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ABSTRACT: Bacteriochlorophyll a with Ni2+ replacing the
central Mg2+ ion was used as an ultrafast excitation energy
dissipation center in reconstituted bacterial LH1 complexes.
B870, a carotenoid-less LH1 complex, and B880, an LH1
complex containing spheroidene, were obtained via reconstitu-
tion from the subunits isolated from chromatophores of
Rhodospirillum rubrum. Ni-substituted bacteriochlorophyll a
added to the reconstitution mixture partially substituted the
native pigment in both forms of LH1. The excited-state
dynamics of the reconstituted LH1 complexes were probed by
femtosecond pump−probe transient absorption spectroscopy in
the visible and near-infrared spectral region. Spheroidene-binding B880 containing no excitation dissipation centers displayed
complex dynamics in the time range of 0.1−10 ps, reflecting internal conversion and intersystem crossing in the carotenoid,
exciton relaxation in BChl complement, and energy transfer from carotenoid to the latter. In B870, some aggregation-induced
excitation energy quenching was present. The binding of Ni-BChl a to both B870 and B880 resulted in strong quenching of the
excited states with main deexcitation lifetime of ca. 2 ps. The LH1 excited-state lifetime could be modeled with an intrinsic decay
time constant in Ni-substituted bacteriochlorophyll a of 160 fs. The presence of carotenoid in LH1 did not influence the kinetics
of energy trapping by Ni-BChl unless the carotenoid was directly excited, in which case the kinetics was limited by a slower
carotenoid S1 to bacteriochlorophyll energy transfer.

■ INTRODUCTION

Several fundamental processes occur in the light-harvesting
antennas of all photosynthetic systems, including absorption of
photons, storage of the excitation energy, then transfer of
excitation energy to the reaction centers, and energy losses via
radiative or radiationless decays. Understanding the function of
the photosynthetic apparatus cannot be complete without a
thorough mechanistic treatment of these processes and their
effects on the entire system. Light-harvesting antennas, on the
one hand, are designed for minimal quantum losses in order to
allow for efficient energy transfer. On the other hand, most
photosynthetic organisms actively regulate and make use of the
thermal dissipation in the antenna for protection against
harmful excess radiation.1,2 In light-harvesting pigment−protein
complexes, the energy of the electronically excited pigments,

chlorophylls or bacteriochlorophylls (BChls), is dissipated via
internal conversion and intra- and intermolecular vibrational
relaxation3 involving vibrational modes of the pigment and its
proteinous and lipidic environment. This creates vibrationally
hot molecules, which can be intermediates in various secondary
reactions affecting the structure and function of the antennas
via the so-called hot-molecule4 or thermo-optic5 mechanism. In
this work, we explore the use of purple bacterial LH1
complexes reconstituted with Ni-substituted BChl a (Ni-
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BChl) as a model system for investigating the thermal
dissipation processes in photosynthetic antennas. The sub-
stitution of the central Mg2+ ion in BChl a with Ni2+ leads to a
dramatic shortening of the pigment’s excited-state lifetime,
from 3 ns to less than 100 fs6,7 without significantly altering its
ground state properties. Because of the rapid excitation
redistribution in bacterial antenna complexes (see below), a
Ni-BChl molecule bound to the complex can then serve as an
ultrafast excitation energy trap8,9 that focuses the dissipation
process in both space and time, thus potentially facilitating
unique spectroscopic investigation. Importantly, as shown in
our recent study,10 the excitation reaching the Ni-analogue of
BChl a is very promptly and with 100% efficiency converted
into heat and dissipated to the surrounding, due to the peculiar
bonding between Ni2+ ion in the central pocket of the pigment.
LH1, the core light-harvesting antenna of purple photo-

synthetic bacteria,11−15 is a membrane-integral pigment−
protein complex noncovalently binding BChl a or b and
carotenoids (Crts) and is characterized by a strong near-
infrared absorption band (usually 870−890 nm in BChl a-
containing species, corresponding to BChl Qy transition). LH1
surrounds the reaction center (RC) and collects light energy
either directly or via energy transfer from the peripheral
antenna LH2. The basic building module of the LH1 complex
is the α,β-heterodimer consisting of two polypeptides, two
BChl a and a single Crt molecule.16 B870, the Crt-less form of
LH1, can be reversibly dissociated into and reassembled from
heterodimeric subunits B820, termed after the position of their
main absorption maximum.17,18 Isolated B820 subunits can
bind Crts, which strongly promote their association, first to an
intermediate iB873 in the presence of substoichiometric
amounts of Crt, and then to B880.19,20 Analysis of two-
dimensional (2D) crystals of reconstituted LH1 and native
LH1-RC complexes from Rhodospirillum rubrum21,22 has
revealed 16 heterodimer units containing 32 BChls, arranged
in a closed circle with an overall diameter of 116 Å. Several
factors are responsible for the absorption shifts from 780 nm,
through 820 nm and 870/880 nm, apparently related to the
aggregation state of BChl.11,13 Most notably, it is the strong
Coulombic interaction, or excitonic coupling, between the
pigment molecules23 but also the dielectric properties of the
environment, H-bonds and other interactions with the
apoprotein and charge-transfer states.24,25 In addition to the
altered absorption wavelength, excitonic interactions in the
antenna have far-reaching consequences on its light-harvesting
function by broadening the absorption band, increasing the
dipole strength (superradiance),26 and providing the physical
mechanism for ultrafast excitation energy transfer
(EET),15,27−31 which occurs with a near unity efficiency in
the purple bacterial photosynthetic unit and delivers energy to
the RC within tens of picoseconds.32−34

According to the disordered exciton model,35 the Qy
absorption of LH1 is dominated by a few low-energy exciton
states. In each of those states the energy is delocalized over
several (or all) BChls. There has been much controversy over
the delocalization size (also termed coherence length) in LH1
and LH2. Most authors agree that, due to disorder breaking the
ring’s symmetry and site degeneracy, the excited state is
localized over 3−4 BChls.26,36−40 However, there are also
experimental evidences that the energy is delocalized over the
entire BChl ensemble.41 In isolated LH1 the energy
redistribution is complete within about 0.5 ps, and the
equilibrated excited state has a lifetime of 0.7 ns. The Crts

binding to LH1 can also serve as light-harvesting pigments by
transferring absorbed energy to BChl.15,42,43 The optically
excited S2 state (1Bu

+) is energetically close to the Qx transition
of BChl and the transition dipole moments are nearly parallel,
hence the main energy transfer pathway is typically S2→Qx,
which in LH2 has been found to occur on a time scale of 50−
250 fs28,43,44 and about 200 fs in LH1.45 Despite the rapid EET,
the efficiency of this pathway can be low because it competes
with the fast internal conversion to the Crt S1 state. A
secondary EET pathway is S1→Qy, generally much slower since
the S1 state has very low oscillator strength.42,46,47 The S1→Qy
rate has been estimated for various Crts and LH complexes to
lie between (1.5 ps)−1 and (30 ps)−1.47,48 The efficiency of this
EET pathway is determined by the lifetime of the given Crt’s S1
state, typically several picoseconds. Additional pathways of
Crt→BChl EET may involve the dark Crt states lying between
S2 and S1−1Bu

−, S*, etc.49 In their model of the transient
absorption data of reconstituted LH1, Akahane et al.45

proposed that 1Bu
−→Qx EET is active in LH1 with

neurosporene and spheroidene, in addition to the other two
EET pathways. In spite of the abundancy of quantum chemical
calculations and experimental data, the Crt and Crt−BChl
excited-state dynamics remain not fully understood.
In this work we investigated the dynamics of EET and energy

trapping by Ni-BChl incorporated in LH1 reconstituted either
with and without Crts. As Crts are known to mediate the
formation and stabilize the structure of the oligomeric
LH1,19,50,51 we have addressed a question of how the presence
of Crt in LH1 affects the energy trapping by Ni-BChl.

■ EXPERIMENTAL METHODS

Preparation of Crt-Less LH1. Rhodospirillum rubrum strain
G9 (lacking Crts) was grown under aerobic conditions.
Chromatophores were first isolated from the bacterial cells
collected from the growing chamber. B820 heterodimers were
isolated as described previously19 by a stepwise solubilization of
chromatophores with octyl-β-glucopyranoside (β-OG, analyt-
ical grade, Anatrace, USA). Ni-BChl was prepared by
transmetalation method as described.7 Purified Ni-BChl
dissolved in acetone was added in small aliquots so that the
absorbance of Ni-BChl in the final solution was 20% of the
absorbance of B820. The final acetone concentration was 5%.
The sample was further incubated for 4 h at room temperature
under slow agitation. The Ni-substituted and nonsubstituted
(control) B820 samples were purified by ion-exchange
chromatography on a column of fast-flow DEAE Sepharose
(Sigma, USA). After complete absorption of the sample, the
column was washed with 20 mM TRIS·HCl buffer (TB)
containing 1% β-OG and increasing amounts of NaCl. The
purified B820 complexes were used for the reconstitution of
LH1 (B870). Reconstitution was performed by centrifugation
in a concentrating filter device with 10 kDa cutoff (Amicon
Ultra, Millipore, USA). Because the micelle molecular weight of
β-OG is 8 kDa, during the centrifugation the detergent
concentration in the retentate gradually decreases. B870 is
formed near the critical micellar concentration (CMC), washed
repeatedly with TB (pH 8.0), and finally resuspended in buffer
with 0.4% β-OG to obtain absorbance at 870 nm of ∼10/mm.
Prior to spectroscopic measurements, the β-OG concen-

tration was increased to 0.7% to minimize large-scale
aggregation. The sample was thoroughly mixed and sonicated
for one minute to achieve homogeneity.
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Reconstitution of LH1 with Spheroidene. Isolation of
native LH1, extraction of Crts, and reconstitution of LH1 with
spheroidene was done according to the procedures described
previously.51 To obtain Sph-LH1 substituted with Ni-BChl,
before adding Sph to the reconstitution mixture, a portion of
19.8 μg Ni-BChl dissolved in 200 μL of acetone was added to
50 mL of lauryl dimethylamine oxide (LDAO)-dissociated Crt-
less chromatophores (containing 72 μg of BChl a) and the
solution was incubated for 1 h at ambient temperature. The
reconstitution mixture was loaded on a small DEAE-cellulose
(DE52, Whatman, UK) column, and the fraction of purified
LH1 was eluted with 20 mM TB (pH 7.8) containing 0.2 M
NaCl and 0.045% LDAO (analytical grade, Fluka, Switzerland),
and then concentrated (5−10-fold) using centrifugal concen-
trating devices (Amicon Ultra, Millipore, USA). Thirty
kilodalton cutoff filters were necessary in this case for empty
detergent micelles to pass through.
Pigment Stoichiometry. For the analysis of pigment

composition, aliquots of the B870 and B880 complexes were
loaded onto a small column of DEAE-sepharose FastFlow
(B870) or DEAE-cellulose DE52 (B880) equilibrated with the
respective buffers. The column was rinsed with distilled water
to remove the detergent, and the pigments were extracted with
acetone and dried under vacuum. Prior to HPLC analysis, the
extracts were dissolved in a mixture of 99.85% toluene/0.1% 2-
propanol/0.05% methanol. Pigment composition of the extracts
was analyzed as described previously,9 using a Prostar HPLC
system (Varian, USA), equipped with a 5 μm Si-60
LiChrospher column (250 × 4.6 mm, Merck, Germany) and
a TIDAS diode array detector (J&M Analytik, Germany).
Pigment identification was based on absorption spectra and
retention times of pure BChl a, Ni-BChl and Sph. The detailed
analytical procedure will be described elsewhere.
Absorption and Fluorescence Spectroscopy. Absorp-

tion spectra were measured in a 1 mm quartz cell using Cary 50
spectrophotometer (Varian). Steady-state fluorescence emis-
sion spectra were recorded at 17 °C in 1 cm cells, on a
Fluoromax-P spectrofluorometer (Horiba, Japan), equipped
with a 0.22 m double monochromator and a cooled infrared-
extended PMT detector.
Femtosecond Transient Absorption Spectroscopy.

Room-temperature TA experiments in the visible and near-
infrared (NIR) spectral ranges were performed with a setup
described in more detail in Pawlowicz et al.52 Briefly, the output
of a Ti:Sapphire regenerative-amplified laser system (Hurri-
cane, SpectraPhysics, USA), operating at 1 kHz and producing
85 fs, 800 nm pulses, was divided into two beams. One beam
was sent to a home-built noncollinear optical parametric
amplifier (NOPA) system to generate the excitation pulse at
the desired center wavelengths of 509, 590−600 and 860 nm. A
narrow bandwidth and high conversion efficiency in the NOPA
were obtained by placing an appropriate interference filter in
the path of the white-light seed of the NOPA. The pump beam
was polarized at the magic angle orientation (54.7°) with
respect to the probe beam with a Berek polarizer. The
excitation pulse from the NOPA was focused at the sample with
a spot diameter of ∼120 μm and spatially overlapped with the
probe beam. A phase-locked chopper operating at 500 Hz
ensured that only every other excited shot and the change in
transmission and hence optical density could be measured. The
time delay between pump and probe beams was controlled by
sending the pump beam over a moveable delay line.

The probe beam was focused on a 2-mm sapphire plate to
generate white light continuum. After passing through the
sample, the probe beam was dispersed onto a 2068-channel
CCD detector. The sample was placed in a cell consisting of
two CaF2 windows separated by 50 μm Teflon spacer. The
absorbance was measured to be 0.45−0.7 μm at the Qy region.
The sample was moving during the measurement in a Lissajous
pattern to ensure a fresh spot for every excitation pulse.
The time-resolved data were subjected to global and target

analyses53 using the Glotaran software.54

Atomic Force Microscopy (AFM). Muscovite mica sheets
(Grade V-5) purchased from SPI Supplies (USA) were chosen
as a support for the samples. A few microliters of Crt-less LH1
solution (in TB containing 0.4% β-OG) was pipetted directly
onto the surface of freshly cleaved mica. Following deposition,
the mica sheet was placed in enclosed Petri dishes for several
hours in order to evaporate the excess of water. Analysis of
samples was done using a Solver PRO scanning probe
microscope (NT-MDT Ltd., Russian Federation). The surface
scanning was performed in a semicontact (tapping) mode to
avoid altering the sample in subtle ways. The images presented
were processed by applying a low-pass filter.

■ RESULTS

Reconstitution of LH1. In this work we applied two
different methods for reconstitution of oligomeric LH1
complexes from Rsp. rubrum. In the first, Crt-less LH1
(B870) was obtained from the Crt-less mutant G9 and
reconstituted by decreasing the concentration of detergent
(β-OG) below its CMC. An inevitable consequence is that the
reconstituted complexes are aggregated. In the second method,
oligomerization was induced by adding Crt (spheroidene) in
the presence of detergent (LDAO). With both LH1 types BChl
a was partially substituted with Ni-BChl and additionally
control LH1 samples were prepared without adding Ni-BChl.
The absorption spectra of representative samples are shown in
Figure 1. The spectra of Crt-less LH1 have three BChl bands at
375 nm (B-band), 590 nm (Qx), and 870 nm (Qy). In Sph-LH1
the Qy maximum was found at 880 nm,51 as for native LH1
from Rsp. rubrum. In addition, the three vibronic bands (443,
470, 503 nm) of the S0→S2 transition of Sph are visible in the
Sph-LH1 spectra and the 366 nm maximum indicates some
small contamination of Crt aggregates. The samples containing
Ni-BChl had generally similar spectra, the differences reflecting
mainly batch-to-batch variability.
In the spectra shown in Figure 1, additional low intensity

bands can be seen in the Qx region. One, located near 540 nm
(Figure 1A), is contributed by the Ni-substituted BChl a. The
other band, at 550 nm, seen in the Sph-LH1 spectra (Figure
1B) is most likely due to the vibrational sideband of the Qx
band of BChl a in LH1.55

The Crt-containing Sph-LH1 complexes were stable at
concentrations of LDAO above the CMC and hence could be
studied in a detergent-solubilized, nonaggregated state. Crt-less
LH1 dissociates at the CMC and could be only obtained in a
partially aggregated state (below the CMC). The structural
integrity of the oligomeric B870 (Crt-less LH1) complexes in
this case was checked by AFM (Figure 2). The LH1 rings are
clearly visible on the images. The rings had average diameters
of 20 and 25 nm (see Supporting Information, Figure S1). No
differences could be detected between control LH1 (not
containing Ni-BChl) and Ni-LH1 (containing Ni-BChl).
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The successful integration of Ni-BChl in the LH1 complexes
was confirmed by monitoring the fluorescence yield of control
and Ni-LH1. The fluorescence was excited at 590 nm, and
spectra were recorded from samples diluted to the same optical
density. The relative fluorescence yield was estimated by
integrating the main fluorescence band. The relative yields of
emission from Ni-LH1 were 17- to 33-fold lower (the signal
intensity was 6−3% of the control LH1’s fluorescence) in both
types of LH1, Crt-less and Sph-LH1 (data not shown).

To determine the pigment stoichiometry in the reconstituted
complexes, the HPLC method was employed. Based on peak
intensities at 467 and 790 nm in the chromatograms of the
B870 and B880 extracts, the amounts of the incorporated Ni-
BChl were calculated, and they were 19.5% and 14.7% of the
total BChl content, respectively. The ratio of total BChl to Sph
was 2:0.89 in the control B880 and 2:0.91 in the Ni-BChl
substituted complex.

Pump−Probe Transient Absorption Spectroscopy.
The excited-state dynamics of LH1 was studied by femtosecond
pump−probe TA spectroscopy in the visible and NIR region.
Considering the steady-state absorption spectra (Figure 1),
pump wavelengths were chosen for selective excitation of either
BChl or Sph. For B870, the pump wavelength was set at 590−
600 nm, corresponding to the Qx transition of BChl a. The
measurements on Sph-LH1 were done using three pump
wavelengths, 590 nm (BChl Qx), 860 nm (BChl Qy), and 509
nm (Sph S2, 0−0 transition). The absorption difference was
probed in the NIR region for all wavelengths. In addition, with
pump wavelength of 509 nm, the absorption was probed in the
visible region, in order to reveal the dynamics of Crt excited
states.
The NIR transient absorption spectra were characterized by a

negative band at 880−890 nm due to BChl ground-state
bleaching and stimulated emission (SE) and a positive band at
840−860 nm, corresponding to BChl excited-state absorption
(ESA). The transient kinetics at the negative maximum after
excitation in the BChl Qx region are shown in Figure 3A for
Crt-less LH1 and Sph-LH1, and in Figure 3B for Crt-less Ni-
LH1 and Sph-Ni-LH1. In control samples, the TA signal rose
to its maximum between 1 and 10 ps and then decayed due to
the recovery of the ground state. There was no detectable loss
of the bleaching signal up to ca. 40 ps in Sph-LH1. The decay
phase was substantially faster in Crt-less LH1, probably due to
the complex aggregation at low concentrations of the detergent.
The rapid quenching of excitations by Ni-BChl is apparent

from the kinetic traces shown in Figure 3B. In LH1s
reconstituted with Ni-BChl, the pump−probe signal decayed
to 30−40% of its maximum within 10 ps, which is in a strong
contrast to control LH1 whereof no significant decay was
observed in this time range. Despite the much faster decay, the
multiexponential decay of the transient absorption was clearly
resolved in our measurement. Moreover, we could still follow

Figure 1. Absorption spectra of reconstituted LH1 complexes from
Rhodospirillum rubrum. (A) Crt-less control LH1 and Ni-BChl-
containing Ni-LH1 complexes. (B) Control Sph-LH1 and Sph-Ni-
LH1 (reconstituted with spheroidene).

Figure 2. Representative AFM images of Crt-less LH1. (A) Control sample, silicon cantilever (NSG01 NT-MDT) with force constant of 5.5 N/m,
curvature radius of 10 nm and resonant frequency of 120−190 kHz. (B) Ni-BChl-containing sample, MiroMasch Hi’RES-W14 cantilever, force
constant 5.7 N/m, radius 1 nm, resonant frequency 160 kHz. Scale bar − 100 nm; color scale range − 4.5 nm. Lowering of the concentration of β-
OG promotes oligomerization of the peptide subunits into oligomeric ring-like antenna complexes and at the same time aggregation of the
complexes.
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the build-up of the absorption signal in the first picosecond
after excitation, before the onset of excited-state deactivation
(quenching), which gives us confidence that even the fastest
quenching components could be resolved in this measurement.
Comparison of the kinetic traces for Crt-less and Sph-LH1,
when excited directly to BChl, reveals only small differences,
viz., slightly faster decay in the Crt-less sample that was,
however, within the differences between preparations.
Figure 4 compares kinetic traces probed at the wavelength of

the maximal negative differential absorption of Sph-LH1 for
pump wavelengths of 509 nm, 590 nm, and 860 nm,
corresponding to the Sph S0−S2, BChl Qx, and BChl Qy
electronic transitions, respectively. Note that the orange curves
are identical in Figures 3 and 4. Not surprisingly, the kinetics in
the NIR (BChl Qy) region were faster when the Qy transition
was invoked directly by the pump pulse and slower when the
pump wavelength was tuned to the higher-energy Qx transition.
In the latter case, the rise components of the NIR TA in the
first ps clearly correspond to Qx→Qy internal conversion. Rise
components due to Crt→BChl EET could be anticipated in the
same time region upon excitation of the Crt. Interestingly, the
TA at 509 nm excitation showed a well-discerned multiphasic
slow rise of the BChl bleaching, observable up to ca. 20 ps. The
Ni-BChl-containing LH1 also showed distinct excitation
wavelength dependence of the excited-state kinetics. The
fastest decay of the excited state was observed upon the Qy
excitation. Somewhat slower was the decay upon the Qx
excitation, and it was markedly slower upon excitation of

Sph. For instance, at time delay of 5 ps, the amplitude of the
bleaching signal was reduced by 60% after BChl Qy excitation,
while only by 20% after Sph excitation.

Global Analysis of the TA Data. The time- and
wavelength-dependent absorbance data were subjected to a
global iterative fitting routine applying a sequential kinetic
model with 4−5 components of increasing lifetimes. The fitting
was done by variable projection, i.e., the lifetimes were fitted as
nonlinear parameters by iterative matrix decomposition and the
lifetime/evolution-associated absorption difference spectra
(EADS) were treated as linear parameters. Additionally, the
model accounted for dispersion (chirping) and temporal
convolution with the instrument response function. The
resulting spectra and corresponding lifetimes are presented in
Figure 5 (590 nm excitation) and Figure 6 (509 nm excitation).
The initial spectra (in black) represent the directly excited state,
i.e., Qx in Figure 5 and Sph S2 in Figure 6. As the fastest
lifetimes are comparable to the pulse width, the shape of the
respective spectra is somewhat affected by pump−probe
overlap, and their amplitude reflects the relatively large error
in the fitted lifetime. The spectra in the NIR are blue-shifted,
lack SE on the long-wavelength side, but show positive ESA
instead, in accordance with previous pump−probe results on
LH1.56,57 The following NIR spectra, associated with longer
lifetimes, represent excitonic states in the Qy band, populated
after Qx→Qy internal conversion. The following equilibration
and relaxation in the exciton manifold results in spectral
changes, visible in control LH1 (Figure 5A,B), i.e., the
amplitude increases (compare the 1 and 20 ps EADS in Figure

Figure 3. Absorption difference time traces of LH1 reconstituted
without Ni-BChl (A) and with Ni-BChl (B) and without or with
spheroidene (black and orange lines, respectively). Absorption changes
were probed at the wavelength of maximal bleaching after excitation at
the BChl Qx band (590 nm).

Figure 4. Absorption difference time traces of control Sph-LH1 (A)
and Sph-Ni-LH1 (B). Absorption changes were probed at the
wavelength of maximal bleaching after excitation at the carotenoid
S2 (509 nm, green), BChl Qx (590 nm, orange), or BChl Qy band (860
nm, red).
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Figure 5. EADS obtained with a sequential kinetic model fit to the pump−probe data of Crt-less LH1 (A), Sph-LH1 (B), Crt-less Ni-LH1 (C), and
Sph-Ni-LH1. Excitation was at the BChl Qx band −590 nm. The TA data were fitted with a sequential kinetic model with the initially populated state
evolving by a series of irreversible steps with increasing lifetimes, and the final step is relaxation to the ground state.

Figure 6. EADS for Sph-LH1 and Sph-Ni-LH1 data obtained with pump wavelength of 509 nm. The TA data were fitted with a sequential kinetic
model with the initially populated state evolving by a series of irreversible steps with increasing lifetimes, and the final step is relaxation to the ground
state.
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5A and the 0.27 ps and the 10 ps EADS in Figure 5B), the
negative maximum shifts to longer wavelengths, and the
appearance of SE broadens the spectra on the long-wavelength
side.56 In Sph-LH1, the lifetime associated with exciton
relaxation was 270 fs, very close to previously reported values.
An additional, much slower (10 ps) component was detected,
which probably reflects vibrational relaxation. Note that the
spectral evolution in Sph-LH1 (Figure 5B) proceeds without
any loss of overall amplitude, which would signify excitation
decay. There’s only one decay component with 0.75 ns lifetime,
which is in good agreement with the excited-state decay in
native LH1 from Rhodobacter sphaeroides58 and native and
reconstituted B875 from Rubrivivax gelatinosus.59 In contrast to
Sph-LH1, the TA of Crt-less LH1 did not decay mono-
exponentially, but two additional lifetimes were present, of 20
and 100 ps. The result is in accordance with the 0.39 ns
fluorescence lifetime of Rsp. rubrum B873, as determined by
Chang et al.,60 and which, as mentioned above, can probably be
explained by aggregation-induced excited state quenching.
On a subpicosecond time scale, Ni-LH1 showed similar

spectral evolution reflecting internal conversion as the control
LH1 (Figure 5C,D). The follow-up spectra also have very
similar shape as the respective control LH1 spectra. No
subpicosecond decay components could be resolved, but only
exciton equilibration components, as with the control samples.
These were omitted in the presented spectra since they did not
significantly improve the fit. The excitation trapping by Ni-
BChl is manifested in the picosecond decay lifetimes. The
major decay lifetimes were 3.2 and 2.5 ps for Crt-less Ni-LH1
and Sph-Ni-LH1, respectively. The amplitudes of the following
EADS (40 ps in 5C and 14 ps in Figure 5D) were lower by 60−
70%, indicating that the 2−3 ps decay components were
responsible for quenching of 60−70% of the excitations. Still,
significant proportion of the excited states decayed on a much
slower time scale, mainly through the 40 ps component (Crt-
less Ni-LH1) and the 100 ps component (Sph-Ni-LH1). At
closer inspection, the spectra of these slower components
appeared blue-shifted by ∼3 nm, compared to the spectra of the
main quenching component. This may be a hint that they
originate from a structurally different population of complexes
in the sample, or, alternatively, from different excited states.
Perhaps this heterogeneity was present also in the control
samples but was not resolved kinetically because of the uniform
decay lifetime.
Upon Sph excitation (509 nm), the initial NIR spectra

(Figure 6A, B) were significantly blue-shifted and exhibited
positive ESA around 920 nm. This ESA can be attributed to the
short-lived S2 and hot S1 states of Sph as well as BChl Qx states
populated via EET from Sph. The subsequent evolution in the
control Sph-LH1 is spectrally very similar as with 590 nm
excitation, showing a gradual red shift, broadening and
increasing in overall amplitude due to the population of
emitting low-energy excitonic states in the Qy region. The
associated lifetimes are, however, significantly longer, which
probably reflects the slower Sph→Qy EET pathways. The decay
of BChl excited states was again monoexponential with a 0.67
ns lifetime, but the best fit was achieved by adding a long-lived
(≫1 ns) ESA component that can be attributed to the Crt.
As the above-described transients show, the decay kinetics of

Ni-LH1 was affected by excitation wavelength. The lifetime of
the fastest quenching component was 4.6 ps with 509 nm
excitation, as compared to 2.5 ps with 590 nm. Moreover, a
smaller proportion (36%) of the ground state bleaching was

recovered by this kinetic component. The slower lifetimes did
not differ between 509 and 590 nm excitation, and the
associated spectra were again blue-shifted by 3 nm.
The transient absorption in the visible range, revealing

dynamics of the Crt excited states, was measured and analyzed
independently with a 4-component sequential model (Figure
6A, C). The initial spectra, assigned to Sph S2 state (1Bu

+)
clearly show bleaching of the S0→S2 transition band. The S2
state decays with a 120 fs lifetime. The following spectrum,
associated with a 2 ps lifetime, has ESA maxima at 525 and 550
nm, corresponding to triplet state and S1 (2Ag

−) state,
respectively. The 17−19 ps component has higher contribution
of triplet state and also a shoulder at ∼540 nm, which could be
attributed to either the S1 or S* state. The longer-lived
component spectra are unambiguously assigned to 3Sph. The
Crt lifetimes match closely the kinetics in the BChl region. This
indicates that EET from Crt to BChl occurs via multiple
pathways with time constants from ∼100 fs to ∼20 ps.
Evidently, the Crt dynamics was not affected by the presence of
Ni-BChl in Ni-LH1.

Global Target Analysis. The above presented analysis of
the data provides an estimate of the lifetimes and the general
dynamics of the system under different excitation wavelengths,
but it obviously does not accurately depict the multiple
pathways of energy transfer between pigments and excited
states and hence cannot give a detailed account on the specific
EET rate constants and spectra. We have therefore performed a
target analysis of the pump−probe data of Sph-LH1 and Sph-
Ni-LH1 with a branched model. The kinetic scheme used for
fitting the Sph-Ni-LH1 data is shown in Figure 7. A very similar

scheme plus exciton relaxation components was used for fitting
the control Sph-LH1 data (Supporting Information, Figure S2).
The model was fitted to the pump−probe data obtained with
the three pump wavelengths simultaneously with the same set
of rate constants, only varying the initially populated excited
states. The species-associated absorption difference spectra
(SADS) were estimated independently for each excitation and
probe wavelength range and are plotted in Figure 8 for Sph-Ni-
LH1. The respective control LH1 SADS are shown in Figure S3
(Supporting Information). The quality of the fits is
demonstrated in Figures S4 and S5.

Figure 7. Kinetic scheme of the model used for simultaneous global
target analysis of the TA data obtained from Sph-Ni-LH1. The species
compartments S2, S1, S*, and T1 represent Sph excited states and Qx,
Qy

0, and Qy represent BChl excited states. The initially populated
compartments were S2, Qx, and Qy

0 for the 509, 590, and 860 nm
pump wavelengths, respectively. Compartments A1 and A2 are
populated as Qy and represent sample heterogeneity. The fitted rate
constants (ps−1) are shown next to the arrows.
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In the kinetic scheme we distinguish four Crt states: S2, S1,
S*, and T1. There are two pathways for Crt→BChl EET: from
S2 to Qx and from S1 to Qy. Four BChl states were needed to fit
the kinetics of control LH1. One of them describes the directly
excited BChl* (Qx or Qy

0), and three subsequent states to
describe the exciton relaxation (cf. Figure S2) and spectral
evolution. The exciton relaxation was not explicitly modeled for
the Ni-LH1 data. The quenching by the Ni-BChl centers is
quantified by the amplitudes of the BChl SADS and by the rates
describing their spectral evolution. In this way the data with the
Crt, BChl Qx. and BChl Qy excitation were simultaneously
fitted. The estimated rate constants are indicated in Figure 7.
The control sample exhibited a subtle spectral evolution (red-
shift), reflected in the SADS (Figure S3) and also evident from
the selected traces and fits in Figure S4. The final SADS decays
in 0.7 ns. By contrast, the Qy compartment decayed with a 2 ps
lifetime in the Ni-LH1 sample, but two additional time scales
were required to describe the quenching. This apparent
heterogeneity is modeled by two compartments (populated
as Qy), with lifetimes of 12 and 108 ps. The fraction of these
more slowly quenched complexes varied between 21−31% for
the different data sets (see Table 1). The dominant fraction
quenched within 2 ps varied between 42 and 55%. The SADS
of the more slowly quenched complexes, and especially the

longest-lived one (108 ps), were blue-shifted, compared to the
main Qy SADS.

■ DISCUSSION

Reconstitution of LH1. In this work we employed two
reconstitution techniques to incorporate Ni-BChl into LH1
from Rsp. rubrum. In the first, Crt-less LH1 (B870)19 are
assembled mostly due to hydrophobic interactions between the
N-terminal extensions of the α and β polypeptides at the
membrane interface.61,62 In the second method, Crts
specifically interact with the subunits and promote complex
formation under conditions where Crt-less complexes disso-
ciate.19,20,51 The B870 complexes are structurally similar to the
native, Crt-binding, LH1 antenna, as it can be seen from AFM
images (Figure 2), but there are also some differences, e.g., the
NIR absorption maximum is blue-shifted by 10 nm relative to
its 880 nm position characteristic for the strain.19,51,63 The shift
of the excitonic transition could be accompanied by altered
energy transfer and hence energy trapping dynamics. A
consequence of the Crt-less LH1 reconstitution method is a
higher level of aggregation. We strived to minimize the size and
heterogeneity of the aggregates by carefully adjusting the
concentration of the detergent and applying mechanical and
ultrasonic homogenization before measurements. However,
even small aggregates may have a profound effect on the energy
transfer dynamics because of energy migration between B870s.
The larger effective domain size raises the likelihood of
nonlinear (two-photon) reactions such as exciton−exciton
annihilation.64 This can be one possible explanation for the fast
excited state decay lifetimes (20−100 ps) in our Crt-less LH1
preparations. Since exciton−exciton annihilation strongly
depends on the excitation rate, we performed test measure-
ments reducing the excitation power by up to an order of

Figure 8. SADS resulting from global target analysis of the TA data for Sph-Ni-LH1, performed using the kinetic model shown in Figure 7.

Table 1. Fractions of Quenched Lifetimes in Ni-LH1 at
Different Excitation Wavelengths

λpump (nm) Qy (1.9 ps) A1 (12 ps) A2 (108 ps)

509 47% 28% 25%
590 42% 27% 31%
860 55% 21% 24%
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magnitude, but did not observe any appreciable differences in
the kinetic traces, other than the reduction of signal-to-noise
ratio (data not shown). It is possible that the excited state
lifetime is shortened by dissipative states formed by interactions
between the aggregated complexes. Interestingly, shorter
excited-state lifetimes were found in carotenoid-less LH2
compared to native complexes from the purple bacterium
Allochromatium minutissimum.65 The authors proposed that in
the absence of Crts BChl triplets could accumulate and quench
the excited states via singlet-triple annihilation. Such a
mechanism cannot be completely ruled out but again should
be dependent on the excitation rate, which we could not
confirm. Lastly, a small amount of excited state quenchers could
be present such as oxidized BChls, whose effect would be larger
in the aggregated Crt-less LH1 where energy can migrate
between complexes.66

Excited State Dynamics of Control LH1. The LH1
complexes reconstituted with Sph were stable in detergent
solution (0.045% LDAO), showing neither scattering nor
aggregation. Furthermore, the NIR absorption maximum
matched that of the native antenna (880 nm) and so did the
excited-state lifetime (0.7 ns). The absence of any faster decay
components in the transient absorption confirmed that no
exciton−exciton annihilation took place under the measure-
ment conditions. Thus, we have obtained a detailed, high-
resolution spectroscopic picture of the ultrafast dynamics in
LH1, devoid of nonlinear processes and aggregation-related
artifacts.
The TA data reveal the exciton relaxation dynamics

occurring on a subpicosecond time scale. The position of the
negative band in the time-resolved spectra shifted to longer
wavelengths, its overall amplitude increased, and the band was
asymmetrically enhanced on the long-wavelength side due to
SE following the population of lower-energy emitting excitonic
states by internal conversion from the initially populated states.
A similar dynamic red shift was found by Visser et al.56 in the
TA kinetics of LH1 from Rsp. rubrum after excitation in the
BChl Qx region. As in our results, it occurred with a ∼300 fs
time constant and was attributed to relaxation in the exciton
manifold. Monshouwer et al.57 observed a similar spectral
change in LH1 from Rps. viridis. In addition to the earlier
findings, owing to the lack of annihilation, we could detect a
further 10-ps spectral equilibration component in Sph-LH1
(Figure 5B), that could be related to vibrational relaxation and
slower reorganization of the environment.67,68 Even slower (20
ps) lifetimes were found in the spectral evolution of BChl upon
excitation of Sph. An obvious explanation for these lifetimes is
that they stem from a slow Sph→BChl EET.
Analysis of the transient absorption in the NIR as well as the

visible range could provide clues about the dynamics of the Crt
excited states and EET pathways, which is apparently a complex
and controversial topic of research.49 Even though there is a
small overlap between the optical transitions of Crts and BChl,
several pathways of Crt→BChl EET are possible. The energy of
the S2 state is in the range of the BChl Qx transition and S2→
Qx EET occurs with a time constant of 60−240 fs.28,42,44 Our
data revealed fast lifetimes (120−200 fs) in the NIR and in the
visible range that could be unequivocally assigned to S2 decay
and concomitant excitation of BChl via the Qx state. Fitting the
TA data in the visible range with a simple unbranched model
revealed lifetimes of ∼2 and 20 ps that matched the NIR
dynamics (1.3 and 25 ps). An inspection of the associated
spectra hinted toward the decay of Sph S1 state in the visible

wavelength range and the population of emitting BChl
excitonic states in the Qy range. The lifetimes and the shape
of the visible-range spectra are very similar to those obtained by
Gradinaru et al. from Rsp. rubrum chromatophores69 except
that the Crt absorption maxima are at different wavelengths
because the native LH1 contains spirilloxanthin instead of Sph.
The authors found that the S1 lifetime of spirilloxanthin (1.4
ps) was the same in solution and in the LH1 and concluded
that this state was not involved in EET. Considering that the S1
lifetime of Sph in solution is 9 ps, the 2 ps lifetime in our
experiments further corroborates the existence of EET from S1.
The unbranched model fitting also resolved a long-lived (≫1
ns) component in the visible range, which, based on the EADS,
clearly belonged to the triplet state of Sph.
Based on the above considerations, the target analysis was

performed with a branched kinetic model (Figure 7) fitting the
rate constants of internal conversion and intersystem crossing
among Sph and BChl states as well as of S2→Qx and S1→Qy
EET. The latter two are (230 fs)−1 and (3.7 ps)−1, respectively.
Small differences notwithstanding, the control sample’s
modeling results conform to literature data on the Crt
dynamics in LH2 and LH1. The efficient singlet-to-triplet
conversion found by Gradinaru et al.69 and Papagiannakis et
al.70,71 is confirmed in our data. These papers also reported a
state with SADS maximum at 525 nm, like the triplet state, but
with a broader long-wavelength shoulder. It decays with a time
constant of 70 ps to the triplet and to the ground state. Our
data are consistent with these findings, with respect to the
SADS and lifetime of this state, which was ascribed to S*.
Koyama’s group has published a TA investigation of LH1
reconstituted with different Crts.45 They resolved an
intermediate state between S2 and S1−1Bu

−, which is a
precursor to the T1 state. The evolution kinetics and the
SADS differ from the S* state in the present model, hence these
are probably different intermediates. The remaining SADS are
very similar and so are the fitted rate constants of Sph internal
conversion and Sph→BChl EET.

Dissipation of Excitations by Ni-BChl. The steady-state
fluorescence and the TA results of LH1 complexes containing
Ni-BChl showed the expected strong quenching, in samples
with and without Crts. Interestingly, the kinetics were
heterogeneous with lifetimes ranging from 2 to 100 ps. The
main dissipation channel, with about 50% fractional amplitude,
appeared to be (2 ps)−1. Faster excited-state decay components
were not resolved in the TA data, even upon direct excitation in
the Qy exciton band. These results are in contrast to the
previously reported TA study by Fiedor et al.,8 in which Rb.
sphaeroides B870 complexes containing 20% or more Ni-BChl
showed a 60 fs deactivation lifetime. This difference can be
partly explained by a smaller ring in this reconstituted LH1,
estimated to be close to 20 BChl a molecules.8,9 Subpicosecond
kinetic components were present in the data, but they were
associated with internal conversion among excited states.
Therefore it can be concluded that the excited states directly
populated by the pump pulse, i.e., Qx and higher-energy
excitonic states, are not trapped by Ni-BChl, which is not
surprising, since the excitations must first migrate to the
quencher molecules.
To understand the origin of the 2 ps decay lifetime, one must

consider three factors determining the deactivation kinetics: the
intrinsic deactivation rate constant of the Ni-BChl centers kq,
the number of Ni-BChl molecules in the complex Nq, and the
mean effective rate constant of energy transfer (hopping)
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between BChls, kh. In reality all four parameters N, Nq, kq, kh
should be (broad) distributions rather than single values,
considering the static and dynamic disorder in the system.72 As
a simple example, let all complexes consist of 32 total BChls
and one Ni-BChl with kq = 16 ps−1. Let us further assume
instantaneous energy equilibration (kh =∞), i.e., the excitations
are delocalized over the whole complex. The excited-state
lifetime of the complex will be

τ = × =k N N1/( / ) 2 psq q

The relative content of Ni-BChl in the samples was 12−15%,
equivalent to about four Ni-BChls per complex, on average.
Taking into account the Poisson statistical distribution, the
estimated average lifetime is 0.66 ps. Thus, a model assuming
fully delocalized excitations and 60 fs dissipation time constant
of Ni-BChl cannot explain the experimental results. An intrinsic
dissipation rate constant of (200 fs)−1 results in the
experimentally observed 2 ps lifetime. This result seems
reasonable considering that Musewald et al.6 performed TA
measurements on Ni-BChl in toluene and pyridine and found
that the Qy state mainly decays with lifetime of 450 and 200 fs,
respectively. Next, we take into account that the delocalization
length may not cover the whole ring, as has been proposed by
several groups. We calculated the effective lifetime by treating
the excitations as localized73 and migrating with an effective
rate constant of 100 fs.74 Simulation of the kinetics for 15%
average Ni-BChl content resulted in a 2 ps lifetime if the
intrinsic deactivation lifetime of Ni-BChl was fixed to 160 fs.
It must be noted that in the above simulations, due to the

statistical distribution of Nq, there is also a distribution of decay
lifetimes, which may be a reason for the lifetime heterogeneity
observed in the TA data. It could be then speculated that the
∼10-ps lifetime originates from complexes with only one Ni-
BChl and 2 ps is the mean lifetime of complexes with two or
more Ni-BChls. The longer, 100 ps, decay lifetimes, most
probably reflect partially dissociated complexes, which contain a
smaller number of subunits and are thus statistically less likely
to contain Ni-BChl. The blue-shifted spectra of these
components corroborate this notion. As the measurements
were performed at high protein concentration, it is likely that
EET between complexes takes place and excitations in
complexes without Ni-BChl can be quenched by EET to
those containing Ni-BChl. Natural disorder could also be the
reason for slower migration and relaxation rates.72

It is notable that the excitation trapping by Ni-BChl was not
affected by the presence or absence of Sph in the complexes. It
can be thus inferred that also the Crts do not influence the
dynamics of EET between BChls in LH1. Only direct excitation
of Sph had an effect on the dissipation kinetics, since the
kinetics was partially rate-limited by the slower S1→Qx EET.

■ CONCLUSIONS

The ultrafast spectroscopy of LH1 complexes reconstituted
with Sph are generally in good agreement with literature data
regarding native LH1 and LH2 complexes69−71 as well as of
reconstituted Sph-LH1.45 We found that Crt-less LH1 had
shorter excited-state lifetime, probably caused by the lack of
detergent and consequent aggregation of the B870 complexes
or due to quenching by BChl triplets accumulated in the
absence of Crt.65 The bound Crt did not appear to have a direct
effect on the EET among BChls.

The Ni-BChl molecules in LH1 complexes can effectively
dissipate the absorbed light energy within a few picoseconds.
Only the lowest-energy BChl excited-states can be deactivated
by Ni-BChl. The dissipation kinetics is evidently limited by
excited state energy equilibration within the complex. Although
the dissipation rate is not as fast as previously determined,8 yet
it is accelerated by more than two orders of magnitude in
comparison to the native antenna, which makes this system a
good model for the thermal energy dissipation in pigment−
protein complexes. These results are the basis for future
investigation of the heat dissipation in pigment−protein
complexes reconstituted with the Ni-analogues of (bacterio)-
chlorophylls by ultrafast vibrational spectroscopy.
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