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SUMMARY 

Chromatophores from various strains of Rhodopseudomonas sphaeroides were 
excited with laser flashes lasting about 20 ns. Fluorescence from the antenna bacterio- 
chlorophyll of the photosynthetic apparatus was measured both during the laser 
flash, and during a weak Xe flash following the laser flash. Strong laser flashes caused 
severe quenching of the fluorescence, which could be correlated with the formation 
of triplet states of the antenna pigments. Triplet states of both BChl and carotenoids 
acted as quenchers, but bacteriochlorophyll triplets were the more effective of the 
two. In the double-flash experiments, the reciprocal of the fluorescence yield was 
proportional to the concentration of triplet quenchers remaining at the time of the 
second flash. This relationship indicates that singlet excitations can migrate over 
large domains in the antenna, rather than being restricted by boundaries separating 
individual reaction centers. Comparisons of chromatophores from different strains 
and from cells grown under different conditions showed that excitations are concen- 
trated rapidly in the antenna complexes with the longest wavelength absorption 
bands (B870), and that the migration of excitations to trapping sites is relatively 
insensitive to the amount of antenna bacteriochlorophyll absorbing at shorter wave- 
lengths (B800-B850). This suggests that the B870 complexes are organized in the 
membrane so as to interconnect many reaction centers, and that the B800-B850 
complexes are arranged peripherally. 

INTRODUCTION 

The light-harvesting antenna system of photosynthetic bacteria consists of 

Abbreviations: BChl, BChI*, and BChl r, bacteriochlorophyll in its ground and excited 
singlet and triplet states, respectively. 

* Present address: Physics Department, City College of New York, New York, N.Y. 10031, 
U.S.A. 
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bacteriochlorophyll (BChl) and carotenoids, associated non-covalently with hydro- 
phobic proteins [1-3]. The role of the antenna is to funnel energy to photochemical 
reaction centers, which trap the energy in an electron transfer reaction, the oxidation 
of P-870 [1, 4]. If the reaction centers are not in a photochemically active state, the 
energy must be dissipated in other processes, such as fluorescence and the formation 
of triplet states of the antenna pigments [5, 6]. 

When chromatophores are excited with a relatively weak flash lasting about 
20 ns, the quantum yield of triplet states of the antenna pigments is on the order of 
2 ~ [5]. However, the yield declines severely as one increases the strenglh of the 
flash, so that even extremely strong flashes convert only a very small fraction of the 
antenna pigments into triplet states [5, 6]. Because the yield of fluorescence from the 
antenna BChl declines similarly, the decrease in the triplet yield appears to result 
from quenching processes that limit the lifetime of the excited singlet state of BChl 
(BChl*) [5]. Two quenching processes that could become important at high flash 
intensities are singlet-singlet fusion (2 BChl* ~ BChI+BChl*) and singlet-triplet 
fusion (BChI* + BChl T ~ BChl + BChl T or BChl* + carotenoid T ~ BChl + carotenoid v) 
[7-9]. Quenching by triplets seems likely to outweigh that by singlets under many 
conditions, because the triplet quenchers have much longer lifetimes. In chromato- 
phores from the carotenoidless strain R-26 of Rhodopseudomonas sphaeroides, BChl a" 
decays with a halfdme of approx. 70 #s [5], whereas the lifetime of BChI* is about 300 
ps with weak excitation and less than this with strong excitation [10]. On the other 
hand, the quantum yield of triplets is low. One would expect, therefore, that singlet- 
singlet fusion might be the predominant quenching mechanism during flashes that 
are shorter than several hundred ps, but that singlet-triplet fusion would become 
increasingly important with longer flashes [8, 10]. 

In the present work, we have investigated the importance of singlet-triplet 
quenching under two different conditions. We first measured the yield of fluorescence 
from the antenna BChl during a 20 ns laser flash. Such a flash generates BChl*, 
BChl a', and in some cases carotenoid triplets, and any of these species might act to 
quench fluorescence during the flash. We then examined the fluorescence during a 
weak Xe flash, several/~s after the laser flash. The test flash provides a measurement 
of the fluorescence yield under essentially steady-state conditions. Excited singlet 
states generated by the laser flash have decayed in the interval between the flashes, 
and only triplet states survive to cause quenching during the second flash. Mauzerall 
[30] has used this technique previously to study fluorescence quenching in Chlorella 
pyrenoidosa. To compare the effectiveness of BChl a" and carotenoid triplets as 
quenchers, we studied both the carotenoidless strain R-26 ofR. sphaeroides and strains 
that contain carotenoids. The results show that both types of triplet do quench 
fluorescence severely. 

Our principal goal in studying singlet-triplet fusion has been to extract infor- 
mation on the movement of singlet excitations within the antenna. If one defines a 
"domain" in the antenna as a region which is uniform with respect to the transfer of 
singlet excitations [13], one would like to know, first of all, whether the reaction 
center can trap excitations only within a relatively small and exclusive domain, or 
whether the 10-50 reaction centers in a chromatophore compete for a common pool 
of excitations in an extended domain. These two contrasting views have been called 
the "puddle" and "lake" models of the photosynthetic apparatus [11 ]. One can 
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distinguish between the two models by examining the relationship between the fluores- 
cence yield and the concentration of photochemically active reaction centers [12-14]. 
If domains in the antenna contain many reaction centers, the yield of fluorescence 
during steady-state illumination can be written as 

q~ = kf (1) 
kf + kcRa + k d R ( 1  - a) + ke 

where R is the number of reaction centers per domain, a is the fraction of these that 
are in a photochemically active state, and kf, kc, kd, and ke are rate constants for the 
decay of excitations by fluorescence, photochemical processes in the reaction centers, 
wasteful quenching by reaction centers that are not in a photochemically active state 
(for example, reaction centers in which P-870 is already oxidized, or the primary 
electron acceptor already reduced), and other paths. In agreement with Eqn. 1, 
Vredenberg and Duysens [14] and Clayton [12, 13] have shown that the reciprocal 
of the fluorescence yield is proportional to a. 

One can expand Eqn. 1 to include quenching by other sites or species, such as 
triplet states, by adding further terms to the denominator. Then 

_ kf  ( 2 )  
k o + kqRQ 

where Q is the number of additional quenchers per reaction center, kq is a rate constant 
for quenching, and k o = kf+k¢ R a + k  d R (1--a)+k¢. Eqn. 2 can be rewiitten: 

gPo = 1+ kqR Q (3) 
ko 

where ~b o is the fluorescence yield when Q is zero. 
If the antenna is divided into many small domains, and if the transfer of exci- 

tations from one domain to another is slow, Eqn. 3 still will describe the fluorescence 
yield from domains with a given value of Q. However, the overall yield of fluorescence 
from a large collection of domains now will be given by 

q~ = ~ b,~b, (4) 
i 

where b i is the fraction oftbe domains that have i quenchers, and ~i is the fluorescence 
yield from domains in this subset. According to Eqn. 4, a plot of ~o/q~ vs. Q will not 
be linear. 

We have examined the relationship between the fluorescence yield and the 
triplet concentration in the double flash experiments and have found Eqn. 3 to apply. 
Our results support the conclusions of previous workers who have studied the fluo- 
rescence quenching by the photochemical reaction centers themselves [12-14, 37]. 
However, the use of antenna triplet states as quenchers allows one to extend the test 
of the relationship significantly, because the concentration of triplet quenchers that 
can he generated by strong flashes is about twice the concentration of reaction centers. 
In addition, the formation of triplet quenchers causes much larger changes in fluores- 
cence yield than those that result from alterations of the state of the reaction centers. 
Further, triplet quenchers appear to be free of several complications that have been 
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bothersome in previous studies [12, 15]. The ability of the reaction center to trap 
energy depends on the redox states of both P-870 and the primary electron acceptor, 
X. Because measurements of the redox state of X are generally not straightforward, 
most investigators have monitored only the state of P-870; this is simply related to 
the fluorescence yield only under restricted conditions. 

Strains of R. sphaeroides that contain carotenoids also contain several differ- 
ent types of bacteriochlorophyll complexes in their antenna. These are conventionally 
designated "B800, B850, and B870", after the approximate positions of their infrared 
absorption maxima. B800 and B850 appear to be associated in one pigment-protein 
complex; B870 appears to be a separate complex, which is linked more closely to the 
reaction center [16-18]. The antenna of the carotenoidless strain R-26 contains only 
B870. When both types of complexes are present, the question arises whether they 
are distributed randomly in the membrane, or whether they are arranged so as to 
optimize directional flow of energy toward the reaction centers [19, 20]. A study of 
fluorescence quenching can provide information on this point as well. 

MATERIALS AND METHODS 

Cultures of R. sphaeroides were grown essentially as described previously [5], 
on media containing yeast extract and casamino acids plus the additional carbon 
source of succinate for anaerobic photosynthetic growth or malate for semiaerobic 
growth in the dark. Strain PM-8 dpl, which lacks photosynthetic reaction centers, 
was grown under the latter conditions; other strains generally were grown photo- 
synthetically. Strain Ga was grown under both conditions to vary the relative amounts 
of B800-B850 and B870. The absorption spectra of chromatophores prepared from 
the dark-grown cultures of strain Ga were very similar to those from strain PM-8 
dpl. They differed from those of photosynthetically grown cultures of strain Ga in 
having lower levels of B800-B850, relative to B870 [16, 17]. Chromatophores were 
prepared by passage of cells through a French pressure cell at 12 000 lb/inch 2 [5]. 
Reaction center and BChl concentrations were estimated as described previously [5]. 
The values obtained for BChl concentrations were verified by measuring the concen- 
tration of BChl in acetone/methanol extracts of the chromatophores [21]. 

For study, chromatophores were resuspended in 0.01 M Tris" HCI, 0.1 M 
KCI, pH 7.6, and bubbled with N2 to remove 02. Low redox potentials were achieved 
by the addition of excess solid Na2S20,. In the figure legends and text, "moderate" 
redox potential indicates a potential of about +250 mV for chromatophores prepared 
from cultures grown in the light, and about +350 mV for chromatophores prepared 
from cultures grown in the dark. 

Absorbance changes following laser flash excitation and fluorescence measure- 
ments during laser excitation were measured essentially as described previously [5, 
22, 23]. The flash wavelength was 694 nm, and the width at half-maximum amplitude 
was about 20 ns. For the double-flash fluorescence measurements, a Xe lamp was 
placed 90 ° to the laser excitation path, 180 ° to the photomultipler which detected 
fluorescence. The Xe lamp provided a very weak flash with a width of about 1 #s at 
half-maximal amplitude. The light pulse passed through a Corning 9782 (blue-green) 
filter before reaching the sample. Complementary filters and a monochromator 
beyond the sample prevented light from either of the excitation flashes from reaching 
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the photomaltiplier. To determine whether the intense pulse of fluorescence induced 
by the laser flash prevented the photomultiplier or oscilloscope from properly reg- 
istering the weak signal due to the Xe flash, we replaced the chromatophore suspen- 
sion by an inert, scattering sample (diluted milk). The monochromator and filters 
were altered to allow the photomultiplier to measure a weak pulse of transmitted 
infrared light from the Xe flash, and to allow a strong pulse of laser light also to 
reach the tube. The amount of laser light reaching the photomultiplier was adjusted 
to make the photomultiplier's response the same as the response to the fluorescence 
when the chromatophore sample was excited by the laser flash. Artifacts due to the 
laser flash appeared to be negligible if the interval between the flashes was greater 
than about 2 #s. 

To compare the fluorescence yields in chromatophores from different strains, 
we used flashes that were very weak, relative to the saturation of photochemistry. 
The incident irradiance, measured with a ballistic thermophile, was approx. 10 t3 

quanta/cm 2. The amount of laser light that the chromatophores absorbed was cal- 
culated from the incident irradiance and the absorbance of the sample, as measured 
with continuous light at the laser's wavelength. Because some of the chromatophore 
suspensions were slightly turbid, an integrating sphere was used for the latter mea- 
surement, and chromatophore suspensions that had been bleached by the addition of 
a minimal amount of NaOCl were used as blanks. The integrating sphere's photo- 
multiplier was equipped with a fluorescence-blocking filter for measurements of the 
strongly fluorescent chromatophores from strain PM-8 dpl. The chromatophore con- 
centrations were adjusted so that the samples absorbed between 10 and 20 % of the 
excitation flash. The ordinate scales in Figs. 1 and 6 indicate the relative values of the 
apparent fluorescence yields (fluorescence/light absorbed) in the different strains. 
They are subject to an uncertainty of approx. 4-20 %, mainly because of the diffi- 
culty of measuring accurately the amounts of light that the chromatophores absorbed. 
Only fluorescence at wavelengths near 910 nm was included in these measurements, but 
separate measurements indicated that the emission spectra of the various strains were 
not significantly different. 

Excitation with the strongest flashes appeared not to cause irreversible changes 
in any of the chromatophores. The results were independent of whether the flash 
intensity was progressively increased, decreased, or changed randomly over the 
course of the experiment. 

RESULTS AND DISCUSSION 

Fig. 1 shows the relative quantum yield of fluorescence from the antenna 
BChl of strain R-26 chromatophores, as a function of the strength of the excitation 
flash. Single laser flashes were used for these measurements. The open circles repre- 
sent chromatophore suspensions at moderate redox potentials, under optimal con- 
ditions for photochemical activity at the reaction center. With weak illumination, 
the reaction centers trap excitations very efficiently, and the absolute quantum yield 
of fluorescence is only about 2 ~o [24]. The fluorescence yield is greater if the primary 
electron acceptor is chemically reduced by lowering the redox potential (Fig. l, filled 
circles). The reaction centers evidently trap energy less efficiently at low redox poten- 
tials, even though the initial steps of the photochemical electron transfer reaction still 
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Fig. 1. Fluorescence, P-870 oxidation, and BChl x formation in R. sphaeroides K-26 chromatophores 
excited by laser flashes, as a function of the flash intensity. Samples contained 26/~M BChl and 
absorbed about 37 ~ of  the incident laser light. O, relative yield of fluorescence at 910 nm (fluores- 
cence intensity/flash intensity) measured at moderate redox potential; O, same as O,  except at low 
redox potential; 0 ,  P-870 photooxidation, measured from absorbance changes at 510 nm at moder- 
ate potential; 1.0 (relative unit) is a AA of 0.0037; II, BChl x formation, measured from absorbance 
changes at 510 nm at moderate potential; 1.0 (relative unit) is a AA of  0.0107. Absorbance changes 
due to P-870 and BChl x were distinguished by their different decay kinetics, as described previ- 
ously [5]. 

occur [23, 25] (see below). At both moderate and low redox potentials, the yield of 
fluorescence declines severely as the strength of the laser flash increases (Fig. 1). The 
filled squares in Fig. 1 show that the formation of BChl T accompanies the decrease in 
the fluorescence yield. The open squares show that the photooxidation of P-870 in the 
reaction centers is about 60 ~ saturated when the formation of BChl x and the decline 
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Fig. 2. Fluorescence induced by weak Xe flash excitation of chromatophores of strain R-26. (A) No 
laser flash prior to the Xe flash. (B) Sample exposed to strong laser flash (approx. 101 s photons/cm2 
incident intensity) 503/~s before the Xe flash. (C) Same as B, except laser flash 5.7/zs before Xe flash; 
note expanded vertical scale. For all measurements, the sample contained 14/~M bacteriochlorophyll, 
was at moderate potential, and absorbed about 20 ~o of the laser flash. The Xe flash was weak enough 
not to cause significant photooxidation of/ ' -870. The intervals between the laser and Xe flashes 
were measured separately, with slower oscilloscope sweeps, and are expressed relative to the peaks 
of the Xe flashes. 
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in the fluorescence yield begin to be significant. One would expect an increase in the 
fluorescence yield to accompany the saturation of the photochemical system [12], 
but this rise apparently is masked by the competing fluorescence quenching process. 

The data in Fig. 1 suggest that the quenching of fluorescence which occurs with 
strong laser flashes could result largely from singlet-triplet fusion. To obtain more 
direct information on the importance of singlet-triplet fusion, we examined the fluores- 
cence that resulted from a weak Xe test flash, several #s after the chromatophores had 
been exposed to the laser flash. The delay between the two flashes assured that all 
BChl * generated by the laser flash would have decayed by the time of the test flash. 
Fig. 2 shows typical measurements of the fluorescence on the second flash, for several 
different flash spacings. If the flashes are spaced about 500 #s apart (Trace B), the 
fluorescence yield on the second flash is higher than the yield that is observed with a 
single, isolated flash (Trace A). The increased fluorescence presumably reflects the 
photooxidation of P-870 by the first flash. If the spacing between the flashes is de- 
creased to about 6 #s, fluorescence on the second flash is severely quenched (Trace C). 
We interpret the quenching as being due to singlet-triplet fusion. 

Fig. 3 shows the yield of fluorescence measured on the test flash, as a function 
of the strength of the laser flash. For these measurements, the delay between the 
flashes was 8 #s. Strong laser flashes cause a quenching of fluorescence similar to the 
quenching that occurred in the single-flash experiments of Fig. 1, as expected if the 
quenching during the single flashes also is due mainly to singlet-triplet fusion. In the 
double-flash experiments, the 10 % decay of BChl v that occurs during the 8/~s be- 
tween the flashes reduces the masking of the fluorescence rise due to the photo- 
oxidation of P-870. Flashes of intermediate strength therefore cause a small increase 
in the fluorescence yield. 

To investigate the relationship between the concentration of BChl T and the ex- 
tent of the fluorescence quenching, we varied the time between the two flashes, keeping 
the laser flash at maximal intensity. The closed circles in Fig. 4A show measurements 
of the amount of BChl v remaining as a function of time after the laser flash, and 
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Fig. 3. Relative yield o f  fluorescence excited by the Xe flash, 8 ps after exposure of  the chromato= 
phores to a laser flash, as a function o f  the strength o f  the laser flash. Strain R-26 chromatophores; 
26 pM bacteriochlorophyll; about 37 % of  the laser flash absorbed. (3 and O,  as in Fig. 1. The 8-ps 
interval between the two flashes allowed about 10 % decay of  the BChl T generated by the laser flash 
(Fig. 4). 
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Fig. 4. Yield of  bacteriochlorophyll fluorescence excited by the Xe flash, and amounts o f  BChl T, P", 
and car T remaining at the time of the flash, as a function of the time between the laser and Xe 
flashes. Incident laser flash intensity, about 10 la photons/cm z. (A) Strain R-26 chromatophores at 
moderate redox potential; 14/~M BChl; about 20 % of the laser flash absorbed. O, relative yield of  
fluorescence; O, absorbance changes at 510 nm reflecting the amount of BChl r remaining at the time 
of the fluorescence measurement. (B) Same as A, except R-26 chromatophores at low redox poten- 
tial; 26/zM BChl; about 37 % of the laser flash absorbed. At low potential, the absorbance changes 
at 510 nm are due to both P" and BChlT; pR decays more rapidly than BChl r [5, 23]. (C) Same as A, 
except chromatophores from photosynthetically grown strain Ga; 61 #M BChl; about 46 % of the 
laser flash absorbed; moderate redox potential. The absorbance chenges at 510 nm reflect the amount 
of carotenoid triplet (car T) remaining at the time of the Xe flash. 

the open circles show measurements  of  the relat ive fluorescence yield.  The  BChl x 
p o p u l a t i o n  decays exponent ia l ly  with a hal f t ime o f  55 #s. The fluorescence quenching 
decays  approx imate ly ,  but  no t  exactly,  in parallel .  Separa te  measurements  showed 
tha t  only negligible changes in the r edox  state o f  P-870 occurred on the t ime scale 
o f  this exper iment .  In  Fig. 5 (open circles) the rec iprocal  o f  the fluorescence 
yield is p lo t t ed  as a funct ion  o f  the concen t ra t ion  o f  BChl T remain ing  at  the t ime o f  
the Xe flash. The da t a  p rov ide  a good  fit to the s t raight  line tha t  is p red ic ted  by  the 
lake model  o f  the pho tosyn the t i c  appara tus .  Note  tha t  the da t a  extend f rom a quencher  
concen t ra t ion  o f  zero to  abou t  2 per  reac t ion  center,  twice the range tha t  is accessible 
in exper iments  tha t  use the reac t ion  center  i tself  as the quencher.  The  dashed  line in 
Fig.  5 i l lustrates  the curvature  tha t  would  be expected in the p lo t  i f  the puddle  model  
were correct .  A l though  the amoun t  o f  curvature  tha t  one expects depends  to some 
extent  on assumpt ions  tha t  one mus t  make  abou t  the d i s t r ibu t ion  o f  quenchers  a m o n g  
the different  doma ins  in the sample,  it is clear tha t  the pudd le  model  is unsat is factory .  
However ,  the observa t ion  o f  a rec iprocal  re la t ionship  between fluorescence and  
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Fig. 5. Data of Figs. 4A and 4C replotted according to the equation 4o/t~ = l +K [Q], where K is a 
constant; $ is the relative fluorescence yield measured at time t after the laser flash; [Q] is the con- 
centration of triplet quenchers remaining at time t; 4o is the asymptote of $ for large t, when [Q] ~ 0 
(t ~ 500/~s for BChl r or 50/~s for cart). O, BChl r data from Fig. 4A; 0 ,  carotenoid triplet data 
from Fig. 4C. Concentrations of BChl r and carotenoid triplet were calculated from the absorbance 
changes at 510 nm, using extinction coefficients of 11 and 80 mM -1 • cm -1, respectively [5]. To 
normalize the BChl T and carotenoid triplet concentrations, reaction center concentrations were 
calculated from measurements of P-870 photooxidation. The dashed curve is predicted for the 
BChl T data (open circles) by a puddle model, in which the chromatophores are composed of indepen- 
dent photosynthetic units, each containing one reaction center plus an antenna. The curve is given by 
the equation ~/~o = C+B[$I/So] +A [$2/4o], where A, B, and C are the fractions of the units with 
two, one, and no triplet quenchers and St and 42 are the relative fluorescence yields for units with 
one and two triplet quenchers. The assumption is made that the laser flash generates two triplet 
quenchers in all units at time t = 0. This is a simplifying approximation; in fact, a small fraction of 
the units will have one triplet, and a small fraction will have three. However, the increasing quenching 
rate causes the quantum yield for triplet formation to decrease successively with each triplet that is 
added, so that essentially all of the units will have two triplets before the fraction with three becomes 
appreciable. The measured ratio of triplets to reaction centers was slightly greater than 2 at the time 
of the laser flash. Following the flash, the triplets are assumed to decay independently with first- 
order kinetics. These assumptions give A = e -kt, B = kte -~t, and C = 1--(1 +kt)e -kt, where k is 
the first-order decay rate constant. 42 is obtained from the intercept at time t = 0 in Fig. 4A; 42/ 
4o = 0.14. St is determined by assuming that within each unit, the quenching rate is proportional 
to quencher concentration; this assumption gives c, bl/S o = 2/(1 +$o/S2) = 0.25, 

quenchers does no t  allow one to be very specific abou t  the n u m b e r  of reaction centers 
that  share each domain.  The relat ionship will be essentially invar iant  for any value of 
this n u m b e r  greater than  abou t  7 (ref. 13). 

The s i tuat ion is somewhat  more complicated at low redox potentials ,  when 
the react ion centers start out  in the form P-870-X- .  In  addi t ion to generat ing triplet 
states of the an t enna  BChl, excitat ion under  these condit ions also can generate a 
triplet state of  the react ion center, called state pR [5]. State pR forms by way of a 
biradical  state called pF, which has a lifetime of about  10 ns [23, 26]. In double-flash ex- 
periments ,  Holmes  et al. [27] have shown that the format ion  of state pR causes an 
increase in the yield of fluorescence f rom the an t enna  BChl. Their  measurements  
were made at 77 °K, where pR has a high q u a n t u m  yield and  a lifetime of abou t  110 
#s. At  room temperature,  pR is formed in lower yield and decays with a halftime of 
approx. 6 ~ts [5, 23], making  measurements  of its effect on  fluorescence more difficult. 
Fig. 4B shows measurements  of the fluorescence yield at low redox potentials  at r oom 
temperature.  The data at very early times are consistent  with the idea that  the fluores- 
cence yield is enhanced by the conversion of the react ion centers into state pR. This 
effect is superimposed on the strong quenching due to the longer lived an t enna  
BChl T. 
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Chromatophores from strains that contain carotenoids introduce the ad- 
ditional complexity that triplet states of their antenna BChl do not live long enough 
to be readily detectable. Instead, they transfer their energy to carotenoids, with half- 
times on the order of 20 ns [5]. Nonetheless, chromatophores from carotenoid-con- 
containing strains exhibit fluorescence quenching similar to the quenching that is 
described above for the carotenoidless strain R-26. Fig. 6 shows plots of the relative 
yield of fluorescence as a function of the strength of the laser flash for chromato- 
phores prepared from three different strains that contain carotenoids; all show severe 
fluorescence quenching at high flash intensities. In all cases, the decrease in fluores- 
cence yield occurs approximately in parallel with the formation of carotenoid triplets 
[5]. This is illustrated for strain 2.4.1 by the filled squares in Fig. 6A. 

The question that arises next is whether fluorescence quenching in the carot- 
enoid-containing strains is due solely to the activity of BChl triplet states prior to 
their decay, or whether carotenoid triplets also can quench BChl fluorescence. We 
addressed this question with double-flash experiments similar to those shown in Fig. 
4A for strain R-26. Fig. 4C shows measurements for chromatophores prepared from 
strain Ga. The open circles give the relative fluorescence yield on the test flash, and 
the filled circles, the amount of carotenoid triplets remaining at the time of the flash. 
Clearly, carotenoid triplets are capable of quenching BChl fluorescence. This supports 
the suggestion of previous workers that carotenoid triplets quench chlorophyll fluores- 
cence in C. pyrenoidosa and spinach chloroplasts [28-30]. As was the case with 
BChl x, the population of carotenoid triplets and the extent of fluorescence quenching 
decay approximately but not exactly in parallel. The closed circles in Fig. 5 show the 
reciprocal of the fluorescence yield, plotted as a function of the concentration of 
carotenoid triplets. The data provide a reasonably good fit to the lake model, although 
there is some curvature at triplet concentrations greater than about one per reaction 
center. The interval between the two flashes is short for these measurements, and it is 
possible that artifacts due to the laser flash perturb the measurements. In addition, 
the small magnitude of the quenching by carotenoid triplets makes the distinction 
between the lake and the puddle models less clear than it is in the carotenoidless strain 
R-26. Using the reaction center as the quencher, Clayton [12] has obtained agreement 
with the lake model relationship for both carotenoidless and carotenoid-containing 
strains. 

Fig. 6. Fluorescence, P-870 oxidation, and carotenoid triplet formation in carotenoid-containing 
chromatophores excited by laser flashes, as functions of the flash intensity. (A) Strain 2.4.1 chromato- 
phores. O,  relative yield of fluorescence at 910 nm (fluorescence intensity/flash intensity), measured 
at moderate redox potential. 45 ~M BChl; about 36 % of  tbe laser flash absorbed. O, same as C), 
except at low potential. I ,  carotenoid triplet formation, measured from absorbance changes at 535 
nm at moderate potential; other conditions as for O.  1.0 (relative unit) is a AA of 0.087. [~, P-870 
photooxidation, measured from absorbance changes at 535 nm at moderate redox potential. (These 
absorbance changes reflect mainly the bathychromic shift of a carotenoid absorption band, resulting 
from charge separation in the reaction center [35, 36]. They were distinguished from absorbance 
changes due to the formation of carotenoid triplets by their very slow decay kinetics [5].) 1.0 (relative 
unit) is a AA of 0.0045.21 # M  BChl; about 19 ~o of the laser light absorbed. (B) Same as A, except 
chromatophores from photosynthetically grown strain Ga; 41 # M  bacteriochlorophyll; about 31% 
of the laser flash absorbed. (C) Same as A, except chromatophores from aerobically grown strain 
Ga; 25 # M  bacteriochlorophyll; about 31% of the laser flash absorbed. (D) Same as A, except 
strain PM-8 dpl; 14 # M  BChl; about 30 % of the laser flash absorbed. 
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According to Eqn. 3, the slopes of the lines in Fig. 5 give the ratio kqR/ko, 
where kqR is an effective rate constant for singlet-triplet quenching, and k o is the sum 
of the rate constants for all other decay paths for BChl*. Because the first flash 
converts the reaction centers to the photochemically inactive state P-870+-X -, the 
other non-radiative decay processes are mainly internal conversion, intersystem 
crossing, and non-photochemical quenching by the reaction centers. In Fig. 5, the 
slope is about five times greater for quenching by BChl T in the carotenoidless strain 
R-26 than it is for quenching by carotenoid triplets in strain Ga. Because the extent 
of the fluorescence quenching observed during strong laser flashes is similar in the 
two strains (Figs. 1 and 6B), it seems likely that BChl T is the major quencher during 
the laser flash, even when carotenoids are present. This is consistent with our finding 
that the formation of carotenoid triplets is relatively slow, compared to the width of 
the flash [5]. 

In chromatophores of strain 2.4.1, the photooxidation of P-870 is over 80 
saturated before the formation of triplet states and the decline in the fluorescence 
yield begin to be significant (Fig. 6A). The formation of triplets thus appears to 
compete less effectively with the trapping of excitations at the reaction center than it 
does in strain R-26 (Fig. 1). The rise in fluorescence yield due to the saturation of 
photochemistry is not masked by fluorescence quenching, and flashes of intermediate 
intensity cause a pronounced increase in fluorescence yield (Fig. 6A). Chromato- 
phores from strain Ga are similar to those from strain 2.4.1. in this regard (Figs. 
6B and 6C). As expected, the rise in fluorescence yield at intermediate intensities 
does not occur in strain PM-8 dpl, which lacks reaction centers (Fig. 6D). 

These differences in the relative efficiencies of triplet formation are reflected 
in differences in the quantum yields of fluorescence when the chromatophores are 
excited with weak flashes. In strain R-26, the fluorescence yield is approximately 
twice as great as it is in strains 2.4.1 and Ga, and in strain PM-8 dpl the yield is 9-10 
times greater than it is in 2.4.1. and Ga (Figs. 1 and 6). The fluorescence lifetimes 
measured after excitation with single flashes lasting about 10 ps have approximately 
the same ratios [10]. Apparently the trapping of excitations at the reaction centers 
occurs about twice as rapidly in strains 2.4.1 and Ga as it does in strain R-26. The 
long lifetime of BChI* in strain PM-8 dpl explains why quenching by triplet states 
becomes important with comparatively weak flashes (Fig. 6D). 

At low redox potentials, laser flashes of intermediate intensities do not result 
in an increase in the fluorescence yield in any of the strains (Figs. 1 and 6). Although 
the formation of state pR tends to increase the fluorescence yield in strain R-26 at 
low potentials (Fig. 4B), pR forms relatively slowly from the intermediate state pF, 
compared to the width of the laser flash [23, 26]. In addition, the quantum yield of 
pR is not much greater than that of the antenna BChl T, and the quenching effects of 
the antenna triplets evidently predominate. One would not expect the formation of 
state pR to have much influence on the fluorescence in the carotenoid-containing 
strains, because in these pa decays rapidly by transferring energy to a carotenoid 
that is associated with the reaction center [5, 26, 31 ]. State pF probably forms rapidly 
and with high quantum yield in all of the strains except PM-8 dpl [26], but the data 
shown in Figs. 1 and 6 indicate that this does not cause a major change in ability of 
the reduced reaction center to trap excitations. 

Let us now return to the question of how the reaction centers can trap singlet 
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excitations from the antenna more rapidly in strains 2.4.1 and Ga than they do in strain 
R-26. One might suppose that this difference reflects an advantage to having the B800- 
B850 components as well as B870 in the antenna. The situation is paradoxical, how- 
ever, because B870 appears to be linked more directly to the reaction center than are the 
B800-B850 complexes [16-18]. Unless the different complexes are arranged properly 
in the membrane, enlarging the antenna by the addition of B800-B850 would only delay 
the arrival of excitations at the reaction centers. However, it has long been known that 
energy is transferred very rapidly from the B800-B850 complexes to B870. Duysen's 
[32] original studies of the antenna complexes in Chromatium vinosum showed that 
essentially all of the fluorescence emanates from the complex with the longest wave- 
length absorption band, and the same is true in R. sphaeroides [18, 33]. 

If excitations are concentrated quickly in the B870 complexes, the formation 
of triplet states and the quenching of fluorescence should occur primarily in this part 
of the antenna. To test this point, we grew cells of strain Ga so as to vary the ratio of 
B800-B850 to B870. Growing the cells aerobically instead of photosynthetically 
causes a substantial decrease in the amount of ]3800-]3850 that they contain, without 
significantly altering the ratio of B870 to the reaction centers [16]. Fig. 7 shows 
measurements of the amounts of carotenoid triplet that were formed by flash exci- 
tation in two samples of chromatophores having the same concentration of B870 
but markedly different amounts of B800-B850. The amounts of carotenoid triplet 
that were formed in the two samples were very similar, except at the highest flash 
intensities (Fig. 7). The triplet states apparently do arise mainly in the B870 complexes, 
until the density of excitations in the B800-B850 complexes becomes significant at 
very high flash intensities. Comparison of Figs. 6B and 6C indicates that the fluores- 
cence yields were essentially the same in chromatophores from the two different 
cultures, and that the qtLenching of fluorescence by the triplets also was largely inde- 
pendent of the amount of B800-B850. 

0-12 

0.08 c J ~  ~° 

f 
0 ' 2x'1017 ' /, 'xlO 17 
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Fig. 7. Formation of  carotenoid tr iplet in strain Ga chromatophores at moderate redox potential, 
as a function of the strength of the laser flash excitation. O, chromatophores from photosyntheti- 
cally grown cultures; 78 #M bacteriochlorophyll ;about 56 % of the laser flash absorbed; 0 ,  chromato- 
phores from aerobically grown cultures; 42/ tM bacteriochlorophyll; about 51% of the laser flash 
absorbed. The reaction center (P-870) concentration was 0.64/~M for both C) and 0 .  Assuming 
that the ratio of  B870 to P-870 was approx. 30 : 1 in both cultures (ref. 16), the ratio of (B800+ 
B850) to B870 was approx. 3.0', in the photosynthetically grown cells and 1.2 in the aerobically grown 
cells. Carotenoid triplet formation was measured at the wavelengths giving the largest absorbance 
changes (510 nm for C) and 508 nm for 0 ) .  
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A B C 

Fig. 8. Variants of the lake model of the photosynthetic apparatus. Striped circle, reaction center; 
0 ,  B870; (3, B800-B850. See the text for details. 

These observations indicate that increasing the amount of B800-B850 in the 
chromatophore membrane does not significantly affect the rate of trapping. Because 
the B800-B850 complexes appear to transfer energy to the reaction centers by way of 
B870, rather than directly [18, 32], this conclusion implies that the two types of 
complexes are not distributed randomly in the membrane. To illustrate this point, 
Fig. 8 shows three speculative models of the photosynthetic apparatus. All three are 
variants of the lake model, with many reaction centers sharing a common pool of  
antenna complexes. In Model A, the B800-B850 and B870 complexes are arranged at 
random. Such an arrangement creates pockets and dead-end paths consisting of  
B870 complexes surrounded by B800-B850. These would interfere with the movement 
of  excitations to the reaction centers, because the uphill transfer of energy from B870 
to B800-B850 is less favorable than transfer in the opposite direction [18-20, 34]. 
With a random distribution of  the complexes, increasing the amount of B800-B850 
in the membrane would increase the numb:r  of pockets [34]. Model A is therefore 
inconsistent with the observation that variations in the B800-B850 content have 
little effect on the rate of  trapping. One can argue against models like that of Fig. 8B 
for similar reasons: separate rings of B800-B850 surrounding the reaction centers 
would act as barriers to the migration of excitations from one reaction center to 
another. The reciprocal relationship bztween fluorescence and quenchers indicates 
that migration of this type must occur. In model C, B870 complexes surround the 
reaction centers, but they also form channels interconnecting them; this model 
appears to bz consistent with all of  our observations. To facilitate energy transfer, 
one could embellish model C by the addition of fingers of B870 reaching into the 
B800-B850 pool. The model falls short of explaining why trapping is slower in strain 
R-26 than it is in strains 2.4.1 and Ga, and additional information will be necessary 
to answer this question. Among the possibilities are differences between the strains 
in the structure of B870 or in the ratio of B870 to the reaction centers. 
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