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Orientation of P700, the primary electron donor of Photosystem I 
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Ordered multilayers of Photosystem I particles were obtained by partial drying on mylar sheets. This material was used 
to study the orientation of PT00, the primary electron donor, by monitoring its light-induced triplet state at 4 K by EPR. 
The orientation dependence of the P700 triplet state was interpreted as indicating that P700 is oriented perpendicular to 
the mylar sheet. From a comparison of the orientation dependence of the iron-sulphur centres with data reported earlier 
in ordered chloroplast membranes, it is shown that the Photosystem I particles are ordered on mylar with an orientation 
comparable to that in the native membrane. Thus it is deduced that P700 is oriented perpendicular to the thylakoid 
membrane. 

Introduction 

P700 is the component that is oxidized first when 
Photosystem I (PS I) is excited by light (reviewed in 
Refs. 1-3). It consists of chlorophyll a with a long- 
wavelength absorption maximum at 700 nm. There is 
some controversy over whether P700 is a monomer or 
dimer of chlorophyll a molecules but the current bal- 
ance of opinion is tipping towards a dimer (reviewed in 
Refs. 1-3, see also Ref. 4 for recent experimental evi- 
dence). The orientation of P700 has been extensively 
studied using optical techniques (reviewed in Ref. 5). 
The y-axis of P700 has been shown to be in the plane of 
the chloroplast membrane [6], but since this axis is in 
the plane of the chlorophyll macrocycle this result does 
not provide information on the orientation of the chlo- 
rophyll plane relative to the plane of the membrane. 

Under certain conditions in which forward electron 
transfer is blocked, excitation of P S I  results in the 
formation of a radical pair, P700+Ao, (in which A 0 is 
the primary electron accepter). This radical pair decays 
by populating an usually polarised triplet state of P700 
(3p700) [7,8]. Since 3p700 is long-lived (approx. 1 ms at 
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4 K [9]) relative to the radical pair from which it 
originates, illumination by continuous light at low tem- 
perature allows the triplet signal to be detected by 
standard EPR techniques [8]. 

The 3p700 EPR signal is highly anisotropic and thus 
it can be used to obtain information on the orientation 
of the chlorophyll macrocycle. In this work P S I  par- 
ticles in ordered multilayers have been used in a study 
of 3P700 and the orientation of P700 has been de- 
termined. 

Material and Methods 

Two different kinds of P S I  particle were prepared 
from spinach chloroplasts. The first preparation was 
isolated by digestion with the detergent digitonin [10]. 
These particles retain their iron-sulphur centres, which 
act as electron accepters. The second preparation, iso- 
lated using SDS [11], lacked the iron-sulphur centres. In 
both cases the particles were suspended in distilled 
water, spread onto sheets of mylar and partially dried in 
an 80% humidity atmosphere in the dark at 4°C. The 
drying time varied from 2 to 6 days. Several of the 
mylar sheets were put into EPR tubes and spectra were 
recorded at different orientations of the mylar sheets 
relative to the EPR magnetic field [12]. 

To obtain a reducing environment the sheets were 
submerged in a 70% glycerol solution containing sodium 
dithionite (20%, w /v )  in 200 mM glycine (pH 10), 
incubated in darkness for 5 min and frozen in darkness. 
Samples were illuminated in the EPR cryostat and in 
some cases, in a solid CO2/ethanol  bath (200 K) or in a 
water bath (20°C) using a 500 W projector. Infrared 
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radiation was diminished by using a 1 cm water filter 
and 3 calflex (Balzers) heat filters. EPR spectra were 
obtained using either a Bruker ER-200 or a Bruker ESP 
300 spectrometer fitted with an Oxford Instruments 
liquid helium cryostat and temperature control system. 

R e s u l t s  

Since membrane-free P S I  particles were used in this 
study, it was necessary to establish that they order upon 
drying with the same orientation as they had in the 
native membrane.  The orientation of the EPR signals 
arising from the iron-sulphur centres, FA, F 8 and F x 
have been studied in some detail in a number  of differ- 
ent kinds of biological material ordered by partial dry- 
ing and by freezing in a magnetic field [13-16]. In the 
P S I  particles isolated using digitonin, the orientation of 
F A, F a and F x were monitored in the presence and 
absence of dithionite and before and after illumination 
at 5 K, at 200 K and at room temperature. The data 
obtained were essentially the same as reported earlier in 
chloroplasts. Striking orientation-dependent changes in 
the intensities of the EPR signals were seen. Because of 
the similarities to earlier results these effects will not be 
described in detail here. Fig. 1 shows a relevant example 
of the orientation effects seen in digitonin particles. The 
sample was reduced with dithionite and illuminated at 
200 K to photoaccumulate the reduced form of F x. The 
g = 1.76 signal, which is attributed to the gx component  
of reduced F x, is maximum when the mylar sheet is 
perpendicular to the magnetic field. From the similari- 
ties between these data and the orientation dependence 
for the iron-sulphur centres reported earlier [13-16], it 
is clear that the P S I  particles are oriented relative to 
the mylar sheet in the same way as they were in the 
native membrane.  

The EPR signal arising from the triplet state of P700 
could be observed when the oriented P S I  sample was 
illuminated at 4 K (Fig. 2a). The sample was preil- 
luminated at room temperature and then dark-adapted 
prior to freezing. This treatment was performed to 
optimise the yield of the triplet by ensuring that the 
menaquinone acceptor (A1) is double reduced [17]. The 
Z peaks showed a clear maximum when the mylar 
sheets were oriented parallel to the magnetic field. The 
X and Y peaks, however, were both weaker in ampli- 
tude and they overlapped with signals of the reduced 
iron-sulphur centres. This made determination of their 
or ien ta t ion  dependencies  difficult.  Hea t - induced  
changes in the signals of the iron-sulphur centres per- 
turbed the light-minus-dark spectra. I t  was thus not 
possible to obtain good data for the orientation of the Y 
peaks. A plot of the amplitude of the X peaks gave a 
poorly defined maximum at around 45 °. A signal of 
unknown origin, seen as a pair of  broad troughs around 
320 m T  and 355 mT, respectively, interfere with the 
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Fig. 1. (A) Orientation dependence of the iron-sulphur centre EPR 
signals in partially dried P S I  particles isolated using digitonin. 
Several mylar sheets were submerged in a 20% (w/v) sodium di- 
thionite (200 raM glycine/NaOH buffer (pH 10)) and incubated for 5 
re_in in darkness before freezing. Illumination at 200 K for 1 rain was 
given prior to recording the spectra. The angle of the mylar sheet 
relative to the magnetic field is marked on the figure. EPR instrument 
settings were as follows: modulation amplitude, 20 G; microwave 
power, 8 dB; temperature, 8 K. (B) A polar plot of the orientation 

dependence of the EPR signal at g = 1.76. 

triplet spectra at orientations close to 90 °. The presence 
of this signal also contributes to the difficulties encoun- 
tered in determining the orientation maxima for the X 
and Y peaks. 

In an at tempt  to improve the quality of the data, PS 
I particles were used which were prepared using SDS. 
This kind of preparat ion lacks the iron-sulphur centres 
and 3p700 can be detected as well resolved Z, X and Y 
peaks, even in samples in the absence of dithionite [8,9]. 
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Fig. 3 shows the 3P700 signal in this kind of preparation 
when dried on mylar. Although not as well ordered as 
in digitonin particles, the Z peaks still showed an 
amplitude maximum when the sheets were oriented 
parallel to the magnetic field. This confirms the ob- 
servation made in digitonin particles. The Y peaks were 
easily detected and their amplitudes were close to maxi- 
mum when the mylar was oriented at 60-70 ° to the 
magnetic field. The data for the X peaks were rather 
poorly resolved but are reconcilable with a maximum at 
20-30 ° , as predicted from the rule that the squared 
cosines of the three axis angles relative to the membrane 
normal must add up to 1 [14]. These results also seem 
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Fig. 2. (A) Orientation dependence of the light-induced P700 triplet 
EPR signal in reduced (digitonin) PS I particles. The sample was 
treated as described in the legend to Fig. 1 except that no illumination 
at 200 K was given and, instead, 4 rain of illumination were given at 
room temperature, followed by 1 min of dark adaptation, prior to 
freezing in darkness. The figure shows fight-minus-dark spectra re- 
corded at 4.2 K with the following instument settings: modulation 
amplitude, 18 G; microwave power, 40 dB; eight accumulations. 
(B) Polar plot of the orientation dependence of the Z and X peaks 
of the triplet signal in PS I (digitonin) particles. The amplitude 
of the X peak has been multiplied by approx. 5 times relative to 

that of the Z peak. 
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Fig. 3. (A) orientation dependence of the P700 triplet EPR signal in 
SDS particles. Samples were treated with sodium dithionite as de- 
scribed in the legend to Fig. 1. The dark-adapted sample was cooled 
to 4.2 K in darkness and spectra were recorded under illumination 
(solid lines) and in the dark, after illumination (broken lines). EPR 
instrument settings were as follows: modulation amplitude, 10 G; 
microwave power, 40 dB (20 pW); temperature, 4.2 K. (B) Polar 
plots of the three triplet peaks. In the plots, the amplitudes of the X 
and Y peaks have been multiplied by 2 relative to the amplitude 

of the Z peak. 

reconcilable with the poorer  data obtained for the X 
and Y peaks in digltonin PS I particles (Fig. 2). 

Discussion 

It  is clear that in both  P S I  preparat ions the Z peak 
of 3p700 is maximum when the mylar is oriented per- 
pendicular to the magnetic field. From the measure- 
mvnts of the iron-sulphur ccntres (Fig. 1), it is also clear 
that the P S I  particles are oriented as they were in the 



native membrane.  From magneto-photoselection experi- 
ments, it is known that the Z axis of the triplet in 
chlorophyll is perpendicular to the plane of the tetra- 
pyrrole ring [18]. Thus, the straightforward interpreta- 
tion of the data is that the chlorophyll which consitutes 
3p700 is oriented perpendicular to the membrane.  

Since the question of whether P700 is a monomer  or 
a dimer is unresolved, the influence of the structure of 
P700 on the interpretation of the orientation data must 
be considered. If  P700 is a monomer,  the interpretation 
given above is valid. If, however, as seems more likely, 
P700 is a dimer, the situation is somewhat less dear.  

If  the triplet is localized on one half of the dimer, the 
orientation data are again straightforward to interpret: 
the chlorophyll, on which the triplet is localized, is 
perpendicular to the membrane.  In this case, no infor- 
mation on the other chlorophyll of the dimer is ob- 
tained. If, on the other hand, the triplet is shared over 
both chlorophylls of the dimer, the orientation of the 
triplet axes would be an average of the axes of the 
constituent chlorophylls [19]. Thus the data obtained 
could reflect a non-obvious orientation of the two 
chlorophylls. 

When the equivalent measurements were made in 
purple bacteria, the same problem had to be considered 
[20,21]. It was suggested that the most  likely structure 
for the special pair was a pair of bacteriochlorophyll 
molecules which were parallel to each other. The triplet 
orientation data were thus taken as an indication that 
both bacteriochlorophyll molecules were almost per- 
pendicular to the membrane  [20,21]. X-ray crystallogra- 
phy confirmed this interpretation [22]. Similar consider- 
ations and interpretations may be valid for P700 since 
recent evidence indicates closer structural similarities 
between P S I  and purple bacteria than was previously 
thought [23,24]. 

A recent study of the reaction centre of green sulphur 
bacteria indicated that it can be considered as an evolu- 
tionary 'missing link' between the purple bacterial reac- 
tion centre and that of P S I  [24]. It  was thus suggested 
that new insights on the structure of the PS I reaction 
cente could be had by assuming a structural analogy 
with the well-characterised reaction centre of  purple 
bacteria [24]. In addition, from a comparison of the 
amino acid sequences of purple bacterial reaction centre 
proteins with those of PS I, conserved histidines were 
pointed out as possible ligands to P700 [23]. These 
results implied that P700 was a special pair of chloro- 
phyll molecules structurally analogous to the pr imary 
electron donor in purple bacterial reaction centres. 

I f  P700 is a pair of chlorophyll molecules, an ex- 
planation should be found for the monomeric  zero field 
splitting parameters  exhibited by the P700 triplet [7,8]. 
A simple explanation could be that the triplet is local- 
ized on one half of the chlorophyll special pair. Alterna- 
tively, in purple bacteria, it was concluded that the 
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decrease in the zero field splitting parameters  of the 
triplet state was due largely to its charge transfer char- 
acter rather than its delocalization [19]. Thus, even if 
the P700 triplet were delocalized over two chlorophyll 
molecules, it would show monomeric  zero field parame- 
ters if it lacked charge transfer character. Such dif- 
ferences in the nature of the triplet in a chlorophyll 
special pair, compared to those of the triplet in a 
bacteriochlorophyll special pair, may originate f rom the 
properties of chlorophyll versus those of bacteriochloro- 
phyll. It was pointed out earlier that the substitution of 
the acetyl group on ring 1 in bacteriochlorophyll by a 
vinyl group in chlorophyll could have an influence on 
the localization of the triplet in a chlorophyll special 
pair [25]. This structural difference could also determine 
the magnitude of any charge transfer character. 
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