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Abstract

The functions of both (bacterio) chlorophylls and carotenoids in light-harvesting complexes have been extensively studied
during the past decade, yet, the involvement of BChl a high-energy Soret band in the cascade of light-harvesting processes
still remains a relatively unexplored topic. Here, we present transient absorption data recorded after excitation of the Soret
band in the LH2 complex from Rhodoblastus acidophilus. Comparison of obtained data to those recorded after excitation of
rhodopin glucoside and B80O BChl a suggests that no Soret-to-Car energy transfer pathway is active in LH2 complex. Fur-
thermore, a spectrally rich pattern observed in the spectral region of rhodopin glucoside ground state bleaching (420-550 nm)
has been assigned to an electrochromic shift. The results of global fitting analysis demonstrate two more features. A 6 ps
component obtained exclusively after excitation of the Soret band has been assigned to the response of rhodopin glucoside to
excess energy dissipation in LH2. Another time component, ~450 ps, appearing independently of the excitation wavelength
was assigned to BChl a-to-Car triplet—triplet transfer. Presented data demonstrate several new features of LH2 complex and
its behavior following the excitation of the Soret band.
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Introduction (Bacterio) chlorophylls (B) (Chl), carotenoids, and bilins,

which have their absorption bands tuned to absorb sunlight

Life on Earth depends on utilization of solar radiation as
the primary source of energy. Photosynthetic organisms
contain light-harvesting complexes incorporating intricate
pigment-protein systems that efficiently absorb solar radia-
tion. Light-harvesting complexes exhibit large variation
across the variety of photosynthetic organisms, reflecting
the light conditions of the environment in which they live.
Photon capture is achieved via photosynthetic pigments,
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and transfer excitation energy within and between pigment-
protein complexes to the reaction centers where charge
separation occurs (Blankenship 2008). The development of
time-resolved spectroscopic techniques in the past two dec-
ades has significantly expanded our knowledge of excitation
energy transfer in photosynthesis.

Many antenna proteins have been studied by ultrafast
spectroscopy providing details about inter-pigment as well
as inter-complex energy transfer processes (Croce and Van
Amerongen 2014; Mirkovic et al. 2017; Polivka and Frank
2010). Nearly all these studies initiate the light-driven pro-
cesses in antenna complexes by exciting the lowest-absorb-
ing states of pigments; the Q, states of (B) Chl or the S, state
of carotenoids whose lowest energy state, S, is forbidden
for one-photon absorption (Polivka and Sundstrom 2004).
Such an arrangement is suitable for following energy transfer
between pigments or between complexes because processes
related to the relaxation dynamics of the upper states do
not interfere with the primary process of interest, inter-pig-
ment or inter-complex energy transfer. On the other hand,
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the absorption maxima of upper excited states, such as the
Soret or Q, bands of (B) Chl, are still within the spectral pro-
file of solar radiation reaching the Earth surface. Thus, they
contribute to light harvesting, but our knowledge of how the
excess energy excitation may affect this process is limited.

Steady-state fluorescence excitation spectra measured
over the large span of excitation wavelengths showed that,
expectedly, the energy absorbed by the Soret or Q, bands of
(B) Chls reaches the lowest Q, state via internal conversion
(Kosumi et al. 2013; Kosumi et al. 2011a). The dynamics
of Soret relaxation has been studied for photosynthetic pig-
ments only for Chl @ and Chl b in solution, yielding the
Soret lifetimes around 150 fs (Bricker et al. 2015; Shi et al.
2005). Comparable lifetimes were reported for Soret exci-
tation of heme in myoglobin (Kholodenko et al. 2000). In
light-harvesting complexes, the relaxation dynamics of
upper excited states is limited to a few studies addressing the
0, — 0O, internal conversion. In the purple bacterial antenna,
a 50 fsny — Q, relaxation time was reported in the light-
harvesting 2 (LH2) complex (Kosumi et al. 2011b), while
the 100-200 fs Q, relaxation was identified in LH1 (Visser
et al. 1995). An even longer relaxation time of 200-300 fs
was extracted from global fitting the data obtained after exci-
tation of Chl b at 490 nm in the LHCII complex from higher
plants (Croce et al. 2001).

Apart from relaxation dynamics of the upper excited
states, an interesting question is whether the excess energy,
which must be either stored in vibrations of the absorb-
ing molecule itself or dissipated to the nearest environ-
ment (Balevicius et al. 2019), somehow affects the overall
dynamical behavior of the system. Though never reported
for light-harvesting proteins, propagation of disturbance
through protein after excess energy excitation, sometimes
termed as a ‘proteinquake’, has been experimentally dem-
onstrated for cytochrome c (Zang et al. 2009) or myoglobin
(Ferrante et al. 2016; Levantino et al. 2015). These results
suggest that dissipation of excess energy, absorbed by a mol-
ecule after excitation of the upper energy states, may trig-
ger processes inaccessible if the lowest energy states of the
pigments are excited. For example, a light-driven cascade
photoconversion of the orange carotenoid protein (Konold
et al. 2019) utilizes the enigmatic S* state of carotenoids,
which is at least partly related to excess energy dissipation
(Balevicius et al. 2016).

We have chosen the Rhodoblastus (Rbl.) acidophilus
LH?2 antenna complex as a model system to study the pos-
sible effects of excess energy dissipation after excitation
of the Soret band of BChl a. The high-resolution structure
of this complex is well known (McDermott et al. 1995)
and energy transfer pathways within this complex have
been extensively studied both after carotenoid (Cong
et al. 2008; Magdaong et al. 2014) and BChl a excitation
(Sundstrom et al. 1999), making the LH2 an ideal model
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complex. Furthermore, the BChl a Soret band in LH2
peaks around 380 nm, allowing selective excitation with-
out exciting the carotenoid rhodopin glucoside (absorption
maximum at 490 nm) or tryptophan (280 nm). Despite the
large amount of experimental and theoretical data obtained
for the LH2 complex, there are still gaps in our knowl-
edge. One of the unknowns is the relaxation dynamics
after excitation of the Soret band. More than two decades
ago, the possibility of energy transfer from BChl a Soret
to the carotenoid S, state in LH2 was predicted (Tretiak
et al. 2000), but later experiments using steady-state fluo-
rescence excitation spectra did not reveal any evidence
for such an energy transfer channel (Razjivin et al. 2021,
2017). Another energy transfer channel related to upper
excited states was proposed by Kosumi et al. (2011b) who
detected energy transfer from the Q, state of BChl a to
the S, state of the long carotenoid spirilloxanthin in LH1.

Another interesting, though not consistently explained,
feature of LH2 is the presence of the carotenoid S* sig-
nal. It was first identified in the LH1 complex of Rho-
dospirillum (Rsp.) rubrum (Gradinaru et al. 2001), and
subsequently detected also in LH2, where it was associ-
ated with a separate excited state that even served as a
minor energy donor in carotenoid-BChl a energy transfer
(Papagiannakis et al. 2002). Later, unexpected dependence
of the S* signal in LH2 on excitation intensity (Papagian-
nakis et al. 2006) suggested a complicated involvement of
S* in the LH2 excited state processes (Jailaubekov et al.
2010). The intensity dependence of the S* signal has never
been reported for carotenoids in solution, where it was
instead suggested to be related to energy dissipation chan-
nel (Balevicius et al. 2019; Lenzer et al. 2010), leading to
a concept of different origins of the S* signal in solution
and in LH2. The last twist in the S* story in LH2 was
reported in 2016 (Niedzwiedzki et al. 2016), when analy-
sis of transient absorption data assigned the S* signal in
LH2 to a phenomenon known from earlier experiments,
the electrochromic shift of the carotenoid S, state upon
excitation of BChl a in LH2 (Herek et al. 1998, 2004).

To resolve questions related to the role of upper excited
states in LH2 excited state dynamics as well as the ori-
gin of the S* signal, the magnitude of which is related
to excess energy excitation (Billsten et al. 2005; Khan
et al. 2021), we recorded transient absorption spectra in
the 420-1100 nm spectral region after excitation of the
Soret band of BChl a in LH2. Comparing these data with
datasets obtained after carotenoid and B80O excitation we
show there is no energy transfer between the BChl a Soret
and carotenoid S, state. However, the Soret excitation
generates a clear carotenoid electrochromic shift whose
amplitude depends on whether the Soret or BS800 band in
LH2 is excited.
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Materials and methods
Sample preparation

Cells of Rbl. acidophilus strain 10050 were grown anaer-
obically in C-succinate media at 30 °C under anaerobic
conditions at a light intensity of ~100 pmol photons
s~ m™2. The fully grown culture was pelleted, washed
once with 20 mM MES, 100 mM KCI, pH 6.8 to remove
media traces and the cell pellet either used immediately
or flash frozen until required. The Rbl. acidophilus cells
were re-suspended in 20 mM Tris.Cl pH 8.0, homogenized
thoroughly with a few grains of DNAse and a few mg
of MgCl,. The cells were broken by passage three times
through an Emulsiflex-CS cell disrupter and the sample
immediately placed in an ultracentrifuge (180,000xg,
90 min, 4 °C). The supernatant was discarded and the pel-
leted membranes gently re-suspended with 20 mM Tris.
Cl pH 8.0 and adjusted to an optical density (OD) at the
Q, maxima (approx. 580 nm) of 50 cm™'. The membrane
suspension was solubilized at room temperature for 1 h
with 1% N, N-dimethyldodecylamine N-oxide (LDAO)
and then centrifuged to remove any un-solubilized mate-
rial. The solubilized, supernatant fraction was fractionated
using stepwise sucrose density centrifugation (150,000xg,
4 °C, 16 h). The LH2 complex band was gently removed
from the gradient, loaded on an anion-exchange gravity
column with ToyoPearl 6508 resin (Tosoh) and eluted with
increasing concentrations of NaCl in TL buffer (20 mM
Tris.Cl, 0.1% LDAO, pH 8.0). The resulting fractions
were assayed spectrophotometrically for purity and the
best pooled, concentrated and run on a Sephacryl S-300
(GE Healthcare) size-exclusion column. The best fractions
(Abs.gsg nm/ AbS.75 1 < 3.2) were pooled, concentrated and
then flash frozen until required.

Spectroscopy

The transient absorption measurements have been per-
formed on an experimental setup that consists of a fem-
tosecond amplified system (Spectra Physics; MaiTai,
Empower, and Spitfire Ace) that produces 800 nm ~ 100 fs
laser pulses at 1 kHz. The system output is split into
two beamlines: one seeds optical parametric amplifier
TOPAS Prime that is tuned to different excitation wave-
lengths described in the main text; the second pulse seeds
a home-built non-collinear optical parametric amplifier
that is tuned to produce 1300 nm pulses. The 1300 nm
beam is sent through the constantly moving non-linear
CaF, crystal to generate white light supercontinuum in a
broad spectral range spanning from 420 to 1100 nm. The

white light beam is divided into probe and reference with
the sample positioned near its focal plane. The probe beam
overlaps with the excitation beam (pump) at the sample
position. The probe and reference beams are collimated,
sent to a prism spectrograph designed to measure spec-
tra in the full 420-1100 nm range with ~5 nm spectral
resolution, and detected by a double-CCD array detector
(Pascher Instruments, Sweden). The detection spectrom-
eter was calibrated by a set of color filters (pre-measure-
ment) and by a multiple oxide filter (post-measurement).
The mutual polarization of pump and probe was set to
magic angle (54.7°). The computer-controlled delay line
in the probe pulse is used to set time delays up to 6 ns
between the pump and the probe. The sample is placed in
the 2 mm quartz cuvette with a magnetic stirrer at room
temperature. The excitation photon density was maintained
around 3.4 x 10'3 and 7 x 10'3 photons.cm~2.pulse™! for
380 nm and 800 nm, respectively. The sample absorp-
tion spectra were measured before and after transient
absorption experiments to ensure that the samples did not
degrade during the experiment.

Data analysis

The spectrally calibrated datasets were analyzed using com-
mercial software (CarpetView, Light Conversion, Lithua-
nia). For the global analysis, sequential irreversible evolu-
tion scheme was considered whose resultant spectral profiles
are called evolution-associated difference spectra (EADS).
Prior to global analysis, all data were proceeded by back-
ground subtraction and chirp correction. To simulate the
kinetic of the triplet rise, a simple Python script was devel-
oped. It uses a set of differential equations, which describe
the time-dependent populations of individual species, solved
by the Euler method and applies these to the species of inter-
est to obtain the simulated kinetics.

Results
Steady-state absorption

Steady-state absorption spectrum of the LH2 antenna com-
plex from Rbl. acidophilus strain 10050 is given in Fig. 1.
The spectral features are assigned to the electronic transi-
tions of BChl a: Soret band at~380 nm, O, band at 580 nm,
and two Q, bands at 800 (B800) and 860 nm (B850). The
characteristic three-peak structure around 420-500 nm cor-
responds to the absorption bands of the S, excited state of the
carotenoid rhodopin glucoside. The vertical arrows indicate
the excitation wavelengths used in the current study. The
Soret band has been excited to the maximum at 380 nm as
well as to the higher energy shoulder at 360 nm and 340 nm
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Fig.1 Absorption spectrum of LH2 complex from Rbl. acidophilus.
The red arrows represent excitation wavelengths used in the transient
absorption experiments

to provide even higher excess energy excitation and to elimi-
nate possible excitation of the high energy tail of rhodopin
glucoside absorption. Rhodopin glucoside was excited at the
maximum of the 0-0 band of the S;—S, transition at 525 nm
to avoid any relaxation processes within the carotenoid S,
state. To provide reference data for the Soret excitation, we
have also excited the B800 band.

Excited state dynamics

Transient absorption spectra measured after different excita-
tions are shown in Fig. 2. Although the spectra have been
measured in the full 420-1100 nm spectral range in a single
experiment, for the sake of clarity, we present the transient
absorption spectra split into two parts. This is done because
the amplitude of transient BChl a bands in the near-IR
region is about order of magnitude larger than the signal
amplitude in the 420-700 nm region (note different vertical
axis scales in the panels showing the visible and near-IR
spectral regions).

Excitation of the Soret band at 380 nm (see Support-
ing Information, Fig. S1 for other excitation wavelengths
within the Soret band) generates characteristic transient
pattern in the 800—950 nm spectral region (Fig. 2B) con-
sisting of overlapping excited state absorption and ground
state bleaching/stimulated emission bands originating pre-
dominantly from the B850 BChl a. The transient absorption
spectrum at 0.2 ps after excitation contains a clear nega-
tive band at 800 nm, indicating that B800 BChl « is also
excited at 380 nm. The contribution of the B800 bleaching
is even more distinguished for 340 and 360 nm excitations
(Supporting Information, Fig. S2). The B80O bleaching
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disappears within first few picoseconds, reflecting the known
B800-B850 energy transfer dynamics in LH2 (Kennis et al.
1997; Ma et al. 1997).

The 420-700 nm spectral region (Fig. 2A) shows weaker
in magnitude, but richer in structure signal. The central
feature of the 0.2 ps spectrum is bleaching of the BChl a
0, band at 590 nm that is accompanied by excited state
absorption in the 600-700 nm region. The dynamics of this
signal indicates origin from BChl a. The spectral region
of carotenoid ground state absorption exhibits clear sig-
nal, reminiscent of the pattern earlier identified as due to
electrochromic shift (Herek et al. 1998; NiedzwiedzKi et al.
2016). This signal has complex dynamics as the first decay
takes place within the first few hundreds of picoseconds (the
band amplitudes are significantly diminished in 500 ps spec-
trum), but at later times the bleaching bands gain amplitude
again due to formation of the carotenoid triplet state. The
characteristic triplet spectrum with maximum at 550 nm is
the dominant feature of the 5 ns spectrum, which contains
almost no BChl a contribution signaling efficient BChl a-
Car triplet—triplet energy transfer.

Data obtained after 800 nm excitation (Fig. 2C, D) pro-
duces less pronounced bands in the carotenoid region, but
the overall pattern is qualitatively similar to the Soret exci-
tation except the B80O bleaching in the near-IR region that
is obviously much more pronounced than after the Soret
excitation. The appearance of signal in the carotenoid region
confirms the signal assignment to the carotenoid electrochro-
mic shift, because after Qy band excitation there could not be
any carotenoid population at timescales shorter than 500 ps.
The B800 excitation further helps to identify the excited
state absorption in the 600-700 nm region; this signal is
strongest in the early (<1 ps) spectra, implying it has sig-
nificant contribution from B800 BChl a that decays within
the first few picoseconds due to B800-B850 energy transfer.

To better assess the carotenoid signals obtained after
Soret excitation, we have also carried out measurements
after direct carotenoid excitation to the S, state (Fig. 2E,
F). The visible part of the spectrum is now dominated
by the carotenoid signals, ground state bleaching in the
420-510 nm region and S,—S,, excited state absorption in
the 530-700 nm region. The excited state absorption band
peaks at 580 nm with a distinct shoulder at 550 nm, which
is more pronounced at longer delays showing difference in
their relaxation dynamics. This shoulder is the S* signal.
Evolution of the spectra during the first picosecond corre-
sponds to the vibrational cooling of the ‘hot’ S, state that
evolves into the typical relaxed S,—S, spectrum (green). In
the near-IR, the early time spectra contain the carotenoid
contribution due to a broad S,—Sy excited state absorption
peaking around 1050 nm. There is also weak B800 bleaching
in the early time spectra indicating the presence of carote-
noid-B800 energy transfer via the S, pathway.
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Fig.2 Representative transient
absorption spectra of LH2 from
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The key differences between data obtained after excita-
tion to the Soret, B§0O0, and carotenoid S, state are high-
lighted in Fig. 3, which shows transient absorption spectra
normalized to B850 bleaching at 0.5 (Fig. 3A, B) and 20 ps
(Fig. 3C, D) delay times. In the near-IR spectral region, the
0.5 ps spectra demonstrate that B800 BChl a molecules
are populated after both Soret and carotenoid excitation.
At 20 ps, however, the normalized spectra are essentially
identical showing that the final singlet excited state of BChl
a, B850, is the same regardless the excitation wavelength.
The differences in the visible spectral regions are dominated
by the presence of strong carotenoid signals generated by
carotenoid excitation, but further differences are identified
when comparing the Soret and B800 excitations. First, at
0.5 ps there is a slight difference in positions of Q, bleach-
ing. We know that Soret excitation hits both B800 and B850

Wavelength [nm]

BChl a (Fig. 2B), thus the small blue shift of Q, bleaching
after B800 excitations implies that the blue part of the O,
band is dominated by the B800 BChl a while the red part is
due to B850 BChl a. At 20 ps, the Q, positions are identical,
further confirming the identity of the final state. The relative
amplitude of the signal in the carotenoid region is for BChl
a excitation slightly larger after Soret excitation at both 0.5
and 20 ps. Yet, for carotenoid excitation this amplitude is
much larger (Fig. 3A, C). It is important to note that the data
shown in Fig. 3 are normalized to B850 bleaching, thus the
carotenoid signal should correspond to the same amount of
excited B850. The relaxation dynamics of BChl a populated
via energy transfer from carotenoid versus direct excitation
of BChl a however leads to a markedly different magnitude
of the carotenoid signal.
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Fig. 3 Comparison of transient
absorption spectra after 380 nm
(black), 525 nm (red), and
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Global analysis are needed to fit the data, confirming that we work in an

We have applied a global analysis to get better insight into
the dynamics of the system as well as to estimate involve-
ment of different excited states in relaxation processes.
Given the complexity of the system and the fact that the
richer dynamics occurs in a spectral region where the signal
amplitude is small compared to the main spectral bands in
the near-IR, we have fitted the near-IR (700-1100 nm) and
visible (420-700 nm) spectral region separately. We first
fitted the near-IR region that is dominated by BChl a sig-
nals and thus represents nearly pure BChl a dynamics. The
near-IR spectral region was fitted by the minimal number
of components required to obtain a reasonable fit and the
obtained time constants were used as initial values for fitting
the visible spectral region. All data were initially fitted to a
sequential model resulting in evolution-associated difference
spectra (EADS) and results are shown in Fig. 4.

We will begin the description of global fitting results with
data obtained after B80O excitation, which require the low-
est number of components. In the near-IR spectral region
(Fig. 4D), only two components are needed. The initially
excited state has distinct B800 bleaching signal, but also a
contribution from B850 resulting in excitation of upper exci-
tonic band of B850, too (Koolhaas et al. 1998). This state
decays with 0.85 ps time constant to form the characteristic
B850 signal, thus reflecting the well-known B800-to-B850
energy transfer. The B850 decays within 1.3 ns correspond-
ing to the known lifetime of free LH2. No other components
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annihilation-free regime. Moving to the visible spectral
region (Fig. 4C), the similar time constants appear in the fit,
0.85 ps and 1.6 ns. The spectral profile of the 0.85 ps compo-
nent (red) shows that B800 BChl a significantly contributes
to the excited state absorption in the 600—700 nm spectra
region as well as at the wavelengths below 450 nm. Yet, one
extra component, 450 ps (blue), is needed to fit the data. This
component is crucial to fit the data in the spectral region of
the carotenoid triplet, which peaks at 550 nm as evidenced
from the final, non-decaying EADS (orange) that represents
the pure carotenoid triplet. Without this component, the tri-
plet kinetics cannot be fitted (see Supporting Information,
Fig. S3 to see the fit without the 450 ps component). Since
no such component is needed to fit the BChl a signal in the
near-IR, it must be related to the carotenoid dynamics.

For the Soret excitation, the EADS extracted from fit-
ting the near-IR region (Fig. 4B) are comparable to those
obtained after B800 excitation, but an additional fast (0.2 ps)
component is needed. Here, the initial EADS (black) con-
tains both B800 and B850 bleaching as both are excited
at 380 nm. The fast, 0.2 ps process is associated with
an increase of ESA around 830 nm and stimulated emission
around 900 nm, indicating that the 0.2 ps process is due to
relaxation from the Soret band to Q, of both B800 and B850.
The two other components, 0.9 ps and 1.6 ns, are due to the
same processes as those described for B800 excitation.

The fit of the 420-700 nm spectral region (Fig. 4A) again
gives the comparable components to those obtained from
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Fig.4 EADS obtained from
the global fitting analysis after
380 nm (A, B), 800 nm (C, D),
and 525 nm (E, F) excitation
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fitting the near-IR, 0.15 ps, 0.85 ps, and 1.6 ns, but for the
Soret excitation two additional components are required to
obtain reasonable fits. The initial component confirms the
assignment to Soret—to—Qy relaxation as it lacks the ESA sig-
nal in the 600-700 nm, which has been identified as due to
B800 and B850 ESA (see above). Interestingly, however,
already this initial EADS contains the wavy signal in the
carotenoid region, again pointing to its origin as due to elec-
trochromic shift resulting from response of carotenoid to
excited BChl a. The 0.85 ps (red) and 1.6 ns (cyan) compo-
nents are due to B800 and B850 and associated dynamics
reflects the B800-to-B850 energy transfer and B850 decay,
respectively. As for the B80O excitation, EADS having a
time constant of a few hundreds of picoseconds (600 ps
here, blue EADS), is needed to fit the triplet kinetics around
550 nm. However, one extra EADS (green) characterized by
the 6.4 ps time constant is needed to fit the carotenoid region
after Soret excitation. Its spectral profile indicates that it is
associated with a decrease of amplitude of the wavy signal
in the carotenoid region, but it also has a non-negligible
amplitude in the 600-700 nm region where ESA of B850
is expected.

Finally, the EADS obtained from data after carotenoid
excitation match those reported for this LH2 complex earlier
(Cong et al. 2008). In the near-IR (Fig. 4F), the initial EADS
(black) contains signals from both B800 and B850 bleaching

Wavelength [nm]

as well as the ESA signal from carotenoid S, state, con-
firming the sub-100 fs energy transfer from the carotenoid
S, state to both B800 and B850 (Macpherson et al. 2001).
The second EADS (1.1 ps, red) still contains B80O0 bleach-
ing, and it mostly reflects the B800-to-B850 energy trans-
fer, but likely due to the mixing of various signals, the time
constant does not ideally match that obtained from direct
B800 excitation. Similar effect was identified earlier (Cong
et al. 2008). The final EADS (blue, 1.2 ns) is again the B850
decay. Another, low amplitude component of 16 ps improves
the fit, matching the data taken on this LH2 by Cong et al.
(Cong et al. 2008) who reported similar component with
time constant of 21 ps.

The EADS in the visible region (Fig. 4E) are typical
of rthodopin glucoside dynamics in LH2. The initial black
EADS due to the §, state decays in less than 100 fs to gen-
erate EADS (red) of a carotenoid hot S state characterized
by increased ESA in the 600-700 nm region. This EADS
decays in 0.3 ps to form the relaxed S, state of rhodopin
glucoside. The S, state decays in 3.4 ps, which is close to
the lifetime of rhodopin glucoside in solution, confirming
the absence of the S;-mediated energy transfer pathway. Two
other components, 28 (blue) and 300 ps (cyan) are needed to
fit the spectral region of carotenoid triplet. Some representa-
tive kinetics and fits are shown in Fig. 5.
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The presented data compares excited state dynamics of
pigments in LH2 after excitation of either Soret or B800
band of BChl a, and the S, state of the carotenoid rhodo-
pin glucoside. Even after BChl a excitation, the data shows
rich, but weak, signals in the spectral region of carotenoid
absorption bands, implying the carotenoid response to BChl
a excitation. Comparison of these data with those obtained
after direct carotenoid excitation allows to assess a possible
involvement of carotenoid in energy transfer network after
BChl a excitation. The excited state processes discussed in
detail below are summarized in Fig. 6.

Excited state dynamics after Soret excitation

In the near-IR region monitoring the BChl a dynamics,
excitation of the Soret band generates a typical BChl a sig-
nal consisting of B850 ESA and GSB, but at earlier times
we identify also B800 bleaching. The amplitude of B800
bleaching increases with shifting the excitation wavelength
from 380 to 340 nm (Supporting Information, Fig. S2).
Thus, the B800 BChl a contributes predominantly to the
blue part of the Soret band, mirroring the situation of the
Q, band whose blue part is also due to B800 BChl a as
evidenced from inset of Fig. 3A. The additional fast com-
ponent required to fit the data obtained after Soret excita-
tion (Fig. 4B) suggests that the Soret band decays to O, in
less than 200 fs (Fig. 6). The Soret relaxation is even bet-
ter captured in EADS in Fig. 4A, where the characteristic
B800/B850 ESA in 600-700 nm region, which is due to a
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0.3 ps | hots,

Fig.6 Model of energy flow in LH2 complex of Rbl. acidophilus.
Crossed arrows represent predicted energy transfer pathways not
confirmed in presented transient absorption measurements. Dashed
arrows show BChl a Soret-to-Q, relaxation with a possible involve-
ment of Q, state. Red arrow represents the rhodopin glucoside
response to excess energy dissipation. All numeric values correspond
to the lifetimes of individual excited states

transition from the Q, band, appears with the initial 0.15 ps
decay component.

Our data also addresses the question concerning a pos-
sible energy transfer channel from the Soret band to the
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carotenoid S, state. This channel was proposed earlier based
on calculations of the Soret-S, couplings (Tretiak et al.
2000), but later experimentally challenged by precise meas-
urements of fluorescence excitation spectra of various LH2
complexes (Razjivin et al. 2021, 2017). Here we extend the
experimental evaluation of this problem further, confirming
that there is indeed no energy transfer from the BChl a Soret
band to the S, state of rhodopin glucoside in LH2. The data
shown in Figs. 2B and 3A unequivocally show that neither
carotenoid S,—Sy nor S,—S,, signal, respectively, is observed
after Soret excitation, proving the absence of Soret-$, energy
transfer.

Since the same conclusion has been reached in other LH2
and LH1 complexes (Razjivin et al. 2017, 2021), it is tempt-
ing to conclude that absence of the Soret-S, energy transfer
is universal among the LH complexes from purple bacteria.
As shown by quantum chemical calculations (Razjivin et al.
2021), the main property that prevents the Soret-S, energy
transfer is unfavorable mutual orientation of the transition
dipoles that are nearly orthogonal. Thus, the Soret-S, path-
way could be in principle opened only in a LH complex
having very different mutual orientation of carotenoid and
BChl a. A possible candidate could be the heptameric LH2
complex from Marichromatium purpuratum, which contains
additional carotenoid aligned along the membrane plane
(Gardiner et al. 2021), but further experiments and calcula-
tions are needed to test this hypothesis.

The absence of any signal related to the carotenoid S,
state after Soret excitation also confirms we do not excite
carotenoid directly at these wavelengths as expected from
absorption spectrum of rhodopin glucoside in LH2 (Sup-
porting Information, Fig. S4). Assuming that the Q, state is
populated during the Soret-to-Q, relaxation, it also implies
that there is no Q,-to-S, energy transfer channel either. This
pathway was suggested for the RC-LH1 complex from Rsp.
rubrum that binds the carotenoid spirilloxanthin (Kosumi
et al. 2011b), but no evidence for such channel is found in
data presented here.

Origin of the carotenoid signal after BChl a
excitation

The rich signal in the 450-650 nm spectral region must
have its origin in a carotenoid response to BChl a excita-
tion. Since there is no possible pathway that could populate
the carotenoid after excitation at 800 nm, the similarity of
signals obtained after 380 nm (Soret) and 800 nm (B800)
excitations implies they are not due to carotenoid popula-
tion. Instead, the most likely origin is an electrochromic shift
of the carotenoid S, state, resulting from a change of local
electric field upon BChl a excitation (Gottfried et al. 1991;
Herek et al. 1998, 2004).

To verify this assignment, we have followed the approach
used by Niedzwiedzki et al. (2016). It is well known that
carotenoids bound to LH2 exhibit a bathochromic shift upon
excitation of nearby BChl a. The shift in LH2 is much larger
than in solvent and this effect has been explained both by the
presence of highly polarizable amino acid residues such as
arginine in the carotenoid binding site (Herek et al. 2004)
and increased local electric field due to the formation of
a carotenoid cation (Niedzwiedzki et al. 2016). Following
the procedure reported in Niedzwiedzki et al. (2016), we
have modeled the expected signal due to electrochromic shift
by generating the difference spectrum via subtracting the
shifted carotenoid absorption from the ground state absorp-
tion spectrum (Fig. 7A). To obtain differential spectrum
matching the measured data, bathochromic shift of 940 cm™!
is required, which is slightly less than 1000 cm™! reported
for LH2 from Rhodobacter sphaeroides (Niedzwiedzki et al.
2016).

Figure 7B shows the comparison of the modeled differ-
ence spectrum due to electrochromic shift with the measured
data at 0.5 and 20 ps delays after 380 nm excitation. Except
the BChl a ESA background that is dominant especially

1.0 -
= 0.5
S,
< 0.0
\\/\/ — RG
. A - RG shifted
—DS
o
20 ——e380,0.5ps
15 —e380, 20 ps
5 = DS (scaled)
£1.0
)
o
% 0.5
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-054B \\l/
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Wavelength [nm]

Fig.7 Modeling of spectral features observed in 450-600 nm region
after 380 nm excitation: A Expected absorption spectrum of rho-
dopin glucoside in LH2 complex modeled by absorption spectrum
measured in methanol and shifted to match the band position in LH2
(RG, black); the same spectrum but red-shifted by 940 cm™! (RG,
red); the corresponding difference spectrum (DS, blue). B Compari-
son of scaled difference spectrum (DS scaled, blue) with the transient
absorption spectra measured at 0.5 ps (black) or 20 ps (red) after
excitation at 380 nm
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below 450 nm and above 570 nm, the agreement is reason-
able supporting our assumption that the signal in the carot-
enoid region after BChl a excitation indeed has its origin in
electrochromic shift. However, Fig. 3C also shows that if
the carotenoid is excited directly, the amplitude of the signal
in the 450-570 nm spectral region is much stronger than
after BChl a excitation. Since the data in Fig. 3C are taken
at 20 ps and normalized at B850, the carotenoid response
should be comparable for all excitations since at this delay
essentially all excitations have reached B850. This is how-
ever not the case as direct carotenoid excitation produces
a much stronger signal, challenging the assignment of the
550 nm band observed here solely to the electrochromic
shift. Instead, this band observed in LH2 after carotenoid
excitation has been usually attributed to the carotenoid S*
state (Papagiannakis et al. 2002, 2006) whose origin is still
a matter of debate (Balevicius et al. 2016; Hashimoto et al.
2018). Niedzwiedzki et al. (2016) challenged this assign-
ment by an ascription of the 550 nm band to the electrochro-
mic shift, but our data shows that the explanation is likely
more complicated.

The stronger signal could have its origin in a stronger
local electric field caused by formation of the carotenoid-
B800 radical pair, an effect included in the analysis given
by Niedzwiedzki et al. (2016). Since the carotenoid-B800
radical pair is observed solely after carotenoid excitation
(Polivka et al. 2004), the enhanced signal in Fig. 3C, pre-
sumably due to electrochromic shift, could be indeed caused
by additional electric field generated by the radical pair that
is absent after BChl a excitation. However, the efficiency
of radical pair generation for LH2 containing rhodopin
glucoside is around 10% (Cong et al. 2008), which could
hardly explain the approximately fivefold amplification of
the signal (Fig. 3C). Our data in the 1000—1100 nm spectral
region, where the signal of the rhodopin glucoside radical
is expected, also indicates only very weak (if any) contribu-
tion of the carotenoid radical (Fig. 3B). Further, the signal
at 20 ps delay generated in the 450-510 nm spectral region
by carotenoid excitation is negative. This indicates that some
carotenoid bleaching most likely contributes, too, because a
sole combination of electrochromic shift and BChl a back-
ground (which is weak, but positive in this spectral region)
could hardly produce a purely negative signal. It is thus
likely that if the carotenoid is excited, the 550 nm band is
combination of electrochromic shift and a signal attributed
to the carotenoid S* state.

Excess energy dissipation
The Soret excitation pumps excess energy of nearly
14,000 cm~! into LH2 compared to the excitation of the

B800 band. Since the Soret decay is fast, around 200 fs
(Fig. 4B), the extra energy will be stored in vibrations of a
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hot excited state of BChl a. Further relaxation via internal
vibrational redistribution and vibrational cooling associated
with vibrational energy transfer to the vibrational modes of
the immediate protein environment must occur in the Q,
state, because these processes occur on a time scale of a
few picoseconds (Balevicius et al. 2019). Can we see these
processes in our data?

In the NIR spectral region, the only difference is extra
0.2 ps component that is clearly associated with the Soret-
to-Q, relaxation and no other time components attributable
to excess energy dissipation are identified. In the visible part
of the spectrum, however, there is an additional 6.4 ps time
component (Fig. 4A) that is needed exclusively to fit the data
obtained after 380 nm excitation of the Soret band. Similar
component is also needed to fit the data obtained after 340
and 360 nm excitations (Supporting Information, Fig. S5).
This component is associated with a decay of the signal due
to electrochromic shift (Fig. 4A), suggesting that the extra
energy stored in vibrations of excited BChl a enhances the
electrochromic shift, most likely by slight increase of the
local electric field. Thus, while we do not see a clear marker
of excess energy stored in vibrations in the BChl a signal in
NIR, it is sensed by the carotenoid in the vicinity of ‘hot’
excited BChl a. The carotenoid in LH2 acts as sensor of
excess energy stored in vibrations and the 6.4 ps compo-
nent associated with decay of the electrochromic shift allows
determining the time constant related to excess energy dis-
sipation (Fig. 6).

The 300-600 ps component

There is another time component extracted from global fit-
ting that requires explanation. While the data in the NIR
spectral region associated with the BChl a signals are readily
fitted only with components corresponding to B800-B850
energy transfer and subsequent B850 decay, the visible spec-
tral region requires another component having time constant
in the 300-600 ps interval (Fig. 4A, C, E). In contrast to the
6.4 ps component attributed to excess energy dissipation due
to excitation of the Soret band, the 300-600 ps component
is needed to fit data after Soret, B800 and also rhodopin glu-
coside excitation, excluding its relation to the excess energy
dissipation. Instead, this component has appreciable ampli-
tude only in a narrow spectral interval where the carotenoid
triplet appears (Fig. 4A, C, E), pointing to its association
with the carotenoid triplet state. Since 450 ps is far too fast
for BChl a singlet-to-triplet conversion, which would have
to be observed also in BChl a bleaching decay, but it is not
(Fig. 4D), a possibility is that it is a time constant of the
BChl a-carotenoid triplet—triplet energy transfer (Fig. 6).
To test this hypothesis, we assumed the 0.85 ps, 1.6 ns,
and non-decaying EADS obtained from sequential fitting
the data in the visible region after B800 excitation (Fig. 4C)
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as the difference spectra of the B800, B850, and carotenoid
triplet. The only missing species, BChl a triplet, was simu-
lated by a scaled B850 spectrum, since the BChl a triplet in
solution has a difference spectrum comparable to the B850
0O, state (Niedzwiedzki and Blankenship 2010). Using this
approximation, we used these modeled ‘species associated
difference spectra’ to generate kinetics of triplet rise under
conditions of ‘reverse’ kinetic scheme with B850 singlet—tri-
plet conversion of 1.6 ns and 450 ps triplet—triplet energy
transfer (the second process is faster than the first one). The
resulting kinetic is, along with the measured data, shown
in Supporting Information, Fig. S6. Although the match
is not ideal, it is obvious that even under this approxima-
tion we can qualitatively reproduce the data, especially the
shape of the kinetic featuring a 450 ps decay and 1.6 ns rise.
The ‘reverse’ kinetic scheme causes the 450 ps component
appearing as a decay and it also explains why the BChl a
triplet is not detectable in the data; due to the reverse kinetic
scheme the BChl « triplet population is extremely small, pre-
venting its detection in data. Although such triplet dynamics
has not been considered for LH2 (Kosumi et al. 2016), we
note that similar scheme was identified in LHCII, where the
Chl a-to-carotenoid triplet—triplet transfer was 500 ps, much
faster than the Chl a singlet—triplet conversion (Schodel
et al. 1998). Even faster Chl-carotenoid triplet—triplet trans-
fer of about 100 ps was estimated in antenna complexes from
dinoflagellates (Kvicalova et al. 2016). Our data show that
comparable triplet dynamics occurs also in LH2, suggesting
that kinetic scheme featuring (B)Chl-carotenoid triplet—tri-
plet energy transfer faster than (B)Chl singlet—triplet conver-
sion is likely common in photosynthetic antenna systems.

Conclusion

We have exposed the LH2 complex from Rbl. acidophilus to
excess energy excitation by exciting the Soret band of BChl
a. Our ultrafast transient absorption data show that there is
no energy transfer between the Soret band and the S, state
of carotenoid. The Soret band of BChl a decays to the Q,
state within less than 200 fs. The excess energy is stored
in vibrational modes of the Q, state that is hot after inter-
nal conversion from the Soret band. The carotenoid nearby
responds to the excess of vibrational energy in the Q, state,
resulting in increased amplitude of the signal associated
with electrochromic shift of the carotenoid S, state. The
carotenoid response to excess energy dissipation in excited
BChl a indicates the cooling of the BChl a Q, state. Global
analysis and following reverse modeling of transient absorp-
tion data in the visible spectral region have also allowed
to identify a sub-nanosecond triplet—triplet energy transfer
between BChl a and carotenoid rhodopin glucoside. The

triplet—triplet energy transfer is faster than singlet—triplet
intersystem crossing, supporting a kinetic scheme known
from light-harvesting complexes from other photosynthetic
organisms.
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tary material available at https://doi.org/10.1007/s11120-022-00952-5.
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