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SUMMARY 

I. A procedure for the preparation of a reaction center fraction from wild type 
Rhodopseudomonas spheroides is described. The process involves two subsequent 
detergent treatments. The particles were purified down to a protein weight of 12oooo 
daltons. They contain little cytochrome and 1.2 moles of ubiquinone per mole of P87o. 
The negative absorption change in the light minus dark difference spectrum is not 
inconsistent with the assumption that I mole of ubiquinone is reduced per mole of 
photooxidized P87o. 

2. Bacteriopheophytin (with an absorption maximum at 756 nm) transfers 
energy to the reaction center bacteriochlorophyll (Bchl) with a high quantum yield. 
Fluorescence emission spectra indicate that this transfer occurs via P8oo. 

3- If P87o is reduced, P8oo transfers energy to P87o with high quantum yield. 
The fluorescence emission of P8oo was not detectable even when P87o was oxidized, 
indicating that the fluorescence yield of P8oo was less than 4" lO-5. An attempt was 
made to calculate the distance between P8oo and P87o, using the FTTster equations 
of energy transfer by dipole-dipole interaction. The results are not inconsistent with 
earlier conclusions that P8oo and P87o form a trimer. 

4. In addition to normal reaction center particles we prepared particles which 
contained a small amount of bulk Bchl. One of these particles contained B85o in 
addition to reaction center Bchl. The B85o was at least partly active in energy 
transfer to P87 o. 

5. The present findings were combined into a working hypothesis concerning 
the substructure of a photosynthetic unit of Rps. spheroides. 

INTRODUCTION 

During the last few years much attention had been paid to the treatment of 
bacterial chromatophores with agents which yield so-called reaction center particles, 

Abbreviations: Bchl, bacteriochlorophyll; 13800, 13850 and B87o, l ight-harvest ing 13chl 
with absorption maxima around Boo, 85 ° and 87o nm, respectively; PSoo and P87o, reaction 
center Bchl with absorption maxima  at 8oo and 87o nm, respectively. 
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i.e. subchromatophore particles which contain P87o (the reaction center bacterio- 
chlorophyll (Bchl) type which is capable of undergoing reversible light-induced 
oxidation), but which do not contain the bulk or light-harvesting Bchl components 
normally present in chromatophores. In these relatively simple systems, spectral 
investigations can be done more precisely, and one may hope to find the primary 
electron acceptor of P87o through successive purification steps of the particles. 

KrxTz  et al. 1 t reated chromatophores with iridic chloride, which bleaches most 
of the bulk Bchl of Chromatium D and Rhodospirillum rubrum, and all of tile bulk 
Bchl in Rhodopseudomo.~zas spheroides. BEUGEI.I~'G 2 in an independent study, bleached 
the bulk Bchl of R. rubrum chromatophores completely with ferricyanide. In all these 
cases, the reaction center 13chl remained fully active. 

Another line of investigation is t reatment  of ehromatophores with deter- 
gents. ]3RIL a used Triton X-Ioo to disrupt chromatophores of Rps. spheroidcs into two 
types of fragments, one containing 13800 and 13850 and the other containing B87o. 
GAliCIA et al. 4-7 working with four other species of bacteria added Triton X-Ioo to 
chromatophores and obtained a particulate fraction, consisting of small particles, 
sometimes in a linear or planar arrangement, and a membrane fraction. The latter 
was ahvays photochemically less active than the particulate fraction, and in some 
cases was not active at all. THORNBER 8 used the detergent sodium dodecyl sulphate 
to fragment chromatophores of Chromatium. After separation on a hydroxylapati te 
colunm he obtained particles of different pigment composition, achieving a partial 
separation of the various Bchl types. One of the particles contained P87o. 

REED AND CLAYTON 9 and REED TM isolated reaction center particles from a caro- 
tenoidless mutant  of Rps. spheroides by means of Triton X-Ioo, followed by density- 
gradient centrifugation. At about the same time GINGRAS AND JOLCHINE 11 reported 
the isolation of a reaction center particle from a carotenoidless mutant  of Rsp. 
rubrum, using Triton X-Ioo. THORNBER et al. ~2 made a reaction center preparation from 
a wild strain of Rps. viridis, using sodium dodecyl sulphate as detergent ; and JOLCHINE 
et al. la prepared reaction center fractions from normal Rps. spheroides, using cetyl 
t r imethyl  ammonium bromide. 

We wish to report on the isolation of a functionally active reaction center 
preparation from a wild strain of Rps. spheroidcs. The aim of tiffs work was to isolate 
a photochemically active particle of the smallest possible size. At present the particles 
have been purified down to a protein weight of 120000 daltons per mole of P87o. 
They contain little cytochrome (o.25 mole per mole of P87o ) and 1.2 moles of ubi- 
quinone per mole of P87o. I mole of ubiquinone appears to be reduced per mole of 
photooxidized P87o. Measurements of fluorescence and light-induced absorbance 
changes were done to get some insight in the mechanism of energy transfer from 
P8oo to P87o. 

In the course of this work various combinations of the different light-harvesting 
Bchl types and reaction center Bchl have been obtained and possible consequences 
concerning the organization of the photosynthetic unit will be discussed. 

MATERIALS AND METHODS 

Preparation of the reaction center particle 
Rps. spheroides was cultured anaerobically in a medium after COHEN-BAZIRE 
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et al. ~4 supplied with yeast extract and peptone. After 3-4 days of growth the cells 
were harvested by centrifugation, washed in o.o5 M Tris (pH 8.o) and stored at liquid 
nitrogen temperature until use. 

Fragmentation of the cells was carried out by sonication with a Branson type 
SI25 sonifier during IO min at 8 A. The temperature was not allowed to rise above 8 ° 
during sonication. In some cases the cells were passed through a French press at 
5ooo kg/cln" after precooling of the cell. The suspension was centrifuged for 3o rain 
at 2oooo × g to remove cell debris. CsC1 and MgS04 were added to the supernatant 
to give final concentrations of 27 % and o.o5 M, respectively, and the suspension was 
centrifuged for 1.5 h at 144ooo × g. The top layer was diluted, sedimented at 2oo00o 
;~ g, resuspended in o.o5 M Tris (pH 8.o) containing o.oi M MgC12 and dialyzed over- 
night against the same buffer. 

The absorbance of the chromatophore suspension at 59 ° nm was adjusted to 
I2.5/cm and o.I1 vol. of 3 % sodium dodecyl sulphate was added. After 2 h of incuba- 
tion at room temperature NaC1 was added to give a final concentration of o.2 M and 
the suspension was layered on a o.5 M sucrose solution in o.o5 M Tris (pH 8.o) supplied 
with o.2 M NaCI. After 4 h of centrifugation at 2ooooo × g the chromatophores were 
sedimented and a greenish band containing the reaction center particles remained 
in the supernatant layer on top of the sucrose solution. This treatment was also 
successful with chromatophores of Rps .  viridis (@ re . IO), but not Rsp. rubrum. The 
reaction center particles were dialyzed for 2 days against three 25-vol. quantities of 
o.o5 M Tris (pH 8.o) to which o.oI 3I MgC1.) was added. The reaction center fraction 
was purified further by centrifugation at 2ooooo × g on a o.4-2.o M linear sucrose 
density gradient. This procedure resulted in the separation of a small fraction of less 
purified reaction center. The purified reaction center was dialyzed against o.o5 M 
Tris (pH 8.o) containing o.oi M MgC12, to remove sucrose. The reaction center pre- 
paration purified in this way will be called hereafter SDS-RC. 

A further purification was obtained by a procedure analogous to the so-called 
AUT-treatment used by LOACH et al. ~5 for chromatophores. SDS-RC preparations 
were adjusted to an absorbance of o.5-1 per cm at 8o3 nm and layered on top of a 
linear o.i-I.O M sucrose gradient in o.o5 M Tris containing o.3 % Triton X-Ioo and 
I M urea. The pH had been adjusted to IO.O after the addition of urea. After 6 h of 
centrifugation at 2ooooo X g the original preparation had been separated into an 
upper bright green band and a lower brown band. Both bands were situated about 
halfway down the sucrose gradient. The lower band consisted of the purified reaction 
center preparation and contained about 85 % of the total amount of Bchl. The total 
recovery of Bchl in the two fractions was about 8o % of the original amount. Both 
fractions were dialyzed against three 25-vol. quantities of o.o5 M Tris (pH 8.o) con- 
taining o.oi M MgC12. The reaction center particle purified in this way will be denoted 
AUT-RC. 

Chemical  methods 
Protein was measured by the method of LOWRY et al. 16. Bchl was determined 

by extraction with cold acetone-methanol (7:2, by vol.) using an extinction coefficient 
of 75 mSI-l"cm-1 (ref. I7). In reaction center fractions Bchl was also determined in 
vivo, using the extinction values given by CLAYTON is and by BOLTOY et al. xg. Cvto- 
chrome was measured with the ferrihemochrome method as used by CUSANOWlTCH 

Biochim. Biophys. Acta, 256 (I972) 452-466 



REACTION CENTER PREPARATIONS FROM Rps. spheroides 455 

AND KAMEN 2°. Carotenoid (mainly spheroidene) was estimated using an extinction 
coefficient of 15o mM -1.cm 1 at 473 nm (cf. ref. 21). Iron was determined with the 
ferrous o-phenanthrohne complex method 22 after a mineralization procedure as used 
by KoxlXGS '-'a. The sample was concentrated to near dryness by heating at i2o °, 
then 0.2 ml conc .  H e S O  4 (Merck, p.a.) was added and the samples were heated at 
17 °° for 2 h. They were then heated on a Bunsen burner while HC10 4 was added 
dropwise until a bright yellow colour appeared and disappeared again. Copper was 
determined as follows: after the same wet-ashing procedures as used for iron, Gacu 
was transformed into 64Cu by neutron irradiation. The characteristic radiation of 
0.51 MeV which 6~Cu emits as it decays was measured with an NaI detector coupled 
with a 7-spectrometer. Ubiquinone was determined by the method of PUMPHREY AND 
RFDFEARN 24 as modified by TAKAMIYA AND TAKAMIYA 25. 

For polyacrylamide disc gel electrophoresis the buffer system given by SMITH 2G 
was used. The acrylamide concentration was 3.75 %. The samples were layered on 
the gel in tubes of 7.5 em length and o. 5 cm diameter and subjected to electro- 
phoresis at 25o V (5 mA per tube). Urea or detergent was present both in the sample 
and in the gel as indicated. 

Physical mdhods 
Absorbance spectra were measured on a Ca W model 14 R spectrophotometer. 
Light-induced absorbance changes were measured with a split-beam differ- 

ential spectrophotometer described earlier~L 
Fluorescence emission spectra were measured in I -mm cuvettes with an ap- 

paratus similar to the one described earlier 2s. The excitation light from a 6oo-W 
tungsten-iodine lamp was chopped at 5o Hz and passed through a Schott 596 AL 
filter (band width 2o nm). The absorbance of the sample at 8o3 nm was o.I4/mm or 
less. The emitted light was analyzed by a Bausch and Lomb monochromator. The 
slits were adjusted to give a band width of 8 nm. An SI photomultiplier was attached 
to the exit slit. Stray excitation light was cut off by a Schott RG IO and a Kodak 
Wratten 89B filter. The spectra were corrected for the wavelength-dependent sensitiv- 
ity of the detecting system and for reabsorption of the emitted light. The intensity 
of the excitation light was 6o nE. cm -~. sec -1. 

RESULTS 

Chemical data 
The preparations which will be discussed were all photochemically active: 

P87o could be bleached completely and reversibly and with a high quantum yield. 
Sodium dodecyl sulphate treatment of the chromatophores, followed by ultra- 

centrifugation, resulted in the extraction of about 75 % of the total amount of P870. 
The extracted ehromatophores contained the remaining 25 %. The amount of P87o 
was measured by the maximum light-induced absorption decrease at 600 nm, as 
will be discussed later. 

Table I shows the results of chemical analysis on SDS-RC and AUT-RC particles 
compared with chromatophores and with the results of JOLCHINE et al. TM and REED 1°. 
Tile chemical composition of the reaction center particle obtained by Reed is such 
that it resembles that of chromatophores except that light-harvesting Bchl is not 
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present  29. This was not  the case with our preparat ions:  the cytochrome and ubi- 
quinone content  relat ive to the amount  of P87o was lower in reaction center prepara- 
t ions than  in chromatophores. The oxidized m i n u s  reduced difference spectra of the 
cytochrome present in the SDS-RC and AUT-RC preparat ions showed maxima at 
416, 52o and 55o n m  as measured with the ferrihemochrome method;  and at 42o, 52o 
and 55o n m w h e n  measured i n  r i ve .  More than  5o % of the total  amount  of ubiquinonc 
was re ta ined in the extracted chromatophores after the sodium dodecvl sulphate 
t rea tment ,  and  the amoun t  of ubiquinone  found in SDS-RC preparat ions was com- 
parable to tha t  found by  JOLCHINE el al. ~3. The amoun t  of protein in SDS-RC prepara- 
t ions was the same as tile amoun t  found by  JOLCHINE et al. ~a, which may be a reflec- 
t ion of the fact tha t  in both cases an ionic detergent  has been used; REED and co- 
workers 9, ~0, 29, on the other hand, used Tr i ton  to isolate the reaction center particles 
(see DISCUSSION). 

T A B L E  I 

CHI~MICAL COMPOSITION OF CHROMATOPHORES AND REACTION CENTER PARTICLES PREPARED FROM 
l?ps. spheroides 

Q u a n t i t i e s  a r e  e x p r e s s e d  in  m o l e s  p e r  m o l e  of  P 8 7 o .  T h e  f i r s t  t h r e e  c o l u n m s  g i v e  t h e  c o m p o s i t i o n  
of  t h e  r e a c t i o n  c e n t e r  p a r t i c l e s  o b t a i n e d  b y  REED 1~, u s i n g  ~ o '  - . 3  ,o a n d  I °o T r i t o n ,  r e s p e c t i v e l y ,  
a n d  b y  JOLCHINE et al. la. C y t o c h r o m e  b w a s  d e t e r m i n e d  in vivo b y  t h e  d i f f e r e n c e  s p e c t r u m  
( d i t h i o n i t e - r e d u c e d  minus n o  a d d i t i o n s ) .  F o r  o t h e r  m e t h o d s  see s e c t i o n  a~ATER1ALS A x e  5IETHODS. 

l~*'f, z o, Triton Ref. 13 

~.3 .'o 1 q~, 2Vormal Ch*'omato- S D S - R C  .4 UT-h'C 
RC phores* 

PS7o l ] 1 I I I 

Iron 5-4 16 N.D. 2o** N.IL 
Cytochrome b562 o.8 1.8 o o.8*" <o.o2 . ~o.o2 
Cytochrome c o.o i o.47 o.95 o.9o o.25 
Ubiquinone 7-4 13 5.5 8-12 3.3 i. 2 
Copper 6.2 9 N.D. o.5"" N:D. 
P r o t e i n * * *  4 . 1  • l O  5 2 . 0  5 . 1 0  5 6 .  i o  5 2 . 0 .  l O  5 1 . 2 .  I O  5 

Bulk Bchl 3 ° <o.ooI~ ,:~.o.ooi ~ 

" Average from 3 determinations. Preparations purified by sucrose density gradient cen- 
trifugation (see M A T F o R I A L S  A N D  I V I E T H O D S ) .  

* *  One determination. 
*** Expressed in g per mole of P87o. 

§ Determined by fluorescence measurements. 
N.D., not determined. 

Table I shows tha t  AUT-RC particles had a relatively low protein content ,  little 
cytochrome and, notably,  1.2 moles of ubiquinone per mole of P87o. On the other hand,  
the upper  fraction obtained by  the AUT t rea tment  (see MATERIALS AND METHODS)  

had a relat ively high protein content  (25oooo-3ooooo g per mole of P87o), 1.6 moles 
of cytochrome c and 8-13 moles of ubiquinone  per mole of P87o. The recovery of 
protein and ubiquinone  in these two fractions was about  8o % of the init ial  amounts ;  
tha t  of cytochrome c was about  4 ° %. 

The AUT-RC particles ran  as a single band  during polyacrylamide disc gel 
electrophoresis in the presence of o.I % sodium dodecyl sulphate. I t  was separated 
into three bands  in the presence of o.3 % sodium dodecyl sulphate p l u s  8 M urea 
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(of. ref. 30). \Vhen 0.2 % digitonin was present the AUT preparation splitted into two 
coloured bands. Other detergents appeared to be unsuccessful in this respect. Work 
is in progress to identify the different bands thus obtained. 
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Fig. t. (A) Absorpt ion  spec t rum of an AUT-t~C preparat ion.  (B) Light  minus dark absorpt ion  
difference spec t rum (steady state) of a normal  reaction center preparat ion.  AUT-RC particles 
showed the same difference spectrum. The scales of (A) and (B) have been normalized so tha t  
(B) represents tile m a x i m u m  light-induced difference spec t rum of the sample shown in (A). Light 
regime : 5 sec light, 90 sec dark. Actinic light : 596 n m  (band width 20 nm), intensi ty  0. 7 nE .  cm -2- 
sec -1 for the ultraviolet  and infrared measurements ;  infrared light (cut off by  Schott  RG 20.2 and 
Corning CS 7-69 filters), in tensi ty  approx,  o.2 hE .  cm -2- sec -x for the visible measurements .  A time- 
averaging technique was used for the ul traviolet  measurements .  No additions. The different 
symbols refer to 3 samples which were normalized for equal absorpt ion  change at 867 nm. 

Absorption and absorption difference spectra 
The SDS-RC preparations had absorption spectra similar to those published 

beforelO, 13. Fig. IA shows the absorption spectrum of an AUT-RC preparation. The 
ultraviolet absorption is not shown, since the Triton present in these preparations 
absorbed strongly in this region. In SDS-RC preparations the ratio of the absorbances 
at 280 and at 870 nm was correlated to tile protein/P87o ratio as determined by the 
Lowry method. At a protein/P87o ratio of 200000 per mole of Bchl we found an 
A276 nm/A87o nm ratio of 7.8. In one SDS-RC preparation we found 96000 daltons 
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protein per mole of P87o by the Lowry method and there the A276 nm/A87o nm ratio 
was 4.6. These data are in fair agreement with data published earlier on ultraviolet 
absorption and protein content of reaction center preparations ~0,~a 

The maxima at 804 and 867 nm are due to P8oo and P87o , respectively. The 
maxima at 365 and 598 nm are due to both P8oo and P87o. The shoulder at 385 nm 
and the maxima at 536 and 756 nm are probably due to baeteriopheophytin, and the 
maxima at 44 o, 471 and 502 nm are due to carotenoid. The main difference with SDS- 
RC preparations is that the shoulder at 4o5 nm and the maximum at 685 mn are 
much lower in the AUT-RC than in SDS-RC preparations, suggesting that these 
bands are due to a degradation product of Bchl. 
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Fig .  2, (A) - - ,  a b s o r p t i o n  s p e c t r m n  of a n  A U T - R C  p r e p a r a t i o n ,  w i t h  P87o  r e d u c e d  (no ad-  
d i t i o n s ) ;  - - - - - - ,  s a m e  w i t h  P87o  o x i d i z e d  (o.I mSI  f e r r i c y a n i d e ) ;  . . . . .  , a b s o r p t i o n  b a n d  d u e  
t o  P8oo.  (B) (a) . . . .  , a b s o r p t i o n  d i f f e rence  s p e c t r u m  ( f e r r i c y a n i d e  minus no a d d i t i o n s )  of ]3chl 
i n  m e t h a n o l  ( d a t a  f r o m  ref, 32);  (b) . . . . .  , s a m e  as  (a) b u t  t h e  b a n d  w i d t h  w a s  n a r r o w e d  b y  
a f a c t o r  2.0 a n d  t i l e  w h o l e  s p e c t r u m  w a s  s h i f t e d  2 n m  t o w a r d s  s h o r t e r  w a v e l e n g t h s ;  (c) - -  
a b s o r p t i o n  d i f f e rence  s p e c t r u m  ( f e r r i c y a n i d e  minus n o  a d d i t i o n s )  of t h e  A U T - R C  p r e p a r a t i o n  
s h o w n  in  (A). (C) A b s o r p t i o n  s p e c t r u m  of t787o of t i l e  A U T - R C  s h o w n  in  (A). - - ,  r e d u c e d ;  
. . . .  , o x i d i z e d .  

The light-induced absorption difference spectrum of an SDS-RC center prepara- 
tion is shown in Fig. IB. AUT-RC preparations showed the same difference spectrum. 
I t  is virtually the same as that obtained by REED 1° except that carotenoid red shifts 
are also present in our preparations. The occurrence of these shifts is apparently not 
dependent on whether the chromatophore membrane is intact. Assuming that the 
lipophilic substances of the reaction center particles are buried inside (cf. ref. 31), 
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these carotenoid band shifts are suggested to be reflection of, e.g. a change in pH 
or in polarity inside the reaction center particle upon oxidation of P87o. 

Fig. 2A shows the absorption band around 600 nm of an AUT-RC preparation 
with P87o in the reduced and in the oxidized state, respectively. In the latter case 
part of the absorption is due to oxidized P87o. For the measurement of the fluorescence 
yields of P8oo and P87o, to be described in the next section, it was necessary to analyze 
the absorption band of the AUT-RC preparation around 600 nm into the absorption 
bands of P8oo and P87o. However, the absorption band of P87o could not be obtained 
directly. For this reason, the oxidized minus  reduced absorption difference spectrum 
around 60o nm of an AUT-RC preparation was compared with the oxidized minus 
reduced difference spectrum of Bchl in methanol (data from ref. 32). See Fig. 2B. 
The difference spectrum obtained with 13chl in methanol can be made to correspond 
fairly well to the difference spectrum obtained with AUT-RC if (I) the band width 
of the former is narrowed by a factor 2, and (2) the position of the peak is shifted 
slightly. Since the absorption change of the AUT-RC preparation in this region was 
due to P87o oxidation aa, it was assumed that the absorption spectra of P87o (reduced 
and oxidized) can be obtained from tile absorption spectra of Bchl in methanol a2 
by carrying out the same transformations along the wavelength axis (see Fig. 2C). 
It was found that P87 o, when completely reduced, had a peak at 6Ol nm. The AUT- 
RC had a peak at 598 nm when P87o was completely reduced. The ratio of the peak 
heights of reduced P87o and reduced AUT was o.3:1. The absorption peak of P8oo 
was obtained by subtracting tile absorption of P87o from the total absorption of the 
AUT-RC preparation. Inthis  way an absorption band of P8oo was found with a maxi- 
mum at 595 nm (see Fig. 2A). If it was assumed that the peak height of P8oo was twice 
that of reduced P87o, then it appeared that the half width of the absorption band of 
P8oo was 1.16 times the half width of reduced P87o. This indicated that the method 
followed was not quite correct, but it certainly put an upper limit to the fractional 
absorption of P8oo. The remaining absorption which was not due to P8oo and P87o 
was probably due to bacteriopheophytin. In an oxidized AUT-RC preparation this 
was estimated to be 7-1o % of the total absorption at 595 nm. 

There is no unanimity concerning the nature of the absorption decrease 
around 275 urn. This change has often been ascribed to ubiquinone a4& KE AND 
CHAXEY a'~, using Chromatium subchromatophore particles, were able to distinguish 
kineticallv the dark decay of the light-induced 28o-nm absorption changes and the 
88o-mn absorption change, respectively, suggesting that tile former was due to ubi- 
quinone. However, LOACH et al. aa proposed that at least part of the ultraviolet 
absorption decrease is due to oxidation of P87o. They showed that Bchl shows a 
decrease of absorption in this region upon oxidation in vitro. If it is assumed that the 
absorption change is only due to nbiquinone in our preparations, then a I : I relation- 
ship exists between the amount of ubiquinone reduced and the amount of P87o 
oxidized, assuming that the differential extinction coefficient of ubiquinone (oxidized 
minus  reduced) at 275 nm is 12.2 mM-~.cm -1 (ref. 36) and that the differential 
extinction coefficient of P87o is 93 mM-l"em-~ (ref. 19). The same relationship has 
been found in other reaction center preparations 2, ~0. In this connection it is interesting 
to note that 1.2 moles of uhiquinone per mole of P87o were found in AUT-RC prep- 
arations (see previous section). Approximately the same amount was found by 
IxlEUGELING 2. On the other hand, if the changes at 275 nm are due to both P87o and 

Biochim. Biophys. dcta, 256 (1972) 452-466 



460 L. SLOOTEN 

ubiquinone, then of course the ratio of ubiquinone to P87o will be lower than i : i .  
The results of TAKAMIYA AND TAI~AMIYA 37 may support this possibility. 

Transfer of light excitation energy in reaction center preparations 
An investigation into the transfer of light energy from P8oo and from bactefio- 

pheophytin to P87o was carried out in three steps. In the first step we compared 
the quantum efficiencies of light absorbed by PSoo, bacteriopheophytin and P87o , 
respectively, for the photooxidation of P87o, in order to calculate the efficiency of 
the energy transfer from PSoo and from bacteriopheophytin to P87o. In the second 
step we measured the fluorescence yield of P8oo and of P87o. The yield of P8oo 
appeared to be less than 4' IO-~. In the third step, using the above-mentioned data, 
we calculated the distance between PSoo and P87o , assuming that P8oo transfers 
excitation energy to P87o via a F6rster mechanism of resonance transfer. 

Step ±. Ouantum ef~ciencies for the photooxidation of P87o 
The maximum light-induced absorption decrease at 600 nm, due to P87o 

oxidation, was compared with the maximum light-induced decrease at 8(~5 ran. 
Assuming that the differential extinction coefficient of P87o (reduced mimts oxidized) 
at 865 nm is 93 raM-l" cm-~ (ref. I9), a differential extinction coefficient of 15.3 raM-1 
• cm -~ was derived for P87 o at 600 nm. The initial quantum efficienc\" for P87o 
oxidation (measured at 600 nm) was independent of the actinic light intensity 
within the measured range (o.35-16 nE. cm -2. sec-m). 

The quantmn efficiency for P87o oxidation varied somewhat in normal reaction 
center preparations, but our results were in agreement with the data of BOLT~ ~X et al) 'J. 

Light of 872 m n h a d a  quantum efficiency ranging from o.91 to 1.26. I.ight of 
8o3 nm seemed to be slightly less active than light of 872 nm. In order to eliminate 
systematical errors inw)lved in these calculations (errors in the estimation of the molar 
extinction coefficient of P87o, in the measurement of the actinic light intensity, and 
in the calibration of the magnitude of the absorption decrease) the quantmn yield 
of 8o3 nm light was expressed relative to the quantum yield of 872 nm light for the 
bleaching at 600 nm. Putting the quantum yield of 872 nm light equal to 1, we derived 
a quantum yield of 0.89 ~- 0.05 for 8o3 nm light as an average for 7 different prepara- 
tions. This is taken to be the efficiency of the energy transfer from PSoo to P87o. 

Bacteriopheophytin was present in all reaction center preparations studied 
so far. The amount was rather variable, but in the purest preparations the area under 
the absorption bands around 756 and 867 nnl, respectively (plotted against wave- 
numbers) was approx, o.9:I .  The baeteriopheophytin that could not be removed 
appeared to transfer energy to reaction center Bchl with a high efficiency. Light of 
764, 803 and 872 nm had a quantum efficiency of 1.21 -~ 0.07, 0.87 : o.ot), and 
I, respectively, for the bleaching at 600 nm (average for three different preparations). 

step 2. Fluorescence yields of P87 o and 17800 
Fig. 3 shows the absorption and fluorescence spectra of an SDS-RC preparation 

(AUT-RC preparations gave similar results). The excitation light was sufficiently 
strong to keep P87o completely oxidized when no additions were present. In the pres- 
ence of low potential reductants (dithionite or high concentrations ()f ascorbate), 
which block electron transfer from P87o by reducing the primary electron acceptor, 
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P87o remained completely reduced in the excitation light (cf. ref. 38). The emission 
difference spectrum (reduced mi~us oxidized) around 91o nm, which is ascribed to 
PSTo, resembles the one obtained earlier 3s. The peak at 785 nm in the emission spec- 
trum is due to bacteriopheophytin. As is seen from the figure, the emission at 785 nm 
is higher when P87o is reduced than when it is oxidized. If bacteriopheophytin trans- 
fers its energy directly to P87o, one would expect the reverse. An increase in fluores- 
cence of bacteriophytin upon reduction of P87o may be explained at least partly by 
assuming that bacteriopheophytin transfers its energy to PSoo. The shift towards longer 
wavelengths of the absorption band of PSoo upon reduction of P87o causes a decrease 
in the overlap between the bacteriopheophytin emission band and the PSoo absorp- 
tion baud. This will result in an increase of the ratio of the rates of de-excitation of 
bacteriopheophytin by emission and by energy transfer to P8oo, respectively. 
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Vig. 3. (A) A b s o r p t i o n  s p e c t r u m  ( A / m m )  of a n  S D S - R C  p r e p a r a t i o n .  , no  a d d i t i o n s ;  
- -  , o. i n13I f e r r i c y a n i d e .  (B) F l u o r e s c e n c e  e m i s s i o n  s p e c t r u m  of t he  p r e p a r a t i o n  s h o w n  in  (A). 

O x i d i z e d ,  no  a d d i t i o n s ;  r e d u c e d ,  2 m M  d i t h i o n i t e .  E x c i t a t i o n  l i g h t :  596 n m  ( b a n d  w i d t h  2o nln) ,  
i n t e n s i t y  0o n E . c n l  - L  sec 1. T h e  m e a s u r e m e n t s  w e r e  d o n e  in  I - m m  c u v e t t e s .  T h e  a b s o r b a n c e  of 
t h e  s a m p l e s  w a s  o.12 p e r  m m  a t  804 rim. A c o r r e c t i o n  for s t r a y  e x c i t a t i o n  l i g h t  w a s  a p p l i e d  b y  
s u b t r a c t i n g  t h e  s i g n a l s  o b t a i n e d  w i t h  w a t e r  i n  t h e  c u v e t t e .  The  r e m a i n i n g  s i g n a l  w a s  c o r r e c t e d  
for  r e a b s o r p t i o n  of t h e  e m i t t e d  l i g h t  a n d  for  t h e  w a v e l e n g t h  d e p e n d e n t  s e n s i t i v i t y  of t h e  d e t e c t i n g  
s y s t e m .  T h e  c u r v e s  w e r e  o b t a i n e d  w i t h  a s m o o t h  s p l i n e  m e t h o d  u s i n g  a s t a n d a r d  d e v i a t i o n  of o . o l .  

We calculated the distance R between PSoo and P87o on the assumptions 
(z) that the energy is transferred from PSoo to P87o via dipole-dipole interaction, (2) 
that the rate of the energy transfer varies as R ~, and (3) that a thermal equilibrium 
of the collisional vibration levels of the excited state on PSoo is established before 
energy transfer to P87o takes place. With these assumptions the F6rster equations 
can be applied. 
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We determined the fluorescence yield of P87o in reaction center preparations 
relative to the yield of light-harvesting Bchl in chromatophores. Assuming the latter 
value to be 3.o % (@ ref. 39), we arrived at a fluorescence yield of o.15 % and o.o3 °o 
for P87o in the presence and in the absence of low-potential reduetants, respectively. 
This was in accordance with earlier obtained results as. 

An emission band of P8oo was not detected in our spectra, not even when P~7o 
was oxidized. Considering the sensitivity of the measuring system, this meant that 
the magnitude of the peak of the P8oo emission under our measuring conditions was 
less than 0.04 times the magnitude of the peak of P87o emission which was observed 
in the presence of dithionite. 

The assumption concerning thermal equilibrium of the excited state on P8oo 
allowed us to calculate the expected emission spectrum of PSoo, using the Stepanow 
equation (ref. 4 o, as cited in ref. 41). This equation is valid for P87o (ref. 3$ and own 
observations) and for B87o (unpublished results). The half width of the expected 
emission band of PSoo was about 2 times smaller than the half width of the P87o 
emission band.This means that tile total emission from PSoo was less than o.o2 times 
the total emission from P87o in the presence of dithionite. Now, if P87o is reduced, 
light absorbed by both P8oo and P87o and by bacteriopheophytin contributes to the 
P87o fluorescence (Fig. 2A, line -). I t  was assumed that if P87o is oxidized, 
only light absorbed by PSoo and bacteriopheophytin contributes to PSoo fluorescence 
(Fig. 2A, line - - - - - ) .  Taking this into account, we concluded that the fluorescence 
yield of PSoo was less than 4" IO-5 even when P87o was oxidized. 

step 3. Calculations 
The distance R 0 between two molecules which transfer energy to each other via 

the F6rster mechanism is defined as the distance at which the rate of de-excitation 
by energy transfer (Kt) equals tile rate of deexcitation by fluorescence (Ke). 
Then 

in which R is the actual distance between the molecules. 
The quantity Kt/Ke was calculated from 

Kt Q 
- (@ ref. 42) 

Ko ( i  - Q ) o  

in which Q is the quantum yield for the energy transfer and ~ is the fluorescence yield 
in the absence of energy transfer. With ~ % 4" lO-5 and (2 = o.89 (average) we found 
that R < o.13 R 0. (It is assumed that the average rate constant of the internal con- 
version processes of the excited state on P8oo is independent of the redox state of 
P87o. We will return to this later.) 

The distance R 0 was calculated from the overlap between the emission band of 
P8oo and the absorption band of P87 o, using the F6rster equation (Eqn. 9.1 in ref. 42). 
This equation contains an angular factor k 2 which depends on the position of the red 
dipoles of P8oo and P87o. Fluorescence polarization measurements (ref. 43 and own 
observations) indicate an angle of approx. 25 % between the red dipoles of P8oo and 
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P87o. This means that  the angular factor may vary from o.81 to 3.24 and so R 0 
varies from 77 to 94 • and R < io  A if the red dipoles of P8oo and P87o are nearly 
parallel; R < 12 A if the red dipoles of P8oo and P87o are nearly in line. 

The intrinsic life time of the fluorescence from P8oo was calculated from the 
absorption spectrum and the expected fluorescence spectrum of P8oo, according to 
Eqn. I of ref. 38. Contrary to ZANKEL dt al. as, we arrived at an intrinsic life time of 
3I nsec for both P87o and P8oo. This meant that  the life t ime of the PSoo fluorescence 
was less than 1.2- lO -12 see, whether P87o was reduced or oxidized. This is an extremely 
short life time. 

The low fluorescence yield of P8oo may be ascribed to energy transfer to PS7o 
if the lat ter  is reduced. Why then is the fluorescence yield of PSoo so low when 
P87o is oxidized? Dimer formation can be the cause of lowering of the fluorescence 
yield, but  circular dichroism measurements 44 indicated no interaction between the 
two molecules of PSoo when P87o is oxidized. One might suppose that  oxidized P87o, 
too, quenches the fluorescence of P8oo. In tha t  case the average rate constant of 
internal conversion processes of the excited state on P8oo is not independent of the 
redox state of P87o, and 

K~ p' 

in which ~o' is the fluorescence yield of P8oo in the presence of energy transfer. Then 
R < o.18 R o, but on the other hand, in that  case the oxidized P87o has to be at a 
very short distance of P8oo anyway to quench the fluorescence from P8oo within 
lO  -12 s ee .  

A further correction may be necessary because the simple dipole approximation 
is not correct at distances that  are comparable to the dimensions of the system of 
conjugated bonds of the individual molecules. In summary, the assumption of "slow" 
energy transfer (see above) leads to the result that  P8oo transfers its energy to PS7o 
within 1.2. IO -12 sec along a distance which may be less than Io - I2  A. This result may 
be inconsistent with the assumption of "slow" energy transfer. They are not inconsis- 
tent  with the result obtained by SAUER et al. 44, that  P8oo and P87o form a t r imer .  

In addition to the reaction center preparations discussed so far, we obtained, 
by a modification of the procedure outlined in MATERIALS AND METHODS, reaction 
center preparations which contained some residual 13850 or B87o in addition to the 
reaction center Bchl. These preparations were investigated in the same way as indicat- 
ed above, namely (I) by comparing the quantum efficiencies of light absorbed by 
B85o, or B87o, with that  of light absorbed by P8oo and P87o, for the photooxidat ion 
of P87o, and (2) measuring the fluorescence yield of B85o, or B87o , when P87o was 
reduced and when it was oxidized. The results indicated that  the residual B85o in 
these preparations transferred energy to P87o (with an efficiency of roughly 50 %), 
but that  the residual B87o did not. More details will be given in ref. 45. 

DISCUSSION 

We at tempted  to correlate tile results discussed so far in a working scheme 
for the substructure of the photosynthetic unit of Rps .  spheroides. This scheme was 
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designed p r imar i ly  to fit the  following observat ions .  (z) Our chromatophores  have 
a pro te in  weight of 6o- zo 4 da l tons  per  mole of P87o ; the  par t ic les  ob ta ined  b y  LoAct~ 
el al. ~ front Rps. spheroides chromatophores  have a pro te in  weight  of ~o. IO4-Z5 • ro  a. 
The l a t t e r  par t ic les  conta ined  p robab ly  each at  least  one complete  pho tosyn the t i c  
unit ,  since no Bchl was lost dur ing the p repa ra t ion  and all Bchl  species t ransfer red  
energy to P87o with  a high efficiency ~s. (2) RE~D et al. ~9 ob ta ined  react ion center  
par t ic les  from Rps. spheroides with  a pro te in  weight  of 44" ~o4 per  mole of P87o. (3) The  
SDS-RC par t ic les  ob ta ined  b y  us have a pro te in  weight  of 2o-zo  4 da l tons  per  mole 
of P87o (@ ref. I3). This can be reduced  to I 2 . I o  4 da l tons  per  mole of P87o by  
AUT t r e a t m e n t ;  and  FEHER et al. a° obta ined  a react ion center  par t ic le  from Rps. 
spheroides of about  4" IO4. This par t ic le  could in turn  be spli t  into two par t ic les  each 
of about  2- Io  4 (ref. 3o). These d a t a  m a y  be combined  into a scheme such as the  one 
given in Fig. 4, which visualizes the  pro te in  pa r t i t i on  of a pho tosyn the t i c  uni t  of 
Rps. spheroides and the lines along which it can be sp l i t t ed  into smal ler  f ragments  by  
the ind ica ted  de te rgent  t r ea tmen t s .  

A ~ Bulk12 Bchl B I - __b_ _:J a 

/ 
i 30 

L 

Fig. 4. (A) Scheme of the  pro te in  pa r t i t i on  in a p h o t o s y n t h e t i c  un i t  of Rps. spheroides. The  
n u m b e r s  ind ica te  the  p ro t e in  weight  (da l tons  × io -4) of the  different  subun i t s .  (B) Hypo thes i zed  
sepa ra t i on  l ines,  co r r e spond ing  to the  l ines given in (A), ob ta ined  (a) solid line, when  us ing  Tr i ton  
to d i s rup t  c h r o m a t o p h o r e s  of a caro tenoid less  mutant%l°,29; (b) dashed  line, when  u s ing  Tr i ton  
a n d  urea  a t  a lkal ine p H  to  d i s rup t  c h r o m a t o p h o r e s  of n o r m a l  bac te r ia  15. (C) Hypo thes i zed  sepa-  
r a t i on  l ines  ob ta ined  (a) solid line, when  t r ea t ing  c h r o m a t o p h o r e s  of n m m a l  bac te r i a  wi th  cetyl 
t r i m e t h y l  a m m o n i u m  bromide  la or wi th  s o d i u m  dodecyl  su lpha te  (this repor t ) ;  (b) dashed  line, 
when  t r e a t i ng  SDS-RC p repa ra t i ons  wi th  T r i ton  and  urea  a t  a lkal ine p H  (this report)  ; (c) do t t ed  
l ine,  a f te r  gel e lec t rophores is  in s o d i u m  dodecyl  su lpha te  of a reac t ion  cen te r  p repa ra t ion  a°. 

According  to this  figure the  bulk  Bchl  (about  30 moles per  mole of P87 o under  
our cu l tur ing  conditions) is a t t a c h e d  to r 5" 1o 4 da l tons  of protein,  in agreement  wi th  
the  d a t a  from LoAc~ et al. 15. There  are a few observat ions  which are not  in agreement  
wi th  this  notion.  F i rs t ,  af ter  sodium dodecyl  su lpha te  t r e a t m e n t  of ch romatophores  
to remove react ion center  part icles ,  the residual  ma te r i a l  has a p ro te in /Bchl  ra t io  of 
9ooo-1oooo  da l tons  per  mole of Bchl  (unpubl ished results),  and  so far we have not  
been able to diminish t ha t  rat io.  Second, the  p l lo tochemica l ly  ac t ive  par t ic les  ob ta ined  
bv  TH(~RNBER s from Chromatium chromatophores  had  a s imilar  pro te in /Bchl  ra t io .  
In  this  respect  the results  ob ta ined  b y  THORNBYA~ AND OLSOX 4~ m a y  be re levant .  
They  ob ta ined  Bch l -p ro t e in  complexes front green bacter ia ,  which had  a prote in  
weight of about  I6 -*o  4 da l tons  per par t ic le  and  which consisted of 4 subuni ts ,  each 
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with a protein weight of about 3.7" Io4 daltons. One subunit contained 5 molecules of 
Bchl. However, it may be significant that the reaction center subunit obtained by 
FEHER et al. a° had a particle weight of about 4" Io4 daltons and that it could be split 
into two halves of about 2. Io 4 daltons each. We consider that it is not unlikely that 
a reaction center particle (containing 3 moles of Bchl and perhaps I mole of bacterio- 
pheophytin) resembles a "bulk" Behl-protein complex in its protein/Bchl ratio. It  
therefore seems attractive to hypothesize a substructure of the photosynthetic unit 
of Rps. @heroides consisting of I reaction center and about 6 bulk Bchl subunits. 
Each subunit would contain 5 bulk Bchl molecules and have a protein weight of 
2. Io 4 daltons, which would account for the protein content of the particles obtained 
by LOACH et al. is. 

Several other ways are known at present to split chromatophores of wild type 
Rps. spheroides into smaller fragments. With Triton two kinds of particles can be 
ohtained, one containing B8oo and B85o, and the other containing 13870 and reaction 
center3; it is possible to extract the reaction center from the latter particle by means of 
sodium dodecyl sulphate (unpublished results). Furthermore it has been shown in 
the present work that sodium dodecyl sulphate splits chromatophores into a fraction 
containing most of the bulk Bchl originally present (only B8oo disappears largely as 
a result of sulphate sodium dodecyl sulphate treatment) and a fraction which contains 
reaction center particles and, under certain conditions, some residual B85o or B87o. 

These results suggest that the bulk Bchl is contained in subunits which contain 
either B87o or B8oo and B85o. (To our knowledge no spatial separation between 
B8oo and B85o has been reported, only selective bleaching of 138oo.) 

It  is easy to visualize a configuration of subunits such that a reaction center 
unit can remain attached either to a B87o subunit, as was the case after Triton 
treatment a or after a modified sodium dodecyl sulphate treatment (this report) of 
chromatophores, or to a BSoo/B85o subunit, of which the B8oo has been bleached, 
as was the case after a modified sodium dodecyl sulphate treatment of chromatophores 
(this report). 

AC KNO\VLEDGI'~MEXTS 

This investigation was supported by the Netherlands Foundation for Chemical 
Research (SON), financed by the Netherlands Organization for the Advancement 
of Pure Research (ZWO). The copper determinations were carried out by Dr. H. Das 
of Reactor Centrum Nederland (RCN), Petten (NH). I am much indebted to Prof. 
Dr. L. N. M. Duysens, Dr. J. Amesz, Drs. H. A. Otten and Drs. P. A. Geldof for 
continuous interest in this work and stimulating discussions. The skilflfl technical 
assistance of Miss W. van der Plas is acknowledged. Thanks are due to Miss E. L. 
Huijser for carrying out the computer calculations. Thanks are due to the Netherlands 
Foundation for Biophysics for providing computer time. 

R E I ' E R E N C E S  

T I.  D.  I'~UNTZ, P. A. LOACH AND ~I. CALVIN, Biophys. J . ,  4 ( I964)  227. 
2 T.  BEt 'GELING, Biochim. tYioph),s, dora, 153 (1968) i43.  
3 C. BRIL, T hes i s ,  U t r e c h t ,  ]964 . 
4 B. 1,2E, L.  P. VERNON, A. GAliCIA A.Xl} H .  MOLL~.Xn,XUER, Biochc~listJ'p', 7 (1968) 319 • 

Biochbn. Biophy~. Acta, 25~ (]972) 45-' 406 



466 L. SLOOTEN 

5 A. GARCIA, L. P. VERNON, B. KE AND H. MOLLENHAUER, Bioche~istry, 7 (1968) 326. 
6 A. GARC1A, L. P. VERNON AND H. MOLLENHAUER, Biochemistr% 5 (1966) 2399. 
7 A. GARClA, L. P. VERNON AND H. •OLLENHAUER, Biochemistry, 5 (1966) 2408. 
8 J. p. TVlORNBER, Biochemistry, 9 (197 o) 2688. 
9 D. \V. REED AND R. K. CLAYTON', Biochem. Biophys. Res. Com~m, lz., 3 ° (1968) 471. 

io  D. \V. I{EED, J. Biol. Chem., 244 (1969) 4936. 
i i G. GINGRAS AND G. JOLCHINE, in H. METZNER, Progress in Photosynthesis Research, Vo]. I 

Ti ibingen,  1969, p. 209. 
12 J. P. THORNBER, J. lkI. OLSON, D. 3f. \¥ILLIAIvIS AND ~][. L. CLAYTON, Biochim. Biophys. Acta, 

172 (1969) 351 . 
13 G. JOLCHlXE, F. REIs s -HussoN AND ~I. D. KAMEN, .Proc. Natl. ,4cad. Sci. U.,S., 64 (1969) 650. 
14 G. COHEN-BAZlRE, VV. R. SISTRO~i AND R. Y. STANIER, .[. Cell. Comp. Physiol., 49 (1957) 25. 
15 P. A. LOACH, D. L. SEKURA, R..~I. HADSELL AND A. STEMER, Biochemistry, 9 (197 o) 724 . 
16 O. H. LOWRY, 57. J. YiOSEBROUGH, A. L. FARR AND R. J. RANDALL, .[. Biol. Chem., 193 (1961) 

265 . 
17 R. N. CLAYTON, in A. SAN PIETRO AND L. P. VERNON, Bacterial Photosy~thesis, Ant ioch  Press, 

Yel low Springs,  Ohio, 1963, p. 498. 
18 ]~. K. CLAYTON, Photoehem. Photobiol., 5 (1966) 669. 
19 J. ]l. BOLTON, R. I{. CLAYTON* AND D. W. REED, Photochem. Photobiol., 9 (1969) 209. 
20 ~I. A. CUSANO\VITCH AND 3I. D. KAMEN, Bioehi~n. Biophys. Aeta, 153 (1968) 376. 
21 T. \V. GOOD\V1N, D. G. LAND AND 2~[. E. SISSlNG, Biochem. J., 64 (1956) 486. 
22 E. B. SANDELL, Colori~netric Determination of Traces of Metals, In te rsc ience ,  London,  1959, 

p. 442 . 
23 \V. N. KOXlXOS, Thesis,  Groningen,  1969. 
24 A. M. PU_XIPHREY AND E. R. REDFEARN, Biochem. J., 76 (196o) 61. 
25 1,2. TAKAMIYA AND A. TAKAMIYA, Plant Cell Physiol., IO (1969) 363 . 
26 I. SMITH, in  I. SMITH, Chromatographic and Electrophoretic Tech~iques, Vol. I I ,  Bath ,  Great  

Br i t a in ,  1968, p. 365. 
27 J. A,~ESZ, Thesis,  Leiden,  1964. 
28 L. N. M. DUYSENS AND J. AI~[ESZ, Biochim. Biophys. Acta, 24 (I957) I9- 
29 I). \V. REED, D. RAVEED AND H. \¥ .  ISRAEL, Biochim. Biophys. Acta, 223 (197 o) 282. 
3 ° G. IrEHER, M. Y. OKAMURA, J. A. RAYMOND AND L. A. STEINER, Biophys. Soc. Abslr., i1 

(1971) 3,Sa. 
31 J. M. ()LSON, in L. P. VERNON AND G. E. SEELY, The Chlorophylls, Academic  Press,  New Y o r k -  

London ,  ]966, p. 413 • 
32 J. C. (~OEDHEER, in H. GEST, A. SAN PIETRO AND L. P. VERNON, Bacterial Photosynthesis, 

Ant ioch  Press,  Yel low Springs,  Ohio, I963, p. 397. 
33 P- A. LOACH, R. A. BAMBARA AND i ~'. J. RYAN, Photochen~. Photobiol., 13 (1971) 247. 
34 R. t£. CLAYTON, Bioehem. Biophys. Res. Commmz., 9 (1962) 49. 
35 B. KE AND T. CHANEY, Biochim. Biophys. Acta, 226 (1971) 341. 
36 A. L.aNGESXANN AND O. [SLER, in R. A. 5IORTON, Biochemistrr of Qui~2o~zes, Academic  Press,  

New Y o r k - L o n d o n ,  1965 , p. i28. 
37 I,~. TAKAMIVA AND &. "I'AKAMIYA, Biochi~. Biophys. Acta, 205 (197 o) 72. 
38 1,2. L. ZANKEL, D. \V. REED AND R. ]{. CLAYTON, Proc. Natl. Acad. Sci. U.S., 61 (1968) 1243. 
39 R. T. V~rANG AND R. K. CLAYTON, Photochem. Photobiol., 13 (1971) 215. 
4 ° B. I. STEPANOV, Dokl. Akad. Nauk SSSR, 112 (1957) 839. 
41 L. SZALAY, e .  RABINOWITCH, x'~. R. ]~{URKY AND GOVINDJEE, Biophys..f., 7 (1967) 137" 
42 L. N. M. DUYSENS, Thesis,  Ut rech t ,  1952. 
43 T. G. Em~EV AND R. K. CLAYTON, Photochem. Photobiol., io  (I969) lO9. 
44 I,~. SAVER, E. A. DRATZ AND L. COYNE, Proc. Natl. Acad. Sci. U.S., 61 (1968) 17. 
45 L. SLOOTEN, Proe. 2~d Int. Congr. Photosynthesis Res., Stresa, Italy, z97~r, in the  press. 
40 J. P. THORNBER AND J. M. OLSON, Bioche~nistry, 7 (1968) 2242. 

Biochim. Biophys. Acta, 256 (1972) 452 -466 


