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Abstract—This work continuous a series of studies devoted to discovering principles of organization of natural antennas in
photosynthetic microorganisms that generate in vivo large and highly effective light-harvesting structures. The largest anten-
na is observed in green photosynthesizing bacteria, which are able to grow over a wide range of light intensities and adapt to
low intensities by increasing of size of peripheral BChl ¢/d/e antenna. However, increasing antenna size must inevitably
cause structural changes needed to maintain high efficiency of its functioning. Our model calculations have demonstrated
that aggregation of the light-harvesting antenna pigments represents one of the universal structural factors that optimize
functioning of any antenna and manage antenna efficiency. If the degree of aggregation of antenna pigments is a variable
parameter, then efficiency of the antenna increases with increasing size of a single aggregate of the antenna. This means that
change in degree of pigment aggregation controlled by light-harvesting antenna size is biologically expedient. We showed in
our previous work on the oligomeric chlorosomal BChl ¢ superantenna of green bacteria of the Chloroflexaceae family that
this principle of optimization of variable antenna structure, whose size is controlled by light intensity during growth of bac-
teria, is actually realized in vivo. Studies of this phenomenon are continued in the present work, expanding the number of
studied biological materials and investigating optical linear and nonlinear spectra of chlorosomes having different structures.
We show for oligomeric chlorosomal superantennas of green bacteria (from two different families, Chloroflexaceae and
Oscillochloridaceae) that a single BChl ¢ aggregate is of small size, and the degree of BChl ¢ aggregation is a variable param-
eter, which is controlled by the size of the entire BChl ¢ superantenna, and the latter, in turn, is controlled by light intensi-
ty in the course of cell culture growth.
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The structure of the photosynthetic unit (PSU) must
be rigidly optimized to function with the high quantum
yield (¢ > 90%) that is observed experimentally [1]. This
means that long-range molecular order must exist in nat-
ural PSUs, because only ordered systems may be opti-
mized.

The present work, in accordance with our concept of
rigid optimization of the structure of photosynthesizing
apparatus on functional criterion [1], continues the tar-

Abbreviations: AA, differential absorption; BChl, bacterio-
chlorophyll; BPheo, bacteriopheophytin; H, hyperchromism;
PSU, photosynthetic unit.
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geted search for fundamental principles of organization of
natural PSUs that we have theoretically predicted for
optimal model light-harvesting systems. This approach
produced a set of key principles of organization of PSUs
with fixed size [2-9].

The present work continues our investigations of the
problem of structural optimization of light-harvesting
antennas of variable size, which is controlled in vivo by
light intensity during growth of microorganisms. Antenna
size variability makes the problem of optimization more
crucial since the efficiency of energy transfer from the
antenna to the reaction centers is inversely proportional
to antenna size [1]. Thus, requirements for optimization
become stricter upon increasing PSU size.
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Our previous works have shown that oligomerization
(aggregation) of antenna pigments that is provided by
specific donor—acceptor properties of chlorophyll is one
of universal structural factors that optimize functioning of
antenna with any spatial grid [5-9]. These key properties
of chlorophylls allow self-aggregation of the pigments
[10], and this, in turn, allows self-organization of the
order that is crucial for all natural systems.

Earlier, using mathematical modeling of natural
PSU functioning, we showed that aggregation of pig-
ments of a model light-harvesting antenna, being itself
one of the universal optimizing factors, also allows man-
aging the efficiency of oligomeric antenna (of fixed as
well as variable size) functioning by changing the degree
of aggregation of light-harvesting pigments [5, 8, 11]. If
the degree of aggregation of pigments is a variable factor,
then the efficiency of an antenna increases on increasing
the single antenna aggregate [5, 11], thereby providing
high efficiency of a PSU regardless of its size. Thus,
change in the degree of aggregation of pigments that is
controlled by size of the light-harvesting antenna is bio-
logically expedient.

It has been shown in our previous work [12] on
oligomeric chlorosomal BChl ¢ superantenna of green
bacteria from the Chloroflexaceae family that the princi-
ple of structural optimization of a variable antenna that is
controlled by intensity of light in the course of cell culture
growth is actually realized in vivo.

In the present work we continued studies of this phe-
nomenon and expanded the set of investigated materials
and experiments on studying of optical linear and nonlin-
ear spectra of chlorosomes with different structures, iso-
lated from different green bacteria (belonging to
Chloroflexaceae and Oscillochloridaceae families [13-
15]) adapted to extreme light intensities.

Chlorosomal extramembrane  superantennas
(chlorosomes) of photosynthesizing green bacteria are of
ellipsoidal shape ~70-260 nm in length and ~30-100 nm
in width and contain from ~10* to 3-10° molecules of the
main light-harvesting pigment — bacteriochlorophyll
(BChl) c¢/d/e (depending on bacterial species) in an
aggregated state. In addition to BChl ¢/d/e, chlorosomes
contain carotenoids, quinones, and BChl a, which is
localized in the base plate (3-4 nm in thickness) connect-
ing the chlorosomes with the cytoplasmic membrane,
where the basic BChl a antenna and reaction centers are
localized [14, 16, 17].

Several models of the three-dimensional structures
of chlorosomes of different green bacteria have been pub-
lished. The diversity of models can be characterized by
two types: (i) tubular models, in which BChl ¢/d/e forms
hollow rods [18, 19], and (ii) lamellar models, in which
BChl ¢/d/e forms parallel planes (lamellas) [20]. Strong
orientation ordering of BChl ¢ Q, transition dipoles that
has been demonstrated in situ [4] as well in isolated anten-
na complexes [3, 16, 17] means that the elementary struc-
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tural element of this superantenna is a (quasi)linear chain
of BChl c¢/d/e aggregate. So, all the diversity of models
describing the same type of chlorosomes is found in the
difference (i) of the number of BChl ¢/d/e chains in each
rod, (ii) of the Iength of these chains (i.e. number of BChl
¢/d/e chains along a rod), (iii) of the structure of these
BChl ¢/d/e chains, (iv) of the mode of BChl ¢/d/e chains
folding in a rod, and/or (v) of the mode of BChl ¢/d/e
chains folding in lamella [21].

The theory we have developed for oligomeric pig-
ment spectroscopy, using electron microscopy data [18,
19], suggests a tubular model of optimal molecular
organization of chlorosomal antenna in green bacteria
from the Chloroflexaceae family that is consistent with
all available spectral data [22-26]. In this model of the
chlorosome, each rod of ~100-nm length consists of
short elementary rods, each of which contains an ele-
mentary building block of oligomeric BChl ¢ antenna in
the form of a cylindrical aggregate made of six parallel
linear chains of BChl ¢ oligomers. Neighboring aggre-
gates that belong to the same rod interact with each other
weakly because they are at the distance of 20-30 nm.
Intermolecular distances in the aggregate provide strong
excitonic interaction inside each linear chain (300-
700 cm™!) and weak interaction between neighboring
chains (about 50 cm™) [22-26].

In the present work, we have investigation structural
changes in chlorosomal antennas of green bacteria of the
Chloroflexaceae and Oscillochloridaceae families that
take place during their adaptation to extreme light inten-
sities.

MATERIALS AND METHODS

Microorganisms and cell culture growth conditions.
Photosynthesizing bacteria of two families of green
anoxygenic  phototrophic filamentous bacteria,
Chloroflexaceae and Oscillochloridaceae, were selected
as subjects for investigation: the thermophilic bacterium
Chloroflexus (Cfx) aurantiacus, strain Ok-70-fl (collection
of Leiden University, The Netherlands) and the
mesophilic bacterium Oscillochloris (Osc) trichoides,
strain DG-6, a typical strain of Osc. trichoides (All-
Russian Collection of Industrial Microorganisms, B-
10173).

Cultures of the green filamentous thermophilic bac-
terium Cfx. aurantiacus Ok-70-fl were grown under anaer-
obic conditions at 55°C on standard medium [27] under
constant stirring and light intensity of 50 and 1000 W/m?.

Cultures of Osc. trichoides strain DG-6 were grown
under anaerobic conditions in 500 ml flasks at 30°C on
modified DGN medium under constant stirring and light
intensity of 50 and 1000 W/m? [14, 28].

Isolation of chlorosomes from Cfx. aurantiacus and
Osc. trichoides cells. Chlorosomes were isolated by two
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consecutive continuous sucrose concentration gradients
(55-20 and 45-15%) in the presence of 10 mM sodium
ascorbate and 2 M sodium thiocyanate as described earli-
er [14, 28].

Absorption spectra were recorded at room tempera-
ture on a Hitachi-557 spectrophotometer (Hitachi,
Japan). Errors in the spectra did not exceed 3%.

Fluorescence excitation spectra of BChl a were
recorded at room temperature (295 K) using a Hitachi-
850 spectrofluorimeter at emission wavelength of 825 nm.
Samples were suspended in 50 mM Tris-HCI buffer
(pH 8.0). The absorption of samples was 0.2 optical den-
sity units at 750 and 740 nm for Osc. trichoides and Cfx.
aurantiacus chlorosomes, correspondingly. To create
strong reductive conditions, chlorosomes were prelimi-
narily incubated for 60 min at 4°C with freshly prepared
20 mM sodium dithionite solution (in 50 mM Tris-HCI
buffer, pH 8.0).

Pigment content in samples was determined accord-
ing to the method of Feick et al. [29]. Samples were treat-
ed with 25-fold volume of acetone—methanol mixture
(7 : 2 v/v) for 20 min in the dark at 4°C. The absorption
of transparent supernatants was measured at the long-
wavelength maximums at 769 nm for BChl ¢ and 661 nm
for BChl ¢ using the Hitachi-557 spectrophotometer.
Calculations were based on molar extinction coefficients
(g) of 68.6 and 74 mM~"-cm™' for BChl a and BChl c,
respectively, in the acetone—methanol mixture.

Differential absorption spectroscopy with femtosec-
ond resolution. Femtosecond difference absorption (AA4)
spectra were measured with a laser instrument that was
developed in the Belozersky Research Institute of
Physico-Chemical Biology, Lomonosov Moscow State
University. The instrument consists of a mode-locked
titanium—sapphire laser, titanium—sapphire multipass
amplifier, pulse stretcher—compressor device, single
pulse isolation device, continuum generator, pump—
probe measuring circuit, and multichannel optical spec-
trum analyzer (Oriel, France) [12]. Excitation was with
110-fs pulses passed through an interference filter isolat-
ing a 10-nm-wide band with absorption maximum
750 nm (i.e. within the BChl ¢ Q, transition region).
Femtosecond continuum pulses were used for probing.
The probe-excitation pulse time delay varied in 10-fs
steps. The excitation/probing pulse energy ratio was 100 :
1. The angle between excitation and probing polarization
vectors was 54.7° (the magic angle). Measurements were
taken with 15-Hz frequency. The resulting A4 spectra
obtained with averaging over 5000-50,000 spectra for
each time delay consisted of 500-1000 points. The sample
optical density was 0.5-1.0 (1-mm cuvette). Typical AA™*
values were 107°-10~* optical density units measured with
2-10% precision.

The approximate energy density was estimated at
102 photons/cm? per pulse. Measurements were taken at
room temperature.
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RESULTS AND DISCUSSION

All experiments were performed with chlorosome
samples isolated from cells of two strains of photosynthe-
sizing bacteria that represent two families of green anoxy-
genic phototrophic filamentous bacteria, Chloroflexa-
ceae and Oscillochloridaceae: 1) the thermophilic bac-
terium Cfx. aurantiacus, strain Ok-70-fl; 2) the
mesophilic bacterium Osc. trichoides, strain DG-6.

Cell cultures of these strains were grown under low
and high light intensities (differing 20-fold) that in cell
cultures of both strains lead to different molar ratio of
chlorosomal BChl ¢ (B740/B750 nm) to membranous
BChl a (B866/B860 nm). At the same time, the ratio of
the number of membranous BChl a (B866/B860 nm)
molecules per reaction center in antennas, located near
the center, does not depend on the light intensity in the
course of cell culture growth. So, using our suggested def-
inition [12], we identified both Cfx. aurantiacus cultures
by parameter n that characterizes the ratio of absorption
maximums of chlorosomal BChl ¢ (B740 nm) and mem-
branous BChl a (B866 nm): 1 = 8 and 32. We designated
chlorosome samples isolated from these cultures as C-8
and C-32, correspondingly, that indicates their origin
from cultures having the corresponding parameters n = §
and 32. Thus, the size of BChl ¢ antenna in the second
culture (n = 32) is approximately four times greater than
those in the first culture (n = 8). Absorption spectra of
cells and chlorosomes isolated from these cells of two cell
cultures of Cfx. aurantiacus with different content of BChl
¢ that determines the size the Cfx. aurantiacus PSU are
shown in Fig. 1. Excitation energy transfer efficiency
from B740 to B795 (the terminal acceptor subantenna of
a chlorosome) was estimated by the standard method as
80% in both chlorosome samples at room temperature
(20°C) [26]. At ambient temperatures (50-60°C), Cfx.
aurantiacus chlorosomes have an efficiency of BChl
¢—BChl a energy transfer close to 100% [30].

The amplitude of the absorption peak of BChl a
(860 nm) is extremely small in the absorption spectra of
Osc. trichoides cells, so chlorosomes samples isolated
from Osc. trichoides cultures cultivated at low (50 W/m?)
and high (1000 W/m?) light intensities were identified in
accordance with BChl ¢/BChl a molar ratio, which was
determined using absorption spectra of chlorosomes in
acetone—methanol [29]. Samples of isolated chlorosomes
were designated as C-70 and C-110 in accordance with
the determined molar BChl ¢ : BChl «a ratios, which are
70 : 1 (1000 W/m?) and 110 : 1 (50 W/m?), correspond-
ingly. Absorption spectra of chlorosomes isolated from
Osc. trichoides cultures with different BChl ¢ content are
shown in Fig. 2.

According to our model of BChl ¢ organization in
chlorosomes of Cfx. aurantiacus [26], the elementary
building block of chlorosomal BChl ¢ antenna has the
shape of a cylindrical aggregate that is formed by exciton-
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Fig. 1. Absorption spectra of cells (a) and chlorosomes (b, ¢) isolat-
ed from Cfx. aurantiacus cultures with different parameter n (n =8
and 32). a) Cells (in 50 mM Tris-buffer, pH 8.0) from cultures with
parameter 1 = 32 (solid line) and parameter 1 = 8 (dotted line).
The absorption maximum at 740 nm belongs to chlorosomal BChl
¢; the absorption maximums at 808 and 866 nm belong to membra-
nous antenna BChl a. The spectra were normalized at absorption
maximum of core BChl a antenna (866 nm). b, ¢) Chlorosomes in
50 mM Tris-buffer (pH 8.0) (solid lines) and in acetone—methanol
(7 : 2) (dash-dotted lines). The absorption maximum at 740 nm
belongs to chlorosomal BChl ¢; the absorption maximum at
795 nm belongs to chlorosomal BChl a. Cells and chlorosomes are
designated by indexes C-8 and C-32 according to their origin from
cultures having parameters n = 8 and 32, correspondingly.
Parameter 1, which is equal to the ratio of amplitudes of long-wave
absorption maxima of chlorosomal BChl ¢ (740 nm) and membra-
nous BChl a (866 nm), characterizes BChl ¢ content in chloro-
somes of two different cultures: n = A;4/Asss = 8 and 32.

ically coupled linear chains of BChl ¢ oligomers. The
amplitude of the BChl ¢ band bleaching in differential
absorption spectra of chlorosomes at zero time delay must
be increased with increasing oligomer length [31] because
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the formation of linear oligomers containing » monomers
leads to more than » times increase in dipole strength of
the Q, band of BChl ¢ absorption spectra in comparison
with its monomeric form [22]. This effect is only expect-
ed in the limits of small size of an oligomer: #n < 1., where
nc is the critical size of an oligomer (aggregate) [31],
because only in this case delocalization of excitation
practically coincides with physical size of the aggregate.
Estimation of this value for photosynthetic pigments gives
nc~ 5[32]. Because the length of the linear chain of BChl
¢ oligomers forming elementary cylindrical BChl ¢ aggre-
gates does not exceed the value n = 6 in the frames of our
model of aggregation of chlorosomal pigments [25], then
the nonlinear optical spectroscopy that is sensitive to the
size of aggregate [31, 32] is the most informative experi-
mental method for the determination. Thus, investigation
of dependence of amplitude of BChl ¢ band bleaching in
differential absorption spectra of chlorosomes with differ-
ent content of BChl ¢ (i.e. chlorosomes of different size)
at zero time delay is the decisive experiment for registra-
tion of changes in the degree of pigment aggregation,
which was also demonstrated in previous works [12].

Figure 3 shows isotropic AA spectra of chlorosome
samples, C-8 and C-32, isolated from Cfx. aurantiacus
cultures adapted to two extreme light intensities (low and
high) that caused four-fold change in BChl ¢ concentra-
tion in the samples.

The AA spectra of these chlorosomes were measured
at room temperature in the spectral region 710-830 nm
with various time delays: 1) with delay of 200 fs corre-
sponding to maximal A4 amplitude of BChl ¢ for both
samples in wavelength region about 750 nm, and 2) time
delays of 25 and 100 ps corresponding to maximal AA4
amplitude of BChl a at 795 nm for chlorosomes C-8 and
C-32, correspondingly. In all the experiments effects of
multiphoton processes were insignificant because the
exciting intensities used here correspond to the linear
region of amplitude changes in the case of BChl ¢ as well
as BChl a, and the shape of the A4 spectra did not change
in the limits of this linear region [25, 26].

The AA spectra shown in Fig. 3 are presented so as to
give maximal amplitudes of A4 spectra of BChl a for all
samples equal. The main features of each spectrum pre-
sented in Fig. 3 are similar to those measured by us earlier
for Cfx. aurantiacus chlorosomes [12]. At delay of 200 fs,
each AA spectrum demonstrates BChl ¢ maximum at
750 nm corresponding to the superposition of bleaching
and stimulated emission bands and is followed by BChl ¢
maximum at 730 nm associated with BChl ¢ absorption
from the excited state. When excitation energy transfer
from BChl ¢ to BChl a is practically completed (i.e. after
25 and 100 ps for C-8 and C-32 samples, corresponding-
ly), the AA spectra for BChl a are observed demonstrating
only one bleaching/stimulated emission band with maxi-
mum at 795 nm, reproducing the shape of absorption
spectra for chlorosomal BChl g antenna B795. Normal-
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ized spectra of the two chlorosome samples with different
size clearly demonstrate the identity of the AA spectra for
BChl a measured in the 770-830 nm region (Fig. 3). This
means that the BChl a subantenna pigments function as
monomers independently on the size of the chlorosomes
(see also [26]). A similar conclusion was first made for Cfx.
aurantiacus BChl a subantenna in our work [33].

Comparison of AA4 spectra measured near zero time
delay in the 710-830 name range shows that increase in
BChl ¢ content in chlorosomes is accompanied by AA
spectra for BChl ¢ that demonstrate (i) red shift (by
6.1 nm), (ii) narrowing of bands (by 2.9 nm), and (iii)
increase in amplitudes (up to 2.2-fold).

Comparison of the analogous AA spectra near zero
time delay in the 710-830 nm range measured in the pres-
ent work (for two samples, C-8 and C-32, with four-fold
change in the chlorosomal antenna size) with those meas-

a
0.6

Osc. trichoides
(chlorosomes)

0.0 =

(D 1 L
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>
S
5
© b
< 06
c-110
600 700 800 900
A, Nm

Fig. 2. Absorption spectra of chlorosomes isolated from Osc. tri-
choides cell cultures in 50 mM Tris-buffer (pH 8.0) (solid lines)
and their pigments in acetone—methanol (7 : 2) (dotted lines).
Cultures grown under light of 1000 W/m? (BChl ¢ : BChl @ molar
ratio equal to 70 : 1) are designated as C-70. Cultures grown at
light of 50 W/m? (BChl ¢ : BChl a molar ratio is 110 : 1) are desig-
nated as C-110.
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Fig. 3. Isotropic A4 spectra measured at room temperature for two
chlorosome samples of Cfx. aurantiacus, C-8 (solid lines) and C-
32 (dotted lines), with different time delays: 1) with time delay of
200 fs corresponding to the maximal A4 amplitude of BChl ¢ for
both chlorosomes samples in the wavelength region about 750 nm,
and 2) with time delays of 25 and 100 ps that correspond to max-
imal A4 amplitude of BChl a at 795 nm for chlorosomes C-8 and
C-32, respectively. Excitation wavelength, 750 nm; duration of
exciting impulse, 110 fs. The A4 spectra were normalized to pro-
vide equal amplitudes of BChl a A4 spectra for all the chlorosome
samples. The A4 amplitudes of BChl a spectra with maximum at
795 nm measured with picosecond delays were multiplied by 10.

ured earlier for Cfx. aurantiacus chlorosomes with inter-
mediate size antennas (for four samples, C-10, C-16, C-
24, and C-30 [12]) clearly demonstrates that sequential
increase in BChl ¢ content in six samples of chlorosomes
of different size is accompanied by AA4 spectra for BChl ¢
that demonstrate (i) sequential red shift, (ii) sequential
narrowing of bands, and (iii) sequential increase in ampli-
tudes of these spectra (Table 1).

All of the principal changes in BChl ¢ AA spectra
(measured near zero time delay (Fig. 3 and Table 1))
accompanying increase in BChl ¢ in chlorosomes, i.e.
sequential increase in amplitude, red shift, and bleaching
band narrowing, are predicted by a theory of nonlinear
optical spectroscopy for (quasi)linear aggregates that
increase in size and are confirmed experimentally in the
present work and in a number of other studies [12, 25, 26,
31, 32, 34-37]. In particular, the main changes in the ini-
tial AA4 spectra for BChl ¢ as the length of linear chain of
BChl ¢ oligomers forming elementary cylindrical BChl ¢
aggregate increased have been shown in theoretical calcu-
lations for our model of Cfx. aurantiacus chlorosome (if
other parameters of the unit aggregate structure are
unchanged) [25, 26]. However, such spectral changes can
be observed only in the limits of a small aggregate. It is
necessary to note that the shape of differential absorption
spectra for a cylindrical aggregate formed by linear chains
of BChl ¢ oligomers with weak interaction between neigh-
boring chains [22, 25, 26] is mainly determined by inter-
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Table 1. Parameters of BChl c-bleaching band in AA4
spectra measured for six chlorosome samples of Cfx.
aurantiacus with time delay of 200 fs

C-m | —A4A™™, relative units | A (A4™), nm | FWHM, nm
C-8 1.00 749.9 22.7
C-10 1.14 750.8 22.1
C-16 1.58 753.4 21.4
C-24 1.88 754.7 20.5
C-30 2.18 755.5 20.1
C-32 2.21 756.0 19.8

Note: For each chlorosome sample the following data are given: 1)
maximal amplitude of bleaching band (—AA™) normalized to
amplitude (—AA™) for chlorosomes C-8; 2) position of band
maximum (A (A4A™)), and 3) full width at half maximum
(FWHM). To demonstrate the trends in the experimental spec-
tra parameters, data for chlorosomes C-8 and C-32 were supple-
mented with the data for chlorosomes C-10 through C-30 that
were obtained from spectra presented in our previous publication
[12].

actions inside the chain [25]. As a result, the dependence
of shape and amplitude of differential absorption on the
length (n) of BChl ¢ oligomer (where # is the number of
monomers in the elementary cylindrical aggregate chain)
[12, 25, 26] is analogous to such dependencies for a
(quasi)linear aggregate of variable size [31, 32, 36]. Thus,
in the case of the studied BChl ¢ oligomers, n < 6 [12, 25,
26], i.e. n corresponds to the limit of bacterial antenna
small aggregate (n- ~ 5 [23]), when the bleaching ampli-
tude increases proportionally to n [12, 25, 26, 31, 32].
Under this limit, the coherence (delocalization) length
that is probed by nonlinear absorption differential spectra
differed insignificantly from the physical size n of the
aggregate. Thus, the observed difference in initial A4
spectra for Cfx. aurantiacus BChl c in chlorosomes of dif-
ferent size demonstrates increase in the size of the unit
building block of BChl ¢ antenna (i.e. increase in the unit
BChl ¢ oligomer length) when the entire BChl ¢ antenna
is increased.

It is necessary to note that in the limits of a large aggre-
gate (n >>5), the bleaching amplitude in case of increasing
n increases more slowly (if it increases), and spectral shift
and bleaching band narrowing is practically not observed
[31, 32]. In these limits, the length of coherency can be suf-
ficiently lower than the physical size n of the aggregate [32,
34]. This limit is characteristic for BChl a aggregates of
LHI1-/LH2 antennas of purple bacteria [31, 32, 34-36],
and also for B866 aggregate of membranous BChl a anten-
na of the green bacterium Cfx. aurantiacus [37].

For the entire series of Cfx. aurantiacus chlorosomes
(from C-8 to C-32 samples), the BChl ¢ A4 spectra meas-
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ured near zero time delay increased by 2.2-fold when the
chlorosomal antenna size increased approximately 4-
fold. This means (see above) that in studied chlorosomes
the size of the unit building block of BChI ¢ antenna
approximately increased 2-fold when the size of the entire
BChl ¢ antenna increased 4-fold, i.e. under increase in
Cfx. aurantiacus PSU size.

The BChl ¢/BChl a molar ratio in Osc. trichoides
chlorosomes is significantly higher than that in Cfx.
aurantiacus chlorosomes (not less than four times greater
in natural conditions) [14, 38]. So, it is impossible to reg-
ister AA spectra of BChl a in Osc. trichoides chlorosomes
in contrast to Cfx. aurantiacus chlorosomes.

However, a conclusion regarding the size and size
variability of elementary BChl ¢ oligomer in vivo can be
obtained in independent experiment studying the anten-
na size dependent hyperchromism of the Q, absorption
band of the chlorosomal oligomeric BChl ¢ antenna. This
specific question has been addressed in the present exper-
iment.

Formation of BChl oligomers leads to a substantial
increase in the oscillator strength of the Q, absorption
band (in comparison to monomeric pigments) at the
expense of the B, band. It was predicted for BChl/BPheo
a [21] that this effect increases with an increase in
oligomer length under certain limitations concerning the
length.

The hyperchromism (H) of the BChl ¢ Q, absorption
band in each chlorosome sample was determined from
the ratio of oscillator strength of oligomeric BChl ¢ Q,
band in vivo (absorption bands with maxima at 740 and
750 nm for Cfx. aurantiacus (Fig. 1) and Osc. trichoides
(Fig. 2) chlorosomes) to the oscillator strength of
monomeric BChl ¢ Q, band in vitro (absorption bands
with maxima at 660 nm for extracts of chlorosomes of Cfx.
aurantiacus (Fig. 1) and Osc. trichoides (Fig. 2) in ace-
tone—methanol with the same concentration of BChl ¢ as

Table 2. Relative value of hyperchromism (H) of absorp-
tion Q, band for BChl ¢ of Cfx. aurantiacus chlorosomes,
C-8 through C-32

Cfx. aurantiacus chlorosomes H, relative units
C-8 1.00
C-10 1.01
C-16 1.11
C-24 1.23
C-30 1.31
C-32 1.33

Note: The chlorosome C-8 hyperchromism value was taken as 1.0.
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Fig. 4. Relative value of hyperchromism (H) of chlorosomal BChl
¢ absorption Q, band calculated for six samples of Cfx. aurantiacus
chlorosomes, C-8, C-10, C-16, C-24, C-30, and C-32. All calcu-
lated H values were normalized to the hyperchromism value for
chlorosomes C-8.

in vivo). The BChl ¢ Q, band hyperchromism was calcu-
lated by averaging the data obtained during measure-
ments of 10 chlorosome spectra in vivo and 10 chloro-
some spectra in vitro.

It has been shown that hyperchromism of the BChl ¢
0, band increases with increase in BChl ¢ antenna size
that is under control of light intensity during cell growth
[39], and this effect is reliably observed for both Cfx.
aurantiacus and Osc. trichoides chlorosomes.

To compare experimental and calculated [39-41]
data and exclude unknown parameters, we used normal-
ized H values, i.e. all H values obtained for Cfx. auranti-
acus chlorosomes were normalized against minimal H
value measured for chlorosomes with minimal BChl ¢
antenna, i.e. for C-8. In case of Osc. trichoides chloro-
somes, the experimental H values were normalized
against the minimal H value that was obtained for
chlorosomes with minimal BChl ¢ antenna, i.e. for C-
70.

Table 2 contains results of hyperchromism calcula-
tions for the series of investigated samples of Cfx. auranti-
acus chlorosomes, C-8, C-10, C-16, C-24, C-30, and C-
32 with four-fold changing of chlorosomal antenna size
from C-8 to C-32 (i.e. from n = 8§ to n = 32). Figure 4
shows the dependence of the relative value of chlorosomal
BChl ¢ absorption Q, band hyperchromism on the Cfx.
aurantiacus chlorosome antenna size, H(n), for the six
samples of Cfx. aurantiacus chlorosomes, C-8, C-10, C-
16, C-24, C-30, and C-32.

Figure 4 clearly demonstrates that (i) sequential four-
fold increase in chlorosomal BChl ¢ antenna is accompa-
nied by sequential increase by 33% in hyperchromism of
oligomeric BChl ¢ absorption Q, band and (ii) this
dependency is strictly linear.
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Both experimental facts were predicted by the theo-
ry of absorption Q, band hyperchromism developed for
BChl ¢ oligomers [39-41] and give two key conclusions:

— the size of the unit BChl ¢ oligomer (#) in Cfx.
aurantiacus chlorosomes corresponds to the limit of the
small aggregate size of bacterial antenna of Cfx. aurantia-
cus (n = 5);

— increase in entire chlorosomal antenna in Cfx.
aurantiacus causes increase in its unit BChl ¢ oligomer
size.

Hyperchromism ceases to increase in BChl ¢
oligomers with n > 10 [40, 41].

Results of calculations of hyperchromism relative
values of BChl ¢ absorption Q, band of Osc. frichoides
chlorosomes C-70 and C-110 are presented in Table 3.
The data show that the increase in BChl ¢ antenna of Osc.
trichoides chlorosomes by ~1.6-fold controlled by light
intensity during cell culture growth is accompanied by the
increase in hyperchromism of BChl ¢ absorption Q, band
by ~9%. For Cfx. aurantiacus chlorosomes, the same
increase in chlorosomal BChl ¢ antenna corresponds to
hyperchromism increase by 10% (Tables 2 and 3). This
means that the dependence of H(n) for Cfx. aurantiacus
chlorosomes and similar dependence for Osc. trichoides
are phenomenologically identical.

Thus, the measured dependences H(n) in Cfx.
aurantiacus and Osc. trichoides chlorosomes have essen-
tially the same character, indicating that:

— the size (n) of the unit BChl ¢ oligomer of both
Osc. trichoides and Cfx. aurantiacus chlorosomes corre-
sponds to the limit of the small aggregate of bacterial
antenna (n = 5);

— increase in size of the entire chlorosomal antenna
of Osc. trichoides as well as that of Cfx. aurantiacus leads
to increase in size of its unit BChl ¢ oligomer.

It is necessary to note that the conclusions of our
works do not depend on which model of three-dimen-
sional chlorosome structures (tubular or lamellar) is
realized in vivo, because the degree of pigment aggrega-
tion can be the variable factor in either model. Namely,
this structural factor is the determining factor for high
efficiency of functioning of such variable size antennas
[11].

Table 3. Relative value of hyperchromism (H) of absorp-
tion Q, band for BChl ¢ from Osc. trichoides chlorosomes
C-70 and C-110

Osc. trichoides chlorosomes H, relative units

C-70 1.0

C-110 1.09

Note: The chlorosome C-70 hyperchromism value was taken as 1.0.
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We suggest that our proposed strategy of effective
functioning of peripheral oligomeric antennas, namely,
culture growth light intensity-controlled variability of the
degree of aggregation of the unit building block of periph-
eral antenna, is the universal strategy for photosynthesiz-
ing organisms.

To date, such a strategy has been revealed not only
for green bacteria, but also for the purple photosynthetic
bacterium Rhodopseudomonas palustris. A structure of
new peripheral BChl a antenna complex B 800 LH-2
adapted to weak light was shown in work [42] by Hartigan
et al. with the use of X-ray crystallography. It was shown
that with light intensity decrease during RA. palustris
growth, the unit building block of peripheral BChl a
antenna complex B 800-850 LH-2 (composed of one
monomer B 800 and one dimer B 850) increased in size
with formation of a new aggregate of four exciton-cou-
pled BChl a molecules, i.e. actually it was shown the
growth light intensity-controlled variability of the degree
of aggregation of the unit building block of peripheral
antenna when the entire antenna size changed.

Thus, we conclude that light controls not only the
size of the peripheral oligomeric BChl ¢ antenna, but also
the size of its unit building block, allowing green photo-
synthetic bacteria to survive over a wide range of light
intensities. Under lower growth light intensity the BChl ¢
antenna size increases, thus compensating light deficien-
cy by increasing the light-absorbing capability of the
antenna. An inevitable drop in the efficiency of the
antenna functioning with increasing its size [1], in turn, is
compensated by an increase in the size of the unit BChl ¢
building block of the oligomeric antenna, thus ensuring
high efficiency of functioning of the antenna regardless of
its size.

This work was partly supported by the Russian
Foundation for Basic Research (grants 10-04-01758a and
11-04-00312a).
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