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A novel cryogenic optical-microscope systemwas developed in which the objective lens is set inside of the cryo-
stat adiabatic vacuum space. Being isolated from the sample when it was cooled, the objective lens was main-
tained at room temperature during the cryogenic measurement. Therefore, the authors were able to use a
color-aberration corrected objective lens with a numerical aperture of 0.9. The lens is equipped with an air
vent for compatibility to the vacuum. The theoretically expected spatial resolutions of 0.39 μm along the lateral
direction and 1.3 μm along the axial direction were achieved by the developed system. The system was applied
to the observations of non-uniform distributions of the photosystems in the cells of a green alga, Chlamydomonas
reinhardtii, at 94 K. Gaussian decomposition analysis of the fluorescence spectra at all the pixels clearly demon-
strated a non-uniformdistribution of the two photosystems, as reflected in the variable ratios of the fluorescence
intensities assigned to photosystem II and to those assigned to photosystem I. The systemwas also applied to the
fluorescence spectroscopy of single isolated photosystem I complexes at 90 K. The fluorescence, assigned to be
emitted from a single photosystem I trimer, showed an intermittent fluctuation called blinking, which is typical
for a fluorescence signal from a single molecule. The vibronic fluorescence bands at around 790 nm were ob-
served for single photosystem I trimers, suggesting that the color aberration is not serious up to the 800 nm spec-
tral region.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Combinations of the optical microscope technique with various
fluorescence-spectroscopic techniques have become promising ap-
proaches to various biological investigations. This is especially the case
for the investigation of photosynthesis, since in-situ fluorescence
spectroscopic analyses offer much information directly related to the
functions of photosynthetic pigment–protein complexes. Actually, mi-
croscope measurements of in-situ fluorescence spectra [1,2] and their
temporal variations with a picosecond time resolution [3,4] have
exerted a powerful impact on photosynthesis research. On the other
hand, fluorescence microspectroscopy studies of living oxygenic photo-
synthetic organisms have had the problemof overlaps of a lot of spectral
components, often resulting in ambiguous interpretations. Since
II; Chl, chlorophyll; RC, reaction
e; CCD, charge-coupled device;
FWHM, full width at half maxi-
oxygenic photosynthesis is managed through the cooperation of a
wide variety of pigment–protein complexes [5], the coexistence of
many fluorescence spectral components is inherent to such organisms.

It has long been known that the problem of spectral overlap can be
reduced by conducting experiments at cryogenic temperatures. In gen-
eral, decreasing the temperature results in a drastic sharpening of the
fluorescence spectrum of each component, leading to a much improved
spectral resolution. From the fluorescence spectrum of a living leaf
taken at room temperature, it is almost impossible to distinguish be-
tween the fluorescence spectral components of photosystem I (PS I)
and photosystem II (PS II). In contrast, a leaf at 77 K typically shows
the fluorescence spectrum of the PS II component, with a double-
peaked band at 686 nm and 695 nm, which is clearly distinct from
that of the PS I component, which shows a specific red-shifted band at
around 710 to 735 nm depending on the organisms [6,7]. We know
that the two peaks at 686 nm and695 nmof the PS II componentmainly
come from the chlorophylls (Chls) bound to its core–antenna com-
plexes, CP43 and CP47, respectively [8–11]. Another benefit of
microspectroscopy at a low temperature is much milder photo-
damage to samples by high-intensity laser irradiation. Additionally, un-
wanted physiological responses of living samples can be suppressed at
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low temperatures. This is extremely useful for observations of a biolog-
ical sample because its fluorescence images in specific physiological
states can be recorded without further perturbing the sample.

Another typical application of fluorescence microspectroscopy is
single-molecule fluorescence spectroscopy,whichhas become a power-
ful tool to study conformational dynamics of photosynthetic pigment–
protein complexes [12–18]. It is necessary to conduct experiments at
cryogenic temperatures for fluorescence detection of a single photosyn-
thetic reaction-center (RC) complex because the complex generally has
a very low fluorescence quantum yield at room temperature due to the
competing, extremely efficient charge-separation. PS I has a very low
fluorescence quantum yield at room temperature, whereas it has a
rather strong fluorescence emission below 100 K [14,19].

A drawback of cryogenicmicrospectroscopy is its limited spatial res-
olution. Basically, there are two methods of cryogenic microscopy. In
one method, the objective lens is set inside the cryostat and immersed
in the cooling medium [12,13,20]. On the other method, the lens is set
outside the cryostat [21–23]. Since, in the former case, the microscope
objective is cooled to a cryogenic temperature, one has to use a single
lensmade of fused quartz that has an extremely lowheat-expansion co-
efficient. In this case, it is difficult to achieve an accurate color-
aberration correction and a high numerical aperture (NA). In the latter
case, one has to use an objective lens with a long working distance,
again resulting in a limited NA. The NA of an objective lens used for
cryogenic microspectroscopy hardly exceeds ca. 0.7. The limited NA of
an objective lens results in not only a limited spatial resolution but
also a limited collection efficiency of the fluorescence. Improvement of
the collection efficiency of fluorescence is critical to the single-
molecule fluorescence spectroscopy.

Here, we propose a novel cryogenic microscope set-up in which the
objective lens is set inside the adiabatic vacuum space of the cryostat.
This arrangement allows a drastically shortened working distance.
Since the objective lens in this arrangement is adiabatically isolated
from the cooled sample holder, we can use a semi-conventional objec-
tive lens composed of a set of glass lenses fixed inside a metal tube.
Here, we use the word semi-conventional because the lens has to be
equipped with an air vent for usage in the vacuum. This type of micro-
scope has already been developed and applied in observations of solid
surfaces [24]. However, no one has tried to develop it for observations
of biological samples. Here, we demonstrate for the first time a high
NA of 0.9 for measurements of biological samples at 90 K by the devel-
oped microspectroscopy system. The temperature can be further de-
creased to 10 K if liquid He is used as a cooling medium. Using the
developed system, we reveal the non-uniform distributions of PS I and
PS II inside a cell of a green alga, Chlamydomonas (C.) reinhardtii. We
also demonstrate that the developed system is applicable to observa-
tions of the single-molecule fluorescence spectra of isolated PS I at
90 K. The improved spatial resolution of the developed system will be
further applicable to the correlative microscopy, which is a recently
emerging technique combining the cryo-electron tomography and the
fluorescence microscopy ([25,26] and the references therein).

2. Materials and methods

2.1. Optical set-up

Fig. 1 is a schematic description of the developed cryogenic micro-
scope. We adopted the inverted laser-scanning confocal microscope
configuration. A home-built vacuum chamber contains an objective
lens (Plan Apo HR100× NA0.9 custom-tailored for compatibility to the
vacuum, Mitutoyo, Kawasaki), a piezo actuator (NS7120-C custom-
tailored for compatibility to the vacuum, Nanocontrol, Tokyo) to control
the fine focus, a hand-made copper sample holder, and a quartz stage
(QS) to support the holder. The objective lens is designed for observa-
tion through a 0.3-mm-thick quartz cover slip. A sample solution is
sealed in a cavity between two circular quartz plates (10-mmdiameter)
with a thickness of 0.3 mm. A Teflon spacer with a typical thickness of
0.05–0.2 mm is clipped between the quartz plates. The copper sample
holder is fixed to the quartz sample stage through four rods made of
thermally insulating polyphenylene sulfide (PPS) resin. The quartz
stage is mounted on vacuum-compatible X–Y stages, and its position
can be coarsely adjusted from outside of the chamber through the two
right-angle arranged linearmanipulators. The sample holder is connect-
ed to the cold head of the cryostat (Microstat, Oxford Instruments,
Eynsham) through a copper braid to maintain the flexibility of the rela-
tive position of the holder with respect to the cold head. The bellows
component allows the vertical movement of the bottom plate of the
chamber fixing the objective lens. The focus can be coarsely adjusted
by the vertical movement of the bottom plate.

Either a He–Ne laser (1137P, JDS Uniphase, Milpitas) or the second-
harmonic generation light from a Ti:sapphire laser (MaiTai, Spectra-
Physics, Mountain View) is used for the excitation light source. The
excitation beam is reflected by a dichroic mirror and a pair of galvanic
mirrors (VM500 plus, GSI, Bedford) and enters the objective lens
through a quartz window at the bottom of the chamber. The lateral
scanning of the focal point is carried out with the galvanic-mirrors.
The fluorescence collected by the same objective lens passes in the
opposite direction to the excitation beam, goes through the dichroic
mirror, and is focused into the entrance slit of the polychromator
(MS2004i, SOL instruments, Minsk). The fluorescence signal is detected
with either an avalanche photodiode (APD) (id100-MMF50, ID
Quantique, Geneva) or a liquid-nitrogen cooled charge-coupled device
(CCD) camera (PyLoN:100BR eXcelon, Princeton Instruments, Trenton).
The wavelength-dependent sensitivities of the system are estimated by
measurements of the emission spectrum of a standard halogen lamp lo-
cated at the sample position. As shown in Fig. S1, the sensitivity curve
does not show any sharp wavelength dependence over the spectral
range of interest. In the present study, therefore, we omitted the sensi-
tivity correction.

The upper surface of the vacuum chamber is closed with a transpar-
ent acrylic window in order to maintain optical access from the upper
side. A white light-emitting diode (LED) (MCWHL2-C3, Thorlabs,
Newton) and a set of lenses and irises realizing the Kohler illumination
are set over the acrylic window for measurements of a transmission
image through the sample. When a transmission image is measured,
the reflectingmirror is replacedwith a halfmirror, and the light through
the sample is focused with an imaging lens onto a CMOS camera
(Wraycam-G500, Wraymer Inc., Osaka).

2.2. Fluorescence beads spin-coated on a quartz surface

A suspension of fluorescence beads with a diameter of 200 nm
(F-8807, Life Technologies Japan, Tokyo) was appropriately diluted
with a 1% (w/v) polyvinyl alcohol aqueous solution. The solution
was then spin-coated on a circular quartz plate with a thickness of
0.3 mm to obtain a thin film. The spinning rates were at 500 rpm for
the initial 15 s and 2000 rpm for the following 60 s [27].

2.3. Sample preparation of C. reinhardtii living cells

Cells of wild-type C. reinhardtii strain 137c were grown
in a Tris-acetate-phosphate (TAP) medium [28] under low light
(~20 μmol photons m−2 s−1). The concentration of the cells was ad-
justed by centrifugation and re-suspension to the culture medium.
The culture medium was mixed with the same volume of glycerin
tomaintain the transparency of the solution andwas sealed in the sam-
ple holder. The cells were incubated under dark for ca. 10 min and irra-
diated with PS I light (the white-LED light through a R72 long-pass
filter, ~8 μmol photons m−2 s−1) to induce state I. After the 10-min
irradiation, the cooling process was started with a continuous liquid-
nitrogen flow. The irradiation was continued until the sample tempera-
ture was below ca. 0 °C.



Fig. 1. Schematic view of the developed cryogenic microscope. LM: linear manipulator; QS: sample stage made of quartz; CH: cold head of the cryostat; MO: microscope objective;
PZ: piezoelectric actuator; BS: ball-screw driving mechanism; LED: white light-emitting diode; RM/HM: reflecting mirror for the laser-scanning mode or half mirror for the transmission
imaging mode. The shaded region indicates the adiabatic vacuum space.
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2.4. Sample preparation of photosystem I isolated from Synechocystis sp.
PCC 6803

Photosystem I (PS I) with histidine-tagged PsaL was purified
from Synechocystis sp. PCC6803 (Kashino et al., unpublished) by Ni-
affinity chromatography as described previously [29], with some modi-
fications. Protein complexes were solubilized with 1% n-dodecyl-β-D-
maltoside (DM), separated in buffer A (25% glycerol, 50 mM Hepes-
NaOH, pH 7.8, 10 mM MgCl2, 10 mM CaCl2, 10 mM imidazole, 0.02%
n-dodecyl-β-D-maltoside) using Ni-NTA super flow resin (Qiagen),
and eluted with the buffer including 200 mM imidazole. The eluted PS
I complexes were concentrated using a Vivaspin centrifugal filter unit
(MWCO 100 kDa, Sartorius) and stored at −75 °C. The PS I complexes
were diluted to various concentrations with a buffer (20 mM Tricine–
HCl, pH 7.5) containing 25 mM MgCl2, 5 mM sodium ascorbate, and
0.4 mMDM. For the single-molecule measurements, we used solutions
with a PS I trimer concentration of 6.7 pM. The sample solution was
sealed in the sample holder, incubated under dark for ca. 10 min, and
cooled to 90 K.
3. Results and discussion

3.1. Evaluation of the spatial resolution

Fig. 2(A) shows a typicalfluorescent bead image taken at 100 Kusing
the He–Ne laser as the excitation source. The excitation power was
2 μW. To evaluate the full width at half maximum (FWHM) of the
point-spread function (PSF) along the lateral direction,we fitted the ob-
tained bead images to 2-dimensional (2-D) Gaussian functions,
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The averaged FWHM of the PSF at a given axial displacement of
the objective lens was then estimated according to the relation, 2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ln2 � σ xσy
p

. As shown in Fig. 2(B), the averaged FWHM (open
triangles) and the amplitude, A (open circles), of the 2-D Gaussian for
the bead shown in panel (A) were plotted against the axial displace-
ment (de-focus) of the objective. We fitted the amplitude vs. de-focus
plot to a Gaussian function to determine the FWHMof PSF along the op-
tical axis. According to the above procedure, the lateral and axial resolu-
tions of the developed systemwere estimated to be 0.39 μmand 1.3 μm,
respectively. These values are quite consistentwith the theoretical ones,
0.38 μmand 1.4 μm, calculated by the convolution of the theoretical PSF
with a uniform pigment distribution within a spherical bead with a
diameter of 200 nm. Here, the theoretical PSF was calculated assuming
the excitation at 633 nm and the emission at 680 nm, without the con-
focal pinhole.

3.2. Distributions of PS I and PS II in living C. reinhardtii cells

Fig. 3 shows typical fluorescence images of a C. reinhardtii cell with
an excitation wavelength at 440 nm at 94 K. The excitation power was



Fig. 2. (A) A typical fluorescence microscope image of a fluorescent bead with a diameter
of 200 nm. The scale bar represents 1 μm. (B) The averaged FWHMs (open triangles, left
axis) and the amplitudes (open circles, right axis) of the 2-D Gaussian obtained by the
fitting, plotted against the axial displacement of the objective lens. The solid line is the
fitting curve of the amplitude-axial displacement plot to a Gaussian. The dashed curve is
a guide for the eyes.

Fig. 3. Typical fluorescence microscope images of a C. reinhardtii cell at 94 K monitored in
the PS II spectral region (680–690 nm) (A) and in the PS I region (710–720 nm) (B).
Fluorescence-ratio map of the intensities in the PS II region to those in the PS I region
(C). The contours of FlPS II in panel (A) and FlPS I in panel (B) are projected in panel
(C) as the blue and red dotted lines, respectively.
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250 nW at the sample position, corresponding to a power density
of 200 W/cm2 given the beam diameter of 0.39 μm. The images
were reconstructed by using the fluorescence signal integrated over
680–690 nm (A) and over 710–720 nm (B). The former was mainly
emitted from PS II and is designated hereafter as FlPS II, while the latter
was from PS I and is designated hereafter as FlPS I. The thylakoid in the
chloroplast appears as a bright region on the right, while the nucleus
and the surrounding cytosol appear as a dark region on the left. There-
fore, the axis from the apical side, where the flagella extend, to the
basal side is probably oriented from left to right on these images. The
pyrenoid, a subcellularmicro-compartment localized in the basal region
within the chloroplast, is not clearly visible in Fig. 3, probably due to the
limited axial resolution and/or its insufficient development. Fig. 3(C)
shows the fluorescence-ratio map of FlPS II (panel A) to FlPS I (panel B).
Each pixel in Fig. 3(C) contains the ratio FlPS II/FlPS I of the corresponding
pixels in panels (A) and (B), except for those in which signals are less
than a certain threshold level as,

ratio ¼ FlPS II

FlPS I
� θ FlPS I þ FlPS IIð Þ−thresholdð Þ: ð2Þ

Here, θ(x) is the Heaviside-step function which gives zero/unity for
negative/positive x. The threshold value was defined to cut-off non-
chloroplast regions in a ratio map. The blue and red dotted lines in
Fig. 3(C) are the contour projections of FlPS II in panel (A) and FlPS II in
panel (B), respectively. Fig. 3(C) clearly shows a non-uniform distribu-
tion of the FlPS II/FlPS I ratio within a single cell.

To investigate the non-uniform ratio map in Fig. 3(C) in more detail,
wemade a Gaussian-decomposition analysis of thefluorescence spectra
at all the pixels in the image. In the first stage, we carried out a global
fitting of 15 spectra at randomly selected pixels in the image to fitting
curves of the sumof five Gaussian functions. Here, the number of Gauss-
ian functions was set to five according to previous reports [30,31]. The
spectra were plotted against wavenumber as shown in Fig. 4. In this
stage, the center wavenumber and the width of each component were
the global parameters shared by the 15 spectra, whereas the amplitude
of each Gaussian was set as a local parameter. In the second stage, we
fitted all the spectra in the image to the sum of five Gaussian functions
with the center wavenumbers and FWHMs fixed to the values obtained
in thefirst stage. Fig. 4 shows the result of thefirst-stagefitting, inwhich
the fitting curves in blue are in good agreement with the experimental
curves in red. We can clearly distinguish the PS I and PS II components
at around 14,000 cm−1 (714 nm) and at around 14,600 cm−1

(685 nm), respectively. The dotted lines show the spectra of the five
Gaussian components. The obtained values of the center wavelength
(the inverse of the center wavenumber) and the FWHMof each compo-
nent are listed in Table 1 with their estimated standard-deviation
values. The values in the table are basically consistentwith those report-
ed previously [30,31]. According to the assignments of the previous re-
ports, component 1 at 679 nmmainly reflects the fluorescence from the
peripheral antennae. Components 2 at 685 nm and 3 at 695 nm reflect

image of Fig.�2
image of Fig.�3


Fig. 4. Red curves show fluorescence spectra at 15 randomly selected positions of the
C. reinhardtii cell shown in Fig. 3. Solid blue lines are the fitting curves to the sum of five
Gaussian functions. Dotted blue lines show individual Gaussian component spectra.

Fig. 5. Fluorescence-intensity ratiomaps of the C. reinhardtii cell shown in Fig. 3. (A) Ratio
map of the first to the fourth components and (B) that of the sum of the second and third
components to the fourth component. The ratio values of the first to the fourth compo-
nents are plotted against the sum of the intensities of the first to the fifth components (C).
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the fluorescence peaks from CP43 and CP47 in PS II [8–11], respectively.
Component 4 at 714 nm comes from PS I [30,31].

The fluorescence image reconstructed using the intensity of each
Gaussian component is shown in Fig. S2(A) to (C). Fig. 5(A) and (B)
shows the fluorescence-ratio maps of the intensities of the peripheral
antenna and the PS II core complex components, respectively, to those
of the PS I component. Here, the PS II core complex component was cal-
culated as the sum of the spectral areas of the second and third Gaussian
components. Again, we set a threshold value for the calculation of the
ratio to discriminate the pixels with low signals. Fig. 5 clearly reveals a
more intense contrast for the ratio map of the peripheral antenna to
the PS I component in panel (A) than that of the PS II to the PS I compo-
nent in panel (B). Thus, the non-uniform ratio map shown in Fig. 3(C)
seems to bemainly from the non-uniform distribution of the peripheral
antenna.

We have to consider the re-absorption effect on the fluorescence
spectra even at the single-cell level [1]. The effect may have a serious
impact, especially on the estimation of the intensity of the peripheral-
antenna component (the first one), located at the blue-edge region of
the total fluorescence spectrum. To check whether the re-absorption
Table 1
Obtained parameters for the Gaussian decomposition fitting of C. reinhardtii cell.

1st component 2nd component

Peak position [nm] 679.2 ± 0.1 685.1 ± 0.1
FWHM [cm−1] 173.2 ± 1.4 215 ± 4.7
effect induces an erroneous estimation of the ratio maps, we plotted
in Fig. 5(C) the intensity ratio of the peripheral-antenna to the PS I com-
ponent against the sum of the intensities of all five Gaussian compo-
nents. We consider here the horizontal axis of Fig. 5(C) as a rough
measure of the pigment concentration at the given pixel. Thus, points
on the right-hand side of Fig. 5(C) will suffer more from the re-
absorption effect due to the high pigment concentration. Basically, the
points in Fig. 5(C) do not show any correlation, especially below the
total fluorescence-intensity value of ca. 1.4 × 106. However, the ratio
tends to become smaller with the increasing total fluorescence-
intensity value in the region higher than ca. 1.4 × 106. Thus, we cannot
ignore the possibility that the re-absorption effect to some extent re-
sulted in an underestimation of the component 1/4 ratio. The low com-
ponent 1/4 ratio in Fig. 5(A) on the right-hand side of the cell may be
partly due to the re-absorption effect. The development of an appropri-
ate procedure to correct the re-absorption effect is an important issue
for future study.

We believe that the ratio map of the PS II to the PS I components
shown in Fig. 5(B) is relatively free from the re-absorption effect. In
C. reinhardtii, the appressed membrane structures of the thylakoid are
3rd component 4th component 5th component

695.1 ± 0.1 713.5 ± 0.02 729.9 ± 0.2
167.9 ± 4.5 563.8 ± 1.3 1368 ± 4

image of Fig.�4
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Fig. 7. Time-courses of and time-integrated fluorescence spectra of three single PS I
trimers at 90 K. Each spectrum in panels (A-2), (B-2), and (C-2) is accumulated for 1 s
and 120 consecutive spectra are stacked along the vertical axis. The time-integrated
spectra over 120 s of the individual single PS I trimers are shown in panels (A-1), (B-1),
and (C-1). Panels (A-3), (B-3), and (C-3) show the temporal changes in the intensities
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not aswell-developed as those in the grana systemof higher-plant chlo-
roplasts [32]. Even so, preferential localizations of PS II in the appressed
membrane regions have been reported for this species by using the
immunogold labeling electron-microscope technique [33]. Although
the spatial resolution of the present optical measurement is not ade-
quate to resolve the lateral heterogeneity observed by the electron mi-
croscope, the observed non-uniformity in the PS II/PS I ratio map in
Fig. 5(B) might correspond to the non-uniform distribution of the ap-
pressed membrane structures within the chloroplast.

3.3. Single-molecule fluorescence spectroscopy of isolated cyanobacterial
PS I

Fig. 6 shows a typical fluorescence image of a PS I solution diluted to
a concentration of 6.7 pM. The excitation was done by a 100-μWHe–Ne
laser at the sample position. The image was taken at 90 K and was re-
constructed by using the fluorescence signal integrated over the 700–
730-nm spectral range, which is known to be the main fluorescence
band of cyanobacterial PS I at cryogenic temperatures. From the values
of the protein concentration of 6.7 pM and the thickness of the observed
volume equal to the axial resolution of 1.3 μm,we estimate that onewill
find on average 0.6molecule of PS I per 10 μm×10 μmobservation area.
Since the density of the spots in Fig. 6 is comparable to the above esti-
mation, we believe that each bright spot in the image corresponds to a
single PS I trimer. As shown in Fig. S3, experimental results with varying
protein concentrations are also in line with our interpretation.

Fig. 7panels (A-2), (B-2), and (C-2) show typical temporal chases of
fluorescence spectra of three individual single PS I trimers. Each spec-
trum was taken with an accumulation time of 1 s, and 120 consecutive
spectra corresponding to a 120-s chase are stacked in the graph. The
time-integrated spectrum shown in panel (A-1) has a main band at
around 725 nm, whereas those in panels (B-1) and (C-1) have peaks
at around 717 nm. The spectrum in panel (B-1) has an additional peak
in the shorter wavelength side at around 675 nm. The fluorescence
bands at around 680 nm and 710–725 nm are attributed to the emis-
sions from the bulk Chl and the red Chl pools, respectively. Here, the
red Chl pools are pigment groups that have excited-state energies sub-
stantially lower than those of ordinary (bulk) Chl. The red Chl pools are
specific to PS I and are considered to be composed of dimeric or trimeric
Chls. The red shift of the excited-state energy is considered to be in-
duced by the strong excitonic coupling and mixing of a charge-
transfer (CT) nature to their excited states [34,35]. The PS I monomer
complex contains ca. 100 Chls. The light energy absorbed by one of
Fig. 6. Typical fluorescence microscope image of a 6.7-pM PS I solution at 90 K.

of thefluorescence bands integrated over the 710–730-nm range (blue, bottomhorizontal
scale) and the 790–810-nm range (red, top horizontal scale).
those antenna Chls is partly quenched by P700 or P700 cation, and the
residual is funneled into a red Chl pool at cryogenic temperatures.
Therefore, the red Chl pools are the main fluorescence emitters in PS I
at low temperatures. The number of the red Chl pools was estimated
to be three to four, each containing two to three Chls [34,36,37]. Fig. 7
reveals that, even at 90 K, some single PSI trimers show strong emis-
sions from the bulk Chls, while others do not.

Blinking of the fluorescence, which is typical for a single molecule
emission, was observed for the molecules shown in Fig. 7(A) and (B).
To our knowledge, this is the first observation of the blinking of a single
PS I fluorescence. The temporal changes of the fluorescence intensities
in the 710–730-nm wavelength region are shown as blue lines on
panels (A-3), (B-3), and (C-3). In the present preliminary study, fluores-
cence spectra of twelve PS I trimers were chased. Five out of the twelve
molecules showed blinking behaviors, whereas the other seven showed
fluorescence spectra without conspicuous intensity fluctuations as in
Fig. 7(C). Among the five showing blinking, only the molecule shown
in Fig. 7(A) exhibited a blinkingwith high contrast, inwhich thefluores-
cence intensity in the dark state dropped ca. 30% of themaximum level.
On the other hand, although sudden changes of fluorescence intensity

image of Fig.�6
image of Fig.�7
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were observed for other four molecules, the fluorescence intensity
remained at 50 to 70% of the maximum during their dark states as in
Fig. 7(B). The variable depth (contrast) of the blinking among individual
molecules is consistent with the fact that PS I studied here forms a tri-
mer. The complete bleach will be rare because it is realized only when
all the three monomers turn to the dark state at the same time. The
molecule in Fig. 7(A) exhibits three emitting states, i.e., dark (48–58 s
and 77–85 s), medium bright (0–40 s), and bright (40–45 s, 60–70 s,
90–100 s, and 110–120 s). The dark, medium bright, and bright states
may correspond to the situations with only one of the three monomers
emitting, two of the three emitting, and all the monomers emitting,
respectively.

Themechanismof the blinking of thefluorescence from the single PS
I trimer is not clear at the moment. The primary candidate for the
quenching state is the cationic form of P700, the primary electron
donor of PS I [19]. The P700 cationic form has been known to be accu-
mulated under a high irradiation condition as in the present experiment
[38]. A slight conformational change in the protein surrounding both
the red Chls and the bulk Chls may affect the overall excitation-energy
pathway in the complex [17,39]. Thus, slight conformational fluctua-
tions may cause the temporal modifications of the energy-transfer effi-
ciency to the quenching state. It is known that, with an increase in
temperature, the fluorescence quantum yield of PS I remains at the
same level up to ca. 80 K but starts to decrease with further heating
[15,19]. The blinking at 90 K may be related to the reported decrease
of the fluorescence quantum yield. The temperature dependence of
the blinking properties is an important issue for future study. Statistical
properties of blinking, such as the distributions of the durations of
bright and dark states, are of crucial importance to reveal the mecha-
nism of blinking.

In Fig. 7(A-1), a week fluorescence band at around 800 nm is visible.
This band can be assigned to a cluster of vibronic bands located ca.
1000 cm−1 lower than the 0–0 emission band at around 710–725 nm.
In Fig. 7(A-3),we show the temporalfluctuations in the fluorescence in-
tensity of themain band at around 720 nm (blue) and the vibronic band
at around 800 nm (red). The intensity fluctuations of the two bands are
clearly in phase, indicating that the weak fluorescence band at around
800 nm is not an artifact but a real signal. Thus, we demonstrate here
that the developed cryogenic microscope system is applicable to
the vibronic spectroscopy of single photosynthesis complexes [40], re-
quiring a color-aberration-free objective lens over an expanded spectral
range to near IR. Recently,Matsushita and co-workers have reported the
development of a cryogenicmicroscope equippedwith a reflection-type
objective lens, which is almost free from color-aberration over a wide
spectral range [41,42]. As shown in Fig. 7, our system maintains a com-
parable achromaticity to their system, at least in the 600-nm to 900-nm
spectral region.

4. Conclusions

The developed cryogenic optical microscope set-up has enabled us
to use an objective lens with a high NA of 0.9 at liquid nitrogen temper-
atures. The obtained spatial resolutions, 0.39 μm and 1.3 μm along the
lateral and axial directions, respectively, almost achieved the theoretical
limit. The system has been proven to be applicable to mapping the non-
uniformdistributions of PS I and PS IIwithin a green algal cell and also to
the fluorescence detection of a single PS I trimer. The color aberration
was not serious up to the spectral range of 800 nm, allowing the detec-
tion of vibronic fluorescence bands of Chls bound to a single PS I.
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