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Abstract:  

Development of an efficient photoanode system for water oxidation is a key to the 

success of artificial photosynthesis. We previously assembled photosystem II (PSII) 

proteins, which are an efficient natural photocatalyst for water oxidation, on a gold 

nanoparticle (GNP) to prepare a PSII-GNP conjugate as an anode system in a 

light-driven water-splitting nano-device (Noji et al., J. Phys. Chem. Lett. 2011, 2, 

2448-2452). In this study, we characterized the fluorescence property of the PSII-GNP 

conjugate by static and time-resolved fluorescence measurements, and compared with 

that of free PSII proteins. It was shown that in a static fluorescence spectrum measured 

at 77 K, the amplitude of a major peak at 683 nm was significantly reduced and a red 

shoulder at 693 nm disappeared in PSII-GNP. Time-resolved fluorescence 

measurements showed that picosecond components at 683 nm decayed faster by factors 

of 1.4-2.1 in PSII-GNP than in free PSII, explaining the observed quenching of the 

major fluorescence peak. In addition, a nanosecond-decay component arising from a 

‘red chlorophyll’ at 693 nm was lost in time-resolved fluorescence of PSII-GNP, 

probably due to a structural perturbation of this chlorophyll by interaction with GNP. In 

consistent with these fluorescence properties, degradation of PSII during strong-light 

illumination was two times slower in PSII-GNP than in free PSII. The enhanced 

durability of PSII is an advantageous property of the PSII-GNP conjugate in the 

development of an artificial photosynthesis device.      
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Introduction 

 Efficient utilization of solar energy is essential for addressing the energy and 

environmental crisis that humankind faces today. In photosynthesis performed by plants 

and cyanobacteria, electrons extracted from water using solar energy are finally 

incorporated into CO2 to synthesize sugars as storable chemical energy.1-3 Artificial 

photosynthesis mimics the principle of natural photosynthesis; water is oxidized on a 

photo-anode and abstracted electrons are used to produce chemical fuels such as H2 and 

methanol on a photo-cathode.4-8 Here, water functions as a common electron donor in 

both natural and artificial photosynthesis.  

 One approach to develop efficient artificial photosynthesis systems is utilizing 

natural photosynthetic proteins, which originally have high quantum efficiencies, and 

combining them with artificial catalysts in construction of bio-hybrid systems.9-14 

Various photosynthetic proteins including photosystem I (PSI),15-25 photosystem II 

(PSII),26-31 and bacterial reaction centers32-37 have been attached on metal surfaces or 

electrodes, where some of them provided photocurrent. Of particular importance is the 

application of PSII, which is a significantly efficient natural water-oxidizing 

enzyme,38-43 because the development of efficient water-oxidizing catalysts is a 

bottleneck in artificial photosynthesis researches.44-46      

 Previously, we assembled isolated PSII core complexes from the thermophilic 

cyanobacterium Thermosynechococcus elongatus on a gold nanoparticle (GNP) with a 

20-nm diameter and produced PSII-GNP conjugates to produce a bio-hybrid anode 

system aiming at the development of light-driven water-splitting nano-device (Fig. 
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1A).47 In this PSII-GNP conjugate, four or five PSII dimers were bound to a single GNP. 

It was shown that the PSII protein was not denatured on a GNP and provided an 

O2-evolution activity with the same level as isolated free PSII under the same buffer 

conditions.47 For further development of a water-splitting device by combination with a 

hydrogen-producing cathode, it is necessary to study the properties of the excited states 

of antenna chlorophylls (Chls) in the PSII-GNP conjugate, because the optical 

properties of molecules located near metal nanoparticles are often modified by 

plasmonic effects.48-54 Indeed, many studies have observed drastic changes in absorption 

and fluorescence intensities of photosynthetic proteins by plasmonic interactions with 

metal nanoparticles or nanostructures.22,25,55-60 

 In this study, we have investigated the fluorescence property of the PSII-GNP 

conjugates in comparison with free PSII complexes using static and time-resolved 

fluorescence measurements. The results showed that fluorescence of PSII was 

significantly quenched by binding on a GNP, which is caused by accelerated decays of 

the excited singlet states of Chls and the loss of the ‘red Chl’ as an energy sink. In 

addition, it was shown that the binding of PSII to a GNP enhanced its durability under 

strong-light illumination.    

 

Experimental 

Preparation of PSII-GNP conjugates 

PSII core complexes from T. elongatus, in which the C-terminus of the CP47 

subunit was histidine tagged,61 were isolated following the method described 
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previously.62 The core complexes were then washed with a buffer containing 50 mM 

2-(N-morpholino)ethanesulfonic acid (Mes)-NaOH (pH 6.0), 10 mM MgCl2, 5 mM 

CaCl2, and 0.06% n-dodecyl-β-D-maltoside (DM) (buffer A) by ultrafiltration (Vivaspin 

500; 100 kDa MWCO; Sartorius Stedim).  

PSII-GNP conjugates were prepared by the method by Noji et al.47 with some 

modifications. An aqueous GNP (20-nm diameter) solution (final 1.0 nM) was mixed 

with 3,3’-dithiobis[N-(5-amino-5-carboxypentyl)-propionamide-N’, N’-diaceticacid] 

dihydrochloride (dithiobis(C2-NTA)) (final 0.1 mM) and 0.06% DM, and the obtained 

C2-NTA-GNP was washed twice with a 10 mM NaH2PO4/NaOH buffer (pH 7.0) 

containing 0.06% DM and 1 M betaine (buffer B) by centrifugation (11,900 G, 30 min, 

4 °C). The C2-NTA-GNP was then suspended in buffer B in the presence of 30 μM 

NiCl2 (buffer C) to obtain Ni-NTA-GNP, which was washed with buffer C by 

centrifugation (6,000 G, 60 min, 4 °C) and then resuspended in buffer B containing 30 

μM CaCl2 (3.0 nM GNP). An aliquot (4.23 μL) of the His-tagged PSII complexes (1.16 

mg Chl/mL) suspended in buffer A were mixed with 2 mL of the Ni-NTA-GNP 

solution (PSII : GNP = 25 : 1), and the mixture was diluted with 8 mL of buffer B 

containing 1 mM CaCl2 (buffer D). The obtained PSII-GNP conjugates were washed 

three times with buffer D by centrifugation (11,900 G, 35 min, 4 °C). The concentration 

of PSII in free PSII and PSII-GNP samples was estimated as a Chl concentration from 

the absorbance at 665 nm (Qy peak) of a Chl extract with methanol (ε = 71.43 

mM-1cm-1).63  
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UV-Vis absorption measurement  

UV-Vis absorption spectra were measured at room temperature using a 

Shimadzu UV-3100PC spectrophotometer at 2.0 nm resolution. The concentrations of 

free PSII in buffer A and PSII-GNP in buffer D were both 292 ng Chl/mL and a cuvette 

with a light path length of 1 cm was used. 

  

Static fluorescence measurement  

Static fluorescence spectra were measured at 77 K using JASCO FP-6500 

fluorescence spectrophotometer with an excitation wavelength of 430 nm (5 nm 

resolution) at a fluorescence resolution of 3 nm. Samples of free PSII in buffer A and 

PSII-GNP in buffer D, which were mixed with glycerol (10% V/V) (final 

concentrations: 11-44 ng Chl/mL), were placed in a glass tube with a diameter of 4 mm 

in a liquid-nitrogen dewar. Note that the fluorescence property (intensity and band 

shape) of free PSII was virtually unchanged when it was suspended in buffer D. 

  

Time-resolved fluorescence measurement  

Time-resolved fluorescence measurements were performed using a picosecond 

streak camera system (C10627, Hamamatsu Photonics Inc., Hamamatsu) as described 

previously.63 Samples of free PSII in buffer A (final concentration: 15 μg Chl/mL) and 

PSII-GNP in buffer D (final concentration: 6.4 μg Chl/mL), which were mixed with 

glycerol (final: 67% V/V), were set in a cell with an optical pass length of 2 mm and 

cooled to 77 K in a liquid-nitrogen dewar. The sample was excited by a pulse at 430 nm 
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from a Ti-sapphire laser (MaiTai, Spectra-Physics, Mountain View) with a repetition 

rate of 80 MHz and a pulse width of 110 fs. With a laser power of 20 μW and a typical 

excitation-spot diameter of 27 μm, the excitation power was about 44 nJ cm-2 pulse-1. 

Fluorescence emitted in the same direction as the excitation light was collected and 

focused into a polychromator with a slit width of 50 μm. The excitation light was cut off 

by a long-pass filter (Toshiba, Y45). The FWHM of an instrumental response function 

(IRF), which was fit well by a Gauss function, was 22 and 70 ps for the 1-ns and 5-ns 

time ranges, respectively. The central wavelength of the polychromator was set to 680 

nm, and the spectral resolution was 3.5 nm. Streak images were recorded over a spectral 

range of approximately 255 nm with intervals of 0.4 nm. The wavelength dependence of 

the sensitivity of the system was corrected using a standard lamp. The data were 

accumulated for 1000 s in each measurement for both 1-ns and 5-ns time ranges. For the 

1-ns time range, data of four and two measurements were averaged for PSII-GNP and 

free PSII, respectively. Intensity values were summed every 5 nm for global fitting 

analysis and calculation of decay associated spectra (DAS).64,65   

 

Photobleaching experiments 

Free PSII and PSII-GNP samples in buffer D at the same Chl concentration 

(146 ng Chl/mL) were placed in a cell with an optical path length of 1 cm in a holder, 

whose temperature was adjusted to 20 °C by circulating water from a constant 

temperature bath. The sample was illuminated by continuous white light (~700 mW 

cm-2) from a Xe lamp (Asahispectra, Max-302) through a cold filter (Optical Coatings 
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Japan). During illumination, bleaching of Chl was monitored by measuring absorption 

spectra in the Qy region every 20 min.  

  

Results and Discussion 

 An absorption spectrum of PSII-GNP conjugates (Fig. 1A) used in the present 

study is shown in Fig. 1B (red line) together with spectra of free GNPs (green line) and 

free PSII complexes (blue line). The spectrum of PSII-GNPs, which is virtually 

identical to that presented in the previous study,47 showed a large absorption band at 533 

nm arising from surface plasmon absorption of GNPs along with small absorption bands 

of PSII due to the Qy and Soret transitions at 674 and 437 nm, respectively. The peak 

position of GNP in PSII-GNP was red-shifted by 8 nm in comparison with free GNP, 

reflecting the binding of PSII to a GNP surface through Ni-NTA.47 In contrast, the 

positions of PSII bands were unchanged by GNP binding (the Qy region is expanded in 

the inset of Fig. 1), which was previously argued as evidence for the intactness of PSII 

in PSII-GNP conjugates.47 In the inset of Fig. 1, the Qy band of PSII-GNP after baseline 

correction (red line) is compared with that of free PSII (blue line) at the same Chl 

concentration. It was shown that the Qy band intensity was slightly higher in PSII-GNP 

than in free PSII without any change of the band shape. This slight increase in the 

absorption intensity can be caused by a weak plasmonic effect of GNP.       

 In Fig. 2, a static fluorescence spectrum of the PSII-GNP conjugates measured 

at 77 K with 430-nm excitation (red solid line) is compared with that of free PSII (blue 

solid line) at the same Chl concentration (44 ng/mL). Two prominent differences were 
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observed in these spectra. First, the intensity of a major fluorescence band was 4.3 times 

smaller in PSII-GNP than that in free PSII. Note that the Chl concentration of these 

samples was low enough to be free from the effect of reabsorption of fluorescence, as 

shown in a linear correlation between the concentration and the fluorescence intensity 

(Fig. 2, inset). Second, a shoulder at 693 nm, which is typical of a fluorescence 

spectrum of PSII core complexes at 77 K,64-73 was absent in PSII-GNP; this is clearly 

shown in a normalized fluorescence spectrum of PSII-GNP (red dotted line). It should 

be noted that the fluorescence excitation spectrum of PSII-GNP did not provide a GNP 

band, and hence excitation of GNP by the plasmon absorption was not used for 

fluorescence emission from PSII-GNP.    

     To understand the reason for the fluorescence quenching and the absence of a 

693-nm shoulder in PSII-GNP, we measured time-resolved fluorescence at 77 K by 

laser pulse excitation at 430 nm (110 fs width). Streak-camera images of measurements 

in 1-ns and 5-ns time ranges are shown in Fig. 3 (left and right panels, respectively) for 

free PSII (A) and PSII-GNP (B). Fluorescence intensities at 683 and 693 nm were 

extracted from the images, and the time courses of the relative intensities were plotted 

in Fig. 4 (A: free PSII; B: PSII-GNP). It is clear that a fluorescence lifetime is 

significantly shorter in PSII-GNP than that in free PSII; fluorescence from PSII-GNP 

decayed completely within 1 ns, whereas that from free PSII needed more than 5 ns to 

decay. Note that the absolute fluorescence intensities could not be accurately compared 

between free PSII and PSII-GNP in this time-resolved measurement, because the 

fluorescence intensity was very sensitive to a subtle change of the position of each 
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sample in our instrument, and we used relatively high concentrations of PSII samples, 

where the linearity in the relationship between concentration and fluorescence intensity 

(Fig. 2, inset) does not hold anymore, to gain enough fluorescence intensities.  

 For further analysis of the time-resolved data, global fitting was performed for 

the fluorescence time courses in a wavelength region of 669-712 nm. Both of the 1-ns 

and 5-ns range data were used for global fitting for free PSII, whereas only the 1-ns 

range data were enough for PSII-GNP. The fluorescence time courses of free PSII could 

be fit with four exponentials with time constants of 14 ps, 91 ps, 658 ps, and 3.5 ns, 

while those of PSII-GNP were fit with three exponentials with 8-ps, 64-ps, and 308-ps 

time constants (resultant fitting curves at 683 and 693 nm are shown in black lines in 

Fig. 4). Obtained decay associated spectra (DAS), which represent the wavelength 

dependence of the amplitudes of individual components, are presented in Fig. 5. 

Features of these DAS of free PSII core complexes (Fig. 5A) are very similar to those in 

the previous study using PSII core complexes from Thermosynechococcus vulcanus.65 

When a pair of positive and negative bands are observed at shorter and longer 

wavelengths, respectively, in the DAS of a certain component, it can be interpreted as 

the presence of energy transfer from Chl with a shorter-wavelength band to that with a 

longer-wavelength band. The first 14-ps component shows an energy transfer from ~675 

nm to ~683 nm, while the components with peaks at 683 nm decay with 91- and 658-ps 

time constants. The 91-ps decay is partially linked to an energy transfer to ~693 nm, and 

the component with a peak at 693 nm slowly decays with a 3.5-ns time constant. By 

contrast, in PSII-GNP, the nanosecond component at ~693 nm is lost, and the 
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components at ~685 nm decay with 64-ps and 308-ps time constants without energy 

transfer. The fastest component at 678 nm decays with an 8-ps time constant, but an 

energy transfer to the redder component seems to be largely suppressed, because only a 

small negative amplitude was observed around 693 nm. The absence of the slow 

component at 693 nm in PSII-GNP is consistent with fluorescence spectra obtained by 

summing up the fluorescence amplitudes in a 5-ns range (Fig. 6); a shoulder at 693 nm 

in free PSII is absent in PSII-GNP, which is analogous to the static fluorescence spectra 

(Fig. 2).     

 Thus, these analyses show that the two decay components having a maximum 

at 683 nm in free PSII (τ = 91 and 658 ps) both relax faster in PSII-GNP (τ = 64 and 308 

ps) by a factor of 1.4-2.1. In these two components, the amplitude of the faster 

component relative to the slower component is increased in PSII-GNP (Fig. 5). The 

shorter-wavelength component at 675-678 nm also relaxes faster with a suppressed 

energy transfer (τ = 14 ps in free PSII to τ = 8 ps in PSII-GNP). These accelerated 

fluorescence decays should be the reason for the quenching of static fluorescence in 

PSII-GNP (Fig. 2). The faster decays of the picosecond components may be caused by 

energy transfer from the lowest singlet excited states of antenna Chls to GNPs. Indeed, 

many studies have reported fluorescence quenching by energy transfer from dye 

molecules to metal nanoparticles.50-54 Electron transfer from the excited state of Chl to a 

GNP is another possible mechanism of fluorescence quenching,74,75 but this is less likely 

because there is no direct contact between Chls and a GNP in PSII-GNP.  

 In addition to faster decays of the components at 683 nm, the component at 693 
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nm, which showed the slowest decay with a 3.5-ns time constant, was lost in PSII-GNP. 

Thus, the reason for the absence of the 693-nm shoulder in the static fluorescence 

spectrum of PSII-GNP (Fig. 2) is not fluorescence quenching but the loss of the 

emission around 693 nm from a so-called ‘red Chl’. This ‘red Chl’ has been proposed to 

be located in the CP47 protein in the PSII complex.64-73 The most probable candidate is 

Chl627 (following Chl numbering by Umena et al.76), which is ligated by His114 of 

CP47 on the stromal side of PSII (Fig. 7).64,65,69,71-73 According to the high-resolution 

X-ray crystallographic structure of PSII,76 the conjugated keto C=O group of Chl627 is 

hydrogen-bonded with Thr5 of the PsbH subunit with a hydrogen-bond distance of 2.7 

Å (Fig. 7B), which was suggested to induce a red shift of Qy absorption.73 Indeed, a 

recent study of the ΔPsbH mutant of Synechocystis sp. PCC 6803 showed the absence of 

the ~695 nm shoulder in a fluorescence spectrum.73 Thus, the loss of the 693-nm 

fluorescence component in PSII-GNP is most probably attributed to disruption of the 

hydrogen bond between the keto C=O of Chl627 and PsbH-Thr5. In our PSII complex, 

a His-tag that is bound to a GNP via Ni-NTA is located at the C-terminus of CP47 on 

the stromal side of PSII. Chl627 and PsbH-Thr5 are also located on the stromal side, 

and furthermore the loop region of PsbH near Thr5 is directly exposed to stroma (Fig. 7). 

It is thus likely that the structure of the PsbH subunit is perturbed by an interaction with 

GNP and then the hydrogen bond between Thr5 and the keto C=O of Chl627 is 

disrupted, inducing a blue shift of the Qy band of this Chl and hence the loss of the 

emission at 693 nm from the ‘red Chl’. It should be noted, however, that such a 

perturbation of PsbH does not affect the water oxidation activity at the Mn4CaO5 cluster, 
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which is located on the lumenal side of PSII across the membrane (Fig. 7A), as already 

shown in our previous study in which an O2-evolution activity was virtually unchanged 

between PSII-GNP and free PSII.47 Here, the unchanged O2-evolution activity even with 

faster relaxation of the Chl excited states in PSII-GNP is due to saturated incident light 

used in the O2-evolution measurement,47 where excitation energy transfer from antenna 

Chls to the reaction center is not a rate-limiting process. 

 From the observed fluoresce quenching and the loss of the ‘red Chl’ as an 

energy sink in PSII-GNP, it is expected that the durability of PSII proteins will be 

enhanced in the PSII-GNP conjugates in comparison with free PSII. This is because 

degradation of PSII is generally caused by harmful singlet oxygen produced via an 

excited triplet state of Chl, which is formed by intersystem crossing from the lowest 

excited singlet state. The rate of degradation of PSII was compared between the free 

PSII and PSII-GNP samples by monitoring the photo-bleaching of Chl during 

strong-light illumination (Fig. 8). The result showed that the amplitude of a Chl Qy band 

decayed with a single exponential with time constants of 36 and 71 min for free PSII 

and PSII-GNP, respectively. Thus, degradation of PSII was two times slower in 

PSII-GNP than in free PSII; in other words, the durability of PSII in the PSII-GNP 

conjugates was enhanced by a factor of two. This enhanced durability of PSII is an 

advantageous property of the PSII-GNP conjugate as a water-oxidizing anode for the 

development of bio-hybrid artificial photosynthesis systems. 
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Figure Captions 

 

Fig. 1  (A) Schematic structure of a PSII-GNP conjugate. Four to five PSII dimers are 

bound to single GNP with a diameter of 20 nm.47 (B) Absorption spectrum of PSII-GNP 

conjugates (red line) in comparison with spectra of free GNP (green line) and free PSII 

complexes (blue line). Spectra were measured at room temperature. The spectrum of 

free PSII was multiplied by 15. The Chl concentration was 292 ng Chl/mL in both the 

free PSII and PSII-GNP samples. The spectral intensity of free GNP was normalized to 

that of PSII-GNP at the plasmon absorption band. Inset: The Chl Qy band of PSII-GNP 

(red line) after baseline correction in comparison with that of free PSII (blue line).  

 

Fig. 2  Static fluorescence spectra of free PSII complexes (blue line) and PSII-GNP 

conjugates (red solid line). A normalized spectrum of PSII-GNP, obtained by 

multiplication of the original spectrum by 4.3, is also shown (red dotted line). Spectra 

were measured at 77 K with an excitation wavelength of 430 nm. The Chl concentration 

was 44 ng Chl/mL in both the free PSII and PSII-GNP samples. An inset shows the 

concentration dependence of the fluorescence intensity of free PSII (blue circles) and 

PSII-GNP (red circles), showing a linearity at the concentration used for fluorescence 

measurements. 

  

Fig. 3  Streak-camera image in time-resolved fluorescence measurements for free PSII 

(A) and PSII-GNP (B) in the 660-720 nm range. The left and right panels show the 
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results of the measurements of 1-ns and 5-ns time ranges, respectively. The sample was 

excited with a 430-nm pulse (a pulse width of 110 fs) from a Ti-sapphire laser. The 

wavelengths of 683 and 693 nm, which are the band positions in the static fluorescence 

spectra (Fig. 2), are marked by red lines.   

 

Fig. 4  Time courses of fluorescence intensities at 683 (blue line) and 693 (red line) nm 

for free PSII (A) and PSII-GNP (B). Left and right panels show the data of 

measurements in 1-ns and 5-ns time ranges, respectively. The fitting curves obtained by 

global fit analysis, in which both the 1-ns and 5-ns range data were used for free PSII 

and only the 1-ns range data were used for PSII-GNP, are also shown in black lines.       

 

Fig. 5  Decay associated spectra (DAS) obtained by global fit analysis of time-resolved 

fluorescence data for free PSII (A) and PSII-GNP (B).  

 

Fig. 6  Fluorescence spectra of free PSII (blue line) and PSII-GNP (red line) as sums of 

the time-resolved fluorescence data in the 5-ns range. Spectra are normalized at the 

684-nm peak.  

 

Fig. 7  (A) Location of Chl627 as a candidate of ‘red Chl’ in a PSII monomer (red 

balls). The position of a His tag at the C-terminus of CP47 on the stromal side is also 

indicated by a red bar. (B) Interaction of Chl627 with CP47 (cyan ribbon) and PsbH 

(red ribbon). Chl627 is hydrogen bonded with PsbH-Thr5. The structure of the PSII 
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complex was obtained from the X-ray crystallographic structure at 1.9 Å resolution 

(PDB entry: 3ARC76).  

 

Fig. 8  Photo-bleaching process of free PSII (blue circles) and PSII-GNP (red circles). 

Free PSII and PSII-GNP samples at the same Chl concentration (146 ng Chl/mL) were 

illuminated by continuous white light (~700 mW cm-2) at 20 °C, and the intensity 

change of the Chl Qy band was monitored.  
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 

 

 

  

1.0

0.8

0.6

0.4

0.2

0.0

In
te

ns
ity

43210

Time (ns)

1.0

0.8

0.6

0.4

0.2

0.0

In
te

ns
ity

8006004002000

Time (ps)

1.0

0.8

0.6

0.4

0.2

0.0

In
te

ns
ity

8006004002000

Time (ps)

A. free PSII

B.  PSII-GNP

1.0

0.8

0.6

0.4

0.2

0.0

In
te

ns
ity

43210

Time (ns)



28 
 

Figure 5 

 

 

 

  

1.0

0.5

0.0

-0.5

A
m

pl
itu

de

710700690680670

Wavelength (nm)

 8 ps
 64 ps
 308 ps

1.0

0.5

0.0

-0.5

-1.0

A
m

pl
itu

de

710700690680670

Wavelength (nm)

 14 ps
 91 ps
 658 ps
 3.5 ns

A. free PSII

B. GNP-PSII



29 
 

Figure 6 
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Figure 7 
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Figure 8 
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