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Abstract

The development of functional photosynthetic units in Rhodobacter sphaeroides was followed by near infra-red fast repetition rate
(IRFRR) fluorescence measurements that were correlated to absorption spectroscopy, electron microscopy and pigment analyses. To induce
the formation of intracytoplasmic membranes (ICM) (greening), cells grown aerobically both in batch culture and in a carbon-limited
chemostat were transferred to semiaerobic conditions. In both aerobic cultures, a low level of photosynthetic complexes was observed, which
were composed of the reaction center and the LH1 core antenna. Interestingly, in the batch cultures the reaction centers were essentially
inactive in forward electron transfer and exhibited low photochemical yields F/F\;, whereas the chemostat culture displayed functional
reaction centers with a rather rapid (1-2 ms) electron transfer turnover, as well as a high F\y/Fy; of ~0.8. In both cases, the transfer to
semiaerobiosis resulted in rapid induction of bacteriochlorophyll a synthesis that was reflected by both an increase in the number of LHI—
reaction center and peripheral LH2 antenna complexes. These studies establish that photosynthetic units are assembled in a sequential
manner, where the appearance of the LH1-reaction center cores is followed by the activation of functional electron transfer, and finally by the
accumulation of the LH2 complexes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Kinetic measurements of chlorophyll fluorescence have

Abbreviations: b lex, ubiquinol-cytochi idoreductase; . . . .
reviations: bc, complex, ubiquinol-cytochrome c, oxidoreductase become routine in photosynthesis and plant physiology

BChl a, bacteriochlorophyll a; CM, cytoplasmic membrane; IRFRR, infra-

red fast repetition rate; F,, minimal fluorescence yield; Fy;, maximal research [1]. In oxygenic phototrophs, chlorophyll fluo-
fluorescence yield; Fy, variable fluorescence (difference between F, and rescence provides valuable information on the energetics of
Fn); ICM, intracytoplasmic membrane; LHI1, core light-harvesting com- primary photosynthetic reactions, the extent and nature of

plex; LH2, peripheral light-harvesting complex; p, energy transfer between photoprotective processes and electron transport rates.
photosynthetic units; Pg;,, reaction center bacteriochlorophyll a dimer;

PSII, photosystem II; ¢, functional absorption cross-section Similarly t.O photosystem 11 .(PSH) mn O{(ygenlc phOtQ_
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quinone type reaction centers. It has been used to
characterize the processes of light absorption, charge
separation, and electron transport in various photosynthetic
bacteria [2—7]. Although bacteriochlorophyll fluorescence
has been historically recognized as a valuable tool in the
study of bacterial photosynthesis, the number of studies of
the variable fluorescence of BChl « is, in comparison with
Chl a fluorescence, rather limited. This is likely to be
connected with the numerous Chl a fluorescence applica-
tions in plant physiology, phycology or marine biology,
together with the convenience of kinetic absorption
measurements to monitor electron transfer reactions in
photosynthetic bacteria, which has limited the need for
alternative techniques.

Here, we used a newly designed near-IR fast repetition
rate (IRFRR) fluorometer to monitor photosynthetic unit
development in the facultative photoheterotroph Rhodo-
bacter (Rba.) sphaeroides, a member of the o-3 subclass
of the Proteobacteria, which provides an ideal exper-
imental system for membrane biogenesis and assembly
studies. When grown under anaerobic conditions in the
light, Rba. sphaeroides forms a system of intracytoplasmic
membranes (ICM) that house photosynthetic units consist-
ing of core structures in which the reactions center is
surrounded by the light-harvesting (LH) 1 complex, with
the LH2 complex arranged at their peripheries. Under
these growth conditions, levels of LH2 relative to LH1—
reaction center core complexes are related inversely to
light intensity [8]. Although ICM formation is repressed by
high oxygen tension under chemoheterotrophic conditions,
lowering the oxygen partial pressure results in a gratuitous
induction of ICM assembly in the dark (greening) by
invagination of the cytoplasmic membrane (CM), together
with the synthesis and assembly of light-harvesting and
reaction center complexes [9]. These developmental
changes are under the control of a global two-component
oxygen sensing, signal transduction system [10-13], and
additional regulatory components that include overlapping
aerobic repressor circuits for the repression of bacterio-
chlorophyll @ (BChl a), carotenoid and LH2 synthesis
[14,15], as well as a photoreceptor that integrates both
redox and light signals [16,17].

The ability to isolate putative sites of CM invagination
permits membrane development in Rba. sphaeroides to be
conveniently followed by biochemical and biophysical
techniques. These membrane domains are obtained in an
upper-pigmented band which sediments more slowly than
the ICM-derived chromatophore vesicle fraction during
rate-zone centrifugation on sucrose density gradients.
Pulse-chase [18-20], membrane fractionation [20] and
spectroscopic studies [3,21] have shown that, in addition
to containing respiratory CM, the upper pigmented fraction
is enriched in nascent LH1-reaction center core complexes,
which represent “developing centers” that mature into
photosynthetic units after further addition of LH2 [18],
which drives vesicularization of the ICM [22-25].

In this paper, we demonstrate the applicability of variable
BChl a fluorescence transients, generated by IRFRR
fluorometry, for readily elucidating functional aspects of
the photosynthetic unit assembly process. The basic concept
of this analysis is that the initial rapid pulse sequence (150-
us time scale) elicits single charge separation in all the
reaction centers [26]. The registered variable fluorescence
signal reflects the redox status of the reaction center, where
low fluorescence yield indicates an open reaction center (no
charge, reaction center is ready to perform photochemistry)
and high fluorescence yield indicates a closed reaction
center (charged reaction center, transiently non-functional
photochemistry). The difference between the minimum
fluorescence Fy and maximum F); serves as an estimate
of the quantum yield of the primary charge separation
(estimated from the Fy/F)y ratio). The analysis of the
induction kinetics provides information of functional
absorption cross-section (o) of the photosynthetic com-
plexes and connectivity (p). Later in the protocol, slow
relaxation kinetics are recorded which are assumed to reflect
reopening of the reaction center. Our results from both
isolated membrane fractions and low-aeration cell suspen-
sions cultured in batches and in a chemostat further
demonstrate that the components of the photosynthetic unit
are assembled in a sequential rather than simultaneous
manner.

2. Materials and methods

2.1. Growth, ICM induction (greening) and membrane
isolation procedures

Induction of ICM formation in batch cultures of Rba.
sphaeroides NCIB 8253 was performed as described
previously [27] on a gyratory shaker in a medium with
DL-malate as electron donor [8]. Cells grown chemo-
heterotrophically at high aeration (350 rpm) were washed
and resuspended as concentrated suspensions at low
aeration (200 rpm) in the dark, and photosynthetic pigment
formation was followed for 22-24 h.

For the induction of ICM formation in steady-state cells
cultured in a chemostat, malate at a concentration of 5 mM
served as the limiting nutrient and the concentration of
casamino acids was halved (0.5 g/L). The chemostat was
inoculated from a dense batch culture. Cells were grown in a
bleached state aerobically for 2 days by pumping air through
the chemostat; low-aeration conditions were then estab-
lished by lowering the oxygen tension to 3% (balanced with
N,). The culture was sampled over a 30-h period for IRFRR
measurements, near-IR absorption spectra, pigment analyses
and transmission electron microscopy on thin-cell sections.

For membrane isolation, cells grown photoheterotroph-
ically at high light intensity (850 W m™?) were disrupted in
a French pressure cell and cell-free extracts were subjected
to rate-zone sedimentation on sucrose density gradients [25]
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to obtain upper pigmented and chromatophore fractions.
The respective distributions of BChl a in the isolated
fractions were ~32% and 68%.

2.2. Fast repetition rate fluorometry

The IRFRR instrument is a modified version of the fast
repetition rate fluorometer originally designed to character-
ize oxygenic photoautotrophs [26], modified to measure
fluorescence signals at 880 nm as described earlier [7]. The
light output of the flashing unit was increased about five
times (~3x 10* W m 2 excitation power) to obtain sufficient
light intensity for saturating bacterial photosynthetic centers.
In addition, the instrument was equipped with an infrared
laser diode (795 nm) to specifically excite the LH2 complex
of purple non-sulfur photosynthetic bacteria. The fluores-
cence signal, excited by a sequence of submicrosecond
flashes, is detected by a large area (16-mm diameter)
avalanche photodiode detector with AC coupling (630-70-
72-631, Advanced Photonix, Inc.) and protected by RG830
glass and 880-nm interference filters (Intor, 70 nm half-
width). Digitized fluorescence kinetic transients obtained at
880 nm are processed by computer-assisted analysis.

The crucial part of the analysis is a mathematical model,
which translates the measured signal into several physio-
logical parameters, such as functional absorption cross-
section (o), quantum yield of primary charge separation
(Fv/Fnm), and electron transfer turnover of the reaction
center as described in detail previously [26]. Briefly, the
instrument generates a rapid sequence of 120 subsaturating
flashlets (flashlet duration 0.5 us, spacing 1.2 ps, total
duration 144 ps), which gradually close the reaction centers.
The reaction center closure results in a rise of the
fluorescence intensity from initial Fy level to maximal level
denoted as F (see Fig. 1). The Fv/Fy ratio (calculated as
FylFy=[ Fm—Fol/Fy) 1s frequently used for estimation of
the quantum yield of primary photochemistry. The rate of
the fluorescence rise provides information on efficiency of
light harvesting by the photosynthetic units. Rapid rise
signals large and efficient light harvesting complexes
whereas slow rise means small or inefficient antennae.
The sigmoidicity of the induction provides information on
the extent of excitation transfer among the photosynthetic
units (“connectivity”). The fluorescence induction elicited
by the flashlets is analyzed by a computer-assisted curve
fitting algorithm using formulae:

Jo=Fo+ (Fm = Fo) x G x (1 =p)/(1 = Cip) (1)

9C,/0I = ope(1 — C) /(1 — Cp) (2)

where f, is a fluorescence yield at time ¢, Fy and F; are the
minimal and maximal fluorescence, C, is the fraction of
closed reaction centers, p is the connectivity parameter, o is
the functional absorption cross-section and / is irradiance.
After the induction part of the protocol, the reaction
centers are allowed to reopen and the process is recorded by
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Fig. 1. Fast repetition rate fluorescence kinetic transient elicited upon 470-
nm excitation with Rba. sphaeroides wild-type (thick line) and LH2-
deficient mutant M21 (thin line). The transient has two phases: Phase I-
induction, which consists of 120 rapid flashes (0.4-ps duration at 1.2-ps
intervals) and results in cumulative closure of the reaction center. For Phase
11, 70 flashes are applied at intervals varying exponentially from 20 ps to 50
ms (2.1 s total duration) over which the fluorescence signal is relaxed with
kinetics reflecting the reopening of the reaction centers. Parameters: F,
Fy\, minimal and maximal fluorescence yields; p, connectivity; o,
functional absorption cross-section. Note the difference in the rate of
fluorescence induction between the wild-type and LH2-deficient mutant,
showing the difference in light-harvesting complex cross-section.

70 logarithmically spaced flashlets for 2 s (see Fig. 1). The
number and spacing of the flashlets in the relaxation part of
the protocol are chosen to minimize their actinic effect. The
fluorescence relaxation part of the protocol is deconvoluted
into three exponential decay kinetics

Ci=1—ajexp( —t/11) — azexp( — t/12)
— azexp( — t/13) 3)

where a, are amplitudes of the individual exponential
components, 7, are time constants and ¢ is time. To
parameterize the reaction center relaxation rate by a single
parameter, the electron transfer turnover tgr is calculated as

TET = (alrl + axty + a313)/(a1 “+ax + a3) (4)

(note that theoretically a;+a,+asz=1 and thus tgr=a;7;+
(12‘[2“"(231'3).

The F\ levels obtained by multiple turnover pulses (tens
of milliseconds time scale) were identical to those obtained
in single turnover (150 ps) kinetics and are not discussed
further. Except for the IRFRR analysis in Fig. 2C, all
measurements were made on whole cells diluted typically to
about 30 nM BChl a to produce transients in the linear
range.

2.3. Analytical procedures
Molar ratios of light-harvesting complexes were calcu-

lated by deconvoluting near-IR absorption spectra [28]
obtained on a Beckman DU-640 spectrophotometer. Pig-
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Fig. 2. Analysis of isolated membrane fractions containing photosynthetic
units in different developmental stages. (A) Typical rate-zone sedimentation
profile of French-pressure cell extract of high light-intensity grown Rba.
sphaeroides on a 5-35% (w/w) sucrose density gradient [25] showing
separation of membranes in different stages of development. Arrows denote
upper pigmented band containing the developing centers (banding at 1.04 g
ml~"); mature chromatophores are typically collected from fractions 11-15
(banding at 1.09 g ml™"), and essentially unpigmented cell envelope banded
in fractions 21-24. BChl a was localized from absorbance at 850 nm.
Absorbance at 280 nm in top portion of gradient is largely accounted for by
ribosomes. (B) Absorption spectra of chromatophores and developing
centers in the upper pigmented fraction. In the near-IR, the LH1 complex
has an absorption maximum at 875 nm (B875 band) and the LH2 complex
has maxima at 800 and 850 nm (B800 and B850 bands). The traces are
aligned at 850 nm to highlight LH1 differences. (C) Fluorescence kinetic
transient obtained by IRFRR analysis at 880 nm; excitation at 470 nm.
Fluorescence is expressed in arbitrary units.

ment composition was analyzed by HPLC [Koblizek et al.,
submitted for publication] and the levels of spheroidene and
spheroidenone were calculated as described previously [27].

2.4. Electron microscopy

Cells were fixed for 3 h in a solution of 1% (v/v)
glutaraldehyde and 4% formaldehyde in 0.1 M phosphate
buffer, pH 7.3, followed by postfixation for 1 h in 1% OsOy,
prepared in phosphate buffer, dehydration through an
ethanol series and embedding in Epon-Araldite. Samples
were sectioned with an LKB 2088 ultramicrotome, post-
stained with 5% (wt/v) uranyl acetate in 50% ethanol for 15
min, and with 0.5% lead citrate for 2 min. Thin sections
were viewed in a JEOL JEM-100 CXII electron microscope.

3. Results

3.1. IRFRR fluorescence measurements with purple non-
sulfur photosynthetic bacteria

Fast repetition fluorescence measurements were tested
with various strains of anoxygenic phototrophic bacteria,
including aerobic species. Typical IRFRR fluorescence
transients characteristic of the wild-type and LH2-deficient
mutant (M21) of Rba. sphaeroides are shown in Fig. 1.
Both strains display the same Fy/F); ratios (Table 1), but
they clearly differ in the rate of rapid fluorescence
induction, indicative of the different sizes (functional
absorption cross-section) of their complement of light
harvesting complexes. The M21 mutant lacked an excit-
able signal at 795 nm (data not shown), since it contains
no LH2 complex. On the other hand, 6470 o, values (Table
1) reflect the absorption of both LHI- and LH2-bound
carotenoids (the S,(1B,) state of spheroidene and spher-
oidenone). Note that LH1 can contribute relatively more to
this parameter than it contributes to the total BChl «
content, since LHI has a BChl/carotenoid ratio of 1.0,
while that for LH2 is near 2.0 [22].

All the species displayed an induction of the variable
BChl fluorescence region upon blue (470 nm) excitation.
Similar to the M21 mutant, species missing the LH2
complex lacked the 795-nm excitation signal (Table 1).
The Fy/F\ ratios determined in all species were consis-
tently high (0.7-0.8), suggesting a high efficiency of
primary photochemistry. Photosynthetic bacteria display
much lower (3—10 times) functional absorption cross-
section values at 470 nm, when compared to those of
phytoplankton (not shown). Rhodospirillum rubrum gave
the smallest 6470 »m Value, making it difficult to saturate the
variable fluorescence with the excitation power available in
the IRFFR instrument. Rsp. rubrum also displayed a
distinctly sigmoidal fluorescence kinetics, which is usually
interpreted in terms of connectivity between photosynthetic
units (Table 1).
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Table 1

Comparison of the basic variable fluorescence parameters of several strains of photosynthetic bacteria

Organism Fy/Fy 470 o [A”] 795 nm [A”] p LH2
Rhodobacter sphaeroides strain 8253 0.82+0.01 6912 82+2 0.23+0.04 +
Rhodobacter sphaeroides strain M21 0.7740.01 28+1 ~0 0.234+0.01 -
Rhodobacter capsulatus strain pTB9991* 0.81£0.01 106+3 100+2 0.13+0.09 +
Rhodospirillum rubrum S1 0.74+0.01 16+1 ~0 0.5840.02 -
Erythrobacter sp. strain NAP1 0.82+0.02 33+2 ~0 0.01+0.01 -
Roseobacter denitrificans 0.7440.01 4212 48+5 0.0340.02 +

All the strains were grown under heterotrophic conditions. Rba. sphaeroides mutant M21 does not produce the peripheral light harvesting complex LH2. The
parameters were obtained from IRFRR measurements. The standard errors were determined from three repeated measurements using the same batch of cells.

Symbol ‘+’ signifies LH2 complex is present, ‘—’ means LH2 is absent.
* Kindly supplied by Prof. J.T. Beatty.

3.2. IRFRR fluorescence measurements on isolated mem-
brane fractions

Fig. 2A shows a typical sucrose gradient profile of the
isolation of developing centers in the upper pigmented band,
and of mature photosynthetic units in the chromatophore
fraction, after rate-zone sedimentation. Their absorption
spectra (Fig. 2B) indicated that the developing centers
contained LH1-reaction center core particles with reduced
LH2 levels. After deconvolution of the near-IR region, LH2/
LH1 molar ratios of 0.58 and 1.05 were calculated for upper
pigmented and chromatophore fractions, respectively. These
correspond to respective photosynthetic unit sizes (total
BChl/reaction center) of ~51 and 66, when assuming a
constant ratio of 32 LHI1 bacteriochlorophylls per reaction
center as determined previously [29]. From the IRFRR
transients obtained with the membrane fractions isolated in
the present study (Fig. 2C), the Fy/F\ ratios were
determined as 0.7 for chromatophores and 0.43 for
developing centers. The functional absorption cross-section
of the developing centers at 470 nm, as reflected in the slope
of the variable fluorescence transient, was about 25% lower
(52 A?) than that of chromatophores (71 A?). They also
displayed about 10 times slower rates of fluorescence
relaxation (about 100 vs. 8 ms in chromatophores),
indicating only partially active electron transport in the
developing centers.

3.3. Measurements on greening batch cultures

The greening of Rba. sphaeroides was induced by
transferring batch cultures from fully aerobic to semiaerobic
conditions through concentrating the cells and lowering the
shaking rate [27]. The development of the photosynthetic
centers was followed by kinetic fluorescence measurement
and biochemical analyses.

The different stages of development showed distinct
patterns of IRFRR transients (Fig. 3). In the initial phase of
the greening (1 h), the centers exhibited rather low Fy/Fy
values and very slow electron transfer turnover (Fig. 4C).
These kinetics, recorded in the intact cells, strongly
resemble the observed IRFRR transients recorded in the
developing center fraction (Fig. 2B), with a partially active

electron transport chain [21]. With the progression of the
greening, the F'y/F ratio increased, reaching a maximum at
about 4 h (~0.75). In parallel with the F\/F); increase, we
observed an accelerated electron transport rate. Finally, there
was a slow increase in the size of the light-harvesting
complex arrays as documented by the increase in the
functional absorption cross-section values (Fig. 4B). These
observed ¢ increases can be attributed to the appearance of
the LH2 complex, as demonstrated by an increasing
presence of the 800-nm excitation band, which can be
quantified by the 6795 nm, signal. This signal reached a value
of ~105 A? at 24 h, concomitant with an accumulation of
enhanced pigment levels as a result of the low oxygen
tension maintained in these concentrated cell suspensions
(Fig. 4A), which was correlated with a very dense
accumulation of vesicular ICM in electron micrographs of
thin sections (not shown).

In this experiment, the ODggg nm of the cell suspension
was 2.9 at time 0 and gradually increased to 4.4 after 24 h.
The small, ~1.5-fold increase in optical density at 680 nm,
typical of the course of these greening experiments (data not
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Fig. 3. IRFRR transient elicited upon 470-nm excitation and recorded in
different phases of the greening in a low-aeration batch cell suspension.
Transient recorded at 1 h (thin solid line) depicts partially active reaction
centers; 4-h trace (medium weight solid line) shows fully functional
reaction centers with small (mostly LH1) antennae, and 24-h trace (heavy
weight solid line) is of fully developed centers with large LH2 antennae and
slower electron transfer turnover.
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Fig. 4. Analysis of greening in low-aeration batch cell suspensions. (A)
Kinetics of ICM induction: molar levels of light-harvesting complexes
(LH1, LH2) were determined after deconvolution of absorption spectra as
described in Materials and methods. BChl @ values were calculated from
HPLC data. (B) Absolute F\; and functional absorption cross-sections (o)
determined by analysis of IRFRR kinetic transient obtained at 880 nm with
whole cell samples after excitation at 470 and 795 nm. (C) Fy/Fy ratios
and electron transfer turnover. The displayed values and associated error
bars were obtained from three replicate measurements. Parameters are
described in the text. In this experiment, the ODggg nm, Of the cell suspension
was 2.9 at time 0 and gradually increased to 4.4 after 24 h.

shown), indicates that only limited cell division occurred
and that these changes largely reflected functional mod-
ification in the pigmentation and reaction center function-
ality in the existing cells. The absorption spectra acquired
with whole cells confirmed the differential formation of the
LH1 and LH2 antenna complexes [27], in which LH2

becomes the major complex after 4 h, increasing as much
as 100-fold over a 24-h duration. In contrast, LH1 levels
increased ~25-fold between 2 and 24 h, thereby resulting
in a threefold increase in the LH2/LHI molar ratios over
this period reaching a value of ~2.8. Assuming that LHI
contains 32 BChl @ molecules, we can calculate that at
the end of greening the bacterial units contained 122
BChl @ molecules (32 in LH1 and 90 in LH2). Thus, the
increased LH2 levels largely accounted for nearly 100-
fold increase in BChl a levels over the course of such
greening, further explaining the observed increases in
both ¢ 795 nm and 6470 am.

3.4. Measurements on greening cultures in a chemostat

Because of the heterogeneity in physiological state
inherent to batch cell suspensions, the assembly of
photosynthetic units was also examined using continuous
cultures grown in a carbon-limited chemostat in the dark.
This provided independent control of growth rate and
population density; the latter was kept at a constant level
by limiting the concentration of organic substrate. The
dilution rate and the corresponding growth rate were set to
=1 day '. In this manner, cells were maintained in a
defined steady-state growth rate, suitable for physiological
studies.

To our surprise, even thoroughly aerated cells in the
chemostat contained a small amount of fully functional
photosynthetic complexes as seen from the high F\/Fy
values of ~0.8 and rapid electron transfer turnover of ~1 ms
(Fig. 5B). The functional cross-section of these complexes
was about 28 A2 indicative of the reaction center—LH]1 core
complex. Note that the same value was obtained for LH2-
deficient mutant M21 (see Table 1). The BChl a content in
the suspension was about 40 nM and the cellular carbon
about 160 mg L~'. This gives a pigment to particulate
carbon ratio of 250 nmol BChl a g C™".

After imposing semiaerobic conditions, the growth
remained in a steady-state as demonstrated by the
essentially constant ODggg o values of 0.77%£0.05 over
the first 24 h (not shown). BChl a levels had risen about
40 times over the first 18 h, with a ¢;, of ~9 h, up to
about 1.2 pM (Fig. 5A), while spheroidenone levels
reached a steady state after 24 h (not shown). During the
entire period, spheroidenone was maintained as the major
carotenoid, whereas spheroidene formed only a minor
fraction (<6%). Fig. 5A also presents the results of an
analysis of the absorption spectra obtained with whole
cells (Fig. 6), which indicated that the LHIl-reaction
center cores predominated over the first 5 h and were
assembled first. This is illustrated by the comparison of
the 2-h spectrum with that of cells of the LH2™ M21
mutant (Fig. 6, inset), in which only a small contribution
from LH2 is seen in the former, as reflected in the
shoulder near 850 nm. Note that although the monomeric
BChl band of the reaction center (maximum at 805 nm in
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Fig. 5. Analysis of low aeration steady-state cells cultured continuously in a
chemostat. Cells were bleached of BChl a by pumping air through the
culture for 2 days. Then, oxygen tension was lowered to 3% to induce
synthesis of both BChl @ and ICM. (A) Kinetics of ICM induction: molar
levels of light-harvesting complexes and BChl a values were determined as
described in Fig. 4 legend. (B) Functional cross-sections and electron
transfer turnover determined by analysis of IRFRR Kkinetic transients
obtained at 880 nm by excitation at 470 and 795 nm. In this experiment
Fy/F)\ ratios displayed constant values of 0.8.
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Fig. 6. Near-IR absorption spectra of cells undergoing ICM induction under
3% oxygen in a chemostat. Whole cells were resuspended in 30% bovine
serum albumin as described previously [27]. The inset compares the spectra
of the 2-h cells and the LH2-deficient mutant M21, which was fully induced
at low aeration, and indicates that the 2-h cells are enriched in the LH1-
reaction center core complex.

the M21 sample) is obscured by small amounts of B800
and the combined band has a maximum at 802 nm, traces
of the 760-nm band of the reaction center are visible in
both preparations. These data, together with the 0470 nm
values (Fig. 5B), show that assembled LHIl-reaction
center core particles are present before significant LH2
levels have appeared. It can also be seen in the chemostat
culture that LH2 predominated after 6 h, undergoing a
nearly 20-fold increase upon reaching a steady-state at 18
h (Fig. 5A), which resulted in a 3.3-fold increase in the
LH2/LH1 molar ratio over this period.

The results of an analysis IRFRR fluorescence
transients obtained during greening in the chemostat
culture are shown in Fig. 5B. The rise in 6795 um
reached steady-state values of ~65 A? at 15-17 h, which
essentially mirrored the kinetics of the LH2/LHI ratio rise
shown in Fig. 5A. This is demonstrated in Fig. 7A, which
displays a linear relationship between LH2/LH]1 ratio and
0795nm- This relationship is expected since both parame-
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Fig. 7. Panel A: Relationship between LH2/LHI ratio and functional
absorption cross-section at 795 nm. The experimental points were fitted by
a linear function. Panel B: Relationship between the size of peripheral light
harvesting complex LH2, as determined by functional absorption cross-
section at 795 nm, and the electron transfer turnover rate of bacterial
reaction center. The experimental points are splined by a quadratic function.
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ters reflect the relative size of LH2 antennae per reaction
center (size of LHI per reaction center is constant). In
contrast, the 6470 .m rise reached plateau values of ~55
A? carlier, starting at 9.5 h. These final values for o79sum
and 0479 ,m were lower than the corresponding values
observed in the batch cultures (6795 nm ~105 A% and the
0470 nm Of ~90 A?), possibly reflecting the lower pigment
levels formed under 3% oxygen. The rates of electron
transport were relatively fast (0.8—1.6 ms) after aerobic
growth (time=0 h), and during the first 3 h at low
aeration (Fig. 5B), but decreased to ~7 ms after about 13
h, similar to the rise in LH2 levels (Figs. 5SA and 7B).
The Fy/F\ ratio remained fairly constant at ~0.8 during
the entire course of the greening (not shown).
Transmission electron micrographs of thin cell sections
(Fig. 8) showed that the kinetics of ICM induction in the
chemostat culture could be correlated to morphological
changes in the intracellular membranes of the inducing

25h

12h 200 nm

24 h

Fig. 8. Electron micrographs of thin sections of cells undergoing ICM
induction under 3% oxygen in a chemostat. Fixation, embedding and post-
staining procedures are described in Materials and methods. The following
are indicated by arrows: 0 h, close apposition between outer membrane and
CM; 2.5 h, invagination of CM; 6 h, vesicular ICM.

cells. At 0 h, the CM is seen mainly in close apposition to
the outer membrane, typical of Rba. sphaeroides when
bleached of photosynthetic pigments [30]. At 2.5 h, the
CM had begun to invaginate to from vesicular ICM, while
at 6 and 12 h, the cells began to fill up with ICM,
reflecting an apparent steady state at 24 h.

4. Discussion

4.1. Is the fast repetition rate method applicable for analysis
of fluorescence transients in purple non-sulfur photosyn-
thetic bacteria?

The fast repetition rate technique was developed
initially for characterization of the physiological status of
the photosynthetic apparatus, namely PSII in oxygenic
phototrophs [26]. In PSII, variable fluorescence yield
principally reflects the redox status of the primary stable
electron acceptor Qu [1]. In photosynthetic bacteria the
reports are conflicting. Early reports suggest that fluo-
rescence is governed by the redox status of the primary
electron donor Pgyy [2]; however, Qo might also be the
controlling factor [31]. Despite this fact, from a formal
point of view, the model used in the IRFRR analysis [26]
could be applied independently of whether the fluores-
cence emission is modulated by the acceptor (PSII) or the
donor side (bacterial reaction centers) redox status. The
important point is that the initial rapid phase provides
single-turnover (single electron transfer) behavior, allowing
the basic parameters, such as F+/Fy; ratio, functional
absorption cross-section (¢) and connectivity (p), to be
obtained. The only difference is that the fluorescence
relaxation kinetics might be reflecting the kinetics of Pg;q
re-reduction rather than Q4 re-oxidation. For this reason,
we have termed the extracted parameter as the electron
transfer turnover (tgr).

There are several lines of evidence that confirm the
applicability of the fast repetition rate approach to photo-
synthetic bacteria. In this study, F\/F)\ ratios in bacteria
were found in the range of 0.7-0.8, which roughly agrees
with numbers (~0.65) found by Law et al. [31] using
terbutryn-inhibited reaction centers. The recorded induction
curves frequently displayed close-to-exponential kinetics,
suggesting single turnover behavior (sigmoidal kinetics
observed in some cases were satisfactorily described by the
connectivity model). Also, F\; levels obtained by single
turnover flashes were identical to those obtained by
multiple turnover pulses of much longer [tens of milli-
seconds] time scale. The extracted values of functional
absorption cross-section ranging from 28 to 100 A?
roughly correspond to about 32-120 BChl a molecules
per bacterial reaction center. For comparison, the green
alga Dunaliella, possessing about 300 Chl a molecules per
one PSII, displays functional cross-sections of 200 to 300
A? (Koblizek, unpublished).
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4.2. Photosynthetic reaction centers in aerobic cultures of
Rba. sphaeroides

In the aerobic Rba. sphaeroides cultures, small amounts
of photosynthetic reaction center activity were demonstra-
ted, despite the low BChl a concentration of these cells,
which was about two orders of magnitude lower than in
their fully pigmented state (Fig. 5A). Such pigment content
is comparable with earlier reports [32]. In both batch
cultures and the chemostat, these centers displayed identical
functional cross-section size of about 28 A% corresponding
to the reaction center—LH1 core complex characteristic of
LH2-deficient mutant M21.

In previous studies, small amounts of the H subunit of
the reaction center were demonstrated in immunoblots of
aerobic cells [33,34], which together with the reaction
center M subunit was thought to exist transiently under
these growth conditions [35]. More recently, it has been
proposed that the M polypeptide forms the nucleus for
assembly of the reaction center complex [36], and it is
not surprising that some reaction center activity would be
retained in aerobic wild-type cells, since nascent reaction
center protein also accompanies the reduced BChl «a
levels. Moreover, a small reaction center primary charge
separation has been detected in mutants lacking the H
polypeptide [37,38], which retained traces of the reaction
center L and M polypeptides in the membrane
[37,39,40].

In aerobic batch cultures, we observed partially active
reaction center—-LH1 core complexes with a low variable
fluorescence ( Fy/Fp ~0.25) and extremely slow relaxation
kinetics (~100 ms), resembling the kinetics of the CM
fraction containing the “developing centers” (Fig. 2B).
After switching to semiaerobic conditions, these centers
were activated (as seen in both Fvy/Fy and electron
transfer turnover) with a half rise of about 1 h, reaching
a fully functional status in 3—4 h. The presence of partially
active reaction centers under aerobic conditions is in line
with earlier work which showed that although developing
centers exhibited EPR signals characteristic of the photo-
oxidized reaction center BChl dimer and light-induced
reaction center triplet states, signals arising from the
Rieske Fe-S center were present at reduced levels [21].
While flash-induced absorption changes indicative of the
primary and secondary semiquinone anion acceptor signals
were also demonstrated, they were largely unlinked from
the bc; complex as indicated by the low level of
cytochrome bs¢; photoreduction, which, together with the
cytochrome c¢/c, reactions, occurred at slowed rates.
These results suggested that in addition to the insertion
of nascent LHl-reaction center core structures into
respiratory membrane, the attainment of photosynthetic
competence requires proper organization of a fully
assembled electron-transport chain.

Interestingly, partially active reaction centers were not
observed in the chemostat culture. Instead, rapid electron

transfer turnover, as well as a high photochemical yields
(Fy/Fy\), was detected. To our knowledge, this represents
the first observation of a functional reaction center in
aerobic Rba. sphaeroides cells. The observation of reaction
center activity in cells with such low BChl a contents [~250
nmol BChl ¢ g C™', or carbon to BChl a ratio of 4500
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Fig. 9. Structurally based sequential model of bacterial photosynthetic
complex assembly. First, core complexes containing an inactive reaction
center (RC;), surrounded by LHI1 (outer ring), are assembled in the
membrane, along with PufX (black circle). Then, the electron transfer of the
assembled cores is activated to give rise to a functional reaction center
(RC). Finally, peripheral LH2 (smaller rings) is assembled to provide fully
matured photosynthetic complexes. RCs are shown with BChl dimer in
center, LH1 as arrays of small stippled circles representing transmembrane
a-helices with B875 BChls (end-on view) sandwiched between the inner
and outer arrays, and LH2 as array of transmembrane «-helices (open
circles) with B850 BChls in between. Complexes are shown in plane of
membrane. Studies by Pugh et al. [34] have established that LH1-reaction
center cores undergo a time-dependent assembly in which the reaction
center appears first, followed by the membrane-organizing PufX core
component, prior to encirclement of the reaction center by LH1. Although
the cores are depicted here as monomers, they have been shown recently by
atomic force microscopy to exist in the ICM of Rba. sphaeroides as clusters
of dimeric structures [42].
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(w/w)] is reminiscent of the reaction center activity of
aerobic anoxygenic photoheterotrophic bacteria, which have
BChl a contents an order of magnitude lower than in
phototrophically grown Rba. sphaeroides [41].

4.3. Greening of Rba. sphaeroides

After transfer to semiaerobic conditions, an extensive
assembly of the peripheral light harvesting complex LH2
was observed in both the chemostat and batch cultures.
This process occurred with a half rise of about 6 h and it
was completed in about 14 h. Coincident with the growth
of LH2 antenna, the electron transfer turnover was
slowed. The pattern of changes in the electron turnover
could be correlated with the formation of the LH2
antenna (Fig. 7B), rather than with absolute accumulation
of BChl a, which reached its maximum only later (18 h).
This may be related to an imposition of constraints on
reaction center activity as the membrane bilayer becomes
densely packed with the accumulating LH2 complexes.
As expected, the changes of respective functional cross-
sections at 470 nm (which monitors carotenoids in both
LH1 and LH2) and 795 nm (which exclusively monitors
B800 bacteriochlorophylls of LH2) did not occur in
parallel (Figs. 4 and 5). This reflects the sequential
assembly of the antenna complexes with LH1 appearing
first, followed by LH2 which becomes the major complex
as the greening proceeds.

The observed biophysical patterns of greening in Rba.
sphaeroides suggest the following model for photosyn-
thetic complex assembly (Fig. 9). First, proteins of the
bacterial reaction center and LHI1 are assembled in the
CM. Newly assembled reaction center—-LH1 complexes
have a limited ability to perform charge separation (Fy/Fy
values) and are inactive in forward electron transport. This
stage corresponds to the CM fraction of “developing
centers”, isolated by sucrose gradient centrifugation, which
showed very similar IRFRR transients. Electron transport
is then activated, most likely by the insertion of some
additional electron transport component(s), such as the full
complement of Rieske iron—sulfur centers [21], possibly
reflecting a hierarchy in the global regulatory systems
[13,43]. This process does not seem to be completely
repressed under aerobic conditions, and after transfer to
semiaerobiosis in batch cultures, the activation of the
centers occurs rapidly with a half-time of about 1 h. The
partially active centers were not seen in the chemostat
grown cells, perhaps as a result of differences in
physiological state between the two cultures. These
activated core complexes are likely to be present in the
CM fraction. Finally, reaction center activation is followed
by an extensive accumulation of the peripheral antenna
complex LH2 [27,44,45] within 18 h after the onset of
greening. During this stage, the growth of LH2 antennae
stimulates CM invagination producing a fully matured,
vesicular ICM.

4.4. Conclusions

This report demonstrates that the IRFRR technique
provides a useful and highly sensitive method for study of
photosynthetic properties of non-sulfur purple photosyn-
thetic bacteria. This technique permits the determination of
photochemical yields, electron transfer turnover and func-
tional absorption cross-sections. Its power was applied in
the study of the assembly of intramembrane photosynthetic
units in Rba. sphaeroides, both in whole cells and in the
developing photosynthetic membranes derived from them.
In addition, it should prove to be highly valuable in the
screening and characterization of genetically engineered
mutant strains.
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