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Abstract

Light harvesting complexes developed by living organisms render themselves as an excellent system for understanding basic
physical and chemical processes behind the conversion of sunlight energy. Although light harvesting complexes are pretty robust,
biochemical reconstitution and genetic modifications have proven the flexibility to tailor their absorption spectra and energy
transfer. Importantly, the refolding of the protein and the exchanging of the pigment in micellar media results in very similar
megment arrangement within the native complexes, Here, we show reconstitution approaches with different pigments that have
been carried out in PCP, LHCII, and LHI complexes. Monitoring on the spectral changes and energy transfer has also been
described.
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B870 Carotenod-less LH1 complex

B880 Fully reconstituted LH1 complex

CD Circular dichroism

CHL Chlorophyll

CRT Carotenoid

DEAE Diethylaminoethanol

DGDG Digalactosyldiacylglycerol

1BR73 Intermediate complex in the assembly of LH1 complex
LDAO N, N-dimethyvldodecylamine N-oxide
LDS-PAGE Lithium dodecylsulfate polyacrylamide gel electrophoresis
LH Light harvesting

LHC Light harvesting complex

NEU Neurosporene

NIR Near infrared

Ni-BCHL Ni-substituted bacteriochlorophyll a
N-PCP Apoprotein of N-terminal domain from PCP
PCP Peridinin chlorophyll protein

RB Rhodobacter

RC Reaction center

RSP Rhodospirillum

SDs Sodium dodecylsulfate

SPH Spheroidene

1. Introduction

Sun is one of the most attractive sources of alternative energy. The total energy of sunlight that irradiates the
surface of the Earth is believed to provide sufficiently the requirement of a clean and green energy of human
population [1]. It will become profitable when a few per cent of this energy can be collected and transformed into
some usable energy. Photovoltaic is one of the current technologies that are able to transform sunlight into
electricity. The photovoltaic effect was discovered as early as in the first half of the 19" century by Becquerel, Iis
physical principle, i.e. a light-driven charge separation. resembles the one followed by natural photosynthetic system
[2].

Enormous progress in determining the structure of photosynthetic pigment-protein complexes has been carried
out using x-ray crystallography to understand the exact position, orientation of the pigments with the resolution =
2.5@ well as their binding within the protein matrix [3-3]. In conjunction with spectroscopic data, it reveals how
the light harvesting complexes (LHCs) are functioning to capture the energy efficiently and transfer it to the reaction
centers (RCs) and how the charge separation occurs in the latter [6]. The structures of LHCs show large variation in
terms of the pigment composition depending on the available light spectrum ﬂ certain ecological niche in which
that photosynthetic organism lives. In the higher plants, chlorophyll (Chl) a plays impertant role in the light
harvesting (LH) and other pigments, 1.e. Chl & andotenoids (Crts) act as accessory LH pigments. In
dinoflagellate, most of the available light spectrum is in the blue-green region of the sca\m column.
Dinoflagellate have evolved LHCs in which most of the light capturing capacily@:}ro\fided by Crts, which absorb
maximally in the blue-green region of the spectrum. Similar situation occurs in the purple photosynthetic bacteria.
which are found in the anaerobic lavers of ponds pre—ﬁd by Chl-based photosynthetic organisms. Thus they use
bacteriochlorophyll (BChl) for absorbing the remaining near-infrared (NIR) region of the light spectrum and Crts for
absorbing the green light.

LH is the major function of Crt besides photo-protecting function in photosynthesis process [7]. Crt acts as an
accessory pigment to capture light in 400-350 nm spectral region and to transfer the energy to B(Chl). Crt serves as
efficient energy donor to B(Chl) in la LH process due to a close contact of Crt with B(Chl) molecules in
photosynthetic antenna. Moreover, the fluorescence from the first (S;) and second (8;) singlet exited states of Crt
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has a good spectral overlap with Qy and Qx bands of B(Chl) which favors energy transfer. Therefore, the efficiency
of mtra-complex Crt to B(Chl) singlet @\a transfer might be affected by densely packed pigments and the Crt
structure im[(:s [8]. In dinoflagellate, peridinin as the main Crt and LH pigment in pcridinilorophyll-pmlcin
(PCP) has a high efficiency of energy transfer to Chl a. which approaches to 100%. 80-100% of the overall energy
transfer efficiency from Crits to Chls in LHCII might dzﬁnd on the exact Crt composition in green plant antenna
proteins [9-11]. In purple phalmlhclic bacteria, the structure of a particular Crt affects its ability to perform
energy transfer to BChl a. The efficiencies of Crt to BChl energy transfer have been reporc— be 80-100% for
LH2 of Rhodobacter sphaeroides G1C containing mainly neurosporene (Neu) and LH2 of Rb. sphaeroides 2.4.1
containing mainly spheroidene (Sph) [12-15]. 35-75% for LH2 of Rhodospirillum acidophila containing mainly
rhodopin glucoside [14-17] and 30% for LH1 of Rsp. rubrum containing mainly spinilloxanthin [18].

The utilization of LHCs for applications in different environments triggers ways to modify its structure.
Reconstitution of LHCs has been developed to exchange pigments with other types of pigments that have different
absorption properties. This approach may be useful in increasing the capacity of LH. e.g. by expanding the range of
absorption and enhancing the efficiency of intra-complex energy transfer. The main purpose of this review is to
present exemplary reconstitutions and their progress prior to enhance harnessing capacity of sar energy. In this
review, we focus on the works that have been done with the PCP from dinoflagellate, the major antenna complexes
from purple photosynthetic bacteria (LH1) and from higher plants (LHCII).

2. Reconstitution in peridinin-chlorophyll protein (PCP)

Instead of collecting light mainly by Chls or BChls, the main LH pigment of PCP 1s pcin. which absorbs
light between 350 and 550 nm. The structure of PCP monomer from Amphidinium carterae consists of two Chl a
molecules eight peridinin molecules organized in two homologous clusters, which are embedded in protein
matrix [4]. The center-to-center distance between Chl @ is 17.4 A. The resulting weak coupling between the two Chls
the high Crt-Chl ratio of 4:1 indicate a particular strategy for LH. Upon absorption of 11 by the peridinin. the
energy 1s then transferred to Chl @ with a quantum efficiency close to % [19. 20]. The energy transfer between
the two Chl @ can be described in s of Forster energy transfer, with a transfer rate of 0.082 ps-1 [21].

PCP can be reconstituted with Chl a, Chl b, Chl d, acetvl-Chl a, and BChl a [22-25]. In this way the absorption
in the region of NIR can -'aried, Importantly, the reconstitution results in \-'ea similar pigment arrangement as
with the native PCP [25]. PCP can also be reconsfituted with Chl mixtures. e.g. Chl @ and Chl & (N-PCP-Chl a/b):
Chl a and acetyl-Chl a (N-PCP-Chl a/acetyl-Chl r Chl b and acetyl-Chl @ (N-PCP Chl a/acetyl-Chl a) [24]. @
reconstitution experiment requires apoprotein of N-terminal domain from PCP (N-PCP). It is usually composed of
150 amino acid residues and is topologically a “half-mer” of the monomeric native PCP protomer from A. carferae
|22]. For the use of reconstitution N-PCP can be prepared by heterologous overexpression in bacteria [22. 26]. The
reconstitution procedure was accomplished by mixing apoprotein and ethanol solution of pigments in 1:1.5 molar
ratio followed by 48 h of mcubation at 4°C [24, 26]. A monomer of PCP from A. carterae has one pair of lipid
digalactosyldiacylglycerol (DGDG), which binds tightly to pigments [4]. The isolated pigments from native PCP
from A. carterae already contain DGDG [25]. The use of pigments from different source can be suggested with an
addition of DGDG to onstilutc “high-grade” of PCP for crystallization purpose [25].

The reconstitution procedure yields dimenc aggregates that correspond topologically to native monomer of PCP.
The success of reconstitution can be monitored by spectroscopy methods, e.g. absorption, circular dichroism (CD),
and fluorescence. Fig. 1 shows the results of reconstitution with different types ofﬂc Chl molecule. In these
absorption spectra the incorporated Chls gmy band centered at 670 nm (Chl a), 648 nm (Chl b), and GSnnd 668
nm (Chl a/b). The visible region (400-600 nm) of the absorption spectra of PC Ionstilutcd with Chl a is similar to
nase of native PCP. Reconstitution with Chl & yields more pronounced Soret band in the visible region due to the
larger extinction coeflicient of Chl b as compared to Chl a [27]. The fluorescence spectrum of N-PCP-Chl a shows a
single line at 673 nm originating from the S,-8; transition of Chl « that has been generated by energy transfer from
peridinin tmlgh excitation at 532 nm. In N-PCP-Chl 5, the fluorescence emission is blue shifted to 652 nm. It was
calculated that the fluorescence quantum vield of Chl @ and b in N-PCP were 24% and 11%, respectively [28].
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Figure 1. The absorption (a) and ﬂegcenoe emission (b) spectra of native PCP (black line with shaded area) and the reconstituted complexes:
MN-PCP Chl & (dashed line), N-PCP Chl b (dotted line), and N-PCP Chl a'h {dash-do@e} The fluorescence emission spectra were taken with

excitation wavelength at 532 nm.

The absorption spectra of the reconstituted PCP with Chl mixtures shcmuperl'lcially a mix of the spectra of
reconstituted complexes with single type of Chl. The fluorescence spectrum of N-PCP reconstituted with both Chl a
and b is also charactenized b:,nw emission lines corresponding to the two Chl pigments (Fig. anhc presence of
reconstituted PCP containing Chl g in the one half and Chl b in the other half of dimeric aggregate can be monitored
by single molecule spe:ctroscopms)]_ The detailed experiment using single molecule spm)scopy can also show
Férster energy transfer between Chl @ and b in a monomer. The downhill enfffdy transfer from Chl b to Chl a took
about 31 ps. while the uphill energy transfer took 47 ps. [t is also shown that energy transfer from peridinin to Chl «
15 almost three times more efficient than that from peridinin to Chl b [28].

11
3. Reconstitution in core ght-hawesting complex I1
27

An in vitro assembly of native and recombinant LHCIIb protein with its native chromophores has first gﬂ
reported by Plumley and Schmidt [30] and Paulsen et al. [31], respectively. These methods rely on the self-assembly
of sodium dodecylsulfate (SDS) denatured LHCIIb apoprotein when mixed with the total pigment extract of spil
leaves, followed by several freeze-thaw cycles. The minimum components required for LHCIIb folding were Chl
a’'b and xanthophylls, but not diacylglycerides.

A similar reconstitution technique was emploved to assess the structure-function relationships in LHCII formed
from its apoprotein overexpressed in bactenal hosts. The deletion mutagenesis helped to elucidate the minimum
amino acid requi@nts for LHCII assembly [32, 33]. Since the atomic model of LHCIImvided by Kithlbrandt et
al. [34] did not distinguish between Chl @ and Chl b, the mutations of Chl-binding amino acid residues were
expected to address the question of assignment of specific Chl species to their binding sites in the antenna [33, 36].
Surprisingly. partially inconsistent have been obtained, leading the authors to the conclusion that some binding
sites in LHCIIb are non—smﬁc. This observation has been confirmed by Kleima et al. [37], when a wild-tvpe
LHCIIb was reconstituted with different Chl a/b ratios, ranging 1 Chl @ per 35 Chl » molecules in LHCII trimer.
Analysis of the results showed a large degree of promiscuity among most Chl @ binding sites, which can be utilized
to introduce Chls other than the native ones.

During over 25 vears period. the protocol for LHCII reconstitution has been substantially improved. It relies on
spontaneous refolding of SDS denatured LHCIIb in the presence of pigmenlssnh'ed in ethanol. More recently
[38]. the detergent exchange was achieved via mixed micelles formed in the presence of n-octyl beta-D-
glucopyranoside ((-OG), and SDS is precipitated out at 4°C with potassium ions. After centrifugation, the
supernatant yvields monomeric LHCII and pigments solubilized in the micelles. The latter can be efficiently
separated from the complexes via partially denaturing polyacrylamide gel electrophoresis in the presence of lithium
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dodecylsulfate (LDS-PAGE) [30-33, 36] or gombination of chromatographic and density gradient centrifugation
methods [35, 37-39]. The assessment of preparation quality is based on the electronic absorption, CD and
fluorescence emission measurements, which can be performed in excised green gel bands or after complex elution
from the gel. Spectral properties of native and reconstituted LHCII, as presented in Fig. 2, are fairly similar [31, 38,
40]. The differences seen between two types of complexes, particularly in the CD spectra, can be explained by
specific interactions between chromophores of individual LHCII @mcrs in the native antenna. In fumn. the
discrepancy in the Chl absorption intengs§Bs originates from altered Chl @/b ratio in the reconstituted LHCII (not
shown), caused probably by promiscuity of Chl a binding sites [37].

LHCII reconstitution served to study the kinetics of antenna folding, thermodynamics of cofactor binding, and
excitation transfer dynamics, but in contrast to LH1, very few reports can be found on pigment exchange in LHCIL.
Some modification of spectral properties has been introduced. e.g. by means of covalent attachment of rhodamine
to LHCIIb apoprotein, which did not interfere with complex assembly functioning [39]. The efhicient
excitation energy transfer from the rhodamine molecules to Chls resulted in an increase in the absorption cross
section and overall LH efficiency, but such an approach can not be considered as pigment exchange. Thus, LHCII
and LH2 remain the antenna complexes whose pigment content and spectral features have not been modified by
means of reconstitution. This fact is noteworthy, especially considering a large number of reports on other aspects of

LHCII reconstitution, in contrast to LH2. The methods for pigment exchange in this complex are yet to be worked
out.
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Figure 2. Electronic absorption and circular dichroism spectra of native trimeric (dotted line) and reconstituted monomeric (solid line) forms of
LHCIL The samples were obtamed according to [38], purified by LDS-PAGE method and cluted from the gel prior to the measurement.

4. Reconstitution in core light-harvesting I complex

The LHI1 complex is the simplest type of photosynthetic antenna complexes which can now be isolated and is
well characterized. In addition, several methods exist for its in vitro rcconstilutiomom the individual components,
which also provide means for pigment exchange [41, 42]. Reconstitution of LH1 prove@hly successful approach
to understand the structure-function relationships in this antenna [43]. Acm:ling to the structural modeling and low
resolution crystallographic data [44-46], the reaction center complex (RC) fits into the inner space of the LHI
complex. The two complexes closely interact to ensure a high efficiency of inter-complex energy transfer. LHI is
composed of 15-16 heterodimeric subunits of highly hydrophobic a- and B-polypeptides. which host a circular array
of 30-32 strongly interacting BChl molecules and 15-16 Crt molecules. Both BChl and Crts are involved in the LH
process. BChls are in contact with Cris via van der Waals interaction with the long alcohol residues esterifying the
C-173 propionic acid side group [47].

The LHI reconstitution was initially introduced by Paul A. Loach and the co-workers, taking advantage of the
fact that LHI1, in micellar media and in the absence of Crts, reversibly dissociates into dimeric B820 subunits and
further to its monomeric B780 subunits. Prior to dissociation, Crts must be removed from LHI, either at the stage of
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chromatophores of wild-type photosynthetic bacteria. e.g. by extraction with a hydrocarbon solvent, or using
carotenodless strains of bactca. The Crt-depleted LH1 has the maximum absorption wavel@th (Amax) at around
870 nm, and is termed B870. On the basis of biochemical and spectroscopic properties. the composition of B820
subunit i1s assigned to u3-2BChl. Based on these properties, Paul A. Loach and the co-workers have used the native
and modified BChls and the polypeptides for reconstituting the B820 subunits, B870 and LH1 complexes to reveal
the structural requirements for their formation [48, 49]. These reconstitutions were performed on analvtical scale
and no attempts were made to i1solate the reconstitution products,

The LHI reconstitution approach has recently been further elaborated by Leszek Fiedor and the co-workers. The
protocols developed provided means to obtain large quantities of the reconstituted pigment-protein complex. To this
end, three different reconstitution strategies have been developed: (1) LH1 formation from organic solvent-extracted
LH1 components, (2) LH1 formation from detergent-dissociated Crt-depleted antenna and (3) LHI formation via
oligomenzation of the B820 subunit.

4.1 Reconstitution from organic solveni-extracted LH 1 components
16

The components of LHI from Eﬁxc—dricd membrane of an LH1-only mutant of Rb. sphaeroides (DDI13 strain)
were extracted with a mixture of chloroform and methanol containing ammonium acetate [50, 51]. The extract,
ch contains pigments and polypeptides of the LH1 complcx, dried under vacuum. The resulted solid form
was suspended in Tris-HCI buffer, followed by solubilization at high concentrations of B-OG (20% or 3.4%). The
progress olnconstilution can be monitored as an increase in the absorption at 875 nm. The reconstituted LHI
complex is nearly identical to the native one in terms of absorption. fluorescence and CD spectra as well as energy
transfer efficiency from Crt to BChl. lon-exchange chromatography on a diethylaminoethanol (DEAE)-Sepharose
column was used for purification of this reconstituted LH1 complex. Generally, the higher recovery of the
reconstituted LH1 complex, up to 40%, is achieved in reconstitution with the lower detergent concentration (3.4%).
This method allows for insertion of Ni-substituted analog of BChl (Ni-BChl) a to the LHI complex. when this
pigment 1s added at the stage of organic solvent extract.

4.2 Recomstitution from Cri-depleted antenna

A convenient way for reconstituting LH1 complex either from the Crt-depleted antenna of Rsp. rubrum or the
Crt-less antenna of Rsp. rubrum G9, which facilitates Crt insertion, has been introduced by Fiedor et al. [42], This
reconstitution method can be applied for the insertion of modified BChl into LH1. The Crt-depleted antenna is
prepared either from the freeze-dried chromatophores of Rsp. rubrum S1 after removal of Cris by benzene extraction
or of the Crt-less strain Rsp. rubrum G9 [52]. The Crt-less antenna is solubilized in 0.03% NN-
dimethyldodecylamine N-oxide (LDAO) to achieve its dissociation into a mixture of the B780 and B820 subunits.
Upon the addition of acetone, the equilibrium between the LH1 subunits shifts towards B870, due to an increase in
dielectric permittivity of the medium [53]. '[']mllly reconstituted LH1 complex (B&Em:an be formed in the
presence of Crt added as acetone solution. The position of the Qy band of BChl a in this complex is red shifted by
10-12 nn'mnpared to that in the Crt-less LH1. A similar shift is observed in the absorption of Crts. Most likely,
excitonic coupling between BChl a molecules in LH1 15 enhanced due to the Crts, Indeed, lhermmnamic analysis
of LH1 formation indicates strong interactions of Crts with the LH1 subunits [53]. Preparative purification of the
reconstituted LH1-Crt complexes was performed by ion-exchange chromatography. If neccessary, a sucrose density
gradient centrifugation step can be added to remove contaminating Crt aggregates [54]. The yields of the purified
complexes with respect to the Crt-depleted antenna vary between 40% and 75%. depending on the stability of the
complex [42, 54]. In order to introduce a modified BChl into LH1, e.g. Ni-BChl a, the addition of the pigment in
acetone to the reconstitution mixture is done before the addition of Crt [55].

The spectral features of the Cri-less antenna and the LH1 complexes reconstituted with two Crts, Neu and Sph
(Fig. 3), are in agreement with c reported previously [42, 53]. The Q, band of BChl of the Crt-less antenna has
hnaxe at 870 nm. while this band of the reconstitutesmi 1-Crt complexes is typically red shifted to 880 nm due to the
correct assembly of LH1 complex induced by Crt. Absorption spectra of the LH1 complexes reconstituted with Cris
show that Crt absorption can cover the energy gap in blue-green region of BChl absorption spectrum to enhance the
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efficiency of photon capturing. CD spectra of LH1 complex reconstituted with Crt show a specific feature ofgrt
sorption due to Crt being placed in the chiral cnviroacnt of LH1 polypeptides. These results indicate the correct
incorporation of Crt into the complex, which is also confirmed by a high efficiency of the intra-complex (Crt to
BChsinglct energy transfer. The efficiency of this energy transfer decreases gradually from 80% to 30% along
with increasing the number of conjugated double bonds (n) from 9 to 13. It has been shown that as the n in Crt
increases above 11 not all low-lying singlet states of Crt are available as channels for energy transfer to BChl a [52,
54].
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Figure 3. Electronic absorption and circular dichroism spectra of Cri-less antenna (B870, solid line) m 0.4% B-OG and the LH1 complexes

reconstituted with neurosporene (LH1-Neu: dashed line) and spheroidene (LH1-Sph: dotted line) in 0.03% and 0.045% LDAO, respectively.
4.3 Reconstitution from the B820 subunit

The B820 subunit was prepared from lfrcczc-dricd chromatophores of the Crt-less antenna of Rsp. }138;;}: by
solubilization in 3.4% B-OG and purified on a DEAE-Sepharose column. The vield of pure B820 reaches 70-80%
with respect to the initial amount of the chromatophores. LH1 complex can be reconstituted with the incorporation
of Crt into B820 subunits in 1% [B-0OG. The agress of LH1 formation can be monitored as described above. This
approach facilitated the observation of a new short-lived intermediate in the assembly of LHI termed iB873, which
can be converted to the LHI complex if more Crt 1s applied [56]. Also this reconstitution method allows la
replacement of the native BChl a with the modified pigments, such as Ni-BChl a, simply by adding its solution (in
acetone) into the B820 subunits in 1% B-OG, before the oligomerization of the subunits is induced [55].

5. Summary

The fully reconstituted PCP requires peridinin as the main Crt and apoprotein of N-terminal domain as well as
Chl. PCP nslitulion with the modified Chl a, i.e. its analogs, can enhance the light absorption in the NIR region.
Although energy transfer from permin to Chl a is more efficient compared to that one from peridinin to its
analogs, i.e. Chl b. Importantly, the energy transfer from peridinin to Chl a 1s close to 100% upon the absorption of
light by peridinin. Three reconstitution strategies were developed for reconstituting LH1 in large quantities by use of
organic solvent-extracted LH1 components, detergent-dissociated Crt-depleted antenna, and oligomerization of
B820 subunit. These reconstitution approaches n manipulate independently its components, especially Crts, for
enhancing the light absorption by LH1 complex in the blue-green region which is not covered by BChl. and in the
NIR region. Therefore, Crt acts as one of the structural requirements in LH1 complex. Intra-complex energy transfer
from Crt to BChl can be varnied between 30% to 80%, and depends on the n of Crts incorporated to the reconstituted
LH1 complexes. By usin gmsc LH1 complexes reconstituted with Crts, antioxidant and photo-protective functions
of Crt can be studied. Crts may significantly enhance the stability of photosynthetic complexes against oxidation and
their protective effect depends on the type of the oxidant [57]. Photo-protective function of Crt, which quenches the
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lowest triplet state of BChl @ and dissipates the transferred triplet energy as heat, 1s more cﬂici&he LHI rather
than in the LH2 complex [58]. The generation of the Crt triplet state increases accordingly with the number of
conjugated double bonds of incorporated Crt [52].

Acknowledgements

THPB acknowledges financial support from the Indonesian Ministry of Research and Technology through
National Innovation System Rcscam(jrant (RT-2013-166, No: 187/ M/Kp/X1/2012) and International Collaboration
Research Grant from Directorate General for Higher Education (DIKTI No.
088/8P2ZH/PL/DIT. LITABMAS/V/2013). This work was in part supported by a research grant from the Foundation
for Polish Science (TEAM/2010-5/3 to L.F.)

References

[1]  MacKay DJC. Solar. In: Sustainable energy—without the hot air. Cambridge: UIT Cambridge; 2009. p. 38-49.

[2]  Landsberg PT. Markvart T. The car not factor in solar-cell theory. Solid State Electron 1998; 42:657-59.

[3]  Koepke J. Hu X, Muenke C, Schulten K. Michel H. The crystal structure of the light-harvesting complex 11 (B800-850) from
Rhodospirillum molischianum. Structure 1996; 4:581-97,

[4] Hofmann E. Wrench PM, Sharples FP, Hiller RG. Welte W, Diederichs K. Structural basis of light harvesting by carotenoids: pendinin-
chlorophyll-protein from Amphidinium carterae. Science 1996, 272:1788-91.

[5]  Standfuss 1. van Scheltinga ACT. Lamborghini M. Kiihlbrandt W. Mechanisms of photoprotection and nonphotochemical quenching in
pea light-harvesting complex at 2.5 A resolution. EMBO J2005; 24:919-28.

[6]  Frank HA, Cogdell R1. Cartotenoids in photosynthesis. Photochem Photobiol 1996; 63:257-64.

[7]  Govindjee. Carotenoids in photosynthesis: An historical perspective. In: Frank HA, Young AJ. Britton G, Cogdell RJ, editors. The
photochemistry of carotenoids. Dordrecht: Kluwer Academic Publishers; 1999, p. 1-19.

[8]  Zigmantas D. Hiller RG. Sundstrom V. Polivka T. Carotenoid to chlorophyll energy transfer in the peridinin-chlerophyll-a-protein
complex involves an intramolecular charge transfer state. Proc Natl Acad Sci USA 2002; 99:16760-5.

[9]  Holt N, Kennis J, Dall'Osto L, Bassi R, Fleming GR. Carotenoid to chlorophyll energy transfer in light harvesting complex II from
Arabidopsis thaliana probed by femtosecond fluorescence upconversion, Chem Phys Lett 2003: 379:305-13.

[10]  Peterman EJ. Gradinaru CC, Calkoen F, Borst JC, van Grondelle R. van Amerongen H. Xanthophylls in light-harvesting complex II of
higher plants: light harvesting and triplet quenching. Biochemistry 1997 36:12208-15.

[11]  Connelly J, Miller M. Bassi R, Croce R, Holzwarth AR. Femtosecond transient absorption study of carotenoid to chlorophyll energy
transfer in the light-harvesting complex 11 of photosystem 1. Biochemistry 1997 36:281-7.

[12] Cogdell RJ, Hipkins MF. MacDonald W, Truscott TG. Energy transfer between the carotenoid and the bacteriochlorophyll within the B-
800-850 light-harvesting pigment-protein complex of Rhodopsendomonas sphaeroides. Biochim Biophys Acta 1981; 634:191-202.

[13] wan Grondelle R, Kramer HIM, Rijgersberg CP. Energy transfer in the B800-850-carotenoid light-harvesting complex of various mutants
of Rhodopsendomonas sphaeroides and of Rhodopsendomonas capsulata. Biochim Biophys Acta 1982: 682:208-15.

[14] Angerhofer A. Bomhiuser F, Gall A, Cogdell RJ. Optical and optically detected magnetic resonance investigation on purple
photosynthetic bacterial antenna complexes. Chem Phys 1995; 194:259-74.

[15] Rondonuwu FS. Yokovama K, Fujii R, Koyama Y, Cogdell RI. Watanabe Y. The role of the 1'B, state in carotenoid-to-
bacteriochlorophyll singlet-energy transfer in the LH2 antenna complexes from Rhodobacter sphaeroides G1C, Rhodobacter sphaeroides
2.4.1. Rhodospirillum molischiamm and Rhodopsendomonas acidophila. Chem Phys Lett 2004: 390:314-22.

[16]  Angerhofer A, Cogdell RJ. Hipkins MF. A spectral chamcterisation of the light-harvesting pigment-protein complexes from
Rirodopsendomonas acidophila. Biochim Biophys Acta 1986: 848:333-41.

[17] Chadwick BW, Zhang C, Cogdell RJ, Frank HA. The effects of lithum dodecyl sulfate and sodium borohydride on the absorption
spectrum of the BBO0-850 light-harvesting complex from Rhodopsendomonas acidophila 7750. Biochim Biophys Acta 1987, 893:444-51.

[18] Rademaker H. Hoff Al van Grondelle R. Carotenoid triplet vields in nommal and deuterated Rhodospivillum rubrm. Biochim Biophys
Acta 1980; 592:240-537.

[19] Krueger BP, Lampoura S8, van Stokkum IHM, Papagiannakis E. Salverda JM. Gradinanu CC, Rutkauskas D, Hiller RG. van Grondelle R.
Energy transfer in the peridinin chlorophyll-a protein of Amphidinium carterae swdied by polarized transient absorption and target
analysis. Biophys J 2001: 80:2843-55,

[20] Linden PA, Zimmermann J, Brixner T, Holt NE, Vaswani HM. Hiller RG, Fleming GR. Transient absorption study of peridinin and
peridinin-chlorophyll a-protein afier two-photon excitation. J Phys Chem B 2004; 108:10340-5.

[21] Kleima FI, Hofmann E. Gobets B, van Stokkum [HM, van Grondelle R, Diederichs K. van Amerongen H. Forster excitation energy
transfer in peridinin-chlorophyll-g-protein. Biophys J2000; 78: 344-53.

[22] Miller D), Catmull J. Puskeiler R. Tweedale H, Sharples FP, Hiller RG. Reconstitution of the pendinin-chlorophyll a protein (PCP):
evidence for functional flexibility in chlorophyll binding. Photosynth Res 2005; 86:229-40.




[23]
[24]
[25]

[26]

[27]
[28]

[29]

[30]
[31]
[32]

[33]
[34]

[35]
[36]
[37]
[38]
[39]
[40]

[41]

[42]
[43]
[44]
[45]
[46]
[47]

[48]

[49]

[50]

Herivanto et al. / Energy Procedia 47 (2014) 113 - 122

Brotosudarmo THP. Hofmann E, Hiller RG, Wérmke S, Mackowski S, Zumbusch A, Brinchle C. Scheer H. Peridinin-chlorophyll-protein
reconstituted with chlorophyll mixtures: Preparation, bulk and single malecule spectroscopy. FEBS Lett 2006: 580:5257-62.
Brotosudarmo THP, Mackowski 8, Hofmann E, Hiller RG. Briuchle C. Scheer H. Relative binding affinities of chlorophylls in peridinin-
chlorophyll-protein reconstituted with heterochlorophyllous mixtures. Photosynth Res 2008: 95:247-52.

Schulte T, Hiller RG, Hofmann E. X-ray structures of the peridinin—chlorophyll-protein reconstituted with different chlorophylls. FEBS
Lett 2010; 584:973-8.

Schulte T. Sharples FP, Hiller RG. Hofmann E. X-ray structure of the high-salt form of the pendinin-chlorophyll a-protemn from the
dinoflagellate Amphidinium carterae: modulation of the spectral properties of pigments by the protemn environment. Biochemistry 2009;
48:4466-75.

Kobayashi M, Akiyama M, Kano H, Kise H. Spectroscopy and structure determination. In: Grimm B. Porra RJ, Ritdiger W, Scheer H,
editors. Chlorophylls and bacteriochlorophylls: Biochemistry, biophysics, functions and applications. Dordrecht: Springer: 2006. p. 79-94.
Mackowski 8, Wormke S, Brotosudarmo THP, Scheer H, Briuchle C. Fluorescence spectroscopy of reconstituted penidinin-chlorophyll-
protein complexes. Photosynth Res 2008; 95:253-60.

Wormke S, Mackowski S, Brotosudarmo THP, Jung C. Zumbusch A, Ehrl M, Scheer H., Hofmann E, Hiller RG. Briuchle C. Monitoring
fluorescence of individual chromophores in peridinin-chlorophyll-protein complex using single molecule spectroscopy. Biochim Biophys
Acta 2007: 1767:956-64.

Plumley FG. Schmidt GW. Reconstitution of chlorophyll a/b light-harvesting complexes: Xanthophyll-dependent assembly and energy
transfer. Proc Natl Acad Sci USA 1987, 84:146-50.

Paulsen H, Rumler U, Rudiger W. Reconstitution of pigment-containing complexes from light-harvesting chlorophyll a/b-binding protein
overexpressed in Escherichia coli. Planta 1990 181:204-11.

Cammarata K, Schmidt G. In vitro reconstitution of a light-harvesting gene product: Deletion mutagenesis and analyses of pigment
binding. Biochemistry 1992: 31:2779-89.

Paulsen H, Hobe 8. Pigment-binding propertics of mutant light-harvesting chlorophyll-a/b-binding protein. Eur J Biochem 1992:205:71-6.
Kuhlbrandt W, Wang DN. Fujiyoshi Y. Atomic model of plant light-harvesting complex by electron erystallography. Nature 1994;
367:614-20.

Remelli R, Varotto C, Sandona D, Croce R, Bassi R. Chlorophyll binding to monomeric light-harvesting complex. J Biol Chem 1999,
274:33510-21.

Rogl H. Kithlbrandt W. Mutant trimers of light-harvesting complex II exhibit altered pigment content and spectroscopic features.
Biochemistry 1999; 38:16214-22.

Kleima FJ, Hobe S, Calkoen F. Urbanus ML, Peterman EI van Grondelle R, Paulsen H. van Amerongen H. Decreasing the chlorophyll
a/b ratio in reconstituted LHCII: structural and functional consequences. Biochemistry 1999; 38:6587-96.

Rithle W, Paulsen H. Preparation of native and recombinant light-harvesting chlorophyll-a/b complex. In: Carpentier R, editor.
Photosynthesis research protocols. New Jersey: Humana Press Inc: 2011, p. 113-25,

Gundlach K, Werwie M, Wiegand S, Paulsen H. Filling the “green gap™ of the major light-harvesting chlorophyll @b complex by covalent
attachment of Rhodamine Red. Biochim Biophys Acta 2009; 1787:1499-504.

Hobe 8, Prytulla S, Kiihlbrandt W. Paulsen H. Trimerization and crystallization of reconstituted light-harvesting chlorophyvll /b complex.
EMBO J 1994; 13:3423-9.

Loach PA, Parkes-Loach PS. Structure-function relationships in core light-harvesting complexes (LHI) as Determined by characterization
of the structural subunit and by reconstitution experiments. In: Blankenship RE, Madigan MT, Bauer CE, editors. Anoxygenic
photosynthetic bacteria. Dordrecht: Kluwer Academic Publishers: 1995, p. 437-7T1.

Fiedor L, Akahane J, Koyama Y. Carotenoid-induced cooperative formation of bacterial photosynthetic LH1 complex. Biochemistry 2004;
43:16487-96.

Fiedor L, Fiedor J, Pilch M, Susz A, Michalik M. Controlling structural and functional features of photosynthetic antenna. Acta Phys Pol A
2012; 122:255-8.

Karrasch 8, Bullough PA, Ghosh R. The 8.5 A projection map of the light-harvesting complex [ from Rhodospirillum mubrum reveals a
ring composed of 16 subunits. EMBO J 1995 14:631-8.

Walz T. Jamieson SJ, Bowers CM, Bullough PA, Hunter CN. Projection structures of three photosynthetic complexes from Rhodobacter
sphaeroides: LH2 at 6 A, LH1 and RC-LH1 at 25 A. J Mol Biol 1998: 282:833-45.

Hu X, Damjanovic A, Ritz T, Schulten K. Architecture and mechanism of the light-harvesting apparatus of purple bacteria. Proc Matl Acad
Seci USA 1998: 95:5935-4].

Parkes-Loach PS, Majeed AP, Law Cl. Loach PA. Interactions stabilizing the structure of the core light-harvesting complex (LHI) of
photosynthetic bacteria and its subunit (B820). Biochemistry 2004; 43:7003-16.

Meadows K, lida K, Tsuda K, Recchia P, Heller B, Antonio B, Nango M, Loach PA. Enzymatic and chemical cleavage of the core light-
harvesting polypeptides of photosynthetic bacteria: determination of the minimal polypeptide size and structure required for subunit and
light-harvesting complex formation. Biochemistry 1995; 34:1559-74.

Davis CM, Parkes-Loach PS, Cook CK. Meadows KA. Bandilla M. Scheer H. Loach PA. Companison of the structural requirements for
bacteriochlorophyll binding in the core light-harvesting complexes of Rhodospivillum rubrim and Rhodobacter sphaeroides using
reconstitution methodology with bacteriochlorophyll analogs. Biochemistry 1996; 35:3072-84.

Fiedor L, Scheer H, Hunter CN, Tschirschwitz I, Voigt B, Ehlert J, Nibbering E. Leupold D, Elsaesser T. Introduction of a 60 fs
deactivation channel in the photosynthetic antenna LH1 by Ni-bacteriopheophytin a. Chem Phys Lett 20000 319:145-52.




122

[51]

[52]
[53]
[54]

[55]

[56]
[57]

[58]

Herivanto et al. / Energy Procedia 47 (2004) 113 - 122

Fiedor L. Leupold D, Teuchner K. Voigt B. Hunter CN., Scherz A, Scheer H. Excitation trap approach to analyze size and pigment-
pigment coupling: reconstitution of LH1 antenna of Rhodobacter sphaeroides with Ni-substituted bacteriochlorophyll. Biochemistry 2001
40:3737-47.

Akahane J. Rondonuwu FS, Fiedor L., Watanabe Y. Koyvama Y. Dependence of singlet-energy transfer on the conjugation length of
carotenoids reconstituted into the LH1 complex from Rhodospirvilfum rubrun G9. Chem Phys Lett 2004: 393:184-91.

Fiedor 1. Pilch M. Fiedor L. Tuning the thermodynamics of association of transmembrane helices. J Phys Chem B 2009 113:12831-8.
Nakagawa K. Sueuki S. Fujii R, Gardiner AT, Cogdell R, Nango M. Hashimoto H. Probing the effect of the binding site on the
electrostatic behavior of a series of carotenoids reconstited into the light-harvesting 1 complex from purple photosynthetic bacterium
Rhodospirilham rubrum detected by stark spectroscopy. J Phys Chem B 2008.112: 9467-75.

Lambrev PH, Miloslavina Y. van Stokkum IHM. Stahl AD., Michalik M., Susz A, Tworzydlo J, Fiedor J, Huhn G, Groot M-L. van
Grondelle R. Garab G. Fiedor L. Exeitation energy trapping and dissipation by Mi-substituted bacteriochlorophyll @ in reconstituted LH1
complexes from Khodospivillum vicbrwm. J Phys Chem B 2013; 117:11260-71.

Fiedor L. Scheer H. Trapping of an assembly intermediate of photosynthetic LH1 antenna beyond B820 subunit. Significance for the
assembly of photosynthetic LHI antenna. I Biol Chem 2005 280:20921-6.

Fiedor J, Sulikowska A, Orzechowska A, Fiedor J, Burda K. Antioxidant effects of carotenoids in a model pigment-protein complex. Acta
Physica Polonica A 2012; 59:61-64.

Kakitani Y, Akahane J, Ishii H, Sogabe H, Nagae H, Koyvama Y. Conjugation-length dependence of the T1 lifetimes of carotenoids free in
solution and incorporated into the LH2, LHI, RC, and RC-LH1 complexes: possible mechanisms of triplet-energy. Biochemisiry 2007;

46:2181-97.




Reconstitution Approach to Tune Spectral Features of Light

Harvesting Complexes for Inproved Light Absorption and

Energy Transfer

ORIGINALITY REPORT

22: 12+  21% 2.

SIMILARITY INDEX INTERNET SOURCES  PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

Brotosudarmo, T.H.P.. "Peridinin-chlorophyli-
protein reconstituted with chlorophyll
mixtures: Preparation, bulk and single
molecule spectroscopy”, FEBS Letters,
20061002

Publication

1o

E)

edoc.hu-berlin.de

Internet Source

1o

e

WWW.pnas.org

Internet Source

1o

=

Advances in Photosynthesis and Respiration,
2014.

Publication

1o

El

Fiedor, Joanna, Mariusz Pilch, and Leszek
Fiedor. "Tuning the Thermodynamics of
Association of Transmembrane Helices", The
Journal of Physical Chemistry B, 20009.

Publication

1o

Advances in Photosynthesis and Respiration,
1995.

1o



Publication

[«

pdfs.semanticscholar.org

Internet Source

1o

www.jbc.org

Internet Source

1o

philjournalsci.dost.gov.ph

Internet Source

1o

RN
(@)

Fiedor, Leszek, Junji Akahane, and Yasushi
Koyama. "Carotenoid-Induced Cooperative
Formation of Bacterial Photosynthetic LH1

ComplexT", Biochemistry, 2004.

Publication

1o

Tihana Mirkovic, Evgeny E. Ostroumov,
Jessica M. Anna, Rienk van Grondelle,
Govindjee, Gregory D. Scholes. "Light
Absorption and Energy Transfer in the
Antenna Complexes of Photosynthetic
Organisms", Chemical Reviews, 2017

Publication

1o

docplayer.net

Internet Source

1o

N
w

t ukasz Orzet, Barttomiej Szmyd, Dorota
Rutkowska-Zbik, Leszek Fiedor, Rudi van
Eldik, Grazyna Stochel. " Fine tuning of
copper( )-chlorophyll interactions in organic
media. Metalation versus oxidation of the
macrocycle ", Dalton Transactions, 2015

Publication

1o




Advances in Photosynthesis and Respiration,
1990.

Publication

1o

agro.icm.edu.pl
Intgrnet Source p < 1 %
L Fiedor, H Scheer, C.N Hunter, F <1 o
Tschirschwitz, B Voigt, J Ehlert, E Nibbering, °
D Leupold, T Elsaesser. "Introduction of a 60
fs deactivation channel in the photosynthetic
antenna LH1 by Ni-bacteriopheophytin a",
Chemical Physics Letters, 2000
Publication
Junji Akahane, Ferdy S Rondonuwu, Leszek <1 o
Fiedor, Yasutaka Watanabe, Yasushi °
Koyama. "Dependence of singlet-energy
transfer on the conjugation length of
carotenoids reconstituted into the LH1
complex from Rhodospirillum rubrum G9",
Chemical Physics Letters, 2004
Publication
ubs.acs.or
IFn)ternet Source g <1 %
Marilena Di Valentin, Giancarlo Agostini, <1 o

Enrico Salvadori, Stefano Ceola et al.
"Triplet—triplet energy transfer in Peridinin-
Chlorophyll a-protein reconstituted with Chl a
and Chl d as revealed by optically detected
magnetic resonance and pulse EPR:
Comparison with the native PCP complex



from Amphidinium carterae”, Biochimica et
Biophysica Acta (BBA) - Bioenergetics, 2009

Publication

tel.archives-ouvertes.fr
Internet Source < 1 %
www.botanik.biologie.uni-muenchen.de
Internet Source g < 1 %
T. H. P. Brotosudarmo, S. Mackowski, E. <1 o
Hofmann, R. G. Hiller, C. Brauchle, H. Scheer. °
"Relative binding affinities of chlorophylls in
peridinin—chlorophyll—protein reconstituted
with heterochlorophyllous mixtures”,
Photosynthesis Research, 2007
Publication
d-nb.info
Internet Source < 1 %
reiner-lemoine-institut.de
Internet Source < 1 %
Brotosudarmo, Tatas Hardo Panintingjati, <1 o
Leenawaty Limantara, Heriyanto, and Monika °
Nur Utami Prihastyanti. "Adaptation of the
Photosynthetic Unit of Purple Bacteria to
Changes of Light lllumination Intensities",
Procedia Chemistry, 2015.
Publication
onlinelibrary.wiley.com
Internet Source y y <1 %




"Carotenoids in Photosynthesis", Springer <1 o
Nature, 1993
Publication

Roberta Croce, Glu.sy Canino, Francesca <1 o
Ros, Roberto Bassi. "Chromophore
Organization in the Higher-Plant
Photosystem Il Antenna Protein CP26",
Biochemistry, 2002
Publication

Legall, H.. "Near edge X-ray absorption fine <1 o
structure spectroscopy (NEXAFS) of °
pigment-protein complexes: Peridinin-
chlorophyll a protein (PCP) of Amphidinium
carterae", Journal of Biochemical and
Biophysical Methods, 20070410
Publication
Hong Cong, Dariusz M. Niedzwiedzki, George 1

| | <1
N. Gibson, Amy M. LaFountain et al.
"Ultrafast Time-Resolved Carotenoid to-
Bacteriochlorophyll Energy Transfer in LH2
Complexes from Photosynthetic Bacteria”,
The Journal of Physical Chemistry B, 2008
Publication

Fiedor, Leszek, Dieter Leupold, Klaus <1 o

Teuchner, Berndt Voigt, C. Neil Hunter,
Avigdor Scherz, and Hugo Scheer. "Excitation
Trap Approach to Analyze Size and
Pigment-Pigment Coupling: Reconstitution
of LH1 Antenna of Rhodobacter sphaeroides



with Ni-Substituted BacteriochlorophyIIT",
Biochemistry, 2001.

Publication

Dyer, A.. "Cation-exchange in synthetic <1 y
zeolite L: The exchange of hydronium and °
ammonium ions by alkali metal and alkaline
earth cations", Zeolites, 199304/05
Publication

A.A. Moskalenko. "Effects of Carotenoid <1 o
Inhibition on the Photosynthetic RC—LH1 °
Complex in Purple Sulphur Bacterium
Thiorhodospira sibirica", Photosynthesis
Research, 11/2005
Publication

Tomas Polivka, Roger G. HiIIer,.H.a.rry A. <1 o
Frank. "Spectroscopy of the peridinin—
chlorophyll-a protein: Insight into light-
harvesting strategy of marine algae”,

Archives of Biochemistry and Biophysics,
2007
Publication

Samuel D. Bockenhauer, W. E. Moerner. <1 o
"Photo-Induced Conformational Flexibility in °
Single Solution-Phase Peridinin-Chlorophyll-

Proteins", The Journal of Physical Chemistry
A, 2013
Publication
TLohb machung.acie <1y




Robielyn P. llagan, Sumie Shima, Alexander
Melkozernov, Su Lin et al. " Spectroscopic
Properties of the Main-Form and High-Salt
Peridinin—Chlorophyll Proteins from ",
Biochemistry, 2004

Publication

<1%

Magdaong, Nikki M., Amy M. LaFountain,
Jordan Alan Greco et al. "High Efficiency
Light-Harvesting by Carotenoids in the LH2
Complex from Photosynthetic Bacteria:
Unique Adaptation to Growth Under Low-
Light Conditions", The Journal of Physical
Chemistry B

Publication

<1%

Croce, Roberta, Giusy Canino, Francesca
Ros, and Roberto Bassi. "Chromophore
Organization in the Higher-Plant
Photosystem Il Antenna Protein CP26",
Biochemistry, 2002.

Publication

<1%

Janik, Ewa, Joanna Bednarska, Monika
Zubik, Karol Sowinski, Rafal Luchowski,
Wojciech Grudzinski, and Wieslaw |.

Gruszecki. "Is It Beneficial for the Major

Photosynthetic Antenna Complex of Plants to

Form Trimers?", The Journal of Physical
Chemistry B

Publication

<1%

intl.biophysj.org

Internet Source



<1%

H.A. Frank, R.J. Cogdell. "8.6 Light Capture in <1
. : %
Photosynthesis", Elsevier BV, 2012
Publication
www.biophysj.or
Internet Sourcg y J g <1 %

Advances in Photosynthesis and Respiration, <1
2008. &

Publication

B
S

i The Photosynthetic Bacterial Reaction <1 %

Center, 1988.

Publication

46 Richard J. Cogdell, Andrew Gall, Jurgen <1 o
Kohler. " The architecture and function of the °
light-harvesting apparatus of purple bacteria:

from single molecules to membranes ",

Quarterly Reviews of Biophysics, 2006

Publication

;Fd Photosynthesis Energy from the Sun, 2008. <1 o,

Publication

48 H. Paulsen, U. Rumler, W. Rudiger. <1
L . - %

"Reconstitution of pigment-containing

complexes from light-harvesting chlorophyll

a/b-binding protein overexpressed

inEscherichia coli", Planta, 1990

Publication




www.mdpi.com
Internet Sourcg < 1 %
bmcplantbiol.biomedcentral.com
InternetpSource < 1 %
Submitted to University of Sheffield
Student Paper y <1 %
www.phototech.eu
Internet gaurce < 1 %
Nikodem Czechowski, Piotr Nyga, Mikotaj K. <1 o
Schmidt, Tatas H. P. Brotosudarmo et al. °
"Absorption Enhancement in Peridinin—
Chlorophyll-Protein Light-Harvesting
Complexes Coupled to Semicontinuous
Silver Film", Plasmonics, 2011
Publication
theses.gla.ac.uk
Internet Sougrce < 1 %
Harvey, Pierre D., Christine Stern, and Roger <1 o
Guilard. "49 Bio-inspired Molecular Devices °
Based on Systems Found in Photosynthetic
Bacteria", Handbook of Porphyrin Science,
2011.
Publication
carotenoidsociety.or
Internet Source y g < 1 %
epdf.tips
IntErnet Sopurce < 1 %




Nakagawa, Katsunori, Satoru Suzuki, <1 o
Ritsuko Fuijii, Alastair T. Gardiner, Richard J. °
Cogdell, Mamoru Nango, and Hideki
Hashimoto. "Probing the Effect of the Binding
Site on the Electrostatic Behavior of a Series
of Carotenoids Reconstituted into the Light-
Harvesting 1 Complex from Purple
Photosynthetic Bacterium Rhodospirillum
rubrum Detected by Stark Spectroscopy”,

The Journal of Physical Chemistry B, 2008.
Publication

Ch!orophylls and Bacteriochlorophylls", <1 o
Springer Nature, 2006
Publication

E "The Photochemistry of Carotenoids”, <1 o
Springer Nature, 2004 °
Publication

Advances in Photosynthesis and Respiration, <1 o
2010.

Publication

Current Research in Photosynthesis, 1990.
Publication / <1 %
Parak, Wolfgang J., Marek Osinski, Kenji I. <1 o

Yamamoto, Aneta Prymaczek, and Sebastian
Mackowski. "Plasmonics with silver
nanowires: plasmons affect the energy
transfer”, Colloidal Nanoparticles for
Biomedical Applications IX, 2014,

Publication




Tomas Polivka, Villy Sundstrom. "Ultrafast
Dynamics of Carotenoid Excited
States—From Solution to Natural and
Artificial Systems", Chemical Reviews, 2004

Publication

<1%

Exclude quotes On Exclude matches Off

Exclude bibliography  On



	Reconstitution Approach to Tune Spectral Features of Light Harvesting Complexes for Inproved Light Absorption and Energy Transfer
	by Tatas Hardo Panintingjati Brotosudarmo

	Reconstitution Approach to Tune Spectral Features of Light Harvesting Complexes for Inproved Light Absorption and Energy Transfer
	ORIGINALITY REPORT
	PRIMARY SOURCES


