
Biochimica et Biophysica Acta, 1058 (1991) 339-344 
© 1991 Elsevier Science Publishers B.V. 0005-2728/91/$03.50 
ADONIS 000527289100168K 

339 

BBABIO 43429 

Fluorescence quenching in Heliobacterium chlorum by reaction 
centers in the charge separated state 

Geurt Deinum, Hans Kramer, Thijs J. Aartsma, Frank A.M. Kleinherenbrink 
and Jan Amesz 

Department of Biophysics, Huygens Laboratory, University of Leiden, Leiden (The Netherlands) 

(Received 27 December 1990) 

Key words: Fluorescence quenching; Primary donor; Charge separation; (H. chlorum) 

By means of short laser flashes of varying intensity, followed by weak xenon flashes to monitor  the fluorescence, the 
relation was studied between the fluorescence yield of bacteriochlorophyll (BChl) g and the redox state of the 
reaction center in membranes  of Heliobacterium chlorum. At room temperature,  as well as at 4 K, a decrease of the 
fluorescence yield was observed immediately after the laser flash. The fluorescence yield recovered with the same 
time constant  as the re-reduction of the oxidized pr imary  electron donor P-798 +, indicating that  the fluorescence of 
antenna BChl in H. chlorum is quenched more strongly when the pr imary  donor is oxidized than when it is reduced. 
At 4 K the fluorescence was reduced by 45% and at 300 K by 17% when P-798 was fully oxidized. At 4 K, the 
fluorescence quenching was stronger on the long-wavelength than  on the short-wavelength side of the emission 
band. A linear relationship was observed between the fluorescence yield and the fraction of oxidized P-798 +, from 
which we conclude that, at  least at 4 K, the photosystem of H. chlorum consists of separate photosynthetic units 
between which t ransfer  of energy does not occur. The light-saturation curves for the fluorescence quenching were 
similar  at room temperature  and at 4 K, indicating approximately equal efficiencies for charge separation at the two 
temperatures.  The photosynthetic system of H. chlorum is the first one where a stronger quenching by 'closed' than 
by 'open '  reaction centers was observed. A possible mechanism for this quenching is discussed. 

Introduction 

Light absorbed by photosynthetic antenna pigments 
is transferred first as excitation energy within the an- 
tenna system and subsequently to the reaction centers, 
where charge separation is induced. The efficiency of 
these processes is normally very high and only a small 
percentage of the excitation energy is lost and partially 
observable as fluorescence. It  has been known for 
many years that  the yield of fluorescence may depend 
on the state of the reaction center. In purple bacteria 
the yield was found to be substantially lower when the 
reaction centers are in a photochemicaIly active ( 'open ' )  
state, than when the reaction centers are in the inac- 
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tive ( 'closed')  state [1]. The effect was ascribed to 
different quenching efficiencies for the reduced and 
for the oxidized primary electron donor. In contrast to 
this, the primary electron donor of PS II, P-680, was 
reported to be an equally effective quencher of chloro- 
phyll a fluorescence in the oxidized and in the reduced 
state [2,3] and the same may apply to P S I  [4,5]. 

In this paper  we report  the results of measurements  
of the fluorescence yield of membranes  of 11. chlorum. 
This bacter ium was discovered a few years ago and 
contains a new type of bacteriochlorophyll, BChl g [6]. 
The primary donor, P-798, is presumably a dimer of 
BChl  g or of  its 132-epimer [7]. Three  spectral types of 
antenna BChl g, BChl g 778, BChl g 793 and BChl g 
808 can be distinguished in the low tempera ture  ab- 
sorption spectrum [8]. Excitation energy is rapidly 
transferred between these BChl types [9] and at low 
tempera ture  energy transfer appears  to be unidirec- 
tional, BChl g 808 being the only species emitting 
fluorescence [10]. Recent  evidence indicates that the 
antenna and reaction center are organized as a single 
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pigment protein complex [11], but otherwise little is 
known about the structure of the antenna and reaction 
center. 

In this communication it will be shown that, in 
membranes of H. chlorum, inactive reaction centers, 
where P-798 is in the oxidized state, are more efficient 
traps for the excitation energy than photoactive reac- 
tion centers. The effect was observed both at 4 and at 
300 K; at 4 K the fluorescence of BChl g is quenched 
by a factor of about 2 when P-798 is fully oxidized. At 
300 K a quenching by a factor of 1.2 occurred. Analysis 
of the kinetics at low temperature indicates that the 
antenna of H. chlorum is organized in separate photo- 
synthetic units, between which no transfer of energy 
occurs. 

Materials and Methods 

H. chlorum was grown in medium No. 1552 of the 
American Culture Collection, under a nitrogen atmos- 
phere at 37°C and at a light intensity of 5000 lux from 
incandescent lamps. Membrane fragments were pre- 
pared as described by Van de Meent  et al. [11]; they 
were suspended in a buffer containing 10 mM Tris (pH 
8.0) or 10 mM cyclohexylaminopropane sulfonic acid 
(CAPS) (pH 10.4) and 10 mM sodium ascorbate. For 
each experiment the buffer was freshly prepared and 
purged with nitrogen. For experiments at low tempera- 
ture a helium flow cryostate was used and 65% glycerol 
(v/v)  was added to the samples in order to prevent 
crystallization. The absorbance of the samples at 532 
nm was kept low ( <  0.04 at 4 K; < 0.2 at 300 K) in 
order to achieve a homogeneous light distribution 
within the sample. 

The apparatus used for the fluorescence measure- 
ments was described elsewhere [12]. The wavelength of 
the exciting laser pulse was 532 nm with a pulse length 
of approx. 25 ps. By means of a variable neutral density 
filter the energy could be adjusted between 0.05 and 5 
m J / c m  2. The relative yield of BChl g fluorescence was 
monitored by measuring the amount of fluorescence 
induced by a weak 10 /xs xenon flash, given at a 
variable delay time after the laser flash. For  each 
measurement a series of 15-100 laser flashes was used, 
given at a frequency of 0.5 Hz, unless otherwise indi- 
cated. The light of the xenon flash was filtered by 
means of a combination of filters to a band 40 nm 
wide, centered at 515 nm. The fluorescence passed a 
monochromator,  set at a bandwidth of 10 and 3 nm at 
300 and 4 K, respectively, for measurements of the 
kinetics; for fluorescence spectra the resolution was set 
at 1 nm. Both the excitation energy and the relative 
fluorescence yield were measured with integrating pho- 
todiodes (RCA-30810). Absorbance differences were 
measured as described by Smit et al. [13]. 

Results and Interpretation 

Membranes of H. chlorum were cooled to 4 K and 
excited by a strong 25-ps laser flash to bring about 
charge separation. At a variable delay after the laser 
flash a weak xenon flash was used to monitor the 
fluorescence. Fig. 1 (A )  shows the relative fluores- 
cence due to the xenon flash as a function of the delay 
between the two flashes. The fluorescence was normal- 
ized to the fluorescence without preceding laser flash. 
The results show that the fluorescence was strongly 
quenched when measured immediately after the laser 
flash. The yield increased again with increasing delay 
time between the flashes and eventually reached ap- 
proximately the original level. The mono-exponential 
time constant for recovery of the fluorescence was 2.3 
ms, the same time constant as observed for re-reduc- 
tion of P-798 + by Smit et al. [14] by means of ab- 
sorbance difference measurements. Smit et al. [14] also 
observed a small (6%) component which was irre- 
versible on a ms time scale and which is also apparent 
in Fig. 1. From these results we conclude that the 
reaction center in the state P-798+X -, where X de- 
notes a secondary electron acceptor, is an efficient 
quencher of BChl g fluorescence. Less quenching, but 
with the same kinetics, was observed when a 3-times 
weaker laser flash was used (o). 

Fig. 2 shows the extent of fluorescence quenching as 
a function of the energy density of the laser flash. The 
results indicate that the fluorescence quenching is al- 
most completely saturated (>  90%) at the highest en- 
ergy density applied (approx. 3 mJ/cm2).  The satura- 
t ioncurve  is similar to those obtained by Van Kan et 
al. [10] and by Kleinherenbrink et al. [15] by measuring 
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Fig. 1. Relative fluorescence at 825 nm of membranes of H. chlorura, 
measured at 4 K with a weak xenon flash at a variable time after a 25 
ps laser flash. The fluorescence was normalized to the fluorescence 
without preceding laser flash. The energy density of the laser flash 
was approx. I m J / c m  2 (circles) and 3 m J / c m  2 (triangles), respec- 
tively. The lines represent the re-reduction of P-798 + as measured 

by absorbance difference measurements [13]. 
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Fig. 2. Relative f luorescence at 4 K measured  with the xenon flash 
690 /zs  after a laser flash of variable energy density. The data were  

extrapolated to zero delay be tween the laser and the xenon flash. 

the bleaching at 793 nm, due to formation of P-798 +, 
under the same conditions. This gives additional evi- 
dence that the fluorescence quenching is due to P-798 +. 
Assuming that P-798 is essentially 100% oxidized at 3 
m J / c m  2 we conclude that the fluorescence yield is 
quenched to 55% of the control level when P-798 is 
fully oxidized. 

The observation that the recovery of fluorescence 
shows the same mono-exponential time constant as 
that of the absorbance indicates that the antenna of H. 
chlorum is organized in separate photosynthetic units. 
This can be analyzed quantitatively as shown in Fig. 3. 
The fluorescence yield observed from an antenna unit 
containing A reaction centers, of which m centers are 
in the open state, is given by the following equation: 

kf  
~b(m) = m m c (1) 

k f + k , + ' - ~ k  ° + ( 1 -  ~ ' - ) k  t 
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Fig, 3. Retative f luorescence as a funct ion of  the P-798 + concentra-  
tion, calculated according to eqn. (2) for A = 1 ( ), A = 2 
( . . . . . .  ) and A = 20 ( . . . . .  ), respectively. The triangles were taken 

f rom the data in Fig. i. 
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where k t and k~ are the ra te  constants for trapping by 
reaction centers with P-798 and P-798 +, respectively, 
k /  is the rate constant for fluorescence and k t ac- 
counts for all other loss processes. If we now assume 
that the number of open traps per antenna unit is 
given by a binomial distribution, the following relation 
between the fluorescence yield and the relative con- 
centration A(t)  of P-798 ÷ is obtained: 

:~ kf  
dp(A(t)) = ~,  m o m c (~m)(1-- a(t) )m 

Xh( t )  x-m (2) 

which is similar to the equation presented by Clayton 
[16]. From our data it follows that (k[ + k t + k t ) / ( k  f 
+ k t + k t) = 0.55. In Fig. 3 we plotted qb(t)/qb(t -* oo) 
for various values of A as a function of the relative 
P-798 + concentration together with the experimental 
data taken from Fig. 1. It was assumed that k ° / ( k f  + 
k l) = 10. This value is not critical as long as it is much 
larger than 1, which is likely to be true for H. chlorum, 
since k ° is between 10 and 100 ns -1 [10] while k f +  k t 
is probably 1 ns -1 or less, as in purple bacteria [17]. 
The best fit is obtained with A = 1 (a linear relation- 
ship); the lines for A = 2 and A = 20 show a deviation 
from the experimental points, especially in regions of 
strong quenching. This means that, at 4 K, each an- 
tenna unit of H. chlorum contains one reaction center 
and that no energy transfer between these units takes 
place. 

To study the wavelength dependence of the fluores- 
cence quenching we measured fluorescence spectra of 
H. chlorum membranes at 4 K. The spectra (Fig. 4) 
were measured with excitation by the xenon flash with 
or without a preceding saturating laser flash. Both 
spectra resemble the emission spectrum measured by 
Van Dorssen et al. [8], showing that essentially all 
emission comes from BChl g 808 at low temperature. 
However, the spectra of Fig. 4 not only differ in ampli- 
tude, as would be expected, but also in shape, as can 
be seen by dividing one spectrum by the other. This 
ratio (circles) is constant in the region above 825 nm, 
but at shorter wavelengths less quenching occurs and 
below 807 nm none at all. 

The simplest way to analyze these results is by 
assuming that the spectrum without preceding laser 
flash is composed of two emission bands which are 
slightly shifted with respect to each other. If we assume 
that the fluorescence of the short-wavelength emitting 
pool of BChl g is not quenched by P-798 +, then the 
emission spectrum of the long-wavelength pool can be 
obtained by plotting the difference of the two emission 
spectra. This spectrum is shown in Fig. 4 by a broken 
line. The spectrum of the remaining component is not 
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Fig. 4. Fluorescence intensity at 4 K measured directly after the laser 
flash (F, A) and without preceding laser flash (F0, D) as a function 
of wavelength. The energy density of the laser flash was about 3 
mJ /cm 2. The difference between the two spectra is given by the 

broken line; the ratio (F/F o) by the circles. 
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Fig. 5. Fluorescence recovery at 825 nm after a laser flash with an 
energy density of 3 mJ /cm 2 at 300 K at pH 8.0. The curve through 
the triangles represents a mono-exponential fit with a time constant 
( l / e )  of 6.7 ms. The inset shows the kinetics of P-798 ÷ re-reduction 
as obtained by means of absorption difference (ZlA) measurements 

at 798 nm, fitted with two exponentials of 5.8 and 25 ms. 

necessarily identical to that of the short-wavelength 
component, since the extent of quenching of the long- 
wavelength component by P-798 + may be considerably 
less than 100% and therefore the contribution by the 
long-wavelength component to the fluorescence spec- 
trum is not known. Nevertheless, it is clear that the 
peak positions are only slightly different for the two 
pools of BChl g; even if it is assumed that above 825 
nm all fluorescence is due to the long-wavelength com- 
ponent, a difference of only 2 nm in peak positions 
(814 and 816 nm, respectively) is obtained (not shown). 

Quenching experiments were also done at room 
temperature. However, these experiments were compli- 
cated by two factors: (1) the fluorescence yield is at 
least 20-times lower than at 4 K with a corresponding 
decrease in signal-to-noise ratio [8]; and (2) the yield of 
fluorescence was not stable for the duration of the 
experiment. Since at pH 8.0 the fluorescence yield was 
found to increase by a few percent during one flash 
series, we used a fresh sample for each measurement 
and performed most of the experiments at pH 10.4, 
where the stability was somewhat better. In continuous 
light large, slow changes of the fluorescence were ob- 
served, which precluded the use of continuous illumi- 
nation to obtain a better  signal-to-noise ratio. 

The relative yield of fluorescence at 300 K as a 
function of the delay between the laser and the xenon 
flash at pH 8.0 is shown in Fig. 5. Like at 4 K, the 
fluorescence is quenched after a laser flash. A mono- 
exponential recovery of the fluorescence yield was ob- 
served with a time constant of 6.7 + 0.5 ms. The same 
time (5.8 + 0.5 ms) was observed in the re-reduction 
P-798 + as measured by the kinetics of the absorbance 
at 798 nm after a flash (Fig. 5, inset). A second, slow 
phase (25 ms) was also present in the absorbance 
kinetics, which appeared to be absent in the kinetics of 

the fluorescence recovery. However, the amplitude of 
this slow phase was found to depend strongly on the 
intensity of the measuring beam. At the lowest inten- 
sity which could be usefully applied it amounted to 
about 15% of the total absorbance change, i.e., signifi- 
cantly less than earlier reported [13]. 

The same fluorescence kinetics were observed at pH 
10.4 (Fig. 6). This figure also shows that the kinetics 
were only slightly affected by the presence of 70% 
glycerol, added to increase the viscosity of the medium. 
The fluorescence recovery was slowed down to about 8 
ms and in addition a much slower component ap- 
peared. The flash frequency had to be reduced to 
about 0.1 Hz to allow complete re-reduction of P-798 + 
between the flashes. A slowing down of the kinetics 
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Fig. 6. Fluorescence recovery with ( o )  and without ( n ) 70% glycerol 
added, measured at pH 10.4. The data in the absence of glycerol 
were fitted with a mono-exponential decay time of 6.2 ms. With 
glycerol a time constant of 8.0 ms is obtained, together with an 

'irreversible' component of 13%. 
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Fig. 7. Relative fluorescence at 300 K as a function of the energy 
density of the laser flash, measured at pH 10.4 with a time delay of 

690/zs and extrapolated to t = 0. 

was also observed in absorbance change measurements 
(not shown). These results give additional evidence 
that the fluorescence quenching is due to P-798 ÷ and 
indicate that its re-reduction is not a diffusion con- 
trolled reaction. 

The intensity dependence of the quenching at 300 K 
is shown in Fig. 7. The saturation curve was similar to 
that obtained at 4 K, in agreement with measurements 
of flash induced absorbance changes [9,10]. This indi- 
cates that the effficiency of charge separation is about 
equal at both temperatures. From Fig. 7 we estimate 
that, at room temperature,  the fluorescence yield at 
saturating intensity and t = 0 is 83% of the control. 

Discussion 

The most striking result reported here is the obser- 
vation that 'closed' reaction centers of H. chlorum are 
more efficient quenchers for the excitation energy than 
'open'  reaction centers. The effect not only occurs at 4 
K, but, to a lesser extent, also a t  room temperature.  
This indicates that the quenching is due to the oxidized 
primary electron donor P-798 +, rather than to a re- 
duced electron acceptor with the same kinetics as 
P-798 +. At room temperature gramicidin did not affect 
the fluorescence quenching, indicating that the effect is 
not caused by a pH gradient or electrical potential over 
the membrane. Fluorescence emission spectra at 4 K 
indicate tha t  the fluorescence quenching occurs in a 
long-wave form of BChl g 808. 

A possible mechanism for the quenching might be 
energy transfer from BChl g 808 to P-798 ÷. The ab- 
sorption band of P-798 is located at significantly shorter 
wavelength than that of BChl g 808. This means that 
the F6rster overlap integral of BChl g 808 emission 
with P-798 ÷ absorption may be larger than with P-798 
and thus a higher transfer rate to P-798 ÷ than to P-798 

will occur. Prelin]inary experiments indicate that also 
in Rhodopseudomonas viridis, where the primary donor 
absorbs at significantly shorter wavelength than most 
of the antenna [18], a decrease of the fluorescence 
occurs at 4 K when the primary donor is oxidized. I n  
other species of purple bacteria the overlap with the 
oxidized primary donor may be smaller, as compared 
to that of the reduced donor, thus leading to an in- 
crease of the fluorescence upon oxidation [1]. It should 
be mentioned that our results do not necessarily imply 
that BChl g 808 or its long-wave form is involved in 
energy transfer to 'open'  reaction centers, as suggested 
by Smit et al. [14]. 

The high quenching efficiency by the 'closed' reac- 
tion centers may provide a useful mechanism to avoid 
photodamage by excess excitations in the antenna, 
which damage is especially likely to occur under aero- 
bic conditions [19]. In this connection it should be 
mentioned that the mechanism which operates in pur- 
ple bacteria, that is by the formation of carotenoid 
triplets by triplet-triplet energy transfer from BChl, is 
not present in heliobacteria [15]. 

We further observed that, since the saturation curves 
of Figs. 2 and 7 are almost identical, the efficiencies of 
charge separation at 300 and 4 K are about equal. At 
first sight this observation would seem to conflict with 
the strong increase in fluorescence yield upon cooling. 
However, it should be kept in mind that the fluores- 
cence at room temperature is very weak, about 20-times 
lower than in R. rubrum and therefore a several fold 
increase in the fluorescence yield can still be recon- 
ciled with a fairly high yield of charge separation at low 
temperature.  

Our results also show that at 4 K the photosynthetic 
units in H. chlorum are separated from each other. 
Unfortunately, at 300 K, the scatter in the fluorescence 
quenching measurements is too large and the quench- 
ing too small to draw conclusions about the antenna 
size. Singlet-singlet annihilation measurements to re- 
solve this question so far gave inconclusive results. It 
may be noted that the presence of separate photo- 
synthetic units (at room temperature)  in heliobacteria 
would be advantageous to obtain a high efficiency of 
photochemistry. Whereas in purple bacteria connected 
units [12,21] provide a way to optimize the yield of 
photochemistry when part of the reaction centers are 
'closed', in heliobacteria the 'closed' reaction centers 
would lower the yield of photochemistry by acting as 
sinks, draining away the excitation energy from neigh- 
boring photosynthetic units. 
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