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Charge separation was studied in membrances of Rhodopseudomonas 1 indes and Heliobacteruom chlorum upon flash excitation in
the bacteriochlorophyll (BChI Q, band. In the first organism the maximum of the Q, absorption of the antenna BChis situated
at significantly longer wavelength than that of the primary clectron donor. whercas in H. chlonim the same applics to the
long-wavclength absorbing form BChl g-808. In both species the photochemicul ctficiency was independent of the wavelength of
excitation throughout the Q, absorption region. both at 300 K and 6 K. Upon cooling to 6 K the absolute citiciency deercased by
29 + 4% in H. chlorum wnd by 55 + 3% in Rps. viridis. The fluorescence excitation spectrum of Rps. cirdis membranes at 6 K
showed virtually no contribution by reaction center pigments. This indicates that the cfficiency for back transfer of cncrgy from
the excited reaction center to the antenna was at most a few percent and may be explained by i strong competition by the much
faster rate of charge separation. 1n the absence of back transfer our results alfowed an estimation of the rate constant. for energy
transfer from neighboring antenna BChls to the reaction center at 6 K. which were found to be (440 ps) ! for H. chlorum and
(1.3 ns) ! for Rps. viridis. It is shown that these rates are not incompatible with the Forster mechanism of energy transfer if it is
assumed that the antenna and reaction center bands are essentially homogeiicousdy broadened. Application of the Forster
cquation yiclded an estimated value of 1.8 nm for the distance between the priman electron donor P-79% and BChl g-80% i 11,

chlorum.

Introduction

The antenna system of photosynthetic organisms
senes to absorb light energy and to transfer this energy
to the rcaction center. The transfer of energy between
antenna (bacteriolchlorophylls is thought to occur by
means of induced resonance [12]. According 1o the
well-known Forster equation the rate of energy trans-
fer is proportional to. amongst other things. the over-
lap integral between the emission spectrum of the
donor and the absorption spectrum of the acceptor
molecule. Because of the Stokes shift of the fluores-
cence spectrum with respect to the absorption spec-
trum. the highest rate of energy transfer will occur

Abbreviations: BChl. Bacteriochiotophyils P-79X0 primany clectron
donor of H. chlorum: P-960, primany clectron dosor of Rpy cirdes.
PMS. N-mcthy Iphenazonium methosulphate
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when the acceptor molecule absorbs at somewhat
fonger wavelength than the donor. This means that
energy transfer will usually go “down-hill”, and that
the excitations in the antenna will tend to accumulate
ar the pigment molecules with the lowest excitation
cnergy. In agreement with this, it has been obsenved in
various antenna systems that most of the fluorescence
is emitted from the long-wavelength absorbing chloro-
phy'ls or bacteriochlorophylls [1-3].

In a number of cases. the long-wavelength absorbing
pigments appear to absorb at significantly longer wave-
length than the primary electron donor in the reaction
center. A clear example is the BChl b-containing pur-
ple bacterium Rhodopseidomonas ciridis. where at 300
K the maximum antenna absorption in the Q| region is
at 1015 nm. whereas the maximum blcaching of the
primary electron donor upon cxidation was observed at
985 nm [4]. At liquid helium temperature the maximum
antenna absorption is shifted 10 1035 nm (see befow),
whereas the maximum bleaching in the triplet-minus-
singlet difference spectrum of the reaction center is
cituated aronnd 16K nm [S]A <imilar phenomenan is
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observed i the recently discovered. BChi g-contaming
heliobacterin I these species a considerable fraction
of the antenna absorption in the O, region at room
temperature is located at longer wavelengths than the
primary donor. P-798 [3.6]. At low temperature a fong
wavelength absorbing antenna component. BChl g-80OS,
can be resolved in the absorption spectium [3.7.8]
whereas the primary donor is thoughi to absorb at 794
nm [8.9].

It thus appears likely that not only in Rps. viridis.
but also in heliobacteria a considerable gap exists be-
tween the energies of the excited states in the antenna
and of the primary electron donor. Such « gap may be
expected to reduce the efficiency of energy transfer to
the reaction center, which seems to contradict the
generally held opinion that in the course of evolution
cnergy transfer to the reaction center has been opti-
mized. To help understand the effects of the presence
of long-wavelength antenna components. we have per-
formed experiments involving charge separation in
membrane fragments of Rps. viridis and  Heliobac-
eritm chlorum upon excitation at selected wavelengths
as a function of temperature. It will be shown that for
these species the efficiency of charge separation is
considerable even at 6 K. and that the cfficiency is
constant for excitation throughout the Q, region of
antenna absorption at room temperature as well as at
low temperature. The results will be interpreted in
terms of the Forster mechanism for energy transfer
from the antenna to the reaction center.

Materials and Methods

Heliobacterium chlorum was grown and membrane
fragments were prepared as described in Ref. 7. They
were suspended in a buffer containing 10 mM Tris (pH
8.0) and 10 mM ascorbate. For room-temperature mea-
surements 40 uM PMS was present in the sample.
Rhodopsendomonas viridis was grown according to Ref.
10. Membrane fragments were suspended in a butfer
containing 20 mM Tris (pH 8.0) and mixed with 50¢7
glycerol (v/v) to prevent freezing when stored at
=20°C.

Flash induced absorbance difference spectra were
measured with a single beam spectrophotometer [6].
For measurements at a fixed wavelength the measuring
light was provided by a 250 W tungsten halogen lamp
and interference filters were placed behind the light
source and in front of the photomultiplier in order to
select a suitable wavelength (bandwidth 10 nm). Detec-
tion and registration of the signals was performed as
described in Ref. 6.

Saturating excitation flashes were provided by the
frequency doubled output (532 nm) of a Q-switched
Nd-YAG laser (15 ns FWHM). Non-saturating flashes
of sclected wavciengths were obtained by passing the

output of o xeron {lashlamp (15 us FWHM) through a
monochromator. Suitable color filters were used to
block light of higher order. The sample was contained
ina I mm cuvette placed at an angle of 45° with both
the measuring light and the excitation light. For mea-
surements at low temperature the cuvette was placed
in a helium flow cryostat, and the sample contained
66°¢ (v/v) glyeerol to prevent crystallization. The tem-
perature of the sample was checked by monitoring the
resistance of a silicon diode placed in the sample [11).
Control experiments where the intensity of the measur-
ing light was reduced by a factor of 10 showed that the
absorbance changes were not affected by heating of the
sample by the measuring beam.

The spectral output of the xenon lamp was mea-
sured by means of the monochromator and a calibrated
photodiode (750-850 nm) or PbSe-cell (950-1100 nm).
Excitation spectra were calculated by dividing the am-
plitude of the absorbance changes by the number of
incident photons at cach wavelength.

Fluorescence excitation spectra were measured as
deseribed in Ref. 12

Results

Heliobacterium chlorum

Membrane fragments of H. chlorum were excited
with short flashes at selected wavelengths. Figs. 1A and
B show the kinetics of absorbance changes at 465 nm
induced by a saturating laser flash at 532 nm. At this
wavelength the initial absorbance increase is caused by
the formation of a charge separated state in the reac-
tion center [6,8]. At room temperaturc the absorbance
increase s followed by a decay with a time constant of
6 ms; at 6 K a decay of the initial absorbance increase
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Fig. 2. (A) Absorption (1 — T spectrum of H. chlorum membranes
(solid hine) and excitation spectrum of charge separation. measured
at 465 nm (open circles) at 300 K. (B) Same as (A). measured at 6 K.
For both spectra the spectral resolution was S nm. Further condi-

tions as in Fig. 1.

with a time constant of 2.3 ms is obscrved. At 6 K the
decay is caused by a back reaction of P-798~ with a
reduced secondary electron acceptor [8,9], whereas at
room temperature it reflects mainly a rereduction of
P-798* by reduced PMS [6]. The same kinetics. but
with a strongly reduced amplitude were obtained with
weak, monochromatic xenon flashes at 790 nm (Figs.
1C and D). The fraction of reaction centers in which
charge scparation was induced by the xenon flashes
could be calculated by comparing the amplitude of the
absorbance change with the maximum value induced
by a saturating flash. At room temperature, 4.9 + 0.3
of the reaction centers showed charge separation. at 6
K this value was 3.6 + 0.49. After correction for the
slightly different absorbances at 790 nm at the two
temperatures. this yielded a decrease in quantum effi-

cieney by 29 =4 upon cooling from 300 K to 6 K at
this wavelength,

The amplitude of the absorbance change induced by
a xenon flash was measured likewise for different exci-
tation wavelengths in the Q,-absorption region. Excita-
tion spectra for charge separation at 300 K and 6 K arc
shown in Fig. 2 (circles). Fig. 2 also shows the absorp-
tion (1 = T) spectra of the samples. measured with the
same optical arrangement. Within the error of mea-
surement, the excitation spectra are identical to the
absorption spectra after normalization at their maxima,
both at 300 K and 6 K. It is of special interest to note
that there is no decrease in the photochemical effi-
ciency for the red shoulder of the Q, region at 6 K.
which shoulder was attributed to BChl g-808 [3.8]. This
indicates that the cfficiency for excitation transfer from
the antenna BChls to the reaction center is essentially
the same for all spectral species. BChl g-778. BChl
£-794 and BChl g-808, even at 6 K. in agreement with
earlier measurements with considerably lower spectral
resolution [8].

Rhodopseudomonas viridis

Absorbance difference spectra of membranes of Rps.
viridis. induced by saturating laser flashes are shown in
Fig. 3. The spectrum obtained at room temperature
(open circles) resembles that obtained by Holt and
Clayton {4] upon illumination with continuous light,
except that the main bleaching, due to the oxidation of
the primary electron donor (usually called P-960), is
located at 980 nm, rather than at 985 nm. At 6 K, this
bleaching was shifted to 1010 nm (solid circles). Both
spectra showed several bands between 750 and 900 nm,
associated with the charge separation in the reaction
center. They have been interpreted as electrochromic
shifts of reaction center pigments, the appearance of a
monomeric absorption band of one of the special pair
BChls. and a bleaching of an exciton band of the
primary donor [13-15]. The difference spectra are simi-
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Fig. 3. Spectrum of absorbance changes in membranes of Rps. rendis upon @ saturating laser flash at 300 K topen eircles. left hand scaler and 6 K
(solid circles. nght hand scale) Ay, = 0,45 at room temperature.
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lar to those obtained with isolated reaction centers in
this region. but the main bleaching band of the primary
clectron donor in reaction centers is located at shorter
wavelengths (960 nm at 300 K and 990 nm at 10 K
[14-16]). We conclude that. although P-960 absorbs at
fonger wavelengths in membranes than in isolated re-
action centers. the wavelength of maximum absorption
(980 nm and 1010 nm at 300 K and 6 K. respectively) is
still significantly below that ot the maximum antenna
absorption in the near-infrared. which is at 1015 nm
and 1035 nm. respectively (Ref. 32 see also Fig. 5).
The low temperature difference spectrum showed a
small positive band at 1040 nm. Wc ascribe this band
to a small change in antenna absorption caused by an
electrochromic effect of the charge separation. A simi-
lar feature is also observed in the low temperature
difference spectrum of I1. chlorum membrancs [8.9].
The relative cfficieney of the charge separation at 6
K was measured in a similar way as for I chlorum
membranes (see above). Fig. 4 shows the Kineties of the
absorbance changes at 807 nm at room temperature
and at 6 K induced by either a saturating laser flash or
a weak xenon flash. The wavelength of the latter flash
was 1020 nm. where the absorption of the sample is
approximately the same at both temperatures. The
kinetics of the absorbance changes were the same for
both flashes. At 300 K the initial absorbance increasc
was followed by a decay of several hundreds of mil-
liscconds: at 6 K the decay had @ monoexponential
time constant of 6 ms. presumably due to @ back
reaction of P-960)° with Q. the reduced secondary
acceptor [17]. Comparison of the amplitudes of the
absorbance changes with saturating and non-saturating
flashes yielded a relative efficiency of 45 £ 5% at 6 K

Fig. 4. Kinctier of absorbance changes for Rps. vindiy at 807 am at

300 K (A and C) and 6 K (B and D) excritation was provided by a

saturating laser flash at 332 am (A and B) or 4 non-siaturating xenon
flash at 1020 nm(C and DX A, = 043 a1 room temperature
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Fig. 5. (A) Absorption (1= T) spectrum of Rps. viridis membranes

(solid line) and excitation spectrum of charge separation, measured

at 807 nm. (open circles) at 300 K. (B) Same as (A). measured at 6 K.
For both spectra the spectral resolution was S nm.

for excitation at 1020 nm. as compared to the efficiency
at 300 K.

Excitation spectra for the photochemical efficiency
in the Q, region of BChi b are shown in Fig. 5. The
spectra were obtained in the same way as described for
H. chlorum. After normalization in the maximum the
excitation spectra were essentially the same as the 1-T
spectra. both at 300 K and at 6 K. This means that at
both temperatures the cfficiency of charge separation
is constant for the entirc Q, absorption region, as in
H. chlorum.

A drop by about 55% in the quantum efficiency
upon cooling to 6 K was also obscrved upon excitation
with 1064 nm laser flashes. although the uncertainty in
the measured values of the absorbance at this wave-
length is rather large.

In Fig. 0 the fluorescence excitation spectrum of
Rps. viridis membranes is compared to the absorption
spectrum in the region between 550 nm and 900 nm at
6 K. It is evident that essentially no fluorescence is
cmitted by the antenna upon excitation of the reaction
center pigments absorbing at 780-860 nm. whereas the
Q, band of antenna BChl b around 600 nm is clearly
seen in the excitation spectrum. Wc conclude that
there is virtually no chance for an excitation to return
to the antenna upon excitation of the reaction center.

Discussion

The yield of photochemistry

The results presented in this paper show that energy
transter trom antenna BChl to the reaction center in
H. chlorm and  Rps. viridis occurs with surprising
cfficiency even at 6 K. In H. chlorum the efficiency
decreased by only about 30¢ upon cooling from 300 K



to 6 K; in Rps. ciridis \he decrease amounted to S5,
A similar decrease had carlier been observed in Rho-
dospirillum rubrum by Rijgersberg et al. [18]. who at-
tributed the decrease to a lowered efficiency of energy
transfer between antenna BChls. However, the obser-
vation that in H. chlorum even at 6 K eneigy tansfer
from the short-wavelength absorbing BChls to BChl
£-808 is quite rapid [11,19], indicates that, at least in
this species, the effect must be due to a lowering of the
efficiency of energy transfer from the antenna to the
reaction center, and we shall assume that this is also
the case in Rps. viridis. For both species the action
spectrum for charge separation was found to match the
absorption spectrum closely, at 300 K as well as at 6 K.
For H. chlorum this strongly indicates that all excita-
tions that eventually reach the reaction center have to
pass via the long-wavelength absorbing BChl g-808.
independent of the energy of the absorbed photons.

At 6 K the fluorescence spectrum of H. chlorum
shows a maximum near 817 nm [3.20]. whereas the
primary electron donor absorbs maximally near 794 nm
[8,9]. For Rps. viridis these numbers are 1060 nm [5]
and 1010 nm, respectively. In view of the correspond-
ingly small values for the Forster overlap integrals, the
efficiency of charge separation would appear to be
surprisingly high in both species at low temperature.
However, it should be noted that a low rate of encrgy
transfer does not neccesarily imply a very low cfii-
ciency. The quantum efficiency of photochemical trap-
ping upon excitation of the antenna. &. can be written
as [2)

d=ky/(ky+ k) ()
where k|, is the average rate constant of the de-excita-

tion in the antenna due to photochemical trapping in
the reaction center and &, the rate constant of excita-

tion decay in the absence of reaction centers. deter-
mined by various loss processes. including fluores-
cence. For isolated antenna-reaction center compleaes
of heliobacteria a value of 25 ps has been reported for
the lifetime of excitations in the antenna at room
temperature [21]. A similar valve appears to apply to
membranes (Van Noort, P, personal communication).
Assuming £,=(25 ps)" ' and A, =1 ns ' the same
value as obtained for isolated antenna complexes of
Rb. sphacroides [22]. Eqn. 1 vields a value of 97.6% for
the absolute quantum yield of excitation transfer to the
reaction center at room temperature. Using this value
for the quantum yicld at 300 K our results give a yield
of 697 at 6 K. Again assuming &, = | ns ™', this gives a
value of (440 ps) ' for k,, at this temperature. By the
same reasoning. the fluorescence yield with open reac-
tion centers should increse by a factor of about 13
upon cooling. in reasonsble agreement with experi-
mental observations [3]. At 10 K a component of about
200 ps was observed in the decay of excited BChl g-808
[11.19] under conditions where all or nearly all of the
reaction centers contained P-798 in the oxidized state.
In view of the observation that P-798 is approximately
twice as cfficient a quencher tor antenna fluorescence
in the oxidized than in e reduced state [20]. these
observations appear to fit well with our calculation. On
the other hand. the rapid photooxidation of P-798
(= 20 ps) at 15 K observed upon flash excitation at 532
nm [11.19] would not appear to agree with a low rate of
energy transfer to the reuction center. However. these
cxperiments were performed with relatively  strong
flashes. For a valid comparison subsaturating flashes
should be used. especially since quanta at 532 nm are
directly absorbed by BChl g [23] and thercfore at high
flash intensity direct excitation of the reaction center
may play a significant 1ole in P-798 oxidation.

For Rps. viridis k,, was reported to be (43 ps) ' [24]
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or ol ps) T (Van Grondelle, R. personid communica-
tion). Applying these aumbers to Egno | oand again
assuming A, I oas Loindependent of temperature.
this gives  quantum ¢fticicney for chirge separation of
94-96" ¢ in good agreement with the value of 97 £ 77
reported by Trissl et al. [24]. A decrease ol this yield to
43¢ at 6 K then gives k, = (1.3 nsyy ' Olson and
Clayton [23] had carlicr concluded. trom action spectra
of evtochrome and P-9600 oxidation. that the quantum
vield of charge separation at room temperature would
be fess than 707¢ upon excitation in the antenna. This
number seems unlikely. since it would imply a fluores-
cence lifetime of > 400 ps. No experimental data on
the lifetime of excited antenna BChl b at liquid helium
temperature have been reported so far, It may be
noted that an increase of the fluorescence vield by a
tactor of only 2 was observed upon cooling to 6 K [26).
whereas one would expect the decrease in photo-
chemical efficiency to be reflected by a much stronger
fluorescence increase.

Rutes of energy transfer benween antenna and reaction
center

Even if we assume that. at low temperature, the rate
of energy transfer from neighboring antenna BChls to
the reaction center. &y, . is much smaller than that for
energy transfer between antenna BChls, &\, the aver-
age rate constant A, is still in principle a function not
only of kg. but also of the rate constant tor photo-
chemical trapping in the reaction center and of the
rate constant for energy transfer from the reaction
center to neighboring antenna BChls, & .. However.,
reaction center bands in the region 780-860 nm are
virtually absent in the excitation spectrum for BChl b
fluorescence (Fig. 6). A relatively low efficiency of
fluorescence at room temperature upon cxcitation of
the reaction center at 830 nm was alrcady observed by
Olson et al. [25.27). and similar observations have been
reported for other purple bacteria [28.29] and for Chlo-
roflexus aurantiacus [30). There is evidence that energy
transter from accessory BChls to the primary electron
donor is quite efficient. even at low temperature [18.31].
Thus. our measurements indicate that the efficiency of
energy transfer from the reaction center to the antenna
is. at least in Rps. viridis at 6 K. at most & few percent.
It is clear that this provides optimal conditions for
efficient photochemistry. even if &y is low. For H.
chlorum too. a low fluorescence efficicncy has been
observed at 6 K upon excitation in the reaction center
band at 670 nm [7].

With k- <<k, and in the absence of back transfer
from the reaction center. &A=k, We tried to esti-
mate whether the value of (440 ps) * for k. in /1.
chlorum at 6 K would be compatible with the Forster
mechanism. In the absence of evidence to the contrary,

we assume that the absorption spectrum of P-798 and
the tluorescence spectrum of BChl g-808 are essen-
tially nomogencously broadened. Since the absorption
ditterence spectrum of P-798 oxidation was not suit-
able because «* an unknown contribution by the band
shift on the long-v. »velength side of the bleaching band
at low temperatare. e used the triplet-minus-singlet
difference spectrum [9] «. obtain a minimum estimate
for the overlap integral with “he fluorescence spectrum
[3.20] at 6 K. Applying the For. or cquation. assuming
the orientation factor k = 1 and  he refractive index
n =15 [32], this yielded a value tcr R. the donor-
acceptor distance. of 1.8 nm. This valuc is presumably
a weighted average, depending ¢n the crrangement
and orientation of the BChl g-808 molecul~s in the
vicinity of the reaction center. It is significantly smaller
than the estimated value of about 3 nm found for the
purple bacterium  Rhodobacter sphaeroides [32]. out
this may be related to the fact that in heliobacteria the
antenna and reaction center pigments are thought to
be bound to the same protein [7,21]. At 200 K the
overlap between antenna emission and primary donor
absorption was larger by a factor of about 150, but the
contribution by BChl g-808 to the emission spectrum is
not known. We conclude that a significant efficiency
for charge separation at 6 K may be explained by the
Forster mechanism. if it is assumed that the bands of
tne pigments involved are homogeneously broadened.
For Rps. viridis the overlap integral at 6 K may be of
the same order of magnitude as for H. chlorum, as
judged from the spectra of Den Blanken ct al. {5], but
even a rough estimate of the overlap integral was not
possible in this casc.

It may be noted that for an energy difference of
about 200 ¢cm "', as calculated from the corresponding
absorption maxima. the Boltzmann equilibrium would
predict an extremely low ratio for the rate constants of
rorward and backward energy transfer between an-
tenna and reaction center. Howeves, the assuinption of
homogencous broadening of antenna and reaction cen-
ter bands implies a Forster resonance in the region
where they have similar energies. Since detailed knowl-
edge of the clectronic band structures is lacking, a
simple application of the Boltzmann cquilibrium equa-
tion is therefore aot possible,

Finally. the question arises it the rate of charge
separation, which is (0.7 ps) in isolated reaction
centers of Rps. viridis at 8 K [33] is high cnough to
explain the virtual absence of energy transfer (< 20)
from the excited primary electron donor to the an-
tenna. The rate constant for back transfer from the
reaction center to the antenna, k ... is obviously
much larger than tcr the reverse process, because of
the much larger Forster overlap integral. If we assume
that the weighted distance between the neighboring
antenna BChI(s) and P-960 is 3 nm. as was cstimated




for Rb. sphaeroides [32). k- = (1.3 ns) ' would vield a
critical distance R, = 4.6 nm for encrgy transter to the
reaction center. With R, = 9 nm for the reverse pro-
cess. corresponding to a 60-fold larger overlap integral
for back transfer. we obtain a modest value of (23
ps) ' for k. This means that it may not be neces-
sary to assume that the primary charge separation is
preceded by an even faster relaxation process [29.341 to
prevent ‘wasteful” foss of energy by back transfer to the
antenna.
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