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The carotenoids, hydroxyneurosporene, methoxyneurosporene, spheroidene, hydroxyspheroidene, 
spheroidenone, 3,4-dihydroanhydrorhodovibrin, and spirilioxanthin have been incorporated into reaction 
centers of the photosynthetic bacterium Rhodobacter sphaeroides (Rhodopseudomonas sphaeroldes) R26.1 
in a carotenoid-to-primary donor ratio of 1:1. These carotenoids have different functional groups and 
varying extents of qr electron conjugation. The importance of these structural features on binding to the 
reaction center and quenching the primary donor triplet state was assessed. The carotenoid binding site on 
reaction centers of Rb. sphaeroides R26.1 exhibits a preference to binding carotenoids which contain polar 
functional groups. Electron-spin resonance spectroscopy was used to detect carotenoid triplet state forma- 
tion. The zero-field splitting parameters of the reconstituted carotenoids revealed that carotenoids isomerize 
upon binding to the reaction center. The structure of the reaction center-bound carotenoids is one where the 
qr electron conjugation is interrupted. 

Introduction 

Carotenoid molecules serve two important 
functions in photosynthesis. They act as accessory 
pigments by absorbing light in spectral regions 
where chlorophyll does not absorb and transfer 
this energy to the reaction center [1,2]. Also caro- 
tenoids protect the photosynthetic apparatus from 
photodestruction by either quenching the excited 
singlet state of oxygen [3,4], or trapping chloro- 
phyll triplet states to prevent the sensitized forma- 
tion of singlet state oxygen [3,5,6]. Both of these 
photoprotection mechanisms involve energy trans- 
fer to carotenoid-excited triplet states [2,7]. 

Little is known about the triplet state structure 
of carotenoids. Low quantum yields for singlet- 
triplet intersystem crossing make optical studies of 
the triplet states of carotenoids feasible only 
through the use of photosensitizers in conjunction 
with pulse radiolysis or flash photolysis techniques 

[8-10]. Resonance Raman spectroscopy has been 
used to investigate the excited state structure and 
configuration of carotenoids in vitro and in vivo 
[11-20]. To date, however, no agreement has been 
reached on what the configuration of the caro- 
tenoid is in the reaction centers of photosynthetic 
bacteria [15,19,21-22]. Also, there are conflicting 
reports from studies done both in vivo and in vitro 
as to whether the carotenoid isomerizes upon en- 
tering its triplet state [11-14,17,23], and if it does, 
whether the photochemistry is reversible [23]. 

Recently, the first observation of carotenoid 
triplet states by electron spin resonance (ESR) 
spectroscopy was reported [24]. Since that time it 
has been demonstrated that ESR techniques can 
be used to probe the structures, geometries and 
dynamics of carotenoids in whole cells, chromato- 
phores and isolated pigment-protein complexes of 
various strains of photosynthetic bacteria [25-29]. 

Several workers have succeeded in incorporat- 
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ing carotenoids into reaction centers of the caro- 
tenoidless mutants Rhodospirillum rubrum G9 [6] 
and Rhodobacter sphaeroides ( Rhodopseudomonas 
sphaeroides) R26 [16]. Singlet and triplet absorp- 
tion and circular dichroism studies have shown 
that reaction centers of carotenoidless mutants 
reconstituted with spheroidene, spheroidenone or 
spirilloxanthin give rise to spectra which are very 
similar to those obtained from the carotenoid-con- 
taining parent preparations [6,16,23,30]. These data 
have been taken as evidence that the reconstituted 
carotenoids assume a similar structure or occupy 
the same environment as do the carotenoids in the 
parent complexes. 

In this paper we present ESR spectroscopic 
studies of various carotenoids reconstituted into 
reaction centers of Rb. sphaeroides R26.1. The 
carotenoids were selected specifically to assess the 
effect of carotenoid structure on primary donor 
triplet state quenching and the efficiency of bind- 
ing to the reaction center. The effects of variations 
in the conjugated ~r electron system and the pres- 
ence of various functional groups on these caro- 
tenoids were evaluated. In addition, we present 
ESR studies on native carotenoid-containing reac- 
tion center complexes. These studies demonstrate 
that the reconstituted complexes provide good 
models for understanding the behavior of natu- 
rally occurring carotenoid-containing pigment- 
protein complexes. 

Materials and Methods 

Rhodobacter sphaeroides R26.1 cells [31,32] were 
grown anaerobically and photosynthetically in 
modified Hutners media [33], and reaction centers 
were prepared according to the method of Clayton 
and Wang [34]. Rb. sphaeroides wild type and GA 
reaction centers were prepared by the method 
described previously [28]. The reaction centers 
were alternately dialyzed against solid sucrose and 
25 mM Tris buffer (pH 8.0) until they precipi- 
tated. The reaction centers were resolubilized with 
25 mM Tris buffer containing 0.05% Triton X-100 
and adjusted to a concentration of 0.01 mM. The 
reaction center solution was stored in an amber 
bottle at 4°C until ready for use. 

The sources of the carotenoids were as follows: 
[3-carotene (13,[3-carotene) was purchased from 

Sigma; apo-13-carotenol (8'-apo-13-caroten-8'-ol) 
and zeaxanthin ((3R,3'R)-[3,13-carotene-3,3'-diol) 
were gifts from Professor George Britton; 
spheroidene (1-methoxy-3,4-didehydro-l,2,7',8'-te- 
trahydro-q,,q,-carotene) was extracted from 
anaerobically grown Rb. sphaeroides wild type 
[35]; spheroidenone (1-methoxy-3,4-didehydro- 
1,2,7',8'-tetrahydro-q,,q,-caroten-2-one) was ex- 
tracted from aerobically grown Rb. sphaeroides 
wild type [2,36]; hydroxyspheroidene (1-methoxy- 
3 ',4 '-didehydro- 1,2,7,8,1 ', 2' -hexahyd ro-q,, q,- caro - 
ten-l-ol) was extracted from Rhodopseudomonas 
gelatinosa [37]; neurosporene (7,8-dihydro-q,,q,- 
carotene) was extracted from Rb. sphaeroides G1C 
[38] and 1,2-dihydrolycopene (1,2-dihydro-q,,q,- 
carotene) was extracted from Rhodopseudomonas 
viridis [39]; spirilloxanthin (1,1'-dimethoxy- 
3,4,3',4'-tetradehydro-l,2,1',2'-tetrahydro-q,, q,-caro- 
tene) and 3,4-dihydroanhydrorhodovibrin (1- 
methoxy-l,2-dihydro-q,, q,-carotene) were extracted 
from R. rubrum [40-43]; rhodopin (1,2-dihydro- 
q,,q,-caroten-l-ol) was extracted from Rhodopseu- 
domonas acidophila 7750 [43]; and hydroxyneuro- 
sporene (1,2,7 ',8'-tetrahydro-q,, q,-caroten-1 -ol) and 
methoxyneurosporene (1-methoxy-l,2,7',8'-tetra- 
hydro-q, ,q , -carotene)  were ext rac ted  f rom 
Rhodopseudomonas capsulata MTll31  [44]. Caro- 
tenoids obtained from bacterial cells [30], were 
purified by silica gel thin layer chromatography 
(1 : 1 toluene/chloroform) and adjusted to a con- 
centration of approx. 0.3 mM in pentane. The 
carotenoid solutions were stored under a nitrogen 
atmosphere in amber bottles at - 2 0  ° C. 

Rb. sphaeroides R26.1 reaction centers were 
reconstituted with carotenoids by first mixing 1.0 
ml of reaction center solution with 0.1 ml of 
Triton X-100 in a 2 cm i .d .x  8 cm vial which 
contained a micro magnetic stir bar. After the air 
bubbles dissipated, a 40- to 50-fold molar excess 
of carotenoid in pentane solution was carefully 
pipetted onto the surface of the gently stirring 
reaction center mixture. The pentane was then 
very slowly evaporated under vacuum so as to 
avoid mixing of the two layers. After all the 
pentane was removed the solution was vigorously 
stirred under vacuum for 5-10 s. The vial was 
then capped and gently stirred at room tempera- 
ture, in the dark, for 16-24 h. 

Samples were prepared for triplet state ESR 



experiments by first deoxygenating the reaction 
center sample for 5 min with N 2 gas and then 
chemically reducing the sample with 100 mM (fi- 
nal concentration) sodium dithionite (Na2S207). 
The sample mixture was placed in a quartz ESR 
sample tube (3 mm i.d. × 4 mm o.d.), capped and 
then frozen in liquid nitrogen. 

Triplet state ESR spectroscopy was carried out 
with a Varian X-band spectrometer. The magnetic 
field modulation was 25 G at a frequency of 100 
kHz. Excitation was accomplished by using light 
from a 1000 W xenon arc lamp (Kratos 
LH151N/1S)  which was filtered through 3.5 cm 
of water in a Pyrex bottle. The light was then 
focused into a Varian TE microwave cavity fitted 
with a flange which allowed 100% transmission of 
the light. The light-induced signals were detected 
using a lock-in amplifier (PAR 128A) referenced 
to the exciting light which was modulated at 44 
Hz. This modulation frequency was low enough to 
avoid phase shifts in the lock-in detected signals. 
The lock-in amplifier phase angle was tuned to 
maximize the overall spectral intensity. The sam- 
ple temperature in the ESR experiment was 85 K. 
Zero-field splitting parameters were obtained from 
computer simulations of the experimental triplet 
state ESR spectra using the method reported pre- 
viously by Frank et al. [45]. 

The extent of carotenoid reconstitution into the 
reaction centers was assayed after purification of 
the carotenoid-reaction center mixture. This was 
accomplished by applying 0.5 ml of the mixture to 
a DEAE sephacel column (5 ml bed volume), 
which had been equilibrated with 25 mM Tris 
buffer (pH 8.0). The excess carotenoid was re- 
moved by elution with approx. 100 ml of 25 mM 
Tris buffer (pH 8.0) which contained 10 mM 
sodium chloride and 0.05% Triton X-100. The 
reaction centers were then eluted with a minimal 
amount of 25 mM Tris buffer (pH 8.0) containing 
1 M sodium chloride and 0.05% Triton X-100. The 
concentrations of the bound carotenoids and the 
reaction centers were calculated from the elec- 
tronic absorption spectrum of the purified reac- 
tion center-carotenoid complex using the 865 nm 
absorption extinction coefficient for reaction 
centers (1.13.10 s M - 1. cm - 1 ) [34] and carotenoid 
extinction coefficients reported previously [30]. 
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Results 

Table I shows the structures of the carotenoids 
used in the present work. These molecules belong 
to three groups, hydrocarbons  (carotenes), 
xanthophylls and apo-carotenoids. Neurosporene, 
1,2-dihydrolycopene and 13-carotene are hydro- 
carbon carotenoids. Carotenoids containing 
methoxy and hydroxy functional groups are clas- 
sified as xanthophylls. The only apo-carotenoid 
studied here, apo-13-carotenol was formed by 
cleavage of 13-carotene at the 8' position [46]. 

Singlet absorption spectroscopy carried out 
after purification by DEAE sephacel column chro- 
matography of the carotenoid-containing reaction 
center complexes revealed that all of the 
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xanthophylls ,  except rhodopin  and  zeaxanthin,  

b o u n d  to reaction centers of Rb. sphaeroides R26.1 
in  an approx. 1 : 1 ratio. Also, the singlet absorp- 

t ion spectrum of the complexes exhibited a slight 

red-shift (approx. 2 nm) of the bacteriochlorophyll  

Soret band.  This is believed to be caused by 

i n t e r a c t i o n s  b e t w e e n  the c a r o t e n o i d  a n d  
bacteriochlorophyll  molecules [15,16], and  can be 

taken as evidence that the carotenoid is bound  in 
the react ion center. 

Recons t i tu t ion  of react ion centers with the hy- 
drocarbon  carotenoids,  neurosporene  and  1,2-di- 
hydro lycopene ,  was ineff ic ient .  Very smal l  
amount s  of these carotenoids b o u n d  to the reac- 
t ion centers after purif icat ion by co lumn chro- 

matography.  Numerous  at tempts  to reconsti tute 
B-carotene, rhodopin,  apo-13-carotenol, and  zea- 
xan th in  into the react ion centers were unsuccess- 

ful. 

Rb sphaeroides R26.1 

The light induced triplet state ESR spectrum of 
chemically reduced reaction centers of the caro- 
tenoidless m u t a n t  Rb. sphaeroides R26.1 is shown 
in Fig. 1. This triplet state spectrum belongs to the 

pr imary  donor  bacteriochlorophyll  dimer of the 
react ion center  [47]. The zero-field spli t t ing 

parameters  which characterize this triplet state 
were measured to be [ D [ = 0.0187 _ 0.0002 c m -  ) 
and  [ E [ = 0.0032 + 0.0002 c m -  1 in agreement 

with previous reports [48]. 
Table  II summarizes the triplet state zero-field 

spli t t ing parameters  obta ined from the ESR spec- 

tra of carotenoids reconsti tuted into reaction 
centers of Rb. sphaeroides R26.1. The recon- 
st i tuted xanthophylls  exhibited triplet state ESR 

spectra which in  most  cases were indis t inguishable  
from native reaction center complexes conta in ing  

the same carotenoid.  The triplet state ESR spec- 
t rum resulting from reaction centers of Rb. 
sphaeroides R26.1 reconsti tuted with spheroidene 
is shown in Fig. 2a. The triplet state ESR spec- 

t rum obta ined  from reaction centers of anaerobi-  
cally grown Rb. sphaeroides wild type, which con- 
tains p redominan t ly  spheroidene [30], is shown in 

I I J i I 
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Magnetic field strength 
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Fig. 1. Triplet state ESR spectrum of Rb. sphaeroides R26.1 
reaction centers. The solid line denotes the experimental spec- 
trum taken under the following conditions: temperature, 85 K; 
modulation amplitude, 25 G; microwave frequency, 9.056 GHz; 
microwave power, 16 roW; light modulation frequency, 44 Hz; 
lock-in amplifier sensitivity, 10 mV; sweep rate, 30 G/min; 
recorder time constant, 10 s. The dashed line represents the 
computer-generated spectrum using the parameters, [ D i  = 
0.0187±0.0002 cm -I and [El= 0.0032+0.0002 cm-l; zero- 
field depopulating rate constants, k 1 : k 2 : k 3, 0.1 : 0.4: 0.5 
(+0.1); relative populating rate constants, P+I:Po:P_I, 
0.0 : 1.0: 0.0; intrinsic linewidth parameter, 14 ± 2G. 

TABLE II 

REACTION CENTER CAROTENOID TRIPLET STATE 
ZERO-FIELD SPLITTING PARAMETERS 

[ D [ and [ E [ are the triplet state zero-field splitting parameters 
(in cm- i ) which characterize th.e ESR spectra of the carotenoids 
incorporated into reaction centers of Rb. sphaeroides R26.1. 
These parameters were obtained from computer simulations of 
the experimental triplet state spectra. Other simulation param- 
eters which were the same for all spectra were: zero-field 
depopulating rate constants, k I : k 2 : k3, 0.4 : 0.2 : 0.4 ( + 0.1); 
relative populating rate constants, P+ ~ : Po : P- ~, 0.0 : 1.0 : 0.0; 
intrinsic iinewidth parameter, 25±2G. The errors in these 
numbers give the range of parameters for which the simula- 
tions fell within the signal-to-noise ratio of the experimental 
spectra. 

Carotenoid [ D [ [ E [ 

Hydroxyneurosporene 0.0284 + 0.0006 0.0041 + 0.0003 
Methoxyneurosporene 0.0286 + 0.0006 0.0044 + 0.0003 
Spheroidene 0.0286 ± 0.0006 0.0044 ± 0.0003 
Hydroxyspheroidene 0.0286 ± 0.0006 0.0064 ± 0.0003 
Spheroidenone 0.0271 ± 0.0005 0.0042 ± 0.0003 
3,4-Dihydroanhydro- 

rhodovibrin 0.0201 ± 0.0003 0.0037 ± 0.0002 
Spririlloxanthin 0.0201 + 0.0003 0.0037 ± 0.0002 
Neurosporene 0.0342 ± 0.0006 0.0035 ± 0.0003 
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identical to those observed from reaction centers 
reconstituted with spheroidene or from reaction 
centers of Rb. sphaeroides wild type (Fig. 2). Re- 
constitution of spheroidenone, which is the most 
abundant carotenoid in aerobically grown Rb. 
sphaeroides wild type [2,36], into reaction centers 
of Rb. sphaeroides R26.1 yielded a triplet state 
ESR spectrum which was indistinguishable from 
the ESR spectrum of the aerobically grown, chem- 
ically reduced whole cells [25]. The triplet state 
ESR spectrum of Rb. sphaeroides R26.1 reaction 
centers reconstituted with spirilloxanthin (Fig. 3) 
exhibited the same zero-field splitting parameters 
as R. rubrum $1 [24], which contains spirillo- 
xanthin as the reaction center carotenoid [49]. The 
zero-field splitting parameters reported here for 
spirilloxanthin differ from those reported previ- 
ously for R. rubrum $1 [24]. A contribution from 
the primary donor triplet state was not accounted 
for correctly in the previous measurement of the 
zero-field splitting parameters. This has been done 
correctly in the present analysis. 

The triplet state ESR spectrum resulting from 

R 26.1 constituted with spirilloxanthin 

2700 5700 
M a g n e t i c  field strength 

( g a u s s )  

Fig. 2. (a) Triplet state ESR spectrum of Rb. sphaeroides R26.1 
reaction centers reconstituted with spheroidene. The peak as- 
signments 1 (emission), 2 and 3 (absorption) denote the triplet 
canonical f idd positions. The spectrum was taken under the 
same conditions as Fig. 1, except for the temperature which 
was 90 K. (b) Triplet state ESR spectrum of Rb. sphaeroides 
wild-type reaction centers. The spectrum was taken under the 
same conditions as Fig. 1. 

Fig. 2b. These spectra are strikingly similar and 
exhibit the same zero-field splitting parameters 
and relative peak intensities. Incorporation of hy- 
droxyspheroidene into reaction centers of Rb. 
sphaeroides R26.1 resulted in a triplet state ESR 
spectrum (data not shown) which was virtually 

2700 
I I I I I 

3700 
Magnetic field strength 

(gauss] 
Fig. 3. Triplet state ESR spectrum of Rb. sphaeroides R26.1 
reaction centers reconstituted with spirilloxanthin. The spec- 
trum was taken under the same conditions as Fig. 1, except for 
the temperature (107 K) and the lock-in amplifier sensitivity 
(2.5 mV). 
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a) R26.1 constituted with neurosporene 
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b) Rb sphaeroides G IC 

,L BChl~~ 

3Car~ 

i I 
2700 Magnetic field strength 

(gouss) 

I I I 

3700 

Fig. 4. (a) Triplet state ESR spectrum of Rb. sphaeroides R26.1 
reaction centers reconstituted with neurosporene. The spec- 
trum was taken under the same conditions as Fig. 1. (b) Triplet 
state ESR spectrum of Rb. sphaeroides G1C whole cells. The 
solid line denotes the experimental spectrum taken under the 
same conditions as Fig. 1 except for the temperature (90 K), 
the microwave frequency (9.055 GHz), the lock-in amplfier 
sensitivity (2.5 mV) and the, sweep rate (33 G/rain). The 
dashed line represents the computer-generated spectrum ob- 
tained by adition of a computer-generated primary-donor tri- 
plet-state ESR spectrum using the zero-field splitting parame- 
ters given in Fig. 1 with a computer-generated carotenoid 
triplet-state ESR spectrum, using the parameters given in Ta- 
ble II. The dominant features of both triplets are indicated. 

reconstitution of reaction centers with neuro- 
sporene (Fig. 4a) was characterized by the same 
zero-field splitting parameters and relative peak 
intensities as that of Rb. sphaeroides G1C (Fig. 
4b). Although reconstitution with neurosporene 
was inefficient there are features in the ESR spec- 
trum attributable to neurosporene. These appear 
as small peaks and shoulders superimposed on the 
primary donor triplet state signals [25] (see Fig. 4). 
In this case the zero-field splitting parameters of 
the carotenoid were obtained by the summation of 
two computer generated spectra, one belonging to 
the primary donor whose parameters are known 
and the other from the carotenoid (compare Fig. 4 
with Fig. 1). Thin-layer chromatography (TLC) of 
the pigments extracted from Rb. sphaeroides G1C 
showed only one carotenoid, neurosporene, in 
agreement with earlier work by Cogdell and Crofts 
[38]. Attempts to reconstitute 1,2-dihydrolycopene 
into Rb. sphaeroides R26.1 reaction centers re- 
suited in a triplet state ESR spectrum showing the 
same small peaks as the spectrum attributable to 
reconstituted neurosporene (Fig. 4). However, in 
this case the poor signal-to-noise ratio of the small 
carotenoid peaks in the spectrum precluded a 
determination of the zero-field splitting parame- 
ters. 

Rb. sphaeroides R26.1 reaction centers recon- 
stituted with 3,4°dihydroanhydrorhodovibrin gave 
rise to a triplet state ESR spectrum which ex- 
hibited the same zero-field splitting parameters as 
the spectra obtained from chemically reduced 
whole cells of R. rubrum S1 and Rb. sphaeroides 
R26.1 reconstituted with spirilloxanthin (see Table 
II). Reconstitution of Rb. sphaeroides R26.1 reac- 
tion centers with hydroxyneurosporene or meth- 
oxyneurosporene (Fig. 5) yielded identical triplet 
state ESR spectra and zero-field splitting parame- 
ters as reaction centers reconstituted with 
spheroidene (see Figs. 2 and 5 and Table II). The 
triplet state ESR spectrum of chemically reduced 
whole cells of Rb. sphaeroides GA, where the 
reaction center carotenoid has been reported to be 
either hydroxyneurosporene [30,50] or methoxy- 
neurosporene [17], revealed spectral features quite 
different from those of reaction centers of Rb. 
sphaeroides R26.1 reconstituted with those two 
carotenoids. The zero-field splitting parameters 
and relative peak intensities of the Rb. sphaeroides 



R ?_6.1 constituted with methoxyneurosporene 

I I I I 
2700 3700 

Magnetic field strength 
(gauss) 

Fig. 5. Triplet state ESR spectrum of Rb. sphaeroides R26.1 
reaction centers reconstituted with methoxyneurosporene. The 
spectrum was taken under the same conditions as Fig. 1, 
except for the temperature which was 90 K. 

Rb sphoeroides GA 

J 

I I I I I 

2700 3 7 0 0  
M a g n e t i c  f i e l d  strength 

( g a u s s ]  

Fig. 6. Triplet state ESR spectrum of Rb. sphaeroides GA 
whole cells. The solid line denotes the e:~perimental spectrum 
taken under the same conditions as Fig. 1, except for the 
temperature (90 K), the microwave frequency (9.057 GHz), the 
sweep rate (50 G/rain) and the recorder time constant (3 s). 
The dashed line represents the computer-generated spectrum 
obtained using the same procedure and zero-field splitting 
parameters given for Fig. 4b. 
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GA ESR spectrum (Fig. 6) were more similar to 
those of Rb. sphaeroides G1C (Fig. 4b) than to 
reaction centers reconstituted with hydroxyneuro- 
sporene or methoxyneurosporene (Fig. 5). 

Thin layer chromatography of the carotenoids 
extracted from reaction centers of Rb. sphaeroides 
GA having a carotenoid-to-primary donor ratio of 
1 : 1, revealed 70 + 5% neurosporene, 20 + 5% 
methoxyneurosporene and 10 + 5% hydroxyneuro- 
sporene. This is close to the findings of Cogdell 
and Crofts [38] who reported that chromatophores 
of Rb. sphaeroides GA contain approx. 60% neu- 
rosporene. The fact that reaction centers of Rb. 
sphaeroides GA contain primarily neurosporene 
accounts for the similarity of its triplet state ESR 
spectrum with those of Rb. sphaeroides G1C and 
R26.1 reaction centers reconstituted with neuro- 
sporene (Fig. 4). 

Discussion 

Virtually all carotenoids containing polar func- 
tional groups (xanthophylls) bound to the reaction 
center in a carotenoid-to-primary donor ratio of 
approx. 1 : 1 and gave rise to strong reaction center 
carotenoid triplet state ESR signals. Previous 
workers have also shown that the reaction center 
complex exhibits a preference for binding 
xanthophylls over carotenes [6,16,30]. The polar 
functional groups must be aiding in the binding of 
these molecules in a specific site on the reaction 
center protein where the carotenoids can function 
efficiently in quenching the triplet state energy of 
the primary donor. Rhodopin, zeaxanthin and 
apo-13-carotenol which contain polar functional 
groups were unable to be incorporated, however. 
For  zeaxanthin this is likely to be because the 
carotenoid binding site is sterically hindered. The 
presence of the polar hydroxy functional groups 
on the cyclohexene rings of zeaxanthin is insuffi- 
cient to overcome the steric hindrance caused by 
the rings. B-Carotene also showed no trace of 
incorporation into reaction centers, probably be- 
cause of the compound effects of steric inhibition 
to binding and the lack of a polar functional 
group. Rhodopin and apo-13-carotenol were ob- 
served to have a much greater solubility in the 
aqueous detergent phase than the other carot- 
enoids. Other workers reported that reconstitution 
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of spheroidene, spheroidenone, spirilloxanthin and 
~-carotene were unsuccessful when LDAO was 
used as the detergent indicating that detergent 
type may influence the efficiency of reconstitution 
[16]. Variation of detergent and carotenoid con- 
centration did not lead to successful reconstitution 
of rhodopin, apo-~-carotenol, ~-carotene or 
zeaxanthin. 

The triplet state zero-field splitting parameters, 
I DI and I E I, which were obtained by a computer 
simulation of the ESR spectral lineshape, assess 
the dipolar interaction as a spatial average over 
the electronic part of the triplet state wave func- 
tion [51,52]. For ~ *  triplet states J D ] i s  a mea- 
sure of the extent of ~ electron delocalization [52]. 
As the extent of ~ electron delocalization in- 
creases the magitude of I DI decreases. The I EI 
parameter measures the deviation of the triplet 
state spin system away from axial symmetry and 
also assesses the extent of ~ electron delocaliza- 
tion. The triplet state zero-field splitting parame- 
ters of several of the reconstituted carotenoids 
follow the trend of having the I DI value decrease 
as the extent of "~ electron delocalization in- 
creases. For example, the value of I DI decreases 
in the order spheroidene > spheroidenone > spiril- 
loxanthin (see Table II). Although less compelling 
than the trends in I D [, the magnitude of I E I for 
these xanthophylls appear to follow the same 
trend. This suggests that these reaction center- 
bound carotenoids have the same symmetry and 
that the observed variation in the zero-field split- 
ting parameters is a result of a change in the 
extent of ~ electron delocalization. There is prece- 
dent for this behavior in that similar trends in 
zero-field splitting parameters have been observed 
for the linear polyacenes, naphthalene, anthracene 
and tetracene. These molecules have the same 
symmetry (DEh point group), but differ in their 
extent of ~r electron conjugation. The magnitudes 
of both I DI and ]EI  were found to decrease as 
the extent of ~t electron delocalization increases 
[52,53]. The zero-field splitting data on spheroi- 
dene, spheroidenone and spirilloxanthin suggest 
that they adopt the same configuration a n d / o r  
conformation when bound to reaction centers of 
Rb. sphaeroides R26.1. 

As stated in the Results section the triplet state 
ESR spectra of reaction centers reconstituted with 

hydroxyneurosporene and methoxyneurosporene 
are identical to the spectra of reaction centers 
reconstituted with spheroidene. Hydroxyneuro- 
sporene and methoxyneurosporene have one less 
carbon-carbon double bond than spheroidene 
(Table I). In fact, the singlet and triplet absorp- 
tion spectra of reaction center-bound methoxy- 
neurosporene and spheroidene were also found to 
be identical despite the fact that the absorption 
spectra in pentane solution were different (Frank, 
H.A., Chadwick, B.W., Taremi, S., Kolaczkowski, 
S. and Bowman, M.K., unpublished data). A sim- 
ple point dipole calculation suggests that a reduc- 
tion in the extent of ~ electron conjugation of a 
linear polyene from 10 (spheroidene) to 9 (neuro- 
sporene chromophore) carbon-carbon double 
bonds would lead to an increase in the magnitude 
of the zero-field splitting parameter I DI by a 
factor of approx. 1.8 (Chadwick, B.W. and Frank, 
H.A., unpublished results). Similarly, 3,4-dihydro- 
anhydrorhodovibrin and spirilloxanthin exhibit 
identical triplet state zero-field splitting parame- 
ters despite the fact that they differ in their extent 
of ~ electron delocalization by two carbon-carbon 
double bonds. The most likely interpretation for 
the similarity in the triplet state ESR zero-field 
splitting parameters between reaction center- 
bound methoxyneurosporene and spheroidene and 
between 3,4-dihydroanhydrorhodovibr in  and 
spirilloxanthin is that these carotenoids isomerize 
upon binding to the reaction center. Resonance 
Raman studies by Lutz et al. [15] have confirmed 
that carotenoids rapidly isomerize from a strained 
cis isomer to the all-trans form upon extraction 
from reaction centers. Koyama et al. [19] con- 
cluded, based on a comparison of the resonance 
Raman spectra of the carotenoid in reaction 
centers of Rb. sphaeroides G I C  (neurosporene) 
and wild type (sp~eroidene) with the spectra of 14 
different configurational isomers of ~-carotene, 
that the reaction center-bound carotenoid assumes 
a 15,15'-cis configuration. 

For one to observe the same triplet state ESR 
spectra for car6tenoids of different ~ electron 
structure, the carotenoids must be twisted in such 
a way that the extent of ,~ electron conjugation in 
the polyene chain is inhibited. One example of 
this kind of isomerization might be a structure 
where out-of-plane twists of the polyene chain 



occur at the 6,7 and 6',7' carbon positions of the 
carotenoids (see Fig. 7). In this example the 
electron conjugation would be interrupted at these 
positions and hydroxyneurosporene, methoxy- 
neurosporene, spheroidene and hydroxyspheroi- 
dene would give rise to spectra consistent with 
having eight conjugated carbon-carbon double 
bonds. Spirilloxanthin and 3,4-dihydroanhydror- 
hodovibrin would give rise to spectra consistent 
with having nine conjugated carbon-carbon dou- 
ble bonds. Spheroidenone would appear to con- 
tain slightly greater than eight conjugated 
carbon-carbon double bonds owing to the ad- 
ditional effect of the carbonyl group in that mole- 
cule. These effective lengths of ~r electron conjuga- 
tion are consistent with the observed trends in the 
triplet state zero-field splitting parameters; i.e., 
J DI and I E I are greater for hydroxyneurosporene, 
methoxyneurosporene, spheroidene and hydroxy- 
spheroidene than for 3,4-dihydroanhydrorhodo- 
vibrin and spirilloxanthin. Also, twists at the 6,7 
and 6',7' carbon positions are reminiscent of the 
position of ring closure and twisting in the 13- 
carotene molecule. Although this is just an exam- 
ple, structures in which the twists in the ~r electron 
system are close to the center of the polyene chain 
can be discounted by the fact that such twists 

OCH3 

Fig. 7. The isomerization of 15,15"-cis-spheroidene which may 
occur upon its binding to the reaction center protein. The 
dotted lines across the polyene chain represent the positions at 
which this and more extensively conjugated molecules could be 
twisted and their ~r electron conjugation interrupted. This 
example is consistent with the ESR spectral features of  the 
carotenoids studied here. The 15,15'-cis-isomer as the initial 
configuration is based on previous optical and resonance Ra- 
man  studies [6,19]. 
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would form short segments of ~r electron conjuga- 
tion in the carotenoids and give rise to ESR 
spectra characterized by much larger zero-field 
splitting parameters than are observed here. Fur- 
thermore, if the interruption of the ~r electron 
conjugation occurred toward the middle of the 
polyene chain, the optical triplet-triplet absorp- 
tion spectra would be significantly blue-shifted 
from their observed values of approx. 545 nm 
(Frank et al., unpublished results). 

Neurosporene in reaction centers of Rb. 
sphaeroides R26.1, G1C or GA displays different 
ESR properties than the xanthophyll-containing 
systems. In all cases where neurosporene is pre- 
sent in the reaction center it gives rise to very 
weak ESR spectra and displays very large zero- 
field splitting parameters (see Table II). The latter 
result suggests less effective ~ electron delocaliza- 
tion for neurosporene than for the xanthophylls 
bound to the reaction center. Invoking isomeriza- 
tion behavior different from the xanthophyUs sug- 
gests, however, that the photophysical properties 
of the carotenoid are affected by the nature of the 
binding to the protein. Studies of the triplet states 
of carotenoids in different proteins would be val- 
uable in examining whether environmental fea- 
tures play a role in determining the structural 
properties of these molecules. 

The present analysis demonstrates that polar 
functional groups on the carotenoid are necessary 
to bind the molecule in a position or geometry 
conducive to efficient triplet energy transfer. This 
is the most likely interpretation of these data 
because large triplet state ESR signals are ob- 
served from reaction centers reconstituted with 
carotenoids which have polar functional groups, 
but not from carotenes which have the same num- 
ber of carbon-carbon double bonds, but lack 
polar functional groups. The effectiveness of 
carotenoids in quenching the primary donor tri- 
plet state is not only a function of its number of 
conjugated carbon-carbon double bonds, but also 
depends on its ability to obtain the proper geome- 
try and orientation relative to the primary electron 
donor. 
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