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The structure and composition of the light harvesting complexes from the unicellular alga Chromera velia
were studied by means of optical spectroscopy, biochemical and electron microscopy methods. Two different
types of antennae systems were identified. One exhibited a molecular weight (18–19 kDa) similar to FCP
(fucoxanthin chlorophyll protein) complexes from diatoms, however, single particle analysis and circular
dichroism spectroscopy indicated similarity of this structure to the recently characterized XLH antenna of
xanthophytes. In light of these data we denote this antenna complex CLH, for “Chromera Light Harvesting”
complex. The other system was identified as the photosystem I with bound Light Harvesting Complexes
(PSI–LHCr) related to the red algae LHCI antennae. The result of this study is the finding that C. velia,
when grown in natural light conditions, possesses light harvesting antennae typically found in two different,
evolutionary distant, groups of photosynthetic organisms.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Chromera velia (Chromerida; Alveolata; Chromalveolata; Eukaryota)
is a photosynthetic unicellular alga thatwas isolated as a supposed sym-
biont of coral Plesiastrea versipora from the eastern coast of Australia [1].
C. velia with its recently described close relative Vitrella brassicaformis
are the only known photosynthetic relatives of apicomplexans
[1,2], that are strict heterotrophs or parasites. Apicomplexans con-
tain an unpigmented chloroplast remnant called apicoplast which has
lost all properties necessary for photosynthesis [3]. According to the
Chromalveolate hypothesis [4], apicomplexan parasites together with
heterokonts, haptophytes, cryptophytes and dinoflagellates have ac-
quired their chloroplast through secondary endosymbiosis of a
free-living photosynthetic red alga [5,6]. Due to substantial differences
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of apicoplasts and the above mentioned algae genomes, it has not been
possible to perform a reliable comparison study before the discovery
of C. velia.

C. velia has three life stages — coccoid, cystic and flagellate. The
coccoid form containing several chloroplasts is predominant in the
stationary phase whilst transformation from a coccoid into a flagellate
form occurs in an exponentially growing culture [7].

Each cell of C. velia has one or two golden-brown cone-shaped
chloroplast/s bound by four membranes, with thylakoids in a stack of
three or more. C. velia contains chlorophyll (Chl) a, violaxanthin and a
novel isofucoxanthin-like carotenoid as major components, and
β-carotene as aminor component. C. veliawas shown to possess a func-
tioning xanthophyll cycle as a protection against excess irradiance. As a
consequence, large amount of zeaxanthin can be detected in stressed
cells [8].

Except for Chl a, no other chlorophylls have been detected, apart
from trace amount of derivate of Chl c, magnesium-divinyl-pheo-
porphyrin a5monomethyl ester (MgDVP). The novel carotenoid pigment
(isofucoxanthin-like) was identified by Moore and coworkers [1] using
mass spectrometry analysis as an isomer of isofucoxanthin, although
the absorbance spectral data did not support this assignment. The
absorption maximum of isofucoxanthin in methanol is 454 nm,
however, the novel carotenoid has its maximum in methanol at
467.5 nm [1]. The pigment analysis of C. velia obtained by HPLC dem-
onstrates different characteristics compared to its sister organism
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V. brassicaformis, where the pigment composition is the same as in
Nannochloropsis limnetica (Eustigmatophyceae, Heterokonta) [2,9].

Chloroplast genes of C. velia have been found to be related to a red
algal chloroplast [10]. However, protein sequence analyses of light
harvesting complexes (LHCs) demonstrated there to be multiple var-
iants of evolutionary pathways [11]. According to this study, C. velia
contains 23 peptide sequences of LHCs within its nuclear genome.
The majority of them (17 of the 23) form a group with a sister rela-
tionship to fucoxanthin chlorophyl a/c-binding LHCs (FCPs) of Chl c
containing algae, including diatoms, brown algae and dinoflagellates
[12], but separated from the main algal LHC groups. The rest of the
LHC peptide sequences were characterized by phylogenetic analysis
as a part of one of three smaller groups: (a) three sequences were relat-
ed to the LHCr, red algae-like LHC from diatoms; (b) a single sequence
from the LI818 protein group of stress-related proteins found both in
green algae and chromalveolates [13] and (c) two sequences positioned
on two separate brancheswith the antenna proteins of the xanthophyte
Vaucheria litorea (yellow-green alga).

The present study describes the first isolation of the light harvesting
pigment–protein complexes of C. velia. Two different antenna complexes
were identified, showing sequential similarity to FCP antenna of diatoms
and the photosystem Iwith bound Light Harvesting Complex (PSI–LHCr)
of the red algae, respectively. Biochemical, spectroscopic and electron-
microscopic characterization of these pigment–protein complexes is
presented.
2. Materials and methods

2.1. Culture and growth conditions

Cells of C. velia were grown in 5 l Erlenmeyer flasks at 27 °C in
modified f2 saline medium for diatoms [14] and bubbled with filtered
air. The culture was irradiated by common daylight with the intensity
around 100 μmol photons m−2 s−1. Cells were harvested at stationary
phase (1 month old culture) by centrifugation at 4000 ×g for 5 min,
then resuspended and washed twice by MES buffer (50 mM MES,
pH 6.5; 5 mM CaCl2; 10 mM NaCl) and stored at−70 °C.

The cells were harvested in the stationary phase to minimize the
presence of the flagellate form in the culture [7], and to preserve
the uniformity of the culture as much as possible.
2.2. Thylakoid membrane isolation

Cells were twice treated by freeze–thaw cycle to facilitate their break-
age. Cellswere thenbrokenby several passages through anEmulsiFlex-C5
High Pressure cell disrupter (Avestin Inc., Canada) at a pressure of
100–150 MPa, whilst keeping the apparatus refrigerated on ice in
the dark. The unbroken cells were removed by centrifugation for
10 min at 500 ×g. The supernatant was then centrifuged for 45 min at
60,000 ×g to pellet thylakoid membranes without pelleting cell enve-
lope fragments. Membranes were resuspended in MES buffer (50 mM
MES, pH 6.5; 5 mM CaCl2; 10 mM NaCl) and solubilized with 5%
n-dodecyl β-D-maltoside at chlorophyll concentration of 1 mg ml−1

for 45 min in the dark on ice. The unsolubilized material was removed
by centrifugation for 20 min at 30,000 ×g and the supernatant was
loaded onto a fresh 0–1.0 M continuous sucrose density gradient pre-
pared by freezing and thawing the centrifuge tubes filled with 0.55 M
sucrose in DDM/MES buffer (50 mM MES; 5 mM CaCl2; 10 mM NaCl;
pH 6.5 and 0.02% n-dodecyl β-D-maltoside). The following centrifuga-
tion was carried out at 4 °C using a SW-40 swing-out rotor (Beckman
Coulter) at 150,000 ×g for 16 h. Zones resolved by the sucrose density
gradient were further desalted by a gel filtration using Sephadex G-25
column (Amersham Biosciences, Sweden) and used immediately or
stored in MES buffer at−70 °C.
2.3. Absorption, fluorescence and circular dichroism spectroscopy

Chlorophyll concentration was determined spectroscopically in
80% acetone according to Lichtenthaler [15]. Room temperature ab-
sorption spectra were recorded with a UV300 spectrophotometer
(Spectronic Unicam, Cambridge, UK).

Low temperature fluorescence emission spectra were recorded at
77 K using a Spex Fluorolog-2 spectrofluorometer (Jobin Yvon, Edison,
NJ, USA) in the spectral range of 620–780 nm (slit width 2 nm) with
an excitation wavelength of 435 nm (slit width 3.2 nm). The chloro-
phyll concentration of the samples used for measurements was adjust-
ed to 10 μg(Chl a ml−1).

Circular dichroism (CD) spectra were recorded with a Jasco J-715
spectropolarimeter (slit width 2 nm). Prior to the CD measurements,
samples were further purified by applying the zone from a sucrose
density gradient to a Superdex 200 GL 10/300 gel-filtration column
(GE Healthcare) equilibrated with DDM/MES buffer (50 mM MES;
5 mM CaCl2; 10 mMNaCl; pH 6.5 and 0.02% n-dodecyl β-D-maltoside).

2.4. Pigment composition

C. velia pigmentswere analyzed by high-performance liquid chroma-
tography (HPLC) consisting of a Pump Controller Delta 600, Autosampler
2707 injection system and a PDA 2996 detector (Waters, USA). Pigments
were separated on a reverse phase SunfireTM C8 column (4.6×250 mm,
5 μm, silica-based, end-capped, Waters, USA) using a tertiary solvent
system (0–1 min 100% A, followed by a linear gradient until the
11th min to 100% B, and then until the 13th min to 100% C; solution
A consisted of 50% methanol, 25% acetonitrile and 25% water, solu-
tion B was 100% methanol and solution C was 80% methanol with
20% hexane). Flow rate was 1 ml min−1. The photosynthetic pigment
molar ratios were estimated from areas under the chromatograph peaks
displayed at wavelengths corresponding to the particular extinction coef-
ficients. The molar extinction coefficient ε (dm3 mmol−1 cm−1) was
71.43 for Chl a at 665 nm [16], 144 for violaxanthin at 439 nm, 134 for ze-
axanthin at 472 nm, 139 for β-carotene at 453 nm [17]. As the extinction
coefficient for the isofucoxanthin-like carotenoid has not yet been deter-
mined, the coefficient of fucoxanthin of 109 (given at 453 nm in Ref. [17])
was used for the absorbance measured in the maximum at 467.5 nm [1].

2.5. Protein composition

C. velia protein composition was determined by SDS-PAGE using a
precast 12% polyacrylamide SDS gel (C.B.S. Scientific) and stained with
Coomassie Brilliant Blue or by silver stain. Apparent molecular weights
were estimatedby co-electrophoresis of a lowmolecularweight protein
standard (Fermentas).

2.6. TEM microscopy

Freshly prepared photosynthetic complexes were immediately
used for transmission electron microscopy (TEM). Specimens were
placed on glow-discharged carbon-coated copper grids and negative-
ly stained with 2% uranyl acetate, visualized by TEM and processed by
image analysis. TEM was performed using a JEOL 1010 transmission
electron microscope (JEOL, Japan) at 80 kV and 60,000× magnifica-
tion. Micrographs were digitized with a pixel size corresponding to
5.1 Å at the specimen level. Image analyses were carried out using
the Spider and Web software package [18]. Manually selected projec-
tions were rotationally and translationally aligned, and treated by
multivariate statistical analysis in combination with classification
procedure [19,20]. Classes from each of the subsets were used for
the refinement of alignments and subsequent classifications. For
the final sum, the best of the class members were summed using a
cross-correlation coefficient of the alignment procedure as a quality
parameter [19].



Fig. 1. (A) Representation of the sucrose density gradient zones acquired by ultracen-
trifugation on a linear gradient of 0 to 1.0 M sucrose. Thylakoids of C. velia were solu-
bilized with n-dodecyl β-D-maltoside (0.05 g DDM per 1 mg of Chl). (B) SDS-PAGE
analysis of pigment–protein complexes of C. velia fractionated by sucrose density gra-
dient. Lane (z4) represents zone 4, (z2) zone 2, resolved after sucrose density gradient
ultracentrifugation of thylakoid membranes solubilized with DDM. An amount corre-
sponding to 5 μg of Chl was loaded per lane. Molecular weight markers (in kDa) are
indicated on left.

Table 1
Pigment content relative to chlorophyll a (%) of zones from the sucrose density gradient
and whole cells of C. velia.

Zone Chlorophyll a Isofucoxanthin-like
carotenoid

Violaxanthin β-carotene

1 100 29 14 1
2 100 37 11 0
3 100 2 1 3
4 100 3 16 4
Whole cells 100 21 14 1
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2.7. MS/MS analysis

Gel slices were prepared for tryptic digestion and subsequently
subjected to in-gel digestion using Proteomic Grade Trypsin (Sigma)
according to the manufacturers' instructions. Gel slices were de-stained
in 200 μl of 200 mM ammonium bicarbonate in 40% (v/v) acetonitrile
at 37 °C. After 30 min the solution was discarded and the procedure
was repeated. Gel slices were then dried for approx. 20 min in a
speedvac. The slices were then left to soak the solution of 20 μg ml−1

proteomic grade trypsin (Sigma) in 40 mM ammonium bicarbonate in
9% (v/v) acetonitrile for 45 min at 4 °C. The solution was then discarded
and 30 μl of 40 mM ammonium bicarbonate in 9% (v/v) acetonitrile was
added to the slices. The sliceswere then incubated for 12 h at 37 °C. Pep-
tides from the solution were isolated through the use of ZipTip C18
pipette tips (Millipore). The tips were wetted by 100% acetonitrile
(3 times 10 μl) and equilibrated by 1% (v/v) formic acid (3 times
10 μl). Peptides were then allowed to bind to the C18 matrix by aspi-
rating the sample solution 10 times through the equilibrated tip. The
tip was then aspirated 10 times with 1% (v/v) formic acid. Peptides
were then eluted by using 20 μl of 50% (v/v) acetonitrile in 1% formic
acid. MS analysis was performed on a NanoAcquity UPLC (Waters)
on-line coupled to an ESI Q-TOF Premier Mass spectrometer (Waters).
A sample volume of 1 μl was diluted in 3% (v/v) acetonitrile in water
with 0.1% (v/v) formic acid and separated by reverse phase chromatog-
raphy on a BEH300 C18 analytical column (75 μm i.d.×150 mm length,
particle size 1.7 μm, reverse-phase;Waters, UK). A linear gradient from
initial conditions of 3% (v/v) B to final conditions of 40% (v/v) B in sol-
vent A) was applied with a flow rate of 0.4 μl min−1 in 30 min (solvent
A was 0.1% (v/v) formic acid in water and solvent B was 0.1% (v/v)
formic acid in acetonitrile). Peptides eluted from the column were in-
troduced directly into aQ-TOFmass spectrometer. Precursor ion spectra
were acquired with a collision energy of 5 V and fragment ion spectra
with a collision energy of 20–35 V ramp. Peptide and fragment spectra
were acquiredwith 2 ppm and 5 ppm tolerance, respectively. Rawdata
were processed and resulting peptides were subjected to a database
search using PLGS2.3 software (Waters) and an in-house predicted
Chromera protein database, currently available in-house as a part of
the C. velia genome sequencing project (the sequences of identified
peptides are given in the Supplementary data Section 2) and from pub-
licly available transcriptome sequencing datasets on C. velia [21]. Addi-
tional peptide analysis was performed using BLASTp tool with default
values [22].

3. Results and discussion

Thylakoid membranes solubilized with n-dodecyl β-D-maltoside
(DDM) were separated by sucrose density gradient centrifugation into
four zones [Fig. 1A, the original photograph is seen in Supplementary
Fig. 1]. Zones one, three and four were green whilst the second zone
was brown. All zones were characterized by their absorption and fluo-
rescence spectra as well as pigment and protein composition.

The absorption spectra of the sucrose density gradient zones
[Supplementary Fig. 2] differed slightly in the positions of their chlo-
rophyll Qy band maxima being at 671, 674, 673 and 677 nm, respec-
tively. However, the main differences were visible in the region of
carotenoid absorption. Zones three and four were similar in their carot-
enoid absorption with maxima around 490 nm, whilst zones one and
two had a broad shoulder in the area of 500–550 nm with a sharp
peak at ~480 nm.

Results of the HPLC analysis are presented in Table 1. Each zone
contained chlorophyll a with a retention time of 21.9 min, and two
carotenoids, violaxanthin and the isofucoxanthin-like carotenoid, with
retention times of 16 and 17 min, respectively. In zones three and
four the isofucoxanthin-like carotenoid was present only in a small
amount [Table 1]. Besides these major pigments, the first, third and
fourth zones contained small amounts of β-carotene. The high content
of isofucoxanthin-like carotenoid in first and second zones corresponds
well with the longwave carotenoid absorption in these zones, especially
zone two.

The SDS-PAGE of the first zone did not show any proteins, thus, it is
most likely composed of free pigments. Since these comemost probably
from degraded pigment–protein complexes, the pigment composition
of this zone is a mixture of pigments found in zones 2–4, thus both fu-
coxanthin and violaxanthin associated with antennae complexes and
β-carotene found in photosystems. The SDS-PAGE of zone two and
zone four contained photosynthetic proteins that were identified as
constituents of FCP-like antennae and PSI–LHCr complexes, respective-
ly, as based on further analyses (see below). Therefore, in the following
sections the second and fourth zones are referred to as the FCP-like zone
and the PSI–LHCr zone, respectively. The faint third zone containedmost-
ly a mixture of PSI and PSII protein complexes. The yield of this zone var-
ied among preparations according to the rate of the cells' breakage,
solubilization process and the amount of loaded sample. In some cases
zone 3 was barely visible and an amount of the isolated complexes was
close to a detection limit, hence preventing reliable analysis. Despite
these difficulties, PSII was successfully identified in zone 3, [for details
see Supplementary Fig. 3].
3.1. FCP-like zone

The second zone contained proteins with a molecular mass be-
tween 15 and 20 kDa and a strong double band at 18 and 19 kDa



Fig. 3. Single particle analysis of top-view projection maps of C. velia photosynthetic
pigment–protein complexes. A), B) Representation of the subunit organization in
FCP-like zone isolated from C. velia obtained by classification of 6400 particles. The
most representative class averages of top-view projections of (A) trimeric FCP-like
complex; (B) oligomeric FCP-like complex. C), D) Schematic representation of the
overall structure of the most representative top-view PSI–LHCr complex projection
map of negatively stained particles from sucrose density gradient PSI–LHCr zone. The
projections are overlaid with an improved model of plant PSI core complex (blue-PsaA,
red-PsaB, gray-small subunits) and green coloured LHC antennae (PDB ID: 2WSF) [42]. The
coordinates are taken from Protein Data Bank (http://www.rcsb.org/pdb) [51]. (C) Plain
and (D) with model code 2WSF. The scale bar represents 5 nm.
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[Fig. 1]. This corresponds to a double band previously identified as
FCP apoproteins in diatoms [23–26].

The 18 and 19 kDa bands were in-gel trypsin digested and se-
quenced by mass spectrometry for closer identification. The resulting
peptides were searched against an in-house created species-specific
Chromera protein database (Computational Bioscience Research Center,
King Abdullah U.), sequences of the identified proteins are presented in
the Supplementary data, Section 2.a. The database search yielded a pos-
itive identification of a “Putative fucoxanthin chlorophyll a/c binding
protein (CveliaI_19753.t1)”with 4 identified peptides out of 9, with se-
quence coverage of 48.8%. The amino acid sequence of the “Putative fu-
coxanthin chlorophyll a/c binding protein (CveliaI_19753.t1)”was then
subjected to a BLASTp search,which showed a high level similaritywith
the LHC family of FCP proteins. Our sequence matched exactly the se-
quence presented by Pan et al. [11], annotated as CV1 contig 347. The
analysis presented in the cited work placed this antenna protein within
the main, FCP-like, group of C. velia LHCs, in agreement with our result.

The fluorescence emission spectrum of zone 2, measured at 77 K,
exhibited a single peak with a shape characteristic of Chl a emission,
with maximum at 687 nm [Fig. 2]. Such emission spectra are consis-
tent with the spectra of FCP antennae [25,27,28].

Purified complexeswere visualized by electronmicroscopy. A quanti-
ty of 6400 particles wasmanually selected from48micrographs [Supple-
mentary Fig. 4a] and processed by image analysis. After the classification
steps, selected photosynthetic complexeswere decomposed into 8 clas-
ses, whichwere divided into 2 groups of particles as shown in Fig. 3A–B.
The first group represents a roughly circular particle, approximately
8 nm in diameter [Fig. 3A], whilst the second group [Fig. 3B] corre-
sponds to a larger, ellipsoidal particle approximately 18 nm long and
15 nm wide. In our interpretation, and in line with both FCP-type and
higher plant LHCII complexes that have been shown to assemble into
trimers and higher oligomers e.g. [24,25,29–31], our smaller particle
likely appears as a trimer and the larger particle as an oligomer of
FCP-like proteins. The dimension of the smaller 8 nm particle corre-
sponds verywell to the size of the LHCII trimer as inferred from the avail-
able 3D structures obtained using electron and X-ray crystallography
[32,33] as well as single particle analyses [31]. On the other hand, al-
though the apparent cross-sectional area of the larger particle represents
about 4 times the area of the trimer, there does not seem to be a straight-
forward way to assemble the oligomer by simple rearrangement of the
trimers in a manner observed in higher plant LHCII [32] and diatom
FCP [29].

Interestingly, the two forms of the FCP-like antenna from C. velia
presented here matched almost exactly the shape and dimensions
of complexes isolated earlier from the xanthophyte Xanthonema debile
Fig. 2. 77 K fluorescence emission spectra of FCP-like (solid) and PSI–LHCr (dashed)
zone of sucrose density gradient. The excitation wavelength was 435 nm; spectra are
normalized to their maxima.
[34]. In order to test whether the apparent similarity of supramolecular
organization of the antenna complexes visible in the electronmicrosco-
py images reflects the similarity of pigment–protein interactionswithin
these antennae, circular dichroism (CD) spectroscopy was employed.

For CD spectra measurements, samples of C. velia antenna were
prepared by gel filtration from the second zone of the sucrose density
gradient to separate complexes of different sizes [Supplementary Fig. 5a].
Fig. 4 shows a representative absorbance and CD spectrumof a C. velia an-
tenna complex. The CD spectrum had positive peaks at 662 nm, 545 nm,
445 nm and 407 nm, negative peaks were observed at 680 nm, 465 nm
and 435 nm. These bands were present in spectra of all the gel-filtration
fractions with the exception of the positive band at 662 nm, which was
highest in the early eluting fractions, gradually decreased in amplitude
andwas absent in the late fractions i.e. smallest particles [Supplementary
Fig. 5b]. This suggests that this feature originates from the interactions re-
lated to the formation of oligomeric states. Moreover, the later fraction
contained lower amount of isofucoxanthin-like carotenoid compared to
violaxanthin and Chl a. These fractions most probably represent mono-
meric complexes originating from the disintegration of trimers and oligo-
mers. Changes in the carotenoid composition accompanying changes in
the aggregation state were previously observed in FCP complexes [29].

Comparison of the CD and the absorbance spectrum indicated that
the conspicuous positive peak around 545 nm was due to the long-
absorbing isofucoxanthin-like carotenoid.

Fig. 4 also presents the absorbance and CD spectrum of an XLH
complex from X. debile. Isolation of this complex and its detailed spec-
troscopic analysis were described recently [34,35]. The CD of the XLH
complex of X. debile matches the spectrum of antenna complexes from
another representative of xanthophytes, Pleurochlorismeiringensismea-
sured earlier by Büchel and Garab [36]. Comparison of the FCP-like and
XLH complexes (Fig. 4) shows excellent correspondence throughout
thewhole range of the spectrum,with the exception of the peak around
660 nm. The difference in the position of the positive feature in the

http://www.rcsb.org/pdb)


Fig. 4. Absorbance (a) and circular dichroism (b) spectra of the FCP-like antenna com-
plexes of Chromera velia (solid line) and Xanthonema debile (dashed line).
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carotenoid region (545 nm in Chromera vs 495 nm in Xanthonema) can
be easily explained by differences in carotenoid composition between
these species, which is also obvious from comparison of the absorbance
spectra, namely the lack of carotenoids absorbing above 530 nm in
X. debile [34]. Hence the only major difference is found in the Qy re-
gion of the absorption spectrum. The positive peak at 662 nmpresent
in the C. velia complex is absent from the spectra of antenna of both
X. debile and P. meiringensis. Closer comparison of the absorbance
spectra (inset in Fig. 4) in the Qy region shows that the absorption
maximum of the C. velia FCP-like complex is red-shifted by about
4 nm with respect to the XLH and that there is a pronounced shoul-
der around 665 nm. This suggests that the transition around 665 nm
is also responsible for the presence of the positive feature in the CD
spectrum.

It is worth mentioning here that the CD spectra of antenna com-
plexes from C. velia and xanthophytes are very different from FCP
[e.g. 25,29], LHCII [e.g. 37] and LHCI [38] available in literature, despite
the assumed similarity of 3D structures of these complexes that all be-
long to the large LHC family.

The recent phylogenetic analysis of the LHCproteins fromC. veliadid
indicate similarity between some of their genes and xanthophytes' LHC
[11]. However, the sample analyzed in the citedwork lacked a represen-
tative data of xanthophyte antenna proteins, which comprised just two
sequences from V. litorea (Lhc1 and Lhc3) out of total of about 600 of se-
quence analyzed. The present results support the similarity of the
FCP-like LHCs from chromerids and xanthophytes as well.

In the present work, no indications of association of FCP-like anten-
na with photosystems in C. velia were observed, compared to some
other organisms [27,39,40, etc.]. Interestingly, similar uncoupling was
observed also in the X. debile [34], an organism with FCP-like antennae
closely related to C. velia.

The unique properties of the antenna complex in C. velia surely
justify a proposition of a label, CLH, for “Chromera Light Harvesting”
complex. This is analogous to the abbreviation XLH, that was applied
to the antenna complex of Xanthonema previously [34]. This labeling i)
emphasizes the spectroscopic and structural features shared be-
tween chromerids and xanthophytes; ii) avoids using pigment com-
position for the basis of the indefinite naming convention and iii)
differentiates the [species] LH proteins from the canonical FCP pro-
teins of diatoms.

3.2. PSI–LHCr zone

SDS-PAGE electrophoresis of the PSI–LHCr (fourth) zone showed a
band with apparent mass of about 65–70 kDa, characteristic for the
PsaB protein of PSI complex [40]. The two bands with apparent weights
of about 25 and 45 kDa were confirmed by mass spectrometry as
PsaA-1 and PsaA-2 subunits of PsaA protein (R. Sobotka, J. Lukes and
P. Keeling, personal communication).

The identification of PsaA-1, -2 subunits is supported by analysis
of C. velia chloroplast genome [48] which shows that the PsaA is
split into two genes, denoted as psaA-1 (909 basepairs, 302 amino acids,
theoretical molecular weight of gene product 32 kDa) and psaA-2 (1299
basepairs, 432 amino acids, theoretical molecular weight of gene product
49 kDa). These are separated by a 5.5 kb section in which 4 protein-
coding genes were predicted, including the gene for the photosystem II
CP 47 subunit, psbB. This splitting of the protein for a component of the
photosystem I core appears to be a unique property of C. velia.

A BLASTp® [49] search was performed on protein sequences de-
rived from the available transcriptome sequence and genome sequence
from C. velia and transcriptome sequence data for PsaA-1 and PsaA-2.
These results showed that whilst both sequences corresponded to por-
tions of the PsaA protein of PSI, they differed markedly in amino acid
sequence identity to known genes for the PSI RC subunit, PsaA, from
cyanobacteria, dinoflagellates, heterokonts, red and green algae and
plants. In all comparisons, the observed identities ranged between
20–40%, and 50–70% with up to 95% coverage for PsaA-1 and PsaA-2,
respectively.

The number and position of the transmembrane helices in the
structure of both C. velia PsaA protein subunits were predicted using
the online TMPred tool [50], and compared to the PsaA protein from
plant and cyanobacterial PSI [41–43]. Analysis indicated four trans-
membrane domains in the PsaA-1 protein and seven in the PsaA-2
[Supplementary Fig. 6a]. By putting these subunits together, it is possible
to form the expected eleven-helix structure of photosystem I core
subunit. Moreover, these results strongly suggest that the split in the
psaA gene in C. velia occurred between the helix IV and V (according to
the numbering used by Schubert et al. [41] [Supplementary Fig. 6b]),
that is within the domain that fulfils the light harvesting function and
that does not follow theboundary between the antenna and core domain
of the PsaA protein [41]. Detailed phylogenetic analysis of the sequences
of components of the PSI in C. velia is beyond the intended scope of this
paper but the present results suggest that such analysis might yield a
plethora of interesting insights into phylogenetic, structural and func-
tional aspects of photosystem I.

The SDS-PAGE of the PSI–LHCr zone showed also amarked bandwith
a mass of about 30 kDa (Fig. 1) which corresponds to a LHC-family pro-
tein [44], clearly different from the CLH (see above) antenna proteins of
the FCP-like zone. Mass spectrometry of this band identified a “Putative
fucoxanthin chlorophyll a/c protein (CveliaI_13309.t1, Supplementary
data 2.b)”with 11 identified out of 22 possible peptides, sequence cover-
age 46.2%. BLASTp was performed to confirm the relatedness of this se-
quence to red alga LHC family proteins. The data indicated, that the
PSI–LHCr zone (zone 4) contains the PSI complexes with antennae sim-
ilar to the LHCr, red alga-like LHC [11,44,45]. Comparison with the work
of Pan et al. [11] showed that our LHCr protein is not present in their
dataset. However, these authors identified several C. velia genes similar
to LHCr and further analysis confirmed that our sequence belonged to
the same group of proteins (not shown).

Thefluorescence emission spectrum at 77 K of PSI–LHCr zone (Fig. 2)
had maxima at 676 and 714 nm. The longwave emission at 714 nm
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probably originates in the red chlorophyll states within the PSI complex
as has been previously observed in diatoms PSI [27]. The peak at 676 nm
indicates the presence of LHCr complexes uncoupled from the PSI core
complex, althoughwewere not able to identify any free LHCrmonomers
in the TEM images. A fluorescence emission spectrum of PSI–LHCr zone
very close to that shown in Fig. 2was observed earlier in samples isolated
from a red-alga Cyanidium caldarium [45].

The purified PSI–LHCr complexes were visualized by electron mi-
croscopy and a quantity of 4200 particles from40micrographs [Supple-
mentary Fig. 4b] were selected to perform the image analysis. After the
classification steps, selected PSI–LHCr complexes were divided into 5
classes. The averaged top-view projections of all classes had an oval
shape with no apparent symmetry. The class averages represent mono-
meric PSI particles with small stain heterogeneity at the edge of the com-
plexes, as shown previously in green algae and higher plants [46,47]. The
most representative class average of the PSI–LHCr complexes is shown in
Fig. 3C–D. The particle canbe overlaidwith a projection of X-ray structure
of plant PSI–LHCI supercomplex containing PsaA/B heterodimer and a
row of four LHCI subunits [43]. Similar particles which demonstrate PSI
core complexeswith bound LHCI-type light harvesting antennawere ob-
served previously in green and red algae [44,45]. The results indicate that
the PSI RC from C. velia appears to form a regular photosystem I structure.

3.3. Conclusions

In summary, when grown in natural light conditions, C. velia uses
two types of light harvesting antennae systems, each related to light
harvesting complexes from different phylogenetic groups of photosyn-
thetic organisms. One type of antenna, the CLH, shows pigments and
proteins similar to FCP complexes, however, the single particle analysis
and spectroscopic data suggested its close relation to antenna from
xanthophytes. C. velia also contains a PSI-bound LHCr complex, related
to the LHCI proteins of red algae, whichmakes C. velia an interesting or-
ganism that utilizes two different and evolutionary distant types of light
harvesting complexes.
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