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Time-resolved EPR studies were done on ordered, broken spinach chloroplasts at 10 K under conditions 
where Fe-S centers A and B were reduced. A dramatic dependence of the spin-polarized, g = 2.0 EPR signals 
from Photosystem (PS) I on orientation of the thylakoid membranes in the magnetic field is demonstrated. 
Analysis of these data by computer simulations of the spin-polarized line shapes supports a model for P S I  
electron transport presented recently (Bonnerjea, J. and Evans, M.C.W. (1982) FEBS Lett. 148, 313-316; 
Gast, P., Swarthoff, T., Ebskamp, F.C.R. and Hoff, A.J. (1983) Biochim. Biophys. Acta 722, 163-175). In 
this model there are two electron acceptor species, A 0 and A 1, operating in series between P-700, the primary 
electron donor, and X. Thus, the P S I  reaction center organization may be represented as P-700AoAIX 
(ferredoxinn.A). Our results indicate that A o may have a slightly anisotropic g tensor with g values ranging 
from 2.0026 + 0.0001 to 2.0031 _ 0.0002, depending on orientation, and that the species A~ has a g value of 
2 .0054_ 0.0010 with a peak-to-peak linewidth of 8-10.5 G. The model differs from those presented 
previously in that the spin-spin interaction between P-700 + and A o involves both isotropic electron exchange 
and electron-electron magnetic dipole coupling. 

Introduction 

The primary photoreactions of photosynthesis 
give rise to spin-polarized, transient EPR signals. 
Previous studies on a variety of photosynthetic 
organisms have given us information about: the 
mechanism of the primary electron-transfer reac- 
tions, the chemical identity of the species involved 
in these events [1-6], the dynamics of these reac- 
tions [7-9], and the structural relation and interac- 
tions between the primary photoreactants. 

Previous attempts at analyzing spin-polarized 
EPR line shapes obtained from photosynthetic 

Abbreviations: PS, photosystem; Chl, chlorophyll; CIDEP, 
chemically induced dynamic electron polarization. 

samples have used adaptations of the standard 
radical pair theory of chemically induced dynamic 
electron polarization (CIDEP) developed for stud- 
ies on reactions in solution [3,4,10]. This theory 
treats the spin-spin interaction in terms of iso- 
tropic exchange between the two radicals formed 
after electron transfer. Recent work on bacterial 
reaction centers has shown that there is significant 
electron-electron magnetic dipole coupling be- 
tween the primary electron donor and acceptor 
after charge separation has occurred [11,12]. These 
experiments suggest that more details of reaction 
center structure and of the interactions between 
radical pairs that give rise to CIDEP could be 
deduced by studying the dependence of the spin- 
polarized lineshape on membrane orientation in 
the Zeeman field. 
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Earlier investigations done in our laboratory on 
broken spinach chloroplasts, studied under reduc- 
ing conditions at 10 K, showed that when the P S I  
reaction center is poised in the redox state 
P-700A 1X(ferredoxin B,A ) 2-- a significant orienta- 
tion dependence of the spin-polarized EPR spec- 
trum in the g = 2.0 region is observed. These ex- 
periments were done on chloroplast thylakoids 
which had been aligned in a 10 kG magnetic field. 
Recently, it has been shown that a higher degree 
of orientation of broken chloroplasts can be ob- 
tained by using the technique of partial dehydra- 
tion on a flat surface rather than magnetic field 
alignment [13,14]. Therefore, we have repeated the 
above measurements to examine the magnetic in- 
teractions and properties of P-700 + and the re- 
duced primary acceptors of P S I  in more detail. 

We analyze these data using a model where the 
observed orientation dependence is accounted for 
by an electron-electron magnetic dipole interaction 
between P-700 + and the reduced primary acceptor 
species, including a small g tensor anisotropy on 
the primary acceptor. The model also requires that 
there are two acceptor species with g values in the 
free-electron region that are prior to the more 
stable electron acceptor known as X or A 2 [15]. 
This, supports the recent proposal made by Gast  
et al. [16] and Bonnerjea and Evans [17] that the 
makeup of the PS I electron-transport scheme is: 
P-700A 0 A 1X(ferredoxin B. A ). 

Materials and Methods 

Time-resolved EPR measurements were made 
at X-band with a Varian E-109 EPR spectrometer 
modified for magnetic field modulation at 1 MHz 
[18]. The TEl02 cavity used for these measure- 
ments was fitted with an optical transmission 
flange to allow 100% transmission of the exciting 
light. The output of the 1 MHz lock-in amplifier 
was fed directly to a Nicolet Explorer I l iA digital 
oscilloscope equipped with a model 204 plug-in. 
The data were then signal averaged locally on a 
home-built signal averager and transmitted to a 
VAX 11/780 computer (Digital Equipment Corp.) 
for analysis and storage. For low-temperature op- 
eration, the spectrometer was equipped with an 
Air Products Heli-tran Cryostat, and temperature 
measurements were made with a go ld /chromel  

thermocouple. To test for the possibility of rapid- 
passage distortion of the EPR signals, the experi- 
ments were repeated using direct microwave power 
detection. The direct detection measurements were 
made using a home-built superheterodyne EPR 
spectrometer with a response time of approx. 200 
ns. To avoid light artifacts, which are typically 
present in direct detection measurements, the laser 
pulse energy had to be kept below 5 mJ. 

Microwave frequency measurements were made 
with a Hewlett-Packard model X532B wave meter, 
and g values were calibrated with 'weak pitch' and 
diphenylpicrylhydrazyl. The field modulation am- 
plitude was calibrated using an aqueous sample of 
Fremy's  salt ( ICN Pharmaceut ica l /K + K Labs 
Inc.) [19] using the standard line-broadening tech- 
nique [20]. The light source for these experiments 
was a Phase-R DL-1400 dye laser which was oper- 
ated broad-band at 640 nm (rhodamine 101 (Exci- 
ton Chemical, Dayton, OH, U.S.A.) in methanol). 
The pulse width (full-width at half-maximum) was 
400 ns, and pulse energies of 30 mJ were utilized. 
Care was taken to ensure that the light pulses were 
always saturating (in the field modulation experi- 
ments only). The flash repetition rate was 2 Hz. 

Broken spinach chloroplasts were prepared 
using a standard procedure [21] and then treated 
in one of two different ways: 

(a) Treatment with ascorbate. Broken chloro- 
plasts were suspended in 50 mM Tris buffer (pH 
8.0) containing 10 mM NaCI, 0.1 mM EDTA, and 
50 mM sodium ascorbate. 

(b) Treatment with ferricyanide. Broken chloro- 
plasts were suspended in 50 mM Tris buffer (pH 
8.0) containing 10 mM NaC1, 0.1 mM EDTA, and 
10 mM K3Fe(CN)6. 

Orientation of the various chloroplast thylakoid 
suspensions used in these experiments was achieved 
by partial dehydration of the samples on mylar 
[14,22]. The procedure for doing this was as fol- 
lows. Mylar strips (approx. 2.5 × 50 mm; thick- 
ness, 0.25 mm) were soaked in a solution contain- 
ing 1% Collodion (Mallinckrodt), 99% ethanol and 
allowed to dry. The thick chloroplast suspension 
(approx. 3 mg Chl /ml)  was then pipetted onto the 
strips which were supported horizontally on a 
Teflon drying rack. The rack was then placed in a 
90% relative humidity environment or in a n  N 2 

environment at 4°C and allowed to dry. When 



drying was achieved by flowing N 2 gas over the 
strips, the flow rate was adjusted so that the 
process took about 4 h. When the 90% relative 
humidity chamber was used, drying took about 36 
h. In both cases, good orientation was obtained, 
and for this work most of the drying was done in 
an N 2 gas environment. After drying, approxi- 
mately five strips were stacked into a 'sandwich' 
and placed in an EPR tube. 

In many instances the samples were illuminated 
while being cooled to liquid nitrogen temperature. 
The light source for these treatments was a 400 W 
tungsten lamp (Cary) filtered through a Calflex 
heat-reflection filter (Balzers). The sample was il- 
luminated at low intensity for 20 s at room tem- 
perature and then immediately placed in an opti- 
cal dewar containing liquid N 2 and illuminated 
another 20 s. 

Results 

Steady-state spectra 
Prior to doing flash studies on the various sam- 

ples examined in this work, the steady-state EPR 
spectra of reduced Fe-S centers A and B and of 
reduced X (where applicable) were examined as a 
function of the angle between the normal to the 
mylar strips (coincident with the thylakoid mem- 
brane normal) and the direction of the spectrome- 
ter's magnetic field. These observations served a 
dual function: (a) to determine the degree to which 
the thylakoid membranes were oriented in the 
sample; and (b) to determine the redox poise of PS 
I in the various sample treatments. Fig. 1 shows 
the steady-state EPR spectra (taken in the dark) 
from samples prepared so that Fe-S centers A and 
B are reduced. In the parallel orientation (mem- 
brane normal parallel to the magnetic field direc- 
tion; Fig. 1 a), the ratio of the amplitude (measured 
from the baseline) of the signal at g = 1.89 to the 
signal at g =  1.92 is nearly 1 while in the per- 
pendicular orientation (Fig. lb) this ratio is typi- 
cally greater than 6. The angle dependences of the 
relative peak intensities at g = 1.89, 1.92, 1.94 and 
2.05 found in all experiments were in good agree- 
ment with those previously reported [13]. In ex- 
periments where the species X is reduced, a large 
signal at g = 1.77 is observed in the parallel orien- 
tation in agreement with previous findings [23]. 
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Fig. 1. Steady-state EPR spectra of oriented spinach chloro- 
plast thylakoids measured in the dark with: (a) the membrane 
normals parallel to the field direction; and (b) the membrane 
normals perpendicular to the field direction. Samples were 
suspended in 50 mM Tris buffer (pH 8.0) containing 50 mM 
ascorbate, 10 mM NaCI and 0.1 mM EDTA, then briented by 
partial dehydration on mylar and illuminated while freezing to 
77 K. The spectrometer settings were: microwave frequency, 
9.206 GHz; field modulation amplitude, 10 G; modulation 
frequency, 100 kHz; microwave power, 10 mW; sample tem- 
perature, 13 K. 

There are two experimental problems which 
arise when one studies EPR properties of samples 
dried on mylar strips. (1) Because the samples do 
not have cylindrical symmetry and the EPR cavity 
mode pattern is TEl02, the amount of sample in 
the maximum of the microwave magnetic field 
varies as one rotates the sample. This problem is 
alleviated somewhat by stacking the sample strips 
in a cylindrical EPR tube. (2) In the time-resolved 
measurements the amount of sample that can be 
irradiated by the laser flash also depends on sam- 
ple orientation. Therefore, only the relative peak 
intensities at a given sample orientation have 
quantitative significance. 
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Time-resolved EPR results 
Oriented samples prepared so that Fe-S centers 

A and B were reduced prior to flash excitation 
gave rise to predominantly monophasic transient 
EPR signals in the g = 2.0 region at 10 K and 50 
/~W microwave power• The lifetime of this decay 
component was approx. 50 ~ts ( 1 / e  time) and 
independent of orientation• A slower component 
with a decay time of 150 ~s was also present at 
some field positions, but its presence seemed to 
vary with different sample preparations• Also, the 
lifetime of this slow component varies over a range 
of 150-500/~s as a function of field position for a 
given sample• These observations are similar to 
those reported previously [4] for randomly ori- 
ented thylakoids. 

The lifetime of both components is dependent 
on microwave power, and at high power levels 

(approx. 1 mW) an additional oscillation or com- 
ponent is observed. Gast et al. [16] have also 
observed these effects and have postulated that 
they are due to a combination of spin polarization, 
field modulation and transient nutation effects in 
inhomogeneously broadened lines• We have ex- 
amined this problem theoretically [24] and have 
found that even under slow passage conditions the 
decay of polarized transient EPR signals can be 
complex, often appearing to have at least three 
different kinetic 'phases'• A conclusion of this 
work and that of others [8] is that any practical 
analysis of these decays should be done on kinetic 
data obtained without magnetic field modulation• 

The amplitude of the 50/~s component is plotted 
versus field position in the g = 2.0 region in Fig. 2 
for randomly oriented thylakoids (a), and for 
thylakoids oriented so that the membrane normals 
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Fig. 2. Plots of EPR transient signal amplitude (50 #s  component) versus magnetic field strength for: (a) randomly oriented 
thylakoids, (b) oriented thylakoids in the parallel orientation, (c) perpendicular orientation, and (d) 45 ° orientation. Spectrometer 
conditions common to all measurements were: microwave power, 50 #W; field modulation frequency, 1 MHz; field modulation 
amplitude, 2.5G; sample temperature, 15 K; and time constant, 2 /~s. Each point represents the average of 500 events and the 
estimated error in each point is represented by the circle diameter. The microwave frequency for the traces was: (a) 9.193 (b) 9.141 (c) 
9.143 and (d) 9.198 GHz. Thylakoids were prepared and reduced as in Fig. 1. 
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are parallel (b), perpendicular  (c) and at 45 ° (d) to 
the magnetic field direction. The amplitude of  this 
kinetic componen t  depends strongly on the orien- 
tation of the thylakoid membrane  normals in the 
Zeeman field. In the perpendicular  orientation, a 
mixed absorptive-emissive type signal centered 
about  g = 2.0026 is observed (Fig. 2c). When the 
sample is rotated to the parallel configuration, the 
polarization pat tern is inverted and an appreciable 
amount  of signal intensity grows at low field caus- 
ing the center of  this pat tern to be at g = 2.0034 
(Fig. 2b). The field profile obtained in the 45 ° 
orientat ion (Fig. 2d) is similar to that of  the paral- 
lel orientation, except that  the structure in the 
high-field lobe of the spectrum is different. The 
trends seen in these field profiles are similar to 
those reported previously for magnetically aligned 
thylakoids under  the same condit ions [4], but  the 
effects shown in Fig. 2 are much more pronounced  
because of  the higher degree of  orientation. 

The possibility of distortion due to rapid pas- 
sage in field modula t ion experiments was tested by 
repeating the above measurements  using direct 
detection of  resonance. The field profile (Fig. 3) 
recorded for oriented thylakoids (parallel orien- 
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Fig. 3. Plot of EPR transient signal amplitude (50 p.s compo- 
nent versus magnetic field strength for oriented thylakoids 
prepared as in Fig. 1. The measurement conditions were: 
sample orientation, parallel; microwave frequency, 9.225 GHz; 
microwave power, 50/~W; time constant, 200 ns; sample tem- 
perature, 15 K; and the direct detection system was utilized. 
Each point is the average of 500 events and the circle diameter 
is indicative of the estimated error. 

tation) using direct detection yields a mixed emis- 
sive-absorptive line shape identical to t h a t  ob- 
tained in the field modula t ion experiment (Fig. 
2b). This indicates that distortion of  the signal 
amplitudes due to rapid passage is not  significant. 
The structure seen in the field modula ted  data  (the 
shoulders in the low- and high-field lobes of  Fig. 
2b) is also observed in the direct detection experi- 
ment.  

Oriented samples prepared so that the species X 
is reduced prior to flash stimulation give rise to 
decays with kinetic components  of  3 and 30 /~s. 
The relative ampli tude of each componen t  de- 
pends  on both  orientation and field position. When 
the sample is in the perpendicular  orientation, the 
fast (3 #s) componen t  vanishes whereas in the 45 ° 
and parallel orientations it dominates  the decays 

I 
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Fig. 4. Kinetic traces for oriented thylakoids prepared so that: 
(a) X was not reduced; and (b) X was reduced. Measurement 
conditions were: g= 2.0041; parallel orientation; sample tem- 
perature, 15 K; field modulation frequency, l MHz; field 
modulation amplitude, 2.5 G; and microwave power, 50 #W. 
Each trace represents the average of 500 passes, 
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at some field positions. The effect of reducing X 
on the EPR transient signals is illustrated in Fig. 
4. 

A plot of the amplitude of the 30/~s component 
versus magnetic field strength gives identical re- 
sults to those of Fig. 2. The field profiles of the 3 
/~s component in the 45 ° and parallel configura- 
tions give three-lobe emissive-absorptive shapes 
similar to those reported previously [4]. However, 
the signal-to-noise ratio is poor (possibly due to 
time resolution constraints). We are currently in- 
vestigating the orientation behavior of this signal 
in more detail using the direct detection system. 

Time-resolved EPR measurements were done 
also on samples which had been treated with 10 
mM K3Fe(CN)6 before drying and freezing in the 
dark. Steady-state EPR spectra showed that P-700, 
the primary donor of PS I, was oxidized and that 
Fe-S center A could not be reduced by steady 
illumination with white light at 10 K. Under these 
conditions, no rapid (submillisecond) EPR tran- 
sient signals were observed in the g = 2.0 region. 

Discussion 

The field profile obtained when Fe-S centers A 
and B are reduced prior to flash excitation is 
highly orientation dependent (Fig. 2). In a previ- 
ous paper [4], we attempted to interpret the field 
profile for randomly oriented thylakoids poised in 
this redox state using the so-called two-site model 
of Friesner et al. [10]. In that model we assumed 
that the transient EPR signals were due entirely to 
P-700 + and that the observed spin polarization 
developed as the result of two separate radical pair 
interactions. The first interaction was between P- 
700 + and A i ,  and the second between P-700 + and 
X -  after electron transfer from A~- to X had 
occurred. In that treatment both sets of spin-spin 
interactions (between successive radical pairs) were 
taken to be isotropic, and the only origin of anisot- 
ropy in the spin-polarized EPR spectrum of P-700 + 
was attributed to the g-value anisotropy of re- 
duced X. 

Attempts to simulate the orientation depen- 
dence shown in Fig. 2 using the above model 
coupled with the orientation averaging procedure 
described by Blum et al. [25] and the known 

orientation of the X -  g tensor relative to the 
membrane normal [23] gave unsatisfactory results. 
In all cases the simulations gave either three-lobe 
type line shapes or emissive shapes similar to those 
obtained by Friesner et al. [10] in their Fig. 1. We 
found that the g anisotropy of X -  allows one to 
simulate intensity shifts which are only minor 
compared to those observed experimentally, and it 
never predicts inversion of the polarization pattern 
to the degree that we observe between parallel and 
perpendicular orientations (Fig. 2). Therefore, we 
conclude that the anisotropy in the observed spin- 
polarized EPR line shape when P S I  is in this 
redox state is due to more than the g anisotropy of 
X- .  

Recently, Gast et al. [16] and Bonnerjea and 
Evans [17] have proposed a model for PS I elec- 
tron transport which differs from the standard 
approach. They have incorporated a new acceptor 
species, A0, which precedes both A 1 and X in the 
electron-transport chain. Their hypothesis is that 
the existence of A 0 is necessary to explain the 
steady-state and time-resolved EPR data in a con- 
sistent fashion. Further, Gast et al. [16] propose 
that the the spin-polarized EPR signal observed in 
the g = 2.0 region when Fe-S centers A and B are 
reduced is due to both P-700 + and A 1. In their 
model, P-700 + is polarized statically via a brief 
radical pair interaction with A o, and A~ is 
polarized dynamically upon electron transfer from 
A o to A~ (the idea of static and dynamic polariza- 
tion was put forth by Pederson [26]). We have 
found that this model, modified so that the spin- 
spin interaction between P-700 + and A o involves 
both isotropic exchange and electron-electron 
magnetic dipole interactions, is capable of ex- 
plaining the major features of the data in Fig. 2. 

To use the above model for explaining the 
low-temperature CIDEP data obtained from 
broken chloroplasts prepared with centers A and B 
reduced, it is necessary that electron transfer from 
A~ to X be unfavorable compared to charge re- 
combination between P-700 + and A ( .  Thus, the 
dominant path of electron flow in PS I under these 
conditions would be (Fd, ferredoxin): 

P_700AoA,X(FdB.A)2_ h_~ P'700+A°A'X(FdB'A) 2 

T P-700+ A o AI X(Fd 8,A )2-t, I 



To do computer simulations of the data in Fig. 
2 we use a model in which spin polarization devel- 
ops on P-700 ÷ due to radical pair interactions with 
A o . The radical pair hamiltonian is then: 

~'}~ = "~zee + ~ z e e  + JVhf --  ~ h f  --  5~'ex + ~ d d  

where D represents the donor radical and A, the 
electron acceptor species. The Zeeman interactions 
(~zee)  and the first-order nuclear hyperfine inter- 
actions ( ~  h f) on both radicals are isotropic. The 
forms of the exchange and dipole-dipole hamilto- 
nians are: 

% e x  = J ( 2 . S D ' - S A  + 1 / 2 )  

= D(s  - E(s  - 

where S., S, S x and S~ are operators of the total 
spin; D and E the zero-field splitting parameters 
in the principal axis system of the dipole-dipole 
interaction; and J the value of the exchange in- 
tegral. The spin polarization on P-700 + is de- 
termined in the standard manner by finding the 
eigenvalues and eigenvectors of the radical pair 
hamiltonian needed to compute the time evolution 
of the radical-pair wave function, and then com- 
puting the polarization weighting for a given hy- 
perfine state of P-700 +. The resulting polarization 
weighting is then time averaged over the radical- 
pair lifetime and integrated over all possible orien- 
tations of the magnetic field vector in the principal 
axis system, of the dipole-dipole splitting tensor. 
This procedure is described in more detail 
elsewhere [10]. 

For simulations involving oriented samples, the 
orientational averaging technique described by 
Blum et al. [25] for partially ordered membrane 
multilayers is used to weight various field direc- 
tions with respect to the principal axis system of 
the dipolar coupling tensor. This procedure in- 
volves relating the principal axis system of the 
dipolar coupling tensor to a lab axis system de- 
scribed by the membrane normal via an Euler 
angle rotation. Various orientations of the mag- 
netic field vector can then be weighted according 
to the known orientation of the vector in the lab 
axis system and then related to the principal axis 
system of the tensor in question. This procedure 

89 

involves the use of five angle parameters: 0 and if, 
which describe the orientation of the membrane 
normal in the principal axis system of the dipolar 
coupling tensor (fixed for a given calculation); 
and a, which describe the orientation of the mag- 
netic field vector in the lab axis system; and the 
mosaic spread or wobble angle which describes the 
angle spread of the membrane normals in the 
sample. 0~ is the angle between the membrane 
normals and the field direction and is known from 
the experiment, whereas a must be averaged over 
360 ° because there is no preferential ordering of 
the thylakoid membranes transverse to the mem- 
brane normal. 

According to a theory put forth by Pedersen 
[26], the A (  species will be dynamically polarized 
because electron transfer from A o (which is stati- 
cally polarized) to A 1 does not selectively involve 
the nuclear states of either radical. Therefore, the 
net polarization on A o is transferred uniformly 
over the hyperfine states of A~- so that the spec- 
trum of this species will be either emissive or 
absorptive, but not mixed. Experimental evidence 
in support of this idea has been obtained from 
bacterial reaction centers [26,27]. The procedure 
for simulating the spectra of Fig. 2 involves first 
calculating the polarization pattern of P-700 + and 
determining its net polarization to find the ap- 
propriate scaling factor for the spectrum of A~-. 
The spectrum for each radical is then added to 
give the predicted output. 

Computer simulation of the random and ori- 
ented spectra of Fig. 2 involves the specification of 
several parameters. These parameters are: the g 
values of P-700 +, A o and A~-; the peak-to-peak 
linewidths of P-700 + and A~-; the spin-spin cou- 
pling constants for the interaction between P-700 + 
and Ao,  J, D and E; and the angle parameters 
needed for the orientational averaging. The g value 
of P-700 + was set at 2.0026 and its linewidth at 8 
G, while the g values of A o and A~- and the 
linewidth of A~ were allowed to vary. We found 
that the values of D and J were dependent on one 
another to the extent that for a given value of D, J 
could be adjusted to yield good simulations of the 
data. Therefore, the values of D and J used in our 
simulations were chosen so that they fell into the 
range of D and J values reported for the primary 
radical pair of bacterial reaction centers [12]. The 
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general approach to doing these simulations was 
to fix D at - 50 G and then vary J,  the g values of 
the acceptors, the linewidth of A l ,  and E to 
predict the random spectrum. Then these parame- 
ter sets (there are several combinations of these 
parameters that yield acceptable random spectrum 
simulations) were fixed and the spectra of oriented 
samples were calculated by adjusting only the an- 
gle variables O, @ and the mosaic spread. 

The parameters that can be accurately set by 
simulation of the random spectrum alone are the g 
value of A 1 and its linewidth. A typical simula- 
tion of this spectrum is shown in Fig. 5 (upper 
trace). The range of acceptable g values for A~- 
was 2.0054 + 0.0010 and the peak-to-peak line- 
width for this species must be between 8 and 10.5 

4O 

20 

-20 

-4O 

COMPUTER SIMULATION OF" RANDOM SPECTRUM 
e0 I I I 

O 

O 
v C  

[ I I I 
P700 + contribution 

4O 

20 

0 

-20 

-40 

~'5~ ' ~'75 ' ' 3285 3295 3305 32e5 
FIELD STRENGTH (G) 

Fig. 5. A comparison of the calculated and experimental EPR 
spectrum for randomly oriented thylakoids prepared as for Fig. 
2a. The lower trace represents the contribution to the spectrum 
by spin-polarized P-700 +. The parameters for the simulation 
were: g value of P-700 +, 2.0026; linewidth of P-700 +, 8 G; g 
value of A o , 2.0031; g value of A~ ,  2.0054; linewidth of A~-, 
9.0 G; J = - 9 . 3 5  G; D = - 5 0  G; E = 0  G; microwave 
frequency, 9.193 GHz. 

G. These values are in good agreement with those 
reported by Gast  et al. [16] and Bonnerjea and 
Evans [17]. The range of acceptable J values (if 
D = - 5 0  G) was from - 8  to - 10.5 G depending 
on the g value chosen for A o, which was found to 
have a range of acceptable values from 2.0027 to 
2.0040. The effects of E on the random spectrum 
are slight, and good simulations can be obtained 
for the full range of acceptable values from zero to 
D/3. The lower trace in Fig. 5 shows the contri- 
bution of P-700 + to the random spectrum. 

The constraint that the above parameters, which 
allow satisfactory fits of the random spectrum, 
must also provide good fits for the oriented spec- 
tra narrows the range of acceptable parameter 
values considerably. Computer simulations of the 
three oriented spectra examined in this study are 
plotted in Fig. 6 along with the experimental data. 
We find that the oriented spectra can be simulated 
only if: (a) the g value of A o is 2.0031 + 0.0002 
for the parallel and 45 ° orientations; and (b) the g 
value of A o is 2.0026 + 0.0001 in the perpendicu- 
lar case. This slight amount of anisotropy in the g 
tensor of A o is needed to make the low-field 
portion of the spectrum due to A~- go to zero in 
the perpendicular orientation (Fig. 6b). When there 
is no net polarization on P-700 + (such as occurs 
when Ag = 0 in the primary radical pair), there is 
no polarization transferred to A~-, and the low- 
field contribution to the spectrum is minimized. 
Thus, the spectrum observed in the perpendicular 
orientation covers a narrower width of field values 
than the random spectrum and is centered at 
g = 2.0026, the g value of P-700 +. Evidence for 
small g anisotropy of the primary acceptor of 
bacterial photosynthesis has recently been found 
by Boxer et al. [29]. A second way in which the 
spectrum in the perpendicular orientation can be 
simulated is if the g value of A o is fixed at 
2.0031 _+ 0.0002 and g anisotropy a n d / o r  hyper- 
fine anisotropy of A ]  is incorporated into the 
model, so that the contribution to the spectrum 
due to A~- lies precisely on top of that due to 
P-700 +. 

As stated above the random spectrum is only 
slightly sensitive to the value of E. Simulation of 
the spectra of the oriented samples requires that E 
be between 0 and - 8  G. When the dipolar cou- 
pling tensor is made more rhombic, it is no longer 
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Fig. 6. A comparison of calculated and experimental EPR 
spectra for oriented thylakoids prepared as in Fig. 2b-d. The g 
values and linewidths of P-700 + and A~-, as well as the values 
of J, D and E were identical to those used to simulate the 
random spectrum (Fig. 5). The microwave frequency used in 
simulating each spectrum was identical to that used in the 
experiment (Fig. 2). Other simulation parameters were: (a) 
angle between the membrane normal and the magnetic field 
direction, 0°; g value of Ao, 2.0031; (b) orientation angle, 90°; 
g value of A o , 2.0026; and (c) orientation angle, 45°; g value 
of Ao, 2.0031. The mosaic spread of the membrane normals 
was 20 °, 0 was set at 90 ° and ff was 10 °. 
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poss ib le  to predic t  the peak  pos i t ions  and ampl i -  
tude  rat ios of  the spec t rum ob ta ined  for the 45 ° 
or ienta t ion .  Because the range of  acceptab le  g 
values for A o is na r rowed  by  the or iented  spec t ra  
s imulat ions ,  the range of  J values (assuming D = 
- 50 G)  is also na r rowed  to J = - 9.5 _ 1.0 G. 

Of the angle pa ramete r s  used for doing  the 
o r ien ta t iona l  averaging,  the s imula t ions  are most  
sensit ive to the values of/9 and the mosaic  spread.  
I t  was found  that  8, the angle be tween the mem- 
b rane  no rma l  and the z-axis of  the pr inc ipa l  axis 
sys tem of the d ipo la r  coupl ing tensor,  must  be 
very close to 90 ° (the lower l imit  is 85 ° ) to predic t  
the spectra  successfully at  all three or ienta t ions .  
Fur ther ,  the mosa ic  spread  cannot  be greater  than  
20 ° . Because the best  s imulat ions  were ob ta ined  
with the d ipo la r  coupl ing  tensor  near ly  axial and  a 
/9 of  90°C, the dependence  of  the pred ic ted  spect ra  
on ~ (the angle between the x-axis  of the pr inc ipa l  
axis system of  the d ipo la r  coupl ing tensor  and the 
m e m b r a n e  normal )  was slight. 

One shor tcoming  of  the model  presented  here is 
that ,  a l though it is successful in pred ic t ing  the 
peak  pos i t ions  and  relat ive peak  ampl i tudes  of  the 
r a n d o m  and  or ien ted  spectra,  it  does not  predic t  
the s t ructure  in some of  the or ien ted  spect ra  (Figs. 
5 and  6). I t  is poss ible  that  the s t ructure  in these 
spec t ra  is due to spectral  p roper t ies  of  A~- that  are 
diff icult  to extract  f rom these exper iments  because  
the spect ra  from A (  and  P-700 ÷ over lap  exten-  
sively at X-band .  Because litt le is known about  the 
A~ species, it was assumed in our  s imula t ions  that  
it has no g tensor  or  hyperf ine  tensor  an iso t ropy.  
A d d i t i o n  of  ei ther  one or  bo th  of  these an iso t ropic  
p roper t ies  to the model  presented  above  could  
account  for the s t ructure  in our  data.  Recently,  
Bonner jea  and Evans  [17] have ob ta ined  s teady-  
state EPR spect ra  which they assigned to A o  and 
A~-. The  spec t rum that  they a t t r ibu ted  to A 1 has 
a g value of  2.0051, a l inewidth  of  10.5 G (in good 
agreement  with our  results), and  an asymmetr ic  
l ine shape. 

The  g value ob ta ined  in our  work  for A o differs 
f rom the value 2.0017 + 0.0006 repor ted  by  Gas t  
et al. [16]. The  difference stems from the inclusion 
of  d ipo la r  coupl ing  in our  calculat ions,  which al- 
lows s imula t ion  of  the con t r ibu t ion  of  P-700 + to 
the r a n d o m  spec t rum without  invoking a negat ive 
g value difference between P-700 + and A o . The g 
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value that we obtain for A o is consistent with that 
expected for a reduced chlorophyll or pheophytin 
species, but those measurements are not sensitive 
to the linewidth of A o so as comparison with 
other EPR data concerning early P S I  acceptors 
[17,29,30] is not possible. In Ref. 17 the authors 
were able to deconvolute the g = 2.0 signal from 
reduced P S I  particles and reported a g value of 
2.0024 for A o and a linewidth compatible with a 
chlorophyll or pheophytin monomer species. This 
g value also differs from the one we reported here; 
but, taking into account the uncertainty in our 
data and the problems which may arise in decon- 
voluting the asymmetric line shapes reported in 
Ref. 17, these experiments are in reasonable agree- 
ment. 

Two other models for predicting the data pre- 
sented in this work were investigated. The first 
model assumed that P-700 ÷ was polarized via a 
one-site interaction with A~- (A 0 does not exist in 
this model) and that the observed spectra arose 
from contributions from both P-700 ÷ and A~- 
(both being statically polarized [26]). This model 
fails to predict the spectrum of the randomly 
oriented sample, The second alternative model in- 
volved the incorporation of A 0, but differed from 
that presented above in that isotropic exchange 
between P-700 + and A 1 was also included (a 
two-site model). In this model, both P-700 + and 
A ~ are statically polarized and the random spec- 
trum can be simulated as long as the exchange 
interaction between P-700 ÷ and A~ is less than 
that between P-700 + and A o by a factor of 1000. 
In light of this result, the one-site model used in 
our analysis of the above data is justified. 

Conclusions 

In this paper, we have presented new results 
concerning the orientation dependence of the low- 
temperature CIDEP signals obtained from spinach 
chloroplasts under reducing conditions. Our analy- 
sis involves a model capable of predicting the 
major features (g values of peaks and amplitude 
ratios) of both the random spectrum and the spec- 
tra for oriented thylakoids. This model is similar 
to those proposed in two recent works [16,17] in 
that it requires the existence of two acceptor species 
which (when reduced) have EPR signals in the 

g = 2.0 region and are prior to the more stable 
electron acceptor, X. The new findings presented 
in this work are: 

(1) The low-temperature CIDEP data from 
chloroplasts are consistent with the idea that there 
is an electron-electron magnetic dipole interaction 
between P-700 ÷ and the primary electron accep- 
tor, Ao.  

(2) The principal axis system of the dipolar 
coupling tensor between P-700 + and A o is ori- 
ented such that its z-axis lies in the plane of the 
thylakoid membranes. 

(3) There is additional anisotropy in the accep- 
tor species which manifests itself in either a small 
amount of g tensor anisotropy on A o or g tensor 
anisotropy and /o r  hyperfine anistropy on A j .  
These possibilities are currently under investiga- 
tion. 
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