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The Photosystem I electron acceptor complex was characterized by optical flash photolysis and electron spin 
resonance (ESR) spectroscopy after treatment of a subchloroplast particle with lithium dodecyi sulfate 
(LDS).  The following properties were observed after 60 s of incubation with 1% LDS followed by rapid 
freezing. (i) ESR centers A and B were not observed during or after illumination of the sample at 19 K, 
although the P-700 + radical at g = 2.0026 showed a large, reversible light-minus-dark difference signal. (ii) 
Center 'X', characterized by g factors of 2.08, 1.88 and 1.78, exhibited reversible photoreduction at 8 K in 
the absence of reduced centers A and B. (iii) The backreaction kinetics at 8 K between P-700, observed at 
g ffi 2.0026, and center X, observed at g = 1.78, was 0.30 s. (iv) The amplitudes of the reversible g -- 2.0026 
radical observed at 19 K and the 1.2 ms optical 698 nm transient observed at 298 K were diminished to the 
same extent when treated with 1% LDS at room temperature for periods of 1 and 45 min. We interpret the 
strict correlation between the properties and lifetimes of the optical P-700 + A~ reaction pair and the ESR 
P-700 ÷ center X -  reaction pair to indicate that signal A 2 and center X represent the same iron-sulfur 
center in Photosystem I. 

Introduction 

According to electron-spin resonance experi- 
ments performed at cryogenic temperatures, p~xo- 
tochemical charge separation proceeds between the 
primary electron donor P-700 (ESR Signal 1) and 
a primary electron acceptor complex consisting of 
A 0 and m I and three membrane-bound iron-sulfur 
centers (see Ref. 1 for review). After the initial 
charge separation has occurred, the electron is 
proposed to flow from A a to an intermediate elec- 
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Abbreviations: DCIP, 2,6-dichlorophenolindophenol; LDS, 
lithium dodecyl sulfate; P-700, Photosystem I reaction center 
chlorophyll; Signal 1, ESR resonance assigned to P-700 +. 

tron acceptor, center X, and finally to the terminal 
electron acceptors, centers A and B (however, see 
also Refs. 2 and 3). Optical absorption measure- 
ments performed at room temperature indicate a 
similar pattern of events: a primary electron 
acceptor, A1, is hypothesized to reduce an inter- 
mediate acceptor, A 2, which in turn donates an 
electron to the terminal electron acceptor, P-430 
[4]. With the exceptions of P-700 and Signal 1 [23] 
and center A and P-430 [5], a strict correlation 
between the optical and ESR components has not 
been made. In particular, center X has been sug- 
gested to correspond to either optical signal A 2 [6] 
or P-430 [7]. 

The electron acceptor components in Photosys- 
tem I have been probed mainly through chemical 
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reduction of the more oxidized species followed by 
measurement after pre-illumination (see Ref. 8). 
Optical signal A2, for example, becomes visible 
with its characteristic backreaction with P-700 ÷ 
only after P-430 has been reduced chemically prior 
to illumination. The same technique is applicable 
to electron spin resonance spectroscopy, where 
chemical reduction of a specific component is 
achieved before freezing and subsequent illumina- 
tion. This technique, although powerful, does have 
a potential liabihty: close proximity of a reduced 
acceptor species may distort the properties of the 
more primary electron acceptors, including spec- 
troscopic properties and backreaction times with 
P-700 ÷. Golbeck and Cornelius [9] concluded re- 
cently that LDS dissociates the small peptides 
containing P-430 from the 64-kDa peptide(s) which 
contain P-700 and the iron-sulfur cluster A 2. The 
removal of P-430 allows photochemical accumula- 
tion of A ] without the need for prior reduction of 
P-430. 

In this paper, we investigated the low-tempera- 
ture ESR properties of P-700 and its reaction 
partner after treatment of a Photosystem I particle 
with 1% LDS at room temperature. We were par- 
ticularly interested in determining the identity of 
the electron acceptor to P-700 in the absence of 
centers A and B, in investigating the properties of 
this acceptor, and in correlating the electron 
acceptor found by electron-spin resonance tech- 
niques with that found by optical flash techniques. 

Methods and Materials 

Tris buffer, Triton X-100, ascorbic acid, and 
DCIP were purchased from Sigma (St. Louis, MO). 
LDS was obtained from British Drug Houses. All 
other chemicals were from Fisher. Fresh spinach 
was obtained from a local distributor. Photosys- 
tem I particles were isolated as described in Ref. 9. 

Flash-induced absorption changes were mea- 
sured as described previously [9]. ESR spectra 
were obtained with a Varian E-9 spectrometer 
equipped with an Air products LTD-3-110 liquid- 
helium transfer cryostat. Sample temperatures were 
monitored with a calibrated carbon resistor 
situated directly below the 3 mm inner-diameter 
quartz sample tube. Light-minus-dark difference 
spectra were obtained with a PDP-11/23 mini- 

computer interfaced directly to the spectrometer 
and illumination was provided by 1000 W tungs- 
ten-halogen lamp (Oriel). The Photosystem I par- 
ticle was treated with 1% LDS at a chlorophyll 
concentration of 800 # g / m l  in darkness for 60 s. 
Ascorbic acid (1.7 mM) and DCIP (33/~M) were 
added to the sample 2 min prior to the addition of 
the LDS. The reaction was stopped by rapid freez- 
ing in the ESR tube. Specific ESR operating con- 
ditions are provided in the figure legends. 

Simulation of the center X ESR spectrum was 
performed utilizing an algorithm that conformed 
to the criteria described by Aasa and V~nngard 
[22]. Linewidth anisotropy was approximated as 
an unresolved, first-order hyperfine interaction. 
Simulations were obtained using a Digital 
Equipment Corporation PDP 11/23 processor or 
a Macintosh 512 K (Apple computer). 

Results 

Electron spin resonance studies of Photosystem I 
electron donors and acceptors at 19 K 

The proposal that LDS dissociates centers A 
and B from the Photosystem I reaction-center core 
[9] was tested by examining the LDS-treated par- 
ticle using electron spin resonance spectroscopy. 
The ESR spectra of photoreduced centers A and B 
are shown in a control Photosystem I particle in 
Fig. la. The sample was prereduced for 2 min with 
ascorbate-DCIP, taken to 19 K in darkness, and 
illuminated in the ESR cavity with a 1000 W lamp 
for 1 min. In agreement with earlier studies [10,11], 
the particle shows irreversible photoreduction of 
center A (g = 2.05, 1.94 and 1.86) and partial (less 
than 10%) reduction of center B (g = 2.07, 1.92 
and 1.89). Under identical conditions, Signal 1, the 
g = 2.0026 radical P-700 ÷, is created in the light 
and remains irreversibly oxidized during the dark 
measuring period (note the large g = 2.0026 reso- 
nance in Fig. la). The light-minus-dark difference 
spectrum (Fig. lb)  therefore only shows a small 
amount of reversible P-700. 

The ESR spectrum of the Photosystem I par- 
ticle after 60 s incubation with 1% lithium dodecyl 
sulfate is shown in Fig. lc. There is no significant 
photoreduction of either center A or center B 
when measured during illumination at 19 K or in 
darkness following illumination for 1 min. A 
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Fig. 1. ESR Spectra of the P-700 radical and centers A and B in 
Photosystem I particle before and after LDS treatment. (a) 
Control particle in Tris buffer (0.025 M, pH 8.5) after illumina- 
tion for 30 s; (b) Light-minus-dark difference spectrum of the 
P-700 + radical in a control particle; (c) LDS-treated particle in 
Tris buffer (0.025 M, pH 8.5) after illumination for 30 s. The 
particle was incubated for 1 rain with 1% LDS at 800/~g/ml 
chlorophyll before rapid freezing; (d) Light-minus-dark dif- 
ference spectrum of the P-700 + radical in the LDS-trated 
particle. ESR conditions for centers A and B (a & c): micro- 
wave power, 10 roW; microwave frequency, 9.249 GHz; re- 
ceiver gain, 5000; modulation amplitude, 25 G; scan width, 
1000 G; scan time, 4 rain; time constant, 0.3 s; temperature, 19 
K. ESR conditions for P-700 ÷ radical (b & d): microwave 
power, 100 ~W; microwave frequency, 9.249 GHz; receiver 
gain, 500; modulation amplitude, 2.5; scan width, 100 G; scan 
time, 4 min; time constant, 0.3 s; temperature, 19 K. 

l ight- induced,  reversible Signal 1 was found, how- 
ever, which represents  about  70% of  the P-700 
presen t  in the cont ro l  par t ic le  (Fig.  ld ) .  The  ab-  
sence of  pho to reduc ib le  centers  A and B, but  the 
presence  of  reversible P-700 pho toox ida t ion  in- 
dicates  that  p r ima ry  pho tochemis t ry  still occurs 
be tween P-700 and an  unident i f ied  acceptor  species 
at 19 K. 

E S R  spectrum of the reaction partner to P-700 in 
LDS-treated particles 

The ESR spec t rum of  a componen t  which forms 
revers ibly  in the l ight at  8 K and  has the character -  
ist ics of  an e lect ron acceptor  f rom P-700 is shown 
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Fig. 2. Light-minus-dark ESR Spectrum of the reaction partner 
to P-700 + in LSD-treated Photosystem I particle. The particle 
was treated at 800/xg/ml chlorophyll for 1 min prior to rapid 
freezing. ESR conditions: microwave power, 49 mW; micro- 
wave frequency, 9.249 GHz; receiver gain, 5000; modulation 
amplitude, 25 G; scan width, 1000 G; scan time, 16 min; time 
constant, 1 s; temperature, 8.6 K. 

in Fig. 2. The  highly an iso t ropic  ESR signal with 
features  near  g = 2.08, 1.88 and 1.78 is representa-  
tive of  center  X [12-16],  and  may  reflect an 
unusua l  d i s tor t ion  of  an i ron-sulfur  cluster.  The  
exper imenta l ly  observed g factors in Fig. 2 are 
s imilar  to those observed in chemical ly  reduced  
Photosys tem I par t ic les  ( g  = 2.08, 1.88 and 1.76); 
however,  the l inewidth for each of  the peaks  is 
s ignif icant ly  greater  than  observed previously  
[12,15,16]. Quant i t a t ive  studies indicate  that  this 
amoun t  of  center  X represents  70% of  that  found  
in the control  par t ic le  af ter  reduc t ion  at  p H  10.0 
with di thioni te .  Fig. 3 shows the l ight-off  kinet ics  

of  the g = 2.0026 species (P-700 ÷) and  the g = 1.78 
species (the high-field peak  of  center  X) .  Both 
P-700 and center  X show a 0.3 s l ight-off  t ransient ,  
which is consis tent  with a direct  charge recombi-  
na t ion  between the two components .  N o  evidence 
for  o ther  kinet ic  componen t s  for  ei ther P-700 + or  
center  X was observed.  Care  was taken to insure  
that  the kinetics ob ta ined  were not  inf luenced by  
inc ident  microwave  power.  

Microwave power saturation characteristics of center 
X 

In the LDS- t r ea t ed  part icle,  Center  X at  ap-  
prox.  9 K exhibi ts  s ignif icant  microwave power  
sa tura t ion  only  at  powers  in excess of  200 m W  
(P1/2 > 225 mW).  Compa r i son  of  these da t a  (not  
shown) with those presented  b y  Wi l l i ams-Smi th  
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Fig. 3. Light-off kinetics of center X and Signal 1 in an 
LDS-treated Photosystem I particle. The particle was treated 
with LDS as described in Fig. 1. ESR conditions are given in 
Fig. 1 (Signal 1) and Fig. 2 (Center X). Spectrometer time 
constant was 0.06 s. 

and  co-workers  [15] reveal that,  a l though we have 
ob ta ined  the spec t rum for center  X f rom a differ-  
ent  p repa ra t ion  and  under  divergent  p H  and redox 
condi t ions  than repor ted  by  these authors ,  the 
microwave power  sa tura t ion  behavior  of  center  X 
is s imilar  in bo th  laborator ies .  

Correlation of ESR center X with optical signal A 2 
A t  room temperature ,  the ampl i tude  of  the 

pho to - induc ib le  1.2 ms absorp t ion  t ransient  at  698 
n m  decreases with a half - t ime of  15 min at  p H  7.5 
[9]. Since bo th  center  X [14,15] and Signal A 2 
[17,18] have been suggested to be i r o n - s u l f u r  pro-  
teins, we a t t e m p t e d  to corre la te  the amoun t  of  
f lash- induced P-700 formed at  room tempera tu re  
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Fig. 4. Comparison of the ESR Signal 1 with the Optical P-700 
Transient in an LDS-treated Photosystem I Particle. The par- 
ticle was treated at 800/~g/ml chlorophyll in Tris buffer (0.05 
M, pH 7.5) with 1% LDS at 0°C for 1 min (a, b) and 45 min 
(c,d). For ESR determinations (a, c), the treated particle was 
rapidly frozen to 19 K at the times specified; for optical 
determinations, the particle was diluted to 20 /~g/ml chloro- 
phyll. ESR conditions are identical to Fig. 1; optical measure- 
ments (b, d) were performed as described in Ref. 9. 

with the amoun t  of  reversible Signal 1 seen at 8 K. 
Fig. 4 i l lustrates the P-700 ÷ radical  at g = 2.0026 
observed at  19 K and  the 698 nm P-700 t ransient  
observed  at  room temperature ;  70% of  the g = 
2.0026 radical  and  74% of  the opt ical  P-700 signal 
r emain  intact  af ter  incubat ion  with 1% LDS for 1 
min.  Af te r  45 min of  incuba t ion  at  room tempera-  
ture, only  21% of  the g = 2.0026 radical  and  23% 
of  the opt ica l  P-700 signal can be found. The  close 
cor respondence  be tween these values indicates  that  
center  X and Signal A 2 are equal ly  sensit ive to 
L D S  t reatment ,  s t rengthening their  ident i f ica t ion  
as the third i r o n - s u l f u r  center  in Photosys tem I. 

Simulation of the ES R  spectrum of center X 
The ESR spect ra  of  i ron-sulfur  clusters are 

character ized of ten by  f ie ld-dependent ,  inhomoge-  
nous line b roadening .  This phenomenon ,  loosely 
te rmed ' g  strain ' ,  is mani fes ted  by  an iso t ropic  
l inewidths  which cannot  be s imula ted  readi ly  by  
convent iona l  a lgor i thms [20]. The  spec t rum of  
center  X presented  in Fig. 2 is consis tent  with that  
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Fig. 5. Simulation of ESR center X. Simulation parameters: g 
(x, y, z), 1.786, 1.880, 2.075; principal linewidths (AH 
(x, y, z)), 105, 143, 135 G; microwave frequency, 9.25 GHz. 

of a 'g-strained' powder spectrum in that the peak- 
to-peak linewidths associated with each of the 
principal components of the g tensor are non- 
equivalent. A simulation of the spectrum of center 
X is presented in Fig. 5. This 'best-fi t '  simulation, 
although reasonable for the low- and mid-field 
components,  does not reproduce accurately the 
high-field feature. Our approach in simulating the 
ESR spectra of iron-sulfur clusters has been to use 
a linewidth tensor with a principal axis system that 
is coincident with the g tensor and a lineshape 
function (gaussian) that is symmetrical in mag- 
netic field. However, the g - -1 .78  component of 
center X clearly exhibits an asymmetrical lin- 
eshape, that cannot be fit faithfully by the sym- 
metric lineshape utilized. To date there has been 
no rigorous simulation of ESR spectra from 
[4Fe-4S] clusters; however, the approach of Hagen 
et al. [21] should be beneficial in interpreting the 
linewidth variation observed in the center X spec- 
trum. 
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Discuss ion  

The electron spin resonance data presented in 
this paper support the hypothesis that a brief 
(cless than 10 s) treatment with 1% LDS dissoci- 
ates the Photosystem I reaction center, thereby 
removing the peptide(s) containing centers A and 
B (P-430) from the reaction-center core. Since two 
molecules of P-430 exist per P-700 [23], the loss of 
both ESR centers A and B is entirely consistent 
with their identification as optical centers P-430. 
The ESR data indicate also that center X func- 
tions as the terminal electron acceptor in a Photo- 
system I particle that has been treated briefly with 
1% LDS. The identification of center X is based 
on the spectrum (especially the high field peak at 
g = 1.78), microwave power saturation characteris- 
tics [15], and backreaction time with P-700 + at low 
temperature [3]. The low-temperature properties of 
P-700 after LDS treatment resemble closely the 
properties of a control particle which in centers A 
and B are reduced chemically prior to illumina- 
tion. In particular, the g = 2.0026 radical due to 
P-700 + shows reversible photooxidation at 19 K 
with a half-time of 0.3 s. In a control particle with 
center A as the terminal acceptor, the photooxida- 
tion of P-700 is irreversible at 19 K. 

In agreement with the optical P-700 determina- 
tions [9], the amplitude of the reversible ESR 
Signal 1 (as monitored at 19 K) was unstable and 
decreased progressively as the particle was in- 
cubated at room temperature with 1% LDS. The 
rates of disappearance of the optical P-700 ÷ A 2 
reaction pair and the ESR P-700 ÷ center X -  reac- 
tion pair were identical at the 1 min and 45 min 
points, providing additional evidence that Signal 
A 2 and center X represent the same component  in 
Photosystem I. Since the spectrum of the 1.2 ms 
optical component  is representative of an iron- 
sulfur protein, the correlation between optical sig- 
nal A 2 and ESR center X supports the identifica- 
tion of the latter as an iron-sulfur cluster. The 
replacement of the 30 ms P-700 ÷ P-430- backreac- 
tion with a 1.2 ms transient, the insensitivity of the 
1.2 ms component  to methyl viologen, and the 
identical decay courses of the 1.2 ms optical tran- 
sient and the low-temperature P-700 + X -  reaction 
pair, are all inconsistent with the identification of 
center X as P-430. 
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Due to the low redox potential of center X, 
approx. - 7 1 0  mV [24,25], all previous electron 
spin resonance studies of this component have 
been performed under conditions that result also 
in the reduction of centers A and B. Most com- 
monly center X is observed after prior reduction 
of Photosystem I with dithionite at alkaline pH 
[13,26], although trapping of center X by strong 
illumination in the presence of a reductant has 
been reported also [27,28]. Of special interest for 
Photosystem I studies is the contention of Malkin 
and Bearden that the use of alkaline pH results in 
the diminution of P-700 photooxidation [29]. The 
data reported above, therefore, are significant in 
that they represent the first time that center X has 
been observed and its properties delineated in the 
absence of a reduced electron acceptor system. 

The spectrum of center X is characterized by a 
large g anisotropy (gz = 2.075, g y  = 1.880 and gx 
= 1.786) with gav= 1.91, a value smaller than that 
observed for other iron-sulfur clusters (e.g., center 
A, gav -- 1.95). In labeling the principal g factors 
in our experimental and simulated spectra, we 
have followed the protocol of Beinert and Albrach 
[30], in which gz = gl if (gl - g2) > (g2 - g 3 )  and 
gl > g2 > g3- However, we caution that assignment 
of the labels x, y and z to the molecular geomet- 
ric axis system can only be validated by single 
crystal studies. The values for the g factors that we 
have observed (Fig. 2) and determined by simula- 
tion (Fig. 5) for center X in the LDS-treated 
particle are in good agreement with previous data 
for this component [13,15,16,26,28]. These ob- 
servations indicate that LDS treatment does not 
perturb severely the geometrical structure of the 
iron-sulfur cluster of center X, since g~v and the 
corresponding g factors are sensitive to the com- 
position and spatial arrangement of electronic ex- 
cited states and the degree of delocalization of the 
unpaired electron over the atomic constituents of 
the iron-sulfur cluster [31]. Similarly, the close 
correspondence of the g factors of center X in the 
absence or presence of reduced centers A and B 
suggests that the unusual range of the g factors for 
this low-potential Photosystem I acceptor results 
from the inherent geometrical and electronic struc- 
ture of this cluster and not from dipolar a n d / o r  
spin-spin interactions with centers A and B. 

The spectra of center X presented in Fig. 2 and 

5 are free from interference from other iron-sulfur 
resonances (compare with Fig. 2 of Heathcote et 
al. [15]) and therefore are more tractable for analy- 
sis by computer simulation. The most salient char- 
acteristic of the experimental spectrum and its 
simulated counterpart is the anisotropy in the lin- 
ewidth for the principal resonances (AH~ = 135 G; 
AHy= 143 G; AHx= 105 G). Additionally, we 
observe that the linewidths for center X in the 
LDS-treated sample are approx. 30% broader than 
those observed in control particles [15,16]. Lin- 
ewidth anisotropy in ESR powder spectra may 
arise from a number of contributions: unresolved 
hyperfine couplings, dipole-dipole interactions, g 
strain and anisotropic relaxation [32]. Hagen and 
Albracht have examined the ESR spectrum of 
spinach ferredoxin (a 2Fe-2S cluster) and have 
attributed the hnewidth anisotropy of this spec- 
trum to an anisotropic distribution of dislocation 
strains [32]. Extrapolation and application of this 
hypothesis to interpret the ESR spectrum of center 
X in LDS-treated samples indicate that the pres- 
ence of the detergent results in an increased flexi- 
bility or conformational elasticity of the iron-sulfur 
cluster, which is expressed by the observed aniso- 
tropic broadening of the spectrum in comparison 
to the control. Alternatively, the broadening of the 
ESR spectrum in the LDS-treated particle as com- 
pared to the dithionite-reduced control particle 
might result from the absence of exchange-contri- 
butions to the linewidth from centers A a n d / o r  B. 
This hypothesis presupposes that the spectrum of 
center X in the presence of reduced centers A and 
B is exchanged-narrowed by coupling to one or 
both of these paramagnets [33]. Dissociation of the 
Photosystem I reaction center by LDS would dis- 
rupt this exchange interaction, thereby giving rise 
to the broadened spectrum observed in Fig. 2. 
Differentiation between these two hypotheses will 
require a detailed analysis of the ESR spectrum of 
center X over a range of microwave powers and 
temperatures in both control and LDS-treated 
samples. 

The conclusive identification of center X with 
the optical component A 2 mandates that the 
kinetics of recombination between reduced center 
X and P-700 + correspond to the kinetics of A 2 
monitored under similar experimental conditions. 
The lifetime of center X as monitored directly or 
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indirectly (via P-700 +) by ESR at cryogenic tem- 
peratures has been reported as clustering in the 
range approx. 250 ms: 130 ms [34], 250 ms [27], 
300 ms [3] and 800 ms [12,35]. In the LDS-treated 
Photosystem I particle we have observed a 300 ms 
recombination time for P-700 ÷ X-  (Fig. 3); these 
kinetics are first-order and monophasic. The simi- 
lar hfetimes for the P-700 ÷ X-  pair in the control 
[27,34] and LDS-treated samples suggest that (1) 
centers A and B do not influence the P-700 + X-  
backreaction at cryogenic temperatures, and (2) 
the native structure of the reaction center is not 
drastically perturbed by the detergent treatment. 
The variance of the 300 ms lifetime for reduced 
center X reported here with the 100 ms lifetime for 
A 2 at 77 K reported in the companion paper [9] 
and with the 130 ms kinetics for X-  and A ]  at 9 
K detailed by Shuvalov et al. [34], most probably 
has its origin in differences in sample preparation. 
There are likely to be variations in the observed 
lifetimes in various preparations due to the fact 
that electron tunneling is extremely sensitive to the 
distance between electron carriers. 

Acknowledgements 

This research was supported by a grant from 
the National Science Foundation to J.H.G. (DMB- 
8517391) and by a grant from the National In- 
stitutes of Health (2R01GM26133-06) to J.T.W. 
The authors thank Dr. Karoly Csatorday and Mr. 
John Cornelius for technical assistance and Mr. 
Timothy C. Warden (Apple Computer, Cupertino, 
CA) for helpful discussions and assistance in port- 
ing the simulation routines to the Macintosh 512K. 

References 

10kamura ,  M., Feher, G. and Nelson, N. (1982) in Photo- 
synthesis (Govindjee, ed.), pp. 195-272, Academic Press, 
New York 

2 Crowder, M.S. and Bearden, A. (1983) Biochim. Biophys. 
Acta 722, 23-25 

3 Srtif, P., Mathis, P. and V~mngard, T. (1984) Biochim. 
Biophys. Acta 767, 404-414 

4 Sauer, K., Mathis, P., Acker, S. and Van Best, J. (1978) 
Biochim. Biophys. Acta 503, 120-134 

5 Ke, B. and Beinert, H. (1973) Biochim. Biophys. Acta 305, 
689-693 

6 Parson, W. and Ke, B. (1982) in Photosynthesis (Govindjee, 
ed.), pp. 331-385, Academic Press, New York 

7 Hiyama, T. and Fork, D. (1980) Arch. Biochem. Biophys. 
199, 488-496 

8 Ke, B. (1978) in Current Topics in Bioenergetics, Vol. 7, 
Photosynthesis, Part A (Sanadi, D. and Vernon, L.P., eds.), 
pp. 76-138, AcademicPress, New York 

9 Golbeck, J.H. and Cornelius, J.M. (1985) Biochim. Biophys. 
Acta 849, 16-24 

10 Malkin, R. and Bearden, A. (1971) Proc. Natl. Acad. Sci. 
U.S.A. 68, 16-19 

11 Ke, B., Hansen, R.F. and Beinert, H. (1973) Proc. Natl. 
Acad. Sci. USA 70, 2941-2945 

12 Mclntosh, A.R., Chu, M. and Bolton, J.R. (1975) Biochim. 
Biophys. Acta 376, 308-314 

13 McIntosh, A. and Boiton, J. (1976) Biochim. Biophys. Acta 
430, 555-559 

14 Heathcote, P., Timofeev, K.N. and Evans, M.C. (1980) 
FEBS Lett. 111,381-385 

15 Heathcote, P., Williams-Smith, D.L. and Evans, M.C.W. 
(1978) Biochem. J. 170, 373-378. 

16 Golbeck, J.H. and Warden, J.T. (1982) Biochim. Biophys. 
Acta 671, 77-84 

17 Golbeck, J.H., Velthuys, B.V. and Kok, B. (1978) Biochim. 
Biophys. Acta 504, 226-230 

18 Kioke, N. and Katoh, S. (1982) Photochem. Photobiol. 35, 
527-531 

19 Sauer, K., Acker, S., Mathis, P. and Van Best, J.A. (1977) in 
Bioenergetics of Membranes (Packer, L., ed.), pp. 351-359, 
Elsevier, Amsterdam 

20 Hagen, W.R. (1981) J. Magn. Reson. 44, 447-469 
21 Hagen, W.R., Hearshen, D.O., Sands, R.H. and Dunham, 

W.R. (1985) J. Magn. Reson. 61,220-232 
22 Aasa, R. and Vhnngard, T. (1975) J. Magn. Reson. 19, 

308-315 
23 Warden, J.T. and Boiton, J.R. (1973) J. Am. Chem. Soc. 95, 

6435-6436 
24 Chamarovsky, S.K. and Cammack, R., (1982) Photobio- 

chem. Photobiophys. 4, 195-200 
25 Warden, J.T. (1981) Biophys. J. 33, 264a 
26 Evans, M.C.W., Sihra, C.L. and Cammack, R. (1976) Bio- 

chem. J. 158, 71-77 
27 Bonnerjea, J.R. and Evans, M.C.W. (1984) Biochim. Bio- 

phys. Acta 767, 153-159 
28 Dismukes, G.C. and Saner, K. (1978) Biochim. Biophys. 

Acta 504, 431-445 
29 Malkin, R. and Bearden, A.J. (1976) FEBS. 69, 216-220 
30 Beinert, H. and Albracht, S.P.J. (1982) 683, 247-276 
31 Blumberg, W.E. and Peisach, J. (1974) Arch. Biochem. 

Biophys. 162, 502-512 
32 Hagen, W.R. and Albracht, S.P.J. (1982) Biochim. Biophys. 

Acta 702, 61-71 
33 Pake, G.E. and Estle, T.L. (1973)The Physical Principles of 

Electron Paramagnetic Resonance, Ch. 6, W.A. Benjamin, 
Inc., Reading, MA 
Shuvolov, V.A., Dolan, E. and Ke, B. (1979) Proc. Natl. 
Acad. Sci. USA 76, 770-773 
Warden, J.T., Mohanty, P. and Bolton, J.R. (1974) Bio- 
chem. Biophys. Res. Comm. 59, 872-877 

34 

35 


