
Biochimica et Biophysica Acta 1858 (2017) 56–63

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbab io
High photochemical trapping efficiency in Photosystem I from the red
clade algae Chromera velia and Phaeodactylum tricornutum
Erica Belgio a, Stefano Santabarbara b,⁎, David Bína c,d, Eliška Trsková a,d, Miroslava Herbstová c,d, Radek Kaňa a,
Giuseppe Zucchelli b, Ondřej Prášil a,d,⁎⁎
a Centre Algatech, Institute of Microbiology, Academy of Sciences of the Czech Republic, Opatovický mlýn, 379 81 Třeboň, Czech Republic
b Photosynthesis Research Unit, Centro per la Biologia Cellulare e Molecolare delle Piante, Via Celoria 26, 20133 Milano, Italy
c Biology Centre CAS, Branišovská 31, 370 05 České Budějovice, Czech Republic
d Faculty of Science, University of South Bohemia, Branišovská 31, 37005 České Budějovice, Czech Republic
Abbreviations: PSI, Photosystem I; LHC, light harvest
DAS, Decay Associated Spectra; τav, (average) lifetim
maximum.
⁎ Corresponding author.
⁎⁎ Correspondence to: O. Prášil, Centre Algatech, Institu
Sciences of the Czech Republic, Opatovický mlýn, 379 81

E-mail addresses: stefano.santabarbara@cnr.it (S. Sant
(O. Prášil).

http://dx.doi.org/10.1016/j.bbabio.2016.10.002
0005-2728/© 2016 Published by Elsevier B.V.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 2 August 2016
Received in revised form 6 October 2016
Accepted 7 October 2016
Available online 11 October 2016
In the present work, we report the first comparative spectroscopic investigation between Photosystem I (PSI)
complexes isolated from two red clade algae. Excitation energy transfer was measured in PSI from Chromera
velia, an alga possessing a split PsaA protein, and from the model diatom Phaeodactylum tricornutum. In both
cases, the estimated effective photochemical trapping time was in the 15–25 ps range, i.e. twice as fast as higher
plants. In contrast to green phototrophs, the trapping time was rather constant across the whole emission spec-
trum. The weak wavelength dependence was attributed to the limited presence of long-wavelength emitting
chlorophylls, as verified by low temperature spectroscopy. As the trapping kinetics of C. velia PSI were barely dis-
tinguishable from those of P. tricornutum PSI, it was concluded that the scission of PsaA protein had no significant
impact on the overall PSI functionality. In conclusion, the two red clade algae analysed here, carried amongst the
most efficient charge separation so far reported for isolated Photosystems.
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1. Introduction

Photosystem I (PSI) is an integral, multi-subunit, protein-cofactor
complex which utilises light energy to mediate electron transfer from
plastocyanin to ferredoxin (for a review, see e.g. [1–3]). The complex
has two functional moieties: a central chlorophyll (Chl) a-binding
core, primarily composed by two large polypeptides, PsaA and PsaB,
and a peripheral antenna, displaying a high degree of variability in
size, subunit and pigment compositions (reviewed in [4–5]). The core
complex binds approximately 95 Chl a, six of which are involved in
light-driven charge separation and comprises the terminal electron
donor P700 (e.g. [1–3,6,7]), 15–20 β-carotene molecules, and the cofac-
tors involved in electron transfer reactions [8,9]. The location and orien-
tation of the core pigments is highly conserved between cyanobacteria
and higher plants, even after 1 billion years of evolution [8–11].

Within the monophyletic “green lineage”, which includes green
algae and land plants, the peripheral antenna of PSI is composed of
ing complex; Chl, chlorophyll;
e; FWHM, full width at half
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transmembrane Chl-carotenoid binding proteins. These pigment-
protein complexes, collectively known as light harvesting complex I
(LHCI), are arranged as a crescent-like shaped structure at one side of
the monomeric core complex [4,5,10,11]. A peculiarity of plant LHCI
(e.g. [12–15]), and, to less extent, of green algae LHCs (e.g. [16–18]), is
a significant absorption yield in the low-energy tail (N700 nm). This
has been associated with the presence of “special” Chl a spectral
forms, the so-called “red forms”, absorbing at energies lower than
P700. After much debate on their biological role (e.g. [19,20]), it is now
generally accepted that the red forms have an important function in in-
creasing the absorption cross-section of PSI under “shade light” condi-
tions [21]. However, this is at the expense of a slower overall trapping
rate, imposed by the “uphill” energy transfer from the red forms to the
core antenna and, ultimately, to the reaction centre (e.g. [22,23]). Nev-
ertheless, PSI trapping efficiency remains extraordinarily high (N95%,
[22–25]), even in the presence of significant energy spread in its anten-
na. The number, localisation and spectral properties of the red forms
vary considerably in different organisms (e.g. [4,5,20,26,27]). In the tri-
meric core of many prokaryotes, they fluoresce between 700 and
735 nm at 77 K, similarly to LHCI of higher plants [20,26]. In some
green algae, like Chlamydomonas reinhardtii, they are less red-shifted,
peaking around 715 nm (see i.e. [16–18,28,29]). Finally, most aquatic
organisms belonging to the red clade division, including diatoms,
cryptophytes and dinoflagellates, are normally poor in red forms con-
tent. Enrichment in the red emission tail (700–715 nm) can however
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be stimulated by adaptation to far-red or low light intensities (b20 μE
m−2 s−1, [27,30]). Yet, such “conditional” red forms seem to be, at
least in part, associated with the antenna of Photosystem II [31–32].

Despite the high degree of homology between PSI cores from different
organisms, a notable exception is represented by Chromera velia (C. velia)
PSI. C. velia is an algal symbiont of the coral reefs that displays a rather
simple pigment composition, consisting of Chl a, isofucoxanthin-like
carotenoid, violaxanthin-cycle pigments and β-carotene [33,36]. It repre-
sents an intriguing model system in many respects: it belongs to the red
lineage of photosynthesis and it is therefore closely related to the
intensively studied red clade diatoms; it is capable of highly efficient pho-
tosynthesis in themost various light conditions [37]; finally, it represents
the evolutionary link between photosynthetic organisms and non-
photosynthetic apicomplexan parasites [33–35]. Its light harvesting sys-
tem appears to be phylogenetically intricate as N20 putative genes seem
to encode for light harvesting complexes (LHCs) in C. velia. The genes
have been divided into four independent groups [38], with the majority
of light-harvesting complexes belonging to a cluster close to dinoflagel-
late and diatom LHCs [38]. Interestingly, the biochemical data [39]
indicated that the LHCs associated to the PSI of C. velia have stronger sim-
ilarities with the light harvesting complexes of red algae instead [38,40].

The photosynthetic apparatus of C. velia departs from the “canoni-
cal” organisation in many ways. Fundamental protein components,
such as the PsaA core subunit of PSI, and the AtpB subunits of the
ATPase, in the chromerid are broken into two fragments, which are in-
dependently transcribed, translated and assembled into functional PSI
(Fig. 1) and ATP synthase complexes [41]. The lengths and sequences
of the split PsaA fragments, PsaA1 and PsaA2, suggest that they form
proteins of 4 and 7 transmembrane helixes, respectively. Comparative
alignmentwith the crystal structure of PSI from higher plants suggested
that the interface between the PsaA1 and the PsaA2 subunits is rich in
Chl molecules coordinated by both segments of the split PsaA [41].

As the properties of photosynthetic complexes are mainly deter-
mined by the relative orientations and distances of their pigment com-
plement, the question arose as to whether splitting of PsaA has an
impact on the energy transfer in the core, thereby affecting the overall
rate of photon trapping in PSI. The analysis of the excited state (fluores-
cence) decay represents a well-established method to investigate
energy transfer and photochemical trapping in photosynthetic systems.
A wide range of investigations has been already performed on PSI
complexes isolated from higher plants, green algae and several
cyanobacteria [7,20,22,26,42–47]. However, information concerning
the PSI-LHCI complexes of red lineage algae is much more limited in-
stead (e.g. [27,48–51]). Here, for the first time a comparative analysis
based on time-resolved fluorescence spectroscopy was performed on
PSI from C. velia and, as a control, from the diatom Phaeodactylum
tricornutum.
PsaA1 PsaA2

Fig. 1. Putative structure of Chromera velia PSI based on sequence alignment to plant supercomp
blue and red representing, respectively, PsaA1 and PsaA2 proteins. Left, side view; right, top vi
In both sample investigated, the excited state decay was dominated
by a lifetime of ~15–16 ps with an estimated average trapping time in
the 16–25 ps range. The relatively small wavelength dependence, com-
pared to higher plants, was attributed to the limited amount of red
forms in the two algae. The average lifetimeswere amongst the shortest
so far reported for whole PSI-antenna preparations, yielding photo-
chemical efficiencies exceeding 98% across the whole emission spec-
trum. We concluded that splitting of PsaA into two proteins in C. velia
has no significant impact from the functional point of view. This repre-
sents yet another evidence of the overall robustness of PSI in response to
perturbations of its subunits constituents.

2. Material and methods

2.1. Algal culture and PSI isolation

2.1.1. C. velia
Cultures of C. velia were grown in 5 l Erlenmeyer flasks at 28 °C in

modified f2medium [52] bubbledwith filtered air. The cultures were il-
luminated by metal halide lamp (Osram Powerstar HQI 250 W/D PRO)
at about 20 μmol photons m−2 s−1 in a 16/8 h light/dark regime. The
purification of PSI-antenna complex was described in detail elsewhere
[39]. Briefly, following several freeze-thaw cycles, the cells were broken
using EmulsiFlex-C5 cell disrupter (Avestin Inc., Canada). Thylakoids
were solubilized by 5% n-dodecyl-β-D-maltoside at a chlorophyll con-
centration of 1mgml−1 and fractionated using sucrose gradient centri-
fugation. The zone containing the PSI-antenna complexes (zone 4) was
concentrated, flash-frozen in liquid nitrogen and stored at\\80 °C until
further use. The isolation buffer used was 50 mM MES; 5 mM CaCl2;
10 mM NaCl, pH 6.5. The amount of Chl a per PSI RC was estimated
using flash-induced absorbance change at 702 nm, using locally build
instrument [53]. The extinction coefficient for PSI, determined as de-
scribed in the Supporting materials, led to the estimate of ~240 Chl a
per RC.

2.1.2. P. tricornutum. P. tricornutum
(SAG culture collection, strain 1090-1a)was grown in amodified arti-

ficial sea water f/2 + Si medium [52] aerated with sterile air in 5 l Erlen-
meyer flasks maintained at 22 °C under light intensity of ~20 μmol
photons m−2 s−1 provided by halogen lamp (Osram Halopar38) in a
16/8 h light/dark regime. The isolation of PSI-LHCI antenna complexes
followed the procedure described in [30]. Briefly, solubilization of thyla-
koid membranes was achieved by 0.5% (w/v) n-dodecyl-β-D-maltoside
(Chl a concentration 1mgml−1). After ultracentrifugation, sucrose gradi-
ent zone 5was used for PSI purification on gel filtration column and from
that, fraction 1 was used for the measurements. Full characterization of
this fraction has been recently described in detail [54]. Tricine buffer at
PsaA1

PsaA2

lex (PDB ID code2WSC). The split of PsaA protein, peculiarity of Chromera velia, is shown in
ew. Re-drawn from [41].
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pH7.5was used throughout the isolation procedure. The estimated Chl a/
PSI RC ratio, calculated using the extinction coefficient for PSI reported in
[55] as described in Supporting Material, was about 230, in agreement
with [54].

2.2. Steady-state spectroscopy

Steady state absorption and emission spectra were acquired with a
laboratory assembled spectrofluorimeter, having a liquid nitrogen
cooled CCD camera (Princeton Applied Research, LN/CCD-ST138),
coupled to a spectrometer (SpectraPro300i), as a detector, as previously
described [56,57]. Fluorescence spectra were obtained by exciting at
435 nm (full width at half maximum, FWHM, 4 nm), further filtered
by a band-pass filter (Corning CS 4-96). A cut-on filter OG550 (Schott)
was used to protect the CCD detector from residual straight light. Spec-
tra were corrected for the sensitivity of the detector. Samples were di-
luted to a Qy maximal optical density of 0.1 cm−1 to have negligible
re-absorption. Low temperature measurements were performed using
a flow cryostat (Oxford mod. Optistat CF) equipped with temperature
control unit (ICT-503, Oxford Instruments). For room temperaturemea-
surements the samples was held at 10 °C by a circulating bath (Lauda
mod. RC6-CS). For low temperature measurements the samples, held
in 1 cm path-length cuvette, were suspended, immediately before
cooling, in a buffer containing 70% (w/v) glycerol as a cryoprotectant
to obtain transparent matrixes.

2.3. Time resolved fluorescence spectroscopy

The excited state decay kineticswere detected using a laboratory as-
sembled Time-Correlated Single-Photon Counting set-up which has
been previously described in detail [23,58]. In brief, the emission was
detected by a cooled microchannel plate photomultiplier (Hamamatsu,
R5916U-51). The decay kinetics were collected and stored by an inte-
grated board (Becker & Hickl, SPC-330). The excitation is provided by
a pulsed diode laser (PicoQuant 800B), centred at 632 nm (FWHM
3 nm), operating at a repetition rate of 20 MHz. The intensity was
kept sufficiently weak (2 pJ/pulse) to avoid non-linear absorption pro-
cesses and building-up of long lived metastable species, as shown in
previous studies (e.g. [23,56,58]) employing the above described set-
up. Moreover, the excitation conditions were verified on the present
samples, by varying thepulse repetition rate and intensity, usingneutral
densityfilter. The kineticswere not affected by changing the average ex-
citation flux by over one order on magnitude. The instrument response
function (IRF), measured using 1,1′-Diethyl-2,2′-carbocyanine Iodide,
was 110 ps FWHM, that after numerical deconvolution, allows resolving
lifetimes of the order of 10 ps [58].

The samples, at an optical density 0.1 cm−1 at maximal absorption,
were placed in a 3 mm path-length cuvette at a temperature of 10 °C.
They were incubated with DCPIP (10 μM) and ascorbate (100 μM) in
25 mM Hepes, pH 7.2 to ensure photochemically open state of PSI
(P700).

2.4. Time resolved data analysis and parameter estimation

The excited state decay was analysed by convoluting the IRF and a
decay model function, consisting in a sum of weighted exponential
functions, using the global analysis approach by a laboratory developed
software named multiexp [58,59]. The software is based on the Minuit
library from CERN, distributed with a C-fortran interface as “C-minuit”.
Both the “C-minuit” and ourMinuit-based algorithmare freely available
as open-source software. The algorithm allows not only the minimiza-
tion but also error analysis and determination of reducedχ2. The output
of the fit are the wavelength independent lifetime (τi) and their associ-
ated, wavelength dependent, pre-exponential, amplitudes (Ai(λ))
which defines the Decay Associated Spectra.
The presented DAS are the weighted mean from two to four inde-
pendent purifications of PSI–LHCI, each of which was measured four
times. The error bars of the DAS are the standard deviations of the
weightedmean, whereas those of (Ai(λ) ⋅τi) and of the average trapping
time (see below) were estimated from the propagated confidence
levels.

The average trapping time (τav) was calculated from the fit solutions
as τavðλÞ ¼ ∑

i
AiðλÞ � τi=∑

i
AiðλÞ. As previously demonstrated [56], this

parameter represents the effective trapping time of the photochemistry.

3. Results

3.1. Steady state characterization at room temperature

In order to gather insight into the functional implication of the
unique subunit composition of Chromera velia PSI, the spectroscopic
properties of the supercomplex isolated from this organismwere inves-
tigated and comparedwith those of the PSI isolated from Phaeodactylum
tricornutum, which is a phylogenetic relative possessing “canonical”
subunit composition. Fig. 2 shows the steady-state absorption and fluo-
rescence emission spectra of the two isolated PSI-LHCI supercomplexes
recorded at room temperature. The absorption shows a maximum at
678 nm in both cases, with a weak absorption tail above 700 nm. The
fluorescence emission of C. velia PSI-LHCI is maximal at 686 nmand dis-
plays a relatively broad emission tail, from which a clear shoulder
centred at about 710 nm is discernable (Fig. 2). The emission spectrum
of the PSI-LHCI isolated from P. tricornutum shares similar characteristics
with that of C. velia. The emission is maximal at 688 nm and displays a
more asymmetric short wavelength wing with respect the chromerid
supercomplex. In both samples the emission spectrum is blue-shifted
with respect to higher-plant PSI supercomplex (see i.e. [23–25,42,60]).
This observation is consistent with the relatively weak long-wavelength
absorption tail (Fig. 2), indicating that both algae carry a limited amount
of red chlorophyll (Chl) forms associated to PSI

3.2. Temperature dependence of the fluorescence emission

Fig. 3 shows the fluorescence emission spectra of PSI-LHCI
supercomplexes in function of the temperature, ranging from 160 and
80 K. At the lowest temperature investigated (80 K) the isolated PSI-
LHCI supercomplex of C. velia shows a maximal emission at 713 nm
and a weak shoulder at 686 nm. The supercomplex P. tricornutum has,
at 80 K, maximal emission at 716 nm whereas the shoulder is centred
at about 688 nm

The relative intensity of the 686–688 nm and 713–716 nm bands
changes as a function of temperature, with the first emission band los-
ing intensity upon cooling with respect to the second one (Fig. 3). This
behaviour is more pronounced in the C. velia complex, where the inten-
sity of the 686 nm shoulder appears already substantially quenched at
120 K. The maximal emission at 713–716 nm of these complexes is
about 20–25 nm blue-shifted with respect to higher plant PSI, in
agreement with what previously found in diatoms [48,49,62] and
some green algae, such as C. reinhardtii (e.g. [18,20,28,29,63]). More-
over, it is consistent with what observed at room temperature, indicat-
ing a low abundance of red Chl spectral forms in the PSI-LHCI of C. velia
and P. tricornutum.

It is interesting to notice that the emission spectrum of C. velia is, in
general, narrower than that of P. tricornutum, pointing at a greater inho-
mogeneous broadening component of the latter. Here, the presence of
two sub-bands at 685 nm and 693 nm is more evident, especially at
low temperature. This might be due to a slightly different composition
in terms of chlorophyll forms and/or to a weaker coupling between
the antenna and the relative reaction centre. In both cases, it seem to
stem at the basis of the asymmetry of the short wavelength peak that
is characteristic of P. tricornutum. The emission peak at 647 nm is due
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Fig. 2. Steady state absorption (black lines) and fluorescence emission (red lines) spectra of the PSI-LHCI supercomplex isolated from P. tricornutum (A) and C. velia (B) at room
temperature. Excitation was at 435 nm, 5 nm full-width at half maximum for both samples.
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to a small fraction of uncoupled Chl c, a common contaminant of these
types of preparations [see i.e. 61,62]. Its contribution to the totalfluores-
cence, however, is of negligible entity, as demonstrated by the recon-
struction of the steady state spectra (see below).

3.3. Excited state dynamics at room temperature

The dynamics and efficiency of photochemical trapping in the isolat-
ed PSI-LHCI of C. velia and P. tricornutumwere investigated by recording
the excited state decay kinetics with picosecond temporal resolution.
The kinetics were acquired in the 665–745 nm emission range, and
analysed globally. Four lifetimeswere necessary to describe satisfactori-
ly the excited state decay of both C. velia and P. tricornutum PSI (see also
Fig. S1 and S2 for typical distributions of residues and the wavelength-
dependence of reduced χr

2). Fig. 4 shows the Decay Associated Spectra
(DAS) of these lifetime components. Note that all the components,
apart from the fastest one (15–16 ps), have been multiplied by a factor
of 10 for a better visualisation.

In both PSI supercomplexes the decay is dominated by the fastest
lifetime, which is characterised by values of 16 ± 2 ps, for C. velia, and
15 ± 1 ps, for P. tricornutum. These two values can be considered
equal from the statistical point of view. The DAS of this component
shows amaximumat 690–695 nmand displays a broad shoulder at lon-
ger wavelength, extending over the full emission window in both sys-
tems investigated. The other lifetimes, which are 176 ± 7 ps, 0.9 ±
0.1 ns and 3.7 ± 0.1 ns for the C. velia PS I and 180 ± 15 ps, 1.3 ±
0.1 ns and 4.3 ± 0.4 ns for the P. tricornutum PS I have very small asso-
ciated amplitudes. These are better discernible in Fig. 5, which shows
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Fig. 3. Temperature dependence of thefluorescence emission spectra in the PSI-LHCI supercomp
has been normalised on its maximal emission. The samples were excited a 435 nm (5 nm FWH
the contribution of each decay component to the fluorescence yield
(which is given by the product Ai ⋅τi).

The two longer components account for b2% of the total amplitude
in C. velia and 4.5% in P. tricornutum. They have a blue-shifted DAS com-
pared to the 15–16 ps one, peaking, in both samples, at 685 nm, as ap-
parent from their fractional contribution to the steady state emission
spectrum (Figs. 5 and S3). They are most likely associated to loosely
bound antennae and/or uncoupled Chls, which are very commonly de-
tected in isolated PSI (see i.e. [55,62,25] for an accurate discussion on
this topic). However, it shall be noticed that the presence of uncoupled
antennae was also suggested to occur in vivo, in diatoms cells [50]. The
relative contribution of the long-lived components (τ N 200 ps) is larger
in the P. tricornutum PSI with respect to the C. velia supercomplex
(Fig. 5), in agreement with the observation of free Chl c contaminant
in the P. tricornutum preparation (Fig. 3). Moreover, this evidence, to-
gether with the analysis of low temperature emission spectra, explains
the larger intensity of the blue emission wing in the steady state spec-
trum of P. tricornutum PSI (Fig. 2). This can be better appreciated from
the reconstruction of the steady-state spectra presented in Supplemen-
tary Fig. S3.

The 175–180 ps lifetime component, observed in both samples, has
also very low amplitude (1–4% depending on the wavelength). Yet,
the origin of this component is rather ambiguous. The DAS of the 175–
180 ps is blue shifted by ~5 nm with respect to the 15 ps DAS in
P. tricornutum and by 5 nm with respect to the 16 ps DAS in C. velia.
This suggests that it might also stem from loosely bound antenna com-
plexes. However, the relatively fast lifetime indicates that these might
be present in an aggregated form [51].
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Nevertheless, the DAS of the 175–180 ps component displays rel-
atively higher intensity in the red emission tail (700–725 nm), espe-
cially in C. velia (Fig. 4). This points at a possible contribution of slow
energy transfer processes associated to moderately red-shifted Chl
forms. These could be present in a fraction of the LHCI complexes
which, although bound to the PSI core, exhibit a relatively slow
energy transfer to the reaction centres, as already proposed for the
PSI-LHCI supercomplex of C. reinhardtii [43,64]. Otherwise, as sug-
gested by time resolved measurements at 17 K in the PSI-LHCI
supercomplex of the diatom Chaetocerors gracilis, the 175–180 ps
component can be associated to slow energy transfer from the
redmost Chl form of the core antenna [48]. In any case, we stress
the very small amplitude of these components at room temperature
(Fig. 4) with respect to what observed in the previous investigation
performed at 17 K [48].

3.4. Photochemical trapping efficiency

The average fluorescence lifetime, τav, calculated from the DAS and
the lifetimes presented in Fig. 3, provides a reliable estimation of the ef-
fective photochemical trapping time [22]. Whereas the two longest life-
times can be safely neglected from estimation of τav, the presence of the
175 ± 15 ps component might play a role despite its weak amplitude.
When the 175–180 ps component is neglected from the computations,
τav in both complexes coincides with the fastest decay lifetime, i.e. 16±
2 ps for C. velia and 15 ± 1 ps for P. tricornutum. When the 175–180 ps
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Fig. 5. Relative contributions to the steady-state emission spectra (Ai ⋅τi) of the different decay c
bars are the confidence levels propagated from the standard deviations of the DAS from Fig. 4.
components are included in the calculations instead, τav varies, de-
pending on the emission wavelength, from 18.5 to 21 ps for the
C. velia and from 17.4 to 23 ps for the P. tricornutum (Fig. 6A). The in-
crease of τav in the long emission wavelength tail is reminiscent of
what was observed for the PSI-LHCI supercomplex isolated from
higher plants [23–25,42,60]. In higher plants, the increase of τav in
the long emission tail slows down the effective photochemical
trapping rate to around 70 ps at these wavelengths, with respect to
20–30 ps for bulk emission wavelengths [23–25,42,60]. However,
the extent of the effect observed in the complexes of C. velia and
P. tricornutum is much more moderate (Fig. 6B), as τav never exceeds
25 ps in either of the samples investigated

Thephotochemical efficiency at the photosystem level can be conve-
niently evaluated considering the “overall” value of τav, which isweight-
ed for the relative emission probabilities across the emission window
considered [25]. This parameter was estimated to be 19.5 ps for
C. velia and 18.3 ps for P. tricornutum, that is about two to three time
faster than in the PSI-LHCI supercomplexes of higher plants and green
algae e.g. [24,25,43]. Thus, irrespectively of the method employed to
estimateτav, it can be concluded that the split of the PsaA core subunit
in C. velia does not affect to any significant extent the photochemical ef-
ficiency of PSI.

As red clade algae displayed one of the fastest energy trapping so far
reported for isolated Photosystem I, it can be concluded that red forms
have amore profound impact on photochemistry than small local struc-
tural changes of the protein complement.
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4. Discussion

The analysis of excited state relaxation kinetics is a sensitive and
reliable strategy to investigate energy transfer and photochemical trap-
ping in photosynthetic systems. Therefore, thismethod has beenwidely
applied to the study of PSI isolated from a broad range of organisms.
These include prokaryotic cyanobacteria and eukaryotic higher plants
and algae of the green lineage (reviewed in [4,5,20]).

Here for the first timewe report a comparative investigation between
PSI-LHCI supercomplexes from red clade algae. Low temperature fluores-
cence spectroscopy showed that the long-wavelength wing is similar in
C. velia and P. tricornutum PSIs (Fig. 3). The red Chl forms are in both
cases present in low stoichiometric amounts and also display a limited
red-shift with respect to the bulk. This is in agreement with what previ-
ously observed in PSI-LHCI preparation from P. tricornutum [55,62] and
from a different diatom, Chaetoceros gracilis [48]. Interestingly, the low
abundance of red antenna Chls appears to be a rather common feature
of most marine phytoplankton, perhaps with the exception of some
cyanobateria in brackish environment (O. Prášil, unpublished data).

The excited state decay of the investigated red clade algae PSIs is re-
markably fast. It is dominated by a lifetime in the order of 15–16 ps,
which is in good agreement with the dominant trapping component ob-
served in the core of higher plants [20,23,51,60,65], cyanobacteria (e.g.
[20,45,46,66]) green algae [47,64] and diatoms [48–51]. Similar values
were found for PSI isolated from Chaetoceros gracilis measured at 17 K
[48]. The principal difference with respect to the previous study is that a
faster decay component of ~5 ps was resolved in the isolated PSI of
C. gracilis. This is likely too fast or small in amplitude to be detected by
our instrumental set-up. Yet, components characterised by lifetimes in
the order of 4–8 ps, are commonly detected in PSI when employing
steak camera detection (e.g. [4,20] for reviews) which posses a higher
temporal resolution. The fast components generally reflect energy trans-
fer, rather than trapping, processes [4]. Therefore they have a minor im-
pact on the estimation of the effective photochemical trapping time.

It is worth comparing our results with those previously obtained for
PSI in vivo. A single component of either 50 or 75 ps has been previously
retrieved for PSI on the basis of whole cell measurements of Cyclotella
meneghiniana [50,51]. Themost obvious explanation for thediscrepancy
with the present results resides on differences in the structural organi-
sation of the supercomplex in the native environment. Loosely bound
antenna complexes in vitro, might still be present and connected in
the in vivo situation. Moreover, energy “spillover” from PSII to PSI
would further increase the effective PSI cross-section, thus lengthening
the relative lifetime. On the other hand, it cannot be excluded that the
50–74 ps component may contain a contribution from PSII. Indeed,
the limited amount of red Chl formsmakes it more difficult to disentan-
gle unequivocally PSI from PSII in red clade algae than in higher plants.

The only fluorescence decay study on a PSI-LHCI supercomplex iso-
lated from a common ancestor of C. velia and P. tricornutum, was per-
formed on the complex of the red alga Galderia sulphuraria [67]. Its
room temperature decay was described by one main lifetime compo-
nent of 49 ps. The reason for the slower kinetics can be attributed to
the increased antenna size of the G. sulphuraria PSI. This supercomplex
binds 7–9 LHCI per RC, according to electron microscopy data, with re-
spect to the 4 LHCI complexes per RC found in C. velia [39] and
P. tricornutum [54]. Although thermophilic acidophilic red algae might
be thought of as an aberrant group, that is not actually relevant to PSI
evolution in secondary endosymbionts, it is still interesting to notice
that both its descendants C. velia and P. tricornutum converged towards
a faster photochemical trapping.

The very high photochemical efficiency of both C. velia and
P. tricornutum PSI was demonstrated from the calculation of the average
excited state decay lifetime (τav), which is a robust indicator of the pho-
tochemical trapping time. In the two supercomplexes isolated from red
clade algae, the value of τav varied between 15 and 23 ps. These values
fall on the fastest edge of the spread of trapping times previously report-
ed for PSI core complexes [20,46] and even more so, for whole PSI-LHCI
supercomplexes [4,5,20]. Moreover, τav displayed amuchweaker emis-
sion wavelength dependence with respect to what observed in land
plants. The marked wavelength dependence of τav in PSI-LHCI was, in
higher plants, associated to the presence of long-wavelength chloro-
phyll emission forms, bound to the LHCI antenna [22–25]. Since the
red forms absorb and emit at longer wavelength than the reaction cen-
tre, they impose a kinetic bottleneck to energy trapping, due to the up-
hill (energetically unfavourable) energy transfer to the reaction centre.
In the case of C. velia and P. tricornutum the long-wavelength forms as-
sociated to the PSI-LHCI supercomplex aremuch less red-shifted than in
the higher plants and appear to be in lower stoichiometric abundance.
This, in turn, would limit the kinetic bottleneck for energy transfer,
resulting in overall faster and less emission-wavelength-dependent
values ofτav (Fig. 6). The presence of Chl red-forms in PSI external
antenna has been suggested to play a major role in increasing the
photosystem absorption capacity under shading conditions by leaves
canopies [21], a situationwhich is often encountered in land plants eco-
logical environments. Yet, severe light shading by algal culture, leading
to far-red enrichment, is a much rarer situation for aquatic organisms,
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that likely manifests only in the occasion of seasonal culture blooms or
in peculiar ecological niches. This, together with significant absorption
of far-red light photons by the water column [68] might explain both
the relatively low abundance of red forms of most aquatic photosyn-
thetic organisms and also why some red clade algae, like Chromera
velia, have developed clever strategies for conditional synthesis of red
forms, only under low light conditions [31].

In conclusion, the results obtained here indicate clearly that split of
PsaA into two separate proteins does not decrease PSI photochemical ef-
ficiency. On the contrary, even higher photochemical yield than those
typically reported for higher plants and green algae were estimated in
the PSI isolated from both red clade algae investigated (see Fig. S4).
We interpret this outstanding photochemical trapping efficiencies, as
being associated to the strong reduction of energy migration bottle-
necks linked to the presence of red spectral forms.

The physiological reason for the fast PSI of P. tricornutum and C. velia
(about 3 times faster than higher plants), is open to speculations. It has
been shown that C. velia efficiently acclimates to changing irradiance by
stimulating photorespiration and non-photochemical quenching, thus
avoiding any measurable photo-inhibition [37]. A fast PSI might be in-
volved in alternative cyclic flow of electrons providing extra ATP or in
oxygen-consuming reactions (i.e. Mehler reactions) that maintain
high rates of RuBisCo type II in C. velia (see discussion in [37]).

In any case, the very high efficiency observed in the PSI of C. velia,
which contains a split PsaA subunit, highlights the remarkable stability
of the core protein scaffold, which is capable to achieve stable folding,
and pigment docking, even when assembled from separate protein
units. Given that PSI reaction centre has been already proven to be resil-
ient to harsh biochemical treatments (e.g. reviews by [69,70]), alter-
ation in its basic pigment composition [71,72] and extensive genetic
manipulations (e.g. [73] and reference therein), this inherent robust-
ness seems to be significant under evolutionary perspective. It is gener-
ally considered that the ancestral reaction centre shall resemble the
homodimeric one found in heliobacteria and green sulphur bacteria.
These are part of the so-called Type I reaction centre and are functional-
ly related to oxygenic PSI (e.g. [74–76]). The relative flexibility of genes
encoding for reaction centre subunits might provide the basis for the
evolutionary success of photosynthetic phototrophs.
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