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Abstract

Steady-state and ultrafast time-resolved optical spectroscopic investigations have been carried out
at 293 and 10 K on LH2 pigment-protein complexes isolated from three different strains of
photosynthetic bacteria: Rhodobacter (Rb.) sphaeroides G1C, Rb. sphaeroides2.4.1 (anaerobically
and aerobically grown), and Rps. acidophila 10050. The LH2 complexes obtained from these
strains contain the carotenoids, neurosporene, spheroidene, spheroidenone, and rhodopin
glucoside, respectively. These molecules have a systematically increasing number of rz-electron
conjugated carbon-carbon double bonds. Steady-state absorption and fluorescence excitation
experiments have revealed that the total efficiency of energy transfer from the carotenoids to
bacteriochlorophyll is independent of temperature and nearly constant at ~90% for the LH2
complexes containing neurosporene, spheroidene, spheroidenone, but drops to ~53% for the
complex containing rhodopin glucoside. Ultrafast transient absorption spectra in the near-infrared
(NIR) region of the purified carotenoids in solution have revealed the energies of the Sq (21A;")
— S, (11B,*) excited-state transitions which, when subtracted from the energies of the Sy (1Iqu‘)
— S, (11B, ") transitions determined by steady-state absorption measurements, give precise values
for the positions of the S; (21Ag‘) states of the carotenoids. Global fitting of the ultrafast spectral
and temporal data sets have revealed the dynamics of the pathways of de-excitation of the
carotenoid excited states. The pathways include energy transfer to bacteriochlorophyll, population
of the so-called S* state of the carotenoids, and formation of carotenoid radical cations (Car**).
The investigation has found that excitation energy transfer to bacteriochlorophyll is partitioned
through the Sy (llAg‘), S, (11B,1), and S* states of the different carotenoids to varying degrees.
This is understood through a consideration of the energies of the states and the spectral profiles of
the molecules. A significant finding is that, due to the low S; (21Ag‘) energy of rhodopin
glucoside, energy transfer from this state to the bacteriochlorophylls is significantly less probable
compared to the other complexes. This work resolves a long-standing question regarding the cause
of the precipitous drop in energy transfer efficiency when the extent of r-electron conjugation of
the carotenoid is extended from ten to eleven conjugated carbon—carbon double bonds in LH2
complexes from purple photosynthetic bacteria.
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Introduction

In photosynthetic bacteria, protein-bound carotenoids (Cars) harvest light from the sun and
transfer the energy to nearby bacteriochlorophyll (BChl) molecules. This is highly
advantageous to the organisms because Cars absorb light in the blue-green (450-550 nm)
region of the visible spectrum where BChl does not, thereby supplementing the light-
harvesting (LH) ability of BChl. However, the efficiency of Car-to-BChl energy transfer is
not constant among LH pigment—protein complexes from different bacterial species. It
varies from ~90% in the light-harvesting 2 (LH2) complex from Rhodobacter (Rb.)
sphaeroides 2.4.1, to ~53% in the LH2 complex from Rhodo- pseudomonas (Rps.)
acidophila strain 10050,1:2 to ~36% in the Car-reconstituted light-harvesting 1 (LH1)
complex from Rhodospirillum (Rsp.) rubrum,? to as low as ~20% in the LH1 complex from
Rps. acidophila.* The reasons for the variability in efficiency are largely unknown, but are
thought to depend on factors such as the nature, positions, and kinetics of the excited states
of the Car, the orientation and distance of the Car with respect to the BChl, and the
dynamics of the pathways for de-excitation of Car excited-state that compete with energy
transfer to BChl.

Since the report of the structure of the LH2 complex from the purple bacterium, Rps.
acidophila,® researchers have sought to correlate the structure with the pathways by which
Cars transfer energy to BCh.%12 The structure of the LH2 complex from Rps. acidophila
10050 initially resolved to 2.5 A,% and later to 2.0 A 13 consists of a circular array of nine
heterodimer protein units (Figure 1), each consisting of a pair of a- and B-apoproteins that
fold three BChls and one Car, rhodopin glucoside, into two concentric rings of
transmembrane R-helices. The BChl molecules are arranged in two circular groups. One
group has nine monomeric BChls and absorbs light at 800 nm (B800). Ten angstroms across
the membrane, eighteen other more closely associated BChls absorb at 850 nm (B850). The
Cars span the width of the membrane and come within van der Waals distance of both B800
and B850 BChls.

In order to unravel the molecular factors controlling light-harvesting and to explain the
variability in Car-to-BChl energy transfer efficiency it is important to understand the unique
excited-state complexion of Cars. Unlike many r-electron conjugated organic molecules,
direct excitation of Cars into the first excited singlet state, S; (21A47), from the ground state,
So (1*A47), by one-photon absorption is forbidden by symmetry.14-16 The major visible
absorption and consequent strong coloration of Cars is due to absorption from Sp (11Ag‘)
into a higher excited singlet state, denoted S, (11B,*)17-26 (see Figure 2). Both the S;
(21Ag‘) and S, (11B,™) states act as energy donors to BChl and several investigations have
reported the extent of partitioning of energy transfer efficiency between the two
states.8:10.27-32 Also, quantum theoretical computations on short polyenes, model systems
for Cars, have revealed other exited states in the vicinity of S (21Ag7) and S, (11B,*).33-3
Koyama et al. have suggested that a 11B,,” state provides an alternate pathway to Sy (ZlAg‘)
for internal conversion from S, (11B,*) and that it participates in energy transfer to BChl in
the LH complexes.36-40 However, this interpretation is controversial because it derives from
theoretical computations on short polyenes34:35 arbitrarily extrapolated to the longer
carotenoids without consideration of environmental and substituent effects that may alter
substantially the excited-state energies.23 Also, there is no compelling indicator of excited-
state symmetry in any of the spectroscopic observations. Recent femtosecond time-resolved
stimulated Raman spectroscopic experiments on B-carotene by Mathies et al.#142 have
reported that the dynamics of S, (11B,*) de-excitation are well explained without invoking
an ultrafast-decaying intermediate state between S, (11B,*) and S; (ZlAg‘).
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Van Grondelle et al. investigated spirilloxanthin (/= 13) in solution and in LH1 pigment-
protein complexes*3 and sphe-roidene (A= 10) and rhodopin glucoside (V= 11) in LH2
complexes* and suggested that an excited singlet state denoted S* participates in both the
deactivation of these Cars and in the formation of Car triplet states in the LH complexes.10
Other states with various nebulous designations, e.g., Sx*° and S¥,46 have also been
implicated in decay pathways following photoexcitation.”-10.24.31.47.48 Recent experiments
on various carotenes and xanthophylls have suggested that at least some of these state
assignments may be due to twisted conformational forms of the molecules which would give
rise to different spectroscopic features.24:25

Despite the detailed investigations described above, none have succeeded in explaining the
highly variable Car-to-BChl energy transfer efficiency in the LH complexes. An important
case in point is the precipitous drop from ~90 to ~53% in energy transfer efficiency reported
for the LH2 complex from Rps. acidophila which contains rhodopin glucoside (V= 11)
compared to the LH2 complex from Rb. sphaeroides 2.4.1 which contains spheroidene (V=
10). It has been suggested that the change is due to the S; (ZlAg‘) energy of rhodopin
glucoside being lower than the S; energy of BChl rendering the Car less able to transfer
energy compared to spheroidene.32 Indeed, the energy of the Sq (21Ag‘) excited-state of the
Car relative to that of the bound BChls is an important factor that can affect the efficiency of
Car-to-BChl energy transfer. However, due to the forbidden nature of the Sp (11Ag‘) 5
(21Ag‘) transitions, the S (21Ag‘) state energy values are not easily obtained, and there are
discrepancies in the values reported by various spectroscopic methods.? Reports of S;
(21A¢") energies using fluorescence spectroscopy4%-54 have yielded values up to ~800 cm™
higher than those based on Sy (21Ag‘) — S, (11B,*) transient absorption
experiments.6-30:52.55-58 Taple 1 gives the values of the Sy (21A4") energies of the Cars,
neurosporene (N =9), spheroidene (N = 10), spheroidenone (/= 10+, where the + indicates
a carbonyl group in conjugation with the r-electron carbon-carbon double bond chain), and
rhodopin glucoside (/= 11) from fluorescence and transient absorption studies in solution
and in LH2 complexes. The reason for the discrepancy in the values obtained by the
different approaches has been suggested to be due to fluorescence and transient absorption
probing different conformational geometries of the Car in the S; (21Ag‘) state.®

This paper presents a steady-state and ultrafast time-resolved spectroscopic investigation at
room and cryogenic temperatures of four different LH2 pigment—protein complexes
containing the Cars, neurosporene, spheroidene, spheroidenone, or rhodopin glucoside
(Figure 3). Steady-state absorption and fluorescence excitation experiments have revealed
the total efficiency of energy transfer to BChl. Transient absorption spectra of the purified
Cars in solution in the near-infrared (NIR) region have systematically probed their S;
(21A¢7) — S, (11By") transitions and yielded precise values for the S; (21A¢") energies of
the molecules. Global fitting of the ultrafast spectral and temporal data sets from
experiments done at both room and low temperatures have revealed the pathways for de-
excitation of the Car excited states which involve not only energy transfer to BChl, but also
Car radical cation (Car**) formation previously unreported for the LH2 complexes
containing spheroidenone and rhodopin glucoside.®8 The goal of this investigation is to
understand the molecular factors controlling the rates and efficiencies of Car-to-BChl energy
transfer in this important class of photosynthetic pigment—protein complexes.

Materials and Methods

Culture Growth

Rb. sphaeroides strains 2.4.1 and G1C were grown in peptone yeast extract medium (ATCC
No. 526), and Rps. acidophila 10050 was grown in Rps. medium (ATCC No. 650)
anaerobically in 1 and 2 L bottles at 30 °C under continuous illumination using three 60 W
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incandescent bulbs. Rb. sphaeroides 2.4.1 was also grown aerobically to produce cells
having a high content of spheroidenone. The cells were harvested by centrifugation at 12
000 g for 10 min at 4 °C using an SS-34 rotor in a Sorvall RC-5B centrifuge. The
preparations of pigment—protein complexes were performed in low light with samples being
maintained on ice unless otherwise noted.

Preparation of Chromatophores

Whole packed cells were diluted with 15 mM Tris buffer, pH 8.0, to obtain an optical
density at the maximum absorption band near 860 nm (ODgg) of approximately 50 ina 1
cm path length cuvette. The suspension was then subjected to French pressure cell press
(SLM Aminco) disruption at 20 000 psi to rupture the cells, and the resulting solution was
centrifuged at 12 000 g for 10 min at 4 °C to remove unbroken cells and other cellular
debris. The supernatant containing the chromatophores was then ultracentrifuged at 180 000
g for 60 min at 4 °C using a Beckman L8-55 M Ultracentrifuge.

LH2 Isolation

The pellet from the ultracentrifugation procedure was resuspended in approximately five
times its volume of 15 mM Tris buffer pH 8.0 containing 150 mM NaCl and adjusted to an
ODggg of 50. Thirty percent LDAO was added dropwise while stirring to a final
concentration of 0.6% v/v. The sample was then left to incubate at 293 K in the dark for 30
min. Following the incubation period, the sample was again ultracentrifuged for 60 min at
180 000 g at 4 °C. The supernatant exhibited an absorption spectrum of reaction centers and
was saved for use in other experiments. Pelleted material was taken up in 15 mM Tris pH
8.0, 150 mM NacCl, and 0.6% LDAO, incubated for 30 min, and centrifuged at 180 000 g for
60 min at 4 °C. This process was repeated until the absorption spectrumof the supernatant
displayed that of LH2. The LH2 sample was then dialyzed overnight against 15 mM Tris
buffer pH 8.0, 0.06% LDAO and purified using column chromatography.

Purification of LH2 Complexes and Carotenoids

The isolated LH2 complexes were loaded onto a 2.5 cm diameter x 28 cm height column
containing 40 mL of DEAE Sephacel (Sigma-Aldrich). Prior to loading, the column was
equilibrated with approximately 5 bed volumes of 15 mM Tris buffer pH 8.0 and 0.06%
LDAO. After loading, the column was washed with the equilibrating buffer until the eluate
ran clear. This process removed the free pigments. A series of solutions containing
increasing NaCl concentration (80, 100, 125, 150, 180, 200, 250 mM NacCl) were then added
to the column. The column was washed with each solution until the eluate ran clear. This
required from 250-500 mL of each solution. Reaction centers eluted from the column at 180
mM NaCl and appeared pale yellow. LH2 followed directly after at 200 mM NaCl and
appeared bright green. Repetition of this column procedure was occasionally necessary to
achieve a high level of purity based on the appearance of the absorption spectrum. Samples
were concentrated using a Centriplus YM-10 Amicon concentrator and dialyzed overnight in
a dark 4 °C cold room against 15 mM Tris pH 8.0, 0.06% LDAO. The carotenoid
composition of the LH2 complexes was analyzed by HPLC after extracting the pigments as
previously described.25 It was determined that the LH2 complexes from Rb. sphaeroides
G1C, 2.4.1 (anaerobic), 2.4.1 (aerobic), and Rps. acidophila 10050 contained 99%
neurosporene, 99% spheroidene, 93% spheroidenone, and 93% rhodopin glucoside,
respectively. The carotenoid fractions from the HPLC were collected and, along with the
purified LH2 complexes, were stored in the dark at =80 °C until ready for use in the
spectroscopic experiments.
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Spectroscopy

Results

Purified LH2 complexes were dissolved in an aqueous buffer containing 15 mM Tris, 0.06%
LDAO at pH 8.0. Steady-state absorption spectroscopy was carried out using a Varian Cary
50 spectrometer. Fluorescence and fluorescence excitation spectroscopy was performed
using a Jobin-Yvon Fluorolog 3 spectrometer equipped with a Hamamatsu R928P
photomultiplier. The emission from the samples was monitored using right-angle detection
with excitation and emission slit widths of 3 mm (band-pass of 6 nm) and 5 mm (band-pass
of 10 nm), respectively. The fluorescence excitation spectra of LH2 complexes were
detected at the maximum of BChl emission bands near 860 nm using the same excitation
and emission slit widths as for emission. All fluorescence spectra were corrected for the
excitation lamp profile and response profile of the detector. For the ultrafast optical
experiments at 293 K, the optical density (OD) of the samples was adjusted to ~0.4 at the
maximum of the (0-0) spectral origin of the Car Sy (11Ag‘) — S, (11B,*) transition in a 2
mm path length quartz cuvette. For the experiments at 10 K, the OD was ~0.4 in a 4 mm
path length plastic cuvette after mixing with glycerol to a final concentration of 60% v/v. A
Janis, model STVP-100-1 helium cryostat was used for all the experiments performed at 10
K.

The details of the femtosecond transient absorption spectrometer have been previously
described.59:60 Briefly, the system is based on an amplified Ti:Sapphire laser system
(Spectra-Physics) operating at 1 kHz repetition rate. Pump pulses were obtained from an
optical parametric amplifier (Spectra-Physics) with a pulse duration of ~100 fs, and the
probe laser pulses were derived from a white light continuum (450-750 nm in the visible
region and 750-1350 nm in the NIR) generated by a nonlinear crystal (Ultrafast Systems
LLC).The pump and probe were overlapped at the sample at the magic-angle (54.7°)
polarization. The energy of the pump pulse was 1 J which corresponded to a photon
density of 3 x 1014 photons cm™2 for a spot size of the pump pulse of 1.2 mm in diameter.

An instantaneous bleach signal was used to determine the zero time-delay. A polarizer was
placed in front of the spectrometer to minimize the scattered signal from the pump beam,
and the signals were averaged over 5 s. For detection in the visible spectral region, a
spectrometer equipped with a charge-coupled detector was used (Ocean Optics). In the NIR
region, a superconducting single-photon detector was used (Sensors Unlimited).

For the 293 K experiments, the sample was mixed continuously using a magnetic
microstirrer to prevent photodegradation. The integrity of the samples was confirmed by
steady-state absorption spectroscopy before and after every transient absorption experiment.
All transient absorption experiments were done by exciting the (0-0) spectral origin of the
Cars with the pump beam. Surface Explorer (v.1.0.6) (Ultrafast Systems LCC) was used to
correct for dispersion in the transient absorption spectra and also to determine the principle
number of the kinetic components by singular value decomposition. ASUFit 3.0 software
provided by Dr. Evaldas Katilius at Arizona State University with local modifications was
used for global fitting analysis. The quality of the fitting was evaluated based on the
minimization of the residual parameter chi square (/1/2).

Steady-State Absorption Spectra

The steady-state absorption spectra of LH2 complexes from Rb. sphaeroides G1C, Rb.
Sphaeroides 2.4.1 (anaerobic), Rb. sphaeroides 2.4.1 (aerobic), and Rps. acidophila 10050 in
buffer (15 mM Tris, 0.06% LDAO, pH = 8.0) at 293 K and in buffer/glycerol (v/v, 40/60) at
10 K are shown in Figure 4. The vibronic resolution of the steady-state absorption spectra
taken at 10 K (dark solid lines in Figure 4) in buffer/glycerol is enhanced significantly
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compared to the 293 K spectra (light solid lines in Figure 4). Low temperatures tend to
narrow the spectral features of Cars and BChls.21.61.62 Al of the spectra show the
characteristic vibronic profile of the Sy (11Ag‘) — S, (11B,™) transition of the Cars in the
400-550 nm region. The lower vibrational resolution of spheroidenone compared to other
Cars is due to increased conformational disorder brought about by the presence of a
carbonyl group in the 7z-electron conjugation (Figure 3).93:64 The peak positions shift to
longer wavelength as the conjugation length increases, as expected from simple quantum
mechanical models of r-electron conjugated systems.23:34.65 As the temper-ature is lowered
from 293 to 10 K, the peak positions of the Cars shift 2-5 nm to longer wavelength due to
the increase in the index of refraction of the sample. Also, upon lowering the temperature
the Franck—Condon maximum of the Car absorption changes from the (0-1) vibronic band
to the (0-0) band, and in the spectra of the LH2 complexes from Rb. sphaeroides G1C and
2.4.1 (anaerobic), the BChl Q band at 590 nm is split into two bands. This is not observed
in the spectra from the LH2 complexes of Rb. sphaeroides (aerobic) 2.4.1 and Rps.
acidophila suggesting that the structures may be slightly different.

The LH2 absorption spectra also show features attributed to the BChls. For all complexes,
the shapes and positions of the Soret, Qx, and Qy B800 and B850 bands are very similar.8:66
At 293 K, the B850 peak position for the LH2 complexes from Rb. sphaeroides G1C, Rb.
sphaeroides 2.4.1 (anaerobic), and Rb. sphaeroides 2.4.1 (aerobic) is 848 + 1 nm, and shifts
to 853 £ 1 nm at 10 K. For the LH2 complex from Rps. acidophila 10050, the B850 band at
293 K appears at 856 + 1 nm and shifts to 869 = 1 nm at 10 K.

Energy Transfer Efficiency

Emission spectra (dashed lines in Figure 5) were recorded for each sample to determine the
optimal detection wavelength for the fluorescence excitation measurements. The Car-to-
BChl excitation energy transfer (EET) efficiencies were determined by comparing the
amplitudes of the Car peaks in the fluorescence excitation spectra (dotted lines in Figure 5)
with those in the absorption spectra expressed as 1-T, where T is the transmittance (solid
lines in Figure 5).87 At 293 K, the Car-to-BChl EET efficiencies were found to be 91 + 5, 93
+5,94 £ 5, and 54 + 5%, for the LH2 complexes from Rb. sphaeroides G1C, Rb.
sphaeroides 2.4.1 (anaerobic), Rb. sphaeroides 2.4.1 (aerobic), and Rps. acidophila 10050,
respectively. At 10 K the values were 91 + 8, 88 £ 8, 92 £ 5, and 52 + 6%. This is consistent
with a previous report that Car-to-BChl EET efficiency is not affected by temperature.58
Note that the EET efficiencies for the LH2 complexes having Cars with /=9, 10, and 10+
are similar (~90%) and significantly higher than the EET efficiency of ~53% for the LH2
complex from Rps. acidophila 10050 (N = 11).

Transient Absorption in the Visible Spectral Region

Transient absorption spectra of the LH2 complex from Rb. sphaeroides G1C in the region
450-750 nm taken at 293 and 10 K at various delay times after the Car excitation laser pulse
are shown in Figure 6A,C. Upon excitation at either temperature, there is an immediate
onset of a bleaching of the strongly allowed Sq (1*A4™) — S, (11B,*) absorption in the
region 450-500 nm (black lines in Figure 6A,C). In addition, bleaching of the BChl Qx
band at 590 nm is observed, indicating ultrafast EET from the Car S, (11B,*) state to BChl.
At 500 fs (red lines in Figure 6A,C), the Car bleaching partially recovers, but the Qx
bleaching persists. Also, at this time the positive band at ~550 hm gives way to a strong
transient absorption signal that peaks at ~540 nm.This latter signal is the well-known S;
(2'Ag7) — Sy, transition of the Car.825 As time evolves to 1 ps (green lines in Figure 6A,C)
the Sq (21Ag‘) — S, transient absorption peak is reduced in intensity due to EET from the
Sy (2%A4") of the Car to BChI. Because the lifetime of the S; (21Ag") state of purified
neurosporene in solution is known to be ~25 ps,25 the fact that the reduction in intensity of

J Phys Chem B. Author manuscript; available in PMC 2013 April 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Congetal.

Page 7

the S¢ (21Ag‘) — S, transient absorption occurs in 1 ps suggests that EET from the S
(21Ag‘) state is highly efficient. Also, a pronounced shoulder at ~510 nm on the short
wavelength side of the S; (ZlAg‘) — S, transition is evident in the 500 fs (red lines in
Figure 6A,C) trace and even more noticeable at 1 ps (green lines in Figure 6A,C). At 5 ps
(dark blue lines in Figure 6A,C), the shoulder persists while the S; (ZlAg‘) — S, transition
intensity has almost completely disappeared. This shoulder is the characteristic signal of the
Car S* state, which has been proposed to be a conformationally twisted form of the Car
molecule in Sy (21A47).2425 In the 100 ps traces (cyan lines in Figure 6A,C), the Qx
bleaching remains, and there also appears excited-state absorption (ESA) at ~507 nm at 293
Kand at ~517 nm at 10 K that persists for a much longer time. This long-lived ESA is
attributable to the formation of a Car triplet state.*3

Transient absorption spectra of the LH2 complexes from Rb. sphaeroides 2.4.1 (anaerobic),
Rb. sphaeroides 2.4.1 (aerobic), and Rps. acidophila 10050 taken at 293 and 10 K
(Supporting Information, Figures S1A,C and S2A,C, and Figure 7A,C) show very similar
spectral behavior to the LH2 complex from Rb. sphaeroides G1C with two notable
differences: (1) The peak positions for the Car bleaching and the S; (21Ag‘) — §, transient
absorption are red-shifted as the r-electron conjugation length of the Car becomes longer;
(2) The 500 fs spectra from the LH2 complex from Rps. acidophila 10050 (red lines in
Figure 7A,C) are very broad, having absorption intensity stretching out beyond 650 nm,
compared to the spectra in this time domain from the other LH2 complexes, and also relative
to the spectra taken at 1 ps from this LH2 complex (green lines in Figures 7A,C). This is
attributable to a transition from a vibronically hot S; (21Ag‘) state to a higher excited
singlet. The transition is red-shifted relative to the S (ZlAg‘) — S, transition and relaxes on
the time scale of hundreds of femtoseconds,10:24.25.31,46-48.60,69 g)ight evidence for this is
present in the spectra from the other LH2 complexes. Broad positive absorption appears
around 570 nm in the 500 fs trace of the LH2 complex from Rb. sphaeroides 2.4.1
(anaerabic) taken at 10 K (red line in Supporting Information, Figure S1C) and between 600
and 700 nm in the 500 fs trace of the LH2 complex from Rb. sphaeroides 2.4.1 (aerobic)
taken at 10 K (red line in Supporting Information, Figure S2C). However, only in the LH2
complex from Rps. acidophila 10050 is this broadening so clearly seen, and it is
substantially diminished as time progresses to 1 ps.

Experiments by Herek et al.”%71 have reported carotenoid spectral band shifts upon direct
photoexcitation of BChl in LH2 complexes. These bandshifts were attributed to a Stark
effect induced by changes in the local electric field near the carotenoid molecules. In
experiments on LH2 complexes from Rps. acidophila, the bandshifts were reported to decay
with lifetime of 1.5 ps.”? We observed no such kinetic component in our analysis of either
room temperature or 10 K visible data sets where these signals might appear. However,
direct carotenoid excitation is used in the present experiments, and because this gives rise to
strong ground-state bleaching signals, manifestations of carotenoid bandshifts would
undoubtedly be masked.

Transient Absorption in the NIR Spectral Region

Transient absorption spectra of the LH2 complex from Rb. sphaeroides G1C in the NIR
region taken at different delay times at 293 and 10 K are shown in Figure 6B,D. The spectra
in this region are dominated by a very strong negative band (bleaching) near 850 nm
associated with excited B850. This bleaching sets in within the time course of the pump
laser pulse and persists for hundreds of picoseconds. The rapid onset is strong evidence for
transfer from the initially excited S, (11B,*) state of the Car to the BChl B850. The
spectrum taken at 50 fs at 293 K (black line in Figure 6B) has three major positive peaks at
929, 1015, and 1130 nm. The transient absorption spectrum taken at 50 fs at 10 K (black line
in Figure 6D) has absorption bands at similar positions: 923, 1010, and 1130 nm, plus an
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additional peak at 1310 nm which is hardly noticeable in the 293 K spectrum. In the 10 K
spectrum, the peak at 1010 nm is less resolved than the corresponding peak at 1015 nm in
the 293 K spectrum. Because the signals at 1015 nm (293 K) and 1010 nm (10 K) and 1130
nm (both temperatures) disappear in less than a few hundred femtoseconds (Figure 6B,D)
they are attributed to an S, (11B,*) — S, transition. This assignment is supported by an
ultrafast transient absorption spectrum of neurosporene in EPA (diethyl ether/isopentane/
ethanol, 5/5/2, vIviv) at 77 K which shows very similar peaks and kinetic behavior.”2

The transient absorption spectrum of the LH2 complex from Rb. sphaeroides G1C taken at 1
ps (green line in Figure 6B) at 293 K shows a strong absorption band at 920 nm, and a
smaller peak at 1020 nm. At 10 K, the peak at 920 nm sharpens (green line in Figure 6D).
These signals have been attributed to Car** formation in the LH2 complex8:2 due to their
similarity to the Dy — D doublet transition of Car** 2 in solution.”37> A weak signal
observed at ~1300 nm may be attributed to Dy — D transient absorption as was previously
assigned in the NIR spectrum of the LH2 complex obtained from Rb. sphaeroides G1C.8

In going from a delay time of 500 fs to 1 ps the band at 920 nm sharpens, consistent with
vibronic cooling, analogous to that seen for the S; (21Ag‘) state in the visible region. The
wavelength region between 900 and 1600 nm also contains signals associated with an Sy
(21Ag") — S, (11By*) electronic transition.>"2 For neurosporene in an EPA glass at 77 K,
this signal decays in ~25 ps consistent with the S (21Ag‘) lifetime of the molecule.”® In the
LH2 complex of Rb. sphaeroides G1C the signal decays much faster (on the order of 1 ps)
due to EET from the S; (21Ag‘) state of the Car to BChl.

The transient absorption spectra of the LH2 complexes from Rb. sphaeroides2.4.1
(anaerobic), Rb. sphaeroides 2.4.1 (aerobic), and Rps. acidophila 10050 taken at 293 and 10
K are shown in Figures S1B and D, S2B and D, and 7B and D, respectively. All of these
show very similar spectral behavior to the LH2 complex from Rb. sphaeroides G1C LH2,
but there are two notable differences: (1) The transient absorption spectra taken at 293 and
10 K at a 50 fs time delay for Rb. sphaeroides 2.4.1 (aerobic) (black lines Figures S2B and
D) are very broad and featureless. This is undoubtedly due to the increased conformational
disorder of spheroidenone as described above for its steady-state absorption spectrum; (2)
Most of the NIR absorption bands shift with increasing conjugation length of the Car. This
includes the bands associated with the S, (11B,*) — S, transition and the Car"*, both of
which shift to longer wavelength, and the S (21Ag‘) — S, (11B,") transition which shifts
to shorter wavelength. For example, in the 1 ps transient absorption spectrum taken at 10 K
from the LH2 from Rb. sphaeroides G1C (green line in Figure 6D), the Car™* band appears
at 920 nm. This same band appears at 961 nm for the LH2 complex from Rb. sphaeroides
2.4.1 (anaerobic) (green line in Supporting Information, Figure S1D), and at 1041 nm for the
LH2 complex from Rps. acidophila 10050 (green line in Figure 7D). For the LH2 complex
from Rb. sphaeroides 2.4.1 (aerobic) containing spheroidenone, the band appears at 960 nm
(green line in Supporting Information, Figure S2D). A previous investigation® failed to
observe a Car** signal from the LH2 complex from Rb. sphaeroides 2.4.1 (aerobic)
containing spheroidenone because the 293 K NIR spectrum was taken at a time delay fixed
at 1 ps. At this time delay and temperature the signal has already substantially decayed and
possesses only very small amplitude (see the green line in Supporting Information, Figure
S2B). Another very small broad signal is observed at 1017 nm (e.g., see the red and green
traces in the spectra for the LH2 complex from Rb. sphaeroides G1C in Figure 6B and
Supporting Information, Figure S3). Because this signal does not change wavelength
depending on the complex, and based on spectroscopic studies of BChl ain solution and in
other pigment-protein complexes, it has been assigned to the transient absorption maximum
of a BChl aanion formed in conjunction with the Car**.8.76.77
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In order to obtain a more thorough understanding of the dynamics of the pathways for de-
excitation of photoexcited Cars and EET to BChl, global fitting of the spectral and temporal
data sets were undertaken.

Global Analysis in the Visible Spectral Region

The results of a global fitting analysis of the 293 and 10 K data sets obtained in the visible
spectral region from the LH2 complex from Rb. sphaeroides G1C using a sequential decay
model2478 are shown in Figure 8A,C. The fitting results are referred to as evolution
associated difference spectra (EADS) and reveal the evolution of the difference spectra as
time elapses. An EADS analysis is extremely useful in deducing effective lifetimes of
excited states. These lifetimes will correspond to actual decay times for any part of the
overall pathway that involves sequential steps. Four EADS components were needed to
obtain a satisfactory fit based on the minimization of /1/2. The components display very
similar amplitude spectra at 293 and 10 K (compare Figures 8A and C). The initial EADS
component (black lines in Figures 8A and C) is comprised of a series of strong negative
bands in the region 440 to 630 nm corresponding to the bleaching of the strongly allowed Sy
(1'A¢7) — S, (11By*) absorption as well as stimulated emission from S, (11B,*). The
component has a 70 fs decay time for the 293 K data set and a 100 fs decay time for the 10
K data set. These are associated with the decay of the Car S (11B,") state.24:36.60 2 The
second EADS component (red lines in Figure 8A,C) displays weaker negative bands in the
450 to 500 nm region than the first EADS, a strong positive band in the region 500 to 590
nm due to the S; (21Ag‘) — S, absorption transition, and also a pronounced dip at 590 nm
due to the bleaching of the Qx band of the BChl. The smaller amplitude of the negative
bands in the 450 to 500 nm region in the second EADS compared to those in the first EADS
indicate that the ground-state absorption bleaching has recovered to some degree in this time
domain. The lifetime of the second component is 1.2 ps at 293 K and 900 fs at 10 K and is
assigned to the S; (21Ag") lifetime of neurosporene in the LH2 complex.?>:37:38.60 As the
second EADS component evolves to a third (green lines in Figure 8A,C), most of the
amplitude associated with the S; (21Ag‘) — S, absorption transition has disappeared, but
there remains a clearly positive band at 530 nm in the data sets taken at both temperatures.
In addition wavy features reminiscent of spectral band shifts are evident in the region of the
Car ground-state absorption between 450 and 525 nm (e.g., see the green line in Figure 8A).
This EADS component has a 12 ps lifetime at 293 K and a 7.0 ps lifetime at 10 K and
corresponds well with the previously reported lifetime of the S* state.”8:10.3144 The fourth
EADS (dark blue lines in Figure 8A,C) have infinitely long lifetimes on the time scale of the
experiment, and possess similar, albeit lower amplitude peaks as the third EADS in the
region of the ground-state bleaching. This component is associated with the triplet state of
neurosporene thought to be formed from the S* state as well as bleaching of the BChl Qx
band which lasts for nanoseconds.’:8:10:31.44 The Jower amplitude of the fourth EADS in the
region of the ground-state bleaching compared to the third EADS indicates a return of some
of the population to the ground-state during this time interval.

The global fitting obtained from the 293 and 10 K data sets from the LH2 complexes from
Rb. sphaeroides 2.4.1 (anaerobic), Rb. sphaeroides2.4.1 (aerobic), and Rps. acidophila
10050 in the visible spectral region are shown in Supporting Information, Figures S4A,C
and S5A,C, and Figures 9A,C. All display similar amplitude spectra as seen for the global
fits to the data sets from the LH2 complex from Rb. sphaeroides G1C (Figure 8A,C), but
there are a couple of differences: (1) As expected for the different complexes, the peak
positions for the Car bleaching and transient absorption are red-shifted with increasing -
electron conjugation length of the Car; (2) For all the data sets except that from the LH2
complex from Rps. acidophila 10050, four Kinetic components were required for an
acceptable fit. In the case of the LH2 complex from Rps. acidophila 10050, an additional
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EADS component having a lifetime of 320 fs (293 K) and 350 fs (10 K) (magenta lines in
Figure 9A,C) was necessary to obtain a good fit. This additional component exhibits a broad
EADS line shape red-shifted compared to the third EADS which is clearly assigned to the
well-characterized S; (21Ag‘) — Sy, transition. This indicates that the additional component
is associated with a transition from a vibronically hot S (21Ag‘) state to
S,,.10,24,25,:31,46-48,60.69 This vibronically hot S; (21Ag") state is not evident in the global fits
of any of the other LH2 complexes.

Global Analysis in the NIR Region

Because the spectral and temporal data in the NIR region were taken using a different
detector from that used in the visible region, the global fitting analysis was done separately.
Global fitting of the NIR data sets taken from the LH2 complex from Rb. sphaeroides G1C
at 293 and 10 K are shown in Figure 8B,D. Four components were needed to obtain a
satisfactory fit at both temperatures. The first EADS (black lines in Figure 8B,D) shows
very strong positive peaks at 925, 1012, and 1134 nm at 293 K. At 10 K, the peaks appear at
920, 1012, 1134, and 1294 nm. This EADS component has a lifetime of 60 fs (293 K) and
110 fs (10 K), both of which are assigned to ESA from the S, (11B,*) state to higher singlet
state. The longer wavelength bands disappear in going from the first to the second EADS
(red lines in Figure 8B,D) which has a lifetime of 1.5 (293 K) and 1.4 ps (10 K). The strong
positive band at 925 nm persists in both EADS. This amplitude has been assigned to the
formation of a Car** of neurosporene.8.7> The fact that it appears in both the first and the
second EADS indicates that the Car** is formed from the S, (11B,*) state. The third EADS
(green lines in Figure 8B,D) having a lifetime of 15 (293 K) and 5.9 ps (10 K) reveals that
the amplitude of the Car™* spectrum decays and shifts to shorter wavelength. Although the
shift may be attributable to vibronic cooling of the radical signal, the drop in intensity is
probably indicative of charge recombination. In the fourth, infinitely long (in this
experimental time window) EADS (blue lines in Figure 8B,D) bands beyond 900 nm have
completely decayed away, but the negative bands associated with the photobleaching and
emission of the BChl B850 Qv transition persist as expected.

The EADS components derived from global fits of the 293 and 10 K NIR data sets from the
LH2 complexes from Rb. sphaeroides 2.4.1 (anaerobic), Rb. sphaeroides 2.4.1 (aerobic), and
Rps. acidophila 10050 are shown in Supporting Information, Figures S4B,D and S5B,D, and
Figure 9B,D, respectively. All the results are similar to those obtained from the analysis of
the data from the LH2 complex from Rb. sphaeroides G1C described above with the
following differences: (1) The peak positions appearing in the first EADS (black lines in
Figures 8, 9, S4, S5, B and D) associated with the Car S, (11B,*) — S, transition are red-
shifted with increasing r-electron conjugated chain length of the Car; (2) The peak positions
appearing in the second EADS (red lines in Figures 8 and 9 and Supporting Information
Figures S4 and S5B,D) associated with the Car** are also red-shifted with increasing -
electron conjugated chain length of the Car, except for the peak in the EADS of the LH2
complex from Rb. sphaeroides 2.4.1 (aerobic). The values are 925 nm (293 and 10 K) for
LH2 from Rb. sphaeroides G1C, 981 (293 K) and 972 nm (10 K) for LH2 from Rb.
sphaeroides 2.4.1 (anaerobic), 960 (293 K) and 959 nm (10 K) for LH2 from Rb.
sphaeroides 2.4.1 (aerobic), and 1045 (293 K) and 1042 nm (10 K) for LH2 from Rps.
acidophila 10050.

For all the NIR EADS profiles of the LH2 complexes, in going from the second (red lines in
Figures 8 and 9 and Supporting Information, Figures S4 and S5B,D) to the third (green lines
in Figures 8 and 9 and Supporting Information, Figures S4 and S5B,D) trace, the positive
band assigned to the Car** shifts to shorter wavelength and decreases in intensity. This
behavior is exemplified in the second and the third EADS in Rps. acidophila 10050 (red and
green lines in Figures 9B,D). In most cases, narrowing of the Car** band accompanies the
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shifting. This observation and the fact that the lifetime of the second EADS component is on
the order of 1 ps or less suggest that the effect is due to vibrational relaxation occurring in
the D state of the Car™* accompanied by charge recombination.

St (21Ag‘) State Energies of the Cars

The energies of the S; (21Ag‘) states of the Cars were determined to 50 cm™~1 precision for
the purified all-frans molecules in solution by measuring the S; (21Ag‘) — S, (11B,%)
transient spectra in the NIR region and then shifting the spectra (dotted lines in Figure 10) to
correspond to the Sy (11Ag‘) — S, (11B,*) steady-state spectra (solid lines in Figure 10).
The magnitude of the shift required to bring the spectra into agreement corresponds to the S;
(21Ag‘) energy of the Car. These values are important for understanding the mechanism of
EET from Car to BChl in the LH2 complexes, and are summarized in Table 1 along with the
S, (11B,*) energies of the Cars and the S and S, energies of the B800 and B850 BChls.

Discussion

Pathways of Carotenoid Excited-State Relaxation

Measurements by fluorescence excitation spectroscopy (Figure 5) reveal a precipitous drop
in the Car-to-BChl energy transfer efficiency from ~90% for the LH2 complexes from Rb.
sphaeroides G1C and 2.4.1 (anaerobic and aerobic) to ~53% for the LH2 complex from Rps.
acidophifa 10050. There are three possible reasons for this behavior: (1) The LH2
complexes from Rb. sphaeroides G1C and 2.4.1 (anaerobic and aerobic) possess a Car-to-
BChI EET pathway unavailable to the LH2 complex from Rps. acidophila 10050; (2) The
LH2 complex from Rps. acidophila 10050 possesses an alternate dissipative route of Car
excitation not used by the other LH2 complexes; or (3) Structural differences exist between
the LH2 complexes from Rb. sphaeroides G1C and 2.4.1 (anaerobic and aerobic) compared
to the LH2 complex from Rps. acidophila 10050 which lead to different electronic couplings
controlling EET.

There are several pathways for Car excited-state deactivation, and all the possibilities need
to be considered to understand the mechanism of Car-to-BChl EET. The time constants for
de-excitation of the Car excited states obtained from the global fitting analysis of the
spectral and temporal data sets provide information on how the efficiency of Car-to-BChl
EET is partitioned among the various routes. As mentioned in the introduction, the position
of the 11B,,~ state, and its involvement in controlling the dynamics of excited states
deactivation, are controversial issues. Therefore, in the initial analysis, a simplified model
(Figure 2) was used based on the two undisputed pathways for the decay of the photoexcited
S, (11B,*) state. These are internal conversion to Sy (21Ag‘), and EET to the B800 and
B850 BChl S, states (Figure 2). The total Car-to-BChl energy transfer efficiency can be
expressed as

o)
Ger =Pt (1 - lgT(z) ) Pen (1)

where gg11 and geTo are the Car-to-BChl energy transfer efficiencies (in percent units) from
the Car S; (21Ag‘) and S, (11B,*) states, respectively. The total EET efficiency for each
LH2 complex has been determined by steady-state fluorescence excitation experiments (see
Figure 5). The validity of this simplified model, illustrated graphically in Figure 2, can be
tested by comparing the efficiencies obtained from the fluorescence excitation
measurements, gET(flex) with the values obtained from the dynamics of the S; (21Ag‘) and
S, (1B, ) excited states, gET(dyn). ¢e11 and geTo can be deduced independently from the
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lifetimes of the S; (21Ag‘) and S, (1B, ") states in solution and in the LH2 complexes. The
relevant expression is

TLHZ
S; .
Pren = (1 - Tsom] x100 =12 @

N

i

where TEIOLN and T;Hz are the lifetimes of the excited singlet states in solution and in the
LH2 complexes, respectively, and 7indexes the state S; (21Ag‘) or S, (11B,*). Table 2

. .. . . . SOLN _LH2 _SOLN _LH2
summarizes the efficiencies, ¢et, de11, e, lifetimes, 7, 75, , &5, , Ts, , and rate

constants, ker =1/7572 = 1/73% and ke =1/707% = 1/73° derived from these data. One

important result is the approximate order of magnitude lower value for the Ag11 rate
constant for the LH2 complex from Rps. acidophila 10050 compared to the other complexes.
This indicates that the pathway of EET involving the S; (21Ag‘) state of rhodopin glucoside
is substantially inhibited. The values of the rate constants, Az, however, remain relatively
constant for the four complexes suggesting that this pathway is uniformly active. For the
LH2 complexes from Rb. sphaeroides G1C and 2.4.1 (anaerobic and aerobic), the Car-to-
BChl energy transfer efficiencies obtained from steady-state fluorescence excitation
measurements (FET(flex) in Table 2) are in reasonable agreement with those deduced from
the dynamics of the excited singlet states determined from egs 1 and 2 (#ET(dyn) in Table
2). This supports the validity of the simplified model presented in Figure 2 for these
systems. In the case of the LH2 complex from Rps. acidophila 10050 the model significantly
overestimates the total EET efficiency. Clearly, in all cases the simplified model can only be
considered qualitatively correct because the transient absorption data taken in the visible
region indicate some portion of the excited-state population forms the S* state, and the
spectra in the NIR region reveal the formation of Car radical cations (Car**). Thus, it is
important to evaluate the yields of these species and ask whether they have any affect on
controlling EET in the LH2 complexes.

Carotenoid Radical Cation Formation

Transient optical absorption signals in the 900-1100 nm NIR region with decay times in the
range 5.9-38 ps are attributable to the formation of Car radical cations, Car**. These signals
are formed from the Car S, (11B,*) state very rapidly, and then undergo vibronic cooling
prior to deactivation to the ground-state via charge recombination. Because the extinction
coefficient of the Dg — D transition of a Car** is very similar to that of the S (11Ag‘) —
S, (11B,) transition of a neutral Car,”* the relative yield of radical cations that persist after
vibrational cooling may be obtained from a ratio of the third EADS amplitude in the NIR
(green lines in Figure 8 and 9 and Supporting Information, Figures S4 and S5B,D) to that of
the initial Car ground-state bleaching in the visible region (black lines in Figures 6 and 7 and
Supporting Information, Figures S1 and S2A,C). The yield is given by

A, ot
B =——x100 (3)

Car®t
ACar

where Aca*+ is the amplitude of the EADS component in the NIR, and Acg, is the
amplitude associated with Car ground-state bleaching in the visible region. Using these
values in eq 3, the yields of Car** formation for the different LH2 complexes were found to
span a range from 7.2 to 12% at room temperature and from 1.7 to 5.0% at 10 K (Table 3). It
is important to note that the yields given in Table 3 are those of the longest-lived Car
radicals. The drop in amplitude in going from the second (red lines in Figures 8 and 9 and
Supporting Information, Figures S4 and S5B,D) to the third (green lines in Figures 8 and 9
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and Supporting Information, Figures S4, S5B,D) EADS are highly suggestive of rapid
charge recombination of a population of the radicals. Also, although these yields are
significantly lower at 10 K compared to room temperature, they do not show any obvious
trend with conjugation length of the Car.

As previously mentioned, population transfer from S, (11B,*) to the S* state is also a
pathway of Car excited-state deactivation. The inclusion of this pathway in the mechanism
of Car excited-state decay complicates the kinetic model and renders the simple algebraic
formalisms presented above inadequate for a comprehensive treatment of EET in LH2
complexes. For this reason, a target model-based analysis of the spectral and time-resolved
data sets was employed.

Target Model Analysis

The models used for the target analysis are shown in Figure 11. In the interest of brevity, the
analysis will deal only with the transient absorption data from the LH2 complexes from Rb.
sphaeroides G1C and Rps. acidophila 10050 taken in the visible region at 293 K. These may
be considered limiting cases for the effect of m-electron conjugation length of the carotenoid
in controlling Car-to-BChl EET. For the LH2 complex from Rps. acidophila 10050, a hot S;
(11Ag‘) state was added to the model based on experimental observations described above.
Radical cation formation was not included in the models because the transient absorption
data in the visible region do not contain spectroscopic features attributable to them. Similar
target models have been used previously to interpret transient absorption data taken at room
temperature from the LH2 complexes from Rb. sphaeroides 2.4.1 and Rps. acidophila
10050.10:31.44 | those publications, the kinetic parameters and branching yields for the
deactivation pathways were treated as freely varying parameters. Here we set the branching
yields for the decay of the various excited states a priori from a consideration of the extent
of ground-state bleaching and recovery measured in different time domains. The branching
yields were then used in conjunction with the effective lifetimes of the kinetic components
obtained from the EADS global fitting analysis to converge on an acceptable fit to data.
Species associated decay spectra (SADS) were obtained from the target models and
examined for reasonableness in spectral line shape and position. If they were deemed
acceptable, the rate constants for the various decay pathways were then used to compute
#ET(dyn) values and fine-adjusted as needed to achieve good agreement with the gET (flex)
values.

LH2 Complex from Rb. Sphaeroides G1C

The branching yields for the decay of the S, (11B,,*) state of neurosporene were determined
as follows: The lifetime of the S, (11B,") state of neurosporene in the LH2 complex at 293
K was found to be 70 fs = 1/(ko» + ko + k21). The lifetime of the S, (11B,*) state of
neurosporene in solution is 200 fs = 1/k»,. Therefore, the percent of S, (11B *) population
that decays 1 uto Sy (2 Ag") in the LH2 complex is [Ao1/(ko« + ket + ko1)] x 100 =
(70/200) x 100 = 35%. The remaining 65% either populates S* or is transferred to BChl.
The fraction of this amount that populates S* can be obtained from a consideration of the
transient absorption data in the region of the carotenoid ground-state bleaching. The ratio of
the ground-state bleaching measured after energy transfer to BChl has been completed (at ~5
ps delay) to the initial ground-state bleaching measured just after the laser pulse (at ~50 fs
delay) is 26% and is an approximation to the percent yield of S* formation. This is only an
approximation, because at this time S* has already partially decayed away. Comparing the
amplitude of the pure S* — S,, spectrum (at ~5 ps delay) with that of the “blue shoulder” on
the Sq (21Ag‘) — S, transition (at ~200 fs delay) provides a scaling factor that account for
the extent of S* decay at ~5 ps. After applying this scaling factor, the initial (and maximum)
yield of S* formed from S, (11B,,*) was found to be 37%. This also means that the portion
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of the initial S, (11B,*) population that is transferred to BChl is 100 — 37 — 35 = 28%. The
same procedure can be used to obtain the extent of branching of population from S* to the
Car triplet state. The transient absorption associated with the Car triplet state has a constant
amplitude due to its essentially infinite lifetime in this experiment. The ratio of the Sg
(11Ag‘) — S, (11B,*) bleaching of the transient absorption spectrum taken after a few
hundred picoseconds (when all other transitions have decayed away) to the Sp (11Ag‘) — S,
(11B,™) bleaching associated with the S*fS,, transition only (see above) gives the yield of
the triplet state formation from S* and was found to be 25%. The remaining 75% is the
amount of S* population transferred to BChl. Without this contribution, the total Car-to-
BChl EET efficiency would be significantly underestimated.

The S (11Ag‘) state branching yields in the LH2 complex from Rb. sphaeroides G1C were
found from the data in Table 2: 95% of S; (21Ag‘) population is transferred to BChl and 5%
decays directly to the ground state. It is important to note that this is 95% of the 35% of S,
(11B,*) population that decays to Sy (21Ag‘). Taking all pathways into account, a total EET
value of 89% was obtained and is in excellent agreement with 91 + 5% obtained from
steady-state fluorescence excitation experiments (Figure 5). This model and the branching
percentages are summarized in Figure 11 and in Table 4.

These branching yields were used as fixed parameters in the target analysis of the transient
data sets from the LH2 complex from Rb. sphaeroides G1C. The resulting SADS are shown
in Figure 12A. The goodness of fit was judged by the reasonableness of the spectral profiles
and the requirement that the amplitude spectra of each species agree with the maxima in the
signals obtained in the raw data. If it was found, e.g., after ~200 fs, that the SADS were
significantly smaller or larger than the raw spectra, the fit was rejected. Comparing Figure
12A with Figure 6A one can see the amplitudes of the lineshapes agree very well. The
dynamics of the SADS global fits reveal a 70 fs lifetime component associated with
stimulated emission from S, (11B,*), a 1.2 ps lifetime component associated with the S;
(21Ag‘) lifetime, and a 12 ps decay constant for S*. An infinitely long SADS component
combines transient absorption from the carotenoid triplet state and bleaching of the Qy band
of BChl which cannot be time-resolved in the temporal window of the experiment. The
SADS spectral profiles are very reasonable and attest to the acceptability of the model.

LH2 Complex from Rps. Acidophila 10050

The target analysis for the data set from the LH2 complex from Rps. acidophila 10050
followed the same line of reasoning as described above for Rb. sphaeroides G1C. The
branching yields for the decay of the S, (11B,*) state of rhodopin glucoside were
determined from the lifetime of the S, (11B,*) state in the LH2 complex at 293 K which is
60 fs = 1/(kox + kg1 + kop). The lifetime of the S, (11B,*) state of rhodopin glucoside in
solution is 160 fs = 1/kop. Thus, the percent of S, (11B,*) population that decays to the
vibronically hot S¢ (21Ag‘) state and ultimately to the relaxed Sy (21Ag‘) state in the LH2
complex is [kon/(kox + kg2 + k21)] % 100 = (60/160) x 100 = 38%. The remaining 62%
either populates S* or is transferred to BChl. The yield of the S* formation from S, (11B,")
was found in a manner similar to that used for the LH2 from Rb. sphaeroides G1C (see
above). The ratio of the ground-state bleaching measured after energy transfer to BChl has
been completed (at ~12 ps delay) compared to the initial ground-state bleaching measured
just after the laser pulse (at ~50 fs delay) is 0.15. The S* yield was found from this ratio to
be 22% after applying a scaling factor as described above for the G1C complex. On the basis
of previous work!%:3L and the similarity of the lifetime of the hot S; (21A4") state
component in the LH2 complex compared to that measured in solution,?> no branching of
this state was assumed. This leads to a (100 — 22 — 38) = 40% vyield of EET from the S,
(11B,™) state to BChl. Also, using the procedure described above, the yield of triplet state
formation branching from S* was found to be 40%. Of the remaining 60% of the S*
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population, 23% was required to account for EET to BChl, otherwise the total EET
efficiency derived from the model would be underestimated compared to the value measured
from fluorescence excitation experiments. The final 37% of the S* population was assumed
to decay directly to the ground state. The branching yields from the S; (21Ag‘) state were
determined from the Kinetics presented in Table 2. It was found that 23% of the Sy (21Ag‘)
population is transferred to BChl and 77% decays directly to the ground state. The branching
percentages are summarized in Figure 11 and in Table 4.

As described above for Rb. sphaeroides G1C these branching yields may now be used in a
target analysis of the transient data sets from the LH2 from Rps. acidophila 10050. The
resulting SADS are shown in Figure 12B. The dynamics of the SADS global fits reveal a 60
fs lifetime component associated with stimulated emission from S, (11B,*), a 320 fs
componentassociated with a vibronically hot S; (21Ag‘) — S, transition, a 3.3 ps lifetime
component associated with the decay of the S; (21Ag‘) state, and a 26 ps decay constant for
S*. An infinitely long SADS component is attributable to transient absorption from the Car
triplet state and bleaching of the Q, band of BChl which cannot be temporally resolved in
the time window of the experiment. As concluded above based on the target analysis of the
data from the LH2 complex from Rb. sphaeroides G1C, these SADS profiles are also very
reasonable and provide a compelling case for the correctness of the model.

Effect of Energy Levels on EET Efficiency

One explanation for the lower EET efficiency for the LH2 complex from Rps. acidophila
10050 is that the S; (21Ag‘) energy of rhodopin glucoside falls below that of the BChl S;
state thereby reducing its ability to act as an energy donor to BChl. The actual values for the
S (21Ag‘) energies determined here for neurosporene, spheroidene, spheroidenone, and
rhodopin glucoside are 14 170 + 50, 13 160 + 50, 12 800 # 50, and 12 400 + 50 cm™1,
respectively (Figure 10 and Table 1). All of these Car S; (21Ag‘) energies are above the S;
energy of the B850 BChl which ranges from 11 510 to 11 810 cm™. Moreover, all of the
Car S (21Ag‘) energies except for that of rhodopin glucoside, are above the S; energy of
the B800 BChl which ranges from 12 470 to 12 530 cm™L. The fact that the S; (21Ag")
energy of rhodopin glucoside lies below the S; state of the B800 BChl strongly suggests this
is a factor responsible for the lower efficiency of Car-to-BChl EET in the LH2 complex
from Rps. acidophila 10050 compared to the other complexes.

A more rigorous quantitative assessment of this issue is obtained by considering the spectral
overlap between the Car donor emission and the acceptor BChl absorption given in the
expression for the rate constant for energy transfer between weakly coupled donor-acceptor
pairs.’®

1

kET=a|T|2] O]

where Tis the electronic coupling term, and Jis the spectral overlap given by

) [ Fa ea(v)dv i
JoFadv[ea(v)dv ©

F4(v) is the fluorescence spectrum of the donor, and 5(v) corresponds to the absorption of
the acceptor on a frequency (v) scale. With an appropriate expression for 7, eq 4 may be
applied to any type of EET between weakly coupled donor-acceptor pairs.8% Figure 13A,B
shows the spectral overlap between the LH2 Qx and Qy BChl absorption bands from Rb.
sphaeroides 2.4.1 and the fluorescence traces obtained from 3,4,5,6-tetrahydrospheroidene, a
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spheroidene derivative having /= 8. This molecule exhibits fluorescence from both the S;
(21Ag‘) and S, (1B, ") states, and its lineshapes are highly representative of those from
open-chain Cars.8 The fluorescence spectra were shifted to correspond to the spectral
origins of the S; (21Ag7) — Sg (1'Ag7) and S, (11B*) — Sp (11Ag") transitions of the Cars
in the LH2 complexes (Table 1). Because the Sy (11Ag‘) — S (21Ag‘) transition is
symmetry forbidden, its transition dipole moment is very small, and the spectral origins of
any transitions associated with the Sq (21Ag‘) state measured in solution are expected to be
very close to those of the Cars incorporated in the LH2 complexes. Also, the reported values
show essentially no dependence on temperature.>® Figure 13C shows the spectral overlap
between the absorption of the LH2 Qx BChl band and the S, (11B,,*) fluorescence spectra of
neurosporene, spheroidene, spheroidenone, and rhodopin glucoside taken in r7-hexane, but
shifted to correspond to the wavelength positions expected in the LH2 complexes. The
numerical values for the spectral overlap were determined according to eq 5 and are
summarized in Table 5. The spectral overlap between the S (21Ag‘) — S (11Ag‘)
fluorescence and the B850 Qy BChl absorption band decreases gradually by an approximate
factor of 2 (from 2.8 to 1.7), and the spectral overlap between the S; (21Ag‘) — Sy (11Ag‘)
fluorescence and the B800 Qv BChl absorption band decreases by a factor of approximately
three (from 2.2 to 0.7) in going from A/=9 to 11. This indicates that EET from the Car S;
(21Ag‘) state to the BChl S; state becomes less favorable as the conjugation length of the
Car increases. A similar conclusion was reachedby Kodis et al.82 in an ultrafast study on
synthetic carotenoidphthalocyanine triads containing carotenoids with nine and ten
conjugated double bonds. However, spectral overlap cannot account entirely for the sharp
drop in efficiency because the S; — BChl energy transfer rate constant, Ag11, deduced from
the target analysis (Figure 11) decreases by a larger amount. Therefore, changes in
electronic coupling among pigments must also be important. Interestingly, the spectral
overlap between the S, (11B,") — S (11Ag‘) fluorescence and the Qx BChl absorption,
whether derived from the S, (11B,*) fluorescence of 3,4,5,6-tetrahydrospheroidene (Figure
13B) or from the fluorescence traces of the Cars themselves (Figure 13C), is approximately
a factor of 2 times larger in going from the LH2 complex containing neurosporene (A= 9) to
the complex containing rhodopin glucoside (V= 11). (See Table 4.) This indicates that the
probability of EET from the Car S, (11B,*) state to the S, state of BChl becomes slightly
enhanced as the extent of rz-electron conjugation of the Car increases.

These data indicate that the path of EET from the S (21Ag‘) state of the Car to BChl,
especially that involving the B800 BChl, is significantly less available to rhodopin glucoside
in the LH2 complex from Rps. acidophila 10050 compared the Cars in the other complexes.
This fact coupled with the faster intrinsic Sq (21Ag‘) state lifetime of the Car is the reason
for the lower EET efficiency of this complex compared to the others. This notion is
consistent with the fact that removal of the B800 BChl via treatment with the detergent,
lauryl dodecy!l sulfate (LDS), results in a significant drop in the efficiency of S;-mediated
energy transfer from >90 to ~70% in the LH2 complex from Rb. sphaeroides2.4.1
containing spheroidene.83 This conclusion is further supported by fluorescence excitation
experiments on samples of the B850 (LH2) complex from the carotenoidless mutant /4.
sphaeroides R-26.1 reconstituted with spheroidene but naturally lacking the B800 BChl.12
This preparation showed only a 30% S;-mediated Car-to-B850 EET efficiency, consistent
with the need for the Car S; (21Ag‘)—to—8800 pathway to achieve greater than 90% EET
efficiency.12

The slight increase in spectral overlap of the Car S, (11B,*) emission band with the Qx
band of BChl with increasing r-electron chain length of the Car may be an example of
nature making the best of a bad situation where the loss of energy transfer efficiency from
the S¢ (21Ag‘) state of longer Cars is compensated for by maintaining a reasonable level of
EET efficiency to BChl from the S, (11B,*) state. However, this is insufficient
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compensation for the loss of the B800 pathway of EET which is clearly necessary for a very
high efficiency of EET from Car to BChl in LH2 complexes from photosynthetic bacteria.

Conclusions

Ultrafast time-resolved optical experiments coupled with global fitting of the spectral and
temporal data sets have revealed the dynamics of the pathways of de-excitation of
photoexcited carotenoid excited states and EET to BChl in the LH2 complexes from
different strains of photosynthetic bacteria. For the LH2 complex from Rb. sphaeroides G1C
containing neurosporene (V= 9), three routes of EET to BChl are active at 293K: S,
(11B,%), S1 (2'Ag"), and S*, and these contribute nearly equally (28%, 0.35 x 0.95 x 100%
= 33%, and 0.37 x 0.75 x 100% = 28%, respectively) to the overall ~90% EET efficiency
typical of complexes having carotenoids with A/< 11. The dominant EET route for rhodopin
glucoside (V= 11) in the LH2 complex from Rps. acidophila 10050 is via the S, (11B,*)
state (40%), and this is almost twice as large as found for the Rb. sphaeroides G1C complex
(28%). This conclusion is in agreement with the amount of spectral overlap of the Car S,
(11B,*) emission with the BChl Qx absorption which increases by a factor of ~2 in going
from neurosporene (V= 9) to rhodopin glucoside (V= 11) (Table 5). The contribution of the
S* state to the overall efficiency of EET in Rps. acidophila 10050 is 0.22 x 0.23 x 100% =
5% and smaller than that for Rb. sphaeroides G1C (28%). The data further reveal that the
contribution to the efficiency of EET from the S; (21Ag‘) route for Rb. sphaeroides G1C
(33%) and the other LH2 complexes having carotenoids with /< 11 is significant. For the
LH2 complex from Rps. acidophila 10050 containing rhodopin glucoside, the S; (21Ag‘)
route is much less probable (0.38 x 0.23 x 100% = 9%). Direct measurements of the S;
(21Ag‘) energy levels of the Cars and the kinetic analysis done here indicate this is due
primarily to the S; (ZlAg‘) state of rhodopin glucoside being below that of the S, state of
the B800 BChl.
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Figure 1.
Structure of the LH2 antenna complex from Rps. acidophila 10050.
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Figure 2.
Simplified energy flow pathways of LH2 complexes from Car to BChl; a, absorption, ta,
transient absorption. Dashed lines represent radiationless processes.
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Figure 3.
Structures of the all-#rans isomers of neurosporene, spheroidene, spheroidenone, and
rhodopin glucoside.
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Figure 4.

Steady-state absorption spectra of LH2 complexes from (A) Rb. sphaeroides G1C, (B) Rb.
sphaeroides 2.4.1 (anaerobic), (C) Rb. sphaeroides 2.4.1 (aerobic), and (D) Rps. acidophila
10050 in a buffer at 293 K and in buffer/glycerol (40/60, v/v) at 10 K. The spectra were
normalized to their absorption bands at 800 nm.
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Figure 5.

Emission (Em), fluorescence excitation (Ex), and 1-T (where T is transmittance) spectra of
the LH2 complexes in buffer at 293 K, and in buffer/glycerol at 10 K. The emission spectra
were detected at 856 nm in (A), (C), and (E), at 877 nm in (B), at 870 nm in (D), at 880 nm
in (F), at 872 nm in (G), and at 891 nm in (H).
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Figure 6.

Transient absorption spectra of LH2 from Rb. sphaeroides G1C at 293 and 10 K.

J Phys Chem B. Author manuscript; available in PMC 2013 April 17.

Page 26



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Cong etal.

Rps. acidophila 10050 transient absorption

600 700 900 1100 1300

Wavelength/nm

Figure 7.
Transient absorption spectra of LH2 from Rps. acidophila 10050 at 293 and 10 K.
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Figure 8.
Evolution associated difference spectra (EADS) of LH2 from Rb. sphaeroides G1C.
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Figure 9.
Evolution associated difference spectra (EADS) of LH2 from Rps. acidophila 10050.
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Figure 10.

Overlay of the steady-state So (11Ag7) — S, (1!B,*) absorption (solid line) and the Sy
(21Ag‘) — S, (11B,*) transient absorption (dashed line) shifted from the NIR region by the
indicated amount of energy in cm™1 units. (A) neurosporene, (B) spheroidene, (C)
spheroidenone, and (D) rhodopin glucoside. All spectra were taken at 293 K in acetone
except spheroidenone, which was measured in hexane.
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Page 31

Rps. acidophila 10050
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Energy flow pathways of LH2 complexes applied in the target analysis. hS; corresponds to a
vibronically excited S; (21Ag‘) state of the Car. This intermediate is only evident in the
transient absorption spectra and fitted lineshapes from the LH2 complex of Rps. acidophila

10050.
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Figure 12.
Species associated difference spectra (SADS) of LH2 from Rb. sphaeroides G1C and Rps.
acidophila 10050 obtained using global fitting with the target models presented in Figure 11.
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Figure 13.

(A) Spectral overlap between the absorption of the LH2 Qx and Qv BChl bands from Rb.
sphaeroides 2.4.1 and a typical Sq (21Ag‘) fluorescence trace taken from 3,4,5,6-
tetrahydrospheroidene (A= 8) in petroleum ether shifted to correspond to the spectral
origins of the S; (21Ag‘) — Sy (11Ag‘) transition of neurosporene (N = 9), spheroidene (N
= 10), spheroidenone (N = 10+), and rhodopin glucoside (V= 11). The S; (21Ag‘) energies
for the Cars were determined from measurements of the Sy (21Ag7) — S, (11B,*) NIR
transition energies (Figure 10). (B) Overlap between the absorption spectrum of the LH2 Qx
BChl band and a typical S, (11B,*) fluorescence trace taken from 3,4,5,6-
tetrahydrospheroidene (V= 8) in petroleum ether shifted to correspond to the spectral
origins of the S, (11B,*) — Sp (11Ag") transition of the Cars in LH2 complexes. (C)
Overlap between the absorption spectrum of the LH2 Qx BChl band and the S, (11B,*)
fluorescence taken from neurosporene, spheroidene, spheroidenone, and rhodopin glucoside
in +hexane shifted to correspond to the spectral origins of the S, (11B,*) — Sg (11Ag‘)
transition of the Cars in LH2 complexes.
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TABLE 3
Relative Yields of Carotenoid Radical Cations®
LH2 complex (carotenoid) T(K)  dear., (%)
Rb. sphaeroides G1C(neurosporene) 293 11+1

10 5.0+06
Rb. sphaeroides 2.4.1 anaerobic(spheroidene) 293  7.2+07
10 17x02
Rb. sphaeroides 2.4.1 aerobic(spheroidenone) 293 11+0.7

10 33%03
Rps. acidophila 10050(rhodopin glucoside) 293 12+1
10 2802

a . . . . . . .
The values were computed from a ratio of the amplitudes of the bands associated with Car®* formation and Car ground state bleaching as
described in the text.
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Spectral Overlap of the LH2 Qx and Qv Absorption Bands from Rb. sphaeroides 2.4.1
with Representative S; (21Ag7) — Sp (11Ag7) and S, (11By*) = Sp (11Ag¢) Fluorescence

Congetal.
TABLE S5
a
Spectra of the Cars at 293 K
Car (S; = Sp) and Car (S; = Sp) and
BChl a (Qy) BChI? (Qx)
carotenoid B800 B850 from Figure 13B  from Figure 13C
neurosporene 2.0 2.8 0.94 1.6
spheroidene 11 2.2 2.0 2.8
spheroidenone 0.78 18 29 25
rhodopin glucoside  0.56 13 2.3 3.1

aThe S1 (ZlAg') energies were determined by the S1 (ZlAg‘) — S (llBu"') transition from NIR transient absorption measurements.
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