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Diatoms are characterized by very efficient photoprotective mechanisms where the excess energy is dissipated as
heat in the main antenna system constituted by fucoxanthin-chlorophyll (Chl) protein complexes (FCPs). We
performed Stark fluorescence spectroscopy on FCPs in their light-harvesting and energy dissipating states. Our
results show that two distinct emitting bands are created upon induction of energy dissipation in FCPa and
possibly in FCPb. More specifically one band is characterized by broad red shifted emission above 700 nm and
bears strong similarity with a red shifted band that we detected in the dissipative state of the major
light-harvesting complex II (LHCII) of plants [26]. We discuss the results in the light of different mechanisms
proposed to be responsible for photosynthetic photoprotection.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Diatoms are unicellular photosynthetic organisms of high ecological
importance. Their photosynthetic apparatus resembles that of higher
plants, except for the light harvesting proteins, which are called FCPs
due to their pigmentation. According to sequence analysis FCPs are
membrane intrinsic and three-helix proteins, whereby helices 1 and 3
are similar to the corresponding helices in LHCII of higher plants. FCPs
bind Chl a, Chl ¢ and fucoxanthin as their main carotenoid, characterized
by an extreme bathochromic shift upon binding to the proteins, absorb-
ing up to 565 nm. In addition diadinoxanthin and diatoxanthin can also
be found in smaller amounts. Pigment stoichiometry in FCPs also differs
from LHCII. With about 4 fucoxanthins: 4 Chl a:1 Chl c [1], carotenoids
are present in much larger amounts as compared to higher plants.

In Cyclotella meneghiniana two major FCP complexes named FCPa
and FCPb were isolated and characterized [1-7]. FCPa and FCPb display
similar features in absorbance, but FCPb binds the more red shifted
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fucoxanthins. The two complexes also differ in polypeptide composition
and while FCPa is trimeric, FCPb is of higher oligomeric state [2].
Diatoms display a very large magnitude of non-photochemical
quenching (NPQ) [8] under high light illumination [9]. NPQ was shown
to depend on the de-epoxidation of the xanthophyll diadinoxanthin to
diatoxanthin (comparable to the conversion of violaxanthin to zeaxan-
thin in the xanthophyll cycle in higher plants) [10], triggered by the acid-
ification of the thylakoid lumen. In addition, a class of FCP proteins,
known as Lhcx, was shown to be essential for NPQ induction [11], since
diatoms do not possess psbS which triggers NPQ in higher plants.
While FCPa contains a member of the Lhcx family as one of its subunits,
FCPb does not contain Lhcx proteins [3]. Accordingly, the fluorescence
yield of FCPa but not of FCPb, was shown to be influenced by the
diatoxanthin content and the pH [12,13]. Aggregation of pigment-
protein complexes has been used for decades as a model system for
in vivo energy dissipation in higher plants [14-16]. Over recent years it
has become increasingly clear that protein aggregation may also play
a key role in diatoms NPQ. More specifically Miloslavina et al. [17]
recorded transient fluorescence kinetics of whole cells at room tempera-
ture in the dark and under strong illumination, i.e. under NPQ conditions.
They could identify a new component with an additional emission above
700 nm, which was attributed to aggregated FCP complexes, but its
specific origin remained unclear so far. Thus, either FPCa or FCPb, or
both could be responsible for the long wavelength fluorescence only
present under NPQ conditions. While the close distance between FCP
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proteins induced by aggregation may look somewhat artifactual, it is
worth noting that the influence of protein distance on the fluorescence
yield of FCPs was also demonstrated in proteoliposomes, an environ-
ment more akin to the in vivo environment felt by FCPs [13]. In the
present study, we applied Stark fluorescence spectroscopy to solubilised
(unquenched) and aggregated (quenched) FCPs with the aim to better
characterize the emitting specie(s) formed upon induction of fluores-
cence quenching, more specifically by revealing their excited state
electronic structure and dynamics. Stark spectroscopy, which monitors
electric field-induced changes in absorption (Stark absorption, SA) or
fluorescence (Stark fluorescence, SF), can be used to trace and estimate
the change in electrostatic parameters such as permanent dipole
moment and molecular polarizability upon optical excitation and/or
relaxation [18,19], as well as to probe the rates of excited state reactions
and deactivations and their response to an electric field [20,21]. The
determination of these parameters is pivotal for the characterization of
the excited state electronic structure and dynamics of the molecule or
molecular aggregate under study. Stark spectroscopy is particularly
useful for the identification of charge transfer (CT) states [8] since CT
states are typically associated with a large electric dipole moment and
thus exhibit highly selective and sensitive response to the externally
applied electric field [21-24]. Inter alia, Stark spectroscopy is also a
very useful tool to unravel the spectral constituents of isolated molecules
or aggregates which, because of having closely lying energy levels, yield a
single spectral profile in conventional spectroscopy [19,23,25,26].

2. Experimental
2.1. Culturing of diatoms and preparation of FCP complexes

The diatom C. meneghiniana (Culture Collection Gottingen, strain
1020-1a) was grown under a low light (40 pmol photons m~2 s~ 1)
regime with 16 h light and 8 h dark in culture medium according to
Provasoli et al. [27] supplemented with 2 mM silica. Cells were inoculat-
ed with an initial concentration of 5 x 10° cells/mL and harvested after
7 days of culturing in the early light phase by centrifugation. Thylakoid
membranes were isolated by several centrifugation steps after breaking
the cells in a bead mill according to reference [2], except that they were
finally resuspended in a washing buffer containing EDTA to reduce
chlorophyllase activity (10 mM Mes, 2 mM KCl, 5 mM EDTA, pH 6.5,
according to Beer et al. [3]). Thylakoids containing 0.5 mg total Chl
a (0.25 mg/mL) were solubilized for 20 min on ice with 20 mM
-dodecyl maltoside (3-DDM, Glykon, Germany) (1 mol Chl a:70 mol
3-DDM). A pool of FCP complexes (FCPp) was then isolated using
sucrose density centrifugation [2], whereby the lower FCP band, which
is a mixture of FCPa and FCPb, was taken for the SF experiments. FCPa
and FCPb were separated directly from solubilised thylakoids by ion
exchange chromatography in buffer 1 (25 mM Tris, 2 mM KCl, 0.03%
3-DDM (w/v), pH 7.4) according to Beer et al. [3] followed by ultracen-
trifugation (27,000 rpm, 4 °C) to remove remaining contaminations
from photosystems [12]. After preparation, all FCP complexes were
washed once using buffer 1 without 3-DDM and then concentrated
using filtration devices with a 30 kD cutoff (Centripreps). For the prep-
aration of quenched, i.e. aggregated, FCPs, several steps of dilutions and
concentrations were done followed by dialysis against buffer 1 without
[3-DDM (38 h, 4 °C). Afterwards, the quenched state of FCP (FCPp, FCPa
and FCPb) samples was adjusted by incubation with 50 mg of bio-beads
(SM-2 adsorbent, Bio-Rad), allowing the reduction of the fluorescence
yield by the desired amount (5-fold for FCPp and FCPa and 4-fold for
FCPb).

2.2. Stark spectroscopy
The Stark samples of unquenched FCP were prepared by suspending

itin a buffer containing 0.01 M Mes with pH-6.5, 0.002 M KCl and 0.03%
[3-DDM. The resulting samples were then diluted with 57-60% (v/v)

glycerol to produce transparent glasses at 77 K. The Stark sample
preparation for quenched FCP was the same as for unquenched FCP;
however, in this case part of the detergent, i.e. 0.03% p-DDM was
removed until the desired amount of fluorescence quenching was
reached. SF spectroscopy was performed on frozen FCPp, FCPa and
FCPb glasses at 77 K in a cell consisting of two glass slides coated with
Indium Tin Oxide (ITO) electrodes on their inner surfaces and glued
together with double sided sticky tape (Sellotape). The optical path
length of the resulting cell is therefore determined by the thickness of
the sticky tape which in the present study was about 110 pm. The SF
measurements were carried out on a homebuilt setup, similar to the
one described in [19,28,29]. Briefly, the excitation wavelength is select-
ed by dispersing the white light continuum of a Xenon lamp (Oriel)
through a monochromator. The excitation beam hits the sample at
an angle of 45°. The sample is immersed into the liquid N, chamber of
an Oxford cryostat (DN1704) having strain free quartz optical windows.
A sinusoidal AC voltage with a modulation frequency of 80 Hz is applied
to the sample and both the fluorescence (F) and SF signals are recorded
simultaneously by a lock-in amplifier (SR850) at the second harmonic of
the modulation frequency. The recorded SF signal is multiplied by 2v/2
to convert it to an equivalent dc voltage and finally the SF spectrum is
obtained by plotting the SF signal as a function of wavelength. The po-
larization between the electric field and the excitation wavelength
was set at magic angle (54.7°). For the three samples, FCPp, FCPa and
FCPb, the F and SF signals were recorded simultaneously at 77 K with
an excitation wavelength of 461 nm. At this wavelength the amplitude
of the corresponding SA signal is almost zero for all samples (the SA
spectrum of unquenched and quenched FCPp, FCPa and FCPb is
displayed in Fig. S1 of the Supporting information). This choice of exci-
tation wavelength is made to avoid interference from SA signals during
the SF measurement. For the sake of easier comparison the SF spectra
reported in Fig. 1 to 6 are scaled to a field strength of 1 MV cm™,
even though the actual field strength used during the measurements
had magnitude in the range 0.30 to 0.50 MV cm ™.

2.3. Data analysis

The analysis of the SF data is conventionally done by using the so-
called Liptay formalism. According to this formalism, the SF intensity
of randomly oriented and spatially immobilized chromophores in rigid
matrices can be expressed, under the simplified assumption that the in-
teraction among the emissive chromophores can be neglected, as the
weighted sum of the zeroth, first, and second derivatives of the corre-
sponding F spectrum [19,20,29-31]:

F

max

d|Fv)v? d?|Fw)v°
2V2AF() (V)_(fFex,)z{AXF(V)+BXV3 [(m)// ]+cxu3 [;Vi/ ]}

(1)

where Fp,ax is the maximum F intensity, Fey is the intensity of the exter-
nally applied electric field, v is the energy in wavenumber, ¥ is the ex-
perimental angle between the direction of Fex and the electric vector
of the excitation light, and f is the internal field correction factor used
to estimate the magnitude of the electric field at the chromophore(s)
site, Fine; thus Fine = fFexe. The zeroth derivative component reflects
the field-induced change in emission intensity arising mostly from
field-induced tuning of the rates of nonradiative deactivations compet-
ing with the F process; hence the weight of the Zeroth Derivative Con-
tribution (denoted hereafter as ZDC) reveals important information
about the dynamics of the molecule or molecular aggregate under
investigation [20,24]. Besides, the first and second derivative compo-
nents, which reflect the field-induced spectral shift and spectral
broadening, respectively, often reveal precise information about the
electronic structure, more specifically changes in molecular polarizabil-
ity (Aa) and molecular dipole moment (Au) between the ground and
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excited states connected by the optical transition, respectively
[19,20,24]. At the magic angle () = 54.7°) the coefficients, B, and C,
can be expressed as [19]:

Aa
BS4.7° = Thc (2)
2
A &

Therefore upon fitting the SF spectrum with a linear superposition of
the derivatives of the corresponding F spectrum and computing the
coefficients of the first and second derivatives, one can extract the values
of A and Ap from the above two equations. Note that to fit the SF spec-
trum of QFCP, the necessary deconvolution of the F spectrum to the con-
stituent bands is done by a simple deconvolution technique using Igor
software routine where, except the band b2, the deconvoluted bands
are synthesized using either a single or a linear combination of symmet-
ric Gaussians with suitable widths which yields a good simultaneous fit
of the F and the SF spectra. To produce the b2 band, the emission
lineshape of FCP is used.

3. Results
3.1. SF spectroscopy on FCPp

Fig. 1a and b display the normalized F and SF spectra of a pool of
unquenched and quenched FCP complexes, a mixture of FCPa and
FCPb, denoted hereafter as FCPp and QFCPp, respectively. FCPp exhibits
a sharp and well defined band with a peak at 675 nm due to excitonic
emission accompanied by a broad tail (vibrational progression) with a
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Fig. 1. (a) Fand (b) SF spectra of FCPp (red curves) and QFCPp (blue curves) measured in a
glycerol/buffer glass at 77 K with excitation wavelength 461 nm. All SF spectra are
normalized to the field strength of 1 MV cm™! and to the F intensity at the observed
peak maximum. (c) The corresponding fits of the SF spectra obtained by the weighted
superposition of the derivatives of the observed F spectrum (without deconvolution) are
shown by the solid yellow and magenta lines for FCPp and QFCPp, respectively.

peak at around 735 nm. The F spectrum of QFCPp on the other hand is
relatively broad with a peak at 691 nm and a broad tail extending up
to the end of the spectral window. Note that QFCPp was about 5 times
quenched relative to FCPp. In both cases, the SF spectrum, commonly
defined as the difference between the F spectra measured with and
without electric field, is characterized by negative intensity with a
shape very similar to the corresponding F spectrum. The close similarity
between the F and SF spectra indicates that the main effect of the
applied electric field is the modulation of the F yield. The negative sign
of the SF signal implies a field-induced reduction of F yield in both
samples. In addition, the SF peaks of FCPp and QFCPp are blue and red
shifted by 2 and 1 nm respectively, compared to their F peaks, showing
that the field-induced peak shift in the SF spectra is small. However, as
far as the magnitude is concerned, QFCPp gives 8 times larger SF com-
pared to FCPp. This demonstrates an exceptionally high sensitivity of
the F state to the applied electric field in QFCPp, even higher than that
observed for a comparable band in quenched LHCII [26].

To reveal the underlying excited state's electronic structure and
dynamics, the SF spectra of FCPp and QFCPp were analyzed using the
simplest Liptay formalism described above. Fig. 1c shows the results.
In both cases, the linear superposition of the derivatives of the F spec-
trum (without deconvolution) was used in the fitting protocol. One
can see from the figure that this protocol could reproduce well the SF
spectrum of FCPp throughout the entire wavelength region. The
analysis thus yielded a single set of molecular (electronic and ZDC)
parameters, the magnitudes of which are compiled in Table 1. This
result suggests that, likewise various non-interacting photoactive chro-
mophores [24], the F of FCPp originates from a single excited electronic
state throughout the measured spectral window. Most likely this state
corresponds to the lowest exciton state of the complex. To the contrary,
if we look at the fit of the SF spectrum of QFCPp, a clear mismatch is
readily apparent throughout most of the spectral region, especially
around 660-670 nm, 680-688 nm and 703-760 nm. This observation
suggests that the SF analysis of QFCPp is not so simple as that of FCPp.
The clear mismatch in fact indicates that the F lineshape of QFCPp
does not originate from a single emission band. In this regard, the
mismatch around 660-670 nm most likely results from scattering of
the excitation beam, the extent of which is very small as one can see
by looking at Fig. 1a. The observed intensity in the lower wavelength
tail of QFCPp F can thus be considered to be a superposition of F
emission and scattering, whose intensity is essentially unaffected by
the applied electric field. On the other hand, since the sample is
nonselectively excited at 461 nm, energy migration from bluer absorb-
ing chlorophyll pools takes place on different timescales. Since the mea-
surements are done at cryogenic temperature these energy transfer
processes are most likely competing with F emission. We thus suggest
that the F spectrum of QFCPp in the lower wavelength region around
680 nm contains some contribution from bluer emitting chlorophyll
pools. It is also possible that a small fraction of unquenched FCPs is pres-
ent in the sample preparation which would also contribute to emission
in the same spectral region. In addition, one can easily see that the lon-
ger wavelength tail of the 691 nm band of QFCPp (720-765 nm region)
constitutes a shallow, broad, and distinct band shape. This tail some-
what resembles the vibrational progression of the observed 691 nm
band. If this were the case, likewise FCPp, which has a broad vibrational
progression peaking around 735 nm as mentioned above, one would
expect a satisfactory fit of the SF spectrum throughout the whole wave-
length region simply by a linear superposition of the derivatives of the
observed F spectrum. The clear mismatch in the longer wavelength
region of the SF spectrum in Fig. 1c thus indicates that the shallow
band is not the vibrational progression of the 691 nm band but must
arise from a different excited electronic state characterized by a distinct
set of electronic and ZDC parameters compared to those associated with
the 691 nm band. With the information discussed above at hand, the F
spectrum of QFCPp was deconvoluted into four major bands designated
as b1p, b2p, b3p, and b4p as shown in Fig. 2a. The b1p band, which is a
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broad single symmetric Gaussian peaking at 661 nm, reflects the contri-
bution from scattering, and the b2p band originates from emission of
bluer absorbing chlorophylls where, during energy transfer to the
quenching site, some of the energy is lost via F emission. In our fitting
scheme we assume the b2p band, which peaks at 680 nm, to be the
weighted amplitude of the spectral profile obtained by shifting the
emission spectrum of FCPp as a whole by 5 nm to the red. While this
is probably a reasonable approximation, the real spectral shape of the
b2p band is likely to be narrower since it possibly originates from a
subpopulation of bluer-emitting pigments. Note that the shift of FCPp
emission to the red is necessary to fit the shallow band structure of
the QFCPp emission around 680 nm. This supports the interpretation
that the signal in this wavelength region originates from bluer emitting
pigments at the level of which energy transfer and fluorescence com-
pete. The b3p band, which has a peak at 692 nm and is a linear combi-
nation of five symmetric Gaussians peaking at 690, 697, 702, 717, and
760 nm, and b4p, which is a broad single symmetric Gaussian peaking
at 736 nm, are considered to be the emission bands of species appearing
upon aggregation of FCPp. Note that, as for QFCPp, the F spectrum in the
region between the b2p and b4p bands has a rather inhomogeneously
broadened lineshape and five symmetric Gaussians are necessary to
produce the b3p band. Using a single skewed Gaussian to produce the
b3p leads to comparable molecular parameters (cf. Table 1 of the ESI
and Table 1 of the main text) but to a worse fit of the SF spectrum (cf.
Fig. S2 of the ESI). The SF spectrum could then be satisfactorily
reproduced by the linear superposition of the derivatives of the b2p,
b3p and b4p bands. Since the b1p band is attributed to scattering and re-
mains essentially unaffected by the applied electric field, its derivatives
were not used in the fitting protocol. The obtained fit is shown by the
solid pink line in Fig. 2b together with the SF spectrum (blue square
dotted line). Note that in this figure and hereafter in Figs. 4 and 6, the
residuals (Raw spectrum-Fit) are shown on top of each panel. The
molecular parameters evaluated from the derivative contributions of
the deconvoluted bands are compiled in Table 1 together with those
obtained from the analysis of unquenched FCPp.

We see from the table that, for FCPp, the analysis yields nonzero ZDC
(—0.0033 at a field strength of 1 MV cm™ ') and A« (7.16 [A® / f]), and
zero A The obtained zero magnitude of Auindicates that the F of FCPp is
not accompanied by a measurable CT character and the rather small
magnitude of ZDC together with its negative sign indicates that the ap-
plied electric field makes the rates of the associated nonradiative deacti-
vation slightly larger compared to those corresponding to radiative
deactivation. Similarly, for b2p of QFCPp, the analysis yields the same
value of A (—7.16 [A® / f2]) and At (0.00 [D / f]), but a 4.5 times larger
value of ZDC (—0.015 at 1 MV cm™ ') compared to FCPp. For b3p, the
analysis yields 9.5 times larger ZDC (—0.032 at 1 MV cm™ 1), almost
the same magnitude of A« (—10.74 [A* / f2]) as for FCPp and nonzero
Au (1.03 [D / f]). Since b3p is considered to be the emission of the first
quenching site of FCPp, the nonzero value of Auindicates that the asso-
ciated state possesses a measurable CT character. The obtained large
negative amplitude of ZDC indicates that the rates of nonradiative deac-
tivation associated with this state (b3p band) are highly accelerated by
the external electric field. On the other hand, the analysis of b4p yields
very large values of both Aa (—214.75 [A® / ]) and Au (8.00 [D / f])
and very small amplitude of the ZDC (—0.0005 at 1 MV cm™ ). The es-
timated values of A and Ap for b4 are about 30 (=214.13 / 7.16) and
8 (=8 / 1.03) times larger respectively, in terms of absolute magnitude
compared to the ones obtained for b3p. The remarkably large magnitude
of the estimated electronic parameters (Aa and Ap) indicates that the
state associated to the b4p band has exceptionally strong CT character.
The very small amplitude of ZDC of b4p indicates that the rate of associ-
ated nonradiative deactivation is only slightly modulated by the electric
field. In conjunction with the analysis of the SF spectrum of unquenched
FCPp that gave zero Ap, we can say that the obtained nonzero value of Ay
for both b3p and b4p bands of QFCPp is a direct consequence of the
aggregation and ensuing fluorescence quenching of the FCPp antenna

complex. We conclude that aggregation of FCPp results in two new emis-
sive species which, because of having very different electronic and ZDC
parameters, are clearly resolved in the SF spectrum. To gain more insight
into the origin of the new emissive bands we carried out SF spectroscopy
on unquenched and quenched, pure FCPa and FCPb preparations.

3.2. SF spectroscopy on FCPa

Fig. 3a and b display the F and SF spectra of both trimeric FCPa, de-
noted hereafter as FCPa and quenched (about 5 times) aggregated
FCPa (QFCPa). The F spectrum of FCPa exhibits a sharp band peaking
at 676 nm (excitonic emission) accompanied by a broad tail (vibration-
al progression) having a peak around 735 nm. The F spectrum of QFCPa
on the other hand is broader with a peak at 691 nm and a structured tail
extending up to the end of the measured spectral window. Once again,
the shape of the SF spectrum of both FCPa and QFCPa is similar to the
corresponding F spectrum. In addition, the SF peaks of FCPa and
QFCPa are blue and red shifted respectively by 1 and 2 nm compared
to their F peaks and QFCPa produces almost 7 times larger SF compared
to FCPa.

Fig. 3c displays the results of the analysis where the SF spectrum of
FCPa and QFCPa was modeled by a linear combination of the derivatives
of the observed F spectrum without deconvolution. Like for FCPp, the
linear combination of the derivatives of the observed F spectrum could
reproduce well the SF spectrum of FCPa. This is not the case for QFCPa
where the fitting leads to a clear mismatch between the fit and the SF
spectrum in the higher wavelength region. Following the fitting proce-
dure we applied to QFCPp, we deconvoluted the F spectrum of QFCPa
into four major bands designated as b1a, b2a, b3a, and b4a (Fig. 4a). The
bands bla, which is a broad single symmetric Gaussian peaking at
660 nm and b2a, with peak around 681 nm, are considered to be the con-
tribution of scattering and emission from bluer absorbing Chls. Like for
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Fig. 2. (a) The F spectrum of QFCPp and the corresponding fit (blue dotted line). The fit of F
spectrum was obtained by the linear combination of four bands b1p, b2p, b3p and b4p. (b)
SF spectra and the corresponding fit (solid magenta line). The fit of the SF spectrum was
obtained by the weighted superposition of the derivatives of all the deconvoluted bands
except b1p. The residual (Raw spectrum-Fit) is shown on top of each panel.
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QFCPp, the spectral bandshape of the FCPa emission shifted as a whole by
5 nm to the red was used to produce b2a. The bands b3a, which has peak
at 692 nm and is produced by a linear combination of five symmetric
Gaussians peaking at 689, 702, 704, 721, and 770 nm, and b4a, which is
a broad single symmetric Gaussian peaking at 740 nm, are considered
to be the emission bands of emissive species that result from aggregation
of FCPa. Fig. 4b shows the resulting fit of the SF spectrum while the molec-
ular parameters are compiled in Table 2 together with those obtained
from the analysis of unquenched FCPa. As one can see in the figure, the
modeling led to a very good fit of the SF spectrum of QFCPa.

We can see from the table that for FCPa, likewise for FCPp, the analy-
sis gives nonzero ZDC (—0.011 at 1 MV cm™ ') and A (1253 [A3 / £2]),
and zero Ap. The analysis of QFCPa yields 7 times larger magnitude of
ZDC (—0.071 at 1 MV cm™ ") for b2a and almost identical values for
Aa (—10.74 [A%/f]) and Au (0.00 [D / f]) compared to FCPa. Further-
more, for b3a, the analysis yields 7 times larger magnitude of ZDC
(—0.071 at 1 MV cm™!), 2 times larger magnitude of Aa (—25.05
[A% /1) compared to b2a and nonzero Au (2.53 [D/f]). The fairly
large magnitude of Ausuggests that b3a bears significantly large CT char-
acter, larger than the analogous b3p band of QFCPp. On the other hand,
the analysis of b4a yields very large values of both Ax (—286.33 [A3 /
1) and Au (11.30 [D/f]) and relatively small amplitude of the ZDC
(—0.022 at 1 MV cm™ ). The estimated values of Aa and Au for b4a
are about 27 (286.33/10.74) and 5 (11.30/2.53) times larger in terms of
absolute magnitude compared to the ones obtained for b3a.

3.3. SF spectroscopy on FCPb

Fig. 5a and b display F and SF spectra of both oligomeric FCPb, denot-
ed hereafter as FCPb and quenched (about 4 times) FCPb (QFCPb). The F
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Fig. 3. (a) Fand (b) SF spectra of FCPa (red curves) and QFCPa (blue curves) measured in a
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1 MV cm™ ! and to the Fintensity at the observed peak maximum. (c) The corresponding
fits of the SF spectra obtained by the weighted superposition of the derivatives of the
observed F spectrum (without deconvolution) are shown by the solid yellow and magenta
lines for FCPb and QFCPb, respectively.
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Fig. 4. (a) The F spectrum of QFCPa and the corresponding fit (blue dotted line). The fit of F
spectrum was obtained by the linear combination of four bands b1a, b2a, b3a, and b4a.
(b) SF spectra and the corresponding fit (solid magenta line). The fit of SF spectrum was
obtained by the weighted superposition of the derivatives of all the deconvoluted bands
except b1a. The residual (Raw spectrum-Fit) is shown on top of each panel.

spectra of FCPb and QFCPb resemble those described above for FCPp and
FCPa and the SF spectra are similar to the corresponding F spectra. The
SF peaks of FCPb and QFCPb are blue and red shifted by 1 and 5 nm
respectively, when compared to their F peaks. In this case, QFCPb
produces 2.3 times larger SF compared to FCPb.

Fig. 5¢ displays the results of an analysis where the SF spectrum of
FCPb and QFCPb was modeled by the linear combination of the deriva-
tives of the observed F spectrum without deconvolution and again only
the spectrum of the unquenched sample could be well reproduced with
this approach. However, unlike FCPp and FCPa, the mismatch between
the fit and the data is smaller for QFCPb. In order to obtain a better fit
of the QFCPb data, the F spectrum was deconvoluted into the constitu-
ent bands as shown in Fig. 6a; three major bands designated as b1b,
b2b, and b3b were employed in the fit. The bands b1b and b2b resemble
their counterparts in QFCPa and QFCPp. On the other hand, the b3b
band, which peaks at 694 nm and is composed of a linear combination
of six symmetric Gaussians peaking at 673, 685, 695, 710, 718, and
738 nm is considered to be the emission band of the species created
upon aggregation of FCPb. The analysis scheme depicted in Fig. 6b
resulted in a reasonably good fit of the SF spectrum of QFCPb over the
whole spectral region though a small mismatch is still present in the
long wavelength region above ~710 nm. The obtained fit is shown by
the solid magenta line in Fig. 6b. The molecular parameters evaluated
from the derivative contributions of the deconvoluted bands are report-
ed in Table 3 together with those obtained from the analysis of
unquenched FCPb. Note that, like for QFCPp and QFCPa, we can also con-
sider a separate (relatively broad) b4p/b4a-like band (denoted as b’4b)
to treat the flat emission of QFCPb around 740 nm (cf. Fig. S3 of the ESI).
Although this approach slightly improves the quality of the fit of the SF
spectrum above ~710 nm (cf. Fig. S3 of the ESI), it yields essentially the
same magnitudes of the molecular parameters (cf. Table 2 of the ESI) for
the b’3b and b’4b bands. Most likely because of the overall small contri-
bution of the b’4b band to the fit, our analysis does not allow us to clear-
ly separate it from the b’3b band.
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Fig. 5. (a) Fand (b) SF spectra of FCPb (red curves) and QFCPb (blue curves) measured si-
multaneously in a glycerol/buffer glass at 77 K with excitation wavelength 461 nm where
the amplitude of the SA signal was almost zero. All the SF spectra are normalized to the
field strength of 1 MV cm™! and to the F intensity at the observed peak maximum.
(c) The corresponding fits of the SF spectra obtained by the weighted superposition of
the derivatives of the observed F spectrum (without deconvolution) are shown by the
solid yellow and magenta lines for FCPb and QFCPb, respectively.

We can see from the table that the analysis of FCPb yields nonzero
value for ZDC (—0.0115 at 1 MV cm™ ') and A« (10.74 [A3 / f2]) but
also for Au (0.80 [D / f]). The obtained relatively small magnitude of
A (0.80 [D/f]) in fact indicates that, unlike FCPp and FCPa, the F
state of unquenched FCPb possesses non negligible CT character. On
the other hand, the analysis of QFCPb yields almost the same magnitude
of ZDC for both b2b (—0.0297 at 1 MV cm™') and bh3b (—0.0285 at
1 MV cm™ '), whereas the values of Ac and A for b3b are found to be
5 (=35.79 / 7.16) and 3 (=1.38 / 0.46) times larger compared to the
ones obtained for b2b. Besides, the magnitudes of ZDC estimated for
b2b (0.0297 at 1 MV cm™!) is more than two times larger in QFCPb
than in FCPb (0.0115 at 1 MV cm™!). Therefore, unlike FCPp or FCPa,
aggregation of FCPb results in a single species giving the emission
band b3b and the addition of the b4p/b4a like band only leads to a slight
improvement of the fit. The analysis of the SF spectrum reveals that,
similarly to the b3p and b3a bands of QFCPp and QFCPa, the species giv-
ing rise to the b3b in QFCPb band has moderately large CT character.

4. Discussion

Our results from SF spectroscopy have revealed two distinct emit-
ting pigment species associated with the quenched state in aggregated
FCPp and FCPa, and one species in FCPb. The first species that has its
emission peak at 690-692 nm is common to all three (aggregated)
FCP samples. We suggest this band to originate from interacting Chl
pigments, the emission of which is redshifted with respect to the corre-
sponding unquenched samples, and broadened due to the mixing with
a CT-state. It is worth mentioning that transient absorption results on
FCP preparations show systematic changes in the Chl a band(s) in
the 680 to 740 nm region upon induction of the quenched state by
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Fig. 6. (a) The F spectrum of QFCPb and the corresponding fit (blue dotted line). The fit was
obtained by the linear combination of three bands b1b, b2b, and b3b. (b) SF spectra and the
corresponding fit (solid magenta line). The fit was obtained by the weighted superposition
of the derivatives of all the deconvoluted bands except b1b. The residual (Raw spectrum-
Fit) is shown on top of each panel.

aggregation (Ramanan, Berera, unpublished results). Unlike LHCII,
these interacting Chls do not display strongly red shifted fluorescence.
The Chls responsible for this emission band may directly act as
quenchers in a process similar to that of concentration quenching
[32-34], and/or open up an energy transfer channel via a low-lying
dark state of a neighboring carotenoid which in turn would dissipate en-
ergy [35]. Note that, in our modeling scheme, the emission profile of the
first aggregated species (b3 band) has a rather large inhomogeneously
broadened lineshape and is composed of five Gaussians. One may
infer that the five Gaussians reflect a gradient of aggregation states lead-
ing to progressively red-shifted emission. To this end it is worth noting
that if the five Gaussians are not linked in the analysis, i.e. they are let
free, essentially the same set of molecular parameters (ZDC, A and
Ap) is obtained for each subband. This suggests that the five Gaussians
are associated to the same band rather than with a gradient of FCP sub-
population with different degrees of quenching.

The second band emitting in the longer wavelength region is present
in both QFCPp and QFCPa, but could not be clearly resolved in QFCPb;
this suggests that in QFCPp it is formed upon aggregation of the FCPa

Table 1
Estimated molecular parameters for FCPp.
Sample Band Nmax FWHM ZDC Aa An
[nm] [nm] [at1 MV cm™'] 1A%/ A [D/f]
FCPp Single 675 15 —0.0033 7.16 0.00
QFCPp b2p 680 15 —0.015 —7.16 0.00
b3p 692 30 —0.032 —10.74 1.03
bdp 736 36 —0.0005 —214.75 8.00

ZDC—Zeroth Derivative Contribution.
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Table 2
Estimated molecular parameters for FCPa.
Sample Band Nmax FWHM ZDC Ao Au
[nm]  [nm] attMVem '] [A/f) [D/f]
FCPa Single 677 15 —0.011 12.54 0.00
QFCPa b2a 682 15 —0.071 —10.74 0.00
b3a 692 31 —0.071 —25.05 253
b4a 740 35 —0.022 —286.33 11.30

ZDC—Zeroth Derivative Contribution.

fraction present in the FCP pool. The analysis of the SF spectrum reveals
that the species giving emission in the longer wavelength region has
remarkably large CT parameters (A and Au). This band, which is char-
acterized by red shifted emission and a broad spectral shape, displays
features very similar to those we detected in the dissipative state of
the major light harvesting antenna of plants, LHCII, thus pointing to a
common quenching mechanism [26]. The new band shows very low
fluorescence yield which suggests that non-emissive states may be in-
volved in its formation. In our previous work we proposed it to originate
from a Chl-Car mixed excitonic-CT state in the terminal emitter of
LHCIL The similarity of the red band we detected in this study with
the one we found in LHCII points to the same origin in the two systems.
Thus we suggest it to originate from Chl-Car interaction in FCP. FCPa is
known to bind diadino- and diatoxanthin in small amounts, depending
on the light intensity the cells have experienced during growth [3]. In
FCPp more of these carotenoids is retained [12]. However, since the
red band is very similar in FCPp and FCPa, and hardly detectable in
FCPb, neither diadinoxanthin nor diatoxanthin are likely to be responsi-
ble for the red emission. It has recently been shown that two fucoxan-
thin pools in FCP are active in triplet-triplet energy transfer [36]. It is
possible that the vicinity and orientation of one or more Chls to a fuco-
xanthin pigment is such that a small conformational change may induce
a Chl-Car interaction responsible for the red shifted emission band that
we detected here and for energy dissipation. Fucoxanthin is character-
ized by a strong intramolecular charge transfer (ICT) state in its excited
state manifold coupled to the S; state. This S;/ICT state has been shown
to be active in energy transfer to neighboring Chls in two fucoxanthin
pools in FCP [7]. Besides their pivotal role in light harvesting in marine
photosynthesis [37-39], carotenoid ICT states have been shown to act
as a mediator in the energy dissipation process in biomimetic energy
dissipating devices [35] and the same mechanism has been proposed
to be active in different photosynthetic organisms [16,40,41]. More re-
cently it was shown that low-lying carotenoid excited states can couple
with the Qy state of a neighboring tetrapyrrole opening up an energy
dissipation channel [42] and there is evidence that such mechanism
may be active in vivo [43]. We propose that the red shifted (b4) band
we detected in the quenched FCP preparations originates from the in-
teraction between the fucoxanthin S;/ICT state and the Q state of one
or more neighboring Chl(s). Such state would act as an energy sink
and energy dissipator. The lack of evidence for excitonically coupled
Chl pairs equivalent to those in LHCII [1,44-46] in FCPs argues against
a Chl-Chl CT state being responsible for the red emission of the b4 band.

NPQ in diatoms was shown to depend on the presence of the Lhcx
proteins and on the diatoxanhtin content. Indeed, one of the major dif-
ferences between FCPa and FCPb is the presence of Lhcx polypeptides in

Table 3
Estimated molecular parameters for FCPb.
Sample Band Nimax FWHM ZDC Ao An
[nm] [nm] [at1 MV cm™!] A3/ [D/f]
FCPb Single 677 15 —0.0115 10.74 0.80
QFCPb b2b 681 15 —0.0297 —7.16 0.46
b3b 694 27 —0.0285 —35.79 1.38

ZDC—Zeroth Derivative Contribution.

the former. Only for FCPa it was shown earlier that its fluorescence yield
depends on the amount of bound diatoxanthin. A model relating these
features and the aggregation dependence of the fluorescence yield of
FCPa to the in vivo situation in C. meneghiniana was proposed by
Grouneva et al. [47]. However, aggregation also reduces the fluores-
cence yield in FCPb and Miloslavina et al. [17] identified aggregation
as one part of NPQ in C. meneghiniana in vivo, but it remained unclear
whether FCPa, FCPb or both contribute to it. FCPa and FCPb display a
high degree of sequence homology, but FCPa binds slightly less Chl a
compared to FCPb. On the other hand FCPb binds fucoxanthin in a
way that a larger bathochromic shift is induced compared to the
carotenoids in FCPa [4]. While our data clearly show a new red emitting
band in FCPp and FCPa, this band is not clearly resolved in FCPb. Upon a
close look at Fig. 6 it is plausible that a similarly red shifted band is also
present in FCPb but with very low yield under our experimental condi-
tions, making it very difficult to detect. This raises the question as to
whether different dissipative mechanisms are present in FCPa and
FCPb. Single molecule spectroscopy has revealed remarkable flexibility
in light-harvesting pigment-protein complexes. Lhca4 has been
shown to be able to reversibly switch from a red state to an LHCII-like
state [48]. For LHCII it was demonstrated, using the same technique,
that different quenching states are reversibly accessible to the molecule.
Many of them are characterized by no spectral shift while a small
fraction shows different degrees of red shift up to 100 nm with respect
to the emission of the unquenched complex [49]. This intrinsic feature
of LHCII suggests that the plasticity of the molecule allows it to assume
different (molecular) quenching configurations which open up different
quenching channels. Our results on bulk FCPp, FCPa and FCPb suggest
that the oligomeric state of FCPa and FCPb may be characterized by dif-
ferent quenching mechanisms. We suggest that at least two quenched
configurations are accessible to FCPa and FCPb giving rise to the b3
and b4 bands upon aggregation. Oligomerization would shift the equi-
librium towards both configurations, i.e towards both dissipative states
in FCPa but preferentially to one dissipative state, characterized by the
b3 band, in FCPb. It has been shown that for the (red) fucoxanthin
pool carotenoid to Chl a energy transfer is more efficient in FCPa than
in FCPb [7]. It is plausible that for this reason the quenched state associ-
ated to the b4 band is more accessible in FCPa than it is in FCPb and thus
the new red shifted band could be clearly identified in FCPa but not in
FCPb. Such state may however be accessible in vivo for both FCPa and
FCPb and possibly in vitro under different experimental conditions
and thus constitute an energy dissipation channel in both FCPa and
FCPb upon aggregation. Transient absorption and single molecule spec-
troscopy studies are underway to better understand the biophysical
quenching mechanisms in FCP pigment-protein complexes.
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