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INTRODUCTION 

The carotenoid pigments form a strikingly homogeneous class of naturally occurring 
compounds, which are synthesized de novo by all green plants, and by many bacteria 
and fungi. The distinctive common structural features of these pigments suggest that 
they may be formed biologically by a single primary sequence of reactions, the minor 
structural differences which characterize the individual members of the class being 
produced by terminal divergences from the common primary pathway. The general 
biochemical problems of carotenoid formation are: the nature of the condensations 
which give rise to the unique C40 skeleton; the mechanism for the formation of the 
extensive system of conjugated double bonds; and lastly, in the case of alicyclic 
carotenoids, the mechanism of ring closure. In spite of the large amount of work 
which has been done on carotenoid formation in plants and microorganisms, none of 
these general problems has yet been solved. In the present paper we shall describe 
a series of experiments which establish the nature of the terminal step-reactions in the 
formation of aliphatic carotenoids by the photosynthetic bacterium, Rhodospirillum 
rubrum. 

The carotenoid pigments of R. rubrum have been extensively studied. The first 
investigations by VAN N I E L  AND SMITH 1 and POLGAR, VAN NIEL  AND ZECHMEISTER ~ 

were conducted on cells from old cultures, and showed that one compound, spirilloxan- 
thin, accounted for about 95 % of the carotenoid present. Spirilloxanthin is an ali- 
phatic pigment which contains 13 double bonds in conjugation and two methoxyl 
groups, presumably attached in the 3 and 3' P ositions2' ~. Many years later, DUYSENS 4 
observed that the absorption spectrum of intact cells changes with the age of the 
culture in a manner which suggested that spirilloxanthin might not be the major 
pigment in young populations. This inference was confirmed by VAN NIEL, GOODWlN 
AND SISSINS 5, who analyzed the pigment system of R. rubrum at various stages of 
development, and found no less than five additional carotenoids in rapidly growing 
cells. These compounds are lycopene, lycoxanthin (3-hydroxy-lycopene), demethylated 
spirilloxanthin, and two pigments of undetermined structure which were originally 
discovered in another photosynthetic bacterium and designated as P48I and hydroxy 
P48I e. Lycopene and lycoxanthin are aliphatic carotenoids which contain I I  double 

* Th i s  work  was  s u p p o r t e d  b y  g r a n t s  f r om t h e  Na t iona l  Science F o u n d a t i o n .  
** Rec ip ien t  of a Styr i  Fel lowship  f rom t h e  A m e r i c a n - S c a n d i n a v i a n  F o u n d a t i o n .  P r e sen t  

adress  : I n s t i t u t e  of Organic  Chemis t ry ,  Norges  Tekn i ske  Hogskole ,  T rondhe im ,  Norway .  
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bonds in conjugation. The spectrum of P48I suggests that  it is also aliphatic, and 
contains 12 double bonds in conjugation. 

GOODWlN AND OSMAN 7,8 investigated the effects of diphenylamine on R. rubrum, 
and found that  at appropriate concentrations it prevents normal carotenoid synthesis 
without arresting growth. In their first paper, they reported that  no unusual carote- 
noids accumulate in cells which have been grown with diphenylamine, but this claim 
was withdrawn in their second paper, where they stated that  such cells contained 
"traces" of phytoene and other relatively saturated carotenoids. GooI)WlN AND 
OSM,\N made one additional observation of cardinal importance for the study of 
carotenoid synthesis : namely, that  when cells of R. rubrum which have been depleted 
of normal carotenoids by growth in tile presence of diphenylamine are washed free of 
the inhibitor and resuspended in buffer, they are able to perform an extensive endoge- 
nous synthesis of spirilloxanthin. GOODWlN AND OSMAN did not identify the intracel- 
lular substances which provide the carbon for this endogenous synthesis, and assumed 
that  they were non-specific reserve materials. 

TERMINOLOGY 

We shall use the word carotenoid to describe any C4o polyene which has the carotenoid 
skeleton. Phytoene, phytofluene and hydroxyphytofluene, the three colorless com- 
pounds of this class with which we shall be concerned, will accordingly be termed 
colorless or more saturated carotenoids. We shall refer to a carotenoid hydrocarbon 
and its hydroxy derivatives as a group; thus, the lycopene group comprises lycopene 
and hydroxylycopenes. 

The abbreviation DPA will be used for diphenylamine. DPA-grown cells are cells 
of R. rubrum which have been grown photosynthetically in the presence of DPA for 
a time sufficient to produce a substantial reduction (9 ° % or greater) in the level of 
the normal carotenoid pigments. Normal cells are cells of R. rubrum which have been 
grown photosynthetically in the absence of DPA, and consequently contain a normal 
complement of carotenoids. 

MATERIALS AND METHODS 
Bacterium 

Rhodospirillum rubrum s t ra in  i . i . i ,  o r ig ina l ly  ob ta ined  from the  col lect ion of Professor 
C. B. VAN NIEL. 

Medium 
All cu l tu res  were grown in the  modified m e d i u m  of HOTNER 9. W h e n  DPA was employed  as an 

inh ib i to r  of no rma l  ca ro tenoid  synthes is ,  i t  was added  severa l  hours  a f te r  the  inocu la t ion  of the  
m e d i u m  as a so lu t ion  in  95 % e thanol .  The final c o n c e n t r a t i o n  of D P A  in the  m e d i u m  was var ied  in  
different  e x p e r i m e n t s  be tween  6 and  7" lO-5 M. The concen t r a t ion  of the  alcoholic  so lu t ion  was 
such t h a t  the  final concen t r a t ion  of e thano l  in the  m e d i u m  never  exceeded 0.25 %. 

Cultivation 
Liquid  s tock  cu l tures  were grown in co t ton- s toppered  Florence flasks of 5 ° m l  capac i ty ,  

filled to  the  neck  w i t h  medium.  After  inocula t ion ,  the  flasks were i ncuba t ed  in  a l igh t  cab ine t  a t  a 
t e m p e r a t u r e  of 3 ° 4- 2 °. For  exper iments ,  cu l tures  were grown in R o u x  bo t t l es  con ta in ing  750 ml 
of medium,  and closed wi th  rubbe r  s toppers  f i t ted  w i t h  gas  inlet ,  gas ou t l e t  and  sampl ing  tubes .  
Af ter  inocula t ion ,  bo t t l es  were placed as close as possible  to  the  en t rance  window of a r ec t angu la r  
glass wa te r  ba th ,  m a i n t a i n e d  a t  a t e m p e r a t u r e  of 3 o°, which  was  even ly  i l l umina ted  wi th  3oo-W 
t u n g s t e n  lamps.  The l igh t  i n t e n s i t y  a t  the  surface of t he  en t rance  w indow was  iooo foot-candles.  
W h e n  the  m e d i u m  con ta ined  DPA,  a yel low fil ter  (Coming 3484), t r a n s m i t t i n g  only  wave leng ths  
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longer  t h a n  507 In#, was  placed in f ron t  of  t h e  en t r ance  window, in order  ¢o p r e v e n t  t he  pho to -  
chemica l  de s t ruc t ion  of DP A.  Cul tu res  were con t i nuous ly  ae ra ted  wi th  N~ con ta in ing  5 % COy 

Bot t le  cu l tu res  were inocu la ted  wi th  exponen t i a l l y  growing ceils, to  give an  initial optical  
dens i t y  a t  680 m/~ of 0.oo 4 (equiva len t  to  2. lO s cells per  ml).  T h e y  were h a r v e s t e d  in t he  exponen t i a l  
p h a s e  of g rowth  w h e n  t h e  Ess o h a d  reached  0.3o0-0.4oo.  U n d e r  t he  g rowth  condi t ions  employed ,  
n o r m a l  cells a t t a i n  th i s  dens i t y  18-2o h a f te r  inoculat ion,  a n d  D P A - g r o w n  cells 6o-70  h a f te r  
inocula t ion .  

Resting cell suspensions 
Bot t l e  cu l tu res  were chilled, a f te r  wh ich  t he  cells were h a r v e s t e d  b y  cen t r i fuga t ion .  T h e y  

were t h e n  w a s h e d  once and  r e s u s p e n d e d  in a chilled solut ion of t he  modif ied HUTNER m e d i u m  8 
devoid  of a m m o n i u m  m a l a t e  and  casein  hydro lysa t e .  Th i s  solut ion,  which  c a n n o t  suppo r t  growth,  
will be  referred to he rea f te r  as  " H u t n e r  p h o s p h a t e  buffer" .  

Measurements on cell suspensions 
Cell m a s s  was  de t e rmi ned  by  m e a s u r e m e n t  of optical  dens i ty  a t  680 m/# .  A suspens ion  of 

R. rubrum wi th  an  Ess 0 of I.OOO con ta ins  a b o u t  5" IOS bac te r ia  pe r  ml,  equ iva l en t  to a d ry  weight  
of I.O mg/ml .  The  ex t r ac t ion  and  m e a s u r e m e n t  of bac ter iochlorophyl l  were pe r fo rmed  as earlier 
descr ibed 9. R o u g h  m e a s u r e m e n t s  of to ta l  ca ro teno id  were pe r fo rmed  on t h e  s a m e  ex t rac t s ,  by  
de t e rmin ing  t h e  opt ical  dens i t y  a t  485 m/z, corrected for l ight  absorp t ion  by  bac ter iochlorophyl l  
a t  t h i s  wave leng th .  The  pro te in  c o n t e n t  of  cell suspens ions  was  de t e rmined  by  t he  b iu re t  m e t h o d  10, 
wi th  two mino r  modif icat ions.  T he  cells were first s ed imen ted  and  ex t r ac t ed  wi th  an  acetone-- 
m e t h a n o l  m i x t u r e  (7 : 2 v/v) in order  to r e m o v e  t he  p igmen t s ,  which  interfere  wi th  t he  m e a s u r e m e n t  
of t he  b iure t  color. Af te r  t h e  b iure t  r eac t ion  h a d  been  pe r fo rmed  on t he  ex t r ac t ed  cells, t h e  s ample  
was  cen t r i fuged  before t he  spec t ropho t ome t r i c  read ing  was  made ,  in order  to r emove  l ight-  
s ca t t e r ing  cellular debr is  wh ich  is no t  d isso lved  by  t he  reagent .  

Carotenoid extraction 

Q u a n t i t a t i v e  caro tenoid  ana lyses  were pe r fo rmed  on cell suspens ions  wi th  a vo lume  of 
300-500 ml, and  a n  E680 of 0.300-0.400.  Dupl ica te  io -ml  a l iquots  were se t  as ide  for p ro te in  and  
bac te r iochlorophyl l  de t e rmina t ions .  T he  v o l u m e  of t he  r ema in ing  so lu t ion  was  accura te ly  measured ,  
a f te r  which  t h e  cells were s ed i men t ed  in t he  cold (2-5 °) by  cent r i fuga t ion ,  washed  once wi th  cold 
H u t n e r  p h o s p h a t e  buffer,  and  resed imented .  T he  bacter ia l  pellet  was r e suspended  in a m in ima l  
vo lume  of water ,  and  t h e  p i g m e n t s  were e x t r a c t e d  wi th  success ive  por t ions  of 7:2  a c e t o n e -  
me thano l ,  followed, in t he  case of s amp l e s  wi th  a h i g h  c o n t e n t  of sp i r i l loxanth in ,  by  pure  acetone.  
The  combined  ex t r ac t  was  saponif ied for 5 rain a t  r oom t e m p e r a t u r e  wi th  me thano l i c  K O H .  
A suff icient  q u a n t i t y  of 25 % K O H  in m e t h a n o l  was  added  to  t he  ex t r ac t  to provide  a final alkali  
c o n c e n t r a t i o n  of 5 %. A smal l  vo l ume  of p e t r o l e u m  e the r  was  t h e n  added  to the  saponif ied mix tu re ,  
and  t he  caro tenoids  were t r ans fe r r ed  to t h e  pe t ro l eum e ther  layer  by  di lu t ion of the  a c e t o n e -  
m e t h a n o l  phase  wi th  sufficient concen t r a t ed  a q u e o u s  NaC1 solut ion to reduce  t he  concen t ra t ion  
of ace tone  a n d  m e t h a n o l  to  1O°/o . The  ex t r ac t i on  was  repea ted  once, a f te r  which  the  combined  
p e t r o l e u m  e the r  ex t r ac t  was  washed  free of ace tone  and  me thano l ,  and  dr ied over  a n h y d r o u s  
Na.2SO ~. 

Chromatography and quantitative estimation o] carotenoids 

The  dried p e t r o l e u m  e the r  ex t r ac t ,  con ta in ing  abou t  300 #g  of ca ro tenoids  (apar t  f rom 
phy toene)  was  concen t r a t ed  in vacuo to  a vo l ume  of 5 ml.  The  p i g m e n t s  were sepa ra ted  on  a 
i cm  × 15 c m  c o l u m n  of W o e l m  neu t r a l  a l u m i n u m  oxide,  ac t iv i ty  g rade  2 (ref.11). The  co lumn  was 
packed  by  add ing  success ive  smal l  por t ions  of t h e  adso rben t  su spended  in pe t ro l eum ether ,  each 
por t ion  be ing  al lowed to  se t t le  before t he  n e x t  addi t ion .  No pressure  or suc t ion  was  appl ied du r ing  
t h e  c h r o m a t o g r a p h y ,  wh ich  took  a b o u t  4 h. T he  c o l u m n  was  developed first w i th  pure  p e t r o l e u m  
e the r  (b.p. 3 0 - 5 0 %  followed in t u r n  by  p e t r o l e u m  e t h e r - d i e t h y l  e the r  mix tu re s ,  pe t ro l eum e t h e r -  
ace tone  m i x t u r e s  a n d  p e t r o l e u m  e t h e r - m e t h a n o l  mix tu re s .  The  pe t ro l eum e ther  had  been  pre-  
v ious ly  freed of benzene  b y  pas sage  t h r o u g h  a c o l u m n  of SiOz z. Table  I s h o w s  t he  d e v e l o p m e n t  
of a typ ica l  c h r o m a t o g r a m .  

The  abso rp t ion  spec t r a  of t h e  e lu ted  f rac t ions  were measu red  wi th  a B e c k m a n  recording 
spec t ropho tome te r ,  a n d  t he  caro tenoid  c o n t e n t  was  ca lcula ted  on t he  bas is  of t he  ex t inc t ion  
coefficients l is ted in TABLE II.  For  t h e  h y d r o x y  compounds ,  t he  ex t inc t ion  coefficient of t he  
cor respond ing  h y d r o c a r b o n  was  employed .  

As s h o w n  in TABLE I, m a n y  of t h e  u n h y d r o x y l a t e d  caro tenoids  were isolated in t he  form of 
severa l  geometr ica l  isomers .  I t  c a n n o t  a t  p re sen t  be decided w h e t h e r  t he se  i somers  all occur  
na tu ra l ly ,  or  w h e t h e r  some  of t h e m  are  fo rmed  du r ing  t he  isolat ion.  In  a n y  case, t h e y  compl ica te  
t h e  p rob l em of q u a n t i t a t i v e  m e a s u r e m e n t .  T he  cis i somers  of ca ro tenoids  h a v e  in genera l  lower 
ex t inc t ion  coefficients t h a n  t he  all-trans forms,  b u t  t h e  exac t  va lues  of the i r  ex t inc t ions  are  k n o w n  
in ve ry  few cases.  Accordingly,  no a t t e m p t  was  m a d e  to  ass ign  a specific va lue  for t he  ex t inc t ion  
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T A B L E  I 

C H R O M A T O G R A P H I C  S E P A R A T I O N  O F  C A R O T E N O I D S  S Y N T H E S I Z E D  B Y  

R .  r u b r u m  IN  T H E  P R E S E N C E  O F  DPA 

Zones in order 
o/increasing Color o/zone Required eluant Identification 

adsorption 

a colorless pure  petr.  ether Phytoene 
b green fluorescence in 

U.V. pure  petr. e ther  Phytofluene 
c yellow pure petr. e ther  ~-Carotene - I s t  isomer 
d yellow 5 % ether  in petr. ether ~-Carotene - 2nd isomer 
e yellow 5-IO % ether  in petr.  e ther  Neurosporene - I s t  isomer 
f yellow 5 -1o% ether  in petr.  e ther  ~-Carotene - 3rd isomer 
g yellow IO % ether in peer. e ther  P 4 1 2  
h yellow lO-15 % ether  in petr.  e ther  Neurosporene - 2nd isomer 
i orange 15-2o % ether in petr. e ther  Lycopene - ISt isomer 
j yellow 20-25 % ether in petr. ether P45 o 
k orange 25 % ether  in petr.  e ther  Lycopene - 2nd isomer 
1 purple  2. 5 % acetone in petr. e ther  P48I - Is t  isomer 
m purple 5 % acetone in petr. ether Spiril loxanthin - i s t  isomer 
n orange 5 - 6 %  acetone in peer. e ther  P48I - 2nd isomer 
o purple 6 % acetone in peer. e ther  Spiril loxanthin - 2nd isomer 
p yellow 5-7 % acetone in petr. ether OFI-Phytofluene 
q yellow 6-7 % acetone in peer. ether OH-~-Carotene 
r yellow 7-8 % acetone in petr.  e ther  OH-Neurosporene 
s yellow 7-8 % acetone in petr. ether OH-Lycopene 
t orange 8-12 % acetone in petr. ether OH-P48I  
u purple 12 % acetone in petr. e ther  OH-Spir i l loxanthin 
v yellow 4 % methanol  in petr. e ther  di-OH-~-Carotene 
w yellow 25 % methanol  in petr.  e ther  di-OH-Lycopene 

Additional isomers of lycopene, P48I and spir i l loxanthin often occurred. 

T A B L E  I I  

A B S O R P T I O N  D A T A  F O R  T H E  C A R O T E N O I D S  O F  n .  r u b r u m  

Carotenoid Positions o~ absorption maxima E ~ % Literature Number o/ 
cm relevence /or conjugated 

in petroleum ether, ml* /or main maximum exIinction value double bonds 

Phytoene  274 284 296 14oo 28 3 
Phytofluene 332 347 367 15oo 28 5 
OH-Phytof luene 332 347 367 5 
~-Carotene 376 396 4I 8 2ooo 29 7 
OH-~-Carotene 376 395 417 7 
di-OH-~-Carotene 378 397 420 7 
P412 388 4I 2 438 237 o* 8 
Neurosporene 413.5 438 468 274o 13 9 
OH-Neurosporene  414 437 466 9 
P45 ° 423 45 ° 480 3IOO** IO 
Lycopene 446 474 5 °6 346 ° 12 I I 
OH-Lycopene 445 474 506 I I 
di-OH-Lycopene 441 47I 5o i I I 
P48I 455 482 514 2500 6 12 
OH-P48I  455 482 515 t2 
Spiri l loxanthin 464 491 524 235 o 2 13 
OH-Spir i l loxanthin 489 523 13 

* F rom extrapolat ion between extinction coefficients of ~'-carotene and neurosporene. 
** F rom extrapolat ion between extinction coefficients of neurosporene and lycopene. 
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coefficient of each individual cis isomer;  instead, the fixed values listed in Table I I  were employed 
for all the isomers of a given carotenoid. Calculations showed tha t  the probable error so introduced 
would not  material ly affect the results.  

Some cis isomers have absorpt ion  m ax i m a  at  wavelengths  considerably shorter  t han  those 
of the ail-trans parent  compound,  and can therefore be confused with isomers of carotenoids tha t  
have a less extensive conjugat ion system. This problem of identification arose in our  exper iments  
in connection wi th  the numerous  isomers of lycopene, P48I and spiril loxanthin. The correct 
ass ignment  of such isomers could not  be made simply on the  basis of the order of elution from the 
column (el. Table I). In  such cases, the occurrence of cis peaks at characteristic wavelengths 
served to determine the paren t  carotenoid. Cis peaks commonly  occur at  a wavelength 142 -k 2 m#  
shorter  than  the m a x i m u m  at  longest wavelength of the all-trans parent  compound TM. 

Identification o[ carolenoids 
Exclusive of geometrical isomers, nearly 20 different carotenoids were present  in some of the 

mixtures  analyzed in the present  work. Many of these could be identified with cer tainty on the 
basis of our  own or earlier studies, bu t  in some cases the identifications were tenta t ive  or inferential. 
The evidence on which the identification of each compound was based is summarized below. 
Let ters  refer to the zones on columns described in Table I and to the corresponding eluted fractions. 

Hydrocarbons 
a) Phytoene. Phytoene  was identified by its ultraviolet  absorpt ion  spec t rum and chromato-  

graphic behavior.  The presence of phytoene  in DPA-grown cells of R. rubrum was shown earlier 
by  GOODWlN AND OSMAN 8, who also proved its identi ty by  mixed chromatography.  

The quant i ta t ive  determinat ion of phytoene  in our exper iments  was  complicated by the 
presence of DPA. Phytoene  and DPA have overlapping ultraviolet  absorpt ion spectra,  and are 
similarly adsorbed on "Woe lm"  neutral  a lumina grade 2, which was otherwise found to be the  
most  favorable adsorbent  for the separat ion of the carotenoid mix tures  encountered. A compound 
with a m a x i m u m  at  253 m #  in pet roleum ether was also par t ly  eluted in the phytoene  fractions. 

Rechromatography  of the phytoene-containing fractions on "Woe lm"  basic a lumina activity 
grade I (ref. 11) resulted in sat isfactory separat ion from DPA and fair separat ion f rom the compound 
with a m a x i m u m  at  253 m#,  which was more s t rongly adsorbed. However,  this procedure intro- 
duced the error of r echromatography  into the phytoene  determinat ion.  

We therefore consider our  values for phytoene  to be at  best  approximat ions ,  wi thout  the 
quant i ta t ive  reliability of the values which are reported for the other  carotenoids. 

b) Phytofluene. Fhytofluene was identified by its ultraviolet  absorpt ion  spectrum, its green 
fluorescence in ultraviolet  light, and its chromatographic  behavior. GOODWIN AND OSMAN 8 had 
previously established its presence in DPA-grown cells of R. rubrum by mixed chromatography.  

c, d, f) ~-Carogene. These fractions were tenta t ively  identified from their  absorpt ion spect rum 
and chromatographic  behavior  as ~-carotene isomers. GOODWlN AND OSMAN s have shown the 
presence of F-carotene in DPA-grown ceils of R. rubrum by  mixed chromatography.  

e, h) Neurosporene. Zone h was identified as neurosporene.  The absorpt ion  spec t rum of a 
chromatographical ly  purified fraction was superimposable  on tha t  of crystalline neurosporene,  
isolated f rom the green m u t a n t  of Rhodopseudomonas spheroides, and mixed chromatography  of 
the two substances  on a lumina gave a single zone. The neurosporene f rom the green m u t a n t  of 
R. spheroides had been previously identified 13 with the neurosporene originally discovered in 
Neurospora crassa 14. Fract ion e shows the same absorpt ion spect rum and is assumed to be a 
neurosporene isomer. 

GooowlN ANn OSMAN'S fraction H, which they  suggested to be a carotenoid containing ten 
double bonds  8, has absorpt ion max ima  similar to our  neurosporene.  

g) Pigment with maxima at 388, 4t2 and 438 ml~ in petroleum ether. This carotenoid is so far 
unidentified, bu t  p robably  identical wi th  GOODWIN AND OSMAN'S fraction I, suggested to be an 
open-chain compound containing a chromophore  of 8 conj ugated double bonds 8. We have designated 
this carotenoid as P412, f rom the posit ion of the main peak in pe t ro leum ether. This is in accordance 
wi th  the  nomencla ture  for P48I (ref.e). 

i, k) Lycopene. These fractions were identified as lycopene isomers by comparison with the 
d a t a  of VAN I~IEL, GOODWIN AND SISSINS 5 on  lycopene in R. rubrum. Absorpt ion spectra,  chromato-  
graphic behavior and iodine-isomerization studies agreed with their  findings. 

j) Pigment with maxima at 423, 450 and 480 m# in petroleum ether. This carotenoid is unidenti-  
fied. I t  is p robably  identical wi th  fraction G of GOODWlN AND OSMAN 8. The absorpt ion  maxima  
correspond to those of an open-chain compound  containing Io conjugated double bonds. For 
reference purposes  we have called this carotenoid P45 o. 

1, n) P48z. The absorpt ion spec t rum and chromatographic  behavior  correspond to those of 
P 4 8 I ,  the  presence of which in R. rubrum was first indicated by  VAN NIEL AND SMITH 1 and later 
confirmed by VAN NIEL et al. s. This carotenoid was first considered to be a cis isomer of 

Re/erenees p. 497/498. 
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sp i r i l loxan th in  s ; la ter  evidence sugges ted  an  all-trans conf igura t ion  6. The  s t ruc tu re  of th is  carotenoid  
is no t  ye t  es tabl ished.  

P48I  shows  grea t  s teric lability. I t  crysta l l izes  in the  all-trans form. The  absorp t ion  s p e c t r u m  
of a fresh h e x a n e  solut ion shows  sha rp  resolut ion into na r row bands ,  sugges t ing  an  open chain 
carotenoid .  Tile posi t ions  of t he  absorp t ion  m a x i m a  indicate  a ch romophore  of 12 con juga ted  
double  bonds.  A hexane  solut ion of P481 isonlerizes wi th in  a few m i n u t e s  a t  room t e m p e r a t u r e  in 
diffuse dayl ight ,  wi th  appea rance  of a double  cis peak  a t  355 and  373 m/z. Iodine i somer iza t ion  is 
spon taneous .  I t  is a ccompan ied  by the  no rma l  spect ra l  shi f ts  charac ter i s t ic  for trans-cis isomeri-  
zat ion.  

in, o) Spiriltoxanthin. Absorp t ion  spec t rum,  eh ron la tograph ic  behavior ,  iodine i somer iza t ion  
and  solubi l i ty  p roper t i es  agreed with the  da t a  g iven by var ious  au tho r s  1,2,5,~ for spi r i l loxanthin .  

OH-derivatives 
p) OH-phytofluene. Absorp t ion  s p e c t r u m  and  fluorescence are s imilar  to those  of phy tof luene ,  

bu t  the  c o m p o u n d  is more  s t rong ly  adsorbed  on the  co lumn.  I t  is epiphasic  in the  pa r t i t ion  tes t  
be tween  p e t r o l e u m  e the r  and  9o % methano l .  These  d a t a  sugges t  t he  presence  of one OH-group .  

Such a c o m p o u n d  has  been found  in DI 'A-g rown  cells of o ther  purp le  bac te r ia  6. 
q) OH-~-carotene. The  sugges t ion  of a mono-OH-~-ca ro tene  is based on absorp t ion  spec t rum,  

ch roma tog raph i c  behav ior  and  appea rance  in the  ep iphase  in pa r t i t ion  between p e t r o l e u m  e ther  
a n d  90 O//o me thano l .  

GOODWIN AND OSMAN 8 descr ibed a c o m p o u n d  wi th  t he  s ame  proper t ies  in D PA-grown cells of 
R. rubrum. 

Carotenoids  con ta in ing  allyllic O H - g r o u p s  general ly  react  wi th  ch loroform con ta in ing  HCI, 
to yield a longer  con juga t ed  cha in  by sp l i t t ing  off a molecule  of water  15. Wi th  th is  carotenoid,  
HCl-ch loroform t r e a t m e n t  gave  no o ther  product .  The  O H - g r o u p  is therefore  p robab ly  not  in 
a -pos i t ion  to the  con j uga t ed  chain.  

r) OH-neurosporene. This  f ract ion seems to bear  tile s ame  re la t ionship  to neurosporene  as 
f rac t ion q does to ~-carotene.  Absorp t ion  spec t rum,  ch roma tog raph i c  behavior  and  epiphas ic  
appea rance  in t he  pa r t i t i on  tes t  with  90 % m e t h a n o l  aga in  sugges t  a m o n o - O H - c o m p o u n d .  

A ch roma tog raph i ca l l y  purified fract ion did no t  react  with HCl-chloroform.  The  OH-g roup  
is therefore  aga in  p robab ly  not  in a -pos i t ion  to the  c o n j u g a t e d  chain.  

s) OH-lycopene. Absorp t ion  spec t rum,  ch roma t og raph i c  behavior  and  behav ior  in the  
pa r t i t i on  tes t  resemble  those  of l y c o x a n t h i n  (3-hydroxylycopene) ,  earlier found in R. rubrum 8. 

t) OH-P481. The  abso rp t ion  s p e c t r u m  is ind i s t ingu i shab le  f rom t h a t  of P48I .  In  view of i ts  
s t ronger  adso rp t ion  on a l u m i n a  and  i ts  behavior  in the  pa r t i t ion  tes t  (equal d i s t r ibu t ion  be tween  
p e t r o l e u m  e the r  and  95 % me t hano l ;  ep iphas ic  to 90 O/~o methanol ) ,  GOODWIN AND LAND 6 des igna ted  
th i s  caro tenoid  OH-P48I .  

u) OH-spirilloxanthin. Adsorp t ion  and  pa r t i t ion  tes t  behavior  (epiphasic to 90 % methano l )  
indica te  t he  presence  of one free OH-group .  GOODWIN AND OSMAN 8 sugges ted  t h a t  th is  c o m p o u n d  
was  a mono-OH-sp i r i l l oxan th in  or a d e m e t h y l a t e d  sp i r i l loxanth in .  We have  called it OH-  
sp i r i l loxanth in .  A crys ta l l ine  spec imen showed a less defined absorp t ion  s p e c t r u m  t h a n  
sp i r i l loxanth in ,  w i th  no cis peak  and  m a x i m a  a t  s l ight ly  shor te r  wave leng ths .  The  c o m p o u n d  is 
s p o n t a n e o u s l y  isomerized by  iodine, with  the  usua l  spec t ra l  changes .  

A b s o r p t i o n  m a x i m a  in CS2: 

all-trans-spirilloxanthin 500,532,568 ml~ 
all-trans-OH-spirilloxanthin 529,565 mt~ 

v) di-OH-~-earotene. The  absorp t ion  s p e c t r u m  is s imilar  to t h a t  of ~-carotene.  The  c o m p o u n d  
is equa l ly  d i s t r i bu t ed  be tween  p e t r o l e u m  e ther  and  95 % methano l .  In  d i s t r ibu t ion  be tween 
pe t ro l eum e the r  and  90 % methano l ,  66 % of t he  p i g m e n t  was found in the  hypophase .  The  
caro tenoid  is p r e s u m e d  to be a d i -OH-~-caro tene .  

w) di-OH-lycopene. The proper t ies  resemble  those  of lycophyl l  (3,3-di-OH-lycopene) l~. I t s  
absorp t ion  s p e c t r u m  is s imilar  to t h a t  of lycopene,  and  it is hypophas i c  in pa r t i t ion  with 90 % 
me thano l .  A similar  c o m p o u n d  has  been found in t he  purp le  bac t e r ium Chromatium sp. ~. 

R E S U L T S  

Interconversions o/carotenoids in normal cells 

A culture of R. rubrum in the course of exponential photosynthetic growth was 
chilled, and the cells were then harvested by centrifugation. They were washed once 
with cold Hutner phosphate buffer, and resuspended in 2 1 of the same buffer. This 
suspension was equally distributed between 3 Roux bottles, which were wrapped in 
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aluminum foil to exclude light. The bottles were placed.in an illuminated water bath  
held at 32°C, and continuously aerated with No containing 5 % C()2. After tempera- 
ture equilibrium had been attained, the experiment was started by removing the 
aluminum foil from the bottles, thus exposing the bacteria to illumination. Samples 
of the suspension (comprising equal volumes withdrawn from each of the three 
bottles) were analyzed for pigment content after o, 3, 6 and 24 hours. The results are 
shown in Table II1 and Fig. I. 

T A B L E  I l l  

TRANSFORMATIONS OF CAROTENOIDS IN CELLS OF R .  t u b r u m  ItARVESTED DURING EXPONENTIAL 
GROWTH, AND SUBSEQUENTLY INCUBATED IN BUFFER UNDER ANAEROBIC CONDITIONS IN THE LIGHT 

Time o I incubation 

Carotenoids Initial 3 h 6 h 2 4 h 

pg o[ carotenoid per zoo mg proiein 

L y c o p e n e  ] 5.2 3-I  3 .o  3.2 
O H - L y c o p e n e  8. 3 1.7 t r a c e s  o .o  
d i - O H - L y c o p e n e  4. I 2. i 2.3 2 . I  
P 4 8 I  151.1  155.2  127 .o  32 .4  
O H - P 4 8 I  16.2 115. 4 3o .4  28 .o  
S p i r i l l o x a n t h i n  43 .2  64 .9  82 .3  175. i 
O H - S p i r i l l o x a n t h i n  5 .9  4 .5  2 .0  3.8 

T o t a l  c a r o t e n o i d s  2 4 4 . 0  249 .  9 2 4 7 . 0  2 4 4 . 6  

mg pet too ml suspension 

B a c t e r i o c h l o r o p h y l l  o .35  ° o . 3 4 7  o . 3 5 2  o . 3 4 8  

P r o t e i n  22 .0  20.2  19. 5 20.  5 

o 
Q. 

2 0 0  
0 
<:2_ 
\ 
."9 
o 

,o 

o to0 

tota l  coro teno ids  

~"~"'~_ a lycopene group - 
o 3 g ~4 

Hours  

Fig .  I .  I n t e r c o n v e r s i o n s  o f  t h e  n o r m a l  c a r o t e n o i d  p i g m e n t s  in  e x p o n e n t i a l  ce l ls  of  R .  r u b r u m ,  a f t e r  
r e s u s p e n s i o n  in  b u f f e r  a n d  i n c u b a t i o n  a t  3 °0  in  a n a e r o b i o s i s  a n d  l i g h t .  

The protein and chlorophyll contents of the suspension remained essentially 
unchanged throughout the experiment. The total amount of carotenoid pigment also 
did not change, within the limits of experimental error; but the relative amounts of 

R e f e r e n c e s  p.  4 9 7 / 4 9 8 .  
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the various carotenoid pigments changed greatly. The sample taken at the start of 
the experiment contained the mixture of carotenoids characteristic of exponentially 
growing cellsS: lycopene, P48I, spirilloxanthin, and their monohydroxy derivatives, 
together with traces of dihydroxylycopene. The P48I group was predominant, repre- 
senting 68.5 % of the total. After 3 h, the lycopene group had virtually disappeared, 
with corresponding increases in the P48I and spirilloxanthin groups. During the sub- 
sequent 21 h the amount of P48I decreased steadily, while the amount of spirilloxan- 
thin continued to increase, finally reaching 73 % of the total carotenoids. The corres- 
pondence between the disappearance of P48I and the formation of spirilloxanthin 
during this period was striking: 113/zg of P48I disappeared, and lO9.5 /~g of spiril- 
loxanthin were formed, per IOO mg of bacterial protein. 

This experiment demonstrates that spiriUoxanthin can be synthesized at the 
expense of tycopene and P48I in cells which cannot pel~form a net synthesis of carote- 
noid pigments, as a result of suspension in a medium which contains no carbon source. 
The conversion of lycopene to P48I is more rapid than the conversion of P48I to 
spiriUoxanthin. These changes in the carotenoid pigment system do not occur if the 
cells are maintained under anaerobic conditions in the dark, a fact which suggests 
that the reactions concerned require energy, generated in illuminated cells by photo- 
phosphorylation. The role of the hydroxy derivatives in these transformations is not 
yet clear; the only conclusion which can be drawn with certainty from the data is 
that hydroxy P48I is formed from P48I, and not directly from hydroxylycopene 
(c[. Table III). 

This experiment makes it possible to interpret in biochemical terms the findings 
of VAN NIEL, GOODWIN AND SISSINS 5 that spirilloxanthin is a relatively minor carote- 
noid constituent in young cultures of R. rubrum, but practically the only carotenoid 
present in old cultures. The mixture of pigments present in exponentially growing 
cells reflects the existence of a dynamic equilibrium between the terminal members 
of the biosynthetic chain. This equilibrium shifts increasingly in favor of the end- 
product, spirilloxanthin, as the flow of carbon into the biosynthetic pathway declines 
with the approach of the population to the stationary phase of growth. 

The reaction sequence for spirilloxanthin synthesis can be represented schemat- 
ically as : precursors ~--~ lycopene 2 > P48I ~ +  spirilloxanthin 

In growing cells, reaction i must be very rapid relative to reactions 2 and 3, 
since precursors of lycopene are not normally detectable. The possibility of detecting 
such precursors is, of course, a function of the sensitivity of the analytical techniques 
employed. We have found that small quantities of lycopene precursors are detectable 
provided that sufficient quantities of cells (of the order of Ioo g wet weight) are 
analyzed. In one such analysis, cells harvested during exponential growth were found 
to contain phytofluene, ~-carotene and neurosporene, corresponding respectively to 
0.03, 0.2 and 0.4 % of the total carotenoid present. Direct evidence that these three 
compounds are biosynthetic precursors of lycopene will be presented in a later section 
of this paper. 

The egect o/ DPA on carotenoid synthesis by growing populations o/R.  rubrum 

DPA at a final concentration of 7" lO-5 M was added to a culture of R. rubrum 
which was in the course of exponential photosynthetic growth under steady-state 
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conditions of chlorophyll and carotenoid synthesis*. Gross effects were measured by 
periodic determinations of cell mass, protein, bacteriochlorophyll and total carote- 
noid. At a few points after the addition of DPA, large samples (300 ml) were with- 
drawn for detailed analysis of the carotenoid pigments. 

The gross effects of DPA on growth and pigment synthesis are shown in Fig. 2. 

~6 [ 60.ooo_ 
"~ c5 o 0 .400F  I +DPA 4 0 . 0 0 °  

• o ~ ~_ 3 0 . 0 0  ° o o ~0.300 
• | 

° ¢ '  .  o.oo .. 

o 0 

la.l -i- o 
o o z o0.I00 i I i I i I0.00 n 

0 4 8 12 
Hours 

Fig. 2. The  effect of D P A  (7" IO-5 M) on growth ,  pro te in  syn thes i s ,  and  p i g m e n t  syn the s i s  in a 
cu l tu re  of R. rubrum growing exponen t ia l ly  unde r  anaerobic  condi t ions  in the  l ight .  

At the concentration employed, DPA is somewhat toxic, as evidenced by the sharp 
declines in the rates of growth and chlorophyll synthesis that follow its introduction 
into the culture. However, as already reported 1T, we have been wholly unable to 
confirm the allegation of GOODWlN AND OSMAN 7 that DPA causes a specific inhibition 
of bacteriochlorophyll synthesis in R. rubrum. Fig. 2 is typical of the results which we 
have obtained in numerous experiments. After the introduction of DPA, the rates of 
growth and chlorophyll synthesis are reduced to exactly the same extent : eventually, 
if the experiment is continued for a sufficient time, the rate of chlorophyll synthesis 
increases relative to the growth rate. This is a consequence of overshadowing, and 
reflects the fact, established earlier 9, that the differential rate of chlorophyll synthesis 
by purple bacteria is an inverse function of light intensity. Chlorophyll synthesis 
accordingly proceeds in a normal fashion in the presence of DPA. Carotenoid syn- 
thesis, on the other hand, is drastically affected by the introduction of DPA. The data 
for "normal carotenoid" in Fig. 2 were obtained by measuring the extinction at 
485 m~ of acetone-methanol extracts containing the mixed carotenoid pigments, 
corrected for light absorption by chlorophyll at this wavelength. The method is crude ; 
and the apparent slight increase in normal carotenoids after the addition of DPA is 
not real. Quantitative analysis reveals that the increase of extinction at 485 m~ 
following the addition of DPA actually results from interconversions of the pigments 
already present in the cells. 

The changes in the carotenoid pigment system which follow the introduction of 
DPA are shown in Table IV. These changes reflect two distinct biochemical events, 
readily evident when the data are somewhat simplified and presented in graphical 
form (Fig. 3). 

* U n d e r  these  condi t ions ,  t h e  r a t e s  of g rowt h  and  of p i g m e n t  syn the s i s  are identical .  
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T A B L E  IV 

CAROT]~NOID SYNTHESIS BY R .  r u b r u m  DURING EXPONENTIAL PHOTOSYNTHETIC 
GROWTH AFTER ADDITION OF 7" 105 M D P A  

Carotenoid 

Time alter addition ol DPA to culture 

o h 3 h 9.25 h 

I~g o/carotenoid in sample (3oo ml) 

P h y t o e n e  (measured)  * o.o 38.5 
P h y t o e n e  (corrected) ** o.o 27.o 
Phy to f luene  o.o 4.8 
O H - P h y t o f l u e n e  o.o o.o 

~-Carotene o. o 5- i 
OH-~-Caro tene  o.o 2.o 

Neurospo rene  o.o 1.8 
O H - N e u r o s p o r e n e  o.o i .6 

Lycopene  2. i t t r aces  
O H - L y c o p e n e  18.1] 20.2 4.9 

]7481 16.11 23.6/ 
OH_P48i  33.61 49.7 30.6 

Spi r i l loxanth in  3.o/ 13.6 
OH-Sp i r i l l oxan th in  o.ol 3"0 t races  

I34.5 
94.0 
21.O 

O.O 

7. I 18'4 t 24.I 
5.7] 

I.I} 9.8 
3.4 8. 7 

2"3} 
4-9 o.o 2'3 

2o.9~ 
54 .2 20.8 t 41"7 

13. 6 24"21 24.2 o.oJ 

* De t e rmined  f rom ex t inc t ion  of p h y t o e n e - c o n t a i n i n g  e lua te  a t  284 m# ,  w i t h o u t  r e ch roma to -  

gr~p*hcYorrected for e s t i ma t ed  abso rp t ion  a t  284 m/* by  DPA.  

NORMAL CAROTENOIDS 

Caro teno/ds~''~Q 

-~ so~1.... ~ 

0 3 9 

ACCUMULATED / / 
POL YENES I 

I 

,,? o // 
/ ,  

I 
I 

' c; o;r::;oe 
J phytofluene 

f ~ . ~ . x  neurosporene 
group 

5 9 
Hours 

Fig. 3. Changes  in t h e  carotenoid  p~gment  s y s t e m  of R .  r u b r u m  dur ing  p h o t o s y n t h e t i c  g rowth  in 
t he  presence  of 7" lO-6 M D P A  (added a t  zero t ime).  D a t a  f rom the  e x p e r i m e n t  po r t r ayed  in Fig. 2. 
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I. The net synthesis of the normal carotenoids is completely arrested, but spiril- 
loxanthin continues to be synthesized at the expense of the lycopene and P48I groups 
which were already present in the cells. Insofar as the normal pigment system of 
R. rubrum is concerned, the effect of DPA resembles the effect of eliminating the 
exogenous carbon source, which has already been described. 

2. A series of more saturated carotenoids starts to accumulate in the cells. Phy- 
toene is formed in very large amounts, accompanied by lesser quantities of phyto- 
fluene, ~-carotene, neurosporene and their hydroxy derivatives. In this particular 
experiment, no hydroxyphytofluene was detected; but it can always be found in cells 
which have grown for several generations in the presence of DPA. Apart from 
phytoene, the E-carotene group accumulates most rapidly; the phytofluene group is 
formed a little more slowly, and the neurosporene group most slowly of all. I t  is 
thus evident that DPA blocks totally the flow of carbon from precursors into lycopene. 
Since the lycopene-P48i-spirilloxanthin conversions continue in the presence of DPA, 
the inhibitor evidently has little or no effect on the terminal step-reactions of normal 
carotenoid synthesis. 

[nterconversions o~ carotenoids in DPA-grown cells after removal o/the inhibitor 

Cultures of R. rubrum, inoculated at an Ee, 0 of 0.004, were incubated under photo- 
synthetic growth conditions. 3 h later, DPA was added to the growing cultures. After 
7 ° h of photosynthetic development in the presence of DPA, the cultures were chilled, 
centrifuged in the cold, washed with cold Hutner phosphate buffer, and resuspended 
in 2 1 of the same buffer*. The suspension was evenly distributed between 3 Roux 
bottles, and continuously aerated with N~ containing 5 % COs- The bottles were 
wrapped in aluminum foil, and placed in a water bath at 3o°C until temperature 
equilibration had occurred. The experiment was then initiated by exposing the sus- 
pensions to continuous illumination, maintained for a period of approximately 24 h. 
At zero time and at intervals thereafter, samples (comprising equal volumes from each 
bottle) were withdrawn for analysis. Each sample was chilled immediately after with- 
drawal, in order to minimize possible changes in the carotenoids during the manipula- 
tions prior to pigment extraction. 

Several experiments of this nature were performed, and complete data for two of 
them are presented in Table V. In Expt. I of Table V, the concentration of DPA 
during growth was 7" IO-~ M, just sufficient to cause a total inhibition of normal 
carotenoid synthesis. In Expt. 2, a slightly lower concentration of DPA was employed 
(6. 5. lO -5 M), and the inhibition of normal carotenoid synthesis was not quite com- 
plete. Before the observed interconversions are discussed, a few comments on the 
carotenoid constitution of the cells at zero time must be made. The distribution of 
carotenoids in these two initial samples is typical of cells which have been grown for 
several generations in the presence of DPA, and accords well with the distribution 
to be expected on the basis of the kinetic experiment on DPA effects already described 
(Table IV). The content of normal carotenoids (lycopene, P48I and spirilloxanthin 
groups) is very low : in the ceils used for Expt. I, it represented about 4 % of the total, 

* Preliminary experiments had shown changes in the carotenoid composition of DPA-grown 
cells occur extremely rapidly after removal of the inhibitor. In order to minimize such changes, it 
is essential to carry out the operations of washing and resuspension at o-5 °. Once the cells have 
been resuspended, changes can be prevented, even at higher temperatures, by keeping the sus- 
pension under strictly anaerobic conditions in the dark 17. 
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and lycopene was entirely absent. Normal carotenoids were slightly more abundant 
in the cells used for Expt.  2, and included some lycopene; these minor differences 
reflect the lessened severity of DPA inhibition during the preceding period of growth. 
Phytoene was not determined in Expt.  2. Apart  from this, the relative and absolute 
abundances of the carotenoids more saturated than lycopene were very similar in the 
two lots of DPA-grown cells. I t  may  be noted that  four minor constituents not 
detected in the course of the experiments on DPA inhibition were discovered in these 
cells: hydroxyphytofluene, dihydroxy S-carotene, P412 and P45o. Only very small 
quantities of these four compounds are formed, which no doubt explains our failure 
to detect them during the early stages of carotenoid synthesis in the presence of DPA. 
Excluding phytoene, the concentration of carotenoids in DPA-grown cells is very 
similar to that  in normal cells which have been grown under otherwise comparable 
conditions. Including phytoene, it is more than twice as great. 

When washed, DPA-grown cells are resuspended in buffer and incubated anaero- 
bically in the light for 24 h, their content of bacteriochlorophyll and protein does not 
change significantly. We have been unable, despite numerous repetitions of such 
experiments, to confirm the reports of GOODWlN AND OSMAN 8 that  a net synthesis of 
chlorophyll can occur under these conditions. Excluding phytoene, for which the 
quanti tat ive data are unreliable, there is usually a very slight apparent net synthesis 
of carotenoids in such experiments: it amounted to 7 % in Expt.  I ,  and IO % in Expt.  2. 
In view of the extreme complexity of the analyses, such increases are of dubious 
significance, and it may  well be that  no net synthesis takes place. Over a period of 
24 h, however, the qualitative composition of the carotenoids in the cells changes 
enormously. The gross transformations that  take place can be summarized as follows : 
the quanti ty of the phytofluene, ~-carotene and neurosporene groups steadily de- 
creases, with a concomitant increase in the quanti ty of normal pigments. There is, 
furthermore, a stoichiometric equivalence between the disappearance of the former 
carotenoids and the formation of the latter ones. This fact is illustrated in Fig. 4, 
which is based on the data of Expt.  2. I t  is evident that  under the conditions of such 
experiments a synthesis of normal carotenoids is proceeding largely, if not entirely, 
at the expense of the more saturated carotenoids which had been accumulated within 
the cells during preceding growth in the presence of DPA. For reasons which have 
been discussed in the section on MATERIALS AND METHODS, the values for phytoene 
are not quantitatively reliable, and the apparent fluctuations of these values shown 
in Expt.  I are probably all within experimental error. A minor net decrease of phytoene 
would certainly have escaped detection; but the data of Fig. 4 indicate that  if the 
accumulated phytoene contributes at all to the formation of the normal carotenoids, 
its contribution must be negligible. 

The transformations which follow the removal of DPA are exceedingly complex: 
a large number of step-reactions proceed more or less simultaneously. A detailed 
picture of the transformations which occur would be obtainable only by very frequent 
analyses. Our kinetic experiments were severely limited by  the difficulty of the ana- 
lytical techniques, which precluded the performance of compiete carotenoid determi- 
nations on more than four samples in a single experiment. The data in Table V 
therefore represent a few cross-sections of the carotenoid composition of the cells, 
widely spaced in time. These experiments were made even more difficult by the varia- 
bility of the biological material. The cells must be cultivated Jn the presence of a 

Re#fences p. 497/498. 
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Fig. 4. Endogenous synthesis  of normal carotenoids from more sa turated precursors in DPA-grown 
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concentration of DPA that  is close to the bacteriostatic level; however carefully 
external variables are controlled, the rate of the transformations which follow removal 
of the inhibitor is never exactly reproducible from one experiment to the next. The 
same general reaction sequence can be inferred, however, from the results of each 
experiment. The effect which a difference of less than IO % in the concentration of 
DPA during growth can have on the course of subsequent endogenous synthesis is 
evident from a detailed comparison of the results obtained in Expts. i and 2 (TableV). 

The transformations of the individual carotenoid groups observed in Expt.  2 are 
presented graphically in Figs. 5 and 6. The earliest detectable events of endogenous 
synthesis are interconversions of the more saturated carotenoids, as evidenced by  
appreciable spectral changes in the crude pigment extracts during the first IO or 
15 minlL The earliest time at which quanti tat ive analyses were performed was 20 rain ; 
these data (Table V and Fig. 5) reveal that the phytofluene and ~-carotene groups 
are undergoing conversion to the neurosporene group. The accumulation of the neuro- 
sporene group after 20 rain in the experiment illustrated in Fig. 5 was not nearly so 
pronounced as in other experiments; but in this case, synthesis of the lycopene group 
also began very rapidly, and presumably the neurosporene pool was quickly di- 
minished as a result. The changes observed during the first 20 min of Expt.  I are 
more typical: here there was negligible lycopene synthesis, and the flow from the 
earlier precursors into neurosporene was much more pronounced. 

After its rapid initial accumulation, the neurosporene pool diminishes as synthesis 
of the normal carotenoids gets under way. The phytofluene group continues to 
diminish steadily. As a rule, the ~-carotene group increases slightly after 2 to 4 h, 
presumably because the flow into it from the phytofluene group is at this t ime more 
rapid than the outflow to the neurosporene group. This increase is a transient one, 
and after 24 h the ~-carotene group has always diminished again to a relatively 
low level. 

Of the normal carotenoids, the lycopene group is always formed first (Fig. 6). 
This group reaches a maximal level within 2-4 h, and then falls again as the P48I 
group rises. The spirilloxanthin group appears last of all. I t  is still negligible several 
hours after the initiation of endogenous synthesis, and in some experiments (for 
example, Expt.  I in Table V) does not appear in appreciable quantities even after 24 h. 
In other experiments (Expt. 2, Table V and Fig. 6) substantial quantities of spiril- 
loxanthin are produced at the end of 24 h, although the P48I group is always the 
predominant component of the pigment system at this time. The relatively limited 
synthesis of spirilloxanthin in these experiments may refect  the fact that  the forma- 
tion of this pigment from lycopene involves the addition of two methoxyl groups to 
the C4o skeleton. This portion of the biosynthetic sequence accordingly differs from 
the preceding conversions; between phytofluene and lycopene, there are no changes 
in the carbon skeleton. During endogenous synthesis, therefore, the formation of 
spirilloxanthin must be limited by the availability of intracellular methyl donors, 
which can supply the carbon for the two methoxyl groups. Since the P48I group is 
always formed in large amounts during endogenous synthesis, it seems likely that the 
introduction of the two methoxyl groups characteristic of spirilloxanthin occurs after 
the synthesis of P48I from lycopene, P48I itself being a C4o compound: 

l y c o p e n e  - - ~  P 4 8 I  - + 2 MeO > spirilloxanthin 

Re/erences p. 497/498. 
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The role of the monohydroxy derivatives in the biosynthetic sequence must now 
be considered. Monohydroxy derivatives of all carotenoids from phytofluene to neuro- 
sporene accumulate along with the parent hydrocarbons during DPA inhibition; 
furthermore, the monohydroxy derivatives of lycopene, P48I and spirilloxanthin are 
formed during normal carotenoid synthesis. As shown in Table V and Figs. 4 and 5, 
the monohydroxy derivatives of all these compounds undergo marked transformations 
during endogenous synthesis; and, as a rule, their transformations broadly parallel 
the concomitant transformations of the parent hydrocarbons. It is therefore evident 
that the monohydroxy compounds participate actively in carotenoid synthesis. Three 
alternative biochemical interpretations of the role of these compounds can be enter- 
tained. Designating successive hydrocarbons in the biosynthetic sequence as A, B and 
C, and the corresponding hydroxy compounds as A-OH, B-OH and C-OH, we can 
represent these alternative hypotheses as follows: 

I .  A ~ B > C - - - + . . .  > Spirilloxanthin 

A-OH B-OH C-OH 

2. A ------+ A-OH > B - - - +  B-OIl ~- C > C-OH > • • • > spirilloxanthin 

3. A + B ÷ C -+. • "N spirilloxanthin 
A-OIl - - - +  B-OH - - - ~  C-OH -+. S 

Hypothesis I states that the monohydroxy compounds constitute side-products 
of the main biosynthetic sequence, which proceeds through the carotenoid hydro- 
carbons. In order to account for the biochemical lability of the monohydroxy com- 
pounds, they must be assumed to be freely interconvertible with the parent hydro- 
carbons. Hypothesis 2 states that the monohydroxy compounds are intermediates 
between successive hydrocarbons in the biosynthetic sequence. Hypothesis 3 states 
that there are two parallel biosynthetic pathways, one for the hydrocarbons and one 
for the hydroxy compounds; since spirilloxanthin is the unique ultimate biosynthetic 
product, the two parallel pathways must converge at this point. Only the third hypo- 
thesis can be definitely eliminated on the basis of the available data. During endoge- 
nous synthesis, there is at all times an excellent stoichiometric balance between the 
disappearance of the more saturated carotenoids, and the formation of the normal 
carotenoids (Fig. 4). If hypothesis 3 were correct, stoichiometry should be maintained 
also for the hydrocarbons as a group, and for the hydroxy derivatives as a group. 
Expt. I is particularly instructive in this respect, since virtually no synthesis of spiril- 
loxanthin occurred. Calculation shows that during the course of endogenous synthesis 
in this experiment there was a progressive fall in the total quantity of carotenoid 
hydrocarbons (excluding phytoene) and a progressive increase in the total quantity 
of their hydroxy derivatives. It  therefore follows that reactions of the type A --> A-OH 
occur, although it cannot yet be decided whether they lie on the main path of carote- 
noid synthesis. 

The endogenous synthesis of spirilloxanthin in R. rubrum after the removal of 
DPA was discovered by GOODWlN AND OSMAN 8. They concluded that spirilloxanthin 
is formed from non-specific cellular reserve materials, not from the accumulated store 
of more saturated carotenoids. Since this conclusion was based on an experiment 
identical in principle to the experiments on endogenous synthesis which have just 

References p. 497]498. 
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been described, it is necessary to discuss briefly the differences in experimental proce- 
dure which made such diametrically opposed interpretations possible. In the first 
place, changes of carotenoid composition were measured by GOODWlN AND OSMAN 
only after 24 and 48 h of endogenous synthesis, and they thus overlooked completely 
the very striking changes which take place during the first few hours of the process. 
In the second place, their analyses were not at all detailed; the compounds eluted 
from the column between phytofluene and spirilloxanthin were not separated and 
individually estimated. Lastly, their carotenoid extractions were incomplete, so that  
the stoichiometric aspects of endogenous synthesis could not be ascertained. Their 
failure to assess correctly the biochemical significance of endogenous synthesis is, 
therefore, fully understandable. 

Intracellular location o/carotenoids in DPA-grown cells 

The photosynthetic pigments (carotenoids and bacteriochlorophyll) of the purple 
bacteria are localized within the cell in cytoplasmic particles known as chromato- 
phores, which can be separated from other cellular constituents by differential high- 
speed centrifugation of extracts prepared by  the mechanical disruption of the cells TM. 

An experiment was therefore undertaken in order to ascertain the intracellular location 
of the carotenoids which accumulate in R. rubrum when normal carotenoid synthesis 
is blocked by  DPA. DPA-grown cells were mechanically disrupted, and the resulting 
extract  was separated by centrifugation into the sedimentable chromatophore fraction 
and the supernatant "soluble" fraction. Each fraction was then analyzed for its 
content of protein and bacteriochlorophyll, and the carotenoids were extracted and 
transferred into petroleum ether. The technical details of such an experiment are 
described elsewherO 9. 

Spectrophotometric examination of petroleum ether extracts showed at once 
that  the more saturated carotenoids of the phytofluene, ~-carotene and neurosporene 
groups were associated exclusively with the chromatophore fraction. Owing to the 
presence of other substances that  absorb light in the same ultraviolet region, the 
presence of phytoene in crude petroleum ether extracts cannot be safely established 
by  spectrophotometry. The extracts were accordingly subjected to chromatography, 
and the phytoene content was determined quantitat ively in the eluates. The results, 
presented in Table VI, indicate that  phytoene is also almost entirely associated with 
the chromatophore fraction. 

This experiment shows that  the synthesis of normal carotenoids from more satu- 
rated precursors which occurs after the removal of DPA must take place entirely in 

TABLE VI 
INTRACELLULAR DISTRIBUTION OF PHYTOENE AND BACTERIOCHLOROPHYLL 

IN D P A - G R O W N  CELLS OF R.  rubrum 

Phytoene* Bacteriochlorophyll, 
Material analyzed #g/rag o/ #rotein #g/mg protein 

Whole cells 5.o 3i .o 
Chromatophores 8.9 57.o 
Soluble fraction 0.225 o . o  

* Isolated by chromatography on Woelm basic alumina activity grade i, which gives a complete 
separation from DPA. 

Re]erences p. 497/498. 
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the chromatophores. The carotenoids are all wholly insoluble in water, and it is there- 
fore understandable that the ultimate steps in their biosynthesis should be spatially 
localized in this fashion. Presumably at some point in the biosynthetic sequence, 
intermediates are incorporated into the photosynthetic unit at the sites which will 
ult imately be occupied by the normal carotenoid pigments. 

The intracellular location of the phytoene is of particular interest. The experi- 
ments on endogenous synthesis show that if phytoene contributes at all to the forma- 
tion of the normal carotenoids, its contribution must be a negligible one, since the 
disappearance of the other saturated carotenoids accounts in a quantitatively satis- 
factory manner for the amount of normal pigments formed. Several interpretations 
of the inactivity of the phytoene in these experiments can be entertained. Firstly, 
it is possible that  phytoene is not a member of the normal biosynthetic sequence, but 
rather a side-product that accumulates when the normal biosynthetic process is 
interfered with. This argument can also, of course, be used to explain the accumulation 
of phytoene in mutants  of many  different organisms with genetic blocks in the path 
of carotenoid synthesis. In our opinion, however, it would be premature to dismiss the 
possibility that phytoene is an intermediate in carotenoid formation. I ts  apparent 
inactivity in R. rubrum may be explicable on other grounds. The terminal stages of 
carotenoid synthesis take place in a highly organized structure, the chromatophore, 
which is the site of the primary reactions of photosynthesis. If  the accumulated 
phytoene were not in the proper intracellular location, it might well be physically 
inaccessible to enzyme action. The simplest form of physical inaccessibility would, of 
course, be an intracellular location outside the chromatophore, but the data presented 
in Table VI definitely exclude this interpretation. The hypothesis of physical inacces- 
sibility to enzyme action must therefore be formulated in a more subtle fashion. In 
DPA-grown cells the synthesis of the more saturated carotenoids exclusive o~ phytoene 
proceeds at a rate that is roughly equivalent to the rate of synthesis of normal carote- 
noids in the absence of DPA. I t  can be readily imagined that in such a structure as 
a chromatophore or a chloroplast there are a fixed and limited number of sites at 
which functionally active carotenoids can be accommodated. Since the later stages of 
carotenoid synthesis occur within the chromatophore, these sites must already be 
occupied during chromatophore %rmation bv the Coo precursors which are destined 
to give rise to the end-products of the biosynthetic sequence. However, the biosyn- 
thetic rate in DPA-grown cells is such that the compounds of the phytofluene-~- 
carotene-neurosporene series can fill all available sites. The surplus phytoene, even 
though it is accumulated in the chromatophores, may be excluded from participation 
in endogenous conversion for this reason. The question of its normal role in carotenoid 
synthesis must therefore remain open. 

I ) I S C U S S I O : ~  T 

The synthesis o~ carotenoids in purple bacteria 

In the past few years, a survey of tile carotenoid composition of purple bacteria 
has been conducted by GOODWlN and his collaborators2°, 2~, The results of this s tudy 
show that five principal carotenoids, together with their hydroxy derivatives, occur 
in various combinations in the species so far examined. These five pigments are lyco- 
pene, spirilloxanthin, Y, R and P48I. Tile structures of the first four (Fig. 7) are 
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established with reasonable certainty *,a,22,2a. They are all aliphatic and (with the 
exception of lycopene) carry methoxyl groups. As demonstrated in the present paper, 
P48I is a precursor of spirilloxanthin, and is therefore almost certainly also aliphatic. 
An alicyclic carotenoid has been found in only one species, Rhodomicrobium vannielii, 
which contains traces of fl-carotene together with much larger quantities of aliphatic 
carotenoids 24. The four major pigments of known structure can be separated into 
two sub-groups on chemical grounds: pigments Y and R are derivatives of dihydro- 
lycopene, and thus have a central conjugation system which is different from that  of 
lycopene and spirilloxanthin. Examination of the data assembled by GOODWlN 2~ shows 
that  in the genus Rhodospirillum, only the lycopene, P48I and spirilloxanthin groups 
are found. In most species of the genus Rhodopseudomonas, on the other hand, the 
Y and R groups are preponderant, although traces of lycopene are sometimes also 
present. 

,(\ 

OC H 3 P i g m e n t  R 

I I I I / "  
" r " - -  

OCH 3 P i g m e n t  Y 

I i I 

Lycopene 

---l~ ~-,--OCHa 
/ ' "  / " % / ~ / " % / " % / " % . f ~ . 7 " ~ /  ~ / ~ . J  / z "  

H a C O _ J ~ / !  I i z > 
Sp i r i l loxan th in  

Fig. 7. Major  carotenoids  of k n o w n  s t ruc t u r e  which  occur  in the  purp le  bacter ia .  

Many years ago, VAN NIEL 25 showed that  an irreversible stoichiometric conversion 
of Y to R can take place in Rhodopseudomon~s spheroides. The observations which we 
have made on the interconversions of the normal carotenoids in washed cells of 
Rhodospirillum rubrum likewise establish the biosynthetic relationships between 
lycopene, P48I and spirilloxanthin. The terminal steps in the formation of the five 
major carotenoids characteristic of purple bacteria can therefore be formulated as: 

? > lycopene  > P48 i  ~ sp i r i l loxanthin ,  
and 

? > Y - - ~ R  

I t  may  be noted that  the analytical data  of GOODWIN 21 o n  the distribution of 
carotenoids in three species of the genus Rhodospirillum fit perfectly with the first of 
these formulations. R. rubrum contains the lycopene, P48I and spirilloxanthin groups; 
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R. photometricum contains the lycopene and P48I groups; R. molischianum contains 
the lycopene group alone. In terms of biosynthetic capabilities, these distributions 
imply that R. photometricum lacks the ability to convert P48I to spirilloxanthin, and 
that R. molischianum lacks the ability to convert lycopene to P48I. 

Let us now consider the earlier steps in these two biosynthetic sequences. The 
studies of DPA effects on R. rubrum which are reported in the present paper establish 
the nature of the precursors for the lycopene-P48I-spirilloxanthin series: 

phytoene -d-÷ phytofluene -+ ~-carotene ----~ neurosporene ----~. lycopene. 

The same technique cannot be used to explore the biosynthesis of Y and R, since 
DPA does not specifically inhibit carotenoid formation in the species that produce 
these two pigments 21. Some evidence concerning the formation of Y and R has been 
obtained, however, by the study of mutant phenotypes of Rhodopseudomonas spher- 
oides with derangements of carotenoid synthesis TM. The brown phenotype forms great]y 
reduced quantities of R, and accumulates neurosporene in addition to y26. The green 
phenotype produces neither Y nor R, and accumulates principally neurosporene and 
dihydroxyneurosporene, together with much smaller quantities of ~-carotene and 
phytofluene 2.. The blue-green phenotype contains only one carotenoid, phytoene TM. 

These facts suggest the following pathway for the synthesis of Y and R: 

phytoene ~ phytofluene ---~ ~-carotene ---+ neurosporene -+ Y ---~ R 
I 2 3 

The blue-green and green phenotypes are presumed to be completely blocked 
in the performance of reactions I and 2, respectively; the brown phenotype is pre- 
sumed to be partly blocked in the performance of reaction 3. The resemblances 
between this reaction sequence, inferred on the basis of biochemical genetic data, 
and the reaction sequence for the synthesis of spirilloxanthin, established by the 
analysis of the DPA effect, are quite evident. The initial steps in both sequences 
are identical, a divergence occurring after the formation of neurosporene: 

Y -~R J common precursors ---+ neurosporene \ 
lycopene > P48I ) spirilloxanthin 

The general interpretation o~ DPA effects 

Since the discovery by TURIAN 17 in 1950 that DPA specifically inhibits carotenoid 
synthesis in mycobacteria, there have been many reports of the effect of DPA on 
other micro-organisms. It  is a very toxic substance, and its action is sometimes non- 
selective: as the concentration of DPA is increased, growth is arrested before any 
effects on carotenoid synthesis can be detected. However, in those cases where it 
does act as a selective inhibitor of normal carotenoid synthesis, growth in its presence 
is invariably accompanied by the intracellular accumulation of more saturated 
carotenoids, characteristically phytoene, phytofluene, ~-carotene and neurosporene. 
Heretofore, two alternative interpretations of the observed accumulations have been 
possible. It  could be assumed that the blockage of carotenoid synthesis causes a 
diversion of the normal biosynthetic intermediates to side-products (the more satu- 
rated carotenoids) which are not normally formed at all by the cell. Alternatively, it 
could be assumed that the more saturated carotenoids are normal biosynthetic inter- 
mediates which accumulate in the cell when the terminal steps of the biosynthetic 

Re/erences p. 497/498. 
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sequence are inhibited by DPA. Our present observations on DPA effects in R. rubrum 
provide decisive evidence in favor of t he  second of these two alternative interpreta- 
tions. Phytofluene, ~-carotene and ~murosporene are clearly the biosynthetic pre- 
cursors of lycopene, P48I and spirilloxanthin ; only the status of phytoene in the reac- 
tion sequence remains somewhat questionable. Accordingly, the accumulation of these 
compounds in other organisms when normal carotenoid synthesis is prevented by 
DPA takes on a new significance: it indicates the existence of one general pathway 
for the synthesis of a wide variety of carotenoids, both aliphatic and alicyclic. 

The mode o/action o/DPA 

The selective inhibition of carotenoid synthesis by DPA was discovered acciden- 
tally, and the mechanism of its action is still not understood. The experiments reported 
in this paper at least permit a more precise specification of the step-reactions which 
are affected by  DPA. One is evidently the conversion of neurosporene to lycopene: 
when DPA is added to a culture, the net synthesis of the lycopene, P48I and spiril- 
loxanthin groups ceases, and the neurosporene group starts to accumulate. A second 
is the conversion of the ~-carotene group to the neurosporene group : after the removal 
of DPA, there is an immediate burst of neurosporene formation. Conceivably other 
steps, such as the conversion of the phytofluene group to the ~-carotene group, are 
also affected by  the inhibitor, but the evidence for additional sites of action is less 
clear. At all events, we may conclude that  DPA does not simply act at a single step 
in the reaction sequence. Since it is known to be an anti-oxidant, a plausible supposi- 
tion is that  it affects, to a greater or lesser extent, the succession of oxidative step- 
reactions which occur in the transformation of phytoene to colored carotenoids. How- 
ever, a definitive interpretation in chemical terms is not at present possible, in view 
of the uncertainty which surrounds the structures of the more saturated carotenoids. 

S U M M A R Y  

Exponen t i a l l y  growing cells of t he  p h o t o s y n t h e t i c  b a c t e r i u m  Rhodospirillum rubrum con ta in  a 
m i x t u r e  of caro tenoids  : lycopene,  P48 i,  sp i r i l loxanth in ,  a n d  the i r  m o n o h y d r o x y  der iva t ives .  W h e n  
such  cells are r e suspended  in buffer  a n d  i ncuba t ed  anaerobica l ly  in  t he  l ight ,  t h e  to ta l  a m o u n t  of 
caro tenoid  p i g m e n t  in t he  cells r ema ins  cons tan t ,  b u t  t he re  is a ne t  syn the s i s  of sp i r i l loxan th in  a t  
t he  expense  of t h e  o ther  ca ro tenoids  original ly present .  Th i s  syn thes i s  proceeds  f rom lycopene  
t h r o u g h  P48I .  Added  to a p h o t o s y n t h e t i c a l l y  growing cu l tu re  of R. rubrurn at a final concen t r a t ion  
of 7" I o -s  M,  d i p h e n y l a m i n e  causes  a comple te  a r res t  of n o r m a l  caro tenoid  syn thes i s ,  a ccompan ied  
by  a rap id  a c c u m u l a t i o n  of caro tenoids  more  s a t u r a t e d  t h a n  lycopene.  Phy toene ,  phy to f luene ,  
hyd roxyphy to f l uene ,  ~-carotene,  hydroxy-~-ca ro tene ,  neurosporene  and  h y d r o x y n e u r o s p o r e n e  are  
t he  pr inc ipal  a c c u m u l a t i n g  compounds .  If t he  d i p h e n y l a m i n e  is r emoved  and  t he  cells are  resus-  
pended  in buffer  a n d  i ncuba t ed  anaerobica l ly  in t he  l ight,  an  endogenous  syn the s i s  of no rma l  
caro tenoids  t ake s  place a t  t he  expense  of all t h e  a c c u m u l a t e d  precursors  wi th  t he  probable  
except ion  of phy toene .  T he  kinet ic  ana lys i s  of th i s  endogenous  syn thes i s  reveals  t he  sequent ia l  
re la t ionships  be tween  t he  pa r t i c ipa t ing  carotenoids .  
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G A L A C T O S E - I - P H O S P H A T E  U R I D Y L  T R A N S F E R A S E ,  

ITS P U R I F I C A T I O N  A N D  A P P L I C A T I O N *  

K I Y O S H I  K U R A H A S H I * *  AND E L I Z A B E T H  P. A N D E R S O N * * *  

National Institute o] Arthrilis and Metabolic Diseases, National Institutes o[ Health, 
Bethesda, Md. (U.S.A.) 

The presence of an enzyme, galactose-i-phosphate uridyl transferase in galactose- 
adapted yeast I and in calf and rat liver 2 has been reported by KALCKAR et al. This 
enzyme catalyzes Reaction I and, together with uridine diphosphogalactose- 4- 
epimerase ~, 4, ~ which catalyzes Reaction 2, it accomplishes the reversible conversion 
of a-galactose-i-phosphate~ to a-glucose-l-phosphate as shown by the sum of 
equations i and 2. 

UDPG + Gal- t -P  ~ UDPGal  + G- I -P  (i) 

UDPGal  ~- U D P G  (2) 

Sum: Gal- I -P  ~ G- I -P  (3) 

* This investigation was aided in par t  by a grant  from the Jane Coffin Childs Memorial Fund 
for Medical Research. 

** Fellow of the Jane  Coffin Childs Memorial Fund  for Medical Research. 
*** Fellow in Cancer Research of the American Cancer Society. Present  Address: National  Cancer 

Inst i tute ,  National  Ins t i tu tes  of Health.  
§ The following abbreviat ions are used: GaI-I-P,  a-galactose- i -phosphate ;  G-I-P,  a-glucose* 

1-phosphate;  G-6-P, glucose-6-phosphate; 6-PG, 6-phosphogluconate;  TPN, t r iphosphopyridine  
nucleotide; TPNH,  reduced t r iphosphopyridine  nucleotide; UDPG, uridine diphosphoglucose; 
UDPGal,  uridine diphosphogalactose. 


