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ABSTRACT: The photosynthetic Reaction Center (RC) from 
the Rhodobacter sphaeroides bacterium has been covalently bio-
conjugated with a NIR-emitting fluorophore (AE800) whose syn-
thesis was specifically tailored to act as artificial antenna harvest-
ing light in the entire visible region. AE800 has a broad absorption 
spectrum with peaks centred in the absorption gaps of the RC and 
its emission overlaps the most intense RC absorption bands, en-
suring a consistent increase of the protein optical cross-section. 
The covalent hybrid AE800-RC is stable and fully functional. The 
energy collected by the artificial antenna is transferred to the pro-
tein via FRET mechanism, and the hybrid system outperforms by 
a noteworthy 30% the overall photochemical activity of the native 
protein under the entire range of visible light. This improvement 
in the optical characteristic of the photoenzyme demonstrates the 
effectiveness of the bioconjugation approach as a suitable route to 
new biohybrid materials for energy conversion, photocatalysis 
and biosensing. 

INTRODUCTION 

In photosynthesis solar radiation is converted in metabolic en-
ergy by means of the photosynthetic apparatus, a multi-protein 
array designed by evolution to absorb light and convert it into 
high energy molecules. Plants, algae, cyanobacteria and photosyn-
thetic bacteria all share the common basic protein architecture 
formed by a photochemical core, where the actual energy conver-
sion takes place, the reaction center (RC), in intimate contact with 
a light harvesting complex (LHC) devoted to collect light and to 
transfer the collected energy to the photoconversion unit. The 
photoconversion process, functioning with an efficiency yet un-
matched by any artificial system1,2 eventually fuels metabolic 
activities of the organisms. 

Anoxygenic photosynthetic bacteria are believed to be the an-
cestors of all photosynthetic organisms3 and nowadays occupy 
only a very small and often disregarded ecological niche. Howev-
er, they have risen to great interest in the scientific community as 
their relatively simple photosynthetic apparatus has been used for 
understanding the molecular mechanism of light conversion and 
as a model for the more complex photosynthetic apparatus of 

oxygen evolving organisms. The combination of efficient photo-
conversion ability, relative simplicity and wealth of structural and 
dynamic available information makes the reaction center of the 
purple bacterium Rhodobacter (R.) sphaeroides a handy protein 
for materials scientists interested in photoactive biomolecules for 
energy conversion4,5, photocatalysis6,7 and biosensing8 applica-
tions. 

The RC is an integral membrane protein which can be easily 
isolated and purified and used for applicative purposes, with the 
sole attention of maintaining its hydrophobic portion shielded 
from water by mean of suitable surfactants molecules9. The pro-
tein is composed of three subunits (M, L and H, Figure 1) encag-
ing nine non covalently bound cofactors, i.e. four bacteriochloro-
phylls (two forming a dimer D facing the periplasmic side and 
two in monomeric form BChlA and BChlB), two bacteriopheo-
phytins BPhA and BPhB, two ubiquinone-10 molecules QA and 
QB, and one non-heme Fe2+ ion. The cofactors are arranged in two 
quasi-symmetric branches indicated as A and B as shown in Fig-
ure 1. 

The cofactors are directly responsible for the light induced elec-
tron transfer cascade process: upon photon absorption, the prima-
ry electron donor D is excited and rapidly transfers one electron, 
within nanoseconds, to the primary ubiquinone (QA). The electron 
eventually reaches in 100 microseconds the secondary (QB) ubiq-
uinone acceptor. In presence of the physiological electron donor, 
the reduced form of cytochrome c2, and a pool of quinone, the 
protein undergoes to a photocycle that ultimately rises the pH in 
the cytoplasm of the bacterium. 

Dislodged from the cell and deprived of the physiological ex-
ogenous electron donors, the isolated protein, under irradiation, 
produces the long living (1-3 sec) electron-hole couple D+QB

-. In 
isolated form the RC can be regarded as an efficient molecular 
photoconverter amenable for many potential applications10. 
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Figure 1. Structure of the protein scaffolding (left) and spatial 
organization of the cofactors (right) within the reaction center 
from the carotenoidless strain R26 of the photosynthetic bacte-
rium R. sphaeroides. Letters A and B indicate the two branches of 
the cofactors. The hydrophobic chains of the cofactors are not 
shown. The non-heme iron Fe2+ is shown as a sphere. Adapted 
from Tangorra et al.11 with permission from the European Society 
for Photobiology, the European Photochemistry Association, and 
The Royal Society of Chemistry. 

Although the RC conversion efficiency of absorbed photons in-
to electron-hole pairs is close to unity, the direct light capture of 
the bare protein is intense in the near infrared (NIR) region and 
limited in the visible region, where solar irradiance is maximum. 
Therefore, extending the RC visible absorption cross-section to 
the photosynthetic active region (PAR) is highly desirable to em-
ploy this protein as efficient hybrid photoconverter. Nature has 
indeed selected the same strategy by surrounding the RC with two 
antenna proteins (LH1 and LH2) which efficiently collect solar 
light and funnel it to the RC. It is possible to isolate and purify12 a 
functional RC:LH2 complex from R. sphaeroides in which the 
central RC and the LH2 are closely connected. Nevertheless, the 
absence of covalent binding between antenna and RC makes the 
system delicate and susceptible to degradation. 

To extend the visible absorption cross-section of isolated RC, 
various strategies have been recently developed based on the RC 
integration with suitable organic or inorganic light harvesting 
components13. Among them, the covalent conjugation of specific 
RC aminoacid residues with tailored unhindered organic dyes was 
proven to be very profitable also in view of protein activity 
preservation. In a previous work we covalently bound to the ami-
no groups of RC lysine residues5 a tailored aryleneethynylene 
(AE) dye characterized by high absorptivity, good fluorescence 
yield (23%) in aqueous solution, and a consistent Stokes shift 
(150 nm). The molecule was designed to absorb at 450 nm, where 
the protein has a flat absorption profile, and to emit at 600 nm in 
correspondence of one of the protein absorption peaks. When 
bioconjugated to the RC, AE600 proved to be very effective as 
antenna: the hybrid outperformed the native protein by a factor of 
five in the yield of electron-hole couple formation and the enzy-
matic activity resulted increased by a factor of three. However, 
this impressive improvements were limited to the maximum ab-
sorption wavelength of AE600 at 450 nm.5 The result was repro-
duced in a number of recently published articles in which the role 
of the antenna is played by commercial dyes such as fluorescein 
isothiocyanate (FITC)14 bioconjugated to RC from strain R. 

sphaeroides R26 and three different commercial dyes15 bioconju-
gated to a triple mutant of the strain R. sphaeroides 2.4.1. Alexa 
Fluor were also used as antenna molecules in combination with a 
3-arm-DNA fragment.16 In all cases, the organic dye functions as 
antenna and the hybrid system outperforms the native protein 
activity. The ability of organic antenna to enhance and improve 

energy transfer has also been proven for the photosynthetic bacte-
rial light-harvesting complex LH2 from Rhodopseudomonas aci-

dophila strain 10050.17 Recently, the artificial antenna concept 
was extended also to the photosystem I (PSI) extracted from the 
thermophilic cyanobacterium Thermosynechococcus elongatus.18 

All the artificial antennas reported so far have drawbacks: 
limited photostability in aqueous buffered solutions (Alexa Fluor 
dyes and FITC)19, narrow absorption bands, light emission in 
correspondence of minor absorption peaks of the protein (AE600 
and FITC) or small Stokes shift (ranging from 15 to 50 nm in the 
Near Infrared Region (NIR) for the Alexa Fluor dyes) giving rise 
to auto-absorption phenomena. As a consequence, the ability of 
these dyes to work as antennas is limited to a small portion of the 
visible spectrum or require a consistent antenna-to-protein ratio. 

Figure 2. Chemical structure of AE800. The different parts of the 
molecule have been identified by dotted squares. 

In this article we present a molecule (AE800 in Figure 2) that, 
similarly to the physiological LHC, is able to harvest light in the 
visible region (400-700 nm, the  PAR of plants and algae) and to 
emit in correspondence of the NIR intense absorption peaks of the 
RC protein. The organic biological hybrid obtained with this care-
fully designed molecule outperforms the photoconversion effi-
ciency of the native protein by 30% under white light excitation, 
thus fully mimicking the function of the natural light harvesting 
complexes with a simple and robust molecule. 

RESULTS AND DISCUSSION 

Chemical design of AE800 

Efficient organic antennas for RC must be properly designed to 
(a) absorb solar radiation in the PAR region (400 – 700 nm); (b) 
possess a large Stokes shift to minimize self-absorption; (c) emit 
in correspondence of the most intense absorption peaks of the RC 
(700–900 nm); (d) possess a proper photoluminescence quantum 
yield in aqueous medium; (e) covalently bind the protein without 
jeopardizing the enzymatic activity and, (f) be sterically flexible 
to avoid cluttering RC in the interaction with the exogenous elec-
tron donor. 
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Scheme 1. Synthesis of AE800. 

 

 

AE800 (Figure 2), similarly to our previously reported AE600 an-
tenna molecule,5 is specifically designed to fulfil the require-
ments. Its structure bears a peripheral succinimidyl ester group 
enabling selective bioconjugation to the lysines of RC. A n-propyl 
spacer is inserted between the anchoring moiety and the π-
conjugated skeleton of the antenna to reduce its rigidity and steri-
cal hindrance in correspondence of the enzyme surface. The π-
conjugated backbone has been properly designed to fulfil the (a) 
and (b) spectroscopic requirements. 

According to the literature, various structural motifs of NIR 
dyes are in principle eligible, including squaraines and cyanines. 
Squaraines, despite being highly efficient and stable NIR emitting 
molecules, have very low Stokes shift.20 Cyanines exhibit highly 
intense NIR photoluminescence but they often suffer from low 
photostability in aqueous medium.21,22 Porphyrins23 can also be 
used but the insertion of suitable functional groups for selective 
anchoring to amminoacid RC residues may result in a very chal-
lenging task. 

Organic conjugated molecules bearing an alternation of elec-
tron donor (D) and acceptor (A) units are well known low band 
gap molecules suitable as active materials for organic solar cells24-

28 or light emitting diodes.29-31 In particular, a proper selection of 
D and A structures may lead to D-A-D molecules with light ab-
sorption in the visible range and emission in the NIR region. In 

our case, the core moiety (Figure 2, Table 1), bearing two eth-
ylenedioxythiophenes (EDOT) and a thiadiazole quinoxaline 
(TQ), absorbs and emits light with good efficiency and large 
Stokes shift (λmax abs: 570 nm, λmax em: 710 nm).32-35 We have 
hence designed a chemical structure resulting from the extension 
of the core with two peripheral phenyleneethynylene arms ex-
pected to both enhance PL efficiency and red-shift absorption and 
emission of AE800. Polymers and small molecules with ar-
yleneethynylene conjugated structure are stable and efficient emit-
ting materials whose synthesis is compatible with the insertion of 
reactive groups suitable for their covalent conjugation to biomole-
cules.36-42 To increase the hydrophobicity of the antenna, a 2-
ethylhexyl chain was introduced, further ensuring the interactions 
with the tensioactive molecules surrounding the isolated RC. 

Synthesis of AE800 

AE800 was synthesized according to Scheme 1. The synthetic 
pathway involves three palladium catalyzed Cassar-Heck-
Sonogashira cross-coupling reactions which were carried out un-
der the same experimental conditions, i.e. in dry THF solvent and 
in the presence of Pd(PPh3)2Cl2, CuI and diisopropylamine as the 
catalyst, the co-catalyst and the base, respectively. The first cross-
coupling process was performed between compounds 1 and 2, 
yielding the aryl iodide 3 (49%). This product was then coupled 
with trimethylsilylacetylene and the resulting product was directly 
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converted into 4 by desilylation reaction with KOH carried out in 
a mixture of methanol and acetone as the solvent. Finally, the 
cross coupling reaction of alkyne 4 with the aryl iodide 5 led to 
AE800 in 80% yield.  

The synthetic pathway to the central D-A-D building block 1 
(Scheme 2) involves the preliminary synthesis of the aryldibro-
mide 7 by a double step synthetic procedure with a higher yield 
(92%) than literature.43 The procedure is based on the nitration 
reaction of commercially available 4,7-
dibromobenzo[1,2,5]thiadiazole, the reduction of the resulting 
dinitro derivative 6 with iron in acetic acid and the condensation 
of the diamino intermediate product with the 1,2-di-p-tolyl-
ethane-1,2-dione. The preparation of the compounds 6,44 to the 
best of our knowledge, gave the highest yield reported in the liter-
ature (see comparison of nitration with the classical pair 
H2SO4/HNO3 in supporting information).45,46 

Then, the palladium catalyzed Suzuki-Miyaura cross-coupling 
reaction of 7 with the pinacol boronic ester 847 in presence of S-
phos as a ligand, yielded almost quantitatively the symmetric 
product 9 which was finally subjected to a double iodination reac-
tion with N-iodosuccinimide to obtain 1 in 95% yield. The ester 8 
was prepared in enhanced yield with respect to literature.48 

Scheme 2. Synthesis of building block 1. 

 

Alkyne 249 was obtained in good yield by alkylation reaction of 
4-iodophenol with 1-bromo-2-ethylhexane at room temperature in 
the presence of KOH and DMSO as the base and the solvent, 
respectively. Subsequent cross-coupling of the aryl iodide 1050 
with trimethylsilylacetylene was performed under the same exper-
imental conditions of previously described Sonogashira reactions 
in Scheme 1. The obtained product was directly subjected to desi-
lylation reaction with KOH, yielding the alkyne 2 in 91% (desi-
lylation reaction) or 83% (overall yield, starting from the aryl 
iodide 10) (Scheme 3). 

Scheme 3. Synthesis of building block 2. 

 

The aryl iodide 5 was prepared in 93% yield by activation reac-
tion of the 4-(4-iodophenyl)butanoic acid with N-
hydroxysuccinimide in the presence of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide in dry dichloromethane at 0 
°C (Scheme 4). 

Scheme 4. Synthesis of building block 5. 

 

Spectroscopic characterization of AE800 

Owing to the extension of the π-conjugated backbone, AE800 
absorption and emission maxima perfectly suited for our purpose. 
The photophysical properties of AE800 were also investigated in 
TX-100 aqueous buffer in which the bare RC membrane protein is 
kept stable, by a toroid of detergent molecules surrounding the 
hydrophobic surface of the protein. Data are summarized in  

Table 1. Absorption and emission spectra of AE800 and its core 
moiety in chloroform are presented in supporting information (see 
Figure S2). 

The decrease in the fluorescence quantum yield of AE800 com-
pared to the core is expected since quantum yield systematically 
decreases when the emission shifts to the NIR region32 as a result 
of the competition between radiative and non-radiative decay 
processes.51 

The optical spectra of RC in the range 1100-250 nm were rec-
orded using a UV-Vis-NIR Cary 5000 spectrophotometer (Agilent 
Technologies – USA) and contain several peaks associated to the 
electronic transition of the pigments and the protein scaffold.52 In 
the Vis-NIR region the protein shows absorption maxima at 535, 
600, 760, 802 and 865 nm, while AE800 has shoulder around 450 
nm and a broad peak centered at 650 nm (Figure 3). The wave-
lengths 450 and 650 nm were selected to investigate the AE800 
antenna effect using the 800 nm as reference wavelength. 

 

Figure 3. AE800 (98 μM) absorption and emission spectra, in dark 
and light grey, respectively compared to the RC (3.3 μM) absorp-
tion spectrum. Spectra are collected at pH 8.0 in T20E1TX3 and 
T20E1TX0.3 respectively. 

Bioconjugation of AE800 to the RC 

AE800 was covalently attached to the RC by condensation reac-
tion of the succinimidyl ester moiety of AE800 with the amino 
groups of the lysine residues in RC, according to the procedure 
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outlined in the experimental section 5,14,53. The reaction is per-
formed in a T20E1TX0.3 buffer solution at pH 8. To obtain an ade-
quate concentration of AE800, its stock solution was prepared in 
T20E1TX3 buffer (see Figure S1 in supporting information). The 
micelles solubilizing AE800 molecules convey it to the detergent 
toroid of the protein, driving them to react with the lysine residues 
located in this region. Nine lysines close to the detergent belt are 
also located in close proximity of the chlorin pigments, and repre-
sent the most appropriate position for efficient energy transfer. 
The covalent binding of organic antenna molecules produces two 
bumps in the spectrum of the protein in correspondence of the 
main absorptions of the dye (Figure 4). From the relative contri-
bution of AE800 and the RC in the optical spectrum of the hybrid 
obtained in several different preparations, an average number of 
4.9±0.1 antenna molecules per protein is estimated. Adventitious 
binding between the fluorophore and the RC was ruled out in a 
control experiments performed using AE800 lacking the activating 
group NHS. Ionic chromatography of a mixture formed by the 
non-activated fluorophore and the protein shows that AE800 and 
RC emerge in distinctly separated peaks. Applying ionic chroma-
tography to a solution containing the bioconjugated hybrid ob-
tained using the activated fluorophore, the AE800-RC elutes in a 
single peak at the same ionic strength of the sole protein. The 
data, including the average ratio AE800-RC are shown in Figure S4 
in the supporting information. 

Based on crystallographic information54 and on the AE800 
chemical structure, it is possible to estimate the distances between 
the π-conjugated antenna backbone and the bacteriochlorophylls 
within the RC, which is found equal or lower than 48 Å. From Eq. 
2, using the data summarized in  

Table 1, a Förster critical radius R0 = 60 Å of the hybrid AE800-
RC system can be calculated.55 Since the AE800/BChl distance is 
shorter than R0 by at least 12 Å, it can be assumed that the anten-
na molecules transfer the harvested energy to the RC via FRET 
mechanism. 

 

Figure 4. Absorption spectrum of the AE800-RC hybrid in 
T20E1TX0.3 (black [RC] = 1 µM) and of the sole AE800 in 
T20E1TX3 (gray, [AE800] = 10 µM). pH 8.0. Arrows indicate the 
wavelengths where the RC has small absorption and AE800 con-
tributes the most to the AE800-RC hybrid spectrum. 

Energy Transfer Efficiency 

The steady-state emission of AE800 and AE800-RC hybrid in the 
range 700-1100 nm is shown in Figure 5 The maximum emission 
wavelength results unchanged, but the fluorescence intensity, 
corrected for the internal absorption, in the hybrid system is 38% 

of the fluorescence measured in the antenna. The noticeable AE800 
emission quenching associated to the bioconjugation is consistent 
with energy transfer to RC pigments with an actual FRET effi-
ciency of 62% calculated according to Equation 1. 

 

Figure 5. Steady state fluorescence of AE800 (grey line) and 
AE800–RC (black line). Excitation wavelength 650 nm. Condi-
tions: AE (5 µM) in T20E1Tx0.3 and AE–RC (AE/RC 5:1) in 
T20E1Tx0.03 buffer. 

It was shown in our previous work that the presence of the 
fluorophore AE600 in the hybrid system does not affect the photo-
cycle (Figure 6) and, on the contrary, enhances the rate of cyto-
chrome oxidation at the dimer binding site. AE800 belongs to the 
same class of molecules and has comparable size, hence we do 
not expect any hindrance to electron donation from cytochrome to 
the reaction center. We settled to test this aspect by looking at the 
opposite side of the photocycle compared to the investigation 
reported in our previous paper, i.e. the proton uptake that results 
from the double reduction of the final quinone acceptor to form 
the quinol. The result of the photocycle is the net reduction of 
protons in solution and the pH increase associated with the photo-
cycle can be investigated by using a pH-sensitive fluorescent dye, 
the pyranine, in an unbuffered RC solution.56 

 

Figure 6. Simplified version of the RC photocycle taking place in 
presence of exogenous cytochrome and quinone pools and under 
continuous illumination. The net result is proton sequestration and 
cytochrome oxidation. 
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Table 1. Spectroscopic and photophysical data of core moiety and AE800. 

Chemical Solvent Aa λmax (nm) 
εb (M-1cm-1) 

×103 
PLc λmax 

(nm) 
ΦPL

d (%) τe (ns) 
JDA

f (M-1 cm-

1 nm4) 

Core CHCl3 570 5.62±0.08 717 23.5 5.96±0.06 n.a.# 

AE800 CHCl3 635 13.4±0.2 792 7.0 1.20±0.02 n.a.# 

AE800 T20E1TX3 650 9.76±0.06 800 5.6 1.22±0.02 4.77·1016 

aAbsorption maximum, bmolar extinction coefficient at λmax, 
cemission maximum, dabsolute photoluminescence quantum yield, eexcited 

state lifetime and fAE/RC overlap integral reported. #Reaction center denaturates in CHCl3 

 

By exciting the pyranine at 450 nm and recording its emission 
at 510 nm, pH changes associated to the photocycle56 can be rec-
orded for the RC and the AE800-RC hybrid, as shown in Figure 7. 
In the presence of exogenous pools of quinone and cytochrome it 
is possible to drive the photocycle under continuous illumination 
at 650 nm, the maximum AE800 absorption. pH increases as con-
sequence of the proton uptake during the photocycle and the py-
ranine fluorescence consequently increases. By comparing pH 
changes obtained in RC and in AE800-RC, the latter results more 
efficient than the native protein by a factor of 2.2. This experi-
ments confirm that AE800 is not detrimental to the photocycle and 
that the AE800-RC hybrid outperforms the bare protein. 

 

Figure 7. Time course of pyranine fluorescence changes at 510 
nm of AE800-RC (black) and RC solution (grey trace) upon excita-
tion at 650 nm. Experimental conditions: 0.5 µM RC, 5 µM cyt 
c2+, 10 mM ferrocyanide, 100 µM Decylubiquinone, 1 µM pyra-
nine in TX 0.03 w/v, KCl 100 mM. Initial pH adjusted to 6.92. 
The straight lines represent the initial velocity of the proton up-
take and are equal to 3.33±0.05 s-1 and 1.34±0.05 s-1 in the AE800-
RC and RC case, respectively. 

Having shown that the RC remains undamaged and fully func-
tional after bioconjugation, attention was turned to the increase of 
charge-separated state attainable under continuous illumination in 
AE800-RC as compared to the native protein. Experiments were 
performed on AE800-RC and pristine RC at 800 nm, where both 
have the same absorption, and at 450 and 650 nm where the an-
tenna strongly contributes to the absorption of the hybrid systems. 
Experiments are illustrated in details in the supporting infor-
mation (see figure S5). The outcome is that AE800-RC outper-
forms RC by a factor of 5.1 and 2.7 at 450 and 650 nm respective-
ly. The latter value is in good agreement with the increase of 2.4 

times in the rate of the AE800-RC photocycle measured by proton 
uptake at 650 nm. An enhancement factor of 1.7 was also found at 
650 nm comparing the hybrid system assembled with a AE800:RC 
of 2.9±0.1 and the native RC, showing that the higher is the addi-
tional cross-section offered by the antenna molecules, the larger is 
the enhancement effect. 

Visible light harvesting antenna effect 

Any application of the hybrid systems based on the RC would 
result very limited if the ability of the bioconjugate system to 
outperform the reaction center is limited to a single wavelength. 
This is an important point to address as the use of white light 
would improve strongly the versatility of such systems. Of course 
this is not a simple task as the cross-section of the sole protein is 
already quite high and the additional cross section of the antenna 
must not be marginal to improve the protein efficiency. It requires 
careful chiseling in the organic synthesis to fulfil all the spectro-
scopic requirements, which were not fully attained with other 
molecules with similar structure.57 The designed chemical struc-
ture successfully fits with this last requirement and irradiation of 
the AE800-RC hybrid in the interval 350-670 nm showed the abil-
ity of AE800 to function as white light antenna. 

 

 

Figure 8. Concentration of charge-separated state D+QA
- generated 

in AE800-RC (grey line) and native RC (black line) by continuous 
illumination with a band-pass filter 350-670 nm. Experimental 
conditions: 1 µM RC, (AE800:RC 4.9±0.1), 100 µM terbutryne in 
T20E1Tx0.03 buffer with NaCl 150 mM, pH 8.0. 

Under sub-saturating white light illumination conditions, the 
concentration of the charge separated state attained in the hybrid 
produced a noteworthy 30% increase compared to pristine RC as 
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shown in Figure 8. Once again, this result is due to the spectro-
scopic characteristics of the artificial antenna that has been de-
signed to absorb in correspondence of low absorption region of 
the RC, filling the optical gap of the protein by adding only five 
molecules, and emit in correspondence of a strong absorption of 
the protein. A similar effect was recently reported for the multi-
protein complex PSI bioconjugated with the commercial fluoro-
phore ATTO 590. The authors found the ATTO-PSI complex to 
be more efficient than the pristine PSI, although such effect re-
quires a considerable number, in the order of few tens, of dye 
molecules per protein.18 

CONCLUSIONS 

In this work, a new ad hoc designed organic NIR-emitting fluoro-
phore was covalently conjugated with the photosynthetic R. 

sphaeroides RC to produce a hybrid system capable of absorbing 
light and efficiently extending the absorbance cross section in the 
broad visible range, also covering regions where RC possesses 
only weak absorbance. 
The recorded data clearly indicate that AE800 can efficiently trans-
fer energy to RC enhancing its enzymatic activity without any 
loss of functional integrity. In fact, at diagnostic wavelengths of 
450 nm and 650 nm in AE800-RC the extended absorption cross 
section generates an almost three-fold improvement versus the 
native RC, according both to the photocycle and to the charge 
separation assays. 

More interestingly, AE800 resulted to remarkably improve the 
RC photochemical activity also in the broad visible range, produc-
ing an increment of charge separated state of 30% in AE800-RC. In 
conclusion, the AE800-RC complex provides a useful model sys-
tem for future applications in energy conversion field and paves 
the way to a new generation of enhanced photosynthetic protein-
based hybrid materials. 

EXPERIMENTAL SECTION 

Synthesis of the organic antenna 

Experimental details of all reactions in schemes 1-4 along with 
full characterization of intermediates and products are presented 
in the supporting information. 

Assembly of the AE800-RC hybrid 

The photosynthetic bacterium Rhodobacter sphaeroides strain 
R26 was grown in the Sistrom liquid medium under strictly anox-
igenic conditions and under illumination by incandescence 100 W 
light bulb, as previously published.58 

Reaction centers were isolated from R. sphaeroides R26 fol-
lowing a previously reported procedure59 and protein purity was 
checked using the ratio of the absorbance at 280 and 802 nm 
which was kept below 1.3, and the ratio of the absorbance at 760 
and 865 nm kept around 1. 

Bioconjugation of AE800 was adapted from Milano et al.5 and it 
was carried out in a solution composed of 25 µM AE800 and 2 µM 
RC in Tris-HCl 20 mM, EDTA 1 mM, Triton X-100 (TX) 0.5% 
w/v pH 8.0 (T20E1TX0.5). The mixture was incubated for 1 h, 
loaded on a preconditioned diethylaminoethyl (DEAE)–Sephacel 
column (DEAE, CAS Number 9013-34-7 from Sigma Aldrich), 
equilibrated with T20E1TX0.03 and washed with the same buffer to 
remove the dye excess. The AE800-RC hybrid was finally eluted in 
a small volume using T20E1TX0.03 added with NaCl 300 mM. The 
average amount of the dye attached to RC was determined spec-
trophotometrically at 650 nm. By knowing the extinction coeffi-
cient of each component, it is possible to infer the AE800/RC ratio, 
which is found to slightly vary with preparations. Experiments 
reported in this manuscript were performed with stock prepara-

tions having a ratio AE800/RC = 4.9±0.1. The ratio can be de-
creased or increased by lowering or increasing the incubation 
period. 

AE800-RC hybrid characterization 

Charge separated steady states of RC were obtained by 5 s 
sample illumination with a 250 W quartz tungsten halogen lamp 
(QTH), passed through interference filters at 450±10, 650±10 or 
800±10 nm. Measurements were conducted at constant photon 
flux adjusting the lamp irradiance to 10.5 mW/cm2 at 450 nm, 7.3 
mW/cm2 at 650 nm and 5.9 mW/cm2 at 800 nm. 

The AE800 ability of enhancing the RC charge-separated state 
(CSS) generation in the PAR region was essayed using a QTH 
lamp filtered by a 350-670 nm band-pass filter and detecting the 
amount of CSS at 865 nm. 

Whenever needed, the QB-site functionality was inhibited with 
terbutryn excess (Chem Service, USA). 

Charge recombination kinetics were recorded at 865 nm using a 
kinetic spectrophotometer of local design implemented with a 
Hamamatsu R928 photomultiplier and a white-saturating flash 
used for RC photo-excitation. Data were collected onto a Digital 
Oscilloscope (Tektronix TDS 3052) and trace deconvolution was 
performed using a C-code developed in our lab. A detailed de-
scription of the apparatus is given elsewhere.60 

The operational integrity of the RC was checked by recording 
its photocycle, i.e. the entire full enzymatic activity performed by 
RC under steady-state illumination and in the presence of exoge-
nous electron donors and acceptors. The pH-decrease associated 
to the photocycle was recorded adapting a previously published 
protocol.56 The photocycle was recorded in a solution containing 
KCl 100 mM, TX 0.03% w/v, cytochrome c2+ 5 µM, ferrocyanide 
10 mM, decylubiquinone 100 µM, and pyranine (trisodium 8-
hydroxypyrene-1,3,6-trisulfonate) 1 µM acting as pH probe. No 
buffer was added to the solution and the starting pH was set to 7.0 
using small amounts of 0.1 M KOH or HCl. The solution was 
split in two aliquots, one added with AE800-RC and another added 
with native RC. The final protein concentration was set to 0.5 µM 
in both aliquots. Samples were carefully kept in dark until starting 
the experiment and then illuminated with 650 nm filtered light. 
The changes in the pyranine fluorescence intensity at 510 nm 
were recorded with a Cary Eclipse (Varian) spectrofluorometer. 
Pyranine was excited at 450±5 nm. The ability of the excitation 
light to drive the photocycle was checked and found negligible. 

Energy transfer characterization 

Steady-state photoluminescence experiments were performed 
with a FluoroLog (Horiba Jobin-Yvon) spectrofluorometer, using 
the excitation wavelength of 650±20 nm and emission in the 
range 680-1100 nm. Time resolved photoluminescence experi-
ments were performed on the AE800 with a spectrofluorometer 
PicoHarp 300 by Time Correlated Single Photon Counting 
(TSPC). Excitation was provided by a PSL-600 LED and emis-
sion was at 750 and 800 nm. Fitting to exponential decay func-
tions was obtained by the deconvolution procedure using a Pico-
Harp FluoFit software. 

The efficiency (E) of Förster energy transfer process (FRET) 
was calculated from photoluminescence experiments using the 
following equation:55 

� = 1 − ���
�/

����           Equation 1 

where IPL represents the photoluminescence integral of the en-
ergy donor in absence (superscript D) and in presence of the ener-
gy acceptor (A) (superscript D/A) respectively. The Förster dis-
tance R0, i.e. the distance at which the FRET efficiency is 50%, 
was estimated with the equation: 
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�� = �8.79 × 10�� Å��
���� �ĸ� · !"# · $% · &%/'(�

    Equation 2 

where κ is the dipole orientation factor (taken as κ2 = 2/3), η is 
the refractive index of the medium (η = 1.4 in biological mole-
cules), ΦD is the fluorescence quantum yield of the energy donor 
compound and JDA is the overlap integral of the donor emission 
spectrum with the acceptor absorption.61 
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