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Abstract

Oxygenic photosynthesis is performed by the twatgéctive units, photosystem | (PSI)
and photosystem Il (PSIl), that utilize light enetg generate the electron flow from water to
NADPH. Photosynthetic organisms have developed amgsms called state transitions to
regulate the excitation balance between the twis usince the balance is constantly disturbed by
fluctuation in light quality. The traditional stateansitions model assumes shuttling of a light-
harvesting complex called LHCII between the two.R8sddition, some previous studies have
suggested the appearance of the isolated LHCIIdtuneither PSs, in parallel with the shuttling
of LHCII. This isolated or free LHCII down-regulatéhe energy flow to PSs. These functions
have a significant effect on the efficiency of pisynthesis, which is a potential key to improve
a crop production. However, there has been no tdiodgservation of the intracellular
rearrangements and the excitation energy transfestigs of LHCIl upon state transitions.
Recently, the establishment of cryo-electron micopy and cryo-electron tomography methods
has facilitated our understandings of the molectiarctures and intracellular distributions of the
photosynthetic proteins. On the other hand, chaimgeotein-protein interactions in response to
the external stimulation, such as the state triansitare reproduced only under the physiological
environment within the chloroplast. My doctoral@asch has focused on the development of
novel cryogenic optical microscope systems thétasfirst in the world to provide fluorescence
spectrum and fluorescence lifetime simultaneousivary pixel position on an image of a cryo-
treated specimen. This was achieved by combiniagtiio-microscope system with either the
time-correlated single photon counting setup orstineak camera. Here, | demonstrate that this
system is an innovative imaging method to realizmemcomprehensive investigation on the
dynamic changes in excitation energy transfer kiedbased on the rearrangement of protein
supercomplexes in living cells. | have succeededtlie first time in the world in spatially
resolving the intracellular PSllI-rich and PSI-rigdgions by operating the developed system for
imaging of a unicellular green algahlamydomonas reinhardtii at 80 K. A time-resolved
fluorescence spectrum measurement within the ifieshiiocal regions have revealed the change
in the excitation energy transfer kinetics from UHO PSs upon the state transitions. Moreover,
the simultaneous acquisitions of the spectrum himtdscence decay kinetics enabled to specify

the presence of the highly quenched and red-sHiite®0-695 nm) LHCII which colocalized in



the PSl-rich region upon the state2 induction. ®heerved red shift of the peak wavelength
suggested the formation of LHCII aggregates. Intaag | have challenged to develop a STED
microscope system that operates at low temperataresore clearly resolve segregations of
intracellular PSII-rich and PSI-rich regions. Altlgh | have confirmed the advantages of the low-
temperature environment for efficient stimulatedssion, | could not succeed in improving the
spatial resolution probably due to the problemhia quality of the donut-shaped STED beam at
the focal plane. In parallel with the developmehthe cryogenic optical microscope system, |
also began collaborative research on the developofes novel model sample with thylakoid
membrane arranged on the substrate for easy mopiesobservation. | devoted my doctoral
research to establish a novel in-vivo platform taerstand the photophysical and biochemical
processes in photosynthesis and to inspire thegulesf genetically modified crops for

improvement of crop production.
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Chapter | General Introduction

1-1Photosynthesis

Most life on the earth depends on the oxygenidgsymthesis carried out by plants,
algae, and cyanobacteria. These organisms capinliglg energy to convert water and carbon
dioxide into organic matter and oxygen moleculeshasvn in the following chemical equation.

6C0O, + 6H,0 — C4H 1,04 + 60, (Equation1 —1)

In eucaryotic photosynthetic organisms, oxygeniotpsynthesis is conducted in an
organelle called chloroplast. the process of theplizated oxygenic photosynthesis can be
broadly divided into two steps, thylakoid reactimd carbon-fixation reaction (Fig. 1-1). This
thesis focuses only on the thylakoid reaction. fhilgéakoid reaction is performed in the thylakoid
membrane, which is a lipid bilayer filling the inir of a chloroplast and forms a special 3-D
structure [1, 2, 3]. In this reaction, sunlight egyeis consumed through a series of processes such
as light harvesting, charge separation, electramsport, proton pumping and proton transfer to
synthesize the final products, adenosine triphasph@TP) and nicotinamide adenine
dinucleotide phosphate (NADPH). Carbon fixationctamn is performed in stroma which is an
aqueous solution space between the thylakoid memalanad the chloroplast inner envelope. ATP
and NADPH are essential for driving the Calvin Bemsycle which is the core reaction scheme
of the carbon fixation process. NADPH and ATP avesumed in the Calvin-Benson cycle and
eventually converted to NADRand adenosine diphosphate (ADP), respectively.gémerated
carbohydrates form the basis of most energy resdordife on the earth. NADPand ADP are
reused in the thylakoid reaction for reproducti6ADP and NADPH.

1-2 Thylakoid Reaction

Figure 1-2 (a) shows an illustration of intersaiicture of chloroplast. The thylakoid
membrane is divided into two completely differeagions, stacked membrane region called grana
and unstacked membrane region called stroma lam&liehloroplast contains two types of
photoactive pigment proteins, photosystem | (P8¢) photosystem Il (PSII). These proteins are
embedded in the thylakoid membrane, and it is knthah PSIl is abundant in the grana region,
while PSI is abundant in the stroma lamella regl8ll core part is mainly composed of three

sub-domains, reaction center (RC: mainly compodgeal leeterodimer of D1 and D2 subunits),



and the core antenna subunits C43 and CP47, whBi®hss composed of several subunits
surrounding the two main core proteins, PsaA amBRBig. 1-7).

Chlorophylls (Chls), which mainly play the roles absorption of photon energy,
transmission of excitation energy, and electrondfer are contained in the subunits of PSII and
PSI (PSs) (Fig 1-3, Fig. 1-4). In general, PSs coraplexes have about 35 Ghand about 100
Chl-a, respectively. The light energy absorbed by aeramd Chl is transferred to the RC where
the charge-separation reaction occurs. The primdampr (PD) is located at around the center of
PSs. PDs of PSI and PSII are often called P680Pai0@), respectively, according to their peak
wavelengths observed by the transient absorpticaasorements. Although PD of both PSI and
PSIl used to be assigned to the central dimeris €lled special pair according to the structural
similarity to the bacterial RC, later studies [10@)ve revealed that PD of PSIl is more likely to
be the neighboring Chl called accessary Chl. Iotemas between Chls and the proteins affect the
diversity of their excitation energy. There are mhaithree interactions: 1) Direct action of the
charged amino acid residues, 2) the side chainsemded to the chlorin ring (Fig. 1-4) with a
single bond are rotated by peripheral amino aadidues and 3) The distortion of the chlorin
ring by the coordination of amino acid to the cahtnagnesium ion.

The excitation energy of each Chl tends to be high¢he periphery of the proteins, forming a
funnel-like excitation energy landscape to proneffecient energy transfer to PD. Fast energy
transfers to the PD ensure the higher charge depaeftficiency because this light-harvesting
process competes with the spontaneous decay pighent excited state due to the fluorescence
emission and heat dissipation. The excitation gnergan antenna Chl rapidly migrates among
many antenna pigments and finally arrives (is teap)at the PD where the energy is consumed
by the charge-separation reaction. The energyfaaits PD and the subsequent trapping takes
within 20 to 300 ps, and the maximal quantum yadhe charge separation is close to 1.0 for
PSl and 0.9 for PSII [4, 5].

Schematic illustrations of the linear electroowfland correlation of a redox potential
with each step of the flow (Z scheme) are showFign 1-2 (b) and Fig. 1-5, respectively. Charge
separation at the PD generates the cationic ara@hiangpecies with higher and lower redox
potentials, respectively. In PSII, the charge sajpam forms the oxidation power to extract
electrons from water molecules through an oxygesiviivg complex (OEC) at lumen side. The

primary electron acceptor from PD in PSIl (P680pieophytin (Pheo). Pheo has the same



structure as Chl except for the central metal ieplaced with hydrogen atoms. Two-
plastoquinone molecules called Quinone A and B &Qd @, respectively) are the subsequent
electron acceptors in the electron-flow chain. Dpubduced @ accepts two protons from the
stroma region to yield a hydroquinonesff), which dissociates from PSII, diffuses within the
thylakoid membrane, and binds to the lumen sideytdchromebsf complex, a large multi-
subunit protein, to feed electrons to it. This g&induces the transmembrane proton transport
from the stromal to lumenal side. The cytochrdogfethen transfers electrons to plastocyanin
which reduces oxidized PD in PSI (P700). The asmeties generated from the charge separation
of P700 feeds electron to three iron-sulfur clstigr, Fs, and k) via two electron acceptor
molecules (A, A:). Electron is transferred from the ion-sulfur ¢rs to ferredoxin, then a
membrane-associated flavoprotein, ferredoxin-NARuctase, which reduces NADRo
NADPH. In short, the two-step charge separatiorid3s and a linear electron transfer from PSII
and PSI lead to pumping of electrons in water md&owhich is an abundant resource on the
earth, to the species NADPH with the higher redateptial.

The ATP synthesis is driven by the chemiosmotiacimaeism, which utilizes the
difference in the chemical potential of protonswen inside (lumen) and outside (stroma) the
thylakoid membrane. The proton pumping is mainlgvoked by the following two factors. 1)
The oxidation reactions of water molecules at OE@SI release protons to the lumen side. 2)
Electron transfer via quinone pool and cytochrdiienvolves transmembrane proton transport
from the stromal to lumenal sides. Higher conceiatnaof proton in lumenal side facilitates the
proton flow back to the stromal side through thé&Alnthase, which is an enzyme catalyzing the

ATP synthesis reaction by using the proton motored.

1-3Light Harvesting Complex (LHC)

The absorption of a photon by a pigment is th& Step in photosynthesis. A light
harvesting complex (LHC) is a photoactive pigmgm@otein complex that absorbs the light
and transfers its excitation energy to RC to dtha photochemical reaction. While the designs
of the organizations of RC are highly conserved tive all species, those of LHCs have a large
variability, reflecting the evolutional acclimatiom the various living environment. For example,
organisms living in water or in a low-light envirment have developed a large LHC antenna

system, whereas plants seem to have a smaller dmet mmodular system to quickly respond to



the typical changes in light intensity illuminated land. In the green lineage (green alga and
plant), light harvesting complexes Il (LHCIIl) an@UHCI) are representative LHCs that surround
the outside of the PSs and play as antenna talfieegkcitation energy [6, 7, 8]. Here, | focus on
the LHCs contained in the unicellular green aifamydomonas reinhardtii, which is a target
organism in this studyChlamydomonas has relatively a larger amount of LHCs associatid
each PS in comparison with plants.

LHCII apoproteins encoded hycb genes mostly attached to PSIIGhlamydomonas,
there are elevehhcb genes encoding apoproteins of nine LhcbM isoforrhglv presumably
form the trimeric LHCIl and two monomeric Lhcb peats known as CP26 and CP29 [11, 12].
At present, three types of LHCII-trimers, stronglyund LHCII trimers (S-LHCII), moderately
bound LHCII trimers (M-LHCII), and naked LHCII triens (N-LHCII), have been found that are
distinguished by their different affinities for R$14] (Fig. 1-7 (a)). On the other hand, PSI keeps
binding ten LHCI monomers (Lhcala, Lhcalb, Lhca2d9) [9, 10, 13] (Fig. 1-7 (b)).

LHC not only feeds energy to the PSs, but alsgspkeveral acclimation roles in
response to changes in the external light enviromEhe intensity of sunlight irradiating
chloroplasts fluctuates rapidly due to shadowslafids, other leaves, and so on. In high light
conditions, excessive light absorption promotegytirgeration of triplet Chls, leading to produce
singlet oxygen and other reactive oxygen speci€SjRwhich damage thylakoid components.
To avoid this photo-oxidative damage, LHC has afion called non-photochemical quenching
(NPQ) that dissipates most of the absorbed enesgyeat [97]. In low light conditions, the
excitation balance between PSs is sometimes diedudbpending on the habitat of the organism.
In particular, green algae, such@damydomonas, inhabit underwater where the wavelength of
the arriving light varies with the depth, and thefuations in the irradiation-light spectrum are
thought to cause an unbalanced excitation influP®s. The tate transitions have been regarded
as responsible functions of LHC for preservingdkeitation balance between PSs as descried in

detail in the next section.

1-4History of Study on State Transitions

Since PSs include Chlis with the diverse excitatinargy levels, they exhibit distinct
absorption characteristics [18] (Fig 1-6). In @blislight region, PSI has a broad absorption peak
in the far-red region (700 - 710 nm), whereas P&1ors blue light region (460 - 530 nm). An

imbalance of energy distribution between PSs témdscur in natural environments, where light



quality and quantity fluctuate constantly. To eesaptimal photosynthetic efficiency, the state
transitions serve as light acclimation mechanisnchdbroplast to balance energy distribution
between PSs [19, 20].

The state transitions include two distinct stat¥sen an illumination light prefers to
excite PSI over PSII, LHCII feed their absorbedrgpeto PSIl (statel). On the contrary,
predominant excitation of PSII over PSI inducesramease in the energy supply to PSI. The
transition from statel to state2 has been considerproceed according to the following steps:
1) Predominant excitation of PSII over PSI leads tacnareased redox of the quinone pool.

2) The kinases called sttTlilamydomonas) and stn7 (plants) are activated via the bindihg o
the reduced quinone to cytochromgas the triggering signal [21, 22].

3) The activation of stt7/stn7 induces the phosphtigraof the threonine residues of LHCII,
causing its disassociation from PSII [23].

4) Phosphorylated LHCII preferentially attaches to.PSI

In short, the shuttle of LHCII depending on its ppborylation is presumably the main

mechanism of the state transitions.

The phenomenon of the state transitions was d@sed half a century ago [25, 26].
Down to the present day, wide variety of technidusge been used to quantify the ratio of LHCII
that actually moves upon the state transitionShlamydomonas which is a model organism for
studying the state transitions. Just before ergehie 23 century, absorption spectroscopy and
photoacoustic technique were used to determinaaaase in the antenna size for PSI of 50% in
state2 [27]. In the last decades, genetic and bioatal techniques have revealed that a part of
LHCII moves to PSI upon statel to state2 transif@8) 29]. These studies also suggested the
existence of isolated LHCII (free-LHCII) which dowagulates the energy flow to PSII. A
combination of circular dichroism and absorptiorcposcopy was used to quantify the ca. 20%
enhancement of PSI antenna size during the statsitions, whereas the decrease in PSII antenna
size was estimated at ca. 70%, supporting existehcaich free-LHCII [30]. Studies using
picosecond time-resolved fluorescence spectrosebgigquid-nitrogen temperature suggested
that the free-LHCII turns into its quenching formgrevent a generation of ROS [31, 32]. This
suggestion is consistent with an observation bgréacence lifetime imaging (FLIM) [33, 34].
On the other hand, Nawrocki et al. revisited thmuésby using a plastocyanin-lacking mutant

which allows the measurement of the PSI antenr& [8&]. They indicated that the reduced



antenna size in PSIl was nearly compensated byntrease in PSI, suggesting that a large
fraction of LHCII actually shuttles between the tR8s and few LHCII remains isolated from
both PSs. Thus, this study explicitly excludeddabeumulation of free LHCII.

Recently, our understandings of overall architexs of the LHCII-PSII super complex
and LHCII-LHCI-PSI super complex in both statel atate2 have been facilitated with the near-
atomic spatial resolution. These advancement has decomplished by the establishment of the
single-particle cryogenic electron microscope (eBM) method and advances in the purification
techniques of intact LHCII-bound super complexeseldaon adoptions of various mild detergents
such as nonionic amphipol [14, 15, 39, 40]. Thénlyigesolved architecture allows us to count
the number of LHCII trimers included in each supemplex. In addition, the structural studies
clarified the locations and orientations of thenpanent dipole moments of Chis bound to the
super complexes, enabling us to estimate energgfeapathways from LHCII to PSs cores [41,

42).

1-5 Importance and Purposes of My Research

The higher-resolution structures of the super dergs have served us reliable
knowledges related to the state transitions, saahanges in antenna size and its energy transfer
pathways to the core complexes. Nonetheless, thetil a gap in the definite understanding of
LHCII migration and functional change upon theestaansitions, as summarized below.

1) Uncertainty of changes in net LHCII antenna sizeé &5 energy transfer in vivo situation
probably occurring in a peripheral pool of LHCII iwh may be lost during purification.

2) No evident for localization and function of free-CH.

LHCII binds to super complexes with a relativelyekenteraction so that it can be flexibly

detachable in response to illumination conditidrtes may result in loss of the antenna protein

during the purification process. Some in vivo sésdnsisted that the number of LHCII trimers

can be far larger than in the purified super coxgdd43].

Recently, advance in cryogenic electron tomografainyo-ET) with sub-nm spatial
resolution enabled to observe the distributionha&f photosynthetic proteins embedded in the
thylakoid membrane i€hlamydomonas [44]. Although the method succeeded in visualizimeg
exact intracellular distributions of the two PSSIRs abundant in the grana and PSI is abundant

in stroma lamella as mentioned in session 1-2) tilizing the difference in the length of



protrusions from the membrane, little is known aldocation of free-LHCII. This is because they
are entirely embedded within the highly electrongie thylakoid membrane and have no
significantly protruded domain from the membraneeizthough, affinity mapping atomic force
microscopy method have succeeded in visualizingciBgally cytochromebsf within the
membrane [45]. This technique adopted a probe pldktocyanin having a specific affinity to
the cytochromebsf, which is not applicated to LHCIIIn addition, cryo-ET and atomic force
microscope (AFM) techniques with the nanometer ltgimms have no accessibility to
information on the protein function such as endrggsfer.

It is necessary to establish a new experimentahodethat enables in vivo observations
of LHCII localizations with the ability of its furtional analysis, overcoming above problems.
Optical microscope is a strong tool to visualize s$ub-micrometer scale structure and the
distribution of a protein of interest in an intaedl. This method, if it is combined with advanced
spectroscopic techniques, also allows us to kndwnetics of excitation energy transfer within
protein complexes of interest with the benefit sihg light as an exploration medium [34, 35, 36,
37].

One of bottlenecks in resolving the intracelludistributions of photosynthetic
components using optical microscope is the difficih the spectroscopic decompositions into
the specific components due to severe spectrallapgeramong the components at room
temperature. A very low fluorescence quantum yadldPSI at room temperature [46] is also
problematic for fluorescence microscope observatida eliminate these problems, fluorescence
spectroscopy on intact photosynthetic systems fas dbeen performed at low temperatures
where PSIlI and PSI give well-separated emissiorddaat around 685 nm and 720 nm,
respectively [31, 32, 47, 48, 49]. Moreover, thewslown of the energy transfer at low
temperatures enhances the chance to observe tasi@mtomponent from LHCII which usually
appears at the blue edge of the Chls emission {F@gd1-8) Recently, an optical microscope
system operative at cryogenic temperatures havedmaloped in our laboratory. The developed
system was designed to set a microscope objectthinvheat-insulating vacuum chamber. This
design realized a drastic reduction of the distdmei®een the sample and the objective lens,
enabling the use of a high-numerical aperture (MA¥. The spatial resolution of our system is
about 400 nm, which was shown to be sufficientistinbuish grana in the chloroplast [50 - 56]

(Fig. 1-2). Using this system, we succeeded inaliging the intracellular heterogeneity of the



two PSs of intacChlamydomonas cells [50].

Another bottleneck is the difficulty in determinirtbe fluorescence quantum yield
(FQY) which is affected by changes in the statehwbmoproteins. In general, the fluorescence
intensity of a fluorescent species is proportidnahe product of its concentration and FQY. The
inhomogeneity of intracellular FQY prevents to nthp local concentrations chromoproteins
accurately based on the fluorescence intensifyaitticular, it is suggested that the FQY of LHCII
bound to two PSs is significantly different fronattof free-LHCII [57 - 59]. Therefore, in order
to determine both the distribution and state ofgfaein of interest, it is necessary to obtain not
only the fluorescence spectrum but also the flummese decay time profile.

In my doctoral research, | have improved the ceyag microscope system in order to
acquire both fluorescence spectra and decays enfitten cryogenic cells simultaneously.
Fluorescence decay measurement allows the estmatiothe FQY independent of the
fluorescence intensity. Using this system, it bee@wossible to simultaneously examine the state
of LHCII (LHCII bound to two PSs or free-LHCII) iaddition to the intracellular distribution of
each of the pigment proteins LHCII, PSII, and A%k main purpose of my research is to verify,
In vivo situation, the changes in net LHCII antesize and its energy transfer, and the location

and function of free-LHCII upon state transitions.

1-6Introduction of STED Microscope
In parallel with the development of the above eystwe also attempted to improve the

spatial resolution of the optical microscope toi@ed a clearer identification of the heterogeneous
distribution of the photosynthetic proteins. Thesaletion needed to image subcellular
architecture and dynamics in an optical microscigpliindered by the diffraction limit and a
structure smaller than 200 nm are lost in a blecdRtly, appearances of super resolution
fluorescence microscopy techniques have brokediffraction limits and allowed us to look at
cells with much better clarity [72]. Most famouspsu resolution fluorescence microscopy
techniques are listed below.

1) Stimulated emission depletion microscopy (STED){68].

2) Structured illumination microscopy (SIM) [73, 74].

3) Stochastic optical reconstruction microscopy (STQRM].

4) Photoactivated localization microscopy (PALM) [7B].



STORM and PALM techniques require dye concentratimw enough to distinguish single
molecules, making them unsuitable for the measunero€ chlorophyll autofluorescence in
photosynthetic systems. Although, SIM can acquiresecutive images of changes in living cells
at a high speed of less than 1 second/image,diffisult to be combined with spectroscopic
measurements and time-resolved measurements. Sire@ only involves the process of laser

scanning of a sample, we applied this techniquediomicroscope.

1-7 Optical Microscope Measurements at Cryogenic Teperature

General advantages of performing imaging of livdagnples with an optical microscope

at low temperatures are summarized below.

1) Increase in the number of fluorescence photons.

2) Immobilizations of macromolecular structures inrity cells.

The total amount of fluorescence photons is limligdhe probability of a chemical reaction of
the excited fluorescent molecule with diffusing dixing agents, which finally leads to
photobleaching and phototoxicity. This chemical ctea rate is greatly reduced at low
temperatures according to the Arrhenius law. Intadd working with cells at low temperature
has the inherent advantage of the fixation tha&to#ifely stops enzymatic and chemical reactions
and structural changes in cell organelles. Thaaadlus to closely observe the structure-function
relationship of the target matter. The previousgtuith cryo-EM has demonstrated that the rapid
freezing is superior to the chemical fixation imts of preserving ultrastructure and minimizing
artefacts [84]. These advantages are very compatith super resolution fluorescence
microscopy techniques as described below.

In a localization microscopy such as STORM and PAInéthods, one stochastically
picks up individual fluorescence signals in a samgrld determine the center of the point spread
function (PSF) from each emitter. The precisiortha$ approach is dictated by the S/N ratio,
which is in turn improved by working under a lownjgerature, as described above. The low
temperature fixation also increases the accuradgaatting target emitters. Weisenburger et al.
succussed in determining the distance between ltweoophores attached within a protein with
sub-nm accuracy utilizing the naturally occurrihgchastic photoblinking, which takes place on
the timescale of seconds and minutes at 4.3 K [[t&¢y used a vacuum-compatible objective

lens mounted inside of vacuum chamber, which idairdesign to our microscope system. Wang



et al. achieved ca. 10-nm spatial resolution byopering STORM at liquid nitrogen temperature
[85]. They applied super-hemispherical solid imri@rdenses which has a shape of a truncated
sphere made of zirconia with a high refractive inde

In addition, as described in Chapter V, the lemperature operation suppresses the
anti-stokes excitation by the STED beam, realizivegefficient STED even with relatively weak
excitation beam. The beneficial performances ofSMED microscopy at cryogenic temperature
have been demonstrated in the recently reportaty $88]. In this system, a sample is pasted
onto a thermally conductive diamond heat exchaagdrcooled by a burst of pressurized liquid
nitrogen, resulting in the achievement of a rajidling rate (200,000 %s). This realized the cell
fixation without mechanical disruption of cell stture by ice crystals or denaturation of lipid

membranes and proteins by ice crystals.

1-8 Impact of the Present Study on Society and Indiry

Here, | describe the significance of our reseandieims of contributions to society and
industry. It is concerned that the crop productiolh not meet the human demand by 2050 due
to population growth, increased consumption of n{8&t 89], climate change [90, 91], and
mandates for biofuels (food crisis [86, 87]). THere, it is necessary to fundamentally revise the
current system of the crop production. In receatggincreasing the efficiency of photosynthesis
has been the focus of attention as a new revolttigmprove crop production [92]. | introduce
several examples below.

As | shown in Fig. 1-6 (a), the two PSs have simalasorption wavelength bands and
work to compete with each other for photons. Thisrene option that CH)-in PSI used by
oxygenic organism is replaced with bacteriochlogdph(BChl)-b included in purple
photosynthetic bacteria [93]. Although this ide@ Inat been demonstrated experimentally, it is
expected that light spectrum utilized for photoggsis extends up to 1075 nm.

In addition, there is an attempt to increase tfieiefcy of energy transfer from LHC
to PSs. The intensity of sunlight irradiating clojolasts fluctuates rapidly due to shadows of
clouds and other leaves. LHC has a photo dissipdtioction, represented by NPQ, to avoid
deleterious photooxidations under excessive lighddions. The structural changes in the LHC
related to NPQ are not rapid enough to catch up thié temporal changes in the solar intensity,

resulting in a large amount of energy dissipatieeneunder weak light. Although Kromdijk et al.
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have succeeded in improving crop production by atr0 % by restricting the expression of the
enzymes involved in the NPQ-inducing conformationbhbnge of the LHC, the molecular
mechanism of NPQ has not been completely clar[Bédl

The major rate-limiting step in the carbon fixati@action, represented by the Calvin-
Benson cycle, is the reaction of ribulose 1,5-bospinate carboxylase/oxygenase (Rubisco) with
CQ,. C4 plants (for example, tropical grasses suchugsircaneSaccharum officinarum) and
corn (Zea mays)) improve this reaction by sequestering Rubis¢o @@mpartments where GG
concentrated. Efforts to incorporate this capapilitto rice, a C3 plant, are being undertaken
through the international collaboration [94, 95].

The motivation for my research is to improve thaterof energy transfer from the LHC
to PSsin order to acclimate for the natural environmehteve the light intensity and wavelength
change drastically, the LHC has light-responsivefions such as NPQ and state transitions, and
we believe that improvement of these processegential key to increase the efficiency of
energy input to PSs. However, the energy transféraat dissipation pathways associated with
these processes have not been fully elucidatees¢pt. One of the major reasons is that we have
not yet established a method for observing thearamdtional changes of LHC in response to the
external stimulations, which can only be perfornmedntact chloroplasts. | have aimed to
establish a new in-vivo method to explore changeshé distribution and function of LHC
involved in state transitions. We believe thatutufe years this method will provide a complete
understanding of the process of energy transfehaatldissipation in the LHC in response to the
external stimulation and provide a new platformdealuating various genetically modified crops

for improvement of crop production.

1-90utline of this thesis

The research contents of this thesis are summanzéte illustrations in Fig. 1-9. |
upgraded our cryogenic system to verify the vasiatn localization and function of LHCII (Fig.
1-9 (a) - (c)). In addition, | started the collahtad research with Assoc. Prof. Morigaki group in

Kobe university to realize establishment of arfiaiéil photosynthetic membrane (Fig. 1-9 (d)).
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| Carbon fixation reaction |

Figure 1-1 A comprehensive illustration representing the thylakoid reaction (left) and the

carbon-fixation reaction (right) in the oxygenic photosynthesis.
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Figure 1-2 Illustrations of internal structure of chloroplast (a) and outline of the thylakoid

reaction (b). Pale black thick line in (b) highlights the linear electron transfer from PSII to PSI.
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Figure 1-3 Overall structure of PSII (a, pdb code: 6KAF) and PSI (b, pdb code: 7DOJ) viewed

from the direction parallel to the membrane. Blue and red cartoons represent polypeptide
chains of PSII and PSI, respectively. Chls are shown in green. The images were reconstructed

by using a software PyMol.
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Chlorophyll b

Chlorophyll a

Figure 1-4 Molecular Structure of Chl-a and b. The chlorin ring containing the n-conjugated
system is indicated by green circle. Magnesium ion is coordinated at the center of the ring.

Inset highlights difference in the molecular structure between Chl-a and b.
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Figure 1-5 Z scheme of oxygenic photosynthesis. It shows the linear electron flow from the

water to NADPH through several electron carrier species. The vertical axis indicates the redox

potential of the carrier species. P680 and P700 represent the PD of PSII and PSI, respectively.
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Figure 1-6 (a) Normalized absorbance spectra of PSI (red) and PSII (blue) purified from

spinach. (b) Difference spectrum between the two spectra of PSs. Blue and red arrows

highlight the wavelengths which preferentially excite PSII and PSI, respectively.
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Figure 1-7 Overall architectures of LHCII-PSII super complex (a, pdb code: 6KAF) and
LHCII-LHCI-PSI super complex (b, pdb code: 7DOJ) purified from Chlamydomonas viewed
from the membrane normal. The images were reconstructed by using a software PyMol. Black
dotted square highlights the two LHCII trimers which is presumably shuttle between PSII and

PSI upon state transitions.
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Figure 1-8 Fluorescence spectra at room temperature (dashed line) and 80 K (solid line)
obtained from intact Chlamydomonas cell suspensions. Colored bands with orange, blue, and

red, highlight the contributions from LHCII, PSII, and PSI, respectively.
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(a) Simultaneous acquirement of fluorescence
spectrum and lifetime at every pixel to
investigate a relationship between localization
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— Chapter IV

(¢) Improving spatial resolution of the
cryogenic microscope by adapting stimulated
emission depletion microscope (STED)
technique.

(d) Development of artificial photosynthetic
membrane (collaborated project with Kobe
univ.)
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Figure 1-9 Summary of my research in doctoral degree.
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Chapter Il Materials and Methods

2-1 Growth Conditions of Chlamydomonas Reinhardtii
For the investigation of the state transitions, weed unicellular green alga
Chlamydomonas (strain 139c) and the stt7-mutant which is defitia the LHCII kinase required
to induce state2. They were kindly gifted from Miaava laboratory in national institute for basic
biology. Chlamydomonas has characteristic cup-shaped chloroplast thabsnds the nucleus
(Fig.2-1). The benefits of this organism as a sanoplour research are summarized as follows:
1) The grana-structures where PSII is abundant ddenaloped well like those of higher plants,
offering us a possibility to spatially distinguigte intracellular segregation of two PSs.

2) Easy optical-microscope observations of chloroptastr structure without purification of it
owing to its dominant occupancy within a cell.

3) Arobust cell wall protects from the internal dare@gused by artificial external forces during
a cooling process.

4) Highly viable, and can be cultivated without spktiieatment or purifications.

5) There are a lot of mutants that are easily availabl

Fig. 2-2 shows the cultivation procedure with sopmotos and images. We used two
types of medium, tris-acetate-phosphate (TAP) aigth Balt (HS), whose compositions are
described in Table 2-1 and Table 2-2, respectivéillamydomonas can grow both
heterotrophically and autotrophically. The HSM mdiis generally used to restore the function
of photosynthesis due to its deficiency of nutritguch as acetic acid, whereas the TAP medium
containing acetic acid induces heterotrophical ghoet the cells.

Isolated PSII-LHCII and PSI were also kindly gifttcom Prof. Minagawa’s group.
Sucrose-density gradient ultracentrifugation in pihesence of amphipol A8-35 was employed
during the purification process in order to maintai stable bond between the core and the
peripheral antenna [15].

For the measurement of the cryogenic optical esimope system as described in
Chapter Il and 1V, the cell suspended in the HSkEdinm was sealed in the hole of a greased
Teflon ring spacer (0.5 mm thick, 10 mm outer amdrf inner diameters) inserted between two
quartz windows (0.3 mm thick, 10 mm diameter) teaapension was set inside the home-built

copper holder (Fig. 2-3).
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2-2 Induction of the State Transitions

As | mentioned in section 1-4, an imbalance @frgy distribution between the two PSs
induces a light acclimation mechanism called tlagestransitions. For the statel induction, the
cell suspension sealed in the holder was incubatda: PSI light (710 nm, ca. 15@nol photons
m-2s?) for 15 min. [34]. For the induction of state2ugbse (20 mM) and glucose oxidase (50
U ml) were added to the sample suspension. Then tpessisn was sealed in the holder and
incubated in the dark for 15 min to keep anaerobidition. This treatment keeps the suspension
under an oxygen-deficient condition, leading tauathn of the quinone pool [38]. Both the statel
and state? inductions were conducted with the teatpee controlled at 28. After these
inductions, the cooling process was started. Thepkawas kept irradiated by the PSI right for
statel or in the dark for state2 until cooled tokBWhen measurin@T T7-mutant, the sample
was similarly exposed to the statel or state2 itiucondition before measurements.

In general, the state transitions cause a langage in the conventional fluorescence
spectrum of chloroplast at 80 K. The fluorescenpecsum of the bulkChlamydomonas
suspension were measured by the conventional Fleter (F4500, Hitachi) to concisely assess
the inductions of the sufficient state transitighiy. 2-4 (a)) [50]. In this case, a 120 W halogen
lamp transmitted through a bandpass filter at fhQuas used as the source of the statel inducing
light. After the induction of the state transitiotise sample was immediately immersed in liquid

nitrogen in a Dewar vessel.

2-3 Preparation of Artificial Hybrid Thylakoid Memb rane

| started the collaborated research with Assod. Rtorigaki group in Kobe university
to realize establishment of artificial photosynibh@hembrane. Very recently, Morigaki and co-
workers have developed a new type of “hybrid memdiiraby incorporating thylakoid
components into supported lipid bilayers within array-patterned template (patterned
membrane) [69, 70]. The empty templates were forrbgdthe photopolymerization of
diacetylene-phosphocholine (Diyne-PC) lipids wilke irradiation of patterned UV light. The
templates have exposed lipid bilayer edges, whiompte the formation of hybrid membranes
consisting of 1,2-dioleoyl-sn-glycero-3-phosphoamel (DOPC) and natural thylakoid
membrane. This hybrid membrane is expected to geod model system to understand

photophysical process of photosynthesis.
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The patterned membrane with an array ok20 um square shaped empty regions
formed on the quartz glass which is used for tegenic microscope measurement was kindly
given by Morigaki laboratory. The preparation praaes of this is briefly described below.

1) Lipid bilayers of Diyne-PC were deposited onto ¢fuarts substrate by vesicle spreading.
2) The polymerization was conducted by UV irradiatibrough a photomask.

3) Nonpolymerized Diyne-PC molecules were removed ftbmsubstrate surface by rinsing
with Milli-Q water extensively.

Incorporation of DOPC + thylakoid membrane was cated in our laboratory according to the

procedure kindly taught by co-worker in Morigakbtaatory. A detail of this procedure is

described below.

4) Both the quartz substrate with a pattered membaiadehe cell shown in Fig. 2-5 were dried
with nitrogen.

5) The substrate was pasted on the cell and immergbd2@0 pL thylakoid buffer (10 mM
NaCl, 5 mM MgC}, 50 mM KHPQs, pH 7.0).

6) Sonicate 30Q.L of 1 mM DOPC containing 1 mol % NBD-PE (DOPC wits headgroup
labeled with nitrobenzoxadiazole) on ice (3W, 36, getimes, interval 30 sec).

7)  Mix 6.54 mL of 0.2415 mg Chl/mL thylakoid membrasmed 93.46 mL thylakoid buffer to
make 100 mL thylakoid suspension.

8) Add 100uL DOPC / NBD-PE solution to the above thylakoidserssion to make 200L
thylakoid / DOPC suspension.

9) Add 120uL of the above thylakoid / DOPC suspension to #ikevehere thylakoid buffer is
immersed.

10) Incubate for 13 ~ 15 min in the dark.

11) Rinse vigorously by flushing thylakoid buffer oritee substrate.

The thylakoid membrane purified from spinach #r@lDOPC / NBD-PE solution was
kindly gifted from Assoc. Prof. Morigaki’s group.

2-4 Home-Built Cryogenic Microscope

We have been developed a novel and hand-madebpticroscope system operative
at cryogenic temperature [71]. Fig. 2-7 shows lstilation and pictures of the cryostat, which
is the core equipment of our cryogenic microscadpe. developed cryostat was designed to set a

vacuum-compatible objective lens (Plan Apo ¥IEO0 NA=0.9, Mitutoyo) within the heat-
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insulating vacuum chamber. This novel design redlithe drastic reduction of the distance
between the sample and the objective lens, enatiimgise of a high-numerical aperture (NA)
lens. The sample holder was connected to the ceddl tof the cryostat (Microstat, Oxford

Instrument) and cooled to 80 K by the liquid-niteoglow. Temperatures at the sample position
were measured with a chromel-AuFe thermocouplesijpswer is reduced by about 90% at the

focal plane due to cut-off at the entrance pupil mansmission of the objective lens.

2-5 Introduction of the Standard Cryogenic OpticalMicroscope System

Fig. 2-8 shows our standard scanning confocal @gymgoptical microscope system.
The excitation laser from CW diode laser (Straddfs, #ortan Laser Technology) at 445 nm was
scanned by a pair of galvanic mirrors (VM500 pl@§l). The objective lens is mounted on a
piezo stage (NS7120-C, Nanocontrol), enabling usdee the lens along the optical axis with
an accuracy on the order of nm. The fluoresceneetspm at each pixel could be measured with
liquid-nitrogen-cooled charge-coupled device (CCBinera (PyLoN:10BR eXcelon, Princeton
Instruments) connected to a polychromator (MS299@il. Instruments). The galvanic mirrors,
the piezo stage, and the CCD camera were syncleahizthe self-written program of a LabView
software (National Instruments), enabling the asitjon of a fluorescence spectrum at every
pixel of a 3-D fluorescence image.

Confocal microscopy is an optical imaging technidae improving optical spatial
resolution, especially along the optical axis, ahgrograph by means of installing a spatial
pinhole to block out-of-focus light in image forrmat. In our system, the 2-D slit equipped before
the polychromator worked as the spatial pinholgugmated with the focal plane. A fluorescence
spot size on the 2-D slit plan® (.. ) was estimated by Eq. 2-1,

0.61 X Aqy

NA (Equation 2 — 1)

@40t = [magnification power]| x

Here, [magnification power] was estimated to about 150, afid.; was calculated to about
72 um. | typically adopted 5@m of the 2-D slit size. This system was used fopmaventional
fluorescence imaging and the main experiment otitleborated project as described in Chapter

VI.

2-6 Introduction of the Cryogenic FLIM System

As | mentioned in section 1-5, a time-resolvedifescence measurement is a strong
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tool for estimation of a concentration of a compunehich have unknown FQY. The most
common and well-established method is that basddeotime-correlated single photon counting
(TCSPC). The principle of TCPSC is the detectiosinfle photons and the measurement of their
arrival times with respect to a reference signaljally the excitation light (Fig. 2-9). The
reference signal is provided by the excitationl@sgnals detected by a PIN photodiode (detector
1 in Fig 2-9), whereas single target photons enhiftem a sample are detected by a photon-
counting avalanche photodiode (detector 2 in Fig).Zhe reference pulse and the fluorescence
photon signal are input into the start and stopwobkks of the TCSPC device, respectively. The
core part of the TCSPC device is the time to amgbitconverter (TAC), which generates an
output signal with an amplitude proportional to thme interval between the two input pulses.
The TCSPC device memorize the output signals tl lauhistogram of the signal amplitudes
corresponding to the time-profile of the fluoresterdecay. TCSPC is a statistical method
requiring a high repetitive light source to accuatela sufficient number of photon events for a
required statistical data precision. On the otlardh an accurate fluorescence time profile cannot
be obtained when the fluorescence signal is so rhattihe counting rate of the photons exceeds
the repetition rate of the excitation light. Thasge should choose appropriate signal intensity to
realize both high accuracy and sufficient S/N ratio

Fluorescence lifetime imaging microscopy (FLIM)da imaging technique, which
allows us to view contrast between fluorophoreshwdifferent lifetimes by means of an
acquirement of a fluorescence decay curve at guzg} of the fluorescence image. We applied
the FLIM technique to our cryogenic microscope aysto investigate a relationship between
localization of LHCII and diversity in its stateigk- 2-10 shows the newly upgraded cryogenic
FLIM system. We used a femtosecond titanium sapplaser (MAITAI, Spectra physics,
Mountain View) for the excitation. Pulses at 460 gemerated by a nonlinear optical crystal BBO
(BaB0Os) were used to excite Chlselectively which is relatively abundant in LHGHhlan in
LHCI and absent in the core part of photosystenffudrescence beam was divided by a beam
splitter (70% reflection, 30% transmission, BSOPRRorlabs). The transmitted 30% beam was
introduced into the same CCD camera as those oséle fluorescence spectral measurements.
The 70% fluorescence reflected by the splitter fwassed into an optical fiber bundle connected
to an avalanche photodiode (APD) (id100-MMF50, IDa@tique SA), which serves as the
detector 2 in Fig. 2-9 and feeds the photon signtdle TCSPC module (SP-130: Becker & Hickl
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GmbH). The two detectors (CCD camera, and APD) idewa fluorescence spectrum and a
fluorescence decay curve at every pixel of an ingdiee same time. To the best of my knowledge,
it is the first achievement in the world to real@simultaneous acquisition of both fluorescence
spectra and decays in a microscopic area. We lpahdpass filter (MX0680, Asahi Spectra Co.,
Ltd.) in front of the optical fiber bundle input selectively detect the LHCII fluorescence at
around 680 nm. The fluorescence beam was focugbeé tmwnfocal pinholed{ = 30um) before

the beam splitter to ensure that both the CCD caied the APD detected the same sample plane.
The fundamental pulse laser was introduced intolM photodiode (S9055, Hamamatsu
photonics), which serves as the detector 1 inZ@and measures the pulse timing as the trigger
signal for the initial point of the time-resolve@gasurements. The cryogenic FLIM system mainly

worked in the experiments described in Chapter Ill.

2-7 Introduction of the Cryogenic Streak-Camera Opical Microscope System

A streak camera is a time domain photodetectat fegepicosecond temporal detection
from multiple input channels coupled to a polychabomn, providing time-wavelength 2D image
(streak image). In biological applications, thisiipowerful tool for evaluation of protein-protein
interactions reflected by such as a kinetics ofgyn&ansfer (For detail, see section 2-15). This
temporal resolution is achieved by converting thieval time of photons into their positions on
the detector. Figure 2-11 (b) shows a schematicstithtion of the streak camera set up.
Fluorescence photons dispersed by a polychromatocanverted into photoelectrons when
entering to the photocathode of the streak candesaveeping electrical field orthogonal to the
traveling direction is applied to deflect thesectiens. The sweeping field varies in time, making
the deflected path direction of the photoelectrepesthds on the original photon arrival time at
the photocathode. In our streak camera, the swgefoitage is linearly risen and synchronized
with a repetitive excitation pulse. As a resultfhie streak image, the horizontal axis represents
fluorescence wavelength and the vertical axis ctfig the deflection distance on the
phosphoscreen is proportional to the arrival tifhhe fluorescence photon.

Recently, | newly upgraded our cryogenic systemesdize the detection by the streak
camera (Fig. 2-12). The basic contents of the dgesl system are similar with the cryogenic
FLIM system described in a previous section. THé fldorescence reflected by the beam splitter

was focused to a multi-mode optical fiber with aecdiameter of 5Qm (M42L05, Thorlabs) and
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delivered to the stage where the streak camera6@7ltHamamatsu Photonics) is mounted. The
fluorescence beam was recollimated by using anctige lens and introduced into the
polychromator coupled with the streak camera. @bisign provides time-resolved fluorescence
spectra at microscope scale, which is a first agment in the world. The cryogenic streak-

camera system mainly worked in the experiment desttiin Chapter IV.

2-8 Introduction of the Cryogenic STED Microscope $stem

| challenged to apply the STED technique with oypgenic optical microscope system
to view a chloroplast clearly with an improved sLl@® nm spatial resolutiod general principle
of the STED technique is described in Fig. 2-13EBTs a point scanning method that uses an
excitation laser beam (Ex. beam) focused on thekatn diffraction limited volume. During the
scanning, fluorophores within this volume are guiffrom electronically ground state to the
electronically excited state. A conventional ogtimécroscope allows fluorophores to drop down
to the ground state with a release of a stokeeshiémission photon. On the other hand, STED
introduces a second laser (STED beam) which hastédrape and induces stimulated emission
from the electronically excited state to vibratilyaxcited state on the electronically ground
state. This process produces a restricted cemtrigk®n area that is smaller than the diffraction
limited spot. Approximating the intensity distrimrt of the daunt-beam central region is

described as,

(Equation 2 — 2)

NAnr)
)

I(r) = Ip sin? (

The spatial resolution in lateral axis is describegd

2 . 1
Dgrgp = ———arcsin

nNA ’
/2 + II—D
sat

where NA is a numerical aperture of a microscogeative, I, is the intensity maximum of the

(Equation 2 — 3)

donut-beam, and,,; is the saturation intensity. This equation evidetiat varying the intensity
of the STED beam controls the amount of resolutigorovement as this intensity increase does
the resolution improvement.

Figure 2-10 shows the optical path of our cryogesil&ED microscope system under
development. The Ex. and STED beams were gendratadhe femtosecond titanium sapphire

laser at 750 nm. The fundamental laser beam wasatepl by a polarizing beam splitter, and one
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beam was entered into a photonic-crystal fiber (880G Newport, Irvine, VA) for generation of
white excitation beam. A wavelength of the Ex. beeas spectrally selected by a bandpass filter
(FLH633-5 Premium Bandpass Filter, Thorlabs), ttherbeam was introduced to the optical path
of our conventional cryogenic system (orange doilin Fig. 2-14). The remaining fundamental
laser beam at 750 nm was used as the STED bearsdliddine in Fig. 2-14) and was passed
through a delay stage to vary a total optical-patigth of the STED beam, ensuring the
adjustment of the arrival times of the two puldes, beam and STED beam. Finally, the two
beams were overlapped at focal plane of the obgdéins. A polarization maintaining optical
fiber serves to lead the STED beam near the criyasthextend the pulse width. The two beams
were coupled by a dichroic mirror (FF735-Di02-25x3@mrock) and focused into a sample in
the cryostat. A vortex phase plate (VPP) (V-77511&ortex Photonics) is a diffractive optical
element that convert a Gaussian beam profile torautdshaped one. As detectors, we used the
same CCD camera and the APD as those used foLthkdystem. The second-harmonics pulses
of the fundamental laser generated by the nonlioptical crystal BBO was input to the PIN
photo diode as the trigger in the time-resolved sugament (blue solid line in Fig. 2-14).
Evaluations of the performances of the cryogeniE3Ticroscope is described in Chapter V.
As samples for the performance evaluation of thésesn, 10° M ATTO647N (Sigma-
Aldrich) agueous solution and 1000-fold-diluted @eous suspension of F8807 fluorescent beads
(FluoSpheres™ Carboxylate-Modified Microspheresitaming 1% polyvinyl alcohol (PVA)
were spin coated on glass substrates. Figure 2x8sshormalized fluorescence spectra with the
600-nm excitation wavelength (solid lines) and &at@wn spectra with the 720-nm monitor
wavelength (dotted lines) of ATTO647N aqueous sofufgreen) and F8807 aqueous suspension
(black). Blue and red vertical lines representwlaelengths of Ex. and STED beams applied
with the cryogenic STED microscope system, respelgti The longer-wavelength tail of the
fluorescence spectra, which reflects the enerdgreifice between the electronically excited state
and vibrationally excited state on the electromjcgtound state, overlaps with the wavelength of

the STED beam, allowing the effective fluorescetegletion by the stimulated emission.
2-9 Calibration of the Pixel Size

The galvanic mirror used in the present setup stgsif two mirrors which control the

position of the excitation laser focus spot in ¥hand Y directions. It is controlled by inputting
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an integer valuechannel, and channel,, for X and Y direction, respectively) correspondtog
the angle of each mirror to the LabVIEW softwarke XY positions of the laser spot at the focal
plane are expressed by the following equations.

X = channel, X d, + X, (Equation 2 — 4 a)

Y = channel, X d, + Y, (Equation 2 — 4 b)
where d, and d,, are the effective displacement distances of teerlapot on the focal plane
for X axis and Y axis, respectivel¥, andY, represent the offset. For the estimationdgf
and d,,, an objective micrometer (OB2011, Shibuya Kogakuhich is a plate-glass with an
engraved grid-pattern with an interval of (U, was scanned by the excitation laser and a two-
dimensional image was obtained by means of a detect the scattered light signal. The lines
are engraved under the cover glass with a thickeés3.17 mm. The vacuum-compatible
objective lens is designed to form an ideal fopalk ®n a cover glass with a thickness of 0.3 mm.
Another cover glass with a thickness of 0.17 mm tegeed on the surface of the objective
micrometer for an installation of glass medium with approximately ideal thickness. The
titanium sapphire laser at 430 nm was selectetleasxcitation laser because the scattered light
signal effectively passed through the dichroic orirand was easily detected. Fig 2-15 shows
obtained scattering image of the objective micremneith 100<100 pixels (85channel per unit
pixel). The plot in Fig. 2-15 shows the engravetedi. The results of its liner fittings and the
positions of the intersections of the engravedsliage shown as the red lines and red circles,
respectively.

Fig. 2-16 shows a schematic diagram of lines abthiby the fittings. Letp be the
angle between the line L and the X axis andAat be the distance between the intersections of
another fitting lines perpendicular to L and thexs. AA is simply calculated by the following

equation,

AA J[um] = 10 X

. Equation 2 — 5
cos ¢ (Equation )

In addition, letg be the slope of L,

_ __sing
9= an(p_cosqo'
2 1 (Equation 2 — 6)
cos*“ @ = ———. uation 2 —

Here, AA can be calculated from Eq. 2-5 by substitutigngobtained by the fitting to Eq. 2-6.
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The value ofd, can be estimated by dividing the obtaingd by the number of channels
required to travel a distance 8A. The value ofg and the number of channels were calculated
by averaging over the values derived from the pldtfitting lines. You can also find the value
of d, inthe same way as above and estimatgdand d,, are shown below, respectively,

d, = 6.494 [nm], (Equation 2 — 7 a)

dy, = 6.572 [nm] . (Equation 2 — 7 b)

2-10 Spatial Resolution of the Cryogenic Optical Miroscope
Theoretical spatial resolutions of a conventiamatical microscope in the lateral and

optical axis are represented as,

A .

Piateral = 0.61 X m. (Equation 2 — 8 a)
An _

Doptical = 1.28 X A (Equation 2 — 8 b)

wheren is the refractive index of the sample space. Tétaal spatial resolutions in the lateral
and optical axis with 460 nm excitation laser useaur system are estimated to be abouufn3
and 1.0um, respectively.

In order to confirm the actual spatial resolutimmur system, | conducted 3D scanning
of a standard fluorescence beads (F8811, FluoSphefearboxylate-Modified Microspheres)
which is yellow-green fluorescent (505/515) witl2 @m diameter. Figure 2-17 (a) shows the
fluorescence images of a bead measured while suatimé objective lens stepwise in Ui
increments in the optical axis direction. The ligaposition Z of the objective lens in the optical
axis direction is shown in the figure. In this maasnent, we used the standard cryogenic optical
microscope system previously introduced in se@i@n Excitation intensity measured before the
cryostat was 0.nW. Each image has X47 pixels, and the pixel size of the image is 65inm
the X direction and 66 nm in the Y directidie detector exposure time was 50 ms per pixel. A
contrast of the fluorescence image is unified inte images. As the fluorescent bead approach
the focal point of the objective lens, the sizéhaf bright spot in the fluorescence image shrinks
and the fluorescence intensity at the center isg®aOn the other hand, the image of the
fluorescent bead at the out-of-focus position waséd.

All the obtained images were fitted with the 2D Gsian function expressed below,
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PO = 2+ A exp [ g (R0 (2220 2rcor G 0)0 o)
(1 — cor?) “\xWidth yWidth xWidth - yWidth

(Equation 2 — 9)

Here z, is the background signal of the imag&Vidth and yWidth are the widths of the

obtained fitting function in the X and Y directiofigerpendicular to the optical axis), andr is

the correction factor for the tilt of the ellipg®r the X axis. Typical result of the 2D Gaussian

function fitting is superimposed as contour linegte image of Z=2.Qum] in Fig. 2-17 (a). The

estimated two-dimensional widthsWidth and yWidth , were converted into the one-

dimensional full width at half maximum (FWHMJy,) by the following equation,

Iy =2 -\/2 *In 2 - xWidth - yWidth - m. (Equation 2 — 10)
The calculatedlky) and Amplitude corresponding to the peak valueaith image are plotted
against Z (Fig. 2-17 (b))Ixy corresponds to the size of the bead image, andhithienum value
of Ixy (0.37 mm) is used as the effective spatial resmiun the lateral axis of our cryogenic
optical microscope system. The plot of the ampétués fitted with a one-dimensional Gaussian
function, and the calculated FWHM is used as tifiect’e spatial resolution in the optical axis

of the system.

2-11 Wavelength-Calibration for the CCD Camera andhe Streak Camera

The wavelength calibration of the CCD camera wersopmed by measuring the light
from standard neon lamp and mercury lamp with thewn peak wavelengths of the emission
lines. The center wavelength of the spectroscomesstito 650 nm, and the diffraction grating
was set to 300 grv / mm. Table 2-3 shows the wagths of the emission lines from the neon
and mercury lamps (right column) and the peak @ostof the corresponding lines detected by
the CCD camera (left column). These values werealily fitted to estimate the wavelengths
corresponding to all pixel numbers in the CCD camer

The wavelength calibration of the streak camera peaformed by only measuring the
light from the standard neon lamp. The center wength of the spectroscope was set to 700 nm,
and the diffraction grating was set to 50 grv / nffable 2-4 shows the wavelengths of the
emission lines from the neon lamp and the peakiposiof the corresponding lines detected by
the streak camera. In the same way as above, nibarlifitting provided the wavelengths

corresponding to all pixel numbers in the streak&a.
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2-12 Time-Resolution of the TCSPC and the Streak @aera Measurement

Instrument response function (IRF) is definedhastemporal response of a measuring
system to an impulsive input and determines the tiesolution of the measuring system. It is
device-specific and does not depend on a fluoresceratter. We estimated IRFs of the cryogenic
FLIM system (see section 2-6) and cryogenic sticsakera optical microscope system (see
section 2-7), by measuring a standard dye malaghiten (Nacalai tesque) which is known to
exhibit a sufficiently shorter fluorescence lifeéni< 1 ps) than the expected IRFs [78,79]. Fig.
2-18 shows fluorescence decay curves of 4 WMOmalachite green aqueous solution measured
with the cryogenic FLIM system and the cryogenieak-camera optical microscope system.
Both curves were fitted to a single Gaussian fumc{blue lines in Fig. 2-18) and each fitting
curve was interpreted as the effective IRF of eaatem. FWHMSs of IRFs were estimated to be
42.6 ps and 27.0 ps for the cryogenic FLIM systerd the cryogenic streak-camera optical

microscope system, respectively.

2-13 Correction of a Photon Detection Delay Relatetb Fluorescence Wavelength

In the cryogenic streak-camera optical microscegstem, emitted fluorescence
photons pass through the optical fiber before #teation by the streak camera (see section 2-7).
An optical fiber is generally designed to allowhigo travel within its core by means of a total
internal reflection. It causes the chirp of thesmitted light, that is the dispersion of the pagsi
speed of photon depending on its wavelength ddieetalifference in refractive index. Figure 2-
19 (a) shows a streak image of & M malachite green aqueous solution which exhibitery
fast fluorescence decay measured with the cryogaréak-camera optical microscope system.
The pixel numbers on the vertical and horizonta&saaf the streak image linearly correspond to
the delay time for the photon arrival and its wawegfth, respectively. In this measurement,
monitor ranges of the delay time and wavelengthframa O to 2 ns and from 594 to 840 nm,
respectively. A photon with shorter wavelengthiimgically exhibits a higher refractive index and
the slower the passing speed of an optical filmrsing a negative correlation between the delay
time and the wavelength in the streak imadge chirp effect due to the optical fiber passage wa
corrected by using the malachite green data acuptdithe procedure shown below.
1) Alimited spectral range of the streak image ofredachite green from 679 nm to 733 nm

containing the main band of Chl fluorescence wasaeted.
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2) Five decay curves were obtained by dividing theraetéd image into five along the
wavelength axis and integrating them (red soliddim Fig. 2-19 (b)). Since the fluorescence
lifetime of malachite green is much faster thanitiserumental response, Gaussian-like decay
curves were obtained (see section 2-12).

3) Each of the obtained decay curves was fitted wingle Gaussian function (blue solid line
in Fig. 2-19 (b)). The estimated peak positionssangerimposed as white crosses in Fig. 2-
19 (a).

4) The estimated peak position was plotted vs. thesleagth and fitted to a linear function (red
solid line in Fig. 2-19 (a)).

5) The entire original streak image is corrected s the tilting due to the chirp effect gets
horizontal (Fig. 2-19 (c)).

The variation in a refractive index of a photomd proportional to its wavelength, that is, the

delay time caused by the passage of an optical dibes not exhibit a linear correlation with the

wavelength. Even though, we assumed a liner coiwalaithin the interested wavelength region

(from 680 nm to 730 nm) to simplify the correctimmalysis.

The obtained coefficients from the liner fittimgthe procedure 4) are represented below.

The tilt due to the chirp effect is expressed as,

P, = —0.0891 x P, + 175.76, (Equation 2 — 11)
where P, and P, represent pixel numbers of vertical and horizoatas which correspond to
the delay time and wavelength, respectively. Tireected streak image (Fig. 2-19 (c)) in which
the time O of a fluorescence decay curve match#sinwvihe objective wavelength band was
generated by means of shifting each pixel of thgiral streak image along the vertical axis by

calculatedPy.

2-14 Fitting of Fluorescence Lifetime

A measured fluorescence decay curve can be mativatatinterpreted as a
convolution of the IRF and the fluorescence deeaayewhich would be obtained with infinitely
fast IRF. The latter can be often modeled by tlme sftiexponential functions as shown below. A
measured fluorescence decay curve can be mathaihaiterpreted as a convolution of the IRF

and exponential decay models as shown below.

30



n
t
F(t, ty,0) = Ag + IRF(tp,0) ® z A;-e Ti-H(t), (Equation 2 — 12)
i=1

where 4, is the backgroundt, and ¢ represent the center position and the width of the
IRF, respectively. A; and t; are the amplitude and time constanti-ti exponential decay
model, respectivelyH is the Heaviside step function. The fitting of @tained fluorescence
decay curve to the above equation by a softwaneRgo (WaveMetrics) takes a huge time due to
the analysis including the convolution. If we assumGaussian function for the IRF, Eq. 2-12
can be rewritten,

B 1 t—t,

3
t1—tg)? __t=ty
F(t) =4, +f -(5) -ZAl- ‘e T -H(t—t;)dt;, (Equation2—13a)
i=1

..
O\

o2 212

1 _tthe Aot —i(t -t —G—)
=4, + ZAl- v e T -e*Ti e o2\ 021 d¢, . (Equation 2 — 13 b)
oVTT -0

2
3 2 ttmag
1 _t—tg — o 2 .
=4, + ZAL- —-e T et e "“dk, (Equation 2 — 13 ¢)
: Vr —w
i=1
2
3 A t—tg o t—tyg— 20—
— L T 472 Ti .
—Ao+27'e Tio-eh 'erf(f), (Equation 2 — 13 d)

i=1
where erf is the error function originally built in as aigae function of Igor Pro with the

following definition,

2 X
erf(x) = ﬁf et dt. (Equation 2 — 14)
0

Since Eq. 2-13 d does not include the convoluiitos, possible to perform the fitting in a much

shorter time.

2-15 DAS Analysis
A streak-camera method provides time-resolvedréscence spectral data. Here, |

introduce a powerful analysis method, decay aststispectra (DAS) analysis expressed by the

following equation,
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n

t

F(t,A) = z A -e T, (Equation 2 — 14)
i=1

which generates spectra associated with the spdicife constants. This allows us to elucidate
energy transfer kinetics within a sample.

Figure 2-20 shows a simulation model where thetatian energy on a 680-nrhgg,)
emitting pigment is fed to a 690-nm emitting oRg{) with a rate constant ok,. The excitation
energy is assumed to dissipate at the same tirflecasscence with a rate constantigf. Rate

equations of the two componenis;g, and Pgg, are represented as follows,

d[L

[ d6t8°] = —(ke + kr)[Lggol (Equation 2 — 15 a)

d[P
[ d6t9°] = ke[Logol — ky[Psoo], (Equation 2 — 15 b)
Lego] = [L ~(ketkp)t Equation 2 — 16
[Leso] = [Lesoloe ) (Equation a)

k,[L
[Psoo] = % (e7hrt —e7Hety, (Equation 2 — 16 b)
e~ kr

In the derivation of Eq. 2-16, the general solutidra linear first-order differential equation is

applied to Eq. 2-15. In general, the valuekgfis much larger thark;. Therefore, the Eq. 2-16

can be approximated as follows,
[Leso] = [Legoloe ™ <", (Equation 2 — 17 a)
[Psoo] = [Legolo(e "t — eket) (Equation 2 — 17 b)
Note that both[Lgge] and [P49,] contain the exponential decay components withstmae
decay ratek,. The component iffLg,] has a positive amplitude, whereas thafkg,] has a
negative amplitude indicating a gradual increast®fpopulation with time.

In our DAS analysis, obtained fluorescence decaywec at each wavelength was
globally fitted to the model in Eqg. 2-13 d undecanstraint that the time constant was the
same for decays at all wavelengths, whereas thétadg A; depends on the wavelength. Figure
2-20 (b) shows a schematical graph plotting thenesed A; against wavelength. Note that black
solid line in Fig. 2-20 exhibits a plus peak atuard 680 nm and a minus peak at around 690 nm.
This represents the amplitude of the exponentiataglewith the time constant oft,
corresponding to that of the excitation energygdfanfrom Lgg, t0 Pyge. As | mentioned above,

the plus and minus amplitudes reflect contributimos signals emitted from donner and accepter
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components of the excitation energy transfer, respy. Besides, black dotted line in Fig. 2-20
(b) exhibits only a plus peak. This component repnes amplitude of the exponential decay with
the time constant oty corresponding to that of the spontaneous fluemse emission. In
summary, the DAS analysis allows us to identify mEmand accepter states with the excitation
energy transfer and states with the spontaneowseBuence emission and quenching. DAS
analysis also enables to determine the rate casstéthese processes. We applied this analysis

for the experiment described in Chapter IV.
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nucleus

Figure 2-1 (Left image) Transmission
image of C. reinhardtii. (Right

image) An illustration represents the

internal structure of the cell.

pyrenoid chloroplast

s

(2) Small amount of cells
were harvested by a

@ Culture on TAP medium platinum loop in the (3 Culture on liquid TAP
lean bench d
clean benc

with white light irradiation medium with white light
(20~30 pmol photons m2s!) irradiation (50 pmol
at 23 °C photons m™2s!) at 23 °C

and rotary shaking at 150
rpm for 3 ~ 4 days

N

=

-

@ Cells were harvested and
resuspended in liquid HSM
medium through centrifugation

(® Sealed with a teflon ring
coated with vacuum grease
and quartz glass.

® Culture on HSM liquid
medium with white light
irradiation (60 pmol
photons m™2s71) at 23 °C
and rotary shaking at 150
rpm for 1 days

Figure 2-2 Cultivation procedure. Composition of TAP and HSM medium are described in

table 2-1 and table 2-2.
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Figure 2-3 The sample holder for the cryogenic optical microscope system. The sample-holder
surface was gold-coated with enhanced reflection to reduce the thermal conductance via the

infrared radiation.

s} (@) — S

Figure 2-4 77-K fluorescence spectra
of C. reinhardtii in statel (dashed
lines) and state2 (solid lines). The
spectra in panel (a) and (b) were

measured using the conventional

fluorescence spectrometer and the

1.5F (b) - = Statel

Normalized Fluorescence Intensity [a.u.]

— State? home-built cryogenic optical
4ok microscope, respectively. The
excitation wavelength was 445 nm for
0.5F both cases. For original data, please
4 ST see ref [50].
0.0

1 1 1 1 1 1
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Silicon sheet The quarts substrate

(a) (b)

Glass slide

Figure 2-5 (a) A picture of the cell used for the incorporation of DOPC + thylakoid membranes
to the patterned membrane. (b) An illustration of the structure of the cell. The upper silicon
sheet with a square hole accommodates the suspension. The lower silicon sheet realizes robust
sticking of the substrate to the cell and prevents the substrate to escape from the cell during

the intense rinse process.

e ATTOB47N_Excitation
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wan F8807_Excitation
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o
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o
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Figure 2-6 Normalized fluorescence (solid curves) and excitation spectra (dashed curves) of
ATTOG647N (green) and F8807 (black) aqueous solution. Blue and red vertical lines represent
the wavelengths of Ex. and STED beams applied with the cryogenic STED microscope
system, respectively. Orange fill highlights the detected wavelength through the dichroic

mirror used in the present cryo-STED system.
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Figure 2-7 (a) A picture of the whole cryostat. An inserted picture shows the vacuum-
compatible objective lens which is mounted within the chamber. (b) A picture of the inner

room of the vacuum chamber. (¢) An illustration of internal structure in the cryostat.

37



Galvano
mirror

L9 (£76)
chhrmc - L3 (£=40
mirror
Semiconductor L4 (f=40
CW laser X
Dichroic
Mirror’

L5 (f=50) L6 (£=200)

Polychrometer

CCD

(| White light LED

sample

Pin hole

>
A

Cryostat

CMOS
camera

Figure 2-8 The optical path of the standard scanning confocal cryogenic optical microscope

system. This system provides fluorescence spectrum at every pixel of a fluorescence image.
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Figure 2-9 A schematic illustration of TCSPC method.
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Figure 2-10 The optical path of the novel cryogenic FLIM system. This system simultaneously

provides fluorescence spectrum and lifetime at every pixel of a fluorescence image.
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Figure 2-11 (a) A picture of the streak camera. (b) A schematic illustration of the streak camera

setup. The inset graph shows the temporal variation of the intensity of the sweeping electric

field applied perpendicular to the traveling direction of the photoelectron.
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Figure 2-12 The optical path of the novel cryogenic streak-camera optical microscope system.
This system provides a time-wavelength 2D image at arbitrarily chosen areas in a microscope

image specified by the LABVIEW program.
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Figure 2-13 A schematic illustration of the STED technique.
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Figure 2-14 The optical path of the cryogenic STED microscope system under development.

The inset shows the picture of the delay stage. The green cross indicates the place of the C-

MOS camera used for the measurement of the shape of the STED beam as described in section

5-3.
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Figure 2-15 The image of the objective micrometer detected by the scattered light of the
excitation laser (430 nm) from the surface. The intersections and liner fitting result are

superimposed with the red circles and lines, respectively.
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Figure 2-16 The schematic illustration for the calibration of the effective pixel size from the

liner fitting result in Fig. 2-15.
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Figure 2-17 (a) Fluorescent images of a standard fluorescent bead acquired while varying
stepwise the axial position of the objective lens. (b) FWHM of the bead image in XY direction
at each optical axis position (Ixy (blue cross)) and fluorescence peak intensity (A (red circle)).

The solid red line is the fitting curve by a Gaussian function.
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Figure 2-18 The fluorescence decay curves of a malachite green aqueous solution (red lines)

measured with the cryogenic FLIM system (a) and the cryogenic streak-camera optical

microscope system (b). The results of Gaussian fitting (IRF) are superimposed as blue solid

lines. Estimated FWHM of each IRF is indicated in the graph.
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Figure 2-19 (a) A streak image of a malachite green aqueous solution measured with the

cryogenic streak-camera optical system. (b) Integrated decay curves extracted from the image

(a) (red solid lines), and the results of Gaussian fittings (blue solid lines). The estimated peak

positions and the result of liner fitting to them are superimposed on the image (a) as white

crosses and red line, respectively. (c) The obtained streak image after the correction for the

distortion due to the chirp effect of the optical fiber passage.
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Figure 2-20 A diagram explaining the DAS analysis. (a) The simulation scheme assuming that
the excitation energy of a 680-nm emitting pigment (Lggg) is fed to a 690-nm emitting one
(Pggo) with a rate constant of k,. The approximated population kinetics of the two pigments
are depicted below. (b) Graph plotting amplitude vs. wavelength obtained by the DAS analysis

with the above simulated model.

49



Table 2-1 A recipe of TAP medium.

TAP 1L
Tris base 2429
TAP salt 25 mL
Hutner trace elements 1mL
(pH 7.0/ 100% Acetic acid) 1.05mL
1 MKPO, (pH 7.0) 1mL

TAP salt 1L (for 40L of TAP)
NH,CI 15g
MgS0.7H,0 49
CaCl,2H,0 29
TAP (NO,) salt 1L
KNO, 719 (or 28.35q)
MgSO,7H,0 49
CaCl,2H,0 29
Hutner trace elements 1L
EDTA 43469
ZnS0O,47H,0 220g
CuSO,5H,0 1.57g
MnCL4H,0 5.06 g
COCIzGHzO 1.61 g
(NH,)¢Mo,;0,,4H,0 1.10g
FeSO,7H,0 499¢
H3BO; (Boric Acid) 1149
(pH 6.7/ 10 M KOH)

Incubate at r.t. with mixing for at least 1 month (then Store at 4 °C)
1MKPO,pH 7.0 1L

1 M KH2;PO, (pH 4.0) ratio 1

1 M K;HPO, (pH 9.5) ratio 4

Store at 4°C
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Table 2-2 A recipe of HSM medium.

HSM [ 8
No. 1 stock solution 10 mL
No. 2 stock solution 10 mL
Hunter trace element 1mL
No. 1 stock solution 1L
NH,CI 50g
MgSO,7H,0 2g
CaCl,2H,0 1g
No. 2 stock solution 1L
K,HPO, 144 ¢g
KH,PO, 72¢g

51



Table 2-3 Wavelengths of the emission lines (ragitimn) of a standard neon lamp (light blue
cells) and mercury lamp (light red cells) and tligitected position (in pixel unit) on the CCD

camera.

Pixel number of the CCD camera Wavelength [nm]

72 435.84
394 546.07
512 585.25
596 614.31
632 626.65
672 640.23
729 659.90
826 692.95
856 703.24

Table 2-4 Wavelengths of the emission lines (rigtimn) of a standard neon lamp (light red

cells) and their detected position (in pixel uoit) the streak camera.

Pixel number of the streak camera Wavelength [nm]

118 640.23
171 659.90
256 692.95
282 703.24
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Chapter Il Experiment with the FLIM System

3-1 Purpose of This Experiment

We newly developed the cryogenic FLIM system Wwhéimultaneously provides us
fluorescence spectrum and lifetime at every pitel Juorescence image (see section 2-6). As |
mentioned in section 1-5, a fluorescence measureof@nchloroplast at low temperature allows
us to identify fluorescent peaks contributed fro81IPPSI and LHCII, respectively. In addition,
we can estimate net FQY of pigment proteins ofregeby means of a fluorescence lifetime
measurement. We conducted an imaging of se@htamydomonas cells by using the developed
cryogenic FLIM system to reveal a location and figrc of the free-LHCIl upon the state

transitions.

3-2 Intracellular Segregation of PSIl and PSI

Figure 3-1 (a) shows typical confocal fluoresceincages of &hlamydomonas cell in
state2 detected by the polychromator + CCD canTdra.image indicates that the cell has a cup
shaped chloroplast. This characteristic shapepisdl/for Chlamydomonas (see Fig. 2-1). In our
cryogenic FLIM system, we can obtain a fluorescespmxtrum at every pixel. A typical example
of the spectrum is shown as black dots in Fig.(B)1To decompose the fluorescence signal in
each pixel into components contributed from LH@II, and PSI, we conducted a global
Gaussian-decomposition analysis including spedtiaatated PSII-LHCII and PSI. Details of
the procedure for determining the peak positiors thie width of the Gaussian-functions are
described below.

1) we calculated the averaged fluorescence spectidifoells in statel or state2.

2) The calculated averaged spectra of statel, saezhe spectra of isolated PSII-LHCII and
PSI purified fromChlamydomonas (kindly given by Minagawa lab., see section 2-2rav
plotted against wavenumber (Fig. 3-2).

3) The above obtained spectra were globally fitteguim of five Gaussian functions (orange,
blue, red, and black Gaussian in Fig. 3-1 and 8i8) as expressed in Eq 3-1. The PSI
component band (red Gaussian in Fig. 3-2) and 81eIBHCIl component bands (orange
and blue Gaussian in Fig. 3-2) were not includedtie fitting of the purified PSII-LHCII
(Fig. 3-2 (c)) and of the isolated PSI (Fig. 3-P (despectively. We fitted these spectra with
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4)

5)

a constraint that the peak position and the wiflilagh Gaussian band have the same value
for the four spectra, except for the PSIl bandatiad 690 nm. We had to set the parameters
of the band at around 690 nm free to vary to enswsigficient fitting quality. This indicates
the sensitivity of the 690-nm band to the environtrad the history of the treatment [98].
The obtained peak wavelength and FWHM of each Gausemponent are listed in Table
3-1.

We conducted the fitting of the spectra at allggheels in the typical fluorescence images to
sum of five Gaussian functions, where only the anbés of the functions were allowed to
vary whereas the peak positions and widths weealfig the values determined by the above
global fitting.

Fluorescence images were reconstructed with arfetie @btained Gaussian functions at
every pixel of the typical fluorescence image. LH®ISII, and PSI images in Fig. 3-1 (a)
are regenerated from the areas of orange, blueseah@aussian functions in Fig. 3-1 (b),

respectively.

x—xi \?

5
F(x) =y, + ZAL- : e_(W"d”li) ) (Equation 3 — 1)
i=1

where y, is the background4;, x;, and width; are the amplitude, peak position, and width

of thei-th Gaussian function, respectively. In this expemt, we measured 10 cells in statel and

state2, respectively, Fluorescence spectra weragee over all the 10 cells in each state in the

procedure 1). Note that the global fitting for efiatells and state2 cells used different parameters

(values of the peak position and width at aroun@ @@ derived by the global fitting are different

depending on the states, see the above procedurh8)slight difference in the parameters of

the 690 nm reflect the high susceptibility of tihiand to slight perturbations on the protein

environment, which has been frequently reportefas{8]. Here we assign the 680-nm band to

the major antenna complex, LHCII, though this baray contain contributions from other minor

antenna components such as CP26 and CP29. Thedussi@an functions around 685 nm and

690 nm were assigned to PSII core complex, and18enm band was attributed to PSI. Since

the broad 730 nm band (black Gaussian in Fig. 8dlFég. 3-2) was contained in both the isolated

PSIlI and PSI, it might be contributed from the wifiic band and was not assigned to any specific

pigment-protein complex. These Gaussian functiossgaed to each pigment protein were

roughly consistent with the species-associatedispE8AS), that are the presumed spectra of the
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emitting species estimated by time-resolved measemés and the subsequent target analysis for
Chlamydomonas sample reported in previous reports [31, 32]. Atite fitting of all the pixels of
the image, the spectra of 30 pixels were randoxtiaeted in order to confirm the validity of the
fitting (Fig. 3-3). Then, we reconstructed the flescence images contributed from LHCII, PSII,
and PSI components as shown in Fig. 3-1 (a).

The PSII / PSl image in Fig. 3-1 (a) shows the #PSl ratio map obtained by dividing
the signals in each pixel of the PSIl image (P$HFig. 3-1 (a)) by that of the corresponding pixel
of the PSI image (PSI in Fig. 3-1 (a)). Regionwiéry low signal intensities were blocked out
to eliminate noisy signals due to division by tiwglues. The ratio map showed intracellular
inhomogeneities of the PSII and PSI fluorescenbe. dbserved inhomogeneity in the PSII/PSI
ratio reflects the non-uniform distributions of R&thin theChlamydomonas chloroplast as well
as the non-uniformities in the FQY and in the |aatenna sizes of PSs. Although the thylakoid
membranes in the chloroplasts@flamydomonas cells do not well develop grana-structures like
those of higher plants, the two PSs have been knowhow a certain degree of segregation with
a characteristic size of ca. 300 nm [44]. Moreo@eyo-ET method indicated the distributions of
PSs are clearly segregated between stacked andckedt thylakoid membrane regions,
respectively [44]. As | certified in section 2-Tyr cryogenic system achieved ca. 300 nm spatial
resolution in lateral axis. We presumed that ostesy has a marginal resolution to distinguish
the localizations of PSs, which is the first ackigent in the world to observe the inhomogeneous
distributions of PSs with in vivo measurement bywgsn optical microscope.

If we assume that the FQY of PSIl and PSI are teoti©ver the entire region of the
chloroplast, the above ratio map from the fluoraeseeintensity is proportional to the local
concentration ratio of PSII with respect to PStldad, it has been reported that the fluorescence
lifetime of PSII and PSI were almost constant rdtgems of the binding of LHCII [31,32]. On the
other hand, the FQY of LHCII changes depending bether it is bound or dissociated from the
two PSs. Thus, the simultaneous detection of therdlscence decay curves at 680 nm at each

pixel provides fruitful information on both the lalcconcentration and the state of LHCII.
3-3 Comparing Spectra in PSll-rich and PSI-rich Regpns

As | mentioned in section 1-4, in a current steaesition model, most LHCII is

assumed to attach to PSII and fed their excitagivergy to PSII in statel, whereas a preferential
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PSII excitation induces LHCII to detach from PSildamove to PSI for maintaining excitation
balance between PSs. | simply summarize this modgh. 3-5 (b). Since, as | explained in the
previous section, our microscope measurement caiahlp distinguish PSll-abundant and PSI-
abundant regions, the obtained fluorescence specpenciple should reflect the variation in
LHCII local concentration.

To assess the differences in spectral characterisétween the PSll-enriched or PSI-
enriched regions, we identified two characteristicacellular regions with the PSllI-enriched and
PSl-enriched tendencies. To do this, we extractgthdellular domains with remarkably
large/small values of the PSII/PSI ratio for eartgle cell. About 50 pixels having the highest
and the lowest PSII/PSI ratios were picked up fthenimage of each cell. The former and the
latter regions are assigned to the PSlI-rich anidriels regions, respectively. In the case of the
cell shown in Fig. 3-1, the PSll-rich and PSI-rrelgions satisfy PSII/PSI > 0.315 and PSII/PSI
< 0.235, respectively. Figure 3-4 shows fluoreseeimages of all measured cells and the
extracted two intracellular regions.

We averaged over all the fluorescence spectrairauat from each region assigned to
either PSll-rich or PSI-rich in statel, state2, attd mutant (black dots in Fig. 3-5 (a)). The
extracted and averaged spectra were re-fitted wiéh sum of five Gaussian functions as
introduced in Eq 3-1. The fitting results are sipposed in the same manner as that in Fig. 3-2.
In this fitting, the parameters of the Gaussiarcfiom at around 690 nm were necessary to be set
free to vary to ensure a sufficient fitting qualityot surprisingly, the spectra in the PSll-rich
region have relatively stronger peak at around ®®5mainly contributed from PSII, whereas
those in the PSlI-rich region have enhanced fluemese band at around 710 nm mainly
contributed from PSI. The four averaged spectsddtel and state2 of the wt-cells in Fig. 3-5 (a)
correspond to those in the four divided sectionthénillustration of the state-transition model in
Fig. 3-5 (b). We assumed that the fluorescencegitteof LHCII and the local concentration of
LHCII are in a linear relationship, and we compatezichanges in the relative intensity of LHCII
within these regions. To do this, we calculated rdit#o of the fluorescence band assigned to

LHCII with respect to whole fluorescence spectrat®yfollowing equation,
Al " Wldthl
i5=1 Ai ' Widthi ’

Occupancy of LHCII (O y¢rp) (%] = (Equation 3 — 2)

where the subscripted numbers have the same measirgg 3-1 (1 represents the LHCII

component. The calculated, ;;; are also described in Fig. 3-5.
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As you see, there is no significant chang®jnp;; between PSll-rich and PSl-rich in
each state. In addition, the spectrasttf mutant also do not show effective chang&lify¢;-
There are four possible reasons for these unexpebiservations:

1) The FQY of LHCII differs depending on whether itaeund to PSII or PSI. Therefore, the
local concentration of LHCII is not reflected oretlocal fluorescence intensity.
2) The fluorescence of LHCII fraction involved in thagration upon the state transitions is
extremely small.
3) PSll-rich and PSl-rich regions do not exactly csp@nd to the two abundant regions due to
the limited spatial resolution.
4) In the first place, LHCII does not move at all ugbe state transitions.
Regarding 1), we analyzed the fluorescence lifetatnevery pixel of the same cell to evaluate
the heterogeneity in the FQY of LHCII dependingtbe intracellular locality (see section 3-4).
Regarding 2), since LHCII feeds most of the abstdigergy to PSs, the number of fluorescence
photons from LHCII may be relatively small compatedther pigment proteins. As | mentioned
in section 1-3Chlamydomonas contains a large LHCII system consisting of S-, M-LHCII,
and monomeric CP29 and CP26. Only a part of LH@Ibag these is assumed mobile upon the
state transitions. When most of the Gaussian foncéissigned to LHCII is dominated by
fluorescence from PSII, PSI, or LHCII that is no¢dlved in the migration, the shuttle of LHCII
is less reflected in the change in the Gaussiantifum Regarding 3), as | mentioned in the
previous section, the spatial resolution of ourroscope is barely enough to spatially distinguish
between PSI and PSI. Although the fluorescencetispetPSlI-rich and PSI-rich regions clearly
show the difference in the relative intensitieste PSIl band and PSI band, the PSI/PSII-rich
domain does not mean that it is composed of 100WHES but contains some amount of
PSII/PSI mixed. Therefore, the difference in thiatree LHCI fluorescence intensity is blurred
by the mixed PSs. To eliminate this problem, weceealed with the introduction of the STED

technique that improves the spatial resolutionmobptical microscope (see Chapter V).

3-4 FLIM Measurement
The cryogenic FLIM system provides fluorescence cspen and lifetime
simultaneously at every pixel of a fluorescencegearhe analysis of the obtained spectra is

described in section 3-4. Here, | will introduce #nalysis procedure of the obtained fluorescence
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lifetimes.

Figure 3-6 shows the fluorescence image detdnietie TCSPC module of the same
cell as that shown in Fig. 3-1. Each pixel containsumulated photon counts. we installed the
bandpass filter transmitted at around 680 nm intfad the APD. The transmission spectrum of
the bandpass filter is superimposed as a greereddste in Fig. 3-2 (a). Note that the filter
transmits not only the fluorescence from LHCII, blgo a part of those from PSs. The black dots
in Fig. 3-6 (c) represent a typical fluorescenceagecurve obtained at a certain pixel in Fig. 3-6
(a). In order to quantify the averaged fluorescdiieeme of each local region, the decay curve
at each pixel was fitted to sum of four exponerde&tay models convolved with IRF, where only
the amplitude of each exponential function wasvedid to vary whereas the lifetime was fixed
(t4,=3.0 ps,t,=64 ps, 13=190 ps,t4,=1.1 ns, in Fig. 3-6 (c)). These fixed lifetime wa$ were
determined by a global decay-decomposition analgsislescribed in Fig. 3-7. Detail of the
analysis is given in caption of Fig. 3-7. The figs to four exponential decay models as shown in
Fig. 3-6 (c) and Fig. 3-7 were conducted using B2 in Chapter Il. Surprisingly, we found
the extremely faster component, represented, a3 ps), than the IRF (42.6 ps, see section 2-
12). The validity of the determination of the anyuie with the lifetime component faster than
the IRF is described in section 3-8. Note thatpghmmeters obtained through the fitting vary
depending on the initial guess value of the stz Df the fluorescence decay curvg (n Eq 2-

13 d). This has a significant effect on the deteation of parameters with; (3 ps) component
with a very fast lifetime. Although it is difficulto estimate an accurate initial value tgf the
uncertainty int, value did not greatly affect the final estimatioh t,,.. Therefore, an
apparently plausible value was manually determaradi set as the initial value of. After the
fitting of all the pixels of a fluorescence imagasxcompleted, the fluorescence decay curves of
20 pixels were randomly extracted in order to aomfihe validity of the fitting (Fig. 3-8). The
average lifetime1(,,.) was calculated for all pixels using the followiaeguation,

. XY ;T
ave — .
Y a

(Equation 3 — 3)
Here, a; is the amplitude of theé-th decay component. Figure 3-6 (b) shows the nfiap,&..
Regions with very low signals were blocked outig. B-6 (b) as the PSII / PSI ratio map in Fig.
3-1 (a).

To evaluate the difference in the FQY of LHClleen the PSI-rich and PSll-rich
regions, we plotted the obtaineg,, of the LHCII component at each pixel against thé/PSI
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ratio calculated by the method introduced in secBe2 at the same pixel. The plots for all
measured cells are represented in Fig. 3-9 (Péagl¢b), and (c) belong to statel, state2, and
stt7-mutatnt groups). Here, vertical and horizoasas indicate the calculateg,. and PSII/PSI
ratio at each pixel, respectively. Each single lpixa fluorescence image gives a dot in Fig. 3-9.
It should be noted here that the PSII/PSI raticevealculated using the spectral areas rather than
heights. Under simple assumption that the fluomeseedecay curve detected by the TCSPC
module mainly reflects the fluorescence signald €Il component, the calculated,,. is
proportional to the FQY of LHCII. A positive coreglon betweent,,. and PSII/PSI ratio in Fig.
3-9 suggests that the FQY of LHCII co-localizedhmMRSII tends to be higher than those co-
localized with PSI, and vice versa. The fittingstmaight lines is shown as black solid lines in. Fig
3-9. To evaluate the correlation quantitatively,agtimated the Pearson’s correlation coefficient

(R) betweent,,. and the PSIlI / PSI ratio according to the follogveguation,
R Z0i—Di—)
\/Z?zo(xi —X)? \/Z?zo(yi —y)?

where x; and y; represent the value af,,. and the PSII / PSI ratio of each dot in Fig. 3-9,

(Equation 3 — 4)

respectively.R has a value betweerll and +1. A value ofR near +1 suggests a positive
correlation between the two quantities, while thaar -1 suggests a negative correlation. The
calculatedR of each cell is also given in Fig. 3-9. The selvBmadencies can be seen in Fig. 3-
9, as described below.

The values ofr,,. in state2 tends to be lower than those in stdte$.tendency seems
to be attributed to the decreased contributiomefRSII fluorescent rather than the difference in
FQY of LHCII componentComparing the fluorescence spectra of statel ae@ $h Fig. 3-2 (a,

b) and Fig. 3-5 (a), the redder Gaussian compoatmtround 14500 cth of the two PSII
components is larger in statel than in state2.praeious study on isolated PSII particles have
suggested that CP47 component as shown in Fig.(d}-7mainly contributes to 695 nm
fluorescence band [99]. Chls in CP 47 are not Bo@ft in excitation energy transfer to the PSII
RC at 80 K as compared to those in LHCII?? therd#®] antenna?? due to the lower excitation
energy of its terminal emitter, leading to its tidaly slower fluorescence lifetime. Since the
bandpass filter used in the present study alloarsstnission of the short wavelength side of the
CPA47 fluorescence with the longer-lifetime, morelZHuorescence were detected in the statel
cells, and ther,,. also became slower in statel. | will discuss latesection 3-6 the trial to

derive the pure LHCII kinetics by subtracting thaner decay components assigned to the PSs.
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Sincestt7 mutant is unable to turn to state2, the stateligad wild-type andtt7 cells
were expected to show similar behaviors. Howeveret was a large variation in the values of
Tave IN Statel andtt7 mutant cells. Regarding to this tendency, we dohaste any plausible
explanation at present. Since in the experimemtstéde1 andtt7 mutant cells, the signal to noise
(SN) ratio of the detected fluorescent signal waisso high due to some uncontrollable factors
such as the poor transparency of the frozen sugwerthe low precision fitting obscured the
estimation of accurate,e.

The values ofR are slightly higher in state2 cells. Since a clearease inR has not
been obtained, we cannot continue a deeper discugss | will introduce in section 3-5, the
specific regions with significantly higher fluorestce signals from PSI and faster fluorescent
lifetime at around 680 nm have been found in soglls in state2. These specific intracellular
regions were presumably reflected on the slighigpér values ofR in state2.

In any case, no systematic difference in FQY of LlH@mponent between the PSI-rich
and PSll-rich regions was found in our analysishéligh our measurement and analysis were
conducted under the simple assumption that thedboence decay curve detected by the TCSPC
module mainly reflects the fluorescence signald ildCIl component, effective transmission
spectrum of the bandpass filter indicates thatctharibution of fluorescent signals from PSs
components are not negligible. It is necessary dopt a bandpass filter with a shorter
transmission wavelength width in order to ensure éixtraction of the fluorescence signal
exclusively assigned to LHCII. This will enableiaalission based on the accurate FQY of LHCII

component.

3-5 Specific Sub-Cellular Regions with High PSI irbtate2 Cell
Figure 3-10 (a, b) represent the PSII/PSI ratio wiapined as explained in Section 3-

2. The cells shown in (a, b) are cell_12 and cél| réspectively. Both cells were induced to state2.
Green squares in Fig. 3-10 (a, b) highlight theamehere the fluorescent signal from the PSl is
relatively high. These specific regions tendeddddtrated in the basal regions surrounding the
pyrenoids within the cells. Figure 3-10 (c, d) shoyy,. images of the same cells as those in Fig.
3-10 (a, b), respectively. Note that thg,, in these specific areas with high fluorescence
intensity of PSI exhibit lower,,, values. Averaged and normalized fluorescence ispecid

decay curves over the whole cells and within theegrsquare areas are shown as red and green
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solid lines in Fig. 3-10 (e - h), respectively. F&310 (e, g) reflect the signals in cell_12 while
panels (f, h) indicate signals from cell_15. Thedpm in Fig. 3-10 (e, f) are normalized at PSlI
peak with 682 nm. Obviously, the green solid limefluorescence spectra have a stronger PSI
peak and those in fluorescence decay curves exiebitly faster fluorescence lifetime. The black
solid lines in Fig. 3-10 (e, f) represent the difiece spectra between the normalized fluorescence
spectra averaged over the whole cell and thosetbeapecific areas (green lines minus red lines
in Fig. 3-10 (e, f)). Surprisingly, a new peak aduand 676 nm is found in green lines. This peak
is mainly contributed from LHCII. In the fluoresa@n decay curves, we did not perform
assignments of lifetime components to the spepificnent-protein complexes due to the large
uncertainty in the obtained parameters dependinthennitial value oft,. There will be two
possible reasons for the shortened lifetime irsghexific areas, as described below.
1) Since the fluorescence lifetime of PSI is fastentkthat of PSII in this spectral region, the
fluorescence decay curve is shorter in the areaexthe contribution from PSI is larger.
2) The FQYs of LHCII in these specific areas are neddy low.
As described above. the adopted bandpass filtesrivéis not only the LHCII fluorescence but
also those from PSII and PSI. Therefore, the diffees in the fluorescence lifetimes between
PSII and PSI should also be reflected in the detefftiorescence decay curves. Actually, some
previous papers using lifetime measurements [100] &r theoretical calculations [13, 41, 42]
for purified pigment proteins have suggested tHak €hibits relatively shorter fluorescence
lifetime than PSIl. However, in our in vivo measuent, there is no significant correlation
between ther,,, and the heterogeneity of PSs (see Fig. 3-9), étidig an incompatibility of
the possibility 1). Moreover, the possibility 1)ncent explain the appearance of the LHCII peak
at 676 nm in the specific area. On the other haoghe previous papers have suggested that the
free-LHCII, which associates neither PSIl nor P&thibits a shorter fluorescence lifetime
probably due to its aggregation [31, 32, 33, 34 Bggregation-induced LHCII quenching has
been discussed in relation to the non-photochengjoahching (NPQ) which plays a role to
inhibit the generation of reactive oxygen speckR®$) [57, 58, 59]. In addition, the rise in the
peak at 676 nm indicates that the local concentradf short-lived components increases, which
is consistent with the aggregation of free-LHCH phesent, it is assumed that induction of state2
causes LHCII aggregation and subsequent NPQ irt affaSI peripheral region (stroma lamella)

in lobe [102]. However, these behaviors were olebifer only two cells out of ten induced to
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state2, and the reproductivity is insufficient togeed the deeper discussion

3-6 Comparing Lifetime in PSlI-rich and PSI-rich Regions

Here, we evaluate the variation in fluorescenceagetrves between the PSI-rich and
PSll-rich subdomains. As | explained in section 3v8 identified two characteristic intracellular
regions, PSllI-rich, PSI-rich, where remarkably &sgnall values of the PSII / PSI ratio were
obtained. About 50 pixels having the highest amdidkvest PSII/PSI ratios were picked up from
the image of each cell. The former and the lattgians are assigned to the PSll-rich and PSI-
rich regions, respectively. We averaged the flumase decay curves obtained from each region
of the statel-, state2-induced cells, attd mutant cells. Then, | obtained 6 decay curves
distinguished as state1487-PSlI-rich, statel/2tt7-PSl-rich (black dots in Fig. 3-11). All decay
curves are normalized to unity. These 6 decay sumere re-fitted to the four exponential decay
models convolved with the IRF. The fitting curveslassigned four exponential components are
superimposed as the red lines and the filled cumespectively. As | mentioned in section 3-4,
these fittings and assignments for four exponerdedays, especially determination foy
(curves filled with black in Fig. 3-11), have largecertainties depending on the initial value of
to-

As you see, decay curves in statel sttidmutant exhibit clearly longer lifetime than
those in state2. The assigned exponential decalysate that this feature is attributed to the
increase in the amplitude of the time constant WA ~ 170 ps (curves filled with pale gray in
Fig. 3-11) in statel arst7 mutant. As | mentioned in section 3-5, PSII inadvelatively longer
lifetime component assigned to CP47, and increassignals of this component mainly
contributes to the enhanced slower component.

By applying the Forster resonance energy-trandieory [103] to the recently
determined structure of the PSII-LHCII supercomptée time constant of the excitation energy
transfer from LHCII to PSIl was estimated to besldgan 100 ps [42]. Under a simple assumption
that the signals from LHCII are concisely assigtetivo faster exponential decay components
(time constants with 3~5 ps and 50 ~100 ps corretipg to functions fulfilled with black and
thick-gray in Fig. 3-11, respectively), we estinththe ratio of local concentration of LHCII in
each PS-enriched region. In general, the obtaimgdlitade in the fitting to the exponential decay

model reflects the concentration of a pigment sgseof interest. We calculated the ratio occupied
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with the concentration of LHCIl among those of@iment proteins by the following equation,
A+ A4,
= A

Occupancy of LHCII (O y¢1p) (%] = (Equation 3 — 5)

where A; represents the estimated amplitude ofittleexponential-decay componemt; and

A, indicates the amplitudes of time constants with 3 ps and 50 ~ 100 ps, respectively. The
calculatedO, ¢, are also given in Fig. 3-11. As you sé&h,,; in the PSll-rich region exhibit
slightly higher value compared with that in the f#i8h region in statel, whereas in state2, there
is no significant difference between those valltesimply suggests that a part of LHCII moves
from peripheral PSIl to PSI upon the state tramsgti However, we cannot see the reproductivity
in stt7 mutant which forced to be fixed to statel duedbotbency of STT7 kinase. The value of
O,ncp; 1S highly susceptible tdl; whose precise determination is difficult due te timcertainty

of the fitting. This unstable determination of; obfuscate our evaluation on the local
concentration of LHCII. At present, we cannot digdistinguish signals from LHCIlI component
among all pigment proteins by means of our cryog€&hiM system. To overcome this problem,
we have attempted to identify a component withreagelifetime constant and assign its spectral
feature using a novel cryogenic optical microscopmbined with a streak camera (see Chapter
V).

3-7 Two-Dimensional Autocorrelation

Some previous papers have suggested that thdrstas@gions cause a dynamic change
in the ultrastructure of the thylakoid membrane aosdompanies variations in the size of the
stacked membrane region where PSII is abundan7801.02]. As described in section 3-2, the
cryogenic optical microscope system allows us t@hdy distinguish the stacked and unstacked
membrane regions in terms of PSII/PSI fluorescémemsity ratios. Here, we discuss changes in
the size of stacked membrane region upon the statsitions by applying two-dimensional
autocorrelation allowing us to estimate the widtthe repeating pattern of the PSII/PSI intensity
ratio.

A 2-dimensional autocorrelation of a quantityis given by,

<I(x,y) X I(x+ Ax,y + Ay) >

G(Ax,Ay) = <IE >

, (Equation 3 —5)

where I(x,y) represents the target quantity depending on thgasgoordinatesc and y, Ax

and Ay indicates the shift in the-ais andy-axis, respectively. An autocorrelation function
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defined above gives a rough estimate of the cheniatit domain size in which the quantity
maintains the similar value. We produced a 2-Dealogram image((Ax, Ay)) indicating the
repeating pattern of the PSIlI / PSI intensity réjoapplying the Eq 3-5 to the PSII / PSI ratio
map described in section 3-2. Figure 3-12 (a) shin@scalculated 2-D correlogram image of
cell_12. The horizontal and vertical axes represkatshift in x-axis ¢,) and y-axis @,),
respectively. A circular peak emerges withinl um around the origin of the coordinate. We
interpreted the width of this peak as the averémge o the observed PSII/PSI-rich domain. The
obtained 2-D correlogram image was converted irftedDacorrelogram along the radial vector by
averaging the image over the azimuthal angle. Eigg#l2 (b) shows the averaged 1-D
correlograms of all the measured cells in stated §olid line), state2 (blue solid line), asity
mutant (black line). Red, blue, and gray fills eg@nt the standard deviation of the 1D
correlograms calculated for all measured celldateq, state2, arsit7 mutant, respectively. As
you see, the curve in state2 declined more rapiidiy that of statel, implying smaller size of the
stacked membrane region in cells induced to sthte@everstt7 mutant cells forced to be fixed
to statel exhibit the most rapid decline of the telbrelogram. Besides, the standard deviations,
indicating the variability of the 1-D correlogramere very large. From these results, | concluded
that it is difficult to evaluate the change in 8iee of the stacked membrane region upon the state
transitions. As | described in section 3-2, ouroggnic microscope has a marginal spatial
resolution to distinguish the two characteristicrmbeane regions. We conclude that since the
actual size of the stacked membrane region isefieticted in the PSII/PSI ratio map, the analysis
of 2D autocorrelation function cannot output théeetfive repeat pattern. To eliminate this
problem, we have proceeded with the introductiorihef STED technique that improves the

spatial resolution of an optical microscope (seapiér V).

3-8 Validity of Identification of a Fast Lifetime Component

In our lifetime measurement using the cryogenicNFislystem, we found a component
with the lifetime & 3 ps) much faster than the IRF. In section 3-6use&d the amplitude of this
fast lifetime component to estimat® ;;; as the rough estimate for the local concentratfon
LHCII. To evaluate the accuracy in determining arphtude of very rapidly decaying component
by the present system, we measured a dye malapgkié® in aqueous solution known to have a

very short fluorescence lifetime of less than I§8&79]. | prepare malachite green solutions with
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several different concentrations and measured fhe@rescence time profiles by the system
(black solid lines in Fig. 3-13 (a)). Obtained decairves could be fitted to single Gaussian
function (red solid lines in Fig. 3-13 (a)). Ampilite of the fluorescence decay of a malachite
green aqueous solution estimated by the fittingo#ted against its concentration (a cross point
in Fig. 3-13 (b)). the dashed line in Fig. 3-13 {fijicates the linear approximation. From the
observation, we could confirm a sufficient lineatietween the concentration and the amplitude

of decay curve even for a fluorescent dye havisgater lifetime than IRF.
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Figure 3-1 (a) A typical fluorescence images of a Chlamydomonas cell induced to state2
detected by the CCD camera (upper left image of (a)). The LHCII, PSII PSI images show the
fluorescence images reconstructed with the LHCII, PSII, and PSI components, respectively.
PSII / PSI image shows PSII/PSI ratio map. Scale bar indicates 2 um. (b) A fluorescence
spectrum (black dots) of a typical pixel in the micrograph is shown. Red solid line is the fitting
curve, respectively. Gaussian peaks filled with orange, blue, and red are the component spectra
of LHCII, PSII, and PSI, respectively. The Gaussian peak filled with gray is a mixed
contribution from the vibronic bands of all the components and excluded from the image

reconstruction.
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Figure 3-2 The black dots show the averaged fluorescence spectra over all measured
Chlamydomonas cells in statel (a), state2 (b), the fluorescence spectra of the isolated PSII-
LHCII (c), and PSI (d) purified from Chlamydomonas. All spectra were measured with the
cryogenic FLIM system. These four spectra plotted against wavenumber were globally fitted
to sum of five Gaussian functions. The Gaussian function filled with orange, blue, red, and
black were assigned to the component spectra of LHCII, PSII, PSI, and the vibronic bands of
these pigment proteins, respectively. Green dashed line in (a) shows the transmission spectrum
of the bandpass filter used in the cryogenic FLIM system. It should be noted that the bandpass
filter transmitted not only the fluorescent component of LHCII but also the short wavelength

side of the fluorescent components of PSII and PSI.
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Figure 3-3 Fluorescence spectra of 30 pixels randomly selected from a cell image (red lines)

and their fitting results with the sum of the five gaussian functions (blue lines).
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Figure 3-4 The fluorescence images of all measured cells in statel, state2, and s#/7 mutant.
Identified PSII- rich and PSI-rich regions are superimposed by blue and red colored pixels,
respectively. Each cell is allocated to a specific cell number indicated in each panel, which is

used to specify cells in this thesis. The scale bar indicates 2 pm.
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Figure 3-5 (a) Fluorescence spectra averaged
over the sub-cellular regions classified into
PSII-rich (left), PSI-rich (right) in the statel-
induced (top), state2-induced (middle), and
stt7 (bottom) cells. The obtained spectra were
re-fitted to the sum of five Gaussians. The
area ratios of the LHCII component (O ycr)
are shown in boxes. (b) Current state
transition model assuming shuttles of LHCII
as the main mechanism. The averaged spectra
in (a) correspond to those expected to be

observed in the divided four sections in (b).



(c)
Flu. decay
150 — Fitting curve

— m 11 (3.0 ps)

o @ 12 (64 ps)

Py _ = 13 (190 ps)

%\ 100 O 14 (1.1ns)

C

0]

£

50 —
0 I | -1 1 1
0.0 0.2 0.4 0.6 0.8
tm [ns]

Figure 3-6 (a) The fluorescence image of the same cell as that shown in Fig. 3-1 detected by
the TCSPC module. Panel (b) shows the map of the average lifetime (74, ). The values on the
color scale are shown in ps units. Panel (c¢) shows a fluorescence decay curve (black dots) of
a typical pixel in the micrograph. The red line is the fitting curve. The functions filled with
black, thick-gray, pale-gray, and white show the four exponential decay components

convolved with the IRF, respectively.
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Figure 3-7 The black dots show the fluorescencaylearves averaged over all the measured
cells in statel (panel (a)) and state2 (panel dlelected by the TCSPC module of our
cryogenic FLIM system. We performed global fittiofithe data to sum of four exponential
decays with the constraint to fix each time coristartake the same value for the statel and
state2. Estimated IRF as described in section®aksconvolved with each decay component.
The red lines show the fitting curves. The fundidiied with black, thick-gray, pale-gray,
and white show the four exponential decay companeith time constants @f=3.0 psr.=64

ps,13=190 ps, and,=1.1 ns, respectively.
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Figure 3-8 Fluorescence decay curves of 20 pixels randomly selected from a cell image (red

lines) and their fitting results with the sum of four exponential decay models (blue lines).
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Figure 3-9 Correlation plots of the average tau (Tav.) in ns unit vs. the PSII / PSI ratio within a
cell (red dots). The black solid lines are the fitting to linear functions. Panels (a), (b), and (c)
show the plots of cells induced to statel, state2, and stt7-mutatnt cells, respectively. The image
of the cell in each panel can be found in Fig. 3-4 by referring the cell number indicated in

boxes. The scales on the vertical and horizontal axes are the same for all graphs.
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Figure 3-10 Panels (a, b) show PSII / PSI ratio maps of cell 12 and cell 15, respectively.
Panels (c, d) show averaged fluorescence lifetime (7,,,.) images of the same cells as those in
panels (a, b), respectively. The values on the color scale are shown in ps units. Green squares
highlight the specific areas where conspicuously high PSI fluorescence and very fast
fluorescence lifetime at around 680 nm were observed. Normalized fluorescence spectra and
decay curves averaged over whole cells and within the green square areas are shown as red
and green solid lines in panels (e, f, g, and h), respectively. Panels (e, g) reflect the signals of
cell 12 and panels (f, h) show signals of cell 15. Black solid lines in panel (e, f) represent the

difference spectra between red and green solid lines.
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classified into the PSlI-rich (left) and PSl-rich (right) in the statel-induced (top), state2-
induced (middle), and s#/7 mutant cells (bottom). The obtained decay curves were re-fitted to
the four exponential decay models convolved with the IRF. Fitting results are represented as
red solid lines. Assigned four exponential decay components are superimposed as the curves
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Figure 3-12 (a) A 2-D correlogram of cell 12. (b) Averaged 1-D correlograms over all
measured cells in statel (red solid line), state2 (blue solid line), and s#¢7 mutant (black line).
Red, blue, and gray fills represent the standard deviation of the 1D correlograms calculated

for all measured cells in statel, state2, and s#/7 mutant, respectively.
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Figure 3-13 (a) Fluorescence decay curves of a malachite green aqueous solutions with several
concentrations measured with the cryogenic FLIM system (black solid lines) and fitting curves
to single Gaussian function (red solid lines). (b) Amplitudes of the fluorescence decays of the
malachite green aqueous solutions are plotted against its concentration. The cross points show
the measured data, and the dashed line indicates the linear approximation. Malachite green has

a fluorescence lifetime of less than 1 ps, which is much shorter than the IRF of our system.
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Table 3-1 The parameters obtained by the global fitting of the four spectra (statel, state2,
isolated PSII-LHCII, and isolated PSI). The values of the linked components are omitted with
the symbol 4, and the components excluded from the fitting are listed as None (see section

3-2 for the detail). The values of the right of + symbols show standard errors.

Statel State2 Isolated LHCII-PSII Isolated PSI
Peak 676.2+0.4
LHCII e nm . . None
FWHM 7.8 £0.6 nm
Peak 683.2 £ 0.8 nm
* * None
PSII FWHM 6.2 £ 0.4nm
Peak 689.6 £ 2.0 nm 689.5 = 2.7 nm 693.2 = 1.1 nm N
one
FWHM 156 £ 2.1 nm 18.2 £ 29 nm 24.0 £ 1.3 nm
Peak 709.7 £ 0.3
PSI e nm * None *
FWHM 26.3 £ 0.6 nm
Peak 7156 £ 1.0nm
except * . *
FWHM 64.7 = 1.8 nm
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Chapter IV Streak Camera within Microscopic Area

4-1 Purpose of This Experiment

In Chapter 3, | discussed the correlation betwdenRQY, local concentrations of
LHCII, and the intracellular heterogeneity of PBBI ratio, by means of the acquirements of
fluorescence spectrum and decay curve simultangaistvery pixel of the cell image. The
bandpass filter at 680 nm made us to obtain thaydaearve mainly involving signals from LHCII.
However, since the contribution of the fluorescsighals of PSII and PSI was too large to be
ignored in the 680 nm fluorescence band, it waicdlf to extract the pure LHCI signal.
Therefore, | could not discuss the local energgsfer dynamics in detail. As described in
sections 2-15, by using the time-resolved fluoreseespectra obtained by the streak camera and
the subsequent DAS analysis which identifies thecsp associated with certain delay times, |
can resolve the fluorescence spectrum contributad £ HCIl and reveal the excitation energy
transfer kinetics from LHCII to PSs. Recently, wevé newly developed the cryogenic streak-
camera optical microscope system, which providehestreak image within microscopic sub-
domains within a target cell at 80 K (see sectiéf).An this experiment, we have attempted to
distinguish the spectrum from LHCIlI component, elate excitation energy transfer kinetics

from LHCII to PSs, and reveal the function and lzedion of the free-LHCII.

4-2 Experimental Procedure

Figure 4-1 (a) shows an obtained typical fluoraseemage of &hlamydomonas cell
induced to statel and the fluorescence spectruaingot from a certain pixel. Wavelength bands
mainly assigned to PSIlI and PSI are highlightetherspectrum graph in Fig. 4-1 (a) as blue and
red fills, respectively. As | assumed in Chaptérthe fluorescence intensities of PSIl and PSI
directly reflect their local concentrations. Thigtep excitation laser scanning was performed to
detect the fluorescence signals in the PSII aburatahthe PSI abundant regions within a cell by
using the streak camera. | introduce the detahisfprocedure in this section.

In the first step, the excitation laser was scarovedl the whole cell and the fluorescence
spectrum at each pixel was acquired with the potytator + CCD camera. Then, | identified
the intracellular PSI and PSII abundant regionsdiyparing the intensities assigned to PSIl and

PSI in a microscopic area. To do this, PSIl/PSioratap was calculated by dividing the
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fluorescence intensity integrated over the range7éf— 692 nm (PSII preferential wavelength)
by that over the range of 706 — 727 nm (PSI prefeakewavelength) for every pixel of the image.
Then, about 50 pixels with the largest and smaR&it/PSI values were picked up as the PSII-
and PSl-rich regions of the image, respectivelyhinsecond and third steps, the excitation laser
was scanned over the pixels belonging to the R&ilregion and those belonging to the PSI-rich
region identified in the first step, respectivéliize beam splitter was set on the fluorescence path
and reflected fluorescence was input to a multimmatécal fiber to be guided (Fig. 2-12) to the
streak camera for acquirement of the streak im&ges4-1 (b) and (c). During the second and
third scans, signals were continuously accumulbtethe streak camera to achieve a sufficient
SIN ratios. Thus, the streak images averaged tneePSll-rich and the PSl-rich regions were
obtained after the second and third scans, respéctiOn the other hand, the fluorescence
transmitted through the beam splitter was detebjethe CCD camera during the second and
third step to obtain the spectra accumulated oaeh specific region. These three-step scan and
identification of the PSIlI-rich and PSI-rich regiavere realized by a self-written program
operating on LabVIEW software (see section 4-3).

It should be noted that in Chapter Il we identfieSlII-rich and PSl-rich regions by
means of the Gaussian decompositions with five @mapts of the spectra of all pixels. We now
recognized that the spectral overlap between thaBPSII is not significant and then using the
fluorescence intensities integrated over the aertaiges works well to identify the PSlI-rich and
PSlI-rich regions. In experiments with the thregssteans, it was important to minimize the effect
of draft of the sample position during the threspsscans. The simplified identifications of the
PSll-rich and PSI-rich regions were also effectiveninimize the time interval between the first

and the second scans and then minimize the drift.

4-3 Introduction of the Self-Written Algorithm of L abVIEW Software

Figure 4-2 shows the front panel window of the-geitten LabVIEW program which
conducts the three-step scan and identificatid®Si¥f-rich and PSI-rich regions. The detail of the
role of each panel on the front window are expldibelow.

A sequence of the fluorescence spectra obtainaell pitxels of the image is displayed
in the panel (c). The panel (a) displays a fluczase image generated by the total fluorescence

intensity integrated over all wavelengths. The pénalisplays the fluorescence image generated
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by the signal integrated over the wavelength raspeeified by the red lines on the panel (c).
Panel (d) shows an image in which only pixels witinal intensities beyond a certain threshold
are highlighted in yellow. One can set any arbjtfareshold on the front panel window. The

PSll-and PSl-rich regions are identified as thee{sisatisfying the following equations,

Gr
ZGrZTZCy > Gr_threshold, (Equation 4 — 1 a)
i > Cy_threshold (Equation 4 — 1 b)
Y. Gr+ Cy y- ' d

Here, Y Gr and ), Cy are the fluorescence intensities of the PSIlI B&d spectral regions
integrated over the wavelength ranges specifiedrbgn lines and cyan lines on the panel (c),
respectively.Gr_threshold and Cy_threshold can be set arbitrarily on the front panel window.
Pixels satisfying Eq 4-1 a are displayed as gr@ezigon the panel (e), whereas those satisfying
Eq 4-1 b are expressed as cyan pixels on the ganefou can regard the pixels specified by
green and cyan as PSlI-rich and PSI-rich regia@aspeactively. These pixel-pick up operations are
applied only to the pixels highlighted in panel. () the second and third scan, excitation laser is
only scanned on the colored pixels on panel (ejottimately, the current algorithm is not able
to synchronize the streak camera. In this experimiire streak camera measurement was

manually started at the same time as beginningeo$écond and third scans.

4-4 Performance Evaluation of the Self-Written Algoithm of LabVIEW Software

To confirm that the self-made algorithm exhibits tresired performance, we conducted
a demonstration experiment using two fluoresceatbevith different fluorescence wavelengths.
As a sample, a mixed aqueous suspension of 250ifhittd F8811 and F8807 containing 1%
polyvinyl alcohol (PVA) was spin coated on a glaebstrate. F8811 and F8807 have the center
fluorescence wavelengths at 515 nm and 680 nmecé&sply. The 460 nm excitation pulse laser
with a laser power of about BV on the sample surface was used.

Figure 4-3 (a) shows a typical fluorescence imafgiine thin-film containing the two
types of the fluorescent beads obtained by thédtep scanning. The exposure time for each
pixel was 0.05 s. Figure 4-3 (c) shows a fluoreseespectrum averaged over all pixels of the
image. Two peaks reflect the signals from the ypes$ of fluorescent beads (emphasized by blue
and red bands in Fig. 4-3 (c)), indicating thatdeéads are present in the acquired image. Since

the dichroic mirror with the cut-on wavelength &051m was installed to separate fluorescence
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and excitation lights, fluorescence signals beldd® Bim were not observed. We integrated
fluorescence signals in the 545 - 598 nm (F881d)&&6 - 707 nm (F8807) regions at each pixel.
The former and latter are stored AsGr and ). Cy, respectively. We specified the pixels

exhibiting relatively high values o} Gr and ), Cy as blue and red pixels in Fig. 4-3 (b),

respectively, according to Eq 4-1. These seriesp&rations are completed instantly on the
LabVIEW software after acquirement of the fluoresmimage. The black lines in Fig. 4-3(d)

and (e) show normalized fluorescence spectra agdrager the pixels colored in blue and red,
respectively. As you see, the main peaks in Fig.(d} and (e) emerge at 550 nm and 690 nm,
indicating successful selections of pixels exclelivcontaining either of the two beads.

In the second and third scans, the excitatiorr lase irradiated only on the selected
pixels colored in blue and red. The exposure tione&ch pixel was set to be 3 s. The blue dashed
dotted line in Fig. 4-3 (d) and red dashed dotied in Fig. 4-3 (e) represent normalized
fluorescence spectra detected by the CCD cametagdhie second (scanning on the blue pixels)
and the third steps (scanning on the red pixadspectively. As you see, the fluorescence spectra
obtained by the second and third scans are sitgildrose obtained in the first scan, the black
lines in Fig. 4-3 (d) and (e), respectively. Thislicates that the excitation laser was scanned
exclusively over the selected spots correspondinige colored pixels. The blue solid line in Fig.
4-3 (d) and red solid line in Fig. 4-3 (e) show timmalized steady state fluorescence spectra
detected by the streak camera. The spectra aldbiteatfluorescence peak derived from each
fluorescent bead. These observations certified that cryogenic streak-camera optical
microscope system and the self-written LabVIEW paog allow us to acquire the streak image
corresponding to the specific microscopic areanterist.

The spectra obtained by the streak camera (blugexhtines in Fig. 4-3 (d) and (e))
have a much lower S/N ratio than those acquirethéyolychromator + CCD camera (blue and
red dashed dotted lines in Fig. 4-3 (d) and (@))ceSthe maximum sampling rate of the streak
camera is 20 MHz that is four-times lower thanrégetition rate of the excitation pulse laser, the
detection efficiency of the fluorescence signalas so high as that of the CCD camera. Another
factor is that a part of fluorescent signals dekdeto the streak camera is lost due to passing
through the optical fiber installed before the ante of the streak camera. Although one solution
is extension of the exposure times for the secaonitlaird scans, we also have to minimize the

extra-irradiation to avoid the photodamage of thmple. Typically, the measurement for the
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Chlamydomonas have been conducted with 5 s exposure time.

4-5 Time Resolved Fluorescence Spectra within Intcellular Subdomain

Figure 4-4 shows typical fluorescent image£hfamydomonas cells measured in the
first scan with the cryogenic streak-camera optiwaroscope system. Five cells induced to either
statel or state2 (Fig. 4-4 (a) and (b), respegfiwgere measured. 8hlamydomonas has a cup-
shaped chloroplast as shown in Fig. 2-1. While sdveeasured images reflect this characteristic
shape, the other images exhibit a spherical sh@peilar microscope images of spherical
Chlamydomonas cells were also observed in a previous investigaby using the structured
illumination microscope (SIM), one of the superalesion fluorescence optical microscopes. It
was interpreted that the shapesGbiamydomonas cells observed by the optical microscope
depend on the orientations of the cells againstader scanning-plane or the depth of the plane
within the cells [74].

As | mentioned in Section 4-3, the identificatwithe PSII-rich and PSl-rich region is
promptly completed by the self-written LabVIEW pram after the first scanning finished. In
this experiment, about 50 pixels were specifiedhasPSlII-rich and PSI-rich regions for each
measured cell (blue and red pixels in upper imageésg. 4-4). The lower images in Fig. 4-4
represent the PSlI-rich (blue) and PSI-rich (redjons estimated by the Gaussian decomposition
of the spectrum at every pixel as in Chapter Hlthis case, about 100 pixels are colored and
displayed. The spots of the blue-red pixels showthé upper and lower images nicely matched,
indicating that the PSll-rich and PSI-rich regiamasre as successfully distinguished as done by
the method described in Chapter .

Figure 4-5 shows the accumulated streak imagdsnatihe intracellular PSlI-rich and
PSI-rich regions and their steady state fluoresespectra. The monitor range of the delay time
was set to 2 ns. The previous report has suggéstgdeach PSs has a fluorescence decay
component with a lifetime longer than 1 ns. Thiig 2-ns time range seems insufficient to
estimate the slower time constants correctly. Bhengh, the 2 ns time range was applied so as
to ensure the evaluation of the lifetime behavafr& HCII exhibiting a relatively shorter time
constant. The streak images of the PSlI-rich andries sub-regions were obtained for each
measured cell. Then, | accumulated the streak imfagehe five measured cells induced to either

statel (Fig. 4-5 (a, b) for PSllI-rich and PSI-ricégpectively) or state2 (Fig. 4-5 (c, d) for PSII-
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rich and PSI- rich, respectively). As far as | knows is the first achievement to obtain streak
images for selected sub-cellular domains undemti@oscope. Actually, the acquired streak
images are slightly tilted due to the chirp effefcthe optical fiber. Figure 4-5 displays the skrea
images corrected for the chirp by using the datshefmalachite green agueous solution as
described in sections 2-13.

The steady state fluorescence spectra displayed ttee streak images in Fig. 4-5 were
calculated by integrating them along the time akilsthe spectra exhibit the PSII/ PSI intensity
ratios which are consistent with the change inatsorption cross-section of PSs upon the state

transitions and the difference in the content of ®Bhin the measured microscopic sub-domains.

4-6 The DAS Analysis for the Obtained Streak Images

Figure 4-6 (a) shows the same streak image aslidyayed in Fig. 4-5 (c). The streak
image from 662 nm to 730 nm was divided into 1 fsegfs represented by the white lines in Fig.
4-6 (a). Then, 17 decay curves were calculated nbggrating the 17 segments along the
wavelength axis. Figure 4-6 red solid lines repnetee 17 decay curves extracted from the streak
images for PSll-rich and PSlI-rich regions in stafielc) and those in state2 (d, e). The center
wavelengths of the segments are also given ind=g)(b). All the decay curves in each panel of
Fig. 4-6 were globally fitted to sum of four expatial decay models convolved with the IRF
according to Eq 2-15. FWHM of the IRF was estimdtete 27 ps by using the malachite green
aqueous solution (see section 2-12). In this glfitialg, t, (the peak position of the IRF) and
7; (each time constant) were constraint to havedheesvalues between the 17 decay curves and
only A; (amplitude corresponding to each time constan$) sed free to vary. Blue lines in Fig.
4-6 (b, ¢, d, and e) represent the fitting results.

Figure 4-7 (a, b, ¢, and d) indicate the DASsuated for the PSlI-rich and PSI-rich
regions in the statel-induced cells, and thoséh®PSlIlI-rich and PSI-rich regions in the state2-
induced cells, respectively. These DASs were predury plotting the estimatéyl against the
center-wavelength of the corresponding decay curtie. annotations in Fig. 4-7 indicate the
determined time constants associated with the Dex§ponents. Surprisingly, DAS components
with extremely short time constants (< 10 ps) weeatified by the present analysis (black lines
in Fig. 4-7). Similar fast lifetime component wamihd in the measurement with the cryogenic

FLIM microscope system (see Chapter Ill). The vslidf the estimation ofd; with the shorter
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time constant than the IRF will be confirmed intsec4-7.

Green and red solid lines in Fig. 4-7 shows theSBAvith relatively slower time
constants. These DASs are positive over the whodetsal range from 685 nm to 720 nm,
indicating no contribution of the energy-transfeogess. They can be assigned to the pigments
bound to PSs and having lower excitation enerdias the primary dimer (PD) where charge-
separation reaction occurs. Due to their low eKoiteenergy, energy transfer hardly occurs from
these pigments to the PD. Therefore, these pigmemit fluorescence with a slow lifetime
comparable to the natural lifetime. Since the estt time constants were significantly faster
than the natural lifetime, the fluorescence decaynfthe PD might be mixed in these DAS
components. In the measurements with the cryoderlid system discussed in Chapter lll, the
fluorescence decay at around 680 nm was appargother for the cells in statel than those in
state2. The fitting with sum of exponential decaydels suggested an increase in the contribution
of the component with the 190 ps time constanhasotigin of the slower decay in statel. The
main factor for the increase of the 190-ps compbserms to be attributed to the enhanced
fluorescence from CP47, which has been reportedhibit relatively slow fluorescence lifetime
and red-shifted fluorescence [99]. The DASs withl&0-ps time constant in statel (green lines
in Fig. 4-7 (a, b)) exhibited relatively higher paatensity at around 688 nm than those in state2
(green lines in Fig. 4-7 (c, d)), which is simikar the behavior of the ca. 190-ps component
obtained with the FLIM measurement. Since previposported study suggested that CP29 can
migrate to PSI together with LHCII upon state traoss, we interpreted that the reduction in the
supply of excitation energy to CP47 due to the elgph in antenna size causes a decrease in the
fluorescence signals belonging to the ca. 150-pgpoment in state2 [29].

Blue solid lines in Fig. 4-7 shows the DASs with 60-ps time constants. In statel,
these DAS exhibit positive contribution at arou® &im, suggesting loss of fluorescence due to
the excitation energy in an antenna Chl. beingpiedpby RC. In state2, on the other hand, the
DAS components with similar time constants of 40p8thave positive peaks at around 680 nm
and negative peaks at around 710 nm. As | desciibsdction 2-15, a DAS component with
positive and negative peaks reflects excitatiomgyngansfer from a donor with the emission at
the positive peak to an acceptor with the emisatdhe negative peak. Thus, the obtained DASs
for state2 indicate the energy transfer from LHGIPSI apparently with ca. 50 ps time constant.

It strongly corroborates the LHCII attachment tol Rfon the induction to state2, and the
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estimated time constant is good agreement witpt&eously reported observation (about 50 ps)
[104]. As | mentioned in section 2-15, the absokaplitude of a DAS component reflects the
local concentration of the pigment contributinghie DAS. The minus peak in DAS for the PSI-
rich region in state2 (blue solid line in Fig. 4€l§) slightly more prominent than that for the RSII
rich region in state2 (blue solid line in Fig 4€j)( indicating that LHCII-PSI super complex are
more abundantly included in PSlI-rich region. Sitlce current analysis cannot make finer
resolution of the DAS components due to the limiéd ratios of the decay curves, it is difficult
to distinguish the spectral components at arour@dr®8 that reflect either energy transfer to RC
within PSII or energy transfer from LHCII to PSI.

The error bars of the DASs with the shortest timestants (black solid lines in Fig. 4-
7), which indicate the standard error of the gldltthg, are larger than those with the other time
constants (especially, the error bars of the DASdate2 PSI-rich region, in Fig. 4-7 (d)). This is
presumably due to the difficulty in the accurateneation of the parameters of the component
with time constants shorter than IRF. Even thougé,can obtain spectra with positive and
negative peaks reflecting the excitation energystier. In statel, DASs for both the PSlI-rich and
PSI-rich regions indicated energy transfer from@RiB-nm emitting to 685-nm emitting species.
Previously reported study showed that CP 29 invbiweLHCII-family transfer the excitation
energy to CP47 with a time constant of about 18Pk which is roughly the same as the shortest
time constants of the obtained DASs. We interprétatithe above positive and negative peaks
reflect the energy transfer from CP29 to CP47. ihionsistent with the assumption mentioned
above that the increase in the amplitude at 68&hthe 150-ps DAS component in statel is
attributed to the increases in the energy suppB8R47. In the 7.5-ps DAS in the PSlI-rich region,
a negative peak appeared at around 710 nm. Thainedpand is contributed from the acceptor
species, which receive energy form the 675-nm amgitipecies. This negative peak was not seen
for the 8.8-ps DAS in the PSI-rich region, exclgthe possibility of the energy transfer from
LHCII to PSI. We assumed that the negative peak@tnd 710 nm in the 7.5-ps DAS in the
PSll-rich region of statel reflects the formatid®&l11-PSI megacomplexes localized in the PSII-
rich region. The existence of the PSII-PSI megadexrgs and the energy transfer from PSII to
PSI called spillover have been also suggestedesiptévious report [105].

In State 2, there are large differences in thee&a®ASs between the PSlI-rich and PSI-

rich regions. In the PSlI-rich region in stateZ fastest?? DAS suggested the energy transfer
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from the 675-nm emitting to 685-nm emitting specias be assigned to that from LHCII to PSII
as in statel. This suggests that not all LHCIIs entovPSI upon the induction to state2. In the
PSl-rich region, the fastest DAS exhibits a dradiycshort time constant of 3.5 ps and a blue-
shifted negative peak at around 680 nm. We intetped it reflects the energy transfer within
super complexes of LHCII-LHCI-PSI. Recently, CrydEbservations revealed that the two
LHCII-trimers are connected to the side of R@Blere LHCI is not attached as shown in Fig. 1-7.
Calculation based on the identified Chl positiond arientations have revealed the possible two-
step energy-transfer pathway from outer LHCII tninteeP S| via inner LHCII-trimer. In our DAS
analysis, we can see a coincidence between théigmsspf the negative peak of the 3.5-ps
component and the positive peak of the 42-ps coeowhich is specified as the LHCII
associated with PSI (see black and blue linesgn4=i7 (c, d)). Based on the above considerations,
we conclude that the excitation-energy transfenftbe outer LHCII to the inner one has the time
constant of 3.5-ps, then the energy arrives attBf& part with the 42-ps time constant.

Surprisingly, we found another positive peak aro@88 nm in the 3.5-ps DAS for the
PSl-rich region. It is quite unlikely that the ptbge peak at 695 nm indicates an energy feed to
the 680-nm emitting species showing a negative pedke 3.5-ps DAS, since such an uphill
energy transfer should be highly suppressed attéomperatures. Instead, this positive peak at
around 695 nm suggests an existence of a rapidiyyiteg emission species at this wavelength.
We interpret this component as the free-LHCII, whiloes not transfer the excitation energy to
neighbors and exhibits a drastically rapid fluoezs® decay. Several previous reports have
suggested the existence of the free-LHCII, whiameets to neither PSII nor PSI exhibits and is
in a quenched state probably due to the formatioaggregate. Furthermore, the assumed
formation of the aggregate is considered to indheeaed-shifted fluorescence feature. In spite of
frequent reports on the aggregated free LHCIIgr theations have never been clarified. Based
on our present cryo-microscope observations, wédcobtain for the first time experimental
evidence which strongly supports the localizatiohthe aggregated free-LHCII in the PSl-rich
region upon induction to state2.

The validity of the determination on the DAS coments with the substantially shorter
time constants than the IRF will be discussed uti8e 4-7. Here, | test the validity of the pos#iv
peak of the 3.5-ps DAS at around 695 nm. Blue addolid lines in Fig. 4-8 (a) shows the decay
curves integrated from 680 nm to 700 nm of theagtienages for the PSll-rich and PSl-rich
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regions in state2, respectively. The curves in Bi§.were integrated over a wider wavelength
region than those used for the DAS analysis inrda@nprove the S/N ratio. As you can see, the
red solid line clearly exhibits a more rapid ribar the blue one. Figure 4-8 (b) and (c) show the
results of the renewed fitting of the decay cuteethe sum of four exponential decay models. In
this fitting, the time constants were fixed to thabtained in the DAS analysis. The assigned
exponential components with time constants shttmaar 10 ps (black fills in Fig. 4-8 (b) and (c))
showed substantially different contributions to timee profiles between the PSll-rich and PSI-
rich regions: in the former it has a negative atngk showing the fluorescence rise with this time
constant, whereas in the latter it gives a postivglitude clearly indicating the existence of the
very rapid fluorescence decay. It should be ndtatithe decay curves of the PSlI-rich and PSI-
rich domains were measured for the same cells.efdwer, there is no ambiguity in the relative
position ofty, the time origin of the excitation laser, betwelbea two curves. This ensures the
validity of the above test.

Figure 4-9 shows an up-dated model of state tiansitbased on the results of the
present study. The estimated time constants aérieegy transfer from LHCII, and fluorescence
emitted from PSs are also given in Fig. 4-9. A pattHCIl moves to PSI upon the transition to
state2. As a new finding, aggregated free LHClihi@ quenched state and with the red-shifted
fluorescence is localized in the PSI-rich regiostiate?2. It is considered that these functions are

equipped to inhibit the ROS generation caused bytblonged excited state of Chl.

4-7 Validity of Identification of a Fast Lifetime Component

In our lifetime measurement using the cryogenieadtrcamera microscope system, we
found drastically faster lifetime component (timn@stant with < 10 ps) than the IRF. In order to
evaluate the accuracy in determining an amplitudene® rapidly decaying component by the
present system, we measured a standard dye malapi@en known to have a very short
fluorescence lifetime of less than 1ps [78, 79]levbhanging its concentration (black solid lines
in Fig. 4-10 (a)). Obtained decay curves weredittesingle Gaussian function (red solid lines in
Fig. 4-10 (a)). Amplitude of the fluorescence decdya malachite green aqueous solution
estimated by the fitting is plotted against its @amtration (crosses in Fig. 4-10 (b)). the dashed
line in Fig. 4-10 (b) indicates the linear approation. From the observation, we could confirm

a sufficient linearity between the concentratiom déime amplitude of decay curve even for a
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fluorescent dye having a shorter lifetime than IRF.

4-8 Streak Measurement for BulkChlamydomonas Cell Suspension

To assess the validity of the exponential companeidientified through the
measurement with the cryogenic streak camera éptizaoscope system and the subsequent
DAS analysis, we conducted a conventional streakeca measurement for a bulk-
Chlamydomonas cell suspension, providing a streak image witthiggN ratios. The obtained
streak image for a bullkGhlamydomonas cell suspension at 77-K are shown in Fig. 4-11Aa)
the bulk sample, the suspension in HS medium isdmsed in liquid nitrogen in a Dewar vessel
and mounted before the entrance of the streak earfibe excitation pulse beam from the fs
Titanium: Saphire laser was irradiated to the samapl fluorescence was detected by the streak
camera. The size of the focal spot can be rougdtlynated to be 3(m and the laser power was
regulated to 200 uW so that the laser power perarmeia was the same as that applied to the
cryogenic streak camera optical microscope sydirming the signal-accumulation time of 2000
s, the sample position was manually moved slowlthab it changed about 1Q0n in 5 s. This
handling was done to realize the same excitationlition as that done in the cryo-microscope
measurement, in which an extreme care was takevda inhibition of any photo-induced
change in the sample by the excitation laser. €deand blue solid lines in Fig. 4-11 (b) show the
fluorescence decay curves integrated from 675 #r68 of the streak image obtained for the
bulk sample and for intracellular PSll-rich regionstate2 measured with the cryogenic streak
camera optical microscope system, respectivelydssee, the decay curve obtained from the
bulk sample exhibit a significantly longer lifetim&his behavior is seen in those at all
fluorescence-wavelength range. One plausible fasttne temperature difference between the
sample in the Dewar vessel and that in the samgtiehset in the cryostat. In the case of the
bulk measurement, the sample suspension was seaqxerforated copper plate and the edge of
the plate was immersed in liquid nitrogen, ensusingmperature very close to 77 K. On the other
hand, in the low temperature measurement with yy@stat, the sample holder made of cupper is
cooled by the flow of liquid nitrogen, resultingtime slightly rise in the temperature above the 77
K. The temperature of the sample holder is estimated 80-85 K by means of the thermocouple.
The decay curve measured with the microscopic systay exhibit shortened lifetime possibly

because the elevated temperatures increased thabiity of the energy access through the
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uphill energy transfer to the RC where the enemytrapped. To verify this, the streak
measurements of bulkhlamydomonas cells were performed with several temperatureshén
detail, the vessel was left to stand, and thremktimages were acquired every 30 minutes. Cyan,
green, and red solid lines in Fig. 4-11 (c) repnéske decay curves integrated over the same
range and measured at elevated temperatures. 8tthoa could not record the temperature in
current bulk-measurement set up, the surface oidigitrogen was below the edge of the copper
plate at the time of the final streak measuremeat $olid line in Fig, 4-11 (c)). Blue solid line

in Fig. 4-11 (b) is the same as that in (c). Agathe above expectation, decay curves for the
sample with gradually-elevated temperatures did staiw as short decay as that for the
measurement with the microscope system. At presentassume that the bulk measurement
provides signals significantly contributed from taminated broken cells exhibiting relatively

slow lifetime.
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Figure 4-1 Typical results obtained by the three-step scan measured with the cryogenic streak-
camera optical system. (a) Typical fluorescence image and fluorescence spectrum obtained at
a certain pixel. Wavelength bands mainly assigned to PSII and PSI are highlighted as blue and
red fills respectively. The PSII / PSI image in (a) indicates PSII-rich region and PSI-rich region
as blue and red pixels, respectively. Typical streak images in (b) and (c) are obtained for PSII-
rich pixels and PSl-rich pixels, respectively. Fluorescence spectra given lower the streak

images are calculated by integrating them along the time axis.
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Figure 4-2 A front panel window of the self-written LabVIEW program which controls the
three-step scan and identification of PSII-rich and PSI-rich regions. See the text in section 4-

3 for the detail.
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Figure 4-3 (a) Typical fluorescence images of a thin-film sample containing two types of
fluorescent beads (F8807 and F8811) measured with the cryogenic streak-camera optical
microscope. (b) The same image as in (a) with pixels with relatively higher fluorescence
signals from F8807 and F8811 highlighted by blue and red, respectively. (c) A fluorescence
spectrum averaged over all pixels in image (a). The two fluorescence bands mainly contributed
from F8807 and F8811 are highlighted as blue and red fills, respectively. Black solid lines in
panel (d) and (e) represent a fluorescence spectrum averaged over blue and red pixels in panel
(b), respectively. Blue dashed dotted line in panel (d) and red dashed dotted line in panel (e)
are the fluorescence spectra, detected by the CCD camera while the excitation laser was
scanned over the pixels colored by blue and red, respectively. Blue solid line in panel (d) and
red solid line in panel (e) are the fluorescence spectra, detected by the streak camera while the
excitation laser was scanned over the pixels colored by blue and red, respectively. All spectra

in panel (d) and (e) are normalized at each peak position.
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Figure 4-4 Typical fluorescence images of five Chlamydomonas cells induced to either statel
(a) or state2 (b) measured with the cryogenic streak-camera optical microscope system. We
add a serial number to each cell. Blue and red pixels in the upper images highlight the spots
where the excitation laser was scanned in the second (PSII-rich region) and third (PSI-rich
region) steps, respectively. The lower images represent the PSII-rich (blue) and PSI rich (red)

regions estimated based on the Gaussian decompositions of the spectrum at every pixel.
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Figure 4-5 Accumulated streak images and their steady state fluorescence spectra calculated
by integrating the images along the time axis for the specific microscopic areas of
Chlamydomonas. Each obtained streak image is accumulated for five measured cells induced
to statel ((a) for PSII-rich and (b) for PSI-rich regions) or state2 ((c) for PSII-rich and (d) for

PSI-rich regions).
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Figure 4-6 (a) The accumulated streak image which is the same as that displayed in Fig. 4-5
(c). The streak image was divided into 17 segments represented by the white lines. The 17
decay curves were obtained by integrations along the wavelength axis in the segments. They
are displayed as red solid lines in panels (b) (statel, PSll-rich), (c) (statel, PSlI-rich), (d)
(state2, PSII-rich), and (e) (state2, PSI-rich). Blue solid lines represent the fitting curves with

sum of four exponential decay models.
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(¢c)  State2 PSII rich region
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Fig. 4-7 Decay associated spectra calculated for the intracellular PSII-rich (a) and PSI-rich (b)
regions in statel and PSII-rich (¢) and PSI-rich (d) regions in state2. Black, blue, green and
red solid lines show the spectra associated with the indicated time constants. The error bars
and values of the right of + synbols in the annotation indicate the standard error of the global

fitting with the exponential decay model.
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Fig. 4-8 (a) Fluorescence decay curves obtained by integrating around 695 nm of the streak
images for the PSII-rich (blue) and PSI-rich (red) in state2 regions. Blue dots in panel (b) and
red dots in panel (c) are the same ones as the red and blue solid lines in panel (a), respectively.
These two decay curves were fitted to sum of four exponential models. Black lines in panels
(b) and (c) shows the fitting curves. The curves filled by black, blue, green, and red, represent

the four exponential decay components with the time constants given in the annotations.
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Up-dated model
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Fig. 4-9 Updated state-transition model. The apparent time constants of the excittaion energy

transfers from LHCII to PSs and fluorescnece emission from PSs are represented. In this
model, a part of LHCII moves from PSII to PSI upon state transitons. In addition, LHCII

aggregations with red-emitting and highly quenching states are formed near PSI.
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Figure 4-10 (a) Fluorescence decay curves of a malachite green aqueous solutions with several
concentrations (black solid lines) and fitting curves to single Gaussian function (red solid
lines). These curves were measured with the cryogenic streak camera optical system. (b)
Amplitude of the fluorescence decay of a malachite green aqueous solution estimated by the
fitting is plotted against its concentration. The cross points show the measured data, and the

dashed line indicates the linear approximation.
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Figure 4-11 (a) Streak image measured for a bulk-Chlamydomonas suspension at 80-K. (b)
Red slod line show the fluorescence decay curve integrated from 675 to 685 nm of the streak
image in (a). Decay curves integrated over the same range of the streak image in Fig. 4-5 (¢)
is represented as blue lines in (b) and (c). (c) Fluorescence decay curves extracted from the
streak images acquired for the bulk-Chlamydomonas suspension with gradually increased

temperature (from up_1 toup_3).
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Chapter V Development Cryogenic STED Microscope Syam

5-1 Purpose of This Experiment

As | mentioned in section 2-10, our cryogenic agtimicroscope system has a spatial
resolution with accuracy close to the theoreticug. The effective spatial resolution in the
lateral axis was estimated to be 0137 that is equivalent to the size of the stacked brane
region in a chloroplast. On the other hand, theatiffe spatial resolution in the optical axis was
estimated to be ca. 1;8n. This insufficient resolution especially in thgtioal axis direction has
prevented us to observe clear segregations otaltudar PSII-rich and PSI-rich regions. STED,
one of the super resolution fluorescence microsdepginiques, involves the process of laser
scanning over a sample and seems to have a gogahtibitity with our current microscope. The
implementation of STED to our system drasticallhamces the resolution without degradation
of its ability to obtain information on both theu@rescence spectra and lifetimes of the
intracellular specific regions. Recently, we hagerbdeveloping the cryogenic STED microscope
system (Fig. 2-14) and attempting to improve thatiapresolution of our system. | evaluate its

performance in this Chapter.

5-2 Optimization of the Delay Stage

A STED microscope employs two light beams, thetation (Ex.) beam and STED
beam that induces stimulated emission as desanissttion 2-8. To achieve effective stimulated
emission, it is essential to synchronize the tvgeigulses in time on the sample position. The
delay stage (Fig. 2-14) installed on the STED @ppath allows us to manually change the optical
path length of the STED beam in the rangetof30 cm, resulting in the shift of its arrival time
in the range of+ 1 ns.

We estimated the relative time between Ex. and SpiBes by observing the scattering
of the two lasers on the paper placed in fronhefdryostat (Fig. 5-1 (a)) with the TCSPC module.
We observed the signal of the two pulses, and sjuhe arrival time of the STED pulse by
moving the delay stage back and forth. The mobild immobile pulses upon the delay-stage
movement were assigned to STED and Ex. beams,atésglg. The blue and red solid lines in
Fig. 5-1 (b) show the observed two-pulse signalemiie delay stage was fixed at two different

positions. The annotations of 23 cm and 10 cm énitiset represent the rough distances of the
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stage from the position which gave the shortestalypath length of the STED beam. The delay
stage was moved 13 cm in the second measuremsuitjmg in a ca. 0.87 ns shift in arrival time
of the STED-beam pulse. As you see, the peak assignthe STED beam is shifted 0.87 ns as
expected.

This method allows us to roughly estimate the netatime between the two pulses of
Ex. and STED beams. Note that the FWHM of the nreakspulse, which represents the time
resolution, is ca. 45 ps, and it is not possiblegecify the arrival time of the pulse with higher
accuracy than this. The optimum delay stage posfoo realization of an effective stimulated
emission should be determined by the actual depletifficiency for a standard dye while

adjusting the delay stage.

5-3 Effective Donut Shape of the STED Beam

The vortex phase plate (VPP), a diffractive optetament, was implemented to convert
the STED beam with a Gaussian profile to the dahaped one. A shape of the STED beam was
measured at the place marked with a green crobfgin2-14 by a C-MOS camera with and
without the VPP put after the optical fiber. As wimoin Fig. 5-2, the donut-shaped beam was
significantly distorted. In addition, at presengt have not succeeded in observing donut-shaped
STED beam on the sample surface where the beamusdd. The previously reported study has
achieved to improve the spatial resolution beydral diffraction limit even with the slightly
distorted STED beam [67]. In this study, the raifocentral intensity to maximum intensity
(Icenter/Imax) Of the STED beam was estimated to be ca. 0.16.d00ut shaped STED beam
exhibited a close value (0.154 and 0.156 for x gnéxes, respectively) of the effective
Icenter/Imax 1O the above value. The effectiVg.ier/Imax Was estimated from the average of
those estimated from the cross-sectional intemtstyibutions (red and yellow solid lines in Fig.
5-2) along x and y axes of the obtained donut-fgafnage. This suggests that even the current

STED beam is expected to improve the spatial résoltio some extent.

5-4 Evaluation of the Laser Power Dependence
Figure 5-3 (a) shows the fluorescence decay curtteecATTO647N thin film detected
by TCSPC at room temperature. The blue, red, apdrgsolid lines were obtained with the

irradiation of only Ex pulse, only STED pulse, ahdth two pulses, respectively. In this
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experiment, the STED pulse was irradiated 0.2 tex difie arrival of the Ex. pulse. The laser

powers of the Ex. and STED light were 0.12 uW aridr@W, respectively. Although the decay

curve obtained with the irradiations of both liggteen solid line in Fig. 5-3 (a)) was expected to
drop just after the arrival of the STED pulse bg thduced stimulated emission, unexpected
ascent of the fluorescence signals was observita atcidence of the STED pulse. In addition,

the nonnegligible signal was detected even whey thid STED pulse was irradiated (red solid

line in Fig. 5-3 (c)). This suggested that the STIEdt electronically excited molecules rather

than deexcited them via the stimulated emissioeré lare two possible excitation mechanisms:
one-photon excitation from vibronic bands in thecgélonic ground state (anti-stokes excitation)
and two-photon excitation to higher two-photon-atal levels.

Note that the transition rate of a two-photon et is proportional to the square of
the excitation light intensity. To elucidate thentrdbution of the two-photon excitation, we
measured the excitation-intensity-dependence ofShED-light-induced fluorescence decay
curve of the ATTO647N thin film (Fig. 5-3 (b)). Thetensities of the STED light are indicated
in Fig. 5-3(b). The linear relationship in Fig. &eBruled out the occurrence of the two-photon
excitation.

Figure 5-3 (d) shows the fluorescence decay cwhtsned under the same conditions
as in Fig. 5-3 (a), except that the power of theligkt was multiplied by 100. The decay curve
with both light irradiation (green solid line in dg=i5-3 (d)) exhibits ca. 50 % drop of the
fluorescence signals just after the arrival of 8IEED pulse, indicating the depletion by the
stimulated emission. The occurrence of the stinedl&mission can be interpreted based on the
Jablonskidiagram consisting of the four levels; the electronic ground (vo) and excitedy*) states
and their vibronic states(, andv;*). In general, the stimulated emission fremnto vo* compete
with anti-stokes excitation fromy* to vi. The transition rates of the stimulated emissiash aamti-
stokes excitation are proportional to the occupatiomber ofy* (No*) andv; (N,), respectively.
Therefore, an occupancy inversion,{N N,) is required to achieve the effective stimulated
emission. In a typical STED microscope, Ex. lasth & sufficient power ensures™o exceed
N; which is a relatively small according to the Boleam distribution. When we obtained the
decay curve in Fig. 5-3 (a), the power of Ex. liglats not enough to realize the above occupancy
inversion, resulting in a significant increase téasl of a drop, of the fluorescence signal by the

STED pulse. Actually, Ex. light power used for theasurement in Fig. 5-3 (a) was almost 100
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times weaker than that applied to the previousporeed system which achieved the effective
fluorescence depletion [65].

Note that green solid line in Fig. 5-3 (d) exhidi#crease of fluorescence signal as
compared with the blue line even in the time regbmfore the STED pulse arrival. The
measurement with Ex. + STED light irradiation wasfprmed after that with only the Ex. beam
irradiation. We assume that photobleaching occudteithg the measurement due to the increased
Ex. beam power. Accumulation of excited state dudné longer lifetime than the pulse interval
may be another cause for the decrease in fluoresdeefore the STED pulse arrival. In general,
placing the sample in a vacuum inhibit the generatif reactive oxygen species (ROS). In fact,
as described in the next section, this fluorescedissipation was not observed in the
measurements where the sample was imposed in theiwacondition in conjunction with the

cryogenic manipulation.

5-5 Temperature Dependence of the STED Efficiency

In the previous section, we mentioned that theligkt intensity plays a significant role
to achieve the occupancy inversiony(NN;), which is essential for the effective stimulated
emission. According to the Boltzmann distributithie occupancy of the vibronic band decreases
at low temperatures, ensuring the above occupan@rsion [82]. We have demonstrated the
inhibition of the un-desired anti-stokes excitatigron the cryogenic treatment.

Figure 5-4 (a, b) shows the fluorescence decayesuwn’/ATTO647N thin film measured
at 84 K and room temperature. Powers of Ex. andCsh&ams were 2.QW and 5.0 mW at
sample position, respectively. Here, we did notappsufficiently high power of the Ex. beam
assuring the occupancy inversion in order to higttlithe effect of sample temperature. The
exposure time of each decay curve was 1 s. Althoilnghirradiation of the STED light at room
temperature caused the significant increase dfigmal due to the anti-stokes excitation as in Fig.
5-3 (a), the depletion of the fluorescence was meskat low temperature. In this measurement,
the series of measurements of the three decayswitie Ex. light only, STED light only, and
both was performed several times while decreadiegtémperature (not all data not shown).
Figure 5-4 (c) shows the relative amplitudes ofdéeay curves only with the STED pulse against
those only with the Ex. pulse plotted vs. the terapge, highlighting the reduction of the anti-

stokes excitation at low temperatures. This resldarly indicated that the low-temperature
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treatment promotes the effective stimulated emissiy suppressing the occupancy of the
vibronic band.

Although the data in Fig. 5-3 and 5-4 were obtaimgth the same samples, the
behaviors of the decay curves are clearly diffefremh each other. Since the sample was prepared
by the spin coating, the concentration of the dgg ime non-uniform on the sample surface. We
assumed that the inhomogeneous lifetime was causéie site-dependent self-quenching due

to the local formation of aggregates.

5-6 Trials with Fluorescent Beads — Non-Donut ShapeSTED Beam

The depletion of fluorescence due to induced enrisaias observed by increasing the
Ex. power and lowering temperature. However, oalys® % of the fluorescence was dissipated
at this time whereas, ca. 70 % of that has beeiewasthin a previously reported study [ref]. One
possible factor is that the focal spots of the &d STED beams were not spatially overlapped.
To confirm this, we identified the focal positioms the two lasers through scanning the
fluorescent beads.

Images in Figure 5-5 (a, b) represent the fluoneseémages of fluorescent beads F8807
measured at room temperature and 80 K. One beadcaased three times with irradiation of
Ex. light only, STED light only, and both. The pawef Ex. and STED light which was not donut
shaped were 8. 0W and 6.8 mW at the sample position, respectividig images in Fig. 5-5 (a)
and (b) are depicted in the same color scalesoAgh the scanning ranges of the three images
obtained in the series of measurements are comthenpositions of the bright spots under
irradiation of Ex. light only and STED light onlyeaslightly shifted, indicating that the two beams
do not overlap finely. Since the TCSPC module wadied as the detector, a fluorescence decay
curve was obtained for every pixel of the imagee @lecay curves on the right of the images in
Fig. 5-5 show those obtained at the center of tighbspot for the three irradiation conditions.
At room temperature, the effective fluorescencdeatam was not observed due to the insufficient
population inversion as discussed in the previeaian (green solid line in Fig. 5-5 (a)).
Surprisingly, nearly 80% of the fluorescence depfetvas achieved in the center of the bright
spot at 80 K (green solid line in Fig. 5-5 (b)). e contrary, only ca. 40 % of the fluorescence
reduction was obtained at a pixel located at tlgeaxd the bright spot (black solid line in Fig. 5-

5 (b)). Note that, in the measurement of the thin $ample described in the previous section, it
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Is suspected that the fluorescence from the pa@aphegion of the Ex. beam spot was not
sufficiently depleted due to the deficient STED rheatensity. We assumed that the ineffective
stimulated emission in the outer region resultedhi@ observation of the less pronounced

fluorescence drop in the measurement for the tlimdample.

5-7 Trials with Fluorescent Beads — Donut Shaped &D Beam

When STED effect is operating, irradiation of tR€ED light with the donut shape
suppresses the fluorescence emission from the heeep region of the excitation volume,
resulting in the improvement of the spatial resolut To confirm the STED effect, the STED
beam was transformed into the donut shape by lingtdhe VPP after the acquirement of images
of the bead shown in Fig. 5-5 (b), and the bead neasanned three times with Ex. light only,
STED light only, and both (images in Fig. 5-5 (@he image with both irradiations does not
exhibit the reduction of the bright spot size. Disfphe expectation, the fluorescence depletion
was observed even in the center of the bright wbetre the STED beam should have no power
in the ideal condition. This was probably becatieeITED beam did not form a symmetric donut
shape on the sample position and/or because the fmsitions of STED and Ex. beams did not
match to each other. As | described in section & STED beam had a distorted donut shape
before the cryostat, and besides we have not yeesded in capturing a donut-shaped STED
beam at the sample position. F8807 is not a seitilittbrescent bead for evaluating the shape of
the STED beam due to their tiny absorbance at theslength of the STED light, resulting in the
faint bright spot even at room temperature (imageg with the STED beam irradiation in Fig.
5-5). Previously reported studies have used gatdparticles or beads with sufficient absorption
at the STED-light wavelength for visualization bétshape of the STED beam [65, 67]. Our next
challenge is to establish a method to evaluatshihge of the STED beam on the sample surface

by employing these or other methods.

5-8 Advantages and Disadvantages of Operating STE& Low Temperature
The effectiveness of performing STED at low temperais as follows.

1) Reduction of the photobleaching.

2) Enhanced versatility.

3) Improvement of spatial resolution by arbitrarilgiaasing the STED intensity.
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In this experiment, we have realized the populaiiarersion even at low Ex. light power by
lowering temperatures. This means that the intemdithe Ex. light can be suppressed in the
cryo-STED [82, 83] and the flexibility of the seliem of the Ex. wavelength is increased.
Furthermore, the decrease in the population ofifw@nic band in the ground-state leads to the
inhibition of the anti-stokes excitation, allowitige use of higher intensity of the STED beam.
As shown in Eq 2-3, the spatial resolution of tA&D is determined by the intensity of the STED
beam, which indicates the enhancement of the $pesialution by the increased STED power.
Previously reported study has suggested thatdompte temperature induce an increase
in the occupancy of the triplet state due to a léeaton of non-radiative deactivation of that stat
It reduces a conventional fluorescence and ther&tibs of the bright spots, resulting in a poor
spatial resolution. This problem was solved byadtrcing a third laser inducing the triplet
depopulation thorough a direct stimulation of asiion from the triplet to higher excited states

[82].
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Figure 5-1 (a) A picture of the setup of the optical fiber connected to the APD for the
measurements of the pulse timings of Ex. and STED light. Scattered light from a sheet of
paper placed in front of the cryostat was detected by the APD which fed photon signals to the
TCSPC module. (b) The obtained two pulse sequences measured with changing the position

of the delay stage. The position of the delay stages measured from the edge are indicated.
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Figure 5-2 Upper images show the intensity distributions of the STED beam measured by the
C-MOS camera at the place marked with green cross in Fig. 2-10 with (right) and without
(left) the VPP. Middle and bottom panels show cross-sectional intensity distributions cut along
the red and yellow dotted lines in the image of “with the VPP”, respectively. The estimated
Icenter/Imax values are given on the graphs. In this estimation, we took the I, of the curve

in the bottom panel for the calculations of I epter/Imax for both traces.
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Figure 5-3 (a) Fluorescence decay curves of the ATTO647N thin film detected by the TCSPC
module of the cryogenic STED microscope system. Green, red, and red curves were obtained
when the sample was irradiated with Ex. light, STED light, and both, respectively. (b)
Fluorescence decay curves of the ATTO647N solution obtained with the STED light
irradiation. The data were taken with various powers of the STED light. (¢) The peak
intensities of decay curves in (b) plotted vs. the STED power. (d) Fluorescence decay curves
of'the ATTO647N solution measured under the same conditions as (a) except for the 100-times
increased Ex. light power. (e) A schematic illustration showing the competition between the
stimulated emission and the anti-Stokes excitation depending on the occupancy of the excited

and ground states.
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Figure 5-4 Fluorescence decay curves of the ATTO647N thin film at 84 K (a) and 293 K (b).
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119



Excitation
— Ex.

.. 80 | STED

Both

Photon count

(b)

Exe@itation — Ex.

Both

200 — —— Both_edge
| | — STED
= 150 | / %

100 —

Photon Count

120 —

Exgitation

==

—— Ex
Both

100 STED

D
o
|
S
-—

Photon count
8
|

I
o
|

)
(<)
|

Ik
| .t"} ‘ ‘1. N‘
H (' w

fh:u

b3
H

Figure 5-5 Fluorescence images and decay curves of fluorescent beads F8807 obtained at room
temperature (a) and 80 K (b, ¢). Data in (a, b) were measured with the non-donut-shaped STED
beam, whereas those in (c¢) were measured with the donut-shaped STED beam. Each decay
curve was obtained with the laser spots fixed at the center pixel of the bright spot. The decay
curve represented as black solid line in (b) was obtained at a pixel located at an edge of the

bright spot.
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Chapter VI Photosynthetic Artificial Membrane

6-1 Purpose of This Experiment

| have started the collaborated research with &sBoof. Morigaki group at Kobe
university where they are trying to establish difieial photosynthetic membrane. Very recently,
Morigaki and co-workers have developed a new tyjpthygbrid membrane” by incorporating
thylakoid components into supported lipid bilayeiishin array-patterned template (patterned
membrane) [69, 70]. Although they succeeded in mfisg a homogeneous and colocalized
distribution of the Chl fluorescence within thetpated membrane, there is a lack of evaluation
for the activity of the reconstructed photosynthebmponents in the hybrid membrane in terms
of photophysics and photochemistry such as theggrteansfer and the NPQ. By measuring the
hybrid membrane with our cryogenic optical micrggeeystem, we have attempted to evaluate
the function of the incorporated photosynthetict@ires. In the future, we plan to investigate the
fluidity of mobile-LHCII within the thylakoid memlame and perform a single molecule
spectroscopy of a photosynthetic protein within dngficial thylakoid membrane providing a

controlled environment.

6-2 Observation of Patterned Membrane

Figure 6-1 (a, b) show typical fluorescence imagfethe patterned polymeric bilayer
(Diyne-PC) formed on a quartz substrate. The ima&ge obtained by the standard confocal
cryogenic optical microscope system as shown ii@e2-5 at room temperature. The power of
excitation light (445 nm, CW) was 80V before the cryostat, and the exposure time wei €.
The images represent the lattice-like patternegrpetic bilayers, termed as “frame region”,
serving as a framework of an array of @@ x 20 um square-shaped empty spaces. Since the
CCD camera was used as a detector, a fluorescpacean was acquired at every pixel of the
image. Figure 6-1 (c) shows the fluorescence spenteraged over pixels surrounded by the
green (empty region) and blue squares (frame r¢gidrig. 6-1 (b). Slight fluorescence signals
from the polymer was observed even in the emptipneghere the polymer was not expected to
exist. It indicates that the non-polymerized Diy&-was not fully removed during the rinse
process described in section 2-3.

Figure 6-1 (d) shows the normalized fluorescenactsp obtained from the frame
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region while varying the sample temperature froommdemperature to 80 K. While the spectrum
of the polymer shifted to longer wavelengths bydowg the temperature to 207 K, the spectral
appearance remained constant upon further coobfabthis temperature. Although the origin
of fluorescence from the polymer has not been fillyified, the most plausible idea is the*
transition within an-conjugated system (established by the covalentdddretween the
neighboring lipid molecules) spread over a polydwnain of a certain size. Since the membrane
was immersed in the buffer solution, we assumettigafreezing of the solution forces a change
in the arrangement of the solvent molecules ardhadipids, resulting in the spectral shifh.
addition to this shift, the fluorescence intensitfgo increased about 30-fold by the low-
temperature treatment (data not shown). The mesimefair this fluorescence enhancement upon

cooling is not clear at present.

6-3 Observation of Patterned Hybrid Membrane

Figure 6-2 (a, i) show typical fluorescence imagethe hybrid membrane composed
of the mixture of the thylakoid membrane + DOPComporated within the empty region of the
patterned polymeric bilayers. The data was measmitbdhe standard confocal cryogenic optical
microscope system at 80 K. The incorporating preeess done in our laboratory following the
procedure described in section 2-3. The power@gtttitation light and the exposure time were
the same as those in section 6-2. The green gudiglin Fig. 6-2 (g, 0) represent the fluorescence
spectra averaged over the regions specified bygteen squares in Fig. 6-2 (a, i). There is a
remarkable peak around 680 nm in addition to tHgnper fluorescence as in Fig. 6-1 (c). If a
natural photosynthetic system was successfullyrpwated, the membrane formed within the
empty spaces of the polymer should include thesfdlig pigment components: LHCII, PSII,
PSI, and NBD-PE (labeling dye for the DOPC). Toatepose the fluorescence signal in each
pixel into these components, we conducted a glG@alssian decomposition. To do this , we
calculated the fluorescence spectra averaged bvegens within the spaces between the frames,
termed as “surrounded region”, roughly specifiedthy green squares in Fig. 6-2 (a, i), of the
measured five hybrid-membrane images. They werbafjio fitted to sum of four Gaussian
functions (orange, blue, red, and gray fills in.Fég2 (g, 0)) and the model spectrum for the
Diyne-PC (spectra filled with black hatched lineqg, 0)). In this fitting, the parameters of the
model for the Diyne-PC were fixed to those detesdiby the fitting in Fig. 6-1 (b) except for
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the amplitude set free to vary. The obtained peakelength and FWHM of each Gaussian
component are listed in Table 6-1.

We conducted the fitting of the spectra at allgihels in the fluorescence image of the
hybrid membrane to the model described above, iiclwbnly the amplitudes of the Gaussian
components were allowed to vary whereas the pesik@us and widths were fixed to the values
determined by the above global fitting. Then, fegmence images were reconstructed with the
areas of the obtained Gaussian functions and thetrsn at every pixel of the image (Fig. 6-2
(b-f and j-n)). Each Gaussian component was asgigaéndicated in Fig. 6-2 (h).

As expected, the fluorescence signals assigndeetd©OPC and the polymer occupied
the space surrounded by the frame and the framienegespectively. This indicates that the
DOPC was uniformly incorporated into the empty oegdf the polymer.

The Gaussian function named G1 exhibits relatihaih amplitude (orange fills in Fig.
6-2 (g, 0) and its intensity distribution map allog/to estimate its localization to the surrounded
region and several bright spots that emerged onfjig. 6-2 (b, c, d). At present, we assume that
these bright spots are versicles of thylakoid meméradsorbed on the hybrid membrane due to
insufficient rinse. The previously reported studgnunstrated that the fluorescence lifetime
around 680 nm band was ca. 4 ns [69]. We assunsd3h component with relatively high
fluorescence intensity was mainly contributed frémee-LHCII or isolated Chl, which was
formed via the influx into the different membranavieonment, DOPC. They lost the
photochemical quenching channel via the energystedrio the reaction center.

The G2 component assigned to PSII fluorescenceavaly detected in the fluorescence
spectrum and its intensity distribution map geregtdtom the hybrid membrane where no bright
spots are seen (Fig. 6-2 (0, k), respectively). @aning images (c) and (k) in Fig. 6-2, we found
that this component was mainly localized in theghirispot areas, suggesting the inefficient
incorporation of PSII into the system. The G3 congu was assigned to PSI. The distribution
of this component indicated that PSI was uniforpypulated within the inside of the polymer
frame not only in the bright spots.

Based on the above results and discussions, weggam extended kinetic model for
the incorporation of thylakoid components into pla¢tered polymeric lipids (Fig. 6-3). We extend
the previously reported model: during the incorgioraprocess, the DOPC bilayers is rapidly

formed within the empty region of the polymer meert®. The thylakoid membrane associates
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with the defective site of the DOPC bilayers, thle@ photosynthetic proteins flow into those
bilayers [69]. Our result suggested that PSI ragiffectively enters into the DOPC, whereas PSII
incorporation is inefficient. We assume that expesaf the thylakoid components to a different
membrane environment will promote chlorophyll dation or LHCII disaggregation. In

addition, we suppose that the multi-stacked strectf grana makes it difficult to access the
defective site of the DOPC bilayers due to its ehdanensional obstacles, resulting in the

inability of PSII to flow into those bilayers.

6-4 Current Challenges and Future Works

The polymeric lipids showed an unexpected increasefluorescence at low
temperatures even in the empty region of the palymembrane where they should be absent.
This extremely broad spectrum and strong emissiaskmthe wavelength band where
photosynthetic proteins mainly contribute. This delgs the reliability of the quantitative
determinations of the components of PSII and PShbyfitting. To solve this problem, we plan
to use an excitation laser at 633 nm that seldgtiascites the photosynthetic proteins.

G2 and G3, which are respectively assigned to &&lIPS| components, have relatively
poor signals. In addition, the latter may cont&ie signals from a vibronic band of the G1 and
G2 component. In addition to the selection of etiwih laser wavelengths as described above,
time-resolved fluorescence spectroscopy using theals camera allows us to identify each
component from the viewpoint of the energy trangl@thways. We plan to use the cryogenic
optical microscope system coupled with the streakera, which was described in Chapter 4, to
evaluate the function and localization of photobetit proteins within the hybrid membrane

platform.
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Figure 6-1 Fluorescence images of the patterned polymeric lipids formed on the quartz
substrate (a) and that taken by the magnified scan (b). Fluorescence spectra averaged over the
regions specified by the green and blue squares in (b) are shown by the same-colored solid
lines in (¢). (d) Temperature dependence of the fluorescence spectra of the patterned polymeric

lipids from 80 K to room temperature. The excitation was made by the 445-nm CW laser.
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Figure 6-2 Total fluorescence images of the incorporated thylakoid components into the
patterned polymeric lipids detected by the polychromator + CCD camera are shown in (a) and
(i). From (b) to (f) and from (j) to (n) represent the fluorescence image reconstructed with the
Gl1, G2, G3, NB, and PA components, respectively. (h) List of the assignments for the
components identified in the fitting. Green solid lines in (g) and (o) represent fluorescence
spectra averaged over the pixels specified by the green squares in (a) and (i), respectively.
Black solid lines in (g) and (o) are the fitting curve. The Gaussian functions filled with orange,

blue, red, and gray are the component spectra of G1, G2, G3, and NB, respectively.
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Figure 6-3 A schematic illustration of the proposed model for the incorporations of the
thylakoid components into the pattered polymeric lipids. We assumed that PSII has less
accessibility to the DOPC bilayer membrane due to the stacked structure of the thylakoid

membranes in the grana region.

Table 6-1 The parameters obtained by the global fitting ef¢phectra averaged over the pixels
corresponding the hole regions in each fluorescemege of theincorporated thylakoid

components into the patterned polymeric lipids.

Peak position [nm] FWHM [nm]
Gl 674.8 9.93
G2 690.1 10.4
G3 711.8 78.1
NB 540.1 50.2
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Summary

My doctoral research focused on the developmeatr@w optical microscopy system
that enables us to observe changes in the distibaind related functions of LHC changing
during the state transitions with in vivo experiaeim Chapters 11l and IV, | described the
performance of the novel cryogenic optical micrgeeeystem that explores the distribution and
function of the LHC in terms of both spectra affietime. One of the major research achievements
was the identification of the presence of the higiiwenched and red shifted LHCII aggregates
which colocalized in PSl-rich region upon state@uction. In addition, we have challenged to
develop a STED microscope system that operatesaatdmperatures to more clearly resolve
segregations of intracellular PSlI-rich and PShriegions. Although we have confirmed that the
low-temperature environment is beneficial to effitti stimulated emission, we could not succeed
in improving the spatial resolution, probably da¢tte low-quality formation of the donut-shaped
STED beam at the focal plane. In parallel with tleeelopment of the system, we also began
collaborative research on the development of a lnonaglel sample with thylakoid membrane
arranged on the substrate for easy microscopiaadisen (Chapter VI).

Improvement in the efficiency of photosynthesisaegng focused on as a new revolution
to increase crop production to overcome the foascthat will occur in 2050. Photosynthesis is
driven by a multi-step photophysical and biochemnjzacesses starting from the solar-energy
absorption and leading to the sugar synthesisrt&ffo improve the various rate-limiting steps
are underway around the world [92]. In these efforty research is very important to find
potential keys to improve the excitation energypygrom the LHC to the PSs. The recent
establishment of the Cryo-EM method has had a grgztct not only in identifying the structure
of photosynthetic proteins with high spatial resioln, but also as a powerful tool to infer the
kinetics of the excitation-energy transfer withinet photosynthetic supercomplexes [41].
However, the behavior of the LHC in response tcettternal stimulation, such as state transitions
and NPQ, can only be reproduced in an intact cplast. | believe that our developed optical
microscope system including the model sample wibbvile a novel in-vivo platform to
understand the photophysical and biochemical psesesh photosynthesis and to inspire the

design of genetically modified crops for improvernehcrop production.
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