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The Orange Carotenoid Protein (OCP) is a photoactive water soluble protein that is crucial for photo-
protection in cyanobacteria. When activated by blue-green light, it triggers quenching of phycobilisome fluo-
rescence and regulates energy flow from the phycobilisome to the reaction center. The OCP contains a single
pigment, the carotenoid 3’-hydroxyechinenone (hECN). Binding to the OCP causes a conformational change
in hECN leading to an extension of its effective conjugation length. We have determined the S; energy of
hECN in organic solvent and compared it with the S; energy of hECN bound to the OCP. In methanol and
n-hexane, hECN has an S; energy of 14,300 cm ', slightly higher than carotenoids with shorter conjugation
lengths such as zeaxanthin or 3-carotene; this is consistent with the proposal that the presence of the con-
jugated carbonyl group in hECN increases its S; energy. The S; energy of hECN in organic solvent is indepen-
dent of solvent polarity. Upon binding to the OCP, the S; energy of hECN is further increased to 14,700 cm ™',
underscoring the importance of protein binding which twists the conjugated carbonyl group into s-trans con-
formation and enhances the effect of the carbonyl group. Activated OCP, however, has an S; energy of
14,000 cm ™!, indicating that significant changes in the vicinity of the conjugated carbonyl group occur
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1. Introduction

Photoprotection is, along with light-harvesting, the key process tak-
ing place in photosynthetic antenna systems [ 1]. While light-harvesting
processes are understood in great detail in many photosynthetic organ-
isms [1-3], the understanding of photoprotective mechanisms remains
limited. It is now an established fact that carotenoids are the crucial
players in photoprotection. Their ability to quench triplet states of chlo-
rophylls and bacteriochlorophylls and to scavenge deleterious singlet
oxygen via triplet-triplet energy transfer is well known [4-6]. However,
carotenoids in the photosynthetic systems of plants and algae can also
act as ‘fast’ quenchers; they are able to quench singlet states of Chl-a di-
rectly in a process known as non-photochemical quenching (NPQ) [7,8].

NPQ is manifested as a decrease of Chl-a fluorescence under
high-light conditions but the precise molecular mechanism leading
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to removal of the population of fluorescing Chl-a Q, state is still a sub-
ject of debate. There are currently four models suggesting how the
excess excited state energy of Chl-a is quenched: 1) via energy trans-
fer to the carotenoid S, state [9], 2) via electron transfer, resulting in a
Chl-a anion and a carotenoid cation that recombine on a picosecond
time scale [10], 3) it is achieved via carotenoid-Chl exciton coupling
that provides a pathway for deactivation of excess excited Chl via
the rapidly-decaying S state of the carotenoid [11], and 4) it results
from formation of Chl/Chl exciton pairs which undergo charge trans-
fer as the pathway for Chl excited state deactivation. This fourth
model does not involve carotenoids directly; they are assumed to
trigger formation of the Chl/Chl exciton pairs [12].

Until recently, NPQ has been associated only with plants but a
number of studies in the past few years have shown that NPQ also
exists in cyanobacteria via two types of energy dissipation. The first
takes place through the stress-induced protein IsiA [13]; the other
utilizes a 35 kDa water-soluble carotenoid-binding protein known
as the Orange Carotenoid Protein (OCP) that is responsible for
quenching of phycobilisome fluorescence, thereby regulating energy
flow between phycobilisomes, (the main antenna system of cyano-
bacteria), and PSII [14-19]. The OCP, whose high-resolution (1.65 A)
crystal structure is known [20,21], binds a single pigment, the
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carotenoid 3’-hydroxyechinenone (hECN). hECN contains 11 conjugat-
ed C=C bonds and is terminated by a carbonyl group that is nestled in a
binding pocket in the C-terminal domain of the OCP. The keto oxygen
of hECN forms hydrogen bonds to absolutely conserved tyrosine
and tryptophan residues; these are essential to the photoprotective
function of the OCP [22]. Binding to the protein changes the configu-
ration of hECN: the terminal ring of hECN in the OCP is in an s-trans
configuration, while hECN has an s-cis configuration in solution
[20,21,23]. The change induced by interaction with the protein is as-
sociated with significant differences in the excited-state properties
of hECN; the binding to the OCP activates the intramolecular charge
transfer (ICT) state of hECN. In hECN this state, characteristic of car-
bonyl carotenoids in a polar environment [24,25], is observed exclu-
sively in the OCP, underscoring the importance of the protein for
tuning the excited-state properties of hECN.

The idea that the phycobilisome is the site of quenching in
cyanobacteria was first suggested more than a decade ago [26], and in-
volvement of the OCP was substantiated by the observation of increas-
ing transcript levels of the OCP during exposure to intense light [27].
Another crucial observation was that the action spectrum of NPQ in
Synechocystis matches the absorption spectrum of the OCP [28], as
well as the finding that OCP mutants no longer show fluorescence
quenching in response to blue light [29,30]. While these studies un-
equivocally identified the OCP as the key protein in photoprotection
in cyanobacteria, they did not provide clues to the details of the
photoprotective mechanism. In 2007, however, Wilson et al. [31] dem-
onstrated that the OCP is a photoactive protein undergoing activation
by blue-green light. The activated OCP, denoted OCP" due to its charac-
teristic featureless red-shifted absorption spectrum [31], can recover
back to the resting OCP (usually denoted as OCP®) by interaction with
another protein, the Fluorescence Recovery Protein (FRP) [32,33].
Later, it was proved that the conjugated carbonyl group of hECN, and
tryptophan and tyrosine residues that hydrogen bond to the carotenoid
in the C-terminal domain, are required for OCP-mediated photo-
protection [22,34].

Recently, two mechanisms for dissipation of energy by means of
the OCP were proposed. Tian et al. [35] applied time-resolved fluores-
cence spectroscopy to whole cells of Synechocystis and, by comparing
data recorded for mutants lacking the OCP to mutants overexpressing
the OCP, identified a bilin chromophore in the phycobilisome core,
APCggo, as the site of quenching. Moreover, analysis of time-resolved
fluorescence data showed that quenching occurs with a time constant
of ~240 fs. The investigators concluded that such a fast quenching
rate most likely occurs via electron transfer between APCggo and the
hECN in the OCP. A somewhat slower quenching was recently
reported by the same group for isolated OCP-phycobilisome com-
plexes [36]. On the other hand, Berera et al. [37] carried out transient
absorption experiments on isolated OCP and its activated form, OCP",
and concluded that the activated form has a pronounced ICT state
that serves as a quenching state, and that quenching occurs via ener-
gy transfer from the S; state of bilin. As pointed out recently [36], it is
obvious that the quenching mechanism is the same in vitro and in
vivo, but it remains an open question whether electron transfer or en-
ergy transfer is responsible for the quenching.

Here we apply transient absorption spectroscopy in the near-IR
region to determine the S; energy of hECN in solution and in the
OCP to find out whether the interaction of hECN with the OCP and
its activation to OCP" alters the S; energy of hECN. Transient absorp-
tion spectra measured in the 900-1800 nm spectral region are usu-
ally dominated by the carotenoid S;-S, transition. This allows
measurement of the S; energy of carotenoids [38], a method success-
fully applied to reveal the S; energy of xanthophylls [39], linear ca-
rotenoids [40,41] and also carbonyl carotenoids [25]. Our results
show that binding of hECN to the OCP alters S; energy of hECN as
compared with that in organic solvent. Moreover, in the OCP" the
S, energy of hECN is significantly lower than in the OCP°.

2. Materials and methods
2.1. Sample preparation

The OCP was isolated from the cyanobacterium Arthrospira maxima
as described previously [20], dialyzed into buffer (5 mM Tris pH 8,
0.5 M EDTA, 80 mM Nacl), and stored in the dark at —50 °C. Prior to
the experiments, the OCP was diluted in the same buffer to an optical
density of ~0.1/mm at 495 nm. The sample was placed in a 2-mm
quartz rotational cuvette (1.5 ml volume) and degassed by nitrogen.
hECN was isolated from crude OCP as described earlier [23] and
dissolved in methanol or n-hexane to yield optical density of ~0.2/mm
at the absorption maximum (495 nm).

2.2. Ultrafast near-IR spectroscopy

The experimental setup consists of an amplified Ti:sapphire laser
system operating at 5 kHz repetition rate that was used to pump
two computer-controlled optical parametric amplifiers. One provided
pulses that were used for excitation of the samples. The second para-
metric amplifier provided probe pulses for which the central wave-
length was set by the computer in the 900-1800 nm spectral range.
The probe beam was focused to a spot of 150 um diameter, while
the excitation spot was ~400 pm in diameter; the excitation intensity
was kept below 10" photons pulse ~! cm™2, and the intensity of the
probe pulses were at least an order of magnitude lower for all exper-
iments. The instrument response function was 120-150 fs depending
on probe wavelength. Prior to interacting with the sample, the probe
pulses were divided by a broadband 50/50 beamsplitter into the
probe beam that overlapped with the pump beam at the sample,
and a reference beam. The relative delay between pump and probe
pulses was controlled by an optical delay line and their mutual polar-
ization was set to the magic angle (54.7°). A 2-mm path rotating cell
spinning at a rate sufficient to avoid exposure of the sample to multi-
ple laser shots was used for the measurements. After passing through
the sample, the probe and the reference beams were brought to the
slit of a single-grating monochromator and finally detected by two
germanium photodiodes. Since this arrangement does not allow
broadband detection of the whole transient absorption spectra, kinet-
ics were measured for a number of wavelengths (~70) spanning the
900-1800 nm spectral region and, after aligning the time zero of
the individual kinetics to account for the chirp, the transient absorp-
tion spectra at the desired delay time were reconstructed from the
kinetics.

3. Results

Absorption spectra of hECN dissolved in n-hexane and methanol
as well as bound to the OCP are shown in Fig. 1. Changing solvent po-
larity produces the typical effects observed for many carotenoids with
conjugated carbonyl groups, loss of vibronic structure and extension
of absorption to longer wavelengths in polar solvents [25]. The 0-0
band of the So-S, transition remains unaffected by solvent polarity
and peaks at 480 nm in both solvents. Upon binding of hECN to the
OCP, the entire absorption spectrum is red-shifted; the 0-0 band at
495 nm and the resolution of vibrational bands is markedly larger
than in organic solvent, indicating a locking the hECN in the OCP's
binding pocket. This locking forces the terminal ring containing the
carbonyl group into s-trans conformation [20,21], leading to lineari-
zation of the conjugated chain, which results in the well-resolved vi-
brational bands of hECN in the OCP [23].

It should be noted that the absorption spectrum of hECN in the
OCP does not resemble a typical carotenoid absorption spectrum.
The hECN in the OCP has its absorption maximum at the 0-0 band;
in contrast essentially all absorption spectra of carotenoids in solution
reported to-date have absorption maximum at the 0-1 vibrational
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Fig. 1. Absorption spectra of hECN in n-hexane (thin solid, blue), methanol (dashed,
black) and OCP (thick solid, red).

band [42]. Therefore, we deconvoluted the absorption spectrum of
hECN in n-hexane and in the OCP into Gaussian bands (Fig. 2). While
the absorption spectrum of hECN in n-hexane can be deconvoluted
into a sum of vibrational bands, it is clear that deconvolution of the
absorption spectrum of hECN in the OCP requires an additional band,
that is broader than the ‘standard’ vibrational bands and peaks at
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Fig. 2. Deconvolution of absorption spectra of hECN in the OCP (a) and in n-hexane (b).
In the OCP, the red spectrum is due to OCP" while the blue spectrum, obtained by sub-
traction of the OCP" band from the OCP absorption spectrum, is the estimated absorp-
tion spectrum of OCP°.

19,600 cm ™! (510 nm). This band is remarkably similar to the absorp-
tion spectrum of the activated OCP" [31], suggesting that an OCP sample
exposed to light at room temperature always contains some fraction of
activated OCP". Since activation of the OCP occurs upon illumination by
blue-green light and the activated OCP" recovers in a few minutes in
darkness at room temperature [31], it is expected that at ambient
light there will be an equilibrium established between the OCP°® and
OCP". The blue curve in Fig. 2 is the absorption spectrum of the OCP
after subtraction of the red band (presumably due to OCP") and should
therefore correspond to non-activated OCP°.

In order to obtain information about the S; energy of hECN in var-
ious environments, we have recorded transient absorption spectra in
the 800-1800 nm spectral region, which contains transient signals
associated with the S;-S, transition [39,40]. hECN was excited at
490 nm (in n-hexane or methanol) or 495 nm (in the OCP), wave-
lengths close to the 0-0 maximum of the So-S, transition for all
three samples. It should be noted that 495 nm excites hECN in both
OCP° and OCP'". Near-IR transient absorption spectra, reconstructed
from kinetics measured over the whole near-IR region, are shown in
Fig. 3. The selected time delay of 1 ps assures that processes associat-
ed with S,-S; internal conversion are finished and that the transient
absorption spectrum is dominated by contributions from the S; state.

The near-IR transient absorption spectrum of hECN in n-hexane ex-
hibits a distinct peak around 1550 nm accompanied by a weaker band
centered at ~1280 nm. Fitting the transient spectrum to a sum of
Gaussian bands (Supporting information, Fig. S1) reveals four peaks
with maxima at 1530 nm (6540 cm~!), 1246 nm (8020 cm™'),
10,930 nm (9150 cm™ '), and 967 nm (10,340 cm™'). The energy
separation between the peaks, 1100-1400 cm ™~ !, matches the sepa-
ration of vibrational bands in the absorption spectrum shown in
Fig. 1, confirming the assignment of the near-IR transient signals to
the S;-S; transition of hECN. The near-IR transient absorption spec-
trum of hECN in methanol is comparable to that in n-hexane, except
the individual peaks are broader and less resolved, which mirrors the
polarity-induced changes observed in the absorption spectrum
(Fig. 1). We note here that fitting of the near-IR transient spectra to
a sum of Gaussian bands (Fig. S1) provides a good fit for only the
two lowest vibrational bands peaking at 1550 nm (6450 cm™!)
and 1280 nm (7800 cm~!). This is most likely due to the presence
of a weak stimulated emission band associated with the ICT state in
methanol. Its magnitude is too weak to generate a negative band in

Energy (cm'1)
12000 11000 10000 9000 8000 7000 6000
1 1 1 1 1 1 1

2.0
A
A \
\ a
|
1.5 \ /- \ /A"“
—un A
\ L
/
_ \ NN
a 1.0 \A S -\_/ - .
(@) \ A '/../.. Lo ]
£ A u P, [
;':’ \a . ./ od® £ "
< 054\ WS e AMZ \'\
ol [ )
~ aa o AL
\.,.\. A\A /./ A/
- A/
0.0 —
aAl
T T T T T
800 1000 1200 1400 1600 1800

Wavelength (nm)

Fig. 3. Near-IR transient absorption spectra of hECN in n-hexane (black squares),
methanol (red circles) and the OCP (blue triangles) measured at 1 ps after excitation
at 490 nm (n-hexane, methanol) and 495 nm (OCP).
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the near-IR, but it overlaps with the S-S, excited-state absorption in
the 900-1100 nm region (Fig. 3); this precludes reproducing the
spectrum only as a sum of vibrational bands of the S;-S, transition.
In fact, the influence of the ICT state may also be inferred from the
magnitude of the signal at 800 nm. This signal is due to the red tail
of the VIS excited-state absorption, which is associated with the
ICT-like transition [23]. Thus, the stronger 800 nm signal in metha-
nol is consistent with the presumed stimulated emission band in
the near-IR.

Significant changes in the near-IR region are, however, observed
when hECN is bound to the OCP. It is still possible to resolve two
bands, peaking at ~1790 and ~1410 nm, but these bands are marked-
ly red-shifted compared to those of hECN in methanol or n-hexane
(see Fig. S1 for deconvolution of the most-red part of the transient ab-
sorption spectrum). Moreover, the signal around 1200 nm becomes
slightly negative, as further confirmed (below) in kinetics recorded
in that spectral region. This negative signal is reminiscent of the ICT
emission observed for other carbonyl carotenoids [25]. It also further
confirms the ‘activation’ of hECN's ICT state in the OCP that was pro-
posed on the basis of transient absorption measurements in the visi-
ble spectral region [23]. A red-tail of the ICT-like excited-state
absorption that peaks in the VIS region at 650 nm [23] is also ob-
served as a strong signal in the high-energy part of the near-IR spec-
trum (Fig. 3).

Kinetics measured at the maxima of the lowest energy bands in the
near-IR transient absorption spectra are shown in Fig. 4 for hECN in
n-hexane, in methanol, and bound to the OCP. Since the S; lifetimes of
6.2 ps (n-hexane, methanol) and 3.3 ps (OCP) obtained from fitting
the kinetics matches those reported in the visible spectral region [23],
we can safely conclude that the signal in the near-IR region is indeed
due to the S;-S, transition of hECN. It should be noted that while
hECN in n-hexane exhibits a single-exponential decay characterized
solely by the 6.2 ps decay component, three components are necessary
to fit the decay of hECN in the OCP. Besides the 3.3 ps component asso-
ciated with the S; lifetime, an additional component of 0.9 ps must be
included to fit the kinetics. As reported earlier, this component is also
present in the visible spectral region [23,31] and it is more pronounced
when the excitation wavelength is shifted to the red tail of absorption
spectrum of hECN in the OCP [23]. Thus, it is likely that while the
3.3 ps component is associated with the OCP®, the 0.9 ps component
is characteristic of S;/ICT lifetime of the activated the OCP". This hy-
pothesis is further supported by recent transient absorption data
recorded for the OCP immediately after illumination by blue-green

e methanol
= hexane
A OCP

AA (a.u.)

Fig. 4. Kinetics recorded at maximum of the 0-0 band of the S;-S, transition at
1540 nm (n-hexane, methanol) and at 1830 nm (OCP). The time components
extracted from fitting the kinetics are also indicated. Kinetics are normalized to the
maximum, solid lines are fits. Fit of the data of hECN in methanol is omitted because
it is essentially identical to the fit of hECN in n-hexane.

light (containing almost exclusively activated OCP") [37]. These data
demonstrate that the OCP" has a dominating decay component of
0.6 ps, confirming that the shorter component is indeed due to the
OCP". Thus, the OCP° and the OCP" can also be distinguished by their dif-
ferent S,/ICT lifetimes. Moreover, the initial part of the decay requires
fitting an ultrafast component with a time constant <100 fs. Since this
component matches the S, lifetime of hECN in the OCP (see below), it
indicates that the excited state absorption associated with S,-Sy transi-
tion extends far beyond 1500 nm for hECN in the OCP. The kinetics of
hECN in methanol displays intermediate behavior; the S; lifetime is
the same as in n-hexane, 6 ps, but since an additional 120 fs component
is required to fit the initial part of the decay at 1540 nm, it suggests that
the S,-Sy transition in methanol also extends as far to the red as in the
OCP.

The S, lifetime manifested as a decay of the S,-Sy signal is more
clearly demonstrated in kinetics measured in the spectral region
where the S,-Sy signal dominates, at 1020 nm for hECN in n-hexane
and methanol, and at 1210 nm for hECN bound to the OCP (Fig. 5). It
is clear that the S, lifetime of hECN is longest in n-hexane (170 fs),
shorter in methanol (110 fs), and it is further shortened for hECN
bound to the OCP (<100 fs). These values match the dynamics of the
appearance of the corresponding S;-Sy bands in the visible region
[23]. However, the kinetics of hECN in OCP at 1210 nm demonstrate
that the S, state decays to form a weak negative signal (see inset of
Fig. 5), which decays with a time constant of 3.3 ps, signaling the pres-
ence of the ICT state in hECN bound to the OCP.

For hECN in the OCP, the kinetics at selected wavelengths through-
out the near-IR region were fitted globally. Three time components, of
amplitudes shown in Fig. 6, were necessary to obtain good fits of all ki-
netics. The shortest time constant, <100 fs, peaks around 1100 nm and
its spectral profile matches that expected for the S,-Sy transition [43],
confirming that this component corresponds to the S, lifetime. The lon-
gest component, 3.3 ps that matches the S, lifetime of hECN in the OCP
[23,31] dominates in the 1400-1800 nm spectral region, implying that
the S;-S, signal indeed extends beyond 1800 nm. Around 1200 nm, the
3.3 ps component has a negative amplitude due to the presence of ICT
stimulated emission that is clearly visible in the kinetics shown in
Fig. 5. The intermediate component of 0.9 ps follows the spectral profile
of the 3.3 ps component. The similarity of the spectral profiles of the 3.3
and 0.9 ps components is reminiscent of the situation in the visible
spectral region [23,31], implying that, assuming that the 3.3 and
0.9 ps components are due to the OCP° and OCP', respectively, the

AA (a.u)

T
0.0 0.5 1.0 15 2.0
Time (ps)

Fig. 5. Kinetics monitoring the decay of the S,-Sy transition measured at 1020 nm for
hECN in n-hexane (black squares) and methanol (red circles), and at 1210 nm for
hECN in OCP (blue triangles). Inset shows magnification of the negative part of the ki-
netics measured for hECN in OCP. Kinetics are normalized to their maxima.
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Fig. 6. Amplitudes of the pre-exponential factors of the three time components
resulting from global fitting of kinetics of hECN in OCP. Note that the amplitude of
the fastest component is divided by 10 to allow comparison with the other two.

spectral profiles of the S;-S, transition of the OCP® and OCP" are not
much different.

4. Discussion

Having established that the transient absorption spectra in the
near-IR region (Fig. 3) indeed correspond to the S;-S, transition, we
may now proceed to determine the S; energy of hECN by subtracting
the 0-0 energies of So-S; and S;-S; transitions (Table 1) [39]. This pro-
cedure is most straightforward for hECN in n-hexane because the
near-IR transient spectrum at 1 ps (Fig. 3) represents a pure S;-S, tran-
sition, without any contribution from ICT stimulated emission. If we
compare the absorption spectrum representing the So-S, transition
(Fig. 1) with the spectral profile of the S;-S, transition (Fig. 3), it is ob-
vious that although vibrational bands are significantly more pro-
nounced in the S;-S, spectrum, a phenomenon observed earlier for
other carotenoids [39,40], vibrational spacing between the individual
vibrational bands in the S-S, spectrum (see Fig. S1) matches that in
the absorption spectrum. Then, taking the energy 0-0 band of the So-S;
transition from the absorption spectrum, 20,830 cm~' (480 nm),
and subtracting the energy of the lowest energy band in the S$;-S;
spectrum, 6540 cm ™' (1530 nm), we obtain the S; energy of hECN
in n-hexane of 14,300 cm~ .. It must be noted that using subtraction
as described to obtain this value requires the assumption that the
lowest energy transition in the near-IR transition absorption spec-
trum is the 0-0 band of the S-S, transition. Since our spectral win-
dow does not extend beyond 1850 nm, we cannot exclude the

Table 1

Energies of vibrational bands of the So-S; and S;-S; transitions.
Band n-Hexane Methanol oCP

[em™'] [em™'] [em™1]

So-S>
Red*® - - 19,590
0-0 20,830 20,850 20,240
0-1 22,160 22,170 21,400
0-2 23,300 23,320 22,360
S1-S3
0-0 6540 6450 5590
0-1 8020 7800 7100
0-2 9150 - -

¢ An additional band is necessary to fit absorption spectra of hECN in the OCP.
See text for details.

existence of another band with an even lower energy. This would
imply that the 6540 cm™! band in Fig. 3 is the 0-1 vibrational
band, and the corresponding S; energy would be one vibrational
quantum higher, at ~15,600 cm™'. Such S; energy is, however,
much higher than for other carotenoids with comparable conju-
gation lengths [38], which supports the assumption that the
6540 cm ™! band in the near-IR transient absorption spectrum is in-
deed the 0-0 band. Thus, we conclude that hECN in n-hexane has S;
energy of 14,300 +100 cm ™.

The same analysis also holds for hECN in methanol. Since there
are only small shifts of the spectral bands in So-S; and S-S, transi-
tions (Table 1), taking the energy of the 0-0 band of the So-S; tran-
sition, 20,850 cm !, and subtracting the energy of the 0-0 band of
the S;-S, transition, 6450 cm~!, we obtain an S; energy of
14,400 cm ™! that is within the error of +100 cm~! the same as in
n-hexane (14,300 cm™ ). This is in accord with previous reports of
S energies of carbonyl carotenoids [44], which showed that the S; en-
ergy is not affected by solvent polarity. However, it is interesting to
note that hECN in organic solvent has an S; energy that is significantly
higher than that of another carbonyl carotenoid, spheroidenone. The
S; energy of spheroidenone, measured by the same method as de-
scribed here, is ~13,000 cm ™! [25], although hECN and spheroidenone
have identical S, lifetimes, ~6 ps. Instead, the S; energy of hECN is more
similar to that of non-carbonyl carotenoids with much shorter conjuga-
tion, such as violaxanthin or neurosporene [38] which have an S; life-
time of 24 ps [39,45]. This again underscores the influence of the
conjugated carbonyl group on the excited-state properties of long car-
bonyl carotenoids. Even though these carotenoids do not exhibit
polarity-dependent S, lifetimes, a phenomenon characteristic of car-
bonyl carotenoids with conjugation length shorter than 10 [46,47],
their S, lifetimes and energies do not follow the effective conjugation
length as do non-carbonyl carotenoids, but rather depend upon the po-
sition of the C=0 group with respect to the main conjugated chain
[48,49]. Consequently, the S; energies of two carotenoids with identical
S, lifetimes can differ significantly, providing that they have different
structures.

Binding of hECN to the OCP leads to a significant red shift of both
the So-S, and S-S, transitions. Moreover, as described above, the ab-
sorption spectrum consists of contributions from the OCP° whose 0-0
band of the So-S, transition peaks at 20,240 cm~' (494 nm), and
from the activated OCP" peaking at 19,590 cm™! (Table 1). The
red-shift of the Sp-S transition of the OCP° could be explained by lin-
earization of the conjugated backbone of hECN in the OCP's caroten-
oid binding cleft [23], leading to a longer effective conjugation than
in organic solvent and, consequently, to the red-shifted So-S, transi-
tion. Previously, by comparison to studies on the excited-state dy-
namics of the carbonyl carotenoid peridinin that showed that a
fraction of molecules with red-shifted absorption spectrum are most
likely due to hydrogen bonding to the carbonyl oxygen [50], a hy-
pothesis was proposed to explain the two decay components in the
OCP [23]. The even further red-shifted absorption spectrum of the
OCP" is related to the same effect. Accordingly, the OCP°-to-OCP" con-
version would correspond to a light-induced formation/strengthen-
ing of the hydrogen bonds between the C=O group of the hECN
and the conserved tyrosine and tryptophan residues that are both es-
sential for activation of the OCP [22].

While the red-shift of the Sp-S, transition of hECN in the OCP can be
explained, the red-shift of the S;-S, transition is difficult to account for.
Both linearization of hECN in the binding cleft and the presumed hydro-
gen bonding in the OCP" extends the effective conjugation of hECN;
carotenoids with longer conjugation should have an S;-S, transition
slightly blue-shifted compared to the shorter ones [39,51]. Thus, hECN
in the OCP would be expected to show a blue-shifted S;-S, transition
as compared to hECN in organic solvent. However, even though the
high-energy part of the S;-S transition is masked by the ICT stimulated
emission, the transient absorption spectrum shown in Fig. 3 allows
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identification of two bands (see Fig. S1 for the deconvolution), at
~7100 cm™~! (1410 nm) and ~5590 cm~! (1790 nm) that can be
assigned to the 0-1 and 0-0 vibrational bands of the S;-S, transition,
respectively.

To estimate the S; energy of hECN in the OCP, it is important to real-
ize that the spectral profiles of the 0.9 and 3.3 ps time components are
very similar in the near-IR (Fig. 6). Since we assign the 3.3 and 0.9 ps
components to the OCP° and the OCP', respectively, it means that
both have comparable spectral profiles for the S;-S, transition, whereas
the S-S, transition of the OCP" is red-shifted by ~650 cm ™~ (Table 1,
Fig. 2). Thus, for the OCP®, subtracting the 0-0 energy of the S-S, tran-
sition, 5590 cm™!, from the 0-0 energy of the So-S, transition,
20,240 cm~ ', yields 14,650 cm~! for the S; energy of hECN in the
OCP®°. For hECN in the OCP", the energy of the 0-0 band of the S;-S;
transition is the same as in the OCP, but the S-S, transition has its
peak at 19,590 cm ™! (Table 1, Fig. 2). Consequently, the S; energy of
hECN in the OCP" is ~14,000 cm ™!, which is lower than in the OCP®.

Thus, by exciting a mixture of OCP® and OCP" at 495 nm, a wave-
length that excites both forms approximately equally, and separating
the contributions from the OCP° and the OCP" on the basis of their dif-
ferent S/ICT lifetimes, we conclude that while hECN in the OCP® has
S; energy of ~14,650 cm !, activation of the OCP decreases the S; en-
ergy of hECN to ~14,000 cm™'. It must be noted that these values
have error bars of about 4200 cm~! due to the uncertainty in
deconvolution of the spectral bands in S;-S, spectrum, and due to
the uncertainty in the positions of the spectral bands in the amplitude
spectra shown in Fig. 6 caused by the global fitting procedure. Despite
this uncertainty, we can conclude that hECN in the OCP" has a lower
S; energy than in the OCP°. This suggests that the change in interac-
tion between the carbonyl group of hECN and the protein that likely
occurs upon OCP activation [22,34] decreases the S; energy of hECN.

It is of course a question whether or not this effect has a role in the
photoprotective function of the OCP. It is interesting that the values of
the S; energy of hECN of ~14,650 cm ™' in OCP and of ~14,000 cm !
in OCP" are close to the S; energies of violaxanthin and zeaxanthin in
solution [39]. Conversion of violaxanthin to zeaxanthin is the key pro-
cess initializing the nonphotochemical quenching in plants [8]. Per-
haps the OCP activation could be viewed as a simplified version of
the xanthophyll cycle; while the xanthophyll cycle requires intercon-
version of two different carotenoids, in the OCP the comparable
change in the S; energy is achieved via light-induced changes of the
hECN-protein interaction.

Our results, however, cannot directly account for the quenching
mechanism. Although it is tempting to speculate that the lower S, ener-
gy of hECN in the OCP" may provide favorable spectral overlap to facil-
itate quenching by energy transfer while the higher S; energy in the
OCP° prevents this process (a mechanism called molecular gear shift
proposed many years ago to explain nonphotochemical quenching in
plants [52]), it is obvious that the mechanism is more complicated.
First, it was shown that only OCP" can bind to phycobilisomes [33],
thus OCP° likely never interacts with the quenching site. Consequently,
the S; energy of hECN in OCP° is irrelevant to the quenching mecha-
nism. Second, it was recently shown that a bilin chromophore in the
core of the phycobilisome, allophycocyanin emitting at 660 nm
(APCggp), is the quenching site both in vivo [35] and in the isolated
phycobilisome-OCP complexes [36]. Thus, the energy of the state that
is to be quenched is larger than 15,000 cm ™!, implying that the S; en-
ergies of hECN in both OCP°® and OCP" are presumably low enough to
quench the APCggo. It is therefore possible that the down-shift of the
S; energy of hECN upon OCP activation is only a side effect caused by
local structural changes during the OCP°-to-OCP" conversion and is
not directly related to the quenching mechanism. Yet, as also pointed
out for the violaxanthin/zeaxanthin pair [53], it is often overlooked
that when a carotenoid plays the role of energy acceptor, it is in the
ground state prior to energy transfer. Then, the energy required to lift
the carotenoid to the S; state should correspond to a vertical transition

whose energy is larger than the 0-0 energies calculated here. It is there-
fore possible that the decrease of energy by 650 cm ™! upon acti-
vation of the OCP is just enough to open the energy transfer
channel from APC®%° to hECN in the OCP". Thus, future experiments
on phycobilisome-OCP complexes to identify spectroscopic signa-
tures of either hECN S, state (energy transfer mechanism) or hECN
radical (electron transfer mechanism) could be very useful for eluci-
dating the mechanism of OCP-mediated quenching.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbabio.2012.10.005.
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