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ABSTRACT: A structurally and compositionally well-defined and spectrally tunable artificial
light-harvesting system has been constructed in which multiple organic dyes attached to a 3arm
DNA nanostructure serve as an antenna conjugated to a photosynthetic reaction center isolated
from Rhodobacter sphaeroides 2.4.1 (PDB 2J8C). The light energy absorbed by the dye
molecules is transferred to the reaction center where charge separation takes place. The average
number of DNA 3arm junctions per reaction center was tuned from 0.75 to 2.35. This DNA-
templated multi-chromophore system serves as a modular light-harvesting antenna that is
capable of being optimized for its spectral properties, energy transfer efficiency and photo-
stability, allowing one to adjust both the size and spectrum of the resulting structures. This may
serve as a useful test-bed for developing nanostructured photonic systems.

INTRODUCTION:

During photosynthesis, light energy is collected by a large light-harvesting network and
efficiently transferred to a reaction center (RC), which converts it to chemical energy via charge
separation.! The quantum efficiency of the charge separation reaction by the photosynthetic
reaction center is nearly unity.'® The architecture and spectral properties of the light-harvesting
system that surrounds the reaction center have evolved to meet the constraints of a broad range

of different light conditions and environments. A number of researchers have attempted to mimic



the natural photosynthetic apparatus by designing artificial light harvesting antenna systems??

for a variety of photonic applications.®

To facilitate nanoscale photonic applications more broadly, the construction of artificial
antenna systems that provide controllable light absorption, efficient energy transfer and
improved photo-stability are desirable. Self-assembling proteins® and dendrimers* have been
explored to create artificial antenna systems, but they lack a well-defined multi-chromophore
geometry and stoichiometry. Synthetic porphyrin structures® have been investigated to create
artificial antennas connected to electron transfer complexes, but these generally have an
absorption cross-section that is spectrally relatively narrow. DNA nanotechnology can be used to
generate programmable, self-assembled nanostructures’ with multiple fluorophores at well-
defined positions, and this approach has been used to create artificial light harvesting antenna
systems. Double helical DNA structures, three-way junctions, seven helix bundles and several

8 have been used to create artificial antennas with

other DNA based antenna systems
unidirectional energy transfer along an excited state energy gradient between chromophores that
mimics the stepwise energy transfer in some of the natural photosynthetic systems. However,

thus far these assemblies have lacked the ability to convert the light energy to redox energy via

charge separation.

Recently, we have studied different dye molecules directly conjugated to reaction centers
and explored the effects of altering the dye spectral and excited state properties on the efficiency
of energy transfer and charge-separation’. In this report we go a step further and use a 3arm-
DNA nanostructure to organize multiple dye molecules and specifically assemble these
nanostructured complexes with reaction centers (Figure 1A), resulting in a geometrically

programmable model system mimicking a natural photosynthetic apparatus.
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Figure 1. (A) Modified structure of the reaction center (RC) from the purple bacterium,
Rhodobacter sphaeroides 2.4.1 (PDB 2J8C) with sequences of the 3arm-DNA construct shown.
The cofactors of the RC are colored and those active in electron transfer reactions involved in
this report are designated by letters: P — bacteriochlorophyll pair, BA — bacteriochlorophyll
monomer, Ha — bacteriopheophytin, Qa — ubiquinone. The arrows in the DNA structure point in
direction of the 3’ end of the DNA strands. The 3’-Amine modified Strand-1 (purple) of the
3arm-DNA is conjugated to one of the Cys residues (shown in red) on the surface of the RC via a
SPDP (N-succinimidyl 3-(2-pyridyldithio) propionate) linker. The other two strands (Strand-2
and -3 in green and red, respectively) are allowed to hybridize to Strand-1 to form the 3arm-
DNA junction. Inter-Cys distances on the RC are marked as dotted lines. The two stars on 3arm
represent the positions of the two dye molecules, where the cyan star corresponds to either Cy3
or AF660, and the pink star corresponds to either Cy5 or AF750. It should be noted that because
of the presence of three Cys residues on the surface of the protein, 1 or 2 or 3 copies of Strand-1

can be conjugated to the RC, and consequently up to three 3arm-DNA junctions (and three pairs



of dyes) can be conjugated to the RC. For clarity, only one is shown here. (B) A representative
absorption spectrum of RCs that have an average of 2.3 of the 3arm-DNA-Cy3-Cy5
nanostructures attached. (C) An absorbance spectrum of RCs that have an average of 2.1 of the
3arm-DNA-AF660-AF750 nanostructures attached. The absorbance spectra of panels B and C
show enhanced absorbance cross-section in the spectral regions 450-700 nm or 500-800 nm,
respectively, where the RC absorbance is relatively low. The spectrum of free RC is shown in

both panels B and C (red trace) for comparison.

Two different pairs of DNA-conjugated chromophores are used in this study: Cy3 and
Cys5, or Alexa Fluor 660 and Alexa Fluor 750. Cy3 acts as the donor and Cy5 as the acceptor in
the first pair, and AF660 acts as the donor and AF750 as the acceptor in the second pair. The
fluorophores were chosen so that there is significant spectral overlap between emission of the
dyes and the absorption of the RC to facilitate efficient energy transfer, and so that there is a
substantial increase in the absorption cross-section in the spectral regions where the absorbance
of the RC alone is low (Figures 1B-C and 3). A very simple 3arm-DNA structure was designed to
assemble the two dye molecules in a geometrically defined manner and to avoid chemical
modification of any DNA strands with more than one dye (to reduce cost and synthetic
complexity) (Figure 1A). Two of the strands (Strand-2 and -3) in the 3arm-DNA contain the dye

molecules, and the other one (Strand-1) is conjugated to the RC through a covalent cross-link.

The three dimensional structure of the RC complex from Rhodobacter sphaeroides 2.4.1
(PDB 2J8C) is depicted in Figure 1A, and it consists of three subunits H, M and L. There is a
total of ten cofactors associated with the L/M transmembrane region of the structure, including a
dimer of bacteriochlorophylls (P), two monomer bacteriochlorophylls (Ba and Bg), two

bacteriopheophytins (Ha and Hg), two ubiquinone-10 molecules (Qa and Qg), one carotenoid



and one nonheme iron (Fe?").!°

The special pair P is the primary donor of electrons in the light-
driven electron transfer process, which subsequently transfers electron to Qa via Ba and Ha,

forming a long-lived charge-separated state P'Qa". When ubiquinone is bound in the Qg site,

electron transfer occurs from Qa” to Qg forming P*Qgp™.!"!

A genetically modified RC was used in these studies and contained a total of eight
mutations, five of them to replace the five wild-type cysteines with serine or alanine, and the
remaining three to replace three selected wild-type amino acids (asparagine or glutamic acid)
with cysteine residues at specific locations on the surface of the RC that are close to the primary
electron donor, P.°*!2 Two of the new Cys residues are located on the surface of the L subunit

(L72, L274) and the other one is on the surface of the M subunit (M100) (Figure 1A).

RESULTS AND DISCUSSION:
Assembly of Light-Harvesting/Reaction Center Complex

A 3’-Amine modified Strand-1 was conjugated to the introduced Cys residues of the RC
in a 10:1 molar ratio by using a SPDP (N-succinimidyl 3-(2-pyridyldithio) propionate) cross-
linker (see details in the Supporting Information). The reaction mixture was subsequently
purified by fast protein liquid chromatography (FPLC) (Figure 2) (see Supporting Information
for methods). The chromatograph shows four prominent peaks using absorbance at 260 nm and
280 nm, and three peaks using absorbance at 365 nm (Soret peak of RC). The fractions under
each peak were collected and characterized. The UV-vis absorbance maxima for the first,
second and third peaks in the chromatograph are at 271 nm, 268 nm and 266 nm, respectively.
The blue shift of the absorbance peak together with a relative increase in the absorbance intensity

(compared to the absorbance peak at 800 nm) indicate that the species contained in the peaks



have different ratios of DNA conjugated to the RC, increasing from peak 1 to peak 3. (DNA:RC
=1:1,2:1 and 3:1).

It is important to note that the single copy of Strand-1 conjugated to RC can be on any of
the three Cys. Similarly, there are three ways that two copies of Strand-1 could be conjugated to
the RC. This heterogeneity of the sample is reflected by the widths of the first and second
chromatograph peaks. The third peak, in contrast, has the narrowest peak and highest ratio of
A260/A365 among the first three and it represents a single species of RC with three copies of
Strand-1 conjugated to all of the Cys residues. The last peak in the chromatograph has no
absorbance at 365 nm (the Soret absorbance band of the RC), indicating that it is excess free

ssDNA with no RC attached.
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Figure 2. FPLC purification trace of DNA (Strand-1) conjugated RCs. Chromatographs at 260

nm (green), 280 nm (red) and 365 nm (blue) are shown. The absorbance bands at 260 nm and



280 nm are from both RC and DNA, whereas the absorbance bands at 365 nm are from the RC.
The fractions from each of the peaks were collected separately and their respective absorbance
spectra measured. Schematics corresponding to the absorbance spectra showing number of DNA

strands conjugated per RC are given at the top of the figure.

Dye-labeled pre-annealed Strand-2 and -3 are then allowed to hybridize to the purified
Strand 1-conjugated-RC to create 3arm-DNA-RC conjugates with one, two or three 3arm-DNA
junctions on each RC (Scheme S3-S4) carrying different identities and numbers of dyes. Cy3-
modified Strand-3 and Cy5-modified Strand-2 were purchased from Integrated DNA
Technologies (IDTDNA). AF660-modified Strand-3 and AF750-modified Strand-2 were
synthesized by reacting amine-modified DNA (Strand-2 or -3, synthesized using a DNA
synthesizer) with the succinimidyl ester of the corresponding dye (purchased from Invitrogen).
The resulting conjugate was subsequently purified by reverse phase HPLC and characterized
using matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass

spectroscopy (see details in the Supporting Information, Figure S1).

Table 1. 3arm-to-RC ratio of different constructs

Dye Sample Abbreviation 3arm/RC?
Cy3/Cy5 3arm-Cy3-RC(1DNA) 1C 0.75 £0.05
3arm-Cy3-RC(2DNA) 2C 1.65 +0.05
3arm-Cy3-RC(3DNA) 3C 2.35 +0.05
3arm-Cy3-Cy5-RC(1DNA) 1CC 0.8 0
3arm-Cy3-Cy5-RC(2DNA) 2CC 1.65 +0.05
3arm-Cy3-Cy5-RC(3DNA) 3CC 2.2+0.1
AF660/AF750 3arm-660-RC(1DNA) 1-6 0.85 +0.15
3arm-660-RC(2DNA) 2-6 1.6 +0
3arm-660-RC(3DNA) 3-6 2.15 +0.05
3arm-660-750-RC(1DNA) 1-6-7 0.9 +0.1
3arm-660-750-RC(2DNA) 2-6-7 1.65 +0.05
3arm-660-750-RC(3DNA) 3-6-7 2.0 0.1

“The molar ratios of the 3arm/RC were obtained by measuring the dye concentration and the RC
concentration, calculated from their UV-vis absorbance spectra and known absorption

coefficients, assuming a 100% dye labeling ratio on the HPLC purified DNA strands.
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Figure 3: Absorption spectra of representative 3arm-DNA-dye-RC constructs. (A) Absorption

spectra of RC, 3C and 3CC (B) Absorption spectra of RC, 3-6 and 3-6-7.

The assembly of the 3arm-DNA-RC constructs containing only Cy3 and different
DNA/RC ratios are named 1C, 2C or 3C (Abbreviations as in Table 1). These were created by
assembling Strand-2 (unmodified) and Cy3-modified Strand-3 with the FPLC fractions that
contained conjugates of one, two or three Strand-1 conjugates per RC. The spectra of these
structures show enhanced absorbance between 450-580 nm compared to the RC alone, due to the
additional absorbance from Cy3 in this spectral region (Figures 3A and S5). 3arm-DNA
nanostructure-to-RC ratios of 0.75 £0.05, 1.65 +£0.05, and 2.35 +£0.05 were calculated based on
the UV-vis absorbance spectra for 1C, 2C and 3C (see note in Table 1 caption). Apparently, the
yield of assembly for the fully loaded 3arm-DNA junction on the RC was ~75-80%. This <100%
yield may be due to local steric effects near the protein surface that reduce the DNA
hybridization yield. The similarly assembled 3arm-DNA-RC constructs containing 1, 2 and 3
copies of both Cy3 and Cy5 labeled DNA strands are named 1CC, 2CC and 3CC (Table 1), and
the spectral analysis revealed that they have 3arm-DNA nanostructure-to-RC ratios of 0.8 +0,
1.65 +0.05, and 2.2 +0.1, respectively (Figures 3A and S6). Apparently adding the second dye
molecules (covalently modified on the 5’ end of Strand-2) did not affect the DNA hybridization

yield. When both Cy3 and Cy5 are present (as in 1CC, 2CC and 3CC), they absorb significantly



between 450 and 700 nm. Similarly, the 3arm-DNA-RC constructs containing different numbers
of AF660 only (abbreviated as 1-6, 2-6 and 3-6) and different numbers of both AF660 and
AF750 (abbreviated as 1-6-7, 2-6-7 and 3-6-7) provide strong absorbance between 500 and 800
nm (Figures 3B and S7-S8). The 3arm DNA-to-RC ratios for the different constructs are listed in

Table 1.
Excitation Energy Transfer Efficiency

The efficiency and kinetics of the FRET (Forster resonance energy transfer) process for
each construct was investigated using both steady-state and time-resolved fluorescence
spectroscopy (see Supporting Information for calculations). The free 3arm-DNA constructs with
respective dye(s) attached (without the RC) were used as reference samples for these
experiments (Figures S3-S4). Upon exciting 3C at 510 nm, 30% of the Cy3 emission was
quenched compared to that of 3arm-DNA-Cy3, presumably due to energy transfer from Cy3 to
the RC (Figures 4A, S5C). In the case of 3CC, there was an 84% decrease in Cy3 emission
intensity compared to that of 3arm-DNA-Cy3 without the RC (Figures 4B, S6). Comparing 3C
and 3CC, the greater decrease in fluorescence of Cy3 when Cy5 was present is attributed to the
summation of multiple energy transfer pathways, which include a direct energy transfer from
Cy3 to the RC and a stepwise energy transfer from Cy3 to Cy5 to the RC. Compared with the
3arm-DNA-Cy3-Cy5 alone with no RC, 3CC (with both dyes in the same 3arm-DNA that is
linked to the RC) shows a 45% decrease in total fluorescence intensity integrated from 520 nm to
850 nm upon Cy3 excitation (Figure S6). On the other hand, upon Cy5 excitation at 620 nm, the
direct FRET efficiency of Cy5 to the RC in 3CC is calculated to be 48%, using the emission of

the 3arm-DNA-Cy3-Cy5 as a reference (Figure S6).



—3C = — 3arm-DNA-Cy3
3 3arm-DNA-Cy3 ?“ —— 3arm-DNA-Cy3-Cy5
g R —1C
2 * it O
S 7 3C
o g —1CC
B —2CC
B X 3cC
—3CC g
8 3arm-DNA-Cy3d  §
o 2
Q
0
o
S
o -
600 700 800 0 1 2 3 4 5
Wavelength (nm) Time (ns)

Figure 4. Fluorescence emission spectra of 3C (A) and 3CC (B) in comparison with emission
spectra of 3arm-DNA-Cy3 (Aex = 510 nm). (C) Cy3 fluorescence decay profiles of free 3arm-
DNA and 3arm-DNA conjugated to the RC in various ratios, with either constructs containing
Cy3 alone (1C, 2C, 3C) or constructs with both Cy3 and Cy5 (1CC, 2CC, 3CC), monitored at

565 nm (kex =510 nm).

Similar experiments were performed on all the other 3arm-DNA-dye-RC constructs, and
the energy transfer efficiency values obtained are shown in Figures 5, S5-S8 and S11. Samples
with different ratios of 3arm-DNA-dye conjugate to RC (for example, compare 1C, 2C and 3C,
or 1-6, 2-6 and 3-6) all yielded similar energy transfer efficiency values between the individual
dyes and the RC or between the dyes together and the RC. This is due to the fact that although
there are multiple dye molecules on the assembled structures, the probability of exciting more
than one dye molecule associated with a particular RC at any time is very low due to the
continuous nature and low intensity of the excitation light. Moreover, as expected, the efficiency
of energy transfer from AF650 to the RC (~55%) is higher than the efficiency of Cy3 transfer to
the RC (~35%) (comparing Figure 5 and S11). This is presumably due to the greater spectral

overlap between the emission of AF660 and the absorbance of the RC compared to Cy3.
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However, even though AF750 has a greater spectral overlap with RC than does Cy5, it has a
lower energy transfer efficiency to RC (~42%) than Cy5 does (~52%), and this results in a higher
overall energy transfer efficiency of the Cy3-Cy5 pair to the RC (~83%) than the AF660-AF750
pair (~75%). We have observed similar phenomena earlier,®® and the reason for the lower energy
transfer efficiency of AF750 to RC is the shorter intrinsic lifetime of AF750 compared to that of

Cy5.
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Figure 5. Energy transfer efficiency of 3arm-DNA conjugated RC calculated from (A) steady-
state data and (B) from lifetime data. The green bars show energy transfer efficiency calculated
by comparing fluorescence from the RC containing complex with that from the 3arm-DNA
containing only Cy3 (without RC). The blue and red bars are the energy transfer efficiency
values calculated with excitation of Cy3 and Cy5 respectively, using the 3arm-DNA containing
both the dyes (Cy3-Cy5) without the RC attached as the fluorescence reference. The FRET

efficiencies (E) from steady-state fluorescence data were calculated according to the following

Ipa

equation: E =1 — ,D;ADA, where Ipa and Ip are the integrated area of fluorescence from the
Ap

donor with and without an acceptor. Apa and Ap are the absorbance of the donor at excitation

11



wavelength with and without an acceptor. The energy transfer efficiencies (Eiifetime) from lifetime

=1-— Tave,DA

data were calculated according to the following equation: Ej;retime , Where 7zave,pa

Tave,D
and zve,p are the average lifetime of the donor (Table 2) with and without an acceptor.
Time-resolved fluorescence analysis was performed using time-correlated single-photon
counting (TCSPC) (Figures 4C, S9-S10) excited by a pulsed laser. The decay traces of individual
dye labeled 3arm-DNA (only one dye on the 3arm-DNA without the RC) could be fitted
adequately with biexponential decay kinetics® ° (Tables 2 and S1-3). The amplitude-weighted
average lifetimes were 1.79 ns for Cy3, 1.65 ns for Cy5, 1.68 ns for AF660, and 0.64 ns for
AF750. In contrast, fitting the fluorescence decays for each of the 3arm-DNA-dye-RC constructs
required three or four exponential components (Tables 2 and S1-3). For example, considering the
decay profiles of Cy3 in various samples (Aex = 510 nm and Aem = 565 nm in Figure 4), a
substantial increase in the fluorescence decay rate is observed for the constructs with the RC, e.g.
the average lifetimes of 3C and 3CC are ~1.17 ns and ~0.25 ns, respectively. This follows the
same trend as the steady-state energy transfer measurements and again implies that a significant
amount of energy transfer takes place from the dye to the RC. Similar decay patterns were
observed for the set of constructs with Alexa Fluor dyes (Figure S10). Based on the lifetime data
for the dyes alone (without RCs) or one dye with the RC, the rate constants for the various
component processes can be determined as described in the supplemental information. For
example, the fluorescence decay rate constant for Cy3 alone (in the absence of Cy5 or RC) is
measured to be 0.55 ns™, the rate constant for energy transfer from Cy3 to the RC is calculated to
be 0.39 ns, and the rate constant for energy transfer from Cy3 to Cy5 is calculated to be 1.45 ns’

1 If one uses the rate constants for these individual processes to calculate the decay lifetime of

12



Table 2: Fitting parameters for the Cy3 lifetime data in different constructs, monitored at 565

nm (hex = 510 nm). The results from two replicates of each sample are shown.

sample 1l ns T2 ns w3 ns 14 ns K©? average
(amplitude %) (amplitude %)  (amplitude %) (amplitude %) lifetime
(ns)
3arm-DNA-Cy3 0.63(34.9) 2.41(65.1) - - 1.18 1.788
0.64(35.5) 2.45(64.5) - - 1.17 1.807
3arm-DNA-Cy3- 0.06(59.8) 0.40(22.9) 2.15(17.3) - 1.17 0.499
Cy5 0.07(52.7) 0.52(23.6) 2.19(23.7) - 1.16 0.678
1C 0.12(14.1) 0.68(45.0) 1.80(409) - 1.03 1.059
0.09(12.1) 0.67(42.7) 1.9(45.2) - 1.01 1.156
2C 0.12(12.8) 0.71(43.3) 1.89(43.9) - 1.06 1.152
0.09(11.5) 0.66(46.5) 1.8(42.0) - 1.07 1.073
3C 0.10(12.5) 0.70(42.3) 1.90(45.2) - 1.05 1.167
0.11(13.2) 0.75(45.4) 1.96(41.4) - 1.14 1.167
1CC 0.04 (50.9) 0.15(28.7) 0.59(11.5) 1.86(8.9) 1.05 0.297
0.03(51.5) 0.15(29.1) 0.54(11.1) 1.85(8.3) 1.04 0.272
2CC 0.04(49.0) 0.14(28.1) 0.53(12.7) 1.81(10.2) 1.00 0.311
0.03(47.0) 0.14(29.8) 0.56(12.9) 1.85(10.3) 1.07 0.318
3CC 0.04(51.4) 0.14(29.2) 0.51(11.4) 1.79(8.0) 1.07 0.263
0.03(53.6) 0.14(27.3) 0.48(11.7) 1.75(7.4) 1.02 0.240

aAverage lifetime is calculated as T,,, = X; A4;7;/X; A;, Where A; is the amplitude of the it

component and i is the corresponding lifetime.

Cy3 in the fully assembled complex (1CC), it is predicted to be 0.42 ns, whereas the
experimentally measured average lifetime is 0.28 ns. Similarly, experimentally observed lifetime
of AF660 is 0.90 ns in 1-6-7, and the predicted decay lifetime of AF660 in 1-6-7 is 0.92 ns
(based on the measurements of the decay lifetime of AF660 alone, the energy transfer rate
constants from AF660 to AF750 and from AF660 to RC). The approximate agreement of the
experimentally measured decay times for the full nanostructures and the predicted values based

on the kinetic constants for individual component reactions indicates that the experimental
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measurements are internally consistent with each other, and consistent with an overall picture of

step-wise energy transfer.

Further evidence of a stepwise energy transfer process is provided by the initial rise of
the Cy5 and AF750 emission in the TCSPC experiment in the two dye complexes, upon
excitation of Cy3 and AF660, respectively (Figures S9-S10). The Cy3 or AF670 in all cases
shows an instantaneous increase of the emission upon direct excitation (which is convoluted with
the instrument response function), the rise of the Cy5 or AF750’s emission without RC is much
slower than the instrument response. This is due to the energy transfer from the initial donor
(Cy3 or AF660) to the intermediate dye (Cy5 or AF750) on the sub-nanosecond time scale,
which results in an initial increase in the excited-state population of the intermediate. In the
presence of the RC, Cy5 or AF750 show a much faster decay. A comparison of the average
lifetimes of the dyes in the 3arm-DNA-RC constructs vs. that in the 3arm-DNA structures
(without RC) result in estimated energy-transfer efficiencies from the dyes to the RC (Figures 5B
and S11B) which are in reasonable agreement with the results obtained from the steady-state
fluorescence intensity measurements (Figures 5A and S11A). Like the steady-state
measurements, similar energy-transfer efficiencies are observed for samples with different
numbers of DNA-dye constructs per RC. Again, in the case of time-resolved measurements,
higher energy-transfer efficiency is observed for constructs that contain Cy5 compared to
AFT750, even though the fluorescence spectrum of AF750 overlaps better with the absorbance of
the RC than does Cy5. This can be explained by the fact that AF750 has a shorter excited state
lifetime (0.64 ns) than Cy5 (1.64 ns), which gives the excited state of Cy5 a greater probability

of transferring energy to the RC before decaying to the ground state by other pathways. Similar
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results were obtained previously when dye molecules with different lifetimes were conjugated

directly to the RC.%®
Enhancement of Reaction Center Charge Separation

Because charge separation in the RC has an almost unity yield, the amount of charge
separation that takes place correlates with the energy transfer efficiency.® The relative amount of
charge separation in the RC was investigated by measuring the light-minus-dark difference
absorbance spectra of the different dye-DNA-RC complexes. The light-minus-dark difference
spectra were obtained by substracting the absorbance spectrum of a sample taken in the dark
from the absorbance spectrum taken under continuous illumination at 550 nm (Cy3 absorbance
peak, 10 nm bandwidth). The light intensity at 550 nm was kept low enough to ensure the light-
minus-dark signals changed linearly with the light energy absorbed. Under low light conditions,
no RC is excited more than once during the ~100 ms lifetime of P*Qa", avoiding artifacts due to
photopumping. A 1.3 fold absorbance change at 862 nm (reflecting P* formation) was observed
for 3C compared to the RC alone, implying enhanced charge separated state formation due to the
increased absorbance cross section at 550 nm, confirming that photons absorbed by Cy3 result in
energy transfer to RC cofactors (Figure 6). Similarly, 3CC shows a 1.8 fold enhancement in P*
formation over unconjugated RCs. The enhanced P* formation in 3CC compared to 3C
presumably results from the higher efficiency of the overall stepwise energy transfer from Cy3 to
Cy5 to the RC, compared to direct transfer from Cy3 to the RC (Figure 5). The insertion of Cy5
between Cy3 and the RC results in two relatively efficient transfer steps (better spectral overlap
and shorter distance) compared to the single Cy3 to RC transfer. As with the energy transfer
efficiency results obtained from both the steady state and the time resolved fluorescence

measurements, the relative intensity of P* formation is similar for samples with different
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numbers of 3arm-DNA nanostructures conjugated to each RC (i.e., similarity among the samples

1C, 2C and 3C or among the samples 1CC, 2CC and 3CC).
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Figure 6. Light-minus-dark difference absorbance spectra of RCs with and without conjugation

to a 3arm-DNA nanostructure-dye complex.

In the natural system, the RC operates in conjunction with the cytochrome bci complex,
cytochrome ¢, and a quinone pool, to convert light energy into a proton motive force.'® In this
process, the oxidized initial electron donor of the RC, P*, that is formed upon light-driven
electron transfer is subsequently reduced by cytochrome c., which docks to the periplasmic face
(P side) of the RC. In our artificial antenna system, the 3arm-DNA structures are located on the P
side of RC, and so one might expect that this conjugation of DNA close to the docking site of
cytochrome would hinder cytochrome binding as well as the electron transfer process from
cytochrome to P*. To explore this possibility, a 10-fold molar excess of reduced cytochrome ¢4
and a 100-fold molar excess of decylubiquinone were added into a solution of 3arm-DNA-dye-

RC constructs, and the absorbance intensity change at 550 nm (an absorbance decrease at this
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wavelength reflects the oxidation of cytochrome c) was measured, while either exciting the RC
directly or the dye directly.®*® Using 800 nm excitation (direct excitation of the RC), where both
the Cy3 and Cy5 have no absorbance, the wild type RC, the Cys-modified RC, and the RC
conjugated with the DNA-dye construct all showed similar rates of cytochrome c oxidation
(Figure 7A). Apparently, DNA conjugation does not hinder the rate of cytochrome electron
transfer to the RC, at least at these concentrations. However, upon 650 nm excitation (Cy5
excitation peak), the DNA-dye conjugated RC showed a much faster rate of oxidation then did
the Cys-modified RC or wild type RC, both of which have very low absorbance at 650 nm
(Figure 7B). It is interesting to note that under the conditions of this kinetic measurement, the
oxidation rate of cytochrome c¢ depends on the number of dye molecules in the construct. This
presumably results from the enhanced absorbance cross-section of the light harvesting antenna
that increases the number of photons absorbed per unit time by the 3arm-DNA-dye-RC complex.
The cytochrome c oxidation experiment is real time and reports the accumulative result (i.e.
integration of the change over time). Since the spectrum of reduced cytochrome c overlaps
strongly with that of Cy3, making difficult to quantitate the number of photons absorbed by Cy3,

similar measurements using 550 nm excitation were not attempted.
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Figure 7. Cytochrome c oxidation monitored at 550 nm (where the difference in absorbance
between reduced and oxidized cytochrome c is maximal) after exciting the RC directly at 800 nm

(A) or Cy5 directly at 650 nm (B).

CONCLUSIONS:

A DNA nanostructure with dyes attached at specific positions was conjugated to a RC to
serve as a geometrically defined light harvesting antenna. This extended the absorbance cross
section of the complex into a spectral range where the RC has only weak absorbance. A
combination of factors including the spatial placement, spectral properties and excited state
kinetic properties of the dyes used are important in determining the efficiency of the antenna in
energy transfer. At low light flux, the rate of photon capture by the complex is proportional to
the number of dye molecules in the complex that absorb at the excitation wavelength; thus
increasing the number of DNA-dye constructs attached to the reaction center increases the
functional cross section but does not greatly change the energy transfer efficiency. The
complexes explored in this work provide useful model systems for future applications in

nanophotonics.
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