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SUMMARY 

1. The excitation spectrum for the bacteriochlorophyll P890 fluorescence in 
reaction centre preparations was determined at wavelengths ranging from 360 to 
890 nm. 

2. A fluorescence excitation spectrum corresponding to the absorbance spec- 
t rum of bacteriopheophytin was also obtained. This spectrum was used in an ana- 
lysis of the absorbance spectrum of a reaction centre preparation. Based on this 
spectrum and on literature data, we estimated that the bacteriopheophytin: bacte- 
riochlorophyll ratio in reaction centre particles is at least 1 : 2. 

3. On the basis of  literature data, it is shown that bacteriopheophytin occurs 
probably as such in reaction centres in vivo. 

INTRODUCTION 

It is known that the primary photoreactions in bacterial photosynthesis take 
place in so-called reaction centres, which (at least in certain Athiorhodaceae) can 
be physically separated from the bulk bacteriochlorophyll which only serves for 
light absorption. Since the original publication of Reed and Clayton 1 on the isolation 
of  reaction centre particles from a carotenoid-less strain of Rhodopseudomonas 
spheroides, reaction centres have been isolated from a carotenoid-less strain of  
Rhodospirillum rubrum 2 and from wild-type strains of  Rhodopseudomonas viridis 3, 
Rps. spheroides 4-8 and Rsp. rubrum 7'9"1°. 

In this paper we will describe experiments with reaction centre particles from 
Rps. spheroides (wild type). Fluorescence emission and excitation spectra provided 
data on the direction and efficiency of the transfer of excitation energy between the 
various pigments (bacteriochlorophyll, its degradation products, bacteriopheophytin 
and carotenoids). Absorbance spectra were obtained of bacteriopheophytin and 

Abbreviations: bacteriochlorophyll P870, the reaction centre bacteriochlorophyll capable 
of reversible photooxidation; bacteriochlorophyll P800, the bacteriochlorophyll associated with 
bacteriochlorophyll P870. 

* Present address: Laboratory of Biophysics, Vrije Universiteit Brussel, Adolphe Buyllaan 
105, 1050 Brussel (Belgium). 
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(by analysis) of the bacteriochlorophylls P800 and P870 together. The number of  
bacteriopheophytin molecules per reaction centre was considered on the basis of the 
area of  the near-infrared absorption band of bacteriopheophytin in various prepara- 
tions including reaction centres. 

MATERIALS AND METHODS 

The reaction centre fractions were prepared as described earlier 6. Treatment 
of chromatophores with sodium dodecyl sulphate resulted in the isolation of a 
reaction centre fraction designated as dodecyl sulphate-isolated reaction centre 
fraction. Treatment of dodecyl sulphate-isolated reaction centre fractions with urea 
and Triton X-100 at pH 10.0 gave a reaction centre preparation designated as dode- 
cyl sulphate-urea-Tri ton X-100-isolated reaction centres. The preparations were 
stored at 4 °C in Tris buffer, containing 0.05 M Tris-HCt,  pH 8.0, and 0.01 M 
MgC12. 

Fluorescence excitation and emission spectra were measured with an appa- 
ratus similar to one described earlier 11. The excitation light, chopped at 50 Hz, was 
provided by a 900-W xenon lamp or a 600-W tungsten-iodine lamp and passed 
through a Bausch and Lomb grating monochromator  (1200 lines per mm grating). 
An image of the exit slit of  the excitation monochromator  was focused upon a 
1-mm glass or perspex cuvette. This image was focused upon the entrance slit of a 
second, analyzing monochromator.  The image of the grating of the analyzing mono- 
chromator  was focused upon the cathode of a photomultiplier with an Sl-type of  
response which was operated at - 8 0  °C. The excitation and analyzing monochro- 
mators transmitted pass bands of 7- and 8.5-nm width, respectively. It  was usually 
necessary to place additional filters both in the excitation beam and in the emitted 
beam, in order to cut off "false" light and stray excitation light, respectively. For 
measurements at 77 °K the cuvette was immersed in liquid nitrogen in a Dewar 
vessel with a transparent quartz window. The intensity of the excitation light was 
measured with an RCA photocell type 925, which was calibrated against a YSI- 
Kettering Radiometer (Model 65), of  which the sensor was put in the place of the 
cuvette. The radiometer was calibrated against a standard thermopile. The base 
line for the excitation and emission spectra was provided by the signals obtained 
with water instead of sample in the cuvette. These signals, due to "false" excitation 
light, were usually less than 10% of the signals obtained with the sample in the cuvette. 

The emission spectra were corrected for the wavelength dependence of the 
relative sensitivity of  the detecting system by putting a surface covered with powdered 
MgO, instead of the cuvette, in the sample holder. This surface was illuminated with 
light of  a calibrated tungsten band lamp with known intensity distribution 12. A 
correction for reabsorption of the emitted light was carried out using an equation as 
given by Duysens 13, with a modification to account for the different geometry of 
our apparatus. This correction was carried out only at room temperature. At 77 °K, 
the increased scattering by ice crystals may have increased the optical path by an 
unknown factor. The absorbance of the samples at the maximum at 803 nm did not 
exceed 0.14 in a 1-mm cuvette. 

Absorbance spectra were recorded on a Cary Model 14R spectrophotometer. 
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RESULTS 

Excitation spectrum for the fluorescence of bacteriochlorophyll P870 
Transfer of light energy from the different pigments present in reaction centre 

preparations to bacteriochlorophyll P870 was studied by measuring an excitation 
spectrum for the fluorescence at 920 nm due to reduced bacteriochlorophyll P870 
(see below). 

Fig. 1 shows the absorbance spectrum of an dodecyl sulphate-isolated reaction 
centre preparation. Owing to the presence of contaminations, absorbing at 690 nm 
and in the blue region (see below), this spectrum was more complex than the spec- 
trum of a dodecyl sulphate-urea-Tri ton X-100-isolated reaction centre preparation 6. 

The preparation shown here was somewhat turbid and the zero line runs 
probably between the indicated extremes. This approximation is based on the facts 
that the absorbance is zero at 950 nm and that in clear preparations the absorbance 
at the 600-nm maximum is 3 times higher than the absorbance at 640 nm and 565 nm. 
Moreover, the absorbance spectrum of a clear preparation is almost horizontal 
between 620 and 650 nm. 

Emission spectra of  the same preparation, plotted on a wave number scale, 
are shown in Fig. 2. Without additions (dashed line) bacteriochlorophyll P870 was 
kept photooxidized by the excitation light. The tail which is seen below about 
12000 cm -1 when bacteriochlorophyll P870 is oxidized, is probably due to a degra- 
dation product with an emission maximum at 860 nm. The excitation spectrum for 
the fluorescence of this impurity has peaks at about 845, 760, 690 and 590 nm, and 
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Fig. 1. - - - - - - ,  absorbance spectrum of a dodecyl sulphate-isolated reaction centre preparation. 
, extreme values suggested for the base line of the absorbance spectrum (see text). Open 

symbols, differential excitation spectrum for the fluorescence of bacteriochlorophyll P870, mea- 
sured with the same preparation, at 920 nm (see text). Solid symbols, same, but with another 
dodecyl sulphate-isolated reaction centre preparation. The excitation spectra match the absorbance 
spectrum at 800 nm. The vertical scales in Figs 1-4 (fluorescence intensity divided by the inten- 
sity of the excitation light at unit concentration of bacteriochlorophyll P870) are all expressed in 
the same relative units. 
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also small carotenoid peaks at 510, 475 and 445 nm (Slooten, L., unpublished). It is 
suggested that this corresponds to the absorption of reaction centres with degraded 
pigments. In the presence of 15 mM ascorbate (solid line) both bacteriochlorophyll 
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Fig. 2. Fluorescence emission spectra of  the preparat ion shown in the absorbance spectrum of  
Fig. 1. - . . . .  , no additions; - - - - - - ,  with 15 m M  ascorbate. Excitation with light of 370 rim, 
intensity 8.4 neinstein" cm -2- s-L 

P870 and the primary acceptor were reduced in the excitation light 7. Below 12000 cm -~ 
the difference between these two spectra represents the emission due to reduced 
bacteriochlorophyll P870 in the presence of reduced electron acceptors. The emission 
peaks with maxima at 700 nm and 772 nm were due to a substance designated as 
B690 (see below) and to bacteriopheophytin, respectively. 

To obtain with this preparation the excitation spectrum for the fluorescence of 
reduced bacteriochlorophyll P870 in reaction centres in the state PX-, we took the 
difference in emission at 920 nm as observed upon irradiation prior to, and after 
addition of 15 mM ascorbate, respectively (compare Fig. 2). The result is shown in 
the open and solid circles of Fig. 1. The open symbols refer to measurements with 
the preparation represented by the absorbance spectrum of Fig. 1. The solid symbols 
are points measured with another dodecyl sulphate-isolated reaction centre pre- 
paration. 

Light absorbed by bacteriochlorophyll P800 at 800 nm was transferred to 
bacteriochlorophyll P870 with an efficiency close to l, as shown by a comparison 
of the absorption and excitation spectra of Fig. 1. Light of around 760 nm was 
transferred to bacteriochlorophyll P870 with an efficiency of 0.8-0.9. This " low" 
efficiency will be dealt with in the next section. The peak at 690 nm in the excitation 
spectrum of Fig. 1 suggests the presence of a substance designated as $690, which 
had an absorption maximum at 690 nm and which transferred energy to bacterio- 
chlorophyll P870. Another product designated as B690 was also present in these 
preparations. The excitation spectrum for the fluorescence of B690 at 710 nm had 
a large maximum at 420 nm, which was about 2 times larger than the maximum at 
690 nm (Slooten, L., manuscript in preparation). Such a maximum was not present 
in the excitation spectrum shown in Fig. 1, indicating that B690 was different from 
$690 and that B690 did not transfer energy to bacteriochlorophyll P870. 

Light absorbed by carotenoids was also transferred to bacteriochlorophyll 
P870, with an efficiency which was estimated to be at least 0.7. 
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The excitation spectrum shown in Fig. 1 was, apart from the peak at 690 nm, 
practically identical with the absorbance spectrum of a dodecyl sulphate-urea- 
Triton X-100-isolated reaction centre preparation. 

Excitation spectra for the fluorescence of bacteriochlorophyll P870 were similar 
in dodecyl sulphate-urea-Triton X-100-isolated reaction centre and dodecyl sul- 
phate-isolated reaction centre preparations, except that in the former $690 or B690 
were practically absent. 

Fluorescence of contaminating compounds, including bacteriopheophytin 
As indicated above, the rather low efficiency of 760-nm light for the excitation 

of bacteriochlorophyll P870 fluorescence was due to the presence of contaminations. 
From previous work 6 it is known that purified reaction centre particles con- 

tain a bound form of bacteriopheophytin (referred hereafter to as "bound"  bacterio- 
pheophytin) which has a high efficiency (approximately 1) of energy transfer to 
bacteriochlorophyll P870, and a low fluorescence yield. In such preparations the 
absorbance at 756 nm equals 0.9 times the absorbance at 867 nm. Contaminations, 
if present, could be detected (of. above) firstly, by an increased ratio of A756 nm/ 
"487o nm; secondly, by a decreased efficiency of 760-nm light, relative to that of 
870-nm light, in eliciting bacteriochlorophyll P870 fluorescence; thirdly, by a 
strong fluorescence emission band with a maximum at about 770 nm; and finally, 
by the excitation spectrum for this fluorescence. From a comparison of different 
reaction centre preparations, it appeared that these contaminations were present in 
varying amounts, corresponding to an absorbance which did not exceed about l/5 
of the absorbance due to "bound"  bacteriopheophytin. From the fluorescence 
excitation spectra the contaminations could be identified as solubilized bacterio- 
chlorophyll (Slooten, L., manuscript in preparation) and bacteriopheophytin. In some 
of the preparations only one of these two substances was present. B690, if present, 
transferred in some, but not all cases energy to one or both of these substances 
(Slooten, L., manuscript in preparation). Carotenoid, which was always present, did 
not transfer energy to the contaminations. Presumably the carotenoid was bound 
specifically to the reaction centre particle, transferring energy only to bacterio- 
chlorophyll P870 (cf. the bottom and top lines of the previous page). The con- 
taminating form of bacteriopheophytin which does not transfer energy to bacterio- 
chlorophyll P870, will be referred to hereafter as "free" bacteriopheophytin. 

Fig. 3 ( o - - o )  shows the excitation spectrum for the fluorescence of bac- 
teriopheophytin at 790 nm, as measured in a dodecyl sulphate-urea-Triton X-100- 
isolated reaction centre preparation. The emission was mainly due to "free" bacterio- 
pheophytin, as indicated firstly by the high fluorescence yield relative to the fluores- 
cence yield of bacteriochlorophyll P870, and secondly by the high absorbance at 
756 nm, relative to the absorbance at 867 nm (the ratio was 1.1 : 1, as compared to 
0.9 : 1 in Fig. 1). Fig. 6 shows that, apart from slight differences in the position of 
the peaks, the excitation spectrum was virtually the same as the absorbance spectrum 
of bacteriopheophytin in acetone ~4 (solid line). In the region 650-770 nm the excitation 
spectrum was more similar to the absorbance spectrum of a bacteriopheophytin- 
protein complex 15'x6 (dashed line). 

Clayton and co-workers 17 reported that the 535-nm absorption band of bacterio- 
pheophytin in reaction centre preparations split at 77 °K into two bands of equal 
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height, with maxima at 530 and 542 nm, suggesting that each reaction centre con- 
tained two molecules of bacteriopheophytin in slightly different states. In accordance 
with this we found that the broad 535-nm band of "bound" bacteriopheopheophytin 
in the excitation spectrum for the fluorescence of bacteriochlorophyll P870 split at 
77 °K into two bands of approximately equal height, with maxima at 535 and 543 nm 
(see Fig. 4A). This indicates that the two molecules of "bound" bacteriopheophytin 
transferred energy to the reaction centre bacteriochlorophyt~ with equal efficiency 
This is consistent with the observation that the efficiency of the energy transfer 
from "bound" bacteriopheophytin to the reaction centre bacteriochlorophyll was 
approximately 1.0 (ref. 6). 
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Fig. 3. o - - o ,  excitation spectrum for the fluorescence of bacteriopheophytin, measured at 790 nm; 
with a dodecyl sulphate-urea-Triton X-100-isolated reaction centre preparation (left-hand scale). 
No addditions. - - - - - - ,  absorbance spectrum of bacteriopheophytin a in acetone (from ref. 14). 

, absorption spectrum of a bacteriopheophytin-protein complex (from ref. 16). This 
spectrum coincides with our excitation spectrum between 580 and 710 nm. 
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Fig. 4.(A) Excitation spectra for the fluorescence of bacteriochlorophyll P870, measured at 920 
nm, with a dodecyl sulphate-urea-Triton X-100-isolated reaction centre preparation. Open sym- 
bols, room temperature (left-hand scale). ©--©, with 15 mM ascorbate; A - - A ,  no additions. 
Solid symbols: 77 °K (right-hand scale). O---@, with 15 mM ascorbate; A- - J , ,  no additions. In 
the latter two cases the sample was illuminated first at room temperature for 1 rain with light 
from a 125-W quartz-iodine lamp immediately before the sample was rapidly frozen. This was 
done in order to ensure either that both bacteriochlorophyll P870 and the primary acceptor were 
fully reduced (O---@), or that bacteriochlorophyll P870 was completely pho toox id i zed (A- -A)  
before freezing. (B) Excitation spectrum for the fluorescence of bacteriopheophytin, measured at 
770 nm, with the preparation used in Fig. 4A. • - -A,  room temperature (left-hand scale); J , - - ~ ,  
77 °K (right-hand scale). 
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The fact that Fig. 4A shows two maxima approximately 8 nm apart indicates 
that the half width of each band was, at most, 8 or 9 nm at 77 °K. On the other hand, 
the excitation spectrum for the bacteriopheophytin emission measured at 770 nm 
showed at 77 °K a single band with a maximum at 538 nm and a half width of 18 nm 
(Fig. 4B). This supports the suggestion that most of the bacteriopheophytin fluores- 
cence originates from "free" bacteriopheophytin, which does not transfer energy to 
bacteriochlorophyll P870. 

Analysis of  the absorbance spectrum of a reaction centre preparation 
The absorbance spectrum of a dodecyl sulphate-urea-Triton X-100-isolated 

reaction centre preparation (taken from ref. 6) was analyzed as shown in Fig. 5. 
For this analysis, first the absorption due to bacteriopheophytin was subtracted 
from the total absorption, assuming that "bound"  bacteriopheophytin has the same 
absorption spectrum as "free" bacteriopheophytin and that this absorbance spectrum 
is identical with the excitation spectrum for the 790-rim fluorescence shown in Fig. 3. 
As follows from a previous paragraph, the first assumption may have introduced an 
error in the region of the 535-nm absorption band, because of the partially resolved 
band splitting in the spectrum of "bound"  bacteriopheophytin. Next, allowance 
was made for a small amount of B690, of which the absorbance spectrum was known 
from the fluorescence excitation spectrum. 

Finally, the absorption spectrum of carotenoid was subtracted. This spectrum 
was obtained from the spectrum of a heptane extract of a lyophilized dodecyl sul- 
phate-urea-Tri ton X-100-isolated reaction centre preparation (Slooten, L., un- 
published). It was assumed that the absorption spectrum of this carotenoid was the 
same in vivo as in vitro, except that in vivo the maxima and minima were shifted 
along a distance of about 20 nm to longer wavelengths. 
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Fig. 5. Analysis of the absorbance spectrum ( - - - - - - )  of a dodecyl sulphate-urea-Triton X-100- 
isolated reaction centre preparation, o - - o ,  bacteriopheophytin; . . . . . .  , B690; . . . . .  , caro- 
tenoid; , residual absorption due to bacteriochlorophylls P800 and P870 together. The 
amount of bacteriopheophytin was taken such that after subtraction there remained a shoulder at 
about 760 nm, in analogy with the shoulder in the absorption spectrum of bacteriochlorophyll in 
acetone at about 705 nm (ref. 14). The amount of B690 was taken such that after subtraction the 
bacteriopheophytin and B690 contribution to the residual absorbance spectrum was approxi- 
mately horizontal in the region of 675-720 nm, in analogy with the region of 620-660 nm of the 
bacteriochlorophyll absorption spectrum in acetone. Further details: see text. 



22 L. SLOOTEN 

The residual absorption (Fig. 5, - - - ) ,  which is due to bacteriochlorophylls 
P800 and P870, was plotted again in Fig. 6, in order to compare it with the absorption 
spectrum of bacteriochlorophyll a in acetone (taken from ref. 14). The similarities 
between these two spectra indicate that the analysis was reasonably adequate. In 
both spectra there are shoulders at 385 nm, at about 450 nm and at the short wave- 
length side of the orange band. 

For further comparison the spectra shown in Fig. 6 were plotted on a wave 
number scale (cm-l). The areas under the Soret bands of bacteriochlorophyll in 
acetone (from 330 to 420 nm) and of reaction centre bacteriochlorophyll in situ 
(from 340 to 430 nm) had a ratio of  1.10 : 1, indicating that these spectra represented 
approximately equal amounts of  bacteriochlorophyll. In accordance with this, the 
areas under the near-infrared bands of bacteriochlorophyll in acetone, on the one 
hand, and of bacteriochlorophylls P800 and P870 together, on the other hand, had 
a ratio of  1.06 : 1. 

U 
E 

d~ 
lb. .  

o 

¢3 

F i g .  6 .  - - - - - -  

i 

,, 

L 
,, 
i f ,  

I I tt k 

I I " ' .  

400 500 600 700 800 900 
,~ Wavelength (nm) 

-, absorbance spectrum of bacteriochlorophyll in acetone (from ref. 14). - . . . . .  
absorbance spectrum of bacteriochlorophylls P800 and P870 (from Fig. 5). 

DISCUSSION 

The occurrence of  bacteriopheophytin in reaction centres in vivo 
All reaction centre preparations made so far contain bacteriopheophytin. One 

may ask whether bacteriopheophytin is a degradation product formed as a result of 
the procedure followed in isolating the reaction centre, or whether it occurs as such 
in the reaction centre in vivo. Evidence in favour of the latter idea can be collected 
from the literature. Firstly, the absorption spectrum of chromatophores of Rps. 
spheroides strain R-26 exhibits shoulders at about 760 and 800 nm; these shoulders 
are absent in chromatophores depleted of reaction centres 18. Secondly, in the same 
organism, the action spectrum for the photooxidation of bacteriochlorophyll P870 
exhibits shoulders at about 760 and 800 nm (ref. 19); these shoulders are absent in 
the action spectrum for the fluorescence of "light-harvesting" bacteriochlorophyll 
(refs 19-21). These data indicate that bacteriopheophytin and bacteriochlorophyll 
P800 occur as such in the reaction centre in vivo and that these pigments transfer 
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energy to bacteriochlorophyll  P870 rather than to "light-harvesting" bacterio- 
chlorophyll .  

The ratio of  bacteriopheophytin to bacterioehlorophyll in reaction centres 
In the following discussion it is understood that  a reaction centre is a complex 

in which one electron can be transferred photochemically.  
In order to estimate the ratio o f  bacteriopheophytin to bacteriochlorophyll  

in reaction centres f rom Rps. spheroides, we will first consider the area under  the 
near-infrared absorpt ion band in different bacteriopheophytin preparations. Table I 
summarizes the results collected f rom literature data. It  appears that  the area under 
the absorpt ion band, as defined in Table I, has an approximately constant  value o f  
(38 + 2). 103 m M  -1. cm -2, despite large variations in ema x. For  this reason we assume 
that  " b o u n d "  and "free" bacteriopheophytin have a near-infrared absorpt ion band 
with an area (as defined above) of  38.103 m M - ' .  cm -2. This enables us to calculate 
an extinction coefficient of  at most  42 m M  -~ .cm -2 for "free" bacteriopheophytin,  
given a half  width of  at least 910 c m - '  for the near-infrared absorption band (calcul- 
ated f rom Fig. 3). Moreover,  we assume (as was done in the analysis of  Fig. 5) that  
the shape of  the near-infrared absorpt ion is the same in " b o u n d "  and "free" bacterio- 
pheophytin.  

TABLE I 

SPECTRAL CHARACTERISTICS OF THE NEAR-INFRARED ABSORPTION BAND OF 
DIFFERENT BACTERIOPHEOPHYTIN PREPARATIONS. 

The half width of the absorption band was calculated from Figures published in the references 
mentioned. The area under the absorption band (last column) is defined for our purpose as the 
product of the extinction coefficient in the absorption maximum (emax) and the half width. Bph, 
bacteriopheophytin. 

Ref System 2max(nm) emax Half width Area 
(mM-1. cm-1) (cm-1) (mM-1. era-2) 

22 Bph in chloroform 750 58 700 40" 103 
23 Bph in ether 749 63 620 39" 108 
16 Bph-protein 756-760 36 1000 36" 103 
This report "Free" Bph 756 < 42 _< 910 

Clayton and co-workers determined the amount  of  bacteriochlorophyll  which 
can be extracted f rom an aliquot of  a watery suspension of  reaction centres with 
known absorbance at 803 and 867 nm. Knowing that  the bacteriochlorophyll  corres- 
ponded to bacteriochlorophyll  P800 and P870, they determined the absorbance 
coefficients of  reaction centres in the absorption maxima of  bacteriochlorophyll  
P800 (at 803 nm) and of  bacteriochlorophyll  P870 (at 867 nm), assuming that  there 
are 3 or  4 or  5 molecules of  bacteriochlorophyll  per reaction centre '7. We extended 
these calculations to the assumption of  2 molecules of  bacteriochlorophyll  per reac- 
tion centre 24. The results are shown in the first 3 columns of  Table II. 

According to the analysis o f  Fig. 5, the absorpt ion at 756 nm due to " b o u n d "  
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bacteriopheophytin is 0.71 times the absorption at 867 nm. This enabled us to cal- 
culate the absorbance at 756 nm of reaction centres (mM -1- cm -~) which was due to 
"bound"  bacteriopheophytin. This is shown in the 4th column of Table II. With the 
assumption that the specific extinction coefficient of "bound" bacteriopheophytin at 
756 nm is 42 mM -1. cm -~ (see above), we were able to estimate the best fitting number 
of bacteriopheophytin molecules per reaction centre (last column of Table II). 

T A B L E  II 

C A L C U L A T I O N  O F  T H E  M O L A R  R A T I O  O F  B A C T E R I O P H E O P H Y T I N  (Bph) P E R  
R E A C T I O N  C E N T E R  (RC) ,  S T A R T I N G  F R O M  A G I V E N  N U M B E R  O F  B A C T E R I O -  
C H L O R O P H Y L L  (Bchl) M O L E C U L E S  P E R  R E A C T I O N  C E N T R E  

The  middle  and  b o t t o m  row of  the  first three c o l u m n s  were taken  f rom ref. 17. The  top  row of  
the  first three c o l u m n s  was ob ta ined  in the  s ame  way as in ref. 17. F u r t h e r  detai ls:  see text. 

Assumed Absorbance of  Absorbance of  Molar ratio 
molar ratio RC ( m M  -1" cm -1) RC (raM -1" cm -1) Bph/RC 
Bchl/RC due to Bph (756 nm) 

803 nm 872 nm 

2 176 76 54 1 
3 264 113 80 2 
4 352 152 107 2 or 3 

It appears from Table II that, whatever the number of bacteriochlorophyll 
molecules per reaction centre, the molar ratio of bacteriopheophytin:bacterio- 
chlorophyll is at least 1:2. 

We favour the assumption of 2 molecules of bacteriopheophytin per reaction 
centre, firstly, because of the band splitting of the 535-nm absorption band of bacterio- 
pheophytin at low temperatures (see below) and secondly, because the assumption of 
1 molecule of bacteriopheophytin is, according to Table II, only compatible with 
2 molecules of bacteriochlorophyll per reaction centre, and this leads to rather low 
specific extinction coefficients of the reaction centre particle in the near-infrared. 
Using an argument developed earlier 17, this is not a likely possibility because it 
would mean that the quantum yields measured for the photooxidation of bacterio- 
chlorophyll P870 (number of electrons transported per number of quanta absorbed) 
are, in reality, higher than reported 6'17'25 (i.e. higher than 1) and would approach 
1.5. The reported values were based on an extinction coefficient of 113 mM -~.cm -~ 
for the bacteriochlorophyll P870 absorption maximum. (A lower extinction coeffi- 
cient means that a certain absorbance change represents a larger number of oxi- 
dized bacteriochlorophyll P870 molecules.) 

The band spfitting of  bacteriopheophytin at 535 nm 
Absorption spectra t7 and fluorescence excitation spectra (this report) of reaction 

centre preparations measured at 77 °K revealed a splitting in the 535-nm absorption 
band of bacteriopheophytin. This could be taken as indicating the presence of 2 
molecules of bacteriopheophytin per reaction centre. (One might assume that there 
are 2 kinds of reaction centre, with slight differences in the position of the 535-nm 
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absorption band of bacteriopheophytin, but then one would have to explain why 
there are two kinds and why these two kinds always occur in a 1 : 1 ratio.) 

One might assume that the band splitting arises because some of the bacterio- 
pheophytin molecules are subject to pigment-solvent interactions, resulting in a shift 
of  the 535-nm absorption band. Such interactions are known to occur with bacterio- 
chlorophyll in polar solvents 26, where a shift of 1 nm of the far-red absorption 
band (from 772 to 771 nm) is accompanied by a shift of 34 nm of the "yellow" 
absorption band (from 575 to 609 nm). However, Goedheer 2v showed that the posi- 
tion of the 535-nm absorption band of bacteriopheophytin in polar solvents does not 
vary more than the position of the near-infrared absorption band as a result of pig- 
ment-solvent interactions, and the near-infrared absorption band of bacteriopheo- 
phytin in reaction centre preparations does not show a splitting at 77 °K 
(ref. 28). 

A third possibility is that one electronic transition is responsible for two peaks 
in the 535-nm absorption band of monomeric bacteriopheophytin in reaction centres 
at low temperatures. However, such a band splitting is not apparent at room 
temperature in monomeric bacteriopheophytin (refs 22, 23), in detached bacterio- 
pheophytin (Fig. 4B) and in a bacteriopheophytin-protein complex 15a6, whereas 
even at room temperature the 535-nm absorption band of "bound"  bacteriopheo- 
phytin has a truncated appearance, suggesting an unresolved band splitting, as 
shown in absorption spectra (e.g. ref. 28) and fluorescence excitation spectra (Fig. 
4A) of reaction centres. 

Therefore we favour the hypothesis 29 that the band splitting in the 535-nm 
absorption band of reaction centre preparations is due to dimer interaction between 
two bacteriopheophytin molecules. Although circular dichroism measurements 3° 
with reaction centre preparations in the near-infrared region did not indicate a 
strong interaction between two bacteriopheophytin molecules, one might assume 
that such an interaction shows up mainly in the electronic transition responsible for 
the 535-nm absorption band of bacteriopheophytin. 

The number of  bacteriochlorophyll and carotenoid molecules per reaction centre 
The molar ratio of carotenoid and bacteriochlorophyll in reaction centres 

could be estimated from Fig. 5 as indicated below. However, there is no certainty yet 
about the number of bacteriochlorophyll molecules per reaction centre. Early 
evidence suggested the presence of 3 molecules of bacteriochlorophyll, viz. 2 mole- 
cules of bacteriochlorophyll P800 and 1 molecule of bacteriochlorophyll P870 per 
reaction centre 31'17. However, recent results from ESR experiments 32 favour the 
idea of 4 bacteriochlorophyll molecules, viz. 2 bacteriochlorophyll P800 : 2 bacterio- 
chlorophyll P870. A 1:1 ratio of the bacteriochlorophylls P800 and P870 was also 
suggested by our finding that the ratio of the areas under the near-infrared absorption 
bands of the bacteriochlorophyll P800 and bacteriochlorophyll P870, respectively, 
was 1.2:1 (obtained by analyzing spectra as shown in Fig. 6 on a wave number scale). 

Assuming a maximum value of 150 mM -1. crn -t for the extinction coefficient 
of carotenoid 33, we obtain from Fig. 5 a value of 0.43 or 0.58 molecules of carotenoid 
per reaction centre, assuming that there are 3 or 4 molecules of bacteriochlorophyll 
per reaction centre, respectively. Since both values are significantly less than 1, 
some reaction centres apparently did not contain carotenoid at all. 
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ADDENDUM (Received April 24th, 1973) 

After submission of the manuscript ,  two other papers relating to the numbers  
of pigment  molecules in reaction centres appeared. Feher et  al. 34, on the basis of 
electron-nuclear double resonance experiments, concluded that  there are 2 molecules 
of bacteriochlorophyll  P870 per reaction centre. Reed and Peters 35, on the basis 
of extraction experiments, found a molar  ratio of 1:2 for bacter iopheophytin:  
bacteriochlorophyll  in reaction centres. 
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