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A deconvolution was carried out with the low-temperature absorption spectra of P-700-em'iehed particles 
(Ikegami, I. and Katoh, S. (1975) Biochim. Biophys. Acta 376, 588-592) which had a total chlorophyll a 
(Chl a) to P-700 ratio of about 10. The gaussian corresponding to the reduced P-700 had a peak at 694 nm 
with a rather large band width. On the other hand, the gaussian corresponding to the oxidized P-700 had a 
peak at 687 nm with a narrow band width. The absorption spectrum of the reduced particles was fitted by the 
sum of five components, Chl a-660, Chl a-670, Chl a-675, Chl a-682 and Chl a-686 with the areas in a ratio 
of about 1:2 (or 3 ) :2 :2 :1 ,  in addition to Chl a-694 (P-700) with the area suggesting two Chl a in the 
reduced P-700. The absorption spectrum of the oxidized particles was reconstructed with the same 
components with almost the same stoichiometry as estimated in the reduced spectrum, except that Chl a-694 
(P-700) was substituted to Chl a-687 (P-700 +) with the area half of the reduced P-700. 

Introduction 

The reaction center chlorophyll of PS I, P-700, 
has been proposed to be a special pair of Chl a 
molecules. This criterion is derived from the 
oxidized-minus-reduced difference absorption 
spectrum of P-700, which has a main bleaching 
around 700 nm with a satellite around 690 nm 
[1,2]. Schaffernicht and Junge [3] interpreted this 
spectrum on the basis of the assumption that 
P-700 is a dimer. A dimeric structure of P-700 was 
also suggested by the derivative-shaped difference 
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circular dichroism (CD) spectrum of P-700 [4-6]. 
Electron paramagnetic resonance (EPR) and elec- 
tron nuclear double resonance (ENDOR) data on 
P-700 ÷ were earlier interpreted as an evidence that 
the positive charge in P-700 ÷ is delocalized over 
two chlorophyll molecules [7,8]. However, by 
recent electron magnetic resonance studies, 
Wasielewski et al. [9,10] and O'Malley and 
Babcock [11] suggested that the positive charge in 
P-700 ÷ is located on only one chlorophyll mole- 
cule. Frank et al. [12] and Rutherford and Mullet 
[13] have also revealed that the EPR signal from 
the triplet state of P-700 was similar to that of 
monomeric Chl a triplet in vitro. 

Ikegami and Katoh reported that most antenna 
pigments can be extracted without any loss of 
P-700 activity by the treatment of P S I  particles 
with wet diethyl ether [14]. The resultant P-700- 
enriched particle has the total Chl a to P-700 ratio 
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as low as 8-11. Most of the Chl a remaining in 
this preparation, including P-700, might be con- 
stituents of an essential core part of the P S I  
reaction center, because the further enrichment of 
P-700 was not successful even by repeating the 
ether extraction [14]. Recently, we have classified 
these chlorophylls into several groups by a curve 
analysis of the room-temperature absorption spec- 
trum, and suggested the presence of two dimer-like 
(Chl a-684, Chl a-674) and two monomeric (Chl 
a-669) species in addition to P-700 [15]. However, 
the absorption bands of the reduced and the 
oxidized forms of P-700 were not well char- 
acterized in that work. 

In this report, we analysed the absorption spec- 
tra of P-700-enriched particles under the reduced 
and the oxidized conditions and estimated the 
absorption bands for the reduced and the oxidized 
state of P-700. The analysis at low temperature 
gave better resolution than that at room tempera- 
ture, since at low temperature, the absorption 
spectrum of P-700-enriched particle showed a dis- 
tinct shoulder around 700 nm in the presence of 
ascorbate or around 687 nm in the presence of 
ferricyanide. The absorption band estimated for 
the reduced P-700 had a peak at 694 nm with a 
rather large band width, suggesting that the num- 
ber of Chl a involved in P-700 is 2. On the other 
hand, the oxidized P-700 had a peak at 687 nm 
with a monomer-type narrow absorption band, 
which suggests one Chl a molecule remaining 
unoxidized in P-700 ÷. 

Materials and Methods 

P-700-enriched particles were prepared as de- 
scribed previously [14-17]. PS-I particles, pre- 
pared by digitonin treatment of spinach chloro- 
plasts, were lyophilized and then extracted twice 
with diethyl ether containing water in 80% satura- 
tion, to yield P-700-enriched particles having a 
Chl-a/P-700 ratio of about 10. The P-700-en- 
riched particles obtained were solubilized with 
phosphate buffer (10 mM, pH 8) containing 
0.1-0.2% Triton X-100 by incubation for 15 min 
at 0 - 4 ° C .  Insoluble greyish-white materials were 
removed by centrifugation. The blue-green super- 
natant, which had a Chl a to P-700 ratio of 10, 
was used for measurements (cf. Ref. 17). Prior to 

use, it was diluted about 10-times with the same 
phosphate buffer without Triton X-100 to de- 
crease detergent concentration. 

The room- and low-temperature absorption and 
the difference-absorption spectra were determined 
with a Hitachi model 557 dual-wavelength spec- 
trophotometer, as described previously [17]. Curve 
analysis of the absorption spectrum was carried 
out on a Hewlett-Packard computer (HP-9845B) 
with the program of Mimuro et al. [18]. P-700 was 
assayed from the ferricyanide (0.5 mM)-oxidized 
minus ascorbate (5 mM)-reduced difference spec- 
trum, using the extinction coefficient of 64 mM-1 
• c m - :  [19]. Chlorophyll concentration was mea- 
sured by the method of Arnon [20]. 

Results 

Absorption and difference-absorption spectra of P- 
700-enriched particles 

Fig. 1 shows the absorption spectra of P-700- 
enriched particles (Chl a /P-700 = 10) determined 
at 280 K (Fig. 1A) and at 90 K (Fig. 1B). At 280 
K, the absorption spectrum obtained in the pres- 
ence of ferricyanide (0.5 mM) (dotted line) had a 
peak at 675 nm with a slight shoulder around 687 
nm. The addition of ascorbate (5 mM) (solid line) 
to the oxidized particles, induced the absorption 
increase both around 700 nm and 675 nm, so that 
the shoulder around 687 nm became less marked. 
At 90 K, a characteristic shoulder appeared around 
700 nm in the reduced spectrum. The oxidized 
spectrum had no shoulder around 700 nm, but 
had a distinct shoulder around 687 nm, where the 
absorbance was slightly higher than that in the 
reduced spectrum. A broad peak around 675 nm 
at 280 K splitted into a major peak at 673 nm and 
a shoulder at 683 nm. Probably, the shoulder 
around 700 nm in the reduced spectrum reflects 
the absorption band of the reduced P-700, and the 
shoulder around 687 nm in the oxidized spectrum 
reflects the absorption band of the oxidized P-700 
(see Fig. 3). 

Fig. 2 shows the difference between the reduced 
and the oxidized spectra obtained at 280 K (Fig. 
2A) and at 90 K (Fig. 2B). These spectra were 
similar to the P-700 difference spectrum already 
reported [1-5,21-26]. The positions of the main 
peak at 695 nm and of the main trough at 685 nm 
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Fig. 1. Absorption spectra of P-700-enriched particles de- 
termined at 280 K (A) and 90 K (B) in the presence of 0.2 m M  
ferricyanide (broken lines) or in the presence of 5 m M  ascor- 
bate (solid lines). 6.0% of chlorophyll a in the original PS-I 
particles remained unextractedly in P-700-enriched particles. 

Ch l -a /P -700  ratio was 10. 
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Fig. 2. Reduced-minus-oxidized difference absorption spectra 
of P-700-enriched particles determined at 280 K (A) and 90 K 
(B). Absorbance of the samples at 280 K was 0.31 at their 
red-band maxima. Experimental conditions were the same as 

in Fig. 1. 
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did not change so much on lowering the tempera- 
ture. However, at low temperature, each band 
became sharper and higher. It is noted that the 
trough at 686 nm extended to the negative (cf. 
Refs. 17, 25 and 26), which reflects a higher ab- 
sorbance around 687 nm in the oxidized spectrum 
than in the reduced one (Fig. 1B). If the difference 
spectrum of P-700 is mainly constructed from the 
two absorption bands, each corresponding to the 
oxidized or the reduced P-700 (cf. Refs. 3-5), the 
appearance of the negative peak at 686 nm at 90 
K is expected as a result of narrowing of each 
band at low temperature. 

Curve analysis on the difference-absorption spectra 
of P-700 at room and at low temperature 

Fig. 3A shows the results on a curve analysis of 
the room-temperature difference spectrum. First, 
we estimated a gaussian corresponding to the 
reduced P-700, by assuming that the slope in the 
longer-wavelength side of the main peak in the 
difference spectrum reflects the slope in the 
absorption band of the reduced P-700, since the 
oxidized P-700 seems to have only a slight and flat 
absorption in this wavelength region [2,24]. The 
resultant gaussian corresponding to the reduced 
P-700 had a peak at 690 nm which was about 5 
nm shorter than the maximum of the P-700 dif- 
ference spectrum (Fig. 2A). That the absorption 
peak of the reduced P-700 is a little shorter than 
that of the difference spectrum, has already been 
suggested from the difference CD spectrum of 
P-700 [5,6,15], which had a derivative-shaped pro- 
file with a zero-crossing point at 688 nm in our 
preparation [15]. The estimated absorption band 
of the reduced P-700 had a rather large band 
width and covered both the main and the satellite 
bands in the difference spectrum. Then, we esti- 
mated another negative gaussian, so that we can 
construct the trough locating between the main 
and the satellite peak. This gaussian had a narrow 
band width and possibly corresponds to the 
absorption band of the oxidized P-700. Main fea- 
tures of the P-700 difference spectrum were recon- 
structed only with these two gaussians. This con- 
clusion is in good agreement with the results pre- 
viously obtained by Schaffernicht and Junge [3] 
and by Karapetyan et al. [5]. However, it was not 
necessary here to assume a significant contri- 
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Fig. 3. Curve analysis on the difference absorption spectra of P-700-ertriched particles determined at 280 K (A) and 90 K (B). The 
observed data are plotted as cross marks while the line through them is the sum of the component curves of which the characteristics 

are given in Table I. The error of fit at each point is shown below. Experimental conditions were the same as in Fig. 2. 

bu t ion  of the shi f t - type  abso rp t ion  change(s)  of  
an t enna  Chl a ,  p r o b a b l y  due  to the small  a n t e n n a  
size in our  p repara t ion .  

The  curve analysis  on  the l ow- t empera tu re  dif-  
ference spec t rum (Fig.  3B) also shows tha t  the two 
gaussians,  each co r r e spond ing  to the abso rp t ion  
b a n d  of the oxid ized  or  the r educed  P-700, con-  
s t ruct  the ma in  and  the satel l i te  band ,  as well  as 
the deep t rough  be tween  them. W e  can  conc lude  
that  the deeper  t rough a r o u n d  686 n m  at 90 K 
comes  f rom the sha rpen ing  of  each gaussian,  S&if  
et al. [27,28] have de t e rmined  the P-700 di f ference  
spec t rum at  10 K and  showed a more  p r o m i n e n t  
posi t ive  peak  a round  690 nm, suggest ing a more  

sha rpen ing  of  each  a bso rp t i on  b a n d  at  10 K. 
Tab le  I summar izes  the spectra l  p roper t i e s  of 

these two gauss ians  o b t a i n e d  at 280 K and 90 K. 
The  peak  pos i t i on  of  the gauss ian  co r respond ing  
to the ox id ized  P-700 d id  no t  change  so much  with 
the change  in the t empera tu re ,  while the one cor- 
r e spond ing  to the r educed  P-700 shif ted by  abou t  
4 n m  to the longer -wave length  side on lowering 
the t empera tu re .  This  seems to be one of  the 
reasons  for  the a p p e a r a n c e  of a d is t inct  shoulder  
a round  700 n m  in the  r educed  abso rp t ion  spec- 
t rum at low t e m p e r a t u r e  (Fig.  1B). The  b a n d  
wid th  of  the ox id ized  P-700 was abou t  half  of  that  
of  the r educed  P-700 (Table  I). The  ra t io  of  the 

TABLE I 

PARAMETERS TO THE GAUSSIANS CORRESPONDING TO THE REDUCED AND THE OXIDIZED P-700 

The data were taken from the results in Fig. 3. 

Peak position Peak height Band width Area 
(nm) (rel. unit) ( l /e)  (cm -1) (rel. units) 

280 K 90 K 280 K 90 K 280 K 90 K 280 K 90 K 

Gaussians corresponding to P-700 690 694 1.00 1.00 615 429 2.00 2.00 
Gaussians corresponding to P-700 + 686 687 -0.95 - 1.14 253 198 0.83 1.06 



areas over the gaussians corresponding to the 
oxidized and the reduced P-700 was about 1 : 2. 

Curve analysis on the low-temperature absorption 
spectra of P- 7OO-enriched particles 

The low-temperature absorption spectrum (Fig. 
1B) had a distinct shoulder around 700 nm in the 
reduced spectrum or around 687 nm in the oxidized 
spectrum, which probably reflects the absorption 
band of the reduced or the oxidized P-700, respec- 
tively. Fig. 4 shows the results on a curve analysis 
of the reduced (Fig. 4A) or the oxidized (Fig. 4B) 
spectrum. Table II summarizes the spectral prop- 
erties to the gaussian components estimated in 
Fig. 4. We assumed here that the spectral proper- 
ties of the oxidized and the reduced P-700 are 
fundamentally the same as those in Table I. We 
also assumed the participation of the absorption 
due to A 0 (the PS-I primary electron acceptor) in 
this wavelength region, since A 0 is suggested to be 
a special Chl a having a peak around 690 nm 
[29-31]. We recently determined the A 0 - A o dif- 
ference spectrum with the P-700-enriched particles 
which had a narrow absorption band with a peak 
around 690 nm [32]. 
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The best fit to the reduced spectrum was ob- 
tained with three major gaussians peaking at 670 
nm, 675 nm and 682 nm, in addition to three 
minor gaussians peaking at 660 nm, 686 nm and 
694 nm. The presence of the three major gaussians 
and one minor (Chl a-660) was previously sug- 
gested by a curve analysis of the room-tempera- 
ture absorption spectrum [15]. Numbers of Chl 
a-660, Chl a-670, Chl a-675 and Chl a-682, 
roughly estimated with the areas over their gaus- 
sians, were about 1, 3, 2 and 2, respectively, to one 
P-700 (Table II). The number of Chl a-670 was 
somewhat variable between 2 and 3 in different 
preparations, where the lower number of Chl a-670 
was associated with the lower Chl a to P-700 
ratio. The shadowed component peaking at 694 
nm (Fig. 4A) was introduced to reconstruct the 
shoulder around 700 nm in the absorption spec- 
trum. Its characteristics presented in Table II 
agreed well with those to the reduced P-700 pre- 
sented in Table I. The new gaussian peaking at 
686 nm seems to reflect the absorption due to A 0 
and had similar characteristics already estimated 
with the same particles by nanosecond flash pho- 
tolysis [32]. The area of Chl a-686 was about a 
half of that of Chl a-682 or Chl a-675 (Table II). 
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Fig. 4. Curve analysis on the absorption spectra of P-700-enriched particles determined at 90 K in the presence of 5 mM ascorbate 
(A) or in the presence of 0.2 mM ferricyanide (B). The observed data are plotted as cross marks while the line through them is the 
sum of the component curves of which characteristics are given in Table II. The error of fit at each point is shown below on a scale of 

1 : 20. Experimental conditions were the same as in Fig. 1. 
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TABLE II 

PARAMETERS TO THE GAUSSIAN COMPONENTS 
ESTIMATED BY A CURVE ANALYSIS ON THE LOW- 
TEMPERATURE ABSORPTION SPECTRA OF P-700- 
ENRICHED PARTICLES 

The data were taken from the results in Fig. 4A and the data in 
parentheses from the results in Fig. 4B. The area was expressed 
relatively to the area over the gaussian corresponding to P-700 
which was assumed as 2.0. 

Peak Peak Band Area 
position he igh t  width (rel. 
(nm) (rel. (I/e) unit) 

unit) (cm- 1) 

Chl b-650 650.0 0.20 438 0.3 
(652.7) (0.34) (428) (0.5) 

Chl a-660 660.0 0.98 359 1.2 
(661.0) (0.90) (342) (1.3) 

Chl a-670 670.0 2.50 340 3.2 
(670.0) (2.37) (333) (3.3) 

Chl a-675 675.0 1.83 297 2.1 
(675.0) (1.71) (306) (2.3) 

Chl a-682 681.6 1.70 251 1.9 
(681.6) (1.55) (269) (2.0) 

Chl a-686 685.8 0.62 338 0.8 
(687.0) (0.64) (326) (0.9) 

Chl a - 6 8 7  . . . .  
(P-700 ÷ ) (686.7) (0.83) (254) (0.9) 

Chl a-694 693.5 1.00 443 2.0 
(P-700) (694.2) (0.10) (427) (0.1) 

A minor band at 650 nm was due to Chl b which 
was found to be present in a ratio of one or less 
than one molecule to one P-700 in the P-700-en- 
riched particle [17]. 

The oxidized spectrum was able to be fitted by 
using almost the same gaussians as estimated in 
the reduced spectrum (Table II), only with the 
substitution of the spectrum of the reduced P-700 
for that of the oxidized P-700. The shadowed 
component  in Fig. 4B corresponds to the oxidized 
P-700, which had a peak at 687 nm with a narrow 
band width. Its area was about one-half of that of 
the reduced P-700 (Table II), in agreement with 
the results in Table I. The gaussian corresponding 
to Chl a-686 (A0) almost overlapped with that of 
the oxidized P700 (Chl a-687). The slope in the 
longer-wavelength side was well reconstructed with 
these two gaussians. In order to reconstruct a 
small absorption still remaining around 700 nm, 

we assumed the gaussian corresponding to the 
reduced P-700 (Chl a-694), a part  of which re- 
mained somehow unoxidized even after the chem- 
ical oxidation of P-700 (unpublished data), in 
addition to the gaussian to the longer wavelength- 
absorbing form of Chl a (Chl a-701) partially 
remaining unextracted after the ether treatment 
(cf. Ref. 33). 

Discussion 

In this paper, we estimated the absorption bands 
corresponding to the reduced and the oxidized 
P-700. A rather large band width of the gaussian 
corresponding to the reduced P-700 (Figs. 3 and 4) 
probably originates from a degeneration of two 
monomer  absorption bands (cf. Refs. 3 and 5), 
supporting a dimeric structure of the reduced P- 
700. This conclusion is in good agreement with its 
derivative-shaped CD signal [15]. The dimeric na- 
ture of P-700 has been also suggested by the 
recent photochemical hole-burning experiments for 
P-700 [34]. 

Srtif et al. [27] and Den Blanken and Hoff  [35] 
have recently determined the triplet-minus-singlet 
spectrum of P-700 at liquid helium temperature, 
which was different from the oxidized-minus-re- 
duced difference spectrum of P-700 with respect 
to a smaller contribution of a positive peak around 
685 nm in the former spectrum. Consequently, the 
triplet-minus-singlet spectrum of P-700 may re- 
flect the absorption band of the reduced P-700 
more directly, because the triplet state of P-700, 
unlike P-700 ÷, probably  has not a significant 
absorption in the red-band region. We recently 
studied the triplet-minus-singlet spectrum of P-700 
at 280 K and 110 K in order to obtain a more 
direct evidence for the spectral feature of the 
reduced P-700 (Itoh, S., Iwaki, M. and Ikegami, I., 
unpublished data). The triplet-minus-singlet spec- 
trum of P-700 studied had also a rather large band 
width at room temperature. It became narrower 
on lowering the temperature with the red shift of 
the absorption maximum (cf. Table I). The reason 
why the absorption of the reduced P-700 shifts to 
the longer-wavelength side on lowering the tem- 
perature is not clear now. 

The integral over the absorption band of the 



oxidized P-700 corresponded to about one-half of 
that of the reduced P-700 (Tables I and II). In 
addition, it has a narrow absorption band (Fig. 
4B). These observations suggest a monomeric 
structure of the oxidized P-700, and support the 
previous interpretation [36,37] that the positive 
charge on the oxidized P-700 is localized on only 
one of the two Chl a molecules in P-700. Thus, we 
can ascribe the absorption of P-700 ÷ to the weakly 
coupled reduced partner of the dimer (cf. Ref. 35), 
whereas the oxidized partner has no absorption 
around the red-band region. This may be the 
reason for the previous proposals that P-700 is a 
monomeric Chl a [9-13] because these proposals 
have been introduced from the experiments on the 
oxidized form of P-700 (cf. Ref. 35-37). 

Several Chl a derivatives (enol form, Chl a ' ,  
Chl RC-I) have been proposed as the chemical 
identity of P-700 [10,38,39]. Recently, we have 
analysed the Chl a in P-700-enriched particle by 
high-performance liquid chromatography [40] and 
found that a Chl a '  presents in a molar ratio of 
1 : 1 P-700. This suggests a close location of Chl a '  
to the core site of the PS-I reaction center. How- 
ever, the results exclude the possibility that P-700 
consists of a dimer of Chl a ' .  The location and 
function of the Chl a '  will be a problem in future. 

Our PS-I particle used here had only 10 Chl a 
to one reaction-center unit. We could assign two 
of them to the constituents of P-700. Other Chl 
have been classified into several components by a 
curve analysis of the low-temperature absorption 
spectra (Fig. 4, Table II) (cf. Ref. 15). The number 
of Chl a included in each of these species could 
be roughly estimated, in comparison with the in- 
tegral over the gaussian of each component, at one 
in Chl a-660, two (or three) in Chl a-670, two in 
Chl a-675, two in Chl a-682 and one in Chl a-686, 
in addition to two in P-700, which sums up to ten 
(or eleven) Chl a to one reaction-center unit (cf. 
Table II). Chl a-682, another dimeric species in 
P-700-enriched particles, probably acts as the 
closest antenna to P-700, since the action spec- 
trum to the PS-I variable fluorescence, which seems 
to be the delayed fluorescence induced by the 
charge recombination of the radical pair (P-700 ÷- 
Ao)  [41] (Mimuro, M., et al., unpublished data), 
suggests an efficient energy transfer from this 
chlorophyll to P-700 [16]. Two Chl a-675 mole- 
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cules have a CD-active organization [16]. How- 
ever, this chlorophyll shows a low efficiency of its 
energy transfer to P-700 [41] (Mimuro, M., et al., 
unpublished data). 

The PS-I primary electron acceptor, A 0, is sug- 
gested to be a Chl a species (cf. Refs. 36 and 37). 
We have now two candidates for A 0 in literature, 
i.e., Chl a-670 and Chl a-690. The photoaccumu- 
lation technique firstly employed for the detection 
of EPR signal of A 0 [42] reveals that A 0 may be a 
Chl a monomer with an absorption peak around 
670 nm (Chl a-670) [17,43,44]. In contrast, the 
more recent results obtained by the picosecond 
laser photolysis suggest that A 0 has an absorption 
around 690 nm (Chl a-690) [29-31]. We are able 
to identify either of these two species (Chl a-670 
and Chl a-690 (686)) by the curve analysis of the 
P-700-enriched particle as shown in Fig. 4. The 
relationship between these two species is still un- 
clear. Recently, we determined the A 0 / A  o dif- 
ference spectrum by nanosecond flash photolysis 
with the P-700-enriched particles, which lack all 
the vitamin K-1 and showed, after a laser flash, 
the nanosecond decay of P-700 ÷ probably due to 
the back electron flow from A o [32,45,46]. The 
spectrum showed a single and narrow bleaching 
around 690 nm, without any appreciable shoulder 
around 670 nm [32]. Moreover, we observed no 
derivative-shaped CD signal originating from Chl 
a-690 (A0) in our preparation [15]. These results 
suggest that Chl a-690 is a monomeric Chl a and 
acts as a primary electron acceptor of PS-I. Fluo- 
rescence studies suggest that Chl a-670 is an effi- 
cient antenna to P-700 [17,41]. Probably Chl a-670 
locates very close to the primary acceptor A 0 (Chl 
a-690), and may be reduced via A 0 under the 
strongly reducing conditions. 
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