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Abstract The light-induced electron transport in purple
bacterium Rhodobacter sphaeroides was studied in vivo
by means of kinetic difference absorption spectroscopy and
kinetics of bacteriochlorophyll fluorescence yield. Mea-
surements of redox state of the oxidised primary donor and
cytochrome ¢ and the membrane potential revealed a
complex pattern of changes of the electron flow. Effects of
the membrane potential on the fluorescence yield were also
analysed, and a model for the fluorescence induction curve
is presented. The data indicate substantial positive effect of
the membrane potential on the fluorescence emission
in vivo. Moreover, light-induced changes in light scattering
were observed, which suggests occurrence of structural
changes on the level of the photosynthetic membrane.
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LHI, LHII Light-harvesting complex I, II

Pg7o Primary donor of the bacterial reaction centre

PSII Photosystem II

Qa First quinone electron acceptor

Qs Second quinone electron acceptor

RC Reaction centre

Introduction

Purple nonsulphur bacteria convert light energy into the
electrochemical potential through the directional proton
translocation connected to a cyclic electron transfer
between the reaction centre (RC) and the cytochrome bc;
complex mediated by mobile carriers cytochrome c, and
ubiquinone/ubiquinol redox pair (Drews and Golecki
1995). Structural and functional homology between the
purple bacterial RC and the RC of the photosystem II
(PSII) of the oxygenic photosynthesis allows the use of
variable bacteriochlorophyll (BChl) fluorescence to inves-
tigate the energy transfer and electron transport within the
photosynthetic apparatus in photosynthetic bacteria in a
manner similar to plants and algae (Joss et al. 1994;
Koblizek et al. 2005; Kolber et al. 2001; Law et al. 1997,
Schmidt and Trissl 1998; Strasser and Ghosh 1995; Setlik
et al. 1990; Trissl 1996; Trissl et al. 1999).

Primary difference between the two types of RC is that
in PSII the fluorescence yield is mainly governed by the
redox state of primary electron acceptor (Q,), while in
purple bacteria the fluorescence yield is affected by the
redox state of both Qa and the primary electron donor
(Pg70) (van Grondelle 1985). So far, minor attention has
been paid to other factors that influence the energy
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transformation in the photosynthetic apparatus and thus the
fluorescence yield in bacteria. It was shown that in Rho-
dospirillum (Rsp.) rubrum, phosphorylation of LHI subunits
regulates excitonic cooperativity, the efficiency of energy
transfer from antenna to the RC and consequently the
fluorescence yield (Holmes and Allen 1986; Ghosh et al.
1994). Several researchers have stated that the fluorescence
yield in purple bacteria is influenced by the membrane
potential. In a study on isolated bacterial photosynthetic
membranes (chromatophores) from Rhodobacter (Rb.)
sphaeroides, Sherman and Cohen (1972) observed that the
light-induced accumulation of protons in the chromato-
phore lumen was accompanied with increased fluorescence
quenching. Electric field-induced fluorescence quenching
was also observed to occur directly in isolated light-har-
vesting complexes (Gottfried et al. 1991). Steiger and Sauer
(1995) found that the non-radiative energy dissipation in
chromatophores from Rb. sphaeroides is affected by the
membrane potential with respect to the redox state of the
RC. The fluorescence yield was decreased by the electric
field at the electroneutral state Pg;0Q4 and charged Pg70TQx
state, and increased in the Pg;0Qa state. Enhancement of the
fluorescence yield was ascribed to the decrease of the rate
constant of the charge separation and consequent higher
probability of return of the excitation from the primary
donor to the antenna. This is supported by results obtained
on isolated RCs (Franzen and Stanley 2002; Lao et al. 1993;
Popovic et al. 1986; Tanaka and Marcus 1997). On the basis
of experimental and theoretical evidence, the primary
charge separation (formation of radical pair consisting of
oxidised Pg; and reduced bacteriopheophytin) was identi-
fied as the step that is most affected by the electric field (Lao
et al. 1995).

In plants, it is well established that the occurrence of the
electric field increases the fluorescence yield, most proba-
bly by influencing the rate of charge separation (Bulychev
et al. 1986; Dau and Sauer 1991; Dau et al. 1991; Pospisil
and Dau 2002; Vredenberg 2000; Vredenberg and Buly-
chev 2002; Vredenberg and Bulychev 2003). However, in
the purple bacteria, the exciton-radical pair model estab-
lished for description of the PSIIRC cannot be applied in a
straightforward manner (Bernhardt and Trissl 2000; Amesz
and Neerken 2002); hence, the response of the fluorescence
yield to the membrane potential in bacteria might differ
from oxygenic photosynthesis.

Recent years have seen an increase in interest in the
organisation of the electron transport chain of the purple
bacteria that goes beyond the structure of single pigment—
protein complexes. Functional studies (Comayras et al.
2005a, b; Joliot et al. 1989; Lavergne et al. 1989; Joliot
et al. 1997; Jungas et al. 1999; Verméglio and Joliot 2002)
demonstrated the importance of the supramolecular struc-
ture for the operation of the photosynthetic electron
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transport. However, the dynamic regulation of the electron
transport chain in bacteria has not been investigated in
depth so far.

In the present work, we introduce a robust experimental
approach that allows monitoring of the electron transport in
whole cells of purple bacteria in vivo through measure-
ment of fluorescence yield combined with Kkinetic
absorption spectroscopy. Our aims were (a) characterisa-
tion of kinetics of redox changes of major electron-transfer
chain components during the adaptation of the photosyn-
thetic apparatus to light; (b) characterisation of membrane
potential effect on fluorescence yield in vivo.

Materials and methods

Purple non-sulphur bacterium Rhodobacter sphaeroides,
strain Y, was grown anaerobically in Sistrom medium
(Sistrom 1962) in 25 ml screw top flasks under incandes-
cent lamp, providing irradiance of about 150 pmol m™2 s~
on the surface of the cultivation vessel. Cells were harvested
after reaching optical density (OD) of 1 at 700 nm, washed
with 20 mM K-phosphate buffer of pH 6.8 and resuspended
in fresh Sistrom medium to the OD;y of 0.2
(6 pmol(BChl) 17! estimated using the procedure of Siefert
et al. 1978). Prior to the measurement, the cells were bub-
bled by nitrogen and placed in a plastic cuvette sealed to
keep anaerobic conditions during measurement. Chro-
matophores were isolated using procedure of de Grooth and
Amesz (1977) and resuspended in 50 mM Tris buffer of pH
8 to OD =0.7 at 850 nm (~7 umol(BChl) 17') for
measurement.

Parallel measurements of absorbance changes and fluo-
rescence yield were performed using a laboratory-built
multichannel kinetic absorption spectrometer described in
detail elsewhere (Bina et al. 2006). Fiber-Lite A3200
(Dolan-Jenner, USA) halogen lamp was used as a source of
the actinic illumination. Actinic light was filtered with a
heat-reflecting interference filter Calflex (Balzers, Swit-
zerland) and switched by a shutter with opening halftime of
0.5 ms (Uniblitz VMD-DI1, Vincent Associates, USA).
Actinic light as well as the measuring pulses for fluores-
cence were delivered to the sample by a fibre optics bundle
through a blue filter, Corning 4-96. The irradiance pro-
vided by the actinic lamp was up to 2,000 pmol m2 s~
on a surface of the sample cuvette. Single-turnover actinic
flashes (energy 4 mJ) were produced by a xenon lamp FX-
249 (E.G&G, USA) and filtered by Corning 4-96 filter.
Bacteriochlorophyll fluorescence was usually measured
using 2 ps pulses emitted by sets of light emitting diodes
(LEDs) with emission maxima 460 nm. Diodes emitting at
850 or 890 nm were used in some cases as indicated below.
Total fluorescence emission above 750 nm was detected.
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Results and discussion

Overview of light-induced absorbance changes
in whole cells of Rb. sphaeroides

[lumination of whole cells and chromatophores of wild-
type Rb. sphaeroides produces well-known characteristic
absorbance changes in the visible and near infrared region
of the absorption spectrum. We present a brief overview of
the changes observed in our samples. The difference
absorption spectra are shown in Fig. 1, for comparison
refer to e.g. de Grooth and Amesz (1977). The most pro-
nounced features are the electrochromic shift of absorption
bands of carotenoids at 480-530 nm and bacteriochloro-
phyll of the light-harvesting complex II (LHII) around
850 nm (these are frequently used as linear indicators of
the membrane potential e.g. Jackson and Crofts 1969) and
the bleaching of bands of the primary donor around
870 nm (Q, band) and 600 nm (Qy band). The oxidation of
the primary donor (Pgo) can also be detected indirectly, by
the electrochromic shift of the absorption band of the
accessory BChl centred at 800 nm (Okamura et al. 1982).
Besides, the redox state of c-type cytochromes can be
monitored using the extent of bleaching of the band around
553 nm (Cotton and Jackson 1982).

In Fig. la, we present the difference spectra obtained
3 ps (full circles) and 20 ms (empty circles) after a single-
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Fig. 1 a Flash-induced absorbance difference spectra in whole cells
of Rb. sphaeroides, 3 ps (—@-) and 20 ms (-O-) after a single
turnover (2 ps) flash. b Absorbance changes induced by continuous
actinic illumination in whole cells, after 4 ms (-¥-) and 70 s (-V-)
of actinic light and an ion-induced absorbance change in chromato-
phores in the dark (—H-)

turnover flash. In the spectrum measured at 3 ps, bleaching
of peaks around 600 and 870 nm indicates oxidation of
primary donor BChl. The derivative-shaped feature around
800 nm arises from the shift of the accessory BChl band in
presence of Pg;ot. Also present in the spectrum are the
electrochromic shifts of carotenoids (480-530 nm) and the
LHII antenna-bound BChl around 850 nm. Within 3 ps
after the flash, the shifts are mostly due to the presence of
Pgo " rather than to the membrane potential resulting from
proton translocation. In the 20 ms spectrum, all features
connected to Pg; " are significantly diminished, signalling
the reduction of Pg;o". The spectrum is dominated by
electrochromic shift of carotenoid (480-530 nm) and
antenna BChl (around 850 nm) absorption bands. Since
Py has already disappeared, the electrochromic shift
now indicates the build up of the membrane potential due
to the operation of cytochrome. This will be illustrated later
in the section dedicated to kinetics of absorbance changes.

Absorbance changes appearing during continuous illu-
mination, shown in Fig. 1b, correspond to the flash-
induced ones. However, during the course of illumination,
the spectra become distorted by an upward baseline shift
apparent over the whole spectrum [compare spectra mea-
sured after 4 ms (full triangles) and 70 s (empty triangles)
after the onset of actinic illumination]. This feature
appeared consistently in all measurements done with the
continuous actinic illumination. Its wavelength dependence
suggests that the origin of this phenomenon lies in an
increase of light scattering. Treatment of the cells with
atrazine (blocks Qg pocket) and uncouplers (ionophores
FCCP and gramicidin) prevented its appearance, indicating
dependence on functional photosynthetic electron transport
and selective membrane permeability to ions. We also
observed similar changes in cells of species Rsp. rubrum
and Rubrivivax gelatinosus. In chromatophores, increase of
scattering was never observed under illumination, not even
in presence of artificial electron donors, but a very similar
signal could be brought about in the dark by addition of
Mg*" or Ca®" in millimolar concentrations (Fig. b,
squares). This bivalent cation-induced scattering was also
observed in whole cells in the dark. Monovalent cations,
such as K*, were ineffective in inducing the scattering
irrespective of their concentration in both whole cells and
chromatophores. Since Varga and Staehelin (1985)
observed Mg*"-induced lateral aggregation of light har-
vesting complexes from Rhodopseudomonas palustris in
liposomes, the scattering observed in our experiments
might be brought about by a conformational change of the
plasmatic membrane caused by ion-induced reorganisation
of pigment—protein complexes. On the other hand, struc-
tural studies indicate dense packing of pigment—protein
complexes in the photosynthetic membrane of purple
bacteria (e.g. Sturgis and Niederman 2008) which seems to
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limit the possibility of lateral movement of components of
photosynthetic apparatus.

Alternative explanation of the structural changes that
cause the increase of the light scattering is the swelling of
the invaginations of the plasmatic membrane due to local
changes in local ion concentrations. This, however, does
not seem to be supported by observations of bivalent cat-
ion-induced scattering in the dark, especially in
chromatophores. Clearly, more experimental work is nee-
ded to clarify the background of the light-scattering
changes in purple bacteria.

Kinetics of absorbance changes
Flash-induced changes

We have monitored the kinetics of the absorbance changes
with respect to primary donor Pg;y and cytochrome c¢ oxi-
dation and changes in membrane potential. Traces in Fig. 2
show the decay of Pg;o" (AAsog, full triangles), paralleled
by the cytochrome ¢ oxidation (AAs;9 — AAss3, crosses)
and the subsequent reduction of the cytochrome and the
build-up of the membrane potential (indicated by the
electrochromic shift, —AAg4o, empty triangles) through the
operation of the cytochrome bc; complex (Cotton and
Jackson 1982; Mulkidjanian and Junge 1994). To facilitate
orientation in the figure, we plotted also the least-square
fits of the kinetic traces (biexponential decay for Pgso",
monoexponential rise and decay for cytochrome c,
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Fig. 2 Kinetics of flash-induced absorbance changes in whole cells
of Rb. sphaeroides. Data from a single shot measurement are
presented to illustrate the signal to noise ratio of our instrument
setup. Kinetics correspond to the decay of oxidised primary donor
(AA79g, ¥), oxidation and reduction of cytochrome ¢ (AAs79_ss3, +»
right Y-axis) and the build up of the membrane potential detected by
the electrochromic shift of BChl (—AAg4g, V). Trace marked by
empty squares ([J) represents the kinetics of membrane potential
corrected for the contribution of oxidised primary donor, as described
in the text. Smooth lines were obtained by fitting of the kinetic traces
by a sum of exponentials
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biexponential rise followed by a monoexponential decay
for the membrane potential). Since these serve just as a
guide, they will not be discussed further. We preferred the
amplitude of the electrochromic shift around 800 nm to the
bleaching of primary donor Q band around 600 nm as the
indicator of Pg;y oxidation in single flash experiments,
because the amplitude of the former change was larger,
resulting in higher signal to noise ratio. Moreover, in single
flash experiments, the maximal build up of the membrane
potential occurs only after Pg7ot has decayed thus a dis-
tortion of the signal at 800 nm by the shift of LHII-B850
band at 850 nm has minimal effect on analysis of Pg;"
decay. However, for the continuous-light experiments,
where large electrochromic signals of antenna BChl
emerge along with Pg;o", the 600 nm (Q,) band was more
useful for Pg;o" detection.

The electrochromic kinetic traces had to be corrected for
the effect of charge of Pg;o " to obtain the information on
the proton translocation-induced membrane potential. We
assumed that the experimentally observed electrochromic
shift can be with reasonable accuracy taken for a sum of a
component related to the proton translocation and a com-
ponent proportional to the amount of Pg;o". Thus, we
subtracted the trace of Pg;o' multiplied by the ratio of
amplitudes of the absorbance change corresponding to
Pg7ot and the electrochromic signal measured 3 ps after
the flash. The correction assumes that immediately after a
single-turnover flash, the electrochromic change is due
solely to Pg;o". Applied to the infrared bands, this means
that the correct kinetics of membrane potential, S, follows
the relation: S = (—AAgsg) — AAs93 - ¢, where ¢ =
—AAgyo(flash)/AA;gg(flash) is the ratio of amplitudes of
the flash-induced changes (at 3 ps after the flash). Since
AAgyg is the amplitude of the negative peak of the signal
due to the electrochromic shift of the antenna BChl (cf.
Fig. 1) and AA;qg is proportional to the amount of Pg7o", ¢
corresponds to the electrochromic shift per unit of Pgy"
(measured as the absorbance change). Consequently, for
the kinetic trace, AA;9g - g corresponds to the component
of the of the electrochromic shift elicited by Pg;o" alone.
Analogous computation can be done using absorbances of
appropriate bands in the visible region. In Fig. 2, the cor-
rected trace is denoted by squares. The same correction
using the flash-induced features was applied also to con-
tinuous illumination-induced kinetics described in the
following section.

Continuous light

Figure 3a presents kinetics of absorbance changes under a
continuous illumination of 2,000 umol m~2s~!. In this
case, presence of scattering requires that baseline of the
spectra is corrected prior to extraction of kinetic data. This
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Fig. 3 Kinetics of absorbance changes in whole cells of Rb. sph-
aeroides during continuous illumination of 2,000 pmol m~2 s~

a — V- oxidised primary donor (—AAg,), — + — oxidised cytochrome
¢, M-, kinetics of increase of the light scattering, detected as
amplitude of baseline shift of difference spectra at 660 nm. Kinetics
of scattering was normalised to match the rising part of the kinetics of
Pg7o" after 15 s. b —V— kinetics of the membrane potential, detected
by the electrochromic shift of carotenoids (AAsgs — AAugp), —[J— the
same kinetics after correction for primary donor contribution

was done by subtracting a linear function passing through the
spectra at 580 and 660 nm. Positions of peaks of the cor-
rected spectra corresponded well to the available data (e.g. de
Grooth and Amesz 1977); thus we assumed that the linear
correction is sufficiently accurate. The traces correspond to
changes of the amount of oxidised primary donor (—AAgq;,
full triangles), oxidised cytochrome ¢ (AAs7;9 — AAsss,
crosses) and changes in light-scattering, i.e. extend of the
baseline shift measured in the region, where changes of
absorbance are minimal (AAgg, full squares; this value had
to be extracted prior to baseline correction). After opening of
the shutter, oxidation of the primary donor proceeded
through an intermediate step at about 0.4 s to a peak at 3 s.
Position of this peak varied among preparations from dif-
ferent cultures by about 2 s. This peak was followed by a
minimum at about 15 s, from where the amount of oxidised
primary donor slowly rose to a steady state, reached usually
within 80 s. Position of this minimum was in some samples
shifted to longer times (by a maximum of 5 s).

Kinetics of the cytochrome ¢ oxidation was similar to
Pg0": however, the phases occurring up to 15 s were
slightly (by about 1 s) shifted to later times. Starting from
the minimum at 15 s, the oxidation of cytochrome pre-
ceded oxidation of the primary donor.

The amplitude of the baseline shift due to scattering rose
usually in two phases. First was complete in about 3 s. The
second, slower, phase of the increase led to a steady state,
which was reached in times over 70 s after the onset of
actinic illumination (not shown in the graph).

Figure 3b shows both the “raw” kinetic trace of the
electrochromic shift (AAsgz — AAygo, triangles), and the
trace corrected for Pg;o" (squares). Kinetics of the elec-
trochromic shift was similar to the course of Pg7o" signal in
Fig. 3a with a fast rise and a peak at around 3-6 s. The
initial increase (<1 s) was, however, faster than that of
Pg70". The correction for Pyt (amounts to about 40% of
the total electrochromic signal), reduces significantly the
amplitude of the peak at 3 s and also diminishes the increase
that starts in 15 s. The corrected trace suggests that the
value of the membrane potential stabilised in about 20 s.

The decay of absorbance changes in the dark was mostly
complete within 1 s except for the scattering, which dis-
appeared only after several minutes in the dark (not
shown). Both the electrochromic signal and scattering
kinetics measured during illumination in bacteria bear
striking resemblance to kinetics obtained in plant chloro-
plasts (see Kramer and Sacksteder 1998).

When the kinetic measurements were performed under
different actinic irradiances, it was found that the extent of
the primary donor oxidation decreased by only 10% upon
lowering of the irradiance to 1,200 pmol m~2s~!. When
the irradiance decreased to 150 pmol m~2 s~!, maximum
Py, oxidation decreased about threefold. Times at which
the phases of the kinetics appeared were not significantly
affected by the change in irradiance. After further decrease
to 50 pmol m~?2 s~! however, almost none recognisable
peak remained in the kinetics. In order to estimate the
amount of RCs that remained open during continuous
illumination, single turnover flashes were added. We found
that at 2,000 pmol m~?2 s_l, the flash increased the amount
of oxidised primary donor by less than 5% during the
maximum and by about 10%, in the late, (>30 s) phase of
the induction curve (not shown). Thus under strong irra-
diance, majority of the RCs are in either Pg;™ or Pg;0Qa
state, consequently, the observed drop of Pg;ot at 10 s is
not due to opening of the RCs but due to an increase of
P870Q/: relative to P870+'

The amount of oxidised primary donors is determined
by the ratio between electron flows on donor and acceptor
sides of the RC, i.e. from cytochrome ¢, to Pg;¢" and from
the RC to the ubiqginone pool. Initial increase of |
(04 s in Fig. 3a) reflects electrons being transferred to
ubiquinones. Then the reduction of Pg;" by the cyto-
chrome ¢, prevails and the amount of Pg;," decreases
(4-15 s in Fig. 3a), being replaced by Pg;0Qa. This may
indicate reduction of the ubiquinone pool available in the
vicinity of RCs. The slow increase of Pg;ot, which follows
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after the minimum at 15 s, suggests a relative increase of
the electron flow on the acceptor side of the RC, towards
the cytochrome bc; complex. If the membrane ubiquinone
pool was close to full reduction in the anaerobic conditions
prior to the illumination (Joliot et al. 2005), it could be
assumed that it is fully reduced during the initial stages of
illumination. Consequently, the slow increase of Pgso"
could indicate an increased rate of diffusion of the ubi-
quinone. However, according to recent work (Grammel and
Ghosh 2008) the proportion of reduced ubiquinone does
not exceed about 70% under redox conditions corre-
sponding to photosynthetic growth. In that case the
observed change indicates probably the slow equilibration
among different parts of membrane ubiqinone pool.

Interestingly, the changes of light-scattering occur on
the same time scale as the increase of Pg;o" in times longer
that 15 s. This is illustrated in Fig. 3a, where kinetics Pg7o "
and light scattering are presented together, normalised to
match at times longer than 15 s to stress the parallel trends.
This suggests a connection between the structural changes
of the membrane and the photosynthetic electron flows.
However, more experimental work is needed to establish
concrete explanations for these processes.

Analysis of fluorescence induction curves
Characteristics of fluorescence induction curves
Figure 4 shows examples of fluorescence induction

curves on whole cells measured under high irradiance,
2,000 pmol m2s! (full circles) and moderate irradiance,
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Fig. 4 Fluorescence induction curves measured on whole cells of
Rb. sphaeroides  under 2,000 pmol m™2s~'  (-@-)  and
150 pmol m 2! (=O-). Inset: fluorescence induction curve mea-
sured on needles of Norway spruce (Picea abies) under

120 pmol m™2 s™!
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150 pmol m~2 s™! (empty circles). After a fast initial
increase which appears as a single step in our measure-
ments due to the low time resolution (in fact, it consists of
several sub-phases Strasser and Ghosh 1995) the fluores-
cence induction curve typically exhibits a peak at 2 s with
a shoulder around 5 s. In the kinetics measured at lower
irradiance, there is also a prominent peak at about 15 s,
which is occasionally observed in kinetics measured at
high irradiance as a shoulder. As has been already noted
(e.g. Setlik et al. 1990; Strasser and Ghosh 1995), fluo-
rescence induction curves in purple bacteria are remarkably
similar to oxygenic photosynthesis as can be readily seen in
the inset of Fig. 4, where we present a fluorescence
induction curve measured on Norway spruce needles. This
trace was measured using the commercial PAM-
2000 fluorimeter (Walz, Germany) under irradiance
120 pmol m~2 s™".

Correspondence of fluorescence induction curves
and absorbance changes

Comparison of Figs. 3 and 4 immediately shows marked
differences between fluorescence induction curves and
kinetics of Pg;o" (kinetics of Pgso™ at high and moderate
irradiance were qualitatively similar thus the presented
Pg70" kinetics can be used as reference for both irradi-
ances). This is more remarkable for the high irradiance
case, since, as argued above, at 2,000 pmol m~2 s_l,
almost all RCs are either in Pg7o" or in Pg;0Qx state. The
Pgso" state of the RC is the one with the highest fluores-
cence yield, Fy(Ps70")/F, ~ 3.5 while for the Pg;0Qa
state  F(Pg70Qa)/Fo = 2 (e.g. Koblizek et al. 2005;
Kingma et al. 1983), F, denotes the fluorescence of open
RCs, i.e. the Pg;0Q4 state. Consequently, in this two-state
case, one would expect the overall shape of the induction
curve to follow the course of Pg;o™, which is not the case.
A peak around 3 s was indeed present in the fluorescence
induction curve at 2,000 pmol m~2 s™', at 150 pmol m 2
s~ ! there was a shoulder. However, as noted above, in the
fluorescence induction curve the structure of this peak was
more complex than in absorbance, therefore the corre-
spondence of these features is not straightforward. This
peak was not followed by a minimum around 15 s. Instead,
another peak appeared at this time. This feature was more
prominent in the fluorescence induction curves measured at
moderate irradiance. Due to the fact that Pg;o" is at min-
imum at these times, this peak probably indicates
accumulation of Pg;0Qa. This peak was followed by a slow
decrease that led to a steady state beyond 50 s, while a
parallel increase of the amount of Pg;qt took place. All
these discrepancies suggest that fluorescence induction
curves cannot be interpreted only in terms of changes of
concentrations of redox states of RCs.
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Effect of the membrane potential upon
the fluorescence yield

In the following section, we will focus on the possible
contribution of changes of the membrane potential to the
modulation of BChl fluorescence yield with respect to
different redox states of RC. First, simpler cases of samples
with only one predominant redox state of RC will be pre-
sented; later we will proceed to analysis of classical
fluorescence induction curves.

Open reaction centres To study the effect of the mem-
brane potential upon the fluorescence emission of open
RCs, we utilised 2 ps single-turnover flashes arranged in
series of 37. Flashes were spaced by 50 ms. We found that
this approach allowed accumulation of the membrane
potential, while keeping the amount of both Pg;¢" and Qjx
low. Moreover, no increase of light scattering was observed
in these experiments. The experiments were done both on
untreated samples and in the presence of uncouplers, such
as FCCP or gramicidin. Results are shown in Fig. 5. The
start and the end of the flash series are denoted by arrows.
The flashes brought about twofold increase of the fluores-
cence yield due to oxidation of Pg;y and reduction of Qj.
The first point of the measurement in Fig. 5 was done
30 ms after the last flash. By this time, the fluorescence
yield had already decayed significantly. In the presence of
uncouplers, the decay led to a value equal to F, (open
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Fig. 5 Kinetics of fluorescence measured in the dark after a series of
37 single-turnover (duration 2 ps) flashes spaced 50 ms. Data of
control (untreated, @) and FCCP-treated (O) cells of Rb. sphaeroides.
Arrows denote start and end of the series of flashes. Fluorescence was
probed using LED-pulses with maximum at 460 nm. Inset: norma-
lised fluorescence yield plotted against the electrochromic absorbance
change of carotenoids (AAsp; — AAygp), i.e. the membrane potential
(M), measured in the same experiment; line denotes the best fit of the
points by a linear function

circles). In the difference spectra, no signal corresponding
to either Pg;o" or electrochromic shift was present after 1 s
after the last flash (not shown). In untreated samples, a
pronounced dip by about 10% appeared at the beginning
followed by slow recovery to F, value in about 250 s
(closed circles). This was paralleled by the decay of
membrane potential-sensing electrochromic signals. Again,
signals pertinent to Pg;o" disappeared within 1 s after the
last flash. Difference spectra then corresponded to those
denoted by open symbols in Fig. la, i.e. dominated by
slowly decaying electrochromic absorbance changes. As
shown in the inset of Fig. 5, a linear relationship between
the membrane potential (expressed by the amplitude of the
electrochromic absorbance changes) and the decrease of
fluorescence yield was observed, in other words, the sam-
ple exhibited a membrane potential-induced fluorescence
quenching, namely, quenching of F,. To decide whether
the quenching occurs in the external antenna, LHII, or in
the core complex (RC-LHI), we probed the fluorescence
using subsequently excitation to carotenoids (460 nm),
BChl of LHII (850 nm) and RC-LHI (890 nm). The same
relative decrease of the fluorescence yield after the series of
flashes was observed, irrespective of the probe wavelength;
thus the quenching most probably occurs in the last step of
the excitation transfer chain i.e. the core complex, RC-LHI.
Within the core complex, the quenching can be localised in
the LHI or in the RC. If the process takes place within the
LHI complex, then it can be viewed as competing with the
excitation trapping in the RC. Thus one can suppose that
the quenching will manifest more strongly in the presence
of closed RC, because both Pg7" and Qj lead to decreased
excitation trapping efficiency, thus the flow of excitation
energy through the quenching channel will increase rela-
tively. On the other hand, one would expect that if the
quenching is located in the RC, it would be diminished by
the oxidation of the primary donor. We modified the above
described experiment to include additional excitation fla-
shes fired after the end of the actinic flash series, in times
when the quenching appears. These flashes were spaced at
least by tens of seconds to ensure that their integral actinic
effect was negligible. The fluorescence yield was moni-
tored closely after the flashes. We did not observe
indications of increased fluorescence quenching at 3 ps
after the flash, thus in presence of Pg;ot nor at 400 ps,
mostly in the Pg;0Qx state (not shown). We thus conclude
that the quenching most probably reflects enhanced non-
radiative dissipation in the RC (Franzen and Stanley 2002).

Effect of Q4 reduction Further we present a more detailed
treatment of membrane potential effect on RC closed by
the reduction of the Q,, because in chromatophores and
also in plant chloroplasts, fluorescence yield in presence of
Qa was reported to be enhanced by external electric fields
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(Bulychev et al. 1986; Dau and Sauer 1991; Dau et al.
1991; Steiger and Sauer 1995; Vredenberg 2000; Pospisil
and Dau 2002; Vredenberg and Bulychev 2002; Vreden-
berg and Bulychev 2003). We studied this effect in whole
cells under continuous illumination in the presence of
10 mM sodium dithionite. This treatment decreased the
Pg70" formation and enhanced Q, accumulation. We found
that the absorbance changes in the carotenoid and bacte-
riochlorophyll regions corresponded to the electrochromic
signal of untreated cells, without any new features
appearing. We thus assumed that no factors other than Qu
reduction and the membrane potential had to be taken into
account. During the course of illumination, we observed a
correlation of the fluorescence yield and the membrane
potential, as shown in Fig. 6, where the fluorescence yield
is plotted against the amplitude of the electrochromic
absorbance change (AAsgz — AAygo). The Kkinetic traces
are plotted in the inset. The graphs contain data from two
subsequent runs separated by 15 min of dark. The addition
of FCCP to the samples eliminated all electrochromic
signals and led to a constant fluorescence yield (F(dithio-
nite + FCCP)/F,(FCCP) ~ 2.5) during the actinic
illumination (not shown). For the purpose of the quantita-
tive analysis of the membrane potential effect, we used a
simple model, in which the membrane potential acts
against the charge separation in the RC; hence, it increases
the probability of return of excitation from RC to the
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Fig. 6 Dependence of the fluorescence yield on the membrane
potential during continuous illumination (2,000 umol m~2 s~ 1) in
dithionite (10 mM) treated sample of cells of Rb. sphaeroides.
Membrane potential was detected using electrochromic shift of
carotenoids (AAsgs — AAugp). Line represents the best fit of the data
using Eq. 2 described in the text. Inset: kinetics of membrane
potential (AAspz — AAygo, -[J-) and fluorescence (—@-) during the
course of actinic illumination. Data from two subsequent runs,
separated by 15 min of dark
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antenna, resulting in enhanced fluorescence emission. We
describe the effect by a change of the apparent rate con-
stant of excitation trapping in the Pg;9Qjx state, ko_. The
fluorescence yield in Pg;0Qa state in the absence of the
membrane potential can be expressed as follows:
F(Ps70Qy) ko + ko

= 1
F, kp + ks ( )

where k, stands for the apparent rate constant of excitation
trapping by the open RC, k; is the rate constant of energy
dissipation. It includes both radiative and nonradiative
dissipation. In presence of the membrane potential A¢
[mV] we use following approximation of the potential
dependence, using the fact that electrochromic shift is
linearly dependent on membrane potential:
ko + ki

F(Pg70Qyx, Ao) _ 2)
F, kp + ks +ks-S

S = AAsp3 — AAygp. The term ka_ + ks - S corresponds
to overall decrease of the apparent rate of the charge sep-
aration in Pg;0Qp state due to the membrane potential. This
effect is in the first approximation assumed to be linear.
Equation 2 was used to least-square fit the data using
values ki, = 1/(700 ps) and k, = 1/(60 ps), taken from the
work of Trissl (1996) and Bernhardt and Trissl (2000). The
fit is plotted in the main panel of Fig. 6 (line). It shows that
changes of fluorescence yield under reducing conditions
can be quantitatively explained by decrease of the apparent
rate constant of charge separation due to the external
electric field. Experiments repeated on various cell cultures
produced average ks_ value of 1/(200 ps), corresponding
to F(Pg70Qa)/F, ~ 2.8, with 25% relative decrease of this
value due to membrane potential (ks - Spax/ka_ = —0.25).
If one assumes that the maximal membrane potential
reached is about 150 mV, this yields about 1.5% change of
F(Pg70Qa)/F, per 10 mV, which corresponds exactly to
value given for chromatophores by Steiger and Sauer
(1995). As for the rather high F(Pg;0Qa)/F, value, we refer
to works of Holmes and Allen (1986) and Ghosh et al.
(1994), who, after subjecting bacterial samples to low
redox potential, observed significantly decreased phos-
phorylation of the antenna complexes, which brought about
an increase of the fluorescence yield. Thus, one would
expect that in untreated samples, the k5_ value computed
using the above-described approach would be higher. This
was indeed the case, as will be shown below. Another way
to obtain the F(Pg;0Qa)/F, ratio is to block the Qg pocket
with atrazine, and measure the fluorescence under moder-
ate light intensity, so that the Pg;o" reduction by the
cytochrome is fast enough to prevent its accumulation,
which can be tested by absorption. Typical value of the
F(Pg;0Qa)/F, ratio at these conditions was about 2.2,
which is indeed lower that under presence of dithionite and
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also closer to values usually reported in the literature
(Koblizek et al. 2005; Kingma et al. 1983; Trissl 1996;
Bernhardt and Trissl 2000; van Grondelle 1985; van
Grondelle et al. 1994).

Modelling of fluorescence induction curves at high-
irradiance Now we will extend our analysis to the fluo-
rescence induction curves measured on untreated samples
under continuous illumination. From the above-presented
results, it follows that under irradiance so high that full
closure of RC could be assumed ([Pg7o"lier + [Qalrel
= [Pg70T1/[RC] + [QAJ/[RC] = 1) the dominant effect of
membrane potential should be the increase of the fluores-
cence yield. First, we define the relative fluorescence yield
in the absence of the membrane potential:

E N ko + kL
Fookitka- - (1= [Pyp]) + ke [Pizo]

(3a)

rel

Introducing the membrane potential effect in the manner
used in Eq. 2 we get:

F ko+kL

Fo B kL + (kA7 + kS ’ S) ’ (1 - [P;%O:I rel) + kP ’ [Pgﬂ)]

rel

(3b)
and by rearranging

F ko+kr

Fo kp+ka+(ke—ka_)- [Per] . +ks-S—ks-S- [Pyzo]

rel
(3¢)

Then, using the absorbance change pertinent to Pgsot
oxidation, such as —AAgyp, can be Eq. 3c rewritten
formally as:

F ko + ki, 4

F, ki+k +hko-P+ks-S—ky-S-P “)
where P = —AAgp/(—AAs02)max = [P870+]/ [P870+]maxai-e~
the kinetics of the absorbance change originating from oxi-
dation of the primary donor normalised to maximum. §
corresponds to the kinetics of the electrochromic shift, cor-
rected for the Pg;o" contribution. We used Eq. 4 to fit the
fluorescence induction curves using Levenberg—Marquardt
algorithm to obtain values of constants k;—k4. No a priori
constraints were applied to the expected values of these rate
constants. Figure 7a shows an example of fit results (line) of a
fluorescence induction curve (circles). In the inset of the
figure, we present a fit of the same data obtained without
considering the membrane potential effect (Eq. 3a), i.e.
fluorescence yield determined solely by the amount of dif-
ferentredox states of RC. This approach is clearly inadequate.
Intotal, we applied the fit to kinetics measured on 25 different
samples The average value of k;, corresponding to k_ was
1/(138 ps), corresponding to F(Pg70Qx)/F, ~ 2,inagreement

with literature (Kingma et al. 1983). The value ranged
between 1/(90 ps) and 1/(190 ps) among samples (i.e.
F(Pg70Qa)/F, =~ 1.4 and 2.7, respectively). The maximum
relative decrease of ka_ (i.e. k3 - Spax/k1) was 0.49 (rang-
ing from 0.22 to 0.68). This means that compared to
dithionite-treated samples, the estimated increase of fluo-
rescence due to Qa reduction was smaller. At the same
time, the overall apparent effect of the membrane potential
was about two times larger, both absolutely and relatively.
Rate constant kp can be computed from the fit coefficients
as kp - ky/ky + k;. This produced an average value
1/(277 ps) [ranging from 1/(200 ps) to 1/(360 ps)] corre-
sponding to F(Pg;0")/F, ~ 3.6 (ranging from 2.8 to 4.3).
The rate constants computed from the fit were thus rea-
sonably close to values available in literature (Koblizek
et al. 2005; Kingma et al. 1983; Trissl 1996; Bernhardt and
Trissl 2000; van Grondelle 1985; van Grondelle et al.
1994). In Fig. 7b we present a plot of residuals versus time
for all the fits of induction curves. The residuals shown are
relative, i.e. divided by respective values of fluorescence
yield. It shows that the overall quality of the fits was very
good, with most residuals lying within the 5% of the fitted
fluorescence values. However, closer inspection also
reveals a trend in the distribution of residuals, which is best
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Fig. 7 a Fit (line) of the fluorescence induction curve (O) using
kinetics of absorbance changes corresponding to the oxidised primary
donor and the membrane potential (measured as the electrochromic
shift) as described in the text. Inset: Fit of the same data but without
considering the membrane potential effect. b Plot of residuals of 25 fits
of induction curves [including the one in graph (a)], using both primary
donor and membrane potential. Squares denote the average. Residuals
are expressed as percents of corresponding fluorescence values
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appreciated from the averaged value of residuals, plotted in
squares in Fig. 7b. It is clear that in the early part (up to
about 2 s) of the induction curve, most fits tend to predict
lower value of fluorescence yield than actually measured,
while in the later part, higher yield was predicted. These
discrepancies could be due to the simplicity of the math-
ematical treatment chosen leading to the oversimplification
of the description of the physical principles the electric
field effect upon reactions within the RC. Moreover, as we
report above, certain amount of open RCs is present during
course of illumination, mainly in the later phases of the
induction, which is not taken into account in our model.
Presence of these open centres could cause a lowering of
fluorescence yield compared to our model. This effect of
open centres would be enhanced also by the membrane
potential-induced fluorescence quenching. Despite these
reservations, our model in its simplicity clearly offers a
reasonably accurate approximation of the fluorescence
induction curves measured under high irradiance while
supporting the idea of modulation of the fluorescence yield
in purple bacteria by the membrane potential.

Conclusions

Present data support the interpretation that the fluorescence
yield in purple bacteria in vivo is significantly modulated
by the membrane potential; thus changes of fluorescence
alone are not sufficient to yield information on the electron
flow in the membrane, especially on the amount of Pg7o".
We have also shown that measurements of Pg;o and cyto-
chrome ¢ oxidation uncover complex changes of the
electron flow that could not be judged from the fluores-
cence yield changes only. In addition to that, occurrence of
light-induced structural reorganisation of the purple bac-
teria photosynthetic membranes is suggested by the
increase of light scattering.
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