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The architecture of the entire photosynthetic membrane net-
work determines, at the supramolecular level, the physiological
roles of the photosynthetic protein complexes involved. So far, a
precise picture of the native configuration of red algal thylakoids
is still lacking. In this work, we investigated the supramolecular
architectures of phycobilisomes (PBsomes) and native thylakoid
membranes from the unicellular red alga Porphyridium cruen-
tum using atomic force microscopy (AFM) and transmission
electron microscopy. The topography of single PBsomes was
characterized by AFM imaging on both isolated and membrane-
combined PBsomes complexes. The native organization of
thylakoid membranes presented variable arrangements of
PBsomes on the membrane surface. It indicates that different
light illuminations during growth allow diverse distribution of
PBsomes upon the isolated photosynthetic membranes from P.
cruentum, random arrangement or rather ordered arrays, to be
observed. Furthermore, the distributions of PBsomes on the
membrane surfaces are mostly crowded. This is the first inves-
tigation using AFM to visualize the native architecture of
PBsomes and their crowding distribution on the thylakoid
membrane from P. cruentum. Various distribution patterns of
PBsomes under different light conditions indicate the photoad-
aptation of thylakoid membranes, probably promoting the ener-
gy-harvesting efficiency. These results provide important clues
on the supramolecular architecture of red algal PBsomes and
the diverse organizations of thylakoid membranes in vivo.

Photosynthesis is an important biological process per-
formed by a series of pigment-protein complexes in photo-
synthetic membranes with strong cooperativity. In prokaryotic
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cyanobacteria and eukaryotic red algae, the photosynthetic
membrane network can be divided into two distinct func-
tional platforms: the thylakoid membrane itself, which con-
tains a set of intrinsic photosynthetic protein complexes
such as photosystem I (PSI),”> photosystem II (PSII), ATP
synthase, and cytochrome b./f(1, 2), and the thylakoid (stro-
mal) surface, which is covered by one layer of phycobili-
somes (PBsomes), the extrinsic photosynthetic antenna
complexes (3—8). Solar energy is captured by the PBsome
complexes and transferred efficiently to the chlorophyll pig-
ments in the photosynthetic reaction centers, and subse-
quent energy transformation is carried out by the photosyn-
thetic machinery embedded within the membrane. For
maintaining the high efficiency of energy migration, the
close coupling between the topographs of both photosyn-
thetic platforms is required, and of interest.

The application of electron microscopic techniques at the
cellular and subcellular levels has been key to the discovery
and extensive studies of the PBsome complexes (9—12). The
arrangement of PBsomes on the membrane surface and that
of photosystems within the membrane were observed in the
unicellular red alga Porphyridium cruentum by Gantt and
coworkers (13, 14). Based on electron microscopic data, a
hemiellipsoidal structural model of PBsomes from P. cruen-
tum was proposed (15). Recently, we further analyzed the
morphology of hemiellipsoidal PBsomes by single particle
transmission electron microscopy (TEM) (16). In addition,
utilizing biochemical and molecular biological techniques, a
large amount of valuable information about, for instance the
DNA and protein sequences of phycobiliproteins (PBPs) and
linker polypeptides, as well as their refined crystal struc-
tures, has been obtained (for reviews, see Refs. 3, 7, 17, 18).
Structural data are also available now for a variety of photo-
synthetic complexes from x-ray crystallography and electron
microscopy (19-25).

Increasing interest has recently been focused on the
supramolecular architecture of native photosynthetic mem-

2 The abbreviations used are: PSI, photosystem I; PSII, photosystem II; AFM,
atomic force microscopy; LL, low light; ML, medium light; PBsome, phyco-
bilisome; PBP, phycobiliprotein; PE, phycoerythrin; TEM, transmission elec-
tron microscopy.
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has fostered the exploration of photo-
synthetic membranes of purple bacte-
ria (27-32) and higher plant (33-35).
Investigation using AFM to visualize
the native three-dimensional struc-
ture of PBsomes and the supramo-
lecular architecture of thylakoid
membrane is unique and interesting
(36-38).

In this work, we applied AFM for
the first time to investigate the
native configuration and architec-
ture of PBsome-combining thyla-
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FIGURE 1. Absorbance (A) and fluorescence (B) properties of PBsomes from P. cruentum in 0.75 m potas-
sium phosphate buffer, pH 7.0. Excitation was at 545 nm. The second derivative analysis is represented by

dashed lines.
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FIGURE 2. Coomassie staining of polypeptide components of isolated
PBsomes from P. cruentum identified by SDS-PAGE (12.5%). Left panel,
standard protein marker (Fermentas); right panel, isolated PBsomes.

branes and the dynamic arrangements of photosynthetic
proteins with the aim of surveying the functional coordina-
tion and physiological regulation among those photosyn-
thetic complexes. Atomic force microscopy (AFM) has been
demonstrated to be a powerful tool to directly acquire the
morphology of supramolecular assemblies in native mem-
branes under near-physiological conditions (26). Recently, it
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700 800 koid membranes from red alga P.
cruentum, as well as the diverse
organizations of thylakoid mem-
branes with respect to various light
illuminations using AFM and
TEM. The results provide important clues as to the photo-
synthetic function of red algal PBsomes in vivo in relation to

their supramolecular architecture.

EXPERIMENTAL PROCEDURES

Growth of Cells—P. cruentum were grown in an artificial sea-
water medium (39). Flasks were supplied with 3% CO, in air at
18 °C. Cultures were illuminated continuously with light
provided by daylight fluorescent lamps at different light
intensities, 6 wattssm 2 (low light, LL) and 15 watts'm 2
(medium light, ML).

Separation of Intact PBsomes and PBsome-thylakoid Membrane—
Intact PBsomes were separated following the previous protocol
(16). The preparation of PBsome-membrane vesicles followed
the earlier procedure (13) with slight modifications. Cells were
harvested (5000 X g, 10 min), rinsed, and then suspended in
SPC medium (0.5 M sucrose, 0.5 M potassium phosphate, 0.3 M
sodium citrate). After homogenization cells was broken in
French pressure cell with relative low pressure (4000 p.s.i.) for
achieving large membrane sheets with ideally less disturbance.
The broken cell mixture was layered on a two-step gradient of
sucrose (1.0 and 1.3 M) in 0.5 M phosphate/0.3 M citrate, pH 7.0.
After centrifugation for 30 min, the PBsome-containing thyla-
koids were collected from the 1.0-1.3 M sucrose interface.

Spectral Analysis— Absorbance spectra and their second deriv-
atives were recorded with UV-160A spectrophotometer (Shi-
madzu, Japan). Room-temperature fluorescence spectra were
obtained with LS 55 Luminescence spectrometer (PerkinElmer
Life Sciences) at the excitation wavelength of 545 nm.

SDS-PAGE—Intact PBsomes were suspended in 20 mm
K-buffer (pH 6.8) before loading. The protein composition was
determined by SDS-PAGE using a 12.5% polyacrylamide gel
and stained with Coomassie Brilliant Blue G-250. Molecular
mass was estimated using a molecular size marker set (Page-
Ruler™ Unstained Protein Ladder SM0661, Fermentas).

AFM—5 pl of isolated PBsomes or PBsome-containing
membranes fixed with 1% glutaraldehyde was spread on freshly
cleaved mica for 30 — 60 min. Afterward the sample was rinsed
with dialysis water to remove salt and membranes that were not
firmly adsorbed to the substrate. The samples were measured in
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FIGURE 3. AFM micrographs of isolated PBsome complexes absorbed on the mica surface. A, the distribu-
tion of individual PBsomes on the substrate; B, raw AFM image of single PBsome complex; C, raw AFM image of
PBsome-dimer configuration. Lateral dimension of PBsome particle is characterized in detail in Table 1. Scale

bar: A, 100 nm; B, 20 nm; C, 50 nm.

TABLE 1
Measurements of PBsome dimensions
Measurement Length Width Height
nm

TEM single” 60 41 34
AFM single 64 * 4 42 =3 28*3
TEM ML* 60 41 34
TEM LL“ 60 41 34
AFM ML 60 £ 4 39+3 30*+3
AFM LL 57 +3 32+2 32+2

“ Data from our previous work (16).

AFM with tapping mode in ambient condition at room temper-
ature. AFM cantilevers with a length of 240 wm, spring constant
2.0 newtons/m, and operating frequencies of 65—-80 kHz
(Olympus Micro cantilever tip, Japan) were used.

TEM—According to our reported procedure (16), samples
were fixed with 2% glutaraldehyde on carbon-coated copper
grids before washing with distilled water, and then negatively
stained with 2% uranyl acetate. Electron microscopy was per-
formed on a JEOL JEM-1010 transmission electron microscope
operated at an accelerating voltage of 80 kV.

RESULTS

Spectral Properties of Isolated PBsomes—Isolated PBsomes
shows an absorbance maximum at 549 nm with additional
absorbance at 564 nm due to the presence of phycoerythrin
(PE) molecules (Fig. 1A4). The shoulder at 500 nm is attributed
to phycourobilins of PEs. Other pronounced shoulders at 624
nm and 650 nm are attributed to R-phycocyanins and allophy-
cocyanins, respectively. The second derivative of this spectrum
clearly reveals a slight shoulder at 675 nm, which will be char-
acterized as the absorbance of allophycocyanin B, consistent
with previous results (11, 40).

Fluorescence emission spectrum (Fig. 1B) with excitation at
545 nm exhibits four distinct spectroscopic components at 580
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nm (PE), 663 nm (allophycocyanin),
671 nm (Lcy,), and 681 nm (allophy-
cocyanin B) (41-43). Such a fluo-
rescence behavior could verify the
structural and functional integrity
of the isolated PBsomes (40, 44).

SDS-PAGE Analysis—The major
components of PBsomes are PBPs,
which are mainly composed of «
and B subunits with molecular
masses of 15-20 kDa (Fig. 2). Other
proteins include Ly, with 90 kDa,
linker polypeptides of 28-36 kDa,
and smaller linkers (L, L) of
12-15 kDa. It further demonstrates
the integrity of isolated PBsome
complexes (40, 45).

AFM Topography of Isolated
PBsomes—To retain the conforma-
tional integrity, the PBPs in the
PBsome structures were chemically
cross-linked with glutaraldehyde.
Fig. 3A shows the AFM micro-
graphs of isolated PBsome com-
plexes absorbed on the mica surface. Single PBsomes imaged
with AFM have average dimensions of 64 X 42 X 28 nm
(length X width X height) (Table 1), and are slightly elongated
in one direction. This is in reasonable agreement with the TEM
result of 60 X 41 X 34 nm (16), if one takes into account some
uncertainty in setting the boundaries of the complex, arising,
for example, from tip convolution and compression effects in
the case of AFM. Also, sample conditions are somewhat differ-
ent in both experiments. Fig. 3B presents a top view of a single
PBsome. The structure of a single PBsome complex exhibits a
higher central part and lower peripheral sides, in close agree-
ment with the early description of ellipsoidal conformation
(15). The peripheral PBP units are observed as protrusions with
the size of ~13 nm, consistent with previous data (12, 46). Each
may represent one individual PBsome rod. More interestingly,
PBsome aggregates are also visible as larger particles, e.g. Fig. 3C
shows a dimeric structure. Similar with previous TEM images
(47, 48), the two PBsomes in such a dimer are coupled bottom-
to-bottom with one another. This dimeric configuration may
be caused by the hydrophobic property of linker polypep-
tides in PBsome core complexes, L,,, which is involved in
the anchoring of the PBsome complexes to photosynthetic
reaction centers (49).

Medium-light Acclimation of PBsome-thylakoid Membrane—
Fig. 4 shows the room temperature absorption and fluores-
cence spectra of whole cells and PBsome-thylakoid membranes
grown under ML and LL. The optical properties of the sepa-
rated samples are consistent with those reported in the previ-
ous literature (13), confirming the physiological attachment of
PBsomes to the thylakoid membranes. In both illumination
conditions, moreover, the spectral features of PBsome-thyla-
koid membranes are comparable to those of whole cells, indi-
cating that the gentle isolation procedure did not cause remark-
able perturbation in the coupling of PBsomes to the
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FIGURE 4. Spectral properties of whole cells and isolated PBsome-thylakoid membranes from P. cruen-
tum grown under LL (6 watts'm~2) and ML (15 watts'm~2). A, absorption spectra. Spectra were normalized
to the chlorophyll absorption band at 682 nm. It shows several partially resolved peaks, which are assigned to
chlorophyll a (439 nm and 678 nm), carotenoids (490 nm), and PBsomes (500-650 nm); B, room temperature
fluorescence spectrum. Excitation was at 545 nm. It shows three distinguishable fluorescence bands at 580,
660, and 680 nm. The 580 nm peak corresponds to the PE fraction of PBsomes. The 660 nm fluorescence
emission components may come from the intact PBsomes. The fluorescence emission at 680 nm is attributed
to mostly PSIl and a small shoulder at 730 nm is from PSI, because PSI fluorescence emission is generally low at
room temperature.

FIGURE 5. AFM micrographs of PBsome-attached membrane from P. cruentum grown in ML. A, two-
dimensional AFM images of PBsome-attached membrane fragment; B, height profile of PBsome-attached
membrane in panel A; C, enlarged AFM image from panel A showing random PBsome arrangement;
D, enhanced three-dimensional AFM images of PBsome distribution on the photosynthetic membrane
surface. PBsome clusters are shown as circles, and PBsome-free membrane regions are represented by
arrows; E, enlarged view high resolution AFM images of the PBsome-clustering domain. Individual
PBsomes and the substructures can be visualized. Scale bar: A, 500 nm; C and D, 200 nm; E, 50 nm.
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photosystems. TEM has been
applied to study the isolated thyla-
koid membranes densely covered
with PBsomes (16).

The first AFM topograph of the
three-dimensional organization of
native PBsome-thylakoid membranes
is shown in Fig. 5. After adsorption on
freshly cleaved mica, the thylakoid
membranes were mostly found to
expose the stromal surface to the
probe side, and the membrane-com-
bined PBsome complexes can be used
as topographic features that can be
readily identified (Fig. 54). The lipid
layer was recognized as the dark
regions in between the PBsomes (Fig.
3D, arrows). The thylakoid fragments
have diameters as large as 2.5-3.0
pm. Fig. 5B presents the height profile
of one patch of thylakoid membrane
fragment. It clearly characterizes
three different plateaus representing
the mica surface, the single PBsome
membrane (a mean height of 48 nm),
and folding membrane edges (average
height of 90 nm on the left and 130
nm on the right), respectively. The
membrane surface is covered with
more or less randomly distributed
PBsome complexes (Fig. 5C). The size
of single PBsomes is recorded with
the length of 60 = 4 nm, the width of
39 = 3 nm, and the height of 30 = 3
nm (1 = 30) (see Table 1), compa-
rable with that of isolated PBsomes
as shown in Fig. 5B. Moreover, it
appears, by closer inspection of
the AFM topography, that some
PBsomes have a tendency to form
clustered domains (Fig. 5D, circles).
The clustering arrangement of
PBsomes might enable light-har-
vesting complexes to form physio-
logical units to promote energy
trapping. Furthermore, individual
PBsome complexes and their sub-
components were visualized in
AFM topography with a slight het-
erogeneity with regard to lateral
dimension and height (Fig. 5E).
Actually, the AFM analyses of ML-
adapted thylakoid membranes did
not resolve very detailed substruc-
ture of individual PBsomes, prob-
ably due to the flexible dimension
and soft configuration of PBsome
supramolecular complexes.
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and D). Each PBsome rod was char-
acterized by a diameter of 13 nm. In
the higher central part of the
PBsome, there are two rods verti-
cally protruding with respect to the
membrane surface, and several
neighboring rods seem to intersect
with each other to form a condensed
configuration. The profound com-
plexity of the architecture of the
hemiellipsoidal PBsome is incom-
patible with a structure consisting of
two closely packed hemidiscoidal
PBsomes as suggested before (40);

in that case the rods would be
located in the same plane vertical to
the core cylinders. This conclusion
is consistent with our single-particle
analysis of TEM data (16). In Fig. 6

(E and F), the spacing between rows
of PBsomes was measured to be
56 = 4 nm along the long axis and
35 #+ 2 nm on the short axis (7 = 20),
corresponding to the spacing of PSII

FIGURE 6. AFM micrographs of PBsome-attached membrane from P. cruentum grown in LL. A, raw two-
dimensional AFM images of PBsome-attached membrane. Crystal line arrays of PBsome are presented with
dotted lines; B, enhanced three-dimensional AFM topograph of parallel rows of PBsomes on the membrane;
C, height-mode high resolution AFM image of PBsome arrangement; D, amplitude-mode high resolution AFM
image of PBsome arrangement. Substructures of individual PBsome complexes (square) are discerned, and
PBsome rods in each macromolecular complex are shown as circles; E and F, height profiles of PBsome config-
urations on the thylakoid membrane along lines 7 and 2 in panel C, respectively. Scale bar: A, 100 nm; B, 50 nm;

Cand D, 25 nm.

Low-light Acclimation of PBsome-thylakoid Membrane—
The thylakoid membranes from P. cruentum grown under LL (6
watts'm %) were also analyzed. Normalized fluorescence emis-
sion spectra of the LL-adapted membranes present a somewhat
similar profile compared with that of ML-grown membranes,
suggesting no significant functional changes in the light-har-
vesting capacity of both samples. Absorption spectroscopy
allows the comparative analysis of pigment compositions of
thylakoid membranes with respect to light variation (Fig. 4). In
view of the invariable size of PBsomes (16, 50), the increase
of PE/chlorophyll ratio in the absorbance of LL-adapted
membranes might indicate an inclined PBsome density per
thylakoid area, to meet a higher demand for light-harvesting
capacity. This was further demonstrated by the increased
density of PBsomes (560 * 40 PBsomes/um?) on LL-adapted
membranes (16).

The native two-dimensional-crystalline motif of PBsomes on
the isolated thylakoid membranes was observed in AFM images
(Fig. 6). On the large fragment, PBsomes were observed to
arrange in parallel rows (Fig. 64, lines), although some random
PBsome domains were still visible. Close inspection of the thy-
lakoid organization showed that PBsomes within the regular
rows along the short axis of PBsomes are closely packed side-
to-side, the distance between adjacent parallel rows being very
short (Fig. 6B). Furthermore, we found that the substructure of
individual PBsomes, presumably individual rods, can be visual-
ized by applying gentle force in this case, as shown in Fig. 6 (C
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rows as reported before (51, 52).
The PBsome dimension was ob-
tained by the height measurement
relative to the membrane surface:
thelength of 57 + 3 nm, the width of
32 * 2 nm, and the height of 32 + 2
nm (n = 30) (Table 1). The some-
what reduced lateral dimension that we observe is probably due
to the crowding of PBsomes. The packing effects may also ham-
per the precise height recording of PBsomes, because the mem-
brane surface under the PBsome layer is hard to observe in the
images. Yet, the AFM topographs still provide new insights into
the spatial rendering of PBsomes, and the observed parallel
arrangement of PBsomes strongly supports the hypothetical
model of the thylakoid membrane in PBsome-containing spe-
cies (48, 53-55).

Diverse Distribution Pattern of PBsomes on Thylakoid Mem-
brane by TEM—Despite the results presented above, further
structural investigation of thylakoid morphology by means of
TEM showed various patterns of PBsome arrangements, for
instance random distribution, crystalline arrays, and even mixed
arrangements (Fig. 7). Although large membrane patches were fre-
quently monitored with gentle preparation, tubular-shape frag-
ments appear occasionally. It was seen that most of the tubular
fragments are densely covered with well crystallized PBsomes, and
along the tubular direction PBsomes have a preference to form
either straight or helical packing, probably due to large dimension
of extrinsic PBsomes and high PBsome-to-lipid ratio. Except the
artificial disturbance and auto-crystallization during sample treat-
ments, they were presumed to exist in vivo as the internal linkages
between different layers of the photosynthetic membranes (56,
57). Distinct lengths of tubular fragments might also indicate the
development of the photosynthetic membranes. It is worthy to
note that parallel arrangement of PBsomes is actually the most

“BSEME\
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buffers, such as the SPC medium
used in this work (see “Experimental
Procedures”), have the effect of ar-
tificially stabilizing the interaction
of PBsomes and photosynthetic re-
action centers (37, 61), so that
PBsomes could be immobilized
upon thylakoid membrane surface
and imaged by AFM.

The primary structure of
PBsomes from the unicellular red
alga P. cruentum has been proposed
on the basis of TEM images (15).
Here, our AFM topographs present
the native hemi-spherical configu-
rations of isolated PBsomes and
membrane-combined PBsomes at
three-dimensional level, although
high resolution is difficult to achieve.
This is probably due to the conforma-

tional flexibility and height properties
of PBsomes. Nevertheless, AFM
topography was demonstrated to be
able to depict the physiological archi-
tecture of PBsomes and their organi-
zation upon the native thylakoid
membrane.

P. cruentum exhibits the simplest

FIGURE 7. Diverse morphological patterns of PBsomes-thylakoid membranes. A and B, flat patches; Cand
D, tubular shapes and vesicle topography. Interestingly, besides individual tubular fragments (E, inset), a suc-
cessive process of thylakoid growth is observable. A small fragment protrudes from a base patch, which is
generally bound by less organized PBsomes (E, part 1), and then develop to tubular membrane fragments with
variable lengths and copies (E, parts 2—4). In addition, ordered and disorder arrangements can occasionally be

imaged on the same membrane patch (F and G).

common, but not the sole pattern existing in vivo at low irradiance,
because disordered PBsome-thylakoid sheets, and even the mix-
ture of both ordered and disorder arrangements were occasionally
visible (Fig. 7, Fand G).

DISCUSSION

Lateral mobility of PBsomes in vivo has been proposed in
cyanobacteria (58 —61). There is evidence that concentrated
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organization of eukaryotic chloro-
plasts, with unstacked and mostly
parallel thylakoid membranes. In
addition to the native three-di-
mensional configurations of single
PBsomes, we investigated for the first
time the three-dimensional supra-
molecular organization of native
PBsome-combining thylakoid mem-
brane by means of AFM. The most
striking feature of the native thyla-
koids is the various types of PBsome
arrangements observed. In one pat-
tern, PBsome complexes were ar-
ranged randomly, similar to previous
TEM results (13, 14). Moreover,
PBsomes in this pattern had a tend-
ency to form locally clustered motifs
that are expected to improve the
light-harvesting capacity.

When grown under LL condi-
tions, PBsomes are organized into
rather parallel rows on the isolated thylakoid membranes of P.
cruentum. Despite the close packing of PBsomes located on
opposite thylakoid layers in vivo (13), such an effect of confine-
ment may also arise from interactions within the lateral dense
monolayer of PBsome complexes. Furthermore, the ordered
arrays of PBsomes present an inclined density of PBsomes on
the thylakoid surface, which was corroborated with the absorp-
tion spectra (Fig. 44). This apparently implies that light inten-
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sity is an essential factor in determining the PBsome densities as
well as the lateral arrangements of PBsomes on the thylakoid
membrane. We conclude that the variation of PBsome arrange-
ment and density upon the chloroplasts is probably a physio-
logical strategy to adapt to light irradiance, with the aim to
modulate the capacity of energy utilization of photosynthetic
complexes. Such a photoadaptation bears resemblance to the
findings obtained from photosynthetic bacteria, which have
demonstrated the significance of high and low light conditions
(chromatic adaptation) for determining the organization of
light-harvesting complexes in the photosynthetic membranes
of purple bacteria (28, 30).

Our data, moreover, clearly showed the fact that PBsomes
are densely packed on the membrane surface. Such a dense
packing of photosynthetic proteins may provide a greater con-
centration of chromophores and electron transport complexes
in alimited membrane area, allowing a higher rate of photosyn-
thetic activity; and enhance the efficiency of light-harvesting by
promoting the interaction of light-harvesting antennae with
reaction centers (36).

In cyanobacteria and red algae, the photosynthetic mem-
brane network can be differentiated into two structural and
functional entities: the thylakoid membrane containing the pri-
mary photosynthetic apparatus, and the PBsome pool closely
coupled to the thylakoid membrane. Energy transfer between
these two entities is mediated by the spatial organizations and
interactions of photosynthetic pigment proteins. Two possible
arrangements of PSII and PSI core complexes in the thylakoid
membrane of cyanobacteria have been proposed (62). One
assumes that PSII dimers arrange in rows, whereas PSI trimers
are randomly distributed between the PSII rows. The other pre-
sents PSII dimers and PSI trimers as randomly dispersed in the
thylakoid membrane. In our case, that of red algae, both ran-
dom and ordered arrangements of PBsomes are found, indicat-
ing a variable distribution of photosystems in the thylakoid
membrane. More specifically, the presence of parallel rows of
PBsomes may also hint the specific combination of PBsomes
with PSIL.

Alternatively, it is worthy to note that the PSI shoulder at
~740 nm is relatively higher in both cells and membranes from
ML growth conditions, as shown in the fluorescence spectra
(Fig. 4B). This preference of energy transfer from PBsomes to
PSI reaction centers may indicate a potential interaction
between PBsomes and PSI, inducing more randomized distri-
bution of PBsomes in ML-adapted cells.

We have also investigated the morphology of PBsome-
thylakoid membranes from P. cruentum during state transi-
tion, by adjusting red and green light as reported before
(63). The variety of PBsome arrangement that we observed
might be expected to occur in the energy redistribution
process (13, 63-65). However, no significant structural
changes were monitored under red and green light at the
same intensity level, suggesting on the other hand, the sig-
nificance of light illumination in determined the arrange-
ments of PBsomes.

3L-N. Liu, T. J. Aartsma, J.-C. Thomas, G. E. M. Lamers, B.-C. Zhou, and Y.-Z.
Zhang, unpublished data.
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Because PSI and PSII complexes are distributed throughout
the thylakoid membrane (13) and the spacing between neigh-
boring photosystems are imaged too small,® the crowded cov-
erage of PBsomes on the thylakoid surface indicates the possi-
bility that both PSII and PSI coexist closely underneath one
hemiellipsoidal PBsome complex. Such a specific organization
could ensure excitation energy from PBsome complexes to be
efficiently and dynamically redistributed to distinct relevant
photosynthetic reaction centers (65). In state transition of red
alga P. cruentum, it is possible that local conformational
changes, for example nanoscale movement of PBsomes
between adjacent PSII and PSI complexes, rather than long dis-
tance diffusion of PBsome complexes, can account for energy
redistribution from PSII to PSI. More evidences are still needed
to address the question.
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