t h e  t i m e  r a n g e  2 - 5  h ( n o t  
s h o w n ) .  T h e  f i rs t  p i g m e n t s  to  b e  e l a t e d  w e r e  t h e  
s t r o n g l y  a p o l a r  c a r o t e n o i d s  ( i s o r e n i e r a t e n e  a n d  /J - i so-  
r e n i e r a t e n e  in C. phaeocibrioides [28]; c h l G r o b a c t e n e  in  
P. aestuarii a n d  t h e  o t h e r  s p e c i e s  [29]). M i n o r  a m o u n t s  
o f  m o r e  p o l a r  c a r o t e n o i d s  e l a t e d  a t  s o m e w h a t  l o n g e r  
e l a t i o n  t imes .  T h e  p e a k  a t  67 ra in  in t h e  e l a t i o n  
p a t t e r n  o f  P. aestuarii w a s  i d e n t i f i e d  a s  B C h l  a o n  
b a s i s  o f  i ts  a b s o r p t i o n  s p e c t r u m .  T h e  s a m e  p e a k  is  
v is ib le  at  m u c h  r e d u c e d  h e i g h t  in t h e  e l a t i o n  p a t t e r n  
m o n i t c r e d  at  663 n m  (Fig .  1). By c o c h r o m a t o g r a p h y  
wi th  a n  ex t r ac t  o f  t h e  p u r p l e  b a c t e r i u m  Rhodobacter 
sphaeroides G I C a n d  by  m o n i t o r i n g  t h e  e l a t i o n  p a t t e r n  
a t  750  n m  a d d i t i o n a l l y ,  it w a s  e s t a b l i s h e d  t h a t  in P. 
aestuarii o n l y  B C h l  a e s t e r i f i e d  w i th  p h y t o l  w a s  p r e -  
s e n t ,  a s  w a s  c o n f i r m e d  by m a s s  s p e c t r o m e t r y  ( d a t a  n o t  
s h o w n ) .  

S ing l e  e l a t i o n  p e a l s  a t  a b o u t  70  m i n  w e r e  a l so  
o b t a i n e d  wi th  e x t r a c t s  o f  C. limicola a n d  C. lh,,icola fi 
thiosulfatophilum. A l t h o u g h  t h e r e  is n o  d o u b t  o n  t h e  
s p e c t r o s c o p i c  B C h l  a c h a r a c t e r i s t i c s  o f  t h e s e  p e a k s  (by  
m o n i t o r i n g  at  750  r im)  a n d  t h e  i d e n t i t y  o f  p h y t o l  a s  t h e  



esterifying a lcohol  [30], t h e r e  still is a minor  possibility 
tha t  t he  BChl  a- l ike p igment s  in these  species s tudied 
are no t  identical .  Fo r  C. phaeot'ibrioides a n d  also for 
some samples  of C. ~'ibrioforme an ext ra  peak  at some-  
what  longer  e lu t ion  t ime than  BChl a was obscrvcd  
(see Fig. 5), which was iden t i f i ed  as BChl  h by means  
of  i ts  absorp t ion  spec t rum,  indica t ing  that  these  cul- 
tu res  suf fe red  f rom a small  c o n t a m i n a t i o n  wi th  a BChl  
b -con ta in ing  purp le  bac te r ium.  T h e  b a n d  at 51 min  in 
the  c h r o m a t o g r a m  of  C. phaeot'ibrioides was ident i f ied  
by m e a n s  o f  its a b s o r p t i o n  s p e c t r u m  as 2-desvinyl-2- 
acetyl  Chl  a ,  a wel l -known convers ion  p r oduc t  of  BChl  
a.  A s imilar  peak  was  s o m e t i m e s  obse rved  in the  elu-  
t ion d i a g r a m s  of  C. limicola a n d  C. limicola f. thiosul- 
phatophilum as r e p o r t e d  ea r l i e r  [16], but  not  in the  
o t h e r  species.  

T a b l e  II shows t he  BChl  663 c o n t e n t  for the  various, 
species,  ca lcu la ted  f rom the  a reas  of  t he  c o r r e s p o n d i n g  
e lu t ion  peaks  ( m o n i t o r e d  at  390 nm)  with respec t  to 
the  BChl  a peak.  W h e n  necessary,  the  BChl  a con-  
t en t s  were  c o r r e c t e d  for t he  p r e sence  of  2-desvinyl-2- 
acetyl Chl  a.  The  BChl  663 c o n t e n t s  var ied  b e t w e e n  11 
and  33 BChls  a p e r  BChl  663. P. aestuarii c o n t a i n e d  
a b o u t  13 BChls  a pe r  BChl  663, which is in g o o d  
a g r e e m e n t  wi th  the  resul ts  o f  B r a u m a n n  et al. [15] on 
i so la ted  and  solubi l ized m e m b r a n e s .  T h e  var ia t ion  by 
roughly  a f ac to r  of  t h r ee  in the  BChl  663 : BChl  a ra t io  
for  t he  d i f fe ren t  p r e p a r a t i o n s  does  no t  necessar i ly  im- 
ply d i f f e ren t  p igmen t  compos i t i ons  or  s t ruc tu re s  of  the  
core  complexes  in the  var ious  species  s tudied.  Since 
BChl  a is p r e s e n t  in the  core  complex  as well as in the  
BChi  a p ro t e in  [6,7] and  in the  ch lo rosomes  [2-5],  the  
d i f fe ren t  p igmen t  ra t ios  may also reflect  a d i f fe rent  
ra t io  of  the  a m o u n t  of  core  complex  with respec t  to 
these  a n t e n n a  c o m p o n e n t s .  M e a s u r e m e n t s  o f  the  BChl  
a to r eac t ion  c e n t e r  ratio,  by m e a s u r i n g  the a m o u n t  of  

T A B L E  i i  

BChl  663 content  o f  se t e ra /green  .~-ulflar bacteria 

For  each  species  the molar  ratio o f  BChl  u is given. Unless  o therwise  
s ta ted,  each va lue  is an average o f  three  measurements .  The follow- 
ing mola r  extinctk n coeff ic ients  in e luen t  were used for the calcula- 
t ion o f  the mola r  ratios: BChl a = ~ )  m M  ]cm t (at 773 rim) [31], 
BChl  663 = 85 raM-  t cm  I t a '  662.5 nm, assumed to be equal  to Chl 
a in e luent) ,  2-desvinyl-2-acetyl Chl  a = 6 5 . 2  m M  - j e m  ] (at 067 
nm) [32]. The va lues  were recalcula ted  to  the ext inct ion coefficients  
at  390 nm from the co r re spond ing  absorp t ion  spectra. 

Species  BChl  663 content  

t'. aestuarii ~ 11.08 4- 0.02 
C. limicola 0.03 ___ 0.005 
C. t'ibriofi~rrae h 0.09 ± 0.02 
C. phaeot'ibrioides , 0.05 ± 0.01 
C. limicola [. thiosulJ'atophilum 0.07 --/- [1.005 

n Average  o f  5 measurements .  
b Peak areas d e t e r m i n e d  by gauss ian  deconvolut ion .  
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Fig. 6. The h igh-mass  part  o f  a :52Cf-PDMS spect rum of  BPhe 663. 

photo-oxid izable  pr imary  e lec t ron  donor .  P-840, will be  
n e e d e d  to resolve this point .  

Spectroscopic identification 
As m e n t i o n e d  earl ier ,  opt ical  spec t roscopy of  BChl 

663 and  its pheophy t in  indica ted  a s t rong similarity 
be tween  BChl  663 and  Chl a.  252Cf-plasma dcsorp t ion  
mass  spec t rome t ry  revealed n o  differences.  The  mass 
spec t rum (Fig. 6) showed  tha t  BPhe  663 has  the same 
molecu la r  mass  as Phe  a,  while the  mass  d i f ference  
be tween  t he  molecu la r  ion and  the first large f r agment  
at 592.5 mass  uni t s  indica tes  that  t he  esterifying alco- 
hol is phytol ,  as with p lan t  Phe a and  Chl a,  in 
a g r e e m e n t  with resul t s  r epo r t ed  ear l ie r  [15]. To es tab-  
lish possible  d i f fe rences  be tween  BChl  663 and  (?hi a ,  
c o c h r o m a t o g r a p h y  of pur i f ied  Chl a with  an  extract  of  
P. aestuarii was pe r fo rmed ,  as well as of pur i f ied  B P h e  
663 with Phe  a.  Both  expe r imen t s  showed  slight differ-  
ences  in e lu t ion  t ime be tween  ,,he c o r r e s p o n d i n g  pig- 
ments .  The re fo re ,  ZH-NMR was p e r f o r m e d  on bo th  
BPhe  663 and  Phe  a, in an  a t t e m p t  to  f ind the  isomeric  
d i f fe rence  be tween  the  two p igments .  

' H - N M R  was, however ,  compl ica ted  by two factors:  
The  a m o u n t  of  BPhe  663 avai lable  was low to N M R  
s t anda rds  and,  as m e n t i o n e d  earl ier ,  so lu t ions  of  B P h e  
663 were found  to show rapid  ep imer iza t ion .  As  re- 
po r t ed  before  [25], the ' H - N M R  spec t ra  o f  ep imer s  are 
r a t h e r  d i f ferent ,  especial ly with  respect  to  the  p ro tons  
on the  es ter i fying alcohol and  the p ro tons  a t t a ched  to 
r ings IV and  V (Fig. 7). A l though  this  effect  may be  
p re sen t  to a lesser  ex ten t  in (bac te r io )pheophy t ins  w h e n  
c o m p a r e d  to (bac te r io)ch lorophyi l s  [33], it may still 
obscure  small  d i f fe rences  due  to o t h e r  subs t i tu t ions  on  
the  rings. The re fo re ,  the  =H-NMR spec t rum of  B F h e  
663 was c o m p a r e d  to tha t  of  an  ep imer ic  mixture  of  
Phe  a (Figs. 8 a n d  9). T h e  Phe  a / a '  a n d  BChl  6 6 3 / 6 6 3 '  
' H - N M R  lines were  ass igned accord ing  to  Ref.  33 and  
are  no t  l is ted he re  for t ha t  reason.  

T h e  ~H-NMR,  as well as the  C O S Y  spec t rum,  
showed  a s t rong  r e semblance  be tween  Phe  a and  B P h e  
663, es tab l i sh ing  the  p resence  of  vinyl- and  e thyl -groups  
on the  BPhe  663 macrocyclc.  In bo th  spec t ra  the  l ines 
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Fig. g tlI-NMR spectrum of a BPhe 663/1~b3' epimer mixture in 
[ -~ I I ~, ]ace tone, 2411 K 

of thc C-5, C-10 and C-211 protons were present ,  
demonstra t ing the absence of subst i tuents  on these 
carbon atoms. Sincc the total molccular mass and that 
of the esterifying alcohol arc identical for both BPhe 
663 and Phc a and thcrc is no diffi:rcncc in the 
resonant  part of  the macrocycle, the ant icipated differ- 
ence must be in the substi tuents on the macrocycle. 
Also, the isomeric difference obviously causes the 
epimcrizat ion rates to differ to a considerable  cxtent 
and thereforc  most likely involves substi tutions on . ings 
IV a n d / o r  V. In Figs. 8 and 9, the most notable 
difference in the nH-NMR spectra is marked by an 
arrow. The COSY spectrum of the Phe a/a' epimeric  
mixture (not shown) clearly indicated a coupling of a 
peak at 2.8 ppm with a peak at 5.3 ppm. In the BChl 
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Fig. 8. III-NMR spectrum of a Phc a/a" cpimeric mixture in 
[21!~,]acetone at 2411 K. The arrow marks the main difference be- 

tween this I|t N~R spectrum and that of BPhc 663. 

663/663 '  spectrum,  however,  the first line was absent ,  
and the coupling of the latter doe was replaced by one  
at 2.0 ppm. From a s t ra igh ' forward in terpre ta t ion  of  
the Phe a/a' nH-NMR data, the peak at 2.8 ppm most  
likely involves the 17n-CH2 group (Fig. 7) [33]. The  
absence of  this peak in the BPhe 663-spectrum could 
indicatc thc lack of  one  CHe-group  in the propionie-  
acid chain on ring IV, which ~ould  very likely give rise 
to a changed epimerizat ion behavior with respect  to 
Phe a. Ano the r  suggestion would involve an isomeriza- 
tion in the phytyl chain, shifting the 2p .3p  double  bond  
to the 3p_4p posit ion (Fig. 7). For the ass ignment  of  
these kinds of  differences,  however, long-range cou- 
plings have to be studied,  which implies the need  of  a 
larger amount  of  sample.  Also, as far as we know, the 
chlorophyll biosynthetic pathways do not suppor t  ei- 
ther  kind of  substi tut ion [30,]. Fur ther  analysis will be 
needed  for a final structural assignment.  

C o n c l u s i o n s  

The object of  this study was to identify the 670 nm 
pigment present  in cells, membranes  and solubilized 
fractions of  membranes  of  green sulfur bacteria,  which 
is believed tc funct ion as the primary electron acceptor  
[17-19]. The previc.usly developed successful me thods  
of extraction and separat ion [20,25] were  used to inves- 
tigate the p igment  composi t ion of  five species of  green 
sulfur bacteria,  again with the exclusion of  artifact 
formation during extraction and subsequent  chromato-  
graphic analysis. The only likely candidate  for the 
primary electron acceptor  is BChl 663, a pigment  elut- 
ing in the polarity range between the apolar  carotenoids  
and BChl a [15,16]. In this communicat ion,  we show 
that BChl 663 is an isomer of Chl a, the major p igment  
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of oxygenic photosynthesis .  T he  pr imary  e lect ron ac- 
ceptors  of  PS I, he l iobacter ia  and  green  sulfur bac te r ia  
are,  thus,  found to be closely related.  

P igment  analysis s tudies  on  green  sulfur  bac te r ia  
usually suffer  f rom a b 'gh  ra te  of  pheophyt in iza t ion .  
e i t he r  dur ing  the  p repa ra t ion  of  m e m b r a n e s  or  solubi- 
lized fract ions a n d / o r  dur ing  the  ext rac t ion  and  subse- 
q u e n t  c h r o m a t o g r a p h i c  analysis [ 15]. A l though  our  fast 
analytical  scale ext rac t ion  and  analysis m e t hods  do  not  
a p p e a r  to  suffer  from these drawbacks,  the  col lect ion 
a n d  pur i f ica t ion of  BChl  663 on  p repara t ive  scale, at  
least  in o u r  hands ,  inevitably p roduced  the  co r respond-  
ing pheophyt in .  Never theless ,  sufficient  am oun t s  of  
BChl  663 could be ob ta ined  to d e m o n s t r a t e  the  spec- 
t roscopic  similari ty be tween  BChl 663 and  Chl a,  and  
to p re sen t  ev idence  by means  of  CD-speet roscopy,  tha t  
BChl  663 is the  ' n o r m a l '  132(R)-epimer  species. Al- 
though  the  molecula r  masses  of  BChl 663 and  Chl a 
were  found  to be  the  same,  the  elutioli  t imes  and  N M R  
spect ra  showed  tha t  these  p igment s  are not  identical .  
Mainly due  to the  rapid  pheophy t in iza t ion  of BChl 663 
and  the rapid  ep imer iza t ion  of  its pheophyt in ,  a defi- 
n i te  a ss ignment  of  the  s t ruc ture  of  BChl  663 is not  
poss ib le  at  th is  t ime.  All  m e m b r a n e - a s s o c i a t e d  
(bac ter io)chlorophyl ls  of  g reen  sulfur  bac te r ia  a p p e a r  
to be  exclusively ester i f ied wi th  phytol,  in con t ras t  to 
the  ch lorosomal  BChis  c, d and  e. Th i s  indicates  a 
part ial ly d i f fe ren t  b iosynthet ic  pathway.  

Even  more  so t h a n  with hel iobacter ia ,  the  size of  
the  pho tosyn the t i c  uni t  of  g reen  sulfur  bac te r ia  is un- 
cer ta in .  T h e  BChi  a - c o n t e n t  of  ch lorosomes  of  C. 
limicola has  b e e n  found  to be  a r o u n d  1% [2], yielding 
15-20  BChls  a /RC,  whereas  the  m e m b r a n e  and  the  
associa ted BChl a p ro te ins  t oge the r  p robably  conta in  
abou t  80 BChis  a / R C  [12]. This  resul ts  in a total  of  
abou t  100 BChls  a/RC.  This  n u m b e r  is uncer ta in ,  
because  the  d i f ferent ia l  ext inct ion coefficient  of P- 
8 4 0 / P - 8 4 0  + is no t  known and,  moreover ,  it could well 
be var iable ,  d e p e n d i n g  on  growth condi t ions  and  
species s tudied.  In this  study, the  BChl 663 con ten t  was 
shown to be be tween  33 and  !1 BChls  a / B C h l  663, 
indicat ing the  p resence  of  be tween  ~ and  9 BChls  
6 6 3 / R C .  Since not  all of these  p i g m e r ,  s can be func- 
t ioning as the pr imary  elec' ,ron aeceptor ,  tl~e role of  
the  r emain ing  BChls  663 in the  core-complex remains  
unknown.  Exper imen t s  are u n d e r  way to d e t e r m i n e  the  
a m o u n t  of  BChl  663 in an  isolated core  complex.  The  
results  p r e s e n t e d  he re  and  e l sewhere  [ i5]  show, how- 
ever, t ha t  it is highly unlikely tha t  a n o t h e r  670 nm 
species funct ions  as the  pr imary  e lec t ron  aceeptor  in 
g reen  sulfur  bacter ia .  
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