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The X-band (9.5 GHz) electron spin polarized (ESP) electron paramagnetic resonance (EPR) signal observed in 
iron-depleted bacterial reaction centers is due to P +-870Q- (P +-870 is the oxidized primary donor, a special pair of 
bacteriochlorophyll molecules, and Q -  is the reduced primary quinone acceptor). This signal contains information about 
the dynamic interactions and spatial relationships between the photosynthetic primary reactants as they undergo 
electron transfer. Interpretations of the X-band ESP EPR spectrum have not been unique because of insufficient 
spectral resolution and the simulations require a large number of adjustable parameters. Therefore, we have acquired 
ESP EPR spectra at X-band and Q-band (35 GHz) from iron-depleted bacterial reaction centers in which P-870, I 
(intermediary bacteriopheophytin acceptor), and Q were selectively deuterated (protonated). The effects of selective 
isotopic substitution and microwave frequency on the ESP EPR spectra of P +-870Q - (i) could not be explained by the 
polarization transfer mechanism alone, and (ii) allowed the determination of the polarization contributions of 2(p +-870) 
and 2(Q-)  to the composite ESP EPR spectrum. The resolution of these components suggests that the spin-correlated 
radical pair mechanism makes a significant contribution to the ESP spectrum from Z(P-870I)ZQ. The results presented 
here should provide a stringent test for computer simulations of the correct mechanism of ESP production. 

Introduction 

The  s tudy  of  t rans ien t  rad ica l s  by  t ime-reso lved  elec- 
t ron  p a r a m a g n e t i c  r e sonance  (EPR)  m e t h o d s  gives rise 
in mos t  ins tances  to spec t ra  which exhib i t  e lec t ron  spin  
po l a r i za t i on  (ESP),  or  a n o n - B o l t z m a n n  sp in  p o p u l a t i o n  
d i s t r ibu t ion .  The  obse rva t ion  and  subsequen t  under -  

s t a n d i n g  of  this p h e n o m e n o n  is an imlSortant  tool  to 
s t u d y  d y n a m i c  in t e rac t ions  be tween  t rans ien t  rad ica l s  
(Refs .  1 and  2; for  genera l  references,  see in pa r t i cu l a r  
Ref.  1). Thus ,  the obse rva t ions  of  ESP f rom radica ls  
wi th  resonances  near  g = 2 * * * in i t ia l ly  in green p l an t  

* The submitted manuscript has been authored by a contractor of 
the U.S. Government under contract No. W-31-109-ENG-38. 
Accordingly, the U.S. Government retains a nonexclusive, 
royalty-free license to publish or reproduce the published form 
of this contribution, or allow others to do so, for U.S. Govern- 
ment purposes. 

** Present address: The University of Connecticut, Storrs, CT 
06268, U.S.A. 

p h o t o s y s t e m  I [6] and  subsequen t ly  in p h o t o s y n t h e t i c  
bac te r ia l  r eac t ion  cen te rs  (RCs)  [7] shou ld  p r o v i d e  in- 
s ight  in to  the na tu r e  and  m a g n i t u d e  of  the in t e rac t ions  
as well as the spa t i a l  r e l a t ionsh ips  be tween  the p h o t o -  
syn the t ic  p r i m a r y  r eac tan t s  as they unde rgo  e lec t ron  
t ransfer .  Yet ,  m e c h a n i s m s  used to in t e rp re t  the  ESP 
spec t ra  f rom p h o t o s y n t h e t i c  sys tems  have been  on ly  
m o d e r a t e l y  successful .  In  the case  of  the ESP spec t r a  
f rom the bac te r i a l  RCs,  p r o b l e m s  in i n t e r p r e t a t i o n s  are  

** * This distinction is made to differentiate the ESP described here 
from that due to the photoexcited triplet state of the primary 
donor observed initially in bacterial reaction centers [3] and 
later in green plant Photosystems I [4,5] and II [36]. 

Abbreviations; ESP, electron spin polarization; EPR, electron para- 
magnetic resonance; I, intermediary bacteriopheophytin acceptor; D, 
dipolar interaction parameter; J, exchange coupling parameter. 
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primarily due to insufficient spectral resolution; whereas 
in green plant PSI  these difficulties are due to lack of 
understanding of the primary reactants. 

The observation of ESP, using conventional X-band 
(9.5 GHz) EPR, from photosynthetic bacterial RCs was 
first reported by Hoff et al. [7]. The transient ESP signal 
was only observed in iron-depletecl RCs. The authors 
suggested that the signal was due to P+-870Q- (P÷-870 
is the oxidized primary donor, a special pair of 
bacteriochlorophyll molecules, and Q- is the reduced 
primary quinone acceptor). Further refinement of the 
experiment demonstrated that this was indeed the case 
and that the polarization pattern of the composite spec- 
trum which was observed at short times with respect to 
the exciting pulse is low-field emission, middle-field 
enhanced absorption, high-field emission [8,9]. The 
'three-lobed' polarization pattern of a radical pair 
formed by two sequential electron transfer steps 

P-S70IQ -~' P+-870I - Q --, P+-870IQ- 

(I is the intermediary bacteriopheophytin acceptor) 
could be simulated using the mechanism involving 
polarization transfer first proposed by Pederseff [10]. In 
this mechanism, ESP observed in P+-870 and Q- re- 
flects only P+-870I- radical pair interactions. P+-870 
and Q- are not interacting. The simulations [8,9] re- 
quire that the polarization contribution of P÷-870 to the 
spectrum be A */E (low-field enhanced absorption/ 
high-field emission with excess absorption from the 
so-called 'net effect' symbolized by *). However, some 
of the parameters chosen to obtain a best fit to the 
experimental spectrum deviated considerably from the 
accepted values. 

The same 'three-lobed' ESP EPR spectrum has been 
observed from reactions of green plant Photosystem I 
[11-14,37-45] and interpreted by more than one model. 
The most generally applied model includes the polariza- 
tion transfer mechanism [8,14,43-45]. However, study- 
ing this signal in fully deuterated systems at higher 
microwave frequencies (K-band (24 GHz) and Q-band 
(35 GHz)) [15-17], demonstrated that the X-band 
' three-lobed' composite spectrum cannot be modeled by 
the simple polarization-transfer mechanism. 

In other attempts to simulate the ESP spectra from 
the bacterial RCs and green plant Photosystem I, the 
polarization-transfer mechanism was used with incorpo- 
ration of anisotropic terms [18]. In the case of bacterial 
RCs, the anisotropic terms included were dipolar inter- 
action in the first pair, P+-870I-, and an anisotropic 
g-tensor for Q-. The result required that the polariza- 
tion contribution of P+-870 was A/E* in contrast to 
the previous interpretation [8,9]. Note that both inter- 
pretations [8,9,18] differ from the results of recent EPR 
experiments on iron-containing RCs in which the native 
quinone has been replaced by different quinones. In 

these experiments, Gunner et al. [19] observed a tran- 
sient spin-polarized signal that had a low-field emissive 
and a high-field absorptive component and assigned it 
to P+-870. 

Recently, the problems encountered in interpreta- 
tions of the ESP spectrum observed in iron-depleted 
bacterial RCs have been noted [20]. Among these are: 
(i) the requirement for a large ratio, D/J (D is the 
dipolar interaction parameter and J is the exchange 
coupling parameter in the P+-870I- pair); (ii) a rela- 
tively large absolute value for J; and (iii) the deviation 
from accepted values for some of the g-factors and 
linewidths used as input. Therefore, another approach 
has been applied. This model is based on an ESP 
mechanism which has been used to explain an unex- 
pected electron spin echo phase shift of the ESP signals 
observed by pulsed EPR in green plant Photosystem I 
[40] and photoreactions in micelles [21]. Recently, 
quantitative descriptions of this model have been pre- 
sented to explain the unusual features present in the 
ESP EPR spectra of photoreactions in micelles [22,23] 
and biradicals [24]. Using this approach, Hore et al. [20] 
simulated the ESP observed in the iron-depleted 
bacterial RCs, with the assumption that the inter- 
mediate pair P+-870I- is too short-lived to contribute to 
development of ESP. Thus the ESP in P+-870Q- results 
from rapid formation of this spin-correlated radical 
pair. Although the results are promising, the initial 
assumption may conflict with the experimental results 
of Gunner et al. [19] which demonstrated that polari- 
zation of P+-870 is only observed in those RCs in which 
the particular quinone substitution increases the lifetime 
of P+-870I- relative to that in native RCs. Also, iron 
depletion might increase the lifetime of P+-870I- rela- 
tive to its lifetime in native RCs [25,47]. 

Clearly, a simulation of the X-band ESP EPR spec- 
trum of bacterial RCs will not be unique because of 
insufficient spectral resolution and the number of ad- 
justable parameters needed to describe ESP. Therefore, 
to aid in the determination of the correct mechanism of 
ESP observed from P+-870Q- in bacterial RCs, we have 
measured ESP EPR spectra at X-band and Q-band 
microwave frequencies from iron-depleted RCs in which 
P-870, I, and Q were selectively deuterated (protonated). 
The corresponding change in linewidth upon deutera- 
tion (protonation) and increased spectral resolution at 
Q-band microwave frequency allow the origin of several 
features of the ESP spectrum to be determined. 

Materials and Methods 

Reaction centers from the photosynthetic bacterium, 
Rhodobacter sphaeroides R-26 were isolated according 
to the procedures described by Wraight [26]. The method 
of Tiede and Dutton [27] was followed for removal of 
Fe from the reaction centers. Deuterated reaction centers 



were isolated from whole cells of Rb. sphaeroides R-26 
which were grown in D20 (9.9.7%) on deuterated sub- 
strates [28,48]. Deuterated ubiquinone-10 was obtained 
from these cells using the method of Hale et al. [29]. 
Quinone removal and reconstitution with deuterated or 
protonated ubiquinone-10 was done according to 
Okamura et al. [30]. The extent of quinone removal and 
reconstitution was tested by measuring the amplitudes 
of the EPR signals of P+-870 and 3p-870. These mea- 
surements indicated that more than 90% of the quinone 
was removed and that 90% was reconstituted. Reaction 
center samples used in the EPR experiments contained 
approx. 50% ethylene glycol and were frozen (77 K) in 
the dark. The samples were checked by EPR for the 
presence of any reduced quinone in the dark before and 
after illumination, since spin polarized signals from 
chemically prereduced quinone have been observed in 
such systems [8] and could interfere with the ESP 
spectrum of P+-870Q-, No EPR signal was observed 
without illumination, 

Samples of the following isotopic compositi,n were 
used: 

(a) protonated reaction centers l(P-870I)IQ; 
(b) deuterated reaction centers 2(p-870I)2Q; 
(c) protonated reaction centers with deuterated 

ubiquinone-10 I(P-870I)2Q; 
(d) deuterated reaction centers with protonated 

ubiquinone-10 z(P-870I)1Q. 
The low temperature X-band EPR experiment and 

light modulation (500 Hz) experiment combined with 
phase-sensitive detection have been described previ- 
ously [16]. The Q-band EPR spectra were recorded 
using a Bruker ER053QRD Q-band EPR bridge, a 
Varian TE011 cavity and a Varian E-9 series console. 
For low-temperature Q-band EPR experiments, the EPR 
cavity was placed inside an Air products LTR cryostat 
in which the X-band dewar was replaced with a wide 
mouthed dewar. Temperatures at the sample position in 
the cavity (see figure captions) were measured with a 
chromel vs, gold (0.07% iron) thermocouple inserted in 
an EPR tube filled with water. 

The g-factors were determined by comparison to a 
standard Varian strong pitch sample (g = 2.0028) at 
X-band and to the light induced signal of P+-870 (g = 
2.0026) [31] in protonated native reaction centers of Rb. 
sphaeroides R-26 at Q-band. The errors in the measured 
g-factors are _+ 0.0004 (2 standard deviations). 

Since the experimental ESP EPR spectra are ob- 
tained using a modulated light source combined with 
phase-sensitive detection of the EPR signal with respect 
to the light source, phase problems can result. In the 
experiments reported here, all signals were phased for 
maximum amplitude and in several instances (see Re- 
suits section) we were able to verify that the light-mod- 
ulated ESP EPR signal is the same as that obtained at 
early times with more direct time-resolved EPR meth- 
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ods [8,9,17]. Relative spectral intensities within a given 
ESP EPR signal did not change with the modulation 
frequency (100 Hz to 1 kHz) of the light source. For 
each sample, no EPR signal was observed 90 ° out of 
phase except when the Z(P-870I)lQ sample was studied. 
The sense of the polarization (absorption vs. emission) 
was calibrated by reference to the polarized triplet EPR 
spectrum observed in the reaction centers. 

Results 

Rb. sphaeroides R-26 reaction centers of various iso- 
topic composition were studied using X-band and Q- 
band EPR. The EPR signals measured under continu- 
ous illumination and with light modulation (ESP EPR 
signals) are displayed in Figs. 1 and 2. 

X-band continuous illumination 
The spectrum obtained from l(P-870I)1Q (Fig. la) 

has a g-factor of 2.0033 and the lineshape is characteris- 
tic of the composite spectrum reported for P÷-870Q- 
[8,32]. 2(P-870I)2Q gives a spectrum (Fig. lb) that shows 
partial low-field spectral resolution and clearly reveals 
the presence of Q- in the spectrum. 

X-band light modulation 
The ESP EPR spectrum (Fig. la) obtained from 

1(P-870I)IQ shows the same features ( E / A / E  and g- 
factors) as those studied using more direct time resolved 
EPR methods [8,9,17]. This comparison verifies the light 
modulation technique and the sense of the polarization. 
The ESP EPR spectrum (Fig. lb) obtained from 2(p. 
870I)2Q shows an absorptive feature at g = 2.0003 which 
is not apparent in the ESP EPR spectrum obtained 
from 1(P-870I)lQ (Fig. la) or l(P-870I)2Q (Fig. lc). 

Q-band continuous illumination 
Each Q-band EPR spectrum (Fig. 2) obtained under 

continuous illumination is better resolved than at X- 
band showing a low field peak which is due to Q- and a 
high field absorption at g = 2.0025 "which is due to the 
superposition of the spectra of P+-870 and Q- [33]. The 
relative intensity of the low-field peak to that of the 
high-field peak varies with isotopic substitution. Powder 
spectrum simulations showed that the observed relative 
intensity of the low-to-high field peak is as expected. 
Thus, the signals are not microwave power saturated 
and there are no contributions to the spectrum from 
RCs that contain iron. In the spectra obtained from 
2(p-870I)2Q and l(P-870I)2Q (Fig. 2b and c), the low- 
field absorption is partially resolved showing the g-ani- 
sotropy of Q- ( g.~.,. = 2.0068, gyy = 2.0056, g.~ = 2.0024) 
[8,33]. 

Q-band light modulation 
The ESP EPR spectrum obtained from I(P-870I)1Q 

(Fig. 2a) shows similar features as the K-band ESP EPR 
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Fig. 1. X-band EPR signals measured under continuous illumination ( ) and with 500 Hz light modulation ( . . . . . .  ). Microwave power, 0.01 
roW; 100 kHz field modulation; temperature 8 K. (a) l(P-8701)]Q modulation amplitude, 1.0 gauss. (b) 2(p-870I)2Q modulation amplitude, 0.5 

gauss. (c) ](P-8701)2Q modulation amplitude, 0.5 gauss. (Each spectrum is plotted so that the peak with maximum amplitude is full scale.) 

s p e c t r u m  of  Pe te r sen  et al. [17]. A d d i t i o n a l  spec t ra l  

r e s o l u t i o n  is obse rved  wi th  d e u t e r a t e d  s amp l e s  at Q-  

b a n d  (Fig.  2b).  A n  emiss ive  fea ture  is p r e d o m i n a n t  at  

low field whi le  at high field b o t h  a b s o r p t i v e  a n d  emis -  

sive fea tures  are  m a j o r  c o m p o n e n t s .  T h e  E S P  E P R  
s p e c t r u m  of  l ( P - 8 7 0 I ) 2 Q  (Fig .  2c) shows  a low-f i e ld  

emiss ive  f ea tu re  wi th  the  s a m e  g - f ac to r  (2.0056) a n d  

l i n e w i d t h  as the  low-f ie ld  emiss ive  f ea tu re  of  the  spec-  
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trum from 2(P-870I)2Q (Fig. 2b). At high field the 
spectrum differs from that of Fig. 2b; a single spectral 
feature at g = 2.0018 is present. The ESP EPR spectrum 
of z(P-870I)lQ (Fig. 2d) has major features at g-factors 
that overlap the high-field portion of the spectrum 
obtained from 2(p-870I)2Q (Fig. 2b). 

Discussion 

Comparing the EPR spectra obtained from samples 
which differ only in isotopic composition as well as 
observing them at different microwave frequencies is 
often used to resolve EPR spectra which are made up of 
more than one radical or a radical exhibiting g-ani- 
sotropy. This technique is also useful in determining 
which magnetic interactions give rise to spectral split- 
tings. Zeeman interactions (g-factors) are frequency 
dependent and electron-nuclear hyperfine interactions 
depend on isotopic composition. Electron-electron cou- 
plings do not vary with either frequency or isotope. 
When EPR spectra show electron spin polarization, the 
pattern of ESP depends on the relative magnitudes of 
the same interactions. Therefore, the observation of 
changes in the ESP EPR spectra as a function of 
isotopic composition and microwave frequency can be a 
way to understand the mechanism of ESP production. 

In the P+-870Q- ESP EPR signal, we expect that the 
magnitudes of several of the magnetic interactions which 
contribute to the spectral splittings and to the pattern of 
ESP are similar. Therefore, the observed ESP EPR 
spectrum will be due to a complex interplay of these 
interactions and ultimately requires a complete simula- 
tion to understand the mechanism of ESP radical pair 
production. Such a simulation should include a consid- 
eration of ESP development from both polarization 
transfer and rapid formation of a spin-correlated radical 
pair as well as parameters that are consistent with the 
known structure of the reaction center crystal. Never- 
theless, by comparing the line splittings and polariza- 
tion patterns of the experimental ESP EPR spectra as a 
function of frequency and isotopic composition, we can 
already make some conclusions about which magnetic 
interactions are significant and possible mechanisms for 
formation of ESP. 

The polarization pattern E/AlE for the X-band 
ESP EPR spectrum from 1(P-870I)IQ (Fig. la) that was 
first observed by Hoff et al. [7] changes to E/A/E/A 
for the X-band ESP EPR spectrum from 2(P-8701)2Q 
(Fig. lb). The appearance of the high-field absorption 
peak in the spectrum from 2(P-870I)ZQ could be due 
simply to the fact that the unresolved hyperfine interac- 
tions which contribute to the linewidths are reduced 
sufficiently compared to those in l(P-870I)1Q so that a 
splitting due to other interactions (exchange, dipolar, 
g-factor differences) is expressed. On the other hand, a 
reduction in hyperfine interactions relative to g-factor 
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differences could cause a change in polarization even at 
X-band so that the high-field absorption appears. The 
former explanation seems most reasonable because the 
overall polarization pattern (E/A/E/A)  from 2(p_ 
870I)2Q does not change with microwave frequency 
(compare Fig. lb  with 2b). Similar explanations could 
be given for the observed change from E/AlE to 
E/A/E/A for l(P-870I)lQ upon going from X-band to 
Q-band (compare Fig. la  with 2a) except that instead of 
a reduction in hyperfine interactions there is an increase 
in the g-factor differences. 

Although the overall ESP pattern in the z(P-8701)2Q 
spectra is independent of the change in microwave 
frequency from X-band to Q-band, the separation be- 
tween the low-field resonance (E)  and the remaining 
resonances (AlE/A) (Figs. lb  and 2b) increases. This 
separation is frequency dependent and must be related 
to g-factor differences. We expect that these g-factor 
differences are between the low-field resonances of 
ubiquinone and those primarily due to P+-870. Our 
assignment of the low-field resonance at g,.,. = 2.0056 to 
ubiquinone is supported by comparison of the 2(p_ 
870I)2Q ESP EPR spectrum (Fig. 2b) to the Q-band 
EPR signals obtained under continuous illumination 
(Fig. 2b and [33]) and from chemically reduced 
ubiquinone (g.,.,. = 2.0068, g,.,. = 2.0056, g=. = 2.0024). 
[8] This comparison also shows that the ESP EPR 
spectrum obtained from z(P-870I)ZQ (Fig. 2b) has no 
polarized feature at gx.~ = 2.0068. 

Differences are observed in the Q-band ESP EPR 
spectra obtained from I(P-870I)-'Q and 2(p-870I)IQ (Fig. 
2c and d, respectively) which suggest that in each case 
the signal intensity of the protonated component is 
attenuated leaving only the ESP spectrum of the de- 
uterated component. In Fig. 2c, the g-factors of the 
spectral features are in the range of the g-factors re- 
ported for ubiquinone [8,33] and the low-field feature 
has a similar g-factor and linewidth as the low field 
feature in the spectrum obtained from 2(P-870I)2Q. If 
we assume that the spectrum in Fig." 2c is the ubiquinone 
contribution to the ESP EPR composite spectrum, it is 
all in emission with an anisotropic polarization. This 
anisotropic polarization is different from that reported 
in RCs in which the ubiquinone was prereduced [8]. On 
the other hand, the ESP EPR spectrum obtained from 
2(p-870I)lQ (Fig. 2d) is centered around g = 2.0028 and 
has features similar to the high-field peaks of the spec- 
trum obtained from 2(P-870I)ZQ. Thus, the spectral 
features of Fig. 2d appear to be due to deuterated 
P+-870 making its contribution to the composite ESP 
EPR spectrum A/E/A. In fact, the addition of the 
spectra obtained from 1(P-870I)2Q (Fig. 2c) and Z(p_ 
870I)1Q (Fig. 2d) gives a total spectrum (Fig. 3) very 
similar to that obtained from 2(P-870I)/Q. 

One explanation for the attenuated spectral inten- 
sities of the protonated species in the ESP EPR spectra 
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Fig. 3. Comparison of the Q-band EPR signal from 2(p-8701)2Q 
measured with 500 Hz light modulation (same as Fig. 2b) ( ) 
and the sum of the Q-band EPR signals from l(P-8701)2Q (same as 
Fig. 2c) and 2(p-870I)lQ (same as Fig. 2d) measured with 500 Hz 

light modulation. ( . . . . . .  ). 

obtained from l(P-870I)2Q and 2(p-870I)lQ (Fig. 2c 
and 2d) is that the spin-correlated radical-pair mecha- 
nism makes a significant contribution to the ESP. In 
this mechanism, a non-zero exchange or dipolar interac- 
tion in the radical pair being observed will cause each 
hyperfine transition to shift and split into a doublet 
with one emissive and one absorptive component  
[20,22-24,34,40]. Therefore, the attenuated intensities of 
the spectral features due to the protonated species in 
Fig. 2c and d could result from cancellation of over- 
lapping absorption and emission lines. These cancella- 
tion effects would be diminished in spectra obtained 
from deuterated radicals because of narrower unre- 
solved hyperfine interactions compared to protonated 
radicals. 

If the spectrum shown in Fig. 2d is in fact the 
contribution of deuterated P+-870 to the polarized spec- 
tra, then the A/E/A pattern obtained does not support 
the polarization transfer [8-10,18,43-46] mechanism of 
ESP radical pair production. As pointed out in the 
Introduction, simulations of the X-band ESP EPR spec- 
trum using the mechanism of polarization transfer 
[8,9,18,46] required that the polarization contribution of 
P+-870 be A*/E or A/E* (if dipolar interaction in 
P+-870I- and g-anisotropy of Q -  is included). This 
same model would predict that at Q-band the polariza- 

• tion contribution of P+-870 would show predominantly 
net polarization (A or E,  respectively) and this is not 
observed [44]. Thus, the mechanism of polarization 
transfer by itself is not sufficient to reproduce the 
spectra obtained in this work. 

The A/E/A polarization pattern for deuterated P÷- 
870 differs from the E/A P+-870 polarization reported 

by Gunner  et al. [19]. The latter X-band EPR experi- 
ments were done with native protonated reaction centers 
(Fe present) in which different types of quinone were 
substituted for the native ubiquinone. However, from 
the protonated systems studied in this work, we cannot  
exclude the possibility that the polarization contribution 
of I(P+-870) is E/A and differs from the polarization 
contribution of 2(p+-870). 

In summary, the effects of selective isotopic substitu- 
tion and microwave frequency on the ESP EPR spectra 
of P+-870Q- have allowed us to determine (i) that the 
polarization transfer mechanism alone cannot account 
for the fact that the composite ESP EPR spectrum from 
2(p-870I)2Q does not change with microwave frequency 
and that the 2(p+-870) polarization contribution does 
not show a predominant  'net '  polarization at Q-band; 
and (ii) that the polarization contribution of 2(p÷-870) 
to the composite ESP EPR spectrum is A/E/A and the 
contribution of 2 (Q-)  is all emission with an aniso- 
tropic polarization (absence of feature at g.,-x = 2.0068). 
The resolution of the 2(p+-870) and 2 (Q- )  polarization 
contributions to the composite spectrum may be indica- 
tive of a significant contribution of the spin-correlated 
radical-pair mechanism to the ESP. Although these 
results strongly suggest that magnetic interactions be- 
tween P+-870 and Q -  are required for ESP production, 
they cannot  be used to determine whether P÷-870I-  
interactions contribute to ESP development. Computer  
simulations are being carried out to investigate the 
possibility that both the polarization transfer mecha- 
nism and the spin-correlated radical-pair mechanism 
con t r ibu te  to the ESP. The X-band and Q-band ESP 
EPR spectra presented in Figs. 1 and 2 with the pub- 
lished X-band [7-9] and K-band [17] ESP EPR spectra 
obtained from protonated reaction centers should pro- 
vide a stringent test for the computer  simulations of the 
correct mechanism of ESP radical pair product ion in 
photosynthetic bacteria. 
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