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Abstract

Uphill energy transfer in the LH2-containing purple bacteria Rhodopseudomonas acidophila, Rhodopseudomonas palustris,
Rhodobacter sphaeroides, Chromatium vinosum and Chromatium purpuratum was studied by stationary fluorescence
spectroscopy at room temperature upon selective excitation of the B800 pigments of LH2 and the B880 pigments of LHI at
803 nm and 900 nm, respectively. The resulting fluorescence spectra differed significantly at wavelengths shorter than the
fluorescence maximum but agreed at longer wavelengths. The absorption spectra of the species studied were decomposed into
five bands at approx. 800, 820, 830, 850 and 880 nm using the shapes of the absorption spectra of the LH1-RC only species
Rhodospirillum rubrum and the isolated B800-850 complex from Rps. acidophila strain 10050 as guide spectra. This allowed a
quantification of the number of pigments in each pigment group and, consequently, the antenna size of the photosynthetic
unit assuming 36 bacteriochlorophyll @ molecules in an LH1-RC complex. In most of the LH2-containing purple bacterial
strains the number of LH2 rings per LH1-RC was less than the idealized number of eight (Papiz et al., Trends Plant Sci. 1
(1996) 198-206), which was achieved only by C. purpuratum. Uphill energy transfer was assayed by comparing the theoretical
fluorescence spectrum obtained from a Boltzmann equilibrium with the measured fluorescence spectrum obtained by 900 nm
excitation. The good match of both spectra in all the purple bacteria studied indicates that uphill energy transfer occurs
practically up to its thermodynamically maximal possible extent. All strains studied contained a small fraction of either
poorly connected or unconnected LH2 complexes as indicated by higher fluorescence yields from the peripheral complexes
than predicted by thermal equilibration or kinetic modeling. This impedes generally the quantitative analysis of blue-excited
fluorescence spectra. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The photosynthetic apparatus of phototrophic or-
ganisms consists of a so-called ‘core’ complex which
is intimately associated with the photochemical reac-
tion center (RC) and, in many cases, peripheral light
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harvesting (LH) complexes. Usually these peripheral
complexes are comprised of antenna pigments that
are blue-shifted compared to those of the core com-
plexes. The absorption of light energy by the periph-
eral antenna system creates excited states that then
proceed energetically ‘downhill’, from the peripheral
to the core complexes. However, in the cyanobacte-
rium Synechococcus (formerly Anacystis nidulans)
[1,2], red alga Porphyridium cruentum [2], plant pho-
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tosystem (PS) II [3] and the purple bacterium Rho-
dobacter (Rb.) sphaeroides [4] it was shown that the
reverse back-transfer or ‘uphill’ process is also pos-
sible. To date, the extent of this uphill transfer proc-
ess in the purple bacteria has not been studied exten-
sively and is open to debate.

The purple bacteria possess spectrally well defined
pools of bacteriochlorophyll (BChl) a or b antenna
pigments. These pigments are densely packed in cir-
cularly degenerate rings [5] in which equilibration is
reached within less than 1 ps [6]. The different pools
of BChl are designated according to their NIR ab-
sorption bands which are located near 800 nm
(B800), 820 nm (B820), 850 nm (B850), and 880
nm (B880). These terms are used generically here
irrespective of the exact location of the absorption
maximum. When present, the B800 and B820 (or
B800 and B850) BChls are non-covalently bound to
aggregates of eight or nine o,B-polypeptide dimers
[7,8] that form the peripheral LH2 ring complexes.
These complexes surround, in a variable stoichiomet-
ric ratio [9], the core LHI1 ring complex which is
composed of 16 B880-binding o,B-polypeptide
dimers [10]. The ‘hole’ in the center of the LHI1
ring accommodates the RC. Based on molecular
modeling techniques, Papiz et al. [5] have suggested
that optimal packing of the photosynthetic unit
(PSU) occurs when the core complex is surrounded
by eight LH2 rings. However, little experimental data
exist on the actual in vivo stoichiometries.

Thermal equilibration has been implicated by van
Grondelle [11] to hold for purple bacterial light-har-
vesting systems. Indeed, a picosecond equilibration
amongst all LH1 and LH2 antenna pigments was
shown by time-resolved fluorescence decay measure-
ments of Rhodobacter capsulatus [12]. Other research-
ers have reported equilibration times ranging from
between 20 and 35 ps [13] to between 35 and 50 ps
[14]. However, uncertainty still remains as to whether
or not the idealized case of thermal equilibration is
an appropriate approximation for heterogeneous
LH2-LH1 antenna systems. Consider the simplest
case in which the excited state can distribute between
two chromophores (or pigment pools), A and B,
each having a kinetically distinct decay channel
«— A o B—. In this scenario, excitation of either A
or B leads to an unbalanced state which subsequently

may pass into a transfer equilibrium depending on
the rate constants involved. This transfer equilibrium
may be close to the thermal equilibrium, again de-
pending on the rate constants involved. In the case of
PS I and PS II it has been shown that the transfer
equilibrium may differ substantially from the Boltz-
mann distribution, i.e. thermal equilibrium [15]. This
may also be the case in the purple bacterial photo-
synthetic system. However, a complete analysis of
such systems must also take into account the kinetics
prior to the establishment of the transfer equilibrium.

In purple bacteria sequential downhill energy
transfer from B800 to B880 occurs via B850 (or
B820/830). The B800 to B850 transfer is extremely
rapid, occurring within 0.7 ps [16-22] and, therefore,
fluorescence from the B800 pigments is negligibly
small [23]. For the next energy transfer step
(B850 — B880) rather diverging times ranging from
2 to 40 ps and even some biphasic kinetics have
been reported [7,14,16,24-26]. The deactivation rate
constant of B880 with open RCs, i.e. the trapping
time, is of a similar order with k, = (60 ps)~! [27-
32]. When the RCs are closed (P™) this trapping time
increases approx. 3-fold [11]. The back reaction rate
constants are then related to the forward rate con-
stants by a combination of the Boltzmann factor and
the entropy term (Eq. 7 in [11]). Therefore, depend-
ing upon the upper or lower limit of the B850 — B880
transfer step, one would expect fluorescence emission
spectra that deviate, to a greater or lesser extent,
from thermal equilibrium spectra. In particular,
markedly different spectra would be expected at an
excitation wavelength of 800 nm (downhill transfer)
compared to one of 880 nm (uphill transfer). This
provides a useful assay for studying the energy trans-
fer dynamics in different purple bacteria. It is impor-
tant to note that the maximal extent of uphill trans-
fer is given by the thermal equilibrium [11,33].

To assess whether or not any generalized conclu-
sions can be drawn about the extent of uphill energy
transfer towards equilibration we studied, by station-
ary fluorescence measurements, several species of
LH2-LH1 containing purple bacteria. In addition
we attempted a spectral decomposition of the
LH2+LHI1-RC systems, based on the assumption
of invariant oscillator strengths in the different pig-
ment pools.
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2. Materials and methods
2.1. Chromatophore preparation

Rhodopseudomonas (Rps.) acidophila strain 10050,
Rb. sphaeroides 2.4.1, Rhodopseudomonas palustris,
Rhodospirillum (Rs.) rubrum S1 and Chromatium
(C.) purpuratum were grown photoheterotrophically
under high light (150 pmol s~! m™?) conditions at a
temperature of 28 +2°C. The thermotolerant species
Chromatium vinosum strain D was grown under the
same light conditions but at an elevated temperature
of 40°C. Low light (LL) and low light/low temper-
ature (LL/LT) Rps. acidophila strain 7750 was also
grown at light intensities of about 40 umol s™' m—2
at 28°C or 22°C, respectively.

Chromatophores and photosynthetic membranes
were prepared as described by Law et al. [34]. Prep-
aration of Rps. acidophila strain 10050 LH2 complex
is described in [35]. Chromatophores and membranes
were suspended in 20 mM Tris, pH 8.0, and stored at
—20°C until required. Optical cuvettes of 1 cm X1
cm were used for all measurements.

2.2. Instrumentation

Quantum corrected fluorescence spectra were re-
corded at 24°C with a custom-built fluorimeter
equipped with a Si-avalanche photodiode (APD) as
the detector. The slit widths on the excitation and
emission sides were 2 mm each. The cuvette holder
was mounted 1 cm away from the excitation slit of
the monochromator and the APD directly behind
the emission slit. The monochromator contained a
holographic grating with 1200 lines per mm. The
Blaze wavelength was 750 nm. The excitation sour-
ces for the fluorescence spectra were provided by
two pulsed laser diodes emitting narrow lines at
803 nm and 900 nm, respectively. Typically, the ex-
citation lasted 500 us and the fluorescence yield in-
tegrated over this time interval yielded one data
point at any given wavelength. Usually nine such
data points were averaged before the step motor
advanced to the next wavelength. The repetition
rate of excitation flashes was adjustable to any val-
ue. The fluorescence spectra obtained at each excita-
tion wavelength were first scaled to each other at

wavelength > 910 nm and then multiplied by a com-
mon factor chosen such that the maximum of the
fluorescence matched the maximum of the absorp-
tion spectrum.

Absorption spectra were recorded on an Aminco
DW2000 spectrophotometer in which the standard
photomultiplier detector was replaced by a Si-APD.
This allowed the recording of absorption spectra up
to 1050 nm with good signal to noise ratio.

All experiments were performed at a room temper-
ature (RT) of 23 £1°C.

3. Results
3.1. Control experiments

3.1.1. Absorption and fluorescence spectra from
B800-850 and Rs. rubrum

As a first control experiment the absorption and
fluorescence emission spectra of isolated LH2 (B800-
850) from Rps. acidophila strain 10050, which was
solubilized in 20 mM Tris-HCI, pH 8.0, containing
0.1% (v/v) lauryl dimethylamine-N-oxide (LDAO),
were measured (Fig. l1a). The absorption spectrum
displayed two peaks at around 800 nm and 860
nm. Within the signal to noise ratio the fluorescence
spectrum was independent of the excitation wave-
length (803 nm versus 900 nm). The scattering arti-
fact upon 900 nm excitation (arrow) extends over
three data points, corresponding to 6 nm.

As a second control experiment the absorption
and fluorescence emission spectra of chromatophores
from the LH1-RC only species Rs. rubrum were
measured (Fig. 1b). The absorption spectrum dis-
played only one strong peak at around 880 nm.
Within the signal to noise ratio this fluorescence
spectrum was also independent of the excitation
wavelength (803 nm versus 900 nm).

3.1.2. Spectral decomposition

None of the above absorption peaks had the shape
of a single Gaussian function. Therefore, a spectral
decomposition was performed by describing each of
the absorption bands (B800, B850 and B880) on a
wave number scale by a set of coupled Gaussian
functions according to:



152 H.-W. Trissl et al. | Biochimica et Biophysica Acta 1412 (1999) 149-172
isolated LH2
[22]
T A
3006} @ 'L o F*
o l ""‘1,‘ M v [0
8 i .6 _ stp
c q ®
3 0.04 |- o .
g 7\ |
S s d o\ |
é q Oo i
<002} q % il {
c q ° 1
S i g
: -‘ <l
2 0.00 e
® N N Rl (1111
750 800 850 900 950 1000
wavelength, A / nm
Rs. rubrum
(2]
= Y A
2006} b) % o F®
[ 'eo v [0
g i ‘?0 FSlsp
% 0.04 |- B
(7]
o L)
S I o
3 o
ot b
< 0.02 |- !
S Y
a
o
38 0.00
© — [
800 850 900 950 1000

wavelength, A / nm
Fig. 1. (a) Absorption (thick solid line) and fluorescence spectra (O and ) of the isolated LH2 complex at two excitation wave-
lengths as indicated. Transformation of the absorption spectrum according to the Stepanov relation (thin solid line). (b) Absorption
(thick solid line) and fluorescence spectra (O and v) of Rs. rubrum chromatophores at two excitation wavelengths as indicated. Trans-
formation of the absorption spectrum according to the Stepanov relation (thin solid line).
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With this band function, A4, one can describe the
shape of an absorption band by the empirical fit
parameters Vmay, @, 0, and Av;, under the special

condition B=1. The function has a normalized area
of one ([, A(V, Vmax, B)dv = 1) independent of any
particular choice of parameters like the position of
the absorption maximum or the width of the band.
The advantage of this function is its ease of use in
fitting other related absorption bands by simply two
parameters, namely a new maximum by v and a
new width by B. The particular combination of terms
in Eq. 1 allows one both to shift and to narrow the
band (with the parameters vy, and B, respectively)
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without changing the characteristic band shape. It is
also worth mentioning that the normalization of 4 to
1 implies an invariant oscillator strength [36].

To describe the absorption spectrum of the LH1-
RC only purple bacterium Rs. rubrum we used three
spectral pools in order to account for the three pig-
ment types involved, B880, the primary donor P875
and the 800 nm absorbing accessory BChls. The
shape of the latter two bands was estimated by sim-
ple Gaussians with the parameters listed in Table 1.
For a good fit of the B880 absorption band between
780 nm and 970 nm six coupled Gaussian functions
in Eq. 1 (j=6) were needed (parameters in Table 1).
This set of parameters defined the term Agggy used
for the spectral decomposition of other complexes.

To test the applicability of the B880 band function
it was used to fit the absorption spectrum of the
B800-850 complex in the range 780-950 nm (Fig.
la). This was done with two separate band functions
for B800 and B850 to account for the different
widths of the two peaks. The fit quality was high
in the range 780-880 nm but noticeable deviations
occurred at wavelengths longer than 880 nm where
the real absorption was slightly larger than the best

Table 1

Decomposition with Gaussian bands according to Eq. 1 of
B800 and B850 from isolated LH2 from Rps. acidophila and of
LH1 from Rs. rubrum

a; o Avjlem™!
LH2-B800 1 0 110
(Vmax = 12461 cm™1) 0.20 —0.004 176
(Amax = 802.5 nm) 0.26 0.019 110
0.3 0.050 242
LH2-B850 1 0 147
(Vmax = 11658 cm™1) 0.100 0.070 235.2
(Mnax = 857.8 nm) 0.085 0.028 117.6
0.300 0.006 338.1
0.092 —0.0248 102.9
0.017 —0.042 102.9
0.025 0.040 117.6
LHI1-Rs. rubrum 1 0 177
(Vmax = 11342 cm™1) 0.160 0.100 189.4
(Mnax = 881.7 nm) 0.125 0.0615 185.8
0.255 0.0305 173.5
0.070 —0.027 159.3
0.013 —0.048 212.4
P875-RC 2 0 330
(Vmax = 11429 cm™) 2 0.093 165

(Amax =875 nm)

fit curve (data not shown). The best fit yielded a ratio
of the oscillator strength of fggso/fgsoo =2 = 0.05. The
aforementioned deviations show that the band
shapes of B880 (used for the fit) and B850 are differ-
ent at the red wings. Therefore, for further analysis
we fitted the B850 and B800 bands by two further
band functions (parameters in Table 1) using the re-
striction fggso/fegoo = 2. This yielded Aggoo and Aggso
used for the decomposition of the absorption spectra
of the LH2-containing purple bacteria.

Thus, the spectral decomposition of the absorption
of the LH2+LH1 purple bacteria studied was per-
formed with four normalized band functions, namely
Asoo(A), Apsso(A), Apsgo(A), and Arc(A). Then the
absorption spectrum of a PSU, which may also con-
tain B820 and B830 complexes at the proper stoi-
chiometric ratios, can be quantitatively described by:

A(A) = Ngsoo*Assoo(A)+
Ns20°Aps20(A) + Nps3o Aps30(A)+

NgssoAsso(A) + Npgso-Apsso(A) + Arc(A) (2)

For the practical application of Eq. 2, A(A) was nor-
malized at a convenient wavelength to the experi-
mental spectrum.

The quantitative fit of the absorption spectrum of
an LH2-LHI-RC system was performed by assigning
32 absorbing pigments to the B880 band (Npggy = 32)
and four pigments to the RC (Ngrc =4; two for pri-
mary donor at 875 nm and two for the accessory
BChls at 800 nm) and assuming fixed ratios of
NBg20/ NBsoo = NBs3o/ Npsoo = Nesso/Nsgoo = 2. The num-
ber of peripheral rings was then calculated under the
assumption that one LH2 ring contains nine B800
molecules [7,37], i.e. Nring = NBsoo/9.

3.1.3. Stepanov relation

The Stepanov equation, which relates absorption
and fluorescence spectra of thermally equilibrated
chromophores or chromophore systems, has been
frequently applied to photosynthetic systems [38-
42]. The requirements for the validity of the Stepa-
nov relation are super fast intra- and inter-molecular
thermalization [43-45]. This seems to be met both in
isolated LH2 because of the fast BS00 — B850 energy
transfer and long excited state lifetime of approx. 1
ns [46] and also in the LHI-RC system of Rs. rubrum
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Fig. 2. Fluorescence induction curves of Rs. rubrum chromatophores upon excitation at 900 nm without diffuser and without redox
mediators (noisy curve; single shot) and with diffuser and 2 uM PMS+10 mM ascorbate (less noisy curve; ten traces averaged). The
arrow is positioned at 30 us after the onset of the illumination and indicates the end of the light exposure for the F, condition.

because of the very rapid (<1 ps) equilibration with-
in the LH1 ring [6,47-50] which is much shorter than
the excited state lifetime (=70 ps) [51]. However,
application of the Stepanov relation to these two
examples showed significant deviations between the
theoretical fluorescence spectra (calculated by the
Stepanov relation) and the experimentally measured
fluorescence spectra (Fig. 1). When normalized near
the fluorescence maxima the theoretical spectra
showed too little intensity at the hypsochromic side
and too much intensity at the bathochromic side.
Such deviations could indicate a pigment system in
which not all pigments contribute with the same flu-
orescence yield. This situation actually occurs in the
LHI1-RC system because the 880 nm absorption
band is composed of differently fluorescing chromo-
phores, the B880 antenna pigments and the BChl «
of the special pair in the RC. The fluorescence quan-
tum yield of the B880 pigments is high (correspond-
ing to 60-80 ps excited state lifetime) whereas that of
the special pair is very low (corresponding to 3 ps
excited state lifetime). In other words, all 34 BChl a
contribute to the absorption band but only 32 pig-
ments to the fluorescence. This pigment heterogene-
ity becomes ‘visible’ because the bandwidth of the

special pair is broader than the bandwidth of B8§0,
i.e. the two bands have different shapes and conse-
quently different Stokes shifts. However, the Stepa-
nov transformation of the absorption spectrum in
which the RC absorption was subtracted also did
not match the measured fluorescence spectrum
(data not shown).

On the other hand, in the case of LH2 the above
explanation is not conceivable for the poor quality of
the Stepanov relation. Fluorescence re-absorption
due to too concentrated solutions can be excluded
as a possible source of error, since in this case the
measured fluorescence intensity in the vicinity of the
absorption maximum would be lower and not higher
than that predicted by the Stepanov relation.

3.1.4. F,, and F, conditions

As mentioned in Section 2 the excitation sources
were laser diodes which were controlled by electronic
circuitry to emit constant light of various durations.
Typically the pulse length was 500 us and the repe-
tition rate was 1 Hz. The laser beam had a profile of
approx. 2X4 mm (centered to the middle of the cu-
vette). If no redox chemicals were added to the chro-
matophores this excitation established conditions in
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which the primary donor was in the oxidized state
(Fmn conditions). This was demonstrated for Rs. ru-
brum chromatophores by recording the time-resolved
fluorescence change of a dark-adapted sample (Fig.
2). The single shot rise kinetics of the fluorescence
from F, to Fy occurs within 100 us (Fig. 2, upper
curve). At the repetition rate of 1 Hz the induction

started with a value very close to Fy,. Therefore, all
fluorescence spectra recorded under these standard
conditions represent Fy, spectra.

To achieve F, conditions in which essentially all
RCs are open we added 10 mM ascorbate and 2 uM
phenazine methosulfate (PMS) to the sample. In ad-
dition it was necessary to homogenize the laser beam

Rps. acidophila
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Fig. 3. Rps. acidophila chromatophores. (a) Absorption spectrum (thick solid line) and its spectral decomposition into B800-820,
B800-830, B§00-850, B880 and RC complexes as described in the text and listed in Table 2. (b) Fluorescence spectra upon excitation
at 803 nm and 900 nm under F, and F,, conditions (various symbols) as well as the theoretical fluorescence spectrum (thick solid
line) constructed under the assumption of a Boltzmann distribution among the pigment pools quantified in Table 2. Also shown is the
calculated emission from the B880 complex alone (thin solid line). The theoretical fluorescence spectrum was scaled to yield a maximal
amplitude corresponding to the absorption of the sample and the experimental fluorescence spectra were then adjusted to the theoreti-

cal one by eye to give reasonable overlap.
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by a diffuser plate. This resulted both in slower fluo-
rescence induction Kinetics and in superimposable
traces up to 10 Hz (Fig. 2, lower trace). To record
F, fluorescence spectra the pulse duration was re-
duced to 30 pus. During this short time only a negli-
gible fraction of RCs become closed as indicated by
the arrow in Fig. 2.

3.2. Absorption and fluorescence spectra of
LH2+LHI purple bacteria

3.2.1. Rps. acidophila

The RT absorption and fluorescence spectra of a
membrane preparation from Rps. acidophila grown
under normal conditions are shown in Fig. 3. The
spectral decomposition of the absorption spectrum
(Fig. 3a) according to the procedure described above
with respect to B800-B820, B800-B830, B800-850,
B880 and RC yielded the stoichiometric ratios listed
in Table 2 (fit parameters vy.x and B). The calcula-
tion is based on the assumption of equal oscillator
strengths of the pigments and of 32 B880
(NBggo = 32), two primary donor BChls and two 800
nm absorbing accessory BChls (Ngrc =4) making up
the core complex [36].

Although the number of B800-B820 and B800-
B830 complexes is small these are needed to achieve
a good fit. It should be emphasized that the intro-
duction of B800-B830 complexes follows from the
present concept of spectral decomposition (Eq. 1)
and should not be taken as a proof for the physical
existence of such a complex. It is just a way to ac-
count for the deviation of a particular band shape
from our assumed standard band shape. This com-

Table 2

ment applies to all other minor peripheral complexes
listed in Table 2, except C. purpuratum.

If all peripheral LH2 complexes (B800-B820,
B800-B830, and B800-850) are assumed to be ar-
ranged in rings consisting of nine o,B-polypeptides
each binding one B800 one can estimate the number
of LH2 rings belonging to a PSU. In the case of Rps.
acidophila grown under high light conditions there
are 5.1 LH2 rings surrounding one LH1-RC (Table
2). In addition, Table 2 gives the absorption maxima
of the pigment groups as they follow from the fit
with Eq. 1.

The fluorescence spectra upon excitation at 803
nm and 900 nm under F,, conditions differed signifi-
cantly at wavelengths <910 nm (Fig. 3b; circles vs.
squares) in that the fluorescence yield upon 803 nm
was higher than that upon 900 nm excitation. When
the 900 nm excitation was carried out under F, con-
ditions a very similar fluorescence spectrum to the Fy,
spectrum was obtained (Fig. 3b; triangles). The F,
spectrum scattered much more because of the
strongly reduced light intensity and the lower fluo-
rescence yield. Also, the scattering artifact at 900 nm
was much more pronounced under F, conditions be-
cause of the diffuser plate inserted in front of the
cuvette. Nevertheless, it can be stated that the F,
and F, fluorescence spectra upon 900 nm excitation
agree within the signal to noise ratio (given by the F,
spectrum). Eventually, a slightly smaller amplitude of
the F, spectrum at around 875 nm could be traced.
The interpretation of these results will be given in
Section 4 where the fluorescence yields from the dif-
ferent pigment pools will be analyzed by equilibrium
thermodynamics as well as by a kinetic scheme.

Number of BChl molecules per PSU (=antenna size) according to the spectral decomposition described in the text as well as the posi-

tion of the absorption maxima of the bands

Species Antenna sizes of the PSU Absorption maxima of the pigment pools/nm
Ngoo  Ngoo Ngzo  Nsso N1LH2-rings B800 B820 B830 B850 B880

Rps. acidophila 46 3 2 87 5.1 804 823 835 863 891
Rps. acidophila LL 54 36 9 62 5.9 802 823 837 862 891
Rps. acidophila LL/LT 54 66 17 25 6.0 800 826 841 861 892
Rps. palustris 20 2 1 36 2.2 806 820 838 861 882
Rb. sphaeroides 2.4.1 31 - - 61 34 802 - - 853 881
C. vinosum 20 2 - 37 2.2 806 820 - 863 883
C. purpuratum 71 - 141 - 7.8 802 - 832 - 877

The following stoichiometries were assumed: Nggo =32; Nrc =4; NLH2—rings = Ngoo/9.
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Fig. 4. Rps. acidophila LL chromatophores. (a) Absorption spectrum (thick solid line) and its spectral decomposition into B800-820,
B800-830, B800-850, B880 and RC complexes as described in the text and listed in Table 2. (b) Fluorescence spectra upon excitation
at 803 nm and 900 nm under F, and Fy,, conditions (various symbols) as well as the theoretical fluorescence spectrum (thick solid
line) constructed under the assumption of a Boltzmann distribution among the pigment pools quantified in Table 2. Also shown is the
calculated emission from the B880 complex alone (thin solid line). The normalization of the fluorescence spectra is described in the

legend of Fig. 3.

The analogous spectra of Rps. acidophila grown
under LL and LL/LT conditions are shown in Figs.
4 and 5, respectively. In contrast to high light grown
cells the LL cells possess a significant fraction of
B800-B820 complexes in their antenna system as
judged by the absorption peak at around 830 nm
(Fig. 4a). In LL/LT cells the B800-B820 complexes
are the dominant peripheral complexes (Fig. 5a). The

number of LH2 rings in the LL cells is comparable
with that of the LL/LT ones and both are higher
than in the high light grown cells (Table 2). The
typical features of the fluorescence spectra are the
same as in high light grown cells (Fig. 3b and Fig. 5b).

3.2.2. Rps. palustris
The absorption spectrum of Rps. palustris shows
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two peaks located near 805 nm and 860 nm with a
weak shoulder located at about 880 nm (Fig. 6a). A
good fit of the absorption spectrum required the as-
sumption of the presence of a small number of B820
or B830 pigments. The total number of B800 pig-
ments (Npgoo =20) is significantly smaller than the
corresponding numbers found in Rps. acidophila.
Given the assumptions described in the legend of
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Table 2, the number of B800 pigments equates to
2.2 LH2 rings per core complex.

Fig. 6b shows the fluorescence spectrum upon ex-
citation at 803 nm (open circles) and 900 nm (open
squares). These spectra were recorded under Fy, con-
ditions. The spectrum upon excitation at 900 nm and
recorded under F, conditions (filled triangles) was,
within the scatter of the data points, the same as

Rps. acidophila LLLT
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Fig. 5. Rps. acidophila LL/LT chromatophores. (a) Absorption

spectrum (thick solid line) and its spectral decomposition into B800-

820, B800-830, B800-850, B880 and RC complexes as described in the text and listed in Table 2. (b) Fluorescence spectra upon excita-
tion at 803 nm and 900 nm under F, and F,, conditions (various symbols) as well as the theoretical fluorescence spectrum (thick solid
line) constructed under the assumption of a Boltzmann distribution among the pigment pools quantified in Table 2. Also shown is the
calculated emission from the B880 complex alone (thin solid line). The normalization of the fluorescence spectra is described in the

legend of Fig. 3.
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Rps. palustris
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Fig. 6. Rps. palustris chromatophores. (a) Absorption spectrum (thick solid line) and its spectral decomposition into B800-820, B800-
830, B800-850, B880 and RC complexes as described in the text and listed in Table 2. (b) Fluorescence spectra upon excitation at 803
nm and 900 nm under F, and F, conditions (various symbols) as well as the theoretical fluorescence spectrum (thick solid line) con-
structed under the assumption of a Boltzmann distribution among the pigment pools quantified in Table 2. Also shown is the calcu-
lated emission from the B880 complex alone (thin solid line). The normalization of the fluorescence spectra is described in the legend

of Fig. 3.

the corresponding spectrum recorded under Fy, con-
ditions at wavelengths <880 nm but deviated
slightly at wavelengths above this. The theoretical
spectrum, based on the assumption of thermal equil-
ibration (thick solid line), also matches these spectra
at wavelengths <880 nm. The spectrum obtained
under F,, conditions upon excitation at 803 nm
(open circles) had a larger amplitude than both the

theoretical spectrum and those obtained by 900 nm
excitation at wavelengths <910 nm. However, it
matched the theoretical spectrum and the spectrum
recorded under Fy, conditions upon excitation at 900
nm at wavelengths >910 nm.

3.2.3. Rb. sphaeroides
The absorption spectrum of Rb. sphaeroides strain
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2.4.1 features two peaks located near 800 nm and 853
nm (Fig. 7a). There is a distinct shoulder located at
about 880 nm. In this species the spectral decompo-
sition could be performed without invoking the pres-
ence of B800-820 or B800-830 complexes. Compared
to Rps. acidophila the absorption maximum of the
core complex lies about 10 nm to the blue. As was
the case with Rps. palustris, the total number of B800
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pigments (Nggoo = 31) is significantly smaller than the
corresponding numbers found in Rps. acidophila and
equates to 3.4 LH2 rings per core complex.

Fig. 7b shows the fluorescence spectrum upon ex-
citation at 803 nm (open circles) and 900 nm (open
squares). These spectra were recorded under F, con-
ditions and both show the presence of a shoulder at
about 860 nm. The spectrum upon excitation at 900

Rb. sphaeroides 2.4.1

0.06
<
S 0.04
g
[e]
2
3]
0.02
0.00
750 800 850 900 950
wavelength, A / nm
o v F’"BOJ
0.06 |- b) & v o F%®
ﬂ o() OD m900
§ | r v F,
g 0.04 |- oodsdp 7 —_— F
o o v
g o o v'
3 °
§ 0.02 | o°
E s
v.-0 M v
0.00 F
LA S S R S S S S
850 900 950 1000

wavelength, A / nm

Fig. 7. Rb. sphaeroides 2.4.1 chromatophores. (a) Absorption spectrum (thick solid line) and its spectral decomposition into B§00-820,
B800-830, B800-850, B880 and RC complexes as described in the text and listed in Table 2. (b) Fluorescence spectra upon excitation
at 803 nm and 900 nm under F, and F, conditions (various symbols) as well as the theoretical fluorescence spectrum (thick solid
line) constructed under the assumption of a Boltzmann distribution among the pigment pools quantified in Table 2. Also shown is the
calculated emission from the B880 complex alone (thin solid line). The normalization of the fluorescence spectra is described in the

legend of Fig. 3.
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C. vinosum 40°C
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Fig. 8. C. vinosum chromatophores. (a) Absorption spectrum (thick solid line) and its spectral decomposition into B800-820, B800-
830, B800-850, B880 and RC complexes as described in the text and listed in Table 2. (b) Fluorescence spectra upon excitation at 803
nm and 900 nm under F, and F;, conditions (various symbols) as well as the theoretical fluorescence spectrum (thick solid line) con-
structed under the assumption of a Boltzmann distribution among the pigment pools quantified in Table 2. Also shown is the calcu-
lated emission from the B880 complex alone (thin solid line). The normalization of the fluorescence spectra is described in the legend

of Fig. 3.

nm and recorded under F, conditions was, within the
scatter of the data points, the same as the corre-
sponding spectrum recorded under Fy, conditions.
The theoretical spectrum also matches these spectra.
However, the latter three spectra differ significantly
from the spectrum obtained upon excitation at 803
nm.

3.2.4. C. vinosum strain D

The absorption spectrum of C. vinosum strain D
shows two absorption peaks located near 805 nm
and 865 nm with a broad shoulder located to the
red of the latter peak (Fig. 8a). The spectral decom-
position could be performed without invoking the
presence of 830 nm absorbing pigments but did re-
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quire the presence of 820 nm absorbing pigments.
The total number of B800 pigments (Nggoo=20)
was the same as that found in Rps. palustris. Again,
this number of B800 pigments equates to 2.2 LH2
rings per core complex.

Both the fluorescence spectra obtained upon ex-
citation at 900 nm and the theoretical spectrum
show good agreement (Fig. 8b). However, the fluo-
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rescence spectrum upon excitation at 803 nm (open
circles) has a larger amplitude than the other spec-
tra between about 850 nm and 910 nm. At wave-
lengths >910 nm there is a good match of all
spectra.

3.2.5. C. purpuratum
C. purpuratum is an unusual species of purple bac-

C. purpuratum
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Fig. 9. C. purpuratum chromatophores. (a) Absorption spectrum (thick solid line) and its spectral decomposition into B800-820, B800-
830, B800-850, B880 and RC complexes as described in the text and listed in Table 2. (b) Fluorescence spectra upon excitation at 803
nm and 900 nm under F, and F, conditions (various symbols) as well as the theoretical fluorescence spectrum (thick solid line) con-
structed under the assumption of a Boltzmann distribution among the pigment pools quantified in Table 2. Also shown is the calcu-
lated emission from the B880 complex alone (thin solid line). The normalization of the fluorescence spectra is described in the legend

of Fig. 3.
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teria in that it synthesizes a B800-830 complex as the
only peripheral light-harvesting complex [52].

In contrast to the other species investigated the
absorption spectrum of C. purpuratum features only
a single NIR absorption peak located near 830 nm
(Fig. 9a). There are distinct, broad shoulders located
at about 800 nm and 880 nm. In this species the
spectral decomposition was fitted only with B800-
830 complexes. It was not possible to achieve a
good fit if the presence of B800-850 or B800-820
complexes was assumed. This demonstrates the effec-
tiveness of the methodology of the spectral decom-
position. The total number of B800 pigments
(NBgoo=71) is significantly larger than the corre-
sponding numbers found in all the other species
studied. This equates to 7.8 LH2 rings per core com-
plex which is very close to the idealized number of
eight.

The fluorescence spectra recorded under Fy, con-
ditions upon excitation at 803 nm (open circles) and
900 nm (open squares) are shown in Fig. 9b. These
spectra deviate significantly at wavelengths <910
nm. The most dramatic deviation is observed be-
tween about 830 nm and 890 nm. The spectrum re-
corded under F, conditions upon excitation at 900
nm (filled triangles) was, within the scatter of the
data points, similar to the corresponding spectrum
recorded under F, conditions but with slight devia-
tions between about 870-890 nm and 920-940 nm.
The theoretical spectrum (thick solid line) was the
same as the spectrum recorded under Fy, conditions
upon excitation at 900 nm but deviated to a lesser or
greater extent from the spectrum recorded under F,
conditions upon excitation at 900 nm and the spec-
trum recorded upon excitation at 803 nm, respec-
tively. In our opinion the scatter of the data points
does not allow one to determine whether the ob-
served deviations are systematic or not.

4. Discussion
4.1. Antenna sizes
The antenna structure of the PSU in LL-Rps. aci-

dophila was suggested to consist of eight LH2 rings
that surround an LH1-RC complex [5]. According to

our spectral decomposition of the absorption bands,
which assumed an invariable oscillator strength of all
pigments and 32 BChl in an LHI ring, the number of
LH2 rings in Rps. acidophila is smaller than the max-
imal, idealized ring number of eight, irrespective of
the conditions under which this bacterium was grown
(Table 2). Smaller ring numbers were also calculated
for Rps. palustris, Rb. sphaeroides, and C. vinosum.
Only in the case of C. purpuratum was the idealized
number of eight found. However, if the number of
BChl in an LH1 ring were smaller, as suggested by
the work of Francke and Amesz [53], the antenna
sizes of the peripheral complexes (Table 2) were in-
versely larger. Assumed that LH1 contains only 24
BChls due to the replacement of three o,B-hetero-
dimers by pufX [54-56] the ring numbers would be
underestimated by maximally 33%. This would lift
the ring numbers in Rps. acidophila close to eight.
However, the ring numbers in Rps. palustris, Rb.
sphaeroides and C. vinosum would still be signifi-
cantly smaller than eight. In any case in reality the
perfect geometric arrangement of the core and pe-
ripheral ring complexes depicted by Papiz et al. [5]
seems to be given only in special cases.

4.2. Possible contribution of free BChl

It might be suspected that the fluorescence spectra
between 820 nm and 860 nm might be affected by
free BChl present in the membranes of purple bac-
teria. Such a contamination can be excluded for sev-
eral reasons. First, the absorption maximum of free
BChl « lies at 770 nm. This means that at our ex-
citation wavelength of 803 nm (and particularly at
900 nm) the excitation of free BChl is negligible.
Second, the interference of our fluorescence spectra
from Rps. acidophila, Rps. palustris, Rb. sphaeroides
and C. vinosum by free BChl is negligible since no
emission at 820 nm was measured (Fig. 3b, 6b, 7b
and 8b). In the other cases the contribution of free
BChl must be also small since free BChl a emits
maximally at around 780 nm with a bathochromic
emission that decreases with increasing wavelengths.
However, our F spectra increase with wavelengths
> 820 nm. Third, even if the 820 nm emission would
be subtracted this would not cure the difference at
860 nm used for the following argumentation.
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4.3. Theoretical simulations

4.3.1. Thermal equilibrium

From the decomposition of the antenna system
into B800, B820, B830, B850, B880O, and RC it is
clear that the 900 nm light selectively excites LH1
and that the hypsochromic fluorescence shoulders
(around 850-870 nm) originate from LH2, i.e. from
exciton transfer LH1—LH2. This demonstrates the
existence of uphill energy transfer but not its quanti-
fication. In the following we investigate the hypothet-
ical case of perfect thermalization.

4.3.1.1. Stepanov relation. For thermally equili-
brated systems the Stepanov relation predicts the flu-
orescence spectrum from the absorption spectrum
and vice versa [43-45]. Its validity depends critically
on super fast intra- and inter-molecular thermaliza-
tion, which seems to be given in both isolated LH2
because of the fast B800 — B850 energy transfer and
long excited state lifetime of approx. 1 ns [46], and
also in the LH1-RC system like that of Rs. rubrum
because of the very rapid (<1 ps) equilibration with-
in the LH1 ring [49,50] being much shorter than the
excited state lifetime (=70 ps) [51]. However, appli-
cation of the Stepanov relation to these two exam-
ples showed systematic deviations between the theo-
retical fluorescence spectra calculated by the
Stepanov relation and the measured fluorescence
spectra (Fig. 1 and [38]) which makes the relation
unsuited for the further analysis of LH2-containing
purple bacteria. A similar discrepancy has also been
noted by Zankel and Clayton [4].

The failure of the Stepanov relation in the case of
the ring shaped light-harvesting complexes of purple
bacteria is most likely due to the energetic imperfec-
tion of the rings (energetic disorder). Quantum me-
chanical calculations for a perfect (no energetic dis-
order) circular aggregate have shown that the
transition from the ground state to the lowest exci-
tonic state is forbidden and that the next two higher
states carry all the oscillator strength [36,57-59].
However, in reality these rings are not perfect. En-
ergetic disorder destroys the delocalized states which
become more and more localized [60]. Also, the red-
most states in the spectrum are the most localized
[47,58]. Finally, the more localized the states are,
the lower the oscillator strength will be. As the radi-

ative rate decreases with decreasing oscillator
strength, the fluorescence yield is not constant over
the emission band but displays lower yields at longer
wavelengths. In accordance with this explanation, for
all purple bacteria investigated the absorption spec-
trum obtained by the Stepanov transformation of the
measured fluorescence spectrum displayed lower val-
ues (10-20%) in the range 875-930 nm than the
measured absorption spectra (data not shown).

Because the Stepanov relation turned out to be
inappropriate for our analysis, we decided to analyze
our fluorescence spectra by assigning each pigment
pool its own fluorescence spectrum and to calculate
the emission probabilities either by a Boltzmann
term (thermal equilibration) or by a kinetic scheme
(Section 4.3.2).

4.3.1.2. Boltzmann calculation. Using the spectral
decomposition described in Section 3.1.2 one knows
the number of pigments in each spectral pool of the
PSU (Table 2) and, therefore, one can calculate the
thermal equilibrium distribution of an exciton. If i
denotes the spectral pool, N; the number of pigments
in the ith pool, and E; the energy corresponding to
the absorption maximum of the ith pool the proba-
bility for an exciton to reside in a particular spectral
pool is given by the distribution function:

E—E,

N,“e_ kBT
pi = — E—E, (3)

S Nee kT

i

Then, if F;(A) denotes the fluorescence spectrum of a
spectral pool normalized to the area of 1 the theo-
retically predicted equilibrium fluorescence spectrum
can be calculated according to:

FO) =Y pi Fi(h) (4)
To proceed we fitted each of the fluorescence spectra
of isolated LH2 and of Rs. rubrum with three Gaus-
sian-coupled bands defined by Eq. 1 and used these
two spectra as standards for the emission from LH2
(i.e. B820, B830, and B850) and LHI1 (i.e. B880) of
the LH2+LH1 purple bacteria studied. The maxi-
mum wavelengths were Stokes shifted by 50-80
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cm~! compared to the absorption maxima (Table 2)

and the emission bandwidths slightly adjusted
(£ 10%) to obtain good fits. Such calculated fluores-
cence spectra — using the parameters given in Table 2
— are shown as thick solid lines in Fig. 3b, 4b, 5b, 6b,
7b, 8b, 9b. In all the purple bacteria studied these
equilibrium fluorescence spectra — ultimately derived
from the spectral decomposition — agreed with the
experimental fluorescence spectra upon 900 nm exci-
tation (Fig. 3b, 4b, 5b, 6b, 7b, 8b, 9b). Thus, it can
be concluded that the main part of the antenna sys-
tem is thermally equilibrated and that uphill energy
transfer occurs up to its thermodynamically maximal
possible extent.

The above treatment also allows calculation of the
predicted fluorescence spectra of each of the pigment
pools, in particular those of the core complexes
alone. These latter spectra are shown as thin solid
lines in Fig. 3b, 4b, 5b, 6b, 7b, 8b, 9b. Comparison
of these spectra with the measured fluorescence spec-
tra allows one to judge the presence of uphill energy
transfer. In all the purple bacteria studied the devia-
tions between both spectra indicated significant
uphill energy transfer (Fig. 3b, 4b, 5b, 6b, 7b, 8b,
9b).

4.3.2. Kinetic consideration

If a system were perfectly equilibrated both 803
nm and 900 nm excitations are expected to yield
the same fluorescence spectrum. However, 803 nm
excitation leads to excess emission from LH2 as evi-
dent from the larger fluorescence yield between 840
nm and 910 nm. This excess emission must stem
either from the retardation caused by the
B850 — B880 transfer or from poorly coupled or pos-
sibly even isolated LH2 rings. In order to distinguish
between both possibilities a detailed kinetic analysis
was performed.

In LH1+LH2-containing purple bacteria fluores-
cence is emitted predominantly by B850 and B880.
Compared to the fluorescence yields of B§50 or B8§0
the emission from B800 is negligible small due to the
short excited state lifetime of <1 ps [18,20]. The
same holds for the emission from the RC because
in open RCs P* decays within approx. 3 ps [61]
and in closed RCs P* is known to be non-fluores-
cent. Neglecting the emission from B800 and the RC,
the relevant reaction scheme is:

ke ky koe
D(—BSSOE_—) B880—C
-1

in which the rate constant k, stands for losses of the
B850 antenna into the ground state and the rate
constants k, . for losses of the B880 antenna by the
open (P) or closed (P™) RC, respectively. As derived
in the Appendix the fluorescence yields of B850 and
B880 complexes upon excitation in B850 are:

FBsso _ 41 n @ (5a)
Y1 Y2

FB880 _ kl <5b)
Y1Y2

using the identification k; =k, .. The relation of the
amplitude factors a; and a, as well as the apparent
rate constants y; and 7, to the molecular rate con-
stants are also given in the Appendix. Then the ratio
of fluorescence intensities is:

FB880 ki

< B850> = (5¢)
F gs0  a1Y1 + ax2

Upon excitation in the B880 complexes one obtains

the fluorescence yields as derived in the Appendix:

FB850 _ k—y (6&)
Y1:Y2
FB880 _ ai + @ (6b)
Y2 M1
and for the ratio:
(Fngo) _avitarn (6¢)
FB850 ) o k_,

Finally, the backward rate constant is related to
the forward rate constant by the Boltzmann term
according to

E880—E850
k,] = k]‘NBgSO'e kBT (7)
Nrsso

This latter equation accounts for the limiting case in
which the correct thermal equilibrium is established
in the absence of loss processes.

To investigate the influence of (i) the different ex-
citation wavelengths, (ii) the different redox states of
the RC and (iii)) the departure from thermal equi-
librium one has to assume reasonable numerical val-
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ues for the rate constants. There is general agreement
that k¢ = (1.0 ns)~! [46] and that k.= (70 ps)~', (220
ps)~! [51]. The rate constant for energy transfer from
B850 to B&8O is less certain, but in the range k| = (3-
30 ps)~! [7,24]. For the following model calculations
the upper and lower values for the B850 — B800 en-
ergy transfer (k;=(3 ps)~! and k; =(30 ps)~!) were
used in alternative calculations.

Given the above numbers and assuming K=k/
k_1 =6 one can plot the kinetics of the exciton dis-
tribution between B880 and B850 upon excitation of
B850 and fast energy transfer ky=(3 ps)~!' for F,
conditions (Fig. 10a). It can be seen that the transfer
equilibrium K° is reached within approx. 10 ps and
that K°=15.80 is only little smaller than the thermo-
dynamic equilibrium constant K =6.00. The situation
is much different if the B850 — B800 energy transfer
is assumed to be slower, k; =(30 ps)~!. In this case
the transfer equilibrium constant drops to K°=4.08
as shown in Fig. 10b (in which the dependence of the
various equilibrium values is plotted versus the speed
of B850 — B800 energy transfer). More important,
however, is the measurable quantity of the total flu-
orescence emitted by the two pigment pools, (FB380/
FB80)es. These ratios are (FB830/FB80)eo =477 and
(FB830/fB830Y.0=1.68 for the fast and slow
B850 — B800 energy transfer, respectively (Fig. 10b).

Next we investigated the case of B880 excitation.
As shown in the Appendix the transfer equilibrium
constant K is independent of the excitation condi-
tions. However, the measurable quantity of the ratio
of the fluorescence yields of the two pigment pools,
(FB880/ FB830)ee, now lies very close to (nearly indis-
tinguishable from) the thermal equilibrium (Fig.
10b).

Having calculated the fluorescence yields from the

different pigment pools it is straightforward to con-
struct corresponding simulated fluorescence spectra.
This is done in Fig. 10c for F, conditions and in Fig.
10d for F, conditions. For simplicity the emission
bands of the B850 and B800 complexes are assumed
to be Gaussians (Eq. 1; j=1) with Ap.x =850 and
Amax =895 and widths of 6=15 nm. The total fluo-
rescence spectra were normalized at their maximum.
Fig. 10c and d compare the total fluorescence spectra
upon B850 (upper solid curves) and B880 excitation
(lower solid curves) as well as the two sub-bands
(dashed and dotted curves) assuming fast
B850 — B800 energy transfer. From these figures it
can be seen that alternate excitation of the two com-
plexes results in only small differences around 850
nm in the normalized fluorescence spectra. These dif-
ferences are more pronounced under F, than under
F conditions (compare Fig. 10c and d) if, as men-
tioned previously, the B850 — B800 energy transfer is
fast.

In a further model calculation, designed to simu-
late the experimental results, we compared the simu-
lated F, and F, spectra — again normalized at their
maximum — for excitation in B850 and B880 (Fig.
10e,f). If the B850 — B800 energy transfer is assumed
to be fast (Fig. 10e) the deviations between the F,
spectra upon B850 and B880 excitation (solid line
and points) are small as are the deviations between
the Fy, spectra upon B850 and B880 excitation (solid
line and points). It is noteworthy that also the devi-
ation between the F, and the Fj, spectrum is small.

However, if the B850 — B800 energy transfer is as-
sumed to be slow (Fig. 10f) the deviations between
the F, spectra upon B850 and B880 excitation (solid
line and points) are significant and the same applies
for the deviations between the Fy, spectra upon B850

-

Fig. 10. All calculations for this figure assumed a thermodynamic equilibrium constant of K=6, which means that k_; =k;/K. All
spectra are normalized at 985 nm. (a) Time dependence of the ratio of the instantaneous fluorescence yields K(f) upon excitation in A,
assuming open RCs with &, =(70 ps)~!. (b) Dependence of the transfer equilibrium constant K° (thick dashed line) and the ratio of
yields ®g/®4 (solid line) on the rate constant k| upon excitation in A4, assuming open RCs with k;, =(70 ps)~!. Particular values for
ki1 =3 ps)~! and k; =(30 ps)~! are indicated with 0. The ratio of yields ®p/®, as a function of k; for excitation in B is the upper
solid line and the particular values for k; =(3 ps)~' and k; = (30 ps)~' are indicated by O. The thermodynamic equilibrium constant is
indicated by the thin dashed line. (c) Simulated fluorescence spectra for k; =(3 ps)~! upon excitation in A (upper solid line) or B (low-
er solid line) under F, conditions, i.e. k» =(70 ps)~'. The dashed curves show the sub-bands imitating emission of 4 at 850 nm and B
at 995 nm upon excitation in 4 and the dotted one the sub-band of 4 upon excitation in B. The sub-band of B upon excitation in B
coincides with the dashed line upon excitation in 4. (d) Same as in (c) except F,, conditions, i.e. k> =(210 ps)~!. (¢) Simulated fluores-
cence spectra for the case of fast energy transfer (k1 =(3 ps)~') and excitation in A4 (solid lines) and B (dots) for F, and F, condi-
tions, k» =(70 ps)~' and k, =(210 ps)~', respectively. (f) Same as in (e) but for the case of slow energy transfer (k; = (30 ps)™').
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and B880 excitation (solid line and points). It is also
notable that the deviation between the F, and the Fy,
spectra is rather pronounced.
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assumption of a homogeneous system, show that the
slower the B850 — B800 energy transfer, (i) the larger
the differences between the fluorescence spectra upon
B850 and B880 excitation at a given redox condition,
and (ii) the larger the differences between the fluo-
rescence spectra upon B880 excitation under different
redox conditions.

All the experimental fluorescence spectra (Figs. 3—
9) share the common feature that F, and F;, condi-
tions yield indistinguishable fluorescence spectra
upon 900 nm excitation within the scatter of the
data. This is only compatible with a fast
B850 — B880 energy transfer of Tpgso_.pgso=5 ps. As
our theoretical simulations demonstrate, a
TBss0_.Bss0=25 ps energy transfer at either redox state
predicts small deviations in the fluorescence spectra
depending on B850 or B880 excitation (compare Fig.
10e and f). Such small deviations are experimentally
found in Rps. acidophila (grown under high light),
Rps. palustris, and C. vinosum but not in Rps. acid-
ophila (LL and LL/LT), Rb. sphaeroides, and C. pur-
puratum. Therefore, it must be proposed that the
latter species contain a small fraction of unconnected
or poorly connected peripheral LH2 complexes and
that the real system is not perfectly homogeneous.
These are traceable in time-resolved measurements
as long lived fluorescence decay phases with small
or very small amplitudes as discussed by Sundstrom
and van Grondelle [49]. Note that in the 900 nm
excitation these unconnected LH2 rings are not ex-
cited and therefore do not contribute to the fluores-
cence spectrum. Additionally, these mal-connected
LH2 rings only contribute to less than about 2% to
the total absorption spectrum.

4.3.4. Further interpretation of the experimental data

The spectral decomposition of the photosynthetic
unit in the different species of LH2+LH1 purple bac-
teria allows the calculation of the effective number of
antenna pigments per RC Ny, i.e. the sum over
states, from the numbers tabulated in Table 2. This
quantity describes the hypothetical antenna size if all
antenna pigments were isoenergetic and is a deter-
mining factor for the overall fluorescence decay
time [33]. It turns out that for all purple bacteria
studied this is a rather invariant number of about
40 although the total number of BChl molecules
varies by a factor of 2. In the idealized case of eight

LH2 rings surrounding the core complex Ny is
slightly larger (Negr =53).

Using the values given in Table 2, it is also possi-
ble to calculate the equilibrium constants for the ex-
citon exchange between the B850 and B880 pigments
using the equation:

N ~ Esgo—Eggso

_ _'B880 kgT
K N Bssoe ®)
All the calculated equilibrium constants ranged be-
tween 2 and 8 (Table 3). The fact that all constants
were > 1 means that the equilibrium is on the B880
side and energy transfer generally occurs downbhill.

In a recent paper by Law et al. [34] it was con-
cluded from the deviation between the fluorescence
spectra due to 802 nm and 896 nm excitation that the
uphill energy transfer from B880 to B850 was unfav-
orable and represented a kinetic impediment. As
shown by the above simulations this argument is
not conclusive. Such a deviation may be caused ei-
ther by the difference in the downhill versus uphill
energy transfer kinetics or by a small fraction of un-
connected or poorly connected peripheral LH2 com-
plexes. The present data and their analysis show that
in the majority of photosystems uphill energy trans-
fer in LH2+LHI-containing purple bacteria occurs
close to its thermodynamical maximal extent. Then
the difference between the fluorescence spectra may
also arise from loosely connected or unconnected
light harvesting complexes.

Table 3

Total BChl antenna sizes, effective antenna sizes Neg (sum over
states) and thermodynamic equilibrium constants for exciton
equilibration between B850 and B880 complexes calculated
from the number of BChl molecules in each spectral pool and
their absorption maxima according to the spectral decomposi-
tion (Table 2)

Species Niot Nesr K(B850 <> B880)
Hypothetical 8-ring case 248 53 1.55

Rps. acidophila 170 47 2.01

Rps. acidophila LL 193 43 3.02

Rps. acidophila LL/ILT 194 37 9.7

Rps. palustris 91 42 3.30

Rb. sphaeroides 2.4.1 124 42 3.20

C. vinosum 91 41 3.11

C. purpuratum 244 39 4.50

In the case of C. purpuratum the equilibrium was calculated for
the B830 < B880 exciton transfer.
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5. Summary and conclusions

The present work allows some general conclusions
to be drawn about both the antenna organization
and exciton dynamics in LH2+LH1-containing pur-
ple bacteria. These can be summarized as follows:

e In most purple bacteria the antenna size of the
PSU seems to be smaller than that expected from
the idealized model of the PSU in which each core
complex is surrounded by eight LH2 rings.

e Thermodynamic equilibrium in the antenna system
of these bacteria is a valid approximation for the
interpretation of the stationary fluorescence spec-
tra but only when the core complexes are excited.

e The transfer equilibrium does not deviate much
from the thermodynamic equilibrium.

e The transfer equilibrium is established within a few
picoseconds and not within a few tens of picosec-
onds.

e A small fraction of unconnected or loosely con-
nected LH2 leads to excess fluorescence emission
at around 830 nm which hampers the interpreta-
tion of the blue-excited (800 nm) fluorescence.
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Appendix
A.1. A two state reversible reaction scheme

Consider a reversible reaction between 4 and B
with the rate constants k; and k_q:

k
DA2 BELC

-1
with the aim of collecting all conceivable solutions
and the relations between them for the initial condi-
tions A(t=0)=1 and B(t=0)=1.

A.2. Excitation in A

State 4 can decay with the rate constant k¢ into D
and B with k; into C. The time dependence of the
states are simple exponential functions, if the single
initial state is 4(0)=1 and B(0)= C(0)=D(0)=0:

A(t) = arre "+ aye™ ! (Ala)
B(1) = L(e_”(z"—e_”“") (Alb)
Y1—72
. 1 1 .
Cl) = ke (—e_y“’——e_”" n 7—72) (Ale)
Y1i—Y2\"1 T2 Y1Y2
D(t) = 1—A(t)—B(t)—C(1) (Ald)
with the amplitude factors:
g =Tk mke (A2a)
Y172
g =Rk (A2b)
Y2—"1
and the apparent rate constants:
1
Yi= 5[(’% + ki + k-1 +k2)+
Ve + ky—k 1 —ka)? + 4k ] (A2¢)
Yo = 3(ke + ki + k-1 + ko)~
Ve + ky—k 1 —ka)? + 4k ] (A2d)

It is worth mentioning that there exists a simple iden-
tity between the molecular and the apparent rate
constants which reads:

ki n k_y
Yip—ke Y12k

=1 (A3)

It is clear that 4 and B are only transiently formed
whereas C and D adopt final values for t— . The
yields of 4 and B are given by the time integrals of
A(t) and B(1):

cpA_/ Adi =412 (Ada)

0 Y Y2

Dp = / " B(dr = KL (Adb)
? 0 Y1Y2
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whereas the quantum yields of C and D follow from
their infinite values:

®c = lim C(t) = krkz (Adc)
— o 'Y1°’Y2
®p — lim D(r) — 1—1F2 (A4d)

— ’Yl-'yz
Another useful quantity is the ratio of the yields of
the transient states 4 and B:
CDB B kl B k]
Oy a2 taryr k-1t k2

(A5)

After the initiation of the reaction the transient
states A(f) and B(¢) will reach an equilibrium state
in which the decay occurs with the same kinetics. The
equilibration kinetics is given by the ratio of B(¢) and
A(¢) according to:

N B(1)

K(z):m

The limiting value of this quantity, which is the
transfer equilibrium, is easily obtained for t— o:

KO = lim K() = —
1= a(Y1—Y2)

(A6a)

(A6b)

Depending on the rate constants this transfer equi-
librium constant K° may significantly deviate from
the thermodynamic equilibrium constant, K= k/k_,
(see Fig. 10b).

A.3. Excitation in B

The solutions, if the initial state is B(0)=1 and
A0)=C(0)=D(0)=0, have the same analytical
form and can be obtained for symmetry reasons by
replacing A—»B, B—»A, C—»D, D—>C, k¢—ky,
ki—=k_1, k= ke, k-1 —>k;. The amplitude factors
and the apparent rate constants (Eqs. A2a—-A2d) re-
main the same. Using the above substitutions we
obtain for the time-dependent states:

k-
A(t) =
(0 Y1—Y2

(e 11— M) (A7a)

B(1) = aye ™" + aye " (A7b)

_r 1 1 —
D(1) = Kok (—eyl't ——e P 4 Y—YZ> (A7c)
Yi—Y2\"1 V2 Y1°Y2

(A7d)

The identity equation (Eq. A3) remains preserved.
As before, the yields of 4 and B are given by the
time integrals of A(¢) and B(1):

o kfl
® :/ A(de = 2= ASa
A 0 ) Y12 ( )
Oy — / B()di =44 2 (A8b)
0 Y2 M1

whereas the quantum yields of C and D follow from
their infinite values:

o = lim C(1) = 11k (ASc)
t— ’Yl"Yz

op — lim D(r) = =1k (A8d)
t—oo ’Yl"Yz

The ratio of the yields of the transient states 4 and B
is given by:
Qs arvi+ary, ki +ke ()
(I)A kfl k—l

For completeness, it should be mentioned that the

transfer equilibrium (Eq. 6a) is independent of the
type of excitation and is therefore the same.
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