Biochimica et Biophysica Acta 1837 (2014) 1235-1246

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbabio

Photoprotective sites in the violaxanthin-chlorophyll a binding Protein
(VCP) from Nannochloropsis gaditana

@ CrossMark

Donatella Carbonera **, Alessandro Agostini ¢, Marilena Di Valentin ?, Caterina Gerotto b Stefania Basso °,
Giorgio Mario Giacometti ®, Tomas Morosinotto

2 Department of Chemical Sciences, University of Padova, Via Marzolo 1, 35131 Padova, Italy
b Department of Biology, University of Padova, via U. Bassi 58/B, 35121 Padova, Italy

ARTICLE INFO ABSTRACT
Articl? history: Violaxanthin-chlorophyll a binding protein (VCP) is the major light harvesting complex (LHC) of the
Received 31 January 2014 Heterokonta Nannochloropsis gaditana. It binds chlorophyll a, violaxanthin and vaucheriaxanthin, the last in

Received in revised form 18 March 2014
Accepted 25 March 2014
Available online 1 April 2014

the form of 19’ deca/octanoate esters. Photosynthetic apparatus of algae belonging to this group have been poorly
characterized in the past, but they are now receiving an increasing interest also because of their possible biotech-
nological application in biofuel production. In this work, isolated VCP proteins have been studied by means of
advanced EPR techniques in order to prove the presence of the photoprotective mechanism based on the trip-

—Ilffijg?gg:a'te let-triplet energy transfer (TTET), occurring between chlorophyll and carotenoid molecules. This process has
VCP been observed before in several light harvesting complexes belonging to various photosynthetic organisms.
Carotenoid We used Optically Detected Magnetic Resonance (ODMR) to identify the triplet states populated by photo-
EPR excitation, and describe the optical properties of the chromophores carrying the triplet states. In parallel, time-
ODMR resolved EPR (TR-EPR) and pulse EPR have been employed to get insight into the TTET mechanism and reveal

Violaxanthin

‘ ! the structural features of the pigment sites involved in photoprotection. The analysis of the spectroscopic data
Triplet-triplet energy transfer

shows a strong similarity among VCP, FCP from diatoms and LHC-II from higher plants. Although these antenna
proteins have differentiated sequences and bind different pigments, results suggest that in all members of
the LHC superfamily there is a protein core with a conserved structural organization, represented by two central
carotenoids surrounded by five chlorophyll a molecules, which plays a fundamental photoprotective role in Chl
triplet quenching through carotenoid triplet formation.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction centers are widely conserved among all organisms performing oxygenic

photosynthesis, going from cyanobacteria to higher plants [1]. Antenna

Photosynthetic organisms harvest sunlight thanks to the chlorophyll
(Chl) and carotenoid (Car) molecules bound to the protein super-
complexes, embedded in the thylakoid membranes, called Photosys-
tems I and II. Each photosystem is composed of two moieties, (i) the
core complex, responsible for charge separation and first steps of elec-
tron transport, and (ii) the peripheral antenna system, with a role in
light harvesting, transfer of excitation energy to the reaction centers,
and photoprotective reactions, like quenching of Chl triplet and singlet
excited states, and Reactive Oxygen Species (ROS) scavenging. Reaction

Abbreviations: VCP, violaxanthin—chlorophyll a binding protein; Car, carotenoid; Chl,
chlorophyll; LHC, light harvesting complex; FCP, fucoxanthin chlorophyll a/c binding pro-
tein; LHC-II, light harvesting complex of Photosystem II; ZFS, zero-field splitting; TR-EPR,
Time-Resolved Electron Paramagnetic Resonance; TTET, triplet-triplet energy transfer;
ODMR, optically detected magnetic resonance; FDMR, fluorescence detected magnetic
resonance; T—S, triplet-minus-singlet
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systems are instead far more diversified. In all eukaryotes, the antenna
system is composed of members of a multigenic family of proteins
called light harvesting complexes (LHC) proteins. All proteins belonging
to this family have a common evolutionary origin [2-4] and share a con-
served structural organization characterized by three membrane-
spanning a-helixes connected by stroma and lumen-exposed loops.
Two of these helixes are homologous and present a “generic LHC
motif” consisting of a highly hydrophobic sequence containing glutamic
acids involved in the Chl binding and in the stabilization of the folding
through salt bridges with arginines in the other helix [5].

Despite this common origin, LHC proteins diversified in different
groups of photosynthetic eukaryotes, such as Chl a/b binding proteins
found in Viridiplantae (LHCA/LHCB), fucoxanthin Chl a/c binding protein
(FCP, or LHCF) in diatoms, LHCR, in red algae and diatoms, and LHCSR/
LHCX, with a role in photo-protection and found in all the above-
mentioned groups [2,4,6,7]. Pigment binding properties of LHCs are
thus diversified due to adaptation to the light availability in the specific
habitat. Different LHCs can bind not only different Chl and Car species
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but also pigments in different relative amounts, with the Chl/Car ratio
that can change between the value of 3.5, observed in plants and
green algae, and 0.9, characteristic of the fucoxanthin-chlorophyll pro-
teins of diatoms [8].

Nannochloropsis gaditana is a eukaryotic alga belonging to
Eustigmatophyceae, a group of organisms wich originated from a sec-
ondary endosymbiosis between an ancestor of red algae and a eukaryot-
ic host cell [9]. The cells contain a single, big, chloroplast, which is
surrounded by four membranes and occupies most of the cell volume.
The N. gaditana photosynthetic apparatus is not well characterized al-
though interest in this organism is increasing owing to its high rate of
lipid productivity, which suggests that it could be a valuable candidate
for biofuel production [10-12].

Photosystem II light harvesting proteins of N. gaditana are charac-
terized by a particular pigment composition, different from the one of
diatoms and any other known alga. In fact, they bind only Chl g, lack ac-
cessory Chls b or ¢, and have violaxanthin as the main accessory light
harvesting pigment. Vaucheriaxanthin is present in minor amount, in
the form of 19’ deca/octanoate esters [13-15]. For this reason, these an-
tenna complexes have been defined violaxanthin-chlorophyll a binding
proteins (VCP). The VCP fractions, purified from thylakoids solubilized
in glycosidic detergents, have as a major component a 22-kDa polypep-
tide which, according to sequence analysis, shows similarity with LHCF
from diatoms [16,17].

The number of chromophores bound per apoprotein is still un-
known, however the ratio Chl/Car has been determined to be 1.7-1.8
and the ratio violaxanthin/vaucheriaxanthin is 1.5-1.6, depending on
the oligomeric state of VCP [17].

It is well known that in light-stress conditions the formation of Chl
triplet states (3Chl) and singlet oxygen ('0,) in the photosynthetic
apparatus may be particularly severe. In this scenario the constitutive
mechanism of triplet-triplet energy transfer (TTET), played by caroten-
oids to quench 3Chl via their triplet states, (Car + 3Chl — 3Car + Chl),
represents the fastest way of response before further photoprotective
mechanisms have the time to take place. Once populated, 3Car, lying
at a lower energy compared to '0,, relaxes harmlessly to the ground
state in the microsecond time scale [18]. TTET has been shown to
occur in all the antennas of the LHC superfamily studied until now, in
particular in FCP from Cyclotella meneghiniana [19,20], LHC from
Amphidinium carterae [21] and LHC-II from Spinacia oleracea [22].

In this work, isolated VCP proteins from N. gaditana in different
oligomeric states have been studied by means of advanced EPR tech-
niques in order to investigate the presence of the photoprotective
mechanism based on TTET. Optically Detected Magnetic Resonance
(ODMR), time-resolved EPR (TR-EPR) and pulse EPR have been success-
fully employed in the past to get insights into the TTET mechanism in
several light harvesting complexes [19-24]. The comparison of results
obtained for VCPs with those previously published for other light har-
vesting complexes belonging to the LHC superfamily pointed out that,
despite the divergence in sequence and pigment binding properties,
they share a protein core, composed of five Chl a and two Car molecules,
highly conserved also in the structural organization. This core has a
major role in 3Chl quenching and its photoprotective function is likely
fundamental in all antenna systems of the LHC superfamily, as its con-
servation suggests.

2. Materials and methods
2.1. Cell growth

N. gaditana from CCAP, strain 849/5, was grown in sterile filtered F/2
medium [25], using sea salts 32 g/ from Sigma Aldrich, 40 mM TRIS/HCI
pH 8, Sigma Aldrich Guillard's (F/2) marine water enrichment solution
1x. Cells were grown under 100 pE m~2 s~ ! of illumination and
mixed with air enriched with 5% CO,. Temperature was set at 22 + 1 °C.

2.2. VCP purification

Isolation of thylakoid membranes from N. gaditana was performed
according to [17]. Thylakoid membranes were then solubilized with
final 0.4% o-DM, 10 mM HEPES pH 7.5 and loaded in a 0.1-1 M sucrose
gradient. The bands corresponding to monomeric and trimeric VCP of
the sucrose gradient were then harvested with a syringe. All the manip-
ulations performed to obtain final sampling for the ODMR and EPR ex-
periments have been done in dim green light at 4 °C.

2.3. Sequence analysis

Alignment analysis was performed using T-Coffee [26,27] and
manually modified with Bioedit 7.1.3.0. Chl binding sites were identified
according to Liu et al. [5], a-helixes were named according to Dittami
et al. [7]. Nannochloropsis sequences Naga 2 (Naga_100027g19),
Naga3 (Naga_100012g50) Naga4 (Naga_100004g86) Naga9 (Naga_
100017g59) and Nagal7 (Naga_100013g28) were retrieved from
nannochloropsis.org [28], while sequences from Spinacia oleracea,
Lhcb1_So, (P12333.1), and C. meneghiniana, Fcp1_Cmen (AJ000670.1),
were retrieved from NCBI.

2.4. ODMR measurements

The principle of the ODMR technique, reviewed in [29], will be brief-
ly summarized in the following. ODMR is a double resonance technique
based on the principle that, when a triplet steady state population is
generated under continuous illumination, the application of a resonant
microwave electromagnetic field between a couple of spin sublevels of
the triplet state, generally induces a change of the steady state popula-
tion of the triplet state itself, due to the anisotropy of the decay and pop-
ulation rates of the spin sublevels. The induced change of the triplet
population may be detected as a corresponding change of the emission
and/or absorption of the system. In particular, absorbance detected
magnetic resonance (ADMR), detects the change in the steady state ab-
sorption of the chromophore carrying the triplet state, whereas the
changes in the emission are detected by means of fluorescence detected
magnetic resonance (FDMR).

FDMR and ADMR experiments were performed in the laboratory
built apparatus, described in detail in [30,31]. Amplitude modulation
of the applied microwave field is used to greatly increase the signal to
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Fig. 1. >Car FDMR spectra of monomeric (top) and trimeric (bottom) VCPs detected at
690 nm. Amplitude modulation frequency: 333 Hz, time constant: 600 ms, temperature:
1.8 K. Reconstruction (green) of the experimental spectra (black) using two Gaussian
components (blue and red). Spectra vertically shifted for comparison.
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noise ratio by means of a phase sensitive lock-in amplifier (EG&G 5220).
In the FDMR experiments the fluorescence, excited by a halogen lamp
(250 W) focused on the sample and filtered by a broadband 5 cm solu-
tion of CuSO4 1 M, was collected at 45° through appropriate band-pass
filters (10 nm FWHM) by a photodiode. The photodiode signal was
demodulated after entering the lock-in amplifier.

Low temperature emission spectra were detected in the same appa-
ratus used for ODMR experiments, using the same excitation source, but
substituting the band-pass filters, before the detector, by a monochro-
mator. In ADMR, the same excitation lamp was used but without filters
before the sample, except for 5 cm water and heat filters. The beam was
focused on the monochromator after passing the sample and finally
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collected by the photodiode. The amplitude modulation frequency and
the microwave power were chosen depending on the experiment.

By fixing the microwave frequency at a resonant value and sweeping
the detection wavelength, microwave-induced Triplet-minus-Singlet
(T—S) spectra were registered.

Compared to time-resolved absorbance spectroscopy on the triplet
state, the ODMR technique allows selection (by the microwave field)
of different triplet components which can be, in this way, well distin-
guished to each other and optically characterized.

The temperature of all the experiments performed on VCP was 1.8 K.
At this temperature spin-lattice relaxation is inhibited and the ODMR
signal is detectable.
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Fig. 2. 2|E| FDMR transitions (black, left panels) of *Car detected at different wavelengths in the 680-720 nm range, as indicated. (a) Monomer, (c) trimer VCP. Experimental condition as
reported in the caption of Fig. 1. Spectra vertically shifted for better comparison. Left panels (a,c): reconstruction (green) of the experimental spectra using two Gaussian components (blue
and red). Right panels: amplitude dependence (area of the corresponding Gaussian curves) of the two triplet components on the detection wavelength: (b) monomer, (d) and trimer.
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The samples were diluted to a final Chl concentration of 100 pg/ml.
Immediately before the insertion into the cryostat, degassed glycerol
was added to the samples to a final concentration of 60% v/v, in order
to obtain homogeneous and transparent matrices upon freezing.

2.5. TR-EPR and pulse EPR measurements

TR-EPR experiments were performed using a modified Bruker
ER200D spectrometer with an extended detection bandwidth (6 MHz),
disabling magnetic field modulation and using pulsed photo-excitation
from the second harmonic of a Nd:YAG pulsed laser (Quantel Brilliant,
N\ = 532 nm pulse length = 5 ns, pulse energy = 5 m]J, repetition
rate = 20 Hz). The spectrometer was equipped with a nitrogen flow
cryostat for sample temperature control (110-400 K). The signal was
recorded with a LeCroy LT344 digital oscilloscope, triggered by the
laser pulse. Transient signal rise time was about 150 ns. The experi-

ments were carried out with a microwave power in the cavity of 2 mW.

Pulse EPR experiments were performed on an X-band Bruker
Elexsys E580 pulsed EPR spectrometer equipped with an optically
transparent dielectric ring EPR/ENDOR resonator (ER4118X-MD5W1).
The temperature was controlled by means of a liquid helium flow cryo-
stat with optical access (Oxford CF9350) driven by a temperature
controller (Oxford ITC503). Pulsed laser excitation was provided by
the second harmonic (532 nm) of a Quantel Brilliant Nd:YAG laser
(5 mJ per pulse and repetition rate of 10 Hz). Field-swept electron
spin echo (FSE) spectra were recorded using a 2-ESE sequence pulse
(flash-DAF-1/2-7-m1-T-echo).

The samples were diluted to a final Chl concentration of 100 pg/ml.
Glycerol was added to the samples to a final concentration of 60% v/v.

2.6. Triplet-triplet energy transfer and spectral simulations

If the TTET mechanism is operating, the Car inherits the polariza-
tion of the Chl in a way which depends on the relative geometrical
arrangement of the donor-acceptor couple. Calculations of the triplet
state sublevel populations of the acceptor, starting from those of the
donor, in the hypothesis of spin momentum conservation during TTET,
were performed as before for LHC-II, LHC, FCP and PCP complexes
[20-24] (a brief description is reported in the Supplementary material),
using a home-written program in MatLab® software, following the for-
malism of Brenner et al. [24,32]. The directions of the ZFS axes and the
order of the energy sublevels of the carotenoid triplet state were taken
as those of lutein triplet state in LHC-II [22]. Simulations of the powder
spin-polarized triplet spectra were performed using a program written
in MatLab®, with the aid of the Easyspin routine (ver. 2.6.0), [33] based
on the full diagonalization of the triplet state spin Hamiltonian, includ-
ing the Zeeman and magnetic dipole-dipole interactions, considering a
powder distribution of molecular orientations with respect to the mag-
netic field direction. Input parameters are the triplet state sublevel pop-
ulations, the zero-field splitting (ZFS) parameters, the linewidth at the
canonical orientations, and the g-tensor components.
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Fig. 3. T—S spectrum of trimeric VCP (black) detected at 237 MHz (2|E| transition of >Car).
Amplitude modulation frequency, 333 Hz, time constant: 3 s, temperature 1.8 K, slit
1.0 nm, 6 scans. Reconstruction (green) of the T—S spectrum, using Gaussian components
(orange, blue and red).

3. Results
3.1. ODMR of *Car

[llumination of the VCP at cryogenic temperatures leads to the
formation of a steady state population of >Car which can be detected
by FDMR, by monitoring the emission of the sample while sweeping
the microwave field, as previously reported for other antenna com-
plexes [19,21,30,34]. The spectra of monomeric and trimeric VCP sam-
ples, detected at 690 nm, are reported in Fig. 1. The assignment to
3Car can be easily done on the basis of ZFS parameters (D and E) [30,
34,35]. The 2|E| transition of >Car is the most intense followed by the |
D|+|E| transition. The |D|—|E| transition, expected between 1000 and
1100 MHz, was too weak to be discernible from the noise. Although
carotenoids are non-fluorescing molecules, their FDMR transitions can
be detected indirectly via the Chl emission, because of the energy trans-
fer processes (both singlet-singlet and triplet-triplet) occurring among
carotenoids and chlorophylls in the antenna complexes. In fact, a change
of the steady state population of the 3Car states, induced by a resonant
microwave field, is reflected by a change of the intensity of the fluores-
cence of the nearby Chl molecules connected via energy transfer [30].

Since carotenoid triplet states are not populated directly from their
excited singlet states, due to their intrinsic low probability of ISC, the oc-
currence of 3Car signals in the FDMR spectra of VCP, observed by mon-
itoring the Chl a fluorescence, is a strong evidence that the main light
harvesting complex of N. gaditana is active in triplet-triplet energy
transfer as a mechanism for 3Chl deactivation.

Table 1 ,
Parameters? for the reconstruction of >Car FDMR spectra shown in Figs. 1 and 2, using Gaussian components ( = \};ﬁ e2 Kl ) and characteristic absorption maxima® of the T—S spec-
trum shown in Fig. 3. !
Triplet 2|E| |D| + [E| ID| [em™1] [E] [cm™] Triplet-triplet Qy transition of
absorption \ interacting chlorophyll N
Xe FWHM Xe FWHM o] P (] s Py
[MHz] [MHz] [MHz] [MHz]
Carl 236.0 £ 0.2 24 +1 12970 £ 0.5 30+ 1 0.0393 + 0.0001 0.00394 + 0.00002 5158 +£ 0.7 668.0 + 0.5
Car2 239.0 £ 0.2 21+ 1 1360.0 + 0.5 30+ 1 0.0414 + 0.0001 0.00399 4+ 0.00002 501.3 £ 0.1 678.0 £ 0.2

2 D| and |E|: ZFS parameters. X.: center of the Gaussian, FW¥HM = full width at half maximum. Relative amplitude is shown in Fig. 2.
" In the last two columns the maximum of the T-T absorption and of the bleaching of the Qy transitions assigned to interacting Chls, of the T—S spectra shown in Fig. 3, is reported.
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The FDMR spectra of VCP have been measured by monitoring the Chl
a emission at different wavelengths in the range between 680 and
720 nm. Although the |D|+|E| transition was very weak and allowed a
reliable detection only at 690 nm, a complete trend of the 2|E| transition
vs the detection wavelength is reported in Fig. 2, for both monomeric
and trimeric VCPs. The spectra in the two different oligomeric states
are nearly identical, suggesting the involvement of the same photo-
protective sites. The asymmetry of the |D|+|E| and the observed wave-
length dependence of the 2|E| transitions, indicates the presence of
at least two different >Car species. In the global fitting of the FDMR
data, the spectra were reconstructed considering only two components
(Figs. 1, 2 and Table 1), namely Car1 (|D| 1179 4+ 5 MHz, |[E| 118 +
2 MHz) and Car2 (|D| 1240 + 5 MHz, |E| 120 & 2 MHz).

The microwave induced T—S spectrum of >Car detected at 237 MHz,
i.e. at the maximum of the 2|E| transition observed in the FDMR spectra,
is shown in Fig. 3 for monomeric VCP. No substantial differences were

observed in trimeric VCP (Fig. S1, Supplementary material). The com-
posite triplet-triplet absorption of the microwave induced T—S
spectrum detected at 237 MHz, in the region comprised between 480
and 570 nm has been fitted with two Gaussian components (Fig. 3,
Table 1). The occurrence of two bands in the T—S spectrum detected
at the maximum of 3Car 2|E| transition was previously reported for
LHC-II (for comparison, the spectrum of LHC-II is reported in Fig. S1,
Supplementary material) [30,35,36]. The broad bleaching between
600 and 700 nm is generated from Chls. Analogous bands have been
observed in the past in the 3Car T—S spectra of several light harvesting
complexes [21,35,37,38] and they correspond to a decrease of Chl a
absorption when the 3Car population is increased by the resonant mi-
crowave field. A decrease of the Car singlet absorption is also observed
(at about 490 nm) as a consequence of the increase of the Car popula-
tion, which leads to a decrease of the Car ground state population. In a
different way, the bleaching of the Chls bands is not due to a decrease
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Fig. 4. |D|+|E| and |D|—|E| transitions of the FDMR spectra (black thin, left panels) of Chl detected at different wavelengths in the 680-720 nm range, as indicated. (a) Monomer, (c) trimer
VCP. Amplitude modulation 333 Hz, time constant 600 ms, temperature 1.8 K. Spectra vertically shifted for better comparison. Left panels: reconstruction (green) of the experimental
spectra with Gaussian components (blue, black thick, red and orange). Right panels: amplitude dependence (averaged area of the corresponding Gaussian components fitting the
|D|+|E| and |D|—|E| transitions) of the triplet components on the detection wavelength for monomers (b), and trimers (d) respectively.
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of the Chl ground state population, rather, as suggested before for
analogous spectral features [21,35,37,38], to a change of the electronic
properties of the Chls interacting with the nearby Cars carrying the
triplet state. When the electronic distribution of carotenoids changes,
going from singlet to triplet, the interaction with the Chls is affected,
leading to a change of the optical density (and/or a shift of the wave-
length maximum) of their Q-bands. In VCP the broad bleaching
between 600 and 700 nm has been reconstructed with two components
(Fig. 3, Table 1) because, although the Chl Q-band bleaching is not well
resolved into two components as in LHC-II, however the linewidth cor-
responds to two overlapping bands (at 1.8 K), suggesting the presence
of at least two distinct Chls a interacting with the two different caroten-
oids carrying the triplet states. The two >Car components, assigned to
different carotenoid triplet states, show different detection wavelength
dependence, in the associated FDMR spectra. The more intense compo-
nent, indicated as Car1, which corresponds to the Car with a triplet-
triplet absorption centered at 516 nm, is detected from the fluorescence
of a Chl a with a “bluer” emission (Fig. 2b, d), while the minor com-
ponent (Car2), which has a triplet-triplet absorption centered at 501
nm, is detected preferentially at longer wavelengths in the FDMR spec-
tra. Thus, as in the case of LHC-II (Fig. S1, Supplementary material) [30,
35,36,39], the >Car red component is interacting with the bluer Chl, hav-
ing the Q-band bleaching at 677 nm, and vice versa the >Car blue compo-
nent, interacts with the Chl absorbing at 683 nm.

Furthermore, from the analysis of both the T—S and FDMR spectra, it
can be pointed out that monomeric and trimeric VCPs share the same
photoprotective couple of carotenoids (not shown).

Table 2

3.2. ODMR of >Chl

In order to verify the presence of unquenched >Chl, corresponding
to Chls disconnected to Cars, the FDMR spectra have been also collected
with a ten times lower frequency of the amplitude modulation
(i.e.33 Hz), which is selective for the detection of slowly decaying triplet
states as >Chl. The FDMR spectra have been measured collecting the
emission in the range between 680 and 720 nm, in the microwave
field region where the |D|—|E| and |D|+|E| transitions of >Chl a states
are expected [30] (Fig. 4 a, c). Chls have an intensity pattern of the
zero-field transitions inverted with respect to the one of carotenoids,
with a 2|E| transition usually too weak to be detected, as found here in
the VCP.

The presence of a steady state population of >Chl under illumination
of the sample means that the >Chl deactivation via TTET by Car in VCP
is not complete, at least in the isolated protein complex and at the
low temperature of the experiments. The |D|—|E| and |D|+|E| transi-
tions show a lineshape dependence on the detection wavelength, due
to the presence of distinct >Chl pools, characterized by different optical
and magnetic properties. This wavelength dependence of the transi-
tions is more prominent for the trimeric VCP, while the monomer man-
ifests a smoother variation. Moreover, the profiles of both bands in the
monomer display small negative contributions around 710 MHz and
932 MHz in the FDMR spectra detected between 700 and 720 nm that
are not present in the spectra of the trimer. This is an indication that
at least one extra “red” pool of >Chl is present in monomeric VCP.

As in the case of 3Car, in order to disentangle the different overlap-
ping components contributing to the FDMR spectra, we recorded the
T—S spectra and performed a global analysis.

The T—S spectra of VCP in the range 650-700 nm, measured at three
different microwave frequencies, are reported in Fig. 5. No substan-
tial differences have been revealed between the two forms of VCP. The
T—S spectra have been fitted by means of three Gaussian components,
corresponding to three different pools of unquenched 3Chl centered at
667, 677, 685 nm (bleaching positions in the T—S spectra), showing
that red forms are present in VCP and that triplet states can be populat-
ed also in “blue” Chls. The minimum number of triplet components
obtained from the analysis of the T—S spectra has also been used in
the global fitting procedure of the FDMR spectra, as reported in Fig. 4
(a, b, ¢, d) and Table 2. The FDMR spectra of both forms of VCP share
these three components. However, in order to obtain a good fit in the
case of monomeric VCP an additional minor component (Chl4) was
added, (Fig. 4 c). Due to the low intensity of this component an associ-
ated T—S spectrum was not detected.

3.3. TR-EPR and pulse EPR

Since time-resolved and pulse EPR may give important information
on the relative geometry of the pigments involved in the triplet-triplet
energy transfer occurring in VCP, we performed also these kinds of ex-
periments to better characterize the photoprotective sites.

The 125 K X-band TR-EPR spectra of monomeric VCP, detected at dif-
ferent delay times after the laser flash, show the presence of an intense

20x—xc)? L. . .
Parameters® for the reconstruction of >Chl FDMR spectra, shown in Fig. 4, using Gaussian components (y = —4_¢™ w ’ , and characteristic absorption maxima® of the T—S spectra
P g P! y=5 P! P!

shown in Fig. 5.

m/2

Triplet ID| — [E| D] + [E| D[ [em™1] |E| [em™1] Singlet-singlet
X FWHM Xe FWHM ?E;?]rp“o“ N
[MHz] [MHz] [MHz] [MHz]

Chl1 748.0 + 05 30+ 1 9740 £ 05 3041 0.0288 + 0.0001 0.00378 + 0.00002 668.0 + 0.5

Chi2 734.0 £ 05 30+ 1 960.0 + 05 30+ 1 0.0283 4 0.0001 0.00378 + 0.00002 678.0 + 0.2

Chi3 7425 + 05 30+ 1 992.0 + 05 30+£1 0.0290 4+ 0.0001 0.00417 + 0.00002 684.0 + 0.2

Chl4 7425 + 05 30+ 1 940.0 £ 0.5 3041 0.0278 + 0.0001 0.00366 + 0.00002 n.d.

2 |D| and |E|: ZFS parameters. X.: center of the Gaussian, FWHM = full width at half maximum. Relative amplitudes are shown in Fig. 4.
° In the last column the maximum of the Q, band bleaching of the associated T—S spectrum is reported.
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Fig. 6. TR-EPR spectrum of VCP (black), taken 150 ns after the laser pulse at 125 K, and >Chl
spectrum (green) calculated according to the parameters reported in Table 3 for >Chl. X,
Y and Z represent the ZFS canonical orientations. The features which arise from the >Car
contribution are marked with asterisks (*).

photo-generated spin-polarized signal (Fig. 6). The spectrum detected
immediately after the laser flash, reveals the presence of 3Car and 3Chl
a. In fact, the different ZFS parameters allow us to assign the pair
of strong signals (at 323 and 342.5 mT) to the low and high field Y ZFS
transitions of the 3Chl. In the regions between 301-318 and 347-
364 mT, the triplet spectra of the two chromophores largely
overlap, but at fields lower than 301 and higher than 364 mT only the
Z transitions of 3Car contribute. The time evolution of the TR-EPR
spectrum follows the common behavior reported for 2Chl and Car trip-
let states [40-42] (data not shown). The >Chl signal is due to those Chls
in the protein which are not able to transfer the triplet excitation to
carotenoids and therefore represent an “unquenched” >Chl population.
“Unquenched” 3Chls have been detected in previous TR-EPR studies
on other light harvesting proteins homologous to VCP, such as LHC-II
from higher plants, [22] LHC from dinoflagellates [21] and FCP from di-
atoms. [20]. In those complexes, the 3Chl polarization pattern was
eeeaaa, the same observed also for >Chl a dissolved in micelles of Triton
X100 [22]. The corresponding sublevel population rates, used in the
reconstruction of TR-EPR spectra [21,22], have been used also in the
present analysis as input parameters for the calculation of the spectral
contribution of 3Chl to the TR-EPR spectrum of VCP (together with the
ZFS parameters |E| = 40 G and |D| = 307 G, representing average values
of those derived from the ODMR results) (Fig. 6, Table 3).

Two-pulse ESE experiments have been successfully used before for
the analysis of the EPR spectra of the photo-induced triplet states in
LHC-II [22]. We have previously demonstrated that for 3Car states, the
shape of TR-EPR and FSE spectra, taken at short delay after the laser
flash (DAF), are identical [23]. In contrast, >Chl are known to show an-
isotropic relaxation processes which are reflected in their FSE spectra
[23]. This characteristic can be exploited to determine experimentally
the polarization pattern of 3Car, which is essential to get a reliable

T T T T T T T T T T
340 360 380 400

By mT

T T
300 320

Fig. 7. FSE spectrum of VCP (black), and >Chl dissolved in micelles of Triton X-100 (green)
[22], taken immediately after the laser flash at 20 K. The bottom trace represents the dif-
ference between the FSE spectrum of VCP and the FSE spectrum of > Chl and corresponds
to the “pure” >Car spectrum (orange curve).

estimate of the geometry of the Chl-Car couples involved in TTET. In
Fig. 7 we report the FSE spectrum of VCP and of Chl dissolved in Triton
X-100 1 mM, detected at the same T and DAF as for VCP. It can be seen
that the shape of the FSE spectrum of 3Chl is different from the corre-
sponding TR-EPR, shown in Fig. 6. A comparison of the FSE and TR-
EPR spectra of VCP (reported in Figs. 7 and 6 respectively), reveals
that, as expected, the spectral contribution of Chl is strongly reduced
in the FSE spectrum, especially in correspondence to the central lines at-
tributed to the Y canonical ZFS orientation of the 3Chl. This spectral
effect makes the FSE spectrum a good starting point for determining
the “pure” contribution of 3Car. In fact, by subtracting an appropriate
amount of the experimental >Chl a FSE spectrum from that of VCP, the
pure contribution of 3Car is obtained (orange curve in Fig. 7). The best
subtraction has been obtained by minimizing the spectral features due
to 3Chl in the difference spectrum. Note that a contribution from a rad-
ical species is also present in the center of the spectrum. The pure con-
tribution of >Car triplet state shows a polarization (eeaeaa) which is very
similar to the one obtained for LHC-II [22] (in Fig. S3 in Supplementary
material the comparison between the two light harvesting complexes is
reported).

3.4. Model of pigment arrangement in VCP

Led by the observed similarity of the ODMR and EPR results on VCP
with those previously obtained on LHC-II, we have determined the
sequence homology between the two proteins to evaluate the possibil-
ity to use the available LHC-II structural data [5] (PDB ID: 1RWT) as a
starting point for a model structure of VCP. The polypeptide composi-
tion of the samples investigated by ODMR and TR-EPR is not precisely
known since, as for LHC-II in plants, it is composed by a mixture of
similar proteins. However, its most abundant component has been

Table 3
Parameters® of triplet state simulations for the reconstruction of TR-EPR spectra reported in Fig. 11.
Triplet |E] [mT] |D| [mT] Py:Py:P, Wy :Wy:W, [mT] Relative
contribution
Chl a “unquenched” 40+ 0.1 30.7 £ 0.1 0.375:0.425:0.200 254 0.1:25 £ 0.1:25 £ 0.1 1
Car populated from Chl a 612 4.0 + 0.1 41.0 £ 0.1 0.35:0.28:0.37 2.0 4+ 0.1:2.0 & 0.1:2.0 £ 0.1 0.7
Car populated from Chl a 610 4.0 + 0.1 41.0 £ 0.1 041:0.21:0.38 2.0 4+ 0.1:2.0 £ 0.1:2.0 £ 0.1 0.5

@ Pyy.: zero-field populations (Pyy,,) of Car are derived by calculation of TTET starting from Chl a 612 and Chl a 610 triplet states. Zero-field populations (Py,.) of Chl a are used for both
the TTET calculations and for “unquenched” >Chl a contribution to the experimental spectrum. |D| and |E|: ZFS parameters. Wi: line width at the canonical positions in the EPR powder

spectrum.
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identified and sequenced [16,43], while other LHC isoforms similar to [44] the gene of the main peptide present in FCP from the diatom
this first VCP polypeptide can be identified in N. gaditana genome C. meneghiniana [45], shows that most conserved regions in the amino
(Fig. 8). The alignment of the sequences from N. gaditana with acid sequences are the three transmembrane a-helixes (Fig. 8). In
Lhcb [5], the major component of LHC-II from S. oleracea, and Fcp1, these helixes five amino acids involved in the binding of Chl a molecules
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Fig. 8. Polypeptide sequence alignment of the VCP genes from N. gaditana (Naga) with Lhcb from S. oleracea and Fcp from C. meneghiniana; o-helices are named according to Dittami et al.
[7]. Residues are color-coded: Chl a side chain ligand (green), Chl b side chain ligand (blue); Arg in salt bridge to Glu residue in the other helix (red). The program T-Coffee was used for the
alignment [26,27].
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Fig. 9. Structural model of the pigments associated with the core basic unit of the LHC-II
complex derived from PDB ID:1RWT. Only chlorophyll (green) and carotenoid (orange)
binding sites conserved in VCP are shown. Car620 is located in site L1 and Car 621 in
site L2. The two-fold symmetry axis is shown. The two conserved o-helices are shown
in ribbons.

by LHC-II (a602, a603, a610, a612 and a613) are found conserved in all
proteins. The six Chl b binding sites are in general not conserved, sug-
gesting that this part of the protein was not maintained in different
LHCs. This is consistent with the observed minor sequence homology
of the C helix [43].

Due to the structural role played by luteins in sites L1 and L2 of LHC-
Il [46], these two sites, which are in proximity of the two conserved A
and B helixes, are expected to be occupied by carotenoids also in VCP
(Fig. 9). The most probable carotenoid for the occupancy of the L1 and
L2 sites is violaxanthin, since vaucheriaxanthin has a bulky esterified

chain, which cannot be accommodated in the core of the structure [17].

In LHC-II there are two other carotenoid binding sites: the N1 site
which binds neoxanthin and the V1 site which binds violaxanthin.
Both these carotenoids are located in the Chl b rich region of the LHC-

1243

Il structure, and thus this part of the protein may differ substantially
in VCP, which lacks this kind of pigment. Sequence analysis thus sug-
gests that VCP shows a conserved nucleus of pigments, comprising ca-
rotenoids in L1, L2 sites and five Chl a molecules, as already suggested
for FCP from C. meneghiniana [20] and LHC from the dinoflagellate
A. carterae [21]. The conserved pigments of the core are shown in Fig. 9.

On the basis of this structural analogy, we suggest that the >Car con-
tributions, observed in the ODMR, TR-EPR and FSE spectra, are due to
the two carotenoids located in L1 and L2 sites, i.e. the same which are
able to quench >Chl in LHC-II. To verify if this hypothesis is compatible
with the experimental data, we have calculated the 3Car EPR spectrum
inherited through a TTET mechanism from the different Chls in the con-
served protein core, and compared the results with TR-EPR and FSE ex-
perimental spectra, as reported in the next section.

3.5. TTET

The polarization pattern of the 3Car is inherited from the >Chl donor
during TTET in a way which is determined by the relative orientation of
the acceptor-donor pair, therefore depending on the pigment arrange-
ment inside the protein scaffold For both the carotenoids in L1 and L2
sites, the polarization pattern has been calculated considering all the
nearby Chls (i.e. the conserved Chls at a distance closer than 4 A), as pos-
sible triplet donors (namely Chl a 602-603-610-612-613). This calcu-
lation has been performed in the spin polarization conservation frame,
with a program developed by the research group and previously used
to interpret the TTET process relatively to other antenna systems
[20-22]. The ZFS parameters of the 3Car used for the TR-EPR spectra
are slightly different from the parameters determined by ODMR but
this dissimilarity may be ascribable to the different temperature at
which the two kinds of measurements have been carried out.

From the comparison of the calculated spectra with the experimen-
tal FSE spectrum (the 3Car component reported in Fig. 7) (Fig. 10), it
can be seen that the best agreement is reached by considering, in the
TTET process, the couples Chl a 603/Car 621 and Chl a 612/Car 620 as
in LHC-II [22]. Note that the calculated 3Car spectrum is the same for
Chl a 603 and Chl a 612 as triplet donors, because of the symmetry of
the pigment arrangement. The same calculated >Car spectrum has also
been used in the reconstruction of the TR-EPR together with the
“unquenched” 3Chl contribution (Fig. 11, Table 3), giving a good agree-
ment between calculated and experimental spectra. Thus, the observed
consistency between model and experimental data strongly support the

g

L2 site

280 300 320 340 360 380 400
By/mT

T T T T T T T T T T T T
280 300 320 340 360 380 400
By/mT

Fig. 10. Triplet spin-polarized spectra for violaxanthin in L1 (at left) and L2 (at right) calculated as populated by TTET from the triplet state of all the conserved Chl a in the protein core. The
initial donor Chl polarization is eeeaaa (Py:Py:P, = 0.375:0.425:0.200). The spectra are compared to the carotenoid component of the experimental FSE spectrum reported in Fig. 7. Red
line: Chl a602/Chl a610 right/left panels. Green line: Chl a603/Chl a612 right/left panels. Blue line: Chl a613.
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Fig. 11. Reconstruction (red) of the TR-EPR spectrum of monomeric VCP (black) as a sum of >Chl (green) and 3Car (orange). The carotenoid contribution is the same as in Fig. 10, i.e. cal-
culated according to TTET, starting from triplet states localized in Chl a 612 (left) and Chl a 610 (right). Parameters of the reconstruction are reported in Table 3.

idea that the pigments involved in 3Chl quenching are indeed organized
similarly in VCP and LHC-IL

4. Discussion

VCP was characterized, until now, only by steady state absorption
and fluorescence [16,17,43]. Our approach, based on a combined in-
vestigation by ODMR and EPR spectroscopies, has allowed us to identify
and characterize the different Chl and Car triplet states generated under
photo-excitation. The results give detailed information on the photo-
protection mechanism taking place in the light harvesting complex of
the microalga N. gaditana, and may be compared to those available for
other antenna complexes.

4.1. Photoprotective carotenoids

The two 3Car contributions observed in the T—S and FDMR spectra
of monomeric and trimeric VCP are assigned, as in the case of LHC-II,
to the two core carotenoids located in L1 and L2 sites. In fact, the T—S
spectra are very similar to those reported for LHC-II, [35,36,39]
(Fig. S1, Supplementary material), suggesting also that sites L1 and L2
in VCP are most likely occupied by violaxanthin which has a molecular
structure very similar to that of lutein. It has been suggested that, in
the FCP complex, fucoxanthin molecules performing TTET are also locat-
ed in analogous L1, L2 sites [19,20,47,48]. The difference in the optical
properties of the two 3Cars, observed in the ODMR spectra of VCP, is
most likely due to the effect induced by the binding sites (L1 vs L2)
rather than to different carotenoids. Two lutein triplet states having dif-
ferent optical properties, (T-T absorption at 510 nm (L1) and 530 nm
(L2)), have been previously observed in LHC-II [35,39] and, similarly,
two violaxanthin triplet states, showing different optical features (T-T
absorption at 501 and 516 nm respectively), are detected in VCP.

Some differences in the *Car T—S spectrum of VCP with respect to
the LHC-II one, are found in the Chl a absorption region. One is the ab-
sence of bands assigned in LHC-II to Chl b, as expected. The other differ-
ence is that the bleaching bands, attributed to two Chl a molecules
interacting with the carotenoids located in sites L1and L2 respectively,
are well resolved in LHC-II, while in VCP they are largely overlapping.
This may be due to the absence of Chl a 611 in one site and of Chl
b 609 on the other, which may slightly alter the electronic interactions
among pigments and consequently their absorption frequency. Except

for these differences, the analogy with LHC-II is strongly supported by
the polarization pattern, in the TR-EPR and FSE spectra, of the >Car com-
ponent which corresponds to that derived from TTET calculations for
3Car formation in sites L1 and L2 starting from >Chl a 603/612.

4.2. Unquenched chlorophyll triplet states

As revealed by ODMR and EPR, a number of >Chls which are not
transferring the triplet excitation to Cars are present, both in trimeric
and monomeric VCP. Different triplet pools have been recognized, by
fitting the ODMR data with three components and the addition of a
minor fourth component for the monomeric VCP. The presence of this
fourth red component is likely due to a lack of energy transfer among
monomers, leading to an extra energy trap.

When compared to LHC-II, where unquenched 3Chls have also been
detected [30], VCP seems to be more exposed to this kind of >Chl gener-
ation, as suggested by the ODMR and EPR results. Blue and red Chls are
both sites of triplet localization, as proven by the analysis of the T—S
spectra. >Chls are a possible source of photoxidative damage. However
some of the detected >Chl are likely not populated in physiological con-
ditions, when the excitation is funneled to the reaction centers. It is
worth noting that carotenoids are also able to quench directly the 0,
eventually produced in situ by >Chl, limiting in this way the possible
damage to the apparatus in vivo. Moreover, in strong light conditions,
when the probability to form >Chl states increases, due to the saturation
of the reaction centers, additional mechanisms of photo-protection, as
Non Photochemical quenching (NPQ), are also activated, to safely dissi-
pate excess Chl singlet states, thus reducing >Chl formation and light
induced damage [49]. Furthermore, in stressful conditions, when the
photosynthetic apparatus is more prone to the accumulation of triplet
states, N. gaditana shows a large PS I/PS II ratio, equal to 1.7 [50].
The predominance of PS I leads to the capability to set up a strong cyclic
electron transfer and contributes to the dissipation of the excitation in
excess, preserving the system. Thus, both the NPQ response and the en-
hanced cyclic electron transport may compensate the occurrence of
3Chls observed in N. gaditana antennae.

At difference with LHC-II from higher plants, where the trimer-
ization produces a strong effect in the optical properties, in VCP oligo-
merization does not substantially affect the FDMR and T—S spectra. A
similar result has been obtained by absorption spectroscopy [17]. Our
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experimental data thus support the hypothesis that in native VCP the in-
teraction among monomers does not involve interfacial pigments.

5. Conclusions

The detailed analysis of the ODMR and EPR triplet spectra in VCP has
revealed that, as in all the other homologous light harvesting complexes
belonging to the LHC superfamily, carotenoids in L1 and L2 sites are de-
voted to >Chl quenching. These two central carotenoids, surrounded by
five Chlorophyll a molecules, are found conserved in several other light
harvesting complexes, which also show similar *Car quenching capabil-
ity. This suggests that, although these antenna proteins have differenti-
ated sequences and bind different pigments, in all members of the LHC
superfamily there is a protein core with a conserved structural organiza-
tion with a fundamental relevance for the photoprotective function.

We have also shown that red Chls are present in VCP, suggesting ei-
ther the presence of interactions between Chls, although a significant
packing of pigments seems to be unlikely due to the absence of Chl b
and a limited number of Chl a molecules, or more likely to pronounced
site energy effects. Trimerization of the protein does not lead to a signif-
icant effect either on the interaction among peripheral pigments or on
the rearrangement of the chromophores inside the complexes.
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