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Abstract

The cell-wide mobility of PBSs was confirmed by synchronously monitoring the fluorescence recovery after photobleaching (FRAP) and the
fluorescence loss in photobleaching (FLIP). On the other hand, a fluorescence recovery was still observed even if PBSs were immobile (PBSs
fixed on the membranes by betaine and isolated PBSs fixed on the agar plate) or PBS mobility was unobservable (cell wholly bleached).
Furthermore, it was proved that some artificial factors were involved not only in FRAP but also in FLIP, including renaturation of the reversibly
denatured proteins, laser scanning-induced fluorescence loss and photo-damage to the cell. With consideration of the fast renaturation component
in fluorescence recovery, the diffusion coefficient was estimated to be tenfold smaller than that without the component. Moreover, it was observed
that the fluorescence intensity on the bleached area was always lower than that on the non-bleached area, even after 20 min, while it should be
equal if PBSs were mobile freely. Based on the increasing proportion of the PBSs anti-washed to Triton X-100 (1%) with prolonged laser

irradiation to the cells locked in light state 1 by PBQ, it was concluded that some PBSs became immobile due to photo-linking to PSIL
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1. Introduction

To keep the excitation energy distribution between the
photosystem I (PSI) and the photosystem II (PSII) in balance is
one of the most important factors for photosynthetic efficiency
of green plants and cyanobacteria, while how to regulate the
energy distribution is related to the light state transition
mechanism. In green plants, the major light-harvesting complex
(LHCII) in the membrane can shuttle between PSI and PSII to
balance the distribution of the excitation energy [1,2]. Similarly,
it is believed that phycobilisome (PBS), the light-harvesting

Abbreviations: PBS, phycobilisome; PSI, photosystem I; PSII, photosystem
II; LHCII, light-harvesting complex II; FRAP, fluorescence recovery after
photobleaching; FLIP, fluorescence loss in photobleaching; PBQ, phenyl-1, 4-
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complex attached to the stromal surface of the thylakoid
membrane in cyanobacteria, could transfer the excitation energy
to PSI and PSII alternatively [3—5], although other possibilities
have been proposed [6—9]. Recently, PBS mobility was proved
to be a prerequisite for light state transition [10,11], while it had
never been experimentally observed until 1997 when the
fluorescence recovery of PBSs on the photobleached area of a
cyanobacterial cell was observed by the use of a technique
called FRAP (fluorescence recovery after photobleaching),
from which the time-related shallowing and widening of the
bleaching profile, ascribed to PBS mobility, was clearly
observed [12]. However, later, the fluorescence recovery was
suspected of some artificial results caused by the high-energy
laser [13]. In fact, the phycobiliproteins in PBSs, also known as
a kind of photosensitizers, could photosensitively produce
highly reactive oxygen species or free radicals [14—16], which
in turn may induce successive photochemical processes.
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Therefore, some complexities may be involved in FRAP.
Alternatively, the fluorescence loss in photobleaching (FLIP)
could be used to monitor the synchronous fluorescence loss on
the non-bleached region [17], which would certainly demon-
strate PBS mobility even if FRAP itself might be suspected of
any artifact. In this work, by jointly using FRAP and FLIP, a
cell-wide mobility of PBSs was definitely demonstrated in a
cyanobacterium Thermosynechococcus elongates cell (about
1.5 pm across and 8 pm long). It was also found that some
artificial factors induced by the full-power laser were involved
in both FRAP and FLIP, i.e., the renaturation of the reversibly-
denatured proteins contributing to the fluorescence recovery
and the laser-scanning to the fluorescence loss. Furthermore,
under prolonged irradiation to the cells by the full-power laser,
photo-crosslink of PBSs, most likely to PSII, was observed.

2. Materials and methods

2.1. Cell culture and sample preparation

Cells of the thermophilic cyanobacterium Thermosynechococcus elongatus
were grown in liquid culture in BG-11 medium and bubbled with 5% CO, in air
[18]. Cells were grown at 45 °C under illumination with white fluorescence lamp
at an intensity of 50 pmol m™2s™ ! The cells harvested at the middle-logarithmic
phase of growth were used for the experiments. Cells were pre-illuminated with
blue light (to state 1) or orange light (to state 2) and then glycine betaine was
added to a final concentration of 0.5 M (to lock the cells in the pre-induced
states). For observation on the laser confocal fluorescence microscopy, the cells
were immobilized onto 1.5% (w/w) agar plates containing growth medium or
0.5 M betaine buffer (for the betaine-treated cells) on a slide covered with a glass
slip and located under objective lens. For measurements of the diffusion
coefficients at different temperatures, the samples were placed on a temperature-
controlled holder connected with circulated water bath to keep the samples at
25 °C and 45 °C respectively.

Phycobilisomes were isolated from the cells as reported previously [19]
with some modifications. The cells (I g) suspended in 10 ml 0.75 M K-
phosphate (pH 7.0) buffer were ultrasonically broken in ice bath. Triton X-100
was immediately added to the broken cells to a final concentration of 2% (w/w),
and the mixture was incubated for 20 min with stirring at room temperature.
Large fragments and cell debris were removed by centrifugation at 25,000xg
for 30 min. Medium supernatant samples were collected by centrifugation twice
for 30 min at 50,000xg. PBSs were concentrated by further centrifugation at
250,000xg for 2 h. Isolated PBSs were immobilized as described above for
observation on the laser confocal fluorescence microscopy at room temperature
(25 °C).

2.2. FRAP-FLIP Measurements

Olympus FV500 laser scanning confocal fluorescence microscope with a
60% oil-immersion objective lens was employed with a He—Ne red laser
(633 nm, 10 mW) for photobleaching PBSs selectively. The laser light was
passed through a 100-um pinhole and focused onto the sample with a 60x oil-
immersion objective lens. The vertical (Z) resolution was 0.27 pm and the
resolution in the x—y plane was 0.20 pm. Fluorescence emission from the
sample was separated from the excitation light (633 nm) by a 660 nm long-
pass filter, passing through a 100-pm pinhole and detected by a cooled
photomultiplier. The fluorescence image processing was implemented in
MATLAB (MathWorks, Inc.). For synchronous measurements of FRAP and
FLIP, a 1-pm-wide region at one end of cell was photobleached across the
long axis of the cell and through the entire depth with 100% power laser for
12.5 s, and then the whole cell was imaged with 1% power laser, with that
before photobleaching as a control. The images were recorded at 3-s intervals
in the first 300 s and at 30-s intervals after then. The photobleaching at one
end of the cell instead of that in the middle was for better observation of
FRAP and FLIP.

2.3. FRAP measurements for determination of diffusion coefficient

For determination of diffusion coefficients, a 1-pm-wide strip in the middle
of the cell was selectively bleached with 100% power laser for 1.2 s. Then, the
fluorescence images were recorded at 3-s intervals with 1% power laser until
300 s, with the image recorded before photobleaching as a control. The width of
the strip was verified by optical parameters. A cell was wholly photobleached by
100% power laser across the long axis of the cell line by line repeated 5, 15, 30
or 50 times to reach a 50%, 70%, 85% or 95% bleach depth respectively.
Recovery of fluorescence was monitored by scanning the cell with 1% power
laser at 3-s intervals until the fluorescence intensity reached a plateau.

2.4. Calculation of the diffusion coefficient

The lateral diffusion coefficient of PBSs was estimated by analysis of the
recovery profile. The fluorescence recovery of the photobleached strip was fitted
by Eq. (1), an empirical formula agrees within 5% with the solution of the
diffusion equation in one dimension [20], while Eq. (2) contains both of the
diffusion term and an exponential one.
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here, I, is the intensity as time ¢, with the time zero defined as the midpoint of
the photobleaching; 7, and (/.. —1) are the amplitudes of the two terms
respectively with /g, defined as the maximal intensity reached after recovery; t
is the lifetime of the exponential term; w is the strip width and D is effective
diffusion coefficient. For determination of the diffusion coefficients, “non-linear
curving fitting” program in Origin software was used to fit the fluorescence
intensities data to Egs. (1) or (2).

2.5. Photo-crosslink of PBSs

Cells suspended in growth medium in the presence of PBQ (150 pM) were
exposed to intense laser (635 nm, 100 mW) for 10, 30, 60, 90 and 120 min. The
PBS-thylakoid membrane complexes were isolated from unexposed and
exposed cells and washed by Triton X-100 according to the previously reported
method [11]. Absorption spectra were recorded on a UV-1601 ultra-vis
spectrophotometer (Hitachi, Japan) before and after the laser irradiation.

3. Results and discussion
3.1. Cell-wide mobility of PBSs
To observe FRAP and FLIP at the same time, the cell-wide

fluorescence images were recorded from the time immediately
after photobleaching to about 20 min. Fig. 1 shows the

pre-bleach

Fig. 1. The fluorescence images for a cell of thermophilic cyanobacterium
Thermosynechococcus elongatus at selected times before and immediately after
photobleaching of PBSs on one end of the cell. Scale bar: 5 pm.
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fluorescence images of a cell at a series of selected time with
that before bleaching as a control, from which the fluorescence
intensity as a function of time and distance to the photobleached
area was derived and shown in Fig. 2. Figs. 1 and 2 demonstrate
a synchronous fluorescence loss on the non-bleached area with
the fluorescence recovery on the bleached area, suggesting a
cell-wide mobility of phycobilisomes.

Based on the fluorescence images of the cell, the plots of the
fluorescence intensities on the cell to the time and to the
distance along the long axis of the cell are shown in Fig. 3A and
B respectively. Fig. 3 demonstrates that the fluorescence
intensity on the bleached area increases mainly before 300 s
but becomes nearly invariable after then, while the fluorescence
intensity on the non-bleached area decreases continuously on
the whole time scale. Apparently, the fluorescence loss after
300 s could not be ascribed to PBS mobility, implying more
complexities involved in FRAP and FLIP.

Fig. 4A selectively shows those in Fig. 3B before 300 s, from
which the total fluorescence yield of the cell was derived, as
shown in Fig. 4B. The invariable fluorescence yield before
300 s suggests that the fluorescence recovery on the bleached
area is just enough to compensate the fluorescence loss on the
non-bleached area, which could be simply explained as PBS
mobility but may also be a coincidence, as proved below.

3.2. Artificial contributions involved in the fluorescence
recovery and loss

As mentioned above, the fluorescence loss on the non-
bleached area from 300 s to 1200 s should not be ascribed to PBS
mobility for the fluorescence intensity on the bleached area kept
invariable at the period of time, but might be related to the
repeated scanning with 1% power laser during the measurement.
To clarify that, plots of cell-wide averaged fluorescence
intensity for a cell without pre-photobleaching to the times of
scanning and to the time are shown in Fig. 5A and B respec-
tively. It was confirmed that the laser scanning-induced fluore-
scence loss did occur and was linearly proportional to the

1.14
(0]
S 1.0, 1.1
80.9,
08
5 0.7
i ggq
o V.og
504
©
© 0.3,
roz
= 7
%06 5
-
2
K7 . 0.2
8. 1200
o%’ 1 600 gop 1000
{pb 0% 200 Time (Sec)

Fig. 2. The phycobilisome fluorescence intensities for a cell of thermophilic
cyanobacterium Thermosynechococcus elongatus versus time and distance from
the bleached region after selective photobleaching the PBSs on one end of the
cell. Blue bar: bleached region. Color bar: relative fluorescence intensity. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. (A) The plots of the fluorescence intensities versus time for those regions
with the distance of 0.6 um (A), 0.7 um (O), 1.0 pm (V), 1.5 um (<) and
6.0 pm (3%) to the bleached region (CJ). (B) Plots of the fluorescence intensities
versus the distances along the long axis of cell at /=0 (M), 7=60 s (A), r=120 s
(0), t=241 5 (V), t=479 s (), t=720 s ([J), t=960 s (¥¢), =1139 s (V) after
photobleaching of PBSs on one end of the cell.

scanning times. Furthermore, the fluorescence loss caused by
the laser scanning mainly occurred in the first 300 s (Fig. 5B) for
the scanning interval was only 3 s which was used to obtain a
precise estimation of the diffusion coefficient [21,22]. However,
compared the two curves in Fig. 5, it can be seen that the laser
scanning-induced fluorescence loss is still not enough to count
for that in a pre-photobleached cell. Furthermore, the fluores-
cence loss for the latter is linearly proportional to the time (Fig.
5B) but not to the scanning times (Fig. 5A), suggesting some
intrinsic processes in the photo-bleached cell. It should be
noticed that the only difference between the latter and the former
is with or without pre-photobleaching, therefore, one reasonable
deduction is that the additional fluorescence loss for the latter
might be ascribed to photo-damage of the cell or some reactive
photochemical products diffused into the non-bleached area to
induce some successive reactions [23].
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Fig. 4. (A) The profiles of fluorescence intensity for a cell of thermophilic
cyanobacterium 7hermosynechococcus elongates at various time after photo-
bleaching at one end of the cell. /=0 (M), =60 s (O), =120 s (A), =180 s
(V), t=240s ([J), =300 s (#). (B) The average fluorescence intensities over all
the pixels of the cell to the time above were plotted.
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Fig. 5. The fluorescence intensities for the cells of thermophilic cyanobacterium
Thermosynechococcus elongates plotted to the scanning times (A) and time (B).
The cells were scanned at 3-s intervals in the first 300 s and 30-s intervals till
1200 s by 1% power laser. The fluorescence intensities were averaged over all
the pixels of the cells without pre-photobleaching ([J), and over the non-
bleached region of the cell with pre-photobleaching on the opposite distal region
of 1 um (O). The curve 1 (open circle) was normalized to the curve 2 (open
square).

The nearly invariable fluorescence yield of the cell on the
first 300 s (Fig. 4B) is obviously contradictious to the laser
scanning-induced bleaching (Fig. 5), implying that some other
processes may occur synchronously to compensate the scan-
ning-induced fluorescence loss. In other words, the fluorescence
recovery on the bleached area may not completely from PBS
diffusion. To search for whether the fluorescence recovery on
the photobleached area involves any artificial factor, the
fluorescence recovery was measured for a locally photo-
bleached cell pretreated with betaine and the isolated PBSs
fixed firmly onto agar plate, as shown in Fig. 6A, and also the
cell wholly photobleached to various bleach depths, as shown in
Fig. 6B from which a plot of the recovery percentage to bleach
depth was shown in Fig. 6C.

It was observed previously that betaine could fix PBSs firmly
on the thylakoid membrane in the cyanobacterium Spirulina
platensis [10,24], so did in the thermophilic cyanobacterium
Thermosynechococcus elongates (data not shown). Apparently,
the PBS mobility should not be observable for the wholly
photobleached cells, neither for the isolated PBSs fixed on agar
nor for the cells pretreated with betaine, however, a fast
fluorescence recovery could be observed for all of the cases. It
was known that excess light energy could cause denaturation of
proteins [25], while the denaturation extent, roughly denatured
permanently and temporarily or reversibly, must depend on the
illumination dosage (or illumination time). In this case, the
reversibly denatured proteins may undergo automatic renatura-
tion. The fast recovery component possesses an invariable time
constant but variable amplitude in inverse proportion to the
illumination time, as shown in Fig. 6B and C, suggesting that
prolonged illumination would make more proteins denatured
permanently. It was reported that the renaturation process could
be fitted by single exponential [26]. The recovery in Fig. 6A and
B was fitted with a time constant of about 5+1 s.

It was reported that phycobiliproteins in PBSs could
photosensitively produce free radicals or reactive oxygen
species under illumination [15,16]. In principle, the photo-
bleaching of PBSs is due to a configuration transformation of
the tetrapyrrole chromophores from the open-chain one into the
cyclohelical one [27], which is originated from the conforma-
tional changes of the apoproteins. Some of the conformational
changes may be temporary and reversible [25,28,29], which
would recover via the renaturation of the proteins. On the other
hand, any cleavage of the covalent bonds in the pigments
(tetrapyrroles) or the proteins should be irreversible but might
recover via biological repairing [30]. In fact, the laser dose-
dependent fluorescence recovery in Fig. 6B well suggests that
both of the reversible and irreversible denaturation was
involved in the photobleaching.

Based on the considerations above, the fluorescence
recovery (Fr) on the bleached area should include three parts
of contributions, i.e., PBS mobility (F)), renaturation (F,) and
scanning-induced bleaching—the minus term (Fs). Quantita-
tively, it can be described as Fr=Fy+tFs—Fs. The fluores-
cence recovery on the bleached area at the 300 s was 22.7%
estimated from Fig. 4A while that owing to the protein
renaturation under the same bleach depth was 11% from Fig.
6C, therefore 11.7% of the fluorescence recovery could be
ascribed to PBS diffusion for the scanning-induced bleaching
terms canceled out by the subtraction. Similarly, the averaged
fluorescence loss on the non-bleached area at the 300 s was 9%
estimated from Fig. 4A, contributed by both PBS diffusion and
laser scanning. For the fluorescence loss was nearly the same
(5% at the first 300 s no matter under a case with or without
pre-photobleaching (Fig. 5), the fluorescence loss owing to
diffusion was about 4%. Further, the non-bleached area was
estimated as large as 3 times of the bleached one from Fig. 4A,
therefore, the total fluorescence loss on the non-bleached area
was about 12%, nearly equal to the PBS-diffusion-dependent
fluorescence recovery on the bleached area. Therefore, no
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Fig. 6. (A) The fluorescence recovery on the photobleached area of a cell treated
with betaine (A), and the isolated PBSs fixed on the agar (V). (B) The
fluorescence recovery of the cell wholly photobleached with deferent bleach
depth: 50% (LJ), 70% (<), 85% (O), and 95% (A). (C) The recovery percentage
versus the bleach depth derived from graph B.
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matter the complexities were involved in the fluorescence
recovery, the PBS mobility was confirmed. On the other hand,
the fluorescence recovery on the bleached area should contain
the contributions not only by PBS mobility but also by
renaturation of the reversibly denatured proteins.

3.3. Determination of the diffusion coefficient

To estimate the diffusion coefficient, a strip of 1-um wide
was selectively photobleached at the middle of a cell to a bleach
depth of about 70%, and then the fluorescence recovery was
monitored from the time zero (the time immediately after 1.2 s
photobleaching) to 300 s, as shown in Fig. 7. Fitting the
fluorescence recovery data to Eq. (1), a diffusion coefficient of
(1.7£0.4)x 10" ' cm? s~ ! was derived, while, fitting the data to
Eq. (2), a diffusion coefficient of (2.5+£1.2)x 10~ " cm? s~ ' was
derived. It can be seen that the difference of the diffusion
coefficients is as large as nearly tenfold due to, with or without,
consideration of the fast recovery component. Besides, it can
also be seen that the two components are necessary for a good
fitting of the data.

Because thermophilic cyanobacterium 7Thermosynechococ-
cus elongatus was cultured at 45 °C, it may be argued that the
diffusion coefficient determined at room temperature (25 °C)
may not reflect the PBS mobility at the culture temperature. In
fact, it was reported previously that the PBS mobility was
temperature-independent from 10 °C to 40 °C for another
cyanobacterium [21]. Anyway, the diffusion coefficients of
PBSs in Thermosynechococcus elongates cells were determined
at both 25 °C and 45 °C based on the averaged fluorescence
recovery on a strip of 0.2-um width in the middle of the cell
after 1.2-s photobleaching (to a bleach depth of 50%). Fitting
the two groups of data in Fig. 8 to Eq. (2) separately, the
diffusion coefficients of (1.4+£0.6)x 10" "' cm? s~ ' at 25 °C and
(1.8+1)x 10~ " ecm? s~ ! at 45 °C were derived, confirming that
PBS mobility was temperature-independent. It should be
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Fig. 7. Curve fitting to the fluorescence recovery on the 1-pm-wide strip in the
middle of a cell after photobleaching. Fluorescence recovery data were marked
by open squares; curve fitted of Eq. (1) (gray line) and Eq. (2) (black line) to the
experimental data displayed kinetics allowing the determination of a single
diffusion coefficient for PBSs. The standard deviations are given from a mean of
n=6 independent determinations of different cells with 70—80% bleach depth.

1.0

0.8

Relative Fluorescence

0 50 100 150 200 250 300
Time (Sec)

Fig. 8. Curve fitting to the fluorescence recoveries on the 0.2-um-wide strip in
the middle of cell after photobleaching. Fluorescence recovery data were
monitored at 25 °C(LJ) and at 45 °C(O); Curve fitted of Eq. (2) to the
experimental data monitored at 25 °C (black line) and to that at 45 °C (gray line)
displayed kinetics allowing the determination of the single diffusion coefficients
for PBSs. The standard deviations are given from a mean of n=6 independent
determinations of different cells with 50% bleach depth.

indicated that estimation of the diffusion coefficients involves
some approximation and the laser-scanning-induced fluores-
cence loss may introduce additional error (5%), however, the
comparable diffusion coefficients suggest that the approxima-
tions are acceptable.

3.4. The “permanent bleaching trance”

From Fig. 3B and Fig. 4A, it can be seen that the
fluorescence intensity on the photobleached area is always
lower than that on the non-bleached area, i.e., a “permanent
bleaching trace” caused by the full-power laser. Estimated by
the diffusion coefficient, the distribution of PBSs, also the
fluorescence intensity should have been cell-wide equal at 300 s
if PBS diffusion were completely free. The “permanent
bleaching trace” may lead to deduction that some photo-
bleached residues of PBSs became immobile due to photo-
crosslink to the proteins in the membrane. In fact, intermole-
cular crosslink is a common photochemical reaction for proteins
[31,32]. As an alternative, it may be argued that some
phycobilisomes are intrinsically immobile. Anyway, in that
case, the “permanent bleaching trance” should have been
independent of bleaching dosage. However, the 12.5 s photo-
bleaching (Figs. 3B and 4A) produced a more significant
immobile fraction than the 1.2 s one (Fig. 7), suggesting that
PBSs are not intrinsically immobile. It is well known that PBSs
could be washed off from the thylakoid membrane by detergents
[10,19] while not if they are photo-linked to some membrane
proteins. For FRAP measurement, only one cell is the
photobleaching focused to, anyway, one cell is not enough for
any biochemistry analysis. As an alternative, 10 ml suspension
of the cells in culture medium under stirring was irradiated by a
laser of 635 nm (100 mW) for minutes to hours, unfortunately,
all of the PBSs was washed off even prolonging the irradiation
to 2 h. It is known that 635 nm light excites mainly PBSs so



20

S. Yang et al. / Biochimica et Biophysica Acta 1767 (2007) 15-21

>

B

0.0 = 0.57
8 / \:
o8 | g 0.25
"\ / 10.56
“o.20lx
8 0.6 .‘. o T\mzn(ming)n 0 8
e \ <
= \ 3
S \ 1055 2
§ L"‘: :'P\‘: D\ 8
< 04 \ / \ 2
M
J 10.54
0.2
x_\
.
0.0 L L T 1 L L L 1 0.53
450 600 750 0 30 60 90 120

Wavelength (nm) Time (min)

Fig. 9. (A) The absorption spectra of the PBS-thylakoid membrane complexes
isolated from the cells irradiated by 635 nm laser for different time from 0 to
120 min and further washed by Triton X-100 (1%) (black lines), from which a
plot of the absorbance to irradiation time was derived and shown in the inset.
The gray line is for the control. (B) The absorbance of PBSs in cells versus the
irradiation time.

leads to state 2 at which PBSs become detached from PSII but
are not structurally connecting with PSI [10,24,33]. Therefore,
the current result is a further confirmation for the previously
proposed model [11]. Indeed, to the cells locked in the light sate
1 by PBQ [34,35], the anti-washed PBSs became more and
more with prolonging the irradiation by a 635 nm laser
(100 mW), as shown by the absorbance in Fig. 9A.

From Fig. 9A, it can be seen that without irradiation nearly
all of the PBSs are washed off while the anti-washed PBSs are
proportional to the irradiation time before 1 h but then reached
“saturation” from 1 to 2 h. In fact, laser irradiation could cause
two effects at the same time, i.e., the photo-linking (Fig. 9A)
and the photobleaching (Fig. 9B). Consequently, it can be
concluded that the photo-linking did occur during the prolonged
photobleaching, and PBSs would be specifically photo-linked
to PSII. As mentioned above, the photo-linking occurred under
12.5 s photobleaching to a certain cell but did not under 2-h
irradiation to a large volume of cells even though the laser
power for the latter was high (100 mW). For cyanobacterium,
generally, orange light induces cells to light state 2 while blue
light to state 1, however, it was also reported that state 1 could
be achieved by prolonging exposure to high orange light [36],
which is understandable for further orange-light illumination to
a cell at the state 2 which may drive PBSs back to PSII (toward
state 1). Besides, the time to achieve a light state would certainly
depend on the illumination time and intensity. Therefore, during
photobleaching, that the full-power laser was focused to a
certain area of a cell might drive the cell into state 1 during the
12.5-s illumination, which in turn led to a photo-linking. On the
other hand, during the irradiation to a large volume of cells
under stirring, although the irradiation time to the cells was as
long as 2 h, but to a certain cell it was not long enough to lead to
state 1, that is why the photo-linking would not occur under the
latter case. It should be indicated that the conclusion of PBSs
photo-linking specifically to PSII is derived due to what

occurred specially at the PBQ-fixed state 1, however, to prove
it, further intensive researches are necessary to obtain the
molecular details of the photo-linked products.

4. Conclusions

Firstly, a cell-wide mobility of PBSs was definitely demon-
strated in cyanobacterial cells by synchronous monitoring FRAP
and FLIP. Secondly, the fluorescence recovery of the photo-
bleached area did involve an artificial factor induced by the full-
power laser, which was ascribed to the renaturation of reversibly
denatured proteins but not to the diffusion of PBSs. The diffu-
sion coefficients estimated with or without consideration of the
contribution by the renaturation are (2.5+1.2)x10 "' cm? s~
and (1.74£0.4)x 10" ' em? ™', i.e., a nearly tenfold difference,
suggesting the contribution to the fluorescence recovery is not
negligible. Thirdly, besides PBS mobility, the fluorescence loss
on the non-bleached area also involved artificial factors ascribed
to the laser scanning and photo-damage to the cell. Fourthly, the
“permanent bleaching trace” on the photobleached area after
20 min suggested that some photobleached residues of PBSs
became immobile probably due to a photo-linkage to the
proteins in the membrane, most likely PSII, which was further
confirmed by the fact that more PBSs became anti-washed to
detergent with prolonging the irradiation time.

Acknowledgment

We thank Prof. Hualing Mi (Institute of Plant Physiology,
CAS) for the gift of thermophilic cyanobacterium Thermosy-
nechococcus elongatus. The project supported by the National
Natural Science Foundation of China (NSFC). (No. 30570422,
50221201, and 90306013).

References

[1] N. Depége, S. Bellafiore, J.D. Rochaix, Role of chloroplast protein kinase
Stt7 in LHCII phosphorylation and state transition in Chlamydomonas,
Science 299 (2003) 1572-1575.

[2] J.E. Allen, State transitions—A question of balance, Science 299 (2003)
1530-1532.

[3] J.E. Allen, N.G. Holmes, A general model for regulation of photosynthetic
unit function by protein phosphorylation, FEBS Lett. 202 (1986) 175—181.

[4] C.W. Mullineaux, Excitation energy transfer from phycobilisomes to
Photosystem I in a cyanobacterium, Biochim. Biophys. Acta 1100 (1992)
285-192.

[5] N. Murata, Control of excitation transfer in photosynthesis I. Light-
induced change of chlorophyll a fluorescence in Porphyridium cruentum,
Biochim. Biophys. Acta 172 (1969) 242-251.

[6] C.W. Mullineaux, Excitation energy transfer from phycobilisomes to
photosystem I in a cyanobacterial mutant lacking photosystem II, Biochim.
Biophys. Acta 1184 (1993) 71-77.

[7] X. Su, P.G. Fraenkel, Bogorad, Excitation energy transfer from
phycocyanin to chlorophyll in an apcA-defective mutant of Synechocys-
tis sp. PCC 6803, J. Biol. Chem. 267 (1992) 22944-22950.

[8] AN. Glazer, Y.M. Gindt, C.F. Chan, K. Sauer, Selective disruption of
energy flow from phycobilisomes to photosystem I, Photosynth. Res. 40
(1994) 167-173.

[9] K. Stamatakis, G.C. Papageorgiou, The osmolality of the cell suspension
regulates phycobilisome-to-photosystem I excitation transfers in cyano-
bacteria, Biochim. Biophys. Acta 1506 (2001) 172—181.



S. Yang et al. / Biochimica et Biophysica Acta 1767 (2007) 15-21 21

[10] D. Li, J. Xie, J. Zhao, A. Xia, D. Li, Y. Gong, Light-induced excitation
energy redistribution in Spirulina platensis cells: “spillover” or “mobile
PBSs”? Biochim. Biophys. Acta 1608 (2004) 114—-121.

[11] H. Li, D. Li, S. Yang, J. Xie, J. Zhao, The state transition mechanism—
Simply depending on light-on and off in Spirulina platensis, Biochim,
Biochim. Biophys. Acta 1757 (2006) 1512-1519.

[12] C.W. Mullineaux, M.J. Tobin, G.R. Jones, Mobility of photosynthetic
complexes in thylakoid membranes, Nature 390 (1997) 421-424.

[13] M.D. McConnell, R. Koop, S. Vasil’ev, D. Bruce, Regulation of the
distribution of chlorophyll and phycobilin-absorbed excitation energy in
cyanobacteria. A structure-based model for the light state transition, Plant
Physiol. 130 (2002) 1201—1212.

[14] J. He, Y. Hu, L. Jiang, Photochemistry of phycobiliproteins: first
observation of reactive oxygen species generated from phycobiliproteins
on photosensitization, J. Am. Chem. Soc. 118 (1996) 8957—-8958.

[15] S. Zhang, J. Xie, J. Zhang, J. Zhao, L. Jiang, Electron spin resonance

studies on photosensitized formation of hydroxyl radical by C-phycocya-

nin from Spirulina platensis, Biochim. Biophys. Acta 1426 (1999)

205-211.

S. Zhang, S. Qian, J. Zhao, S. Yao, L. Jiang, Characterization of the

transient species generated by the photoexcitation of C-phycocyanin from

Spirulina platensis: a laser photolysis and pulse radiolysis study, Biochim.

Biophys. Acta 1472 (1999) 270-278.

[17] N.B. Cole, C.L. Smith, N. Sciaky, M. Terasaki, M. Edidin, J. Lippincott-
Schwartz, Diffusional mobility of Golgi proteins in membranes of living
cells, Science 273 (1996) 797-801.

[18] R. Rippka, J. Derueles, J.B. Waterbury, M. Herdman, R.Y. Stanier, Generic
assignments, strain histories and properties of pure cultures of cyano-
bacteria, J. Gen. Microbiol. 111 (1979) 1-61.

[19] E. Gantt, C.A. Lipschultz, J. Grabowski, B.K. Zimmerman, Phycobili-
somes from blue-green and red algae, Plant Physiol. 63 (1979) 615-620.

[20] J. Ellenberg, E.D. Siggia, J.E. Moreira, C.L. Smith, J.F. Presley, H.J.

Worman, J. Lippincott-Schwartz, Nuclear membrane dynamics and

reassembly in living cells: targeting of an inner nuclear membrane protein

in interphase and mitosis, J. Cell Biol. 138 (1997) 1193—1206.

M. Sarcina, M.J. Tobin, C.W. Mullineaux, Diffusion of phycobilisomes on

the thylakoid membranes of the cyanobacterium Synechococcus 7942, J.

Biol. Chem. 276 (2001) 46830—46834.

[22] C.L. Aspinwall, M. Sarcina, C.W. Mullineaux, Phycobilisome mobility in
the cyanobacterium Synechococcus sp.PCC7942 is influenced by the
trimerisation of Photosystem I, Photosynth. Res. 79 (2004) 179—187.

[16

[}

[21

—

[23] R.P. Sinha, P. Richter, J. Faddoul, M. Braun, D.P. Héder, Effects of
UV and visible light on cyanobacteria at the cellular level, Photochem.
Photobiol. Sci. 1 (2002) 553—-559.

[24] D. Li, J. Xie, Y. Zhao, J. Zhao, Probing connection of PBS with the
photosystems in intact cells of Spirulina platensis by temperature-induced
fluorescence fluctuation, Biochim. Biophys. Acta 1557 (2003) 40—45.

[25] E. Wien, A.J. Miles, J.G. Lees, S.V. Hoffmann, B.A. Wallace, VUV
irradiation effects on proteins in high-flux synchrotron radiation circular
dichroism spectroscopy, J. Synchrotron Radiat. 12 (2005) 517-523.

[26] H. Fukuda, M. Arai, K. Kuwajima, Folding of green fluorescent protein
and the cycle3 mutant, Biochemistry 39 (2000) 12025-12032.

[27] H. Scheer, Biliproteins, Angew. Chem., Int. Ed. Engl. 20 (1981) 241-261.

[28] J. Sasaki, M. Kumauchi, N. Hamada, T. Oka, F. Tolunaga, Light-induced
unfolding of photoactive yellow protein mutant M100L, Biochemistry 41
(2002) 1915-1922.

[29] A.A. Pascal, Z. Liu, K. Broess, B. Oort, H. Amerongen, C. Wang, P.
Horton, B. Robert, W. Chang, A. Ruban, Molecular basis of photoprotec-
tion and control of photosynthetic light-harvesting, Nature 436 (2005)
134-137.

[30] Y. Nishiyama, H. Yamamoto, S.I. Allakhverdiev, M. Inaba, A. Yokota, N.
Murata, Oxidative stress inhibits the repair of photodamage to the
photosynthetic machinery, EMBO J. 20 (2001) 5587-5594.

[31] S. Lejnine, G. Durfee, M. Murnane, H.C. Kapteyn, V.L. Makarov, J.P.
Langmore, Crosslinking of proteins to DNA in human nuclei using a 60
femtosecond 266 nm laser, Nucleic Acids Res. 27 (1999) 3676-3684.

[32] P.R. Paradiso, Y. Nakashima, W. Konigsberg, Photochemical cross-linking
of protein - nucleic acid complexes, J. Biol. Chem. 254 (1979) 4739-4744.

[33] Y. Li, J. Zhang, J. Xie, J. Zhao, L. Jiang, Temperature-induced decoupling
of phycobilisomes from reaction centers, Biochim. Biophys. Acta 1504
(2001) 229-234.

[34] K. EI Bissati, E. Delphin, N. Murata, A.-L. Etienne, D. Kirilovsky,
Photosystem II fluorescence quenching in the cyanobacterium Synecho-
cystis PCC 6803: involvement of two different mechanisms, Biochim.
Biophys. Acta 1457 (2000) 229-242.

[35] H. Mao, G. Li, X. Ruan, Q. Wu, Y. Gong, X. Zhang, N. Zhao, The redox
state of plastoquinone pool regulates state transitions via cytochrome b6f’
complex in Synechocystis sp. PCC 6803, FEBS Lett. 519 (2002) 82-86.

[36] C.W. Mullineaux, J.F. Allen, State 1—State 2 transition in the cyanobacter-
um Synechococcus 6301 are controlled by the redox state of electron
carriers between Photosystems I and II, Photosynth. Res. 23 (1990)
297-311.



	Demonstration of phycobilisome mobility by the time- and space-correlated fluorescence imaging .....
	Introduction
	Materials and methods
	Cell culture and sample preparation
	FRAP-FLIP Measurements
	FRAP measurements for determination of diffusion coefficient
	Calculation of the diffusion coefficient
	Photo-crosslink of PBSs

	Results and discussion
	Cell-wide mobility of PBSs
	Artificial contributions involved in the fluorescence recovery and loss
	Determination of the diffusion coefficient
	The “permanent bleaching trance”

	Conclusions
	Acknowledgment
	References


