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Chemically reduced reaction centers of the photosynthetic bacteria Rhodopseudomonas sphaeroides wild type 
give rise to carotenoid triplet-state electron spin resonance signals upon illumination at 85 K. The relative 
signal intensities are found to depend on both the wavelength and the polarization of the excitation. These 
data are used to calculate the orientations of the primary donor 870 nm transition moment and the carotenoid 
514 nm transition moment with respect to each other and with respect to the carotenoid principal magnetic 
axis system. The angle between the primary donor and the carotenoid transition moments is found to be 
75 ± 8 ° and taken together with data published previously (Frank, H.A., Bolt, J., Friesner, R. and Saner, K. 
(1979) Biochim. Biophys. Acta 547, 502-511 and Frank, H.A., Maclmicki, J.P. and Toppo, P. (1984) 
Photochem. Photobiol. 39, 429-432) is used to calculate the orientation between primary donor and the 
carotenoid principal magnetic-axis systems. 

Introduction 

Magnetophotoselection is a technique which 
combines the optical photoselection and the triplet 
state electron spin resonance (ESR) experiments 
[1]. The method is carried out by exciting a ran- 
domly distributed sample with polarized light and 
recording the light-induced ESR spectrum with the 
excitation polarization parallel and perpendicular 
to the static ESR field. Kottis and Lefebvre [2] 
first suggested that magnetophotoselection be used 
to study the orientation of donor-acceptor pairs in 
triplet-triplet energy-transfer processes. Since then 
the technique has been used to study triplet energy 
transfer between aromatic molecules [3-6] and 
also to assign the directions of the principal mag- 
netic axes of photoexcited triplet states in several 

Abbreviations: LDAO, lauryldlmethylanune N-oxide; DEAE, 
dlethylanunoethyl 

aromatic systems [6-10], including the chloro- 
phylls [11]. 

Magnetophotoselection [12-15] and optical 
photoselection [16-20] have both been used to 
study the relative orientations of the chromo- 
phores contained in bacterial photosynthetic reac- 
tion center proteins. Thurnauer et al. [12] used 
magnetophotoselection to determine the orienta- 
tion of the primary donor transition moments with 
respect to the primary donor principal magnetic 
axis system in KzlrC16-treated chromatophores of 
Rhodosplrdlum rubrum. Their results were that the 
primary donor transition moment lay along the x 
magnetic axis in the primary donor triplet state 
spectrum. Frank et al. [13] determined, in a mag- 
netophotoselection study of Rhodopseudomonas 
sphaeroides R26 reaction centers, the orientations 
of the primary donor and one of the reaction 
center bacteriopheophytin molecules in the prin- 
cipal magnetic-axis system of the primary donor. 
Their work showed that the primary donor transi- 
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tlon moment was oriented 8 ° from the x magnetic 
axis, 89 ° from the y magnetic axis and 82 ° from 
the z magnetic axis of the primary donor triplet. 
The authors further showed that the primary donor 
transition moment at 870 nm makes an angle of 
60 ° with respect to the bacteriopheophytin transi- 
tion moment at 546 nm. At approximately the 
same time, Boxer and Roelofs [15] determined in a 
magnetophotoselection study the orientation be- 
tween the bacteriopheophytin transition moments 
at 535 and 546 nm. Their data showed that the 
angle between the bacteriopheophytin transition 
moments was 86 __ 2 °. This was in agreement with 
the linear dichroism data presented by Clayton et 
al. [201. 

Prior to the magnetophotoselection studies of 
Frank et al. [13] and Boxer and Roelofs [15], 
Vermeglio et al. [16] performed optical photoselec- 
tion studies on reaction centers of Rps. sphaeroldes 
wild type to determine the orientations of several 
transition moments relative to the primary donor 
transition moment. One of their conclusions was 
that the angle between the bacteriopheophytin ab- 
sorbing at 546 nm and the primary donor transi- 
tion moments is approx. 60 ° (in agreement with 
Frank et al. [13]), and the angle between the 
carotenoid and the primary donor transition mo- 
ments is greater than or equal to 72 ° . There were 
two reasons for their reporting the latter angle as a 
lower limit. First, because of depolarization ef- 
fects in the optical photoselection spectra, the 
authors had to correct their polarization values in 
the carotenoid absorption region to account for 
the excitation of other transition moments. Sec- 
ond, the polarization ratio expression is less sensi- 
tive a probe of the angle between transition mo- 
ments as the angle approaches 90 ° , leading to 
more uncertainty in the determination [21]. 

By orienting Rps. sphaerozdes wild-type chro- 
matophores on mylar strips, Frank et al. [22] were 
able to use ESR to determine the orientations of 
the primary donor magnetic axes and the caro- 
tenoid magnetic axes with respect to the mem- 
brane normal. The explicit orientation between the 
primary donor and the carotenoid magnetic axis 
systems could not be specified because the de- 
terminatmn yielded projections of the magnetic 
axes onto the normal to the membrane, and not 
projections of one axis system onto the other. The 

orientation of the carotenoid transition moment in 
the carotenoid principal magnetic axis system is 
needed to specify the orientation between the two 
magnetic axis systems (see below). 

In this paper we present magnetophotoselection 
experiments on reaction centers of Rps. sphaeroMes 
wild type. The goals of this work are: (i) to de- 
termine the orientations of the carotenoid and the 
primary donor transition moments in the caro- 
tenoid principal magnetic axis system, (ii) to de- 
termine the precise value of the angle between the 
primary donor and carotenoid transition moments, 
and (ili) to determine the orientation between the 
primary donor and the carotenoid principal mag- 
netic axes systems. 

The orientation of the carotenoid transition mo- 
ment in the carotenoid principal magnetic axis 
system is calculated by computer simulations of 
the observed triplet state spectra according to the 
procedure of Frank et al. [13,23]. The approach is 
to use Eqn. 1 for the triplet state ESR spectral 
intensity to simulate the experimental ESR line- 
shape: 

i ( In l )  = £~rf027rl(0, (ib, IHI)D,(0, q))d0dq) 

, = ,, II, _L ( 1 )  

where / ( IH  l) is the signal intensity at field I HI 
whose orientation in the magnetic axis system is 
specified by the polar angles 0 and q~. D,(O, cO) are 
the distribution functions which describe the prob- 
ability that a member of the ensemble has a static 
field direction given by 0 and q,. These distribu- 
tion functions have been derived previously [13] 
and are: 

D,(O,  q,) = sin 0 (2)  

DII(O , gO) = (P1 cos 0 + P2 sin 0 cos 

+ P3 sm 0 sm q,)2 sm 0 (3) 

+ P3 s,n 0 s m  ~b) 2] sin O (4) 

where D,(O, th) is the distribution funcuon de- 
scribing the random ensemble, and DII(O, q,) and 
D±(O, ep) describe the ensemble distributions gen- 



erated by light polarized parallel and perpendicu- 
lar to the static ESR field respectively. P1, P2 and 
P3 are the projections of the excited transition 
moment onto the carotenoid magnetic axes. The 
magnetophotoselection spectra are simulated using 
Eqn. 1 with P1, P2 and /°3 as parameters. Once 
the spectrum is calculated and the projections are 
known, the angle between the carotenoid and the 
primary donor transition moments can be de- 
termined from the scalar product of the transition 
moments (see below). Then using data on the 
orientation of the primary donor transition mo- 
ment in the primary donor principal magnetic axis 
system [13] and the orientation of the principal 
magnetic axes of the primary donor and the caro- 
tenoid w~th respect to the normal to the membrane 
[22], the explicit orientation between the carotenoid 
and the primary donor principal magnetic axis 
systems in the photosynthetic membrane can be 
calculated. 

Materials and Methods 

Rps. sphaeroMes wild type cells were grown 
anaerobically in a 3% yeast extract/3% bactopep- 
tone media. Reaction centers were prepared in the 
following way. Chromatophores were obtained by 
french pressure disruption at 1.4.108 Pa of whole 
ceils followed by ultracentrifugation at 150000 × g 
for 90 min. The chromatophore membranes were 
solubilized by incubation in a 0.3% LDAO 
(lauryldimethylamine N-oxide)/10 mM Tris buffer 
(pH 8.0) at 22°C for 15 min. The mixture was then 
centrifuged at 15 000 × g for 10 min to remove the 
membrane debris. The supernatant was then loaded 
onto a DEAE sephacel (anion exchange) column 
(135 ml bed volume) which was previously equi- 
librated with 0.1% LDAO/10 mM Tris buffer (pH 
8.0). The protein fractions were eluted from the 
column by a step gradient elution using 0.15-0.20 
M NaC1/10 mM Tris buffer (pH 8.0) solutions. 
The elution was carried out in 0.01 M NaC1 con- 
centration steps. The reaction center protein frac- 
tions were obtained at 0.18 M NaC1 concentration. 
The reaction center proteins were dialyzed against 
10 mM Tris buffer (pH 8.0) and concentrated by 
dialysis against solid sucrose. The concentrated 
fraction (absorbance 2.5 at 800 nm) was loaded 
onto a DEAE sephacel column (10 ml bed volume) 
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to remove free pigments. The purified reaction 
centers were obtained by elution with 0.5 M 
NaC1/10 mM Tris buffer (pH 8.0). 

Reaction center samples to be used in the ESR 
experiments were prepared in the following way. 
The samples were deoxygenated by bubbling with 
N 2 gas (5 min) and chemically reduced by the 
addition of sodium dithionite (Na2S207) to a final 
concentration of 100 mM. An equal volume of 
deoxygenated ethylene glycol (Fisher) was added 
to ensure that a clear glassy sample was obtained 
upon freezing. The sample mixture was placed in a 
quartz ESR tube (3 mm mside diameter × 4 mm 
outside diameter), capped and frozen slowly in 
liquid nitrogen to prevent sample cracking. 

Triplet state ESR spectroscopy was carried out 
using a Varian X-band spectrometer. The mag- 
netic field modulation amplitude and frequency 
were 25 G and 100 kHz, respectively. Excitation 
into the carotenoid absorption bands was accom- 
plished with an argon ion laser (Spectra-Physics 
model 164) at 514 nm. The laser light was 
defocussed by a piano-convex lens to a beam 
diameter of 1 cm. The beam polarization was 
rotated using an half wave plate m tandem with a 
prism polarizer. Excitation into the primary donor 
absorption bands at 870 nm was accomplished by 
using a 1000 W xenon arc lamp (Kratos LH 
151N/IS). Selective excitation into the 870 nm 
absorption band was accomplished by a series of 
Schott glass cutoff filters (RG-550, RG-630, RG- 
710 and RG-850) in tandem with a 
K2SO4/Cr2(SO4) 3 24 H20 solution filter (3.5 cm 
path). The magnetophotoselection effects obtained 
using 870 nm excitation in this configuration were 
reproduced using an 880 nm interference filter 
(Ealing 35-4555). Polarization of the xenon source 
was achieved by a Polaroid type HN-7 sheet 
polarizer. The extent of depolarization of the source 
as measured by the light transmission through two 
HN-7 polarizers with their transmission axes 
crossed was less than 5% at 870 nm. 

In all the ESR experiments, the light was ampli- 
tude modulated at 44 Hz and focussed onto a 
Varian TE microwave cavity fitted with an open 
ended flange to allow 100% transmission of the 
exciting light. The light-induced signals were phase 
detected using a lockin amplifier (PAR model 
128A) referenced to the light chopper. The sample 



104 

temperature in all experiments was 85 K unless 
otherwise stated. 

Results 

Fig. 1 shows the ESR spectrum of chemically 
reduced Rps. sphaeroides wild-type reaction 
centers. This spectrum was generated at a sample 
temperature of 85 K using broadband visible il- 
lumination. Fig. 2 displays the carotenoid triplet 
state ESR spectra generated by 514 nm excitation 
which excites directly into the carotenoid absorp- 
tion region. The excitation was polarized parallel 
(Fig. 2a) and perpendicular (Fig. 2b) to the static 
ESR field direction. Fig. 3 displays the carotenoid 
triplet state spectra generated by 870 nm excita- 
tion which excites the primary donor 
bacteriochlorophyll. Again, the excitation was 
polarized parallel (Fig. 3a) and perpendicular (Fig. 
3b) to the static field direction. 

Rps. sphaeroides broadband excitation 
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Fig. 1. Carotenoid triplet state ESR spectrum of Rps sphaeroMes 
wdd-type reaction centers. The sohd line denotes the expen- 
mental  spectrum taken under the following conditions: temper- 
ature, 85 K; modulaUon ampihtude,  25 G, nucrowave 
frequency, 9.054 GHz; microwave power, 16 mW; hght modu-  
lation frequency, 44 Hz, lockln amplifier sensmvlty, 1 mV 
sweep rate, 50 G / n u n ;  recorder ume  constant,  10 s. The 
dashed hne represents the computer-generated spectrum. The 
s~mulatmn condmons  are g~ven in Table I. 
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F~g. 2. Carotenoid triplet state ESR spectrum of Rps 
sphaerotdes wild-type reaction centers upon excitation into the 
carotenoid absorption band at 514 nm. The sohd hnes repre- 
sent the experimental spectra taken with the laser source 
polarized parallel (EI]H) and perpendicular (E_LH) to the 
static ESR magnetzc field directmn. The experimental cond~- 
tlons were the same as those stated in Fig 1 with the following 
exceptions: (a) laser power, 1.0 W defocussed, loclun amplifier 
sensitwlty, 250 #V, sweep rate, 25 G / n u n ,  recorder time 
constant,  30 s. (b) laser power 1 0 W defocussed; lockm amph-  
her  sensit~wty, 1 mV; sweep rate, 25 G/ ra in ;  recorder time 
constant,  30 s. The dashed hnes denote the computer-generated 
spectra. The sunula tmn parameters were the same as those used 
to simulate Fig. 1 in addlUon to the projectmns of the carotenoid 
transi tmn moment  onto the carotenoid principal magneUc axes 
given m Table If. 
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F=g. 3. Carotenoid triplet state ESR spectrum of Rps. sphaerotdes 
wild-type reactmn centers upon excRaUon of the primary donor 
at 870 nm. The solid lines represent the experimental spectra 
taken under the experimental condmons  in Fig. 1 except: 
sweep rate, 25 G / m i n ;  recorder ttme constant,  30 s. The 
dashed lines denote the computer-generated spectra. The simu- 
lation parameters were the same as those used to simulate Fig. 
1 m addition to the projecuons of the primary donor transition 
moment  onto the carotenoid principal magnetic axes given m 
Table II. 

Computer simulations of the experimental ESR 
spectra (Figs. 1-3; dashed lines) were achieved 
using Eqn. 1 in conjunction with an appropriate 
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TABLE I 

Z E R O - F I E L D  SPLITTING PARAMETERS,  TRIPLET-  
STATE D E P O P U L A T I O N  RATE CONSTANTS,  A N D  IN- 
TRINSIC LINEWIDTH,  USED IN THE C O M P U T E R  
SIMULATION OF THE R A N D O M  SPECTRUM OF RPS 

SPHAEROIDES  WILD TYPE 

I D I and I E I are the zero-field splitting parameters, k 1, k 2 and 
k 3 are the depopulauon rate constants of the triplet spin 
sublevels associated with the 11, 12 and 13 signal intensities m 
Fig 1, and 8 ]s the mtnnsic lxnevvadth parameter. 

I D I 0.0286 5:0.0006 c m -  1 
I EI 0.00445:0.0003 cm -1 
k 1 12500± 1000 s -1 
k 2 4500+  500 s -1 
k 3 9000±  1000 s -1 
8 26.0 + 3.0 G 

distribution function (Eqns. 2-4). The simulations 
were accomplished as follows. First, Eqns. 1 and 2 
were used to calculate the broadband spectrum. 
This was done by initially approximating the 
zero-field splitting parameters. I D I and I E I, from 
the experimental splittings [22]. The lD I and IEI 
values then were varied until the field positions of 
the calculated spectrum matched the experimental 
field positions. Then the depopulation rate con- 
stants for triplet decay were varied until the calcu- 
lated intensities at the resonance field positions 
matched the experimental intensities [23]. Finally, 
the intrinsic llinewidth parameter was varied until 
the lmewidths of the calculated spectral peaks 
matched those of the experimental spectrum. 

The spectra taken using polarized light were 

TABLE II 

PROJECTIONS OF THE OPTICAL TRANSITION MO- 
MENTS AT 514 A N D  870 rim ONTO THE PRINCIPAL 
M A G N E T I C  AXES OF  THE C A R O T E N O I D  TRIPLET 
STATE 

/)1, /)2 and P3 are the projections of the optical transRlon 
moment  onto the carotenoid principal magnetic axes labelled 1, 
2 and 3 m Fig. 4 

Transit ion moment  /)1 /)2 /)3 

5 1 4 n m  
(carotenoid) 0.82 5:0.03 0.37 5:0.03 0.42 5:0.02 
870 n m  
(primary donor) 0.32 5:0.08 0.72 5:0.08 0.60 5:0.07 
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simulated using the distribution functions given in 
Eqns. 3 and 4. The projections of the optical 
transition moment onto the principal magnetic 
axes P1, P2 and P3 were varied until the calculated 
spectral intensities matched those of the experi- 
mental spectrum. The simulation parameters for 
the spectra presented in Figs. 1-3 are summarized 
in Tables I and II. 

Discussion 

As stated in the introduction, magnetophoto- 
selection can be used to determine the orientation 
of an optical transition moment in a principal 
magnetic axis system. In the present study, the 
projections of the carotenoid and the primary 
donor transition moments have been specified with 
respect to the principal magnetic axes of the caro- 
tenoid triplet (see Table II). These results make it 
possible to determine the angle between the transi- 
tion moments. This angle, denoted 3', between the 
carotenoid transition moment, ~514, and the 
primary donor transition moment,/%70, is calcu- 
lated from the arccosine of the dot product of the 
transition moment vectors; viz.: 

v = arccoslt1514 ~t8701 (5) 

Because the sign of the projections of the transi- 
tion moment in the principal axis system is inde- 
terminate in a magnetophotoselection experiment, 
all possible sign combinaUons of the projections 
must be considered in Eqn. 5.1.e.: 

1~14 ~87ol = I + p,e; + e2e~ + F'je;l (6) 

where the P values specify the projections of the 
transition moments in the carotenoid magnetic 
axis system. As a result, two regions of solution for 
3' are obtained using the projections given in Table 
II. These regions are 3' = 37 + 4 ° and 3' = 75 _ 8 °. 
The first region of solution, 3' = 37 + 4 °, is not 
consistent with the optical photoselection data of 
Vermeglio et al. [16]. These authors monitored the 
actinic light-induced change m absorption at 870 
nm with the detector polanzed parallel and per- 
pendicular to the direction of the polarized excita- 
tion. Their conclusion was that the carotenoid 
transition moment makes an angle of greater than 

or equal to 72 ° with the primary donor transition 
moment. As stated in the introduction, the value is 
reported as a lower limit because of depolarization 
effects in the carotenoid absorption region and the 
fact that polarization ratio expression is less sensi- 
tive a probe of 7 as the angle approaches 90 °. 
Their polarization values were corrected for de- 
polarizaUon effects resulting from excitation of 
other transition moments in the carotenoid ab- 
sorpuon region of the spectrum. 

Depolarization effects in the magnetophoto- 
selection experiment would reduce the differences 
in the peak intensities between spectra taken in the 
parallel and perpendicular orientations and tend 
to randomize the observed spectra. In the case of 
the spectra generated by excitation into the caro- 
tenoid absorption band at 514 nm (Fig. 2) the 
largest magnetophotoselection effect is observed in 
the outermost peaks. Because depolarization would 
tend to minimize the differences in the intensities 
of these and the other peaks in the parallel and 
perpendicular spectra, the extent of depolarization 
in the present experiments can be determined. It is 
limited to a value proportional to the ratio of the 
intensity of the outermost feature in the per- 
pendicular spectrum to the corresponding feature 
in the parallel spectrum. This value is approx. 0.1. 
Assuming that all of the intensity in the outermost 
peak in the perpendicular spectrum arises from 
depolarization effects, the.value for the projection, 
P1, along the magnetic axis (labelled 1 in Fig. 4). 
corresponding to these peaks would be calculated 
to be lower than the true value. The maximum 
theoretical value for P1 is 1.00. This corresponds 
to the carotenoid transition moment being ori- 
ented directly along the this magnetic axis labelled 
(Fig. 4). Using this theoretical maximum value 
(P1 = 1.0) in Eqn. 5, one obtains a value of 71 ° for 
3' compared to the value of 75 ° calculated from the 
experimental results. Therefore, it is apparent that 
the effect of depolarization, although certainly pre- 
sent to some extent, is not a major factor in these 
determinations as the theoretical limit of 3' falls 
within the range of error based on the reproduci- 
bility of the experiment. Furthermore, the experi- 
mental spectra are simulated using a distribution 
function which includes the effect of exciting only 
one transition moment. Finally, because the end 
result must be consistent with the optical photo- 
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Fig 4. The orientations of the transition moments and the 
pnncipal magneuc axis systems of the carotenoid and the 
primary donor ~si4 and ~870 are the carotenoid and primary 
donor transition moments, respectively The axes labelled 1, 2 
and 3 are the carotenoid magnetic axes corresponding to the 
peak intensities labelled/1, 12 and 13, respectively in Fig. 1. The 
axes labelled x ,  y and z are the primary donor magnetic axes. N 
is the normal to the membrane plane. The projectmns of the 
axes onto the normal to the membrane are drawn to corre- 
spond to the values reported in Ref. 22 

selection experiments reported by Vermeglio et al. 
[16], the y = 37 + 4 ° solution is excluded, leaving 
the 3' = 75 + 8 ° solution as the angle between the 
two transition moments. 

As a check on the value of 3', a second magne- 
tophotoselection experiment was performed. By 
lowering the sample temperature from 85 K to 10 
K, a temperature where the carotenoid triplet state 
no longer quenches the primary donor triplet [24], 
one can determine V using the primary donor 
principal magnetic axis system. The ESR spectra 
of the primary ~lonor triplet state were obtained by 
exciting into the carotenoid absorption band at 
514 nm using polarized excitation (spectra not 
shown). These experimental spectra were computer 
simulated to obtain the projections of the caro- 
tenoid transition moment onto the primary donor 
principal magnetic axes. The value of 7 was then 
determined using Eqn. 5 and along with the data 
of Frank et al. [13]. for the orientation of the 
primary donor transition moment in the principal 
magnetic axis system of the primary donor. Once 
again, two distinct regions of solution for y were 
calculated. These regions are 7 = 62 _ 5 ° and 3' = 
76 + 5 °. As before, the first region of solution, 
3' = 62 + 5 ° can be excluded based on the optical 
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photoselection results of Vermeglio et al. [16], 
which showed that 7 must be greater than or equal 
to 72 °. The second region, 7 = 76 + 5 ° is within 
the experimental error of the previous determina- 
tion, confirming its validity. 

The problem of the orientation of the two mag- 
netic axis systems is solved by first transforming 
the coordinates of the carotenoid transition mo- 
ment from the carotenoid principal magnetic axis 
system into the primary donor principal magnetic 
axis system. This can be achieved by operating 
with the appropriate Euler angle transformation 
matrix on the vector to be transformed; viz.: 

/~t514 = M'/LS14 (7) 

#t514 is the carotenoid transition moment having 
coordinates in the primary donor magnetic axis 
system. M is the Euler angle transformation ma- 
trix whose elements are the direction cosines of the 
angles between the primary donor and the caro- 
tenoid magnetic axes: 

COS 011 COS 012 COS 013 / 

M = / o. / (s) 
cos 031 cos 032 cos 033 ] 

where 0,j is the angle between the i magnetic axis 
of the primary donor and the j magnetic axis of 
the carotenoid. Subtracting the carotenoid transi- 
tion moment vector from the primary donor tran- 
sition moment vector yields a resultant vector, [ R I, 
in the primary donor axis system; 

IR[ = 1#870 - #tsi4l (9) 

[ R [ is also a function of 3', the angle between the 
two transition moments: 

IR I = 2 sm 2 (10) 

Equating these last two expressions yields an ex- 
pression for y as a function of M: 

~'s7o - t~i4 y = 2 arcsm 2 (11) 

Thus, the angle between the primary donor and 
the carotenoid transition moments (75 + 8 °) can 
be used to determine the orientation of the primary 
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donor and the carotenoid magnetic axis systems. 
This is done in the following way. First, the orien- 
tation of the primary donor transition moment is 
specified in the primary donor magnetic axis sys- 
tem. As stated previously, the projections of the 
primary donor transition moment have been de- 
termined to be 0.99, 0.01, and 0.14 along the x, y, 
and z magnetic axes of the primary donor, respec- 
tively [13]. Second, the orientation of the 
carotenoid transition moment must be specified 
within the carotenoid principal magnetic axis sys- 
tem. The values for the projections of the caro- 
tenoid transition moment have been determined in 
the present work to be 0.82, 0.37, and 0.42 along 
the carotenoid triplet state magnetic axes labelled 
1, 2, and 3, respectively in Fig. 4. Finally, the 
orientation of the primary donor and the 
carotenoid principal magnetic axes must be speci- 
fied with respect to an external reference, e.g., the 
normal to the membrane. Tlus experiment was 
performed by Frank et al. [22] on oriented chro- 
matophores of Rps. sphaeroides wild type. The 
projections of the principal magnetic axes onto the 
normal to the membrane were found to be 0.00, 
0.97, and 0.24 for the x, y, and z axes of the 
primary donor and 0.20, 0.77, and 0.60 for the 
magnetic axes of the carotenoid labelled 1, 2 and 
3. With this information the angles between the 
primary donor and the carotenoid magnetic axes 
can be obtained by generating the set of Euler 
matrices which satisfy Eqn. 11 for the range of 
values of y (75 + 8 °) derived from the magneto- 
photoselection experiments. The projections onto 
the normal to the membrane help to constrain the 
solution set of matrices which describe the orienta- 
tion between the primary donor and carotenoid 
principal magnetic axis systems. The Euler matrices 
which satisfy Eqn. 11 give the direction cosines of 
the angles between the carotenoid and the primary 
donor magnetic axes. These angles, 0,j, between 
the magnetic axes of the carotenoid and the 
primary donor are presented in Table III. The 
orientation between the primary donor and the 
carotenoid axis systems and their respective transi- 
tion moments is shown in Fig. 4. 

Magnetophotoselection experiments on Rps. 
sphaeroides wild type have revealed the orienta- 
tions of the carotenoid transition moment at 514 
nm and the primary donor transition moment at 

TABLE III 

REGIONS OF SOLUTION FOR THE ANGLES BETWEEN 
THE C A R O T E N O I D  A N D  THE PRIMARY D O N O R  
PRINCIPAL M A G N E T I C  AXES 

The angles, 0,j, between the pnnclpal  magneUc axes are ob- 
tained from the Euler matrices which satisfy Eqn. 11. The index 
t references the x, y and z magnetic axes of the primary donor 
and j references the 1, 2 and 3 magnetic axes of the carotenoid 
in Fig. 4 

75° < 0xl < 90° 54° < 0x2 < 63° 39° < #x3 < 50° 
88 ° < 6vl < 90 ° 39 ° < 0y 2 < 43 ° 41 ° < 0y 3 < 44 ° 
23 ° < 9z I < 440 65 ° < 0z 2 < 71 ° 69 ° < 8z 3 < 86 ° 

870 nm with respect to the carotenoid principal 
magnetic axes (see Table II). These determinations 
have allowed the calculation of the orientation 
between the carotenoid and the primary donor 
transition moments. This angle was found to be 
75 + 8 °. Finally, from a knowledge of the angle 
between the two transition moments and the an- 
gles between the magnetic axes of the primary 
donor and the carotenoid and the normal to the 
membrane [22], the angles between the primary 
donor and the carotenoid principal magnetic axes 
have been calculated (see Table III). 
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