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Summary 

Purified Photosystem I particles from spinach when reduced with 10 mM 
dithionite at pH 9 exhibited a 50% light reversible-ESR Signal 1 (P-700 +) at 
about  10 K. It was possible to show by signal-averaging techniques that  a ligh~ 
reversible ESR spectrum concomitant  with the reversible Signal 1 can be ob- 
served with approximate principal g factors at  g = 2.07, g = 1.86 and g = 1.75. 

Recently there has been some controversy [1--6] in the literature con- 
cerning the identity of  the primary electron acceptor  of  Photosystem I in 
green plant and algal photosynthesis.  The early observations of  Malkin and 
Bearden [1] that  an iron-sulfur ferredoxin type  ESK signal can be photo- 
produced in stoichiometric propor t ion to the oxidized Photosystem I donor 
P-700 + implicated a bound  ferredoxin as the Photosystem I primary acceptor. 
Subsequent  work tended to confirm this interpretation [2, 3, 5]. However, it 
now appears that  there are at least two bound  ferredoxin components  with 
very low redox potentials [7, 8]. Also, Warden et al. [9] noted that  the 
kinetics of  P-700 oxidation and reduction exhibited a small bu t  significant 
level of  reversibility at cryogenic temperatures.  The decay half life of  the 
reversible signal is about  0.8 s using a shuttered laser beam at 647 nm. 
Subsequently,  McIntosh et al. [6] reported that  the bound ferredoxin signals 
lacked any reversible componen t  bu t  they did find resonances at g = 1.75 and 
g = 2.07 which exhibited reversible kinetics identical to that  of  P-700 +. They 
proposed that  this new signal (at g = 1.75 and 2.07) is due to the primary 
electron acceptor  of  Photosystem I. In support  of  this model, Evans and 
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Cammack [10] observed that  the reduct ion of  the bound ferredoxins by 
sodium dithionite produces an enhancement  of  the reversible pho tooxida t ion  
of P-700 at low temperatures.  In fact, they found that  most  of the P-700 + ESR 
signal is light reversible in contrast  to the irreversibly formed ferredoxin ESR 
signals. In a recent  paper, Evans et al. [11] reported that  when highly purified 
Photosystem I subchloroplast particles were treated with sodium dithionite at 
pH 9 and then frozen, a broad reversible ESR componen t  could be seen at g = 
1.76 at 10 K in agreement with the work of  McIntosh et al. [6].  Evans et al. 
[ 11] also obtained a partial ESR spectrum of  this new componen t  which we 
will call "X" .  

Nevertheless, other  investigators have been unable to demonst ra te  the low 
temperature reversible P-700 + kinetics [4, 12]. In addition, Ke et al. [13] indi- 
cate that  the kinetics of  appearance of P-700 + and the bound ferredoxin signal 
are identical at low temperatures.  However, the work of Ke et al. was done at 
13 K and at higher temperatures  with a time constant  of 0.25 s for kinetic 
experiments; but  the results of  the kinetic experiments were presented on a 
time scale of  the order of minutes; and apparently no signal-averaging tech- 
niques were employed.  In our experience, some signal averaging has been neces- 
sary for the clear observation of  the reversible P-700 ÷ kinetics in the absence 
of dithionite reduct ion of the subchloroplast  particles. 

In this paper we cont inue our study of the spectral species " X "  and re- 
por t  on its complete first-derivative ESR spectrum. We have found this to be a 
rather difficult  task because of the difficult  signal-to-noise ratios inherent  in 
the very broad signals which are light reversible. In our hands, a straight- 
forward light versus dark spectrum over a range of 1000 G did not  provide suf- 
ficient signal amplitude for the broad light-reversible components .  We were 
obliged to resort  to signal-averaging techniques which we shall describe. 

We have utilized the methods of  Evans et al. [ 11] to obtain highly 
purified Photosystem I Tri ton subchloroplast  particles after DEAE-cellulose 
chromatography.  These particles (containing 5--10 mg of  chlorophyll  per ml of 
suspension) were reduced under  nitrogen with a fresh 10 mM sodium di- 
thionite solution at pH 9 for about  30 min at 0°C. The reduced particles were 
then frozen in the dark. At 10 K these particles exhibited aP-700 + (Signal 1) 
reversible signal which was about  twice as large under  illumination as that  in 
the dark after illumination at a power level of  0.1 mW. Thus, these particles 
displayed a 50% light-reversible character relative to the dark background after 
illumination. We determined that  the total P-700 + signal which could be ob- 
tained under condit ions of dithionite reduct ion plus illumination was very close 
to the total light-induced P-700 + signal obtained from particles with no di- 
thionite t rea tment  and with the same chlorophyll  concentrat ion.  

To obtain the light minus dark spectrum of  "X" ,  we employed a Spectra 
Physics Model 164-01 CW Kryp ton  laser beam at 647 nm with a power  of  20 mW 
This beam was periodically interrupted by a Vincent Associates Model 300-B 
"Unibl i tz"  programmable electronic shutter  as described previously [9]. In 
this work the ou tpu t  from the 100 kHz phase de tec tor  of  the Varian E12 ESR 
spectrometer  was led to an electronic averaging device which collected and 
averaged successive 0.5-s " l ight"  and "da rk"  segments of the ESR ou tpu t  and 
amplified this ou tpu t  by a factor of 16. A complete  light-dark cycle was 4 s 
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Fig. I .  Light  m i n u s  dark,  f i rs t -der ivat ive ES R s p e c t r u m  r e c o r d e d  at I 0  K dur ing  flash p h o t o l y s i s  at  
647  n m  of pur i f i ed  T r i t o n  P h o t o s y s t e m  I par t ic les  p rev ious ly  r e d u c e d  at  p H  9 wi th  10 m M  di th ioni te  in 
0 .05  M Tris  w i th  0 .2% T r i t o n  X-100.  M o d u l a t i o n  am p l i tu d e  = 32 G; m i c r o w a v e  p o w e r  = 1 0 0  mW. The 
vert ical  axis in the  f igure is e ight  t i m e s  that  r e c o r d e d  in the m e m o r y  o f  the  i n s t r u m e n t  c o m p u t e r .  

long to allow for decay of  the light-reversible signals. The difference of the 
"light"- and "dark"-averaged signals was led to the memory  of a Fabri-tek 
1072 instrument computer  (manufactured by Nicolet Corp). The advantage of 
this method is that  it discriminates against long-term drift of the instrument as 
the "dif ference"  is computed  every 4 s. Several control  spectra indicated 
satisfactory performance of  the apparatus. Two 500 G scans at 10 K were 
made, each requiring 2 h to obtain the complete  light minus dark first- 
derivative ESR spectrum of a purified spinach Photosystem I subchloroplast 
particle suspension shown in Fig. 1. We had established previously that  the 
subchloroplast  preparations were light reversible for many thousands of light 
and dark cycles. It  is to be noted that the P-700 + signal (Signal 1) at g = 2.0025 
is highly power  saturated and overmodulated under the conditions of the 
experiment.  Fig. 1 clearly shows three g factor components  at approximately 
g = 2.07, 1.86 and 1.75. The line shape of the spectrum is not  that  precisely 
expected for a first-derivative presentation of  a paramagnetic resonance with 
rhombic g factor symmetry  [6].  

In the previous work with non-reduced particles [6],  it was necessary to 
accumulate 256 scans on the instrument computer  to demonstrate  light~ 
reversible signals at g = 1.75 and g = 2.07. With the purified particles reduced 
with dithionite the improved signal-to-noise ratio in the light-reversible signal 
allowed the detect ion of a good signal in about  16 light-dark cycles with the 
improved techniques in this present work. 
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In the model which we have proposed [6] the spectral species "X"  func- 
tions as the primary acceptor in Photosystem I. Thus, it must  have a redox 
potential more negative than those of the bound ferredoxin components  which, 
in our model, function as secondary acceptors. Consequently, in agreement 
with Evans et al. [ 11]. we find that  t reatment  with dithionite, which at pH 9 
reduces both bound ferredoxin components,  greatly enhances the reversibility 
of the P-700 + and X-  signals. The kinetic behavior of the broad signal in Fig. 1 
with g factors of 2.07, 1.86 and 1.75 is identical to that  of P-700 +. Since, 
under the conditions of our experiment, the bound ferredoxins are reduced 
and inactive, the fact that  P-700 and species " X "  are still photoactive provides 
the best evidence for claiming that  species " X "  precedes the bound ferredoxins 
in the electron transport chain on the reducing side of Photosystem I. 

As to the identity of species " X "  we are puzzled. The g factors and ESR 
line shape are quite different from those of ferredoxin-type centers although it 
is almost certain that  species " X "  contains iron. Iron is probably present be- 
cause of the large g factor anisotropy observed in the spectrum which could be 
explained by the proximity of an iron atom or atoms in the molecular 
complex. We would speculate that  Photosystem I is similar to the bacterial 
photosystem where the presence of iron is well established [19]. If the struc- 
ture of " X "  is similar to the bacterial acceptor, this may explain the unusual 
line shape. That is, the electron may reduce an organic center such as a quinone; 
but the proximity of a paramagnetic iron would greatly distort the ESR 
spectrum. The g factors are similar to those of the primary acceptor in photo- 
synthetic bacteria [14, 15], so a similar structure may prevail although the 
large difference in redox potential mediates against this hypothesis. 

We do not  claim to have detected the ultimate primary acceptor of Photo- 
system I. Studies in the microsecond, nanosecond or even picosecond time 
range may reveal other components  as has been found in bacteria [ 16--18]. 

This research was supported by a grant from the National Research 
Council of Canada. 

Addendum 

It has come to our at tention recently that  Evans et al. [20] have reported 
a similar light-reversible spectrum with g factors of g = 2.08, 1.88 and 1.78 ob- 
tained at low temperatures in membrane fractions from the blue-green alga 
Chlorogloea fritschii. Evans et al. were successful in recording this spectrum by 
using a straightforward light-minus-dark technique. 
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